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To and Tyyin in the pure metals, which seems to be lost
in the alloy K-Na. However, in contrast to the situa-
tion in the noble metals where Twmix for the alloys was
always approximately equal to Tmia in the host, we see
that Twin in K-Na is quite different (greater by a
factor of 2) from Tyin in pure K. This coupled with the
fact that in the K-Rb alloy, where we feel that the
impurity scattering is quite isotropic, the temperature
variation of #* is almost a continuation below Tin of
the situation in pure K weighs favorably towards the
residual impurity scattering being the explanation of
the minimum in #* in these metals.

V. CONCLUSION

The measurements of the Hall coefficients of the
three alkali metals, Li, Na, and K, yield values of #*
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at room temperature, very close to unity, as expected
from the free-electron model. At lower temperatures,
#* falls slightly below unity and it was proposed that
in K and Na the reason for this behavior is the aniso-
tropic phonon spectrum. In Li in its bcc phase, #*
varies more severely, which is consistent with this
metal having the most distorted Fermi surface. The
variation of #* in the two alloys was shown to be con-
sistent with the p state being highest at the zone
boundary in potassium. In the three pure metals (Li
in its hexagonal phase) a minimum in #* was observed
at low temperatures. Two possible explanations were
offered for this effect, and although we felt that it was
impossible to decide absolutely on the origin, the argu-
ments we presented seem to favor residual impurity
scattering as the explanation.
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New photoelectric energy-distribution and quantum-yield measurements have been made on carefully
prepared clean Cu films in the range of photon energies 4.8-11.6 eV. The energy-distribution curves (EDC’s)
are found to be rich in structure. They give no evidence that conservation of k, provides an important
optical selection rule; rather, it appears that the model of nondirect transition suffices to explain the data.
[In this model only conservation of energy and the productjof the initial and final optical densities of
states (ODS) are important in determining the optical transition probability.]§By;combining our new
results with those obtained earlier by Berglund and Spicer from cesiated Cu, an ODS has been constructed
for copper over a range of ~20 eV. Four peaks or shoulders are found in the ODS for the d states, which
correlate well in position with structure in the density of states calculated by Mueller and by Snow. These
peaks or shoulders are located approximately 2.3, 2.9, 3.7, and 4.5 eV below the Fermi surface. Comparison
is also made between the ODS and information on the density of states obtained by x-ray and ion-neutraliza-
tion studies. Using the ODS, a large number of EDC’s are calculated and found to agree well with experi-
ment. In addition, reasonable agreement is found with experiment when the ODS is used to calculate the
quantum yield, the electron-electron scattering length, and the imaginary part of the dielectric constant.

15 SEPTEMBER 1969

I. INTRODUCTION

EW photoemission measurements on clean Cu
have been made in the range of photon energies
4.8-11.6 eV. By combining these new results with the
earlier results of Berglund and Spicer!? on cesiated Cu,

* Work supported by The National Aeronautics and Space
Administration, the National Science Foundation, and the Ad-
vanced Research Projects Agency through the Center for Ma-
terials Research at Stanford University.

t Based largely on a thesis submitted by W. F. Krolikowski to

we have constructed an optical density of states (ODS)
for Cu that is consistent with the calculated band struc-
ture, the optical constant e, the electron-electron scat-
tering length, the quantum yield, and the photoelectric
energy-distribution curves (EDC’s).

Stanford University in partial fulfillment of the requirements for
the Ph.D. degree.
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This work differs from the previous photoemission
study of Cu by Berglund and Spicer!? in two important
features. The previous experimental work was done on
cesium-treated Cu; the present work is done on clean
Cu without cesium. In the prior work on Cu, a method
of analysis was developed in terms of “nondirect” tran-
sitions'~5; however, because all calculations were done
by hand, it was not possible to calculate the EDC’s for
all values of photon energy. In the present work, using
the nondirect model, machine calculations were used to
produce EDC’s for all values of /v for clean as well as
cesiated Cu. In addition, EDC’s were calculated to
compare with the recent results of Vehse and Arakawas
at values of photon energy higher than those used in
Berglund and Spicer? or in the present experimental
work. As in the earlier study, calculations have also been
made on the absolute value of quantum yield and rela-
tive values for the imaginary part of the dielectric con-
stant e; and the electron-electron scattering length.
Thus, there are a large number of calculated results
which can be compared with experiment. Such a de-
tailed comparison with experiment is warranted in view
of the most surprising and controversial feature of the
earlier work on Cu and certain other materials.>~® This
was the discovery that, for transitions from the ¢ band,
conservation of crystal momentum k does not provide
an important optical selection rule. This is in contrast
to the situation for transitions from the s- and p-derived
bands in Cu where a transition was observed? in which
conservation of k did provide an important optical
selection rule, i.e., the optical transition was direct. The
lack of importance of k conservation for the d transi-
tions is also in contrast to the situation in such crystal-
line materials as Ge and GaAs, where detailed photo-
emission studies show that the strong optical transitions
are direct.’

A principal object of the work reported is to test the
“nondirect-transition constant-matrix-element” model
developed by Spicer!® and Berglund and Spicer!+? even
further. In this model it is assumed that k conservation
does not provide an important optical selection rule,
and that the matrix elements are independent of the
initial state from which an electron is excited (this will
be outlined in more detail in Sec. IIT).

II. EXPERIMENTAL METHODS

Photoelectric yield and energy-distribution measure-
ments have been made at photon energies up to 11.6 eV

3 W. E. Spicer, Phys. Rev. 154, 384 (1967).

4 W. E. Spicer, in A Survey of Phenomena in Ionized Gases,
Invited Papers (International Atomic Energy Agency, Vienna,
1968), pp. 271-290.

5 W. E. Spicer, in Optical Properties of Solids, edited by F. Abelés
(North-Holland Publishing Co., Amsterdam, to be published).

6R. C. Vehse and E. T. Arakawa, Oak Ridge National Labora-
tory Report No. ORNL-TM-2240, 1968 (unpublished).

7D. E. Eastman and W. F. Krolikowski, Phys. Rev. Letters 21,
623 (1968).

8D. E. Eastman, J. Appl. Phys. 40, 1387 (1969).

*W. E. Spicer and R. C. Eden, in Proceedings of the Ninth
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on Cu films evaporated and tested iz sifu at a pressure
of about 2X10~° Torr. The specimens were evaporated
and tested in a continuously pumped oil-free metal and
glass chamber, which was evacuated by a combination
of sputter-ion, titanium-sublimation, and cryogenic-
pumping techniques. The light source was a McPherson
model 225 vacuum ultraviolet monochromator; light
was admitted into the photoemission chamber through
a cleaved Harshaw LiF window, which had a high-
energy cutoff of ~11.6 eV. The experimental photo-
diode used to measure the EDC’s and the quantum
yield was located inside the photoemission chamber.
The uv light entered the photodiode after passing
through the LiF window that was sealed to the walls of
the photoemission chamber. The photodiode was of the
simple (easy to manufacture), cylindrical type described
earlier by Apker et al.!' and Spicer.’? Although the
cylindrical geometry is quite different from the ideal
geometry of a very small emitter in a very large spheri-
cal collector with a small light hole, little difference has
been found to date in the EDC’s obtained from either
geometry. The resolution in the EDC’s is 0.1—0.2 eV.

The possible effect of contamination has been essen-
tially eliminated since, at the low pressures used during
the experiments, several EDC’s could be measured on
a freshly prepared film before a monolayer of gas could
form on the surface. The EDC’s taken within minutes
after evaporation had slightly sharper features than the
EDC’s taken on the same film hours or days later. How-
ever, the difference in structure between a fresh film and
an old film was on the order of 19, a negligible amount
of deterioration. The Cu films were, typically, several
thousand angstroms thick, and were evaporated inside
the collector can onto a highly polished Cu, Ag, or Au
substrate. The EDC’s were found to be independent of
the substrate material. High-purity Cu films were
evaporated from well-outgassed beads which had been
preformed on Mo filaments. Inferior EDC’s (with less
pronounced structure) were obtained if the entire copper
bead was evaporated; thus, care was taken to stop the
evaporation while some Cu still covered the Mo wire.
Typically, several thousand angstroms of Cu were
evaporated in about 30 sec; the maximum pressure dur-
ing evaporation was always less than 5X10~° Torr. The
inside of the collector can was coated with copper during
the emitter evaporation, thereby eliminating the possi-
bility of regions of oxide on the surface of the collector
giving work-function variations. After the evaporation
the Cu bead was withdrawn from inside the collector
can by mechanical motions inside the high-vacuum
chamber.

