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Theory of polaron bandwidth narrowing in organic molecular crystals
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We present a theoretical description of polaron bandwidth narrowing in organic molecular crystals. Based on
a solution of a Holstein-Peierls model for tightly bound electrons interacting with phonons, an explicit expres-
sion for the temperature dependence of the electronic bandwidths is found. This formula generalizes the result
of Holstein polaron theory by treating local and nonlocal electron-phonon coupling on equal footing. The
usefulness of the method is demonstrated by model studies for oligo-acene crystals from which microscopic
insight into the relevance of the different coupling mechanisms is obtained.
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[. INTRODUCTION and Zhacet al*3 However, all known solutions are too com-
plex to allow a direcffirst-principles evaluation which has
Organic semiconductors withr conjugation are highly prohibited so far a detailed microscopic analysis of the dif-
promising candidates for future electronic and optoelectroni¢erent interaction mechanisms between electrons and lattice
applications, such as light-emitting devices lasers’ solar ~ Vibrations in these materials.
cells>® photodiodeé, field-effect transistor§~ET's), 8 ~°and In this paper, we present a theoretical description of elec-
integrated circuitd! An important class of such materials are tronic bandwidth narrowing in organic molecular crystals
organic molecular crystals of high purity. Apart from their whlch allows quantitative predictions froab initio calcula- _
high technological potential as thin-film transistor tions. The paper is organized as follows. In Sec. Il, we derive
materialsi?~'*the strong reduction of structural disordgr ~ @n explicit expression for the temperature dependence of the
compared to semiconducting polymersakes organic mo- poIaro_n bandwidths. This _formula generalizes the result of
lecular crystals also ideal candidates to study the underlyin§lolstein’s theory by treating local and nonlocal electron-
intrinsic charge-carrier transport mechanisms. Consequentifhonon coupling on equal footing. In Sec. lIl, we illustrate
several fundamental experimental and theoretical studie$le usefulness of our method by applying it to the oligo-
have been performed during the last few years, in particula@cene crystals naphthalene(8s), anthracene (GH0),
on oligo-acene crystals such as pentacen®. and tetracene (fgHq5). From the numerical results we ob-
In comparison to covalently bonded inorganic semiconsain microscopic insight into the importance of the different
ductors, organic crystals are characterized by weak intermdypes of electron-phonon interaction in organic molecular
lecular van der Waals bonds and, hence, narrower electronffystals. A summary is given in Sec. IV.
bandwidths, stronger electron-lattice interaction, and more
pronounced polaron formation. Consequently, coherent
bandlike conduction is expected only for relatively low tem- Il. THEORETICAL DESCRIPTION

peratures. With increasing temperature, the electron-phonon approach is based on a mixed Holstein-Peierls model

coupling leads to a strong enhancement of the polaron maggy tightly bound electrons interacting with phonons. We
accompanied by further bandwidth narrowing which may ul-.nsider a Hamiltonian of the form

timately result in localization of the charge carriers and
change the transport mechanism into phonon-assisted hop-
ping.
The interplay between band and hopping transport in or- H=2 SmnaTman*'z h‘“Q(bng’L%)

ganic solids was first observed in naphthalene cryétéfs, m °

and the experimental findings in the low-temperature region t t

have been ascribed to bandwidth narrowing in terms of Hol- +H%Q hwgQamn(bgtb-q)aman, @
stein's molecular crystal modé. This widely used

modef*~?"is based on local electron-phonon coupling which

acts purely on-site, i.e., at the site of the electronic excitationwherea(l) and b{’=b{}) annihilate (create an electron at
On the other hand, vibrations may also influence the transfesite R, with energye ., and a phonon with wave vectqgrin

of an excitation between lattice sites. The resulting nonlocathe mode\, respectively. In the noninteracting system, i.e.,
coupling leads to Peierls-type models such as the Suggm,=0, the electronic bandwidths are determined solely by
Schrieffer-Heeger mod& and has been investigated by sev- the transfer integrals,,,. In the following, we will calculate
eral authors in the paSt3. most notably by Munret al®?>  how these quantities are modified by the electron-phonon
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interaction which, in general, contains coupling terms oflimit of low electron (polarorn densities which allows the
both local (n=n, Holstein model and nonlocal naturent  replacement oa;]ana:n,an,aaﬁjan,énm,. Then, the trans-
#n, Peierls model formed Hamiltonian can be condensed into the compact form
In comparison to the pure Holstein model, the diagonal-
ization of the above Hamiltonian is more complicated and ~ = 4 + N
necessitates additional simplifications as outlined below. For H:% EmnamanJ“% hwq(bgbgt3),
an approximate solution, we apply here the following nonlo-
cal canonical transformation ~
Emn:(eCEeic)mnv Emn:‘gmn_% ﬁwQ(gngQ)mn-

