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Scattering by acoustic and optical phonons
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An intermediate-bandwidth theory of charge-carrier mobility is developed with a focus on finite-band effects
and scattering by phonons. Wide-band behavior is recovered as a limit. Two applications of the finite-band
theory are discussed: in one a dip is predicted in the temperature dependence of the mobility, and in the other
recently reported observations on ultrapure organic crystals are addressed.
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. INTRODUCTION AND BASIC EXPRESSIONS N is the total number of atoms/molecules, and the speBific

dependence is dictated simply by normalizationpgg,).
onsidering a cubic lattice with lattice constamtand ex-
YessingN=N,V/a®, whereV is the volume and\, is the

Charge-carrier transport in inorganic crystals, e.g., metal
such as Cu and semiconductors such as Ge, is described
textbook band theory? Carrier transport in organic crystals . :
(such as naphthalene and pentageres been described in number of atoms/mol_ecules per unit cell, &) can be in-
terms of polaronic theories with band effects either neglectefl‘s'gr.ated over all _p055|ble energy states_and momentum states
or relegated to a secondary rdié There is a need for an (© find tq% maximum allowedk-vector in the bandkpmax
intermediate-bandwidth treatment in which band features ar€(_37’2Nc) /a. Evaluating the parabolic band dispersion re-
an essential starting ingredient of the theory, and in whicHation atknay, a direct relation between the effective mass
the wide-band behavior seen in inorganic materials may b&™* andB can be written:
recovered in an appropriate limit. An approach toward the

construction of such an intermediate bandwidth treatment #2(3m2N)%8 1
was recently constructed by one of the present authors *=—2°—. 2
through elementary considerations of impurity scattering. 2a B

The purpose of the present paper is to extend that approach

to the more complex and realistic case of scattering byJsing Eq.(2) we can write explicitly the energy dispersion

phonons, both acoustic and optical. relation as well as the speed of a carnige=#~1(de, /dk) in
The paper is organized as follows. In the rest of Sec. | wahe band as function d8:

display our starting point for the density of states, effective

mass, and carrier velocity. The basic expressions for the a2B

acoustic and optical phonon scattering rates are studied in ep=—— k2 (3)

Sec. Il. With a combination of these, carrier mobility expres- (372N 2%

sions are obtained and discussed in Sec. Ill, where the more

standard wide-band limit is recovered as a limiting case. Two

applications of our theory constitute Sec. IV: the first dis- v :i a\/B_8k @)
cusses a curious dip in the mobility which we predict on the K 73 (37.,2Nc)1/3'

basis of our analysis, while the second addresses the tem-
perature dependence of the mobility reported recently in exgqs. (1)—(4) are the starting point of the theory.

periment. Remarks form Sec. V. _ , In keeping with general practice in the field, we will as-
Following Ref. 7 we assume an isotropical three-q;me the Hamiltonian given by

dimensional system and a single truncated parabolic band in
our treatment. The assumption of a single band means that 1
the band gap is large enough to make interband transitions _ + +
unimportagr]lt.pThe c%oice ofga free-electronic dispersion al- H_Ek ei aﬁ% ﬁw“(q)( Baabaat 3
lows the treatment to yield the broadband limit smoothly.

A simple way to consider the finiteness of the bandwidthwhere the first term describes the carrier, the second term
B is to take the density of statgscorresponding to a para- represents acoustic aac) and/or optical @=op)
bolic band structure, i.e., with @&, dependence whets, is phonons, and the carrier-phonon interaction is given by
the carrier energy arklis the quasimomentum, and to vanish
beyond the band edge:

+Hint (5)

Him=N‘1’2k§ [0,(0)ga(A)ag, @bg,+H.C], (6)

N 3V o
p(e)=1 2B¥ (1) - imension-
w, andg, being the phonon frequency and the dimension
0, g >B. less coupling constant, respectively.
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II. SCATTERING RATES

PHYSICAL REVIEW B67, 045110 (2003

A. Acoustic scattering rate

We start with the standard time-dependent perturbation With the definitions

theory expression for the rate of scattering ok atate by

{aub;oar,ption and emission of one acoustic phonon of momen- ai(x)=2(%) 1/3[Xi W, 9)
1 27 S (ked . b y2e(*Bhopy/2)

