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1, Introductilon

Thls work is on the bulk measurement of the Hall
effect of holes in single crystals of high purity anthra-
cene., In this chapter, the theories regarding charge
transport in organic semiconductors, band theory, hopping
motion, and tunneling models are contrasted. It will be
shown that this work indicates that band theory gives the
best descrivtion of charge transport in anthracene, Pre-
vious Hall effect measurements in anthracene are reviewed,

and the objectlives of this investlgation are stated.

A, Genera’l Characteristlics of Organic Semlconductors

Most organlec semiconductors should really be desipg-
nated as insulators because of thelr low electrical
conductivity. They are called semiconductors because
thelir dark electrical conductivity increases exponentislly
Wwith temperature as O= Cg exp(-&/%XT). The conductivity
arises from the lnilection of charge carriers into the
organic semiconductor by some extrinsic means such as
by contacts, adsorbed. gases, or impurlties.

For anthracene, a typlecal organic semiconductor, T2 0.85 eV,

- -1 - -1 1
O = 2.5 x 10 2 (ohm em) , and U, .0, == 10 15 (ohm cm) .

(] 20°C
Since 2% is smaller than the band gap, glven below, for
anthracene, the conductlon must be extrinsic and not
intrinslic. However, since this investigation 1s concerned

with the transport of charge carriers once they reach the

~conduction band, the actual method of charge carrier



-generation 1s only important for the followlng reasons:

a determination of the type of charge carrier present

and the provision of a sufficlent number of charge carrlers
in the conduction band so that an observatlon of the Hall
effect can be made,

Organic semlconductors belong to the class of sollds
known as molecular crystals. The binding forces of these
crystals are Van der Waals forces, and the molecules are
relatively far from one another, Anthracene, a planar
volycyleic aromatic hydrocarbon {see Figs, 1.1 and 1.2),
has been used in scintillation counters for many years.
Thus, belng readily available commercially, in what was
believed to be an adeguately pure crystalline form,
anthracene has long been consldered by many to be a proto-
type material for the investligation of the properties of
organic semlconductors.,

Due to the weak crystal forces, the molecular energy
levels are relatively undlsturbed in a molecular crystal,
In order to obtain charge transport, it 1is necessary, at
the very least, to exclite an electron into one of these
molecular states. The electronlc states of aromatic
molecules are assumed to factor into nonlnteracting sets
of ({J-orbitals and J{-orbltals. The (J-orbitals are
symmetrical around the bond axis, giving localized C-C and
C~H bonds, The JT -orbitals are perpendicular to the
molecular vlane. Fig. 1.3 i1s a composite sketch of three
benzene molecular orbitals for anthracene, The composite

was made from a sketch of the molecular orbitals of a



Flg. 1.1, The molecular structure of anthracene,

=)
CiyHqp. The C-C bond lengths are approximately 1.4 A,

o
and the C-H bond lengths are approximately 1.1 A at
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Fipg. 1.2. The c¢rystal structure of anthracene,

The crystal is monoclinic and the space group 1is

Cgh-le/a (twofold screw axts normal to the glide plane).
The molecules are stacked in herring-bone array in sheets,
which are parallel to the ab cleavage plane of the crystal,.

The lattice parameters, given below, were obtalned by
Mason.

a = 8.56 &
F a,c = 124,7°

‘ S N
o~ ' A
%, 45 DEFIWED - AS | &t = & x B



FIG. I.3. ANTHRACENE MOLEGULAR ORBITALS.
(@) LOCALIZED o-ORBITALS;{b) UNLOCALIZED T-ORBITALS.

(b)



benzene molecule3 and is used to give a schematic repre-
sentation of the ( and T -~orbitals. Any T[-orbital over-
laps both of its neighbors equally so that the JT electrons
are completely delocalized.

Considering only the T{-orbiltals, the ground state of
the molecule 1s obtalned by placing valrs of electrons, with
opposgite spin, Into the lowest orbltals, The resultant
ground state is therefore a singlet state since there are
an even number of electrons. An exclted state may be ob-
tained by removing an electron from the uppermost filled
orbltal of the ground state teo a vacant orbital of higher
energy. If the spin of the exclted electron 1s conserved
in thls process, the total spin of the excited state 1is
Zero, giving rise to an exclted singlet state., If there
igs a spin reversal, the total spin is one, resulting in a
triplet state. The filrst excited singlet and triplet
states of an anthracene crystal are shown schematically
relative to the singlet zround state in Fig. 1.4, Thus,
the band gap must be greater than 3.0L2 eV,

The theorles which can he used to describe charge
transport in molecular crystals are band theory, the
hopping model,“énd the tunneling model.

Band theory considers charge carriers to be completely
‘shared by the entire crystal lattice, RBloch momentum
eigenfunctions of the perfect lattlce are used as basis
functlions, and crystal imperfectlons, phonon or other, are
treated a2s perturbations that scatter carriers among the

perfect lattice states, In thls model, the T -orbiltals,



Fig. 1.4, The first excited singlet and

triplet states of anthracene.gingle crystals.4

First excited
singlet state

First excited
~ trinlet state

3.42 eV y

1.8 eV

/ Y
Singlet ground state




extending from the molecular planes, overlap with one
another so that thelr energy levels spllt into bands belong-
ing to the entire crystal. In order to be physlcally wnean-
ingful, the band model must satisfy restrictlons lmvosed by
the uncertainty principle. 5 From the uncertainty principle,
w:>h/7', where W is the bandwidth and 77 is the relaxetion
time. T = §/v, where [ 1s the mean free path of carrlers
with respect to scattering, and v is the carrier veloclty,
glven by v = (1/4)0E{(X)/Dk. The maximum value of v 1is

Vyax ~Wa/h, where a is a lattice spacing. For W < kT, narrow

ma

bands, the statistical average of v2 1s of the order of

2
\'a so that the inequality from the uncertainty principle

ma.r

may be written as §>a. Since the drift mobility may be
written as ilD ='(e/kT)<:”rv2:>(equation 2,28 of chapter 2),
one has:l(nl:>(ea2/ﬁ)(W/kT). Using anthracene lattice
svacings, one obtains: Lﬂ3:>0.1(W/kT). Calculations for
anthracene lead to values of the mean free path that are
between 1 and 5 lattice spacings.6’7'8’9’1°

Calculations of the energy band structure for anthracene

2

6
have been performed by LeBlanc, Thaxton et, al., Katz et.

al.,8 Silbey et,. al.,9 Glaeser and Berry,10 and Chojnacki.11
These calculations are discussed in more detail in Chapter
3. The tight bindlng approxlimatlon was used in 211l the
calculations because of the relatively small binding energy
of the molecules 1n a molecular crystal compared to exclta-
tion energies of the various excited electronic states of

the molecule (and crystal). The anisotropy of the drift

moblllity was then calculated by assuming elther 2 constant



relaxation time or a constant mean free path. Although
these caleculations have been criticized for failure to take

into acecount molecular vibrations, lattice expanslon, self

trapping, and the hydrogen atoms, they predict, qulte well,

the anisotropy of the drift mobliity, and predict a de-
creasling mobillity with increasing temperature. It should
be noted that the temperature dependence of the drift
mobility does not conflict with thé temperature dependence
of the dark conductivity, glven above, This is because

T = en}LD for one type of charge carrier, wvhere n is the
charge carrler concentration and l‘D is the drift mobliity,.
It is the temperature dependence of n that is responsible
for the temperature dependence of (.

An important feature of band theory for this investli-

14
12,13, n

gatlion 1s the prediction of Hall mobilitles,
particular, if an anthracene crystal is orlented with
elther its a or c' axis (see Fig. 1.2 for a definition of
the ¢' direction) along the direction of an applied
magnetlic field, band theory predicts the Hall mobility
should have an anomalous sign, That is, charge carriers
should be deflected in the "wrong" direction (opposite

to the direction determined by the Lorentz force) for
these orientatlons. This effect occurs because the
bands are sufficlently narrow for an electron (or hole)
to be thermally excited into the top of the conduction
band (bottom of the valence band) where it would be in

a negative effectlve mass state. 1In the presence of a
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magnetlc field, an electron (or hole) in a negative effective
mass state would be deflected in the opposite direction
from one in a positive effective mass state. Then, de-
pending on how the contributions from each state are
statistically weighted, it 1s vpossible, according to band
theory, for the Hall effect to be ancmalous for electrons
and holes,

The hopping model considers electrons to be locallized
on a varticular molecule. In this process, an electron
sits on a particular lattice site for a time, corresponding
to fhe relaxation time, before acquiring enough thermal
energy Trom vphonons to jump over the molecular potentlal
barrier from one exclted state to the other excited state
of an 2djacent molecule, Hoprling models usually predict
an incréasing drift moblility wilth increasing temperature}s
If the electron relaxatlion time 1is long compared with the
periods of lattice vibrations, the lattice around the
electron has time to distort. That 1s, 1f the electron-
lattice interaction is sufficlently strong, the surround-
ing lattice particles are displaced to new equilibrium
positions providing a deep potential well for the electron.
The electron cccuples a bound state and 1s unable to move
unless accompanled by the induced lattice deformation.
The motlon of an electron together with its induced lattice
deformation is caliled polaron motlon.16 Polaron motion
results in drift mobilities that lncrease exponentially
Debye'l? Below thls temp-

erature, the motion ils descrlbed in terms of a polaron

with temperature when T > 6



11

bend theory, where the drift mobllity is 2 decreasing
function of temperature., Honping models do not nredict
an anomalous Hall effect.

The tunneling model considers a 7{ electron excited
into an empty level, and tunneling through = potemtial

18 In this

barrler between one molecunle and i1ts nelghbor.
model, the temperature dependence of the drift mobllity is
obtained from a variation of the potential barrier wildth

a5 the moleclues undergo lattice vibrations. Thls model
results in drift mobilities that increase exvonentislly

with temperature, and devend on such parameters as barrler
helgnt and lattice spacing.lg A difficulty with this model
is that before tunmeling occurs, one has an exclted molecule
next to an unexcited molecule. After tunneling, one has a
positive molecular ion next to a negative molecular ion.

The Coulonmb attraction between the two lons wlll prevent

the electron from traveling on in the cfystal, unless 1t

is provided wlth extra energy.20 Resolving this difficulty
leads one to the band theery described above,

Measufement of the drift mobillity and its temperature
dependence should distingulsh between hooplng and band
models, Ordinarily, the hopping model is used when
ﬂDsl cm?/V sec and band theory is used when ,L{D 21 cmz/v sec.
Measurements verformed on anthracene by Kepler21 and
verified for holes in this investigaticn, are given in
Table 1.1, They indlcate that the drift mobllity 1is of the
order of.1 cmz/ V sec, and depends on the directlon of drift

and the tyve of charge carrier, This value 1is 1n the



12

Table 1.1. The anisotropy of the drift mobility

in anthracene, a2t room temperature.

Drift L in em? /Vsec
D
Direction
HOLES ELECTRONS
a 1.0 1.7
b 2.0 1.0
c!? 0.8 0.4

The hole drift mobilitles are those obtained in this
Investligation and are the same as the values obtained by
Kepler.z1 The electron drift mobllitiles are those obtalned

by Kepler.
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transition reglon between & localized, hopping model and
a delocalized, band theory, and is thus, equally well
degscribed by both.22 Measurement of the temperature
devendence indlcstes that the drift mobllity decreases
with lncreasing temperature.23 This varticular feature
is most dilrectliy described by band theory. It should be
noted that mobilitles of the order of 1 cmz/Vsec. are in
sccord with the restriction lmposed by the uncertalinty
principle (see above),.

As discussed above, the measurement of the Hall
effect can distinzulish between the use of bhand theory
and the hopping model for the description of charge
transvort in anthracene. The results of this investliga-
tion indicate that band theory must be used to account

for the observatlon of the aznomalous Hall effect of holes

that was observed.

B. Previous Hall %Sffect Txveriments Iin Anthracene .,

There have been & number of Hall effect measurements
in anthracene. They differ from one another and were
not taken in all posslble orilentations of electric and
magnetic flelds. They sre discussed below in chrono-
logicsl order.

24

Dresner measured the Hall effect of surface carriers

in the gb plene and found Hall mobillities of 50 cmz/Vsec

for electrons and 30 cmz/Vsec for holes., Zxcept for a

2
measurement on a crystal where}ﬁi<:550m /Vsec, the sign
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of the Hall voltage was not anomalous, The directions 1n
which the measurements were made was not apecifled. BSur-
face properties are not necessarily the same as bulk
properties., Since two carrier effects were found to
predominate, the measured Hall voltage could neot be directly
related to the Hall mobillity of either holes or electrons,
Delacote and Schott25 measured a Hall effect for holes
using a pulsed light technique similar to Kepler's pulsed
photoconductivity technique for measuring the drift
mobility. They generated carriers near the front electrode
by a zjusec 1ight pulse. They used a rear electrode, that
was split in half, to collect the charge carriers that
drifted across the crystal. UWhen a magnetic fleld 1is
applied, the deflection of the charge carriers causes an
inbalance in the two collecting currents whleh is the Hall
current, One of the disadvantages of thls method is that
the Hall current is approximately .1% of the.primary
current so that the measurement involves the difference
of two large quantitles., Since Delacote and Schott used
plates that were about 2.8mm thick, one may assume that
thege were cleavage plates so that the current was largely
holes in the g' direction. They found for holes, a Hall
mobllity to drift mobility ratio of =25 + 10, although
the direction of the magnetic fleld was not specifiled.
Pethig and Morgan26 measured the Hall mobillty with

dark conductivity and revort 5.5 cmz/V sec perpendicular
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to the a2b plane. The electrlic fleld directlion was not
svecif'ied nor was the carrler sign determined., They used

27 treating

the analysis of Dobrovol'skil and Gritsenko,
anthracene as a semlconductor. Since any current obtained

in the dark was due to injection from the electrodes, which
were evaporated gold, they did not know whilch charge carrier
(or both) wazs responslible for thelr observations. Thus, they
could not verify the anomalous Hall effect.

