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The optical transitions above the threshold of the uniaxial crystal bismuth telluride have been
investigated by means of electroreflectance over the energy range 1-5.5 eV using an electro-
lyte to produce electric fields at the surface. Both near-normal and oblique incidence measure-
ments were made using light polarized under different oxientations of the electric vector with
respect to the c axis. The combination of these techniques permitted an unambiguous identifi-
cation of the symmetry of the critical points and yielded the precise polarization dependence
of the transitions. The broad electroreflectance spectra of bismuth telluride have been under-
stood and analyzed in terms of strongly lifetime-broadened Franz-Keldysh tunneling. A corre-
lation, although preliminary, has been attempted with the band structure of this materia1.

I. INTRODUCTION

Recent theoretical and experimental papers
have raised new interest in the optical properties
of bismuth telluride and of other rhombohedral
crystals of the homologous group, bismuth selenide
and antimony telluride.

Besides the early work of Lee and Pincherle, '
based upon an augmented-plane-wave (APW) calcu-
lation of the band structure of bismuth telluride,
two more theoretical works appeared which made
use of the pseudopotential approach. Borghese and

Donato have evaluated the band structure of bismuth
telluride at the high-symmetry points of the Bril-
loiun zone including the spin-orbit interaction, and
have tried to interpret the ref lectivity spectra of
Greenaway and Harbekee and to check the galvano-
magnetic data of various authors. Their results
agree with the six-valley model for both conduction
and valence bands, ' but their interpretation of the
high-energy optical transitions differs remarkably
from that given by Greenaway and Harbeke.

More recently Katsuki calculated the band energy
also along lower-symmetry lines and on the reflec-
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tion planes near the extrema of the conduction and
the valence bands. His results are also consistent
with some galvanomagnetic experiments, ' but do
not touch upon the interpretation of the optical data.

On the other hand, the up-to-date experimental
knowledge of the optical transitions of bismuth tel-
luride comes from the above-mentioned experiment
of Greenaway and Harbeke and from that of Sobolev
et al. , which looked at the reQectivity of this com-
pound up to 12 eV. Although general agreement
exists on the energy position of the more pronounced
peaks of this compound, it seems that the structure
is more complex than reported in Ref. 3. More-
over, the polarization dependence of the peak in-
tensities and positions is still more doubtful.

The electroreflectance (ER) experiments to be re-
ported in this paper aimed at a detailed investiga-
tion of the optical transitions of energy higher than
the indirect edge of bismuth telluride, and their de-
pendence on the polarization of light. This latter
point is particularly important in anisotropic crys-
tals because different selection rules for optical
transitions are effective depending upon whether the
electric vector of the light is parallel or perpendi-
cular to the direction of their c axis.

The ER measurements were taken both at nearly
normal incidence and at several angles near the
pseudo-Brewster angle y~ using light linearly polar-
ized in the plane of incidence or normally to it.

A description of the experimental technique is
given in Sec. II and the results of measurements
at normal and oblique incidence are presented in
Secs. III A and III B, respectively. Section IV is
devoted to the discussion of these results, while an
attempt is made in Sec. V to correlate the ER tran-
sitions to the available band structure.

II. EXPERIMENT

The modulated reflectance coefficient was mea-
sured by reflecting the light upon the (111) surfaces,
which are the planes of easy cleavage perpendicular
to the c axis. After each series of measurements
the reflecting surfaces were renewed by cleaving
the specimens with self-adhesive tape. Due to the
large anisotropy of bismuth telluride, these sur-
faces were mirrorlike and no further etching treat-
ment was necessary to improve their optical quality.

All the samples were p-type single crystals with
an electrical resistivity at room temperature of
about 0. 003 0 cm and a positive thermoelectric

power @=250 pV/deg. This relatively high ther-
moelectric power implied that our samples were not
degenerate and indicated' that the Fermi level lay
about 0. 03 eV above the top of the valence band.
The corresponding hole concentration'3 was p = 2
&&10' cm, taking for the hole effective mass the
value" m„= 0. 46mo, where mo is the free-electron
mass.

The modulation was applied by the electrolytic
technique' using a 1-molar solution of KC1 in water
or methanol. The samples were immersed in the
solution at the center of a semicylindrical quartz
cell such that the incident- and the reflected-light
beams propagated in the radial direction without
undergoing refraction from the glass walls of the
cell and from the solution. This arrangement per-
mitted us to carry out measurements at grazing in-
cidence and avoided the restrictions due to the limit
angle of the glass-air system. Both the cell and
the detector were placed on a goniometer and care-
fully shielded from external light.

