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Abstract:

The photoemission and optical properties of vapor deposited films of molybdenum (Mo) and ruthenium
(Ru) have been measured at room temperature. The photoemission properties measured are in the
spectral range of the threshold (4.3 eV and 5.4 eV for Mo and Ru respectively) to 11.8 eV.

The optical properties are measured from 0.5 to 11.8 eV. The data from both Mo and Ru are found to
be consistent with, and analyzed by, the nondirect transition model. Corrections for the escaping
scattered electrons are included in the optical density of states (ODS) analysis. Peaks in the ODS are
found at E - EF =-0.5 eV, -1.6 ¢V, and -3.9 eV for Mo; and -0.4 eV, -1.3 eV, and a third tentatively
placed at -3.6 eV for Ru.

The ODS for E > Ep is determined by direct numerical inversion of the nondirect model expression for
the dielectric constant. Several peaks appear in the ODS of Mo for E > EF while only one is observed
in the ODS of Ru. The ODS of Mo and Ru is compared with the band calculations of Matthesis for
tungsten (Matthesis, 1965) and rhenium (Matthesis, 1966) respectively. The relation of the measured
ODS's to the explanations based on the electronic density of states for the anomalous isotopic mass
dependence of the superconducting transition temperature is discussed. For Mo the volume loss
function has a peak at 10.8 eV while the absorption coefficient has a minimum at 11.3 eV, which
correlates with a minimum in the quantum yield at approximately 11.0 eV. The energy distribution of
the photo-emitted electrons show slight structural changes in the spectral range, 10 to 11 eV. In the
same spectral region a similar but weaker correlation between structure in the loss function, absorption
coefficient, yield, and the energy distributions of Ru is noted.
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ABSTRACT

The photoemission and optical properties of vapor
deposited films of molybdenum (Mo) and ruthenium (Ru) have
been measured at room temperature. The photoemission
propertles measured . are in the spectral range of the threshold
(4.3 eV and 5.4 eV for Mo and Ru respectively) to 11.8 eV.

The optical properties are measured from 0.5 to 11.8 eV. The
data from both Mo and Ru are found to be consistent with, and
analyzed by, the nondirect transition model. Corrections for
the escaping scattered electrons are included in the optical
“density of states (0ODS) analysis. Peaks in the ODS are ‘found
at E - Ex = -0.5 eV -1.6 eV, and -3.9 eV for Mo; and -0.4 eV,
-1.3 eV, and a thlrd tentatlvely placed at -3.6 eV for Ru.

The 0DS for E > Ep is determined by direct numerical inversion
of the nondirect model expression for the dielectric constant.
Several peaks appear in the ODS of. Mo for E > Er while only
one is observed in the ODS of Ru. The ODS of Mo and Ru is
compared with the band calculations of Matthesis for tungsten
° (Matthesis, 1965) and rhenium (Matthesis, 1966) respectively.

"~ The relatlon of the measured ODS's to the explanations based
on the electronic density of .states for the anomalous isotopic
mass dependence of the superconducting transition temperature
. is discussed. For Mo the volume loss function has a peak at
10.8 eV while the absorption coefficient has a minimum at 11.3
eV, which correlates with a minimum in the quantum yield at

: approx1mate1y 11.0 eV. The energy distribution of the photo-
emitted electrons show slight structural changes in the
spectral range, 10 to 11 eV. In the same spectral region. a
similar but'weaker correlation between structure in the loss
function, absorption coefficient, yield, and the energy :
distributions of Ru is noted.




I. INTRODUCTION

The electronic structure or character of the outer shell
electrons determines most of the observed properties of
condensed matter. The theory of s- and d-like outer shell
electrons in the transition metals has been ihveétigated by
detailed band structure calculations within the one-electrof
or independent partiqie approximation. These calculations-
are now possible largely becaqse of the'availability of high-
speed computers. Much experimental work on the électrons in
metals has been done by methods such as de Haas-van Alphen,
cyclotron résonance, magnetoacoustic, high'field magneto-
resistance, and éﬁomaldus skin effect measurements. These
measurements only probe the state in the immediate vicinity
of the Fermi enérgy. Electronic states below the Fermi energy
may be investigated by soft X-ray absorption and. emission,
and Auger electron emission produced by ion bombardment. The -
latter two methods are capable of giving information con-
cerning the gross féatures of the occupied outer shell or

valence electronic structure, but lack sufficient resolution

to yield detailed information that can be comparéd-with the

theoretical results.
The band structure calculations for the transition and
noble metals indicate the electronic structure of these

metals is on the order of 10 eV wide. This energy range is
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investigated conveniently by photoemission and optical
studies using vacuum ultraviolet radiation. Detailed experi-
mental information céncerning the outer shell electrons for
the noble metals over a wide range of energy was first
demonstrated by the optical investigations of Ehrenreich and
Philipp (1962). Their results were correlated with detailed
band calculations by assuming conservation of the Bloch state
' . wave vector, F, in the optical excitation process. Shortly
afterwards, Berglund and Spicer (1964) demonstrated that more
detailed correlations could be oﬁtained between band structure
. predictions and experimental photoemission observations ‘in the
metals'cdpper (Cu) and silver (Ag), provided comnservation of
:'the‘Bloch wave number, or crystal momenfum selection rule, was
ignored for emission from d-like states. The model of Spicer.
and Bérglund was called the nondirect model in Contiast with
the standard Bloch wave-number-conserving direct transition
model.. The subsequent investigation_of Spicer and his co- |
workers soon produced results which indicated nondirect
transitiéns wére dominant in the photoemission data of the 3d
transifion metals ni;kel (Ni), iron (Fej (Blodgett -and Spicer,
1967), and cobalt (Co) (Yu and Spicer, 1967). These results
were extended tothe 3d metal chromium (Cr) by Lapeyre and
Kress (1968). The 3d metal Mn was completed andythe whole. 3d.

series reinvestigated by Eastman (1969). Before the nondirect
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optical transition model could be associated with the d-band
structure of metals in genera1, it became apparent that the
systematics of the electronic structure in the 4d and/or 5d
transition metals should be investigated. ,

Photoemission and optical investigations of the density
of states of the 4d and 5d transition metals could also give
information on the nalidity of the rigid band model. In its
simplest form the rigid band model for a given transition”
metal period (e.g. the Sd"period vanadium (V), Cr, manganese
(Mn), etc.) predicts only the position of the Fermi energy
"and not the structure changes in the den51ty of states as one
proceeds across the periodic table Furthermore, for a given
~group (e. g. group VI B: Cr, molybdenum (Mo), and tungsten wW)),
neither the position of the Fermi energy nor the structure of
the density of states should change acoording to the rigid |
band model. The details of these predictions:are_expectetho
fail when the crystal structure of the adjacent metals changes.

The transition metals have an anomalous isotopic mass.
oependence in their superconducting transition temperatures
(Garland, 1963). In particular the 4d transition metals
ruthenium (Ruj_and Mo deviate from .the normal isotopic mass
effect‘observed in simple metals. The 4d transition metals:
Ru and Mo nere chosen for this investigation to aod further

knowledge to the systematics of the electronic structure of
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the transition metals beyond the 3d series and to investigate
.possible anomalous structure in the d-bands which could

account for their superconducting transition temperatures.




IT. PHOTOEMISSION AND OPTICAL PROPERTIES OF METALS

Measurements of the kinetic energy distributioﬂ of
photoemitted electrons as a function of the incident photon
energf_constitute_the'greatest single source of informétioﬁ
obtained from photoemission experiments. The ehergy distri-
bution c?rves (EDC's) of the photoemitted electrons from a’
metal may be related to the electronic structure of the
photoemitting material according to the following simplified
model. The photoemiséion process may be separated concep-
tually into three stages: photoexéitation of the electron by
atomic absorption of the incident photon, transport of the
excited electron thrbpgh the solid, and escape across the
surface boundary of the metal. The.incident photons trans-
mitted through the surface of the metal are ﬁypically
absorbed within a.few hundred Angstroms Qf the surface. The
excited electrons produced by the photon absorptions can
escape the metal provided they have the proper momentum and
have kinetic energies.greater than the vacuum level, i.e.
the Fermi energy plus the photoelectric work function. During
transport of-the excited electrons towards the surface, nearly
_elastic'(e}g. electron-phonon) and inelastic (e.g. electron-
electronj collisions may. take place. Estimates of the mean

inelastic scattering lengths for the photoexcited electrons in
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transition metals are a few tens of Angstfoms (Eastman,
1968). Finally, the electrons willlescape‘the metal provided
their component of momentum perpendicular to the surface 1is
sufficient to overcome the photoeleétric work function.

If transport and surface escape effects of the photo-
emitted electrons can be neglected or properly handled, the
kinetic energy of the photoelectrons is simply related to its
initial and final energy by the conservation of energy
principle. -From the above model,-the EDC}S of photoemitted
electrons as a function of photon energy are related to the
relative transition probability between the initial and
final states. The experimental transitioﬁ probability can -
then be directly related to the electronic structure or
density'of states at initial and final enérgy.

Measurements of the reflectance as a function of the
incident photon energy may élso be used to obtain information
about the electronic structure. The optical 'constants"
&érived from the measured reflectance as a function of the
'bhoton énergy,'E = hv can be related'to tﬁe total optical
. transition probability of all states separated by the energy
hv.’ The energy of the photoexcited electron produced by
photon absgfption is not determined by optical studies,
therefore thé absolute energy of the initial'or final states

participating in the transitions cannot be determined. Since
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the optical constants are diréctly related to the sum of all
optical transitions which conserve energy, they provide less
precise information ébout.electronic structure of metals than
photoemission.funttions. |

When both photoemission and optical studies are performed’
on.the same metal, there is sufficient complementarity and
overlap of the data to allow check§ and extensions of thé
information obtained. Photoemission aﬁa optical studies are

combined in the present study to produce a more comprehensivé

study of thé electronic structure of metals.

A. Optical Constants

Beginning with Maxwell's eqdations and the constitutive
equations, the interaction of radiation with matter can be
described by a set of optical'”constanté” which vary with the
photon energy. There ére three sets of coﬁplex optical
constants generally defined in optical measurements. Any one
of these sets ié equivalent to any éther set. These constants
are the complex refractive index N(hv), complex dielectric
constanf e(hv) and complex conductivity 0(hv)'ﬁhefe; in cgs

units:

N(hv)

1]

n(hv) + ik(hv), | (2-1)

e-(hv)

e (hv) + i e, (hv), ' (2-2)




and

o(hv) = cl(hv) + i oz(hv). (2-3)

With the aid of Maxwell's equations and the constitutive
equations, these constants may be related to each other

(Pines, 1964)

N2(hv) = e(hv) = 1 + _Z_L%(_h\i)_ (2-4)
The real and imaginary parts of this equation can be set
equal and relationships between these portions' derived,
- 2 -
el(hv) = n"(hv) - k®"(hv) =1 - 2 Gz/v' (2-5)
and
e,(hv) = 2n(hv) k(hv) = 2 01/\) . (2-6)
Another optical constant -that is considered is the
absorption coefficient a(hv). The absorption coefficient is

_defined as the light intensity change per unit distance pef

unit intensity and is simply related to k(hv) By

a(hv) = ﬂﬂk%hﬁl ' (2-7)

where A is the wavelength of the incident radiation.

The imaginary part of the dielectric constant, e, (hv),
.is directly related to the total opfical absorption probability.
The relation between ez(hv) and the total numbér-gf optical

excitations has been derived by Berglund and Spicer (1964). -
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Assuming monochromatic incident radiation and the correspon-
dence principle their derivations shows that the total number
of transitions pef second is proportional to €, multiplied by
the photoﬂ energy squared, i.e.

N 5 . hv . -

(hv) ez(hv) oc J Pif dE (2-8)

0

where Pi% is the rate of transitions of electfons initially
with energy E-hv to energy E and the zero of the energy scale
is at the - highest energy of the.occupied levels. Usiﬂg the

' explicitfgxpression for‘Pif developed later for the nondirect
transition model (cf Eq. (2;19)), the above equation may be
written as |

hv

@)% e (v) = A J NOPE(E-hv) NQPE(E)AE T (2-9)

o
where A is.a_constént and ngt and_ngF are the optical
density of initial,énd final states respectively. The optical
funétion (h\))2 Ez(hV) will be called the optical transition
strength function and is important in the determination of
NZP*(E).

The optica1~dielectric constant e(hv) can be used to
determine the photon energy at which the properties of the
metal deviate from free electron-like behavior. ' -For example,

Ehrenreich and Philipp (1962) have shown that Q
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e (hv) = ef(hv) + ei(hv) N (2-10)

where ei(hv) represents the interband transitions and sf(hv)
represents intraband transitions. The intraband portion has
the same form as results .from the classical Lorentz model

for electrons in a metal, i.e.

‘sf(hv) -1 - vg/[mv(vf %J] s .(Zrll)

where v; = 2Ne2/m, N = electrons/volume, m is the mass of the

electron, and m/t = effective damping constant. fhe real part
of the free electron-like portion of the dielectric constant,
sf(hv), monotonically approaches unity while the imaginary
part falls monotonically to zero as V increases.

The energy of collective excitations may be determined
from the optical constants. It has been shown that the
general conditién for a plasmé oscillation at frequency @
is () =0 (Pine§, 1964). This condition yields Q = wp + iT
where wp is the plasma frequency and I describes the damping.
When there is little damping, or ez(mp) = 0, the condition for
plasma resonance becomes sl(wp) = 1, Then Im 1/e, the folume
1055 function approaches a peak value of 1/82(wp).at wp. In
general, a plasma resonance can be distinguished from inter-

band effects which can also produce structure in Im .1/e by

noting that in the former case, both € and e, are small near
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the maximum in the loss function and have a positive and
negative slope respectively (Philiﬁp, 1965). A similar state-
ment may be made concerning peaks in the surface plasma loss
.function im 1/(e + 1) correlating with the surface plasma
excitations (Ritchie, 1967).