TOOmbSlu measured the Hall effect using a split rear
electrode technigue. The charge carriers were vhoto-
injected holes drifting along the c¢' directlon, The magnetic
field was orlented either along the a or b directions. Hall
mobilities ranged between 0.2 and 2 cm?/V sec and were not
anomalous in sign. His method, called a low freguency
a.¢c, phase sensitive method, used an a.c. magnetic field
and a d.c. electric field. The magnetic field had a low
freguency of f cps, and the sample current a frequency of
f* cps obtalned by chopping the light that generated the
charge carriers, The Hall current was detected at the
difference frequency of ="' ¢ps, Two sets of frequencies
were used. The first set was f = 9 cps and f' = 12 cps.

The second set used £ = 60 ¢ps and f' = LB cps.
smith?® used a modification of the Redfield method=~

and has measured Hall mobilities of 0.8 % 0.3 and

2.5 % 1,0 em?/V sec with the primary current slong the a

and b directions, respectively, and with the magnetlc fleld

perpendicular to the ab plane, He did not observe an
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anomalous Hall effect. BSince he illuminated the crystal
unifermly by using weakly absorbed light, he apparently

observed both types of charge carriers simultaneously.

C. Thesls Obiectives,

One of the two goals of thls investipgation was to
measure the Hall effect in high vurity anthracene orystals
in each of six possiﬁle combinatlions of magnetic fileld and
electric field orientations in order to make a complete
comvarison with the theoretical predictions.

The other goal was to develop an experimental technique
for measuring the Hall voltage that may provide the
necessary sensitivity for the study of the Hall effect
in other organic semiconductors. In the method, used
in this work, one type of charge carrler (holes) was
photo~injected via a directly illuminated, transparent
electrode 1n contact with one end of an anthracene crystal.
The photo-injecting electrode was maintalned at a positive
bias with resmect to ground. The charge carrliers drifted
across the crystal and were collected at an opaque, collecting
electrode, maintalined at a2 negatlve bias with respect to
ground. The crystal was fitted wlth a guard ring near the
directly 111uminated electrode, which was masked around
the edges so that surface currents were maintained four
orders of magnitude below the bulk current. A magnetic Tleld
up to 40 kilogauss intensity, generated by a superconducting

magnet, and a photocurrent density of 5 x 10711 p/em?
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permitted Ball voltages to be measured with vibrating
reed electrometers connected to the Hall probes, which
were spring-loaded point contacts. Thls method was
limited to the measurement of the Hall effct for holes,
however, because the electron current, being smaller,
placed thelr messurement Just beyond the limifs of

sensitivity of the apparatus,.
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2. The Hall Effect

A. Elementary Theory for One Type of Charge Carrier

It 18 assumed that only one type of charge carrier
is present. Referring to Flg. 2.1, positive charge carrlers
are deflected towards the negative y direction as a result
of the Lorentz force, ¥ x B, An excess concentration of
poesitive carriers bullds up at the V2 face of the material
until an electrostatic field, EH, 1s generated which

exactly balances the Lorentz force so that:

EH = VB, _ 2,1

(MKS units are being used). This 1is an oversimplified
analysls where 1t is assumed that all charge carriers

have the same drift velocity, v In the next section,

x.
1t will be shown how one averages over a distribution of
drift veloclities, using the Boltzmann transport equation.

Since the current density 1ls given by:

Iy = nevy, 2.2

where n is the number of positive charge carriers per

unit volume, the Hall fleld, Ey, may be written as:
By = (1/ne) J,B, 2.3
The Hall coefflclent,Ry, is usually defined by:

By = RydyBg. 2.4
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Plg. 2.1. The normal Hall effect for

positive charge carrilers.




22

Thus, it 1s seen that in the simple analysis, the Hall
coeffliclent 1ls inversely proportlonal to the concentration
of charge carrlers.

One defines the Hall mobility as:

!LH = RHCT', 2.5

where (J 1s the electrical conductivity of the sample

given by:

J= ne [l 2.6

where !LD is the drift mobility. Combining equations 2.5
and 2.6, it 1s seen that, for this simple analysis, [Iﬁ
is equivalent to I‘D' For the general analysis, described
in section B, one flnds that ;lH and liD are not necessarily
equlvalent.

The Hall fileld can be obtained from the mea5urement

of the Hall voltage, VH, given by:
VHEEHw=VZ-V1' 2-?

where w 1s the sample wldth, and V, and V, are potentlals
of the Hall probes relative to ground potential, as
shown in Fig. 2.1, Since j; = (JE,, one obtains by

comblning equations 2.4, 2,.5,2.6 and 2.7:
MUy = Vg/WELB,. 2.8

Since equations 2.4, 2.5, 2.6, and 2.7 are definitlons,
they may be used, together with equation 2.8, 1in the

general case described in the Tollowlng sections.
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B. _General Theory for One Type of Charge Carrier.

For electrons, the Boltzmenn transport equation may

be written a8 1

_—y -~ —~> -
~(£-£0)/T = ~e(E + T x B)- V£ + V. V1. 2.9

f('ﬁ,?,t)d‘ﬁd? represents the number of electrons in the
volume element di?, which, at the instant t, have momenta

In the range dﬁ. f'y represents this distribution in the
absence of external fields at thermal equllibrium, l.e.
when E-—* 'ﬁ' = 0. fg, 18 the Ferml-Dirac distribution function

given by:
-1
fo = [exp [(E-EF}/kT] + 1] . 2.10

The energy scale that is used to measure £ and E‘F
is shown in Fig. 2.2, The relaxation time, 7 , has the
following meaning: when the external flelds are removed,

f=f, decéys to zero as:

For & uniform material at a oconstant temperature, the
distribution function must be the same in every part of
the sample s0 that if is zero.

The Boltzmann transport equation 18 now solved,
using & method developed by Jones and Zener.2 f is

written as:

£ =1, - (I NE), 2.12
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Fig. 2.2. TFnergy scele for the measurement of
€ and EF-for electrons. The direction of € is reversed

for the case of positive charge carriers, holes.
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where ¢ is a function to be determined below. Since

- _Y - => —>
p = hk and v vpf, = (1/?1)vkE,, whe-re?is the electron

_) .
momentum and k¥ 1s the propagatlon vector assoclated with
the delocalized wave representing the electron, when the
gradient of f is taken wlth respect to ?ﬁ using eguation

2.12, one obtaine:

— —_ ——iy ——

Vot = (0/m)Vyfo = (1/n) (V81068 - (1/m)4.5, (31,/08)
—_, ® —_—

Ut = =7 [(ProRE) -2, AR - (1/8) (V1 $) (36,08 . 2.13

Thus, s8ince v x v 0, it is seen that:

—

- >
(1/7)B.( ka‘ x y)

i

e R
(1/n)(v x B)-‘ka

' - - = ~
(1/7) (T, /DB (v x Y ). 2,14

—
Chooslng the magnetic field, B, along the z dlrectlon,

equation 2,14 becomes:

. e

(1/4)(v x B)- V&f

(By/h2) (Dr6/DE) [(QE/ k) (36/3k,)

- RENk,) (F/k,)]
= (B,/02) (3f,/dE) (1,9, 2.15
—
where §2 ls an operator defined by:
— — ——
Q= V. Ex V. . 2.16

Equations 2,12 and 2,15 are substituted into the Boltzmann
transport equation, 2.9, in order to obtaln an equation
for the unknown function g = #(k). It is assumed that f-f,

is small, i.e. equation 2,12 lg assumed to be a first order
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expanslon of f in terms of the electric fleld so that
terms proportional to o are neglected (see Appendix A).
Upon substitutlon, one obtains a linear flrst order equatlon

for #:
- = 5
g/7 + (e/n)E-V,E + (e/0")B (), 6 = 0, 2.17

-
where a term proportional to EZ has been neglected. It

can be seen that this term 1s proportlonal to E®

when the
solution for 4 is obtained from equatlon 2.17. The solution
for § was first obtained by Jones and Zener. They used an

iteration in ascending powers of B and obtalned (see Appendix B):
e —_— —_ —

g = ~(e/n) [TE- Vi€ - (e/m2) TB-QUTE. Y4 E)

— -5 —» —_r —>

Q [T QUTE- V)] + ] . 2.18

—

+ (e2/8%) T8

-
The current density, j, 1s gilven by:

7 = -(2e/877) f (£-10)7 di = (e/h773) | DL, /DO .
All k Al k 2.19
space space

From equation 2,10, 1t follows that:
=(Dfo/DE) = £,(1=1,) /KT, 2,20

If the density of electrons in the conductlon band is
small enough that fy << 1, l.e. if the system 1s non-
degenerate so that it may be described by classical

Boltzmann statistics, equatlon 2.20 reduces to:(see appendix):

~(Qf o/ OE) & £,/kT. 2.21
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Thus, equation 2.19 becomes:

T = ~(e/477?) (1/%T) v 4 o dx. o 2,22
A1l k
space

In order to calculate the drift mobility, it is
assumed that an electric field, E,, is along the x
directlon, and that there 1s no magnetic field. Then

the equation for # reduces to:

g = -(e/h) TELIE/Dky) = =& TEL Vg 2.23
Substituting equation 2,23 Into equation 2.22, one obtains:
_ 2 3 g 2
Jp =+ /UTT7T(Ey/RT) [ vy T T dk. 2.24a
A1l k |
space

Bquation 2.24a cen be written as:
g = (nez/kT)Ex <Tv§>, 2.240

where n 1s the number of charge carriers (electrons)

per unit volume given by:

n = (1/41?)[1*0 dx, 2.25a

A1l k
space

The breckets denote the ususl statistlcal average given by:

f £ dk
<o>= J° o <. 2.25b

ffoﬁ
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The 1limits of integration in equation 2.25b are over all

k space. In tensor notation, one has:

Ji =Zl Oij Ej’ 2.26

where the indices i and j correspond to %, ¥, or z

directions. For electrons:

Jx = ChxBx = —ne [y, 2.27

where [[; 1s the drift mobllity in the x directlon.

Combining equations 2.24b and 2.27, one obtains:

M ='(e/kT)<TV52:>’(etc. for y and z) 2.28

for the drift mobllity in the x directlon.

In order to calculate the Hall mobillty from the
Hall voltage, external fields are chosen such that the
electric field 1is: E)= Ey 1'2 + Eg 9; and the magnetic
field, B,, 1s orlented along the z direction. Then,

using equation 2.18, ¢ is:
¢ = -(e/n) T[E QE/Dky) + BxE/K,)]
+ (e2/17) T8,(0,T [E, Q& /dky) +,EHQ£/Dky)]. 2,29

Substituting equation 2.29 into equation 2,22, the

current density in the ¥ dlrection is:
2 -
3y = (RATDYAAD [rey ey, + s, &

~(3 /W 7738%) (B, /xm fTvaz [7 (BvytEgr )] 1, dE, 2.30
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where the integration limits are over all k space.

From equatlion 2.26, Jy can be expressed as:

Jy = GxBx + By = 4

rEe * O Ep 2.31

yy

For the steady state, must be Zero, so that:

Iy

"EH T G _ (e/‘h?)Bz <TVsz(TVx)>- <Tvevy > 232
B Opy TV - (ARB<Tv(a( Tvy)>

where equation 2,30 has been modifled by equation 2.25b

and then combined with equation 2.31, <:7'v#vy:>must

be small because Jy oz Zero in the absence of & magnetic

field, (e/ﬁz)Bz <:7‘vy§72(7'vy):> is a megneto-resistance
term. Frankevich and Sokolilk3 have messured a variation in
the photocurrent as large as 8% when anthracene corystals were
placed in a magnetlc fleld of 3 kllogauss. However, this
Frankevich effect ocours when charge carriers are photof
injected by & light 1ntensity of 1018 quanta/cmzsec or greater.
For lower light Ilntensitles the Frankevich effect cannot. be
measured. Since thls 1s the only variation of a longitudinal
current with magnetic fleld that has been reported, 1t'1a
reasonable to assume that magneto-reslistance effects are
negligible in enthracene. Therefore, the second term in

the numerator and denomiator of equation 2,32 may be neglected.