~ 1
H—H=eSHe®, S=% Crnhan @

Compared to the original Hamiltoniai), the new notation
has the advantage that it allows a direct evaluation of the
on-site energie&,,, and transfer integralg,,, of the inter-
acting electron-phonon system. This evaluation will be done
in close analogy to the original work of Holstéih.
In the transformed Hamiltonia(¥), the phonon operators
~ o~ ~ i i i = —(aC —C
AGED B =H@®D b)), 3 still appear in the _electromc part vig,,,=(e*Ee )n_m.
(@n",bo”) (@n”,bo”) ® Assuming not too high temperatures, coherent bandlike con-
Where we introduced the transformed Operatcﬁg) duction will preVaiI over inelastiC phonon-aSSiSted hOppIng
= esagr)esT andB(Q‘r): esbg)eST which may be interpreted as transport, and we can replaBs, , by their thermal averages
annihilation (creation operators of a polaron and a phonon (En,). As a result, we obtain the desired approximate diago-
of the distorted lattice, respectively. By means 01; the Bakernalization of the Hamiltoniatd where the electron and pho-
Campbell-Hausdorff  theorem, eSAe S=A+ 3,[SA]  non operators are completely disentangled. The explicit

Cmn:% ngn(bg_b—Q)v )

which will allow us to derive a particularly simple and intui-
tive result. Due to the identit§'=—S, it holds that

+5 [S[SA]]+ - -, we find explicitly evaluation of the thermal averages is performed by means of
the Baker-Campbell-Hausdorff theorem. Starting from the
T -C , 4 identities ([C,E]n,)=0 and ([C,[C,E]]mn)=—20(1
&m ; (& Dmotn @ +2Ng)[90.[9-0,E]lnn, subsequent application of Wick’s
theorem yields
BQ=bQ+;n (€%boe™ C—bg) mmaman, (5) - —i 10 1\ S 1o o
( mn>_kzoﬁ -3 Ql"'Qk( o) o)

where we introduced a compact matrix notation for the ex-
ponential operators involved and defingg,,:=bqdmn- X[9q,[9-q, " [90.[9-q Ell- - - 1lmn, (8
As an exact result of the transformation, we find from
Egs.(1)—(5) that the new Hamiltoniatexpressed in terms of WhereNQ:<bng> are the phonon occupation numbers.
the original operatojsreads While the right-hand side of Eq8) may be evaluated
numerically for arbitrary matrix elementg,,, valuable in-
= N~ Lt + 1 sight can already be obtained if only the most important
H_% Sm“ama“Jr% hwq(bobot2) contributions, i.e., terms proportional By, Enm, andEg;; ,
are taken into accourit.As a consequence, the evaluation of
+ + the commutators in Eq8) becomes analytically tractable,
+n§Q h wq(bgdamn Somnb-@)aman and the solution for the mixed Holstein-Peierls model can be
brought into a particularly simple form which, however, re-

~ o~ tains the essential physics,
- 2 ﬁwQ(ngnngm’n’_5an57Qm’n’) Py

mnm'n’Q ~

+ + Emm=Emm=&mm— Amm, 9
X amand, ans , (6)

- - = _ - (1/2+Ng)G

where &= (e%ee™ ) and gomn=(e°gge™ )mn. The Emn=Emn€ % Qramn

“residual interaction” terms originating from the quantities

Somn=gomn+ (bge™ ©—bg)mn can be shown to be of mi- E(amn_Amn)e7% (12 NQ)Gmn, (10
nor importance if the nonlocal coupling is not very strdfig. . o

