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E, 7" '7,=~10exp(—A/300); this yields 7,~1.2
x1071% sec. The overall magnitude of T, is scaled
to agree with experiment near the minimum, and
the curve for the above parameters is shown in
Fig. 1.

In summary, we have discovered the existence
of a T, minimum in vitreous B,0, at ~300 K, well
below its melting point of 730 K. We have de-
veloped a theory which explains the experimental
properties of the longitudinal relaxation time in
the vicinity of the minimum, as well as both the
low- and high-temperature behavior. At low tem-
peratures, Raman-like processes involving two-
level disorder modes and acoustic phonons are
dominant; at high temperatures thermally ac-
tivated relaxation involving two-level defects
dominates. Thus, the anomalous nuclear spin-
lattice relaxation in glasses is caused by the
same defects which are now believed to be re-
sponsible for their anomalous thermal and ultra-
sonic properties.
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Field-Induced Charge-Carrier Trapping in the Photoconduction of a Quasi
One-Dimensional System: Phenanthrene-Pyromellitic Acid Dianhydride

D. Haarer and H. Mohwald*
IBM Reseavch Labovatovy, San Jose, California 95193
(Received 24 February 1975)

A field-dependent charge-carrier trapping process has been observed in the photocon-
duction mechanism of phenanthrene—pyromellitic acid dianhydride. This effect can be ob-
served at electric field strengths exceeding 10° V/cm. A calculation on the basis of a
hopping model shows that field-induced charge-carrier trapping occurs in a three-dimen-
sional system at critical field strengths well above 10 V/em. In a one-dimensional mod-
el, however, the critical field strength can be as low as 1 V/cm.

Organic charge-transfer crystals belong to the
class of solids which exhibit quasi one-dimension-
al properties. This one-dimensionality is due to
a characteristic packing of the molecules in the
solid state. In phenanthrene—pyromellitic acid
dianhydride (-PMDA), which belongs to the class
of weak charge-transfer crystals, the molecules
form stacks of alternating donors and acceptors.
The molecular planes are parallel or close to

arallel and have a spacing which is close to 3.5
A.! Consequently, the intermolecular interaction

along the stack axis is considerably larger than
the interaction perpendicular to the stack axis.
This gives rise to an anisotropy of those physical
properties which are governed by the overlap of
molecular wave functions (short-range interac-
tion) such as triplet-exciton energy transfer? and
charge-carrier transport.®*

In this Letter we report a specific charge-car-
rier—trapping phenomenon which has to our know-
ledge not been reported in the field of photocon-
duction of organic solids: field-induced charge-
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carrier (CC) trapping. We will argue that this ef-
fect is an interesting consequence of the quasi
one-dimensionality of the system phenanthrene-
PMDA. In a simple diffusion model one can show
that the observed characteristic trapping process
would occur in three-dimensional systems at field
strengths well above 10° V/em?®; in an ideal one-
dimensional system, however, the effect should in
principle be observable at electric field strengths
as low as 1 V/ecm. The main difference between
the three-dimensional and the one-dimensional
cases is the fact that the diffusion process in one
dimension reduces the CC trapping by reducing the
the number of distinct molecules which the CC
encounters during a given time interval without
reducing its drift mobility (see below).

Intrinsic properties of photoconduction in weak
charge-transfer crystals have been reported re-
cently.>*® Typical CC mobilities at room temper-
ature have been found to be on the order of 107!
to 1073 ¢m?/V sec. The measured anisotropy of
the mobility along and perpendicular to the molec-
ular stack axis varied between 1:3 and 1:10. Be-
cause of the close molecular packing along the
stack axis, however, the measured anisotropy in
mobility corresponds to an anisotropy in the CC-
jumping rate along and perpendicular to the stack
axis of 1:20 to 1:70.

The experimental information which is so far
available indicates that the CC mobility has to be
interpreted in the framework of a narrow-band
conduction process. In the case of phenanthrene-
PMDA where the measured mobilities were below
3x1072 ecm?/V sec, a hopping model accounts
well for the experimental results at 300°K and
above. The application of a hopping model seems
to be justified in the light of recent high-field ex-
periments on anthracene which indicate that even
in this case a localized model can be applied to
explain the experimental findings’ (anthracene
has a CC mobility of about 1 cm?/V sec).