Several sum rules are associated with the oétical
constants. Three such sum rules which define the effective
number of electrons per atom participating in interband
transition, volume piasmon (Nozieres and Pines, 1959), and
surface plasmon excitatiéns (Ritchie, 1968) below the energy

hv are given respectively by

. ‘ (hv
Ny (hv) = L e, (B) EdE , (2-12)
1B ZﬂzNezﬁz , 2
40
. n . [(nv
Noo(hv) = — [-Im(1/e(E))] EAE , (2-13)
Ve n’Neln? | |
and )
Noo (hv) = —28 h [-Im(—i—)] BAE  (2-14)
) N meEysT) .
7 Ne™h Jo ‘

where m is the free electron mass and N is the number of atoms

per unit volume.

B. Photoemission

The results of the preseht'photoemission study are found
to be consistent with and will be analyzed by the nondirect

6ptical transition model (Berglund and Spicer,1964). Other
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models for optical transition inzsolids have been proposed
(a review of two other models is given by Berglund, 1964) but
have prédicted different effects than those observed in the
present investigation. Only key results relevant to the.
nondirect model and the interpretafion of the present study
will be presented here. The reader is referred to the cited
references for expanded discussions and more detailed deriva-
tions. '

1. Photoexcitation. The photoemission properties of a

metal may be interpreted in terms of its electronic structure
by considering specific. models for the three stages of photo-
emission of electrons outlined above. In the nondirect model,
tﬁe initial photoexcitation process is treated by an applica-
tion of first order time‘dependent perturbation theory. If
the electrons in a metal are perturbed by a weak, long wave-
length (compared té atomic dimensions), electroﬁagnetic field,

the perturbing Hamiltonian is given by
H = e/2mc ) b, -R(E) : (2-15)
i

where 5i is the momentum operator of the ith electron and -
K(¥i) is .the vector potential of the'perturbing radiation
field: In metals the occupied initial states -and unoccupied
final states of the electron (sometimes called valence and

conduction states respectively) are quasi-continuous with




-13-

energy as displayed in Fig. 1. Hence, summing over the

%]

- N. (E-hv) h|v N.(E)

@ 1 : 4

)

%

(T

o

S

i)

o

0

=

O]

A

D

2

E ~ hv EF =0 12
Eigy 1, Hypothetical Density of States for

a Transition Metal. Shaded Area
Represents Occupied or Initial
States and Open Area Represents
Unoccupied or Final States.

initial states, assumed distributed with a density Ni per unit
energy, and explicitly putting in energy conservation, i.e.

E., = E and Ei = B < hv (the zero of the energy scales is

f
assumed to be the Fermi energy as shown in Fig. 1), the
standard perturbation theory result for the rate of transi-

tions from energy E - hv to E (Messiah, 1962) is
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Al

2

d
1!

1
<Wf’H ’Wi>

> N, (B-hv)N_ (E) (2-16)

_MzNi(E—hv)Nf(E) . ; (2-17)

.where Ni(E—hv) is fhe dengity of initiallstates.ét energy
E - hv, Nf(E) is the density of final states at énergy E, Wi
and Wf are the exact initial and fihal states.ﬁave functions
respectively, and the matrix element is abbreViétea as M2,
From Eq. (2-17) it is seen that to fi;st order tﬁé ngmber,af
photoexcited electrons to energy E deﬁends upon three factors:
a matrix element, Mz, the density of final states, Nf(E), and
the density of initial states, Ni(E—hv). |
It is difficult to obtain a theoretical expression fot
the matrix element, Mz, sinée the exact ground state and
excited state wave functions are unknown. The matrix elements
contain all the selection rules determined by the symmetry
and spin states of the eﬁact initial and final state wave
functions coupled by the interaction Hamiltonian and was
expected to be rapidly varying with respect to energy.
Contrary to this expectation, tﬁe initial prerimental results
(Berglund and Spicer, 1964) indicated that M2 could be treated
as if it was nearly constant. It was later realized that if
the matrix element was proportional to a product of functioné

which depend on the initial and final state energy of the
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electrons, E - hv and E respectively, variations of the matrix
elements could not be distinguished .from the effects due to
unperturbed ground state density‘of'states (Spicer, 1967).
This assertion becomés clear if the bostulated matrix element

dependence is substituted into Eq. (2-17),

P, (B,E-hv) M; (E-hv)N; (B-hv)M, (B)N (E) 5 (2-18)

= B ngt(Erhv)ngt(E) (2-19)
where B 1is proportional to the photon flux and the definition

NPT (E-hv) = M, (E-hv)N. (B-hv) o (2-20)
and
ngt(E) = Mg (E)Ng (E) | (2-21)

have been used.

opt
i

The experimentally observable densities of_states N
' (E-hv) and ngt(E) are called the optical density of initial
and final states respectively. Spicer (1967) has postulated _
the optical density of states (ODS) may differ from the ground
state density of states (DS) due to relaxation effects that
occur dufing'optical excitation. Others have estimated matrix
element‘variations due to the character of the d-band wave
function (Cuthill et al., 1967). Optical and/or1photoemissioﬁ.

investigations study the optical transition probability and do

not study the matrix elements directly. Effects due to the
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~ground state density of states and those dﬁe to matrix element
Variatiqns cannot be unambiguously aistinguished by optical
excitation.

2. Transport and Escape. The transport of the photo-

excited electrons in a metal may be approximately treated by
assuming that the number of electrons excited at a depth x
below the surface of the metal is proportional to, the absorbed

-a(hv)x

light intensity a(hv)e at x. The subsequent probability

of the photoexcited electron reaching the surface without
scattering is further assumed to be proportional to e—X/L(E)
where'L(E) is the energy dependent,'mean scattering length of
the excited electrons with energy E (Berglund and Spicer, 1964)
Averaging these effects over all depths x, the total proBa-
bility of a photoexcited eiectrén with energy E migrating to

the surface of the metal without being scattered is propor-

tional to

P, = o(hv) T ema(v)x -x/L(B) g o (2-22)
Q )
= olhv) LE) | (2-23)

= T¥o(hv) L(E)

L(E) is the effective escape length and will become degenerate
with the electron-electron scattering lengfh in the approximate

treatment assumed in the foliowing development.

If the above derivation is done for a three dimensional

solid, a function K(a, L, T) appears as a factor in the
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transport term (Berglund and Spicer, 1964). K-is a very
slowly varying function and is bound between 0.5 and 1.0 for
all a, L, and T. This factor will be neglected in the
preéent study.

The probability of the excited electrons escaping across
the surface boundary of the metal into the vacuum is treated
in the Ealculafion of the threshold functioﬁ, T. In general
T is a complex function of the"bulk‘and sﬁrface properties of
the metal and is depéndent‘on the details of thenscattering
mechanisms tStuart and Wooten, 1967). Ihsight into the
effects of the threshold function can be gained bg considering
the threshold function derivgd for classical noniﬁteraéting‘
electrons with energy E and isotropic Velocitf &istribution
in a step potential well of depth ¢ (Bergiund énd.Spicer,‘

1964),

0 . E < ¢ (2-24)
"5(1 - /$/E) E =¢. (2-25)

It is apparent from Fig. 2 that electrons with energy less

Te(E) = |

than ¢, the photoeléctric work function, will not escape the * -
metal. Tf(E) is a monotonically increasing function for
E > ¢ and is most rapidly varying for E 2 9.

..3. Photoemitted Electrons. An expression for the number

of electrons photoemitted from the metal is obtained by

multiplying the probability of transport and escape of the
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electrons by their probability of excitation, or

Ta(hv)L(E)N?Pt(E-hv)ngt(E)
N(E-¢,hv) « -

; (2-26)
1 & alhV)L(E)

where the energy argument of the photoemitted electrons is now
E - ¢ since the electrons lose the energy ¢ escaping from the
metal.

It is useful to normalize the above expression for- photo-
emitted EDC's to the total number of photoexcited electrons/
absorbed photons. The total number of photoexcited electrons/

absorbed photons is proportional to the optical transition

strength function (cf Eq. (2-8)) and the normalized
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ATo (hv) L(E)NSPT (E-nv)N2PE(E) _
N(E"(b’h\)) = ] ; s (2-27)
- [1 + a(hVL(E)] (hv)® e, (hv)

where A is a constant. Since the optical transition strength

. 1s an experimentally measured quantify, the effects of the

exact matrix element are included in the normalization.

4. Quantum Yield. The absolute quantum yield of the

metal is defined as the number of photoemitted electrons per

absorbed photon. Using the expression for the normalized EDC,

'the yield is the sum of all the photoemitted electrons

normalized to the total number of photoexcited electrons or

: hv
'Y(hv) = J “N(E-¢,hv)dE . , (2-28)

¢

5. Scattered Electrons in the Energy Distribution

Curves. Multiple néarly elastic electron-phonon and inelastic
electron-electron scattering events of phbtoexcited‘electrons
have been considered by detailed Monte Carol calculations
(Stuart and.Wooten, 1967). These calculations were done
assuming an isotropic velocity distriBution of the photq—
excited and scattered electrons in addition to .energy
dependent mean scattéring lengths. The multiple scattering
calculations indicate that the effects of the elastic
scattering events may be summarized in the threshold function

so that T = T(E).




-20-

Thg multiple scattering calcﬁlations also indicate that
‘inelastic scattering events which result in energy losses of
several eV per collision produce the dominant observable
effects on the EDC's. Since the photoelectric work functions
are typically several eV and the photon energy is limited by
the spectral transmission of the window on the eiperimentai
chamber, only a small fraction of the electrons ﬁhich are
scattered possess sufficient energy to escape the metal. The
scattered electrons which do manage to escape thérmetal will
be called secondaries.

An approximate analytical expression for photoemitted
once scattered secondary electrons has been developed‘
(Berglund and Spicer, 1964). This analytical expression was
found to be an adequate description of scattering processes
in a metal by the more eloquent Monte Carlo multiple
scattering calculations of Stuart and Wooten (1967) for all::
but the lowest energy photoemitted electroms. Since the
analytical expression for secondaries has been shown to be
a reasonable approximation, it will be used for the analysis
of the measurements performed in the present study.

The .analytical expression of Berglupnd and Spicer for
escaping scattered photoexcited electrons is defi%ed by
.assuming only inelastic electron-electron scattéring events

are significant. . The desired expression is obtained by




-21-

considering the scattering event pictured in Fig. 3.

1"

=¥

wy
Pt

Wl
=

(ws
o

> . -
, B — 7 k; E
Fig. 3. Electron-Electron Scattering

Event.

If constant matrix eleﬁents are assumed; the probability of
the electron-electron event may be calculated by finding the
ovérlapping phase spaée for all Kl’ Kl" kK, and k' in the
standard manner. Assuming further, the scattered electrons
have an isotropic velécity’dist:ibution, a(hv)L(E) << 1 and
L(E)/L(E') << 1 if-E' > E, the expression for the eneréy
distribution 6f the photoemitted electrons is mocdified by the

inclusion of a small term containing the electron-electron

scattering probability, i.e. Eq. (2-27) becomes
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A T(E)a(hv)L(E)N?Pt(ﬁ-hv)ngt(E)

lN(E"Qb,h\)): 7
o [1 + a(hv)L(E)I(hv) e, (hv)
| th P(E,E')ngt(E'—hv)ngt(E')dE‘
2, T PET)
X 1.+ .
ngt(Ewhv)ngt(E) | J(2—29)
= sO(E,hv)NgPt(E-hv)ngt(E)[1+si(5,hv)] (2-30)
Where
' _ t . t t Loy
P(E,E') = ng (E) [—(E'_E)ng (El)ng (B{+E'-E)dE; (2-31)
B! .
P(E') = J P(E,E')dE : (2-32)
0
A T(BE)a(hv)L(E |
S5(B,hv) = PR E (2-33)
| th P(E,E" NPT (E-hv)NZPT (B ) aE"
I PLE)
S, (E,hv) = (2-34)

ngt(E—hv)ngt(E)

One notable property of Eq. (2-30) is that the fraction of
scattered electrons at energy E is independent of the mean

scattering length and‘is_given by

f"“.ffactién Si(E’hv)

- (2-35)
scattered l+Si(E,hv) ,
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Equation (2-34) indicates that Si(E,hv) + 0 as E - hv, that is,
the fraction of scattered electrons becomes smaller for the

higher energy portions of the EDC's.

C. Optical Density of States Analysis

The central analysis problem is to obtain the 0ODS from
the experimentally determined EDC's. 'The 0DS aﬁalysis pro-
cedure déveloped in the present study for determination of
the density of statessﬁelow the Fermi energy is a:cbmbinétion
of methods used by Lapeyre and Kress (1968) and Eden (1967). |
The above methods were extended to include an estimate of the
effects of secondaries in the EDC'S. The explicit computa-
tional procedure_develbped for determining the density of
states above the Fermi energy is unique to the present study
but is a direct extension of the implicit computations used
by others (Bergluhd and Spicer, 1964). The following
procedure unambiguously locates the structure in the ODS But
can only approximately determine the_magnitgde of the ODS due
to the secondaries and experimental uncertainties.’

The ODS analysis simplifies in two limiting cases where

the transport factor becomes

a(hv)L(E) : 1, al >> 1 (Case 1) (2—36)

1 + a(hv)L(E) - al, al << 1 (Case 2) (2-37)
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For Case 1, the expression for the normalized EDC is given by

- Af(Ejngt(E-hv)ngt(E)[1+s.CE—hv)]
N(E-¢,hv) - =

_ 2-38
| ()% e, (hv) o
ANSPE (B-hv)NSEE (B) [1+s, (B,00) ] |
_ M , (2-39)

()% e, (hv)

where thg functions thét vary as E ha&e been summarized as
lNgff(E). The limit u(hv)L(Ej >> 1, implies that the mean
scattering length is large compared to the mean absorption
| depth. With little scattering mosi of the photoexcited
..electrons should escape and the quéntum.yield per abéorbed
photon should be large.

