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Compuieo according
to Blunck

and Leisegang
(Ref. 2)

40. 5
8. 15
4.40

Computed according
to Blunck

and Westphal
(Ref. 8)

34. 0
6.88
3.98

Ratio

1.19
l. 18
1.10

TABLE IV. Values of b2 computed by the two methods
suggested (Refs. 2 and 8).

for the frequency distribution of small energy
losses by fast charged particles in low atomic
number materials has been found when the FWHM
has been used for comparison, a rather poor fit
results when comparisons are made over the entire
range of energy losses. The discrepancies between
this theory and our experimental data appear to
increase as the mean energy loss for the distribu-
tion relative to the particle energy decreases.

lating distributions for the longer pathlengths.

VI. CONCLUSION

Although fair agreement between experimentand
the Blunck-Leisegang-corrected Vavilov' theory
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Fast-Electron Channeling Investigated by Means of Rutherford Scattering
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Institute of Physics, University of Aaxhus, 8000 Aaxhus C, Denmark
(Received 10 December 1969)

The Rutherford-scattering and transmission yields for electrons incident on thin single crys-
tals have been measured. For the Rutherford-scattering yield, very pronounced peaks are
found whenever the incoming beam is incident on the crystal within a certain critical angle of
a low-index direction. The full width at half-maximum for the peak in yield is found to be pro-
portionaltoC &, the Lindhardcriticalangle, Also, thevolumeof the peakis found to be conserved
for gold crystals of thicknesses up to around 5000 A. Further, experimental investigations
of the multiple scattering for single crystals and polycrystalline foils are discussed.

INTRODUCTION

In the past few years, the influence of lattice
structure on the motion of heavy charged particles
in crystals has been widely investigated (for a re-
view, see Ref. 1). It has been shown that the ex-
perimental results are in good agreement with

Lindhard's theory derived from classical orbital
mechanics. It has also been shown that these di-
rectional effects are powerful tools for the local-
ization of foreign atoms in single crystals and for
measurements of radiation damage in single crys-
tals and its annealing behavior. Until now, inves-
tigations of directional effects by means of light
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FIG. 1. Schematic drawing of the experimental setup.

charged particles (i.e. , electrons and positrons)
have mostly been performed by measuring the
emission of electrons and positrons from radioac-
tive nuclei embedded in single crystals. ' It was
found that the positrons, on the one hand, show very
pronounced dips in yield whenever they are emitted
within a critical angle around an axial or planar
direction. As shown by I ervig et at. , the posi-
trons are expected to behave nearly classically,
and the full widths at half-minimum of the dip in
emission yield may be compared with the Lindhard
estimate of the critical angle. A more detailed
discussion of these aspects is given in the paper by
Andersen et al. ' Conversely, for electrons, a very
pronounced peak in yield was found when the emis-
sion direction was within a certain critical angle
around an axial or planar direction.

In the above-mentioned emission experiments
y

radiation damage was created in the single crystal
due to the fact that the total dose implanted into the
crystal was relatively large (-5x 10" tons/cm').
Therefore, the experimental results are somewhat
uncertain+

A more precise way of investigating such effects
may be to inject an external electron or positron
beam and measur e w ide -angle Rutherford scattering.
The only disRdvRntRge, Rs coIQpRred to the Rbove,
is that thin foils will be needed in order to have
mell-defined depths. The present payer describes
some experimental investigations of the influence
of crystal structure on wide-angle Rutherford scat-
tering of electrons incident on a thin single crystal.
Some investigations of the multiple scattering of
electrons traversing thin foils (polycrystalline and
crystalline) are reported.

EXPER&MENTAL PROCEnURE

Figure 1 shows the experimental setup. A beam
of electrons is obtained from the 2-MV Van de
Graaff at Aarhus. By the slit system, the half-
angular spread of the beam is reduced to 0.05'. In
Figs. 2-7, however, the spread of the beam is
0.1'.

