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self-consistent force-constant change does not reduce but enhances the scattering from the mass de-

fect. To lowest order in w,

[T(w)] = (w/4m)s 3 € — dye(3 +2y) 1 +123(3 + 2y)"2]. (13)

For “He defects in *He, we have € = —3 and ¥ ~0.14. The self-consistent scattering rate is thus about
twice that calculated for the mass defect only, in agreement with the experimental thermal-conductivi-
ty results reported by Callaway and by Berman and Day.®

As can be seen by comparing the force-constant changes with static relaxation included (Table I) and
those without relaxation (Fig. 1), the relaxation effects contribute only a small part of the total force-
constant change. As previously noted by Varma,? the attribution of enhanced scattering to relaxation

only'® neglects the more important effect.
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We describe a new method for calculating two-dimensional energy bands in thin films.
The method has the advantage that the potential varies continuously between film and
vacuum regions and may even be made self-consistent. A band calculation has been per-
formed for a 18-layer (1,0,0) Li film, We display graphs of the charge density and of the
wave function of a surface state found in the (,%,0) energy gap.

The theoretical study of the effect of crystal
surfaces on crystal eigenstates dates back to the
pioneering work of Tamm! in 1932. Most of the
early work and much of the recent work has been
done in the tight-binding approximation.? Because
simple® tight-binding calculations are known to be
extremely poor for infinite metals and semicon-
ductors,4 the method is mainly pedagogic; it
shows qualitatively how surface and bulk states
develop out of atomic states.® Even if one could
do the finite crystal with the same accuracy as
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the infinite, there still remains the problem of
the self-consistency of the potential; this is only
beginning to be achieved in infinite-crystal tight-
binding calculations.

Recently, an entirely different method has been
applied by Forstmann and Heine® to obtain sur-
face states on nickel. They join smoothly the ex-
ponentially decaying wave function outside the
crystal to a wave function inside the crystal made
up out of all the Bloch solutions for the infinite
crystal with the same energy, including those
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with complex E’s, which decay exponentially into
the crystal. This method has the shortcoming
that the bulk-to-vacuum change of potential is
represented by a sharp discontinuity at the crys-
tal “surface” (located somewhat arbitrarily); in
actuality, the transition region extends smoothly
over perhaps three lattice constants’ on either
side of the “surface.” Another difficulty arises
from the zero of energy in the bulk crystal. For
infinite crystals this is a completely arbitrary
quantity when the potential is calculated self-con-
sistently. If the potential is calculated from a
superposition of atomic potentials, a value of V,,
is obtained, but it is very strongly dependent on
the charge distribution arising from the tails of
the valence wave functions of the atom. Since
these are strongly distorted when the atoms are
brought together to form the crystal, this value
of V, cannot be taken seriously. For infinite crys-
tals, the only effect of V,, is to shift all the bands
together; and, strictly speaking, V, cannot even
be defined for an infinite crystal since there is
no reference point outside the crystal. For finite
or semi-infinite crystals, V, is well defined and
plays a major role in determining the energy of
crystal states relative to the vacuum. It can be
calculated self-consistently; the Forstmann-
Heine method does not allow a self-consistent
potential, however, and therefore must rely on
the highly inaccurate atomic V.

In this paper we describe a new method for cal-
culating both surface and bulk states in thin films,
which has none of the disadvantages of the meth-
ods just described. Consider a thin film, taking
the origin of our coordinate system midway be-
tween the two surface planes of atoms and the co-
ordinate x to be along the surface normal. Define
a length L sufficiently large that the electronic
charge density is completely negligible at a point
(L,y,z). A three-dimensional unit cell is then de-
fined by the right parallelopiped whose base is
the two-dimensional unit cell® defined by a sur-
face plane and whose altitude is 2L. A complete
set of basis functions obeying the two-dimension-
al periodic boundary condition and vanishing at
(xL,y,z) is then

O mn(K) = 212 exp[i (k + G,,)* ¥| sin(3nax/L),
n an even integer (odd parity),

1
=22 exp[i (K + G,)* T] cos(3nmx/L), W

n an odd integer (even parity),

where k is a vector lying within the two-dimen-

sional Brillouin zone and G,, is a two-dimension-
al reciprocal-lattice vector.® Fairly rapid con-
vergence of the secular determinant is obtained
when the crystal potential is replaced by a weak
pseudopotential, otherwise the plane-wave basis
set must be replaced by orthogonalized or aug-
mented-plane-wave basis sets. Thus the energy
level calculations for thin films become almost
identical to those for infinite crystals, except
that the energy bands are two-dimensional and
the unit cell instead of containing one or at most
a few atoms contains N atoms, where N is the
number of planes of atoms in the film. Any sur-
face states present are obtained automatically
along with the bulk states in the solution of the
secular determinant.