' Contraf? to the above prediétion, the observed quantum
yiélds of molybdenum, ruthenium and other transition metals
are typically .01 to .02-photoemitted electrons/absorbed
photon for E S 12 eV (cf. Yu and Spicer, 1967). The small
.values observed for the quantum yield implies the opposite
limit, a(hv)L(E) << i, Whefe\most of- the electrons are
scattered and consequently do not éscape. In this limit
which is appropriate for traﬂsition metals, Eq.'(Z—SOj

becomes
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AT(E)a(hv)L(E)ngt(E—hv)NgPt(E)[l+Si(E,hv)]

N(E-¢,hv) = .
(hv) sz(hv)
(2-40)
AN?P?(E-hv)Ngff(E)[1+si(E,hv)]
= (Fo)m () (2-41)

where Eq. (2-1) and Eq. (2-2) have been used and all functions
that Vary as E have been-summarized as N;ff(E). Only the
al. << 1 1limit is considered in ﬁhe following treatment since
the quantum yields of the metals investigatedvin the present
study are small for the highest photon energiesi
The character of the optical transitions aré found to be
consisten£ with the nondireci_model and the position of
structure  in the ODS is determined by simple proceddrés
provided the contributioﬁ of secondaries is small. In the
present study there are few secondaries in the EDC's for all
but’ the highest photon energies (Chapter IV and V). If |
" there are few secondaries Si(E,hy)-is small anq Eq. (2-41)
reduces -to- |
.-'Angt(E;hv)szf(E)
' N(E—¢{hv) N (hv)n(hv)

(2-42)

It is apparent from Eq. (2-42) that if the EDC's are plotted
as a function of E - hv the structure.in the EDC's due to

NPt noves by an equal energy increment A(hv) if

f .
hv - hv + A(hv) while that due to Niff remains fixed. This
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rule, called the equal increment rule, is conveniently tésted
for all the EDC's over a wide range of photon energies by
plotting the energy posifion of the observed struéture versus
photon energy as shown in the hypothetiéal case presented in

Fig. 4. The structures labeled 1 and 2 in Fig. 4 are

identified with the structure in ngt and szf; réspectively.

The structure labeled 3 is not consistent with the nondirect

transition model.

A continuous estimate of.N0pt

i between the structure
points is found by including the effects of thé sécondarieé;
in the ODSlanalysis method proposed by Eden (1967). Consider
twé energies in the optical density of initial stateé at gl
and EZ' Choose E,hvl, and hvz such that £, = E—h\)l and

' 52 = E-hv The relative amplitude of the density of initial

X
states at &; and g, is then found from Eq. (2-41) to be

N3PT(E1) o N(E-9,hvy) (hvy)n(hv,)[1+8; (B,hv,)] (2-43)

N{PE(E,)  N(B-9,hv,) (hv))n(hv ) [1+8; (B,hv,)]

In all generality, l+Si(E,hv) must be known before ngt(gl)

relative to ngt(iz) may be determined. Si(E,hv) is a

, . . . ) bpt opt
functional of the optical density of states, Ni and Nf

(Eq. 2-34). Fortunately, Si(E,hv) is not a strong functiomal

of the details of N;pt since they determine Si(E,hv) through

an integral relation.
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Since the ODS enters the scattering expression Si(E,hv),
- in an 1lnsensitive manner, an approximate ODS will suffice for
a reasonable estimate of the scattering effects. The zeroth .
approximation to the'opticalrdensity of initial states,
1gpt(E hv), is found by the technique used by Lapeyre rand
Kress. {(1968) and Yu and Splcer (1967) to arrive at their final
results._ Thelr method is based on Eq (2—42) and the assump—.

eff(E) = T(E)L(E)NOpt(E) remains relatlvely constant .

tion that N
over a small energy 1nterva1 in the range E = ¢+1.5 eV to

E = ¢+3.0 eV. Assuming foﬁ appreximately constant, the

. zeroth approximation to the shape of ngt(E—hv)'is found by .
choosing the shape of the experimental EDC's at 1.5 to 3.0 eV
above the threshold energy. This is conveniently done from
log plots of the EDC's where normalization and hVv dependence
in general can be ignored. The relative amplitude of various

opt

points 1in N (E-hv) is made unique within the experimental

error and the error produced by Si(E;hv)'by use of Eq. (2-41)

(see Krolikowski (1967) for complete discussion-of the

eff

unlqueness problem). (E) is then obtained by dividing

NOpt(E hv) into the EDC's at various photon energles Provided

io
the resultant effective density of final states, szf, is

similar for all photon'energies, the technique is assumed to
yield a reasonable approximation to NoPt

In principle the above technique may be used to estimate
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1A%

the density of initial states for E o - 11.9 eV since the
photoﬁ energy is limited to hv 2 11.9 eV by the LiF window
transmission. In practice the threshold function and
scattered_eleétrons severely distort the lower 2 eV portion
of the highest photon energy EDC's imposing a more practical
limit of E 2 ¢ = 9.9 eV. The shape of the highest photon
energy EDC was used as a guide to determine the low energy
cut-off of the densit& of initial states. The résultant
cut-off is too slow for the'ieroth approximation because of
;econdaries but 1is correctgd in the next épproxiﬁétion where
the secondaries are eliminated from the EDC's.

A

The density of final states above the Fermi energy,

£
the Fermi energy using the measured optical transition

NOpt, is determined from the density of initial states below

function and the optical transition strength integral (Eq. .
2-8). Previous investigators (e.g. Berglund and Spicer,
1964) determined.ch)_pt by an implicit calculation. ngt was

determined as indicated above, the form of ngt

estimated,
and Eq. (2-8) - computed. After comparing the resultant.shape
of the calculated  optical transition strength function with

the measured value, ngt(E) was adjusted until satisfactory

agreement was obtained. '
A more direct approach is taken in the.present study.

Given éither Nigpt or ngt and the numerical vaiues of the

measured optical transition strength function, Eq. (2-9) is
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numerically inverﬁed to find N;Et or N;pt respectively. This

numerical inversion is done from finite difference approxima-

tion for'the_integral expression in Eq. (2-9), i.e.

_hv_
__E_M

(MAE) 2 €, (MAE) - AY NiOPt[(L-M—l)AE]ngtt(L—1)AE]AE
. L=1

(2-44)
wﬁeréifhé energy scale has been divided into equal increments
of wid%h AE and hv = MAE. The constant A is detérmined since

.by assuming M = 1 and rearranging Eq. (2-44) gives
(AE) 2 e, (AE)

A= : (2'45)
ngt(AE) N AE

where the continuity of the density of states function was

used, i.e. N%Pt(O) = NF = density of states at the Fermi

energy, and all other quantities on the right side of
Eq. (2-45) are known.

With A and NoPt(O) determined, it will be shown thaf
: O f - .

Nopt

£ [(M-1)AE] is determined for all energies where NOPT

; and-
i
the optical transition functions are known. Then by
induction ngﬁ is defermined for all E < (M-1) E. The
desired result is obtained by‘considering only the L = M

term in Eq. (2-41) and solving for N%pt, i.e.




|

-31-

Opt[(M 1)AE] ANFiE ["(MAE)Z_EZ(MAE) -
M-1
AAE Y ngt[(L—M—i)AE]N%pt[(L—l)AE] L (2-46)
L=1 _ A

Since the cut-off assumed for Nggt was rather uncertain, the
zeroth approximarion for Nggt, was determined from the above
calculation only for E g 9.9 eV - ¢. Nggt was extended beyond
this energy by assuming a free electron density of states.

The final estimate of the ODS is obtained from the EDC's
corrected for secondaries. The contribution of the secon-

daries in the EDC's at various photon energies is estimated

by the calculation of Eq. (2-38) using the zeroth approxima-

tion to the ODS extended to |E] S 12 eV as described above.

The estimated fraction of seeondaries was subtracted from the
EDC's to ebtain a. set of corrected EDC's. With this set‘of
corrected EDC's available a slight rearrangement of Eq. (2—43)

opt' In the present study a combina-

is used to help deflne N
tion of the analy51s_used By Lapeyre and Kress (1968) and Eq.
(2-43) was used to obtain the final estimate of NOpt The
combination of analy51s techniques was necessary because of

experimental uncertainties in the yield and possible collective

effects in the optical constants for hv % 10 eV. - The final

" estimate for,Ngpt was obtained'by again inverting the optical
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transition stfength~re1ation (Eq. 2-46) using the final

estimate of ngt. No further iteration of the ODS analysis
was deemed reasonable considering_the assumption and approxi-

mation involved in the scattering correction.

'D: ngmary
o An expression for the EDC's of photoemitted electrons
has been obtained including a correction for once scattered
electrons. The expression has been derived from the nondirect
transition model (i.e. conservation of‘Bloch wave number is
not a good selection rule) and the following assumptions:
1. The initial velocity distribution of excited
electrons is isotropic.
2. Only inelastic scattering events need be
cdnsidered.
3; The probability of inelastic scattering can be
described in terms of a mean free pafh which is
a function of the electron energy.
4. The inelaéfic scattering is isotropic.
5. The electron must have a component of its total
cry§tél momentum P, perpendicular to the surface,
_greater than some critical value. |
-6. For the. transition metals'studied a(hv)L(E) << 1

and L(E')/L(E) << 1 if E'. < E.
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An implicit assumption of the above model is that many-
body.effects érénnegligible. Quantitative calculations of
the many—body effects in real transition metals are beyond the
scope of pfesent theory, but have been qualitatively considered
by Phillips (1965) and Spicer (1967). Many-body effects need
not be invoked to expléin'the present data.

An énalysis prpqeduré for determining the optical density
of states from thé'nonditect model has been given. Since the
scattering correction is explicitly included, the analysis
must be done in two steps: a zeroth and final approximation.
The analysis procedure is outlined below:

1. ieroth approximation

. opt eff
a. determine Nio and Nf

b. calculate Nggt from Eq. (2-46) using measured
opticalﬁtransition strength and Nggtm

2. Final approximation
a. using Nggt and Nggt with appropriate cut-off
and extenéion; calculate effect of secondaries
b. subfract secondary from EDC's

opt

c. determine Ni - from corrected EDC's

d. repeat step 1l.b. using ngt.




~III. EXPERIMENTAL PROCEDURES AND EQUIPMENT

A. Photoemission Measurements

The bhotoemission measurements of the present study were
done on vapor deposited films produced and maintained under
ultra-high vacuum conditions. The design of the.electronic
and vacuum equipment allowed gtudies of the EDC'S'aﬁd the
relative quantum yield to be measured. The techniques and
designs are explained in outline'fbrﬁ unless they are unique
to the present study. The reader is referred to the cited.
literature and manufacturer's manuals for more detailed
explanations and characteristics. |

1. Basic Experimental Apparatus and Procedures. A

schematic diagram of the basic apparatus used for measuring

the photoelectric yield and energy distributions is shown in
Fig. 5. The photodiode consisted of two parts, Fhe cylindrical
collector and the disk-shaped photocathode constructed from
type 304 stainless steel. The photocathode was highly
polished with a small hole drilled:through the center. The
hole allowed a small fraction of the incident light to fall

on a sodium salicylate (SS) coated glass window on the opposite
wall of the cﬁamber. The SS coated window was cooled to main-
tain the SS film at room temperature even when the system was

baked. The photocathode was hinged so that it could be
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withdrawn f?om the collector by means of a high Vacuum linear
motion feedthrough. In the withdrawn position a gold (Au)
film wa§ evaporated on the inside of the collector to assure a
surface with an uniform photoeleqtrié work function. Au was
used to coat the inside of'the collector because of its unique
ability of maintaining its photoelectric propefties even upon
exposure- to air tKrolikowski, 1967). The phofocdthode was
withdrawn from the collector, and was coated with a film of
the metal to be studied (cf. Fig.l6), before it was returned
into the collector for the photoemission measurements.

~The entire photodiode assembly ﬁas maintained in a high

vacuum chamber. (§'5 x 10710

torr).to insure clean surfaées-
Cléan surfaées are needed to_ﬁinimize scattering of the
photoemit£ed_elecirons due to surface‘confamination. A high
vacuum LiF window of design reported elsewhere (Kendig and
Spicer, 1965), was used to transmit the radiation into the
apparafus. '

| The radiation in the range 2.0 to 12.0 eV was supplied
by a Hinteregger hydrogen discharge lamp dispersed by a one-
meter normal_incidence monochrometer (McPherson Mbdel 225).
Much higher radiation intensities were supplied in the 0.5 to
6.0 eV range by deuterium, mercury, and tungsten light sources

dispersed by.Bausch and Lomb 33-88 series monochrometers. For

all energies used, the optical band was less than 0.1 eV.
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2. Vacuum Equipment and Procedures. The only vacuum

eéuipment»and procedures described in detail will be those
used in éonjunction with the photoemission studies. The
equipment and procedures used in the opﬁical méasurements
were similar to that used for photoemission studies unless
otherwise noted.

The stainless steel chamber housing the experimental
apparatus was built from standard high vacuum fixtures and
from a few custom modified fixtures, and 1is diépléyed in Fig.
6. All internal apparatus was constructed from low vapor
pressure refractory materials such as non—magnétié.SO4 series
stainless steel and OFHC-Cu. The'seléction of materials
allowed the capability of baking the system to 200°C. Baking
at elevated temperaturés was necessary for the outgassing
needed to achieve the desired high vacuum. The materials
éxposed to the high vacuum were carefully cleaned and handled
according to standard high vacuum cleaning procedures
(Rosebury, 1965).

The high vacuum system was initially.evacuated by an oil
free Vacsorb-(Vérian) pump. The pressure was furthér reduced
with the aid of an 8 1/sec Vaclon (Varian) pump. Hiéh vacuum
pressures were achieved and maintained by an 800.1/sec OrbIon
CNorton) pump. The pressure of the high vacuum gYStem, as

measured by Bayard-Alpert ionization gauge, was about 5 x 10~
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torr after baking the entire system at =200°C for 12 to 48
hours. Since the reflectometer had detectors which could not
'Be baked.aboye 75°C, only those portidns remote from the
detectors were baked'at ZOOAC.