From equations 2.4, 2.5, and 2.7, the Hall mobility 1s:
Hg = OiBy = En/ExBy. 2.33

Therefore, substituting equation 2.32 into 2.33, one
—obtains (with the negelet of the two small terms):
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(o) <Tw Q(Tvy)>

W, = ' 2,34
! <72 >

Combining equations 2;30 and 2,31, and using equatlions

2.25a and 2.25b, one finds that Oy 15t
g (By) = ~(neIB, M2k T {0 Tvd >, 2.35

where <:?Tvxv§:>ﬂhas been neglected, Expanding the
operator, S}z, as defined by equation 2.16, one finds
that:

C<Tv, (2, ( Tvg)> = 82 T (vyviny - vowgl) >
+ <TVyVXQZT> ’ 2'36

where MI% is the symmetric, effective mass tensor,

defined as:
My = (1/82) (%€, Dk ). 2,37

The two simplified models one usuelly conslders are:
(1) constant relaxation time { 7 1s g constant); and
(2) constant'mean free path ( 7 = 'T(ih which is
inversly proportional to |$Yf)| . When one assumes
model (1), a constant relaxation time, equations 2.28,
2,34, and 2.36 may be combined to obtain the following
expression for the ratio of the Hall mobility, }lH, to
the drift moblllity, ;lD:
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i 2=l -1 »
Uy kT<:vnyx = VMo > .
= * 2,38

Hp <:¥§:><:v§:>

[LD is due to carriers drifting in the x direction. If
model (2), a constant mean free path, is assumed, one
must consider the second term on the right side of
equation 2,36. Expanding the operator, f?z, in this term,

one obtains:
B Ty [7 (D Ty ) v, (D T >
= n<Z[WETPv,v2) /Dy - BT ODvyvE) /ey DR T2vEv,) ky
+ 3 TR (2w >

_ apPel 72 -1 2 -1 -1 2.1
= +05 T (Zvanyy + vymxx - 2vvaMyx - vayy):>

+ ’r’1<[a(%Tzvyv}%)/bk;Y - (2 Tzvivx)/bkx]>. 2.39

The second term, on the right side of the last expression
in equation 2,39, is expanded using equations 2.25a and

2.25b. Then, using Green's theorem, one obtalns:
.2 2
ANUE Tovyvie) /DKy = BT Vvovy )/ k>

= (f/a'lTBn)[fo%Tz(vyvi - v?vx) ds

closed
g~ cO .
(/170 [ 4 T2 [v, v (06 /D) vV, (D5 /0K, dE.
All k 2.40

space
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The surface integral in equation 2,40 is zero because the
integrand is an .odd function of k, 1l.,e. it 1s assumed that
T(k) = T(-k). Since f, = £(E),

I o /Jky = a7y (If /08 . 2,41

Therefore, the volume integral in equation 2.40 is also

zero., Thus, equation 2,36 has been reduced to:
. p 2 2 -1 2.1 =1
<Tvaz(Tvx)> = 20" <]T “(2vyveMyy -2V My +2 Uy vyl Xy
+vemcl 2v Vy -1 ~Y2M P>, 2,42
.VMX YX XYy * '

Thus, for constant mean free path, MH/'L(D is obtained

from equations 2.28, 2.34, and 2.42 as:

2, 21 -1 -
My BT (viMgy - 2vxvylyy + vaMil)>

= . 2.43
. 2 2
7 LT ><Tvo>
Ons_ager's relation is:
OS;X(BZ) = O;cy(_Bz), 2,44

Thus, with equations -2.35, 2.42, and 2.44, equation 2.43 becoues:

L kT<T (venzl - v oy mth>

yxExX yixUyx
= . 2.45

Iy <72 LTRSS

If instead of a Hall voltage, one desires to measure a
Hell current, Jg, then Ey ls zero and Jy = JH; The Hall
mobility may then be expressed as:
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My = 3g/i4Bs. 2.46

One then obtains an equation, similar to equatlon

2.32, for jH/jx which 1s:

g Bel-(em?)B, <Tv, Q, Tv, >+ <Tov,>] )
— . 2- ?

Ey [<TV§ P (e/n? )B, <'7'vx Qz TVX'>]

: 3
Carrying through the above analysis, one then obtains:

-1. -1
Mg kT <72 (vanzl - vyv i )> .
= L] 2 .48

Hop : <T vjzc >Zr v]2{>

It 1s seen that, for an anisotropic material such as
anthrac.ene, MH/MD as calculated from a Hall voltage is
not equal to HH/MD calculated from a Hall Current.

The above equations for ILH/L(D can be applied to

positive charge carriers, holes, if e 1is changed to -e

and the energy,f s 18 chenged to ~ §.
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C. Computation of the Hall Mobility from the Measured

Hall Voltage.

A coordlnate system, x,¥,Z, shown in Fig., 2.3, is chosen
such that the photocurrent and the primary electric field,
Ess afe along the x direction, the Hall voltage ig measured
along the y directlon, and the magnetic field, B,, is along
the z direction. The sample 1is located in the reglon:
xS 43, 2w éy S 4w, ond -3t S 2z £ 46, The
directly illuminated, hole~injecting electrode, located at

< < §
X =-%, <fw =y < +3w, -3t £ z £ +3t, is at a positive bias,

\

Vs wilth resvect to ground. The collecting electrode, loca-
ted at x = +% , -3w < v < +iw, -3t £ ¢ < +5t, 1s at a negative
bias, Vp, with respect to ground. R, Wy, 2and t are the sample
dimensions along the X, ¥y, and g directions respectively.

Vi is the voltage measured at one of the Hall probszs with
resvect to ground. As a result of the finite dimensions of
the sample and space charge effects, Vys glven by eguation
2.8 is not equal to ZVM. Since the observed photocurrent
density varied as the square of the applied voltage, VL+?D,
ohmic¢ conditions were not satisfied and 1t was necessary to
consider space charge effects., Thus, EX wags not equal to

%os Where Eg 1s glven by:

(1) Calculation of the Primary Flectrlc Field Distributiion.

For convenience, an x',y,z coordinate system
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Flg. 2.3, Orientation of a sample relative to

the x,y¥,2z coordinate system used to measure the Hall

voltage,

>

+VM

|
I
I
!
|
-V
D .
bmmmm g :
s -

The Eall probes are located at the centers of faces

abecd and efgh,
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ig chosen so that:
X'=X+%Q. 2050

Assuming that the sample is homogeneous, one may consider
that Ey = Eyx(x'), wlth the condltions that V (x'=0) = +Vyi,
and Vx(x'=+f) = -Vp. Since j; is proportlonal to Vi, one
may assume Child's law for sollds holds for the electric field

distributionu’5 so that:
E. =K x'= , 2.51

Integrating equation 2.51 and applylng the boundary

conditlons, mentloned above, one obtalns:

3 1
-IK x'% dx' = -(2/3)K Q'B/zs
0

(3/2) (vpavp)g ~272. 2. 52

or K

Substituting equation 2.52 into equation 2.51 leads to
the followlng expression for the electric field dilstribution:

Be(x') = (3/2)(x*/DE(V4v) /) = B (x). 2.53

The potential distributlon 1ls obtained by integrating

equation 2.53 from zero to x'. One obtalns:
] '1
Ve(x') = vy - [kx'Z ax' = v - (2/3)k x'3/2
0
or V.(x") + Vp = (Vp+Vp) [1 - (x'/Q)3/2] = Vy(x). 2.54

If one arbltrarily adjusts Vr, and VD so that the Hall

probe potentlal, V,(x{), 1s zero, x!/] may be obtained
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FIG. 2.4. THE ELECTRIC FIELD DISTRIBUTION, E, (x),AS

GIVEN BY EQUATIONS 2.50 AND 2.53.

Ex IS MEASURED IN
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FIG.2.5. THE POTENTIAL DISTRIBUTION, V, (x), AS GIVEN BY
EQUATIONS 2.50 AND 2.54 . V, + Vp, MEASURED IN UNITS OF

VT Vp, IS PLOTTED AGAINST x, MEASURED IN UNITS OF 2.
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FIG. 2.6. THE CHARGE DENSITY DISTRIBUTION, n{x). n(x), IN
ARBITRARY UNITS PROPORTIONAL TO dEy /dx, IS PLOTTED
AGAINST x, MEASURED

IN UNITS OF £,
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from equation 2.54. The result 1is:
x3 /072 = v/ v = (e /32, 2.55

for V,(x}) = 0. Substituting equatlion 2.55 into equation

2.53, one obtains:

Be(xo) = (3/2)7) (vyrvp? 7t 2.56

for Vi(xol = 0, The electric field and potential
distributions are shown in Figs. 2.4 and 2,5 respectively.
They are plotted as functions of x in arbitrary units.

The charge density distribution, n(x), which is proportional
to dE./dx, 1s shown in Flg. 2.6.

(2) Calculation of Ve from V.

It is convenient to write:

where G 1ls a geometrical factor due to the finite
dimensions of the sample, and S is a factor due to

space charge effects.

(a! Evaluatlion of G.

The case where space charge effects are neglected is
considered first. This is defined as S = 1, Here, Ey £ Epy
where EH = VH/w, because of the flnite dimensions of the samplg,
That is, when { < w, Flg. 2.3, the short circuiting effect
off the current electrodes cannot be neglected. It is assumed

-
that E

—_
y = Ey(x,7) for a sample with uniform thickness, t.
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—
It 1s assumed that E, has a charge distribution

y

(neglecting the direction) as 1ts source, located at

Z
=

= tiw for -2 = x S +3) (see Fig. 2.3). Therefore,
—_ -—->—>-
ac = = 0 In the interlor of the sample. Thus,

one may write:

—_— —_
Ey(XQY) = -vvy(xsy)s 2.58a
Vv, =0 2.58b
y . L[]

Vy must satlsfy the followlng boundary conditions:
Vo (x,¥hw) = fvy, (-3 5 x T +3(), 2.59a
and vy(iﬂ,y) = Q. 2.59b

A solution to this problem has been obtained by Isenberg,

Russell, and Green:5

o0
(-1)Psinh [(2n+1)7F y/Q| cos [(2n+1)TTx/1
Vy(x,y) = (uﬂvﬂ/irzw)jg:: [ ~ ] [‘ * ]

(2n+1)? cosh [(_2n+1 )'ITW/2,Q]
| 2.60

n=_0

Since 2Vy = Vy(x,3w) - V (x,-3w), and sinh(X) = -sinh(X),

one obtains:

= (g/ﬁz)(ﬂ/w) i(-l }tanh [(2n+1 )TTW/ZQ] cos [(2n-i;.1)7'(x/£]

(2n+1)2
n=0 | 2.61

G[(x/ﬂ),(ﬂ/w_)] is shown plotted against ¢/w in Fig, 2.7
for x/f = 0. '



FIG.2.7. THE GEOMETRICAL FACTOR, G[(x/0), (4 /w)] ,AS GIVEN BY
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(b} Evaluation of S

One conslders the particular yz plane defined by:

x/) = [vL/(vL+vD) 2/?] - 6.5 . 2.62

Equation 2.62 1s obtained by combining equations 2.50
and 2.55. It 1s assumed that in thls plane the density
of positive charge carriers, n, 1s only a function of y.

Then, for the steady state, one has:
Jy = el En + e [, [{,F.B.n - eD(dn/dy) = 0, 2.63

where ;ly is the drift mobility along the y directilon,
}iH is the Hall mobility as given by equation 2.8, and
D is the diffusion constant for holes. Solving for dn/dy,

one obtains:
dn/dy = (Un/DI(Ey + UpEyB,). 2.64
With By = -dVy/dy, equation 2.64 may be integrated to:
In(n/ng) = =( Uy/DIVy + ( Ly U ExB,/D)Y, 2.65

where n, = n{(0) 1s the equilibrium value of the hole
concentration, i.e, the value without:an appllied magnetic

field. Since one has:
dEy/dy = (e/€y€o)(n - no), 2.66

wheré E& 1s the dielectric constant in the y direction

for an anisotropic material, and 65 1s the vacuum
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vermittlvity. One now obtailns the followlng equation

for vy from equations 2.65 and 2.66:

-dzvy/dyz = (e/€y€,)0, [e;'cp [-(,u_y/n)v}r + (MYMHEXBZ/D)y] - 1].
2,67

The boundary conditions -for equation 2.67 are assumed to bes

2.68a

I
o

Vy(O)
and ‘(dVy/dY)y=i%w = 0 (see Appendix C). 2,680

Equation 2,68a and n, = n(0), follow from symmetry
conslderations and from the assumption that the total
space charge has a distribution, over the yz cross section
being considered, that may be described by:

+Ew
ﬁn-no) dy = 0. 2.69
~dw

Equation 2,69 is justified by the principle of detailed
balance applied to the generation and recombination of
charge carrlers for steady state conditions, l.e., for
thermal equilibrium conditions. Equation 2.68b involves
the neglect of edge effects due %o the finlte extenslon
of the sample in the X and 2z directions. The solution to
equation 2.67 was obtailned by Banbury, Henlsch, and Many7

by defining the function, U(y), as:

Wy) = =CUy/DIVy + (U BB, /D)y = -AVy + By. 2,70
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Substitution of eguation 2.70 into equation 2.67, leads

to the following differential equation for U:
a2u/dy? = (e/E&Gb)nOA exp(U) - 1 . 2.71

In general, it is seen that U <& 1. (U = 0 1in the
conventional treatment of the Hall effect.) Thus,one

may expand the term on the right side of equatlon 2,71 as:

exp(U) = 1 =U + 3U% + ...... 2.72
With this expansion, eguation 2,71 becomes:

4%U/dy? er (e/e‘yeo)nogl . 2.73
The sclution to equation 2.73 ls:

~AV, + By = Olsinh(y/L), 2,74

where L is similar to the Debye-HlUckel length, referred

to in Shockley's theory of p-n junctions.8 L 1s given by:

1% = (€& D/eng Uy) = (€,€,xT/e%ny)y 2.75

where the Einstein relation’ was used to obtain the
last term. X may be obtailned from differentiating
equation 2,74 and substitution into equation 2.68b,
One obtalns:

) |
__ " : 2.76

cosh(sw/L}

Substitution of equation 2.76 and A and B, as defined in
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equation 2,70, into equation 2,74 leads to:

ginh(y/L) sinh(y/L)
V. = (B/A)I:y - L :[= VHIEy/W) - {L/w) J .

