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was estimated from the elastic scattering above
T\ by fits to (6) followed by estimates of the crit-
ical scattering using the scaling laws. After a
few iterations, f converged at §=0.36+0.02, in
agreement with the theoretical value of £~ 0.38
calculated to second order in €.* The (1 -g¢4,0,0)
intensity is consistent with (5) (26=1+0.3), but
inconsistent with (6), thus confirming that the
peak arises from a second-order coupling to the
order parameter that only exists for the “triple-
q’ structure. The possibility of multiple-scatter-
ing effects involving two magnetic satellites was
ruled out by experimental tests and calculation.
The four parameters giving the magnitude and
phase of the spins in the different layers, and
the four parameters giving the corresponding
lattice distortions still remain to be determined.
Although intensities of approximately forty inde-
pendent satellites are available this is a consid-
erable numerical problem. Preliminary attempts
indicate that u,~ 1,~ (10-20)% of u, with 6~ 180°,
and that the basal-plane lattice distortions are of
the order of a few percent. The numerical prob-
lem may be somewhat reduced by deducing the
ratio between the magnetic and the nonmagnetic
contribution to each satellite from polarized-
neutron data. A very interesting experiment

would be to measure directly the lattice distor-
tion by means of x-ray scattering.

We are indebted to S. M. Shapiro for communi-
cating his unpublished elastic neutron diffraction
data to us. These data agree quantitatively with
ours. We acknowledge fruitful collaboration with
P. A. Hansen and B. D. Rainford, just as we are
grateful to B. D. Rainford for the loan of one of
the neodymium crystals.
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It is suggested that the suppression of normal photoemission from surface states on a
W(100) surface near the plasma frequency is due to refraction effects. Two model cal-
culations are presented which are expected to bracket the real situation, and they both
exhibit this property. Possible additional effects of refraction on the photoemission

cross section are discussed.

It was reported in two recent Letters!'? that the
angle-resolved photoemission in the direction of
the surface normal from the surface state(s) of
W(100) is strongly suppressed in intensity when
the light frequency is close to the plasma fre-
quency of tungsten. We show in this Letter, with
the help of two separate model calculations, that

the experimental observation can be explained in
a simple and natural way when one takes into ac-
count the refraction of p-polarized light at the
metal surface. To our knowledge, this is the
first time that the importance of the electric
field distribution in the surface region has been
recognized in computing the matrix element for
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photoemission from surface states. As an addi-
tional bonus, we find that our calculation can re-
produce structures seen in the photoemission
cross section from the low-lying (- 4.2 eV with
respect to the Fermi energy) surface state® of
W(100) at frequencies below the plasma frequency.

The importance of refraction of p-polarized
light on the spatial distribution of the normal
(i.e., 2) component of the electric field is well
known in classical electrodynamics.® This field
component is believed to be responsible for nor-
mal photoemission from the surface states ob-
served on W(100)! We report here two different
model calculations on refraction which, between
them, ought to bracket a realistic system such as
the surface of tungsten. In the first model, the
metal is represented by a semi-infinite square
well confining its electrons, and its transverse
dielectric response is studied exactly within the
random-phase approximation (RPA). The model
takes into account surface-induced nonlocality®’®
and anisotropy”’® of the dielectric response, but
it fails to describe the bulk in a realistic manner.
In the second model, the metal is described in the
bulk by a complex, frequency-dependent dielectric
function €(w) =€,(w) +i€,(w), where for €, and €,
we use actual numbers obtained from optical
measurements on tungsten.® But the dielectric
function is assumed to remain local and vary lin-
early in an imagined surface region (-a/2<z
< a/2) to unity outside the surface. This model
gives a reasonably good description of the bulk,
including band-structure effects, but a poor de-
scription of the surface. In both cases we solve
for the normal component of the eniire electric
field near the surface. Angle-resolved photo-
emission in the z direction from a well-localized
surface state may be regarded as a way of mon-
itoring the strength of this electric field. Our
calculations show that the z component of the to-
tal electric field at the surface decreases dramat-
ically in strength as w approaches w,, thus ex-
plaining the experimental observation''? on angle-
resolved photoemission. We now discuss the
models and their results in some detail.