The experimental apparatus was of a standard
type for this kind of measurement. The optical
assembly consisted of a stabilized tungsten or deu-
terium lamp, a Beckmann model DU monochromator
and a gian-air polarizer mounted in front of the
sample and capable of rotation about its axis. Both
a photomultiplier (RCA IP 28) and a CdSe photore-
sistance were employed to cover the spectral range
1-5 eV. The ac signal was synchronously proces-
sed by a PAR model JB-4 phase-lock amplifier
synchronized at the field frequency, while the dc
output of the detector was kept constant throughout
the entire spectral range by a servomechanism act-
ing on the width of the exit slit of the monochroma-
tor and driven by a feedback signal proportional to
the anode current of the photomultiplier. The out-
put of the lock-in amplifier, which is directly pro-
portional to the relative change of the ref lectivity
r It/R induced by the electric field, was continuously
recorded on an x-y plotter, whose x axis was driven
by the scanning mechanism of the monochromator.

A very accurate focusing procedure was adopted
to minimize light losses due to the limited surface
of the samples, especially at high incidence angles.
Owing to the weak reactivity of bismuth telluride
with the solution, the surface remained clean for
long periods of time assuring good reproducibility
of the measurements.

III. RESULTS

A. ER at Near-Normal Incidence

Several near-normal ER spectra were taken at
different modulation voltages not exceeding 3V„,
where pp means peak to peak. Figure 1 shows a typical
spectrum obtained for p~ = 2 V„and V~ = 0. The gen-
eral shapes and locations of the structures are practi-
cally not modified by changes in the driving volt-
age, provided that the modulating field is not too
large. At high modulation levels (& 5 V ) the vo]tage
waveform begins to distort due to conduction effects
taking place in the electrolyte. In small gap semi-
conductors excessive modulation voltages can easily
drive the surface to degeneracy. In these conditions
the spectral line shape should strongly depend on the



POLARIZATION EF FECTS IN THE ELECTROREFLECTANCE

Biz Te3

Vql. c

FIG. 1. EH of Bi2Te3 for a
(111) face at near-normal inci-
dence in the fundamental absorp-
tion region (V«=2 Vyy Vz&= 0).
The arrows locate the energies
of the transitions as identified in
Hefs. 3 and 11.
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field strength because of the field inhomogeneity"
within the space-charge region. We found that, at
sufficiently low modulation levels, and no dc bias,
the line shapes of Fig. 1 were nearly independent
on the applied voltage and the ER signal did not
change sign, indicating that the surface inversion
could not be reached. This behavior suggests that
the field inhomogeneity at the surface is sufficiently
small to be neglected and therefore the uniform
field approximation seems applicable in these ex-
perimental conditions. It should, however, be noted
that the large broadening effects present in the ER
spectra of this compound could mask the line-shape
evolution at moderate field strengths.

We wish also to remark that large contributions
to the ER spectra resulting from changes of the
optical constants of the electrolyte' can surely be
excluded in this wavelength range since similar re-
sults were obtained with different electrolytic solu-
tions.

In Fig. 1 the positions of peaks and shoulders
seen in absolute reflectivity are labeled with the
same symbols as used by the authors. A refers to
the measurements of Sobolev et al. , while E refers
to those of Greenaway and Harbeke.

The ER spectrum does not consist of sharp lines
located at each of the critical points (cp) as in the
case of a typical Franz-Keldysh response, but
rather consists of broadened structures covering
wide energy ranges. It is, however, apparent from
Fig. 1 that some correspondence exists between the
transitions of the absolute reflectance and the large
oscillations in ER, with a possible exception of the
Ae and/or Ee lines. The transition which gives rise
to the large positive peak at 5. 3 eV of the differen-

tial spectrum was not detected in absolute reflec-
tance, even at low temperature, but it clearly ap-
pears as a peak at about 5. 7 eV in the energy-loss
function —Im(1/a). '

In order to correlate the ER to the cp, the mod-
ulated reflectance r R/R was subjected to the Kram-
ers-Kronig transformation, which gives the corre-
sponding change ~y in the phase angle. This quan-
tity is related to M'/%; the relative change in the
complex reflection coefficient f'= 8 g~", through
the relation

where

hr/r= [n e ~ /(& —n )] de . (2)

In Eq. (2) e=z, +ice represents the complex dielec-
tric constant of the material and n is the (real) re-
fractive index of the first medium.

