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Momentum distribution of photoelectrons emitted from Cu and Ag single crystals, and its
polarization dependence~
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The angular-resolved energy-distribution functions for photoelectrons emitted from (111)Cu and Ag are
presented at photon energies below 6.2 eV. They show a characteristic dependence on the polarization of the
radiation in spite of the fact that the experiments are done at normal incidence. No such polarization
dependence is observed for (110) and (001) Cu surfaces. The polarization dependence is traced to the angular
dependence of the dipole matrix element characteristic for direct transitions; it allows one to separate the
elastically emitted electrons from those emitted after being scattered. An interpolation scheme is used to
calculate E(k) consistent with the experiments of this paper and with independent optical and de Haas —van

Alphen measurements. The nearly-free-electron case is used as a guide in the interpretation, it reveals only
qualitative similarities with the actual experiments.

I. INTRODUCTION

Photoemission experiments are frequently used
in solid state spectroscopy. In most cases, the
energy distribution N(E) oi all electrons emitted
from a polycrystalline sample is measured for
several photon energies irrespective of the direc-
tion of emission. Neglecting the contribution of
scattered electrons, N(E) contains information
about the absolute energy position of the initial and
final states cooperating in the excitation process.
The optical constants, on the other hand, contain
information only about the energy differences be-
tween the final and initial states. This advantage
of N(E) compared to the optical constants is par-
tially offset by the fact that there is no clearcut
way to distinguish in N(E) the elastically emitted
electrons from those scattered in the volume or at
the surface of the sample. Since both N(E) and the
optical constants are given by the sum over many
individual processes, the problem of sorting out

the various different contributions arises in both
cases ~

Consider, by contrast, the momentum distribu-
tion of photoelectrons, i.e. , their energy and an-
gular distribution. In particular, we concentrate
in our investigation on the momentum distribution
for normal incidence of the radiation onto single
crystalline surfaces of various orientations. We
also assume that it is somehow possible to single
out the elastically emitted photoelectrons. The
measured quantity is given by one particular ex-
citation process in this case, i.e. , the investiga-
tion of the momentum distribution probes these
individual processes directly. It is therefore a
better way of doing solid state spectroscopy than

the investigation either of the optical constants or
of N(E). At the sa.me time it is more demanding

experimentally, which is the reason that there are
only a few measurements of this kind. '2

The problem in analyzing the momentum distri-
bution is, of course, how to single out the elasti-
cally emitted electrons. Gobeli, Allen, and Kane'
showed how to solve this problem. They investi-
gated and analyzed how the angular distribution of
photoelectrons emitted from Ge and Si (ill) sur-
faces depends on the polarization of the incident
radiation. Their analysis is based on the three-
step model of photoemission' which will be de-
scribed below. It is importan& to note that this
pola. rization dependence is not the one described by-

Fresnel's equations, since the experiment was
done with normal incidence of the exciting radia-
tion. One might wonder why there is a polariza-
tion dependence at all for cubic crystals like Ge
and Si which are optically isotropic. Consider a
direct transition with reduced wave vector ko.
Acting on ko with all symmetry elements of the
crystal generates the star of ko with the arms
ko, . . . , k;, . . . , k„. All direct transitions with the
different k& are energetically degenerate and thus
contribute to the optical absorption. The occupancy
of a given final state E„,(k, ) is proportional to
I(nk, [A ~ p(n'k;) j and is thus strongly dependent on

the orientation of the vector potential A of the ra-
diation. In calculating the optical absorption we
have to sum the contributions from all arms of the
star, and this sun' turns out to be isotropic for
cubic crystals. Since the momentum distribution
of the photoelectrons probes individual transitions,
e. g. , the direct transition with k= k„ it is obvious
that it should depend strongly on the orientation of
A with respect to the crystal axes even for normal
incidence of the light.

The model used by Gobeli, Allen, and Kane as-
sumes that the photoemission process can be de-
scribed by the succession of three independent
steps, namely, (i) direct k-conserving band-to-
band transitions in the volume of the crystal, (ii)
transport of the excited electron to the surface,
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(iii) transmission of the excited electron through
the surface into the vacuum. ' The third step is
equivalent to momentum and energy conservation in
the low-energy-electron-diffraction (LEED) case.
In both cases the reduced wave vector k, in the
surface must be conserved since there is transla-
tional symmetry in the ideal surface and thus the
tangential vector k, is a good quantum number.
Since k, is a reduced wave vector in the usual
sense, reciprocal surface lattice vectors may be
added corresponding to the different orders of dif-
fraction. There is no translational symmetry nor-
mal to the surface, i.e. , the norma1. component of
k is not conserved and will change during the trans-
mission or reflection in order to allow for energy
conservation.

While the three-step model seems to be a natural
approximation to the photoemission process, it is
not necessarily the adequate model in all cases.
As a matter of fact, the discussion about the proper
model to describe photoemission started right at
the beginning of solid state physics. It was argued
that a model describing the optica1. absorption
properly might not be the correct starting point for
photoemission since electrons excited just at the
surface have the highest escape probability. Thus
the optical absorption which is made possible by
the steplike potential at the surface, while contrib-
uting very little to the optical constants, might be
important in photoemission. The significance of
this surface effect is still under debate. ' The sur-
face absorption vanishes if the electric field of the
radiation has no component normal to the surface.
Since we use normal incidence of the exciting radi-
ation and assume that the surfaces of our crystals
are smooth, the surface effect will not contribute
in our case. Surface states might also contribute
to photoemission from metals. However, we
have found no clues for these effects in Cu and Ag
at low photon energies and will therefore neglect
them.