The EDC’s were measured directly using an ac modu-
lation technique similar in principle to that described
International Conference on Semiconductors, Moscow (Nauka,
Leningrad, 1968), p. 65.

10 W, E. Spicer, Phys. Rev. Letters 11, 243 (1963).

1. Apker, E. A. Taft, and J. Dickey, J. Opt. Soc. Am. 43, 78

(1953).
12 W. E. Spicer, J. Phys. Chem. Solids 22, 365 (1961).
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earlier by Spicer and Berglund.?® The absolute quan-
tum yield was obtained at a given photon energy by
comparing the photocurrent from the Cu specimen to
the photocurrent from a Cs;Sb tube (calibrated by
Koyama of the Stanford University laboratory) which
could be moved in and out of the incident light beam.
In obtaining the quantum yield per absorbed photon,
account was taken of the transmission of the LiF win-
dow of the experimental chamber as well as of the Cu
reflectivity.’® The transmission of the LiF window could
be measured before and after each experiment. A more
detailed description of the experimental apparatus
and the measurement techniques has been presented
elsewhere.1®

III. MODEL FOR PHOTOEMISSION AND
IMAGINARY PART OF DIELECTRIC
CONSTANT

In this section we derive a mathematical model de-
scribing the photoemission process for a material with
a free-electron-like conduction band and a semiclassical
threshold function. The model is based upon the non-
direct transitions.'=® The method of analysis will proceed
as follows: We calculate (a) the probability of exciting
an electron at a depth «x from the surface,’ (b) the proba-
bility that the electron will then be excited to an energy
E in the conduction band, and (c) the probability that
the electron excited to energy E will then travel to the
surface without suffering an inelastic electron-electron
scattering event, and escape into vacuum. The result of
this analysis will yield the photoelectric energy dis-
tributions and the photoelectric yield for nonscattered
electrons in terms of the density of states, the elec-
tron-electron scattering length, and other physical
parameters.

Let us begin by assuming that a monochromatic beam
of photon energy /v is normally incident upon a semi-
infinite solid or liquid surface in the x direction of a rec-
tangular coordinate system. Some of the light will be
reflected, and some will be absorbed within the material.
We assume that the total energy of a single photon is
given to a single electron. If x is the distance from the
surface, the spatial distribution of excited electrons is
given by

G(x,hw)=I'(fw)[1—R(w) Ja(hw)e— )= | (1)

where R(hv) is the reflection coefficient at normal inci-
dence and 7¢ is the incident photon flux. G(x,k») is a
generation rate, giving the number of electrons gener-

( ; X;’ E. Spicer and C. N. Berglund, Rev. Sci. Instr. 35, 1665
1964).

14 H. Enrenreich and H. R. Philipp, Phys. Rev. 128, 1622 (1962).

1 W. Krolikowski, Ph.D. thesis, Stanford University, 1967
(unpublished); Stanford Electronics Laboratories Report No.
T.R. 5281-1, SEL-67-039 (unpublished). Copies may be obtained
by writing University Microfilms Library Services, Xerox Corp.,
Ann Arbor, Mich. 48106, and asking for Document No. 65-11813.
Xerox copy costs $16.65 and microfilm costs $4.75 (plus handling
and postage).
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ated in the incident between x and x+-dx per unit area
per unit time. The electrons represented by G(x,/4») are
excited from filled states in the valence band to empty
states in the conduction band. According to the model
of nondirect transitions with constant matrix elements,
the probability P of excitation of an electron to energy
E from energy E—hv is given by

P(E,w)dE=MN(E)N y(E—h)dE, 2)

where M is a constant, Ny is the valence-band ODS,
and N¢ is the conduction-band ODS. Equation (2)
represents an important fundamental assumption in the
analysis, in that it states that the transition probability
is dependent only upon the optical density of valence
states at energy E—#Av and the optical density of con-
duction states at energy FE, and is not dependent upon
the wave vector k. A possible difference between the
ODS and the actual density of states is perhaps now
apparent. If there is a constant matrix element enhanc-
ing the transition from initial states at energy E to all
final states in the energy range of the measurement, the
valence ODS at E will appear to be greater than the
actual density of states. A similar enhancement (or re-
duction) is possible for the final ODS. For the purpose of
this analysis, it will be sufficient to assume that all states
below the Fermi level are filled, and that all states above
the Fermi level are empty. Normalizing P(E/w) to
unity, we find

P(E,;w)=Nc(E)Nv(E—hy) /

Epthy
/ NA(E)Nv(E—mw)dE, (3)

Ep

where Ep is the Fermi level. Combining Egs. (2) and
(3), the generation rate of electrons excited to energy E
at depth x is

G(E,x,hw)
=I'(fw)[1—R(hv) Ja(lw)e =N (E)Nv(E—hv) /

Ep+hv
/ Ne(E)YNv(E—hv). (4)

EF

In the discussion to follow, we shall assume that the
conduction band Cu can be approximated by a single
spherical conduction band and that the velocity of an
excited electron is that associated with this spherical
conduction band. This approximation is consistent with
the energy-band diagram shown in Fig. 1, which indi-
cates that the conduction bands of Cu are largely free-
electron-like well above the Fermi level. Structure has
been found in the ODS ~2.0 ¢V above the Fermi sur-
face; however, as a first approximation we shall use the
spherical band to determine the group velocity of the
electrons in this energy range. The hot electrons origi-
nating at the point 7o(x0,0,20) [see Fig. 2(a)] will travel
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in all directions with equal probability, and will have
a group velocity v,(E) appropriate to a free-electron
band:

[vo(E)| = (2/m)'*(E—Ep)'?, ©®)

where m denotes the electron mass and Ep denotes the
energy of the bottom of the free-electron-like conduc-
tion band.

Let us now calculate the number of electrons that
will travel to the surface without suffering an inelastic
electron-electron collision, overcome the potential
barrier W= Ey—Ep, and escape into the vacuum. In
this step, we use the well-known semiclassical escape-
cone analysis!'16:77 [see Figs. 2(b) and 3], by which an
electron can escape if it arrives at the surface with a
normal velocity that satisfies the condition

(1/2m)(vy)*> W= Evy—Eg, (6)

where Ey is the energy at the vacuum level. The frac-
tion of electrons excited to energy E that satisfies this
condition is given by the velocity cone of Fig. 3, which
shows that all electrons in the solid angle

Go=cos"Y(W/E)!?, E>W (N

are candidates for escape into vacuum. However, some
of these electrons will suffer inelastic electron-electron
collisions on the way to the surface. For much of the
present analysis, we shall consider only those electrons
that reach the surface without encountering such a
scattering event. In addition, we shall neglect electron-
phonon-scattering, which we find to be negligible in Cu
compared to electron-electron scattering for hot elec-
trons more than a few eV above the Fermi level.

ELECTRONS THAT HAVE
ESCAPED INTO VACUUM

(a)

O\ AREA= (27xsin6)(xd8)

(b)

Fic. 1. (a) Photoemission escape process. The direction of an
arrow represents the direction of the velocity, and the tip of the
arrow indicates where the electron scatters with another electron.
The dashed line shows the velocity cone. Electrons in the velocity
cone can escape from the solid if they do not scatter before reach-
ing the surface. (b) Geometry used in calculating the escape
probability.

