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YThis factorization is only approximate, of course,
and we ignore certain p-d and s-d hybridization effects
as well as possible Zw-dependent intensities for dif-
ferent p and d orbitals. We expect this partial state
decomposition to be approximately valid for materials
such as the transition-metal oxides.

Bpreviously (Ref. 6), transition intensities were tak-
en to be proportional to the initial-state orbital degen-
eracy.

6This description is only approximate for at least
two reasons: (1) The ratio 5/C is apparently different
from that used by Sugano for the ground state and this
may modify his calculated energies; (2) configuration
interaction between many-electron wave functions with
the same ST representation can alter relative inten-
sities. However, the observed agreement (Fig. 2) sug-
gests that the assumed model is a good first approxi-
mation.

T4p initio calculations by P. Bagus (to be published)
for ground state and ionized Ni in NiO imply 5°%+/B%*
~ (0,67, consistent with our present results.

18Crysta.l—field parameters Dg appropriate for a di-
valent ion (Ref. 8) were used; overall widths were vir-
tually unchanged (but e, levels shifted slightly) by using
a larger (e.g., 2.5 valent) Dg.

Surface Photoelectric Effect and Orbital Symmetry: Evidence
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Ultraviolet photoelectron spectra using Hel resonance radiation and Ge(111) surfaces
have been measured for both bonding and nonbonding orbitals. In all cases the partial
photocurrent from a specific orbital is considerably enhanced for the macroscopic elec-
tric field normal to the surface independent of the orbital symmetry. This is interpreted
in terms of an anomalous enhancement of the dielectric response due to surface polariza-
tion charge within the short electron escape depth (A, < 10 A) at these energies.

The role of the surface in photoemission from
a solid (i.e., the surface photoelectric effect) is
an old topic which has been studied both experi-
mentally® and theoretically? for more than four
decades. Most experiments have concerned only
the total yield which displays a strong vectorial
photoeffect at low photon energy %w near thresh-
old. Recent work has tended to concentrate on
free-electron metals®? but even for these materi-
als the detailed mechanism of optical excitation
is far from being completely understood® since
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both surface-plasmon effects and direct excita-
tion are possible for Zw <hw,, the surface-plas-
mon energy. In contrast, high-energy photoemis-
sion (Aw >ﬁw,) is expected® to exhibit a negligible
surface photoeffect with optical selection rules
determined by the symmetry properties of the
photoelectron wave functions.®”® This paper re-
ports the first systematic measurement of high-
energy photoelectron energy spectra (hw >%w,)

as a function of angle of incidence for both bond-
ing and nonbonding orbitals. The bonding orbitals
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are directed either perpendicular or nearly par-
allel to the surface and the nonbonding orbitals
have approximately isotropic angular symmetry.
In all cases the partial photocurrent from a spe-
cific orbital shows a strong enhancement for z-
polarized photons with the z axis being normal to
the surface. This enhanced photocurrent is 3-4
times greater than the signal predicted from the
macroscopic optical fields*” and is in qualitative
agreement with recent theoretical calculations of
Kliewer,®

The Ge(111) surface was chosen for the present
measurements since it satisfies the criterion of
free-electron-like optical properties in the far
ultraviolet, 7w =10-25 eV, as well as the possi-
bility of localized bonding effects due to directed
tetrahedral covalent bonds in the bulk, to intrin-
sic surface states, and to chemisorption bonds.
At 7w =21.2 eV the photoelectron escape length
is in the range x,~4-10 1’&, so that optical tran-
sitions for both surface and bulk states are deter-
mined by the photon intensity near (~10 A) the
surface. The germanium (111) samples were
moderately doped (p ~10%® ¢m %) and were cleaned
by Ar'-ion sputter etching and annealing at 1000°K
which gave a clear 2 X8 low-energy electron dif-
fraction (LEED) pattern. The multiple-technique
ultrahigh-vacuum chamber has been previously
described’®!! and has a base pressure of p <5
X107 Torr. The working pressure of active
gases (mainly H,, CH,, and CO) was maintained
below 2X107! Torr (measured on a nude Bayard-
Alpert gauge) by the high pumping speed (~2
x10%* 1/sec) of a liquid-nitrogen titanium-sublima-
tion pump. Auger-electron spectroscopy was
used to monitor surface impurities which were
estimated to be less than 0.05 monolayers. Ultra-
violet-photoelectron-spectroscopy (UPS) mea-
surements were performed with a resonance lamp
with a double-pass cylindrical-mirror analyzer
(CMA) operating in the retard mode to give a con-
stant electron-energy resolution of 0.2 eV, The
CMA and electron pulse-counting electronics
were controlled by a PDP-8/L minicomputer
which was used for on-line signal averaging as
well as for data reduction.

