
VOLUME )8, +UMBER 8 PHYSICAL REVIEW LETTERS 21 FEBRUWRV 1977

tion is derived. Our results cannot be explained
within the framework of this approach, firstly,
because we observe a strong T ' dependence in
a doped cubic metal where it is difficult to as-
sume such an interaction; secondly, because we
observe a correlation between the intensity of
the quadrupole nuclear interaction and the strength
of the temperature variation, characterized by
the coefficient n, which is opposite to what should
be expected in the proposed model.

We would like to add that the low-frequency dis-
tributions also display a temperature -dependent
variation but because the errors are large we are
not extracting definite conclusions.

In summary the present experimental results
show that in a cubic metal doped with impurity a
T"' relation for the EFG is also observed and
that the slope of this temperature dependence
strongly depends on the valence and/or mass of
the impurity.
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In the past three years, a number of different interpretatons of the optical properties
of LiF have appeared. in the physics literature. We present new evidence which shows
that most of these interpretations are incorrect in the soft-x-ray region, and for the
first time we present measurements of anisotropies in the excitations in the ultraviolet
region as a function of momentum transfer in single-crystal samples.

LiF is often thought of as the "hydrogen atom"
of the insulators: It has the simplest atomic con-
stituents and therefore its electronic properties
ought to be understandable at a basic level. Nev-
ertheless, in spite of a continuing effort over the
years, including much recent activity, ' ' there re-
main large gaps and discrepancies regarding its
fundamental electronic excitations. In the pres-
ent work, inelastic electron scattering spectra
were obtained for LiF thin films using the Prince-
ton inelastic scattering spectrometer. Samples
were of two kinds: polycrystalline thin films
evaporated onto a thin Formvar substrate, and
single-crystal self-supporting films prepared by
mechanical polishing followed by ion milling. In
each case the films were exposed to air for a
short period of time after preparation and before
measurement. Film thicknesses used in the re-

suits reported here varied from 1000 to 3500 A.
The data presented in this Letter have not been
corrected for multiple scattering, although such
an analysis has been carried out and will be pre-
sented at a later date. With the exception of ex-
perimental values of oscillator strengths, the
present discussion depends only on the shapes of
features and not on absolute values of the re-
sponse function. Two kinds of new experimental
results are presented here:

Localized excitations. —The operator which
causes excitations in inelastic electron scatter-
ing is' e'"' ', vrhere r is the position of an elec-
tron and q the transferred momentum. In the
case of a localized initial state this operator may
be expanded: e'"'' =1+iq r+2(iq r)'+. . . . The
first term does nothing since initial and final
states are orthogonal; the second term, vyhich
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suit. Such effects generally produce a sloping
background, but can give rise to broad structure.
For example, the ratio of the 62-eV peak height
to the underlying background is different in the
low- and high-q spectra, as is the overall slope
in this region. These are typical multiple-scat-
tering effects and cannot be regarded as signifi-
cant.

This region of the spectrum has been the sub-
ject of much recent controversy. Two experi-
mental papers, "describing results obtained us-
ing synchrotron radiation, reported observing
weak structure beginning near 54 eV. Optical ab-
sorption studies yield information about the same
transitions as low-q inelastic electron scattering,
as explained above. We have accumulated a rela-
tively large number of counts per point as shown
in Fig. 2, yet there is no sign of such structure,
either in the graph as shown, or in the raw digi-
tal data. We have repeated the low-q measure-
ments on many samples with the same results,
and have no explanation for this experimental dis-
crepancy.

In addition, four theoretical papers" ' have
concluded that forbidden optical transitions from
the Li 1s shell should begin around 54 eV. It has
been convincingly argued that the lowest energy
transitions associated with a given core in an al-
kali halide are entirely excitonic. ' What we ex-
pect then is an exciton associated with the Li 1s
shell located near 54 eV which is weak and there-
fore difficult to observe using optical absorption
because the transition is forbidden. From the
above discussion it is clear why electron scatter-
ing is an ideal tool to test such a proposal. If op-
tically forbidden transitions are occurring in this
region then high-q spectra should make these
transitions easily visible, as in the case of the
F 2s exciton, even though the background is
changing in magnitude and slope (see Fig. 1 near
35 eV).

In the entire range of 52-67 eV, the only peak
which rises out of the background with an increase
in q is the 61-eV feature, present also but more
weakly in the low-q spectrum as a shoulder on
the 62-eV peak. We are forced to conclude that
this must be the only major forbidden excitation
present in this energy range. This conclusion
disagrees directly with previous experimental"
and theoretical' ' ' results.