Therefore, we neglect them henceforth which amounts tdiere, we have introduced the abbreviations
assuming go ,9dq’Imn=0 for all pairsQ andQ’, as becomes
clear from a power-series expansion &,. Finally, in G = _ 24 24 2
accordance with the fact that electron-electron interaction omn™|9omm~ Jonrl k#:zm,n (I90mid™+Ignd*),
has been neglected from the very beginning, we assume the (11
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Once the quantities,, 9ymn. andw, are determined, the
Amn= 2 100> Gomid-okn- (12 expressiong15) and (16) allow quantitative studies of the
Q K temperature-dependent bandwidth narrowing due to nonlocal
Treating local and nonlocal electron-phonon coupling onand/or local electron-phonon coupling.
equal footing, these formulas generalize the exact result of
Holstein’s theory ngn: ngm5mn) which is given by I1l. NUMERICAL MODELING AND RESULTS

As a first application of the theory from the preceding

— _ 2
Gomn=|9omm~Jonnl (13 section, we perform model studies for the oligo-acene crystal
naphthalene. Naphthalene crystallizes in a monoclinic struc-
Amn= Omny fwolGomnl - (14)  ture (P2y,) and exhibits a herringbone stacking with two
Q equivalent molecules per unit cell. The crystal is described

by three lattice vectorg, b, andc, with alL b, bl c, and a
monoclinic angleB betweena andc.
In order to obtain the tight-binding parameters, and

In fact, the lowering of the on-site energi€® and the ex-
ponential renormalization of the transfer integré® are
now determlngd t?y both types of (;qupllng. Furthermore,gmn, we use the following three-step strategy. First, we
nonlocal coupling introduces an additional shiff,, of the  jetarmine the equilibrium structure of the crystal by means
transfer integrals which reflects the delocalizing effect mher-of state-of-the-art DFT-LDA calculations using th® initio
ent to nonlocal coupling. _ _total energy and molecular dynamics programsp.*® For
Prior to the explicit calculations, we proceed with athe resulting geometry a=7.68 A, b=576A, c
specification of the above theory to crystals in which—g 35 A, 3=125.7°), the intermoleculaF-point phonon
all molecules are equivalent. Assuming no dispersion irenergiest w, and polarizationse, are obtained within the
energy and polarization of optical phonon modes, werigid-molecule approximatiot via the direct methof® The
can replace No— N, =[expfiw,/kgT)—1]"* and gomn six rotational modes are found to have pairwise approxi-
—0ymn(4N) " H2(e"19Rmt e71d"Rn) where the q depen- mately the same polarizations and phonon energies. This al-
dence originates from the expressions of the molecule didews us to treat them alternatively as three dispersionless
placements and rotations in terms of phonon operators\and optical phonon branchesi (), =10.7, 14.2, and 17.4 meV
denotes the number of molecules. As a result, the modifiewithin a doubled Brillouin zone corresponding to the lattice

transfer integral$9) can be written as {R} of the equivalent molecules which, in turn, justifies the
application of Eqs(15) and(16). Analogously, the six trans-
Emn:(smn_Amn)e72 (1/2+NA)[Gmm+Gm*gfmn], lational modes are transformed into three acoustical phonon
branches which, in consistency with our model, are hence-
(15 ;
forth omitted.
whereGMj:gfnﬂL%Ekﬂgfik and In the second step, we obtain the valugg, from a
. . fit of the ground-statab initio HOMO and LUMO energy
Amn= 2230\ [Gxmn(Gxmm™ Irnn) + 2 ZkzmnIamiaknl- bands to a tight-binding model, including the on-site

energy and the six most important transfer integrals between
nearest neighbors, i.dmn}={0,a,b,c,ab,ac,abc} belong-

ing to R,—R,=0,%fa *h,*c *(a/2xb/2),*+(a+c),

and *(a/2=b/2+c), respectively. The solution of this
model is

Again, for purely local couplingd mn=9xmmSmn, We re-
cover Holstein’s resuit

2 2
Emn=smne’; (124 Ny) (02 ot 020n) (16)

e(k)=gg+2e,c0sk-a+2gpcosk-b+2g.cosk-c+2¢g,.c08k- (a+c)

at+b a—b
€ab cosk~T+cosk~T

a+b+2c a—b+2c

+2 +8abc( cosk~T+cosk~T , (17)