The clean Ge(111) 2x8 LEED pattern was
changed to 1X1 by hydrogen exposures of 2x107°
Torr-sec in the presence of a 1x3x0,002 cm?
tungsten ribbon heated to 2500°K to produce atom-
ic hydrogen which rapidly chemisorbed.*!! An
alternate 1X1 symmetry surface was prepared
by evaporating Cd on the clean Ge 2x8 surface.
The UPS measurements discussed below were

performed either on the ordered 2Xx8 clean Ge(111)
surface, on the 1X1 atomic-hydrogen-covered
surface, on the 1x1 cadmium-covered surface,

or on the disordered surface obtained by room-
temperature Ar* bombardment to saturation con-
centrations of Ar ions implanted.

The photon beam was held fixed at an angle of
70° with respect to the CMA axis. The angle of
incidence 0;, with respect to the surface normal
7, was varied by rotating the sample about the
CMA axis as shown in Fig, 1. Figure 1(a) shows
the sample position for 8;=28° with the CMA axis
in the plane of incidence. The oblique mounting
of the sample allows the electron aperture cone
of the CMA to accept a range of emission angles
from normal emergence to grazing emergence.
This minimizes effects of the photoelectron angu-
lar distribution. The photoelectron energy spec-
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FIG. 1. Experimental geometry for varying the angle
of incidence 6; of the photon beam using a CMA to de-
tect the photoelectrons, The photon beam is fixed with
respect to the CMA axis. The sample normal # is ori-
ented at 42° from the CMA axis and describes a circu-
lar arc as the sample is rotated through an angle o,
which is a nonlinear function of 6;.

399



VoLUME 34, NUMBER 7

PHYSICAL REVIEW LETTERS

17 FEBRUARY 1975

tra were nearly the same in this geometry as
earlier results taken with the surface normal #
aligned on the CMA axis!% thus angular-emis-
sion effects are not important in these measure-
ments. Figure 1(b) shows an axial projection of
the sample, the CMA acceptance cone, the pho-
ton beam, and two orientations of the sample nor-
mal corresponding to 6,;=28° for ¢ =0° and 6,=42°
for ¢ =45°, Because of cylindrical symmetry the
electron angular distribution is kept fixed as the
sample is rotated. The sample positioning and
rotation was accomplished by a modified Varian
precision manipulator, model 981-0523,

Typical experimental results for iw=21.2 eV
and for eight values of 8; are shown in Fig. 2 for
the Ge(111) surface with saturation coverage of
atomic hydrogen having a 1 X1 LEED pattern with
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FIG. 2. Photoelectron energy distribution spectra
for the Ge(111) surface with adsorbed atomic hydrogen
having a 1x1 LEED pattern. The peaks near - 5.0 and
— 7.8 eV are due to H-Ge and Ge-Ge bonds, respective-
ly, and both have maximum intensity for angle of in-
cidence 0; ~ 45—-55°,
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low background intensity. The Fermi-energy ref-
erence (E ;=0) was determined by UPS from the
tantalum sample holder. The peak at —5.0+0.2
eV has intensity proportional to the hydrogen ex-
posure at low coverages. The atomic hydrogen
is probably bonded in the dangling-bond tetrahe-
dral position normal to the surface similar to
previous results for silicon (111) and (100) sur-
faces.!' The peak at ~7.8+0.2 eV is due to Ge-
Ge bonds and is predominately a bulk band-struc-
ture effect!? but for the (111) surface three of the
four tetrahedral bonds are nearly parallel to the
surface. The experimental intensity is nearly
zero at the Fermi energy E, but the vertical po-
sitions have been shifted according to the angle
of incidence 6;. The main feature of both these
UPS peaks is the maximum intensity which oc-
curs for 6;%~45°-55°,

The areas under both H-Ge and Ge-Ge peaks
were computed by assuming either a constant
background intensity or a linear background in
the spectra of Fig. 2, Both approximations gave
similar results although the peak-intensity angle
0 max shifted by < 4° which is within the range of
experimental uncertainty of +4°, These results
are consistent with a strong preference for the
E, component of the photon field since only the z
component displays a maximum with increasing
0;. The macroscopic photon field intensity just
inside the surface (i.e., at Z =Z," in the notation
of Ref. 4) as a function of 6; is shown in Fig. 3(a)
for both the total intensity (E,”) =(E,? +(E 2
+(E/%) and the z component (E,?). A unit inten-
sity of unpolarized light was assumed incident on
the germanium surface and Maxwell’s equations
were used to calculate the net intensity after re-
flection and transmission at the surface bound-
ary.’® The experimental UPS peak areas are
shown in Fig. 3(b) for the H-Ge orbital reso-
nance, for the Ge-Ge resonance, for the non-
bonding Ar 3p-orbital resonance at - 8.5 eV due
to implanted argon prior to annealing, and for
the nonbonding d,,, orbital of a monolayer of cad-
mium adsorbed with a 1 X1 LEED pattern. The
zero position of each curve has been shifted ver-
tically for clarity and the maximum intensity has
been normalized to 1.0 in relative units. The de-
tailed shape of each curve is different because
of orbital symmetry differences and experimen-
tal uncertainties but to first approximation the
maxima are very similar and occur near 6; cor-
responding to a maximum in (E,?). Note that
Fig. 3(a) predicts that even at its maximum (E,?)
is only 35% of the total intensity while the experi-
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FIG. 3. (a) Macroscopic photon field intensity as a
function of angle of incidence for the total field and for
the z component normal to the surface. (b) Relative
photoelectron peak areas as a function of angle of inci-
dence for four different orbitals at Ge(111) surfaces.
Note that all orbitals show a maximum intensity in the
range 0; ~ 45—~55°, The zero of each curve is offset for
clarity,

mental peaks increase by a factor of 3—4 at maxi-
mum compared with 6,=28°. Very similar re-
sults for both adsorbate orbitals and substrate
orbitals have been obtained on Si(111) and Cd(1010)
surfaces. For Cd surfaces the maximum oc-
curred for 8, ~65°-75° because of a difference in
optical constants, Further discussion will be
postponed to a later paper.