The three-step model is most likely to hold at
low energies where the mean free path of the ex-
cited electrons is highest. ' The assumption of
direct transitions between Bloch states undis™
turbed by the surface should be a good approxima-
tion in this region. Thus we use the near-ultra-
violet spectral region to measure the momentum
distribution of the photoelectrons emitted from Cu
and Ag single crystals and anajyze the results in
terms of the three-step model. Our aim is to
compare the spectroscopic information thus ob-
tained with the calculated energy bands which are
consistent with independent experiments. This
procedure constitutes a rigorous test of the three-
step model in the low-energy region. Our choice
of the materials is partly motivated by the fact that
the band structure of these "model d-band metals"

is known with a reasonable accuracy. Furthermore,
preliminary measurements on Cu showed a sizable
fraction of the photoelectrons to be emitted without
scattering. ~ Experimentally, the possibility to gen-
erate high-quality surfaces epitaxially and by elec-
tropolishing is also advantageous.

In Sec. II, we describe the experimental pro-
cedures and present the experimental results.
Thereafter, we discuss the consequences of the
three-step model for the momentum distribution
and its polarization dependence for the case of
nearly free electrons. Finally, we analyze the ex-
perimental results in terms of the band structure
of Cu and Ag and present the consequences of this
analysis.

II. EXPERIMENTS: METHODS AND RESULTS

Light emitted from a H~ hot-filament arc dis-
charge passes through a grating monochromator
and a polarizer consisting of a dichroitic film sup-
ported by a fused quartz substrate. The two ex-
tremal positions of the polarizer subtend ~45 with
respect to the slits of the monochromator. The
intensity of the beam leaving the polarizer is thus
nearly the same for the two positions, in spite of
the fact that the monochromator produces partially
polarized light. Any remaining differences in the
intensities, monitored by measuring the lumines-
cence of a sodium salicylate layer with a photo-
multiplier tube, are compensated by inserting a
fused quartz plate into the beam. The plate is tilted
until the intensities for the two positions of the po-
larizer differ by less than +0. 5%. Fused quartz
lenses are used to focus the light onto the entrance
slit of the monochromator and onto the sample.
The monochromator is usually operated at a reso-
lution of 0. 13-eV full width at half-maximum
(FWHM).

The electron analyzer and the data acquisition
system are shown schematically in Fig. 1. The
analyzer is located inside a stainless-steel ultra-
high vacuum chamber evacuated by a 400-liter/sec
electrostatic ion pump. The operating pressure
after mild bakeout is 10 9 Torr. A p.-metal shield
reduces the magnetic field at the analyzer to values
below 0.05 0, corresponding to a deflection below
1 mm at the windows of the analyzer for photo-
electrons with E= 0. 1 eV. The angular distortion
induced by the residual magnetic field is thus small
compared to the angular resolution for electx on
energies above 0. 1 eV. The light enters the vacuum
chamber through a sapphire window, the optical
axes of which are orientated parallel and perpen-
dicular to the polarizer, respectively. The light
beam which hits the sample at normal incidence
has an aperture of 5x10- sr, its diameter at the
sample is 3 mm.

The light beam is parallel to the polar axis of
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two concentric hemispheres of 40 and 44 mm di-
ameter, respectively, which are fabricated from
0. 5-mm sheet copper. Photoelectrons emitted
from the single crystalline surface which is sit-
uated at the center of the hemispheres travel
through a field free region. This region is pro-
vided by the inner hemisphere and by a 0. 5-mm-
thick copper disk in the equatorial plane. The disk
has a bore 10 mm in diameter concentric to the
polar axis. Both the disk and the inner hemisphere
are at ground potential. Possible contact potentials
between the sample and the analyzer are compen-
sated by applying the proper voltage to the sample.

The hemispheres are equipped with concentric
holes of 5 mm diameter to allow observation of
the emitted electrons for various fixed angles of
emission. The angular resolution is thus +10,
taking the finite cross section of the light beam into
account. The holes are covered with copper grids
of 33-p. m mesh size. The photoelectrons are de-
tected by six channel electron multipliers while
the energy analysis is accomplished by applying a
steplike retarding voltage to the outer hemisphere.
The cathode of such a multiplier is sha. ped like a
funnel. The rim of the funnel is made of platinum
which is sealed directly to the glass tubing of the
multiplier and is thus in contact with the high re-
sistivity coating on its inside. The field distribu-
tion inside of the funnel assures that virtually all
electrons transmitted through the observation
window of the outer hemisphere are detected. The
glass tubing is closed at the anode side, since the
multipliers are operated in the pulse counting mode
only. The anode itself consists of a, platinum wire
sealed to the tubing. The leads from the different
anodes to the electrical feedthrough are shorter
than 100 mm. Simple prea, mplifiers situated at
the atmospheric side of the feedthroughs boost the
output pulses of the mu&tipliers to + 5-V amplitude
and 1-p.sec duration. No crosstalk occurs between
different signal channels. The number of pulses

produced by ions originating from the ion pump is
reduced to about 10 cps by means of an electro-
static shield.

The data acquisition system, also shown in Fig.
1, is organized as follows. At the instant at which
one of the multipliers, e.g. , multiplier number i
supplies an output pulse, this number and simul-
taneously the number of the particular step in the
retarding voltage, say, k and the position of the
polarizer p are transmitted to the address regis-
ter of a multichannel analyzer. Thereafter, one
count is added to the address ikp of the core mem-
ory. Arriving at the highest preselected retarding
voltage, the polarizer is turned by 90' and the re-
tarding voltage returned to its lowest value. The
dwell time on one step of the retarding voltage is
1 sec. Typically, 10 to 10' counts are accumulated
in one particular cell ikp of the core memory with-
in 10 h. The energy&istribution function for
photoelectrons emitted into the different windows
of observation i for the orientation p of the polariz-
er is obtained by differentiating the spectrum iP
which is a function of the retarding voltage speci-
fied by k.

