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APPENDIX C

A list of parameters is presented here, for con-veniencee.

C",,
"' is the usual elastic constant; C„~"'"'~"'

is the magnetoelastic contribution to the usual elas-
tic constant; g, &

is the exchange integral; H, is the
effective magnetic field; Ho is the applied magnetic
field; cg & cp cg, &g & cg, Rnd 6p Rre elRstic strRins
written in hexagonal symmetry notation; B&z and

Bz& are axial single-ion magnetoelastic coupling
constants; 9' is the shear single-ion magnetoelastic
coupling constant; Pz, P4, and P6 are axial anisot-
ropy coefficients; D&z, D&, Dzz, and Dzz are axial

two-ion magnetoelastic coupling constants; g»
=A.q» Xqz, Azz, Rnd A33 are axial magnetoelastic
coefficients; Z&(T, H) and 2& (T, H) are longitudinal
single-ion and two-ion spin correlation functions,
respectively; m(T, H) is the reduced magnetization;
5l/l is the linear dilation; R, , o, ... , are experi-
mentally measured magnetoelastic constants;
I~,q&z(x) are hyperbolic Bessel functions of half-
odd integer power; 0 is the magnetization angle
measured from c axis; A, B, C, D, E, and I' are
coefficients of energy terms, defined in Eq. (34);
P„= 1/keT; pa is the Bohr magneton; and n, is the
number of nearest neighbors.
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The Fermi surface (FS) of ferromagnetic cobalt has been investigated using the de Haas-van
Alphen effect. Measurements were made at temperatures down to 1.1'K and magnetic fields
up to 78 kOe using a low-frequency field-modulation technique. Since cobalt is ferromagnetic,
the dHvA oscillations are periodic in B rather than H ~, as in nonmagnetic metals. Orienta-
tion studies of the dHvA frequencies in the (1010}plane show two sets of frequencies. The
lower set [(1-2) & 10 G] has two branches and may be tentatively assigned to pockets of U sym-
metry of the spin-down FS. The higher frequencies [(3-5) x1066j, which can be observed up
to 39' away from the hexad axis, were attributed to the existence of a neck at the I' point of the
spin-up FS. Agreement with band calculations is found if some modifications are made to the
published FS models, mainly by reducing the exchange energy to fit the value found by photo-
emission studies. dHvA frequencies of (11-14)&&10 G were also observed, but are still un-
explained.

I. INTRODUCTION

The understanding of the ferromagnetism of tran-

sition metals on the basis of an itinerant-electron
model has made great progress in recent years—
theoretically with band-structure calculations, as
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II. EXPERIMENTAL METHOD

Quantum oscillations of the electron-gas magnet-
ic susceptibility vs magnetic field, known as the
dHvA effect, are related to the structure of the FS.
The oscillations are periodic in 1/B, where B is
the magnetic induction. The frequency is depen-
dent on the cross-sectional area of the FS, through
Onsager's relation

F(e, y) = tt(S, y), (1)

where e and g are the polar coordinates of the mag-
netic induction with respect to the crystallographic
axes of the sample. The amplitude A of the dHvA oscil-
lations is given by the relation

X(B, 8, (f&)T

sinh[2~zhrm*(e, y)/ffeB] ' (2)

well as experimentally. Among the experimental
methods used, the most fruitful were photoemis-
sion for density-of-states determination and mag-
netoresistance and de Haas-van Alphen effect
(dHvA) studies of the Fermi surface (FS).z The lat-
ter is very powerful in giving directly the extremal
cross sections of the FS and the associated cyclo-
tron masses.

We present here the results of our investigation
of the FS of cobalt by the dHvA effect. Some very
preliminary results have already been briefly pre-
sented. '

Cobalt is the only hcp ferromagnetic transition
metal. Its very intricate band structure is insuf-
ficiently understood. 4 ~ The lack of experimental
results makes its elaboration difficult, and does
not make it possible to work out the interpolation
schemes which were used successfully for other
transition metals. Reed and Fawcett have shown
by magnetoresistance studies some time ago that
cobalt is an uncompensated metal. They have also
observed, near the hexad axis, an oscillation in
the magnetoresistance which they have attributed
to magnetic breakdown. Eastman, ' from his re-
cent investigation of the photoemission, has con-
cluded that the exchange energy in cobalt is about
1,05 eV, a value which is in agreement with the val-
ue 1.05+ 0. 3 eV suggested by Wohlfarth.