In order to explain this strong z-polarization
selection rule using the usual theoretical mod-
els,*%"® one must assume that the potential has a
much stronger potential gradient component nor-
mal to the surface than parallel to the surface,
i.e., a free-electron-like potential. This is es-
sentially the interpretation used by Feuerbacher
and Fitton for their measurements of W(100) at
fixed 60;=60° using polarized 10.2-eV photons'®
and may be a reasonable approximation for met-
als. However, it seems unlikely that this is the .

case for semiconductors because of the direction-
al covalent bonds which cause strong variations
of the surface potential parallel to the surface,

as well as variations perpendicular to the sur-
face.’ In Ref. 4 the divergence of the photon
field is also shown to be essential for a proper
treatment of photoemission from aluminum films.
However, at higher frequencies, w>w,, this term
is much less important.? Two difficulties arise
when the optical matrix element

M,;=(e/2mc){fIA -p +p -&| 1), (1)
is approximately written as
M, = (e/mchw)A « (fIW|i), (2)

as in Refs. 6-8: (1) For oblique incidence, 6,
#0, the optical field is not a pure transverse
wave but has a longitudinal A, component due to
the induced-polarization charge p,, given by

(V+R),.,=(4mic/w)p,. (3)

(2) The spatial variation of the optical field need
not contain the same Fourier components as the
incident wave but can exhibit strong nonlocal ef-
fects® so that the field cannot be replaced in Eq.
(1) with its macroscopic average shown in Fig.
3(a). A detailed quantitative calculation is out-
side the scope of this paper. However, we have
shown that the commonly accepted simple con-
nection between orbital symmetry®~2 (i.e., poten-
tial gradients) and photon polarization is not pos-
sible without considering the strong E, effects
due to the dielectric properties of the solid.
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The parity-nonconserving asymmetry of the 110-keV de-excitation radiation emitted by
a polarized ensemble of °F nuclei in the first excited state is found to be 6 =— (1.8+ 0.9)
x1074,

The study of parity-nonconserving (PN) nucleon-  strong discrepancy between these two examples

nucleon forces provides a unique opportunity to is not understood.

observe the weak hadronic current interacting We have measured parity mixing in the ground

with itself.»? At present most experimental evi- (J"=37) and 110-keV (J"=1") excited states of

dence for the size of parity admixtures in nuclear F, In this instance the nuclear physics is un-

states comes from circular polarization (CP) usually simple but unlike the cases of %0 and p

measurements in heavy nuclei. In these nuclei +n which are sensitive only to the AI=0 or Al =2

the complexities of the nuclear structure tend to PN interactions,™ the AI=1 PN interaction is al-

obscure the properties of the basic PN interac- so involved. It is particularly interesting to study

tion. It is, therefore, highly desirable to study the Al=1 interaction since it may be sensitive to

parity mixing in light nuclei where the nuclear neutral weak currents. The mixing in °F is well

physics is relatively tractable and where one can approximated by simple two-state theory because

elucidate the isospin structure of the PN forces. the next J=3 level occurs at E,=5.34 MeV and
Prior to this work there existed only two posi- the irregular transition is M1.5 Since the PN in-

tive measurements of PN transitions in light nu- teraction is a small perturbation we have

clei—a CP measurement of the radiation from

capture of thermal neutrons by hydrogen® and a lg.s)=|+)~€l|-),

measurement* of the PN « decay of the 8.8-MeV

2" level of 0. The a-decay width in 0 is [110)=[-) +€l+),

roughly in accord with theory, while the CP mea-

surement in H(r, y) is about 100 times larger than  where € =(— |Hpy|+)/(110 keV). The electromag-
expected with current theories.? The apparent netic matrix element connecting the states con-
tains regular (£1) and irregular (M1) components:

(g.s.|E1+M1]| 110) =+ |E1]| =) + €[{+ | M1]| +) = (= | M1| =)] + O(€?),

where we have ignored PN exchange contribu- I

tions. The PN M1 amplitudes are completely de- a pseudoscalar anisotropy o(6) = 0,(1+ 6P -Ey) in

termined by € and the magnetic moments of the the 110-keV de-excitation radiation from a polar-
3" and 37 levels. Our experiment measures € by ized ensemble of *F* (P represents the F* po-
detecting the M1-E1 interference which produces larization vector and k, a unit vector along the y-
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