
VOI.UMm 29, NUMszR 7 PHYSICAL REVIEW LETTERS 14 AUrUsx 1972

One can put (8) in vector form:

(8g
= A r I,/7 t q~ b r~ = 4 (I/tFE C) k X 0'. (10)

Noting that 1/7„ is a transport collision rate, one

can interpret hr, as a side jump of the electron
(occurring during each collision) in the direction
perpendicular to both the spin and momentum
vectors. The side jump b, r~ of (10) agrees with
thRt given by Berger assuming Born Rnd short-
range approximations, except that our result is
1R1gel by R fRctol of g. It ls to be noted thRt the
final form of the side jump hr~ does not depend
on either the magnitude or the form of the impur-
ity potential. This is in agreement with Ber-
ger's result which is independent of the depth and
radius of the scattering potential well.

The magnitude of the side jump can be estimat-
ed by assuming k = 10' cm ' at the Fermi level:

ib,r, i=4x10 "cm
which is too small to explain the data. "Howev-
er, as pointed out by Smit' and discussed by Ber-
ger,"the small effect of the spin-orbit interac-
tion (H„")associated with the impurity poten-
tial should be replaced by the spin-orbit interac-
tion (Hu") associated with the periodic lattice

where the "transport" relaxation time 7 „is giv-
en by

1 2n'N
+5{sg—sp ) ~Vp g( {1—cosHp p).I

potential. The effect of HU" is to (electrically)
polarize the electrons. e The combined effect of
the dipole moment and impurity potential is to
produce Rn effective spin-orbit interaction, 'o

which is enhanced by a factor of 10~ compared to
H„' ', thereby enhancing the magnitude of the
side jurnp by the same factor. A more detailed
treatment of this enhancement effect will be post-
poned for forthcoming work.
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Coherent scattering regions of approximately 10-25 ~ in size have been observed in a
variety of amorphous solids. It has been suggested that these observations provide evi-
dence for the microcrystalline model. In this note we show that the observations of co-
herently scattering regions are not incompatible with a random-network model,

High-resolution dark-field electron microscopy
of amorphous Si, Ge, Ge-Te alloys, and Si02 has
revealed the presence of coherently scattering re-
gions of approximately 10-25 A in diameter. ' '
In the case of amorphous silicon and germanium
the coherently scattering regions (CSR's) cannot
be related to the diamond cubic crystallites as
the calculated interference functions do not agree
with the experimental values. ' ' It has been sug-

gested, . however, that the CSR correspond to the
wurtzite-structure crystallites, and a better
match with the calculated and experimental val-
ues of the interference function can then be ob-
tained. ' An alternative approach which generates
radial distribution functions that match the exper-
imentally determined ones is to consider some
form of a random-network model. ~" In this, no
structural order of the type present in the micro-
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crystalline model" is preserved and the atoms
are arranged in a network. Scattering from such
a model is usually expected to be homogeneous
and this wouId appear to be in contradiction with
the observations of CSR's. In this note we report
on the results of our calculations on the scatter-
ing properties of a cluster of atoms whose coor-
dinates are described on the basis of a random
network.

The model for amorphous solids that we shall
therefore be investigating here consists of the
following. There are clusters of atoms which
correspond to the size of the coherently scatter-
ing regions. The atomic arrangement in any giv-
en cluster is described by a random network.
The clusters are distinguishable entities only in
terms of coherent scattering. They are not se-
parated by grain boundaries as in the microcrys-
talline model. In fact, the concept of a grain
boundary is not physically meaningful other than
in scattering since the boundary separates two
clusters with atomic positions described by a ran-
dom network. In scattering, the boundary has
meaning since it separates two clusters which
scatter coherently into two different regions of
reciprocal space. If this model is a valid descrip-
tion, it is required to show that a cluster of atoms
fulfilling the random network criterion also ex-
hibits coherent scattering.