Two different methods are used to prepare the
samples. In the case of copper, the desired sur-
face orientation is produced by cutting a bulk single
crystal with an annular diamond saw running at
one revolution per second and using a load below
0. 2 N/cm. After grinding with waterproof silicon
carbide paper, the sample is annealed in a H,
atmosphere at 700 'C for 30 min and its orientation
checked by means of a Laue diagram. Finally, the
surface is electropolished in orthophosphoric
acid, ' rinsed in alcohol and quickly transferred
to the vacuum system. Surfaces thus prepared
show a sharp LEED pattern even without annealing.
The silver (111)surfaces, on the other hand, were
grown eyitaxially on mica substrates in another
ultrahigh vacuum chamber and then transferred.
In both cases the sample is annealed together with
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FIG. 2. Angular and

energy distribution of
photoelectrons emitted
from a (111) Cu surface
for two polarizations of the
radiation at (d=6. 2 eV.
The directions of observa-
tion are also indicated.
The symbols i( and l refer
to the vector potential of
the radiation orientated
parallel and perpendicular
to the mirror plane (11')
which is the plane of emis-
sion for 30' and 60'. Each
function is actually the av-
erage of two simultaneous
measurements in the same
plane of emission, but on
either side of the surface
normal. They are normal-
ized to the same maximum
of the perpendicular polar-
ization.

the analyser at about 250'C for several hours.
The experimental results for the angular and

energy distribution of photoelectrons emitted from
a (111)Cu surface for two polarizations of the
radiation with hv= ~=6.2 eV are presented in Fig.
2. The insert shows the orientation of the win-
dows of observation. The 30 and 60' direction
with respect to the surface normal lie in the (1TO)

mirror plane, while the 45' direction is in the

(112) plane which is perpendicular to (110). The
symbols ii and l refer to the electric field vector
of the exciting radiation parallel and perpendicular
to (1TO), respectively. The curves give the kinetic
energy distribution functions N(E) for three direc-
tions of emission and two positions of the polar-
izer. The number of emitted electrons with kinetic
energies between E and E+dE is N(E)dE, as usual.
There is evidently no polarization effect for 30',
while N(E)„and N(E), differ drastically for 45' and

60 .
The functions given in Fig. 2 are actually al-

ready normalized and averaged in a way which we
shall use also in Figs. 4 and 5. We explain this
procedure in reference to Fig. 3 containing the
original experimental curves for Cu(111) at &o = 6. 2

eV. The two spectra shown for each angle of
emission and each polarization belong to directions
to the left and to the right of the surface normal in
the planes specified above, i. e. , (110) for 30' and
60' and (112) for 45'. Since the two 45' directions
lie on either side of the mirror plane (110), the
two functions have to be identical for each polariza-
tion. This is borne out by our measurements with-
in the experimental uncertainty. There is no mir-
ror symmetry for the 30' and 60' pairs. However,

Angle ot Emission
60'30'

Cu(111)
tu =62eV

45'
I

0 05 l.O 0 G5 l.O 0 0.5 l.0
Kinetic Energy (eV)

FIG. 3. Original measurements of the angular and
energy distribution and their dependence on the polariza-
tion for Cu(111), ~=6.2 eV. These curves are averaged
and normalized to produce the functions previously
shown in Fig. 2.

~ as we shall discuss below, E(k) for Cu and Ag
shows an approximate rotational symmetry around
the [111]axis. Since the experimentally observed dif-
ferences are insignificant, we average over the
respective pairs for the different angles of emis-
sion and for the two polarizations in order to in-
crease the signal-to-noise ratio. Furthermore, we
normalize the results to the same value of the
maximum in N(E)„since the variation of the quan-
tum efficiency of the different multipliers which
is about + 30%%uo is of the same order of magnitude as
the variation in the maximum value of N(E), . This
normalization is also advantageous in the analysis
of the experimental data. The normalization and



averaging procedure condenses the ox'lglDRl ex-
perimental data of Fig. 3 to the results presented
ln Flg„2,

The polaxization effects apparent in Figs. 2 and
3 will be used to identify unscattered photoelec-
trons. We therefore plot X(E)„-N(E}, for Cu(ill}
ln Fig, 4q determined Rt three different photon en
ergies Rnd three angles of emlsslon. The cux'ves
Rre norxDalized and RverRged Rs desex'lbed above,
Actually, N(E), -N(E}„is plotted for 45 since II

and J. refer to (110) and not to (112) which is the
plane of emission for 45 . The corresponding re-
sults for Ag(ill) plotted in the same fashion are
shown ln Fig, 5 fox' four dlffex'ent photon enex'gles.
Our analysis wiU center on the curves presented in
Figs, 4 and 5. However, there are other impor-
tant experixnental results, We find no polarization
effect for a polycrystalline Cu film. This confirms
that the intensity of the radiation impinging on the
sample is indeed identical for the two polariza-
tions. More important, we also find X(E}„-X(E)~
=0 for Cu(110) and (001) surfaces at all photon
energies between 4. 8 and 6.2 eg, in spite of the

same surface preparation techniques Rs used fox'

Cu(111). The size of the polarization effect for
Cu(111) depends drastically on the perfection of the

surface, it increases with the annealing time and
decreases to zero after exposuxe of the surface to
atmospheric pressure fox a few hours.

