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ELECTRONIC DENSITIES OF STATES OF SOLIDS FROM 
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University of California 
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ABSTRACT 

LBL-1299 

High-resolution, monochromatic x-ray photoemission valence-band 

spectra for a variety of solids are presented, related to ground state 

eigenvalue spectra, and compared with existing theory. Valence-band 

spectra of C (diamond), Al, Si, Ga, Ge, As, Pd, Ag, Cd, In, Sn, Sb, Te, 

Ir, p~G, Au, Tl, Pb, Bi, GaAs, ZnSe, PbS, PbSe, PbTe, NiO, CoO, T120, GaP, 

GaSb, ZnO, ZnS, ZnTe, CdS, CdSe, CdTe, InSb, HgTe, Nai, NaBr, NaCl, UaF, 

K_L, Y:Br, KCJ , and KF are reported. 

w'ith increasing atomic number in the 4d5s5p elements Pd through 

Te the 4d structure evolves from d bands to spin-orbit split atomic-like 

core levels. Band-structure broadening was detectable in Cd, for which 

the 4d doublet is 11 eV below the Fermi energy. Structure was observed 

in the 5s5p bands for the first time by this.method. 

Structural features in the valence-band XPS spectra vary from 

Ir to Au as expected on the basis of 5d6s band filling. Spin-orbit split-

ting of the 6p band is manifest in the XPS spectra of Pb and Bi. Lowered 

energies of the 6s band indicate the presence of the mass-velocity and 

Darwin terms. 

The total valence bands of crystalline and amorphous silicon and 

germanium are reported. For the crystals, the XPS spectra yield results 
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that are strikingly similar to current theoretical calculations of the 

electron density of states, p(E). Amorphous Si and Ge exhibit definite 

band structures that are similar to one another but markedly different 

from the crystalline results. 

The XPS valence-band spectra for the isoelectronic serj,es Ge, 

GaAs, and ZnSe are compared with theoretical valence-band density-of-states 

calculations using the empirical pseudopotential method. The agreement 

between the experimental and theoretical results is quite good, particularly 

for Ge and GaAs. For ZnSe the x-ray photoemission spectrum shows the 

Zn 3d-states to be higher in energy than the lowest valence-band s-states. 

In order to obtain this ordering of states in the theoretical calculation, 

a pseudopotential with an explicit energy dependence is required. 

The high-resolution XPS valence-band spectrum from a cleaved 

natural diamond single crystal is reported. The absence of extrinsic 

structure allows a reliable comparison with band theory. The XPS molecular­

orbital spectra of methane, silane, and germane are also given. The 

modulation of photoelectric cross section in the valence bands of diamond, 

Si, and Ge are discussed and compared with atomic XPS cross sections 

derived from the spectra of CH4, SiH4 , and GeH4. 

XPS spectra of the valence bands of As, Sb, and Bi show a split­

ting, L'IE, of the "s-like" peak for the crystalline phase that disappears 

in the amorphous phase. This similarity to tetrahedrally coordinated 

semiconductors is explained by describing the semimetals as layers of 

distorted covalently bonded hexagonal rings. This generalizes the "even­

odd" ring effect to the A7 lattice. The relation of L\E to interatomic 

distance is described by a universal curve. 

,• 
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XPS valence-band spectra of PbS, PbSe, and PbTe are compared with 

available band theory results. Relativistic OPW results exhibit the 

best overall agreement with experiment. EPH results show similar agreement 

for all but the most tightly bound valence bands. 

The charging behavior of 26 semiconductors and insulators is 

reported and discussed. Charging is found to be correlated with the energy 

band gap between the valence and conduction bands. 

The XPS characteristic energy loss structure of Ag through Te is 

reported. It can be almost entirely accounted for by excitations similar 

to those observed in electron reflection experiments. Most of the structure 

can be assigned to bulk and surface plasmon excitations. 

The XPS valence-band spectra of CoO and NiO are presented and 

discussed in terms of our current understanding of their electronic 

structure. A 3.5 eV wide structure with two components whose separation 

appears related to the exchange splitting ~ex is assigned to the 3d 

electrons. 

Preliminary results from studies of the oxidation of Tl and Ni 

demonstrate the ability of XPS to monitor the chemistry of surfaces. 

Preliminary ultrahigh vacuum XPS spectra of the valence-band and 2s level 

of aluminum are reported. The valence band exhibits the expected free 

electron structure. 
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SECTION I. INTRODUCTION 

The language of solid state chemistry and physics is quantum 

theory. Theoretically one attempts to describe a solid by specifYing 

its Hamiltonian and determining its complete set of eigenfunctions and 

. 23 I eigenvalues. This is a many-body problem with rv 10 atoms cc and thus 

its solution can only be approached by using many simplifying and often 

sizable appr::>ximations. This inability to calculate exact solutions 

leads to a multitude of theories each attempting to treat part of the 

problem and many taking different approaches to describe the same 

phenomenon. The employment of the experimental sciences for verification 

of existing theories and for insight during development of new theories 

hi Pssent:!al in guiding us in our attempt to understand the solid state. 

TLI.s tllesis presents the experimental.valence-band x-ray photo-

uoi.· ·.-J ion spec t:ra for a wide variety of solids, relates these spectra to 

t,;, :il groutid ,_ ttlt~ eigenvalue spectra, and compares these results with 

ex:i s dng theo:cy. E.1.perimentally several techniques are presently used to 

inv"':. tigate the electronic density of states p(E): 

I. Photoemissi on spectroscopy 

II. 