& {I(k+d.ng o= L[ Hind king o) [“8(e s gin, -1 9. (y)= S S Bhasy)" (10)

—SR,nq)+ 5(8E7a,nqya+1—SE,anQ)IUZ—ﬁ,nq,a wherein x=¢,/B, 7 is a geometrical factor {<3) ex-

+1[Hind K,Ng o) |2,

wheren, , stands for the thermal

the number of phonons with wave vectgr Under the as-
sumption of linearDebye dispersion for acoustic phonons,
and through the use of E€3), energy and momentum con-
servation for absorption or emission of one phonon yield

a2

Sﬁtd,nq act1” €k

where w(q) = vsg, with vg the speed of sound for acoustic
phonons whilew(q) = w, for optical phonons.

g,ac (3772Nc)2/3

plained in the Appendixy= (i wp/2B)(3/27)*3, wp is the
Debye frequencyB = 1/kgT with kg the Boltzmann constant,
andy is a dimensionless phonon momentum; on the basis of
Egs.(7) and(8), calculations detailed in the Appendix give,
for the scattering rate due to acoustic phonons,

(@)

averag@ose-Einsteijpof

1
—(X):

Tac

37 (gpfiwp)?

4% B (11)

fac(X).

(q%+2k-q) Fhw(q),
(8)

Here gp is the dimensionless coupling constant representa-
tive of acoustic scattering via the deformation potential
treatment and the functiorf ,o(x) is defined separately de-
pending on the range of values éfwp/B. For iwp /B
<1/2(29/3)*",

—_

fac(x)

=

for 1/2(25/3)*<h wp IB<(2/3)(27/3)*"3,

Jac(x)=

%l =

a+(x)
f dyg-(y), Osx<)?
(%) xB/(hwp ) 5 5
fo dyg- (y)+f dyg+(y), X sx<4y
(%) —a_(®) ) )
. dyg- (y)+ dyg+(»), 4y =x<(1-2x)
(1-x)B/(hwp ) —a_(x) 5
fo yg—(y)+f0 dyg.(y), (1-2x)*sxsl (12
a(x)
f dyg (y), 0=x<y>
6
a(x) xB/(fhop) 2 5
fo dygf(y)+f0 dyg.(y), X' sx<(1-2x)
(1-x)B/(hwp) xB/(hop ) 5 5
fo dyg - (y)+f dyg.(y), (1-2x)"sx<4y
(1-x)B/(hwp —a_(x) 5
fo dygf(y)+f0 dyg+(y), 4x'sxsl; (13

for (2/3)(279/3)*<t wp IB<(27/3)Y3,
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a+(x) 2
f dyg-(y), 0=x<(1-2x)
a_(x
(1-x)B/(hwp) ) )
f dyg-(), (1-2))*sx<y
_ 1 a_(x)
facl)= & | fa-»sraep xB/(hwp) , ,
fo dyg—(y)+f0 dyg(y), x"sx<4x
(1-x)B/(hop) ~a_(x) ,
fo dyg—(y)+f0 dygi(y), A4x*sxsl; (14

and, for (27/3)*<hwp IB<2(27/3)*",

0, 0sx<(2y—1)>
(1—x) B/(hwp) 5 5
1 dyg-(y), 2x—D=x<y
fac(x):T a_(x)
X
(1-x) B/(hwp) xB/(hop) 1
fo dygf(y)+f0 dyg(y), x*sxs<lL. 5

Note that forfwp /B>2(275/3)'2, f,.(x)=0 independently of the temperature.

The need for separate expressions for the various regimdg o) is a consequence of the introduction of a cutoff in the
density of states which stems from the finiteness of the band. In thedliait/B— 0, i.e.,x—0, the cutoff disappears and
only one regime survives irf,(x): the one represented by the third expression in B®) with a,(x)=—a_(x)

=2(3/25)3/x. Clearly, rgcl(x) decreases down to zero as the rditiop /B becomes larger since the constraints of energy
and momentum conservation cannot be satisfied simultanebusly.

