VOLUME 48, NUMBER 25

PHYSICAL REVIEW LETTERS

21 JuNE 1982

Scattering in Solids, edited by J. L. Birman, H. Z.
Cummins, and K. K. Rebane (Plenum, New York, 1979).

’D. B. Tanner, A. dJ. Sievers, and R. A, Buhrman,
Phys. Rev. B 11, 1330 (1975).

‘D. R. Penn, R.W. Rendell, Phys. Rev. Lett. 47,
1067 (1981).

5J. Stockham, Microscope 15, 106 (1966).

8S. C. Graham and J. B. Homer, Disc. Faraday Symp.
7, 85 (1973).

'S. Twomey, Atmospheric Aevosols (Elsevier, New
York, 1977).

G, M. Hidy and J. R. Brock, The Dyrnamics of Aevo-
colloidal Systems (Pergamon, New York, 1970).

%K. T. Whitby and B. K. Cantrell, in Aevosol Meas -
urement, edited by D. A. Lundgren et al. (University

Presses of Florida, Gainesville, 1979).

Y% ev0s0l Measurement, edited by D. A. Lundgren
et al. (University Presses of Florida, Gainesville,
1979), pt. 1.

A. Schmidt-Ott and H. C. Siegmann, Appl. Phys.
Lett. 32, 710 (1978).

2w, H. Marlow, Surf. Sci. 106, 529 (1980).

SN. A. Fuchs, The Mechanics of Aevosols (Pergamon,
New York, 1964).

145, Schmidt-Ott and H. Burtscher, to be published.

Bp, Langbein, J. Phys. Chem. Solids 32, 1657 (1971).

8, Krupp, W. Schnabel, and G. Walter, J. Coll.
Interface Sci. 39, 421 (1972).

Ty, Kerker, D. S. Wang, and H. Chew, Appl. Opt. 19,
3373 (1980).

Critical Cone in Phonon-Induced Desorption of Helium

Peter Taborek
Bell Labovatovies, Muvray Hill, New Jersey 07974
(Received 19 February 1982)

A flash desorption technique is used to show that helium atoms desorbing from a hot sur-
face are emitted within a narrow cone about the normal direction. The emission angle and
the energy of the atoms are highly correlated, which results in a “rainbow” in the desorp-
tion spectrum. These effects are discussed in terms of single-particle conservation con-
ditions for energy and momentum transfer between phonons and atoms.

PACS numbers: 68.45.Da

Phonons in a solid substrate can interact with
atoms on a surface by causing displacements
which modulate the local surface potential. An
adsorbed atom initially in a bound state can be
desorbed by this perturbation. A quantum theory
of this process of phonon-induced desorption was
first considered by Lennard-Jones and co-work-
ers,’ but several more sophisticated treatments
have recently appeared.?™ Using these theories,
one can express the momentum distribution of
the desorbed atoms in terms of a perturbation
series expansion involving the phonon distribution
and the surface-adatom interaction. First-order
perturbation theory yields a value for the prob-
ability of a 1-phonon desorption process of the
form | M[?/w, where w is the phonon frequency
and [M|2is a squared matrix element which de-
pends only on the initial and final states of the
atom; the probability of multiphonon desorption
processes is related to higher orders of the per-
turbation which are much more complicated and
difficult to compute.®

Although the 1-phonon approximation has been
useful in explaining atomic beam scattering re-
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sults,” it is difficult to test the simple desorption
theories decisively using only the available data
on the desorption rate and the energy distribution.
In contrast, the complete three-dimensional (3D)
distribution of the atomic momentum provides a
much more sensitive probe of the desorption
process, Previous measurements of the angular
distribution of desorption®® have involved sys-
tems at such high temperatures and with such
strong adatom-substrate interactions that the 1-
phonon perturbation theories are not applicable.
Helium, with a binding energy an order of magni-
tude smaller than most other adsorbates, provid-
es a good test case for theories based on the
weak coupling approximation which suggest that
at low temperatures 1-phonon processes should
be the dominant desorption mechanism. Quantita-
tive comparison with the published theories is
difficult, however, because of uncertainties in
the parameters which determine | M|% moreover,
the most detailed calculations assume that the
adatom is localized to a site on the substrate,
which is probably not an appropriate model for
helium on a metallic surface.'® Despite these
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difficulties, much of the physics of the 1-phonon phonon desorption process are given by the con-

picture can be understood in terms of simple servation of energy and parallel momentum:

kinematic constraints which are independent of

the precise form of | M|?, The purpose of this w=cl|k|=p?*/2m +E,, M

Letter is to examine some of the implications of

1-phonon kinematics and to compare the predic- . Ky=py, (2)

tions with experimental results on the angular .