III. 

A. 

c. 

1 2 3 Ultraviolet photoemission spectroscopy ' ' 

X-t·Ry phntoemission spectroscopy4 '5,6 ,7 

8 
Synchrotron radiation photoemission spectroscopy 

9 10 Soft x-r~ spectroscopy ' 

11 
Ion-neutralization spectroscopy 

None of these spectroscopies directly yields the density of states in the 

(; ,.t:--e lectron approximation, 



p(E) = [o(E- e:i) 

i 
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where the e:i are the single-particle energies, however each spectroscopy 

has methods for relating its own measured response function to p(E). 

The uncorrected response function I(E) measured in x-ray photo-

emission spectroscopy for several systems with well understood band 

structures quite closely resembles the calculated densities of states 

and thus suggests that even uncorrected XPS spectra will yield many of 

the features of less well understood materials. This is proving to be 

the case. 

. . 
' 
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SECTION II. THE ELECTRONIC DENSITY OF STATES AND X-RAY PHOTOEMISSION 

SPECTROSCOPY--THE ONE ELECTRON TRANSITION MODEL 

The use of x-r~ photoemission spectroscopy (XPS) to determine 

the electronic density of states of filled valence and conduction bands 

in solids is still in its infancy and only several dozen spectra have 

been reported in the literature. No quantitative theoretical description 

of the XPS of solids exists at this time. The experiment~l state of the 

* art is presently advancing quite rapidly, however XPS of valence bands 

has not yet become a routine technique. 

In solid state XPS a beam of x-r~ photons of known energy is 

directed at a solid surface and the kinetic energy spectrum of the emitted 

photoelectrons is measured and then related to the eigenvalue spectrum of 

the solid. 1 This relationship is not yet theo.retically or empirically 

well defined. Presently the very close similarity of the uncorrected XPS 

spectrum to calculated densities of states in some well understood cases 

leads us to a series of assumptions and approximations which permit us to 

compare XPS results with band theory results even though at this stage 

of development many of these assumptions and approximations must yet 

be tested and refined. 

Photoemission from solids can conceptually be decomposed into a 

three step process: I. excitation of an electron from a level of the 

ground state to a free-electron like state of high kinetic energy within 
1 

the solid, II. passage of the photoelectron to the surface of the solid, 

and III. escape of the electron from the solid. Conservation of energy 

requires that the measured kinetic energy of the photoelectron equal the 

* All bands formed from the atomic valence electrons will be termed valence 

bands. 

. . 
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x-ray photon energy minus the energy expended in steps I, II, and III 

above. A corrected XPS spectrum I'(E) can be obtained from step I after 

correcting for contributions from steps II and III. It is I' (E) that is 

compared with the calculated one-electron density of states p(E). 

The energy required by an electron to escape from a solid (Step 

III) is the electrochemical potential ~. The zero of energy of ~ is 

conventionally the potential energy at infinity. The Fermi level EF of a 

metal at 0° K is the uppermost filled electron energy level. In general 

EF is defined by the Fermi distribution function and the density of 

electronic states of the system. The Fermi level is equal to the .electro-

chemical potential ~ at 0°K. Conventionally XPS spectra of solids are reported 

relative to the Fermi level. The relationship among some commonly encountered 

potentials is illustrated in Fig. 1. The electrochemical potential is 

the sum of the Volta potential, surface potential jump, and chemical 

potential. The Volta potential is the electrostatic potential just 

outside the solid surface (~ 10-3 em aw~). Charging of the solid or 

external fields produce the Volta potential. The surface potential jump 

is the electrostatic .potential difference between a point just outside the 

surface and a point inside the solid. The chemical potential accounts for 

the interaction of the measuring probe, the electron, with the system. 

The inner potential is defined as the sum of the Volta potential and 

surface potential jump. The work function is defined as the sum of the 

surface potential jump and the chemical potential. When the Volta potential 

is zero the work function equals the electrochemical potential. 

Photoelectrons excited within a solid must pass through the solid 

to the surface (Step II). Many suffer inelastic energy losses. The 
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secondary electron energy spectrum of monoenergetic electrons reflected from 

a solid surface contains inelastic loss structure similar to that observed 

in XPS spectra. Fig1rre 2 after Seah
2 

is the secondary electron energy 

spectrum of silver bombarded with 100 eV electrons incident at 70° from 

the normal. For convenience this spectrum is divided into three regions. 

Region III contains the elastically scattered electrons and those which 

have lost a few hundredths of an electron volt to phonons. Region II is 

composed of those electrons which have suffered characteristic energy 

losses by producing, for example, collective excitations or interband 

transitions of the lattice electrons. Characteristic energy loss peaks 

usually occur between 2 eV and 50 eV below the elastically scattered peak. 

The electrons of region I are called the true secondary electrons. They 

are of low energy and it is believed they are produced by a cascade 

background. Thus we see that the initially monoenergetic beam of electrons 

after passing through the solid has a very broad energy distribution with 

much structure. As the kinetic energy of the incident electron beam 

increases the ratio R of elastically scattered to inelastically scattered 

2 
electrons decreases. R for XPS valence band spectra is usually much 

smaller than unity. XPS results are more complex than those from electron 

reflection measurements since ·there are as many primary electron energies 

in XPS as there are orbitals of different energy. The spectral distributions 

from all orbitals are superimposed in the XPS spectrum. 