B. Optical scattering rate
For optical phonons, the counterpart of Efjl), as detailed in the Appendix, is

37 (gohwp)?
—( )=z g Top(X) (16)

Here gy, the dimensionless coupling constant to optical phonans, the optical phonon frequency, arfg,(x) take the
respective places @p, wp, andf,(x) in Eq. (11).
The functionf,,(x) is defined, as in the acoustic case, depending on the range of valieg 0B. For7w,/B<1/2,

( e*ﬁhwo/z ﬁwo ﬁa)o
X+ Osxs—
smr(,BthIZ) B B
hw
e Bhool2 [y + +eﬁﬁw0/21 /x— O fwg fiwg
fop(X)Z ?<X<l— B a7
smf’(,BthIZ)
ghhwol2 hwg fhwg
- X— . 1- ——=x=1,
\ SINM(Bhrwe/2) B B
while, for 1/2<Awqe/B=<1,
[ e Bl f g N fiwg
_ —_ S U e —
sinh( Briog2) V" B V=Xt B
ﬁ(x)o ﬁlx)o
fop(x): 0, 1—?< <? (18
ghhwol2 howg hog
————\/X— ——, & s=X=1,
| SINN( BT wo/2) B B

andf,,=0 whenfiwy/B>1. In the limith wy/B—0 it is easy to see that the only terms which surviveg[j(x) are the first
two expressions in Eq17).
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Similarly to the acoustic case;pl(x) becomes smaller as The scattering sources we consider are acoustic phonons,
the ratioz wy /B becomes larger and eventually vanishes. Orpptical phonons, and static impurities. From expressions we
the other handdifferently from acoustic scattering, a non- have derived abov¢Egs. (11)—(16)] for the first two of
negligible change in the energy of the carrier is always inthese, we write, for(e)) due to all three sources,

volved in an optical scattering event. This is an important

aspect, as we will see in Sec. IV. Indeed under certain con-

ditions, it can give rise to a nonmonotonic temperature be- 4% (3wB) 1
havior of the mobility, a regime which is absent in the wide- r(g,)= .
band theory. A ctimp n (gthD)zf (%) 4 Mf (3)
37B B2 B B2 °P\'B
l1l. MOBILITY (20)

Following a standard Boltzmann equation treatment, but
making a finite-bandwidth modification as in Ref. 7, the mo-Here we have assumed for simplicity that the scattering rate
bility can be written as due to impurities is constarfproportional to;y, as, for
) - instance, in Ref. 10, and have invoked Mathiessen’s'fule
. deyp(e)vir(er)ePex that rates add For a study of more general impurity scatter-
MZQNUﬁTk):q,B 5 . (19 ing (k dependentB dependent, etc.we refer the reader
J' deyp(s)e B elsevv.heréf.2 Using Egs.(1), (4), and(20) we can write ex-
pression(19) for u as

qa’ ¢ 5/ 1 (® ei’e
p«=TW(Bﬂ) 1(312BB)] fo d8k4haimp83/2 ) o)’
¢ 37 +gD fiwp) \/—fac )+go(hw0) \/Efop B
(21
|
wherey is the incomplete gamma function. with ® the Heaviside function. First we notice that if

Equations(19)—(21), which are the central result of our Bhwp<1l, Eq. (23) reduces to its higf- limit
paper, contain effects of finiteness of the band. We now showt /s (Bhwp) L. Equation(22) in the highT approximation
how to recover from that result the well-known wide-bandfor the acoustic scattering has been used successfully in the

expression for. past in the analysis of Si and Ge mobility data.
The wide-band result, as commonly displayed without the To recover the wide-band lim{tEq. (22)] from our Eq.
impurity scattering term, fs (21), we first puta;m,=0 in Eg.(21), and then notice that
our f,. andf,, functions yield the wide-banB,. andF,, in
25’2Ncﬁqﬁ4( B )5’2 the limits
Mo=" 2 | o
3a’ m* lim VB fa(ex/B)=Fac(ey), (25)
fhwp/B—0
® 3/2 78kB
><f dey ) l Bf IB)=F : 26
0 g%(ﬁwD)zFac(Sk)+go(ﬁw0)2|:op(8k) ﬁ,wol/nB]Ho\/— op(Sk ) op(sk) ( )