J cosh{3w/L) cosh({sw/L)
2.??
Since 2Vy = Vy(+%_w) - vy(-%w), it is seen that:
8 =1 - (2L/w)tanh{w/2L), 2.78

S 1s plotted as a function of 2L/w in fig. 2.8, The
expression for L (equation 2,75) may be modified by use

of the following expresslon for the charge density ng:
eny = Jy/ UeBx = (I/wt)(1/ ULEL), 2.79

where I, ls the photocurrent of the photo-injected

charge carriers. Thus, equation 2.75 becomes:
' 3
L = [€,€,(kT/e) 26/ Uy/ 1)) %, 2.80

where 7215 Inversely proportlonal to Ex (Ei is given

by 2,56) and 1s:
N=2/mE, = (4/3)(Q/w)v£1/3(vL+vD)'2/3. T 2.81

{3) llH from Vy

“rom equations 2.8, 2.57, and 2.81, one has:

My = O/6S) (Vy/B,). 2.82



FIG. 2.8. THE SPACE CHARGE FACTOR, S(2L/w), AS GIVEN BY
EQUATION 2.78, IS PLOTTED AGAINST 2L/w.
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Since one Vsec/em? 1s equivalent to 105 kilogauss, if
H-H is to be expressed in cmz/Vsec, VM in mv, B, in kilo-

gauss, and??in V'l, equation 2,82 must be written as:
uH = (10072/GS)(VM/BZ). 2.83

From equations 2.78, 2.80, and 2.81 it can be seen
that S is a function of the primary ctrrent, Ix'
Therefore, one can conlude, from equation 2.83, that
Vy 18 a functlon of I,. The experimental results,
presented in chapter 5, are consistent with this functional

dependence of Vy on I,.
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3. Calculation of the Hall Mobility from the Energy Band

Structure of Anthracene,

A, The Energy Band Structure of Anthracene
The energy band structure of crystalline

anthraecene was first calculated by LeBlanc1

s using

linear combinations of single Slater carbon atomic

orbitals (in the Hlickel approximation) as basis functions

in the tight binding approximation. LeBlanc's calculations
led to bandwidths, W, such that W < kT, at room temperature.
Thaxton et. 31.2 extended LeRlanc's calculatlons to other
aromatic hydrocarbons. In addition, they corrected an

error, made by LeBlanc, in the tight binding calculatien

3

for anthracene, Katz et, al,” employed self-consistente
field atomle orbitals in the linear combination of atomic
orbitals scheme., These glve a better description of the
molecular wavefunctions in the reglon of configuration
space which make the dominant contributlion to the inter-
molecular overlap.s Katz et. al, obtalned bandwidths such
that W ;E'kT, at room temperature, Sllbey et. al.4 made
calculations takiﬁg into account the additional degrees of
freedom assoclated with intramolecular vibrations, Thelr
results led to bandwldths of the same order as those
obtained by LeBlanc and Thaxton et. al. Glaeser and;Berrys
used the results of Katz et. al. and Silbey et, al. to

estimate the effects of electronic polarization.
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Anthracene forms a base centered, monoclinic
molecular crystal with two molecules per unit cell,
located at (0,0,0) and (%a,%b,0) (see Fig.3.l). Since
there are two modecules per unit cell in the crystal
lattice, there are two bands for electrons and two bands
for holes, arlsing from the symmetric and antisymmetric
combinations of molecular wavefunctions in a unit cell,
LeBlanc incorrectly assumed that the anthracene crystal
lattlce could be related to a hypothetical lattlce with
one molecule in a cell.

Katz et. al, used
\y - -3 N1 'zq_ - = > =
+(K,7) = Z (31)% exp(ik.rg) #(r-ry) 3.1
§=0

as one-electron, unnormalized, crystal wavefunctlons,
constructed from linear combinatlions of one-electron
molecular wavefunctions,#.leBlanc and Thaxton et, al,

used only the symmetric function, ¥U+ in their calculations.
The 1ndexh1 labels the molecules of the unit cells so that
the molecule at the corner of each cell has an even index
while the one at the center of each cell has an odd index.
;i 1s the vector to the center of each molecule and N is

the number of unit cells (one half the number of molecules). .

The Hamlltonian for an excess electron or hole has the form
H = -(ﬁ2/2m)v2 + V(T) 3.2

where V(?) determines the crystal field and wasapproximated
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by

V@ = ) TR, 3.3

n
where V,, 1s the Hartree potentlal of an lsolated neutral

molecule for electrons, or the positive lon-molecule potentlal
for holes. For an excess electron, the potential energy of

a molecule was taken as a linear combination of neutral

carbon atom potentials. Vh was obtalned by averagling over

the four 2s, 2p4, Zpy, and 2p, electrons.

Vp = - Z(Zez/ﬁl) + 2 ZJn’i = Zvi , 3.4
1 i 1

th carbon nucleus to the

L th

where Ry is the distance from the 1
electron, Jn,i 1s the Coulomb potentlial of the molecular
orbiltal of the nth molecule, and V; is the Goeppert-Mayer
and Sklaré, screened Coulomb potentlal, of carbon atom 1 of
molecule n. Exchange effects were neglected. The energy

was obtained from:

<w¢|H I‘ié>
SRS

-8, (k) = 3.5

where the brackets denote the usual gquantum mechanical

summatlons. Equatlon 3.5 was reduced to:
/
n

where Eo 1s the energy of an lsolated negative or positive

lon relative to inflnite separation of the electron or hole
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and the neutral molecule, and En and Eg are glven by:

and the neutral mblecu‘l_e, and En and Eg are glven by:

4(r) >, 3.7
g(F)>. 3.8

€, = <<4(T) IVn(?-?nJ

ar

vy (?—-EE )

The sums in eguatlon 3.6 are taken over all molecules
excent the one with its center located at the origin
(molecule 1 of Fig, 3.1). Three-center intermelecular
integrals in which the centers were on threes different
molecules (see eguation 3.13) were neglected since the
large interatomic distances made these terms negligible.
In addiltion, since the overlap between molecules 1s small,
overlap integrals multiplied by €, or Eﬂ were also
neglected in obtaining equation 3.6 from eguation 3.5.

The k variatlon of the energy bands 1s obtained from the

1ast term”of equation 3.6¢
E(k)i = Z (i)'?R cos(i?-%) E.Q ) 3.9

where ER is the intermoleculsr resonance integral

between molecule 1 and molecule { of Pig. 3.1. W is even
for corner molecules and odd for center molecules of each
cell, The molecular orbltals of a negative or ﬁosltive ion
were approximated by a linear combination of neutral carbon

2p wavefunctions, Uy ¢

gs = Z Cg,1 Y1, 3.10
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Flg. 3.1. Anthracene unit cell and molecular
centers in the unit cell and at sites adjacent to the
unit cell, showing the molecular numberineg used by

Katz et, a1.3

13

ell
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where the Cg 1 are Huckel coefficients for the lowest
antibonding and highest bonding 7T orbitals for eleetrons

and holes respectively.?

8 1s the lowest unoccupied
molecular orbital of a molecule for electrons and the
highest occuvled molecular orbltal of a molecule for holes.

¥Katz et. al. used:

4 .
(ry) = (B, T (O(3/77)* exnl ) 11
ug(ry) = (ng-ry a5 (X5 exp -(Xﬁrl 3.
iw}
as the "best avallable carbon atomic wavefunctions

represented in the form of 2 llnear comblnation of fouf

Slater wavaefunctions". ﬁi

direction of the 2p orbital., The coefflcients ay and the

1s the unit vector defining the

orbltal exvonent cxj were those glven by Clementil and
Roothaan.8 LeRlanc and Thexton et. al, used a single

Slater wavelunction given by:
A D L
uy = (ni-ri)(oﬁf/n')“ exn(-Olyry) s 3.12

with the orbital exponent CXi given by Slater.9 A
knowledege of the detalled behavior of the molecular
wavefunctions a2t large distances 1s regqulred for the
calculation of the excess el«sctron and hole band energles.
That is why Katz et, ai. used & linear combination of
Slater wavefunctions instead of =2 singie Slater wave-
function to obtain s more accurate representation of the
molecular wavefunction at large distances. Zquation 3.8

may be expanded by substitutlion of equation 3.10 to:

' > ~» - e e s
ET = Z{: Cr,ics,j ui(ruri)vm(?er)uj(r—;hwrj) . 3.13
1,5,m '
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LeBlanc and Thaxton et. al. neglected those terms in the
sum where 1 # m, l.e. they neglected all three-center
integrals, Terms such as 1 Zm = j involve integrals
where the potential and one wavefunction are on the same
molecule. According to Katz et. a2l., these terms are not
small and there are enough of them to change the energy
by 25%.

Silbey et. al. extended the crlculatlions of Katz et. al.
by including the effects of molecular vibratlons and
adding an exchange potentinl to the Hartree potentlal.
They represented thelr molecular wavefunctions as a product
of an electronic part and a vibratlonal part. This
corresponds to the weak-coupling 1limit of vibronic
interactlion where the nuclear part of the Hamiltonlan 1is
diagonalized before the crystal fleld part (the Zorn-
Ovpenheimer avproximation). They used a wevefunctlion which
represented the entire crystal instead of a one-electron

wavefunction of the excess electron or hole, Thls was

glven by:
2N-1
Y, (x) =Z (+) exp(i'}?-%)q %’5(1) |
2=0 2N-1 —
x]] [ Y, (1) Y (1,22) X1] 3.1k

de
as the symmetrized wavefunctions of the crystal with an
excess electron or hole. C]. 1s the unnormalized anti-
symmetrization operator which permutes electrons between
molecules. y”R:S ig the lowest unoccuplied molecular orblital

for eleetrons and the highest occupled molecular orbliltal
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for holes of molecule f. The yyi are the a occugifd
molecular orbitals of molecule i, The bar over y”i,a means
that the electron in that molecular orbital has spin "-3%".
X; 1s the ground state vibrational wavefunctlon of
molecule 1., It was assumed that all vibratlonal wave-
functlons were the same eicept that for the lons. Thils
implies that every electron or hole band is split into

many vibrational bands, each with its characteristic
vibrational wavefunction. The K=0 (X 1s s vibrational
guantum number)} levels of these bands will be separated by
the vibrational quantum which is of the order of 0,2 eV in
aromatic molecules.10 Since the calculated bandwidths are
of the order of 0.01 eV, the bands are well separated, The

potential used by Silbey et. al. was:
n n

VIHT-T,) = Vy(B-F,) - Z Kn, 1 3.15

where
Kn,1 = <WYho,j

ig the exchhnge potentisl of the 1

“‘/rij) l}(/n,j> 3.16

th

molecular orbital

on molecule n., Thus, they obtained:

Ef = |<X$|Xo>|2 [<WP,S(?_E§’) V,(I‘—I‘ ).

yyl,s(;a:>

= <WQ,S(?-;;)IKFS—"-le,S(?)>‘] 3.17

where X ¥ represents the ylbratilonal wavefunction of the
negative or positive 1lon and X° that of the neutral

molecule,.
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Glaeser and Berry, using the results of Katz et. al,
and Silbey et, al., estimated the effects of electronic
polarization. They represented the polarized orbitals
of molecule J when an excess electron or hole is on

molecule 1 by:

l//j(” = [ljfj ¥ chx(“ %(x)] [1 + }; ch(i)lz]-%, 3.18

where the perturbation coefficlents (fx(i) were expressed

in terms of the known anisotropic polarizabllity and the
ogcillator strengths of the dipole-allowed transitions of
the molecule. The sum over x wags over the three principal
directions of the molecule. Thelr calculations resulted
in the following expression for the intermolecular

resonance integrala:
Ep = Ef(resonance) + Afg(resonanoe)
+ Ep(electroatatic) 8. 3.19

Here, Ef(resonance) is the intermolecular resonance integral
given by Silbey et, al., assuming 100% vibrational overlap.
AE,R(resonance) glves the corrections to -Ep(resonance) which
result from the use of polarized orbitals. Ep(electrostatic)
representa a long-range interaction between the excess
charge and the induced dlpole moments on nelghboring mole-
cules, S represents the overlap of polarized wavefunctioons
sorresponding 'to two different locatlions of the electron or
hole. Glaeser and Berry made calculations assunling that

elther only the highest 77 -~orbital was polarized or that
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all seven T -orblitals were polarized.

