
VOLUME 86, NUMBER 5 P H Y S I C A L R E V I E W L E T T E R S 29 JANUARY 2001

862
Electron-Phonon Coupling Spectrum in Photodoped Pentacene Crystals
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The coupling between conduction charges and the vibrational modes of the molecular lattice plays a
defining role in the transport characteristics of organic semiconductors. Using electron tunneling spec-
troscopy, we obtain the electron–optical-phonon coupling spectrum in photodoped pentacene crystals at
energies ,30 meV. Comparison of the tunneling spectrum to infrared absorption data on the optical
phonon density of states yields the energy dependence of the electron-phonon scattering matrix element.
The integrated spectral weight of the electron-phonon coupling shows that superconductivity in pentacene
is likely of electron-phonon origin.
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There is currently vigorous research activity in the use
of organic semiconductor materials in thin film transistors
[1]. Such “plastic” transistors can be made mechanically
flexible and can be produced cheaply compared to standard
transistors. At the same time, research into the properties
of organic semiconductors has recently yielded fascinating
new and unexpected scientific discoveries. Pentacene and
tetracene, in particular, display a startling range of phe-
nomena related to correlated electronic behavior. These
are the only known materials that exhibit the quantum Hall
effect [2] at low sheet densities (1011 to 1013 cm22), su-
perconductivity [3] at high densities ��1014 cm22�, and
electrically pumped laser emission [4], all in the same high
mobility crystals. Thus, there is clear need for a better un-
derstanding of the excitations and scattering processes in
these semiconductors.

Organic semiconductors are structurally different
from inorganic semiconductors such as Si. The poly-
acene family consists of strongly bonded aromatic
molecules arranged on a lattice with weak van der
Waals intermolecular bonds. The molecular lattice is
easily polarizable, so it has been suggested for both
oligothiophenes [5] and polyacenes [6] that the charge
carriers are small polarons. Polarons are usually thought
of as localized, though models for delocalized small
polarons exist [7]. Studies [5] of dc conductivity in oligo-
thiophenes showed a small mobility (,10 cm2 V21 s21

from 4.2 , T , 300 K) with a nonmonotonic T de-
pendence. This was argued to be consistent with small
polarons. However, the mechanism of polaron transport,
i.e., inelastic hopping or band transport involving extended
states, has been disputed. Very recent measurements [2,3]
of Shubnikov–de Haas oscillations and of mobilities
$104 cm2 V21 s21 (at 4.2 K) in very pure pentacene crys-
tals prove that the charge carriers move as extended state
wave functions in a metallic band. Clarifying the nature
of possible polaron transport and superconductivity awaits
more direct knowledge about the microscopic physics of
the electron-phonon coupling in these materials.

Pentacene crystals were grown by sublimation in a con-
tinuous gas flow of 99.999 99% pure hydrogen. The hori-
0031-9007�01�86(5)�862(4)$15.00
zontal flow growth apparatus and growth methods have
been described in detail previously [8]. The gas flow al-
lows very efficient purification of organic material. Addi-
tionally, crystals from the first growth were used as seed
crystals for the second, crystals from the second used as
seed for the third, etc. This results in iterative generational
purification. In these crystals, the concentration of electri-
cally active impurities was found [1] to be �1013 cm23.

Several pentacene crystals, roughly 5 mm by 1 mm by
0.1 mm thick, were glued onto sapphire substrates. Ohmic
contacts were made to two ends of each crystal by evapo-
rating 100 nm of Au. Each crystal was delaminated to
expose a fresh surface prior to loading into another evapo-
rator for Pb deposition. Tunnel junctions were fabricated
by evaporating a series of Pb stripes (0.5 mm wide) across
the top of each crystal perpendicular to its length, mak-
ing sure that the Pb film was continuous over the sides
(see Fig. 1, insets). The interface between Pb and pen-
tacene formed a high-resistance barrier, the origin of which
is not known. The pentacene was photodoped using two
red �lpeak � 635 nm� light-emitting diodes, one mounted
2 mm above the sample and the other underneath the sub-
strate. Our Hall effect measurements on photodoped pen-
tacene show integer quantized Hall plateau, meaning that
photodoping induces a quasi-two-dimensional sheet carrier
density in the mid 1011 to 1012 cm22. Two-point resis-
tances through the pentacene (with light) were 1 to 2 kV,
while junction resistances were �200 kV, showing that
.99% of the voltage drop from pentacene to Pb occurred
across the junction.