The thin single crystals were mounted in agoni-

ometer with a 360' rotation axis (y) and two per-
pendicular axes (g and 8). The goniometer is pro-
vided with step motors by which the angle reading
is accurate to within 0.01'.

In the present experiment, two solid-state Si
detectors (A and B) were mounted. From the en-
ergy spectra of the detectors, the electron spectra
were easily resolved from the y background. Elec-
trons transmitted in the forward direction were
counted by detector A, a Li-drifted surface-barrier
detector with a 3-mm-thick depletion layer. By
me~ns of step motors, this detector can be moved
vertically and horizontally, thus enabling the mul. -
tiple scattering to be measured.

In the Rutherford-scattering experiments, it is
possible to align either the incoming or the out-
going electrons with major directions in the crys-
tal. We have chosen to align the incoming elec-
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FIG. 3. Normalized scattering yie].d of 1-MeV elec-
trons incident upon a [111jgold crystal. Crystal thick-
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FIQ. 2. Orientation dependence of the electrons trans-
mitted in the forward direction. The scan is a rotation
around the [ill] axe,s gath the tait angle 0 held at 15
Electron energy: 1 MeV. The crystal thickness was
around 300 A.
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FIG. 4. Energy dependence of Rutherford-scattering
yield for electrons incident along the t,111]axis in a gold
crystal. Crystal thickness: 600 A.

trons with axial or planar directions. To avoid the
complication of accidentally aligning the outgoing
path with a. crystal direction, a large (80 mm') de-
tector (B) averaging over many crystal directions
was used. Detector B was made by ion implanta-
tion and had a 2-mm-thick depletion layer. The
scattering angle in all the present experiments was
from 15' to 25'. The total energy loss for the
electrons in the present investigations was negligi-
ble since it was only around 1 keV for the thicker
foils.

Crystal Preparation

Thin gold crystals of thicknesses ranging from
-600 to -4000 A were epitaxially grown by Ambro-
sius-Olesen. The general technique used was the
same as that described by Gibson et al. , com-
bined with a "pulsed" evaporation technique out-
lined by Chadderton and Andersen.

Only crystals displaying (i) good electron diffrac-
tion patterns, (ii) undisturbed and unwrinkled sur-
faces, and (iii) very pronounced dips in Rutherford-
scattering yield of protons were used in these
experiments.

First, a precise orientation of the crystal was
obtained by measuring the number of electrons
transmitted in the forward direction for different
rotation angles. Figure 2 shows the variation in
transmission yield when the crystal is rotated
around an axis at a tilt angle of 15 to the [ill] di-
rection. It is observed that whenever the incoming
beam is aligned with close-packed planes, a large
fraction of the beam is scattered into diffracted
beams, thus causing a pronounced and sharp dip in
transmission yield. From these dips, the orienta-
tion is easily found within 0.05' or better. Fur-
ther, it is possible to investigate the crystal for
twinning, as this will change the rotation scan
around the [1llj axis (for a large tilt angle) from a
threefold to a sixfold symmetry. This technique

for orientation provides a fast and accurate method
of alignment.

RESULTS
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FIG. 5. Variation of the Rutherford-scattering yield
for 1-MeV electrons as a function of direction in a gold
crystal. Grystal thickness: 600 A.

Figures 3-7 show the yields normalized to the
average yield in a random direction.

Figure 3 shows the wide-angle Rutherford-scat-
tering yield as a function of the angle between the
beam direction a.nd either a string (a) or a planar
(b) direction. The electron energy is 1 MeV, and
the crystal thickness -1200 A. In the string case,
the scattering yield displays a peak up to 2. 2times
normal yield. The small "humps" for 6 = +0.8'
and + 2.0' are presumably due to the circumstance
that some planar effects are involved, since it is
very difficult to tilt through a crystal axis without
having any influence of the planar channeling. This
assumption is fortified by the fact that there are
small humps on some of the curves in Figs. 3-7,
but not on other curves, and also that such humps
do not seem to occur on planar scans. To some
extent, the existence of these humps may, of course,
influence the full widths at half-maximum of the
peaks. Untildetailedinvestigations of the influence
of planar effects, mosaic spread, and radiation
damage on the full widths of the peaks have been
performed, these perturbations are disregarded.
The influence of the humps on the volume of the
peaks is discussed below. The crystal was tested
by wide-angle Rutherford scattering of 400-keV
protons, giving a dip in yield down to approximate-
ly 4/o of normal yield, thus indicating that the crys-
tal is rather perfect. Figure 3(b) shows that the
planes have a similar steering effect as the string.
This circumstance gives rise to a peak in electron
scattering yield of around 60% over normal yield.