Direct transitions for Cu and Ag occur between
the Sp bands for the spectral region of our experi-
ments. These bands shower some similarity to
nearly-free-electronband8, ln contrast to the more
locabmed 4 levels below the Fermi enexgy Ez
which have tight-binding character. However,

0 Q9 1.8

Kinetic Energy (eV)

FIG. 5, Polax'ization effect for emission from Ag(13.1)
at various photon energies. As in Fig. 4, the difference
in the energy distribution functions for polarization paral-
lel and perpendicular to the plane of emission is plotted.

since the sp bands intexact strongly with the d
bands, any attempt to analyze the data quagtitutive-
$y in terms of nearly-free-electron bands neglect-
ing or including the gap Rt the zone boundaxy fails.
This interaction is apparent in Fig. 6 which shows
the band structure of Cu. ' The transitions of in-
terest occur in the neighborhood of the I.&

—La.
gap. Although the L, eigenvalue is close to near-
ly-free-electron energy shown by the dashed lines,
the corresponding value for I., above I.~. is not,
There is obviously a strong interaction of this 5&

level with the I l level in the d bands below Ez
while thexe is no such interaction for I 3. since a
level, of this symmetry is missing in the d bands.
The asymmetric splitting of the I.j - L,a. gap is not
described by a two-band model, nor is the strong
nonparabolic dependence of the bands starting at

Cu (1'l1)
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FIG. 4. Difference in the angular resolved energy
distribution produced 5y changing the orientation of the
polarizer for photoelectrons emitted from Cu(111) at
various photon energies. Plotted is the difference in the

energy distribution functions measured vnth the polarizer
parallel and perpendicular to the plane of emission, re-
spectively,

FIG. 6. Ban@structure of Cu as calculated by SegaG
and Hurdick (Hef. 11). The dashed curves are the free-
electx'on eigenvalues. The position of the I erM. i energy
E& and of the vrork function C is also given.
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L,, and I.2 .
In spite of the warnings given above, we go ahead

nonetheless to discuss the results expected for
nearly free electrons (NFE), "since they show the

I

proper qualitative trends and since this is the
easiest way to explain our method of analysis.
For the initial state I nk) and the final state In'k)
we write

2

E.(k) = (~+ g)'=-(k+ G)',

I~
E„,(k) = ~'= u'= n.'+ a'„

VG„~nk)=e"""~'" 1+
( -~), (" ~ ~, e""';

The dipole matrix element between these states is proportional to

k —(k+4) [(k+G) —(k+6+6) ][P—(k+6+6 ) ]
(2)

Energy and momentum conversation for the ab-
sorption process requires

hv-=~ =E„,(k) —E„(k)=2k, G —G', k, & —,'G, (3)

which shows that the component k, of k antiparallel
to 6 depends only on the photon energy w. The op-
tical energy surface is thus a plane perpendicular
to the reciprocal-lattice vector G, it is given as
the dashed-dotted line in Fig. 7. Also shown are
the surfaces of constant initial and final energies,
which are spheres with their centers displaced by
G. The vector G corresponds to (2w/a)(-1, —1, —1)
for the low-energy transitions in Cu and Ag. The
crystal surface shown in Fig. 7 perpendicular to
G thus corresponds to a (ill) surface orientation
for which we observe the strong polarization ef-
fects in Cu and Ag. We discuss the momentum
distribution of the photoelectrons in the NFE model
for this special surface orientation only. We also
disregard diffraction at the surface since the dif-
fracted electrons are not allowed to leave the crys-
tal by energy conservation at the low energies
typical for our experiments. Energy conservation
and conservation of the tangential component k, of
k requires for the emission process

E=k, +k)=E; —(EP+@)=
Gz wkq —(EJ„+C')

I

)

Surface y/& FAI 1', &&&&~
~At t

I

I I

I

I

E,{k)=const.

Zo fig
Bounda E„(k)=const.

stricted to the range

Qy ~~E «~(0 4.2

The upper limit corresponds to E„(k)= Ez, it re-
stricts the emission angle 3 with respect to the
surface normal to 3 ~ with

cosa = k2((u)/((o —4 ).
Counting the number of states contributing to
photoelectrons within the range of kinetic energies
dE and the azimuthal range dP for an exciting ra-
diation with spectral width d~ results in

dZ = [2V/(2w) ] (4G) 'd(u dEdg.

or

Ecos 3=k„= z —(Ez+4),p 2 (G +4&)

where E is the kinetic energy of the electron in
vacuum and 4 is the work function. For emission
to occur k„has to be real or k'„» 0. The smallest
photon energy for which emission is possible is
therefore given by

~ „=2G(E~+4)"'-G',

which is tobe compared with ~0=4 for a poly-
crystalline sample. The kinetic energy is re-

FIG. 7. Contours of constant energy for nearly free
e.ectrons, characterizing direct optical transitions. The
subscripts n and n' refer to the initial and final states,
respectively. The reciprocal-lattice vector 6 supplies
the momentum necessary for momentum conservation in
the optical transition. Energy conservation defines the
optical energy contour E„.-E„=~ which is the dash-
dotted line perpendicular to G. The tangential component
k& of the wave vector k is conserved during the emission
of a photoelectron.
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Integrating over p and taking Etl. (6) into a«ount
yields the familiar box structure for the NFE en-
ergy distribution function averaged over RQ di-
rections of em1881on,