At present XPS kinetic energy spectra I(E) are corrected for 

inelastic scattering (step II) and the electrochemical potential (step 

III) and then compared directly with one-electron densities of states 
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calculated within the self-consistent field approximation. The 

theoretical densities of states are usually broadened to be consistent 

with experimental resolution. By making this comparison one assumes 

the validity of the one-electron transition model. The applicability 

and limitations of the one-electron transition model to XPS have been 

discussed by Fadley and Shirley;
1 

Hedin, B. I. Lundqvist, and s. Lundqvist; 3 

.. 4 
and Hagstrom. They have pointed out the experimental contributions to 

lineshape and cases where the one-electron transition model is inadequate. 

The one-electron density of states is given by: 

p(E) = L o(E £.) 
l 

(l) 

l 

where £. is the single particle energy which is equated with the electron 
l 

binding energy in the one-electron transition model. The binding energy 

L , rei.a·u· ... '·' 'o the Fermi level of the solid is given by the energy con-
j.) . 

servation equation Cor photoemission: 

EB = hv - E - ~ kin 
( 2) 

where hv is the photon energy, R . is the photoelectron's kinetic energy, -kln 

,.C::1-J. ;J .i~; the el tr0chemir:al potential. In practice the contact potential 

bcr,Feen the spec 1;rometer and sample must be subtracted from this equation. 

This yields the familiar equation: 

EB = hv - E - q~ - q''' kin ~sp ~sa 
( 3) 

where cp is the spectrometer work function, \jJ is the Volta potential sp sa 

of the sample and q is the electronic charge (-e). (See Fig. 1.) 
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Within this model we can directly compare the XPS kinetic energy spectrum 

with the one-electron density of states modulated by the appropriate 

transition probabilities. 1 
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SECTION III. EXPERIMENTAL METHOD 

Siegbahn et al.
1 

in 1967 proposed a design for an x-ray photo-

emission spectrometer that would allow one to improve resolution beyond 

the limit set by the natural linewidth of the exciting x-radiation and 

also eliminate the photoelectron background excited by satellite x-rays 

and bremsstrahlung radiation produced at the x-ray anode. This is 

accomplished by Bragg reflecting from a quartz single crystal only the 

Al Ka
1 2 region of radiation produced in the x-ray tube. On reflection 

' 
from the crystal the Al Ka

1 2 doublet is dispersed in wavenumber across the 
' 

sample being studied. Dispersion-compensated electron optics are then 

used to energy analyze the photoelectron spectrum. The Scientific 

Instruments Division of the Hewlett-Packard Company manufacture a 

spectrometer based on this design. This spectrometer, the HP 5950A ESCA 

2 
photoelectron spectrometer has been used for the majority of the work 

reported here. A measure of the instrumental resolution has been extracted 

from the slope of the Fermi edges in the spectra of Pd, Ag, Cd, In, and 

Sn. For each of these cases the observed slope can be obtained by folding 

a Fermi distribution function with a Gaussian instrumental response 

function of 0.55 ± 0.02 eV FWHM (see Sec. IV). The error only applies to 

the precision of the measurement. It is believed that with the elimination 

of some systematic contributions to linewidth this resolution can yet be 

improved. This problem is now under study. 

Figure 1 is a photograph of the HP 5950A. The major components 

are the monochromator, the electron optics, the electron detection system, 

the data system, the sample inlet system, and the vacuum system. A 

schematic of the monochromator, the electron optics, and data system is 
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given in Fig. 2, a schematic of the sample inlet system in Fig. 3, and 

a schematic of the vacuum system in Fig._ 4. The x-rays strike the sample 

20° from the surface normal and photoelectrons emitted 51.5° from the 

normal enter the energy analyzer. The analyzer consists of an electron 

lens system which retards and focusses the photoelectrons at the entrance 

of a constant energy 15.5 em radius electrostatic hemispherical analyzer. 

A glass multi-channel electron multiplier projects the electron distribution 

at the exit focal plane of the analyzer onto a phosphor which coats the 

inside of a vacuum port window. A vidicon system transfers the information 

from the phosphor to the data system. A multichannel analyzer is used 

to store the data. The MCA is presently addressed by an analogue signal 

generated by the vidicon system. The number of horizontal vidicon lines 

does not equal the number of MCA channels used. We believe that there is 

a systematic contribution to both linewidth and noise associated with the 

present addressing system and are in the process of building a system which 

will digitally address the MCA and digitally step the retarding voltage 

of the energy analyzer. Presently the retarding voltage is swept 

continuously. In the new system the information from each vidicon line 

will be stored in a different MCA channel. We believe this will eliminate 

the systematic noise which now dominates random statistical noise and 

thereby requires counting times several times longer than statistics alone 

would require. 

The nee·d for ultrahigh vacuum photoelectron spectrometers has 

been recognized for some time. The sensitivity of XPS to only the first 

few surface layers 3 requires the pr~duction and maintenance of clean 
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surfaces to insure no contribution to spectra from contaminants. During 

normal operation the residual gas pressure in the unbaked, unmodified 

-9 -8 HP 5950A analyzer chamber ranges from 5 x 10 Torr to 3 x 10 Torr. 