Figures 4 and 5 show investigations of the full
width at half -maximum in the scattering yield when
the energy and the distance d between atoms in the
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Figure 8(b) shows the multiple scattering of
0

1-Me V electrons traversing an 1800-A-thick poly-
crystalline gold foil. Angular distributions of the

0

electrons transmitted through a 3000-A-thick sin-
gle crystal are shown in Fig. 8(a) for a random
and a string direction. It is seen that the distri-
bution consists of a narrow middle peak with a full
width at half-maximum equal to the beam diver-
gence, i.e. , that the total scattering angle of the
electrons in the peak was, at most, equal to the
beam divergence. From the volume of the peak,
the mean number of scattering events is obtained.
In the string case, the middlepeak has disappeared,
indicating that the mean number of scattering
events has increased. The broad distributions
are the multiple (plural) and single scattering dis-
tributions. The multiple scattering angle squared
0 is increased by approximately 20% when tilting
from a random to a string direction.

DISCUSSION

In the early emission experiments, ' the full
widths at half-minimum of the dips for positrons
were found to be in good agreement with Lindhard's
critical angle g„ found from the classical descrip-
tion, where

tf 1 (2 Z 1Z2e —/d x 2 P2/)

Here, Z, and Z2 are the atomic numbers of the
projectile and the target, respectively, e the
charge of the electron, d the distance between
atoms in a row, and P and v the relativistic mo-
mentum and velocity, respectively. A more de-

tailed discussion of whether or not it is reasonable
to use a classical description for positrons is given
in Ref. 4.

For electrons, the question is whether or not
the present results should be compared with classi-
cal calculations. In the Lindhard paper, ' the

quantities that discern between a classical and a
quantum-mechanical description are dis cussed.
It is pointed out that whenever the number v of
bound states in the transverse phase space is
large, the classical approximation is favorable.
For electrons, the number of bound states v, in

the string potential is given by

(l/e') f=Jd'~d'f, '~„,,

where E1= ps /2m+ U(1 ), p1 being the transverse
momentum and m the relativistic mass.

By using the standard potential (see Ref. 2) for
U(2'), it is found that

1 g1/3 0
s (l 2/ 2)1/2 2

By using the planar potential (Ref. 2) instead of
the standard potential, the number v~ of bound

states in the planar potential is found to be

0. 4
P (] ~2/P)1/4

in the case where the distance between planes, d~,
is equal to 5ao. Here, v and c are the velocities
of the electron and light, respectively, Z~ the
atomic number of the target, ao the Bohr radius,
and d the distance between atoms in a row. For
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1-MeV electrons on a gold crystal, v, = 10 and

v~ & 1, showing that for the string case it is rea-
sonable to compare the experimental results with
a classical calculation, whereas the results for
the planes have to be compared with a quantum-
mechanical calculation.

String Effect

Figure 3(a) shows that whenever the electron
beam is aligned with an axial direction, there is
an increased probability of hitting the nuclei inthe
string, which gives rise to apeakin the Rutherford-
scattering yield. The observed peak gives the in-
crease in yield averaged over all depths in the
crystal, because the energy resolution of the de-
tector corresponds to a depth resolution of about

5 p. In the present case, the average peak is
about 120/o over normal yield, but the peak height
is sensitive to imperfections in the crystal and to
multiple scattering.