and the fit is obtained by a least-squares minimizatiorare obtained from the resulting changes in the transfer inte-
on a regular K4Xx4 grid in the corresponding Brillouin grals by numerical differentiatiorg, .= (1 w,)(Aeqn/
zone. Au,), in the limit Au,—0.%! The fidelity of this procedure
Finally, in the third step, we rotate the molecules by am-is guaranteed by testing that different amplitudas, yield
plitudes Au, according to the polarizations, of phonon the same coupling constarg$,,.
mode\, repeat thab initio bandstructure calculation, and fit In Fig. 1, we present the temperature dependence of the
the HOMO and LUMO bands to the full Holstein-Peierls effective HOMO and LUMO bandwidths in naphthalene
tight-binding Hamiltonian of Eq(1), employing again rela- crystals. We observe significant differences between the cal-
tion (17). Then, the electron-phonon coupling constants,  culations using the Holstein-Peierls mod&b) and the Hol-
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FIG. 1. Effective HOMO and LUMO polaron bandwidths vs i
temperaturel for a naphthalene crystal, using the parameters from 100~ o ..
Tables 1-11l, column NpH). Dashed lines: Holstein model, solid oo e
lines: Holstein-Peierls model. 0 50 100 150 200 250 300

. i Temperature (K)
stein model(16). As a key result, we find that the full

Holstein-Peierls model gives rise to a much stronger tem- FIG. 2. Effective polaron bandwidths vs temperatlifer naph-
perature dependence of the polaron bandwidths than the Hdhalene(solid lineg, anthracenddashed lines and tetracene crys-
stein model of purely local coupling. This is especially evi- tals (dotted lineg, using the parameters from Tables I-Ill, columns
dent for the LUMO band and can be ascribed to the fact thallph®, Ac®, and Té?), respectively. Top: HOMO bands, bottom:
the exponent in Eq(15) contains important additional con- LUMO bands.
tributions from nonlocal coupling which are absent in Eq.
(16). Furthermore, within the Holstein model the LUMO  Using the semiempirical approach, we see from Fig. 2
band is found to be broader than the HOMO band affall that the temperature dependence of the polaron bandwidths
and the zero-temperature values of 0.60 eV and 0.44 eV aiig higher oligo-acenes is similar to that of naphthalene. How-
comparable to the bare electronic DFT bandwidths of 0.6%ver, the absolute values of the bandwidths are quite differ-
eV and 0.54 eV for LUMO and HOMO, respectively. Hence, ent, especially for the LUMO bands. Here, we observe a
the results of both the bare bandwidths and the Holsteinlarge increase of the LUMO bandwidths with increasing con-
model bandwidths would indicate a loW-electron mobility ~ jugation length. This effect can be traced back to the fact
exceeding that of the holes, which is, however, in contrast téhat for larger molecules the absolute values of the most
the experiment? On the other hand, the result of the important transfer integrals increag¥., &, ande,;, in Table
Holstein-Peierls model where local and nonlocal couplingll) and the dominating electron-phonon coupling constants
are taken into account complies much better with the experidecrease(cf., 91, 92apn, andg, in Table Ill). The latter
mental data: here, indeed, the HOMO band is significantlyeffect can be nicely demonstrated by introduction of the
broader than the LUMO band and, in particular, for quantities
=0 K we find values of 0.26 eMHOMO) and 0.08 eV
(LUMO). 3 8

We have also performed semiempirical calculations (Gen)?=: > Gyji= 2 (950+92a+ 020+ 05c+ O2ac
for the structural relaxation, employing an atom-atom poten- Mt Mt
tial approach with the Buckinghani6-exp potential in +292,0+ 202000, (18)
the parametrization of William® This approach allows
one to overcome some shortcomings of DFT-LDA in
the description of van der Waals crystéf% underestima-
tlon_ of lattice constants, 20 % overestimation of pho”‘”? entTc), calculated using eithel) DFT-LDA or (2) a semiempirical
ergles),_ but the (_)verall_ results for th_e polaron bandW|dth_ atom-atom potential approach.
narrowing described in the preceding paragraph remain