and energy distribution of helium desorbed from where c is the phonon phase velocity, k is the

Nichrome. phonon & vector, 5 is the momentum of the free
Agsuming that the surface-atom interaction po- atom, and E, is the binding energy of the atom

tential is translationally invariant in the plane of to the surface. The rate N(E,p;) at which atOl’_I’lS

the surface, the kinematical constraints on the 1- with kinetic energy E and parallel momentum p

I are desorbed is

NE, By = f “Z . of(w, T,)6(E = w +E )6, - B )dw & | (3)

w>c | k

where f(w,T,) is the phonon distribution function, T is the substrate temperature, and the inequality
which defines the region of integration ensures that only real incoming phonons are included.

The velocity and angular distribution of the desorbed atoms #(v,§) is easily obtained from Eq. (3) by
changing variables and performing the integration'!:

IM Bv® exp| =(E ,+m1%/2)/T]
E,+mv?/2

cosd, if mv?/2+E,>mcvsinb,
(v, Q) =
0, otherwise, (4)

where Q is the solid angle and the approximation '

flw, T) =€ “/T hag been substituted. Although is mounted on a vertical turntable in a vacuum

the explicit dependence on angle has the cos@ can. The turntable is attached to a shaft which
form expected from an equilibrium distribution, is supported by ball bearings and is connected
the inequality introduces a velocity-dependent to a similar shaft at the top of the Dewar with a
cutoff in angle. The qualitative implications of pulley and belt arrangement. A tin supercon-
Egs. (1) and (2) and the inequality constraint are ducting transition bolometer (0.02%0.02 mm?)
graphically illustrated in Fig. 1, which shows fabricated on the end of a sapphire rod is used
curves of constant energy in momentum space to detect the helium atoms which are desorbed
for atoms and phonons. For a given incident from the heater when a voltage pulse (typically
phonon, the momentum vector p of the desorbed 2 VX100 nsec) is applied. The distance between
atom can be found by a simple geometric con- the heater and bolometer was 1.1 mm with the
struction which shows that the atoms are emitted heater precisely positioned over the stationary
into a cone with a critical half -angle of approxi- axis of the turntable. The angle between the heat-

mately 10°, Because the atom energy is a quadra- er surface normal and the bolometer was meas-
tic function of momentum while the phonon energy  ured with a capacitance technique. The ambient

is linear in momentum, the exact value of the temperature was 2.09 K, the helium-gas pressure
critical angle is energy dependent. This results in the cell was 3X1077 Torr, and the atom bind-
in a rainbowlike effect in which low-energy atoms ing energy E, =30 K, as measured by techniques
can escape from the surface at larger angles described elsewhere,'*1®
than can high-energy atoms, which are emitted The bolometer signal for various angular posi-
almost normal to the surface, as shown in Fig. tions is shown in Fig, 2. The signal intensity is
1(b). a rapidly decreasing function of angle, reaching
The experimental apparatus used to test these half its normal-incidence value at 15°. In addi-
implications of energy and parallel-momentum tion, the average arrival time of the atoms in-
conservation is schematically shown in the inset creases with increasing angle, or equivalently,
of Fig. 2. A sapphire crystal which has a Ni- the average energy decreases with angle, in ac-

chrome heater film (0.4X0.2 mm?) on one surface cordance with the qualitative results suggested
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E=kc

(a)

(b)

FIG. 1. Curves of constant energy in momentum
space for atoms above the interface, and phonons be-
low, drawn to scale with ¢ = 3x10° cm/sec and E, = 30
K (all energies in kelvins). (a) Geometric construction
which shows that parallel-momentum conservation
leads to atoms emitted almost normal to the interface.
(b) The angular width of the atomic critical cone depends
on the energy, with high-energy atoms emitted into a
narrower cone. This results in an atomic rainbow in
the desorption spectrum.

by Fig. 1.