In order to do this we shall calculate the struc-
ture factor of a cluster of atoms which has been
shown to yield a satisfactory radial distribution

!
function. While the latter quantity yields an ap-

FIG. 1. Coordinate system utilized in computing && .
The scattering vector s =S-So, 0, and 4 are shown in
relation to an arbitrary orthogonal system x, y, and s.

propriate statistical average, the structure fac-
tor is more sensitive to deviations from average
scattering. It is this deviation or structure which
gives rise to the observation of CSR's. The
structure factor is given by

F,(8,O, s)=P f exp[(2ni/A)(S-S, ) r ],

where the sum is over an aggregate of m atoms,
Is!=4m sin(8)/A. = IS —Sol, and the coordinates (x,
y,z) and the angles 8 and 4 are shown in Fig. 1.
The intensity is proportional to E,E, * and can be
written as

E,E,*(8,@,s)=p Q„f f exp[(2zi /')(S-S ) r „],
where r „=r —r„. For our purpose it is convenient to express Eq. (2) in the following form:

F,F,*(8,4,s) =Kff*FF~(8,4,s),

where

FE*(8,4, s) = P P„exp(2mi/A)! S —SJ[(x -x ) sin8cosc + (y -y„)sin8sinC + (z —z„)cos8]

(2)

As ff* is a rapidly decreasing and well-behaved
function of s, the calculated function EE* will be
of la,rger amplitude for large values of s but it
will contain the same structura, l information as
Et Et*.

The calculations tha. t we report on here were
carried out on a model for amorphous silicon
and germanium generated by Henderson a,nd Her-
man. '4 These authors have shown that a cluster
of 64 atoms~pproximately equa. l to the number
of atoms in a CSR—generates a radial distribu-

! tion function which matches that of amorphous
silicon ar0 germanium. We have used their co-
ordinates of the 64 atoms to calculate EE*.

The calculations were performed first for a
fixed value of the length of the scattering vector
Isl = 4m sin(8)/~(A ~). This magnitude was equal
to the experimentally determined value corre-
sponding to the first intense halo in the diffrac-
tion pattern of amorphous germanium. This val-
ue is close to the scattering vector correspond-
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FIG. 2. Equivalent contour maps of the calculated values of IJi* for a fixed value of lal equal to ~ {ill}, {111},
'{220}, and {Bll}plotted as a function of 0 and C'. 0 varies radially outward from 0' 'to 90' and 4 varies circum-
ferentiaQy from 0 to 860 . The contours are values of I"I'* in equal increments of 0.1; for (a), the crysta11ine
case, the gain is 1; for (h), the random-network case, the gain is 10.0, except for the 2{111}for which the gain
is 1.0.

ing to the crysta]line {111}reflection. Other
fixed values of the scattering vectox for which
similar calculations were repeated are 2{111},
{220), and{311}. Using these values of the mag-
nitude of the scattering vector, the structure fac-
tor was calculated as a, function of 0 and 4 over
the range 8=0 to 90' and 4 =0' to 360'. In order
to compare these results with a diamond crys-
tallite the structure factor was calculated also
for a crystal containing 64 atoms. These results
are shown in Figs. 2(a) and 2(b).

It is readily apparent that the random-network
model investigated her'e does not contain the sym-
metry properties of the crystallite. .. However,
there are distinct local maxima in intensity. Pre-
sumably, if these maxima a,re sufficiently large
compa. red to the background the imaging tech-
nique used in dark-field electron microscopy will
show them as CSR's. In this calculation the ratio
of maximum value of EI'* fox amorphous and dia-
mond-crystalline germanium was found to be
0.16, 0.15, and 0.28 for {111},{220}, and {311}.
Experimentally, the observations on CSR's per-
formed in this laboratory do indeed show them
to be less intense than their crystalline form.
There is, however, no quantitative determina-
tion of the intensity ratio.