16 R. H. Fowler, Phys. Rev. 38, 45 (1931).
17 L. A. DuBridge, Phys. Rev. 39, 108 (1932).
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An electron starting at point ro(xo,¥0,%0) and traveling
at an angle 6 with respect to the « axis must travel a dis-
tance |r—r,| before reaching the surface, where

[r—ro| =x/cosh,

@)

as seen from Fig. 1(b). The probability Q that an elec-
tron does not scatter before reaching the surface is given
by

Q: g~ Ir—r0l /L(E) = g—x/L(E) cosf , (9)
where L(E) is the electron-electron scattering length.
The fraction of electrons in the solid angle between 6 and
6-+d6is determined from Fig. 1 tobe § sind d6. Thus, the
fraction of electrons from (x,90,20) that can escape is

(vg)z

(Vg)x = (vglnormaL

o

(vg); =/2m(EgrP) =¥2ZmW

F16. 3. Velocity cone used in the calculation of the semiclassical
escape function. The surface of the material is in the positive «
direction.
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given by F(E,x ),where
fraction of electrons
F(E,x)= |at E and «x that

escape without scattering
6o

=j £ sinf g=#/L(E) st (10)
0

=0

Since the generation rate at depth « and energy E is
G(E,x,lw), the total number of nonscattered electrons
that escape is given by 9U'(E,x,hv), where

W (E,x,hw) = G(E,x,lw)F(E,x). (11)

Summing contributions from all possible values of «,
we obtain

N (E, ) = f N (E,x,h)dx
=0

= / ) G(E,x,w)F(E,x) dx, (12)

where 9 (E,hwv) is the number of electrons photoemitted
at energy E due to the incident photon flux Ii(hw).
Normalizing to the absorbed photon flux Io=TI%(/v)
X[1—R(w)],

I (E,w) W (E,hv)
NW(E,w)= =

 Ii(w)[1—R(w)]’
where 9U(E,hv), the EDC, is the number of electrons
photoemitted at energy E per absorbed photon per eV.

Combining Egs. (4), (10), (12), and (13), we find that
N(E,hv) is given by

(13)

fR(E,hv) = %Ol(hV)<x\Tc(E)Nv(E —hy) /

EfF+E
/ NC(E)NV(E-—hy)dE>

E
0 )
X/ dx/ sinB 6—[a(hv)+l/L(E) cosflx de. (14)
z=0 0=0

By making the substitution 8= cosf, and changing the
order of integration, we find that Eq. (14) becomes

SU(E, ) =%a(hv)<Ng(E)NV(E—hu) /

Ep+hv
/ NC(E)NV(E—hy)dE>

Er

1 0
X/ (f e—[a(hv)+llL(E)l3]:c dx)dﬁ (15)
cosfo z=0
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The integrals are easily evaluated; we obtain

I(E, )

1 1 a(w)L(E)+1
=—<(1 —cosf) — In )
2 a(fw)L(E) o(hw)L(E) cosf+1
EF+hy
XN(E)Ny(E—hv) // Ne(E)Nv(E—hv)dE.
Efp
(16)

Equation (16) is actually the final objective of this
derivation, but the expression can be factored into the
more understandable form

OU(E, ) = CLa(lw) L(E), Tr(E) 1T +(E)

a()L(E)
i BN E=) /

E+hy
/ No(E)Ny(E—m)dE, (17)
Ep

where
Tr(E)=2%(1—cosby) (18)
is the semiclassical threshold function and
CLa(w)L(E),T#(E)]
al+1 al+1 al+1
= — In . (19)
ol 2(Tr)(al)? ol+1—2alTF

The factor Tr(E)Xa(w)L(E)/[a(hv)L(E)41] in Eq.
(17) is just what would be obtained if all the electrons in
the velocity core had velocities directed normal to the
surface. The correction factor C of Eq. (19) gives the
adjustment that must be made when the angular dis-
tribution of electrons is taken into account. For any
values of aL and T'r, the correction factor C can vary!®
only between 0.5 and 1.0.

The quantum yield ¥ (%) is the area under the EDC,
and is given by

Y () = / " N(Ew)E, (20)

where Y (/) is given in units of electrons photoemitted
per absorbed photon.

From the above analysis, we see that the absolute
quantum yield and the EDC’s for primary photoelec-
trons can be expressed in terms of the ODS, a(hw),
L(E), and a Tp(E) appropriate to a spherical conduc-
tion band.

In the interpretation and analysis of the experimental
photoemission data, we shall find it necessary to know
the value of L(E). Since no experimental values of L(E)

are presently available, we shall calculate L(E) from

18 For a plot of the correction factor C, and for an alternative
derivation of Eq. (17), see Refs. 1 and 15.
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the ODS, using the relationship

LE=K|o®)| [ f d(ED)

Ep

(E—E0)[2
Nv(E?®)

Ep—E;°

XN(E—AE)Nv(ESHAE)I(AE), (21)
where K is an arbitrary constant and E; is the energy
of the state from which the valence electrons are ex-
cited. Equation (21) has been derived earlier by
Berglund and Spicer! and is based upon the simplifying
assumption that the collision probability of a hot elec-
tron with a valence electron is determined solely by the
number of valence electrons, the number of empty
states in the conduction band, and conservation of en-
ergy. Note in Eq. (21) that, aside from the scale factor
K, the value of L(E) is determined solely by the ODS
and the velocity of the hot electron.

In addition to being related to L(E), the ODS is re-
lated to e (the “interband” or non-Drude contribu-
tion to the imaginary part of the dielectric constant) by
the relationship?

A E p+hy
ens(lw) =— ] Ne(E)Ny(E—mw)dE, (22)

v JEp

where the factor 4 includes the square of the matrix
element M.

IV. PROCEDURE FOR OBTAINING OPTICAL
DENSITY OF STATES FROM PHOTO-
EMISSION AND OPTICAL DATA

From Egs. (17), (20), and (21), we see that the ODS
and the threshold function can be expressed in terms of
the EDC’s, the quantum yield, and the electron-
electron scattering length, all of which are experimental
observables. In addition, Eq. (22) relates the ODS to the
shape of €53, which is also an observable. In the analysis
of our photoemission data, we have attempted to find
an ODS that is quantitatively self-consistent with Egs.
(17) and (20)-(22). In doing so, the scale factor K in
Eq. (21) must be determined. This is done in the present
work by using the measured value of quantum yield at
one photon energy. In addition, the bottom of the free-
electron conduction band that determines the envelope
of the conduction-band density of states must be
located. This sets the threshold function 7#(E) and the
hot electron velocity v,(E). In applying Eq. (17), we
have used published'* experimental values for the ab-
sorption coefficient a(/w).

By use of the analysis and relationships described
above, we have found an ODS for Cu that appears,
within experimental error and within the accuracy of the
analysis, to be remarkably self-consistent with the ex-
perimental observables in Egs. (17) and (20)-(22). In
Ref. 15 it is shown that if the L(E) given by Eq. (21) is
specified by even a single experimental point, then the

OF NOBLE METALS. I. Cu 887
self-consistent set [Ny (E),N¢(E),T#(E)] is unique. In
the case of Cu, however, no experimental data are avail-
able for L(E); consequently, we have in our calculations
obtained L(E) at one energy using the experimental
value of yield and Eq. (20). We will discuss L(E) in
detail in Sec. VI.

The following process was used to obtain a self-
consistent ODS:

(a) The energy locations of peaks in the valence
bands were deduced from peaks in the experimental
EDC’s that behave in the manner of nondirect transi-
tions, and the locations of peaks in the conduction band
were deduced from stationary peaks in the EDC’s. The
one peak in the experimental EDC’s that showed a
definite direct-transition nature? was ignored in the
nondirect analysis.

(b) Asafirst approximation, the shape of the valence-
band density of states was chosen to be very similar to
the shape of the experimental EDC’s at energies a few
eV above threshold. Since the escape probability is al-
most constant in this energy region, the EDC’s should
closely approximate the escape probability. Relatively
minor adjustments of peak heights were then made for
best agreement with all observables.