In the following we will present experimental
data which indicate field-induced electron trap-
ping in single crystals of phenanthrene-PMDA
at field strengths of 10° V/cm and above. These
findings are subsequently discussed within the
framework of three-, two-, and one-dimensional
diffusion models.

As far as the crystal preparation and experi-
mental setup is concerned, we refer to a recent
paper.® Special care was taken to obtain CC tran-
sients which were not distorted by space-charge
effects by operating at low light-intensity levels.

Figures 1(a) and 1(b) show a series of electron
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FIG. 1. Electron transients for single crystals of
phenanthrene-PMDA (a) perpendicular to and (b) paral-
lel to the molecular stacking axis, Temperature 355°K;
crystal thickness 1.2 mm; applied voltage 1000 V
(curve I), 2500 V (curve II), 1000 V (curve II), 1500 V
(curve IV), 2500 V (curve V); photocurrent between 4
x10""and 1078 A, (c) Summary of (a) and (b) on a loga-
rithmic scale.

transient photocurrents which have been obtained
by use of the well-known method of Kepler and
LeBlanc.*® For an ideal trap-free system the
measured photocurrent should be constant be-
tween =0 and {=7. The transit time 7 is defined
as 7=d/E u=d /vg;s; here E is the electric field
strength, u is the electron mobility, d is the
crystal thickness, and vy, is the electron drift
velocity.

For a nonideal system with deep traps the trap-
ping process leads to an exponential decay which
is superimposed on the drift current. The char-
acteristic decay time with which the photocurrent
decreases is called the CC-trapping time; it is
usually a constant for a given crystal depending
on crystal purity and perfection. Figure 1(a)
shows an electron transient with superimposed
trapping for a crystal direction perpendicular to
the stack axis; since the trapping time is con-
stant, the fraction of charge carriers which is
trapped during the transient experiment is re-
duced at higher applied electric fields. This is
the common situation in photoconduction experi-
ments of organic solids. Figure 1(b) shows the
CC trapping in an experiment with the electric
field pointing along the stack axis. The oscillo-
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scope traces show that the trapping time is not
constant, but gets shorter at higher electric
fields. One can easily show that, if one assumes
a trapping time which decreases linearly with the
electric field, the ratio between the initial cur-
rent and the current at the end of the transient
should be constant. This ratio yields directly,
within the framework of the presented model, the
concentration of deep traps in the crystal which
is in our experiment about 10™® mol/mol. Figure
1(c) summarizes the transient experiments from
Figs. 1(a) and 1(b) on a logarithmic scale. Within
the experimental error the observed trapping
processes follow a single exponential decay with
a constant decay time perpendicular to the stack
axis and with a decay time which gets shorter at
higher fields along the stack axis. This field-de-
pendent reduction of the CC-trapping time is re-
ferred to as field-induced trapping. Figure 2
shows the measured trapping times as a function
of the electric field strength for both crystal di-
rections. Above 5X10°® V/cm the trapping time
decreases in a linear fashion with the applied
electric field for E parallel to the stack axis; it
is constant for E perpendicular to the stack axis.

In the following calculation we compare two
quantities which determine the CC trapping: (a)
(a) the number of distinct molecules N, which
the CC encounters as a result of its drift motion,
the drift velocity being defined as v 45, =UE;
(b) the number of distinct molecules Ng;¢f which
the CC encounters as a result of its diffusive mo-
tion. Both the drift term and the diffusion term
are linked by the Einstein relation p. =eD/kT (D
is the diffusion coefficient).

Considering the time interval of the transit
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FIG. 2. Electron-trapping time as a function of the
applied electric field (double logarithmic plot).

time 7 one gets
Narife=Vanife7/a=d/a,

where a is the lattice constant. This number cor-
responds to the number of molecules which lie on
a CC trajectory across the crystal. The number
of distinct molecules which the charge carrier
encounters as a result of its diffusive motion has
been calculated by Montroll and Weiss!® for three,
two, and one dimension as

N ~ naseF 5, Nagss ~ [Rases /In( i) | F o,
Ngisr ~ gz Y2F,

respectively, with F,=(8/7)"2, F,=m, and F,
=0.66 for a cubic lattice.'* The number of jumps
performed during the observation period regard-
less of whether the jump leads to a new molecule
or to a molecule which the CC had already en-
countered before is
Naif=VnT/a,

where v,; is the thermal velocity of the charge
carrier which is in three, two, and one dimension
vy, =6D/A, 4D/\, and 2D /), respectively. X is
the mean free path for CC scattering. For simpli-
city we take this length as being the lattice con-
stant a.