Chojnacki11 has made calculation similar to those of
Thaxton et. al. but including all integrals between molecules
containing carbon atoms closer than 10 A from each other
in the two-center resonance integrals between molecule 1
and melecule §.

Table 3.1 consists of the intermolecular resonance
integrals for holes and electfons as calculated by Thaxton
et, al.,, Katz et, al,, Silbey et. al., and Glaeser and
Berry. Table 3.2 consists of the intermolecular resonance
integrals calculsted by Chojnackl. The subscript { 1abels
the resonance integrals according to the scheme showmn in
Mg. 3.1. PFor example, 52 18 the intermolecular resonance
integral betwesn the molecule at the origin (molecule 1)
and molecule 2. Referring to the calculations presented
in Tables 3.1 and 3.2, the energy band structure of

anthracene, as glven by equation 3.9, may be expanded tos
- - - ' | ‘
E(k)t = 2§, cos kec + 283 cos keb + 2§y cos i:’-(l?—i—?)
- = = L p P
+ 255 cos k+.a + 2f¢ cos k.(a+c)
* 489 cos éf-: cos éi:g

+ kg o cos ﬁ;-g cos ]_;-(&:42) ’ 3.20

where &, €go €119 €109 613, and £,, have been neglected
because, in general, thelr values are smaller than the

other intermolecular resonance integrals.
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Table 3.1. Intermolecular Resonance Integrals, Ei‘

(1) (2) (3) (4)

e

HOLES
2 90 8 - OQLI"? - 3.15 b 1.42 - 2.2?
3 -16.2 —132.44  -43B8.1F  -258.50 -405.95
I PRI - 0.17 - 1.08 - 0.49 - 0.73
5 ve s e 0.20 1.30 0.68 1,26
6 vetas - 4.39 - 20,11 - 9,45 - 16,71
? aa 5 A S 0.03 0.26 a8 9 & 00 * 4 ¢ a0
8 et e - 0.03 - 0-1”’ PR I B ] es 00 0
9 -14.9 - 93.05 -311,75 -196.4 -288. 59
10 3.1 36,61 133.46 60.06 114,76
11 e v 0.01 0.08 ERERERENE] te v e
12 s 00 OuOO 0000 se 2w s RN EEE)
13 TR R R 0.00 0.00 NN ERE [N
14 creas 0.01 0.08 cerscas  eveeses
ELECTRONS
2 cevee 0.15 - 4.23 - 1,90 - 3.02
3 11.9 71.61 224.51 132,46 208.53
iy ‘e - 0,03 - 0.16 - 0,07 - 0.11
5 caane 0.25 1.59 0,83 1.56
6 st & @ - 0.7}‘,’ - 5.09 - 2.39 - I‘J’o“‘é
? o 0 u 0.0”’ 0.2“’ I AN [N ]
8 ----- 0:02 0-09 Pe e v LRI A
9 -19.7 -124,79 ~403.69 -254 .32 =372,68
10 0.65 2,48 9.46 4.26 . 8.72
11 8 & a8 0002 0.1}4 8 & 28 8 - % 9 & & B
12 "R R 0;00 0‘00 A% r e w8 ' EE RN
13 e e v e e 0-00 0.00 s s 0 0 0 s [ B B
11"" [ 0-00 - 0001 PN N I LI I I A
Notes:
1. All energles are measured in units of 10'4ev.

2. Calculetions by: (1) Thaxton et. al.z; (2) Katz et,s
al.3; (3) Silbey et. al.%; and (#) Glaeser and Berry.

3. The calculations in (3) by Silbey et. al. are for
100% vibrational overlap.

4. The calculations in (4) by Glaeser and Berry assume
one orbiltal perturbed by the polarization effect and
2ll seven T{ orbitals perturbed by the polarization
effect, respectively.
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Table 3.2, Intermolecular resonance integrals, &,

1
calculated by Chojnacki. t Ef 18 messured in 10~% ev.

! Y

HOLES

- 23.04

) - 0.10

9 - 16-95

10 L 47

ELECTRONS

- 17.57

- 0.03

9 . - 25,16

10 0.77
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Drift mobilities were calculated from equation 3.19
and equation 2,28 by assuming either a constant relaxation
time or & constant mean free path. For & constant

relaxation time one hast

Uy = (e T/ATIKVED 3.21

for charge carriers driftimg along the x direction.

For a constant mean free path, A., one hast
> -1
Uy = (e A/ATREER@ 7>, 3.22

—
where Hv = Vi € .

LeBlanc and Thaxton et. al. neglected the variation
of the Boltzmann factor in thelr calculations becauses
their intermolecular resonance integrals gave band-
widths that were about 0.56 kT wide (kT is at room
temperature), They evaluated ;[x a8 glven by equation
3.21 1h closed form and used a2 numerical integration
(a 125 point Simpson's rule integration with a probable
error of +50%)1 for evaluating glx from equation 3.22.

Silnce Katz et. al. obtained bandwidths of the order
of kT, they evaluated [ix from equations 3.21 and 3.22
by numerical methods (a 1728 trapezoidal rule integration
with a probable error in the fifth decimal p1ace)3.

Table 3.3 compares the theoretical and experimental
values of the ratio of drift mobllities for various
orientations of hole and electron drift currents in

anthracene crystals. It can be seen that the band theory



Table 3.3.

63

Band model and experimental values

of ratios of drift mobllities in anthracene, at room

temperature.
1l 112 1113 ok v vii®  yiI

HOLES

Mo/ Uy | 1.7 1.7 2.5 9.0 2.7 2.3 2.0

Mor/ Mg | 0.2 0.2 0.3 1.1 0.4 0.04 0.8
ELECTRONS

Mo/ Uz (0.8 0.9 0.7 2.2 0.4 0.99 0.6

U/ MUy | 0,005 0,005 0,002 0.3 0.01 0.0025 0.2

Notes. 1;‘ Columns I through VI are values obtained

from band medel calculations.

2, Column"VII'aré'éxperlmentéi"vélﬁés obtained

from Tablie 1,.1.

3. BReference numbers refer to references gilven

at the end of the chapter.
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salculations agree with the experimental values given in
column VII of Table 3.3 except for ratios involving the
drift mobillity along the ¢' direction.

B. Calculation of the Ratlio of the Hall Mobility to

ths Drift Mobility.

In order to calculate !lH/[iD it is sufficlient to
consider integrals in k space over the first Brillouin
zone. The reciprocal lattice may be constructed from the

reciprocal lattice vectors a~l, v™!, and ¢~*, where

277a~1 = — ete. 3.23

From Fig. 1.2, one has:

2 =8.5 A a,
> e N
b = 6,04 A b, 3.24
e =11.16 A (cos@ a + sin G},
and B = 124,7°.
A P
The unit vectors &, b, and o' form & right handed
coordinate system as shown in Flg. 1.2. Thus, one
obtains:
— 1 [-] " A
277a~1 = 0.894 A"l (-cos@ & + sing c'),
= ° A
21To~1 = 1.04 A1 b, 3.25
~> -
277c~1 = 0.686 a1 3v,

A_IA 41/\ .
and ¢"*.a = a=t.c = 0, The Brillouin zone is constructed
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from @& reciprocal lattice formed by the vectors, 277'-:‘1,
ZTT"::'"l, and 27T:','1. Planeas are drawn which are the
perpendicular bisectors of theae lattice vectors, The
smallest volume enclosed by these planes is the first
Brillouin zonel?, rig. 3.2.

1% and Priedman!’ expanded the Boltzmann

LeBlanc
factor and retained terms to firat order in Eb/kT.
They assumed a constant relaxation time and obtalned
an analytical solution to the k space integrals of
‘U'H/MD in the ab plane (kyk, plane of k space)}. Their
solution, verified in this investigation, resulted in
Mg/ Uy = -8 for both electrons and holes, using the
intermolecular resonance integrals obtalned by Thaxton et,
al, = LeBlanc and Friedman also used the inter-
molecular resonance lntegrals obtalned by Katz et. al.
and obtained Mg/ My = =1 for electrons and holes. In
this investligation, the Boltzmann factor was expanded to
(G/xT)2. In addition to the use of intermolecular
resonance integrals calculated by Thaxton et, al, and
Katz et, al., & calculation was made with the inter-
molecular resonance Integrals obtained by Sillbey et. al.
A fifty per cent vibrational overlap was assumed so that
C‘:q/kT would be less than one. The results gave
Ug/ lp = =1 for both electrons and holes, This method
) cannot be applied to HH/ /.tD An the ac' and bc' planes

because of the shape of the Brillouin Zzone,
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Fig. 3.2. A cross sectlon of the first Brillouin
zone of anthracene in the a—lc=l plane of reciprocal
lattice space. k, is the component of i?along the a
direction and k,+ 1s the component of ;halong the ¢*

direction.

\
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Toombsl® nhas caloulated ILH/;LD Ain the ab, ac', and
be' planes, He used the lntermolecular resonance integrals
caloulated by Katz et. al. and Glaeser and Berry, and
assumed a constant relaxation time. He used a computer
and chose_gsinta in the first Brillouin zone and computed
?= (1/h) ka- and the effective mass tensor, M;.lj (see
chapter 2, sectlon B). The proper combinatlons were
formed for IIH/IJD and weighted by the Boltzmann factor,
exp[—E(k)i/kT]. This was added to the results from
previous points until the entire Brillouln zone was

covered. The results, obtained by Toombs, are glven

in Table 3.4.
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Tabie 3.4, ;LH/}JD for nonzero Hall voltage

at room temperature, calculated by Toombsln.

Katz Glaeser and Berry
0sSC = 2 0SC = 14
I//\8// a b c! a b c! a o et
HOLES
a 1.7 ~-1.0 1.3 =-0.3 1.4 0,012
b -1.0 ~1.0G 0.3 -0.3 | 0.8 0.01
c! -1.0 1.6 0.3 1.3 0.8 1.4
ELECTRONS
a 0.03 -1.0 -0,8 =0.2 -0.6 0.06
b -1.0 -1.0 ]-0.3 -0.2 | -0,2 0.06
c! -1.0 0.03 -0.3 <0.8 -0.2 =0.6

Notes:

1. 08C = 2 corresponds to one orbltal perturbed by the
the peolarization effect,

2. 0SC = 14 corresponds to all seven J7 orbitals
perturbed by the polarizatlon effect.

3. The calculations using the intermolecular transfer
integrals calculated by Glaeser and Berry are for
100% vibrational overlap.

4y, B// and I// indicate the axes to which the magnetlc
field and the current are parallel.
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4. Experimental Procedures and Apparatus

A, Puriflcation of Anthracene

Single crystals of high purlty were required for the
measurement of electrical transport propertles in anthracene
because impuritles generate trapping states that alter

these properties.l’z’3

Purification of commercial grade
synthetic anthracene (Rastman H4B0) was done by liquid.
adsorption chromatography, vecuum sublimation, and zone
refining. All purification processes were performed under
yvyellow "safe" lights to prevent photo-resctions from
generating impuritlies.

The major impurities in synthetlc anthracene have

been lisolated and ldentifled. These are: anthraqulnone,

anthrone, blanthryl, and 9,10-d1hydroanthracene.a

(1) Liquid, Adsorption Chromatography

Liquid, adsorption chromatography serves to remove
polar impurities and to reduce the concentration of all
impurities to levels at which the efficlency of the zone
refinlng process 1s improved. Liquid, adsorption chroma-
tography was performed using the apparatus shown in Fig.
4,1. A column packed with 28«200 mesh silica was contin-
uously eluted with pentane that had been redistilled.

The lower end of the column was closed with a wad of glass
wool, that had been washed in redistilled pentane, to

prevent the slllca from passing into the lower. three
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neck flask.

Tmpure synthetic anthracene was placed upon a coarse
porosity fritted filter in the upper flask and a continuous
slow stream of dry, oxygen-free nitrogen was then maintained
through the apparatus (see fig. 4.1) during the remalinder
of the process to minimlze oxldatlon. Photo-oxldation was
further reduced by the use of red glass for the column and
the lower flask, The lower flask was heated and the pentane
was distillied to the upper flask where 1t condensed and
dripped upon the anthracene. The warm pentane dlssolved
the anthracene which, since 1t was not strongly adsorbed
upon the column, passed in solution through the column
into the lower flask. Typically, a column, 3/4 of an inch
in diameter by i4 inches in length, passed 10 grams of
anthracene per day and lasted two days before repacklng
was necessary to prevent impurities from passing through
the column to the lower flask.