(c) The shape of the conduction band was determined
by arbitrarily adjusting the location of the bottom of the
free-electron band and superimposing conduction-band
structure upon this free-electron envelope. The relative
peak heights of the conduction-band structure were
chosen to obtain the best over-all agreement with experi-
mental observables.

(d) L(E) was normalized at ~8 eV to give good
agreement with the experimental EDC’s and quantum
yield as outlined above.

(e) The scale factor 4 of Eq. (22) was chosen so as to
compare the shape of the calculated e, with the ex-
perimental ezp.

Having obtained a first approximation to the ODS
and a normalization point for L(E), Egs. (17) and (20)-
(22) were evaluated for many different photon energies
with the use of the Burroughs B5500 computer, and the
results were compared with experiment. The ODS as
well as the adjustable parameters were then modified
in an attempt to improve the agreement between theory
and experiment. Finally, the cycle was repeated. In
practice, only a small number of iterations was neces-
sary before self-consistency was achieved and the
change in parameters from that chosen originally was
found to be small.

V. OPTICAL DENSITY OF STATES OF COPPER

In the last two sections we described how an ODS
could be obtained which would be consistent with all of
the available experimental data. In this section we shall
present and discuss the ODS derived for Cu. In Sec.
VI we will present the experimental data and compare
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them to the results calculated on the basis of the ODS
and the nondirect model presented in Sec. IV.

The ODS that has been deduced from experimental
photoemission and optical data is shown in Fig. 4. In
the valence band the locations of the peaks labeled
5-8 have been obtained from our new photoemission
data on clean Cu, and the location of peaks 4, 9, and 9’
have been obtained from earlier data® on cesiated Cu.
The location of peaks 4-8 is probably accurate to within
=+0.1 eV, and the location of peak 9’ is probably accurate
to within about 0.3 eV. On the basis of our original
calculations (which consider only primary electrons)
the location and strength of peak 9 was chosen to give
agreement with the cesiated Cu data. However, the
lower portions of the cesiated EDC’s for photon en-
ergies greater than about 8 eV are almost completely
dominated by secondary (scattered) electrons, so that
the location and strength of peak 9 could not be well
ascertained by the present analysis. Fortunately,
Eastman'® has very recently analyzed the photoemis-
sion data by including in his analysis scattered (second-
ary) electrons in the manner of Berglund and Spicer?;
he finds that our peak 9 does not result in complete
EDC’s (primary plus secondary electrons) which agree
well at high photon energies with experimental EDC’s
for cesiated Cu. However, using Eastman’s calculations,
we find that if peak 9 is displaced and slightly reshaped,
the resulting peak 9’ is in excellent agreement with the
cesiated copper EDC’s; consequently, we feel that peak
9" and ODS B is more correct than peak 9 and ODS 4.
However, because the difference between ODS A and
ODS B is so slight, the use of ODS B gives essentially
the same results as the use of ODS 4, except in the de-
tailed shapes of high photon energy EDC’s. Therefore,
we have revised our calculations only where there is
a significant effect, and most of the calculations pre-
sented in this paper are based upon ODS 4.

In the conduction band, the bottom of the free-
electron-like conduction band is located at the Fermi
level, and envelope 1 of the conduction band has a v/E

19 D. Eastman (private communication).

energy dependence. The large sharp peak 2 is taken
from the cesiated Cu data of Berglund and Spicer.? In
their data, this peak is clearly seen at an energy only a
few tenths of 1 eV above the vacuum level. Since only
a very strong peak is likely to be seen so near the
vacuum level (1.6 eV in cesiated Cu), the strength
attributed to peak 2 seems justified. In the analysis
used to determine the ODS, the magnitude of the entire
conduction-band density of states can be scaled by the
same arbitrary constant without affecting any of the
results. In Fig. 4 the conduction-band density of states
is scaled to match the valence-band density of states at
the Fermi level.

The vacuum level of 4.5 eV shown in Fig. 4 is the
vacuum level appropriate to our data on clean Cu. This
vacuum level was found to vary by several tenths of 1
eV from sample to sample, but with no effect on the
structure in the experimental EDC’s. This variation in
vacuum level may be due to different crystal faces being
exposed in different evaporated films.

With regard to the conduction-band density of
states, the greatest uncertainty lies in the region be-
tween the Fermi level and ~1.6 eV above the Fermi
level, since this region cannot be directly investigated by
photoemission. Here we depend principally on a fit with
€s. (This will be discussed in more detail in Sec. VIIL.)
In addition, it is difficult to determine the detailed
nature of the valence band for energies lower than ~8
eV below the Fermi level, but the conclusion can be
made that Ny(E) is quite small in this energy range.
The over-all uncertainty in the shape of the valence
band (with peak 9’), ANy(E), is crudely estimated to be

ANy(E)=(|E|/20)Nv(E) for E<0eV, (23)

where the zero of energy is taken at the Fermi level.
Consequently, if Ny(E) is pegged at the Fermi level,
then the relative uncertainty in the height of peak 9’
is, roughly, 433%,.

Another uncertainty in Fig. 4 is the location of the
bottom of the free-electron band; it was found that by
moving the bottom of the free-electron band by as
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much as =1 eV about the Fermi level, and by making
appropriate small adjustments in other parameters,
nearly as good a fit with the experimental data could be
achieved. However, excursions of more than about 41
eV resulted in poorer over-all fits with the experimental
observables, owing mainly to the fact that near thresh-
old the shape of the threshold function 7T'#(E) is quite
sensitive to the location of the bottom of the free-
electron band [as can be seen from Eq. (18)].

Note that in the region between —2 and —6 eV below
the Fermi level, Ny(E) is significantly different from
the earlier density of states shown in Fig. 16 of Ref. 2.
We believe that our present improved result is a direct
consequence of the extreme care that we have taken
with regard to vacuum conditions and to the elimina-
tion of any possible surface contamination during the
preparation and testing of the copper films. It is also
recognized that the cesium monolayer used by Berglund
and Spicer? may have affected their ODS.

VI. ELECTRON-ELECTRON SCATTERING
LENGTH AND EFFECTIVE THRESHOLD
FUNCTION

The electron-electron scattering length calculated
from Eq. (21) using density of states 4 of Fig. 4 is
plotted in Fig. 5. Here L(E) has been taken as 22 A at
8.6 eV above the Fermi level to give the best agreement
between the calculated and measured quantum yields.
This L(E) is virtually indistinguishable from the L(E)
that would be calculated from ODS B, owing to the
smoothing nature of Eq. (21).

One would like to compare the L(E) determined here
with that determined in a different experiment. Since
appropriate data are not available for Cu, we will make
the comparison with Au. Because of the smoothing
nature of Eq. (21), the shape of L(E) is insensitive to all
but the most gross features of the density of states.
Since the gold and copper d states lie at almost the same
depth below the Fermi level, and since other features
such as the s, p, and d configurations are similar for
these two noble metals, one might expect the Cu and
Au ODS—and thus L(E)—to be grossly similar. We
have studied gold and found this to be the case.!®20 In
Fig. 5 we include the experimental points of Kanter?!
for Au. As can be seen, agreement both for shape and
magnitude is good. Reasonable agreement has also been
obtained between our L(E) and Kanter’s L(E) for Au.
This good agreement gives added confidence in the
analysis of our data and in the assumptions which have
gone into the analysis. The theoretical work of Kane*
on electron-electron scattering gives added support to
the assumptions used in calculating L(E).

