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ABSTRACT

We discuss the effect of disorder on dynamical processes in solids.
In particular, we treat donor (to acceptor) decay, excitation diffusion,
trapping and optical line shapes in disordered systems. The modelling
of disorder with fractals is discussed.

I. INTRODUCTION

The presence of disorder in solids has a substantial effect on the
energy levels (both electronic and vibrational) and on the dynamics of
particles and excitations travelling through the solid. An enormous
amount of effort has gone into studying these effects, both experimental-
ly and theoretically. In this article, I will necessarily be forced to
restrict my comments to a small subset of the possible interesting
topies. I will in fact discuss issues which arise in the optical spec-
troscopy of such solids; however these will exhibit the interesting
problems which occur when disorder is present in a solid. The plan
of the article is to begin with the dynamics of the transfer of exci-
tation from a single excited donor to a collection of randomly arranged
acceptors, The disorder gives rise to a dramatic change in the time
dependence which is highly dependent on density (of acceptors) and
on the dimensionality of the space. Next, we will ‘examine the transport
of an excitation among similar molecules randomly arranged on a lattice.
We will discuss the time dependence and the diffusion coefficient of
this transport and their dependence on density and dimensionality. The
trapping of excitations during this diffusion process will also be dis-
cussed. We will then go on to examine the effect of disorder on the
optical line shapes of molecules in solids. Here we will discuss the
ways of dealing with the weak disorder case and the strong disorder case.

After these detailed studies, we will go on to discuss the modelling
of disorder fractals. After an introduction to this concept, we will
discuss the effects of fractal structure on the dynamic problems we

discussed above.
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II. FORSTER TRANSFER [1-10]

The simplest process we can imagine which exhibits the effects of
disorder is that of excitation transfer from an excited molecule to a
large number of acceptor molecules arranged in space in some way. The

time dependent probability of finding the excitation on the ath donor
molecule is

dpg(t)

1
= = $ “i p (t) T Pnft)

where Wy, is the rate of energy transfer from the donor to the ith accep-
tor at position ry and 1 is the lifetime of the excitation in the absence
of acceptors. We take the donor position to be at r, and assume that the
donors are very far apart, so they do not interact with one another. In
addition, we assume that Wia 18 a function of I{~f,+ In fact, we normal-
ly assume that it is a function of |£i‘£a| onl}, ;lthough although some

concern has been raised about this. The solution to Eq. (1) is immedi-
ate:

-(z Wit
Palt) = e ehth = [0 e "1at]e-th

(2)
i

The experimenter measures the fluores

and infers the "extra™ decay due to the donor-acceptor transfer. If the
acceptors were arranged in exactly the same manner around each donor,

then the problem is done and the donor-acceptor transfer has changed the
exponential decay rate from 1/t to /1 + 1 Wia- However, the assumption
of order is incorrect: each donor seeg a diE%erent arrar’agement of

acceptors, so the experimentally determined variable is the average of
Pa(t) over all possible arrangementg:

cence decay of the donor molecules

Wit - I
Wt)> =iy o 8%, tT ot e
i

where we have assumed
T

3 In the absence of acceptors is
c:dng::g:ﬁo:efldom position in the solid. 1In order to carr)'PUUt this
R iy th::e:}a‘ge. e can assume that the acceptors are arranged on
an acceptor is p ang ihgzonbility e oeise sita g g
uncorrelated sites, ® unoccupied s (1-p). Then, we have for

JrT (3)

that the lifetipe

#(t) =1 [(1~p) + P e_ui“tl
i

(4)

where the
Product ig now over all lattice 8ites. We can rewrite this as

¥(t) = exp[L 1og(1- “Wiat
R‘P[i 0g{1-p + pe 1o 1 (5a)

Wit

= exp -.[P!: {1 ol ia
y e 1] (5b)

for smaly P,

Finall
integral over T

can convert
the volume, Defin e

: Sum over latt{ce sites to an
U8 concentration of acceptors by
¢ = p(N/V)

(6)




we find

Rumax -
#(t) = exp[-c [ dr {1 - e % (r)}} (1)
Rpin

Here we have replaced Wy, by H(|51—5| = W(r) and placed the donor mole-
cule at the origin. If we now assume that W(r) has a multipolar form:
W(r) = a/r® (s = 6 is the Forster dipole-dipole transfer rate) and that
the transfer takes place in a space of dimension d, we find (with spheri-
cal volume element dr is replaced by rd-l Agqdr since the integrand is in-
dependent of angle) ~

Bna
o(t) = exp{-
e cAy Jam

x -at/r8
dr rd-l[1-e 1} (8)
in

The upper limit, R .., is the dimension of the region containing accep-
tors in which acceptors interact with the donor. The integral can be
transformed into a I function for at/RS;,,<<{l (i.e. for times short com
pared to the inverse rate to the farthest donor) and at/RS;;.>>1 (times
long compared to the inverse rate to the nearest neighbor molecule.)

o

#(t) = exp{—AJEa:)ﬂfs ra - 5 (9)

S50 here we see our first example of a strong effect of disorder: the
exponential decay law has been modified to a decay nonlinear in time.
The usual case of d = 3, s = 6 ylelds a t1/2 yhich has been known since

Forster's ploneering work. Note that a crucial assumption in the above
was to replace the actual distribution of acceptor molecules by an aver-
age distribution proportional to cdr.

