VoLUME 14, NUMBER 21

PHYSICAL REVIEW LETTERS

24 MaAy 1965

4A more detailed and comprehensive account of the
exact numerical work will be published elsewhere.

Here estimates are made with the data available from
A. A. Abrikosov, Zh. Eksperim. i. Teor. Fiz. 47, 720

(1964) [translation: Soviet Phys.—JETP 20, 480
(1965)]; and H. J. Fink, Phys. Rev. Letters 14, 309
(1965).

5Fink, reference 4.
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We have observed an anisotropic diffuse back-
ground superimposed on the expected low-en-
ergy electron diffraction pattern from the clean
(110) surface of a tungsten single crystal, us-
ing a Varian system, with 230- to 700-eV elec-
trons over the temperature range from 300
to 1600°K. No such structured background ap-
pears in the x-ray diffraction patterns from
tungsten.!

We attribute this anisotropic background to
thermal diffuse scattering from a region near
the surface of the tungsten crystal.

It has been found by Wallis and others®7® that
the introduction of a surface to an infinite elas-
tic continuum and to a one-dimensional chain
crystal introduces surface normal modes in
addition to the bulk modes. The solution for
a three-dimensional crystal with surface does
not exist. These modes must be considered
in the interpretation of the diffraction pattern
because the low penetration of low-energy elec-
trons requires the major part of the scatter-
ing to take place near the surface, where these
modes are important. Surface modes are de-
scribed by amplitudes (“nqj) which decay ex-
ponentially with increasing distance from the
surface into the crystal.

It is assumed that the deviation of the ionic
position from equilibrium (3,,) can be described
by a superposition of the normal modes of vi-
bration of the crystal’"%:

u qu unqj eqj exp(zwqjt +27miq rn),
where éqj is the polarization vector of the pho-
non of wave vector q and polarization j; wgj
is the angular frequency of the phonon; and
T, is the vector position of the nth atom in the
undisplaced crystal.

As a first approximation, the exponential
decay of the surface mode amplitudes will be
neglected, and we will use instead a model

in which the amplitude is represented by a step
function. The scattered intensity from the vi-
brating crystal is then due to the entire pho-
non spectrum, including the surface modes.
We assume that the electron scattering takes
place in this region where the surface modes
have nonzero amplitude, which we define as
the surface layer.

The intensity function can therefore be written
aSIO,B
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where
IO(S/)\) =Znn,anan, exp[2mi(S/))- (rn -r )]

is the Bragg scattering function of the undis-
placed lattice,

1,6/ = lzq]. G, j[’o(s/" +@) +1,(8/x-q)]

is the thermal diffuse scattering intensity func-

tion due to single-phonon processes, and I(S/x)
is the Nth-order phonon-process intensity func-

tion.

cq], = [ /(2mn) |[(kS- qu)2 /wqj] coth(hwqj /2kT)

is the amplitude of the intensity /; of the scat-
tering due to the single phonon ¢j, and §/A

=k-k’ is the scattering vector of the electron
(see Fig. 1). Here a,, is an attenuation factor
describing the decrease in scattering as the
electron beam penetrates the crystal.!! exp(-2M)
is the Debye-Waller factor.

Since I, has appreciable values only when its
argument is a vector in the reciprocal lattice,
we see that the value of I, at /) is due to the
contribution of the single phonon ¢ which satis-
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FIG. 1. The vector diagram for single-phonon scat-
tering of an electron by a lattice phonon for (a) a three-
dimensional lattice, and (b) a two-dimensional lattice,
where S/A is the diffraction vector and a is the phonon
wave vector, to the nearest reciprocal lattice point (a),
or rod (b).

fies the requirement $/A + =g (as shown in
Fig. 1). The statement that the maximum of

I, occurs when S/x + q=¢ is equivalent to the
statement of conservation of momentum for

the single-phonon scattering of the electron
(k=k’+q=g) (conservation of energy: hwp—fiwp
+kw,=0). To each phonon q there will corre-
spond two maxima in the spatial scattering dis-
tribution, of magnitude (4e~2M Ggj), each of
which will have the same form as the main
maximum but will be symmetrically disposed
on either side of it at vector distance 4.

The temperature dependence of /; is contained
in G4;, and leads to increasing I, with increas-
ing temperature. The temperature dependence
of the total diffuse background is then due to
a combination of the Debye-Waller factor and
the temperature dependence of G, ;.

The reciprocal lattice of a crystal undergo-
ing normal vibrations consists of the normal
(hk1) diffraction points each surrounded by a
diffuse region'? (see Fig. 1). The anisotropy
in the diffuse diffraction is directly related to
anisotropies in the phonon dispersion curve,
as seen in the proportionality of Gq]- to wgj
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This diffuse background increases with in-
creasing order of the associated diffraction
maxima, since G,; is directly related to the
square of S: [S%= (k% +k%+1%)a®]. We should
therefore expect the thermal diffuse scatter-
ing to be more intense for higher order scat-
tering.

Figure 2 shows Lonsdale’s'® calculated ther-
mal diffuse intensity function for the (110) re-
ciprocal net in sodium. The diagram illustrates
the type of background to be expected for aniso-
tropic thermal diffuse scattering.

Figure 3(a) is a photograph of the low-ener-
gy electron diffraction pattern from a (110)
tungsten crystal at 609 eV. The similarities
in the streaks and wings associated with dif-
fraction spots with those shown in Fig. 2 should
be noted.

The wings and streaks appear in symmetry
directions which are expected to be pure mode
directions in the bulk. However, no analytic
solutions of the equations of elasticity theory
exist for the normal modes of an elastic crys-
tal with free anisotropic surfaces, and we spec-
ulate that the pure mode directions in the sur-
face are the symmetry directions.