To compare the data with the quantitative pre-
dictions of 1-phonon kinematics, it is necessary
to compute the expected bolometer signal, S(t, 6).
Since the bolometer is a linear detector of en-
ergy flux, the signal is proportional to the pro-
duct of the rate at which atoms arrive at the
bolometer and the total energy carried by each
atom:

S(t, 6) =An(v, 6)(mv?/2 +E ,)v?, (5)

where A is a proportionality constant, [ is the
distance between the heater and bolometer, and

t is the arrival time at the detector with v=1/¢
For a given value of the substrate temperature
T,, which can be computed from the heater
power by acoustic-mismatch theory, Egs. (4)

and (5) determine the form of the expected bolom-
eter signal due to 1-phonon desorption. For 6=0,
the time dependence of S(t, 6) agrees with the da-
ta of Fig. 2 quite well, but Eq. (5) predicts a

8=0°

/ ~ HEATER

™~ BOLOMETER

BOLOMETER SIGNAL (ARBITRARY UNITS) —

TIME (u sec) —=

FIG. 2. Bolometer signal as a function of time for
several values of 0. T, =8 K.

more abrupt decrease in the atom flux with in-
creasing 6 than is observed in the experiment.
For example, at 6=15° 1-phonon kinematics
suggests that only atoms with energy less than
1.7 K or greater than 517 K would be able to
reach the bolometer, and the predicted signal
would be much too small to measure.

The observed angular distribution, although
strongly peaked in the forward direction, is ap-
proximately twice as wide as Eq. (3) would pre-
dict and the atoms which leave the surface at
angles larger than 10° have anomalously low
velocity. The fact that atoms are observed to
reach the detector with more parallel momentum
than a phonon alone could impart could be due to
several effects. The possibility that the critical
cone of Fig. 1 is broadened by surface roughness
was checked by calculating the signal expected
from a surface with a Gaussian distribution of
normal vectors., Although a surface with an angu-
lar rms deviation of 25° would widen the angular
distribution sufficiently to agree with the obser -
vations, the correlation between angle and veloc-
ity is destroyed, i.e., there would be no rain-
bow from a rough surface. '

Another effect which tends to broaden the cone
is the initial thermal parallel momentum of the
atoms on the surface. The geometric construc-
tion which leads to the critical cone of Fig. 1
assumes that the adatom is stationary, i.e., at
T=0, but in a more realistic description the
helium atoms can be modeled as a 2D ideal gas
at the ambient temperature 7, with a Maxwellian
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§=0°

25°

350

S(t, 8) (ARBITRARY UNITS) —=

TIME (usec) —=

FIG. 3. Computed curves of S(¢, 0), the expected
bolometer signal, for the same experimental conditions
as in Fig. 2, including the initial thermal atomic mo-
mentum.

distribution of momentum in the plane. Although
the parallel component of thermal energy of the
atom is small compared to the phonon energy w,
the momentum of an atom at 2 K is approximate-
ly equal to the momentum of the phonons which
cause desorption, as can be seen in Fig. 1; so
this effect could potentially account for the factor-
of-2 increase in the width of the cone. The re-
sults of a detailed calculation of the bolometer
signal S(¢, 6) which includes the initial energy and
parallel momentum of the atoms in the conserva-
tion conditions Egs. (1) and (2) is shown in Fig.
3. The convolution of the simple 1-phonon signal
with the initial thermal momentum distribution
accounts for the angular width as well as the ve-
locity -angle correlation in the observed signal
very well. The theoretical curves are quite sen-
gitive to the temperature which characterizes

the Maxwellian distribution of parallel momen-
tum, If the temperature of the helium film was
raised by as little as 1 K by phonons which were
absorbed and thermalized, the resulting angular
distribution would be noticeably broader than is
observed.

In summary, I have presented the first com-
bined measurements of the energy and angular
distribution of phonon-desorbed helium. Helium
atoms are desorbed into a cone centered about
the normal direction with a half-angle of approxi-
mately 15°. There is a strong correlation between
the energy of the desorbed atom and the angle
at which it leaves the substrate, producing a
rainbowlike effect in the momentum distribution.
The average energy of the atoms with 6=30° is
approximately half that of the atoms which desorb
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in the normal direction. Remarkably, the fea-
tures in the angular distribution are not super-
imposed on a broad background; there is no ob-
servable signal for 6>45°, These effects are
qualitatively consistent with the kinematics of a
phonon-atom interaction assuming conservation
of energy and parallel momentum, If the initial
thermal distribution of the atom momentum is
taken into account, the quantitative agreement
between the model and the data is very good.
This agreement suggests that the 1-phonon pic-
ture may accurately describe the desorption of
helium, It is possible that the large ratio of atom
momentum to phonon momentum may lead to
very anisotropic desorption distributions even for
multiphonon processes, but to evaluate the con-
tribution of higher-order processes or to put
limits on them will not be possible until more
detailed calculations on the expected angular and
velocity distributions are available.
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Y“The calculations described in Refs. 2 and 5 also lead
to strongly peaked distributions, but in these models,
parallel momentum is not conserved and the angular
width is governed by the transverse variation of the
binding potential around the adsorption site. For reas-
onable binding-potential parameters, the parallel mo-
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mentum of the atom due to the zero-point energy as-
sociated with the transverse localization has a distribu-
tion which is very similar to a particle in a 2D ideal
gas at a temperature of a few kelvins. Thus, in these