3. Sample Preparation. The photocathode was coated with

a thick metal film (5'1000'3) by vapor deposition under high
vacuum. “The metal sample was vaporized by a.water cooled
electron beam deposition.gun (Varian) near the bottom of the
chamber as seen in Fig. 6. When the electron gun and the
metal sample had been cérefully outgassed, evaporated £ilms
could be produced at 5 x 107° torr. The total evaporatioﬁn
time could not exceed several minutes because fadiation'f:om
the molten refractory metals would heat and outgas the
surroundings. -These'metal films were contiguous ‘with the
_polished gfaiﬂless steei photocathode and appeared visibly
smooth. Subsequent x—fay powder patterns of samples scraped
from the photocathode were ¢haracteristic of the polycrystal-

line pure metal.

4, Energy Dis£ribution Curve Measurement. The kinetic
enérgy distribution of the photoemifted elgctrons was measured
by the retarding potential method. A potential diffefence thét
~varied linearly With time was applied between the photocathode
and the collector while the radiation incident on the photo-

cathode was maintained at a constant flux level and wavelength,
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Fig. 5. An operational amplifier differentiator was used to
time differentiate the instantaneous signal from the electro-
meter monitoring the photocurrent-(Kress and Lapeyre, 1968).
The resuitant'siénal is proportional to the number of
electroné which have the same kinetic energy as the instan-
"taneous potential difference across the photodiode, i.e. |
proportional to the kinetic énergy distribution of the
photoelectrbné. The physical equipmen£ and electronic
details of this"ﬁeasurement have been published (Kress and
Lapeyre, 1968). -

A small contact potential was observed between the
photocathode and collector (see Pig.'Qj. This small -contact
potential was known in both sign and magnitudé since the
work function of the collector (Au) is known and that of-the
photocathode was measured (Decker, 1954). The effect of the
contact potential was eliﬁinated from the measurements.

Experimental errors ana uncertainties in the EDC measure-
ment by the retarding potential method have been discussed in
detail by other (cf. Eden, 1967 and Krolikowski, 1967). Their
discussions are.applicable to the present study if the errors
and distortions due to the operafional_amplifier differentia-
tor designed and built for the present study are included
(Kress and Lapeyre, 1968). The overall effects of these

errors and distortions produce an experimental uncertainty of
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structure in the EDC of about #0.1 eV. The position of the
Fermi eneigy is determined within similar experimental limits.

5. Quantum Yield. The absolute quantum Yield, defined

as the number of photéemitted electrons pef absorbed photon,
was measured by first determining the relative quantum yield
per absorbed photon. The relative quantum yieldwcan be
determined if the photocﬁrrent, normalized to the photon flux,
and the reflectance are known as a function.of photon energy.
The total photocurrent is easily measured at éfgivén flux
level by maintain}ng a +10 volt potential between the
collector and photocathode while monitdriné theubhotocurrent

" with an electrometer. The photocurrent, Ip 1s given by

4o a(hv) Y (hv) ' '
L = S HRmy (3-1)

where 2(hv) is the incident photon flux, Y(hv) is the absolute
quantum yield, l-R(hv).represents the fraction of the flux
absorbed. The more difficuit relative photon flux measure-
ment was determined from the small fraction of the photon

flux that passed tﬁrough the phdtoéathode and caused fluores-
cence of- the SS.coated window opposite the LiF entrance
window as shown in Fig. 5. A photomultiplier tube (EMI 9514)
outside the high vacuum chamber was used to monitor the
fluorescence from the SS. Assuming the relative>fluorescent

quahtum efficiency of SS is constant, the current from the
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photomultiplier is
IF = C g (hv) (3-2)

where C is the effective gain of the detecfion system. The
signal from the photomultiplier tube was electronically
divided into the photocurrent signal in a continuous manner
by means -of an operational-amplifier volfage divider
(Philbrick-Nexus). The butput of the divider ié'proportional
to the yield per incident photon,

where.C' is a constant summarizing all the effective gain
factors.

The divided signal described by Eq. (3-3) was recorded on
the Y_axis.of an XY recorder as the photon energy was continu-
ously changed -with time. A signal proportional to the
instantaneous photon enérgy, hv, was simultaneouély recorded
on the X axis (Kress, 1969). The recorded Yieldhper incident
" photon (Eq. 3-3) was corrected by the measured reflectance fo
obtain fhe relétive quantum yield per absorbed photon. The
ébsolute yield was determined at 10.2 eV from the absolute
'1ight flux (NO cell, Melpar), the LiF window transmission, and
the absolute photocurrent. | |

The above method of measuring the relative quantum yield
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of a metal relative to the response of a SS film inside a high
vacuum chamber appears to be unique to‘this work and will be
considered further. There are two possible reported sources
of error that result from using the relative fluorescent
quantum efficiency of SS for the measurement of the light flux.
‘Recent studies:(Samsoh, 1967) indicate that a decrease in the
éfficienty of SS occurs in the wavelength region 1600 & to
1000 R ( 8 to 12 eV). This decrease is approximately 10 to
ZQ percent. In addition to the relative efficieﬁcy problemn,
some reports of time dependence of the relative'efficiency of
SS have appeared in the literature and were notea in this
laboratory when SS was maintained in-a vacuum produced by a
diffusion pump. Contrary to these 6bserVaﬁions no aging was
found in the present study (see.below) and by others (Allison
ét al, 1964) when SS was maintained in an oil free, vacuum
environment at room.temperature. |

The aging and flatness of the SS coating used in the Mo
study was‘indirectly checked by comparing tﬁe yield of Au
obtained‘By the above method with that obta;ned by means of a
detector that~wés'ca1ibrated at several points with a vacuum
thermopile (Krolikowski, 1967). Before comparing with the
Krolikowski results, the relative yield ﬁer incidgnt photon
.measured by the above technique»was corrected with the

published reflectance of Au (Canfield and Hass, 19@5) and
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arbitrarily normalized. The results are displayed in Fig. 7.
The agreement over the measured range of photoﬁ energies 1is
good. | | |

The greatest experimental uncertainty of the relative
quantum yield arises from the uncértainty in the relative
fluorescent quantum effiéiency of SS. Combining the estimate
with the . errors introduced by the electronic voltage divider,
it is estimated that the aBsolute values of thevyield reported
may be in error by as‘much és 25% for_energieg fgmote from the
one calibrated point (10.2 eV). Within a small (1 or 2 ¢V)
energy range, howevér, the relative values of the yield have

only several percent relative uncertainty.

B. Optical Measurements

The opticél "constants" of a metal may be determined
when the reflectance at near normal incidence is known over a
wide range_of photon enérgies and the reflectance at some
aﬁgle other than normal incidence is known over a limited
energy range (Apﬁendix B). It is important that the éurface
of the'metal remains clean during optical measurements sin;e
small amounts of contaminants have noticeable effects on the
optical functions in the Vacuum.ultraviolet region
(Beagleholé, 1965). The eﬁéporatéd film, therefore, must be
prepared and the reflectance measurement must‘be done in a

high vacuum environment: A reflectometer which could meet

-
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these requirements was constructed and is briefly described
below.

1. Reflectometer. The reflectance measurements in this

study were taken by means of a high vacuum reflectometer
designed and built mainly by Lapeyre, Holverson, and Stensiand
(1969). A schematic diagram of thé'reflectometér and vacuum
system used in the present study is presented in Fig. 8. The
smaller 250 1/sec VacIon (Variaﬁ) pump producé& base pressures
and evaporation pressures very similar to the 800'l/§ec

OrbIon (Norton) pump used in the photoemissioﬁ studies.

The reflectometer was designed to allow fhé‘refléctaﬁce
at arbitrary angles between 12° and 70° to be observed as
described below. After coating the.substrate (a clean
microscope slide) by means of vapor deposition of the
appropriate metal, the substrate was rotated to a horizontal
position as shown by the dashed line in Fig. 8. The detector
" was then moved into the light and rotated until the maximum
obtainable signal was found (dashed circle). The substrate
was moved to the desired angular position and the detector
was rotated until its signal was maximized again. The
ﬁosition of the detector indicated the angle of reflectance
and the ratio of .the above two signals was recorded as the
reflectance.

Two detectors were used to span the complete energy
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range of interest. From 2.0 eV and 12.0 eV a 1PZ8A .photo-
multiplier (PM) with a thin SS coating was mounted inside the
reflectometer. In the ultraviolet region, the fluorescenceh
of the SS film provided the detectable signal for the PM.

Below 6.0 eV the envelope of the PM and the thin SS film was

_semi-transparent and allowed the incident radiation to fall

directly-on the photocathode of the PM.

Since the threshold energy for the PM is approximately>
2.0 eV, another detector was needed to extend‘thé bptical
ﬁeasuremeﬁts below 2.0 eV. An Eastman Kodak lead sulfide

(PbS) (1 x 5 mm) detector was chosen to extend thé range of

-the reflectance. The PbS detector was sensitive from 0.5 eV

to.3.0 eV. PbS has a high vapor pressure and was kept from
evaporating by means of a glass coverplate sealed by Varian's

Torr Seal. The Torr Seal raised the base pressure in the

9

reflectometer to =2 x 10 ° torr. In spite of the degraded

base pressure, the data obtained in the near infrared tregion

reproduced the high vacuum data where they overlapped indica-

ting a lack of contamination.

Errors and uncertainties in the reflectance measurement
at normal incidence were checked by measuring the reflectance
of Cu between 2.0. eV and 12.0 eV. These observations

reproduced the’ published Cu data within %2.5%. The absolute

value of the reported reflectance is thus not expected to be
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greater than 12.5%: The relative values of the reflectance
are considerably better. There is no simple relation between
the uncertainties in the reflectance and the optical constants

(Beaglehole, 1965).

C. Data Reproducibility

Reproducibility of the étructure'and magnitude of all the
photoemission and optiﬁal data was the minimum criterion used
to determine a '"good" set of data. The metal films were
evaporated with the experimental chamber coupled to the light
source and all the electronic measuring and recording appara-
hfﬁs were operating for both the photoemission and optical
studies. Within one minute of completing a film, the initial
measurements were taken. The first measurement was retaken
periodically as a check on any aging effects. In general,
there were no observable aging effeﬁts over'a.four to eight
" hour period when the base pressure was in =5 x 10—10 torr
range.and deposition occurred in the 10_9 torr range. If the
films were maintained for longer periods, smallichanges would
appear indicating contamination of the metal surface by the
residual.gasées in the vacuum chamber. | |

The observed aging effects were small and did not change
the major featurés_of'the EDC or the quantum yield.r Thi;
éssertion is illustrated by the EDC's in Fig. 9, plotted

directly from the experimental charts. Mo film IV was about.
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24 -hours old when the illustrated EDC was taken. Film V was
evaporated over Film IV and the EDC immediatély retaken with
all the same experimental parameters except for an 8% inérease
in'lamp current needed to stabilize the lamp. It is apparent
that the fraction of high kinétic energy electrons is
decreased in the EDC of film IV as compared to that of Film V.
' Since the width of the EDC from Film V is 0.3 volt less tﬂan
that of Film IV, the photoelectric work function is less. If
the afea of the EDC from Film V is decreased b&'S% to comﬁén—
sate for the change in the lamp intensity, the difference in
the areas of the two EDC's is a direct measure of the differ-
ence in the quantum yield. The difference is very small. The
above results are typical of the aging observed. |

The reproducibility of fhe measured work function was not
good in the initial measurements. It had been assumed that'
the yield and threshold function measurements were less
sensitive to surface contamination than the EDC's measurement.
'Hence EDC's were taken, then the threéhoid and yield data.
When the order of data taking was changed and the threshold
data completed first, the threshold measurement became very
reproducible. |

Reproducibility of the reflectance data was relatively
insensitive to evapdration pressures and aging effects.

8

Evaporations in the 10~ torr range would agree well with'




Ll

_52_
those done in the 10-'9 torr range. The ovefall magnitude of
the entire reflectance curve obtained from individual films
~was shifted b} 1 to 2% from the average magnitude. These
shifts did not correlate with the evaporation or base
pressures. Although the-magnitude of the various samples
had.some film dependence, the structure observed in the
reflecfance from different films reproduced on all the
observations. It was concluded that these shifts in

magnitude were due to the nature of the metal film itself,




IV. MOLYBDENUM -EXPERIMENTAL RESULTS

A, Optical Measurements

In the present chapter, the results.of optical and
photoemission measurements of the metal molybdenum (Mo)
are presented. The experimental procedure used tb obtain the
following measuremeﬁt is given in Chapter III. The definition
of the functions with their theoretical development is given
in Chapter II. Diécussions relevant to the analysis proce-
dures ére.givén here. - Interpretation of the results is mainly
~reserved for Chapter VI.

1. Reflectance.. It is shown in the theory section and

in‘Appendix’A fhat the optical constants may be derived from
the reflectance at near normal incidence and a segment of the
reflectance at anothéer angle. Such measurements were taken
between 0.5 eV and 11.9 eV on four vapof deposited films of
Mo as described in Chapter III, and are summarized in Fig. 10

(solid 1line). The best evaporation pressure was =5 X 10_9

torr with a base pressure of <5 x 10—10 torr. The films were
‘produced from samples 6bfained from two sources: Jarellash
Company (99.99% pure), and Materials Research Corporation
(99.995% pure, in particular less than 15 parts per million

. carbon). The reflectance from a mechanically polished bulk

sample purchased from Sylvania Corporation (99.5%) was also

obtained at near normal incidence between 2.0 eV and 14.0 éV;
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‘ The reflectance of Mo has been measured by others.
Kirillova et al. (1967) used mechanically polished bulk
samples exposed to the atmosphere to find the reflectance
between 0.05 eV and 12.0 eV. Waldron et al. (1964) measuréd
a heat cleaned bulk sample in a high vacuum glass tube o
between 2.0 eV and 5.0 eV. LeBlanc et al. (1964) used a
heat cleaned bulk sample in a high vacuum stainless steell
chamber and photoemission technique to obtain the reflectance
between 6.0 eV and 23.0 eV. These other studiés agree well
with each other_but differ from the present sfu&fﬂas seen N
in Fig. 10.H The disagreement requires some disédssion.