Z1e :;·res sure was measured with a nude Beyard-Alpert gauge in the analyzer 

chamber. The residual gas consists mainly of water, CO, and H2 with 

small quanti ties of hydrocarbons and rare gases. A typical residual 

gas spectrum obtained with an EAI QUAD 250 quadrupole residual gas 

analyzer attached to the electron energy analyzer chamber is shown in 

Fig. 5. The residual gas pressure in the sample preparation chamber 

ranged from 2 x 10-7 Torr to 8 x 10-7 Torr. This pressure was measured with 

a nude Bayard-Alpert gauge attached to the sample preparation chamber. 

The x-rey monochromator chamber is vacuum isolated from the analyzer chamber 

by a 0.25 mil aluminum window. The whole system is pumped with Varian 

Noble Vac-Ion pumps (Fig. 4). The above vacuum conditions have been 

adequate for studying elemental semiconductors, binary tetrahedrally 

coordinated semiconductors, the alkali halides, some other binary semi-

conductors, and the less electropositive metals on the right side of the 

periodic table. The conditions were inadequate for materials with 

reactive surfaces. The majority of the work reported here was performed 

in the unmodified, unbaked HP 5950A which will be termed the high 

vacuum (HV) mode. 

The HP 5950A is bakeable and constructed of materials compatible 

with ultrahigh vacuum. All seals are metal except for one sliding 

C-ring seal throug~ which the samples are introduced into the system on 

a long rod. This sliding seal system appears to be incompatible with 

ultrahigh vacuum. The conductance of air through the seal system limits 

,· 
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in the energy analyzer does not have to be regenerated unless the 

system has been contaminated. T.~ese modifications necessary for 

UHV operation have just been completed. Preliminary results are discussed 

in Sec. XVI. 
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4 
HP 5950A ESCA photoelectron spectrometer. 
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XBB 7210-5115A 

Fig. 6. Modified HP 5950A ESCA photoelectron spectrometer. 1) Monochromator 
vacuum chamber; 2) Analyzer vacuum chamber; 3) Sample preparation chamber; 
4) Sample introduction chamber; 5) Bakeout oven base; 6) Quad 250 
residual gas analyzer. 
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XBB 7210-5119A 

Fig. 7. Modified HP 5950A ESCA photoelectron spectrometer. l) roughing 
cryosorption pumps; 2 ) leak valve between gas manifold and TSP ; 3) gas 
manifold; 4) sample-rod rotary drive mechanism ; 5) sample-rod linear 
drive mechanism; 6 ) sample preparation manipulator. 
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XBB 7210-5120A 

Fig. 8. Modified HP 5950A sample preparation and introduction ch&~bers. 
1) electron bombardment heater (Physical Elect ronics); 2 ) argon ion 
gun (Physical Electronics) ; 3) conductance barrier ; h) sample preparation 
manipulator; 5) straight-through valve (Cal Physics); 6) sample 
introduction port ; 7) 350 1/s titanium sublimation pump (Varian); 
8) 60 1/s triode i on pum:;J ; (Varian); 9) Bayard-Alpert ion gauge. 
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Fig. 9. Sample preparation manipulator. l) scissor device for grabbing sample 
platens; 2 ) linear drive me chanism; 3) 10 KV insulator; 4) connectors 
to Pt-Pt (10% Rh) thermocouple; 5) rotary feedthrough that drives scissor 
device which spreads or closes pins that grab sample platen. 

(XBB 7210 - 5318A) 
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XBB 7210-5319A 

Fig. 10. Sample preparation manipulator. 1) sample platens; 2) mount ed 
sample; 3) Pt-Pt (10% Rh) thermocouple; 4) scissor arms with pins 
engaged in slot of platen. 
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SECTION IV. THE EVOLUTION OF CORE STATES FROM ENERGY BANDS IN THE 

* 4d5s5p REGION FROM Pd TO Xe 

Abstract 

X-ray photoemission studies were carried out on high-purity 

specimens of the 4d5s5p elements Pd through Te using monochromatized 

Al (Ked radiation. With increasing atomic number the 4d ·structure evolves 

from d bands to spin-orbit split atomic-like core levels. Band-structure 

broadening was detectable in Cd, for which the 4d doublet is 11 eV below 

the Fermi energy. Structure was observed in the 5s5p bands for the first 

time by this method. The cohesive energy was attributed to the 5p bands 

in In through Sb. The two-component 5p peak in Te is interpreted as a 

bonding valence band at 4.0 eV and a non-bonding band at 1.2 eV. 

Most discussions of band structure in metals are predicated on the 

assumption that the tightly-bound electrons can be regarded as belonging 

to separate ion cores, while those that are more loosely bound occupy 

valence bands. In passing beyond the end of a transition series one would 

expect the d bands to become narrower, fall below the Fermi energy EF' 

and evolve into core levels. It is not always clear, however, just which 

atomic levels can be safely treated as core states and which ones must 

be explicitly included as part of the band structure. In this paper we 

report x-ray photoelectron spectroscopy (XPS) 1 experiments addressed to 

this question for the 4d5s5p elements Pd (Z=46) through I (Z=53). By 

following the 4d
312 

- 4d
512 

spin-orbit splitting from I down through Cd 

to Ag one can unambiguously trace the onset of band-structure broadening. 

* Section IV was published in Phys. Rev. Letters 29, 274 (1972) in co-author-

ship with S. Kowalczyk, L. Ley, and D. A. Shirley. 
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We also report the first observation by XPS of structure in the sp bands. 