In a quantum tunneling experiment, bare electrons are
injected into the pentacene from the Pb through a classi-
cally forbidden potential barrier. The electron is injected at
energy eV , set by the voltage bias V , relative to the Fermi
level (defined by V � 0). The tunneling current-voltage
�I-V �, conductance-voltage �dI�dV 2 V �, and conduc-
tance derivative �d2I�dV 2 2 V � spectra are recorded.
If the tunneling time is very fast compared to inverse
scattering rates in the electrode, which is almost univer-
sally the case, then the dI�dV spectrum is proportional to
the single-particle density of states for a bare charge at
© 2001 The American Physical Society
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energy eV injected into the system. Note this is not
necessarily the same as the density of states for a dressed
quasiparticle, such as a polaron.

For superconducting electrodes like Pb, the electron-
phonon coupling spectrum a2�v�F�v�, where a�v� is
the magnitude of the electron-phonon scattering matrix
integrated over momenta and F�v� is the phonon density
of states, produces characteristic structure in the energy
gap function measured by tunneling. An integral equa-
tion inversion [9] is often used to deduce a2�v�F�v�
from d2I�dV 2. For nonsuperconducting electrodes,
electron-phonon coupling information can also be ob-
tained by phonon-assisted tunneling [10]. In the simplest
case, a tunneling electron injected at an energy resonant
with a phonon mode in one electrode can scatter by simple
phonon emission. d2I�dV 2 is then proportional to a con-
volution of a2�v�F�v� with a broadening function that
both broadens and shifts the peak resonances [10]. Typi-
cally, the broadening and shifts are small, �5% to 10%,
so that d2I�dV 2 ~ a2�v�F�v� to good approximation.
These phonon emission peaks in d2I�dV 2 are usually
antisymmetric with respect to bias polarity.

Definitive proof that the current between electrodes is
due to quantum tunneling is given by observation of the
Pb electrode’s superconducting energy gap in dI�dV well
below Tc � 7.2 K. This is shown for a Pb-pentacene junc-
tion in the inset of Fig. 1. The subgap conductance at
V � 0 is consistent with thermal activation, showing that
there are negligible nontunneling leakage current paths at
low energies. The overall I-V does not have the strong
bias asymmetry expected for a Schottky tunnel barrier, so

FIG. 1. Conductance derivative spectrum of a pentacene-Pb
tunnel junction. Data were taken at T � 1.4 K in zero mag-
netic field. The large structure at jV j , 3 mV is due to the Pb
superconducting energy gap. The Pb transverse (Pb-T) and lon-
gitudinal (Pb-L) phonon structures on the positive bias side are
marked. Inset: (Left side) Schematic illustrations, not to scale,
of the cross section (upper) and plan view (lower) of the Pb-
pentacene junctions and the I-V wiring. (Lower right) Tun-
neling conductance spectrum of this junction showing the Pb
superconducting density of states.
the tunnel barrier may arise from a reaction between the Pb
and the pentacene whose nature is unknown at this time.

Figure 1 shows a d2I�dV 2 spectrum for a pentacene-Pb
junction at 1.4 K with the Pb superconducting. The large
structure at jV j , 3 mV is from the Pb superconducting
energy gap. The antisymmetric peaks near 66 mV and
610 mV marked Pb-T and Pb-L are the transverse and
longitudinal phonon a2�v�F�v� resonances of Pb. All en-
ergy scales are pushed out by the Pb energy gap of 1.3 mV.
The resonant structures at higher energy are attributable to
the pentacene. These features are symmetric with respect
to bias polarity. Strong junction leakage sets in at biases
above �40 mV, probably due to deformation of the tun-
neling barrier, limiting the highest reliably measured tun-
neling energy to about 30 mV.