At energies greater than ~10 €V above the Fermi
level, L(E) is less than 20 A, indicating that at these

20 W, F. Krolikowski and W. E. Spicer (unpublished).
21 H, Kanter (unpublished).
22 E. O. Kane, Phys. Rev. 163, 1544 (1967).
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high energies the bulk of the photoemitted electrons
come from within a few atomic layers of the surface.
However, the experimental EDC’s from clean Cu do
not seem to show any drastic anomalies at high photon
energies, indicating that electrons originating from very
near the surface still exhibit bulk properties. However,
the broadening observed at high energy may be due to
some smearing of the electronic structure near the sur-
face. As seen from Eq. (17), the probability of escape is
not determined solely by the free-electron threshold
function 7T r(E), but by the effective threshold function
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F16. 6. Comparison of semiclassical threshold T'r(E) to effective
threshold function Tr(E) for copper. Tr(E) was obtained by
taking into account the electron-electron scattering length of
Fig. 5.
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T r(E), which is affected by L(E). Once L(E) is avail-
able, T p(E) can be calculated. In Fig. 6 we have plotted
the T'»(E) for clean Cu that applies in the range of pho-
ton energies 7.7-11.6 eV, and compared the shape of
Tr(E) with Tr(E). As will be seen in Fig. 15, T'r(E) is
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nearly constant in the range ~6.5-11.6 eV above the
Fermi level, thus enhancing the resemblance between
the EDC’s and the valence-band density of states, since
above 6.5 eV there is no structure in the conduction-
band density of states.
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VII. CALCULATED AND MEASURED ENERGY-
DISTRIBUTION AND YIELD CURVES

A. Photoemission from Clean Copper

In Fig. 7 typical experimental EDC’s from our mea-
surements on clean Cu are compared with calculated
EDC’s over the range of photon energies 6.8-11.2 eV.
The EDC’s were calculated using the ODS 4 of Fig. 4,
Eq. (17), and the L(E) of Fig. 5. Note that in the ex-
perimental data there is almost no evidence of secondary
(scattered) electrons even for photon energies up to 11.6
eV. It is very important to recognize the striking simi-
larity between the structure in the EDC’s and the struc-
ture in the d-band density of states. Parameters such as
L(E) are more important in determining the absolute
magnitude of the EDC’s than in determining the struc-
ture in them.

In Fig. 8 we compare our experimental EDC at &
=10.2 eV with the corresponding experimental EDC of
Vehse and Arakawa,® where over-all agreement with
regard to both shape and magnitude is fair. However,
our EDC’s exhibit more fine structure and do not have
the pronounced low-energy shoulder seen in Vehse and
Arakawa’s EDC. Such a low-energy shoulder is evident
in all of Vehse and Arakawa’s EDC’s in Figs. 8 and 9
and is possibly due to very slight contamination of the
Cu surface, since their work was done in a windowless
system at a pressure of about 3XX10~% Torr. Vehse and
Arakawa have obtained relatively high quality EDC’s at
photon energies to 20.4 eV, and we present these EDC’s
in Fig. 9. At our request, Eastman®® has kindly calcu-
lated the corresponding EDC’s (including primaries and
secondaries) to be expected from our copper ODS (Fig.
4); his results are compared with experiment in Fig. 9.
Note that the secondary electrons are not important for
photon energies less than 12 eV, but dominate the low-
energy part of the EDC’s for photon energies greater
than ~14 eV. From peak 9 of Fig. 9 we can see that the
use of ODS B gives slightly better agreement than the
use of ODS 4. As can be seen from Figs. 7-9, the agree-
ment between the calculated and experimental EDC’s
on clean Cu is good with respect to both the shape and
magnitude of our EDC’s and the EDC’s of Vehse and
Arakawa. Experimental justification for the valence-
band peaks 5-8 of Fig. 4 is indicated in Fig. 7 and for
peak 9’ in Fig. 9. In Fig. 7(d) we see evidence that peak
5 has tremendous strength, yet can be resolved by our
photoemission measurements to have a half-width of
only ~0.5 eV. At photon energies greater than ~9.5
eV, the small peak 6 merges as a shoulder on peak 5
and can no longer be resolved. This loss in resolution
may be due to lifetime broadening, as discussed earlier
in Ref. 2, or to photoexcitation very near the surface.

In Fig. 10 the experimental quantum yield is com-
pared to the yield calculated from Eq. (20). The inflec-
tion point in the quantum yield at a photon energy of
~6.5 eV is due to the onset of photoemission from the
very strong valence-band peak 5. Over the entire range
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Fic. 8. Comparison of experimental EDC’s of Cu at hv=10.2
eV. The dashed curve is taken from the work of Vehse and
Arakawa (Ref. 6) and the solid curve is taken from the present
work. Both curves are on the same absolute scale.

of photon energies 5-11.6 eV, we see that the calculated
and experimental quantum yields are in excellent
agreement.

The effect of inadequate vacuum conditions on the
copper EDC’s is dramatically demonstrated in Fig. 11,
where it is seen that the EDC’s from contaminated Cu
are characterized by a large peak of slow electrons which
did not move with photon energy and by loss of fine
structure. In this case, the large low-energy peak of elec-
trons cannot be associated solely with an increase in the
inelastic scattering probability since there is no corre-
sponding loss of high-energy electrons. Similar results
have been obtained by Vehse and Arakawa.® More
work must be done before this contamination effect can
be understood in detail.

As an aside, it should be noted that this contamina-
tion effect is considerably different from that observed
in Ni.”7 For Cu, a new peak appears near the low-energy
cutoff. Its magnitude grows with A», but its position does
not move. In Ni, however, the peak moved to higher en-
ergy as kv increased.

B. Photoemission from Cesiated Copper

If our model for the photoemission process and the
ODS is correct, then we should be able to obtain agree-
ment between calculations and experiment for the case
of cesiated Cu, provided that cesiated Cu differs from
clean Cu only in the reduction of the work function.
Consequently, we have calculated the quantum yield
and EDC’s for cesiated Cu using exactly the same
method of analysis described earlier in this paper—
except that the work function was changed from 4.5 to
1.6 eV; representative results are shown in Figs. 12-14,
where our present calculations are compared with the
earlier data of Ref. 2 on cesiated Cu.
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F16. 9. Comparison of the experimental EDC’s of Vehse and Arakawa (Ref. 6) from clean Cu with the EDC’s calculated in this work.
The experimental EDC’s have been normalized to the experimental yield of Vehse and Arakawa, and the calculations from ODS 4 have
been done by Eastman for a work function of 4.4 ¢V and the L(E) of Fig. 6.

As seen from Fig. 12, the magnitudes of the calcu-
lated and experimental yields are in fairly good agree-
ment just above the vacuum level and in the range of
photon energies 4-11.6 V. However, there is a glaring
discrepancy between 2 and 4 eV, in that the experi-
mental curve shows a large dip that is not predicted by
the calculation. Strangely enough, the skapes of the
calculated and experimental EDC’s in this range of pho-
ton energies are in good agreement, as seen from Figs.
13(a) and 13(b). At the present time, we can only specu-
late on the cause of this discrepancy, which may be due
to such causes as electron-phonon scattering, inappro-
priateness of the free-electron model in calculating
transport effects and the threshold function, and pos-
sible Cu-Cs interaction. It is also possible that the early
yield measurements were inaccurate.

In Fig. 13(c) the peak which appears in the experi-

mental EDC at ~4.2 eV has been previously? identified
as a direction transition near L; therefore, one would not
expect to see the peak in the calculated curve, since it is
based on nondirect transitions only. It should be noted
that the direct transition accounts for only about 7% of
the photoemitted electrons.

At higher photon energies, we see in Figs. 13(c) and
13(d) that theory and experiment appear to be in good
qualitative agreement, especially if one is not too criti-
cal in accounting for the missing scattered electrons
which were not included in the calculations in Fig. 13(d),
which is for a photon energy of 10.4 eV.

For photon energies greater than ~8 €V, one is able
to distinguish between density-of-states models 4 and
B of Fig. 4 by comparing the cesiated copper EDC’s
with calculations that include both primary and second-
ary electrons. Eastman!® has performed these calcula-



185

tions and has found that Fig. 13(d) (which is based
upon density of states 4 and only a primary-electron
calculation) is deceptive, in that, when secondary elec-
trons are included, peak 9 in ODS A4 results in a pre-
dicted shoulder at ~2.7 eV above the Fermi level,
whereas the experimental shoulder is observed at 3.3
eV, as shown in Fig. 14(a). The discrepancy is even more
apparent in Fig. 14(b), where the experimental shoulder
is at ~4.1 and the calculated shoulder at ~3 eV. As
seen in both Figs. 14(a) and 14(b), ODS B results in
excellent agreement with experiment, even though ODS
B is only slightly different from ODS 4. This occurs
because secondary electrons dominate in the vicinity of
the shoulder, with the result that the location of the
calculated shoulder is extremely sensitive to the detailed
shape of peak 9 in the ODS. As seen from Fig. 14, the
agreement between the calculated and experimental
EDC’s is good with regard to both shape and magnitude
for cesiated Cu at high photon energies, if secondary
electrons are accounted for in the calculations.