In the Lindhard paper, a formula is given for
the distribution I~ of the excess of Rutherford-
scattering yield as a function of the angle g between
the beam direction and an axis direction. For such
small depths, where multiple scattering can be
disregarded, it is found that

2
I~(() =e 2~ ~&ln(ay) for»& 1, (2)

where g, is the critical angle, y=1.78 the Euler
constant, o.'=C'a~/p with C'=3, a the Thomas-
Fermi screening distance, and p the mean square
thermal vibrational amplitude. For negative par-
ticles, the compensation (I,) for I~ appea. rs as a
shallow dip stretching from g = 0 out to angles
somewhat larger than Ca/d, d being the distance
between atoms in the row. The integral of I(()
=I~(g)+I,(() over all angles is zero.

Because of the rule of reversibility (cf. Ref. 2),
the distribution in Rutherford-scattering yield from
an external electron beam is identical to the dis-
tribution of electrons emitted from lattice sites.
For the emission case, the integrated extra yield,
e. g. ,

~ = fI~(g)2mgdg = (vg', /2) ln(yo. '), a» 1 (3)

represents the number of electrons emitted with
E, &0 relative to the number of emitted particles
per solid angle in the random case. As the number
of particles originally emitted with E, &0 is in-
dependent of depth, the integrated extra yield must
be the same for all depths. However, a calculation
of the angular distribution I~(g) as a function of
depth is not simple because it requires detailed
knowledge of the multiple scattering for the string
case.

It follows from the above that the peak volume
& is conserved as long as the influence of I, is

negligible. This is the case until such depths are
reached that multiple scattering has broadened
out the peak to angles of the order of Ca/d.

In our case, where Au was used, a comparison
with the above formula is not favorable since p' is
large (-0.023 A) and a is small ( 0. 11 A), where-
by & =1.5. For the present case, a reasonable
estimate shows that a positive correction term has
to be added to the asymptotic expression for (d.
In the gold case, this correction may amount to
around 40'7o of the log term. For a more detailed
description, see Ref. 9.

For 1-MeV electrons incident along the [110]
axis in gold, the corrected volume + is -8.5

(deg'). The integrated volume of the peak in Fig.
3(a) is found to be =2.3 (deg'). In the present
case, the negative compensation will lower some-
what the va. lue of (u since the critical angle (g&
= 1.9') is approximately half the width of the nega-
tive compensation (a/d=4. 2'). Yet, the theoreti-
cal value still appears to be significantly larger
than the experimental value. The same trend ap-
pears from the Si and Cu data shown in Fig. 6. In
the evaluation of the peak volumes, the volume of
the "humps" has been neglected on the assumption
that these humps are due to planar effects and that
a two-dimentional scan around an axis would show
similar dips. Thereby the total contribution to the
peak volume from all planar effects has been set
equal to zero. The experimental values are also
somewhat sensitive to how the random level is
placed.

It should be mentioned that the discrepancy be-
tween the theoretical and the experimental volume
is due to the circumstance that all the experimen-
tal peaks in Fig. 6 are narrower than the theoreti-
cal ones [formula (2)], whereas the experimental
peak heights are practically equal to those found

theoretically (the log terms).
As mentioned above, the peak volume is approx-

imately constant until such depths where the mul-
tiple scattering width 0 is comparable with Ca/d.
ln the present case, Ca/d =4.2', and Fig. 8 shows
that the multiple scattering for the [110]axis in a
3000-A-thick Au crystal is around 1.35'. So, the
peak volume should be conserved for thicknesses
less than 4-5000 A, which is in fairly good agree-
ment with the experimental results shown in Fig.
7, where the volumes are Fig. 7(a): 2.1, Fig. 7(b):
2. 2, and Fig. 7(d): 1.9; the volume of Fig. 7(c) is
somewhat uncertain because of planar effects
causing the long "tail" on the peak. If this tail is
disregarded, the volume is about 2.5. Thus, the
over-all conservation of the peak volume is good.