The pentacene structure in d2I�dV 2 is shown more
clearly in Fig. 2(a), where the Pb has been driven
normal by a 2 kG magnetic field, eliminating any struc-
ture and gap offset due to the Pb superconductivity. The
remaining peaks are from pentacene. These resonances
can be compared to infrared absorption measurements,
shown in Fig. 2(b). The optical spectrum clearly shows
the IR-active phonon modes and provides a measurement

FIG. 2. (a) Conductance derivative spectrum of a pentacene-Pb
tunnel junction at T � 1.4 K with the Pb driven nonsupercon-
ducting by a 2 kG magnetic field. Under these conditions, all
the resonant structure in the spectrum is due to the pentacene.
(b) Infrared absorption spectrum of a pentacene crystal. The
peaks are optical phonon modes with wave vector q � 0.
863
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of Fq�0�v�, the optical phonon density of states at the
Brillouin zone center. There is nearly a one-to-one cor-
respondence in peak position between the tunneling and
IR-active modes, proving that the tunneling peaks arise
from electron-phonon coupling, and not from inelastic
scattering by barrier impurities.

The symmetry of pentacene’s electron-phonon peaks
with respect to bias polarity in Fig. 1 means that the scat-
tering is not simple phonon emission. In many degenerate
semiconductors [11] peaks in d2I�dV 2 symmetric with po-
larity have been observed near known optical phonon en-
ergies where the charge-phonon coupling is very strong.
In most cases this is thought to arise from deformation
potential coupling [12]. The symmetry of the scattering
peaks arises from a modification of the charge dispersion
and self-energy that is consistent with the conditions nec-
essary for polaron formation [13], though it does not by
itself prove the existence of polarons.

There are two obvious differences between the tunnel-
ing and optical spectra. First, the tunneling peaks have
different relative intensities compared to the optical reso-
nances. This arises mostly from the matrix element a2�v�,
which weights the tunneling but not the optical spectrum.
The relative energy dependence of a2�v� can be sepa-
rated from F�v� by normalizing the tunneling spectrum
to the optical spectrum, as shown in Fig. 3. Here val-
ues of the relative peak heights in the tunneling and op-
tical data were separately normalized to the largest peak in
each respective spectrum (after subtracting out a continu-
ous background). Then the normalized tunneling spectrum
peaks were normalized again against the corresponding
optical spectrum resonances. Since the peak at 24 meV is
the largest in both spectra, this procedure defined a value
a2�24 meV� � 1, and a2�v� at other energies are mea-
sured relative to this. The second difference is that the
tunneling peaks are broader than optical resonances. Ther-
mal smearing and inelastic lifetime contribute some to the

FIG. 3. Relative energy dependence of the squared magni-
tude of the electron-phonon scattering matrix element a2�v�.
The values are normalized so that a2�v � 24 meV� is defined
as unity.
864
tunneling peak widths. Also, unlike photons, electrons can
couple to phonon modes away from the zone center. Hence
any dispersion of the phonon modes will appear as an ad-
ditional energy width in the electronic spectrum.

Although no phonon mode assignments have been made
to date specifically for pentacene, the similarity in its
infrared absorption spectrum to other molecular crystals
suggests [14] that all structure below 20 meV arise from
intermolecular vibrations. These are the ordinary phonon
modes common to all crystalline solids. The origin of the
strong double peaks around 25 meV is less clear. It is pos-
sible these peaks may be the lowest energy intramolecu-
lar vibrations of the ring molecules, or may be some
hybridization of inter- and intramolecular motion.

The presence of the strong electron-phonon peaks in
Figs. 1 and 2 proves that electron-phonon scattering plays
a fundamentally important role in pentacene’s transport.
To understand the superconductivity better, it is useful to
estimate the dimensionless electron-phonon coupling con-
stant l, which is defined as

l �
Z

a2�v�F�v�v21 dv . (1)