In Sec. II we will briefly describe our experimen-
tal method, stressing some modifications of the
usual dHvA techniques imposed by the study of mag-
netic metals. Section III is devoted to the presen-
tation of the experimental results concerning the
determination of the internal magnetic field, the
low dHvA frequencies a and P, and the cyclotron
effective mass of J3-orbit electrons. We summa-
rize briefly in Sec. IV two published cobalt band-
structure calculations ' which we use in Sec. V
to discuss our results. We propose some modifi-
cations which may account for our observed dHvA
results.

where T is the temperature and m~(e, Q) is the cy-
clotron effective mass.

We have used the low-frequency modulation of the
magnetic field (LFFM) technique. 'O'" The main
magnetic field H is produced by a 78-kOe super-
conducting coil immersed in liquid helium at 4. 2
'K. The sample is placed in a rotating sample
holder inserted in an inner cryostat. The modula-
tion field h, para. llel to H, is produced by a coil
made of superconducting multistrand copper stabi-
lized wire for ac current. This coil is wound and
fixed by epoxy on the tail of the inner cryostat in
order to reduce the vibrations and produces a max-
imum modulation field h of 700 Oe. The frequency
used is v = 60 cps. ' The amplitude of h is either
constant or programmably proportional to B~

(Stark's overmodulation"). Stark's overmodulation
is used in order to keep z, the argument of the
Bessel function found in the LFFM technique, con-
stant:

z = 2~Eh/8,

where

B=H+H

Hq = 4m(1 —D)M, .
(4)

(5)

8 is the magnetic induction, H is the main ex-
ternal magnetic field, H~ is the internal magnetic
field, D the geometrical demagnetizing factor, and

M, is the saturation magnetization. In a nonmag-
netic metal one would simply have 8=H [instead
of Eq. (4)]. (We have taken p, ,=1.)

Detection of the dHvA effect was made by a sys-
tem of two pickup coils wound around the sample,
connected in opposition, and compensated in the
absence of the sample. The internal coil had a rec-
tangular cross section and was strongly electromag-
netically coupled to the sample, whereas the ex-
ternal one, with circular cross section, was loosely
coupled. Both coils were wound with ~oo -mm-diam
copper wire using Ge 7031 varnish to glue them to
the coil former and may rotate with the specimen
in the sample holder.

The frequency v in the pickup signal was rejected
by a twin-T passive filter and the part of the sig-
nal either at 2 or 4v was detected by a lock-in
amplifier tuned to that frequency. The resulting
voltage, if necessary fed through a very low-fre-
quency filter, was recorded on an X-Y recorder
and/or a digital printer so that the data could be
processed by a computer.

The cobalt sample was spark-cut in a disc shape
from an x-ray-oriented single crystal purchased
from Ventron Electronic Corp. , Bradford, Penn.
After etching and heat treatment in a slightly oxidiz-
ing atmosphere (10 ~ Torr oxygen), the specimen
was annealed in vacuum (10 Torr). A control
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sample from the same single crystal had a residual
resistance ratio of about 220 after treatment. The
sample was glued inside the inner pickup coil. The
disc was rotated around its axis, which is perpen-
dicular to H, so that the geometrical demagnetizing
factor, and hence the internal field, remained con-
stant. The axis was oriented along the[1010] di-
rection.
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FIG. 1. Determination of the internal magnetic field
HI =4~(l -D)M~. rms deviation 6 vs HI is plotted. A
linear fit is made to (H+Hl) vs peak number z of the
dHvA oscillat, ion. H& is treated as a parameter, and we
choose the value which minimizes A. Here HI =14700 Oe.