The form of the decay of <p(t)> is an example of a"stretched exponen-
tial":

-(t/ty)B

e . (10)
In the Forster case § = 1/2, but as we see from the above B8 = d/s is pos-
sible for s » d + 1.

If instead of a multipole transfer rate, an exponential w(r) = Hoe'Tt
(exchange transfer) were chosen, then we find

#(t) = exp - {Aq EE 84 (Wot)) (11)
Y
where g4(Wt) are functions introduced by Inokuti and Hirayama [2] and
discussed extensively by Blumen [7,8]. In the limit of long times (but
R
still short compared to Wo"leT maX) these authors find

8a(x) ~ znd(W,t) (12)

This decay is slower than the stretched exponential form found for multi-
polar transfer. This is sometimes called an exponential log decay.

We should point out for completeness, that often the experimentally
relevant parameter is the branching ratio, i.e. the ratio of the radia-
tive rate to the total rate. From Eq. (3), we can write this as
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1 (13)
"t S e
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which is just =1 multiplieq by the Laplace transform of #(t) evaluated

at t~1; o
n= T‘li(u)l (
-1
u=r7
where ¢(u) is
0u) = /% ey (ryar (15)
0

As a final point 1n our Present discussion of donor-acceptor :ranzf:i.
We can ask what would happen 1f the acceptors were arranged in a non- s“
tropic manner. 4 simple example will suffice: suppose the acceptors a

arranged in a cylinder of radius R; and length Rp<<R;. Assume Wltipﬂla:_
decay W(r) = a/r8, then for times such that at/Rp9<<1, the decay is thre
dimensional. Howe

ver, for times such that at/Rp8>>1 (but at/R;S<<1) the
decay will resemble the 2-dimensional rate.

This is an example of the
effect of restricted Beometriesg,

I11. EXC ITATION OR PARTICLE TRANSPORT [11

III.A. Formal Hanigulatiuns

-23)
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or



p(k,t) = = exp{ [-H(0) + W(k)]t} (19)
N

where we have assumed the excitation was originally at the origin and we
have defined

1ke(r3yry)
Wk) =L e Wyq (20)
b

Thus the probability of finding the excitation on donor n is

ike
pa(t) = # L exp ([-H(O) + W(k)]t} e D (21)
k

At very lew short times,

-tW(0
Polt) = e 2 (22)
and at along times we find
Polt) ~ g—d/2 (23)

(d again the dimension of the system). We can calculate the mean square
displacement of the excitation (initially at the origin)

<®R2(t)> = £ |Ry~Ro|2 pp(t) = 2d Dt (24)
n
with
D=Ll ; Wom |Ro R |2 (25)

Thus for regular lattices, the transport of an excitation is diffusive at
all times. Note however that the probability of being at the origin,
Po(t), has a more complicated time dependence.

When disorder is present, the time dependence of the mean square dis-
placement is more complex than Eq. (24). A number of different ap-
proaches have been taken for this problem. Here we will try to show the
connections among some of these.

Consider a partially occupied lattice for which each site can be occu~
Pled by a molecule capable of carrying the excitation with probability p.
Then the equation of motion for the probabilities of finding the excitation
at one of the occupied sites is once again the master equation.

Pa(t) = I Woppp(t) = L WypaPn(t) (26)
m¥n m#n

Note that probability is conserved so that Ipa(t) = 0. An average over
all possible starting points for the excitation for one configuration is
the same as an average over all possible coanfigurations of occupled sites
on the lattice with the excitation starting at the origin. Eq. (26) can
be formally solved by writing it in vector form

R(E) = ¥p(t) (21

with
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1k (Rn-Be)

M(k,u) =L e Mpg (u) (38)

n

We can define a generalized diffusion kernel D(k,u) by

D(k,u) = M(O,u) - M(k,u) (39)

and we find that the long time diffusion constant is given by

1,42
D = — [— D(k,u)] (40)
2d  dk?2 k=0, u=0

Thus the averaging procedure has produced an effective medium in which
the excitation moves. In this medium, there is a memory term in the dy-
namical equation.

We can rearrange the GME into another equation, also often used to
model disordered systems: the continuous time random walk equation [13]
or CTRW. In this model, a probability density distribution for jumping
from R, to Ry at time t is given by ¥(R,-Ry,t) and the probability for
finding the excitation at R,, given chat it was at the origin initially
is

t
<Pn(Rpst)> = #(t)6y o+ I [ dr ¥(RyRp, t-1)<P(Rp,T)> (41)
m¥Fn o

where $(t) is the probability that the excitation has not left the ini-
tial site at time t. By Laplace and Fourier transforming this equation
and comparing it to Eq. (37), we find that (in Laplace variable u)

- 2 ik+R
¥(Ry,u) = N1z 5(k,u) e *-m (42)
k
where
M(k,u)
S(k,u) = = (43)
u + M(0,u)
The probabilities are given by
1-5(0,u) ik.gn
Pplu)> = LS i

