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Ciiapter 1

Introduction

"his work is on the band structure of crystalline
anthracene and its pressure dependence, In this chapter,
we discuss the general characteristics of cerystalline
anthracene, the experimental facts about charge transport
i1 anthracene,and the objectives of this investimation
are stated.

It will be shown that this work introducrs an
internally consistent band model which is in good agreement
with the available experimental data.

A. General characteristics of crystalliine anthracene.

Anthracene,a planar polycyclic aromatic hydrocarbon
(gee fig.1.1),has been used in scintillation counters
for many years, Thus,beins readily available commereially,
in what was believed to be an adequately pure crystalline
form,anthracene has long been considered by many to bhe
a prototype material for the investigation of the
properties of organic semiconductors.

Most of these organic semiconductors have very high
electrical resistivity. Their dark electrical conductivity
increases exponentially with temperature asg”= d‘,’,ﬂXPl"E L)
hence the name semiconductors. The conductivity arises u ly
from the injection of charge carriers into the organic
semiconductor by some extrinsic means such as by contacts,
adsorbed gases,or impurities,

For anthracene E=0.85 e.v., g} o 2.5x10">" (olm-crn)-’,
ando‘i’o.c'k10'15(om.cm)-1. Since 2F is smaller than the

band gap,as can be secn from Fig., 1.%, for anthracene,
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Fig. 1.1. The molecular structure of anthracene,
o
CinEyp- The C~C bond lengths are approximately 1.4 A,
o
and the C-H bond lengths are approximately 1.1 A at
290 K.
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(23)

The conduction must be extrinsic. Pope has measur=d the conduction
threshold by the Millikan oil drop technique. He reported a value of
(24)

3.7 e.v. In a later review paper he concluded that the gap enerqay

is 3.8+ 0.1 e.v.

Organic semiconductors belong to the class of solids known as molecul-
ar crystals. The binding forces of these crystals are the Van der Waals

forces,and the molecules are relatively far from one ancther.

Due to the weak crystal forces,the molecular energy levels are
relatively undisturbed in a molecular crystal. In order to obtain charge
transport,it is necessary,at the very least ,to excite am electron into
one of these molecular states. The electronic states of aromatic molecules
are assumed to factor into noninteracting BEtSinC’J- orbitals and J¥-
orbitals. The@’-orbitals are symmetrical around the bond axis,giving
localized C-C and C-H bonds. The WI- orbitals are perpendicular to the
molecular plane. Fig, 1.2 is a composite sketch of three benzene
molecular orbitals for anthracene. The composite was made from a sketch

(1)

of the molecular orbitals of a benzene molecule and is used to give
a schematic representation of thecr'and'ﬂt orbitals. Any JI - orbital
overlaps equally with both of its neighbors so that thel’-electrons

are completely delocalized.

Considering only thé1T: orbitals,the ground state of the molecule
i8 obtained by placing pairs of electrons,with opposite spin,into the
lowest orbitals. There are an even number of electroms in snthracene,
The state of lowest erergy is a singlet state , An excited state
may be obtained by removing an electron from the uppermost filled
orbital of the ground state to a vacant orbital of higher energy.
If the spin is conserved in this process, the total spin of the
excited state 18 zero,giving rise to an excited singlet state.
If there is a spin reversal, the total spin of the excited state is
one,resulting in a triplet state. The first excited singlet and triplet
states of an anthracene crystal are shown schematically relative to the

singlet ground state in fig. 1.3,
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Fig. 1.3%. The first excited singlet and

trivlet states of enthracene.gingle crystals,
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B. Experimental facts about charge transport in crystalline

anthracene.

(2)

(3)

Kepler and LeBlanc have measured the drift mobilities
of electrons and holes injected in small numbers in an otherwise
neutral anthracene crystal,

Two facts have been clearly established: (1) The mobilities of
both holes and electrons are of the order of 1 cmz/volt.sec at
room temperature (2) The mobilities vary with absolute temperature

as T © , with 1<n< 2.

In a later investigation Kepler

(%)

measured the change of the driftc
mobilities of electrons and holes in anthracene with pressure at

(5>

3 kilobars, More recently Kajiwara et al measured the drift
mobilities of electrons in anthracene at different pressures up

to 6.6 kilobars. Their results are very close to those of Kepler.
Several investigators tried to measure the Hall mobility of injected

6-
carriers in anthracene (6-13)

. Although the quantitative data obtained
are in question, because of the experimental difficulties involved in
such a measurement, a general couclusion was that the Hall mobility is

(13)

anomalous in sign for some directions of the magnetic field

(

More recently Dresner 25) has measured the Hall mobility of volume
generated holes in anthracene under space charge conditions. His results
do not show such sign anomaly,they are also larger in magnitude than

previously reported values.

A mechanism of charge- carrier transport that invelves phonon -
assisted hopping from molecule to molecule would imply that the carrier
mobility increases with temperature contrary to experiment, On the hand,
a band scheme is consistent with the experimental temperature dependence

of the drift mobility mentioned above, This led LeBlanc and others(la-lg)

to



-

attempt calculations of the excess electron and excess
hole band structures and the mobllities of charge
carriers in crystalline anthracene. These calculations
are discussed in detail in chapter IV,

In order to be physically meaningful,such a band scheme
must satisfy a stringent condition imposed by the
uncertainty prinecipl 3d0ne possible statement of this
restriction is that the carrier mean free path with
regpect to scattering must be larger than the lattice
spacings. Or equivalently the uncertainty of the energy
assoclated with the relaxation time must be smaller than
the bandwidth# ,Although,as will be shown in chapter IV,
the band schemes mentioned predlcted the anisotropy of
the drift mobility to agree fairly well with experiment,
the internal consistency of these calculations remains
in question.

Levlanc®? and Toomba have shown that the band model
predicts the anomaly of the sign of the Hall mobility
obaserved experimentally. However, a hopping model
introduced by uin and Siebrand has also prediected
such anomaly,

Finally,comparison of the change of the drift
mobility with pressure,as predicted by the band theory,
with the experimental data was not vossible before the
pregent investisation because the linear compressibilities
of crystalline anthracene were not known.

C. Thesis objectives,

Based on the previous observations it was believed
that by using better molecular wavefunctions than the
ones used by the other investigators we could improve
both the agreement between the theoretical and experimental
values of the drift mobility as well as the internal
consistency of the model. Secondly,by deternining the

* Actually this condition is too stringent since the band
widens by kT at any temperature T ather than zero.
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linear compressibilities of crystalline anthracene,
the pressure dependence of the band structure could be
determined.These results can be used to test the band
model against the experimental pressure data.

The plan of the work was as follows:

1. Sample preparation, this involves growing pure
single crystals of anthracene as explained in chapter IT1I.

2. The determination of the linear compressibilities by
neutron diffraction techniques at high pressure.

3. Calculation of the band structure and its pressure
dependence using improved molecular wavefunctions.

4, Calculation of the drift mobility tensor at different
pressures and comparing the results with the experimental
data available.

5. Calculation of the Hall mobility,for the six possible
directions of the current and the magnetic field,at
different pressures.

6, The development of a high pressure gas system with
the following specifications:

a. A non-megnetic pressure cell with two optical windows
and as many as five electrical lecads available at the
outside.

b. A miniaturized sample holder which can fit into the
cell.

¢c. A preciase method to measure the pressure.

7. Measurement of the Hall mobility at different pressures
and comparing the results with the theoretical predlictions.

All parts of the plan were completed, However no
quantitative data were obtained for the Hall mobility
because of a new effect reported for the first time
in these crystals as will be discussed in chapter V.
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Chapter II
Drift and Hall Mobilities

This ochapter consists of two main sections as follows:
A, Flementary theory of the Hall effect,
Thie section deals with basic definitions and
description of the Hall effect.

B, General theory of the drift and Hall mobilities.
Expresaions of the drift and Hall mobilities, in the
general case of a statistical distribution of drift
velocities, are derived by solving the Boltzmann
transport equatiorn,
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A, Elementary tkeory of the Hall effect.

The usual geometry used to describe the simple Hall
effect is shown in Fig. 2.1. A longitudinal currentJ;
is flowing 1in a sanple in the shape of a rectangular
parallelopiped. On arplying a magnetic field in a dir-
rection normal to that of the current, along the Zz- axis
in Pig. 2.1, charge carriers are deflected due to the

Lorentz force given by q YX B .

Positive charge carriers acquire a velocity component in

the negativeyY- direction.

If no current is allowed to leave the sample in the Y-
direction, charges will accumulate on the sides normal to
Y- axis, This charge accumulation produces an electrie
field E.H which in turn exerts a force on the charge car-
Tiers opvosite to the Lorentz force. Charge accumulation
will continue resulting in an increasing value of £,
until it produces 2 force equal in mag:itude to the
Lorentz force, With this value of the field EH the net
transversal force on the charge carriers will be zero
and there will not be any more deflection as they travel

across the saaple.
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The electric field EH is called the Hall field and it

is given by the Condition of zero force as follows:

e, =-9 ¥ xe (2.1)
E.=-Yx8B (2.2)

with the configuration of Figure 2.1 equation 2,2 becomes

The longitudinal current density J; is given by
J;_ =nq Vx (2.4)

where n is volume density of the charge carriers,

Substituting equation 2.4 into equation 2.3 it becomes

EH.-..- J;an? (2.5)
The Hall Coefficient is defined by

Ry = E’H/J; B (2.6)
The Hall mobility is defined as

My = o Ry (2.7)

Whereg” is the conductivity in the x- direction.
Prom (2.6) and (2.7) /U(H is given by

Pu = By /18, (2.8)

Since 7, = ﬁJE-x (2.9)

therefore )"H can be written as

— (2.10)
/“H = E'H /E_sz-
In this simple analysis equation (2.5) and (2.6) lead
to

Ry = ,,—,%- (2.11)
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since o~ = M4 Hp (2.12)

Where /"{D is the drift mobility in thex — direction,

plugeging equations(2.11) and (2.12) into equation (2.7)

1t reduces to M, //MD: 1 (2.13)
This simple equivalence between the drift and Hall

mobilities results from the assumption that all carriers
will have the same drift velocity. In general, this is
not true as will be shown later on { page 19), Therefore
a general treatment using the transport theory is necessary

to derive expressions for both drift and Hall mobilities.,

The Hall field E. H results in a Hall voltage \/I4
given by (see Fig. 2.1)

vy = V%- Vi =WE (2.14)

s My =V /WEx BZ (2.15)
Equations 2.6, 2.7, and 2.5 will be used as definitions

in the next section.
B. General t:ieory of the drift and Hall mobilities.

In all of the fellowing analysis only one type of
charge carrier will be assumed responsible for cone
duction, although the analysis applies equally well for
either type.

The Boltzmann transport equation is usually written as: (1)

Evf+vgfedf =(é.£ (2.16)
I ot at

Coll
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Where ‘F ([}_P)‘tj d_f d_[ is the number of particles

in the volume element d I around |° in the momentum
volume element P around P at time+{ .¥ is the force
on the particle,V is the velocity of the particle, and
(a{) is the rate of change of the distribution function
21 /¢l

£ due to collision.

In the stemdy state ?_.on and equation (2,16) becomes

E Vef +v. 4§ =(‘3't£)cw (2.17)

Tf the medium is homogeneous, doeg not depend on the

position and ¥ £ will be zero. For an electron moving

in a magnetic field _E_="ELE_:+MX _B_) (2.18)

In this case the Boltzmann equation reduces to

—e(E+vxB). g =(éf-J (2.19)
£ ) "-P{ 2t/ colf

In the absence of external fields and at thermal equi-
11brium¥ is given by the Fermi-Dirac distribution

1
function = e T ] 2.20
on Yo = STl + 1 (2.20)
Where E,'__ is the Fermi level. When there are external

fields which cause f %o change only slightly from -f-; ’
different degrees of approximations (2)are used for

the term (b‘vbt] collision. In this work the s80-

called relaxation time approximation is used in which

(ﬁ) Ar o ['F..-fa)//z—- that is, the rate of change of

a1 Coll
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£ due to collision is proportional to the negative of
the change from the equilibrium value.

Substituting this expression of(%_tf)(: i in equation
v

(2.19), the Boltzmann equation takes the form (2.21)

~e (B +vx®) . Tpf = - (F-%) [ (2.21)

A method deve£0ped by Jones and Zener{3)ia used to
solve the Boltzmann equation, A new dependent variable
< is introduced such that £ —.:‘f;-—- P 'SE%{Q (2.22) , p
is now to be determined from the solution of the
Boltzmann equation (2.21). The velocity of the electron
is the group velocity, given by V= YECJ-—'_—’II-—?!‘,E_ (2.23).
since P = H k , thus V, = _%_ 7, (2.24).

The term Vf i3 now evaluated:

%f = & GF = 0% - () Yo - ¥ 2]
Sincefo is a function off only, therefore

_gf—a_f_vkﬁ ﬂviff (2.25)
Also

VK@SE—#.VBB_%:

€
Therefore Vp{ V g_fe d)%) E_fp Y P (2.26)
with this expression for V',«F ’ he term(VxBJ YP‘F

becomes:
fo |

(vx8). Vpf=(vxa) . [V[2e- b ¥ ) —4 (G2

e o7 A
since (y_ X?) V=0
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therefore (_\_/ Y_@Jg?f¥ — ':%[(.‘:/X @) Y}_f‘?’]%%

==L (¢e] B (Wyary)

H VOE /[ -
= 11,
w5 )8 g e
= _L a'yo
w g B39 tige)
=L 2%,
wlse) 2o
(2.27)
wheres\ is the vector operator defined by
52 — ?kf— X 57!5 (2.28)

If equations (2.22), and (2.27) are substituted in the
Boltzmann equation (2.21), an equation for the variable
P (k) is obtained as:

c,b/r)_-— + %E, VKZ + 5 sLp =0 (2.29)

In deriving equation (2.29). terms inE-? andE_q'J are neg-
lected since equation (2.22) is considered as a first

order expansion off in powers of £. The solution of
(2.29) will be shown to be consistent with these approx-

imations.

Jones and Zener(3) golved this equation by iteration.

They expressedcp in ascending powers of B as follows:

D = TE. YL 2}_5-3}(’2‘@-?5@)1“
? (2.
GTEmBnprege)s.. ] P
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The density of states per unit volume in the K space is

Q/ TTP where the factor 2 in the numerator accounts

for the ¥wo possible orientations for the spin. The

current density due to electrons is therefore given by:

e 2 . _
J = e(m ﬂff]Vd_}g —%ﬁﬁ%ydﬁ (2.31)

all ¥ sface all K stace
From equation (2.20), it follows that
Ao, = — FolI-f) kT (2.32)

(R &
If the density of electrons in the conduction band is

amall enough so that -Fo &f o i.e., if the system is
non~-degenerte so that it may be described by classical

Boltzmann statistics, equation (2.32) reduces to

2t -
S = _{O/K—[— (2.33)
and the current density is then given by

. —e 1 quvf dk (2.34)

- 4“1'!‘3 KT‘”,,,‘;Me
To derive an expression for the drift mobility the mag-

netic field B is set equal to zero and the electric field

E is assumed to be in the x- direction, The s~lution for

<p in this case is given by

P = -—__hg_’zjg;x% =~eTE N, (2.39)

gubstituting this value ofgpin equation (2.34) the current

density in the x- direction becomes

J, = an = f“v? d K (2.36)
473 KT

Since the density of carriers is given by

n — 1 ( (2.37)
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equation (2,.36) can be wri tten as: J_x = el Lx » 4.77'3;0(2.[{1

i KT ,
Sdx = ﬂrf?_ﬁ"‘ <"“v2> (2.38) Since 7. :—’)f)e/-(bl%C
where Mp is the drift mobility in the x- direction
s Hp = n--r <’t'v?> (2.39)

Similar expressiong follow for the rest of the com-

ponenta of the drift mobility tenrsor.

To derive an expression for the Hall mobility, external

fields are assurned in the following forms:
—_ E. :c + E- y (2.40)

'IGU im

= 8, z (2.41)
th these fields equation (2.30) forcpbecomes.
- -e
b = e r[E, Gt B 3 IR B el £V
(2 42)
Substituting equation (2.42) in equation (2.34) for jJ,

the y- componerltJJ" is given by

T= & e [TV E NS, dk -

e (2-4

4332 —H:;-_zﬁ' \:"73'1-2 L?{E,Vx "'EHV_'/)] R _6’ 3)
Since Jy = Oyx by +0yy £y (2.44)
and since for the configuration considered in Figure

(2.1), in the steady state ], _ O, ea.(2.43)1leads to(2.45).

J
= = - 0%} ____-(’t Vx>+£§_2_§_’2'_l’£‘:£?;"£-l (2.45)

E X
> gy P -‘352 LTV L2 T
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Since in the absence of a magnetic field,] =0 » the term
<’};‘\9\é> must be negligibly small. The second term in
the denominator is a magneto-~resistance term, This effect
was measured by Frankevich and Sokolik,(5)They measured a
variation in the photocurrent as large as 8% when
anthracene crystals were placed in a megnetic field of 3
kilogauss. However, it is believed that this Frankevich
effect is significant only for light intensities greater
than 1018 photon/cme. sec. The effect was not revorted
for lower light intensities. This term introduces a
guadratic term in the Hall mobility. In the range of mag-
nitude of magnetic field where linear terms are dominant
it is reasonable to neglect the second term in the den-

ominator of equation (2.45).