For sake of comparison, the values of & appearing
in Eq. (2) were derived from the ref lectivity data
of Refs. 3 and 11 through a Kramers-Kronig analy-
sis. ' While the results of Ref. 3 are mell repro-
duced, the lower reflectance of Sobolev et al. gives
consistently smaller values for the optical con-
stants. Due to the closer agreement with the mea-
sured values of the long-wavelength refractive in-
dex, the room-temperature ref lectivity of Green-
away and Harbeke was considered as more reliable
in the low-energy region and the corresponding opti-
cal constants were used in all the following calcu-
lations.

Figure 2 shows &c& and &a2 calculated from the
data of Fig. 1. A main difference between the &R/R
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FIG. 2. Field-induced change of the real (dashed) and
imaginary (solid) parts of dielectric constant (from data
of Fig. 1).

curve and the field-induced change e(E) —i(0) is
found for the low-energy transitions which are
greatly enhanced after the Kramers-Kronig trans-
formation with respect to the high-energy struc-
tures.

In the presence of large broadening effects the
overlapping of the individual contributions is con-
siderable and the energy locations of the cp together
with their identification cannot be established with-
out a careful line-shape analysis.

In Sec. IV we intend to show quantitatively that
both A2 and A3 singularities correspond to M& longi-
tudinal saddle-point edges, while A, , is due to an
Mo edge. No attempt is made to identify the remain-
ing transitions at higher energies because their con-
tribution to the ~E spectrum is too weak for a posi-
tive identification; therefore their energy location
in Table I should be considered as approximate.

The possibility of gaining further insight on the
ER response is offered by measurements at non-
normal incidence for angles near the pseudo-Brew-
ster angle and light polarized in the plane of inci-
dence. The method was first emphasized by Fischer
and Seraphin and also considered experimental-
ly. ~ The power of the method arises from the
fact that each type of cp exhibits a peculiar angular
line shape for the parallel component of the ER
(dR/R)~ and it is therefore possible to take advan-
tage of this to characterize the nature of the singular-
ity involved. The strong line-shape changes near
the Brewster angle for fixed polarization (parallel
to the plane of incidence) and modulation determine
the spectral behavior of the entire ER spectrum.

We present in Fig. 3 the parallel component of the
ER measured at various angles near the pseudo-
Brewster minimum as a function of photon energy
up to 3 eV. The following features should be
stressed;

(i) The first peak at l. 3 eV grows continuously
with increasing angle of incidence up to 80' and then
decreases, shifting slightly towards high energies.

(ii) The weak transition near 2 eV vanishes at
large angles. This behavior together with the fact
that it is always present in the perpendicular com-
ponent (&R/R), even at grazing incidence, strongly
suggests that it should be allowed only for EI. ~ c.

(iii) The positive wing associated with the next
transition gradually increases and shifts to high en-
ergies and then decreases and moves back towards
its initial position.

It is worthwhile noting here that the growth and
decay of the peaks is consistent with the expected
dependence of the Brewster angle p& upon the wave-
length. ~

Before proceeding to a detailed analysis of the

TABLE I. Energy positions (in eV) of the main optical transitions of Bi2Te3. Data from the present experiment are
included for comparison with those of the reflectivity measurements.

Transitions

R' (295 eK)

R (90 'K)
R (300 eK)
Rb (77'K)

C
2

& e
2

r
Type

A)

0.3
0.3
0.5
0.5

A2

l.36
1.36

1.4

1.3
1.3
0.26
M)(I

A, (Z,)

1.80
1.80
1.78

1.7
1.6
1.76
0.3
MgII

A4, s

2.95
2. 90

2.7

2. 5
0.6
Mp

3.23

2.7

3.4
3.4

A, (S,)

4.5
4.5
4.2

4.0

4. 2

Af

5.6
5 7
5.7

~From Ref. 11.
bFrom Ref. 3,
'Calculated from Ref. 11.

~Calculated from the energy-loss function.
Calculated from Ref. 3.
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FIG. 3. Parallel component of the EB of bismuth
telluride at oblique incidence.

polarization results, we wish to remark that the ex-
act understanding of the angular dependence of the
line shape of the ER can only be achieved when the
separate contributions to the ER response have been
recognized and this requires a preliminary theore-
tical analysis of the lines which will be carried out
in Sec. IV.