We have calculated the two-dimensional energy
bands of a 13-layer (1,0,0) lithium film. We took
our crystal pseudopotential to be a superposition
of atomic pseudopotentials of the form

Vp s(-f) = V(-I.‘)(fi +A (H ‘pls) (lplsl ) (2)

where V(¥) was taken from Herman and Skillman'®
as was (Fl¢y, ). The p'’® exchange adds a long tail
to the atomic potential or a large negative peak

to V(K) [the Fourier transform of V()] at small
K. For infinite crystals the reciprocal-lattice
vectors lie beyond this peak, and the only effect
is to shift the arbitrary zero of energy. For thin
films the zero of energy is not arbitrary and,
furthermore, the first few wave vectors, k. =%3nn/
L, lie within the peak. With the exchange peak

in V(ﬁ) we obtained a work function of about 3 Ry;
we therefore eliminated the valence exchange con-
tribution to Herman and Skillman’s V(¥). We
chose A =4.4884 to give a (3,3,0) energy gap of
0.209 Ry in the infinite crystal, in agreement

with Ham’s" first-principles calculation. Al-

‘though this potential is not self-consistent, it is

a vast improvement over the discontinuous poten-
tials previously used.® We took a selvage region
3 layers thick on either side of the 13-layer film;
i.e., 2L =19a/2, where a=3.449 A is the bulk lat-
tice constant, and the (1,0,0) planes are separat-
ed by 3a. Although our method requires only that
the planes all have the same two-dimensional
symmetry, we took them to be equally separated,
because we have no information about relaxation
of the surface planes. We took advantage of the
two-dimensional symmetry by expanding in sym-
metrized combinations (S2DPW’s) of the group of
k. We used from three to seven S2DPW’s and
thirty values of », making our largest matrix
210x210. Because of the reflection symmetry in
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FIG. 1. Two-dimensional energy bands of 13-layer Li film. The single and double dots distinguish between ¥;*,
A, Ti* and Yy, A%, 3,* states, respectively., The (+) parity is shown at the edge of the figure, All the T states
are T'y*, The states at X can be determined by the compatibility relations X*—A;*, ¥;* and X,* — A,*, ¥,*. The
six lowest states at M are doubly degenerate M;* or M;~, and above these are (M,*, M%), O, M), (M,*, 7Y,
M,,M;, M,*, M,*",M;"), Ms*, where states too close in energy to be distinguished in the figure are in parenthe-

sis.

the x=0 plane, the n’s were all even or all odd.
We studied the convergence properties of the ex-
pansion by calculating the T';* levels with sixty
odd values of ». The resulting downward shifts
varied smoothly from 0.0001 Ry for the lowest
level to 0.0011 Ry for the highest negative energy
level. Increasing the selvage region to 6 layers
(for sixty #’s) caused negligible change in all ex-
cept the highest energy I',*, which dropped an-
other 0.0003 Ry. Finally, doubling the number of
S2DPW’s from 3 to 6 (for thirty »’s) caused all
the levels to drop by 0.0103 to 0.0108 Ry. This
rather poor planar convergence is a property of
the second row of the periodic table and will not
occur for heavier metals.

The two-dimensional energy bands calculated
at®T’, X, and M and at three points along each of
the symmetry lines A, ¥, and £ are displayed in
Fig. 1. The two lowest X levels, X,* and X;",
correspond to levels at (0,0,3) in the infinite crys-
tal. The levels above these correspond to in-
creasing k, in the three-dimensional case. The
top level of the closely bunched group (the third
X,") corresponds to (3,0,3). Note that it is al-
most degenerate (and becomes exactly degener-
ate as the film becomes infinitely thick) with the
lowest M," level corresponding to (0,%,%) in the
infinite crystal. There is then a gap of 0.215 Ry
to an X;* level corresponding to the (%,0,3) gap of
0.209 Ry in the infinite crystal. Within this gap
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lie two'? surface states X~ and X;*.** They are
nearly degenerate and become exactly degenerate
as the film becomes infinitely thick for the same
reason that the even and odd states of the H, mole-
cule become degenerate as the atoms are pulled
apart. In the infinite crystal the X,* and X,* lev-
els are degenerate. They differ by a translation
from cube center to cube corner, but the cube
centers and corners are indistinguishable in the
infinite crystal. In the 13-layer crystal, the sur-
face layers contain cube centers. Ina 15-layer
film, the surface layers contain cube corners,
and X, and X, interchange roles'; the surface
states are then X,* In Fig. 2 we display the (X;*),

X/+a

FIG. 2. The surface state (X;*)¢ and bulk state (X,"),
wave functions in a 21-layer Li film for ¥= (3,3) and
(3,0). The wave functions have nodes for ¥=(0,0).
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wave function of the surface state and the (X,;*),
state immediately below it in energy for a 21-lay-
er film.® The functions were obtained by sum-
ming 672 plane waves'® at various values of (x,T).
For (x,0,0) the X, functions have a node. For
(x,3,%) the wave functions pass through the cube
corner atoms, and, responding to the rapidly
varying potential, they are not at all smooth.

For (x,3,0), the wave functions are as far from
both the cube corner and center atoms as they
can be and therefore are very smooth. Note that
the (X,;%); function is much smaller near the sur-
face than an ordinary wave function, since it
must be orthogonal to the (X,*), surface wave
function. The (X,;7), surface state is nearly iden-
tical to (X;")s near the surface, but being odd,
goes to zero at x=0.