If one defines a critical electric field strength
E  as the electric field strength at which the CC
trapping due to the drift term gets as large as
the CC trapping due to the diffusion term one can
derive the following result for three, two, and
one dimension:

E ~(6kT /ea)F, (4X10° V/cm),
E = (4kT /ea)F ,/In(d/a) (8X10° V/cm),
E_~(2kT/ea)F %a/d (1 V/cm).

It should be noted that the critical field strength
is a function of the crystal thickness in two and
one dimension. This thickness dependence is a
consequence of the fact that the CC-trapping rate
is time dependent in both cases for electric fields
below the critical field E ; where diffusion is the
overwhelming trapping mechanism. The trapping
rate has a weak logarithmic dependence in two
dimensions and has a V¢ dependence in the one-
dimensional case.'* This V¢ dependence makes
the trapping process very inefficient in the one-
dimensional case since the charge carrier tends
to sample previously visited lattice points for
large ¢ values.

The critical field does not depend on the CC
mobility; this is a consequence of the Einstein
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relation which links the drift term and the diffu-
sion term. The field values in parentheses corre-
spond to the experimental situation (7' =355, d
=1.2 mm, and a =3.5 A). The most interesting
aspect of the calculated values for the critical
field is the fact that they differ by six orders of
magnitude depending on the dimensionality of
the problem. The calculated critical fields are
very large for the three- and two-dimensional
cases; they are extremely low for the one-dimen-
sional case because of the inefficient trapping
probability which has been pointed out above.
The measured value E ,=5X 10 V/cm shows that
the system phenanthrene-PMDA is not an ideal
one-dimensional system. In order to determine
the deviation from one-dimensionality more ac-
curate measurements of the mobility tensor have
to be performed together with model calculations
taking into account the real lattice geometry.'?
The presented experimental data, however, show
that it is challenging to search for photoconduc-
tive systems with a higher degree of one-dimen-
sionality. Furthermore, the experiments them-
selves provide a novel method for ascertaining
the one-dimensionality of the conduction process.
We thank G. Castro for many helpful discus-
sions and we want to express our appreciatio to
J. Duran for crystal growth and purification.
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gor times large in comparison with the CC-hopping
time one gets a one~-dimensional CC-trapping rate of
Raifr= (F1/2)(vth/a)1/2/wft. Experimentally the square-
root dependence cannot be verified because it would oc-
cur at electric field strengths on the order of 1 V/em
and at photocurrents of less than 10”11 A, In the “real
experiment” the trapping rate is time independent be-
cause of a “residual three-dimensionality” up to fields
where the field-induced trapping takes over with a rate
which is also time independent and which is kg;sf=uE/a.

2As far as the experiments perpendicular to the stack
axis are concerned one expects a two-dimensional dif-
fusion process with lower mobility values. For this
case a field effect would be expected at much higher
electric fields.

Energy Bands of Reconstructed Surface States of Cleaved Si
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Coordinates of atoms in the first and second layers of Si(111) 2 X1 have been deter-
mined which yield surface energy bands in good agreement with experiment. Two sur-
face resonances in angular photoemission data previously assigned to dangling-bond sur-
face states are identified as arising from the maximum in the lower dangling-bond band
and from a saddle point in the upper back-bonding band.

Semiconductor surfaces exhibit superlattice
structures which have previously been discussed
by many authors. Iz principle, these superlattice
configurations can be deduced from sufficiently
accurate analysis of low-energy electron-diffrac-
tion (LEED) data. Ir practice, however, multiple
scattering effects make theoretical calculations
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extremely sensitive to small errors. Recent dif-
ficulties with the structures for chalcogens on
Ni(100) surfaces and with the Si(100) superlattice
indicate that further theoretical refinements are
necessary before this approach can yield struc-
tural information.! We believe that much more
direct and precise determination of atomic coor-