This structure exhibits systematic changes between Cd and Te. 

The specimens studied were high-purity single crystals in each 

case except Sb and I, for which polycrystalline samples were used. All 

the specimens except I were studied in a Hewlett Packard 5950A spectrometer 

with a monochromatic Al(Ka) x-ray source. The working pressure was always 

less than 5 x 10-9 Torr. Iodine was examined in the Berkeley iron-free 

spectrometer. Standard metallographic methods were used to produce clean 

:mrfaces. 'l'he typical procedure consisted of spark-cutting discs from 

single crystal rods, mechanically polishing, and finally electropolishing 

just prior to insertion into the vacuum chamber. Surface purity was 

monitored in situ and the sample was repeatedly argon etched until all 

impurity XPS lines were eliminated. This typically required 15 minutes of 

+ bombardment with a 10 ~A beam of 900 V Ar ions. Oxygen ls and carbon ls 

spectra taken after each valence-band measurement indicate that there was 

no oxygen build-up" A carbon layer corresponding to 1/10 the intensity 

of the carbon ls line of graphite accumulated on the surface after 10 hrs. 

Valence-band spectra are displayed in Fig. 1 and derived parameters 

are set out in Table 1. The position of the Fermi energy EF in these spectra 

is known to ± 0.09 eV relative to the Fermi edge of Au, which was measured 

' together with each sample. 

In the spectra of Pd, Ag, Cd, In, and Sn, EF appears to fall at an 

energy where the density of states is rather large, and the maximum slope 

of the leading edge is consistent with the resolution of the instrument. 

For each of these cases the observed slope can be obtained by folding a 

Fermi distribution function with a Gaussian instrumental response function 
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of 0.55 ± 0.02 eV FWHM. For Sb and Te there is no visible leading edge 

Doublet structure in the t1d shell is evident from Ag through I. 

The energy splitting 6E between the two components of the doublet is plot-

ted in Fig. 2ao Also plotted is a theoretical splitting which was 

estimated by normalizing orbital energy differences taken from free-atom 

relativistic Hartree-Fock-Slater calculations
2 

to 6E(Sb). That the free-

atom values of spin-orbit splitting are appropriate in metals is confirmed 

by the good agreement of this normalized curve with the experimental split­

ting in gaseous xenon, 3 also shown in Fig. 2a. The free-atom values are 

lowered 0.1 eV by this normalization. The trend from Sn to I is in 

excellent agreement with the theoretical curve. The intensity ratio of 

the two co~ponents is in each case close to 1.3, in only fair agreement 

with the value l. 5 expected for a d
312

, d
512 

doublet on the basis of 

multiplicity alone. For the heavier elements Sn to I the 4d electrons 

can be assigned to the ion cores with confidence. The splitting in 

indium may be just slightly larger than the free-atom spin-orbit splitting. 

For Cd the experimental splitting 6E = 0.99 eV greatly exceeds the pre-

dieted spin-orbit splitting of Oo73 eV, and is in fact even larger than 

the observed splitting in indium. We conclude that band structure affects 

the 4d shell in Cd, at 11 eV below EF' and is perhaps perceptible even 

for the 4d shell of In at EF- 17 eV. 

The spin-orbit splitting energy 6E is a ~iquely reliable paramete~ 

for detecting the onset of lattice effects because it is independent of 

component linewidth, which can be affected by lifetime broadening. Never-

theless, the total "4d bandwidth" can also be used to study broadening by 
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the lattice. In Fig. 2b the 4d bandwidth (FWHM) is plotted against z. 

The bandwidth drops monotonically with increasing z across the 4d transition 

series from 6 eV in Mo (not shown) to 3.4 eV in Ag, going through a 

minimum in In and increasing thereafter because of spin-orbit splitting. 

The width in Cd is greater than in In, showing again that band structure 

effects are present in Cd.metal. 

In the past, XPS studies of valence bands in transition-series 

metals have yielded little information about s and p b d 
1,4,5,6 an s. 

This was a.consequence of their small cross section for photoemission, the 

presence of Ka1 2 lines, and brelllsstra.hlung in the exciting radiation. 
' 

With these unwanted components removed by monochromatization it was pos-

sible to observe for the first time a considerable amount of structure 

in the 5s5p bands of Cd, In, Sn, Sb, and Te. A detailed analysis of 

the spectra must await more intensive measurements and further density 

of states calculations, but the systematic variation of the 5s5p spectra 

from Cd to Te (Fig. l) suggests a preliminary interpretation in terms of 

a transition from band structure to atomic core-level character for the 5s 

band with a simultaneous filling of the 5p band. Three systematic effects 

occur between Cd and Te.' First, the s-p valence band which shows structure 

even in Cd resolves into two peaks in Sn and Sb and three in Te. Second, 

the higher binding-energy peak which we designate as 5s, falls monotonically 

below EF as Z increases. We designate the lower binding-energy bands in 

In, Sn, Sb, and Te as 5p. Finally, the experimental area ratio (5s/5p) 

in In to Te agrees well with the occupation number ratio (n/m) for the 

respective free-atom ground state confiGurations 5sn5pm (Table 1). 
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We interpret this behavior in terms of the evolution of core-

like 5s and 5p shells. Figure 2c illustrates the approach of the 5s and 

5p bands toward the core s and p levels of Xeo The bars in Fig. 2c 

represent the widths (FWHM) of the 5s and 5p bands. In Cd through Te 

all bands are considerably broader than the corresponding levels in Xe. 