In Fig. 3 we display the total charge density of
the 13-layer film, obtained by taking the absolute'”
square of the wave functions'® for all the calculat-
ed states below the Fermi line'® and summing
them with a weighting proportional to that frac-
tion of the area of the two-dimensional Brillouin
zone closer to k for the particular state than to k
for any other calculated state. Note how rapidly
the charge density starts to fall off even before
the surface plane of atoms. This is due in part to
our V(I—{) being still too negative for small values
of ﬁ, even though we reduced it tremendously
when we removed the valence exchange contribu-
tion. This is confirmed by noticing in Fig. 1 that
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FIG. 3. Charge density (in units of electrons per a3)
for six values of T for a 13-layer Li film. Solid and

dashed vertical lines, cube center and corner planes,
respectively.

Ey=-0.257T Ry, whereas the experimental work
function is 0.183 Ry.'® This is probably not so
much the fault of our atomic potential as it is of
the fact that, as the charge is pulled into the crys-
tal from the surface, it sets up a surface poten-
tial tending to oppose the further pulling in of the
charge. This clearly shows the need for fully
self-consistent calculations. Note also how the
charge avoids the ion cores. This is because of
the repulsive nature of the second term in Eq. (2)
and has been observed in infinite-crystal calcula-
tions.?® The (x,0,0) and (x,3,3) curves which go
through the cube center and corner ions, respec-
tively, are identical deep inside the film except
for a displacement of 3a. The (x,3,0) curve, which
keeps a maximum distance from all the ions, is
practically flat.

It will be computationally much more difficult
to achieve self-consistency in thin films than in
infinite crystals. This is due in part to the larg-
er number of plane waves in the expansion, but
is mainly due to the exchange term which will un-
doubtably have to be calculated in real space over
the entire thin-film unit cell of dimensions a xXa
X2L. Once this is done, however, it should be
little more work to calculate the total energy of
the film. By minimizing this total energy as a
function of the relaxation of the surface layers,
first-principles calculations of the surface relax-
ation will be obtained. Since no symmetry is re-
quired in the normal direction, the surface planes
of atoms may differ from the interior atomic
planes as long as they are epitaxial. Thus, a
self-consistent study of the effect of surface lay-
ers on work functions is possible.

*Research supported by the U. S. Air Force Office of
Scientific Research under Grants No. AF-AFOSR-68-
1507 and No, AF-AFOSR-71-1973.
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A detailed analysis of this double-resonance experiment shows that the emission takes
place from the 3P excited level whose degeneracy is lifted by the Jahn-Teller coupling to
Eg modes of vibration. An energy-level crossing effect is observed and its origin dis-

cussed.

From the structural point of view the F center
in the alkali halides is one of the simplest point
defects. As such it has served as a model for
many theories and as a test for new experimental
techniques. The F’ center (two electrons in an
anion vacancy), though nearly as simple, has re-
ceived much less attention since its ground-state
level is nonmagnetic and its first excited level is
not bound. One of the interesting results in the
recent development of the study of the point de-
fects in the alkaline-earth oxides is that, because
of the extra charge of the vacancy, the two elec-
trons of the F center! are more tightly bound and
the first excited level is a bound state. The ener-
gy-level scheme of these centers is analogous to
the one for the helium atom. In CaO the !S~'P
transitions give rise to a strong absorption band
at 4000 A. On the basis of calculations by Neeley
and Bartram, Henderson, Stokowski, and Ensign®
have attributed the fluorescence band observed
around 6000 A to the 3P =S transitions. Using an
optical detection technique® we observed the para-
magnetic resonance in this metastable level.
Three equivalent tetragonal spectra were ob-
served, showing that the orbital degeneracy is
lifted either by Jahn-Teller coupling to Eg modes
of vibration or by static deformations. The spec-
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trum confirms that the emitting level is a spin
triplet. Good agreement is found between the val-
ues of the spin-orbit coupling constant deduced
from the lifetime and from the measured parame-
ters of the spin Hamiltonian. We observed many
effects similar to those taking place in excited
triplet states of molecular crystals. For instance
the variation with magnetic field of the polariza-
tion of the fluorescence light clearly shows the
effect of the crossing of Zeeman sublevels.

The measurements were carried out using ap-
paratus described elsewhere.* Slight modifica-
tions allowed detection of the fluorescence light
in directions perpendicular or parallel to the
magnetic field which is produced by a 12-in. Va-
rian magnet. The microwave cavity is immersed
in the He bath of a metallic cryostat, It is rec-
tangular or cylindrical for frequencies in the X
or K bands, respectively. The analysis of the
circular polarization of the emitted light is made
through a piezo-optical modulator analogous to
the one described by Jasperson and Schnatterly.’
It can be transformed into a linear polarization
analyzer by adding a quarter-wave plate. The
photomultiplier signal is then detected in phase
with the modulation. Two techniques may be used
to detect the resonance in the excited level: (a)

b