Nu k 1-5(k,u)

and so in the CTRW, the Laplace transform of the mean square displace-
ment is given by

X £ Rp2 ¥ (Rg,u) (45)
u(l—S(g;“)) n

®RZ(u)> =

and the (time dependent) diffusion coefficient is given as

y - S1/2d) o

1-5(0,u) n

ReZ ¥ (Rpu) (46)

Thus in the CTRW approach, we must find @(En,u) in order to obtain expres-
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where the T matrix is expressed in terms of bond t-matrices, tam [24]:

: .- WEWnn
8 " T=Z(WEWnm) ((CM)an-(Cx)ng)

(51)

Since the effective medium is translationally invariant, we can easily
find (Gy)pm, etc. The self-consistency condition is to average Eq. (51)
over the distribution of Wy,'s and set the average to zero. In this way,
the "scattering” of the excitation due to fluctuations in the nearest
neighbor transfer rates is minimized in the same way as the scattering

of the wave function is in the CPA. Using the effective medium Gy, we
find

(Wg—W)dwW
<tom> = [ p(W) T-2(Wg-W) (1-uC, ) /zWg

=0 (52)

Here p(W) is the distribution function of nearest neighbor transfer rates
Wom (due to the occupation probabilities), Gy = (Gy)pp and z is the
number of nearest neighbors in the lattice.

If we take a model in which the probability that the bond between n
and m is present (i.e. W = Wy) is p and the probability that that bond is
absent (i.e. W = 0) is (L = p), then we find from Eq. (52)

P - 2(1-uG,(u))

5 (53)
1= ;{l—uGO{u})

Wg(u) = W,

This predicts a (long time) diffusion constant, D, which vanishes for p <
2/z and is linear in p - 2/z for p > 2/z. Thus the EMA predicts bond
Percolation with a critical concentration of bonds equal to 2/z, inde-
pendent of dimension. This result was found earlier in the percolation
Problem by Kirkpatrick [38]. This result is not exact for the bond
problem, but is a reasonable approximation in almost all cases [21]. In
addition to the diffusion constant, the approximate time dependence of
<R2{t%> and D(t) can be found using the EMA [21]). The dependence of D
and R on time and p - 2/z as p approaches 2/z (the percolating cluster)
can also be found approximately by this method. Although the results are
0ot exact, the capability of the EMA to get useful approximations in

a simple way is excellent.

If instead of a percolation model, we take a specific form for p(W)
in Eq. (52), and 1f uGy(u)*0 as w0, then we can find the diffusion
constant, D, from Eq. (52). In particular, in a one-dimensional system,
we find D « <W~1>~l yhere the average is over the distribution p(W).

I1I.C. CTRW Approximations

We return to the discussion of the CTRW equations and note that if we
bad an approximate form for the waiting time distribution functions
*(Rn,u), we could find a form for D from Eq. (46). A number of years
880, Scher and Lax [13] suggested a route to Y(Ry,t). They noted that
the Probability of remaining at the initial site, #(t) (see Eq. (41))
Wust be the form we have already discussed for the donor-acceptor
Problem. But in addition, by comparing eq. (41), (42), and (44), we can
make the identification that

°(t) = - 5(0,t) = -L Y(Ry,t) (54)
m

Since, from Eq. (4)
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e(t) =N[(l-p) +p e ] (55)
i
we can identify
VRrt) = PR 1 [(1py 4 p (HRRIE (56)
n#m

or in the 1limit of small concentrations

-tW(R
¥(R,t) = pW(R) e i )Q(t) (57)

and #(t) given by Eq. (7). We may now evaluate the mean square @
displacement using Eq. (45) ang the diffusion coefficient using eq. ( / -
As an example, choose the multipolar transition rate given by W(r) = a/r
the we saw above that (Eq. (9))

#(t) = exp - prd/s (58)
The Laplace transform of the diff

usion coefficient s(uJ is then given by
Eq. (46) (and Eqs. (54) and (57)) as

ﬁ(u) 2 }de
u$(u)

Lic [ dadre2y(g) e'tw(RJO(tJ} . 3

Using the multipolar form for W(R),

2 .
J'ddRRzH(R)e tW(R) i t(d+2fa) le Bt

(60)
We can Immediately fing the short ang long time dependences of D from
these equations. A¢ short tipeg
(d+2)/s-1
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kernels appearing in the GME, and while these calculations agree with one
another qualitatively, the correct value of D is still uncertain in any
model with long range transfer. Burshtein [16] has recently reviewed th
various theoretical models for energy transfer in disordered systems.