From equation (2,15) the Hall mobility is given by

/MH :E-H{E_IBZ , therefore equation (2.45) leads to
- e LXV=m2tVo
MU = gy <’t’Vj\> (2.46)

Also 5}’),_ = -:},%’if?fzf'-’nCT\{y s, TV > (2.47)

expanding the operator st._aa defined by equation (2.28),

Z
the term <’}_‘Vy = I A becomes

2 -1 -
YT Ty y= DY vy My M )2+ VgV ST (2.48)
Where M'E} is the symmetric effective mass tensor defined

~ Mot = ) (9%
| =l -

ok, oK,
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Two simplified models are usually considered for the

dependence of ’}’on K .
1. Constant relaxation time.
2. Constant mean free path.

When the first model is considered, namely constant 7},

the second term in egyuation (2.48) vanishes and My is
\ -WM
then given by/lH e < y‘v"["ﬂ_,.f__xi? (2.50)
&P
If the second model is considered i.,e. constant free path

A JYis given by 7 = ,_A.._. (2.51)
|v(X)

The second term in equation (2.48) can now be expanded

as follows:

YRz T 7= <Vh g Y, 25

—#(?‘vv (v a'r ~oT ) (2.52)
3Ky
equation (2.52) can be wr'itten as

TV 1) = B (VW) -2 (i) -

7R MV (25

On applying Green's theorem to the first term on the
right side of equation (2.53) it vanishes, and the second

term reduces to

<’Z‘ xS U= i‘ﬂ ’Z"[VQM ~V2AM )7 (2.54)
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Substituting equation (2.54) in equation (2.48), the Hall

mobility for a constant free path beccmes

/“H= e <T(2%% <$5;;x- xJML—(e.ss)

If ® Hall current J-H , is to be measured,EH is then zero
The Hall mobility is then given by

My = J’H/J'x 32 (2.56)

The solution of the Boltzmann equation then leads to

Tifr= 3 B (T G

(2.

On applying an analysis similar to the one used fHhr Hall
voltage the Hall mobility is then given by

/uH__ET <’&'2(jM1x+V;2H_;}—2Yy H.ixJ> (2.58)
Mo 2 VA LTVE D

As shown from equations (2.58) and (2.55) /“H For Hall

voltage is in general not the same a.s/(Hfor Hall current

for an anisotropic material like anthracene,

The above equations for /UH and /ND can be apnlied to
rositive charge carriers i.e. holes if e is changed to

-¢ and the erergy, (f, is changed to -(f.
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Chapter III

Measurement of linear compressibilities of anthracene
and determination of a vossible set of elastic constants

Evaluation of the drift and Hall mobilities as given
by equations (2.39) and (2.55) requires knowledge of the
band structure of anthracene, i.e. the dependence of the
energy &€ on the wave vector K. Since the averasing nro-
cesses shown in these equations are performed over t-e
first Brillouin zone it is necessary to know the geo-
metry of this zone. Both the band structure and the
first Brillouin zone depend on the lattice parameters
of the anthracene crystal as will be shown in Chapter
IV. If the mobilities are to be calculated as functions
of pressure, the variation of the lattice parameters

with pressure must be determined first,

There are two types of interactions in molecular
crystals of aromatic compounds, e.g. anthracene. The
atoms in a molecule are strongly coupled via covalent
interactions (intramolecular interactions) and the
molecules are held together with weak wan der Waals
interactions (intermolecular interactions). Obviously
the intermolecular distances are shortened first under
pressure. Becauge the intermolecwlar interactions are
relatively weak, these crystals may be expected to be
quite compressible in the pressure range up to 100

kilobars. Dispsrsion forces between conjurated T]-
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electron systems nre anisotropic, therefore volume
compressibility data are not enough to determine the
linear compressibilities. Although these linear com-
pressibilities can be calcukated from the elastic con-
stants in the linear approximation, the latfer are only
approximately known. Therefore direct experimental data
on the linear compressibilities are necessary for these

cryatals,

For the sake of continuity this chapter is divided into

two main sections as follows:

A. Experimental determimtions of linear compressibilities
of anthracene using neutron diffraction techniques.
This cection contains information necessary for the

rest of the thesis.

B. Determination of a possible set of elastic constants
which is consistent with the measured linear com-
pressibilities,

Thies section involves further manipulation of the

data and is independent of the rest of the thesis.
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A. Experimental determination of the linear eompressi-

bilities eof anthracene.

xperimental procedures and asparatus.

1. Purification of anthracene.

Measurements involving charge transport in anthracene
require single crystals of high purity. Impurities and/
or defects can act as charge trapping centers which may
change the properties of this material.(1,2,3) High
purity single erystals were prepared as follows,
commercial grade synthetic anthracene (Eastman H480)
was purified by vacuum sublimation and zone refining.
All purification processes were performed under yellow
"safe" lights to prevent photo-reactions from generating
impurities. The major impurities in synthetic anthracene
have been isclated and identified, These are anthra-

quinone, anthrone, bianthryl, and 9, 1O-dihydroanthracene.(4)

Vacuum sublimation

Purification was started by vacrum sublimation. The
apparatus used for this purpose was a combined sub-
limation and zone refining tube shown in Figure (3.1).

60 grams of synthetic anthracene were loaded into the
left-hand bulb, the filling tube sealed, and the apparatus
pumped down to a pressure that was less than 50 microns,
The left-hend bulb was placed in a furnace, maintained

at a temperature of 145C ¢, and the anthracene sublimed
under continioua evacuation into the second bulb, The

rnost veolatile impurities were pumped off and trapped.
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When avproximately 957 of the anthracene had passed
over to the second bulb, the fura-:ce was turned off and
the remaining 5% impure anthracene was sealed in the

first bulb by melting the constriction between the
first and second bulbs, The apparatus was flushed
twice and filled to + atmosphere with pure nitrogen

(research grade). The remaining bulb and zone refining
tube were then sealed off from the vacuum sgystem and the
anthracene was melted into the zone refining tube amd
allowed to solidify from the lower end of the zone
refining tube.

Zone refining

The next stage was zone refining. This was carried
out on a Fisher zone refiner, shown in Figure (3.2)
The refining was carried out in thick-walled, 20 mm,
Pyrex tubing to reduce the possibility of breakage
which could occur as a result of the large expansion
on melting which is characteristic of organic comnounds,
Better segregation was obtained by the use of air coolers
above the heaters to stabilize the width of the molten
zone., Another precaution is to start zone melting at

the free surface to avoid tube breakage. The prosence
of an inert gas in the t:be prevented serious sub-

limation of anthracene up the tube. About 30 zones of
4" to 1" in length were passed down a 14" column at the

rate of one inch per hour. The heaters were maintained

at the lowest tempernture that would permit the forma-
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tion of a grod zone so that thermal decomposition could
be minimized,

The most obvious change of the anthracene column dur-
ing zone refining was the concentration of yellow anthra-

quinone 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 anthracene column, These impurities
have a segregation coefficient that is less than one.
(The segregation coefficient is defined as the ratio of
the impurity mole fraction in the solid to that in the
1iquid(52). Impurities which raise the freezing point
traveled in a direction opposite to the direction of
motion of the molten zone and therefore tended to
segregate at the top of the anthracene column. These
impurities have a segregation coefficient that is greater
than one, An impurity such as carbozole has a segrega-

tion coefficient that is approximately one and is there-
fore not efficiently removed by zone refining, however

the synthetic anthracene used did not contain carbozole,
When the zone refining was completed, the tube was

cracked open and the upper and lower ends were rejected.
The center portion of the anthracene column was then

combined with a similar material and loaded into com-
bined sublimation, zone refining, and crystal growing
tubes. The material was then sublimed as before, and

melted into the combined zone refining and crystal
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growing tubes., The material was then zone refined.
After this second zone refining, the top end of the
column was melted into the empty sublimation bulb. The
center portion of the column was then melted into the
crystal growing tube which was then sealed off from

the zone refining tube, In this way the transfer was
effected without exposing the anthracene to atmospheric
oxidation and the crystal was grown in the same atmo-

sphere as used for the final zone refining.

2. Growth and quality of anthracene orystals.,

Crystals were grown by the Bridgman method in which
controlled cooling is carried out by slowly lowering
the crystal growing tube at a rate of one inch per day
through a vertical temperature gradient from the hot
to the cold end(®), A suitable temperature gradient
was obtained by arranging two isothermal furnaces, as
shown in Figure (3.3%), such that the uvpper furnace was
at 240 and the lower furnace was at 2050¢, (The nelt-
ing point of anthracene is 2179%¢,)

A diggram of the crystal growing tube is shown in
Figure {(3.4). The tube was suspended in the furnace,
as shown in Figure (3,5}, so tnat the tip was just below
the melting point isothermal, and the lowering mechanism
was then turned on. Crystallization was begun by cool-
ing the tip of t e tube, This prevented supercooling
and the subsequent formation of multicrystals. As the
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tube is lowered, crystallites grow until, just below
the bent capillary, several large crystallites occupy
the tube. The bent capillary inevitably selects a
particular seed which grows into the upper tube as a
large crystal. 1If the angle between the capillary and
the tube axis is less than 45°, the a b cleavage plane
will grow parallel tc the tube axis, TIf tihe angle is
greater than 45° it will grow perpendicular to the
tube axis{7), when growth was complete, the crystal

in the tube was removed from the lower furnace and al-
lowed tco cool rapidly for a few minutes to let the
crystal break away from the tube wall, There was
usually a cracking sound as this occurred, The crystal
and the tube were then returned to the lower, anneal-
ing furnace and coocled to room temperature over a
veriod of three days. After this period, the crystal
tube was opened and the crystal boule was easily slid
from the tube because the inside surface of the crystal
growing tube had bren treated with "Dow Corning 200"
silicone release agent, dissolved in methyl ethyl ket~
one, After treatment, and before filling, the tube had
been baked for one hour at 275%. The release agent
reacted chemically with the glagss airface and when a
crystal was grown, contamination of the crystal, due

to the release agent, did not occur.
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No impurities were eluted in a gas chromatography.
Therefore, it was concluded that the total impurity
content was less than 1 P,P.M, The final purity and
structural defect concentration of the material was
checked by the triplet lifetime which was found to be
between 20 a-d 25 m, sec., equivalent to the longest
which has been reported(8),

Cutting, orienting, and shaping a sample from
a4 oxrystal boule.,

A crystal boule usually had some cleavage cracks.
A»plying pressure with a razor blade in the direction
of the crack readily cleaved the crystal avart. The
cleavage face is the a b plane, The location of the
a direction in the plane was obtained by a polarizing
microscope(9) and checked by observation of the double
refraction of the crystal(10). With this information
and knowing the relative directions of the b a:d ¢’
directions{11), ime crystal could be cut in any desired
orientation of the a, b, or ¢’ directions Figure (3.5).
After orientation, the crystal was cut with a string
saw using Xylene as a cutting medium. An optical fin-
ish was obtained by polishing the crystal on a glass

slide covered with a "Kleenex" tissue, scaked in xylene,
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Neutron diffraction experiment:

This experiment was performed at the High Flux Beam
reactor of Brookhaven National Labotatory. A monoe-
chromatic beam of neutrons of wavelength 24609 A was
Bragg reflected off a single erystal of anthracene. The
beam was obtained from the (002) reflection of a pyro-
lytic graphite monochromator(12,13), The half wave-
length component was essentially removed by means of a
pyrolytic graphite filter. The Bragg angles of reflect-
ion were measured with a precision of 0.029, Two samples
in the shape of a rectangular parallelopiped were used.

The dimensions of the samples were 2x3x6 mn and 2x6x3% mm
in the g{xgxg directions respectively.

A pas pressure gystem using helium as a pressure
transmitting medium was used, The aystem consisted
mainly of two sections, a low pressure section, and a
high pressure one,

A two stage air-operated compressor was used to pump

the whole system up to two kilobars (American Instruments
Company Ne. # 46 - 14021). The pressure in this
range was measured by a Heise dial gauge which was also

used to calibrate a manganin wire resistor whose resist-
ance varies linearly with hydrostatic pressure in the
pressure ramge of interest in this exp:riment. The

resistance was measured by a d.c. bridge.
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Above two kilobars the low pressure section was i50-
lated by neans of a high pressure valve, An Fnerpac oil
hand pump was then used to pump up the piston of a pres-
sure intensifier which has a ratio of 1 to 15 (Harwood
Engineering Company, Inc,.,, No. A 2,5J Laboratory type
intengifier for gas service to 200,000 P.S.L.). The high
pressure section was thus raised from two kilobars to a
final pressure up to 5.4 kilobars. The pressure in this
range was measured by the variation of the resistance of
the manganin wire resistor. An aluminum cell with a
cylindrical vertical bore was used as a sample chamber.
The cell was bolted to the tray of the neutron diffrac-—

tion spectrometer,

Procedure,

A computer program using the published wvalues of the
lattice parameters of anthracene{14)determined the ap-
proximate positions and indensities of the different
Bragg reflections. The strong ones, namely, (020),
(200), and (003) were selected for measurement. The
variations of the lattice parameters with pressure were
deternined from the shift of the Bragg reflection angles
with pressure,

Results

Figures (3,6 -3, 9) show the lattice parameters a,
b,c, andP of anthracene as functions of pressure up to
5.4 kilobars. It is clear from the figures that up to

this pressure the parameters are linear with pressure,
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The data were therefore fitted to straight lines using
the least squares method. The equations of these best

lines are as follows:

Q = 8.546(1--00496P) & (3.1)
b=60l{1-.00286P) A (3.2)
C =1l162(1-. 002TTP) A (3.3)

P =12 4.‘59[1_+.00067P) degress (3.4)

where P is in kxilobars.

From the above equations it can be noted that the line
ear compressibility along | 1is very close in magnitude
to that along ¢ and about half that along &. The volume

of the unit cell is given by
V=0QabC snfp (3.5)

For small changes in the lattice parameters the frac-

tional change in volume is given by

AV _aa ,ab . ac
o= T"'T”"E’""aﬁ Cet(P) (3.6)

Fig. (3.10) shows the percentage variations in a,b,c,

P as well as v as functions of pressure.

Comparigon with previeus data.

The most recent measurement of the vplume compres-
8ibility of anthracene was done by Vaidya a-d Kennedy(15),
Their results show a change of volume of 5.5% at 5 kilobars
and the value calculated from this work is 5.8% in fairly
good agrecment. Rice and Jortner(16) noticed that the

volume conpressibility data of a number of aromatic
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crystals (i.e. naphthalene, anthracene, biphenyl,
terphenyl, and substituted benzenes) as measured by

Bridgman(17) and by Kabalinka(18) do not differ from
one compound to the other by more than 20% up to 50
kilobars. That led them to construct an approximate

unified volume compressibility pressure curve for a
generalized molecular crystal of aromatic molecules.

They also used these reneralized data together witan

the data of linear compressibilities of linear poly-

rhenyls as measured by Kabalinka{18) to construct a

gerneral linear compressibility curve for a model mono-

clinic crystal. Table 3.1 summarizes the above results.
From table 3.1 it can be noticed that the volume

compressibility calculated from this work is in good
agreement with all previous data. The linear compres-

s8ibilities of anthracene in the a and b directions are
slightly smaller but very close to those introduced by
Rice et al (within 104). The linear compressibility of

anthracene in the ¢ direction is almost 40% larger than
that of Rice et al., However, we would like to point out
here that even the linear polyphenyls upon which Rice

et al based their model differ in thelr linear compres-
8ibility in the ¢ direction. Therefore, we conclude that
the available data justify speaking of geweral linear
compressibilities for a model monoclinic crystal in the

8 and b directions but not in the ¢ direction.



S 4T

Table 3.1

Linear and volume compressibility data of anthracene,

Vaidya
et al

Bridg-
man

Kaba-~
linka

Rice
et al

This
work

athracene
5 10
kilo- kilo- ©bars
bars bars
av/v .055 ,091
aAv/v 057 .09
aa/a .054
ab/b .030
ac/e 022
av/v 083  .106
aa/a .054
Ab/b .030
ac/c .020
ob/p -
av/v .095
aa‘a  .0248
ab/b 0143
Ac/c  .0139
aBlp  .0034
av/v .058

biphenyl
10 kilo-

terphenyl
10 kilo-

bars

.054
.030
014
.098

quaterphenyl

10 kilo~
bars

.054
.030
.005
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B, A possible gset of elastic constants of anthracene.