At voltages below approximately 230 V the
structured background is not distinguishable
to the eye because the orders of the permitted
diffractions are too low for Gg; ~(R2+R2+12)
to have appreciable magnitude. The measured
intensity of the thermal diffuse scattering close-
ly follows the expected square-law dependence
on order.!® As the voltage is continuously var-
ied the radius of the Ewald sphere changes
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FIG. 2. The intensity distribution, I, in a recipro-
cal lattice plane normal to the [110] direction for so-
dium (as calculated by Lonsdalel?).
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FIG. 3. (a) The diffraction pattern from the (110)
surface of tungsten at 609 eV showing the thermal dif-
fuse background. The vertical axis is [001}. The hori-
zontal axis is the [110]. (b) Multiple exposure of the
diffraction pattern for rotation of the crystal in 2°
steps.

continuously, thus intersecting different sec-
tions of reciprocal space. The diffuse back-
ground changes continuously, corresponding
to the changes of the intersection of the Ewald
sphere with an extended diffuse reciprocal lat-
tice.

When the crystal is rotated (equivalent to a
rotation of the Ewald sphere through the re-
ciprocal space) the diffuse background rotates
with the diffraction maxima but suffers a con-
tinuous displacement with respect to its asso-
ciated maximum, again as expected for an
extended reciprocal lattice.

The electrons contributing to thermal aniso-
tropic diffuse scattering have undergone inelas-
tic scattering losses of about 0.1 eV (i.e., cor-
responding to creation or destruction of a lat-
tice phonon). The diffraction pattern contains
electrons which have lost up to 7 eV. We there-

fore cannot determine the extent to which the
electrons contributing to the background are
inelastic. It is found that the total secondary
current increases monotonically with increas-
ing energy loss at all incident energies above
40-eV primary voltage, indicating that the
secondary electrons are scattered with no char-
acteristic energy loss.

Observed structured background has been
explained by Kikuchi line scattering.!* We have
eliminated this possibility to our satisfaction.!®

The dark ring which appears at approximate-
ly 45° is associated with the atomic scattering
factor. Figure 3(b) is a multiple exposure taken
as the crystal was rotated in 2° steps. Since
the dark region remains fixed with respect to
the incident beam, it must be a characteristic
of the atomic scattering factor rather than a
crystallographic diffraction phenomenon. This
has been discussed by Lander and Morrison.!®
The fact that an atomic scattering phenomenon
appears so strongly supports the use of the
atomic scattering factor f, for each atom of
the crystal modified by the factor «, which
describes the attenuation in the scattering from
the atoms below the surface.

Figure 4 shows the intensity of the (-3.1)
diffraction spot at 690 V (=8, k=11, [=1)
measured with a Spectra Pritchard photometer
with an angular aperture of 15’ as a function
of heating current and approximate crystal tem-
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FIG. 4. Intensity versus temperature for (i) the
(—3.1) diffraction spot at 690 V measured with pho-
tometer aperture of 15’, (ii) the spot plus its back-
ground, measured with photometer aperture of 2°,
and (iii) the total electron current to the screen. The
inset shows logI vs T yielding an effective Debye tem-
perature of 410°K.
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perature. The second curve represents the
intensity of the spot plus its background mea-
sured with an aperture of 2°. The third curve
shows the total current to the screen. These
curves are not normalized to the same scale.
The total current scattering into the region is
maintained at a constant value while the scat-
tering into the Bragg maxima decreases as
expected from the Debye-Waller effect,!'»?®-18
The inset shows log/ vs T yielding an effective
Debye temperature of 410°K.'® It is also ob-
served that the background remains structured
to at least 1500°K. This leads us to believe
that the loss of energy in the Bragg reflection
is at least partially compensated for by the
increases in the coherent thermal diffuse scat-
tering. This is in accordance with the predicted
increase in intensity of I,.

We conclude that the observations are of ther-
mal diffuse scattering, from anisotropic sur-
face modes. Bulk diffuse scattering, as in the
x-ray diffraction, is weak and isotropic due to
the bulk isotropy of tungsten. Surface thermal
diffuse scattering should be of use in investi-
gating dispersion relationships for surface pho-
nons.

X rays and slow neutrons® ™22 have been used
to investigate the phonon spectrum in bulk. In
the investigation of the spectrum by slow neu-
trons the dispersion curves are obtained direct-
ly from conservation of energy and momentum.
The energy change due to absorption or emis-
sion of a typical phonon is of the same order
of magnitude as the energy of the neutron, and
is easily detected. In x-ray diffraction the en-
ergy of the x rays is so large compared to that
of the phonons that the energy loss is insignifi-
cant. However, the intensity of the radiation
is proportional to the thermal excitation of the
mode, and to the frequency. By looking along
symmetry axes where the polarization direc-
tions are known, the dispersion relations (at
least for these special directions) can be ob-
tained. In low-energy electron diffraction in-
vestigations, in addition to the difficulty in
separating bulk and surface modes and their
states of polarization, there are unresolved
questions, now being considered, in the deriva-
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tion of the intensity when attenuated surface
modes are involved. These questions must be
settled before dispersion relations for surface
modes can be obtained.
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FIG. 3. (a) The diffraction pattern from the (110)
surface of tungsten at 609 eV showing the thermal dif-
fuse background. The vertical axis is [001]. The hori-
zontal axis is the [110]. (b) Multiple exposure of the
diffraction pattern for rotation of the crystal in 2°

steps.