III.D. Anomalous Diffusion and Trapping

A standard approximation in the CTRW is to make the assumption that
(see Eq. (42))

V(Rp,t) = P(Rp)¥(t) (63)
Then
S(k,u) = A(k) ¥(u) (64)
where
ike
A(k) =T e P(Ry) . (65)
m

Then (see Eq. (45))
S R
u[1=¥(u)]

since LP(R,) = 1 (The total probability of making any jump must be 1.)
and

®%(u)> = i(u)(zt:l RnZPn) (66)

cCr2p) -
D(u) = "2“ S v (67)
1 = $(u)

Now the time dependence of D(u) is governed solely by P(u). In particu-
lar, the long time dependence of D(t) is determined the small u depend-
énce of Y(u). Y(t) represents the probability distribution of waiting
times; if this distribution has a long time tail, there may be anomalous
diffusion. Consider first the non-anomalous case, then

$(u) = In dt e™Uty(t) =1 - u f' dt t p(t) + o= (68a)
[+] o

-l-uf1+-.o (681:)

If 1) 1s finite, then

(ZR2p )/24
i (69)

Bit) » e uro
o

T

S0 that for long times

D = (3R,2P,)/2d7; . 70
1f, however, the first moment of ¢(t) is infinite, say for example
o e i v 0<Bg<1 (71)

then

e
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72
V(u) =1 = T(1-B)uB/g8 + «es (72)

and

B-1 (73)
D(t) ~ ¢

Thus (szt)> ~ tB and the diffusion is anomalous.
proximation for y(t) ylelds

o(t) ~ ¢ P

By the way, this ap-

(74)

for the decay law of an excitation due to danor—acceptor transfer.

Montroll and Scher chose the form of Eq. (71) for ¥(t) in their study

p « It is the extremely long
of disEerslve transport in amorphous materialg

waiting times (or trapping times) which cauge the dispersion in th:
transport. 1In our dtucusalon, this yields a time dependent diffusion
coefficient (Eq. (73)) which decays to

Zero at long time. The form for
<Rz{t)) (i.e. proportional to tf

» B < 1) is unusual; it is interesting to
ask in whatr circumstances such a form can come about.

Another problem of current interest ig the trapping of an excitatiﬂzs
as it hops through a disordered 8¥stem. We think about the excitation
a random walker which is removed from the problem if it walks onto a t;ap
site. The trap sites are randomly arranged on a lattice with probability

Problem has been extensively
128] in terms of Ry, the number of distinct
sites vigited by the walker af

The survival probability, ¢,
lons of the walk of the survival

Ry (R“—ljin(1~c)
%= (1c) T a e > (75)
R, is a Stochastic variable,

average in Eq. (75) cannot be done .
in general. The Standard app 98 for small ¢ (low concentration o
traps) is to write

(76a)

<R,>, the Mean number of g4

stinct siteg visited after n steps-
Wn function of

dtmensionality and lattice.
The above Was derived

for random wajke Vith a constant jump time. If
we allow for g Jump~time distribution as in the CTRW, then the survival
Probability ig

X(t) « o TOCE)

(76b)
and we cap define the decay rate of the excitation to be
X(t .
k(t) = - i%?% = ¢5(¢) (76¢c)
Here S(t) yg telated to the ¥(u) we Introduced above (Eq. (64)) by
- - n b
S(u) = oZoSal¥(w)] LlEISEll (77)

42

|




Other approximations to Eq. (75) are possible. 1In particular, at not too
long times we can go to the second cumulant to find [32]

2 2
- + 2
O . eS(t) + ¢ o (t)/ (788)

The properties of S, are known for d-dimensional lattices [27,28] and
thus we can find the long time behavior of X(t) for a variety of
situations.

Blumen and Zumofen [43] have carried out extensive simulations of
trapping rates and survival probabilities, and compared them with the
approximate results mentioned above as well as other approximations. For
éxample, these authors found that if y(t) has a finite first moment (Eq.
(68)) then, in 3 dimensions, X(t) was exponential in time (for not too
long times). If however y(t) has a long time algebraic tail (Eq. (17)),
then 1y does not exist and the survival probability X(t) ~ t™B,

The asymptotic decay of X(t) for very long times has been discussed
by a number of authors [40-42] and using rather general arguments, it is
found that

X(t) ~ exp - t(d/d+2) (78b)

This long time decay is dominated by the probability of the excitation
being born in a large trap-free region. It turns out that although this
s correct, it occurs for such long times that it is unlikely to be
observable in practice. In fact, except for 1 dimension it is difficult

to see even in simulations.

Other problems, related to trapping, have been studied in the past
few years. These are the bimolecular reactions A+ A + O and A + B + 0
¥ith rate constant k. The kinetics of these under the assumption of a
“well-stirred” reactor are easy to find so that in the first

A(t) = A (1+2a,ke)™ L ~ 1/t (79a)
and in the second, for A, = By,
A(t) = A (1+Akt) ~ 1/t (79b)

Lf the well-stirred condition is not correct, then there are strong de-
Pendences on disorder for the long time limit of these processes. For
example, for A's walking on regular lattices, it is found (by simula-
tion) that for the first case

A(t) ~ [cs(t)]-1 (80)

describeg the dynamics very well. However, for the second case, another
Problem ariges. Spatial fluctuations in the concentratigu: of Alani B
re emhanced by the chemical reaction, and regions containing only A or
°aly B molecules appear. In this case, it turns out that the behavior
(for Tegular lattices) of A(t) starts out as Eq. (80) but crosses over to
@ slover decay at longer times.