The more polar and less soluble impurltles were
adsorbed at the top of the column. When a used column was
removed for repacking, red and green bands were noticeable
at the top of the column. These were due to anthraquinone
and tetracene respectively.4 Also, a light brown coloration,
due to tarry materials,a was seen spreadlng down the column,

As the pentane in the lower flask cooled,-the
anthracene crystalized from solution and was removed by
filtration, The remalning santhracene was recovered by

placing the cold concentrated solutlion into a lightproof
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desicator and evaporating the pentane by pumpling with

a water siphon.

(2) Vacuum Sublimation

The chromatographed anthracene stlll contalned those
non-polar impurities which were soluble in pentane and also
a2 high proportion of solvent. Further purification was
done by vacuum sublimation. The apparatus used for this
purpose was a comblned sublimatlion and zone reflining tube
shown in Flg. 4.2,

70 to 80 grams of chromatographed synthetic anthracene
were loaded inteo the left~-hand bulb, the filling tube sealed,
and the apparatus pumped down to a vressure that was less
than 25-microns. The left-hand bulb was placed 1n a furnace,
maintained at a temperature of 145 °C, and the anthracene
sublimed under continuous evacuatlion into the second bulb.
The most volatile impurlties were pumped_off and trapped.
When approximately 95% of the anthracene had passed over
to the second bulb, the furnace was turned off and the
remaining 5% impure anthracene was sealed in the first
bulb by melting the constrietion between the flrst and
second bulbs. The anthracene in the second bulb was then
resublimed into the third bulb, which was then sealed at
the constriction connecting the third bulb to the second
bulb. The apparatus was flushed twice and fllled to % atm,
with pure nitrogen (research grade). The remaining buldb

and zone refining tube were then seasled off from the
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vacuum system and the anthracene was melted lnto the
zone refining tube and allowed to solidify from the lower

erid of the zone refining tube.

(3) Zone Reflning

Next, zone refinling was carried out on a Fisher zone
refiner, deplcted in Flg. 4.3. The refining was carrled out
in thick walled, 20mm, pyrex tubing to reduce the possibility
of breakage which could occur as a result of the consliderable
expansion on melting which is characteristic of organilc
compounds. Tube breakage was also avolded by the use of
alr coolers above the heaters to stablliize the width of the
molten zone and by startling zone melting at the free surface,
The presence of an lnert gas in the tube prevented serlous
sublimation of anthracene up the tube,

About 30 zones of % to 1 inch in length were passed
down a 14 inch column at the rate of one inch per hour.

The heaters were maintaelned at the lowest temperature that
would permit the formatlion of a good zone so that thermal
decomposition coulid be minimized.

The most obvious change of the anthracene column
during zone reflning was the concentration of yellow
anthraguinone together with some dark brown material at
the lower end of the tube,

Impurities which lower the freezing point of the
host substance, anthracene, traveled with the molten

zone, and tended to segregate at the bottom end of the
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anthracene column. These impurlties have 2 segregation
coefficient that is less than one. (The segregation
coefficient is defined as the ratio of the impurity
mole fraction in the solid to the impurlty mole fraction
in the 1iquid.)> Impurities which raise the freezing
polnt traveled in a direction opposite to the molten zone
and therefore tended to segregate at the top of the
anthracené column. These impurlitles have a segregation
coefficient that 1s greater than one. An impurity such
as carbazole has a segregation coefficlient that 1s
approximately one and is therefore not efficlently removed
by zone refining. and must be removed by chrowatogranphy.
When zone refining was completed, the tube was
cracked open and the upper and lower ends were rejected,
The center portlon of the anthracene column was then
comblined with other similar materlial and loaded 1nto
combined sublimation, zone refining, and crystal growing
tubes, The material waé then sublimed twlce as before,
and melted into the comblned zone refining and crystal
growing tubes. The material was then zone refined., After
zone refining, the top end of the column was melted into
the empty sublimation bul®b. The center portion of the
column was then melted into the crystal growling tube which
was then sealed off from the zone refining tube. In this
way the transfer was effected wilthout exposing the
anthracene to atmospheric oxidation and the crystal was

grown i1n the same atmosphere as used for the final zone
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refining.

B. Growth and Quality. of Anthracene Crystals

Crystals were grown by the Bridgman method in which
controlled cooling is carried out by slowly lowerlng the
crystal growing tube at the rate of one inch per day
through a vertical temperature gradient from the hot to

the cold end.6

A suitable temperature gradient was
obtained by arranging two isothermal furnaces, as shown
in Pig. L4.4, such that the upper furnace was at 240 °C
and the lower furnace was at 205 °C, (The melting point
of anthracene is 217 °C.)
| A dilagram of the orystal growing tube 1s shown in
Fig. 4.5. The tube was suspended in the furnece, as shown
in Pig. 4.4, so that the tlp was Just below the melting
point lsothermal, and the lowering mechanism was then
turned on, Crystallizatlion was begun by coollng the tip
of the tube. This prevented supercooling and the subse-
aguent formation of multicrystals.

As the tube is lowered, crystalllites grow until,
Just below the bent caplllary, sewveral large crystallites
occupy the tube. The bent capillgry inevitably selects a
particular seed which grows into the upper tube as a
large crystal, If the angle between the capillary and
the tube axis 1s less than 459, the ab cleavage plane will
grow parallel to thg fube axls., If the angle is greater

than 459, it will grow perpendicular to the tube axis,’
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Fig. 4.5, Crystal growing tube.
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When growth was complete, the crystal in the tube
was removed from the lower furnace and allowed to cool
rapldly for a few minutes to let the crystal break away
from the tube wall., There wag usually a "ecracking®" sound
ag this occurred, The crystal and tube were then returned
to the lower, annealing, furnace and cooled to room temper-
ature over a period of three days. After this perlod, the
crystal tube was opened and the crystal boule was easily
811d from the tube because the inside surface of the crystal
growing tube had been treated with "Dow Corning 200" silicone
release agent, dissolved in methyl ethyl ketone. After
treatment, and before filling, the tube had been baked
for one hour at 275 °C. The release agent reacted chemi-
cally with the glass surface and when & crystal was grown,
contamination of the crystal, due to the release agent,
was unlikely.

No impurities were elutied in a gas chromatograph. Thus,
it was concluded that the total impurity content was less
than 1 p.p.m, The final purity and structural defect
concnetration of the material was checked by the triplet
lifetime which was found to be between 20 and 25 msec,

equivalent to the longest which has been reported.8
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C. Cutting, Orienting, and Shaping a Sample from a
Crystal Boule.

A crystal boule usually had some cleavage cracks.
Applying pressure with a razor blade in the direction of
the crack readlly cleaved the crystal apart. The cleavage
face is the ab plane. The location of the a directlion in
this plane was obtained by the use of a polarizing micro-
scope9 or by observation of the double refraction of the
crystallo. With this information and knowledge of the

1 the

relative positions of the b and ¢! directions,
crystal could be cut in any desired orientation of the
a, b, and ¢! directions (see Fig. 4.6).

After orlentation, the crystal was glued with "Duco"
cement to a glass slide and cut wlth a xylene sosked
razor blade, used as & microtome, and shaped by use of
& xylene moaked strip of 600A grit emery paper, glued to
a glass slide. An optical finish was obtained by polishing
the crystal on & glass sllide covered with a "Kleenex"
tissue, soaked in xylene, Typlcal dimensions of a

crystal used for a Hall effect measurement were

6mmx 3 mm x 2 mm,
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Fig. 4.6. Orientation of an anthracene crystal
by double refraction. (a) A non-alligned crystal placed
over intersecting vertical and horizontal lines,

(b) A crystal aligned relative to Intersecting vertlcal
and horlzontal lines with its g axlis parallel to the

horizontal 1line,

(a)
UNALIGNED \
/ birafringence
; ab cleavage plane
ALIGNED \
. / 8 axls
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D. Hall Effect Apparatus,

The apparatus used to measure the Hall voltage and
photoconductivity of anthracene consisted of the following:
(1) a cryostat and superconducting solencid; (2) an inner
dewar insert; (3) an inner dewar cap and dry box; (4) a
crystal holder; (5) a crystel chamber; (6) a wacuum and
helium gas system; (7) temperature controllers; (8) an

optical system; and (9) an electrical system (Fig. 4.7).

{1) Cryostat and Superconducting Solenoid.

The crysostat and superconducting solenold were
menufactured by Varlan Assoclates. The cryostat was
designed to co®l the superconducting magnet with liquid
helium. It consisted of an outer dewar whlch contalned
liquid nitrogen, o dewar which contalned llquid helium
and the superconducting solenold, and an inner dewar which
provided experimental access to the center of the super-
conducting solenoid ( see Figs. n.8-and 4.,9),

In practice, the magnetlc fleld was swept through
a typical cycle of 10 minutes of increesing fileld, 10
minutes of steady fleld, and 10 minutes of field decreasing

to zero.

(2) Inner Dewar Insert

The inner dewar insert is shown in Figs. 4,10, 4.11,

and 4,12, It consisted of a solld brass eylinder, 1%%

~inches in dlameter by 3/4 of an inch in length, on which
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Fig. %.7. The Hall effect apparatus,
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was mounted a front surface mirror, 1 cm., x. 1 cm., and the
crystal chamber. Three 9 inch. stalnless steel rods, screw-

ed into the brass cylinder, were bolted to a 1/4 inch thick

5
B

stainless steel rods, bolted to the brass ring, were screwed

brass ring (22 in, o.d. by 1% in., 1.d.). Three 27 inch
into the bottom of the inner dewar cap. Two 5 cm, diameter,
65 em. focal length quartz lenses focused ultraviolet light
on the crystal, A copper tube, soldered to the inner dewar
cap, was connected with a hose to the crystal chamber, and
allowed helium gas te enter the chamber. The hellum gas
prevented the crystal from sublimlng and aided in the main-
tenance of a2 constant temperature inside the crystal chamber.
Electrical leads from the crystal were soldered to lugs
mounted on teflon strips. Thermocouple leads went dlirectly
through a "Conax" vacuum feedthrough, and heater leads were
soldered to "Stuplkoff" vacuum feedthroughs, mounted 1n the

slde of the lnner dewar cap.

{(3) Inner Dewar Cap and Dry Box

The inner dewar cap, Figs. 4.8 and 4,10, was fitted
with "Conax" Teflon insulated, vacuum feedthroughs that
were connected to Teflon insulated MHV connectors mounted in
an electrically shlelded dry box. The cap was covered wlth
an O-ring sealed quartz plate, on top of which was mounted a
front surface mirror, to direct ultraviolet light to the
crystal. Two plpes on the side of the cap allowed the

inner dewar to be connected to a vacuum pump and the
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'4crysta1 chamber to be connected to a helium gas cylinder,

(4) Crystal Holder

The crystal holder and chamber are shown in Fig. 4.13,
The crystal holder consisted of two Teflon discs held to-
gether by four 0-80 brass screws, a tin oxlde coated quartz
electrode, a spring-loaded copper electrode, a Teflon
pressure seal, 5 Teflon insulated, copper wires, and a
thermocouple consisting of :#30 copper-constantan wires.

A guard ring was pasted with "Eccobond 57C" silver
conducting paste (thinned with toluene) as close as
possible around the surface of an anthracene crystai,
which was in contact with the quartz electrode. The

oprosite surface of the crystal, whleh was in contact

with the copper electrode, was covered wlth "Eccobond 57C"

to insure uniform contact.

After the crystal had been placed in the holder
between the quartz electrode and the spring-loaded copper
electrode, the four brass screws of the holder were care-
fully tightened. The Hall probes were then connected by
usling spring-loaded brass wires that had been etched in
hydrochloric acid and had been soldered to #24, Teflon
insulated, copper wires, A #U40 copper wire, soldered to a
#24, Teflon insulated, copper wire, was pasted to the guard
ring with quick drying "Dupont #4817" silver conducting
paste (thinned with butyl acetate).

A mask was placed in front of the gquartz electrode to
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shield the guard ring from the 1light source so that it
would not contribute photocurrent to the sample.

The brass spring for the copper electrode and the brass
Hall probes were made from 0.020 inch diameter brass wilre
that had been drawn down to a diameter of 0,010 inches to
increase 1lts stiffness, Electrical contact to the tin oxlde
coated quartz electrode was made by fastening a 724, Teflon
insulated, copper wire to the edge of the tin oxide surface
with "Dupont #U817" paste. A layer of epoxy glue was then
spread over the connection. The copper electrode was solder-
ed to one end of the brass spring. The other end of the
brass spring was soldered to a #24, Teflon insulated,
copver wire. The Tive #2L4, Teflon insulated, copper wires
and the two #30 thermocouple wires passed through separate,:

tight fitting, holes in the Teflon pressure seal,

(5) Crystal Chamber,

The crystal chamber consisted of a brass cylinder,
quartz plate and brass flange, brass washer, stalnless steel
cap and seat, bifillar constantan heater winding, #30 copper-
constantan thermocoupnle and a helium gas inlet pipe (see
Fig. 4.13). The thermocouple and brass inlet pipe were
soft soldered to the brass cylinder. The bifllar heater
winding was tled around the outside of the brass cylinder.
The quartz plate, sandwlched between two O~rings, was
connected to one end of the brass cylinder wilth the brass

flange. These pleces were then mounted on the base of the
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dewar insert in a lucite frame as shown in Fig. 4.11,

The crystal, in its holder, was placed into the staln-
less steel seat. After the brass washer was In place, the
stainless steel cap was carefully tightened with two spanner
wrenches, compressing the Teflon pressure seal in the
stainless steel seat, These pieces'were then slld Into
the open end of the brass cylinder. The outer surface of
the stainless steel seat was fitted with an O-ring which

made a seal with the inner surface of the brass cylinder.