For infinitely high angular and spectral xesolu-
tion, the energy distribution for a given direction
of emission mould be a 5 function, according to
Etl. (4). Unfortunately, the intensity would be
zero in this case, which shows that the finite an-
gular and spectral resolution must be taken into
account in analysing the experiments. For this
puxpose, we define R hypothetical NFE Cu by 62

=36 eV, 4 =4. 75 eV, E~=V, 5 eV', and ~ „=6eV
as given by Eq, (5). The NFE energy contours for
these parameters are shown in Fig. 8 close to the
1. point in a plane containing G = (2w/a)(- I,—I,—I).
The depicted region is indicated by the dotted rec-
tangle in Fig. '7„For the initial states, only E„(k)
=Ez is given, mhile the final-state energy ranges
fxom E„„,=K~+4 to 3 eV above Z,~,. Three dif-
ferent photon energies~ l.e. q Optical energv sux'-

faces, are marked by dash-doited lines. For
u=C, the finite tangential component 0, and E=0
requires purely imaginary A„, i.e. , total internal
ref lee t1on 1n 3 ceordanc e with + g (gp

shaded areas are the regions of k space contribut-
ing to eIQission fox' an RngulRx' resolution of k 5
The boundR1'1es Gf these RreRS fox' the avex'Rge Rn-

gle of emission 3=30', 45', and 60' Rre all tan-

0 3
Kinetic Energy (eV)

FIG. 9. Angular resolved energy distribution func-
tions calculated for the hypothetical NFE Cu of Fig. 8 at
various photon energies v. The finite width of the func-
tions is generated mainly by the finite angular resolution
of +7 . The spectral resolution which is represented by
a Gaussian of 0.13-eV full width at half-maximum has
only a rn. inor influence, The dotted rectangle is the box
expected for the NFK energy distribution averaged over
all directions of emission.

Zor)8 BOUAdQQ {K;U;W)

gential to E„,(k) =E, and ~ =. ~ „at the point
where the [ill] axis intersects these surfaces.
The optical surface ~ =6.2 eV cuts through RD
three regions, which means that a finite energy
distribution mill be observed for each 3. For ~
= V. 8 eV, the optical surface runs through the re-
gion 3=60 Gut81de of the Fermi sphere, 1.e. ,
emission mill occur only for 3=30 and 3=45 .

We calculate N~(E) by numerically integrating
the contributions

dZ V=der =(2 )q2
—d(ddp

FIG, 8. Contours of constant energy for nearly free
electror)s in the neighborhood of the Brillouin-zone
boundary. The region of k space depicted here is indi-
cated by the dotted rectangle in Fig. 7. The contour's

are drawn for a hypothetical NFE Cu defined by 6 = 36

eP, 4=4.75 eV, and EI„=7.5 eV. Fr'om the initial
states, only the contour corresponding to the FerDll
sphere is shown, while four contouxs of constant final
energy are given. States within the three shaded areas
will give rise to photoel, ectrons detected under 30', 45',
and 60' to the surface normal, respectively, provided
the surface normal is parallel to G, as indicated in Fig.
7. The finite width of these areas stems from the finite
angular resolution of the electron analyzer, assumed to
be+5' in this case.

as derived from Eq. (8) using the angular resolu-
tion + 7'. For the spectral distribution of the ra-
diation me take a Gaussian with 0.13-eV F'NHM.
The calculated energy distribution function N~ (E)
is plotted in Pig. 9 for six photon energies betmeen
6.2 and V. 8 eV and the three average angles of
emission 3=30', 45, and 60'. The scale for
,(E) is in arbitary u-nits but is the same for all

~ and 3. Also indicated is the box expected for
the energy distribution function of all emitted elec-
trons irx"espective of their direction of emission.
The width of N-, (E) is surprisingly large, it is
caused mainly by the finite angular resolution.
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The width increases with increasing + and 3 until

N~(E) goes to zero as 3 „is reached. An ex-
ample is the truncation of Nsoo(E) for ~ &6.6 eV.

The energy distribution functions of Fig. 9 do
not include the excitation probability which is pro-
portional to ((nk) A ~ ptn'k)), where A is the vec-
tor potential of the radiation. The dipole matrix
element which is given by Eq. (2) for the NFE case
is therefore responsible for the selection rules
determining the dependence of the angular resolved
photoemission on the polarization of the incident
radiation. Vfe discuss this dependence for the
(110) mirror plane as the plane of emission, cor-
responding to our experiments for 3=30' and 60'.
The initial and final states given in Eq. (1) are
both even under reflection at this mirror plane in
this case, since k is restricted to (110)by k con-
servation. This is not strictly true experimentally
because of the finite angular resolution, i.e. , k,
actually has a small component perpendicular to
(110), but we neglect this minor effect in discuss-
ing the polarization dependence. The component
of the momentum operator p perpendicular to (110)
is odd under reflexion while its component in (110)
is unchanged and thus even. The transition is
therefore zero for A perpendicular to (110)but
has a finite value for A in the mirror plane. ' The
same result is obtained from group theory or, e.g. ,
considering the first term and the six terms with
V,» and V,» on the right-hand side of Eq. (2).

I I

+=7.8eV
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fI)

C}
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FIG. 10. Angular resolved NFK energy distribution
function calculated as previously done for the functions
shown in Fig. 9 but including the dependence of the tran-
sition probability on the tangential component k& of the
wave vector.

2

k)(eV) (kt II Dt&3)

FIG. 11. Dependence of the transition probability,
i.e. , the tangential component of the dipole matrix ele-
ment squared, on jp~&, which is the tangential component
of the wave vector squared. This dependence is used to
calculate the angular resolved NFK energy distribution
functions presented in Fig. 10 from those of Fig. 9.