III. RESULTS

A. Internal Field H& Determination

Since cobalt is ferromagnetic, the dHvA oscil-
lations are periodic in 1/8=1/(H+Hz) instead of
1/H as for a normal metal. " First of all, one
must determine H~ which, in our case, is constant.
HI is obtained in the following manner': The mag-
netic-field values H„corresponding to the dHvA-os-
cillation extrema are numbered with successive
integers n. Since they are periodic in 1/8, 1/8„
= 1/(II„+HI) must be a linear function of ~ when
H, has the correct value. For every value of HI
one computes the rms deviation b by least-squares
fitting the 1/B„vs n variation to a straight line.
The value of H~ corresponding to the minimum ~
is chosen as the correct value of the internal field
(Fig. 1).

The constancy of HI" has been checked when the an-
gle of H relative to the c axis varies in the range of
30 '. The dispersion of the values around the mean
value of 14 700 G is + 500 G and because of the ex-
perimental errors is erratic. This uncertainty in
H, is an important cause of error in B determina-
tion and hence in the dHvA frequencies. We will
take a value of H, = 14700 G for all orientations of
our specimen. When the disc shape of the sample
is roughly approximated by an ellipsoid with the
same axes, and the corresponding geometrical de-
magnetizing factor is used, we find HI= 14100 G,

in good agreement with the previous value.

B. dHvA Frequencies

In simple cases when there is a single or a dom-
inant oscillation, the dHvA frequency is obtained
either (i) from the X-1' recording in 8, by using
the formula E=nBqBq /(Bq —82), where n is the num-
ber of oscillations between two magnetic fields Bj
and 82, or (ii) from the 1/8 recording, which, af-
ter calibration, gives the period directly and per-
mits a check on the 1/8 periodicity (Fig. 2).

In more intricate cases the numerical data were
processed. The computer program makes a Fou-
rier transform after correcting (linearly or para, —

bolically) the nonoscillatory part of the suscepti-
bility variation. Such an example is shown in Fig.
3. Figure 3(a) represents a recorder trace of dHvA
oscillation at the highest magnetic fields and lowest
temperatures (1.1 'K) used. This curve was obtained
for Elle axis with a sample in the shape of a cylin-
der elongated along the c axis, contrary to all other
experiments. Qn this chart two kinds of frequencies
are visible, one for the lower fields in the range
(11-13)xlOSG. The exact values may be drawn
from the Fourier spectrum represented on Fig. 3
(b), where the amplitudes are fitted vs frequencies.
The following dHvA frequencies are visible: 3.7
x 10' G corresponding to P, 7.4&10' G which is the
harmonic 2P, and a set y, 6, and n of, respectively,
12.3, 13.2, and 14.0x106 G. Side bands around P
are also visible. The existence of dHvA frequen-
cies in the range of 12&&106 G has also been reported
very recently by Marker et p). from a longitudinal
magnetoresistance measurement with BIlc.
higher frequencies have been seen by us only near
the hexad axis and it is impossible to know from
what parts of the FS these oscillations arise be-
cause their orientation dependence and therefore
their symmetries are unknown. Figures 4 and 5
show the orientation dependence of the low-frequen-
cy dHvA oscillations in the (1010) plane. The o.
frequencies which have been observed up to 84'
from the hexad axis are composed of two branches.
For Bllc there is only one n frequency, -i. e. , the
two n branches are degenerate for this orientation.
The lower o.'', branch has a minimum about 3% low-
er than its value for BIIc near 24 from the hexad
axis. This minimum has also been found at the
same value for negative angles. For BIlc,
has a flat relative maximum at O'. These features
lead us to assume that the n frequencies correspond
to what Watts' calls type C, which may have as
characteristic points in the Brillouin zone (BZ) the
points M, L, S, T, R, Z, S, T, and U (Fig. 6).

For our guidance we have compared the orienta-
tion dependence of these & frequencies to that of
ellipsoids. Separate least-squares fits were made
for the two branches, and this is the reason why



LOW-FREQUENCY DE HAAS —VAN ALPHEN EFFECT IN COBALT

Co 151 B//c

calibration ~ 0.67 10 G
-6

F-3.80 106 G

a ferromagnetic specimen in the superconducting
coil. These effects are not observed with nonfer-
romagnetic samples.