IV OPTICAL LINE SHAPES IN DISORDERED SOLIDS
In this section, we will deal with two topics: A) the optical line

*13pe of molecules in a solid in the presence of weak disorder at low T
ad B) the homogeneous line shape of a guest molecule in a glass at low T.
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Both of these have their genesis in trying to answer specific experimental
questions, so we will present them in that manner.

IV.A. Optical Line Shape: Weak Disorder [44,45]

The optical absorption s

pectroscopy of molecular crystals at very low
temperature has been of inte

rest for many years [46], but until recently,
the true shape of the optical lines at very low temperature have been

obscured by various effects. Recently, Port [45] was able to determine
the absorption line of a particular molecular crystal at temperature
below 2 K with such clarity that, I believe, we are seeing the scattering
of the excitation by isotopic lmpurities in the solid. This is a case in

which we know so many of the parameters that a clear comparison between
experiment and theory is possible.

The molecule is 1

,ﬂ-dlbronouaphthnleue (or DBN).
do many planar molec

It crystallizes, as
ules, in a form which exhibits 1in

ear stacks of mole-

of that for down the stack), so that the excitons are
very nearly ome-dimensional. Ar very low T, the spectroscopists have

found that the optical absorption Spectrum is a highly asymmetric line
(independent of T for the lowe

St temperatures). They guessed that the
Cause of the asymmetry wag impurities of DBN containing C!3, Since the
natural abundance of ¢l3 g4 1%,
have one C13 i q¢, Because of zerg point vibrational energy effects,
the optical absorption of thege molecules are s8lightly blue shifted from
that of the "pure” DBN. Thys energy difference causes scattering of the
exciton and changes the optical spectrum. Another way to think about it
is to say that these impuritieg break down

the translational symmetry
and cause intensity redistribution in the spectrunm.

We describe the Hamiltontian of the system ag

H=7g eu!n)(nl + 1 Jnm|n>(m| (81)
n n,m

where €q 15 the e
with excitation
ment. We assume
n and m are neare
of H can be writt
conditions) ag

[n> is the localized state
tation transfer matrix ele-
tell us) that J,.=0 unless
n 2re equal, the eigenstates
ng periodic boundary

Pectroscopigtg
If all the £
en down i:l:edtstely (assumi
o> =1 elkn|n> 82)
/N n (

:: :avelu-ritten this {n one-dimensional notation for convenience. The
m: nvalue cuirnsponding to k> 15 2 one dimension. For the

ure crystal, we assume that J 4 : e
Specles. The Optical lipe shape a: T s el o

by an average over g11 §.imctlon of ey, I(E) is given
Possible confy
Imaginary Part of the k = g Green fung;:}.-:::ons ¥ ittpurictes of .

I(E) = In(cu-o,:-:})c (83)
and

- TR
(&,B) <|(B-p 18) | (84)



with 6 a small positive number. For the pure system, this gives a delta
function line shape centered at E = e€+2J (or if § is the inverse of the
radiative lifetime, a sharp Lorentzian of width ). In the specific case
of DBN, the lifetime is quite long, so that 1! s quite small. The
effect of the impurities is to spread intensity from the zeroth order k=0
level to the other energies in the band, by the mixing of this state into
other states. One way of carrying this out is to write

-1 =1
(B-H-18) >, = [E~Hggg(E)] , (85)

where Hoge(E) is some complex function of E. A formally exact expression
for Hope(E) can be written, but since it cannot be evaluated exactly, we
will not bother. Instead, we will find an approximate form for Hgg¢(E)
using the coherent potential approximation [37]. We write (£ is the con-
figurational average of the excitation energy)

Hegg = [e+0(E)] L |><n| + T Jpp|n><al (86)
n n,m

and H = Hyge + V with
V=1 [eg~e~0(E)]|n><n| = L v,|ad<n| (87)
n
The exact Green function can now be expanded in terms of the zeroth order

(effective) Green function and the t matrices, and the site diagonal t
is

(0) -1

tan = Vpll=voG.. ) (88)

where
(0) -1

San” = @l(E-Hegg) ™ [n> (89)
We now set the average of t equal to zero:

P

i (%0)

a=]

where €y 1s the concentration of each isotopic species. This gives,
after some manipulation

P
- a

a=1 )
1-v(a)g, " (E)

(91)

=1

(0)

This is the CPA equation. Note that since both v(3) and G, contain a(E),

8 must be solved self-consistently. We have solved this for the param-
°Lers of DBN (all the relevant parameters are given in ref. [45]). For 5

S system, the energy defects (i-e. e(®)-gj ..) are small couparedito b =N

ing at most 0.2 J, thus we expect the o be a reasonable descrip- \ )
t100. Ve have computed the line shape in this way and compared it to s
SXPeTiment. There is almost perfect agreement 1ﬂ shageiﬂnda:::fﬂii :i t

tween the two. This suggests that, at least in certain c 3
Possible to find a zero tggperature line shape dominated by weak dis:rder
Ffects such as isotopic scattering rather than other defect scattering.
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IV.B. Homogeneous Line Widths of Molecular Transitions in Glasses [47]