The data of Waldron et al. and LeBlanc et al. were taken
under high vacuum conditions (zlo—9 to 10_10 torr). Their
sample consisted of a bulk sheéﬁ of Mo which was cleaned
before placing it in the high vacuum. Under high vacuum
coﬁditions, the Mo was flashed to a very high temperature
(=2200°K) immediately before taking reflectance measurements.
_.Thehassumption was made that this severe heating would produce
a clean surface of Mo since most ﬁaterials evaporate more
" rapidly than Mo at these elevated temperatures. This is not
true of carbon,.whi;h has a wvapor pressu?e versus temperature
dependence almost identical with Mo (Rosebur&, 1965). Some
of the more recent literature on Auger-electron emission from

Mo (Vance, 1967) ihdicates that carbon contamination of the
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surface of Mo is increased by diffusion of cérbon from the bulk
material when a bulk sample'ig heated to high temperatures in
a high vacuuﬁ environment. The above observations indicate
the optical data obtained from heat treated bulk samples of Mo
should be treated with caution.

To check the data reported by Kirillova et al, the
reflectance of a mechanically polished (AlZO3 polishing grit)
bulk sampie was also measured in thenpresent study in a low
'-vécuumzreflectometer designed and built by othérs“(Chor, 1967).
The results df.the low vacuum reflectance measurement are seen
in Fig. 10. This measurement did not reproduce the data of
Kirillova et al. or that of Waldron and LeBlanc. It did
reprodﬁce all the structure of the high vacuum data taken in
the present study with a small attenuation in the general
m?gnitude of the reflectance. Since unusual carbon contamina-
tion of sample prepared by mechanical péli;hing is nbt expected,
it is difficult to understand the differences between thege
observations and those'of Kirillova etAal.

The égreement bétween reflectance measured frbm the air-
expésed mechgnically polished bulk ‘sample and the evapofatea‘
films formed under high vacuum conditions, was taken as
confirmation that the high vacuum resﬁlts of the present work.
are the best measurements of the reflectance of Mo for

0.5 eV < hv < 12.0 eV at this time. This conclusion 1is
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supporte& by the observed similar magnitudes of the reflectance
of the high Vaeuum.Mo data of the current studf and that of W
(LeBlanc' et al, 1964). The optical préperties are expected to
be similar since the electronic structure of Mo and W are similar.

The opticai constants of Mo have been extended to 23.0 eV
by use of LeBlanc's reflectance data. His reflécfance curve
was multiplied by the constant needed'to join his curve
smoothly to the reflectance measured in this work at about
12 eV. The results are.givén in Fig. 11. This procedure is
" justified by the empirical observation that the addition of
LeBlanc's data beyond 12.0 eV does not significantly change
the calculated optical constants of Mo below 12.0 eV compared
with the results obtained by cﬁﬁting the measured reflectance
off at 12.0 eV. No interpretafion made-in this study will.
depend on the optical functlons beyond 12.0 eV.

The optlcal constants of Mo were calculated by Kramers-
Kronig's analysis of the reflectance. The analysis can be
completed only if a high photon energy extrapolation of the
reflectance is assumed. The best fit, as expléinéd in
Appendix A, for the measured reflectance at 50° angle of
incidence was.obtained with .an extrapolation of the form

5.02 for E > 23.0 eV. Given this extrapolation

"R = (1/E)
n(hv) and k(hv) were found and all the other optlcal constants

calculated from n(hv) and k(hv).
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The high energy extrapolation introduces some error into
" the 6ptica&ﬁC0n5tantS since the exact high energy reflectance
is not determined. The error introduced by the high energy
extrapolatioﬁ produces some uncertainty in-both the magnitude

and energy position of structure in the'optical constants.

The energy position of structure in the optical constants ﬁas
found to be insensitive to large changes of the exponent in the
high energy extrapolation. ' The magnitude of the optical
.Constants was more sensitive to the value of the exponent.

The magnitude of the present calculation for n(hv) and‘k(ﬂv)

are compared with values measured by techniques ‘that did not

depend on a high energy extrapolation in Table I. Considering
TABLE I
Energy Optical constant Study
n -k
2.15 eV 3.1 2.6 - (Present study)
3.2 3.4 (Juenker et al, 1968)
3.6 3.3 (Summer, 1934)
4.4 3.6 (Waldron and Juenker,
‘ _ : 1964)
1.00 eV _ 3.0 4.1 (Present study)
3.0 4.8 (Kirillova et al, 1967)
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the magnitude differences observed in the reflectance of Mo
compared with the reflectance observed in fhe sfudies summa-
rized in Table I (cf. Fig. 10), the agreement is reasonable.

2. Dielectric Constant. The real part, el(hv), and the

imaginary part, ;ZChv), of the complex dielectric constant or
response function is presented in Fig. 12. If the electrons
in the metal had free electron character only, €, would
monotonically fall to zero while.e1 would monotonically‘riée
~to one with increasing energy (cf. Eq. (2-10)5. Deviation;
from the rapid fall in e, are centered at 1.8 éV and 3.8 eV.
The marked deviation of €, from the free electrgn—like,
monotonic rise towards unity begins early (1 to 2 eV) and
ceases near 5 to 6 eV. The behavior of € indicates numerous
_transitions below 6 eV.

The location of the beginniﬁg of the intefband transi-
tions in Mo is not possible from the present studies of e (hv)
since these measurements extend only to d.S eV. Lenham (1965)
however, studied the infrared behavior of.the optical function
2nk/X and fouﬁd the "interband threshold to be 0.44 eV,
Furthermore, -Lenham found that optical constants of Mo were
not free electrgn—like'within the 1limits of his measurements
(50.1 eV). Kirillova et al (1967) also studied the infrared

optical functions. They found that the onset of the interband

transitions began at 0.17 eV. In either case, the optical
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functions of Mo, as the optical functions of m&st of the other
transition metals (Lenham, 1965), do not have free electron
character even in the near infrared région.

The lack of free electron-like behavior for the optical
functions of Mo in the range 0.5 eV to 2.0 eV was verified
in the present studf. Attémpts were made to separate the
free and bound electron contributibns to the dielectric
function as has been done with the noble metals‘Ag and Cu
7 (Ehrenreich and Philipp, 1962). ‘That is, the free electron
expression for €c) Eq. (2-11), was fitted fo the experimentally
" determined € in the range 0.5 to 2.0 eV by considering t, the
relaxation time,.as a parameter. It was found, however, that
f could not'be considered a constant, i.e. T had energy
dependence.

3. Loss Functions. The energy of collective volume and

surface excitation is determined from the peaks of the volume:
and surface loss functions respectively,‘since the optical
constants safisfy the Conditiong'presented in detail in
‘Chapter II. - A peak in theivolume loss function, Im 1/e¢ (where
Im denotes ”imaginary part.oé”), occurs at 10.8 eV while that
of the surface loss function, Im 1/(e+1),4pccurs-af 9.9 eV

as seen in Fig. 13. The energy of volume plaémoﬁlresongnce is
in rough agreement with that found by LeBlanc at 10.0 eV. This

energy 1s also in reasonable agreement with characteristic
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- energy loss measurements of fasﬁ electrons reflected from Mo.
Haworth . (1935,1936) found peaks in the characteristic energy
loss spectrum of Mo at 10.6 eV and 22.0 eV. Kleiner (1954),
on the other hand, found them at 12.0 eV and 24.5 eV. The
lower value of Haworth is in good agreement with this study
and that of Kleiner in rough agreement. Neither Haworth nor
Kleiner resolved two peaks, one due to the volume and the
other due to the surface excitation. In genéral,.collective
'oscillations are determined with better resolutiéﬁ from
optical experiments than from characteristic energy loss
studied for low and medium energy (§25 eV) excitation
(Arakawa et al, 1965).

Assuming six free electrons per atom for Mo, the free
electron model gives hvp = 23 eV. LeBlanc's optical investi-
.gafion beyond the energy range of this study is consistent
with a classical plasma resonance in this energy region.

4, Alpha, (hv)n(hv), (h\))2 ez(hv). The optical

functions o(hv) and (hv)n(hv) and (hv)z'sz(hv) are displayed
in Fig. 14 and Fig. 15 réspectively. The absorption coeffi-
cient, a(hv), has‘a relative minimum for hv = 11.3 €V.
Consequently, the mean excitation depth for electrons is a
maximum at this energy. The optical functions (hv)n(hv) and
(h\))2 ez(hv) have 1arge'differences in maghitude, but only
small differences in shape. These functions will be used'in

the analysis of the photoemission data.
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5. Sum Rules. The interband (NIB),'surface plgsmon
(NSPB, andjvolume plasmon (NVP) sum rules calculated from
Eq. (2-12), Eq. (2-13), and Eq. (2-14) respectively, are
displayed in Fig. 16. Since Mo has six electrons (4d5551) in
the outer s- and d-shells, it is apparenf that .the interband
sum rule has not reached its expected limiting value of six
electrons even in the rénge of 23 eV. This is not atypical
for a transition metal. For example, the interband sum rule
‘for palladium (Pd) istnot saturated at 11 electrons~until
approximately 50 eV (Robin, 1965). - The numBer of electrons
participating in the collective volume and surface plasmon
excitation is very small below their measured energy values of
10.8 év and 9.9 eV resﬁectively. Over the range in which
phbtoemissioh dafa was taken'(hv S 11.9 eV), interband transi-

tions, not collective excitation, are the dominant optical

excitation process.

'B. Photoemission Measurement

Photoemission measurements of vapor deposited films of Mo
on a stainless steel substraté were made under high vacuum
conditions. . The best deposition pressure was 7 X 1O°9 torr

with a base pressure of 6 x 10710

torr achieved a few minutes
after the depésition. A total of twelve films produced from
samples supplied by the two sources indicated in Section A,

Part 1 were investigated. Excellent reproducibility of the
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data was found among all the measurements taken on films
deposited at 10°% torr or better.

1. Yield. The quantum yield (electrons/absorbed photon)
as a function of photon energy for Mo was measured by tﬁe
procedures and equipment explained in Chapter III and is
présented in Fig. 17 along with the Fowler (1931) plothused to
~ determine the work function as 4.3 eV. The photoelectric work
function is in eicellent agreement with other recent measure-
-ments of the work function of.polycrystélline Mo as summarized
by Vance .(1967). The quantum yield shows no strbng structure.
The rapid increase in the yield tapers off near 10.0 eV
correlafing well with the appearance of thé last observed peak
in the EDC's (see below). A significant drop in the yield is
centered at approximately 11.0 eV. This correlates with the
peak in the volume loss function (10.8 eV) and the relative
minimum in the absorpfion coefficient (11.3 eV). The relative
minimum in o (hv) implies é relative maximum in the bhoto—
excitation depth, thereforé, it is reasonable that the yigld
decreases. .The decrease in the yield at approximately 11.0 eV
is consistent with the optical constants.

The value of the observed quantum yield at the highest
photon energies'available'in the présenf study (hv S 11.9 eV)
was about .02 .electrons/absorbed photon. This small value

for the yield indicates that the limit al << 1 1is appropriate
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for Mo, according to the discussion given in Chapter II.

2. Energy Distribution Curves. The energy distribution

curves for photoemitted electrons from vapor deposited films
of Mo have been obtained as a function of photonhenergy.
Representative samples 5£ the EDC's normalized to the quantum
yield for Mo are shown in Fig. 18 plotted as é function of
E - ¢. The structures in these EDC's .do not Have fixed
kinetic energies. Since there is no strong structure ﬁhich
is fixed with E - ¢ (or equivalently E); there is no such
_structure in N;ff(E). |

Arbiffariiy normalized EDC's of Mo are presented in Fig.
19 plotted as a function of E-hv. There are three distinct
_peaks seen in the EDC's labeled 1, 2, and 3 which have fixed
positions versus E - hv. In addition there is a sudden
deterioration_in.the high energy edgé éf thé EDC's between
Hv = 10.0 eV and 11.0 eV. This effect correlates well with
the onset of the volume plasmon at 10.8 eV and maximum in the
escape depth implie& by the minimum in a(hv) at 11.3 eV. The
fractional change in the high kinetic energy electrons lost
between 10 eV and 11 eV is no£ great and alternately could be
a result of a decrease in L(E) or even an indication of direct
transition'charaqter in this energy région.

The energy dependence of peaks 1, 2, and 3 over a wide

range of photon ene?gies is summarized -in the structure.plot’
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presented in Fig. 20. It is clear froﬁ Fig. 20 that the
peaks 1, 2, and 3 have E - hv dependence over a wide range of
photon energies. These peaks may therefore be .associated with
peaks in the densify of initial states located at -0.5 eV,
-1.6 eV, and -3.9 eV respectively.

A set of normalized EDC's multiplied by the transport
fdcfor in the limit al << 1,'i.e, (hv)n(hv), is displayed in
Fig( 21. The eonsistent overall magnitude or overlap of this
set of curves indicates that (hv)n(hv)N(E-¢,hv) may be well
described by a product of two functions of the form

eff(E), where szf is not rapidly VarYing with

OPt(E hv)N
energy.

3. Optical Den51ty of States for Molybdcnum To obtajn

the zeroth approximation of the ODS needed to complete the
'scattering correction for secondaries, a zeroth approximation

to the density of initial states, Niff

(E-hv) was determined
as indicated in Chapter II. This zeroth approximation to the
optical density of states was then divided into the EDC's at
.Varioue photon energies to obtain the effective density of

final sfates szf(E). A"compesite of the shapes of the

various szf(E) obtained is presented in Fig. 22. The effec-
tive density of states for photon ehergies not shown, will

fall within the bounds defined by the curves shown. The

superposition of the effective density of final states aS: .
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seen at various photon energies indicates that the EDC's can
be described as a product of a function that varies as E and

one that varies as E - hv. _
The zeroth approximation to ngt(E—hv) and the optical

transition strength, (h\))2 ez(hv), were used to determine the

opt

£
approximation'to ngt was smoothed so that only the general

zeroth approximation to N (Chapter II). The zeroth

,'envelope was considered significant. N%Et and NOpt‘are

io
presented in Fig. 23, where the dashed line indicates the-

-assumed low energy cut-off and high energy free electron

extension.