Because of this direct disagreement with pre-
vious work, we shall put this conclusion to a
quantitative test. We hypothesize that the 61-eV
peak is an atomic or excitonie Li 1.s-2s forbidden

transition. We should then be able to calculate
the oscillator strength of the transition with rea-
sonable accuracy using Herman-Skillman wave
functions. The calculated and observed results
are, respectively, 0.024q'a' and 0.011+(0.03
+0.005)q'a'. The major discrepancy between the
two is the finite value in the low-q electron-scat-
tering spectra. The peak is also visible in opti-
cal absorption measurements. The explanation
of this discrepancy must be that the 1s-2s transi-
tion is only optically forbidden if the Li ion is at
a position which possesses inversion symmetry,
which is only true for a real Li ion in the absence
of phonons.

Lattice vibrations have two major effects on
the spectrum: They make forbidden transitions
partially allowed, and they broaden spectral fea-
tures. The rms even-parity value of the electron-
lattice matrix element at room temperature is
easily evaluated from the 62-eV linewidth to be
0.30 eV." Odd-parity components of the elec-
tron lattice will mix the 2s and 2p states making
the 1s-2s transition weakly allowed. From the
strength of the low-q 61-eV peak the odd-parity
rms value of the electron-lattice matrix element
is evaluated to be 0.27 eV. '4 It is remarkable
that these two values are essentially equal. For
comparison, the rms value of the even-parity
electron-lattice matrix element derived from the
Gaussian width of the E edge in Li metal at room
temperature is 0.126 eV." Since an electron-
phonon matrix element of reasonable magnitude
can explain the observed intensity of the 1s-2s
transition in the low-q spectrum, there appears
to be no problem in identifying the 61-e7 precur-
sor of the 62-eV peak as the forbidden 1s-2s ex-
citon.

Again using XPS data, "we find the binding en-
ergy of the 2s forbidden exciton to be 3.0 eV.
The 2p allowed exciton is quite a different story.
Band-structure calculations place the lowest p
states in the conduction band approximately 6 eV
above the conduction-band minimum. The 2p ex-
eiton therefore appears to have a binding energy
nearly 3 times larger than that of the 2s exciton,

~even though one would expect these states to have
roughly the same Coulomb interaction with the
ion core. If this large binding energy were pure-
ly Coulombic, then we would expect the forbidden
2s exciton to be located near 54 eV, as has been
proposed, 4' which Fig. 2 and the above discussion
show not to be the case.

In the free atom or ion, the 2s and 2p states
are nearly degenerate. In the solid, the 2p states

432



VOLUME 38, NUMBER 8 PHYSICAL REVIEW LETTERS 21 FEBRUARY 1977

I 5.0—

.8—

.6-

((OO)

III .2

~ I4.0—

LU
Z
UJ

~
6-

(IIO)

.2-

I 5,0
0

I I I I I I I I I I

0.2 0.4 0.6 0.8 I.O I.2 I.4 I.6 I, 8 2,0

MOMENTUM (8 ')

FIG. 3. Dispersion of the fundamental exciton in LiF.
The zone boundaries in the (100) and (110) directions
occur at 1.57 and 1.66 A ', respectively.

lie approximately 6 eV higher than the 2s states.
This upward shift is undoubtedly the result of
overlap with the F ions which have large-radius
2P states to which the Li p states must be orthog
onalized. The Li 2s states need only be orthog-
onalized to the F 2s and 1s states which are
much smaller. So an extended k = 0 Bloch state
made up of Li 2p states feels a large repulsive
overlap interaction with the F ions, while a local-
ized 2p exciton does not. Thus, a 3-eV Coulomb
interaction triggers an & -eV repulsive interaction
with the F ions to produce an effective 11-eV ex-
citon binding energy.

It is clear from Fig, 1 that both the magnitude
and direction of q affect the shape of the observed
spectrum. One of the simplest results obtained
from this data is the dispersion of the fundamen-
tal exciton. Figure 3 shows the measured peak
position of the exciton as a function of g in both
(100) and (110) directions. A completely local-
ized exciton made up of a single Wannier function
would show no dispersion, so the fact that we see
any at all indicates that the exciton is somewhat
delocalized. More quantitative conclusions re-
quire making some assumptions. Let us use an
effective-mass approximation and assume that
the exciton binding energy is constant throughout
the Brillouin zone. Then it is easy to show that
the small-q exciton dispersion is given by E(q)
=E(0)+ [h2/2(m, +m„)]qs. The measured coeffi-
cient of q' is 1.0 eV A'. This gives m, +nz„=3.8.