VIII. OPTICAL CONSTANT e

The shape of the ez calculated using Eq. (22) and
ODS 4 of Fig. 4 is shown in Fig. 15(a), where three dis-
tinct pieces of structure can be seen. Owing to the
smoothing nature of Eq. (22), the €5 calculated from
ODS 4 is almost identical to the eg; calculated from
ODS B. The identification of the initial and final states
for this structure is presented in Table I. Various
authors!#?%-26 have obtained experimental values of e
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F16. 10. Comparison of experimental and calculated yields for
Cu. The calculated yield was obtained using ODS 4 of Fig. 4
and L(E) of Fig. 5.

23 B. R. Cooper, H. Ehrenreich, and H. R. Philipp, Phys. Rev.
138, A494 (1965).

24 D. Beaglehole, Proc. Phys. Soc. (London) 85, 1007 (1965).

26 M. Garfinkel, J. J. Tiemann, and W. E. Engeler, Phys. Rev.
148, 695 (1966).

26 U. Gerhardt, Phys. Rev. 172, 651 (1968).
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from reflectivity measurements; unfortunately, their
results are not consistent in detail, so we do not have at
the present time a definitive experimental es; with which
to compare our calculated ez However, the general
features of all the available experimental curves are es-
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sentially the same; thus, we have compared our calcu-
lated ey, with the experimental data of two different
authors!#24 in Figs. 15(b) and 15(c). As seen from these
figures, the agreement between the calculations and ex-
periment is reasonable. The only major disagreement
lies in the location of peak C, which our calculation pre-
dicts to be at 4.2 €V and experiment finds to be at ~4.7
¢eV. The location of peak C in the calculated e is deter-
mined largely by the location of peak 2 in the conduc-
tion-band density of states, which was experimentally
found by Berglund and Spicer? to occur at 1.8 eV above
the Fermi level, since in their experimental EDC’s a pro-

nounced fixed peak appeared at ~0.2 eV above the
vacuum level of ~1.6 eV. There is also disagreement in
the steepness of the high-energy edge of peak C. Experi-
mentally this edge is found to be much steeper than the
calculations indicate. It should be noted that, if the
ODS were cut off at about 5.5 eV, better agreement
would result.

Not included in the nondirect calculation of e, pre-
sented in Fig. 15 are contributions from direct transi-
tions. There is a well-established?2¢ direct transition due
to states near the L point of the zone which contributes
optical strength for /»>4.2 eV. Addition of this to the
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ODS used to calculate e for Cu (see Fig. 4); (b) comparison of

shapes of e; calculated from density of states I and from density of
states IT of Fig. 16(a).

nondirect transition would improve the agreement with
experiment.

Since we do not have any direct experimental data to
characterize the region between the Fermi level and
~1.6 eV above the Fermi level, there is a certain degree
of arbitrariness in the manner in which we have esti-
mated the ODS in this region. Because of their integral
character, our results for €5 are not sensitive to the de-
tailed nature of the density of states just above the
Fermi level. This is demonstrated in Fig. 16, where the
complete removal of conduction-band ‘“‘peak” 3 serves
only to reduce somewhat the strength of peak B in €.
At the present time, the published experimental values
vary considerably in the relative strength of peak B,

Taste I. Identification of structure in calculated ez; of Fig. 16(a).

Initial valence- Final conduction-
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so that we are unable to determine which ODS in Fig.
16(a) are more appropriate.

The reader may have noted that although our present
valence-band density of states differs significantly from
the earlier valence-band density of states of Berglund
and Spicer,? their earlier work resulted in a calculated
ezp that is in somewhat better agreement with experi-
ment than the present calculation shown in Fig. 16.
However, there was apparently a serious error in their
€25, and the excellent agreement between the calculated
and the experimental ;5 in Fig. 27 of Ref. 2 is erroneous.
Nevertheless, it must be emphasized that the conclu-
sions of Ref. 2 are not incorrect, but appear to be en-
tirely consistent with the present work.

IX. COMPARISON OF OPTICAL DENSITY OF
STATES WITH DENSITY OF STATES
OBTAINED BY OTHER METHODS

A. Comparison with Calculated Density of States

In Figs. 17 and 18 we compare the ODS with that ob-
tained from band calculations. In Fig. 17 the compari-
son is with a calculation by Snow,?” who used an APW
calculation with an exchange potential proportional to
&p'/3. Snow performed several calculations with different
coefficients in front of the p!/3 term to obtain the best fit
with the experimental data. The d- to Fermi-level sepa-
ration was sensitive to this coefficient; however, the fit
was not perfect. In order to make the fit as good as pos-
sible, Snow’s density of states was shifted by 0.2 eV to
bring the calculated and measured d states to Fermi-
level energy in exact agreement. The comparison in Fig.
18 is with the calculation of Cohen and Mueller.?8
Above —5 eV there are four principal pieces of structure
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F16. 17. Comparison of the ODS with the density of states cal-
culated by Snow (Ref. 27) using an p!/3 exchange term. Snow’s
density of states has been shifted by 0.2 eV to place the Fermi-
level-to—d-band energy in exact agreement with experiment. The
absolute scale was placed on the ODS by placing eleven electrons
between the Fermi level and —S5.5 eV. Note that the four pieces of
numbered structure coincide rather well in energy.

Peak in e band state band state

[Fig. 16(a)] (Fig. 4) (Fig. 4)
A:19¢eV 4 2
B:2.6eV 5 3
C:42eV 5 2

2 F. C. Snow, Phys. Rev. 171, 785 (1968).
28 M. H. Cohen and F. M. Mueller, in Atomic and Eleciric Struc-

ture of Metals (American Society of Metals, Metals Park, Ohio,
1967), p. 75.
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in each density of states labeled 1—4, although the
relative heights of these vary considerably in the three
curves; the positions in energy of the structure coincide
within a few tenths of 1 eV. It is encouraging that the
two band calculations done by such different methods
yield similar position in energy of the structure. It is
also striking that the structure in the ODS lines up so
well with the structure in the calculated density of
states. This suggests that the ODS above —35 eV may
be closely related to the density of states obtained from
band calculations. In both the band calculation and the
experimental determination of the ODS, it is much
easier to determine the position in energy of a piece of
structure than to determine accurately its relative
amplitude. In addition, there is a question as to whether
the matrix elements which must enter into the ODS are
independent of initial-state energy. If they are not, the
peak heights in the optical density will not necessarily
reflect the true state density (see Secs. I, III, and IV).
Thus, it is not surprising that there is a difference in
peak height even though the peak positions coincide
rather well.

Up to this point, we have ignored the lowest-lying
peak in the ODS (peak 9). This occurs at ~6.8 eV
below the Fermi level. It is dotted in Figs. 4, 17, and 18,
since it is much more difficult to determine experi-
mentally than is the higher-lying ODS. Based on the
relatively good agreement between ODS and calculated
band structure at higher energy and on the strong dis-
agreement below 5.5 eV, we would venture to guess
that the strong 6.8-eV peak is not an accurate reflection
of a strong peak in the ground-state density of states.
Rather, it seems likely due to some other phenomena—
perhaps a simultaneous plasmon and one-electron ex-
citation as suggested by Nesbet and Grant.?® However,
possible matrix-elements®® or other effects®!+3? also can-
not be ruled out at this time. Before speculating further
on the origin of this peak, additional experimental work
should be done. Of particular interest would be ultra-
high-vacuum work (pressure <10~° Torr) for hv>12
eV, so that one could study the ODS for energies more
than S €V below the Fermi surfaces in clean Cu under
the best possible vacuum conditions.