Since there are the three equivalent mirror planes
(110), (011), and (101)intersecting at [111],the
transitionprobability is zero for A perpendicular to
[111]provided k is parallel to this axis and thus com-
mon to all three mirror planes.

The selection rules predict a drastic polariza-
tion dependence of the elastically emitted photo-
electrons: There is no emission into (1TO) for A
perpendicular to this mirror plane. This result
is valid beyond the NFE approximation for all
cases with both the initial and final states even or
odd under reflection at (110). Furthermore, the
transition probability and thus the emission will
drastically depend on 0& for A parallel to [112]
since it vanishes for k, =0. %e include the transi-
tion probability in X~(E) for this orientation of A
by calculating numerically the contributions of the
six terms of Eq. (2) containing V,oo V,». This is
a reasonable approximation since only the pseudo-
potentials Vaoo and Vries tend to be of importance in
NFE fcc metals and since the energy denominators
increase for higher G„, The resulting energy dis-
tribution functions presented in Fig. 10 clearly
show the dependence of the emission on k, . Com-
paring with Fig. 9, the emission at small angles,
i.e. , small k, is seen to be strongly suppressed.
The actual dependence of the transition probability
bility on k, as shown in Fig. ll for (d =6.2 and
'7. 8 eV turns out to be linear at sma11 values of k~„
as expected.

IV. BAND-STRUCTURE ANALYSIS OF THE
EXPERIMENTAL RESULTS

The elastic low-energy photoemission from the
noble metals originates from transitions between
the initial states in the neighborhood of the J.a,
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level just below E~ to final states around L, above
E„„=E~+4.' This is apparent for Cu in which
case the band structure" presented in Fig. 6 is
consistent with the detailed piezooptical experi-
ments in the visible and near ultraviolet region,
again assuming direct transitions to be responsi-
ble for the absorption. " For the (111) surface and
6= 30' and 60' the plane of emission is (110), con-
fining k to this plane as discussed in Sec. III. The
initial and final states have even parity under a re-
flection at this plane, i.e. , the same selection
rules as discussed for the NFE case apply. Com-
paring the experimental results for Cu(ill) (Fig.
4) and Ag(ill) (Fig. 5) with the NFE prediction of
Fig. 10 we first note the correct sign of the ex-
perimental polarization effect. This is, of course,
the most compelling evidence in favor of the three-
step model. The reversal of the sign in the ob-
served polarization effect for 3=45' with (112) as
the plane of emission confirms the agreement.
Although no strict selection rule is valid for this
plane, there is an "approximate" selection rule of
the same nature since it is enclosed by the (01T)
and (101) mirror planes with an angle of enclosure
of only +30'.

The experiments show no polarization effect
whatsoever for Cu (110) and (001) surfaces. This
again agrees exactly with the three-step model
which predicts total internal reflection for these
surfaces at low photon energies, using the band
structure of Fig. 6. This agreement also validates
the assumption that inelastic or incoherent scat-
tering of the excited electrons wipes out the polar-
ization dependence completely since we would ob-
serve a residual polarization effect for Cu (110)
and (001) surfaces otherwise. The increase of the
polarization effect observed for (111)emission with
increased surface cleanliness and perfection, i. e. ,
reduced inelastic or incoherent surface scattering
further supports this assumption. We therefore
identify N„(E) —N, (E) with elastic photoemission
from Cu and Ag (111)surfaces.

Comparing the experimental results for elastic
photoemission from Cu and Ag (ill) surfaces as
presented in Figs. 4 and 5 with the NFE calcula-
tion in Fig. 10, we find the same qualitative trend
but no quantitative agreement. This is the result
which we anticipated at the beginning of Sec. III.
In order to perform a quantitative analysis, we
have to start from the actual E(k) values in the
Brillouin zone, not just along special symmetry
lines as in Fig. 6. Instead of performing a com-
plete band-structure calculation, we use the com-
bined interpolation scheme developed by Saffren,
Ehrenreich, and collaborators, and Mueller' with
the simplification introduced by Smith and
Mattheis. '7 The interpolation scheme is capable
of reproducing E(k) as given by a band-structure

calculation at any point in the Brillouin zone once
the constants contained in it are adjusted to a few
E(k) values at points of high symmetry. Alterna-
tively, the constants may be adjusted to energies
derived from experiments. We actually start with
the parameters used by Smith and Mattheis and
change some of the parameters slightly in order to
optimize the agreement with our measurements,
and, at the same time, with other independent ex-
perimental information, the most important of
which is the neck radius. The Fermi energy is re-
calculated after each change of the constants by
adding to the volume of the average Fermi sphere
with radius kr= 3(k~+2kc) the contribution of the
necks, approximated by truncated cones, correct-
ing for the spherical segments which were counted
twice, and equating the total volume to half the
volume of the Brillouin zone. This procedure is
similar to the one used by Segall, it is quite ac-
curate since the volume inside of the belly with .

radii k~ along [001] and kc along [110]is practical-
ly identical to the volume of the sphere with radius
k~ and since the contribution of the necks to the
total volume inside of the Fermi surface is small.