C. Effective Masses

The effective mass is obtained from the tempera-
ture variation of the amplitude of the dHvA oscil-
lations A(T), for a given magnetic field, after very-
low-frequency filtering of the signal to get only one
dHvAfrequency; m" is obtained iteratively, from Eq.
(2) by a linear least-squares fit to the expression

-1/8
I I I I i I I I I I I I I I I

FIG. 2. Typical P dHvA oscillation. The amplitude is
plotted as a function of B ~, where B=H+HI, with Hz
=14700 G is this case. One can check the B ' periodicity
by fitting a straight line to the B values of the extreme
positions vs integers.

where o.= 2m k/he and C is an unknown constant. The
first iteration is made with the exponential fac-
tor neglected. Eight temperature points and 15
values of magnetic field wer e used. rn* is chosen
after averaging for the different magnetic fields
used. Figure 5 shows the angular variation of the
effective mass for the P oscillation. I) increases

the solid lines on Fig. 4, representing this ellip-
soidal fit, do not intersect for Otic.

For the n, branch an ellipsoidal fit is unsatisfac-
tory because it cannot explain the simultaneous
existence of a minimum at 24 and of a relative
maximum at O'. A more complex geometrical mod-
el must be used.

This oscillation near the hexad axis has the same
frequency as the one observed in Shubnikov-de
Haas experiments by Reed and Fawcett and attrib-
uted by them to a magnetic breakdown phenomenon.

The P oscillation has only one branch and was
observed for angles comprised between -39' and+ 39'.
For angles (B, c) & 39', p suddenly disappears.

Following Watts, '
I3 would be of type A and may

have as characteristic points in the BZ the points
A, I', h, K, and H. The poscillation has been mea-
sured for both positive and negative angles in order
to minimize the systematic sample-misorientation
errors, which may alter the analysis of the re-
sults since P varies steeply with angle. This varia-
tion of P has been least-squares fitted to the one
corresponding to a quadric surface.

The fit is good, with a rms deviation of 1%. In
the angular range where P was observed (—39', 39 )
the cross sections of the three types of quadric
surfaces (hyperboloid, cylindrical, ellipsoid) can
fit our experimental data with approximately the
same rms deviation, but the feature that P dis-
appears suddenly for (8, c) & 39 means that the sur-
face opens for higher angles and suggests a hyper-
bolic neck.

From day to day one finds fluctuations of the or-
der of 5% in the frequency determination. These
fluctuations may possibly result from irreproduci-
ble image effects associated with the presence of

" (a)

50 k0L 60 k0e 70k0e

(b)

6 8
F REQUENCY (1060)

10 12 14 '16

FIG. 3. (a) Typical dHvA oscillations at high magnetic
field at the lowest temperatures (1.1'K), for the B II c
direction, showing high-frequency oscillations. The ampli-
tude is plotted as a function of the applied magnetic field
H. The specimen is a cylinder elongated along the c axis
with HI=17900 G. (b) Corresponding Fourier spectrum
(the frequencies are on a logarithmic scale). The follow-
ing dHvA frequencies (in 106 G) are visible: 3.7 (P), 7.4
(2P), 12.3 (y), 13.2 (5), 14.0 (q). The peaks around P
are side bands originating from the limited field range
used.
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m f (0001) = (0. 20 + 0. 03)mo .
The effective mass for the ar e a oscillation has been
obtained earlier' forfor the c hexad axis parallel t
B. We have
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m.*(0001)= 0. 08 ~, .
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FIG. 5. AnAngular variation of the ~ dHvAP q y
ing e ective mass. Thee P oscillation dis-r, c) angles larger than 39'

represents the least-sn s e east-squares fit to a hyperbolic neck.

1.0
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FIG. 4. An gular variation of the 0,'frequencies in the
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and solid l
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FIG. 6. First BZ for the hcr e cp cobalt. The I'A, I'M
directions correspond res pect'vely, to the [0001),

, and I'1120] crystallographic directions.

IV. THEORETICAL PREDICTIONS FOR COBALT
BAND STRUCTURE AND FS
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FIG. 7. Section of the spin-t FS by the I'ALM plane
of BZ according to Connolly (I) (Ref. 5), Wakoh and Yam-
shita (II) (Ref. 6); III is II modified by us to explain our
results. Solid line corresponds to our observed values.

whereas the spin-4 FS will hardly be affected.
The ratio of the experimental" to their theoreti-

cal value of the electronic specific heat is 1.71,
which implies a many-body enhancement of 0. 71.
But, as the theoretical value is very sensitive to
the fine structure of the density of states, this en-
hancement value has to be viewed critically.