It should also be noted that the 5p splitting in Te is dominated by 

band structure effects, yielding a splitting much larger (2.9 eV) than 

the spin-orbit splitting in Xe (1.'3 eV). Thus the systematic trend toward 

core~like levels aids assignment of the peaks, although solid-state 

interactions are clearly present in Cd to Te. 

Further analysis of the 4d, 5s, and 5p peak positions permits 

us to attribute the cohesive energy to the 5p orbitals. Examination of 

the peak positions in Cd through Te shows that the 5s and 5p binding 

energies are nearer the 4d binding energies than are the corresponding 

free-atom orbital energies from Hartree-Fock-Slater estimates. We ascribe 

this discrepancy in part to the cohesive energy of the solid and in part 

to relaxati~n of the passive orbitals during photoemission. Valence-shell 

relaxation energies are usually much smaller than those of more tightly­

bound levels. 7 Assuming this to be true for these elements, we may 

calculate the d-shell relaxation shift 6 according to 

6 = [E + n(E
5 

- n
5 

) + m(E
5 

- n
5 

)]/(n + m) 
c s s p p 

llere Ec is the cohesive energy as taken from Refs" 8 and 9, n5s, 5p = d5s, 

5p) - s(4d) is the difference between the s or p orbital energy and the 
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l+d orbital energy in the free atom, E
5
s,

5
p = EB(4d) - EB(5s,5p) is the 

corresponding measured binding-energy difference in the solid, and n and 

1n are the numbers of 5s and 5p electrons. Figure 3 shows the results 

of these simple calculations. The relaxation energies range from 1.1 eV 

to 2.0 eV for the elements In to Teo The values of A show very good agree­

ment with expectations. A theoretical estimate of the magnitude of A for 

iodine may be obtained by comparing the orbital-· and binding-energy estimates 

for the 4d, 5s, and 5p levels as given by Rosen and Lindgren
10 

(their 

Methods "A" and "B"). The result, A(I) = 2.4 eV, agrees quite well with 

our values. 

An important result of this analysis is that the cohesive energy 

is almost entirely accounted for by the 5p electrons. In Te there are 

two 5p peaks of equal area at binding energies of 1.1 eV and 4.0 eV 

relative to EF. The higher binding energy band alone accounts for most 

of the cohesive energy, and it is also wider than the 1.1 eV band. These 

observations strongly support the model for group-VI elements in two-fold 

coordination as discussed by. Kastner.
11 

In the chalcoe;ens the valence band 

is formed by unshared-electron states in contrast to the tetrahedral semi­

conductors in which the bonding band forms the valence band and the 

antibonding band forms the conduction band. We assign the 4.0 eV peak 

in tellurium as the bonding band and the 1.1 eV peak as the unshared or 

lone-pair band. 

We thank Professor G. Somorjai for giving us single crystal Ag, 

In, and Sn. 
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':'able 1. Sununary of experimental data. 
~=~=========================-====~=======-,=·==== 

Binding energy 
4d312 (eV) 

Binding energy 
4d512 (eV) 

FWHM 4d312 = FWHM 4d512 

4d Splitting (eV) 

HFS free atom 4d splittings 
normalized to Sb 

Binding energy 5s (eV) 

FWHM 5s (eV) 

Binding energy 5p (eV) 

F'WHM 5p ( eV) 

4s/4p rel. areas 

n/m 

Ag Cd In Sn Sb Te I 

ll.46(9)a 17.64(9) 24.76(9) 33.44(9) 41.80(9) 

10.47(9) 16.74(9) 23.68(9) 32.14(9) 40.31(9) 

0.81(18) 0.78(15) 0.83(8) 0.76(18) 0.94(2) . 

1,6(1) Oo990(46) 0.899(10) 1.075(34) 1.254(42) 1.51(1) 1,76(16) 

0.59 0.73 

2.2(5) 

5,0(7) 

0.88 

4.1(4) 

4.0(5) 

o. 75(13) 

2.0(2) 

1.85 

2.00 

1.06 

7 .0( 5) 

5.8(5) 

1.25( 27) 

3.5(5) 

0.7 

1 

1.25 1.48 1.72 

9.1(2) 11. 5( 2) 

4.0(5) 5.3(5) 

2.35(25) ~ 4.0(2) 
1.13( 5) 

3.9(2) 12;3(2) 
2.1(2) 

0,63 0.5 

0,66 0.5 

Xe 

l.97b 

1.98 

aErrors in last place given in pa~enthesis. 

bRef. 3. 
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Fig. 1. X-rey photoelectron spectra of the valence-band region for Pd 
through Te. 
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Free atom sp I i tting 

A 
r---------------------------~/ 

/ 5s 

(c) 

Pd Ag Cd In Sn Sb 

/ 
/ 

/ 

5p 

/,! ,.,.,.,.,...,.,... /t 
/ 

/ 
/ 

/ 

Te I Xe 

XBL725·3059 

Fig. 2. a) Comparison of the experimental 4d level splitting with free atom 
HFS calculations2 ; the Cd-point • refers to the experimental value for 
Cd atoms sputtered onto a Au (111) surface. b) The experimental 4d­
bandwidths. c) Positions of the 5s- and 5p-bands relative to the Fermi 
level; the vertical bars represent the bandwidths at half maximum. The 
Xe-values in a) and c) are taken from Ref. 3. 
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Fig. 3. 'rhe 5s- and 5p-band contributions to the cohesive energy Ec of 
the metals In through Te. a) Experimental values. b) Experimental 
values shifted by the 4d relaxation energy ~ given by equation (1). 
c) Free atom HFS values (Ref. 2 )~ 
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SECTION V. HIGH-RESOLUTION XPS SPECTRA OF Ir, Pt, 

* AND Au VALENCE BANDS 

Abstract 

Structural features in the valence-band XPS spectra vary from 

Ir (Z = 77) to Au (Z = 79) as expected on the basis of 5d6s band filling. 