IV. DISCUSSION

where H'(x, r/e) =Z(x„r/e) aiG(x„r/e) and
E= 1 or i, according as the electro-optic responses
of an I& and Mz or of the other ep are needed. The
choice of the signs in Eq. (3) appropriate to the var-
ious cases is given in Ref. 29.

We have analyzed the results of Fig. 1 by assum-
ing that the experimental n B/8 up to 3. 5 eV can be
accounted for by the ER of just three ep. The low-
energy side of the spectrum, below 2. 5 eV, is well
reproduced by the ER of a pair of Mq longitudinal
saddle-point edges with the symmetry axis of odd-
sign mass aligned parallel to the electric field (and,
therefore, to the c axis). An Mo threshold is a good
candidate to explain the high-energy side of the
spectrum. We have attempted to fit the experimen-
tal data by overlapping the contributions of the two

Mq saddle points located at 1.3 and 1.76 eV, and of
the Mo singularity at 2. 5 eV. The results of this
analysis are shown in Fig. 4 and compared with the
experimental data (triangles) of Fig. l. The actual
magnitude of the theoretical ER depends upon the
value of the dipole matrix element between the ini-
tial and final states of the transition [included in the
8 coefficient of Eg. (3)] which is generally unknown,

so the theoretical curve has been arbitrarily nor-
malized to the experiment at 1.55 eV where the con-
tribution of the A3 transition is dominant. The re-
laxation constants used in the calculations have been
summarized in Table I. The reduced effective
masses of the Aa, A3, and A4 z cp are found to be in

l

5& 10—

As mentioned in Sec. III A, the ER of bismuth tel-
luride is characterized by broad structures extend-
ing over afewelectron volts, a feature which is
common to the electro-optic response of lead salts
and of other materials having large static dielectric
constants.

In the presence of broad structures it is neces-
sary to introduce the lifetime-broadened electro-
optical functions F and G in order to account for the
experimental results. The general expressions for
these functions have been given by Aspnes~ in terms
of Airy functions of a complex variable and of their
derivatives. The relaxation constant I' appears in
the complex argument of the Airy function

Z=~, +1 r/e=~(~, -~)/e+f r/e,
where Nw, is the critical point energy and
8 = (q E /2pi)' . The field-induced changes of the
complex dielectric function at all cp can be written

(3)

-3 —
]

1
PHOTON ENERGY(e Y)

FIG. 4. Experimental (triangles) and theoretical
(solid line) changes of reflectance (E+c) due to an I,
threshold at 2.5 eV and tom Mf„saddle-point edges at
1.3 eV and 1.76 eV. The dashed curves are the individual
contributions of the cp.
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the ratios m&.'m&'. m3= 2:1:0.25.
A further confirmation of the correctness of our

preceding identification is provided by the depen-
dence of the peak intensities and positions on the po-
larization of the light. The M& saddle-point line
shape (&R/R)~ at 1.3 eV is characterized by a posi-
tive peak which grows to a maximum till 80' and
then decreases. The low-energy negative peak in-
creases continuously till 85', giving to the whole
structure a symmetrical aspect. The parabolic case
consists of a dispersionlike structure at normal in-
cidence which evolves into a single peak with small
satellites on both energy sides. A continuous "blue"
shift of the whole structure in both cases is also
present.

All these features should be recovered in the cal-
culated spectrum of Fig. 5 which includes the over-
lapping contribution of all three ep. Comparison
with the curves of Fig. 3 immediately shows that
the low-energy experimental line shape is not well
reproduced theoretically. In particular, the inter-
mediate transition increases towards grazing inci-
dence while the positive peak of the A& transition de-
creases at angles larger than 75' in contrast with

the experiment.
The agreement between theory and experiment

improves considerably if we assume that the A3

transition is strongly polarization dependent and
forbidden for E& II c. The effect of canceling the
contribution of the intermediate transition on the
ER spectrum of Fig. 5 is shown in Fig. 6. The
agreement is quite good for large incidence angles
and deteriorates (as expected) going towards normal
incidence when the weight of the As(E, ) transition

12—

~ 6—

8
~~ 2—

Q

~O

h

I I

2 3
PHOTON ENERGY (eVJ

FIG. 5. Calculated line shapes of (bA/R)& for different
angles of incidence near the pseudo-Brewster angle.
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FIG. 6. Comparison between the experimental (~/R)&
curves of Fig. 3 (solid 1ines) and the theoretical lines
calculated under the assumption that the &3 transition
{1.76 eV) is forbidden for EI. II c (dashed lines).

can no longer be neglected. It is therefore apparent
that the A3 transition is allowed only for E~ j- c,
while the remaining transitions are probably allowed
for both the polarization directions.