models, the critical cone is broadened by the ground-
state momentum of the localized adatoms, but the re-
sulting desorption distribution is similar to the results
of Fig. 3.

Defect Structures below the Surface in Metals Investigated by Monoenergetic Positrons

W. Triftshauser and G. Kogel
Hochschule dev Bundeswehv Miinchen, D-8014 Neubiberg, Gevmany
(Received 18 February 1982)

A new compact system has been developed to produce monoenergetic positrons of vari-
able energy. The energy range available at present is between 150 eV and 28 keV, so
that depth profiles can be measured. This positron beam is being used to investigate de-
fects and defect structures close to the surface in metals and alloys. The technique of
Doppler broadening of the annihilation radiation is applied for these measurements.

PACS numbers: 61.70.Bv, 61.80.-x, 78.70.Bj

The positron annihilation technique has been
used for many years for the investigation of
various defects and defect configurations in
metals and alloys.! The positron is a very sen-
gitive probe in particular for vacancylike defects
and vacancy agglomerates. Since changes in the
positron annihilation characteristics can be ob-
served already for vacancy concentration as low
as 1077 this method is especially useful for low
defect concentrations. Because of this high sen-
gitivity, positrons can be used to study the va-
cancy agglomeration to voids in metals, which
is also of great technological interest with re-
spect to materials used in high-flux fission and
fusion reactors. Positrons emitted from a radio-
active source have an energy distribution with
maximum energies between 0.5 and 1.5 MeV for
various isotopes. Thus the penetration depth of
the positrons into the sample to be investigated
is of the order of 100 um. Therefore in order
to obtain results which are characteristic for the
status of the sample, the concentration and the
distribution of the defects has to be homogeneous
over the total range of the positrons. For mono-
energetic positrons of variable energy the dam-
aged region can be relatively thin and close to
the surface, since the penetration of the positrons
can be adjusted according to their energy. By
varying the energy of the positrons, different
damage profiles in various depths from the sur-
face can be sampled. This opens the possibility
of investigating materials irradiated by low-en-
ergy light ions (H, He) and heavy ions (self-ions)
by positron annihilation techniques. The first
measurements on neutron- and helium-irradiated

metals are reported here.

Positrons from a 25-mCi **Na source are
thermalized in a 10- um gold foil covered with
MgO (positron converter).? A fraction of about
107 of the positrons are remitted from the con-
verter foil with energies of approximately 1-2
eV. By electrical and magnetic lenses, these
positrons are focused to form a positron beam
of about 6 mm diameter and are then deflected
180° in a magnetic field. At present any energy
between 150 eV and 28 keV can be obtained.
Therefore the penetration profile of the positrons
can be varied from a few times 107 to 107® m.
The vacuum in the target chamber is 3 x10~%°
Torr and a lock system is installed to facilitate
changing specimens while maintaining ultrahigh-
vacuum conditions. The intensity of the positrons
at the target is 10° per second. A tungsten col-
limator is placed in such a way that the high-
purity Ge detector used for the Doppler-broad-
ened 511-keV y rays only measures annihilations
emanating from the target itself.

A positron-annihilation Doppler -broadening
spectrum provides momentum-distribution in-
formation about the electrons with which the posi-
tron annihilates. In well-annealed metal samples
the positron annihilates while in a delocalized
state in the essentially defect-free lattice. In
irradiated samples positrons can be trapped at
various defects and annihilate then from a local-
ized state, and the annihilation characteristics
give information about the nature of the defects.
Results on neutron- and helium-irradiated cop-
per specimens are shown in Fig. 1. All positron
annihilation measurements were performed at
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