The linear compressibilities of anthracene can in
principle be calculated from the elastic cnstants in
the linear approximation, as will be shown later. Three
sets of elastic constants of anthracene have been de-
duced experimentally by Afanaseva e a1(19), Huntington
et al(20), and Danno et al{21)  1In all cases the ultra-
sonic velocities were measured along specified directions
and the elastic constants were obtai ned by solving the
Christoffel equations(20),

This procedure involves both experimental limitionsa

in measuring velocities e.g. high attenuation, small
specimen size, inhomogenities in the material, transit

time correction, as well as computational errors in
calculating the elastic constants, Huntington et a1(20)
have stated that the velocity measurements have only a
marginal accuracy of, at best about 29, often consider-
ably worse. The propasation of random errors affect
some constants more than others, depending on the data
reduction procedure, A fourth set of elastic constants

(22)

was derived by Pawley ugsing the atom - atom potential

model proposed by Kitaigorodskii{23),

In the next two sectiong we first show how the lin-~
ear compressibilities zare calculated from the elastic
constants and then we discuss a trial to improve the

available values of some of the constants using the ex-
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perimental values of the linear compressibilities,

Calculation of the linear compressibilitieg

from the elastic coastants in the linear approxi-

mation.

Hooke's law when applied to an a:isotropic material
takes the form
€ :Stjkpg;/ ((,i)k,P=1,23) D
whereezfjare the componénts of the second rank strain
tensorucygfare the components of the second rank skress
tensor, and €%ka are the components of the fourth rank
compliance tensor, There are 9 equations of the fom
(3.7) for different values of i and j. Each equation
has nine terms corresponding to different values of k
and 1, The tensorg therefore has 81 components. If
equations (3,7) are solved for the stress components
equations (3.8) ar: obtained
OTJ‘ = C“'Kfe:kp (3.8)
where the 81 C}jkﬂ are the components of the fourth rank

stiffness tensor.

The C“- k/ and the 6{-“(/ obey the following sym-

metry conditions:

Sijky = Sj(kﬂ (3.9)
Siikl = 5} 0k (3.10)

Cljkp - C”pk (3.12)
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BEquationa 3.9 - 3.12 reduce the number of independent

components of & and CUKP to 36 components each.

(¢

The matrix notation,

The symnedry of ©. . and C... , in the first two and
v Ljkp ijkf
last two suffixes makes it possible to use the matrix
notation as shown below. Both the stress components and
the strain components are written with a single suffix

running from 1 to 6:

:j :2 :’,’3 [er % o (3.13)
5k o | o
o % O; o3
S S “BT=[< e 4 (3.14)

2 €2 ezl |ng &
€ 1, €
|3 G5 e (S %% &

th . .. h i -
In eﬁljkﬂ and CthPt e first two suffixes are abbre
viated into a single one running from 1 to 6, and the
last two are abbreviated in the same way, according to

the following scheme;

Tensor notation 11 22 33 23%,32 13,31 12,21
Matrix notation 1 2 3 4 5 6

At the same time factoras of 2 and 4 are introduced as
follows,
6();(;: ‘57"” when both m and n are 1,2, or 3,

o when either m or n are 4,5,0r 6
26!‘“((: 6”7} !
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4—5(”(/: ‘S,m,n when both m and n are 4,5, or 6.

Now consider equation (3.7) written out for € o d

€23

€u = Owilr Tyt SOzt €33= Soai  S2312%t 3,395
St Sty t Rt 326+ S1302%+ G323
5!!3:051'?5]132 0§2+ 51;33633 5-?33,6"-;;,+ 523320‘3’,2-} 623339;3

In the matrix notation these two equations become:
€ = Sﬁljo-.l'/ and €4 = 541‘05
In general, therefore, equation (3,7) takes the shérter
fomm € :5“,0]{ (t,j=1,2,- 6] (3.15)
The reason Hr introducing the 2's and 4's into the
definitions of the 6(.— is to avoid the appearance of
2's md 4's in equation ¢3.15) and ® make it possible
to witte this equation in a compact form.

For the Ct'jkﬂno factors of 2 or 4 are necessary.
For if we simply write ijh’? = Cpp (ffjlk,pffz‘?ﬁjm;”d;?,---6)
it may be shown that equations (3.8) take the form
6; =C< l4,i=42,....6) (3.16)
Therefore in this notation the arrays ofﬁ;.j and C(j
are 6x6 matrices while (d[") and (e(-) are 6x1 column
matrices. It should be pointed out here that, in
spite of their appearance with twe suffixes, the SU'
and C[J are not components, and so do not tranaform
like the ocomponents, of a second rank tensor. To
tranafer them to other axes it is necessary to go back

to the tensor notation,
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The effect of crystal symnetry

The presence of symmetry in the crystal reduces still
further the number of independent Sl-) and C“ s In
the case of monoclinic crystals like anthracene symmetry
elements reduce the n mber of independent components in
each of{S,-j) and (C}'j') to 13 comvonents. The arrays of

61’j and (;; therefore are written out as follows
[ G4 52530 55 0 7 andfC, iz &3 O G5 01(3.17)
9 51 530 S50 Cq Caz C30 G50
531 532 S33 0 5350 Gy €32 C33 0 S350
O 0 0 S0 Gy o o ©0 Guoc
OB 557 5530 595 O Gy Cha 3 © G550
L 0 O O 5440 Se 0 o o ng.oQ

From equations (3.15) and (3.16) it is e¢lear that the matrix
(5{}) is equal to the matrix (CU) which is the inverse of
the matrix ICU') .

Further restrictions on the constants.

"he work necessary to produce a strain a‘.l.,called the

?Z'Ci.i € € (3.18)
“his energy must be positive, for otherwise the crystal
would be unstable, This means that the quadratic fomm
(3.18) must be positive definite, that is, greater than
zero for all real values of the €L unless all 6.‘.(- are
zero., Thias imnlies further restrictions on tae 6(]

strain energy, is
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The sufficient conditions that the strain energy is
positive are(24)
E’m_—.-.

9. - Gm | >0 for all M S 6 (3.19)

C'm,l Cmm
Volume eand linear compressibilities.

Volume compressibility.

We first calculate the proportional decrease in
volume of a crystal when subjected to unit hydrostatic
pressure, i.e.,, its wlume compressibility. In equation

(3.7 o-"(ég is substituted aa-Pq(P. Then

éz‘j — "P‘5;'jkf6k€ = -PS;jKk (3.20)
The dilation A is given by
A = %\L =€l°f :"Pgﬂ'kk (3.21)

The volume compressibility is-_-_%and is therefore eqmal
O L . .
6ukk

Linear compressibilities.

Under hydrostatic pressure P the stretch of a line

in the direction of a unit vector with direction cosines

@is

é'i)p[gj ="‘P6ijkk 66 (3.23)
The linear compressibility, ?Liﬁ_&,is therefore
=5.. U §. B .2
e Smmp:_ pJ (3.24)

For a monoclirnic crystal the direction cosines of the

crystal axes are as follows

?E (i,0,0) (3.25)
b= (o9

C =(Cos(p), 0, sin(p)
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The linear compressibilities along the crystal axes,

written in the matrix notation, are therefore given by

x| =5,
Ia Syt 5,1 53

°(|_I?. :69 +5‘?_? + 593

Xl =(By+9+9) CoTM)+ 1513+ 553+ 535 i)
(S\5+575 + Sor) Sin(ho) Co5 (Rs)

Where B, is the atmospheric pressure value of the mono-

clinic angle f .

(3.26)

P under hydrostatic pressure is given by

Cos(p) = (a+00). (C4a¢)
|a+8a)jc +aC] (3.27)

If the cosine is expanded up to the linear term and
the right side of equation (3.27) is &lso expanded up
t0 linear terms in the strains, equation (%.27) leads

to Ap = ﬁ—ﬁ = P[ (5".'..6,2-f-SB)Sin(pa)COﬁ(P,)-
613+ 523+533)5in(R)cosp,) + (s, 5+55+95)5i0%(R) ] (3.28)

Where(‘j(j)-.: (C{j)-'as shown beffore. Equations (3.26) and

(3.28) sumnarize the procedure of calculating the
change of the parameters a,b,c, andﬁ with pressure from

the elastic constants in the linear approximation.
This procedure is very well Justified since the experi-

mental data presented in this work indicate a linear
dependence of the lattice paramcters on pressure up to

5.4 kilobars. For reference purposes equations (3.26)
and (3.28) are rewritten in Table 3.2.
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Table 3.2
Lattice parameters are written in the form
x = x( 1=ap)
parameter preasure cocefficlent ~.
erystal axis a 6“+5!2+ 6'3
crystal axis b
v Si2 + S22 + 9,3

(Bu+ Sa+5;3) COS2(B,)+(551505+ %) siMN

crystal axis o
{55525 + 53 5)5 ink) Cos(t)

"1?’: [(S“ "'Sll"'sﬂ )‘5'."(’015"5( Py —
monoclinic
angle P (9134523 +633) Sinl Aicosi) (8,575 +9y5)5in ]
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Table 3.% shows the values of the pressure coefficients

as calculated from the four sets of elastic constants
available (19,20,21,22)

Table 3.3 lattice parameters are written as x;—xo(l_qp)
where P is in kilobars.

Parameter Pressure Coefficientse¢in (Kilobar) -1
Afanaseva Huntington Danno Pawly This Work

a axis .0084 .025 0127 .0099 00496

b axis 0041 .0013 .0044 .00 .00286

¢ axis « 0002 .018 -. 0024 0037 00277

Angleﬁ -, 0228 013 - o 0040~ ,00007 -~ ,00067

As can be seen from table 3.3 none of the four sets
predicts the correct values of the pressure coefficients

as given in this work. This is not a sarpwising result
because of the errors involved in the deductions of these
sets. Prom equation (3.15) it can be seen that the three

constants €44, C4¢, Cgg are not involved in the calculation
of the linear compressibilities, consequently the results
of this work cannot be used to improve them. However

these three constants are determined directly from +the
square of the measured velocitiea, therefore the percent-
age errors involved in them are only double those of the

velocitles,

The results of Afanaseva et al and Huntington et al
agree on these three constants to within 6%. The
values of Danno, however, are different by as much as 25%

from the other two sets. Since Danno does not mention
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anything about the accuracy of his measurements and
since his set predicts a large expansion in the ¢~ axis
with pressure, we base our discussion on the sets deter—
mined by Afanaseva et al and Huntington et al.

It is therefore fair to assume that the three con-
stants C44, C46, and Cg6as given by Afanaseva et al are
accurate to within 6%, C2p is also determined directly,
therefore it should have a comparable accuracy. C33
and C3g do not differ by more than 17%. Cq1 differs by
less than 20% and Csg by less than 30%., It is important
to note that in the data reduction procedure followed
by Huntington et 81(20) the gquantity which is determined
more directly is C11 4+ C 55 and this sum does not differ

by more than 5%.
The precision of the other constants namely Ci12, C13,
Ci5e Cp5y and Cpz is not known due to the propagation of

errors throughout the computation. Based on the previous

observations we assume C»22 to be accurate to within 69,
C11» C33s Css5, and Czg were assumed to be accurate to +

the differerce in their wvalues from one experimental set
to the other.

A computer scan of the values of the elastic constants
was done on this basis while varying Ct1s5, Cpg, Cq2, Cq3,
and Cpz within wider limits in a trial to find a set

which predicts the linear compressibilities correctly.
The édlosest set to the experimental values of Afanaseva
et al, which gave the correct linear compressibilities

is given in the last column of table 3.4, It is to be
noted that variation of C15 from 0 to =0.32 and C25
from -0.6 to.1.2 results in a change of about 104 in the
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Table 3.4 Elastic Constants of anthracene,

Huntinston Afanseva Danno Pawley This Work

Cy4 7.2 8.52 8.92 7.9  8.977
Cop 11.6 11,70 13.8 13.1 12.470
033 17.2 15.22 17.0 16.7 15.011
Cyq 2.7 2.72 2,42 3.1 _

Ca6 *1.3 1.38 1.14 1.0  _

C66 4‘.2 3.99 3.16 205 -

055 3.6 2.82 2.84 4,6 2,811
035 -1.6 -1.87 -2.88 -=4.9 ~1.605%
012 r 4 6.72 4.63% 7.3 9.82
Cys 3.3 5.9 4.49 5.9  6.99
015 303 "'1 092 -2.58 -.20 -.125

1

C's are given in units of 10 0 dyne/cm2

* A sign mistake in one of the Christoffel equations
results in a wrong minus sign. The correct sign gives
1.3,
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compressibilities., We would also like to point out that
C1sas given by this work is frirly close to the value cal-
c:lated by Pawly (212 Although Huntington et al gave
positive and zero values for Cqg5 and Cpg respectively,
they indicated tha the wvalue given for C25 is just an
estimate and that C25 is probably megative. They also

mentioned that the d& fficulty in determining the sense

of one of their axes may result in an ambiguity in the
sign of Cy5, in addition the relative error in the sum
C15 4 €35 is l-rge since it invcelves the cancellation of
857 between large terms. It was because of these reasons
that the scan was done around the values given by
Afanaseva et al since their set gave better vales of the
compressibilities to start with,

We would finally like to point out that because the
standard deviations in the experimer.tal values of the
constants are not known it was not possible to have a
quantitative measure of the closeness of the system

given in this work to the experimental ones, This had
to be judged by inspection. As far as unigueness is
concerned the scan showed that all the systems in the

range of values between the experime:ntal sets and the last
one given in t:ble 3.4 and which gave the correct c-m-
pressibilities were very close to the latter. All five
sets in table 3.4 satisfy the stability condition (3.19).
It should also be known that since 10 constants had 1o
be varied with small increments the scarn was very time
consuning on the computer,

We end this chapter by making it clear that by no means
are we claiming that the given set is the set of elastic
conastants for aathracene but it is a set which predictas

the compressibilities correctly and it is the only set
which is close to Afanaseva'’s values,
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Chapter IV

Dependence of Band Structure, Drift and Hall Mobilities
in Anthracene on Preasure

In this chapter the band structure of anthracene crystal
and its dependence on pressure will first be calculated.
The results of these calculations will then be used together
with the linear compressibilities to ealculate the drift
and Hall mobilities of excess electron and excess holes,
in the constart free path and constant relaxation time
models, as well as their dependence on pressure,

The anthracene crystal is monoclinic with two mole~
cules per unit cell. The unit cell structure is shown
schematically in Fig. 4.1. The molecule with geometrical
center at (0,0,0) is transformed into that with center at

(a/2,§.0) by reflection in the ac plane followed by the
indicated translation.

I. Band Structure

A. Bummary of vrior work,

The band structure of onee xcess electron and one excess
hole in crystalline anthracene was first calculated by
Le Blanc{1) in the tight binding approximation. This ap-
proximation was used because of the relatively small bind-
ing energy of the molecules in the anthracene crystal com-
pared to excitation energies of the various excited electro-
nic states of the molecule., Le Planc based his calcula-
tions on a —umber of assumptions. In what follows we state
the assumptions and discuss the wvalidity of some of them.,

1. The Hamiltonian matrix of the anthracene crystal is
identical to one describing a hypothetical crystal which
contains one molecule per unit cell,

This agssumption is ot justified since corresponding

to the two molecules per unit cell there are two bands
(arising trom the symmetric and antisymmetric combina-
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FIG. 4.1

a.crystal structure of anthracene

b.cross sethip|r|1 of the first 1.04 A"

o Brnilloun zone
1 e
0.686 A .

[/ .
/ c.first Brillouin zone
o
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tions of molecular wavefunctions in a unit cell) for the
clectron and two bands for the hole whereas in LeRlanc's
calculation there is only one band for each.

2. The crystal is rigid and consists of non-vibrating
molecules. This will be mentioned on page 66,

3. He used a one electron crystal wavefunction for the
excess electron or hole represented by & Bloch sum of
molecular orbitals as given by egquation (4.1) below

Wy lr) = %:I EXPLliK.I)<p, (r-In) (4.1)
Yhere cp, 1s the molecular wavefunction of the molecule
whose center is at I, and N is the mmber of molecules in
the crystal.qiis understood to be oriented in the crystal
in the same way as is molecule n, Otherwise,q%is the

same function for all n,

4, The molecular orbitals are linear combinations
(Huckel) of single Slater carbon-atom 2P orbitals.

— A 2
Pp = ?Cmut (4.2
The coefficientac;ﬁare determined from the secular equa-
tions given by Hiickel(2) with overlap between the\H:neg-

lected.

The parameter used in the atomic orbitals is that given
(3)

by Slater ,u. _ °('5 ‘h

Lt (?‘F} ECosl{,_-}&XP(-—o(m (4.3)

with o = .64 a.U, = 3.08x108 cm~!

The calculation of the excess electron or excess hole

band e ergies requires knowledge of the detailed behavior

of the molecular wavefunctions at large distances. The

use of a single Slater wavefunction seriously underesti-

mates the magnitude of the tails of the wavefunction
and therefore is inappropriate for such calculation(4),

5. Intermolecular overlap may be neglected.
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6. The potential of a neutral molecule may be taken
as the sm of the Goeppert-Mayer and Sklar(5) potentials
of carbon atom.

Vn ==Y (4.4)

Using Slater-type orbitals,\tis given by

-1
V; = -€2 7" [4+ 6ol |+ 42 g‘-(*%f]exm-mm
(4-5)

7. Only two-center integrals need be considered.
Although three-center integrals where the centers are on
three different molecules are truly negligible because
the interatomic distances are very large, the terms in
which the votential and one wavefunction are on the samne
molecule, while the other wavefunction is on a different
molecule are not negligibly small, as will be shown in
this work.