(22)  substituting in Eq(21) the upper limits of integratiol® by
o, recognizing that the incomplete gamma function trans-
forms into the(complet¢ gamma functionl”(3/2), and ex-
e phressﬁggB:2 tgrfough IEq.(2) as function ofm*, we obtain
dacPcoth B%v.a/2 23 the wide-band formula.
Fec™ 3\/— aqconAhuar2) 3 In order to understand the differences in the wide-band
and intermediate-band results in the range of parameters for
which the differences are not dramatic, we display Fig. 1,
where Egs(21) and (22) are plotted. We take some repre-
sentative values of the parameters as explained in the figure

wherein

with s=(2m?7N,)¥¥a, and

Fop= [Vext+hwo+eftoo0 (g,

ehhog_ 1 caption. It is seen that, as the raie o/B becomes larger,
wide-band predictions become less accurate. Generally,
—fhwy)Vexk—Twe], (24)  finite-bandu has a steeper dependence than wide-harad
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- Finite-Band Theory

10 -. Wide-Band Theory
g ) g
5, =
s107¢ £107F
3 5
= 3

10'F

100 L L L L L 10'2 L 1 I L L 1 L

100 200 300 400 500 600 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Temperature K Normalized T

FIG. 1. Comparison between the mobility predictions of wide- FIG. 2. Prediction of a dip and a rise in mobility, a finite-band
band theon[Eg. (22)] and our finite-band theofEq. (21)]. From effect. Shown are mobility curves normalized to the valueTat
top to bottom, the values dfw,/B are 1/6, 1/4, 2/5, and 2/, =_0 versuskgT/fiwg With go=0.6, gp="0 anda;n,/wo=10""* for
=0.1, gp=0.3, fiwp=5 meV, fiwo=15meV, fiaip,=0, 7 different values OTB. From top to bottom, Rwy,/B=1.82, 1.18,
=3/2, andN,=2. Note that the larger the ratfow, /B, the larger ~and 1.02, respectively.
is the effect of the finiteness &.

hwq/B differs only slightly. Beyond the value 0.5 of the
high T. This can be understood as arising from two opposité'ormalized temperature, all three curves exhibit the same
trends in the finite-band theory. On the one hand, the exishigh-T behavior: aT~* dependence characteristic of con-
tence of a cutoff in the density of states for the carrier im-stant impurity scattering.This corresponds to the fact that
plies that scattering transitions involving final states outsidd3 <2%w, for all three curves. If we takB=2f wg, the T
the band are not allowed. This has the effect of increaging dependencénot shown in Fig. 2 becomesT %%, as men-
On the other hand, lower values Bfrepresent slower ve- tioned above? If the coupling to acoustic phonons or the
locities and consequently lower. These combined effects amount of impurity scattering is increased, the dip tends to
make theT dependence ofx when Bhwp <1 different be masked, i.e., it disappears. For this reason we believe that
from the T~1® typical for inorganic semiconductots. the dip will not be observed in many realistic situations,
unless the crystals are truly ultrapure.

If B<2hwg, there is an energy region in the carrier band
bounded from below b —# wy and limited above by w,,

We apply our finite-band theory to two situations. In the Where optical scattering is forbidden. In the bottom part of
first, we show that optical scattering can produce a curiouéne band &<B—7w,), absorption of an optical phonon
dip in the mobility if B is small enough, specifically compa- Moves a carrier to the top part of the band, while emission of
rable to the optical-phonon energy. In the second, we analyz&h optical phonon in the top part of the bane %7 wo)

recently reported observations in ultrapure organic crystals/moves a carrier to the bottom of the band. These are the only
energetically allowed optical-phonon transitidfis.

Since Eq.(19) shows that the expression farinvolves a
thermal band average of the scattering tim{e,), we dis-