V. INTERPRETATION OF RESULTS

With the help of the models in I and II, we will
try to interpret our experimental results. For
this task dHvA frequencies may be converted to
areas by the relation

ft(a. u. ) =2. 673x10 F (G).

A. n Frequencies

We may try to assign the n frequencies to a pock-
et in the spin- 4 FS located at the U point of the BZ
(Fig. 9) since such a pocket was found in II.

In this case the 0. frequencies would arise from
12 half-pockets with 10 electrons/atom for each

B. P Frequencies

The P oscillations may be assigned to the exis-
tence of a neck at the I" point of the spin-0 FS. As
may be seen from Figs. 7 and 8, the condition
for the existence of a neck is

(6)E~ 0 & E~+.Z'3 '

From the P dHvA frequency one finds a cross sec-
tion ct~(0001) = 9. V3x 10 3a.u. Then, assuming a cir-
cular cross section for the neck, ihe radius will
be k~=0. 056 a. u.

In I Connolly finds for the spin- 0 FS a neck at the
I' point with a dimension 0. 12 a. u. This implies
a cross section about four times larger than we
have found. However, in I the exchange energy is
approximately 2 eV. This value of exchange is too

pocket. This pocket, contrary to II, is elongated
in the I.M direction.

This interpretation has to be taken cautiously be-
cause of the existence of a, minimum at 24 from
the hexad axis for the n& branch. It is possible
that this anomalous angular variation is related to
some combined action of spin-orbit and exchange
interactions as found for the d-hole pocket in Ni. '
It has to be mentioned that the pocket at the U point
found in II is very sensitive tothepotentialasto
its shape, dimensions, and exact position in the
BZ. Also, the choice of the potential in II is ques-
tionable because the position of the s-p bands rela-
tive to the d bands is poorly defined, and above all
the treatment of the exchange interaction is unsatis-
factory since the exchange splitting is introduced
at the end of the computation by imposing the Bohr
magneton number. Consequently, the fine- struc-
ture details of the FS predicted by II have to be
taken with caution.

-0.6

Ry.

- —-- —--CL5 Qf
F $

-Q.s ~
-07

-0.8

-0,9

—i.o --1,0

M T K A L S H AM U LK P H

FIG. 8. Band structure of hcp cobalt proposed by Wakoh and Yamashits (Hef. 6) showing the spin-& (E~t) and spin-k (Ez))
Fermilevels and the spin-t (Ezt) Fermi level shifted by us, which may account for our results.
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H

FIG. 9. Section of the spin- & FS by the l ALM and
LMKH planes of BZ according to Wakoh and Yamashita
(Ref. 6) showing an ellipsoidal pocket with U symmetry.

Ctg (0001)
neck 2& J

(10)

The P-effective mass found along the hexad axis is
(Fig. 5)

m f (0001)= (0. 20 + 0.03)mo

This mass, which includes many-body effects, is
linked to the transverse-band mass by the relation

mp~ (0001)= m, (1+z),

where & is the enhancement by many-body effects,

large, but agrees with the number of Bohr mag-
netons/atom. If we shift the spin-0 Fermi level
to reduce the exchange splitting, the shift works
in the proper direction to give our neck dimensions.

In II (Fig. 9) we see that Ez t & ErI, so that there
is no neck at I', but the exchange energy DE = 1.71
eV calculated by Wakoh and Yamashita is also too
large as compared to the 1.05 eV found experimen-
tally by Eastman. As Co is a strong ferromagnetic
metal, the spin-0 bands have a s-p character. In-
stead of taking a new potential which would shift
the s-p bands down relative to the d bands, for the
spin- 0 FS we may take advantage of the fact that
Co is a strong ferromagnetic metal. Then using
a rigid-band model one may produce qualitatively
the same effect by shifting up the spin- 0 Fermi
level by the same amount.