TABLE I. Lattice parameters and intermolecular rotational pho-
non energies for naphthalefdph), anthracené€Ac), and tetracene

qualitatively unchangetf While this is a nice consistency Nph®) Nph® Ac® Tc®@
check for naphthalene, the real advantage of the semiempir

ical approach is that it offers a possibility to treat alsoa (A) 7.68 7.93 8.18 8.58
crystals containing larger molecules such as anthracerie(A) 5.76 5.88 5.90 5.78
and tetracerfé where full ab initio calculations are compu- ¢ (A) 8.35 8.73 11.11 13.80
tationally much more demanding and time consuming.,s (°) 125.7 122.2 1225 125.0
The resulting polaron bandwidths are plotted as a functiort w, (meV) 10.7 7.8 5.8 4.7
of temperature in Fig. 2, and the calculated tight-bindings w, (meV) 14.2 12.0 11.4 10.6
and structural parameters are compiled in Tables I, llzw; (meV) 17.4 18.7 21.1 21.1
and 11
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TABLE Il. Bare on-site energies and transfer integrals for naphthalene, anthracene, and tetracene, calcu-
lated for the equilibrium structures given in Table I. Left panel: HOMO bands, right panel: LUMO bands.

HOMO bands LUMO bands

Nph®) Nph® Ac® Tc® Nph®) Nph® Ac® Tc®
gg (V) —-0.36 —1.06 —-0.38 0.12 2.93 2.23 1.89 1.74
e, (MeV) -29 ~12 ~12 -7 1 1 0 4
ey, (MeV) —-59 —46 —48 =71 30 24 39 63
e (MeV) 4 0 0 0 1 2 -1 2
£,c (MEV) 6 3 -3 6 -3 2 0 -3
&0 (MEV) 17 14 2 1 -72 -29 -57  —80
€apc (MEV) —24 -25 —12 -30 —4 -7 4 -2

which may be looked upon as effective coupling constantsal electron-mobility data for naphthalene wditted to the
since they are the dominant contributions to the exponent itlolstein model, yielded electron-phonon coupling values be-
Eq. (15). Anisotropy effects may arise, in principle, due to tween 1.6 and 1.9depending on crystallographic directjon
the remaining term in that exponent but, here, they are founavhich are in good agreement with ogalculatedvalue of

to be of minor importance due to the comparably large valg.s=1.67 for the LUMO band of naphthalene. It is also
ues ofg.s which, as a side effect, explains why the simpleworthwhile to mention that our findings of decreasigg;
concept of an effective coupling constant often works quitevalues for the LUMO bandéaphthalene: 1.67, anthracene:
well in practice, despite the actual complexity of the prob-1.27, and tetracene: 0.F&dicate a roughly inverse propor-
lem. In fact, a previous theoretical wotkwhere experimen- tionality between ther conjugation length and the strength

TABLE lll. Electron-phonon coupling constants and effective coupling vafugsaccording to Eq(18)
for naphthalene, anthracene, and tetracene, calculated for the phonon modes given in Table I. Left panel:
HOMO bands, right panel: LUMO bands.