X-ray photoelectron spectroscopy (XPS) spectra (hereafter denoted 

by I( E)) of the valence bands of several sixth-row elements have been 

. l 2 
reported earlier. ' Those spectra were obtained from heated metal foils 

at resolutions of~ l eV, in the presence of hydrogen gaso Although 

trends in I(E) for the fcc-metals Ir, Pt, and Au were suggestive of band 

filling, detailed interpretation was precluded both by experimental 

limitations and by a lack of appropriate theoretical densities of states, 

p(E), with which to compare I(E). s·everal relativistic p(E) calculations 

on Au have recently become available. 
' 

3 4 Two of them ' compare very well 

with the high-resolution (~ 0.6 eV) XPS spectrum of Au. 5 In this paper 

we report the results of a high-resolution study of I(E) for Ir, Pt, and 

Au that confirms the band-filling model for these elements. 

The experimental procedures have been described in Sec. IV. 

Briefly, high-purity single crystals were spark-cut, mechanically polished, 

electropolished, and introduced into a sample-preparation chamber 'at 

2 x 10-7 Torr. They were then argon-ion bombarded (10 ~A, 1000 eV) at 

8 x 10-5 Torr of argon and introduced into a Hewlett-Packard HP 5950A 

8 -9 ESCA spectrometer at x 10 Torr. In-situ monitoring of the carbon ls and 

oxygen ls lines showed these elements to be present in negligible amounts. 

* Section V was published in Phys. Letters 4l.A, 455 (1972) in co-authorship 

with So Kowalczyk, L. Ley, and D. A. Shirley. 
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The raw spectra I(E) are shown in Fig. 1, together with I' (E), 

the spectra after correction for inelastic scattering. The similarity 

of I'(E) for these three elements is striking and its variation from Ir 

to Pt to Au confirms band-structure eXpectations. To permit discussion 

cf these I'(E) within the framework of theoretical p(E) predictions, we 

2 have truncated the p(E) for Au, as calculated by Connolly and Johnson, 

to correspond to occupancies of 9 and 10 electrons in the 5d6s bands, 

thus simulating Ir and Pt, respectively. The results were broadened 

to simulate the experimental resolution,1 ' 5 and the energy scales were 

expanded by 1.35 for Ir and 1.20 for Pt, to roughly match the experimental 
... 

bandwidths. The resulting very approximate p(E) 1 s are also shown in 

Fig. l. 

Proceeding from Ir to Pt to Au, the band-filling phenomenon is 

quite evident. Four features, numbered in Fig. 1, are present in all three 

cases. These are: (1) A shoulder at 6.8 eV in Ir, 6.1 eV in Pt, and 

7.0 eV in Au. (2) A peak at 3.8
5 

eV in Ir, 4.3
5 

eV in Pt, and 6.1 eV in 

Au. (3) A minimum at 3.0 eV in Ir, 3.3 eV in Pt, and 5.0 eV in Au. This 

feature is present in the calculated p(E) for Au only if spin-orbit 

interaction is included. It may be less pronounced in Ir and Pt because 

for these lighter elements the ratio of lattice interactions to spin-orbit 

interactions is larger. (4) Another peak component at 1.4
5 

eV in Ir, 

1.7
5 

eV in Pt, and 3.5
5 

eV in Au. The quoted energies are known to 

± 0.1 eV. 

A fifth feature--a second component of the second peak--appears 

at 0.8 eV in Pt and at 2.65 eV in Au. This part of p(E) is at least 

partially unoccupied in Ir. ·The dip between features 4 and 5 is very 
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shallow, especially in Au. In Au the 5d bands have become filled and 

dropped below EF, as expected. The width of the occupied 5d bands as 

measured between the outermost inflection points of I' (E) decreases 

systematically from 7.4 eV (Ir) to 7.1 eV (Ft) to 5.4 eV (Au). This is 

also expected. In auxiliary studies on liquid Hg (Z = 80) we found that 

the 5d states have assumed the character of a spin-orbit split core 

doublet, at 7.7 eV and 9.5 eV. 

In summary, these high-resolution XPS spectra support the band­

filling concept in considerable detail. It would be of interest to 

compare these I'(E) spectra with p(E) results from a systematic theoretical 

study of these three adjacent isostructural elements. 

We thank Professor G. A. Somorjai for providing us with single 

crystals of Ir, Pt, and Au. 
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the base pressure (especially in the sample preparation chamber) and each 

time the sample rod is introduced from atmosphere into the vacuum chamber 

it carries adsorbed gases with it. We have modified the sample introduction 

mechanism in order to overcome these limitations. 