The resulits of the calculations of LeBlanc show that
both bands are highly anisotropic a:d each is found to be
aporoximately 0.56KT wide at room temperature,

Thaxton(6) et a1 extended LeBlanc's calculation to
other aromatic hydrocarbons. Katz(4) et al, although
adopting the same general technique of LeBlane, refined
the calculations by avoiding some of the invalid assump-
tions as follows, [hey considercd the actual crystal with
two molecules per urit cell, and hence obtaired the sym-
metrical and antisymmetrical bands. The wavefunctior

AN-1 f .
Wy =f°&) exPlik.ly)#(r-p)
‘Yhere the index 1 labels the molecules which are now num-
bered so that the molecule at the corier of the cell has an

even index while the one at the center of the cell has an
odd index,

is therefore written as
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To account properly for the behavior of the molecular
wavefunctions at the large intermolecular distances rele-
vant to the problem considered, Katz et_al used carbon
atomic orbitals represented by the best available Hartree-
Fock SCF carbon 2P ground state function involving a linear
combination of four Slater-type functions. Thece atomic
orbitalsﬂgre sFiven by emuation (4.7) below
U lr) = ﬂf-r%aj(%‘.i)"’ exp |- = (4.73
Where?kis the unit vector defining the direction of the
2P orbital. The coefficientsq;and orbital exponents oy
are those riven by Clementi and Roothaan(7). Katz et al
calc:lated the bandwidths to be of the order of 0.1 e.v.

in the 8-1 and b-1 directions, the symmetric and anti-
symmetric bands are degenerate at the zone edge. The
electron bands are appreciably split in the ¢-1 direction,
but not the hole bands. Silbey et al 8) podified the
calculation of Katz as follows,

(a) The effect of molecular vibrations is included by
taking the molecular wavefunctions as the product of an
electronic part and a vibrational part. This represent-
tion corresponds to the weak-coupling limit of vibronice
interaction, i.e., the nuclear part of the Familto-ian
is diagonalized before the crystal field part, Using
this apnroximation, they took symmetrized wavefunctions
of the entire crystal with an excess or deficency of one
electror in the form

2N-!
L"’t‘.’.‘.):}(z’z:’fo'[ijpexp“g[’) &43;“)
X_]T (‘*’:'|"»'l"'-~--:é.a{i,?a]')c‘-))

(=0 (4.8)

Wherec##is the lowest unoccupied molecular orbital of a
molecule for electrons =1d the highest occupied molecular
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ordital for holes, the.d%are the a EEcupied molecular
orbitals of molecule [ the bar over (p means that the
electron in that molecular orbital has?; spin, smd’xtis

the ground state vibrational wavefunction of the molecule,
It is assumed that all the vibrational wavefunctions are
the same except for that of the molecule with an excess
elcetron or hole, It should be noted here that the wave-
function (4.8) is the wavefunction of the entire crystal
with an excess electron (or hole) and not that of the ex-
cess electron (or hole) alone, This formalism implies, of
course, that every electron or hole band is split into many
bands, each characterized by a vibrational wavefunction,

TheK=0levels of these bands will be separated by the
vibrational quantum, which in aromatic molecules is of
the order of 0,2 e.v. Their calculation gave bandwidths of
the order of 0.01 e.v. a d thus the bends are well sep-
arated,

(b) The potential of theT#*neutral molecula was taken to

be :
N (P -Tn) = Vi (T -Fn) - = Ky (4.9)

(m
Where\gﬂtﬁﬁﬂ is_the Goeppert-Mayer and Cklar potential

used by Katz,k‘:is the exchange potential of the i_ﬁ’ mole-
cular orbital on the Tﬁhmolecule.

In their origi :al paper they calculated the mobility
tensor, in both the constant frec time and constant free
path approximations, and the widths of excess electron
and cxcess hole bands using different vibrational over-
lap. However, the vnrogram used to calcalate th: exchange
effects on the energy was in error. In a later erratum(9)
they corrected the program for the exchange energy. In
calculating the mobility tensor and the bandwidths they
only considered the case where th: vibrational overlap
squared has the value 1,0, With this corrcction they
concluded that th. calculat~d ratios of the compore::ts
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of the mobility tensor are in fair agreement with experi-
ment for the hole, but not for the electron,

Glaeser and Berry(10) calculated the band structure
taking into account the exchange effects and the effects of
polarization, by the excess electron (or hole), of the
el ectrons on meighboring molecules. They took the tight-
binding wavefunctions to be a linear combination of local-
ized crystal functions g?as follows

s2, (k) = ?(—) explik-17) ¢y,

The summation alternating over equivalent and ikequivalent
molecules to give the even and odd symmetry-adapted
functions( Q-),

The localized crystal wavefunction {p,is taken to be
an antisymmetrised product of molecular wavefunctions,
in which one molecule is either a negative or a positive
ion and the remainder are perturbed (polarized) by the
jonic molecule, Symbolically the wavefumction correspond-
ing to the electror or hole being on molecule "i" was
taken as follows

@, = A w 201w (2] (4.11)

"a" being the numbe;igf filled orbitals ir the neutral
molecmle,tpihlﬂ]denotes the wavefunction of the appropri-
ate molecular ion, and l+{9 The wavefunction of the
molecule j in the field of this ion.

Bach polarized orbital N was written as the renormal-
ized sum of the unperturbed orbital plus a sum, over the
three principal directions of the molecule, of the first
excited orbital which can be mixed in by the field of the
ion. .

{i) ( {{) ) 0,211/2 (

Ry - . 4'12)
= (e s e ) [t gL 87

The perturbation coefficients Uwere expressed in terms
of the known anisotropic polarizability{ll) a.q the !
oscillator strengths of the divole-allowed transitions
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of the molecules, The transfer integrals were expressed

as three separate types of terms, each of which is re-
duced by the same factor represe:ting the overlap of polar-
ized wavefunctions (corresponding to two different loca-
tions of the electron or hnle).

ij = [f.(r‘esonancc)-;-ng [rcsonume) -+

E(c?ec:trostatfc)] 1] (4.13)

Yhere E_ (resonance) is the sam of termms involving the
neutral molecule potential (for electrons) or positive
ion-molecule potential (for holes) and terms coming from
intermolecular electron exchanre, as given by Silbey et
al(?)A& (resonance) gives the correction to these terms
which results from the use of polarized orbitals.
f(electrostatic) represents the off-diagonal element of the
long-range interaction between the excess charge and the
induced dinocles on neighboring molecules.5 is the product
of overlaps of neutral molecules polarized by a charge
ati with neutral meclecules polarized by a charge atj .
Drift mobility tensor was calculated both in the con-
atant relaxation time and constant fre- path models.

The Glaeser and Berry calculations show tha the aniso-
tropy of the mobility as predicted by the band theory is
in quite good a-reement with the experimental anisotropy
except in the ¢’ direction for electrons. lHowever, these
calculations result in a free path which is significantly
smaller than the molecule-to-molecule distance and a free
time which is not significantly larszer tha~ the lifetime
associated with the uncertainity »rinciple. These two
difficulties make the results of the band theory as cal-
culated by Glaeser and Berry not consistent with the inital
requirements of t e model.
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Cho;jnacki('z)made calchlations similar to those of
Thaxton et al but included all integrals between mole=
cules containing carbon atoms closer than 10 A from each
other in the two-center resonance integrals between mole-
cule 1 and molecule f. His regsults did not introduce any
new featlures.

B. Current work,

In this work the general procedure followed by Katz et
al was used to calculate the intermolecular resonance inte-
grals and their change with pressure,

Method of calculation.

A one electron crystal wavefunction as given by equa-~
tion (4.6) was used, The Hamilto ian appropriate to an
excess electron (or hole) has the form

H = b—%,-) v+ Vv r) (4.14)

‘:mereV(l_'),, which determines the crystal field, was ap-
proximated by
VIr) = == Vnl(X-m) (4.15)
— n -
Withvnthe Hartree potential of en isolated neutral mole-~
cule, PFPor am iscolated molecular ion the Hamiltonian is

0 d
= [T |V2+V, (4.16)
H€ {;m) e’
from which follows that
— »*
e, __ﬁp HOp d? (4.17)
is the energy of the isolated negntive ion relative to in-

finite separation of the electron and the neutral molecule,
The energy is a double valued function of X and is cal-

culated from E.+ = fcl).:H '-P+ d?’/fw_:gp_’_d'r
E_ = (WrHPdY (W dy o

After simplification by use of several systematic ap-
proximations, with the neglect of three-center intermole-
cular integrals and overlap integrals multivlied by en




-

ox'q?, the substitution of equations (4.11), (4.15),
(4.16) and (4.17) into equation (4.18) 1leads to

!
Ey =€+ g en+ TS Coslup)e,
Where the sums are taken over all molecules except the one
with the ce ter located at the origin., Note that those
threz~center integrals whose ce.:ters lie on threc differec.t
molecules were neglected. The intermolecular resonance
integra.lsez were evalulated when only two-ce: ter integrals
were considered and when the contribution of the three-
center integrals, where one wavefunction and the potential
are on the same molecule , w>r~ taker into account as
well,

The symbols appearing in equation (4.19) are defined

as follows eozv&*Hocpdfr (4.20)
enz.[cp"([)vm([—fm)cb(f)d?' (4.21)

& = -Ip) (L) (r)dy 22

In order to discuss the K variation of the energy
bands, it is necessary only to examine the last term in
equation (4.19).

E£'\k=E,(K-€,-=F "—--‘er)pCos[k (4.23)
S A °Yl”€ -:H%

All the interrals between the nolecules on the corner
and ce ters of the bases of the unit cell werc calculated.
This is equiwvalent to the calculation of the integrals
between tho molecule in the nosition numbered 1 in Fig.
4,2 and the molecules in positions 2 through 13, Because
of its location, molecule 14 has also been included in the
calculation. Neglccting the interactions with other mole-
cules (The nearest neglected molecule has no atoms closer
than 7.5 A.,) , the energy dependence on X is
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E_I

L 1K) =2E, COS(K-C)42E,Cos (K- b) + 2L, [Conlk Ab+6))+
QC:SE!SC-lh-s\]]wEﬁ Co5{K.a)+ 2E Cos{k-(a+¢)) +
qLEoS{K{a1b))4 Co5(K.{a-b)) +2E [Cos(k.lasb.c
+Cos{K.(a-b+c))] -j:QEB[Cos{g .;5134[-13]) {-f-{é )
Cos(k-hle-b))] +2E , [Cos (K (a+k)+¢))+
CoS(k-[%(a -Y c)) ]+ 2 £ [coslk.(#a(b-a)+ )4
CoS{K.[C -Hhla+k)))]+2E,Cos (Kk.IC - 2)) +
2E3[CO5(K.|b-a+4())+Cos(K.Ic-a-b))] +
+2E,,[Co5(K 12(a +3 b)) + CoslK-1 1a-38))]

(4.,27)
Yhere tho 13ETare rogsonance integrals between molecules 1
and [ such as given by €,1in equation (4.22)

¢

Numexical calculation

The first step in making numerical calculations from
equation (4.22) is the selection of a suitable molecular
wavefunetion for the molecular ion, The simplest approx-
imation to the molecular wavefunction would place the ex-
tra electron in the first unoccupied molecular orbital of
the neutral molecule and describe the electronic motion
ns if the interaction between electron and molecule caused
no change in the orbital in question. Thus,Balk et 31(|5’
have shown that the properties of isolated negative
aromatic iona can be understood if the orbital occupled
by the excess electron is described by the Huckel coeffi-
cients characteristic of the first wmoccupied orbital

of the neutral molecule,

It is interesting to note that Huckel functions are
not unreasonable approximations to self-consistent field
functions with differential overlap neglected,

The Balk approximation rests on two considerations:
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(a) Pople(M'a‘) nroved that the Coulson and Rushbrooke
theorem(b4b\ remains valid in the =ore seneral “'CF schene,
i.e., the Il electrons are uriformly distribited in the
ground state and in singly excited stites,

{b) Given the uriform charge distribution cited, it may be
gucssed that the addition of one electron will not grossly
change the charge distribution of the original eclecirons,
Certainly this approximation ean only be considered if the
Tl electron system is larg.,

In the mononegative ion, excitations nre ten describved
in terms of promotion of the extra electron, the remal ning
gystem being considered tc be the original molecule in the
sround state or in an excited s=ate. It should be noted
that even if the suppositions made are exactly true, the
negl~ect of ecxchange between the extra electron and the
core electrons prevents the orbital described from becon-
ing the one el ectron self-consistent field orbital.

It is clearthat the Balk approximation will be best 1if
the neutral core remains the same and only excitations of
the cxtra electiron are congsidered, Indeed, these are just
the terns considered in the present calculation of E(K).
B~2fore proceedi g, however, it is necesanry to remark that
the Pariser-Parr or Pople theories of hyvdrocarbon spectra
fail in the calculation of ionization energies althourh
they are very successful in describing the atomic snectra.
Hoyland aid Goodman {1B) nave tracea the difficulties to
three faectors.

(a) The effect ofJ[-electron-ionization or ¢/ pture on the
framework of the molecule;

(b) The changes inTm-basis functions upon electron ion-
ization or capture;

(¢} Changes in thél-elzctron molec dar orbitals through
construction of a new Hartree~Fock Hamiltonian for the
resulting ion a :d subsequent reminimization of the energy.
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By combining the Pariser-Parr formulation of I
electron theory(\6)with Roothaan's self-consistent field
theory a:d assumntions of orbital deformation, excellent
agreement between computed and measured ionization poten—

tials was obtained by loyland and Goodman.

Becauge of the importarce of the cdhoice of the molee.
cular wavefunctions, we have made the calculations in this
work using the wavefunctions computed by Hoyland aid Good-
man,

Now that all the assumntions have been mentioned, it
renains to consider the approximations involved in obtain-
ing numerical results from egquation (4,22)., The molecular
oribtals of a positive or negative ion are approximated by
a linear combination of neutral carbonszwavefunctions U

cp,n = = Cp; Ug (4.25)
L

Vhere thecnlare the coefficients given by Hoylard and
Goodman (19),

A3 8lready mentioned, the use of single Slater orbitals
characterized by a single orbital exponent is i-appro-
priate. The Slater-type function has only one adjastable
parameter and this is chosen to minimize the energy of
the atom. Since the tail (large R) of the wavefunction
makes only a small contribution to the energy of the atom,
it is very poorly represented by the usual Slater function,
The integrals of greatest interest in the present calculaes.
tion involve atomg centered on different molecules, and 1t
igs the large R portion of the wavefunction which is of
interest here.

Katz et al tried to obtain a reasonable approximation
to the tail of the wavefunction by trying to fit a single
Slater-type function to the atomic¢ CCP functions, adjusting
the orbital ex~-nent to give the best representation at
large distance. How:ver, using the best available neutral
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carbon atom SCF 2P function they found that a ~cod fit can
not be obtained in the region 1-4 A using a wavefunction
characterized by a 'ingle orbital exponent. Since the
regsonance integrals arc very sensitive to the detailed fomm
of the wavefunction, they used the best available carbon
atom wavefunction represernted in the form of a 1linear com-
bination of four Slater wavefunctions. The same wavef nc-
tion was used in the present work, as given by equation
(4.26)

4 1/7
. —— * . » » 4. 26)
Wherefl is thc unit vector defining the direction of the

2P orbital. The cornfficd entsajand orbital exmone-ts O{)
are those give~ by Clementi and Roothaan .

The potential energy of the molecule is a linear com-
binatign of neutral-carbon-atom potentials. These are de-
rived from classical electrostntic argume1ts using the Har-
tree method by averaging over the four (25, 2Py 2Py and
2P,) electrons, The potential energy of a neutral molecule
is therefore written as

— V- (4.27)
=Y
WhereVQ is the Goeppert-lMayer a d Sklar(S) potential of
carbon atom L . Using equation (4.26) for ut."v' is given
4

by equation (4.28)

4 5 -

V, = —e2 ﬁ'apc«? aﬂfb) = S XP (-2 f)x

Uetid%ag Y74 Pt 2

g O [H el 4 gl 60ty 4 ]
€ L3

Where Pke-:% la(k‘f'?),aubstituting equations (4.26), (4.27),

and (4.28) into equation (4.22), it becones

€y _—.fcip*[f)\/l[)cb(f-fpjd't’

/
= L.}'J?;n:,:o(i Cp ] ﬁf (- W l!-_q,,}u j (f-_rf-_rj')d’[ (4.29)
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Le Blanc and Thaxton neglected those texms for which
i does not equal m. They only considered two-center
integrals a1d neglected all three-cei1ter integrals, As
will be seen from the results of this work the three-center
integrals where one wavefunction and the potential are on
the same molecule can have significant contribution,

All of the calculations by other investigators discussed
above were based on the cnlc.dation of Katz et al,
Their investigation used both two-center and three-center
integrals in a calculation based on the Hilckel approxima-
tion. Por comparison, they used two-center integrals only
in calclations based on Huckel, Hoyland and Goodman models,
Three-ce1ter integrals have not been used in the Hoyland
and Goodman model.