The best agreement for Cu(111) is presented in
Fig. 12 which gives the contours of constant ener-
gies in the (110) plane in the same fashion as for
NFE case in Fig. 8. Strong deviations from the

1.5

1.0

Cu(110)-P

~L, -L =S.sseVI

L

FIG. 12. Contours of constant energy for Cu in the
neighborhood of the L point, characterizing direct opti-
cal transitions. The plane of the figure is (1TO). The
contours are calculated by means of the combined inter-
polation scheme (see Befs. 16 and 17), adjusting some
of the parameters contained in this scheme to produce
the best fit to the experiments of this paper and to piezo-
optical and de Haas-van Alphen measurements, The
figure should be compared to the corresponding Fig. 8
for the hypothetical NFE Cu. The shaded areas are those
regions of k space which contribute to the signal of the
detectors mounted with respect to the surface normal at
the angles indicated. The boundaries of these regions
are determined by the angular and spectral resolution of
+10' and 0. 13-eV FWHM, respectively.
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TABLE I. Newly adjusted parameters of the combined interpolation
scheme. for Cu.

S (eV) . V2pp (6V) A6 (eV) Z&- r& (eV) C' (eV)

This paper
Smith

12.69
9.99

1.11
1.04.

0.17
0.13

9.30 5.0

~Reference 17.

NFE case are apparent. As an example the optical
energy surfaces E„,(k) = E,(k) = ~ are no longer
planes perpendicular to [111]. There still is ap-
proximate rotational symmetry around the [111]
axis, although small deviations show up for large
k, . To get this fit, we have to change three of the
13 parameters contained in the combined interpo-
lation scheme. We increase the parameter S which
incorporates hybridization and orthogonalization
effects. At the L point, S influences the positions
of the L, levels only. We also have to change the
tight-binding parameter A6 which affects the L,
levels and changes the curvature of the initial
states in a way which increases the agreement with
our measurements. In addition we change the
pseudopotential V~«slightly resulting in an even
better agreement.

According to the calculation, elastic photoelec-
trons are first emitted into the 3=60' window at
about 5. 9 eV, whereas elastic emission occurs for
60' and 45' but not for 30 at (~=6. 2 eV. Both
facts agree with our experimental results. There
is a minor discrepancy for 45 at &=5.9 eV. The
energy contours predict no elastic emission while

Fig. 4 shows some elastic photoelectrons. We
attribute this discrepancy to residual contact po-
tentials within the analyzer. It is reassuring,
however, that the experiment shows the correct
trend in the intensities: The 60' emission is
stronger than the 45 emission at 5. 9 eV, while
these intensities are reversed at 6. 2 eV. Another
point of agreement is the energy location and the
trend in the energy shift of the maximum in the
elastic emission. For example, the maximum of
of the 60' emission shifts to higher energies with

increasing &. Similarly, the maximum shifts to
higher energies with increasing angle of emission
at fixed photon energy as can be seen for ~ = 6.2

eV. No attempt is made to estimate the number
of states contributing to elastic emission for par-
ticular + and 3 from Fig. 12 since the dependence
of the transition probability on 0, drastically in-
fluences N(E) as seen for NFE comparing Figs. 9
and 10. The calculation predicts also no elastic
emission from (110) and (001) surfaces at low en-
ergies since all excited electrons suffer total in-
ternal reflection. This explains the lack of any
polarization effect in our experiments for these
surface orientations.

The constants of the combined interpolation
scheme which we have changed and the correspond-
ing constants used by Smith and Mattheiss' « fit
Burdick's Cu band structure" are listed in Table
I together with the values for E~ and 4. The value
of the work function 4 is derived from the high-
energy cutoff of the different N, (E) curves', it-is
slightly higher than generally reported since we
did not use argon-ion bombardment and thus will
have some residual oxide at the surface which
tends to increase 4. Table II compares the val-
ues of various energy gaps and of the neck radius
as calculated in this paper using the combined in-
terpolation scheme with independent piezooptical"
and de Haas-van Alphen, '~ (dHvA) measurements.
The original values calculated by Burdick~' are
also listed.

We obtain the best fit to the elastic emission
from Ag(111) as given in Fig. 5 with the energy
contours presented in Fig. 13. The contours pre-
dict correctly that elastic emission at ~=4. 9 eV

TABLE II. Calculated and measured neck radius and various energy gaps for Cu.

Neck
radius (x/4a) (eV) Lf L2 (eV) EF —L3 (eV) X4. —Xg (eV)

This paper
dHvA'
Piezo-optic~
Burdick

1.178
1.184

4. 11

4. 15
3.95

4. 98

4.56

2. 13

2.1
2. 10

4.0

4.0
3.97

'The superscript u refers to the upper L3 level in the d bands.
Reference 19.
Reference 15.
Reference 11.
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I"IG. 13. Contours of constant energy for Ag in the
neighborhood of the I point, characterizing direct opti-
cal transitions. The contours are calculated in the same
way as the ones presented in Fig. 12 for Cu.

V. CONn. USloNS

The a.nalysis of Sec. IV hinges on the validity of
the three-step model. In particular, we use the
angular dependence of the dipole matrix element
describing direct transitions and the conservation
of the tangential vector k, which is the reduced
wave vector in the surface plane during emission
to identify photoelectrons elastically emitted from

should occur for 60' but not fox 30', whereas
elastic emission should be observed for 30 above
~= 5. 2 eV. They also contain the observed shift in
the maxima of N-, (E) to higher energies with in-
cr easing photon energy RIld emission angle. Mlnox'
discrepancies are the observed elastic emission
for 45' at ~ =4.9 eV and for 60' at ~ & 5. 8 eV
which should be zero according to the calculated
energy contours. The discrepancies are not seri-
ous, however, since the observed signals for 60'
at co = 5. 8 and 6.2 eV are barely above the noise
and definitely smaller than the correspond1ng
signals for 45' a,nd 30'. Table III contains the ad-
justed parameters of the combined interpolation
scheme together with the Fermi energy and the
work function, while our calculation and the cal-
culation by Christensen a,re compared to indepen-
dent Fermi sux'fRce Rnd optlcRl experiments 1n
Table IV.