The dependence of As(E, ) on the polarization
agrees with the conclusions of Ref. 3, while for A2
and E, structures we obtain different results. Owing
to the possibility that the E~ transition corresponds"
to As or to a superposition of two neigh:boring A4 5

and A6 peaks, the polarization dependence of the E&
transition reported in Ref. 3 is questionable. In
this case the nonoccurrence of the Ae transition in
the differential spectrum might not be surprising if
we consider that, according to Eq. (3), structures
with large broadening parameters I'/e dominate and

nearby transitions due to cp with large masses could
be almost completely masked. Furthermore, it
should be considered, as already pointed out in Ref.
3, that reflectivity data taken on cleaved surfaces
are difficult to compare with those from polished
and etched surfaces. In the ease of anisotropic
samples, when weak polarization effects are to be
detected, oblique measurements are generally to be
preferred.

In the case of light polarized perpendicularly to
the plane of incidence, the three peaks of Fig. 3 de-
crease continuously with increasing angle of inci-
dence and do not shift in energy. This behavior,
which follows the monotone decrease of the Seraphin
coefficients n and P with the incidence angle, is also
well accounted theoretically.

@faith regard to the results of Figs. 5 and 6, we
wish to remark that in the calculated line shapes no
account was taken of the possible anisotropy of the
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26 of electrons in the unit cell n,«contributing to the
optical transitions. This quantity is given by the
sum rule

16

~h
12

FIG. 7. Effective number
of electrons per unit cell vs
photon energy.

mV
n, ii(~0)=2 2 3 ~&a(~) d~ ~

-n
(4)
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complex dielectric constant. This approximation,
which may be too drastic if applied to strongly aniso-
tropic crystals (for instance, graphite' ), seems to
hold here for bismuth telluride, at least within the
accuracy required by the present analysis. 3'

V. BAND STRUCTURE OF BISMUTH TELLURIDE

The outer electronic configuration of the bismuth
atom is 6s 6ps, while the tellurium is 5s 5p4,

giving 28 electrons per unit cell to be accomodated
in the different valence bands. The valence states
of bismuth telluride consist of two groups of bands,
well separated in energy, from which originate the
transitions to the lowest p-like conduction band
states responsible for the two series of peaks ob-
served in the reQectivity. 3' This picture is further
supported by the dependence of the effective number

where V= 173A3 is the volume of the unit cell of bis-
muth telluride. We have calculated q,«as a function
of photon energy from Eq. (4) and the result is
shown in Fig. 7.

N,«rises rapidly at low energies and then starts
to saturate at about 14 electrons around 6 eV. This
rise is associated with the onset of interband transi-
tions starting from the first six or seven valence
bands of the upper group. The next transitions,
originating from the deeper valence states, take
place at still higher energies and cause n, « to rise
again.

The upper set of bands has a prevalent p character
while the lower group of bands should have predom-
inatly s-like symmetry. As a matter of fact, the
replacement of Bi atoms in the crystals with lighter
Sb atoms yields larger changes in the energy of the
high reQectivity peaks with respect to the low-energy
transitions. This behavior, which is common to the
PbTe-SnTe-GeTe family, 3 is caused by the stronger
relativistic corrections on the s-like valence states. '

With decreasing atomic number, the energy of the

~~Z ~ [)oo]

(ooo) „
[11o]

0.8—

0.7—

FIG. 8. The energy
band structure of bismuth
telluride (after Katsuki
Ref. 8). The following
symbols are used O:~&or
Z6~6 F4+I gorZ4+Z5
+:Ip ol Z6 ' C3.'I 4+ I 5 ol'
Z4+Z g,

G A [100] I j110$ 0 Zj111$ I
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s-like valence states increases more than that of
p-like states and this results in the larger energy
shifts of the high-energy transitions.

The band structure of bismuth telluride calculated
by Katsuki, on which we base our discussion, is re-
produced in Fig. 8 together with a sketch of the
Brillouin zone. The calculation has been carried
out for the main symmetry directions [100],[110],
and [111], and also for various other directions on
the boundaries of the zone. We will restrict our fol-
lowing assignments to the first transitions listed in
Table I.