In this work the Hoyland and Goodman approximation was
used and c alculations were done with two and three-center
integrals and, for comparison, with two-center integrals
only.

The two-center integrals were simplified by exnanding in

the form
“JL ‘JJ['nJ Ll}S(J.‘L

| 0
(2T [{Ed-'ﬁj}— l’l‘f--‘f'fj“ﬂi-,?cp'}] Coj (4.30)
Wheref, and ﬂj' are the unit‘%r)ectors defining the direction
of orbitalsU; a4 \‘{]?.F is the vector from atom i to atom
J and ¢
S;i= |I:T; Cos[¥)cosiy v;
H f‘ jcosk )Qﬂw [ia(? expPl-1)] x (4.31)
[Z8m «@e.xP (-omyj [l

Cij=

ij=[dr ny 1§ SIS in B V; [30p o3 %xp -2 [ f]xc4.52)
[E Am =i €XP(-agurif]

Whereﬂ" atd JJ. are the angles ¥y and | make with Ry -

These interrals were performed analytically and expressed as
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Tnble 4.1

Hoyland md Goodman Coefficients Cmy

Atom No.i

ni

electrons holes
1 0.29063 0.28891
2 =0.739657 0.19498
> =0+ 19657 -0.19498
4 0.29063% -0,28891
5 0.29063 -0,28891
6 =0.19657 -0.19498
T ~0,19657 0.19498
8 0.29063 0.28891
9 ~0.47703 -0,48180
10 =0.47703 0.48180
11 0.11451 ~0.711155
12 0.11451 0.11155
13 0.11451 0.11155
14 0.11451 ~0,11155
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Table 4,2

Atomic orbital coefficients{ and orbital

{
exponentacgifor carbon atom as given by
Clementi and Roothaan.

°<L in atomic units ay

electrons holes electrons holes
0.9372 1.1060 0.31916 0.683%50
1.4147 0.5074 0.50063 0.05445
2.5545 2.,3590 0.25045 0.35041
6.3021 6.2000 0.,01097 0.01237
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a power series in the dista:ce Réjbetween the two atans

i and j. All integrals involving coordinates of atoms
closer than 10 A were included. These power series were
then evaluated at different pressures using a Xerox =7
computer, it took about one hour at every pressure to
evaluate the 13 required ee .

No such simplifications were possible in case of the
three-center integrals and they had to be evaluated by a
three-dimensional Gaussian integration, using 8000 points.
Only those integrals in which the potential and wavefunc-
tion on t'e same moleomle were on ncar-neighbor atoms were
performed, and of them, only those where the distaice
between the two wavefunctions was less than 6.5 A, It took
25 computer hours to calculate the camtribution of three-
center integrals to the 136? at one pressure.

For reference purposes we tabulate the values of the
Hoyland and Goodman coefficients used as well as the co~
efficientsaismd the orbital exponentsq:tas given by Clementq
and Roothaan, Those constants are given in tables 4.1 and
4.2. The coefficients are labeled according to figure 4.3.

Atomic coordinates within a m lecule were tiiose measured
by Sineclair, Robertson and Mathieson(¥7) using x-ray
diffraction.

Numerical results
Tables 4.3 through 4.7 give the intermolecular reson-
ance integrals at different pressures ir units of 10-4e,v.
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Table 4,%

Intermolecular resonance integrals at
different pressures in units of 10™%e.v.

pressure e,
P electrons holes
kilobars 2 and 3- 2 2 and %~ 2
center center center center
integrals integrals integrals integrals
0.0 0.2744 0.1851 ~0.4953 =0,2509
1.0 0.3705 -0,2128
2,0 0.728% 0.5775 -0,4394 -0.1678
3.0 0.8079 -0.1152
4.0 162750 1.064 -0,3151 =0,0538
5.0 1.347T0 0.,0175
6.0 1.9570 1.6600 =0,1527 0.0991
°3
0.0 74.25 70.13 =-125.9 -114.,2
1.0 72.78 -118.3
2,0 79.95 75453 -135.1 -122,5
3.0 T78.39 -126,8
4.0 86.11 81.35 -145,.1 -131.4
5.0 B4.42 -136,0



pressure
P

kilobars

- B3-

Table 4.4

e

4
electrons
2 and %= 2
center center
integrala integrals
-0,0251 =-0.02%51
-0,0270
-0 ,0280 -0,0280
-0,0286
~0.,0%14 -0.0314
~0.0%34
=0.0353 -0.0353
5
0.2146 0.2146
0.2170
0.2191 00,2191
0.2186
00,2173 0,.2173
0.2159
0.2298 0.2298

Intermolecuvlar resonance integrals at
different pressures in units of 107%.v.

2 and %-

center

integrals

-0, 1291

-0, 1478

0.2733

0.3079

0.3681

0.4305

holes

2
center

integrals

-0,1291
=0.1375
-0.1478
=0.1597
=0,1710
-0.1814
=0,.1921

0,2733
0.2828
0.3079
0.3348
0.3681
0.4040
0.4305
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Table 4.5

Intermolecular resonance integrals at

different pressures in units of 10~%e.v.

pressure €
P electrons holes
kilobars 2 and %= 2= 2 and 3= 2=
center center genter center

integrals integrals integrals integrals

0.0 -0.483483 -0.5032 =3.23%0 -2,622
1.0 -0.5664 -2,853
2.0 ~0.6279  =0.6339 -3,838 -3,113
3.0 -0.7114 -3.395
4.0 -0.8041 -0,7984 -4.573 ~3,708
5.0 -0.8999 -4,054
6.0 -1.195 -1.009 -4,651 -4,42%
€7
0.0 0.0273 0.0273 0.0729 0.0729
1.0 0.0265 0.0785
2.0 0.0224 0.0224 0.0814 0.0814
2.0 0.0161 0.0824
4.0 0.013% 0.01%3% 00,0911 0.,0911
5.0 0.0089 0.0992
6.0 0.0090 0.0090 00,1118 0.1118
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Table 4.6

Intermolecular resonance integrals at
different pressures in units of 107 %.v.

pressure eq
P electrons holes
kilobars 2 and 3- o2 2 and 3= 2=
center center center center

integrals integrals integrals integrals

0.0 0.0193% 0.0193% -0,0183% -0.0183%
1.0 0.0185 -0,0169
2.0 0.0173 D.0173 -0.,0159 -0,0159
540 0.0180 =-0,0173
4,0 0.0194 0.0194 -~0,0192 -0,0192
5.0 0.0205 =3,02722
6.0 0.0209 0.0209 -0,0271 =0.0271
€9
0.0 -124.5 =115,5 -103.3% =85,.59
1.0 -119.5 -87.52
2.0 ~-13%3,2 =123,.6 -107.9 -89,44
3.0 =127.8 -91,3%6
4.0 =142,4 =132,1 =-112.3% =-9%,28
5.0 ~136.5 -95,19
6.0 =152.1 -141.1 -116.8 =97.07
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Table 4.7

Intermolecular resonance integrals at

different pressures in units of 10™%.v.

pressure 50
P electrons holes
kilobars 2 and 3= 2= 2 and 3- 2-

center center center center

integrals integrals integrals integrals
0.0 1.5911 1.183 28.96 23.95
1.0 13370 25,66
2.0 2.041 1,507 33.17 27.48
3.0 1.695 29.42
4,0 24565 1.902 37.87 21,49
5.0 21351 33469
6.0 3.138 2,382 43.13 36,03

€11

0.0 0.0119 0.0119 0.0054 0,0054
1.0 0.013%2 0.0063%
2.0 0.0143% 0.0143 0,0077 0.0077
3.0 0.0160 0,0100
4.0 6.0187 0.0187 0.0121 0.0121
5.0 0.0186 0.0130
6.0 0.0198 0.0198 0,0133 0.0133
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€40 and e13 were zero for both holes and electroga.

Also €44 for electrons was less than .0027 x 107 e.V.

and LI for holes was less than .01 x 10“4e.v.

Therefore it was possible for the present purposes to
neglect eB,e11,e12,e13.and €414°

In order to see how the band structure changes with
pressure we consider the special cases when K is parallel
to & reciprocal lattice wvector, 57, 2"1, or g‘ .

Es(Kila')=A+BCoS(K.q)+ C Cos(K.a|2) (4.33)
Bg (Kiiy') = D+ ECoSlis-y)3Cos(x. b+ £, Los(K 34/ (4.34)
B KiicY)= G +HCo5 (k. ¢

E'[KlIc)=1+ T Coslk.c) (4.35)
Where the constants A through J are given by equations
(4.36).

‘}:::2[E1?+'E%31“2£;4JJ

B =2(E,+ Eg+aE +aEg+Ep+2E 5),
C=4{Eg+Ep+E,+E ),

D= 2(E;+Eg +E4+E )y,

E=2 (E3+QE4_+?E.7+ 1Eg+2E 3),

F=a(EgtE  +Ey),

G._—_Q(E.3+E_5 +2E+2E912E 4],
H::Q(Ez+QE.4_+E-6'f'?E-g’l“'E‘j)*2£|3+2lé"°+£'””
I =2EgtEyt2E 26,28,

T =2(Ep+2E4+E¢+2Eg+ Ep+2E 3-2(E '°+E”})
(4.36)
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It should be noted here that although F(K)as given
by equations (4.33) and (4.34) might seem to have a
periodicity of 2 (_1.."" and 9 \o_l , however, this is not so
as we 10w show -

Wik +a7) =Y (k]
W lk+ @) = @ (K, (437

i

WK+ b= (K)
WK+ 5= gy (k) (s.30

- -1
and when K: 1/,2 g or t{:% l_?, equation (4.6) gives

L|)+U_$| = @™ 1K) (4.39)

which proves \pand \Y have the same energy at % a-!

andfy b'. Thus in going from the first to thes ecand
Brillouin zone L|)+and  cross and interchange roles in the-
0 ana F'directions, a-d there is therefore the expected
periodicity of Qlana b,

Pigures (4.4) through (4.5) give the shape of the band,
when K is paraliel to_@_'1, _‘g-’, 3'1, for both holes and
electrons when only two-center integrals are considered
in calculating the intermoleailar resonance inteprals.,
Figures (4.6) and (:.7) give the shape of the band when
both two and thres-center intepgrals are considered,

As can be seen from these figures the &~ and b~
bands meet atg.g"and% E' as shown before, At K= 7/2 _C_l'l
m1d5=% _b-}, the two bands are expected to be degenerate
because of the existance of a twofold screw axis in the
b direction and a glide plane in the a direction, the
group of K has only a two-dimensional irreducible re-

present-tion(1®) gt }2 Q-' and5 l_;_' .
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Pigpure captions

Figures 4.4 through 4.7 give the shap~2 of the encrgy
bands for an excess heole and an excess elecctron,

ficure 4,4 gives the hole bands energy in units of
e.v."A" denctes thr antisymmetric band while "S" denot~s
the symmetric one. in this ficure only two-center
intesrals are included, firure 4.6 gives the same bands
when both two and three-center integrals are included.
figures 4.5 and 4.7 give the corresponding bands for

an excess electron.fisure 4.5 glves the case of two~center

integrals only while figure 4.7glves the case of two and
three-center integrals,

" ures 4.8 throuegh 4,11 give the change of the bandwidths
with presgsure.,the bandwidths are given in e.v.

the curves are labeled according to the followings scheme,
"1" ig the case when k is parallel to g:1

"2" is the case when k is parallel to.§-1

"3" i3 the case when K is parallel to gf1

Pigures 4.8 and 4,30are for the hole bands when only two-
center integrals and when two and three-—center intepgrals
are included respectively.

figures 4, '9 and 4,11 give the respective canses for
electrons,



0.06
0.05
0.04
0.03
0.02
0.0
0.00
-0.01

-0. 02

./., -

s..-7
7 —X Ka
——-X K.b
Ke

RS \
\\ .\-\. \\
B > \'\ \ .
.
~ Rty A \
“~ ‘. \
\\ \‘s., \\
- ~ ~ N
\&H“ 2
i | i |
0.0 0.2 0.4 0.6 0.8 1.0
X/T1



0.06

0.05

0.04

0.03

Q.02

0.0l

0.00

-0.01

-0.02

-0.03




0.06

0.05

0.04

0.03

0.02

0.00

-0. Ol

-0.02

-003

0.0 0.2 0.4 0.6 0.8 1.0

X /1
FIG. 4.6



0.06

0.05

0.04

0.03

0.02

0.00

-0. Ol

-0.02

-0.03

RIS S s v o s = — = :f._ S

-....I.._...,_., ..T- -I. ...._._..[_._....._
00 0.2 0.4 0.6 0.8 1.0
X/n

FIG.4.7



0.09

0.08

0.07

0.06

0.05

0.04

0.03

0.02

. Ol

000

| | | | l
- -
- | —
-2
| _—3 —
A _.
- e A..-—".A
S-— — - --;_--1..——'-— .-—-.’__‘:.'_-
purmr -—..#’7 -.-‘—-'—_ #—-—
-u.-"-., --------- A——
- S
] | | | 1
00 1.0 20 30 40 50 6.0

P(KILOBARS)
FIG. 4.8



0.09

0. 08

. 07

0.06

0.05

0.04

0.03

0.02

0.

Ol

.00

| ' | ' |
_— . |
A---
e 1
. - 2 —
——— 3
S
— A —_
S _ __.
— e ————— T -
A
_____ —— 4 —- _}._.9.1.2._1. —— s
0.0 1.0 20 30 4.0 50 60

P(KILOBARS)
FIG. 4.9



0.09

0.08

0. 07

0.06

0.05

0.04

0.03

0.02

0.00

T T T T ]
e ' S- P
-2
_ —_—3
- =
..-e;.:'"-:":'.ﬁ
S “-“"“'ﬁ'“ A e
— - =" Ll ]
o™ e T A
- S -
| | | | |
00 10O 20 3.0 40 50 6.0

P(KILOBARS)
FIG. 4.10



_97-
I 1 I T -
0.09 | é.-f""’/’ i
-2

0. 07 - 3 _
0.06
0.05

0.04 |_ ]

0.03 _ i

s _ _ -

002 b= — — — b

0.0l |- B

S 8 A ]

0.00 r""""'"—j--—---—--]—-—-—J----.r.........I.

00 IO 20 30 40 50 6.0
P(KILOBARS)

FIG. 4.1I



_98.

Firures (4.8) and (:.9) give the chr:ge of the band-
widths with pressure for both holes ad electrons when
only two-center intecrals are considered., Figures (4.10)
a~d (4.11) include th-> contribution due to the three-ccnter
intesrals. We notice that for holes the bandwidths in-
crease appreciably in the b-1 and ¢~1 directions while it
hardly changes at all in the 5“1 direction. Tor electrons
the bandwidths incr2asc in all three directicns. Although
the absolute change in the bandwidths for electrons in the
9'1 direction is wvery small, yet since the bands are very
narrow to start with, such a change is relatively import-
ant. Table (4.8), (4.9) and (4.10) give the bandwidths vs.
pressure,

II. ilobility Calculations.
(a) Drift mobility,
The drift mobility for electrons was shown in Chapter II
to be given by /uLJ =-ﬁ-'='er 4?V£VJ>

In the simplified model of the constant isotropic re-
laxation time?{lg_(]{%,‘.-?hile in the model of a constant mean
free nath'l’(lj"y[l(”:‘\.oTherefore in these two models the drift
mobility is given by cauations (4.40) und ('.41) respectively

Mi = -T':'?"rTo XA (4.40)
L s (4.41)
ﬂtj— %zr<vcv\)“!llﬂl >

Since the 2y is a periodic function of K it suffices to
do the integration over the first Brillouin zone., To ex-
plain how the calculntion was done we show the cns: of con-

stant relaxation time
2Ry ks ~PE,(K))+ 38, -exp[—PF-..(B))}dh
Vv J Lagt A7 expi-PEy Ak 3
Yo = ﬁzf{expt—i55+15}1+exP(-PE._lE))}d!S (4.42)
-1

where P

KT
And the region of inteqration is the first Brilliouin
zone, as will be shown below. 1t should be noted that the
energy of the hole 1is measured downward from the top
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Table 4.8

Change of bandwidths with pressure
in units of 107 le.v.

direction pressure symmetric band
kilobars 2 and 3-center 2-center
integrals integrals
electrons holes electrons holes
-1 0.0 0,493 0.309 0.458 0.255
B 1.0 0.478 0.257
2.0 0,526 0.312 0.490 0,258
3.0 0,506 0.2%9
4,0 0,562 0.314 0.523% 0.260
5.0 0.540 0.260
6.0 0.600 0.311 0.558 0.259

antisymmetric band

0.0 0.491 0,286 0.456 0,238
1.0 0.471 0.238
2.0 0.523 0, 2855 0.487 0.237
3.0 0503 0.2%6
4.0 0,557 0,282 0.519 0.235
5.0 0.535 0.232
6.0 0.592 0.279 0.552 0.229
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Table 4,9

Change of bandwidths with pressure

in units of 10"1e.v.

direct- pressure symmetric band
ion
2 and 3-center 2=center
Integrals integrals
electrons holes electrons holes
p~! 0.0 0.20% 0.799 0.186 0.704
. 1.0 0,192 0.721
2.0 0.215 0.840 0.197 0.738
3.0 0.203 00756
4.0 0.227 0,879 0.208 0,773
5.0 0.214 0.791
6,0 0.2%9 0.918 0,220 0.808

antisymmetric band

0.0 0.789 0,249 0.738 0.244
1.0 0,764 0.259
2.0 0.844 0,283 06790 0.274
3.0 0.818 0.290
4,0 0.904 0.%21 0.846 0.308
5.0 0,875 0.326
6.0 0,967 0.364 0,905 0.346



direct-
ion

Q

pregssure

2.0
3.0
4,0
5.0
6.0

-lol-

Table 4.10

Change of bandwidths with pressure
in units of 10 'e.v.

symmetric band

2 and 3-center
integrals

electrons holes

0,0117

0.0165

0.0222

0.0279

0.0138

0.0161

0.0189

0,0223

0.218

0,247

0.282

0.324

2=center
integrals

electrons

0.008

0,0097
0.0116
0.0137
0.0160
0.0186
0,0214

antisymmetric band

0.246

0.283%

0.324

0.366

0.0109
0.0117
0,0125
0.0134
0.0144
0,0155
00,0167

holes

0,179
0.192
0,206
0.220
0,2%6
0.252
0,269

0.204
0.219
0.23%4
0.251
0,268
0,287
0.307
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of the band and consequently the signs of the hole energy

in Tables (4.3) through (4.7) must be changed. We now con-
struct the first Brillouin zone

g-l = ﬂr{b-xg.] ete. (4.43)

where . q ‘ \-b—xg)
a=ad
b = bb A ' Pl
¢ = ¢ (costja+ sin(f c’) (4.49)
therefore
}

ot = %@[sinmo—cwmcq
b’ =2

b A
C-I — —g:-rr———— Cl (4.45)
- C sinfp)

The first Brillouin zone constructed from the reciprocal
lattice vectors a-1, 3‘1, and 3‘1 is shown in figure (4.1)
referred to the orthogonal set of axes a,b,c’.