While numerical integration of the pentacene reso-
nances in d2I�dV 2 (after a background correction) is
straightforward, the units of d2I�dV 2 are not physically
meaningful, so getting an absolute value of lpentacene
requires a normalization [15]. For simplicity, we approxi-
mate lpentacene�lPb by normalizing the integral of the
pentacene resonances to the integral of the Pb phonon
structure in the same spectrum, averaged over both bias
polarities. This assumes that the integral of the Pb-T and
Pb-L peaks in d2I�dV 2 ~ lPb. In fact, in a supercon-
ductor d2I�dV 2 is formally proportional to a complicated
integral function of a2�v�F�v� convoluted with the
superconducting gap function. Above the sharp gap peak
structure (�3 mV here), the gap function is relatively
slowly varying. Our simplification then amounts to
linearizing the relation between d2I�dV 2 and a2�v�F�v�
in Pb, at least over the small energy range where the
Pb phonon structure is prominent. Using this approxi-
mation, we can use the known value [16] lPb � 1.55
to estimate lpentacene � 0.7lPb � 1.1. We emphasize
that this value is an estimate, but it is very close to a
value lpentacene � 1.2 obtained independently as a fitting
parameter from a fit [17] of the mobility’s temperature
dependence to deformation potential scattering [13], using
an analysis reported previously [18].

The electron-phonon data can be inserted into the for-
mula for the transition temperature Tc derived from the
Eliashberg formalism for superconductivity [19]:

Tc � �h̄vlog� exp

µ
2

1.04�1 1 l�
l 2 m��1 1 0.62l�

∂
, (2)

where �h̄vlog� is a logarithmically weighted average of the
phonon mode energies and m� is a parameter describing
the strength of the retarded Coulomb repulsion. From
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the data for pentacene, we find �h̄vlog� � 190 6 10 K.
Using l � 1.1, the only parameter not obtainable from
data is m�. Theoretical analyses [20] argue that all the
aromatic molecular crystals should have m� in the range
0.3 to 0.4. Inserting these values into Eq. (2) yields a
calculated range of 1 , Tc , 5 K. This compares very
well with the measured [3] Tcs of 1.8 K for pentacene and
2.4 K for tetracene, providing very strong evidence that
the superconductivity is electron-phonon based.

The above analysis does not account for two possible
complications. First, the quantum Hall effect and an
anisotropy of .102 between in-plane and out-of-plane
mobility mean that the charge carriers form a quasi-two-
dimensional system, whereas Eq. (2) is from a 3D formal-
ism. Second, the tunneling spectrum is at a much lower
density ��1012 cm22� than that for which superconduc-
tivity is observed ��1014 cm22�, so it is not obvious
that our l can be extended to the superconducting state.
These issues can be related. The 2D nature makes the
density of states independent of carrier density. Hence
l, which depends implicitly on the density of states,
becomes density independent, so that the tunneling value
is applicable to the superconductivity analysis. We assume
that l depends on density only through the density of
states. This argument is invalid if some other aspect
of the electron-phonon physics differs significantly at
high density, but there is as yet no evidence for such a
phenomenon.

Finally, the dimensionality issue affects the interpreta-
tion of m�. The value of m� used in the analysis of Tc is
over twice what is found in all superconducting metals.
Some opposing theoretical assessments [21] argue for a
more conventional value of m� � 0.15 in aromatic mo-
lecular crystals. Using Eq. (2) such a value of m�

would increase the calculated Tc to 12 K. However,
thermodynamic fluctuations of the superconducting order
parameter (not included in the Eliashberg theory) will
eventually drive Tc down to zero as the dimensionality is
reduced from bulk 3D to the strict 2D limit [22]. Thus it is
possible that pentacene may have a more standard value of
m� but a lower Tc than derived from Eq. (2) due to its lower
effective dimensionality. Nonetheless, questions about
m� do not change our basic conclusion that the supercon-
ductor pairing mechanism is based on electron-phonon
coupling.

In summary, electron tunneling spectroscopy has been
used to measure the electron-phonon coupling spectrum in
photodoped pentacene crystals. Resonances in the tunnel-
ing spectrum occur at the same energies as known optical
phonon modes. The symmetry of the resonances indicates
that the electron-phonon scattering strongly modifies the
dispersion and self-energy functions. An estimate for the
electron-phonon coupling parameter from the data gives
l � 1.1. Using this l and the known phonon energies,
the mechanism of superconducting pairing in pentacene
can be determined to be electron phonon.
We thank C. M. Varma and P. B. Littlewood for useful
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absorption spectrum.
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