Optical-phonon scattering possesses the characteristic thplay 7(e\) in Fig. 3 to clarify the origin of the dip. We have
it requires a finite amount of energy interchange with thechosen arbitrary parameters as shown in the figure caption,
carrier. Therefore, if optical-phonon scattering predominateshut the range of the carrier energy is from 0 to the bandwidth
and if the carrier bandwidth is comparable to the optical B. As T is raised, regions of higher energy get more popu-
phonon energy, a remarkable effect can occuiisain the lated. For low enougf, the region of forbidden optical scat-
mobility as a function ofT as shown in Fig. 2. Figure 2 tering is hardly occupied. The dip effect occurs oricés
shows both the occurrence of the phenomenon and how tHarge enough to populate the forbidden region. Scattering is
rise, or equivalently the dip, tends to disappear if, as exsuppressed and the mobility increases. Aécreases still
plained in the next paragraph, the region of forbidden opticafurther, the average occupation of the carrier goes beyond the
transitions is too larggtop curve or too small (bottom  forbidden region, scattering suppression is stopped, ;and
curve. The flat part of the curves fdr close to zero is due to decreases again. The majority of the carriers at Tosee a
impurity scattering. The sharp decrease at [bug an indi-  scattering timer(e,) as shown in the left part of Fig. 3. For
cation of the activation of optical phonon scattering. Be-higher T, the main mechanism of relaxation for the carrier
tween the value 0.1 and 0.5 of the normalized temperaturdistribution becomes impurity scattering: see the middle por-
the three cases differ from one another substantially althougtion of Fig. 3. On increasingr further, the carriers have

IV. APPLICATIONS

A. Prediction of a dip in the mobility
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compatible with a band descriptidh.The chosen range is
1t . the one for whichu obeys a clear power layw~ T~ 27,

It is at once clear from wide-band theory that it is impos-
sible to address these data if the sole scattering source is
acoustic phonons since the latter lead to the well-known
T~ 5law of u in contrast to the observéld 2’ dependence.
Similarly, it becomes clear on quantitative analysis, as in
Ref. 16, that optical phonons alone cannot provide an expla-
5t _ nation since they involve an uncomfortably steep decrease of
w at low T and aT~ 1 behavior at highT. It is, however,
possible to produce reasonable fits to the data by a combina-
tion of the two kinds of scattering by following a procedure
used in an early analysisf u in the inorganic material Ge,
but augmented through our finite-band expression.

T,
o Imp

I We take as input&p and wg. Outputs are the quality of
0 . . . . the fit and the values of the coupling constagisand g,.
0 02 0.4 06 08 1 Choosingii wp=8.3 meV as a reasonable value smaller than
&/B the lowest optical frequency, we verify that it corresponds to

a reasonable calculated speed of sound of 2.88
X 10° cm/sec which lies comfortably in the known range
(1-5)x10° cm/sec. Smaller values dfwp do not change
appreciably either the quality of the fit or the values of the
coupling constants. In keeping with known spectra of
pentacené® we takew, to be each of the spectrally known
) ) o values(starting with 8.5 meVY in turn. We assume various
access also to regions in the band whefe) is given by  yalues ofB and perform a least-squares fit to the pentacene
the right portion of Fig. 3. Thus the resulting shape of thedata. The fit quality improves for higher assumed optical
w(T) curve reflects, more or less, the shape of the scatterinffequencies. Optical frequencies higher than 15.5 meV are
time 7(ey). As remarked upon earlier, this predicted dip mayfound to be unacceptable because the limitBigire even
not be observed in many systems because of the existence haller than vy, making optical scattering impossible. In
non-negligible scattering from sources other than opticaFig. 4 we display reported pentacene data in the 20—400 K
phonons- range along with our fits. Resulting fits look acceptable on
visual inspection.

The primary conclusion to be drawn from the fitting is
provided by varying the assum@&dand checking for internal

As a second application of our general mobility resultconsistency. This check is provided by the ratio of the mean
[Eqg. (21)], we address recently reported mobility data onfree path\ to the lattice constarsd, obtained by multiplying
pure pentacene crystals in the range 20—400 K. As in Rethe velocity of the carrier by the scattering time in E20)
16, we have chosen only a partial range of data which i@nd averaging over the band;

FIG. 3. Origin of the dip/rise effect. Shown is the optical scat-
tering time normalized to the impurity valug,,, as a function of
the relative carrier energy in the bame- ¢, /B for the (arbitrary
parametersyy=0.6, gp=0, Bhwo=3.5, fiay,/B=5.00<10"°,
andfiwy/B=0.75.

B. Description of low-T data in pentacene

100F ™ 3

1000

3 4 5678
1oo FIG. 4. Least-squares fits of EQR1) to re-
ported pentacene data with several optical fre-
quencies. Extracted parameters and the maximum
allowed B are listed in Table I. The inset shows
the ratio of the mean free path to the lattice con-
stant for the corresponding fits.