A three dimensional trapezoidal rule integration sub-
routine was developed by the investigators using 1728 points
to evaluate the components of the drift mobility tensor
in both the constant relaxation time and the constant mem
free path models as well as the change of these components
with pressure.

Tables (4.11) through (4.12) give the change of the
drift mobility components with pressure for both holes
and electrons in the constant relaxation time model. Tables
(4.13) through (4.14) give the drift mobility components in
the constant free vath model. In both models only two-
certer integrals are considered,

"hen the contributions of the three-center integrals
are taken into account the results are piven in Tables (4,15)
a:d (4.16). The results in Tables (4.1}) through (8.14)
are in1 food agreement with the calculation done by Katz
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"able 4.11
Drift mobility components in units of
1010cm2/sec2.ln the constant relaxation
time model., Only two center integrals

are included.,

component pressurae holes electrons
ratio ratio
to atm- to atnm.
ospheric pressu-
pressure re value
value
<Va2> 0.0 77.0%  1.070  161.3 1,000

1.0 78,66 1.021 168.9 1.050

2.0 80.24 1.042 176.7 1.095

3.0 81.80 1.062 184.6 1.144

4.0 83%.20 1.030 192.6 1.194

5.0 84,64 1.099 200.8 1.241

6.0 85,92 1.115 209.3 1.297

0.0 197.% 1,000 111.1 1.000
1.0 207.7 1.053% 116.2 1.0406
2.0 218,5 1.108 121.4 1093
3.0 229.5 1.164 126.8 1.141
4,0

5.0

6.0

)

L~ N

N

221.,8 1.226 132.3 1.190
25%.9 1.287 137.9 1.241
2h7.2 1.3.4 143.7 1.29%
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Table 4,12
Drift mobility components in units of

102/

10 “em 7sec
time medel. Only two center integrals

2

.In the constant rel  xation

are included.

component

CV%

C

7

pressure

2.00
%.00
4.0
5.0
6.0

holes

32.64
36. 8
41.19
16.21
51.76
57.93
64.69

-6,.83
~T7.75
-8.79
-9.94
-11,20
-12.62
-14.19

ratio
to atm.
pressure
value
1.000
1.124
1.262
1.416
1.586
1.775
1,982

1.000
1.135
1.287
14455
1.64

1.848
2.077

electrons

.088
. 124
175
211
327
. 438
.579

-.0237
-.03%88
-.,0608
-.0896
127
- 177
-.214

ratio
to atm.

pressure
value
1.000
1.410
1.979
2.726
3.698
4,951
6.549

1.000
1,635
2.565
3777
5.%67
T.485
10.23%
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‘Table 4,13
Drift mobility comnonents in the
constant mean free path model in
units of 10° em/sec. Only two
center integrals are included,

pressure holes electrons
ratio ratio
to atm, to atm.
pressure preasure
wvalue value

0.0 3.966 1,000 8.762
1.0 3.942 0,994 8.966
2.0 3.916 0.988 9,169
3.0 3.886 0,980 9.371
4.0 3.849 0.970 3.571
5.0 3.813 0.961 9.770
6.0 3,768 0.950 9.973
0.0 9,608 1,000 5.803%
1.0 9.866 1,027 5.916
2.0 10.13 1.054 6.029
3.0 10.39 1,081 6.1473
4.0 10.56 1,110 64,256
5.0 10,935 1.138 6.368
6.0 11.22 1,168 6.481

1.000
1.023
1.047
1.070
1.092
1.115
1.138

1.000
1.019
1.039
1.058
1.078
1.097
1.117
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Table 4.14
Drift mobility components in the
congtant mean free path model in
uints of 105cm/sec. Only two
center intcsrals are ineluded.

component pressure holes electrons
ratio ratio
to atm. to atm,
pressure pressure
value value
¢ VCQ, h\_/D 0.0 2,029 1.000 .009 1,000
1.0 2,199 1.083 L0131 1,432
2.0 2,380 1.173 .0184 2,019
3.0 2.574 1.269 0251 2.757
4.0 2. 77T 1.369 0336 3,684
5.0 2,995 1.476 0441 4.839
6.0 3.221 1.588 0572 6,257
<Vavc,hy,> 0.0 ~0.282 1.000 .0025 1,000
1.0 -0.312 1,108 -0.0033 -31.342
270 ~0.345 1,224 -.0044 -1.789
3.0 =0.380 1.349 -.0058 ~2,358
4.0 -0.,417 1,481 -.0076 =3.078
5.0 -0.458 1,625 -.0097 -3.973
6.0 -0.501 1,778 -.0125 -5.086
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Table 4.15
Drift mobility components in the
congtant relaxation time model in
units of 101ocm2/se02. Two and three

center integrals are included.

component pressure holes electrons
ratio ratio
to atm. to atm,
pressure pressure
value value
< Va2> 0.0  107.2  1.000 18%.6  1.000
2.0 111.5  1.040 200.8 1.094
4.0 115.0 1,073 218.7 1,191
6.0 118,3  1.104 237.5 1.294
<V|:;2> 0.0  229.5 1,000 121.7  1.000
2.0 253.3 1,104 132,5 1,089
4,0 279.7  1.219 143.9 1.182
6.0 308.2  1.343% 155.9 1,281
< VC2,> 0.0 48,05 1.000 1697 1,000
2.0 60.62 1,262 . 3285 1.936
4.0 75.48  1.571 5873 3,461
6.0 91,94 1.913 .959 5.653
<M Vi) 0.0 -9.976 1.000 -.048  1.000
2.0  =12.86 1,290 ~.113 2.359
4.0  -16.22 1,63 -.222 4,635
6.0 -20.36 2,041 «.396 8,262
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Table 4,16
Drift mobility components in the
constant mean frec path model in
units of TOscm/sec.

component pressure holes elcctrons
ratio ratio
to atm. to atm.
pressure pressure
value value
<_V5‘:’h\_ll> 0.0 4.886 1.000 9.389 1,000
2.0 4,828 0.988 9.818 1,046
4.0 4.733 0.969 10.247 1.091
6.0 4,636 0,949 10.67 1,137
<V§A\-’-D 0.0 9.946 1,000 6.014 1,000
2.0 10.46  1.051 6.235 1,037
4.0 11.01  1.107 6.455 1,073
6.0 11,59 1,165 6.673 1,110
<VC'?h!l> 0.0 2.657 1.000 .0175 1,000
2.0 3.107 1.169 L0337  1.920
4.0 3,595 1.353 .0580 3,306
6.0 4.069 1.531 .0894  5.095
<V¢1V(_1,[y_[) 0.0 -0.370 1.000 -.0040 1.000
2.0 -0.448 1,210 -.0059 1,719
4.0 ~0.5371 1.450 -.01145 2,844

6-0 -0.647 1.74‘8 "‘0017?%9 4.4—*”'- 1
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et al except for the following differences:

i. The mobi:ity calculated by Katz in the ¢’ dir-
ection for hnles secms to be systematically smaller than
our mobility by a factor of 2., This was also the case for
naphthalene, Therefore we believe that Katz had a mistake
in his calculatior which introduced that factor of 2, As
will be discussed below this correction brings the czl-
culated anisotropy of the mobility at ntmospheric pres-
sure closer to the experimental values,

ii. Katz seems to have a mistake in th: sign of <:thkihvt>
for holes but the absolute valuve is in arreement with our
value,

Figures (4.12) through (4.15) give the change of the
drift mobility tensor for hoth holes and electrons with
pressure in the constant relaxation time and constart meanr
free path models. In these firures only twe-center inte-
grals were considered,

In Pigures (4.16) through (4.19) the contribution of
the three-center integrals were considered as well.

Comparisor wit: exneriment

Ags me ‘tioned before, Kepler(\g) measured the drift
mobility for hnles and for electrons in anthracene as well
as its change with pressure at 3 kilobars. Illore recently
Takashi et al(20) peasured the drift mobility of electrons
in anthracene as a function of nressure up %o 6.6 kilobars.
In order to facilitate the comparison of the calculation
of this work with the experimental data we tabulate our
calculated mobilities at atmospheric pressure and the ex-
perimental values in Table 4.,17.
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M epure captions

"{pure 4.12 gives the change of the components of the
drift mobility tensor of holes in the constant rcelaxation
time model with geessure.

Fisure 4.13 gives case for electrons.

figures 4.14 and 4,15 rive the change of the mnobility
components for holes and electrons regpectively in the
constant mcan fre:e path model.

In figures 4.12 through 4.15 only two-center intesrals
were ineluded, When two and three-center iatsrrals are
included figures 4.16 throush 4.19 give the correspondiag
quantities respectively.

Ian figures 4.12 through 4,19 she vertical axis pglwes the
ratio of the componcnts of moblility at a pressure p to
their values at p_0.
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Tabvle 4,17

Comparison of the theoretical
and experimental anisotropy of
the drift mobility of anthracene
at atmospheric pressure.

two and three- two- exper-
center integrals center integrals imental
value

constant constant constant constant I II

25 ) ¥ A

holes
Ma 1.00 1.00 1.00 1.00 1
ﬁb 2.1 2.0 2-56 2'4 200
A, 0.45 0.54 0.42 0.51 0.8
c
electrons
Ma 1.00 1.00 1.00 1,00 1.0 1.0
Py 0.66 0.64 0.69 0.66 0.59 0.64
Pe! 0.001 0.002 0,0705 0.001 0.23 0.28
I. Kepler

ITI, Takashi Kajiwara et al
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The ratio of the mobilities nat 3 kilobars to the atmo-
spheric pressure values are tabulated in Table 4, 18,

From Table 4.&8 we see tmat the constant free path model
predicts no change of the mobility with pressure i» the a
direction for hole contrary to the experimentally observed
increase. Therefore we conclude that this model is not ap-
propriate to describe the Arift mobility. On the other
hand tiie constant relaxation time model predicts that the
mobility increases in all three directions in a qualitative
agreement with experiment. In fact this model gives the ex-
act value of the change of the drift mobility of holes in
the ¢/ d'rection as that determi ed exnerimentally. Ilow-
ever, it gives a smaller change in the mobility in the a
and b directions than the experimental data. For the case
of electrons the m del 23180 gives a: increase in the mobil -
ity in the a a1d b directions in qualitative zgrcement with
experiment, although the increase is also smrller than that
found experimentally. The model fails however to describe
the mobility of electrons in the ¢’ direction. Howover,
no theoretical calculation have succecded in predicting the
correct value of the mobility in this direction, Going back
tc Table 4.3 we find that the anisotropy of the mebility
of holes in the ab plane as calculated in the constant re-
laxation time model is in excellent agreement with the ex-
perimental data. However in the ¢’dircction the model gives
a mobility smaller than the expcrimental value by about 45%.
liowever it should bc noted here that in spite of this dif-
fererce this value of nobility is closer than any theoret-
ical value available in the literature to the experime:.tal
value of mobility in the ¢/ direction. For electrons the
anisotropy in the ab nlane is again i very pgood agrcement
with exneriment.

Ve would also like to noint ocut here that the difference
betweern. tie theoretical and experimental value of the drift
mobility of the holes in the ¢/ direction mirht be d:e to
the simole asgu:ntion o an isotrovic relavotion time.
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Tablc 4,18

Comparison of the theoretical

and experimental dependence of
the drift mobility of anthracene
on pressure at 3 kilobars

Two and throe=
center integrals

constant constant
T
/Aal Lo 106 0.98
FolPrvo 1.6 1.075
1.41 1.26
NC'U"C'O
Pafpap 1.14 1.07
/‘b//‘bo 1.135 1.055

}4C'[f%2, ——— ——

Two-center Fxperiment-
integrals al wvalue
conatant constant I' - TII
g4 A
holes
1.062 0.98 1.4
.16 1.08 1.4
1.42 1,209 1.4
electrons
1.14 1.07 1.4 1.33
1.14 1.06 1.3 1.26
— —— - 1.0 1.0
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We now test the band model for internal consistency.
The uncertainity in the energy given by‘hh’ must be smaller
than the band width. By comparing t:e present theoretical
values of the mobility in the ab plane with the experimental
ones we find that (= 2.3 x 10~1% gec.) for holes ard
clectrons, Thercfore 8E=2he.027 e.v, a value comparable
with the bandwidths in the ab plane,

Therefore we conclude that the baid theory in the con-
stant relaxation time modely other than failing to rive
the experimental value of the drift mobility of electrons
in the c¢“ direction,rives the closest theoretical approx-
imation to tre values of the compone ts of the drift
mobllity tensor as well as their change with pressure,

The nolaron model used by Glaeser and Berry does not
yield as good values for the anisotropy of the drift
mobility at atmospherie pressure as our band calculation.
uarthermore,their rejection of the ba d model as being
internally inconsistent is rendered invalid by the above
calculation,

2 refinement of the band model might resoclve the re-
maining differences between theory and experiment.

(v) Ball Mobility
It was shown in Chapter II that the .'all mobility is
give by \ '
M- 2 M- -1
p < (Vo Myye Vi My = 2Vx Vy My} 7
W =4 5
8l <Tvg)
Tix
There the averaging processes are done over the first
Brillouin zone because of the periodicity of the energy

(4.46)

as explained before,

LeBlanc(2/) evaluated the ratio of the Hall mobility,
for the marmetic field parallel to the gf axis, to the

drift mobility by numerical intesration in the constant
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relaxation time model using Thaxton's intermolecular
regonance energy .He also found an approximate analytical
expression for the ratio of the Hall to the drift{ mobility
for that direction of the magnetic field. This approxim-
ation is wvalid fo H‘-r7 W,the bandwidth. Thaxton's and Katz's
4 i
energies predict/“ ~n _8 and -} s respectively for
electrons nd holed at ro 1 tempferature, The nefsative simm

ofﬂnvbmeans that carriers rotate in the wrong direction in
the magnetic field and it results from the fact that
gtates with negative effective mass are weighted more
heavily in the numerator of equation (4.46) than those
with positive effective mass,

Toombs(zzj did a crude nunierical evaluation of

for all possible six directions of the current and the
magnetic field usines Katz' energies in the constant relaxa-
tion time model. His results show that the Hall mobility
for both holes and electrons is anomalous in sien when

the magnetie field is parallel to the a or c¢' directions,

In this investigation we have done a conplete nmunivcrical
evaluation of the Hall mobility in the six different
directions as well as their change with pressure,

The calculations were done in both #he constant relaxation
time model and the constant mean free path mndel, In every
model the mobilities were calculated using two and thrne-
center integrals and,for comparison,using two-center
integrals only.

A trapezoidal rule three-di-ensional inte~ration
subroutine similar to that used to evaluate the drift
mobility was used.

Table (4.19) gives the Hall mobilities for holes and
c¢l:ctrons in the constant relaxation time model, This
table confirms that in this model the Hall mobility is
anomalous in sign for both holes and electrons.when the
magnetic field is parallel to a or c°'.