In Figs. 17 and 18, the ODS have been put on an ab-
solute basis by integrating under the ODS curve and
assigning eleven electrons to the states below the
vacuum level. In view of the discussion in the preceding
paragraph, the ODS was taken to be zero below —5.5
€V in doing this. If the complete ODS curve below —5.5
eV were used, it would decrease the density of states by
a factor of 0.56.

Another point of interest is the relative height of the
density of states between the top of the d states and the

2 R, K. Nesbet and P. M. Grant, Phys. Rev. Letters 19, 222
s ?'R. Cuthill, A. J. McAlister, M. L. Williams, and R. E.
Watson, Phys. Rev. 164, 1006 (1967).

81 For other possibilities, see the discussion in Ref. 32.
82 A, Yu-C. Yu and W. E. Spicer, Phys. Rev. 167, 674 (1968).
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F1c. 18. Comparison of the ODS with the density of states cal-
culated by Mueller (Ref. 28). Note that the four groups of struc-
ture numbered 1-4 line up in energy.

Fermi surface, i.e., in the energy region where the states
are derived strongly from atomic s and p states rather
than d states. In this region, the ODS on the average is
several times higher than the density of states obtained
from band calculations. This would appear to be due to
a stronger matrix element for transitions from the al-
most free-electron-like s- and p-derived states? than for
transitions from the d-derived states.

B. Comparison with Results of Ion-Neutralization
Spectroscopy

In Fig. 19 the ODS for Cu is compared to the density
of states obtained by Hagstrum?® from Cu via the ion-
neutralization-spectroscopy (INS) technique which he
has developed. The peak between —2 and —4 eV is
associated with the d states. As can be seen, the width of
this peak is considerably greater than the d width indi-
cated by the ODS or calculated band structure. In addi-
tion, there is no detailed structure in the ion-neutraliza-
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F16. 19. Comparison between the ODS and the results obtained by
Hagstrum (Ref. 35) through ion-neutralization studies.

33 It is recognized that there is strong d admixture in these states
as there is some s and p admixture in the “d-derived states.” The
present terminology is used simply for convenience.

% H, P. Hagstrum, Phys. Rev. 150, 495 (1966).
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tion results even though the instrumental resolution?®4:35
is sufficient to resolve structure such as that seen in the
ODS or calculated density of states. Hagstrum has
noted® that, since his technique depends on electrons
tunneling from the surface of the metal, it is sensitive
to the electronic structure just at the surface and that,
for d electrons, this structure may be different from that
in the bulk of the material.

Even though the INS results suggest that the elec-
tronic structure just at the surface may be measurably
different from that in the bulk of the material, the photo-
emission results indicate that the electronic structure
within 10 or 20 A of the surface is little changed from
the bulk structure (see Secs. VI and VII A and Ref. 8).

C. Comparison with Results of X-Ray
Photoemission Spectroscopy

The ODS for Cu is compared in Fig. 20 with the re-
sults obtained by Fadley and Shirley,? using the
technique of x-ray photoemission spectroscopy (XPS).
The XPS result is characterized by a single, almost
symmetric peak with a width at half-maximum of ~3
eV. Since the total instrumental linewidth was ~1.0 eV,
this width and lack of detailed structure do not appear
to be instrumental. If we make the reasonable assump-
tion that the broad peak is due to d electrons, it is also
significant that there is little evidence for the s- and p-
derived states lying within 2 eV of the Fermi surface
(see Figs. 2, 17, and 18). These dates can be clearly
seen in the photoemission and INS work. The lack of
any detailed structure in the excitation from the d
states would also seem to be significant, since such de-
tailed structure does appear in the ODS as well as in the
calculated band structure. However, it should be noted
that substructure has been obtained in XPS results?®-37
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Fr6. 20. Comparison between ODS and results of the x-ray photo-
emission (XPS) experiment of Fadley and Shirley (Ref. 36).

% H. P. Hagstrum (private communication).
( ;‘* ,5(;:) S. Fadley and D. A. Shirley, Phys. Rev. Letters 21, 980
1968).

37 K. Siegbahn, C. Nordling, A. Fahlman, R. Nordber, K.
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from Pt, Ag and Au and that the position in energy of
this structure is in reasonable agreement with structure
in the ODS.2:15:20

The reason for the lack of structure in the XPS for
Cu is not clear at this time; however, it is interesting to
note, as will be shown in the next section, that almost
the same symmetric curve is obtained in soft-x-ray emis-
sion spectroscopy as in the XPS results.

D. Comparison with Results of Soft-X-Ray
Emission Spectroscopy

A fourth method used to investigate the valence states
of Cu is that of soft-x-ray emission spectroscopy (SXS).
The results of such investigations®®%° are compared in
Fig. 21%° with the ODS. As mentioned in the last section,
the SXS curve is very similar to the XPS curve in that
it contains a single, almost symmetric peak and shows
no evidence of the s- and p-derived states lying between
the Fermi level and the top of the d band.
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Fic. 21. Comparison between the ODS and results obtained
from soft-x-ray emission spectroscopy (SXS) (Refs. 38 and 39).
The curve labeled M3 was obtained using M radiation and that
labeled L3 using L; radiation.

E. Using Rigid-Band Model to Relate ODS
of Nickel and Copper

As shown in Fig. 22, our new results for the d-band
density of states for Cu and Eastman’s new results for
the d-band density of states for nickel”-® can be relatively
well related by a simple rigid-band model, in which the
exchange splitting for Ni is taken to be ~0.4 eV. These
new findings are in direct conflict with earlier findings,*

Hamrin, J. Hedman, G. Johansson, T. Bergmark, S. E. Karlsson,
I. Lindgren, and B. Lindberg, ESCA—Atomic, Molecular and
Solid State Structure Studied by Means of Eleciron spectroscopy
(Almqvist and Wiksells Boktryckeri AB, Uppsala, 1967; U.'S.
disﬁt]lébutor, Geophysical Corporation of America, Bedford, Mass.),

p. 75.
(1;359D). E. Bedo and D. H. Tomboulian, Phys. Rev. 113, 464
3Y. Cauchois and C. Bonnelle, in Proceedings of the Interna-
tional Colloquium on Optical Properties and Electronic Structure of
Metals and Alloys, Paris, 1965, edited by F. Abeles (North-
Holland Publishing Co., Amsterdam, 1966), p. 83.
40 Figure 40 has been taken from Ref. 36.
(1;!62)‘ J. Blodgett, Jr., and W. E. Spicer, Phys. Rev. 146, 390
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F16. 22. Comparison of nickel ODS with Cu-derived ODS for Ni,
using rigid-band model with an exchange splitting of sE=0.4 eV
(see Ref. 7).

which were based upon earlier photoemission data in
which a lack of sufficient sample purity led to an en-
hancement of the Ni peak 4.5 eV below the Fermi sur-
face. A more complete discussion of the relationship
between the d-band density of states of Cu and the d-
band density of states of Ni can be found in Ref. 7.

It should be emphasized that the fact that the nickel
and copper ODS can be related via the rigid-band model
does not imply that such a model describes the ODS of
Ni-Cu alloys. Recent photoemission?? and theoretical®?
studies show definitively that this is not the case, but
rather that the alloys are described by more local
models**#5 such as that of the virtual-bound-state and
the minimum-polarity models* and not by the rigid-
band model.

X. CONCLUSIONS AND DISCUSSION

As stated in the Introduction, a principal object of
this work is to subject the model of nondirect-transi-
tions constant matrix elements* from the d states of
Cu to as stringent a test as possible. The results show
that a wide range of experimental data is consistent with
this model. In particular, an ODS has been obtained
from the experimental studies using the nondirect
model. With this ODS the quantum yield, electron-
electron scattering length, and numerous energy distri-
butions for clean Cu prepared under ultrahigh-vacuum
conditions have been calculated and found to be in good
quantitative agreement with experiment. Reasonable
agreement is found with other EDC’s from films®
formed under good vacuum conditions for 10.4</w
=20.5 eV and with EDC’s from earlier cesiated sur-

( 42 I; H. Seib and W. E. Spicer, Phys. Rev. Letters 20, 1441
1968).