In Tables I and II are summarized the experi-
mental results shown in Figs. 4 and 5 in order to
point out that the half-width at half-maximum (bg)
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Electron
energy 0.6 MeV 1.0 MeV l. 2 MeV

TABLE I. Comparison between 0& and the 44 values
for electrons of different energies incident along the
[111]axis in a gold crystal.

Crystal
(elec tron
energy) Au (1 MeV)

Cu Si
(405 keV) (600 keV)

TABLE III. Comparison between &0, &&, and 2&~H,
for various crystals.

1.00'+0. 05'
0.66

0.75' +0.05' 0.70' +0.05'
0.63 0.64

Axis [110] [111]
l. 20 + 0.05' 0.75'+ 0.05'

1.9' 1.2'
1.3' +0. 1 0.8' +0.1'

[110] [110]
1.5'+ 0.1' 0.60'

1.8' 0.85'
1.4'+ 0. 1' 0.65

TABLE II. Comparison between p ~ and &$ values for
1-MeV electrons incident along different directions in a
gold crystal.

Crystal
direction

1.20'+0. 05'
0.63

[121J

0.85' + 0.05' 0.75' a 0.05'
0.61 0.63

for the Rutherford-scattering peak is proportional
to g, as long as the centra, 1 peak is not smeared
out by multiple scattering. It is seen that At/I is
proportional to P~ with a, factor of proportionality
of about 0.6.

With respect to the Za dependence of the At/r

values, only very few experimental results are
yet available. Table III summarizes the results
from Fig. 6, and the experimental values are
compared with the calculated g, values. It is seen
that the factor of proportionality between the mea-
sured Af values and the theoretical |/I, values is
somewhat changing. But when Ag and t/rq values
for different crystals are compared, the Debye
temperature for the three crystals varies from
162 (Au) to 580 'K (Si). Therefore the influence of
thermal vibrations on the At/I values changes. For
a more detailed investigation of the influence of
temperature on &P for positive particles, see
Ref. 11.

Further, regarding the wide-angle Rutherford
scattering of protons, it is known that if the half-
widths at half-minimum (AP„,) for the dips in yieid
are compared with theoretical P& values, the factor
of proportionality is also somewhat changing from
element to element. Therefore Table III also
shows the Ega, values taken from wide-angle
Rutherford scattering of protons on the same crys-
tals. Concerning the proton energies used in these
cases, 1-MeV electrons are compared with - 670-
keV protons since —, pv enters in formula (1) rather
than the kinetic energy E. It is seen that within
experimental error, Ag = 2 Ega, . This is in agree-
ment with qualitative classical calculations based
on the continuum approximation; see Ref. 3. How-

ever, it should be pointed out that this comparison
between the 4y values and the g, values is not quite

~Taken from Ref. 10.

justified in the Cu and Si cases because the energies
are too low to give a large number of quantum
states in phase space.

Planar Effects

As shown above, the number of quantum states in
phase space for the planes is smaller than unity;
this means that the experimental results should be
compared with quantum-mechanical calculations,
for example, of the type outlined by DeWarnes
et al. ' In Fig. 9, the experimental results from
Fig. 3(b) are compared with a nine- and a, thirteen-
beam calculation. (The program for this calcula-
tion has been made by Andersen. ) It is seen that
the calculated full width at half-maximum is in
fairly good agreement with the experimental re-
sults, whereas the calculated peak height is much
larger than the experimental one, but the calcula-
tions are made for very thin crystals. In another
calculation, a Debye-Wailer factor was introduced
into the nine-beam calculation, but with no note-
worthy change in the result.