100

Hole mobility (sz/ Vs)

10

— @y =155meV S
---- )y =13.0 meV <
........ @y = 8.5 meV *
L s ' L L L L | 3 3
3 3 3 56 7 8 99h ’ ’
Temperature (K)
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TABLE |. Parameters extracted from the fit of Eg1) with the V. REMARKS

maximum allowed. The corresponding mobility curves and ratios
of the mean free path to the lattice constant are shown in Fig. 4. 1€ purpose of the present paper has been to develop an
intermediate-band theory of the mobility of charge carriers

Inputs Limits Outputs scattered by phonons, starting from a standard Boltzmann
equation approach but incorporating the finiteness of the

hwp(meV) hwo(meV) — B(meV) 9o Y bandwidth directly into the calculations. Such a theory, in the
8.3 85 49.4 0.08 056 restricted context of energy-independent impurity scattering,
8.3 13 39.6 0.13 0.40 has been given in a recent studyhe present calculation
8.3 155 36.7 0.13 036 extends the considerations of that study to realistic situations
involving carrier scattering by acoustic and optical phonons
as well as by impurities. The eventual aim of the theory is to
! _pxB join polaronic calculations which are current in narrow-band
\ 223 g fo dxxr(x)e organic materiafs* with broadband considerations which are
a3 28k (1 : (270 common in wide-band inorganic materiai&
m f dxyxe AxB Fermi Golden rule prescriptions such as Ef). have led
0

us to derive explicitialthough rather complexexpressions
[Egs.(11)—(18)] for the scattering rates arising from acoustic
and optical phonon scattering. With their help we have ob-
tained the mobility in Eq(21). The wide-band limit*? has
Been recovered explicitly in Eq22), thus making contact
with earlier results.

Finite-band theory leads to two opposite trends in the mo-
bility. On one hand, a cutoff in the density of states for the

condition\/a>1 should lead to an upper rather than |owercarrier reduces the number of allowed scattering transitions,
limit on B. LargerB, one might expect, leads to larger ~ 1€2ding to higher.. On the other hand, reducei values
However, these limits emerge from a fitting of the theory toc0rresponds to reduced velocities and therefore to lquer
(giver) experimental values o& which is essentially given A straightforward consequence of these competing effects is
by u~v2r~v\, sincev 7~\. Given the observed values of Obvious from Fig. 1 where the temperature dependence of
M, the re|ati0nship)\wﬂlv ShOWS that |argen\ require the m0b|l|ty ShOWS that the m0b|l|ty can exceed the Wide-

smallerv, i.e., smallerB. Such considerations have been band result in one range but be exceeded by it in another. A
given earliet®'® on the basis of gross estimates for We  more interesting consequence is in the first of the two appli-
have made the criteria more stringent here, by calculatingations we have given: the predicted rise in the mobility
energy-dependent’s and taking their thermal averagsee providedB<2%w,. Such a rise comes about when a carrier
Eqg. (27)]. enters the energy region where optical phonon scattering is
Given that calculatéd (and expectedvalues of the bare absent.
bandwidth in pentacene are larger than, or of the order of, The other application we have presented is to the reported
500 meV, in contrast to an order of magnitude smaller limitobservations in pentacene. Fitting with our theory leads to
we have obtained through our fittifgee Table ), we can  the conclusion that the reported mobility data in the paffial
draw one of several conclusion@) that band theory is in- range (20—400 K can be explained with recently
applicable in__pentacene even in the context of the reportegdy|culated® large bare bandwidth values-600 meV) only
low-T data; (i) that the calculaté& and observationalfy _if the carrier strongly interacts with a high-frequency in-
expected values d& are incompatible with transport experi- yramolecular vibration, reducing its effective bandwidth even
ments; or(iii) that theB limit of 50 meV which arises from 4t the lowest of accessible temperatures by a factor of an
our fitting is not the true bare bandwidth but one alreadyyqer of magnitude.
reduced by a Huang-RhyiR) factor stemming from strong The most accurate calculations would take the actual den-
interactions with a high intramolecular frequency V|brat|0n.si»[y of states of the carriers complete with its van Hove sin-
The present authors tend to believe the current calculéﬂonsgmarity structure. Our use of a density of states correspond-
of B, and therefore to draw conclusidiii). Indeed, we re- jng to the truncated parabolic band is obviously an
peated the fitting procedure by replaciBgby the HR ex-  approximation but one which, we hope, addresses the essen-
pressionB=Bge~ ¢ 0ht2keT) " where () is the frequency tials. It certainly has the advantage of simplicity. Moreover,
of the intramolecular vibration with which the carrier is sup- it tends to the correct wide-band behavior in the limit of a
posed to interact strongly. We found that faotiQ) large bandwidth. Such a limit is inaccessible to treatnfents
>120 meV, the HR factor reduced to Boexp(—G?) at T which use Gaussian density of states.
=0 and is essentially independent in the 20—400-K range.  The present calculation serves as a stepping stone to a
In order to satisfy the condition/a>1 with the assumed full theory?? of the mobility of charge carriers in pure organic
large Bo=600 meV?° the restraints orB require a value crystals in cases where the low temperature data cannot be
of G=1.6. explained via narrow-band polaronic theories such as in