43 N. D. Lang and H. Ehreinreich, Phys. Rev. 168, 605 (1968).

# 1. E. Wallden, D. H. Seib, and W. E. Spicer, J. Appl. Phys.
40, 1281 (1969).

45D, H. Seib and W. E. Spicer (unpublished).

46 Clearly the matrix elements must decrease as the photon en-
ergy becomes arbitrarily large or the sum rule will be violated;
however, since so little of the available oscillator strength is used
in the photon energy studied here (see Refs. 14 and 24), it is not
surprising that the constant-matrix-element assumption works
over this restricted photon energy range.
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faces.? In addition, reasonably good agreement is
obtained between the shape of the calculated and mea-
sured e’s.#” The position in energy of structure in the
ODS correlates well with structure in the calculated
density of states of Snow?” and of Mueller.?® In view of
all of these results, it is clear that the nondirect model
accounts well for most of the experimental photoemis-
sion and optical data associated with excitation of elec-
trons from the d states of Cu.

In the earlier photoemission study of Berglund and
Spicer,? a direct transition was observed between the
s- and p-derived states near the Fermi surface and a
band 4.1 eV above the Fermi surface. The transition
occurred near the L point (Ly — L;) in the Brillouin
zone and is estimated to account for less than 109, of
the optical strength. Much of the apparent disagree-
ment between the calculated and experimental e; may
be due to the fact that no attempt was made to include
this direct transition in the calculations. Other direct
transitions might occur but might either have final
states below the vacuum level (and, hence, not be ob-
servable in photoemission) or be too weak to be detected
by photoemission against the strong background of non-
direct transitions. In his piezoreflectance experiments,
Gerhardt?® has studied in detail two transitions which
have the properties expected for direct transitions near
the L and X symmetry points of the Brillouin zone. One
of these, the direct transition near L, was that men-
tioned above which had been previously observed and
studied in detail? by photoemission. The piezoreflec-
tance and photoemission results are in good agreement.
No evidence for the direct transition near X (X5 — X4)
was obtained in the photoemission experiments of
Berglund and Spicer.? This might be due to the weak-
ness of this transition. According to Gerhardt,*® the
X5 — Xy transition has small oscillator strength, pro-
viding only a tiny hump in his room-temperature mea-
surement of e;. The fact that the final state of the X
transition lies near the vacuum level in cesiated Cu
would make a weak transition harder to observe in
photoemission than a transition to a higher energy.

Let us now discuss the ODS obtained in this work.
For the valence states the ODS gives the probability of
an optical transition from those states under the visible
and ultraviolet excitation used in these studies. A simi-
lar probability has been determined for three other types
of transitions based on the techniques of soft-x-ray emis-
sion spectroscopy (SXS),30:38:3% x-ray photoemission
spectroscopy (XPS),%:37 and ion-neutralization spec-
troscopy (INS).34 If the transition probability for each
method depended only on the valence density of states,
each should give that quantity. Since such detailed
agreement is not achieved between the four methods,
this does not seem to be the case. In Sec. IX the ODS

47 Tt should be noted that this agreement is obtained despite the
fact that the well-established direct transition between s- and p-
derived states near L at ~4 eV is not taken into account in the
calculation.
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is compared to the densities of states obtained from
these other methods. The most striking thing about
such a comparison is that, whereas the ODS has five
pieces of structure (four of which correlate well with
structure in the calculated density of states), SXS,
INS, and XPS give a single, rather broad peak.

Next, let us make some observations about the rela-
tionship between the ODS and the density of states ob-
tained from band calculations. As mentioned earlier,
agreement between the calculated density of states and
the ODS lies in the correlation in energy of the four
principal pieces or groups of d structure (see Figs. 17
and 18); however, there is a considerable difference in
peak heights. The position of peaks is certainly the
easiest thing in either the photoemission or band calcu-
lation to determine correctly; however, one might ask
whether one should really expect even this agreement if
there are effects beyond the one-electron approximation
which remove the importance of k conservation in the
optical transition. Specifically, if the ¢ hole does have
any local nature in the excitation event,® will this not
result in interactions between it and the surrounding
electrons (including the excited electron) which would
shift the positions in energy of structure? Such interac-
tions are not included in the band calculation,? and one
might therefore expect a difference between the band
calculation and our experimental results. Such a differ-
ence might be expected if the band calculation gave the
Hartree-Fock ground-state energy states; however, this
is not the case. In order for a band calculation to have
been found, two minimum requirements have been
placed on it.?7:28:4951 Tt must give a separation between
the top of the d band and the Fermi level, E;r, which is
in agreement with the optical excitation energy. It
must also give the correct Fermi surface. A critical pa-
rameter in determining the Fermi surface is Eqr, since
it appears as the energy denominator in terms giving the
effect of the d interaction at the Fermi surface. Thus,
the potentials used in the band calculations take into
account, to a certain extent, energy shifts associated
with the excitation of an electron from the d band to the
Fermi surface. As a result, the good agreement obtained
between the experimental and calculated energy levels
is not so surprising. The situation for solids can be com-
pared with that for the core levels of atoms, where a
difference is found between the Hartree-Fock eigen-
values and the excitation energies.?”

The disagreement as to relative peak heights is also
not so surprising. In the calculations one might expect
less agreement between relative peak heights than in
peak positions, and there is disagreement in the calcu-

%8 Such a resonance or strong scattering nature of the d state
could lead to localization of the d hole on a single site for a time
comparable to the optical excitation time; in such a case the ex-
cited state could not be described in terms of a single Bloch state
(see Ref. 3).

49 B. Segall, Phys. Rev. 125, 109 (1962).

% F. M. Mueller, Phys. Rev. 153, 659 (1967).

®1R. A. Ballinger and C. A. W. Marshall, Proc. Phys. Soc.
(London) 91, 203 (1967).
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lated peak heights of Snow?” and of Cohen and Muel-
ler.?® In the ODS; as noted in Sec. III, matrix elements
may enhance transitions from initial states at a given
energy to all final states.®*®2 This can lead to disagree-
ment between band calculations and the ODS. As was
noted in Sec. IX A, the ODS for the s- and p-derived
states between the top of the d band and the Fermi level
is too high by a factor of 2 or more. This is almost cer-
tainly a reflection of a stronger matrix element for these
“s- and p-derived” states than that for the d states. At
this time, there is no reason to imagine that there will
not be a similar variation within the d states themselves.
Therefore, it is not surprising that agreement is not
obtained between the ODS and band calculations with
regard to peak heights.

The source of the structure ~6.7 eV below the Fermi
surface in the ODS (see Figs. 4, 17, and 18) is not clear
at this time. Before discussing this peak, it is proper that
the reader should be warned that the precision with
which it can be determined is much less than for the
higher-lying structure. It should also be noted that it
was not possible to observe it directly in the EDC’s
from clean Cu prepared in ultrahigh vacuum because of
the absorption cutoff of the LiIF window used in the
vacuum chamber; rather, it was observed from Cu pre-
pared by Vehse and Arakawa® in a vacuum of about
108 Torr (at 10.2 eV the EDC from this sample was not
as sharp as that from our samples prepared under better
vacuum conditions) and from cesiated Cu.? However,
since it was clearly present in these two different types
of samples, it was included in the ODS.

The band calculations place the bottom of the d
states at about —5.5 €V (see Figs. 17 and 18); thus, it
does not appear that the structure at ~—6.7 €V is due
to a strong peak in the density of states. Rather, it
might be due to the simultaneous excitation of a plasma
oscillation and a one-electron excitation as suggested
by Nesbet and Grant,?® to a greatly enhanced matrix
element,?%:5 or to other effects.?!
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