Multiple Scattering

From Rutherford-scattering results it is seen
that electrons in a beam aligned with a string (or
planar) direction have an increased probability of
hitting the nuclei in a string (plane). Consequently,
the multiple scattering of these electrons is larger
than normal, as seen in Fig. 8. In order to clear
up the multiple scattering of electrons on very
thin polycrystalline foils, a number of experimental
investigations have been performed and will be
published elsewhere. From the volume of the un-
scattered peak it is found that a foil thickness of

0

about 400 A on the average corresponds to one scat-
tering event. If the distribution of the electrons
outside the unscattered part is regarded as con-
sisting of a Gaussian (multiple sca,".tering) and a
tail" (single scattering), then for foils of thick-

0

nesses - 3000 A, the spread in the Gaussian agrees
well with the values obtained from the Moliere"
theory. For very thin foils, the distributions are
in good agreement with those calculated by Keil
et a/. " According to the Moliere theory, the full
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4 3+ .
No-Phonon T2g - A, g Transitions of Cr in TiO2

Ludwig Grabner, S. E. Stokowski, ~ and%. S. Brower, Jr.
Nationa/ Bureau Of Standards, 8'as&in@ton, D. C, 20234

(Received 17 March 1970)

Absorption and emission at 4 and 77 K are observed in Cr-doped TiO& consisting of two

sharp no-phonon lines at 12685 and 12732 cm, and vibronic sidebands with an integrated in-
tensity 10 times that of the no-phonon lines. In undoped Ti02, identical spectra are observed
but are a factor of 100 less intense. The center responsible for these spectra is identified as
substitutional Cr3' by observing, in emission, a splitting of the 12685-cm ~ line of 1.4 cm ~,

a value previously determined by EPR measurements. The vibronic sidebands have some
structure superposed on a broad band. The vibronics are different in emission and absorption
and have a lifetime of 45 psec, equal to that of the no-phonon line. They are shown to be
principally due to defect-induced phonons arising from the Cr3' defect. We argue that the
spectra observed are not characteristic of the usual E~- A2 transition, and propose that the

T2 lies lower in energy than the E~ state. If so, the new results of this work are (1) no-
phonon line emission for the T2- A2 transition and (2) defect phonon states which are different
for the A2 and T2 states. The excitation spectrum is also presented. It shows that the ex-
citation of the Cr ' emission occurs mainly by the transfer of energy from excited trapping
centers rather than by direct excitation.

I. INTRODUCTION

The motivation for the experiments to be re-
ported in this paper was the observation, upon

preliminary examination at 77 K, of sharp line
photoluminescence at -8000 A in undoped TiO~.
In some ways, the fluorescence suggested simi-
larities to that of Cr" in SrTiO, in which one of
us' (S.S. ) suggested that it is due to Cr' while
the other' (L.G. ) proposed that it is not. Later,
Burke and Pressley' in a study of the Zeeman
effect of the sharp line infrared fluorescence of
SrTiO, concluded that the sharp line could be con-
sistently interpreted as a transition from the E~
state to the 'AP, state of Cr". The question then
arose: is the fluorescence observed in undoped

TiQ~ due to a Cr' ion or not? This decision was
facilitated by the study of Gerritsen et al. ' of the
electron paramagnetic resonance spectrum of Cr-
doped TiO~ in which the splitting of the A~, ground
state of Cr" was measured to be l. 4 cm ' and,
therefore, easily resolved optically. In brief then,

optical absorption, photoluminescence, and excita-
tion spectra presented in this paper unequivocally
decide in favor of Cr" fluorescence in Ti02.
Thus, just as in the case of SrTiO„spectrochem-
ically undetectable amounts of Cr are easily de-
tected in photoluminescence.

However, analysis of our data presented unex-
pected difficulties for the "standard" interpretation
in which the lowest-lying electronic excited state
of the Cr" is the E, state. Instead we believe
that our data suggest that the T2g state is the
lowest-lying electronic excited state of Cr" in
TiQz, and a major portion of this paper is devoted
to this thesis. If our suggestion is correct, the
'T2~ - A„emission of Cr' in Ti02 is unique in that
this transition gives rise to line emissicm in addi-
tion to the usual broad-band emission. Previous
work on Cr" in octahedral oxygen coordination
show only a few cases' 7 in which the lowest ex-
cited state is the 'T2, state rather than the ~E~

state. In contrast to Cr' in TiO~, however, the

T~, zero-phonon transition was not seen.