Model I.—We picture the metal as a semi-infi-
nite jellium with noninteracting electrons which
move quantum mechanically in the potential V(T)
== V,0(=z), where 0(x) is the step function.
Physically this implies that we ignore crystal-
linity of the solid, impose the boundary condition
of specular reflection of electrons at the surface,
and treat the conductivity tensor in RPA. Elec-
trons populate all states of the square well up to
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the Fermi energy Ey = - ¢, where ¢ is the work
function of the metal. The bulk electron density
is n,=ky%/ 37%, expressed in terms of the Fermi
momentum ky =[2m (Ey + V,)/72]V2, We choose V,
=10.7 eV and ¢ =4.5 eV for the sake of illustra-
tion.® The plasmon energy turns out to be 7Zw,
=9,813 eV, while the Fermi momentum is kg
=1.275 A™1, The nonlocal conductivity tensor
T3,0(2,2") for this problem is known’*® to be di-
agonal but anisotropic in the limit @ -0 where Q
denotes a two-dimensional wave vector in the x-y
plane. For light of wavelength A and frequency
w incident at an angle 6; on the surface, @ =(w/
¢) sind;. Feibelman has solved numerically®’” for
the z component of the vector potential X, (z)
=K% .,..(2) produced by the refraction of p-polar-
ized light in a similar model, choosing a gauge
where the scalar potential is zero and the elec-
tric field is given by E,(z) =(iw/c)A,(z). His cal-
culations show that 1A, %(z)| has a strong surface
peak for w<w,, and the peak disappears above
w,. To elucidate the physical origin of this re-
sult, we have solved the integral equation obeyed
by the vector potential analytically within an ef-
fective local approximation, which is permissi-
ble in the neighborhood of w =w, where A, *(2) is
small and slowly varying over the range of non-
locality of 04z, 2’). We find'® that the surface
peak in 1A *(z)! can be explained easily as being
a manifestation of the classical singularity® in
the normal component of the electric field in re-
fraction of p-polarized light by a medium whose
dielectric constant vanishes locally. In the ab-
sence of symmetry restrictions of a compelling
nature, the amplitude of photoemission in the di-
rection of the surface normal will depend on the
matrix element of the operator p*A,(z) +A,(2)p*
taken between the initial and final electronic-
state wave functions. Here A, (z) =A,%(z)/A,, and
A, is the amplitude of the vector potential associ-
ated with the incident wave. The surface peak in
A%(z) is naturally reflected in A,(z) as well, and
its height may be taken as a crude measure of
the photoemission amplitude (i.e., the square
root of the differential cross section) without us-
ing any detailed form of the relevant wave func-
tions. Figure 1 shows the strength of the surface
peak in A,(z)l, which we call |A,®*|, asa
function of the frequency of light for 6; =7/4 and
w<w,, Itis clear from the figure that the effect
of refraction is to ensure that photoemission in
the normal direction from a surface state will be
very weak near the plasma frequency.'*?

Model II.—Here we imagine that the metal can
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FIG. 1. Plot of |4, Pe2K|, the strength of the surface
peak in ]Zw(z)l, as a function of the photon energy Aw
for w<w,. 4, (2) denotes the z component of the vector
potential in the long~wavelength limit, normalized by
the incident vector potential.

be represented by a local, frequency-dependent,
complex dielectric constant which goes over to
the long-wavelength dielectric constant of tung-
sten in the bulk, and varies linearly in the sur-
face region extending over —a/2<z<a/2. We
make no attempt to specify a except to note that
physically it will be of the order of a few ang-
stroms. The dielectric constant is

€,(2) =€(w) =€, (w) +i€,y(w), z2<=-a/2,
€,(2) =[1+e(w)]/2+[1 -€e(w)l(z/a), |z]<a/2,
€u(2)=1, z>a/2, |

~ A (z) sin26 ;
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FIG. 2. (a) Theoretical calculations for |&,(z)|? plot-
ted against photon energy for three planes: (i) z=a/2,
(ii) 2 =0 (nominal surface), (iii) 2 =—a/2. (b) Cross
sections for normal photoemission from the two sur-
face states on W(100): (i) high-lying state at Eg=—0.4
eV (full circles are data points from Ref. 1); (ii) low-
lying state at E =-4.2 eV (full squares are data
points from Ref. 1). Lines through data points have
been drawn for comparison purposes. (Data of Ref. 1
used with permission of authors.)