11 concentration of guest molecules is placed in a host,
the ‘;:::cgls:;sorptmu spectrum of these is inhomogeneously b;oage::d
because each molecule 1s in a different environment. If the hﬂs b,
crystalline, it 1s possible to observe the homogeneous line shape i
molecular absorption using a variety of techniques such as floures =
line narrowing, photon echos, and hole burning. When the homogeneng
linewidth 1s mea f temperature, the mechanism o 4

dening or dephasing can be elucidated in the more favor‘
able cases. For example, local mode or librational mode dephasing vari'c
ing as e~wg/kT at low temperature has been observed, as well as aco::;ed-
phonon dephasing by Raman Processes (varying as T7) have been ident

When the host is a glass, things are not so easy. First of all, the

inhomogeneous broadening is quite large, often complicating the interpre-
tation of the more complex experiments. Secondly, when the homogeneous
linewidth {is uncovered, unusual and totally unexpected temperature de-
pendences have been found. Thig field is of sufficient current interest
that an issue of Journal of Luminescence was recently devoted to the
problem of hole burning in optical linpes ip glasses.

The hole burning experiment {s the following: an inhomogeneously
broadened 1ine is irradiated at ap

articular frequency by a narrow band
laser for some time, and then the OPtical absorption recorded with low
intensity light. a hole 1s found ipn the inhomogeneous line at the
frequency of the lager. When care is taken MOt to heat the sample, etc.,
the hole shape is assumed to be related to the homogeneous 1ine shape of
the molecules at the laser

frequency by a simple coanvolution. We assume
that the experiments have been done

well, and look at the homogeneous
linewidths Y(T). We find that they

vary with Lemperature as
s

14 )"
Y(T) =y, + ar W2 (92)

This unusual temperatyre dependence hag been ascribed to the presence
In glasses of 1ow frequency excitations, called two level systems (TLS),
which have been invoked tq explain the 14

mately line
and by Anderson et al.

disorder i glaaaea, which woy

Presence of many barriers and
the levelg on either gige

1d give rige Lo many tunneling states.
of the barrier differed in energy by A and

these as g, TLS
('Ulr.B) would be

(1]
E(T) = [ Caup(u)y B9
o 14e-Buw

::::E P(w) 15 the density of States of the TLg and w, is some cutoff

turefyiuulzu:a:::u? th;; DI(:M “ﬂgﬂ 88 ul at low u, then at tempera-
0w ~ 7240

wodel {g g = 0, ¢/%s E(T) ~ 1 and

Cy >l o standard
t no one really knows for certain,
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Although the exact nature of the TLS is still not known, this conjec-
ture has proven to be of great utility in explaining phonon scattering,
thermal conductivity etc. in glasses at low T. When the hole burning
experiments were done, it was naturally assumed that the TLS were impli-
cated, even though these experiments were usually done at temperatures
above 1K (and the specific heat experiments were done below 1K). The
basic model is straightforward: consider an optical transition between
two levels and assume that there is a TLS strongly interacting with that
optical system. This ylelds a 4-level system. Assume further that the
TLS 1s slightly changed (in energy and eigenstates) when the chromophore
is excited from what it is when the chromophore is in the ground state.
Now, if phonons can “"flip"” the TLS during an optical transition of the
chromophore, the optical transition will experience some frequency modula-
tion, or dephasing. This is the origin of the TLS induced homogeneous
width for the optical trasition. The TLS is changed when the chromophore
is excited because the TLS will have a dipole moment and when this inter-
acts with the chromophore, the energy depends on the state of the chromo—
phore.

This model can be treated using the theory of spectral diffusiom [50]
or thé standard weak coupling (Redfield) theory [47] for a single ILS.
The result must then be averaged over a distribution of TLS parameters.
When this is done, it is found that the homogeneous linewidth depends on
the temperature at low T as T *®, where u is the exponent in the density
Of states of the TLS. This suggested to many workers that there was a
(more or less) universal exponent for the TLS distribution of @ = 0.3.
In fact, experimentally it was found that the specific heat of glassy
silica below 700 uK varies as T1+2  as well. Recently, a number of
authors [51] have suggested that more careful averaging even over the
Standard parameters of the Anderson-Phillips model will give the T1-3
dependence at very lot T.

In addition, other authors [47] have suggested that the hole widths
and the photon echo decays are really sums of two mechanisms - one for
the TLS (and nearly linear in T) and one for a direct phonon mechanism
(such as Raman scattering or local mode scattering).

Finally, there is a recent speculation that the true cause of the
anomaloug exponent is due to the fractal nature of the glass [52].

V. FRACTALS As MODELS OF DISORDERED SYSTEMS [53-63]

In the last five years, there has been an explosion of interest in
fn““l!- as can best be seen by the number of conferences and papers
devoted to the subject. This recent interest has its genesis in the work
of Mandelbrot [53], and can in part be understood by the simplicity and
Beauty of both the science and the figures which are produced to illus-
trate the concepts. Very recently, a number of articles [64] have sug—
8ested that it was time to take stock of what had been done and to make

ertain that physics was the principal concern.