(6) Vacuum and Hellum Gas System.

The vacuum and helium gas system 1s shown schematically
in Fig. 4.14., The inner dewar was pumped down to a constant
pressure of 20 to 40 microns by forepump (1). It was
pressurlzed to one atm. with hellum gas when one deslired to
remove a crystal. Hellum gas was malntained in the crystal
chamber at a constant pressure of 4 to 8 em of Hg by adjust-~
ing valves leading to helium gas cylinder (1) and fore-
punp (2). The helium gas served as.a heat exchanger and
also retarded sublimation of the crystal, The dewar
contalning the superconducting solenoid was precooled with
liguid nitrogen. It was then connected to the vacuum and
hellum gas system via the helium side vent port of the
cryostat (Pig. 4.16) and pumped to 66 cm of Hg below
atmospheric pressure. This procedure cooled the dewar

2
another 14 K below 1liquid nitropgen temperature.1
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Fig. 4.14. Block diagram of the vacuum and helium

gas system connected to the cryostat and crystal chamber.
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(7) Temperature Controllers.

The temperature of the crystal chamber was controlled
by connecting the thermocouple, soldered to the chamber wall,
to an "A,P.I." on-off pyrometer, which turned the heater
power supply on or off., Durlng the Hall effect measurement,
the temperature was controlled by connecting this thermo-
cbuple to a "Keithley" mlicrovoltmeter. The output of the.
microvoltmeter was connected to a relay-potentlometer
circuilt, Pig, 4.15, which varled the heater current from
a maxlmum to & 50% of maximum value. In this manner, the
temperature in the erystal chamber, 25 °C, did not vary
by more than six microvolts {apvroximately 1/7 of a ©°C)

as measured by the copper-constantan thermocouple,

{B8) Optical System.

A 100 watt, point source, mercury lamp ("P.E.K. 109")
was used to 1iluminate the crystal. Recause charge carriers
are crested by exclton-exclton interaction, the conduction

13

is not intrinsic. Therefore, in a2 crystal of high purity
the carriers must be injected, The optlcal system 1s shown
schematically in Fig. 4.16. In order to maintain a constant
prhotocurrent through the crystal, the output of the vibrat-
ing reed electrometer, that was usead to measure the photo~
current, was connected to a potentlometer and = d.c.

amplifier, The output of the d.c. ampiifier controlled

a two phase motor which opened or closed a varlable diaphragm.
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Fig. 4.15, Circuit diagram of the crystal chamber
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Fig. 4.16. Block and circuit diagram of the optleal

system used to illuminate the crystal, -

L]
= 3 Point mource, Regulated
?lm “f mercury &rc lamp powar supply
; {
i : Y 4 om. dismeter
o <> 2.5 cm. focal’
. length, quartz

100 M0 400 300 A00 FCo R3O0 1K 200 v lenses

Anvnbenpih o MM

r-—--—-—- *
d.c. two phase]

e (] —— veriable diaphraz

plifier otor

]
' front surface
' mirrors
| | -
|.5 ecorder output
10 turn f current
pot, lectrometer

'-[_ I | l'1
#* Xenon lamp characteristics, ] |
supplied by manufacturer. : {
5 om. diameter
65 cm. focal ’T(f - l
length gquartz
lenses | |
\1( = |
tin oxide | ‘
coated r
quartz electro
[
quartz |
plate '
front surfa;se
nirror I
|
R |



100

A constant photocurrent was necessary to reduce drift
potentials at the Hall probes to a mlnimum, This can bhe
seen from the following enalysis. Referring to chapter 2,

section C.1, if V, # 0, equation 2.55 becomes
(X'/,(l)j"'/2 = (Vp-Vy )/ (Vp+V,). L,1

Thus, the electric fleld distribution, glven by equatlion

2.56, becomes
By = (3/2) (Vv ) Y3 (v )23t k.2
To first order,
aj ocal, = -AVyEe/3(Vi-Vy), 5.3
so that
av, = -3v(ai/3), o b

where J is the photocurrent density, 4j is the variation
in the photocurrent density, andAaV, is the variation 1n
the potential at a Hall probe with respect to ground
potential,

A filter was inserted in the light path that absorbed
any wavelengths lomger than 4000 3 to insure that carrlers

were not generated in the bulk of the crystal.

(9) FElectrical System,

The circuit used for the ueasurement of the Hall

voltage and the photoconductivity of anthracene 1s shown in
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Fig, 4.17. In this investigation, anthracene had a dark
resistivity of&101® ohm ecm. The photoresistivity was
typlecally 101% ohm cm. A vibrating reed electrometer,
with a 108 ohm reslistor across 1lts input, was used as an
ammeter to measure the photoconductivity. The line, in
FPig., &4.17, connecting the current electrometer toc the
light source represents the feedback system described
above in section 8,

Resides the high input impedance of the vibrating
reed electrometer, in excess of 1016 ohms, another useful
property of thils instrument was that compensating potentilals
for Hall probe misalignment voltage could be applled
without destroying the high input impedance or adding to
the circult capaciltance. Low circult capacltance was
necessary to reduce the time constnat of a Hall voltage
measurement. Assuming an lnput capacitance of 190 plco~
farads to the Hall voltage measuring electrometer, the
time constant for a measurement, without 11lumination,
would be of the order of three hours, Thls value was
obtained by usingelol7 ohms for the dark resistance of a
typical anthracene crystal, Since charge carriers were
rhotogenerated, this time was reduced to the order of
three minutes,

In practlice, it was lmpossible to place a Hall probe
on a crystal in such a manner that it would be on any
desired, arbitrary, equlpotential surface. Therefore,

wlth an applied electric fleld that ﬁas typically 200 V/cm,
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Pig, 4.17. 2lock dlagram for the measurement of Lhe

Hall voltage and the photoconductivity of anthracene.

Recordcer Bucking |
potentiometer
Voltage
electrometer
Optical system, 3
steady, UV M\ ||| Crystal
illumination ﬁLﬂl 2 o~
Fattery Voltage Voltage Voltage
supoly electrometer suDply
LACurrent Recorder Bucking
electrometer potentiometer
Note: 1 is the guard ring and 2 and 3 are —e

S ——
N ————
—
-

the Hall probes,
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one could not do better than align the Hall probes so that
the misalignment voltage was a few volts. This voltage
had to be balanced out by a suitable bucking potential in
order to observe a Hall voltage. A clrcult diagrsm of a
bucking potentiometer is shown in ¥Fig., 4.18.

The Hall voltage expected with a magnetic field of 25
kilogauss, an electric field of 200 V/em, and crystal
dimensions of 6 mm x 3 mm x 2 mm, was of the order of 10‘QV.
This value was obtained by assuming ’[lnfjlnkz 1 (see
chepter 3, section B), and using the elementary theory of
of chapter 2, section A. The value of the electric field
was chosen as a compromise to enhance the Hall voltage and
diminish the drift voltage. Space charge effectg, described
in chapter 2, section C.2.b, reduced this value by a factor
of two., Even with continuous recording of a probe potential
(half the Hall voltage), the maximum drift tolerable during
& measurement was about one order of magnltude larger than
the signal to be measured. A larger drift did not permit one
to detect a change in & probe potentisl upon application
of the magnetic field.

Sepgrate electrometers were used to measure the potential
at each Hall probe becsuse it was necessary to ground one
input terminsal of an electrometer when using 1t to measure
voltages (Fig. 4.17). Also, by measuring the potentials of
the individual Hall probes, one could discriminate between
a Hall voltage and drift voltages due to instabllities in

interelectrode leskage resistances and thermal and photo-
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Tig. 4,18, Circuit diagram of a bucking

notentliometer.
| | |
7Y 7V
50 ¥ ohms
10 tugnmzat. 12 X
A . 10 ¥ ohms

\

Output to
electrometer
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current variations. In response to a Hall voltage, the
Hall probes reglstered in different directions, i.e. one
probe became more positive and the other became more nega-
tive. 1In responselto drift voltages caused by unstable
interelectrode leakage resistances and thermal and photo-
current variations, both probes registered in the same

direction.

E., Drift Molbility Apparatus.

The dArift moblllity of anthracene crystals was
measured by a pulsgd photoconductivity method, developed
by Kepler.2 A block diagram of the drift mobllity apparatus
is shown in Fig, 4.19, A xenon flash tube was triggered to
emit & 2 miocrosec pulse of light. A monochromator selected
light that was strongly absorbed by an anthracene crystal
(3900 A).lu A photo~generated pulse of charge then drifted
acroas the crystal, and & voltage pulse was developed
across & resistor, R, in serles with the crystal., A
typical value of R was 20 megohms. The amplifier (galn = 1)
was used to mateh the impedance of R to the input impedance
of the oscilloscope (&~ 1 megohm) and to reduce the input
capacitance so that the time constant was less than 5 micro-
sec., The trace of the voltage pulse, developed across R,
was8 then displayed on the ¢scilloscope and photographed.
One then had a record of the voltage developed across R as

& Tunction of time. This enabled one to measure the

transit time of the pulse of charge across the orystal,
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Fig. 4.16. Block diagram for pulsed

photoconductivity measurement of the drift

mobllity in anthracene.

Light Pulse "\ \» l

Voltage
Supply

Crystel

-4imp11f1er

Oscllloscope

ill“
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"and hence the drift mobility. Although the drift moblillity
of one type of charge carrier was measured, holes, with

the proper blas applied to the crystal, the drift mobllity
of eleotrons could also be measured within the sensitivity

of the apparatus.
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5. Experimental Technliques, Results and Discussion

A. Hall =ffect Measurement

The Hall effect measurement was made as follows. The
nepgative blas, V,, applied to the collecting electrode (see
chapter 2, section C), was adjusted sc that one of the Hall
probe potentials was zero with respect to ground potential.
One could then determine the primary electric fileld intensity
at thié ﬁgobe by equation 2.56., The applicabllity of
equation 2.56 to the present measurements was verlfled by
placling peres along the length of a crystal and measurlng
the potential distribution. Hall probe potentlals were
recorded, as a funétion of time, while the magnetlc field
was varied perindically as a function.of time,

A Hall probe recording and a plot of magnetic field,
as functions of time, are shown in Fig. 5.1. The oscilla-

tions, which have a period of approximately 1% minutes, in

the recording of the Hall probe potential, Fig. 5.1, are

due to the temperature controller (see chapter 4, sectlon
D.7) turning on and off. The RC time constant of the circult
caused the time lag in Fig. 5.1 between the application of
the magnetic field and the onset of the increase 1n the Hall
probe voltage VM' This Hall voltage was determined from the
change in average slope of Vi compared to that of the wmag-
netiec field. This could be done at the several reglons of
change indlcated In ¥lg. 5.1. Thus, a check was avallable

for internal consistency of any measurement cycle. Errors
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FIG.5.1. (a)HALL PROBE POTENTIAL RECORDING,Vy
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in the values arlse from errors in choosing the average
slopes and were not belleved to exceed 30%. The slope
could be affected by instabilities in the photocurrent
and thermal effects around the Hall probes. Only those
traces showing reasonable stabllity were accepted for
analysis. About five runs were made for each of the
orlentations sand the reported data are the averages of
these runs,

Experimental data and computed Hall moblillties are
shown in Tables 5.1, 5.2, and 5.3. The data are for holes
2t room temperature. The Hall mobllity for electrons was
rnot measured because electrons‘could not be photogenerated
as efflciently as holes. The notation used for the crystal
dimensions, 1s the same as that used ln chapter 2. 7?was
computed from equation 2.81. The space charge factor, S,

was computed from equation 2.78 which 1is:
s =1 - (2L/w) tanh(w/2L), | 2.78

where L was computed from equation 2.80, L 1s a function
of the anisotropic dlielectric constant of the sample. The
anisotropic dielectric constant of anthracene 1s given in
Table 5.4. The geometrical factor, G, was computed from
equatinon 2.61. The infinlite serlies, given in equation
2,61, converges rapidly. This was verified by a computer
calculation to the first 16 terms. The Hall mobility, My,
was then computed from equation 2.83, which is given in

Tables 5.1, 5.2, and 5.3.
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Exverimental data and comouted Hall

nobility, at room temperature, for magnetic fleld parallel

to the g: direction.