The va, riation in the structure factor with the
magnitude of the scattering vector for amorphous
and crystalline models with 64 atoms is shown in
Figs. 3(a) and 3(b). The values of 8 and 4 were
selected to give a maximum intensity at the {111}

position. We note that the intensity for both the
amorphous and crystalline models varies between
zero and a well-defined maximum. It suggests
that the background intensity in relation to the
maximum is sufficiently small that the coherent-
ly scattering regions associated with either of
the two models should be detectable. We con-
clude, therefore, that in the amorphous model
investigated here the presence of the coherently
scattering r'egions is not incompatible with a ran-
dom-networ k model.

The following model for amorphous materials
such as Si, Si02, Ge, and Ge-Te alloys is there-
fore suggested. The solids are composed of clus-
ters of atoms. The clusters are recognized as
entities from the nature of their localized scat-
tering into xeciprocal space. However, the co-
ordinates of atoms in a given cluster are not
known. Both the microcrystalline models""*"
and a random-network model~~ are capable of
generating coherent scattering regions.

Our objection to the perfect microcrystallite
model surrounded by a grain boundary is that it
ignores the distortions introduced at the grain
boundary when two microcxystallites join togeth-
er. If we assume that the width of the grain
boundary is 3 A and the microcrystallite is 15 A,
the dlstort1ons a,re likely to go through the cx'ys
tallite. If we accept the presence of these dis-
tortions, the coordinates of the atoms are no
longer defined by a crystallite model. At best,
the crystallite model can serve as a reference
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Magnetic fields were found to decrease rhodamine-B-sensitized delayed fluorescence
in anthracene by up to 60% at 10 m Torr. An inverse but smaller effect was found on sen-
sitized photoconductivity. The observations are explained in terms of a magnetic-field-
dependent recombination of surface electrons and injected holes, with the field scale
being fixed by hyperfine interactions.

We report a new effect of magnetic fields on de-
layed fluorescence in organic crystals at room
temperature. Magnetic modulation of the intensi-
ty of delayed fluorescence from an anthracene
crystal by as much as 75Vo results when triplet
excitons are injected into the crystal from an ad-
sorbed layer of the sensitizing dye, rhodamir1e B.
In its response to a magnetic field, dye-sensi-
tized delayed fluorescence differs from that pro-
duced by direct optical excitation of the crystal
in that appreciable modulation is produced by
much smaller fields, e.g. , a field of 10 m Torr
(100 Oe) changes the output intensity by 60%%uo com-
pared with a 2%%uo change for an unsensitized crys-
tal. In view of the field strength over which this
modulation occurs, we call it hyperfine modula-
tion (HFM). A similar field dependence (but
smaller in amplitude and of opposite sense) has
also been observed on rhodamine-B-sensitized
photoconductivity. We believe these phenomena
result from field-dependent surface recombina-
tion of electrons and holes.

Anthracene crystals were sensitized with rho-
damine B following the procedure of Nickel,
Staerk, and Weller, ' and the sample was placed
between the pole pieces of an electromagnet.

The solid line of Fig. 1 shows the magnetic
field dependence of rhodamine-B-sensitized de-
layed fluorescence (excited at 570 nm) in anthra-
cene. The magnetic field was applied parallel to
the a axis with the exciting light incident normal
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FIG. 1. Observed magnetic field modulation of nor-
malized delayed Quorescence intensity; solid line, 5'70-
nm excitation; dashed line, 680-nm excitation.

to the ab plane. As the field is increased, the sen-
sitized emission increases at first, reaching a
maximum ca. 1'%%uo above its zero-field value at
0.3.-0.7 m Torr. Further field increases result
in a monotonic decay toward saturation at 20-30
m Torr. The overall amplitude of the effect de-
pends on sample history and preparation. The
dashed line of Fig. 1 shows the field dependence
of delayed fluorescence from direct excitation of
triplet excitons (680 nm light) in the same crys-
tal. ' ' This field dependence has been adequately