In this section, I will selectively review the work of others on the
U8e of fractals to model disordered systems. In particular, I will be
Soncerned only with the use of these structures for the modelling of the
effect of disorder on dynamical processes in disordered systems.

VA, Descrigtion of Fractal Structure

. 10 1919, Hausdorff suggested & way to gemeralize dimension by use of
] t we nnw.call scaling.SSSuppoue a very complex curve, for example the
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ferent length, L.
d by sticks of dif
tline, were to be measure i e
Sidliaﬁ c:::aurement, we lay the stick down end-to en:—ieaizggthec‘ e
- d:i: :ethod irregularities of length less than % aoast Mne tn S0
'H < umber of ;ticks of length £ needed to cuverlthtlalcear i
. i = n :
ds on & in a g mp
straight line, N(%) depen
:;:n;e the giza of the stick from ¢ to L/a we find

(9%)
N(L/a) = (il)N(l.'l

11 using squares of side length £
needed in the first case is

In general, if we are =
find that the number of units needed sca

In our usual world view, d canp be an integer. However,

» Which is formed by start-
in the middle of each alde,r:u_l

side length of the original. Thi!tiopan
duces a star of David. The Process 1s repeated at 1/3 the 5(:3;.2: el
the sides of the Btar. And go on, mdefin'l.tely. Our measuree e
s blind to detail smaller than the stick. Then every time Wf e
the perimeter of this snowflake with a stick 1/3 the length ;e sl
lous stick, we find the number of sticks needegd is 4 times the p

(95)

se!
84/10g3 = 1.26 1n our ca 3
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ntil exhausted. If we measure
Bvery time we decrease our
See” an area which increageg by 3 (not 4 as lnket
EREL & = 1ogS/Tog2 = 1 55 The Sierpinski gas

Wwodelling digorder because we may assume a site
and bondg between

every pair of near neighbors.

is a favorite toy for
eéxists on eVery vertex

~ . Regular fracraig
d 1s called the f

» 80 this particular 2.
al dimengion 1.58 ang embedding dimension
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+ That 14 they look the same on every 1"-‘“5:}[8
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Decessary tq introduce the fractal .
rdered sysremg are clearly pot self-similar on P._b..e
» 1t may pe 4 800d approximation to assume it to
icted set of Scaleg

*) Real diso
“U8th scales; however
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We do not
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Tandom Systems,
fractal i, certaf

restrict the

to introduce fractal dimensiong £

For eXample, random Walks can
N Propertieg,

Beometric properties.
OF many properties of
be considered to be
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Consider a random walker in a d dimensional regular lattice. Assume
that at each step of the walk a molecule is placed on the site visited,
and forget about self-avoidance. Then after N steps (or time t = Nty) we
find N molecules on the path of walker. This path on the average has a
length, L, proportional to N!/2. Therefore the mass of the path M is
proportional to L?, i.e. it is a fractal of dimension 2.

If we do not allow intersections, i.e. we have a self-avoiding walk,
then L is proportional to NV, v = 0.6 on 3~dimensional lattices and v =
0.75 on 2-dimensional lattices, so that the mass of the path M ~ L1/Vv,
i.e. a fractal dimension of 1.67 in 3d and 1.33 in 2d.

Another statistical fractal is the percolation cluster. At the
percolation threshold, p = Pcs the network of occupied sites is self-
similar, that is, it looks the same on all length scales large compared
to the bond length and short compared to the correlation length E. Since
§ varies as (p-p.)™ as p approaches Pe» the object is self-similar on
all scales at the percolation edge. By scaling arguments, it is found
that the number of sites on the percolation network within a radius R of

d -
a randomly chosen origin is given by N(R) = R where d = d-8/v. The
exponent § is defined by the grohabllity of a site belonging to the
infinite cluster, P, - (p=pc)¥ .

A fipal example of a statistical fractal are structures grown by
diffusion limited aggregation, which have been studied in great detail in
fecent years [54].

How do experimenters tell if a real system can be described as a
fractal? In practice, one measures a quantity, say the density, of
objects of various radius and plots the log vs. the log of the radius,
hoping for a straight line.

For example, if a real object has a mass depending on radius as Rd,

then the density depends on R4-d; that s, the bigger it gets the more
tenuous it becomes. Scattering measurements are oftem the method of
cholce to determine the quantities we are after. Clearly, if the density
Scales in an unusual manner with R, the scattering as a function of K
¥ill also scale with K in a complementary manner [55]. Since we do not
festrict attention to mass or volume, ome fractal dimension is insuffici-
0t to determine all the quantities which we measure, Stanley [56] has
discussed in his Cargese talk, 10 fractal dimensions. Happily, not all
are independent quantities.