We plot\/a as an inset in Fig. 4 after imposing the require-
ment on the calculational procedure that this ratio has th
minimum allowable value of 1 at the extreme of fheange
(400 K). This results in upper limits t8 which are listed in
Table I.

At first glance it might appear counterintuitive that the
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Ref. 4 while high-temperature data do require a polaronic With the substitutions

analysis.
a’ )
—_— —+ -
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APPENDIX lac(K+0)= )
actid 2a’Bkq

1. Acoustic scattering rate " "
. . . XO[B—(X,+et+ho

In the deformation potential approach for acoustic scatter- [B=(x:+ex )]

ing the matrix element of the Hamiltoniat;,,; can be writ- (3m2N,)?3 (372N o
ten out explicitly as a function ofwp, gp, vs, @, N¢, and = Ta’BKa 0| g+2k— 28
Ng,ac- Taking the direction ok as thez axis and integrating q
over all possible momenta, Eq. (7) becomes ( (3772NC)2’3hvS>
-0|qg-2k———7——
1 1 J'Qmax 24 2”d¢920ﬁwoasﬁ a’B
i 2P
Tac ﬁ(27‘r)2 Amin a-aa 0 N a
o o XO(B—gx—hvQ)(, (A5)
X[Iac(k+Q)nq,ac+Iac(k_C])(nq,ac+ 1)],
(A1) .. (B3NP (o
. . . |ac(k_q):2—f~ dx-&(x-)O[x_ +ex—huvq]
whereq,i, andq,ax SIMply indicates that the scattering rate 2a°Bkq Je;
is nonzero only for certain values of phonon momentum de- oy 203
fined by the two following positive quantities: _ (37°Ne)
2a’Bkq
c(K+0) r(s 2% g+ 2kqoost)—hiug| 0| B 2N,) 2%
= _— cosh)—fiv 37N
ac q o (37T2NC)2/3 q q sd % 1_®( q—2k+ ( v ;) Us)l
a‘B
2
—a—(q2+2chos¢9+k2) sinfdé
(3m°N)#® X®(8k_ﬁUSQ)]v (A6)
(A2)
where
L. arc cos() aZB ~
k== [ P akacoss a0=a%B(3mNo) 24 0%+ 2kq) — fiv g,
ac( Q) 0 (3772NC)2/3(q q ) 0 c s
2B a,=a”B(37°N,)~*%(0?~ 2ka) ~ g,
+hvq |0 ————=(g%>—2kqcosh
0 {(3772NC)2’3(q q and
e,=a’B(37%N,) ~?3(g?—2kq) + v Q.
+k?) |sin@dé. (A3) _ _ _
In order to rescale the above expressions appropriately, it

is necessary to express in terms of wp. Assuming the

The angle ¢=q(2k) *+Avy(37°N.)?3(2a’Bk) =  speed of sound identical for the longitudinal and the trans-
a/2k+ v/ v, comes from imposing the conditiaqr=0 on the  verse modes, the Debye frequengy can be related tog in
expression in Eq8) corresponding to the emission process.the usual way through the relation
>0 implies that only forward emission is allowed, atid "
<1 implies that wheny<wvs no emission process is i 7N
possible!? The cutoffs due to tshe presence of the Heaviside “’D:Us(zwz)m( T) = “5(2772)1/3( ?) . (A7)
function ® assure that the final momentum state of the car-
rier stays inside the band: this is a feature missing in thevherezN represents the total number of acoustic modes, the
calculation of scattering rate in large-band inorganic semivalue of » depending on the geometrical configuration of the
conductors. crystal. For example, for a spherical molecule there are a