The smaller energy gap is found at 0. 11 eV be-
tween the top of the valence band at A and the bottom of
the conduction band at M, and not at k= 0. The in-
direct optical transitions occurring at 0. 145 eV con-
nect these two points of k space. The broad struc-
ture at 0.4 eV is assigned to the cluster of transi-
tions taking place in the range 0.3-0.5 eV near 1;
while the small shoulder at 0. 7 eV, 3 not reported
in Table I, could be due to transitions between
Z4+ Z& and Z6 near Z in the GZ direction. At the
same point of the Brillouin zone, but starting from
a lower valence band, we place the A& transition
Z6- Z6 allowed for both polarizations of light.
According to Fig. 8, the conduction band probably
has a saddle-point type of structure here, since the
energy difference between the valence and the con-
duction bands increases when moving in the GZ dir-
ection and decreases in the [111]direction. It
should be noted from Fig. 7 that q,«reaches a val-
ue of four or five electrons at this energy, as one
expects when the second or third valence bands par-
ticipate in the transitions. The A3 transition at 1.76
eV, which has a definite polarization dependence,
probably occurs at point F as F4+ F,- F6. The
next threshold, on the contrary, is allowed for both
polarizations and is likely to take place at F as
I'6- I"8 and/or I"8- I'8. Both the small reduced
effective mass and the large relaxation constant
(600 meV) found for this transition favor this as-
signment.

The next two transitions (E~ and A,' in Table I) at

high energies are difficult to place on the same
grounds, although we feel that both the effective
number of electrons and the small lifetime suggest
transitions to conduction bands starting from deeper
valence states. The band scheme offers a number
of possibilities along the [110]or [100]directions
or at zone boundaries. We realize that this assign-
ment is only tentative but a more precise and com-
plete understanding of all transitions of bismuth
telluride, including those of the second group, must
wait until a direct evaluation of the imaginary part
of the dielectric constant becomes available.

VI. CONCLUSIONS

The optical transitions of bismuth telluride in the
visible and near uv range have been investigated by
ER measurements at room temperature. Critical
points have been identified through a quantitative
line-shape analysis, by assuming that the optical
field effects were due to strongly lifetime-broadened
Franz-Keldysh tunneling. The dependence of the
line shape upon the polarization of the light yielded
an independent confirmation of their nature and al-
lowed clarification of their anisotropic character.
The peaks A2, As, and A4 & of the reflectance spectra
have been associated with two M& longitudinal saddle-
point edges and an Mo threshold at the center of the
Brillouin zone. The A3 line shows a strong depen-
dence on the polarization in contrast with the other
two transitions. On the basis of the available band
structure these transitions have been correlated to
cp within the Brillouin zone. Additional investiga-
tions, extended to the vacuum uv region, in conjunc-
tion with more refined theoretical calculations,
should certainly provide a firmer basis towards the
understanding of the electronic band structure of this
compound.
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Nearly perfect copper crystals with dislocation densities less than ~10 /cm have been
irradiated with fast neutrons at doses up to 4x10'9/cm, and the diffuse x-ray scattering re-
sulting from the defects produced has been studied in a variety of situations. Measurements

were madewitha double-crystal spectrometer to allow observations of the scattering very close
(- seconds of arc) to the Bragg peaks, for which a theoretical analysis of the data can be made.
The diffuse scattering can be explained as resulting from defect clusters or dislocation loops- 100 A in diam; there is an asymmetry of the diffuse scattering which appears to result from
a predominance of large interstitial loops. This interpretation is consistent with electron-
microscopy observations on these crystals. Diffuse scattering observations as well as
anomalous x-ray transmission studies on irradiated crystals are suggested as very valuable
tools to study the possibility of clustering phenomena in the annealing stages of various irra-
diated crystals.

INTRODUCTION

The irradiation of metal crystals is known to
have marked effects on their physical properties.
However, with the exception of lattice parameter
measurements, little is known in a quantitative
sense about the effects of irradiation on x-ray-dif-
fraction properties. Although several years ago it
was predicted that irradiation ought to cause strong
diffuse scattering, ' few observations of this scat-
tering were made until quite recently in diamond,
copper, silicon, LiF, ' BeO, etc.

Diffuse x-ray scattering caused by the strains
associated with radiation-induced defects in metals
is quite difficult to observe for several reasons:
(i) The diffuse scattering from point defects should

be relatively weak for concentrations less than
-10' /cm'. If point defects are formed, as from
electron irradiation, these defects are usually free
to migrate at room temperature; hence, large
doses of electron irradiation would be necessary
at low temperatures to see the effects with con-
ventional x-ray-diffraction apparatus (see, e. g. ,
Simmons and Balluffi'); (ii) If clusters of defects