My = (1007)/68)(V,/B,)

Crystal V., V. |Photo- v./B . 100 S G
Orientation L D current I w2z 7? }in
and 1 (mV/kG) {cm“/Vsec)
Dimensions (V) (10114 (v-1y
B xwxt)
()
Iphoto//b L6 86 0.8 0.21 2.6310.19110.906 ~3.2
Lé 106 1.0 0.29 2,40 |0.211]0,908 ~3.4
(5.5x%3%2.5)
L6 106 1.0 0.19 2.4010.211(0.908 ~2.4
46 106| 0.9 |0.26 2,40 [0.194[0.908 | -3.5
Iphoto//a L6 100 0.6 {0.15 2.68 10,27410.929 -1.6
46 100 0.?5 0.15 2.6810.30310,929 -1.4
(6x3x%2)
L6 80 1.0 0.13 2,96 [0,366|0.928 ~1.1
46 100 0.5 0.17 2.68 10.240(0.929 -2.0
VL s the posltive blas applled to the 1lluminated electrode.

VD is the negative blas applled to the collecting electrode.

¥

B, 1s the magnetlic fleld intensity.

VM 1z the volitage measured at a Hall probe.

7?= 2/WE,, where E; is the electric fleld intensity.

S 1s a factor due to space charge effects.

G is a factor due to the finite dlmenslions of the sample.
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fxperimental data and computed Hall

mobllity, at room temperature, for magnetic fleld paraliel

to the b direction,

Hy = (1000/GS) (Vy/B,)

Crystal V. V Photo- V../B | 100 3 G
orientation | Y P |current ‘ "z n }lH
and L (mV/kG) (cm?/Vsec)
Dimensions (V) (10-11a) (v=1)
(P xwxt)
(mm3)
70 70 0.8c | 0.h9 13.36 [0.285[0.961 [  +6.9
Iphoto//é 70 70 0.85 0,60 3.36 [0.24510,961 +8.5
70 70 0.85 | 0.45 3.361{0.243(0.961 +6.4
(7x2.5%2.5)
70 120 1.0 0.65 2,74 10.22910.977 +7.9
Iohoto//e"' |70 70 0.2 0.28 2.20 |0.097|0.882 +7.1
70 70 0.2 0.27 2.20 |0.097]0.882 +6.,9
(5.5x%x3%x3)
Vi, 1s the positive blas applied to the illuminated electrode.

Vp 1s the negative blas applied to the collecting electrode.

VM is the voltage measured at a Hall probe.

By

/E

is the magnetic fleld intensity.

S 1s a factor due to space charge effects.

2/WEy, where E, 1s the electric field intensity.

G 1s a factor due to the finite dimenslons of the sample.
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Experimental date and computed Hell

mobility, at room temperature, for magnetic field parallel

to the a direction,.

Hy = (1007)/GS) (Vy/Bg)

Crystal v, V Photo- v, /B 1007} s G
Orientation L D current I M z] ?? MHE
and (mV/kG
Dimensions (V) (10"11) " : (V'l) (en/Vsec)
(f xwxt)
(mmj)
Iphoto//c' |70 110 0.3 0.25 1.86 |n.104 (0,908 -4.8
70 130 0.3 0.19 1.7310.098|0.90 -3.
(5.5x3x3) ’ 77
70 120 0.45 0.19 1.80 {0.141 |0,909 -2.6
70 120 0.6 0.32 1.80 |0,179(0.909 ~3,6
70 105 0.6 0.41 1.90§0.18710.907 4,5
Inhoto//P 70 80 0.6 0.28 2.1310.096(0.897 -7.0
?0 80 1.3 0.73 201 0.18 0.8 =
(6. 553 5 3 3 97 9.5
x3.5) 70 80 0.6 0.36 2.1310.096 {0,897 -9.0
70 60 2.6 1.04 2.3410.3190.871 ~-8.8
electrode.

Vy, is the positive bias applled to the 11lluminated

Vp 1s the negatlve blas applied to the collecting electrode.

VM is the voltage measured at a Hall probe.

B, is the magnetic field intensity.

T} = 2/wEy, where Ex is the electric fleld intensity.

3 15 a fTactor due to space charge effects.

G 1is a factor due to the finite dimensions of the sample.
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Table 5.4, The anisotropic dilelectric constant

of anthracene.
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B, Drift Mobillity Measurement.

The drift mobility of holes, at room temperature, was
measured in anthracene crystals that were cut elther from
crystals used in the Hall effect measurement or from the
same boule that furnished crystals for the Hall effect
measurement.

The pulsed photoconductivity method that was used 1=
described in chapter 4, section E. The measurements were
made in an Ohmic reglion since the applled voltage was
proportional to the voltage developed across resistor R,
Fig. 4.16. The voltage developed across R 1s proportional

to the photocurrent. Thus,
v o I, 5.1

where V i8 the voltage applied to the orystal and I is
the photocurrent. For Ohmic conditions, the drift mobility

1s given by:
2
Hp =4 /vt , 5,2

where ;JD 18 the drift mobility! d is the orystsl thiockness,
and t is the transit time of charge carriers across the
crystal.

A photograph of a typical voltage pulse developed across
R and displayed on an oscllloscope is shoen in Flg. 5.2.
Measurements were made along the a, b, and c'! crystallo-
graphic directions. The values of the drift mobllity, that
were obtalned, are given in Table 5.5. t was obtained by
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Fig., 5.2, Drift mobllity measurement for holes
drifting along the E_Grystallographlc direction in
anthracene at room tempverature. d = 2,2 mm, V = 1500 V.

t = 16 microsec. Time is measured from richt to left,

-

Vertical scale: 0.2 V/cm. ‘

Horizontsl scale: 5 microsec/em.
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Table 5.5. The drift mobilitlies, measured in
anthracene at room temperature, for holes drifting along
the a, b, and ¢' directions. The drift mobilities are

given in cmz/Vsec.

Mo 1.0
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measuring the time from the start of the pulse (right
side of photograph) to the beginning of the decaylng tall
of the pulse (center portion of the photograph). The tall

is due to charge carriers belng released from traps.3

" The measured values of the drift mobllity, given in Table

5.5, are exactly the same as the values obtained by

Kepler.u
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C. Discussion.

The results, given in Tables 5.1 and 5.3, show the
Hall mobility of holes to have an anomelous sign when the
magnetic fleld is parallel to the & a&nd e' crystallographilc
directions in anthracene crystals. This means that the
holes were defleéted in the direction opposite to the
direction in which positive charge carriers would normally
be deflected by a Lorentz force. This agreesa preclsely
with the predictions of band theory, gilven in chapter 3,
where the hole bands &re so narrow one can conclude that
the negative effective mass states have been populated at
room temperature. Since the effectlive mass states are
welghted more heavily than the pusitive effective mass
states in the numerator of equation 2.43, a reversal in
sign for the Hall mobllity is obtalned..5 The results,
given in Table 5.2, show the Hall mobility of holes to
have & normal sign and a value that is larger than the
drift mobllity when the magnetlic fleld 1s parallel to
the b erystallographlc direction in anthracene crystals.,
The norasl sign for this orientation has also been pre=-
dicted by the band theory, given in chapter 3. The
earlier experimentalists who found Hall mobilities much
larger than drfit mobllities concluded that the conduction
bands in anthracene are very narrow compared to kKT at
room temperature. The results presented here indlcate-
that the hole bands are narrow but not so narrow &8s others

have reported,
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Table 5.6. (a) The Hall mobility in anthracene,
computed from the measured phdto-Hall voltage for photo-
injected holes at room temperature. The Hall mobilitiles
are gilven in cm®/Vsec. (b) The ratios of the Hall to
the drift mobility in sathracene for photo-injected holes
at room temperature. B// and I// indicate the aﬁes to which

the magnetic field and the photocurrent are papallel.

() B// 2 b c'!
1//
a +7.5% ~-1.5
b | -8.6 -3.1
c! -3.8 +7.0

(b) B// a b o'
1//
a +7 .4 -1.5
b -b, 3 ~-1.5
¢! -4.8 +8.8

Note: Minus signs indicate anomalous deflectlons,
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Table 5.6 summarizes the results obtained in this
investigation by giving the ratios of the Hall to the
drift mobilities for holes in anthracene. It should be
noted in Table 5.6 that when the current is in the ¢
direction IIH/}lD 18 negative for the magmetic field in
the & direction and positive for the magnetic fleld in the
b direction, Since anthracene cleaves readlily only in the
ab plane, it is presumed that the measurements discussed
in chapter 1, in which the directions were not specified,
were made on cleavage plates and therefore, the ocurrent
was probably in the c' direétion. In viexw of this end the
findings reported here, disparity in sign of the ratlo
among the investilgators discussed in chapter 1 12 under-
standable in cases in:which care was not taken in knowing
the orilentation of the magnetic field. It should be
further noted that if a thin cleavage plate was used,
then a significant fraction of the current could be due
to electrons generated in the bulk of the material, It
is not yet determined if anomelous behavior of electrons
follows that of holes. The band theory calculations,
given in chapter 3, are amblguous for the case of eleotrons.
If there is no anomalous behavior for electrons, then it
is possible to observe a larger Hall voltage than would
be ebsexrved with a single type of charge carrlier.

Unfortunately, a unique band width cannot be deter=-
mined from the experimental data presented in this work,
In order to obtain a unigne bsandwidth, the exact depen-
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dence of IJH/IID on the energy band structure of anthracene
would be required. This dependence, will, most likely, be
& long time in development because of the difflculty in
the required cslculations (chapter 3).
An important result of this work is the anomalous
sign for the Hall mobility of holes 1in anthracene, Since
strongly absorbed light was used to generated the charge
carriers and a positive bias was apﬁlied to the directly
illuminated electrode no doubt exists about the sign of
the charge carriers. Although the exact magnitude of the
Hall mobility is not known (because of the amall signal
to noise ratio and the corrections applied for space
charge conditions), the direction of the Hall fileld is
known. This result, as presented earlier, is conslastent
only with conduction by a band mechaniam since band theory
is the only theory which predicts an anomalous Hall effect.
From these results and those of -other investigators,
presented in chapter 1, one can conclude that the bulk
Hall effect is quite different from the surface Hall effect.
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Appendlx

A, The validity.of the firgt order expansion of the

dlstribution function in terms of the electric field,

Consider the Boltzmann transnort equatlon, equation
2.9, with no magnetic field and with the electric fleld

~along the x dlrection. Then,

-(f"fo)/r = ”\%E}{/h)(bf/bkx) ] ALl

ar

£ -ty = (e T /M) QE/Dky) DE/DE) = e Ty (/). A.2

In the expansion of f, used in chapter 2, 1t ls assumed

thats
l(f‘—f‘o)/fg|<< 1. A3

This is equlvalent to assuming,
e Toxm QIREN /T o| = [e Tvimg D DE /10| << 1. Ak

For anthrecene, since the band gap is greater than
3 eV (see chapter 1), one may use the classical Rolzmann

distribution given by:
f = A exp(-&/kT). A.5

O

Therefore,
Af OE /Ty = - L/KT A.6

and A.4 becomes:
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leTvxEx/kT <t . - A7
e7? =m g .1 A.B

m is the effectlve mass of a charge carrler and [LD is
the charge carrlier drift mobility. Vy may be obtalined
from band theory calculations. Typically, vy = 15 x 107
em/sec,® and MpE, & 200 cm/sec in this investigation.

Therefore,
e TvXEX/le = Imvx ﬂDEx/ktl-":: 7 x 1076 A9

when the electron mass is used for m. It is seen that
A.9 would be less than one i1f an effectlive mass of
even 1000 m would be used instead of m. Thus, it ils seen

that (£-f,)/f, must indeed be less than one.

B, The valldlty of the Jones and Zener expansion used in

equatlion 2,18,

The expension employed in equation 2.18 is in terms

of eB T/m, and is thus valid if:

eBT/m < 1. B.1

From equatlon A.8, it is seen that:

eBT/m = [ B. B.2

Typleally, Up= 1 cm?/V sec for anthracene (see chapter 1).
Since B was not greater than 40 kilogauss = 4 x 10'4 V gec/cm,

it 1s seen that [iDB XL x 10'1P and 1s less than one,
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C. Examination of the Boundary Condition Imposed on

the Flectric Field in Calculating the Space Charge Factor.

In caloculating the space charge factor, S, it was
assumed that one had the following boundary condition:

(dvy/dy)y=i_é" = 0, C.1

Here, one examines the effect of the followlng upper

bound on the electric field at y = iiws

where

2Vﬁ = 3Vﬁi. C.3
From equation 2.74, one hass

Vg = -By/A + (C{/A) sinh(y/L) . C.4

Differentiating equation C.4 with respect to y and using
C.2 and C.3, one obtainst

LVg(1+8)
of/a ¢ B . c.5
w cosh(w/2L)
Thus,
Vo > v ltrm) = (o (s SRD) J c.6
: W) - w s .
y B[ cosh(w/2L)
or
2Vy > vH[1 - (2L/w)(1+s)tanh(w/2L)] . C.7
Therefore,

s > (1-8)/(1+8) , c.8
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wWhere
(3 = (2L/w) tenh{w/2L). c.9

Since /3, wag found experimentally to be of the
order of one, it can be seen from C.8, that a lower

bound for S is approximately %(1-73).
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