1/3
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total of 3N available modegno rotation: if Nc=1 (i.e., one | (IZ— d)
atom/molecule per unit cellthere are three branches of °P

acoustic phonongone longitudinal and two transvejsand arccost a’B

therefore =3. If, instead,N.=2, there are the original —j —— (9~ 2kq cosh) + fwg
- : 0 (37m°N)

three acoustical branches plus three optical branches and c

therefore only half of the R degrees of freedom contribute a?B

to the acoustical phonon spectrum, i.es3/2. For a non- O ——
spherical molecule, there are a total dfl @legrees of free- (3mNg)??
dom which forN.=2 separate into three acoustical branches (A11)
and nine optical branches. The acoustical phonon spectrum

represents one-fourth of the available modes and therefore As for the acoustic case, imposing the conditipa0 on
7=6/4=3/2, as for example in the case of pentacene. Morehe expression in Ed8), corresponding to the emission pro-

(g%—2kqgcosh+k>?) |sinade.

generally, it can be shown that=3/N.. ~ cess, gives a maximum anife{= % wy/B. Again, {>0
With Eqg. (A7) and the following substitution of the radial implies that only forward emission is allowed and the pres-
variable of integratiorg, ence of the Heaviside functio® assures that the final mo-

mentum state of the carrier stays inside the band.
With the substitutions

B a v
2Ny wp ™ 8 _
Xi=(37TZ—N)2/3(q +2kqgcosh) Fhwg
Cc
dy=—2daq, (A8) a?B _
wp dx.=F————=22kqgsin6deo (A12)

= (37TZNC)2/3

Eqg. (A1) can be expressed as function of the relative energfqgs. (A10) and (A11) become, respectively,

x= g /B of the carrier inside the band. The result has been

written in Egs.(11)—(15). (372N 23 (3
C

lop(k+)= f dx, 8(x+)

2a’Bkq

XO[B— (X, + e +hiwy)]

{[@ q— k\/l‘l‘ﬁb)o/x‘)k‘l‘k)

2. Optical scattering rate

For the optical phonon scattering rate the calculation pro-
ceeds along the same line of the acoustic case, but with the (3772Nc)2/3
phonon energy written a&swy. Considering, for simplicity, a

2
dispersionless optical phonon, E@) for the optical case is Bkg
transformed intd —0(q—kyI+hwolex—K)]O(B—e—fwg)l,
(A13)
1 1 fqmw 2 goﬁwoa
= = q q dqb—ﬁw
Top ﬁ(2’77)2 Amin NC ° | IZ— J ——(3 )2/3 d _ Ol Q) h
op( q) 2qu (X_)O[X_+egx— wo]
X[Iop(k+ Q)nq,op+ I op(k_ q)(nq,op+ 1)]:
(A9) :(37T—NC)2/3@(S —hwe){1-O[(q—k
2a’Bkq X °
whereq i, andgmax Simply indicates that the scattering rate —kVI—two/e)(q—k+kyV1—twolen)]}
is nonzero only for certain values of phonon momentum de- 0 0 ’
fined by the two following positive quantities: (A14)

where now ay,=a?B(3m2N.) 23(g%+2kq) —fwy, a;

lop(K+0) =a’B(37°Ne) " #%(g— 2ka) — o,
m a2 (37N Y?  [hw 2
=| 8 ————=(g?+2kqcosh) —fw o= a2 2N )23 g— o /=2
fo (3w2N0)2’3(q q ) 0 eo=2a’B(3mN,) (q 3 5 ) :
a’B , e and e, =a?B(3m2N.)(q?— 2kq) + A w,. Equation(A9) can
X0O|B— (3772—N)2/3(q +2kqcosf+k?) |sinode be integrated im and the result can be written as function of
C

the relative energy = ¢, /B of the carrier inside the band, as
(A10) displayed in Eqs(16)—(18).
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