The calculation for the density‘of final states, assumes
knqwledgg of ez(hv) for small ﬁhotén.energies. In the present
study the reflectance and. consequently the optical conspants;
were not determined for hv = 0.5 eV.l Without accurate results
for ez(hﬁ) at the lower photon energies, the thiéal denéity
of final states and the constant. A, cannot be calculated
(cf. Eq. 2-45). This difficulty was circumvented by-éhoosipg
a constant averagé value forﬂngt(E) which produced appfoxif
mately as many empty states tsix for Mo and four-for Ru) as
required to f£ill the eﬁpty d-band in the next several eV. The

states near the Fermi energy may be arbitrarily chosen since

the exact magnitude of the states in this small ‘region was

-found by explicit.computer calculations, as intuitively
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expected,. to have a negligible effect on the overall shape of
the density of final states.
The. fraction of once scattered secondary electrons in
the EDG's was eetimated.from Eq. (2-35) and the zeroth

opt opt

approx1matlon to N and Nf .The secondaries were then

‘subtracted from the measured EDC's. The results for Mo are

summarized by two EDC's calculated at hv = 8.0 eV and 11.0 eV

~given in Fig. 24 and Fig. 25 respectively. As expected, the

high~energy‘edge of the EDC was only slightly effected-while‘
the low energy portion acqulred a large correction. The
fraction of secoﬁdaries is. negligibly small in Fig. 24, But-is
significant in Fig. 25, Slnce there are more energetic

electrons for hv = 11.0 eV it is reasonable that the correc-

tion due to secondary scattered electrons should become larger

with increasing photon energy.

It was found empirically that the scattering corrections

were very insensitive to the details of ngt. If structure

was included in ngt, it produced'only very minor structure in

the corrected results. The magnitude of the scattering

corrections was somewhat more sensitive to the relative

. opt opt . : ;
magnitude of Nio compared to Nfo . This ratio was chosen as
indicated above.

opt

The final approx1mat10n to N (E-tiv) was then obtained

from the corrected EDC's as explained in Chapter. II. With
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this final approximation to ngt(E—hv), the optical transition
strength'integral was inverted again to arrive at the final
approxiﬁation to N%pt(E). These are displayed in Fig. 26.  No
further iteratioﬁs of the ODS analysis technidue deemed
reasonable considering the assumptions aﬁd-apprbximation
‘involved in the scattering'correction.

The reader is cautioned that the numerical inversion of -
the optical transition strength function for ngt.was done in
0.2 eV increments, hence the resolution could certainly not
be better than 0.2 eV. lRecalculating the optical transition
strength function with the density of state shown gave 1 to 3%
disagreement with the.values of the observed transition‘strength'
function. Finally, if the density of final states.already
' contains significant broadenlng (Chapter VI), -the details of
"the density of final states will certalnly be dlstorted These .
‘effects combine to lessen the s;gnlflcance of the flne.struc-
'tureAdisplayed in the density of. final states shown in Fig. 26.
The dashed, averaged curve for NEPF in Fig. 26-is possibly a
bétter estimate of szt evén though it will not permit as
accurate a recalculation of the optical transitions stréngth

function as the detailed result will.

C. Summary

The photoemission data are consistent with the nondirect
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transition model. The optical and photoemission measurements

of Mo are found to be in agreement. Peaks in the ODS.of Mo are

located at -0.5 eV, -1.6 eV, and--3.9 eV. The group of tfansi—'

tions which produce the large values for €, and marked devia-

tion from free electron behavior of € in the region 0.5 to

6.0 eV, correlate well with the width.of the determined optical

density of states. .The structures in e, at 1.8 eV and 3.8 eV
correlate well with the peaks at -1,6 eV and -3.9 eV in the
optical dénsity_of initial states and with the peaks at
approximately 2.0 eV and 3.8 eV in the optical -density of
final states. The onset of interband transitions is variously’
feported as .17 eV (Kirillova, 1967) and .44 eV (Lenham, 1965)
and can be'associatéd Qith the observed high density of states

at thé Fermi energy and possibly with the peak in ‘the density

- of initial states at 0.5 eV determined by photoemission studies.

The quantum yield has a slight decrease at 10.5 eV consistent
with a relative maximum in the mean absorption depth, onset
of a volume plasmon, and a deterioration in the high energy’

edge of the EDC's at approximatély the same energy.




V. RUTHENIUM EXPERIMENTAL RESULTS

The results of the optical photoemission.measurements of
ruthenium (Ru) are summarized in the foilowing chapter. The
results from these measurements are found by arguments very
similar to those.given'in detail in the discussion found in
Chapter II These same arguments are given in abbreviated

form the second time.

A. Optical Measurements-

1. Reflectance. The reflectance was measured from vapor’

deposited films of Ru and are shown in Fig. 27. Two films
were produced using a semple obtained from the International
Nickel Company (analy51s unknown) and two films were produced
u51ng a sample from Materlals Research Corporatlon (99.9% -

’ pure). The pressure during deposition was =1 x 10 -8 torr
with a base pressure of §8 X 10—10 torr achieved several
minutes after termination of the deposition. The reflectance.
at near normal incidence was extended beyond the LiF window.
cut-off, 11.9 eV, to 14.0 eV by'measuring a mechanically
polished bulk‘sample in a low vacuum reflectometer. No
comparison with other measurements of the reflectance-or
optical properties of.Ru is possible since no published

optical measurements were found in the literature.
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Only- one structure point appears in the reflectance at

lower energies. A relative minimum occurs. at 1.4 eV and a

relative maximum at 1.8 eV as seen in Fig. 27. ' The reflectance

falls with increasing energy until a second relative minimum

occurs at 11.6 eV.

The optical functions were derived from the reflectance

3.61 for

with an-extrapolation of the form R « (1/E)
hv > 14.0 eV; The reflectance is monotonically increasing
with photon energy for the highest energies measured. Since

the assumed form of the high photon energy extrapolation of

the reflectance -does not simulate monotonically increasing

'behavior'(Appendik A), the derived optical functions at the

high energies could be distorted.

2. Dielectric Constant. The real and the imaginary

parts of the complex dielectric constant are displayed in

‘Fig. 28. Deviations.from free electron-like behavior in

both él-and ézrére nbted at between 1 to 2 eV and'lfS to 1.5
eV resﬁectively. For small photon energies the value of éz
is large indicating étrong absorption. A small rise in €4
énd.eé is present near 13.0 eV. 'This is pfobab;y'the re;ult
of a poor.simulétion of the actual reflectancé in the region

immediately after 14.0 eV by the'aésumed-extrapdlationq

The .onset of interband transition could not be.detérmined"

for hv 2 0.5 &V: -Comparison of the reflectance of Ru and Mo
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indicates that the two metals have similar near infrared,
optical properties.

3.- Loss Functions. A surface plasmon is found at 8.7 eV

and a volume plasmon located at 10.2 eV as'aetermined'by‘thg
peak of their respective loss functions as éhown'in Fig. 29.
The damping due to interband transitions is less in the plasma
‘region.bf Ru cbmpared to that of'Mo as typified by thé smaller
values for €, OT larger amplitude Qf the loss function in
“that same regioni

4.+ Alpha, (hv)n(hv), (hv)z e, (hv). The optical functions

. a(hv) and (hv)n(hv) and (h\))2 éz(hv) are di5p1ayed in Fig. 30
-and Fig. 31 respectively. Near 6.0 eV, a(hv) begins to fall
" and has a relative minimum at 10.5 eV, indicating the mean
excitation depth of the eléctrohé has-a relative maximum at
1 10.5 eV. The opticai function (hv)n(hv) is nearly-a constant
with énergygfrom 2.0 to 10;0.eV. Both (hv)n(hv) and
.(hv)z'ez(hv) bggin.a very steep rise near 10.0 eV. .Thesé
functionsvwili Be uséd.in the interpfetation of the photo-
emission measurements later.in this chapter.
5. Sum Rules. The inferband (NIB), surface plésmon

(NSP), and. volume plasmon (NVP) sum rules are pre;entgd in

7551) in the outer s-

Fig. 32. Ru has eight electrons (4d
"and d-shells. .The small value observed for NiB at the

highest photon energy indicate that saturation of: this sum
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rule would not occur until a much higher energy. The
effective-nﬁmber of electrons participating in the surface
and volume plasmons is -small below their measured values of
8.7 ev énd 10.2 eV respectively. For hv S 10 eV, the inter-

band transitions certainly are the dominant optical process.

The effective number”of_eléctrons participating in collective

excitations becomes significant compared to those participating.

~in interband transitions for'h\)'g 10 eV. This enérgy corre- .

lates well with the sharp rise in the optical function

(hv)n(hv) and (hv)z sz(hv).

B. Photoemission Measurements

Photoemission measurements were made on vapor deposited

-films of Ru under_high vacuum conditions. The best evaporation

ﬁres;ure was approximately 1 x 10_8'torr with a base pressure
of-S X 10_10 torr achieved within several minutes of the
completion of the deposition; Ten films were produced from{.
the two metal saﬁples used in the optical meagurements. An
attempt was made to study the ele;tronic strucfure of Ru close
to the Fermi energy by lowering the photoelectric work func-
tion withﬂé layer of Cs. The results of these investigations
were not consistentuwith_the results obtained from clean Ru
and. are diséussed in-Appendix B. |

All the structures in the EDC's in the present study
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'reproduced well except for a very minor peak which appeared at

E - hv = -2.8 eV in the EDC's from several of the films

7‘torr). The

produced_under poor vaéuum:conditions_(=10—
aﬁplituderf the gméll structure in the EDC'S was observed
td-increase ﬁitﬁ time. ”Sinée the peak at E - hv = -2.8 eV
did not appear in the initial measurements of the saﬁples

produced under better vacuum conditions, it was assumed to

be.a result of surface contamination. Only the data taken

- under the better vacuum conditions are discussed below.

1. Quantum Yield. The absolute quaﬁtum yield (électrons/‘

‘absorbed photon) for Ru was meaéured by the procedures out-

lined in- Chapter III and is displayed in Fig. 33 élong with

the Fowler (1931) plot used to determine.the photoelectric

- work function of polycrystalline Ru as 5.4 eV. NoO comparison

with other photoelectric work function measurements for .the

" metal Ru is possible since none were found in the literature:

The quantﬁm.&ieid for Ru increases smoothly with photon
energy. The rate of increase slows nea; 9 eV which is
Consisfent with the appeérance of the finalnpeak seen in the
EDC's (Qee beloW). Anbther-élight breakrin rate of increase
produces a very ﬁinor.structure near 11;0 eV. This roughly
cotrelates with the felative maximum in t@e méan excitation
depth observed at 10.5 eV implied by the optical absorption

coefficient measurement.
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- 2. Energy Distribution Curves. The'energy distribution

curves for .photoemitted electrons from vapor deposited films

of Ru have béen obtained as a function of photon energy by the

experimental procedures and equipment explaiﬁed in Chapter III.

Representative samples of the EDC's for Ru are shown in Fig.
34. The EDC’s_afe normalized to the quantum yield and plotted
as a fUn;tion of E - hv. No structure was found with a fixed

position on E -¢ plots. -The EDC's indicate the three peaks

labeled 1, 2, and 3 which have E - hv depéndence.:

‘The structure plot for Ru; shown in Fig. 35, clearly

indicates the E - hv dependence of peaks 1 and 2 at

E - hv = -0.5 eV and -1.3 eV respectively. Peak 3 at -3.6 eV

appeérs to have some E - hv dependence. Peak 3 is produced. .

by states which are too far below the Fermi énergy to be
_completely removed from thé‘ihfluenée threshold functions even

. -at the"highest available photon energies. In addition, the

functional dependence of peak 3 is made more difficult to

:determine at high”photon energies because of the large

fraction of secondaries. It will be shown that although part
of this struéture is due to secondaries, the amplitude is too

large to be composed totally of secondaries for the scattéring

: model-aééﬁmed‘as seeﬁ-iﬁ Fig. 39. Peak 3 tentatively 1is -

identified as a structure in the optical density of initial

states.
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Similar to the result obserted from Mo, there is a
detefio:ation in the:population‘of high kinetic energy
electrons in the EDC's between the photon energies 10 eV and
11 eV. This ioss of high energy electrons may be associated
with the observed volume plasmon at 10.2 eV and the relative
maximum in the mean photoexcitation depth at 10.5 eV.

When the hormalized EDC's for hv 2 10 eV_are multiplied
' by"(hv)n(hv), the relative magnitgde of the resultant set of .
curves‘is.essentially the same as that shown in Fig. 34,
since {hv)h(hy) is approximately constant in this spectral
range (cf. Fig. 31). For hv 2 iO eV, the'magﬁitude of the
.set of curves begins a sharp rise in amplitude with increasing
bhoton energy. This rise is‘due to the function (hv)n(hv)
and occurs in.the region where the number of electrons
part1C1pat1ng in collectlve excltations beglns to become

comparable wlth the number involved in ‘interband excitation
as seen in Fig. 32. Since the sharp'rlse in the function
(hv)n(hv) may be assoc1ated with collectlve effects which. may
not produce-photoemltted electrons, it is ignored. in the 0DS

analysis. The .magnitude of the density of initial states

could be made unique only for a few eV near the Fermi energy _—

because of this difficulty with the opticel'functions.f

. 3. Optical Den51ty of States for Ruthenium. The estimated

scattered electron contribution was obtained by u51ng a zeroth
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approximation to the ODS. The zeroth approximation to ngt
(E - hv) was determined as indicated in Chapter III. The

opt

zeroth,épproximation to Ni (E-hv) was then divided into the

EDC's at various photon energies to obtain the effective

eff

density of the final states Ni (E). A compoéite of the

shapes of the various N;ff(E) functions obtained is presented
in Fig. 36. In.genefal, these effective densities of final
states for varioug photon .energies were équivaleﬁt even beyond
the . energy 10.0 eV where the optical functions C(hv)n(hv) is
rapidly increasing with hv. Since szf(E) is the same
function for all photon energies, the EDC's can be decomposed
into a product of a function that varies as E i_hv with one
that varies as E.

The zeroth approximation to ngt(E)'was calculated by

inverting the optical transition strength expression, Eq.