Tables (4, 21) and (4,22 give the Hall mobilitics when
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the constant meam free path model is used. The results
predict anomalous Hall mobility for holes only when the
magnetic field is parallel to the ¢’/ axis while it pre-
dicts no anomaly for electrons,

In Tables (4.19) through (4.,22) only two-center integrals
in the evaluation of the energy were used., Tables (4.,23)
through (4.24) give the same quantities when the three-
center integrals were considered as well. The anomalies
predicted are the same as those of the case of the two-center
integrals only.

The ratios of the Hall mobility at different pressures
to that at atmospheric pressure given in Tables (4.19)
through (4.24) are vlotted against pressure in Figures
(4.20) through (4.31).

Pig, (4.31) shows that the constant mean free path
model predicts that, for electrona when the current is
parallel to the b_axis and the magnetic field is pzrallel
to the a. axis, the Hall mobility goes through a maximum at
about 2,5 kilobars and a minimum at about 5 kilobars,

Such & behavior can easily be verified once a reliable
technique is available to measure the Hall mobility in
anthracene,

Unfortunately no definite experimental verification for
the values of the Hall mobilities in different directions
or their pressure dependence is available yet. The rea-
gon being the difficulties inv:lved in that kind of a
measurement as is discussed in Chapter V.
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Table 4.19
Hall mobility*in the constant relaxation
time in unitas of 1014cm2/3002.v01t. Only

two center integrals are included.

direction pressure holes electrons
kilobars
ratio ratio
to atm. to atm,
pressure pressure
valur value
b/ 4] 0.0 -1.520 1.000 «690 1.000
§//_g' 1.0 -1.543 1.015 «692 1.003%
2.0" -T.564 1.029 «H94 1.006
5.0 -1,58% 1.041 »695 1,008
4.0 -1.603% 1.055 696 1.008
5.0 -1.620 1.066 « 695 1.008
6.0 -1.638 1,077 « 694 1.006
19/ 0.0 = 0,594 1.000 1.003  1.000
BJIc” 1.0 - 0.585 0,984 1.007 1.004
2.0 - 0,575 0,957 1.011 1.008
3.0 - 0.564 0.949 1.013 1.010
4,0 - 0.5519 0,929 1.014 1.011
5.0 - 0,540 0.909 1.014 1,011
6.0 - 0.527 0.887 1.012 1.001
I/ e’ 0.0 0.430 1,000 -0.00
B//b 1.0 0.484 1.124
2,0 0.543% 1,260
3.0 0.609 1.414
4.0 0.682 1.583
5.0 0.752 1.770
6.0 0.850 1.974
# In all tables of Hall mobility at constant T we are

actually giving the ratio My/r as ocan be seen from
the units,
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Table 4,20
Hall mobility in the conatant relaxation
time model in units of 10'% em’/sec?.volt.
Only two center integrals are included

direction pressure holes electrons
kilobars ratio ratio
to atm. to atm,.
pregssure pressure
value value
Bllx 0.0 1.017 1.000 -0.,98” 1,000
I‘,g, 1.0 1.037 1.020 -1.212 1.2%4
2.0 1.057 1.040 -1.400 1,422
3.0 1.076 1.059 -1.541  1.569
4.0 1.095 1.077 -1.658 1.688
5.0 1,113 1.095 -1.755  1.787
6.0 1.130 1.112 -1.841 1,878
1]|cs 0.0 -0.130 1,000 0.000
Blja 1.0 -0.206 1,082
2.0 -0.223 1.170
3.0 -0.241 1,262
4.0 -0.259 1.358
5.0 -0.278 1,460
6.0 -0.298 1.554
I/le
gl}g 0.0 -1.153 1.000 0.%96 1,000
1.0 ~1,168 1,014 0.240 0.605
2.0 ~-1.183 1.026 0.111 0,281
3.0 -1.196 1,038 0.006 0.016
4.0 -1.210 1.049 -0.083% -0.210
5.0 ~1.220 1.058 -0.157 -0.398
6.0 -1.231 1,068 -0.223 ~0.564
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Table 4.21

Hall mobilitv*in the constant mean

7

free path model in units of 10'cm/volt.sec,

Only two-center irntegrals are included.

direction pressure holes electrons
kilobars ratio ratio
to atm. to atm.
pregsure pressure
value value
I//x 0.0 -1.590 1.000 -0.459 1,000
g/]g' 1.0 -1.492 0,939 -0.562 1.225
2.0 -1.410 0.886 -0.664 1,448
3.0 -1.318 0.829 -0.767 1.672
4.0 -1.212 0.763 -0.874 1.906
5¢0 -1,098 0,690 -0.970 2,114
6.0 -0.976 0.614 =1.077 2.349
Ila 0.0 7.847  1.000 ~37.51 1.000
El]lk 1.0 7.714  0.983 -34.71 0.925
2,0 7.591 0.967 -32.56 0.871
3.0 T.477 0.953 -3%2.28 0.887
4.0 7.342  0.93%6 ~-30.25 0.806
5.0 7.207 0.918 -28.51 0,761
6.0 7.067  0.901 -28.019 0.747
I/la 0.0 ~0.656 1,000 -0.692 1,000
EHE’ 1.0 -0.596 0.909 -0.851 1,229
2,0 -0.545 0,8%0 -1.010 1.459
3,0 -0.493% 0.751 -1.170 1,690
4.0 -0.4375 0.667 -1.337 1.931
5.0 -0.383 0.583% -1.487 2.148
6.0 -0.328 0.499 -1,658 2,394

* In all tables of Hall mobility at constant A\ we are
actually giving the ratio z“H/A a8 can be seen from
the units,
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Table 4,22
Hall 10bility in the constant m~an free
path model in units of 1070m/volt.sec.
Only two-center interrals are included,.

direction pressure holes electrons
kilobars ratio ratio
to atm, to atm,.
pressure pressure
value value
Ille’ 0.0 4,014 1,000 -.039 1,000
gj[yr 1.0 4,302 1.072 -.051 1,301
2.0 1.614 1,149 -.066 1,680
3,0 4,951 1,233 -.089 2,288
4.0 56297 1.3%320 -.106 2.720
5.0 5.061 1,410 -.128 3,%02
6.0 6.041 1.505 -.1606 4.11
Illgf 0.0 0,183 1.000 -.005 1,000
Blja 1.0 0.232 1.269 -.011 2.212
2.0 0.278 1.521 -,020 3.939
3.0 0,322 1,764 -.026 5.138
4.0 0.370 2.027 -.033 6,638
5.0 0.420 2.301 -.04% 8,628
6.0 0.475 2.601 -.054 10,69
ITlib 0.0 0.865 1.000 -3.188 1,000
Blla 1.0 1,040 1,202 -4,999 1.,5.8
2.0 1.182 1.367 -6,461 2.027
3.0 1.300 1,503 -6,285 1.971
4.0 1.422 1,644 -6,191 1,942
5.0 1.534 1,774 -6,238 1,957
6.0 1,655 1.914 =-6,070 1.904
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Table

4.23

Hall mobility in the constant relaxation
2 2
em” /volt.sec
Two and three-~ center integrals are included

time model in units of 101

direcction pressure

= H ot

2

[os]

(el 1)

o Ip

=’ {0

|dlm

v o

ip Jor

kilobars

0.0
2,00

4,0
6.0

0.0
2.0
4.0
6.0

0.0
2,0

4.0
6.0

0.0

AN - T AN
o o O

L . » -

D~ O O~ N O
C 0O0Q O OO0 O O

-1.505
=1.541
~1.570
-1.593

-0,704
-N,679
~0.646
-0,612

0.607
0.770
0.957
1.147

1.355
1.41%14
1.456
1.477

=-0,216
-0.255
-0.292
-0.3%36

-10030

-1.064

-1.126

4

holes

ratio

to atm.
pressure
value
1.000
1.024
1.043

1.058

1.000
0.965
0.918
0.870

1.000
1.268
1.576
1.890

1.00"
1.044
1.075
1,090

1.000
1.182

1.355
1.558

1,000

1.033
1.051

1.093

eloctrons
ratio
to atn.
pressure
value
0.672 1.000
0.671 0,998
0.6756 0,991
0.658 0.979
1.015 1,000
1.017 1,002
1.013 0,998
1.003 0,989
-.,00714 1,000
-, 0030 2,174
-, 005~ 3,991
- 0087 6,247
-1.439 1,000
-1.782 1.238
-2.013 1.399
-2.103 1-461
0,000
0.25% 1,000
0,025 0,0997

-00134 "00531
-0,248 =0,981
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Table 4.24
Hall mobility in the constant mean free path
nodel in units of 1O7cm/VO1t.sec. Two and three-
interrals are included

direction pressure holers electrons
kilobars ratio ratio
to atm, To atn,

pressure pressure
value value
I b 0.0 ~0.759 1,000 ~0.75% 1.000
B ¢’ 2.0 -0.54% 0,715 -0.957 1,272
4.0 ~0.314 0.414 -1.167 1.550
6.0 ~-0.060 0,079 =1.372 1.822
a 0.0 8.828 1,000 -38.473 1,000
B b 2.0 8,542 0,968 ~33,.700 0.876
4.0 8.241 0.93%3 -31,724 0,812
6.0 0.901 ~-28.503 0,741
a 0.0 -0.%73 1.000 ~=1.175 1,000
B ¢’ 2.0 -0,251 0.672 «1.507 1,282
4.0 -0,135 0.362 -1.853 1,576
6.0 -0,024 0,0h4 -2,194 1.8nh6
I ¢ 0.0 4,800 1,000 ~0,072 1,000
B b 2.0 5.50 1.145 «0,116 1,608
4.0 6.259 1,304 -0.177 2.459
6.0 6.983 1,455 =0.2%39 3,321
c 0.0 0.389 1,000 «0.012 1,070
B a 2.0 0,523 1.345 -0,033 2.713
4.0 0.687 1,767 -0,052 4.284
6.0 0.786 2,021 -0.078 6,447
I b 0.0 1.455 1.000 -4.15% 1.000
B a 2,0 1.759 1.209 5,086 1.45A
4.0 2.104 1.44¢6 =5:776 1,391
6.0 2.238 1.538 =5.830 1,404
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Pigure captions

Pigures 4.20 through 4.31 give the ratio of the Hall
mobilities of holes and electrons at a pressure P to
their values at atmoapheric pressure.

Fach curve is labeled by two digits, The first diglt

gives the direction of the current and the second one

the direction of the magnetic field., The axes a,b,c’

are numbered 1,2,% respectively.

Figure 4.20 gives the change of the Hall mobility of
holes in the constant relaxation time model. Only two-
center integrals are included. Three directions are given,

Figure 4,21 gives the other three directions of the
previous case,

Mgure 4,22 gives the change of the Hall mobility of
electrons in the constant relaxation time model with pressure,
Only two-center integrals are included.

Pigures 4.23% and 4.24 give the change of the Hall
mobility of holes in the constant mean free path
model with pressure. Only two-center integrals are
included.

Figure 4,25 gives the change of the Hall mobility of
electrons in the congstant mean free path model with
pressure., Only two-center integrals are included,

Pigures 4.26 and 4.27 give the changse of the Hall
mobilities of holes in the constant relaxation time
model with pressure., Two and three-center integrals
are included.

TMigure 4.28 gives the change of the Hall mobilities of
electrons in the constant relaxation time model with
pressure, Two and threewcenter integrals are included,

The Hall mobilities in the constant mean free path
model are given in figures 4.29and 4.30 for holes and
in figure 4.31 for electrons. Two and three-center
integrals are included,
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Chapter V

High Pressure System

As mentioned in the Introduction, one of the im-
portant objeectives of this work was to develop a high
pressure gas system with a non-magnetic cell which can
be used not only to measure the Hall mobility and its
pressure devendence but more geierally it can be used to
do any electrical measurement at high pressure which re-
guires a magnetic field and/or optical illumination. 1In
this chapter we describe that urique system. Figure(5.1)
i3 ablock diagram of the high pressure systam.which we

now describe in detail.

A" is an argon ras c¢cylinder of research grade. Argon
is used as the pressure transmitting medium. Oince
anthracene crystal has a very high resistivity, any elec-

trical measurement under pressure requires an insulating
medium which has a higher resistivity than the sample,

to avoid shunting effect, and is known not to react with
the organic compounds., DPure argon is a suitable choice.

"D* i3 a two stage air-operated compressor (American
Instruments Co. # 46-14021) This compressor requires a
90 P.S.I. air supply to operate. It raises the oressure
from 2000 P.S5.I. at the input to 30,000 P.S.I. at the
output.

nrn i3 a T-shaped conrector.
"H" is n dial pressure gage which measures pressures
up to 5 kilobars,

"E" is a medium pressure %-way valve (YIP No. 60-131F2)
which stands pressures up to 60,000 P.S.I, One of its
two outlets is used as a vent while the other one is con-
nected %o valve "F",
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"F" is a two-way high pressure valve which can take
pressures up to 150, 000 P.S.I. (HIP # 150-11 x F6)

"G" is a high oressure chamber which contains a high
pressure gage, This gage is of the form of a coil of
manganin wire whose resistance changes linearly with hydro-
static pressure in the pressure range of interest here.

"I® ig a pressure intensifier (Harwood Engineering Com-
pany, Inc., # A 2.5 J Laboratory type intensifier for gas
service up to 200,000 P.S.I.). This is simply a moving
piston with o0il on the large area end of the piston and
the argon gas on the small area end. The ratio of the
areas ig 15 to 1 resulting in a pressure intensifying by
a factor of 15.

"P" ig an "lherpac” 0il hand pump whiech is used to pump
up the piston of the intensifier.

"K" is the high pressure cell which contains the sample
holder.

In order to understand how this system works, the system
can be thought of as consisting of two main sections, a
low pressure section and a high pressure one. The low
pressure section includes all parts of the system prior to
the high pressure va've "F", The nressure in this section
never exceeds 30,000 P.5.I. The high pres-ure section in-
cludes the rest of the system., The presgsure in this section
under working oconditions is the high pressure which the
sample is gsuhject to., All the tubings before valve "E"
are non-magnetic stainless steel tubing of outer diamecter
of 1/8". The tubing after valve "E" are of 1/16" outer
diameter and about .005" inner diameter. The oil tubing
from the hand pump to the intensifier has an outer diameter
of 1/4", These had to be larger to allow the flow of the
viscous hydraulic 0il used., To operate the system, the vent

is closed, valve "F" is opened and the air comnressor is
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used t» nump the entire system up %o 30,000 P.0.1. Valve
"F"'" is then closed and the hand pump "P" is used to inten-
gify the pressure in the high pressure scction up to the
required working pressure.

Although this whole system was comnletely assembled dur-.
ing this investisation, two of its major rarts, namely, the
pressure gage chamoer wind the pressure cell were manufact-
ured in the local shop. 'Therefore, we dcocvote the next few
pages %o discussing the imnortant features of these two
parts,

Pressure gage chamber

Pigur:s(5.2) and (5.3) are schematiz drawings of the
pressure ga~e chamber, The mnterial used is fully m-urared
vagcomax steel (300 e.v.m.). As shown in ‘ifure (5.2) the
chumber hias three gas outlets. One of them is n: inlet
coning from the low pressure side, the second oie is con-
nected to the itensifier and the third one is e¢-nnected to
the mair pressure cell. The upper half of th> chamber is
designed to allow an electrical lead which is connected to
the manganin coil to be aviilable outside the chamber., The
other terminal of the coil is camected tothe body of the
chamber 28 a common terminal. The main difTiculty in manu-
facturing this chamber wns the critical alignme1t of the
center lines of the ocutlets.