Most band-structure calculations for alkali hal-
ides result in 0.5 &e, &1, and a corresponding
reduced-mass range of p. '=1.&3+0.5 The use
of the measured exciton binding energy and R
= h'/2a&' yields a = 2.0+ 0.25 A for the exciton ra
dius. This corresponds to an rms momentum
width of the n = 1 exciton of q= 0.5 A '. In this
model, the fundamental exciton of LiF is not as
localized as has been suggested, ' and the q = 0
peak is made from band states reasonably close
to I", not spread throughout large regions of the
zone.

Figure 1 contains a wealth of additional informa-
tion which requires a serious calculation to be
dealt with adequately. A few comments can be
made, however. First, we see no hint of the
splitting of the low-q plasma peak at 25 eV which
has been previously reported. " At high q, espe-
cially near the the zone boundaries, we do see a
partially resolved splitting of 2-3 eV. Whether
this is a genuine splitting of the plasma collective
mode due to the periodic field, as has been calcu-
lated for metals and semiconductors, "or wheth-
er it is an interband transition, is not known.
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Surface resonances on Mo(100) have been confirmed and studied in detail experimen-
tally by field-emission energy distributions and theoretically by a linear-combination-
of-atomic-orbitals calculation of the k~~-resolved surface local density of states. The
experimental results in conjunction with the calculations have provided evidence of band-
structure effects in field-emission energy distributions. The calculated results have al-
so explained the angle-resolved photoemission results on W(100) and provided a clear
picture as to the origin of these resonances.

The discovery' of an 'anomalous structure" in
the field-emission energy distributions (FEED)
on W(100) and Mo(100) surfaces has stimulated in-
tensive investigations into the origin and proper-
ties of this feature. Experimentally, this strong-
ly surface-sensitive feature has been widely stud-
ied by FEED" and photoemission-energy-distri-
butions (PED)' " experiments. Theoretically, it
has been attributed to a surface state with k~~

=0 (k~~ is the momentum parallel to the surface)
located in the uppermost ("relative" ) d-band spin-
orbit gap. *' Later, it has been argued' "that
the observed peak was due to virtual surface
states which exist in a large part of the surface
Brillouin zone (SBZ), not just at k~~ =0. More re-
cently, an argument based on nonrelativistic
time-dependent relaxation effects' has been used
to suggest that the origin of this surface state is
the "absolute" d-band spin-orbit gap at lower ini-
tial-state energies.

In this Letter, I report the results of an experi-
mental FEED study of the surface resonance peak
on Mo(100) in conjunction with a theoretical calcu-
lation of the k~~-resolved surface local density of
states (SLDS) on the same surface. I have found
in FEED that the resonance peak on Mo(100) shifts
to a lower energy and broadens in width as the
step edge of the (100) plane is approached. In
conjunction with the theoretical calculations,
these phenomena confirm a known effect and a
yet to be proved theoretical argument, namely,

(1) the surface resonances on Mo(100) and W(100)
possess a dispersive nature, and (2) the experi-
mental field-emission current from the (100)
faces of Mo and W is actually contributed to most-
ly, if not completely, by the states of finite k~~ in
the SBZ as has been suggested theoretically. " In
order to support this conclusion more strongly, I
have made a numerical calculation of the k~~-re-
solved SLDS on Mo(100) based on a nonrelativis-
tic nine-band (s, P, and d) tight-binding Green's
function method.

The calculated results show that, just below the
Fermi energy (EF), there is a, band of surface
resonances which exist in a large part of the SBZ,
primarily in the range of Ik~~ I

~ 0.6 A '. These
resonances display dispersive characteristics.
For example, in the vicinity of a major resonance
(k, =0.2884 A ', k, =0.0111 A ') where the SLDS is
extremely sharp and large at & = —0.65 eV, (a) the
energy of the resonance decreases by 0.06 eV as
k, increases from 0.0111 to 0.122 A ', and (b) the
energy of the resonance increases by 0.4 eV as
0„ increases from 0.15 to 0.45 A '. The first re-
sult, (a), together with a necessary condition that
the field-emission current is contributed mostly
by the states of finite k~~ accounts for the observa-
tion in this FEED study. The second result, (b),
together with the result that the SLDS of these
resonances falls off dramatically as )k~, )

~ 0.6 A '
accounts for the observations on W(100) by Willis,
Feuerbacher, and Fitton. ' Therefore this theo-
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