HOMO bands LUMO bands

Nph® Nph® Ac® Tc® Nph®) Nph® Ac® Tc@
d1o —-0.04 —-0.02 0.23 0.12 —-0.08 —0.09 —-0.01 —-0.40
J1a —-0.03 -0.10 —-0.02 -0.01 0.03 —-0.02 —-0.03 —-0.05
91 0.43 0.52 0.62 021 -087 -105 -092 -0.33
J1c 0.01 0.04 —-0.05 0.01 -0.15 -0.12 0.09 -0.13
O1ac —-0.02 -0.02 0.07 —0.06 0.07 0.06 0.00 0.04
O1an -025  -0.15 0.24 0.00 0.11 012 -0.17 0.11
O1ane 0.15 0.30 0.09 014 —008 —-0.06 004  —0.04
Gljj 0.36 0.51 0.58 0.10 0.83 1.16 0.92 0.32
J20 0.33 0.26 0.06 0.03 0.09 0.14 0.17 0.20
Uoa —-0.24 -0.16 —-0.08 —-0.02 —-0.05 —-0.01 0.02 0.05
J2p 0.05 —-0.05 -0.01 0.05 0.09 0.28 0.09 -0.02
Uoe 0.09 007  -0.06 0.05 0.53 047 -0.28 0.12
Urac 0.00 ~0.02 -002 001  -018 -0.16 006  —0.02
J2ab —-0.25 —-0.06 0.29 0.11 —-0.69 —-0.79 —-0.50 —-0.28
Doave 0.08 0.13 000 -025 0.28 011  —0.06 0.02
szj 0.32 0.14 0.18 0.16 1.44 1.62 0.63 0.22
O30 0.33 0.12 -0.12 -0.18 0.05 0.04 -0.14 -0.18
o 0.01 0.00 0.02 0.01 0.01 0.01 0.00 -0.01
Jap 0.20 0.18 —-0.06 —0.05 0.00 —-0.02 —-0.02 -0.02
U3¢ 0.02 0.00 0.01 0.00 —-0.05 —-0.03 0.01 0.01
Usnc ~0.05 -002 -001 000 -001 -002 —0.02 0.01
Oaan 0.05 0.00 0.05 000 -011  -007 0.14 0.14
Jaabe ~006 -006 -001 -00L -008 -003 —001 0.01
G3jj 0.16 0.05 0.02 0.03 0.04 0.02 0.06 0.07
Jeff 0.92 0.84 0.88 0.54 1.52 1.67 1.27 0.78
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of the intermolecular electron-phonon coupling, similar to sion of the theory described in this article towards the calcu-
previous results for thintramolecular coupling® However, lation of mobilites including both bandlike and hopping
looking at our calculations for the HOMO bands, we alsoterms remains an interesting and important subject for future
find that this rule of thumb for the chemical trend can some+esearch.
times be violated. Here, we observe, e.g., that anthracene has
a slightly Iarg.er yalue 0h.4=0.88 than naphthalenege(ﬁ V. SUMMARY
=0.84) resulting in comparable HOMO bandwidths. In fact,
the HOMO bandwidth of anthracene is even a bit smaller In summary, we have presented a theoretical approach to
than that of naphthalene, whereas tetracegg;=£0.54) the description of bandwidth narrowing in organic molecular
again follows the “expected” trend. semiconductors. Based on a solution of a mixed Holstein-
Another important finding for all three oligo-acenes is thatPeierls model, we have derived an explicit expression for the
the electrons couple apparently stronger to the phonons thgmlaron bandwidths as a function of temperature. This for-
the holes as can be seen from a comparison ofitfhalues  mula generalizes the result of Holstein polaron theory by
for LUMO and HOMO bands. A possible physical explana-treating local and nonlocal electron-lattice interaction on
tion for the much stronger phonon-induced renormalizatiorequal footing. The predictive nature of the theory has been
of the LUMO could be that the intermolecular motions tenddemonstrated by numerical studies for oligo-acene crystals
to keep the overlap between the HOMO orbitals as large aghich have provided microscopic insight into the relevance
possible in order to retain the binding between the moleculesf the different coupling mechanisms. As a key result, we
whereas there are no such restrictions on the overlap betwedind that nonlocal coupling plays an important role for the
the LUMO orbitals. As a consequence, we observe broadequantitative description of the polaron bandwidths: in com-
HOMO than LUMO bands(except for tetracene at very parison to the Holstein model of purely local coupling, the
low T) from which we conclude that, in general, the hole bandwidths exhibit a much more pronounced temperature-
mobility in oligo-acene crystals should be higher than thedependent narrowing. Furthermore, the LUMO is found to
mobility of electrons. Strictly speaking, this statement is truecouple stronger to the phonons than the HOMO and, hence,
only for the bandlike contribution to the mobility which we predict the hole mobilities in oligo-acene crystals to be
we have considered here exclusively. In agreement witthigher than the electron mobilities.
early measurement$, one may expect from the narrow
LUMO bands of_naphthalene an_d_ anthracent_a at_elevated tem- ACKNOWLEDGMENTS
peratures(cf. Fig. 2 that additional contributions from
phonon-assisted hopping play a role for the electrons in these We would like to thank G. A. de Wijs for helpful discus-
materials but we believe they are not sufficiently largesions. This work was financially supported by the Dutch
enough to reverse the general trend. Nevertheless, an extefeundation for Fundamental Research on MatfedM).
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