As far as scaling is concerned, the major difrienlty
was to pressure scal the tor side. There are two sur-
frces to be scaled there. [he surface betw:on th~ gleeve
and the body of the c..amber; this was zenled by mea.s of
a teflon ring which flows upon ~nplying the ~ressure to
improve the seal. The other surface is the inside sur-
face of the mushroom. "his was scaled by means of a
metallic cone with a delrin cone on its conical axrface,
to electrically insulate it from the body of the chamber,
which fitted inside the mushroom. The sealing of this
inside surface was done b heating the chamber with a heat
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guri, while under nressure, tc allow the delrin cone to flow
and make a tight seal, This metallic cone was used as an
electrical terminal of the manganin coil. (This coil was
made of #40 wire, it has a tctal resistance of 170.00 omms,)

High Pressure Cell
Figure (5.4) is a schematiec drawing of the cell. Since
thig cell is designed to do electrical mcasurements in the

presence of a magnetic field, a non-magnetic material had

to be used rather than steel which is conventionally used
for non-magnetic high pressure measurementa, Based om its
mechanical properties beryllium copper #2% alloy, was
thought to be the best choice. The material was annealed

at 6000F for three hours. The final hardness is R.C. 37

and the tengile strength is 176,10C P.5.T. As can be seen

in the figure the cell has two optical windows and five
electrical leads going from the high pregsure inside the
cell to the outside. This is done by stacking alternating
metallic and insulating (lucalox) rings with the outside
surface inside the high preasure while the iqside surface

is at atmospheric pressure. Each metallic ring has two
wires connected to it, one on the outside rim and one on

the inside cylindrical surface. The ¥lat surfaces of the
metallic rings and the lucalox rings formed the nressure seals,
Two cylindrical sapphire windows were used to seal the cell
at the two opposite windows. These were pre-~loaded by means
of a spring in the form of a solid cylindrical shell with

an elliplically shaped hole in tho side to allow for the
sample holder to be placed inside the cell. The main dif-
ficulty in sealiig the cell was in lapping the sealing sur-
faces to optical flatness.Since this alloy is not convent-
ionally used in high pressure equipme~t, no experience was
available on the necessary lanping techiniques, espccially
the surfaces to lap against and the lapping compounds. Such
an experience had to be developed locally. Lapping com-
nounds gradually decreasing in particle size from 12 to 4
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Ploure captions

4 shows a schematic diagram of the high pressure

beryliium copper nut.

push piece made of beryllium copper.
gseal ring made of beryllium copper.
beryllium copper stack ring.
Tuealox ring.

spring in the shape of a c¢ylindrical shell
an elliptical hole in the middle.It is maie

is a seal ring identical to "C",

is a peryllium copper push piece,

is 2 beryllium copper mut,

are two sapphire windows.

is a beryllium copper window seat.
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microns were used in a multistage lapping procedure. Final-
1y, fine aluminum oxide powder of 2-3% microns in particle
size was used with liquid soap for final polishing. 1In
spite of a very careful lapping procedure it was necessary
to use soft gaskets between the sealing surfaces. On

the two windows different materials were tried as paskets
(e.g. thin aluminum foil, mylar, lead foil, tefion sheets)
and thin copper foil 0,004" thick was found most suitable,
In the case of the stack rings, the choice was even harder
since no pre-loading exists there. The material which proved
to work best was lead foil ,002" thick. This was rolled
down from 0,008" thick foil.

All parts of the high pressure section of the system were
tested up to 8 kilobars except for the cell, which was tested
up to 3.5 kilobars only.

Samnle !Holder

Pigure (5.5) shows a schemetic drawing of the sample
holder. This is a miniaturized holder which fits inside
the eylindrical spring inside the bore of the cell, The
holder is supported to the end piece of the stack as shown
in Pigures (5.6) and (5.7). The h-lder consists of a delrin
base with a snall copper base in the middle used as an
electrode. The delrin was chosen because of its high re-
sisitivity, its high resistance to organic solvents and
finally, since it is rather hard, it «does not deform with
repexted use, The upper part of +the holder is a disc of
quartz, e allow U.V. light to reach the surface of the cell,
coated with a thin transparent layer of tin oxide which
provides the front electrode. Three other teflon coated
wires go through the delrin base to provide the other three
leads. In this investigation they were used for the two
Hall probes and the guard ring. The wires coming out of
the cell go through a metaliie pipe, which acts as an
electroatatic shield. This pipe ends with an aluminum box
wnere the wires are connected to electrical posts mounted
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FIG.5.7

A PHOTOGRAPH OF THE
STACK AND SAMPLE HOLDER
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on one side of the box. Also two metallic strips are bolt-
ed to the cell. They are used to support the cell which
hangs between the pole faces of the magnet.

It should be mentioned that this pressure system is of
great versatility. It can be used for any high pressure
measurement which reguires the presence of a magnetic field,
optical illumination, as well as the availability of as many
as five electrical wires other than the ground terminal. No
such systan has been developed before. In the rest of this
chapter we discuss how this systemn was used in a trial to
measure photo-Hall mobility and its pressure dependence and
the difficulties which were encountered in this kind of
measurement,

Sample
The samples used were in the shane of a rectangular

parallelopiped which were prepared as exvlained in Chapter
IIT., The dimensions of the samvples were £x3x2 mm. One end
of the sample was ccated with silver paint to ensure uni-
form contact with the copper electrode in the base of the
sanple h~lder. A silver-painted guard ring was drawn very
near the other end., The purpose of this ring is to help
by-pass and supprees the surface currents., Two-fine point
probes were silver painted in the centers of tw opposite
gides. These were used as Hall probes. Good contacts
between the sample and the fromt smd back electrodes were
ensured by four springs which were placed between the delrin
base and the heads of the four screws connecting the base
to the guartz front elsctrode.

Experimental techniques

The techniques used is based o2 photo-injection of a
single type of charge carriers from one end of the sample
to travel turough to the other end. This photo~current is
about two orders of magnitude larger than the intrinsic
current, With this relatively large current the Hall voltage

can be mcasured upon annlying a magnetic field.
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The photo-injection was done by shining U.V.{(A4200A)
light on one end of the sample. Anthracene crystal
strongly absorbs light in the U,V. range of wavelenghs,
“herefore, the lipht is essenti-lly absorbed ot the sur-
face, creating pairs of free charges. By nroperly biasing
the back electrode relat’ve to th» front elcctrode/a glngle
type of charge carri:rs ca" be allowed to travel through the
sample, In this inveatigntion a 1000 watt xenon lamn was
used as the source of ultra-violet light. I[nfra-red light
emitted was filterecd out by means of n guartz filter filled
with a s-lution of copper sulphate., A quartz lens w:s used
to focus the light on the sanple t .rough the sapphire window
of the cell and the tin oxide coated quartz electrods in the
front of the sample holder. & mnsk was used to prevent
light from striking the guard ring or the crystal beyond it.
The guard ring was kept at the same notential of 70 volts
as the front el=ctrode.

Flectrical system

The electrical system vsed to measure the Hall mobility
is represented by the block dia-ram shown in Fipure (5.8).

The current through the sample is mcasured by a vibrating
reed electrometer. The voltnge of each Hall nrobe is mea-
sured by a separate vibrating reed electrometer. A bucking
potentiometer was used to cancel any initial voltage that
the probe may have, resulting from a geometrical offset of
its position from thne »oint of zero voltage, The use of
very high input impcdence electrometers to measure the ‘iall
nprobe potentials is essential i~ th.: case of molecular
crystals like anthrac-:ne which have very high resistance,
to avoid shunting the samnle by the voltmeter. 'The output
of the electrometers are con ' ected to a two-chawmel chart
recorder,

Results
In this investigation the front electrode and the guard
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FIG.5.8 Block diagram for the measure.
ment of the Hall voltoge of anthracene
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ring were kept 1t 70 volts (for h:les) and tne back
electrode was given a voltage, ranfing from -40 to -140
volts, adjusted to minimize the potential of the "iall
probe with the lower voltage. Upon tuming the lamp on
the current t irough the crystal increased from about

5 x 10~'3 amps to avout 2-3 x 10" amps. The potential
distribution ingide the samnle starts th change since the
tran centers are now being filled. 'That could be se>n by

a large drift rate of the notential of the 'lall »robes.
After a few hours the drift of the notentials of t-e Hall
probes become very small, an indication of a steady state
conduction which results from more or less fixed carge
distribution. Upon turning the magnetic field on a large
voltagrs of the same polarity a»npeared on hoth Hall probes,
This voltage was much larger than the expected Iall voltage.
If the maghctic field is turmed off the v-ltages return to
their inital value. Upon reversing thedirocction of the
marnetic field a voltage of the same polarity a:d of almost
equal magitude again doveloped at tnhe lall probe, This is
contrary to the exnected behavior of the linear Hall volt-
age, which should reverse its polarity upon reversing the
direction of the magnetic ficld. The experiment was repeat-
ed a larre number of times on samvles of different orient-
ations, Tither no deflection at all upon anplying the mag-
netic field, or an even effect of the nature described above
was obaerved. The magnitude of the effect however seems to
change randomly from one samnle to another. In some in-
dividual runs the voltage d~oveloped with the field in one
direction was slightly different than the wvoltage developed
with the field i the opposite direction., This difference
ca1l be considered tc be twice the linear ilall voltage, but
no definite conclusion could be reached about the magmitude
of the Hall wvoltarsc, much legs its nreasure denendence,

Tyonical valu s used in these runs were a photo-curreat of
1 x 10=11 amps, a notential difference across the sample of
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of 200 v’ and a magnetic field of about 16 kilogause. The change of

the Hall probe voltage upon applying the magnetic field under these

conditions was around 60 m.v. This even effect masks the much smaller

Hall voltage expected to be in the range of few millivolts, and makes

it virtually impossible to have any quantitative estimate of the latter.
Drelnet(l), in his first trial to measure the Hall effect in

snthracene, has seen an effect which is even with the magnetic field,

This effect inDresner's measgurenewt was superimposed on the linesr

Hall voltage. According to Dresner, the even effect was small relative

to the Hall voltage which made it possible to extract the latter by

reversing the magnetic field. In some runs he mentioned that he had

to use numerical integration techniques for the signals for two

opposite directions of the magnetic field in order to be able to

deduce the Hall voltage. Dresner attributed this effect to the

presence of surface defects or local variations in mobility. At

that time no data were available to give an alternative explanation

for such an effect.

(2-5) cbserved

Shortly after Tresnerb pepey Frankevich et al
that magnetic field causes the photocurrents in anthracene to decrease.
They first attributed that to the effect of the magnetic field on
(6)
!

charge transfer excitons. Pope et a measured the effect of the
magnetic field along different directions in the ab plane on the
photo-enhanced current along the Cl direction. They used evaporated
gold electrode, which injects holes in the crystal, and light in the
singlet absorption band (A = 360 - 400 nm). The photo-current
decreased with pronounced anisptropy. They concluded that since there
is no exciton fission, and at the light intensities they used there is
no triplet-triplet exciton fusion, the effect is due to interaction
between a triplet exciton and a trapped hole. 1In a later paper

Frankevich et 01(7)

explained the magnetic fleld effect em anthracene
photoconductivity to be due to triplet exciton-trapped hole interaction,
they alao attributed their earlier results to the same effect. Ern

et 11(8) have given a direct evidence for the triplet-trapped hole
interaction by studying the effect of injecting holes in an anthracene

crystal on the triplet lifetime. With this body of data it can be
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concluded that trapped holea interact with triplet excitons. The
triplet excitons decay and the holes are detrapped. The existance

of magnetic field apparently slows down this interaction resulting

in less detrapping of holes. The effect of the decresse in the rate

of detrapping on the current has been reported as mentioned before.

This decrease in the rate of detrapping may also change the potential
distribution along the sample, This change in the potential distribution
would produce an even effect as that found in our Hall voltage measure-
ment. Since the effect of the transverse magnetic field on the rate of
detrapping does not depend on the sense of the field, this could explain
the even dependence of this new effect on the magnetic field. Further-
more, the random change in the magnitude of this effect from one sample
to another, under identical conditions, may be due to the different

trap distributions in the samples. It slso seems that the long exposure
time to light, such an exposure is necessary to reach the steady state,
damages the crystal. The crystals show brownish discoloration which

may be an indication of some molecular bonding, defect production or
oxidation. Therefore we conclude that the method used for carrier
injection is not anpropriste for these crystals. If this new effect
reported here is due to the effect of the magnetic field on the rate

of detrapping, as we think it is, a new injection technique ought to

be tried which would not produce as many excitons, such a technique

may or may not be possible.
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Chapter VI

Conclusions:

Ve conclude this investigation by summarizing what
was done and the significaice of the results,

1, First the linear compressibilities of onthracene
crystal were determined, These are important data not
only to determine the correct pressure denendence of

the band structure, exciton caleculations, and the
mobility tensor but they can also provide important
information about the elastic properties of crystalline
anthracene. Such information can result in better under-
standing of the intermolecular, and consequently inter-
atomic potentials, A step was already done in this dir-
ection by numerically determining a set of elastic con-
stants in the neighborhood of the experimental values
and which predicts the correct linear compressibilities.
The system nlso gives a positive definite strain energy,
a criterion of a stable crystal.

2. We have calculated the band structure of crystalline
anthracene and itas pressure dependence using the actual
linear compressibilities, These results were then used
to calculate the drift mobility tensor and the Hall
mobility in different directions and thelr pressure de-
pendence. The calculations were made for an excess hole
and an excess electrom in both the constant relaxation
time and the constant free path models. These calcula-
tions lead to very interesting results as follows:

(a) Although the technique used was generally the same
as that developed by Le Blanc and modified by Xatz et al,
ag pointed out by Katz the choice of the oprover wavefunc-
tions is most important in this case, We, for the first
time, used the wavefunctions calculated by Hoyland and
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Goodman and calculated both the two~center and the three-
center integrals, Katz et al used them but they only cal-
culated two-center integrals, With this choice of the
wavefunctions we were able to predict the anisotropy of
of the drift mobility tensor for holes which agrees re-
markably well with experimental anisotropy in the ab
plane. Although the mobility of holes in the ¢’ dir-
ection is about a factor of 2 smaller than the experi-
mental mobility, it is the closeat thecoretical estimate
for the latter. This difference with exneriment may be
partly due to the assumption of an isotropic relaxation
time. ¥or electrons the model predicta the anistropy

of the drift mobility in the ab plane to agree gquite well
with experiment., However, it failas to come c¢lose to the
experimental value of the electron mobility in the ¢
direction. All these calculations so far were based on
the constant relaxation time and constant free path
models,

(b) PFPor the firast time theoretical predictions of the
pressure denendence of the drift mobility tensor, based
on the actual linear compressibilities, were available,
Upon comparing these with the experimental data obtained
by Kepler we found that they agreed surprisingly well in
the ¢ direction for holes while the theory predicted
smaller change with pressure for the mobility in the

ab plane, for both holesa and electrons, The constant
relaxation time model proved to be superior to the con-
stant mean free path model in predicting the pressure
data.

(c) The relaxation time calculated by comparing theoretical
mobilities with experimental data is longer than that

found by Katz et al, Consequently ocur uncertainity of
energy, fiven by hify, is smaller than their value of both
electron and hole. This result gives our model a better
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internal consistency than theirs,

At this voint we would like to point out that our cal-
culations are closer to the experimental walues of the
drift mobilities and their pressure dependence than are
other theoretical calculations,

3. A unique high pressure system was successfully develop-
ed with a non-magnetic high pressure cell which has two
optical windows and five electrical leads available at

the outside, This 1s a new contribution to the field of
electrical and optical measurement at high pressure. No
such cell was developed before.

4. A relatively large voltage with a polariiy which is

independent of the sense of the magretic field develops

at the Hall probe upon applying a magnetic field. Such

an effect is believed to be due to the change of the
longitudinal potential distribution along the sample. We
believe that such a change could result from the effect of
the magnetic field on the rate of detrapping of the filled
trap centers. ., This effect, being much larger than the
expected Hall voltage masked the 111 voltage and made it
impossible to have any quantitative measurement of the Hall
mobility or its pressure dependence. Such a negative re-
sult indicates a need to develop, new carrier injection
techniques which may not introduce as many triplet excitons
or samples with fewer traps, Should exverimental data of
the Hall mobility and its pressure dependence be available
in the future, they can be used to verify the theoretical
predictions based on the band model made available by this
investigation.
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Appendix

Some detalls of the neutron diffraction experiment:
The experiment was done on one of the standard neutron
diffraction spectrometers at Brookhaven National Laboratory.
The high pressure cell used wns an aluminum cell in the
shape of a spool with a cylindrical bore in it . The
sample,a single crystal of anthracenec in the shape of
a rectangular parallelopiped, fitted inside the bore
with the long edge parallel to the cylindrical axis.
The cell was mounted on a goniometer which in tumm was
mounted on the apcctrometer. The goniometer used has
two perpendicular horizontal axes of rotation to allow
adjusting the tilt of the sample in a range of 105

The published lattice parameters were used in a computer
program which determined the approximate positions and
intesities of the different Brarg reflection peaks,
Three of the strong peaks were chosen to take data
around. These as mentioned on page 39 were (200),(020),
and (003), Two samples were used for final measurement.
One sample had the b axis perpendicular to the diffraction
plane and the second one had the a axis perpendicular to
the diffraction plane,

P;fggedure.
After the cell with the sample inside it was

mounted on the spectrometer a standard BF3 counter was

set at a value of a diffraction anglel @ which corresponds

to a strong peak in the plane pervendicular to the long

edge of the sample. The sample was rotated along a vertical
axis until the beam made an angle @ with the reguired planes.
This was done by maximizing the diffracted intensity. At

this position the tilt of the sample wns adjusted by small
rotations around the horizontal axes of the goniometer

until an absolute maximum is obtained.In this position
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the long edge of the sample is perpendicular to the
diffraction nlane, In the case of the sample with the

long edge parallel to the b axis the counter was adjusted

at the diffraction angles of a number of strong peaks and

by rotating the sample around the vertical axis until

the diffracted intensity was maximum the position of the

peak was approximately determined. By iteratively changing
the angle of the counter and the angle of the sample the

besat position of the peak was determined. This was tfaken
to be half way between the two points of half maximum

intensity. Prom the data taken on this sample we determined
a, ¢ , and the monoclinic angle p . The experiment was
repeated at different pressures to give the parameters

as functions of pressure up to 5.4 kilobars., The pressure
gystem used 1s very similar to the one shown in fig.
5¢«1. From the sample with the long edge parallel to the

a axis,b was determined.

The four parameters showed linear dependence up that
pressure and the data were fitted to straight lines using
the least sguare deviations method . the equations
of these lines are equations 3.1-3.4.