In the study of dynamics on fractals, for example, there has been
Considerable discussion in the past 10 years about a random walker
¥alking on a fractal [57], for example the percolation cluster. Since
the valker goes into dead-ends a lot of the time and must retrace its "

1
Steps, we expect anomalous diffusion, i.e. <RZ(t)>~t2Y, withy = ﬁ;'< §

Here we have introd ften writtem as 2 + 0. The
uced the dimension d, often

fumber of digtinct sites visited on the walk scales with the Hausdorff or
d/dw

fractal dimension, @; thus the number of distinct sites scales as t

dg/2
8
i + Alexander and Orbach [58] suggested that the dimension dg be
Called the spectral (or fracton) dimension. By a scaling argument thgy_l

8
Conjectured that the density of modes on the fractal would scale as u
Instead of ,d-1 in d dimensional Euclidean space). Using known values A
°f varioyg exponents, they found dg=4/3 for percolation clusters embedde
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in d dimensional lattices. This led to a number of studies whlc? h:v:a
suggested that dg is not simply given by 4/3 for all d, but is chu:r
that value and attains it for d»6. Later studies also refined the
argument (because It was based on an

elastic modes) and redefined the spectral dimension [55].

In any case,
basic idea that the mode density
=1

of states varies on a fractal as
dg

w s 1.e. that the modes, which are localized, have an unusuaiif0§2ter_
suggested that relaxation Processes in such systems should exhi : ey
esting time or temperature dependences. For example, Stapleton : ¢ ;_
[59] suggested that the unusual temperature dependence of the spin la %
tice relaxation found in proteins was caused by the fractal structure

the protein. These authors usged the Hausdorff dimension to fit their_
data; Orbach suggested using the spectral dimension instead. Unfortu

nately, the agreement between this theory and experiment is not very £
good. Recently, Elber and Karplus [60] suggested a model for calculating
the spectral density in a Protein directly and saw little evidence fo
fractal or fracton behavior in their results.

V.B. Tramsport on Fractals [61]

We will now discuss how fracta

1 geometry changes the dynamics of the
various processes

we discussed earlier.

First, we discuss donor—acceptor transfer to acceptors arranged on a
fractal. Recall Eq. (B) for the probability, #(t), of the excitation E
remaining on the donor. If the dcceptors are arranged on a fractal wit
Hausdorff dimension E.

the density of sites variesg as rd'ldr, so the
result is {mmediate for multiple transfer, w(r) ~ r—s;

-

d/
() = exp{-Bs'ct

and

d

#(t) = exp{-B, &n (Wyt)} (97)
This has been tested by the simulations of Blumen ang Zumofen. The

is very good. A few years ago, Even et al.
in a poroug 8lass and measured the

amine 6G, the acceptor mala-
Same system in a solid

Structure in which the mole-

74,

years, Klafter, Blumen and Zy
lks on Sierpinski gas
These all have

imulations show
that the mean nunber The simula

n» vVaries as

(98)
The decay lay £

the Simulationg
slightly better

Of trapping agrees f
* In most cases,
» but the Converge

alrly well with ¢
the second approxi
nce is glow,

n= exp{-sn) in all
mation was found to be

Recall
: having finite
The case of finite 1) is much




like the above case of fixed walting times. However, for infinte L% §
distributions, such as

1
w(t) ~ 1/t e 0<y <1 (99)
This leads to [63] a form for 8(t), see eq. (76b),

ydg/2
8(c) ~ ¢t for dg< 2 (100a)

and
S(t) ~ oY for dg > 2 (100b)

(Yote that the spectral dimension, dg, comes into play in this dynamics,

while in the donor-acceptor case only the fractal dimension, d, enters.)
Eq. (100) show that the two exponents y and dg combine in a
multiplicative manner (subordination).

These same authors [63] have also simulated the problem of trapping
on fractals under CTRW dynamics and find

2/d -2/d

= s s '
ME)~ve e )~ 8(0) for dg< 2 (101a)

~t /e~ 5(t)t for dg > 2 (101b)
vhere ¢ is the concentration of traps.
Finally, these authors [63] have simulated the bimolecular reactions

tentioned above (Eq. (79)) on fractals (Sierpinski gaskets) and find the
decay 15 wel) approximated by

':A(t) = (142¢ 5,)7 (102)

s in Eq, (80). The reaction A + B+ 0 (with A, = B,) again is anomalous
because of phe spatial fluctuations, as mentioned above. Here the decay,

-d_J4
#48 Varies ag n . for dg < 4.

VL. concLusions
We have discussed a number of dynamical processes such as energy
transfer, trapping, and optical line shapes in molecular systems, all of

res. .. 2F€ Profoundly affected by the presence of disorder. One °f1 the
fsultg of this is a rich \rariel:y of time ﬁepgndeﬂties- For example,

tder can give rige to algebraic decays,
#(t) ~ exp ¢t

Stretcheq eXponentials,
#(t) ~ exp-(t/7)e

4™ exponent 4] log decays,

#(E) ~ exp-[eat(e/r)].

T _-H‘--—- =3




t is
Although these time dependencies are associated with disorder, 1

the
often very difficult to uncover the underlying mechanism from
experimental results.

becoming broad and featureless,
to uucoﬁer the mechanism of Scattering by carefy
there 1s sti11 ambiguity in many cases,
optical lines in glagses.

isorder,
lso rofoundly affected by d
Optical line shapes are a s ;n P o o possidil

1 experiment. lbue\r;r.
1n particular in the study o
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