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Experimental values of damage rates have been obtained for titanium for electron irradiations
in the energy range 0. 30-0.50 MeV. A suitable preirradiation annealing treatment has been
found, and a value of 19.2 +1.0 eV is determined for the threshold energy of atomic displace-
ment for titanium. Experimental damage rates are compared to theoretical calculations of the
cross section for atomic displacements.

Two recent publications' have treated radiation
damage of titanium, but no study has been per-
formed near the characteristic value of the thresh-
old energy for an atomic displacement. While one
paper used a theoretical function to extrapolate to
a threshold energy value, the other did not report
damage-rate data. This paper describes the de-
pendence of the damage rate of titanium samples on
electron-irradiation energy for the energy range
0. 30-0. 50 MeV. With this information, a reliable
value of the threshold energy is estimated and a
simple theoretical analysis of the damage-rate
curve is made.

Sample material in the form of a thin foil (0.0025
cm) was obtained from Materials Research Corpora-
tion. Its nominal purity was 99. 9 f%. However,
the natural strong gettering action of titanium can
seriously degrade its purity, and the optimum an-
nealing treatment of the material prior to irradia-
tion is therefore of great importance. Before a
high-temperature annealing treatment was deter-
mined for this titanium, damage rates were inves-
tigated for samples annealed at three different tem-
peratures. Most samples showed excessively large
damage rates during the first part of an irradiation
before the rate became constant and conformed to
a linear-flux- versus-damage-rate behavior. Mate-
rial annealed at 800'C in a vacuum of 5&&10 Torr
was the least reliable since its damage rate values
included large fluctuations. Because samples an-
nealed at 350 and 450 'C inavacuum of 2x10 Torr
gave consistent results for values of damage rate,
these samples were used for a determination of the

threshold energy. After samples were mounted in
a cryostat, the ratios of electrical resistivity at
room temperature (293 K)tothat at 7 Kweredeter-
mined. Samples annealed at 450 C showed values
of the resistivity ratio between 10 and 15. For a
sample annealed at 350 'C, this ratio was approxi-
mately 54. While these magnitudes of the resistiv-
ity ratio are not as large as desired for pure sam-
ple material, the values are definitely an improvement
over titanium samples of other investigators. Be-
cause the effects of the preirradiation treatment
of titanium is a complex problem, a detailed re-
port on these effects is being prepared.

At each irradiation energy, the change of electri-
cal resistivity was plotted as a function of fluence.
Typical results for one sample are shown in Fig.
1 where the points correspond to experimentally
measured values. A large initial damage rate can
be seen for each irradiation energy. Because of
this initial nonlinear behavior, the first measured
value of damage rate was used as a starting point
to calculate slopes. The slope was found between
each two successive measurements, and an average
of these values was taken to represent the damage
rate at a particular energy. It is probable that im-
purities within the material are responsible for the
initial excessive damage, and discarding the por-
tion of the curve near the origin helps to ensure
that these results concern intrinsic properties of
the material.

Figure 2 shows the damage-rate data and theo-
retical curves for all samples as a function of maxi-
mum atomic recoil energy. Since the magnitude
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ergy for displacing atoms in titanium.
Experimental results may be compared to radia-

tion-damage theory by using the equation
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where b,p/A&f& is the damage rate at a given irradia-
tion ener g isrgy, g„ is the cross section for atomic dis-
placements for the irradiation ener'

n energy, and p„ is the
resistivity of a unit concentrat'o f F nki n o re el pairs.
The cross section is evaluated b
ab'lit

e y choosing a prob-
a c I. y function P(T) for the equation
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sample.

of the damage rate is very small at the lowest ir-
ra ia ion energy, and since a measurable amount
of resistivity change may be caused b

e reshold energy is determined by a straight-

highest ener va
line extrapolation (not shown in th f'

ighest energy values. This procedure gives a re-
sultant value of 19.2+ 1 0 eV f the or he threshold en-

where do/dT is the differential cross section for
an atomic displacement with res ect to'th
recoi energy. The function P(T) is the prob b'l'pro a 1 1

T.
splacxng an atom with a reco'l k t'~ne ic energy

e experimentalTo fit a theoretical curve to th

ste
points, two P T) functions were triedie: a simple
s ep function and a linear functio 5 F'c ion. igure 2 com-
pares these theoretical results with ths wi e experimental

a a by plotting damage rate versus the maximum

a omic recoil energy. Theoretical curves were
normalized bize y selecting a value of p~ such that the
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curves would coincide with the experimental curve
at 24. 9 eV, i. e. , the maximum atomic recoil en-
ergy which corresponds to an 0. 4-MeV irradiation.
The step function, it is clear from the figure, pro-
vides a very poor fit. However, the linear func-

tion departs from the experimental graph only at
the highest energies. As with other metals, the
poor agreement of the simple step function probably
indicates that atoms in the bulk material should be
described in terms of an anisotropic function. 5
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Bismuth films (200-1400 ~) were grown epitaxially on freshly cleaved mica substrates.
These films consisted of a mosaic of equally oriented crystallites averaging several microns
in diameter. The plane of the films coincided with the trigonal plane of Pi. We have studied
the thickness dependence of the resistivity, the Hall coefficient, and the transverse magneto-
resistance, by gradually varying the thickness of a single film which was kept under high
vacuum during the entire experiment. The resistivity at 360 and 77'K is a smooth monotonic
function of the thickness. At 12'K, we observed small oscillations in the resistivity and in

the magnetoresistance. These oscillations are regarded as probable manifestations of the
quantum size effect (QSE). The thickness dependence of the Hall coefficient is in striking
disagreement with the predictions of the infinite-potential-well model. Better agreement be-
tween the theory and experimental results is obtained when we assume a less rigid boundary
condition. Also for several films we have investigated the temperature dependence of these
three transport coefficients and found it to be quite different from that of bulk bismuth. We
have attempted to explain these results in terms of the behavior of the carrier concentration
and of the different scattering mechanisms that can come into play in these films.

I. INTRODUCTION

There are two types of size effect in thin metal-
lic films, each one characterized by a specific
parameter. The classical size effect, which has
been the subject of numerous investigations, ap-
pears in solids whose thickness is comparable to
the electron-transport mean-f ree path. Recently,
the quantum size effect (QSE) has aroused con-
siderable interest; it appears when the sample
thickness is comparable to the de Broglie wave-
length of the conduction electrons. The QSE mani-
fests itself in the oscillatory behavior of the elec-

tron density of states. These oscillations can be
observed in the thermodynamic properties and the
kinetic coefficients of the solid when the thickness
of the film is varied continuously.

In principle, the QSE can be observed in any
metal. In practice, the experimental observation
in most solids is rather difficult because the elec-
tronic de Broglie wavelength is only of the order
of a few angstroms. In Bi, however, the Fermi
energy of the electrons is only 25 meV, and the
effective mass along some crystal orientations is
two or three orders of magnitude smaller than the
free-electron mass. Consequently, the electronic