For a hyperbolic neck the energy relative to the
E~+ energy can be expressed by

3

e'
(9)

J m)~

where k, m„and k„m J are the coordinates and
band masses longitudinal and transverse to the hex-
agonal axis (relative to the I' point).

In particular, for 5llc we may write

mainly electron-phonon and electron- magnon inter-
action. Information about & in Co is lacking, but
Phillips has estimated & to be 1.8 for Ni. If we
take values from 0 to 2 for 3, , we find values from
0. 017 to 0. 051 Ry for E„,„.

In II, E~3- E~ 0 = 0. 014 Ry, so that the shift of
E~4 in the rigid-band model will be between 0. 031
and 0. 065 Ry, i.e. , 0. 41 and 0. 83 eV, which re-
sults in an exchange energy between 0. 88 and 1.30
eV in excellent agreement with Eastman's experi-
mental result and Wohlfarth' s estimation. The val-
ue 1.05 eV is found with a many-body mass enhance-
ment of 1.

VI. CONCLUSION

We have used the low-frequency field-modulation
method to investigate the dHvA effect in cobalt in
the (1010) plane.

Two types of oscillations are presented, o.'and P.
The o. frequencies [(I —2) x10 GJhave two branches
and, in agreement with the Wakoh and Yamashita
calculations, ' may be tentatively assigned to a pock-
et of U symmetry in the spin-0 FS. Since the n
oscillation is very sensitive to the crystal potential,
it may be a very useful test for the fine structure
of the band calculations, and, in particular, for
interpolation schemes.

The p frequencies [(3—5) && 10' G)] have one branch
and are observed up to 39 away from the hexad
axis. Their angular variation corresponds to a
hyperbolic neck at the I' point. This neck is found
in the spin-0 FS if some modifications are made in
the published models of FS,' mainly the reduction
of exchange energy to l. 05 eV, in agreement with
recent photoemission conclusions. The hyperbolic
P neck may be useful to evaluate the many-body
mass enhancement and to fix the E„+—E~ 0 energyI"3
and can help to find the shift between the s-p bands
and the d bands.

We are now investigating the high-frequency os-
cillations y, 5, and g (Fig. 3) and the possibility
of magnetic breakdown of the e oscillation and its
connection to the magnetoresistance.
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In this paper, we present a theoretical discussion of the form of the differential cross sec-
tion per unit solid angle per unit energy shift for the inelastic scattering by one-phonon pro-
cesses of low-energy electrons from the surface of a semi-infinite crystal. A number of gen-
eral features of the cross section are discussed, with particular attention to a comparison with
the results obtained from the kinematical theory of the scattering process. We have also car-
ried out a series of numerical studies of the dependence of the shape of the energy-loss spec-
trum on momentum transfer for an electron incident on the (100) surface of a model fcc crystal.
For a general value of the momentum transfer, the energy-loss spectrum consists of one or
more lines that arise from the scattering off surface modes, and a band that has its origin in
scattering produced by bulk modes. The shape of the latter feature, as well as the position
of the surface-mode peaks, is found to be quite sensitive to the values of the atomic force con-
stants appropriate to the surface layer. It is suggested that the experimental study of the shape
of the loss spectrum will provide a powerful means of probing the frequency spectrum of the
atomic vibrations near the surface.

I. INTRODUCTION

In recent years, a considerable amount of ef-
fort has been devoted to the study of the vibrational
amplitudes of atoms in crystal surfaces. A num-
ber of theoretical approaches to the. problem have
been developed. ' Experimentally, one may infer
the amplitude of the mean-square displacement in
the surface from the temperature dependence of
the intensity associated with the elastic scattering
of low-energy electrons from the surface. If one
utilizes a kinematical description of the scattering
process, then the temperature dependence of the

low-energy-electron diffraction (LEED} intensity
has its origin in the Debye-Wailer factors thai
appear in the expression for the cross section.
When the Debye-Wall. er factors are extracted from
the data, one may obtain information about the
magnitude of the mean-square displacement in
the surface, as well as the anisotropy that results
from the lowered site symmetry in the surface
layer. Most analyses carried out by this method
assume the validity of the kinematical theory.
Laramore and Duke have recently completed a de-
tailed analysis of the temperature dependence of
the LEED intensity; we refer the reader to their