(2-9). Only the general envelope of the calculation was

considered Significant. The zeroth approximation to the
optical density of states with an appropriate low energy cut-
off énd high energy extrapolation (dashed lines) is summarized
in Fig..37.

The -fraction of scattered secondary electrons for the
EDC's of Ru was estimated from Eq. (2-35) using the zeroth
approximation to the ODS. The results of these calculations

for the measured EDC's of Ru for photon energies of 8.0 eV
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and 11.0 eV are displayed in Fig. 38 and Fig. 39 respectively.

The scattering correction in Ru is very similar to that found
in Mo except that for a given photon energy the scattering
correction for'Ru is less than that assigned to Mo. 'The
smaller scattering correction is a result of the higher work
function of Ru. |

The structure Wthh is located at E - ¢ = 2.1 eV in Fig.
39 (peak 3 on Fig. 34) is attenuated but not removed by the
scattering correction. This peak is therefore at least
partially due to a peak in the initial ODS. The deviation
of peak 3 from the equal increment rule is p0551b1y explained
by the_scattering correction since the peak in the secondary

electron energy distribution falls in the same kinetic energy

range on the EDC's and does obey the equal increment rule (cf.

Fig. 38 and Fig. 39). Imn spite'of above evidence indicating -

that peak 3 is due to structure 1n the 1n1t1a1 state, the
reader is cautioned that this evidence depends heavily on
the. 1OW‘k1net1c energy‘scattered electron correction. As
noted in Chapter II, the scattering correction for the low

kinetic electron is only approximate, and the assignment of

peak 3 to-a structure in the initial states remains tentative.

opt

The final approx1mat10n to N/ (E hv) was obtained from

the corrected EDC's by the procedure explained in Chapter TII.

With this estimate of Nopt, the optical'transition Strength'
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integral was inverted again to obtain ngt(E). These functions

are displayed in Fig. 40 with the appropriate low energy cut-
off and consequent high energy ektrapolation (dotted solid
line). No further iterations of the ODS analysis technique

were deemed reasonable.

C. Summary

Thé photoemission data are consistent with the nondirect
transition model. The optical constants were oBtained from
reflectance studies between 0.5 eV and 14.0 eV and the optical
density of states between #4.5 eV estimatea from photoemission
studies of high vacuum vapor deposited filmsof Ru. Definite

peaks are seen in the ODS at -0.5 eV, -1.3 eV, and 1.5 eV. A

" third peak appears at -3.6 eV, but is not observed over a

sufficient spectral raﬁge to uniquely-determine its character

as nondirect. The peaks.at -1.8 eV and 1.5 eV correlate well
with structure in €, near the éémé energy. The optical
constants indicate a surface and volume plasmon at 8.7 ¢V and
10.2'eV respectively. The quantum yield has a fery minor

structure near 11.0 eV roughly correlating with the relative

minimum in o'(hv) at 10.5 eV and a sudden degradation of the

population of the high energy electrons in the EDC's.
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VI. INTERPRETATION AND CONCLUSIONS

The main goal of any experimental investigation is inter-
preting tﬁe experimental data in terms of fundamental physical
pfocesses. The goal is ihevitably accomplished by invoking
some simplifying assumptions and modeis. The simplifications
and'assﬁmptions of the present study are mainly documented in
Chapter II with a few appearing in the '"results'" chapters, IV
and V. The predictions of the simplifying assumptions and
models used to éxplain the optical and photoemission measure-
ments are mostly summarized in the aerived-optical dénsity of
states (ODS). The ODS of Mo and Ru are discussed and compared
with pertinent theoretical calculations and experimental data.

In addition, suggestions for future work are included in the

present chapter.

A. Optical Density of States and Band Structure of Molybdenum-

and Ruthenium

1. Molybdenﬁm. Thé gréund state density of states as a
function‘of energy may be determined from energy band calcﬁla-
tions. No ehergy band calculations outside the region'of the
Fermi energy have been published for Mo. Matthesis (1965)
has calculated the band.structure of Mo's 5d counterpart W,
and Connolly (1968) has calculated Mo's 3d counterpart, Cr.

‘Since Cr, Mo, and W have the same crystal structure, body
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centered. cubic (bcc), and similar outer electron shell configura-

tions, 3d°4sY, 4d°5st, and.5a%s?

respectively, the rigid band -
model predicts similar electronic structure. The 4d electronic
structure of Mo is more compact than the 5d electronic structure
of W and less compact than the 3d electronic structure of Cr
according to estimates given by Matthesis (1965). He has
calculated the enargy separatibn between the HZS' and le

points in the Brillouin zone for Cf,'Mo,and W as a measure of
their d—band'widths.‘ He found for Cr, Mo, W

and W 6.9 ev,

I’ I’
9.2 ev, 10:5 eV, and 14.1 eV respectively, where the results

for W, and W are for two different potentials (which in

I I1
effe;t vary the 6s-5d bands energy separation) assumed for the
W calculation.

The energy scale of Matthesis' DS for WI was rescaled
using the above figures and is compared with the experimental
ODS of Mo in. Fig. 41. The dotted portion df‘the 0DS shown in. .
Fig. 41 and on other figures throﬁghout this chapfer is less
reliable because of the effects of secondaries, the threshold
function, and spectral limitations. There are tﬁree peaks
below the Fermi energy in the experimental ODS (1, 2, and 3)
and in the calculated DS (a, b; and c).  The energy pesition
of peaks 1 and 2.correspond well with a and c. The most
serious discrepancy noted is in the'region'near the Fermi

energy (—l‘é E S0 eV). The calculated DS has a wide-(:l eV),
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deep valley and a small value at the Fermi energy (NF = 0.6
electrons/atom-eV). The small number of states at the Fermi
energy in the DS is confirmed by specific heat measurements
corrected for electron—phonon'interactions (McMillan, 1968).
In contrast, the ODS indicates a peak centered at E = -0.5.eV
and a'larger number of states at ﬁhe Fermi energy (NF = .9
electron/atom-eV)h

The ODS and DS of Mo both have oné prominent peak‘abpve
the Fermi energy. There are three smaller peaks in the ODS
for O ev <E 2.5 eV while two are seen near 1 eV in the
calculated DS. |

The structure in the ODS beiow the Fermi energy is not
as sharp as that displayed in the calculéted DS. The apparent
broadening observed in the .ODS of Mo is consistent with thé
broadened structure found in other photoemission»investigatiéns
of]fransition‘metals (cf. Ruthenium below; Yu and Spicer, 1967;
and Eastman, 1969). This‘broadenipg_is principally due to the
finite lifetime of the photoexcited state (Berglund and Spicer,
1964), and possibly due to many body interactions (Spicer, 1967
and Phillips; 1965). ' |

The density of states 6btained frém energy band calcula-
" tions of Mo's 3d-and Sd‘couﬁterpart, Cr and W respectively,
indicate the rigid band model is applicable to the VI B.group.

Both Cr and W have three similarly shaped peaks 'in the DS
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below the Fermi energy (cf. Fig. 42 and Fig. 41 respectively).
The smallest and broadest peak appears at the lowest ‘energy -
(peak a), the largest peak appears at an intermediate energy
(peak b), and the intermediate amplitude peak appears nearest
the Fermi energy (peak c). As seen in Table II, the energy
position of these calculated peaks in. the density of states

of Cr and W are simpie related by a nearly constant scale

 factor close to that predicted by Matthesis (.66).

TABLE II
Peak Cr (Connolly, WI(Matthesis, Scale
1968) 1965) Factor
a 1.3 eV 1.8 eV .72
b -2.4 eV -3.2 eV .75

¢ -3.3 eV -4.5 eV .73

The experimentally obtained phbtoemission data of the

~group VI B 3d and 4d transition metals, Cr and Mo respectively,

are not simply related by the rigid band model. There are
three structureipoints in' the 0DS of Cr and Mo (cf. the solid
curves in Fig. 42 and Fig. 41, respectively) but their energy
positions are not related by a simple cbnstant_scale factor

as displayed in Table III.
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TABLE 111
Peak Mo (present Cr (Lapeyre and Cr (Eastman, éz:igge
study) Kress, 1968) 1968) Factor
1 -0.5 eV -0.2 eV -0.4 eV .60
2 -1.6 eV -1.1 eV -1.2 €V .72
3 - =3.9 eV -2.2 eV -2.3 eV .58

Furthermore, inspection of Fig. 43 revealé that the
amplitude of the ODS of Mo cannot be derived from that of Cr.
This is particularly true-of the region -2 eV S E <0 eV where
the ODS of Mo and Cr should be well determined by photoemission
studies. |

The amplitude differences between the experimentally
observed ODS's and the calculated DS's of Mo and Cr may
indicate the ODS is simply not a good replica of the unper-
tufbed.ground state density of States. The optical transi-
tion probability matrix elements foT the transition metals
may have E - hv dependence since their wave functlons are
localized or. antlbondlng near the top of the d bands and are
diffuse or bonding near the bottom of the d-bands (Cuthill,
et .al, 1967). :Uéipg,the dipole abproximation Cuthili et al
calculated large matrix element varlatlons due to these

systomatic changes in the calculated wave functions of bcc Fe '

N
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from the top to the bottom of the d-band. Although their
simple estimate of large matrix element variations is not
supporféd by experimenta} studies (Eastman, 1968), their
calculation does demonstrate the possibility of E - hv

dependence in the matrix element of the optical transition

probability as discussed in Chapter II, E - hv dependence in

the matrix elements cannot be distinguished from the ground
state density of ipitiai.states effects in photoemission and
optical studies and,‘therefore, cannot be detected in the
present study.

“An interesting'comparison between'the estimated DS
obtained from W and the ODS of Mo is obtained by ad hoc
adjustment of the d-band width énd the pqsition of the Fermi
energy. These parameters of the DS were adjusted for "best"
fit with the ODS. The energy scale of Matthesis' WII'was |
reduced by a factor of 0.92 and the Fermi energy moved
approximately one eV. ‘The'result is_displayed in Fig. 44.
The good agreements in the energy positions and amplitudes of
all the.structures,beléw the Fermi energy may be fortuitous.
Without detailed knowledge of the effects of tﬁe various
parametérs used in the energy band.calculatidgs (eg. s-d
energy bands separation); it is difficult to estimate the

plausibility and significance of the above comparison.
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2. Ruthenégm.- It is generally felt_fhat the DS calcu-
lated fjom band structure results is sensitive .to the crysfal
structure of Fhe metél (Mafthesis, 1969). For this reason
the ODS of hexagonal clése packed (hcp) Ru (4d7551) is éompared
with the DS of hcp Re (5d6652) instead of with its 3d counter-
part (bcc) Fe(3d7551) in Fig. 45. The comﬁa;ison was made
assuming the rigid band model. The scale factor of .75 was
used to adjust the enérgy axis of the Re DS. The energy scale
factor was estimated from the,energy.eigenvalue differences
between various symmetry points in the Brillouin zone for Re
compared to the same points for Ru. The scale factor was '
chosen with the aid of some unpublished energy eigenvalue
calculations of Ru kindly supplied By Matfhesis (1969).

The results presented in Fig. 45 indicate thét the -
observed optical density of states.below -2.0 eV is broadened
and'averaged compared with the estimated‘density of states.

This is similar to the results obtained in Mo and is probably

due to the same effects sﬁggested there. A major discrepancy

. exists between the ODS and thg dalcﬁlated DS néar the Fermi

energy (-2.0.eV S g S 0.0 eV). The calculated DS shows a

large valley in the density of states approximately 2 eV wide.

-This discfepancy is quite similar to that found in the compari-

son of the ODS of Mo with that ekpected from the DS of W. The

discussion given there would presumably apply here.
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Excellent agreement between the ODS and the calculated
~estimate beyond the Fermi energy is found. The shape.of the
empty states indicates the termination of the d-band near
4.5 eV and the beginning of a new series of states in the
same region. These couid possibly be the beginning of the.
5p states.

Thé hypothesis that the density of states is more sensi-
tive to crystal structure than to the atomic structure of the
atom in the free state is tested in Fig. 46 where the 0DS of
Ru is compared with the density of states of its 3d atomic
structure counterpart non-magnetic Fe calculated from Wood's
energy band results by Matthesis (1965). - The energy scale of
the Fe density of states was expanded by the same factor
. Matthesis gives for the relative d-band width of Cr to Mo
since Fe and Ru are similarly situated on the periodic table.
There is no detéiled agreement between the optical density of
states and the calculated density of states obtained frOm non-
-magnetic Fe above or below the Fermi energy. Although the
similarities between the ODS for Ru and the calculated density
of states for Re are in reasonable agreement only, they are -
certainly in better agreement than the 0DS and the calculated
density of states for non-maghetic iron as the original -
hypothesis indicated..

The structure observed in the photoemission EDC's and
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optical constants 6f hcp Ru are not as well ‘defined or as
numerous as those observed in bcc Mo. Since the hcp structure
is not as spherically symmetric as cubic structureé; the
poorly defined structures in the dptical and photoemission
data of hcp Ru could be a result of the assumption that
polycrystalline samples of hcp metals -may be treated as if they
~ had isotrbpic propefties. This possible explanation for the
observed differences_in the optical and photoemission properi
ties of the hcp and bcc transition metals could be tested by

studies of simple crystal samples. .

"3, Nondirect and Direct Transitions in Molybdenum and

‘Ruthenium. The photoemission data from Mo and Ru were found
to be consistent with the nondirect transition model with the
possible'exception of the sudden attenuation in the high
kinetic energy peaks of the EDC's for hv > 10 eV (cf. Fig. 19
and Eig. 34). The disappearance of tﬁis‘high energy peak
could indicate direct transition character to this pegk in
the EDC's of both Mo and Ru. The lack of agreement between
the measured ODS and estimated DS just below the Fermi energy
may also indicaté direct traﬁsitions iﬂ the data.