(111)surfaces. There are several facts which
support the validity of the model for transitions
between s-p bands, i.e. , in the spectral range be-
low 6, 2 eV: It predicts the observed sign of the
polarization effect for {ill) emission, i.e. , the
dependence on the polarization of the incident ra-
diation, it also explains the lack of elastic emission
from (110) and (001) surfaces, and it leads to a
band structure consistent with the experiments of
this paper as well as with the results of indepen-
dent opt1cal and dHvA measurements.

The consistency of a, model describing photo-
emission with independent optical and transport
investigations is an obvious requirement, and one
of the most serious objections against attempts to
describe photoemission from d band metals in
terms of nondirect transitions' ' is that this con-
cept does not explain the piezooptical results. '
In fact the consistency with the various different
experiments justifies the claim that our set of pa-
rameters for the combined interpolation scheme
results in the most reliable E(k) values available
for Cu and Ag. The uncertainty of +0. 1 eP for
states about 6 eV above the Fermi energy is main-
ly caused by the uncertainty in the determination of
the work function. For a fixed value of the work
function there is virtually only one set of param-
eters for the combined interpola, tion scheme which
produced the consistency mentioned above.

In principle, the momentum distribution probes
the various individua, l transitions directly, although
we have to take the finite angular resolotion into
account. This is the reason for the high spectro-
scopic accuracy of our analysis, since the impor-
tant interaction between the sp and the d states is
particularly strong for the final states around the L,

point which are responsible for the elastic photo-
emission from Cu and Ag (ill) surfaces at low
energies. Thus our measurements probe this in-
teraction directly, while it is particularly difficult
to calculate it from first principles. Another fea-
ture of the momentum distribution is worth men-
tioning. Since its analysis gives the functional
dependence E{k) of the states involved, it supplies
more-detailed information than other optical mea-
sul'ements which chR1Rctex'lst1CRlly supply energy
gaps at critical points in the Brillouin zone. For
example, it is not possible to explain the observed
momentum distribution using a A expansion of

TABLE III. Newly adjusted parameters of the combined interpolation scheme
for Ag.

s (ev) a, (ev) v«, (ev) z, (ev)

This paper
Smith

10.61
12,77

0.50
0.59

1.19
-0.007
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TABLE IV. Calculated and measured neck radius and various energy gaps for Ag.

Neck
radius I., -E~ (eV) I., —I.:.(eV) E~-L3 (eV) X4 -X~(eV)

This paper
dHvA~

Optical
Christensen'

0.857
0.853

3.89

3.85'
3.33

4.18

4.16+d

3.49

3.98

3.99'
3.97

5.56

5.75

'The superscript g refers to the
upper L3 level in the d bands.

"Reference 20.

'Reference 21.
"Reference 22.
'Reference 23.

E(k) around the I. point while such an effective mas
mass expansion will still produce the singularity
in the joint density of states at =L, —L, , ob-
served piezooptically. The structure observed in
the thermomodulated spectra ' is another case in
point. In fact, the effective mass expansion used
to fit these spectra fails to predict the strong 45'
emission which we observe at ~=5.8 and 6.2 eP
for Ag(111), i.e. , for emission originating from
states with 0, about twice the neck radius.

Any photoemission experiments is likely to pro-
duce a sizeable fraction of scattered photoelectrons
in addition to the elastic emission. The situation
is quite similar to the LEED case where the elas-
tically reflected electrons are routinely filtered
out electrostatically. In fact the Laue spots of the
LEED pattern are an example for our definition of
elastic reflection or emission, i. e. , coherent
scattering at the periodic potential in the volume
or at the surface. We found the ratio of elastic
emission to the emission of incoherently scattered
electrons to increase drastically with increasing
surface perfection. Thus a large fraction of the
scattering occurs at irregularities of the surface.
Since our analysis is based on the truly elastic,
photoemission only, it is not influenced by inco-
herent scattering, provided these scattering pro-
cesses average out any dependence on the polar-
ization of the radiation at normal incidence. This
is indeed the case, as evidenced by the lack of any
polarization effect for emission from (110) and
(001) Cu surfaces in the spectral range below 6. 2
eV. The three-step model predicts no elastic
emission in these cases, and the scattered elec-
trons which are emitted no longer show a polar-
ization anisotropy.

Some of the incoherent scattering processes will
change mainly the momentum of the excited elec-
trons, with little or no change in energy. While
these quasielastically emitted electrons do not
contribute to the polarization-dependent momentum
distribution, they cannot be separated from the
truly elastic emission in the conventional angular ~

integrated energy distribution functions. This is
another advantage of the measurements presented
here compared to conventional photoemission.

The three-step model does not contain the in-
fluence of the surface on the electronic states,
i.e. , it describes the excitation as transitions be-
tween Bloch states. The consistency of our mea-
surements with independent optical and dHvA re-
sults shows that this influence is not important nu-
merically in the low-energy spectral region. Such
an influence might be more pronounced at higher
energies where the escape depth of the photoelec-
trons is smaller, Similarly, many-body effects
as proposed by Doniach ' require excitation from
flat bands, their importance can thus be tested
only at higher photon energies for which excitations
from d bands contribute to the photoemission from
Cu and Ag. As another consequence of the present
investigation, more sophisticated theories of the
photoemission process must recover the predic-
tions of the three-step model at least for the low-
energy spectral region.
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