where for € (w) and €,(w) we use the data of Weav-
er, Olson, and Lynch.® The problem of refrac-
tion of p-polarized light by such a medium is ex-
actly solvable in the limit a/A <1, and the result
is, for lzl<a/2,

€(@)/[1 - €(w)]

Aw(z) = Ao =
The classical singularity mentioned earlier ap-
pears in the surface region if €(w) is real and
negative. In general, the modulus |A.(z)| shows
a peak in the surface region, whose position is
determined by the details of €(w), It is more in-
teresting, however, to consider the variation of
|A,(2)|2—the quantity which is involved in photo-
emission cross-section calculations—with fre-
quency for a fixed z, i.e., on a plane parallel to
the surface. Three such curves are shown in
Fig. 2(a)—curve (ii) for the nominal surface (z
=0), and curves (i) and (iii) for the extremities
of the surface region (2 =+ a/2). Once again we
choose 8; =7/4. Insofar as the surface-state
wave function is confined largely to the surface
region (having a peak on or near z =0), is al-
lowed by symmetry to couple to A® for photoemis-
sion in the normal direction, and the final-state
effects may be assumed to vary smoothly with en-
ergy, the variation of |A,(z)|? with w on the sur-
face plane [curve (ii)] should mirror the frequen-

~ z/a+z[1+€(@)]/[1 - €(w)] [e(w) = sin®0;]72+€(w) cosf; °

(1)

cy dependence of angle-resolved photoemission

from the surface state. Curves (i) and (iii) are

of importance to understand how the spatial ex-
tent of the initial-state wave function may affect
this argument.

The most significant feature of curve (ii) of
Fig. 2(a) is the pronounced minimum in the neigh-
borhood of the plasmon energy of tungsten. Since
a plasmon is not well characterized in a transi-
tion metal like tungsten, we have chosen to de-
fine plasma frequency as the frequency w, at
which € (w) vanishes. From the experimental
data® used in computing the curves of Fig. 2(a),
fiw,=24,7 eV and Im[e "}(w)] also has a (rather
broad) peak at this energy. The experimental re-
sults' for normal photoemission from the surface
states on W(100) are shown in Fig. 2(b) for com-
parison, and one observes a pronounced dip in
the 24-26-eV range in both cases. Furthermore,
the theoretical curve for |A(z =0)I2 shows ad-
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ditional structures in the 14-18-eV range, in-
cluding a dip around 16 eV, which correlate qual-
itatively with similar structures observed at
slightly higher energies in the experimental
curves. These correlations suggest that refrac-
tion effects are of importance in photoemission
from tungsten surface states. They also indicate
that the surface states are well localized in space,
existing mostly near the z =0 plane. For a broad
surface state, or a state whose wave function
peaks at the edges of or outside the surface re-
gion, one would need an appropriate average of
curves (i)—(iii) of Fig. 2(a), and this may render
invalid conclusions regarding the photoemission
cross section based solely on curve (ii) because
curve (iii) differs from it qualitatively near w
=w,, It is interesting to note that the photoyield
curve for the high-lying surface state resembles
more closely the theoretical curve for z =a/ 2,
leading one to speculate that the corresponding
wave function may have more weight toward the
vacuum side of the nominal surface. We are cur-
rently investigating in detail the effects of the lo-
cation and spatial extent of the surface-state wave
function on the cross section for normal photo-
emission.

The comparison of the experimental resul:cs of
Fig. 2(b) with theoretical calculations for 1A4,(z)!?
is reasonable in view of the experimental fact*
that normal photoemission from both surface
states on W(100) is excited by A?, According to
Hermanson’s arguments*' based on symmetry
considerations, this would imply that both the
surface states are of A, character (A, if spin-or-
bit coupling is taken into account). Theoretical
calculations on the unrelaxed tungsten surface'?
agree with this conclusion for the low-lying sur-
face state, but are at variance with it for the high-
lying one. Surface relaxation is known to push up
the sp-d band-gap surface state &, symmetry to
higher energies for both W ** and Mo, but the
surface contraction necessary is considerably
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larger than that found experimentally for tung-
sten.’® Thus, even though the theoretical situa-
tion remains unclear, we feel that our procedure
is justified by experimental observations on photo-
emission. We therefore conclude that refraction
of light can explain certain features of the normal
photoemission data from surface states of W(100),
although one must invoke final-state effects for

a completely satisfactorily understanding of the
entire data.
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