In addition to the impiications of the above questionable
predictioﬁs of the nondireét tfansition model applied to thé4
experimental data for the metals Mo and Ru, receﬁt detailed

calculations for the metal Cu indicate direct and nondiredt
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transitions cannot bes unambiguously distinguished in the photo-
emission‘data because of some degeneracy in the predictions of'
the direct.and nondifect transition model (Smith and Spicer,
1969). The photoemission dafa from the 3d bands of Cu were
.Calculated from the enérgy bandS'éssuming direct transi£i0ns
and constant matrix elements. The cal;ulations of émith and
Spicer were successful in predicting the existance and energy
position of the four.brinciple~pieces_of structure observed in
the d-bands of the experimental EDC's of Cu. The calculation
did not successfully predict -the amplitﬁde of the structures
in the EDC's of Cu. This latter failure of the calculation,
according to Smith énd Spicér; may héve been a result of the
‘assumption of constant matrix elements. -

The above discussion_indicatesladditional investigations
are needed info the character of the thical frénsitions of Mo
and Ru. One obvious investigation would be the extension of
the energy band calculatioﬁs so that the photoemission EDC's
could be calculated for Mo and.Ru. Such calculations would be
particularly interesting since the occupied energy bands of
- Mo aﬁd Ru, as indicated by the energy band of W and Re
réspecfively? are quite different in shépe Cpmpared to the
relatively £lat (slowly varying with Blo;h wave number) bands

'Qf Cu.
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B. The Optical Density of States and Isotropic Mass Effect in
Molybdenum and Ruthenium

The superconducting transition temnerature, Tc’ is isotopic
mass dependent for many of the simple metals. The isotopic
mass effect 'is a direct consequence of assuming that the
attractive interaction.needed for the theory of superconduc-

tivity is a result of an electron-phonon interaction and is

summarized by

M TC = constant (6-1)

where M is the.atomic mass of the metal and the,exponent o

is 1/2 for simple metals which have a normal-isotopic mass
dependenee. This relation is not verified foi some of the
‘transition metals .(Garland, 1963). In particular, fhe constant
.a is found to be .00 * .15 for Ru (Geballe and Matthesis,
1961), and .37 + .04 for Mo (Matthesis et ai, 1963). These
anomalous results lead some investigators to snggest that
intefaetions other than the virtual exchange of phonons should
- be considered in tne theory of superconductivity (e.g. Geballe
et al, 1961). . Others, reluctant to_give up the interaction
that worked well for the simple metals, have suggested models
for the s- and d-band electronic densities of states of the
transition metals which would explain the dev1ations from thei

' normal_isotopic mass effect. Garland (1963) was able to show

from investigation of the Coulomb s-s and s-d electron
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interactions that such effects were possible in any transition
metal having a narrow (<< 1 eV) peék in the-density of states
near thé Fermi energy.and a small s-band Fermi wave number.
Nordtvedt (1965) investigated the short wave leﬁgth longitu-
dinal phonon frequencies and found similarly that an anomalous
isotopic éffect was possible if the effective massiof electrons

in the d-bands. is my.>-10 m and the density of d-states

. electron
is large near (=0.2 eV) the Fermi eﬁergy.

According to thé models proposed by Garland and Nordtvedt,
a large narrow peak in the density of electronic states shéuld
appéar near the Fermi energy of Ru and Mo. The experimental
0DS's obtained in. this study do not indicate peaks at the
- Fermi energy. The peaks nearest to4the Fermi energy are -

-0.4 eV and -0.5 eV for Ru and Mo respectively. Eurtherﬁore,
the observed peaks near the Fermi energy are not as narrow
as those suggested by the models of Nordtvedt and Garland.:

In addition to the above experimentdl evidence for
anomalous electronic structure in.Ru and Mo, McMillan (1968)
has shown that a more refined treatment than the BCS theory
assumed by Garland and Nordtvedt, will account for the |
quenched isotopic mass effect without any anomalous conditions
being imposed on the densify.af statés. His results for both
Ru and Mo indicate a small density of electronic states at the

Fermi energy. McMillan concludes that the electron-phonon
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coupling constants, which are-directly related to the isotopic
.mass effect, depend mainly on -the pﬁonon frequencies and are
insensiﬁive to a large variation in the electronic properties,
i1.e. the band-structure density of states. His results are
probably the best statement of the effects implied by the
anomalous 1sotopic maés_effect'in Ru and Mo since He used a
later "state of the art" theory.

Contrary to the above experimental and theoretical
implications, there is some evidence in_the infrared optical
constantsdata pubiished by Kirillova et al (1967) of a sharp
narréw structure in the density of states near EF' Using their
resulté‘for n(hv) and k(hv), the optical transition Sfrength
-function (h\))2 ez(hv) = 2n(hv)k(hv) was calculated and is
presented in Fig. 47. Their data iﬁplies the existence of an
intense narrow bénd of transitions very near the Fermi energy.
The transitions cannot be unambiguously associated with the
initial or findl states.from the optical data alone (Chapter
I1), but they do fall in the narrow energy range prédicted by
Garland and Nordtvedt and are probably beyond the fesolufion
of photoemission studies. |

The above ambiguities indicate more.experimental studies

are needed. Since a narrow peak in the DS may be beyond-the
resolution of the present photoemission-study, the infrared

optical functions of Mo should be reinVestigated‘to confirm
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the "strange behavior of the optical constants measured By
Kiriliova et al. In addition, the optical constants of Ru
'would be helpful in.determining if the narrow band of transi-
tions seen in Mo is a general property .of the transition

metals with anomalous isotopic mass effects.
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APPENDIX A

Kramers-Kronig Analysis

Thelcdmplex amplitude of an electromagnetic wave reflected

from a metal surface is found from Maxwell's equations to be

R (A-1)
= |R(w) | e7* (A-2)

where R(hv) is the reflectance at normal incidence, ¢ is the
phase change of the reflected electromagnetic field ‘and

N(hv) = n(hv) + ik(hv), (Born and Wolff, 1964). . Since ¥

1s a Cemplex analytic functlon of the photon energy there
ex1sts a dlsper51on relation between the real and the
imaginary parts which may be written as (Matthews and. Walker,

1964)

OHEZ - (hv)?

in R(E) dE = .
¢(h)—-—2I D R(E) -3
With ¢ (hv) known, the optical constants n(hv) and k(hy)_may.
be calculated since separating the real and imaginary part

of Eq. (A-1)

oo 1-R(hw) 4
n(hv) = TrRhyT = 7 R(hY) €08 V) L )

-2 R(hv) sin $ (hv) (A-5)

k() = 75 Rmvy - 2 R(hv) cos q>(hv)
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All the optical constants may be calculated from this set
(Chapter II). |
To calculate the Function ¢ (hv) extrapolations of the
reflectaﬁce must be és§umed since the reflectance cannot- be
measured over the entire range of the definite integral. The
‘reflectance at the lower photon energies may be extrapolated

"to zero energy by the Hagen-Rubens relation (Ziman, 1964).
R(hv) = 1 - TGy (A-6)

where-co is the dé-cohductivity._ Tﬁe calculation for ¢ (hv)
is not sensitive to the low energy extrapolation regioh since
1n R(hv)7+.0 as hv - 0. The Hagen-Rubens relation was used to
extrépolate the reflectance to 2ero ¢hergy'conside?ing oo'as
a paramefer adjusted to fit R(hv)'at 0.5 eV.~

The high eﬂergy_region extrapoiation has a more profound
effect on tﬂe vaiues calculated for-¢(h§) since 1n R(hvj does
not -become small as R(hv) decreases. Studies made by others -
indicate that the final results for ¢(hv) are not very sénsitive
to the functional form.assumed for £he‘¢xtrapblation if onlf
functional forms with one adjustable parameter are considered
(Veshe, 1967). A guide to reasonable high photon energy
extrapolation may be found by consideriﬂg the results of fhe
high energy reflectance from a free electron hetal? i.e.

(hv) > f%{gﬁ} | (A-7)

.Rfreg
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where vp is the plasma frequency. Considering the above result
the high energy extrapolation functional form considered in

this work was chosen to be
R(hv) = R(hv_) (vﬂ/v)x . (A-8)

where R(hvn) is the last measured value for the reflectance
at the photon energy hvn;. This choice produces a smooth fit
in magnitude but not necessarily a smooth fit to the shape or
first derivativé tcf. Chapter V).

The contribution to ¢ (hv) due to the high energy extra-
"polation may be determined exactly. Sﬁbstituting‘Eq, (A-8)

into Eq. (A-3) and solving

( X

- (B, : 7 1m R(E) n dE

- T ) B2 - w2 " Jnv. BY - ()l
(A-9)
(hv
_hv o | PImREYAE, 1oy g (Mn T P
n ) EZ - (h )2 2w n hv_+ hv
° v : {A-10)

m

1

x oy 1l |h
m m=1'm2 hvn
The high energy extrapolation reduces to the determination of
.the single parameter X.

A computer program was written to choose the value of x

which best fit the reflectance-at some angle other than normal
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incidence. A flow diagram of the program is given in Fig.
(A-1). .Initially x was assigned the value 4.00 and ¢(hv)

calculated. With this ¢(hv) the reflectance at. angle ¢ -could

be qaléuléted from the generalized Fresnel reflection equations

.(Hunter, 1965).
(a—cbse)z + b2
_(a+cose)2 + b

R (8,hv) = %

' « [1.+ (éTS%ne tanje)z + bi (A-11)
(a+sin® tan"6)~ + b g
az = L [[(nz - kz - sin26)2'4 4 nzlkz]l/2
+ (% - k% - sinze)] ' o S (a-12)
Abz = % [{(nz - k2 - sinze)z + 4n2k2]% |
- w? - - sinze)] - E (A-13)

The calculated reflectancelRC(e,hv) Qas_fhen coﬁpared‘to the
measured Rm(é,hv) and the rms deviation between the two sets
computed, x was then adjusted‘to reduce the TmS, deviation.

The cycle was ;ontinued-ﬁntil the adjusted x agreéd with the
previous x to three significant figures. When x satisfied this
criterion, the functionS'n(hv) and k(hvj.were calculated "and

all the optical functions determined and plotted.
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The computer program was checked by calculating the
optical functions of Cu from the publishéd reflectance values
(Ehrenféith,and Philipp, 1962). Good agreement was. found
between the optical functions calculated assuming x = 4.0,

and the published optical functiomns.




APPENDIX B

Study of Cesium Covered Ruthenium

The surface barrier and‘consequently the photoelectric
work funcfion of a metal is reduced when covered with a
monolayer of the active metal Cesium (Cs) (Decker, 1954).

The reduced Qork function allows photéemission investigation.
of an ex£ended energy range provided the Cs layer does not
disturb the intrinsic photoemission pfoperties of the metal
(e.g. Berglund and Spicer, 1964 .and Callcott and MacRae, 1969).
The photoemission properties of Cs covered films of Ru were
investigated in the present study using in addition to the -
basic apparatus and techniques previously described, a cs”
source.

A Cs gun was obtained which produced cs” ions under high
vacuum conditions (Weber, 1966). The bs+ ions were attractéd
to the Ru coated photocathode by a small negative.(z.;lo V)
potential. The total Cs coveragé was monitored by measuring .
the ion current to the photocathode. The gun would delifer
only a small éurrent (= 1078 amp), consequently the time
required to ﬁroduce a.monolayer was on the order of hours.

The technique produced a reaﬁonably upiform'cqverage of-Cs on
the photocathode-siﬁce there was:little variation of the photo-
current when the photocgthode was probed with a light beam of

2 .
a few mm Cross section.
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The quantum yield per absorbed photon of Cs' covered Ru
is presented in Fig. (B-1). The reflectance of clean Ru was
used to correct the experimentally observed yield per incident
photon. The coverage of Cs on the photocathode for thé data |
shown was approximately two monolayers. The yield rises

sharply from the low photon energies and slows its rate of

| increase'producing a shoulder between 4 eV and 5 eV. The

quantum yield rises rapidly again with increasing photon

.venergy and levels off after approximately 8 eV. Within the

range of measurements, hv 3 11.9 eV, -few additional excitations

which produce photoemitted eléctrons appear above 8 eV.

The low photon energy EDC's did not display the structure
or character of the initial states seen in the photoemission:
results of clean Ru. Since the photoemission properties of .
clean Ru were not seén, the‘Cs layer may have alloyed with the
Ru and altered thé density of stétes or the Cs layer could
have'strongly scattered the photoemitted electrons as they
passed through the surface.

The high photon énergy EDC's of Cs covered Ru are presented
in Fig. (B-2). ThQ.EDC‘s are plotted as a-function of E - hv
so that structure duelto the initial states should be
stationéfy (Chapter IIj. One large peak appears near -4.2 eV
and ancther near -8.4 eV. The high ene?gflportions of theAEDC'é

are extremely attenuated.
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The observed photoemission properties may be explained if
a surface or volume plasmon which produces discreté energy
losses of‘EL = 4,2 eV is postulateé.
The fi%gf-peak.af'E - hv = 4.2 eV is a result of electrons

losing a discrete energy E;. The second peak at E - hv = 8.4¢eV

L
is caused by electrons which experience two lbéses, ZEL, to the
_plaémon"or is possible due to simple scattering of the high
kinetic energy electrons. The 1atter.effect is ' more likely ‘the
cause of the -8.4 eV peak in the EDC's since thé yield saturates
near 8.0 eV indicating few new transitions beyond this energy:
The exfreme attenuation of the high energy portions of the EDC
indicates the probability of exciting this plasmon loss 1is
. rather high, i.e. most of the electrons which escape interact
inelastically with the plasmon.

The energy of the losses observed.indicétes they cannot
be asspciated with the volume.plasmon of Ru, 10.2 eV or Cs,
2.8 eV _(Mayer and Hietel, 1966) or the surface plasmons of .
these two metals (hysurface = hvvolume//7 R Arakawa,_l9§6)il
The losses are probably due to the iﬁteraction of the Ru and
the Cs layer in the region of or on the surface of the photo-
cathode. The energy loss may occur during the transport of‘fhé

photoemitted electrons. Alternately the loss could occur .

~during the optical absorption process as has been proposed ‘for




-137-
~'C's,cover'ed transition metals (Callcott and MacRae, 1969).
The data presented here cannot distinguish between these

possibilities.
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