The modified HP 5950A is shown in Figs. 6 to 10. The new system 

consists of a sample introduction chamber (4 in Fig. 6), sample 

preparation chamber (3 in Fig. 6), and sample transport system. The 

sample preparation chamber is pumped with a 60 1/s Varian Noble Vac~Ion 

pump (8 in Fig. 8) and Varian 350 1/s Tee type titanium sublimation pump 

(7 in Fig. 8) and the sample introduction chamber is pumped with a 30 

1/s Varian Noble Vac-Ion pump. The sample preparation chamber can be 

vacuum isolated from the analyzer chamber by a wedge shaped conductance 

barrier which is operated by a metal bellowed valve actuator (3 in Fig. 8). 

The sample introduction chamber can be isolated from the sample preparation 

chamber by a straight-through bakeable valve with copper knife-edge seat 

(5 in Fig. 8). The sample transport system is totally enclosed in vacuum. 

A long drive screw is attached to a rotary motion feed through (5 in Fig. 7) 

and a nut rides along the screw as it is tlirned. A tube is welded to the 

nut and a solid rod into which 12 sample positions are milled is welded 

... to the other end of the tube. The center of a gear is drilled out such 

that the tube slides through the center of the gear. A groove is milled 

along the length of the tube's outer wall and the gear is keyed to this 

groove. A worm gear attached to a small rotary motion feedthrough (4 in 

Fig. 7) turns the gear and thus rotates the rod. The screw drive gives 

linear motion and the worm drive gives rotation. All seals are metal. 

The system is a closed system. 
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This syste111 is desigued to allow the study of up to 12 samples 

each minor bake cycle and several sets of 12 between each major bake 

cycle. The samples are each placed in a platen mount (1 in Fig. 10), inserted 

through a 2-3/4" sample introduction chamber port, and placed into one of 

the 12 sample rod slots. During this operation the sample rod is in 

its fully retracted position; it is totally enclosed by the sample 

introduction chamber. The straight-through bakeable valve isolates the 

rest of the system while the samples are being loaded. The sample 

introduction chamber is then sealed with a 2-3/4" blank flange and 

pumped down. The whole spectrometer is then baked at 150° C for 48 hours. 

The bakeout oven encloses the whole spectrometer. After the base 

operating pressure is attained the bakeable valve is opened and the sample 

rod is cranked into the sample preparation chamber where there are 

facilities for preparing a clean surface. A manipulator (Figs. 9 and 10) 

removes one sample platen from the sample rod.· The sample rod is retracted 

into the sample introduction chamber and the bakeable valve closed. The 

sample is then alternately heated with an electron gun from the back and 

argon bombarded from the front. When the surface is clean and annealed 

the sample rod is returned to pick up the sample platen from the manipulator. 

The conductance barrier is opened and the sample is transported into the 

electron spectrometer analyzer chamber and the XPS spectrum taken. The 

other samples are processed similarly. The sample rod is,then retracted 

into the sample introduction chamber and the bSkeable valve closed. The 

sample introduction chamber is back-filled with dry N2 and a new set of 

samples introduced. Then the chamber is sealed and pumped down. During 

this cycle only the sample introduction chamber is baked. The vacuum 

.. . . 
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Fig. l. Left panels and left ordinate: experimental XPS spectra of 
\ 5d6s bands of Ir, Pt, and Au. Upper curve in each case shows raw 

spectrum I(E); lower curve is the corrected spectrum I'(E). Data . · 
were all taken digitally. They are shown as points only for the 
leading edges of the 5d bands, where data density permits. Right 
panels and right ordinate: Theoretical densities of states obtained 
by broadening Connolly and Johnson's p(E) results. For Ir and Pt 
this p (E) was truncated and the energy scale expanded. 
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SECTION VI. THE ONSET OF RELATIVISTIC EFFECTS IN THE DENSITY OF 

* STATES OF THE 6s6p ELEMENTS Tl, Pb, AND Bi 

Abstract 

Spin-orbit splitting of the 6p band is manifest in the XPS spectra 

of Pb and Bi. Lowered energies of the 6s band indicate the presence of the 

mass-velocity and Darwin terms. 

Relativistic effects, e.g. spin-orbit splitting, have to be taken 

into account in electronic level calculations for even the lightest atoms. 

For the valence and conduction electrons, however, crystal-field interactions 

are usually stronger by several orders of magnitude. Therefore spin-orbit 

splitting may well be treated as a small perturbation in band structure 

calculations. 

This is certainly not the case for the elements Tl, Pb, and Bi, 

with atomic numbers 81, 82, and 83. Relativistic band structure calcula­

tions1'2'3 show that spin orbit interactions result in band splittings 

that are comparable to crystal-field splittings. We report in this paper 

experimental evidence that spin-orbit splitting in the valence p-electrons 

of Pb and Bi prevails in the presence of crystal-field splitting. 

Figure la shows the XPS-spectra of the valence region of Tl, Pb, 

and Bi obtained with monochromatic Al K x-rays in a Hewlett-Packard a 

HP 5950A spectrometer. The samples were cleaned by argon-ion bombardment 

(1000 eV ,- 10 llA) and were studied at 6 x 10-9 Torr. Other experimental 

details are described in Sec. III. The valence bands extend to 7 eV 

* This section was published in Phys. Letters 41A, 429 (1972) in co-

authorship with L. Ley, S. Kowalczyk, and D. A. Shirley. 



-46-

below EF in Tl, to about 12 eV in Pb, and to 13.5 eV in Bi. Included in 

these spectra are the high intensity 5d peaks at energies which are 

listed in Table 1. 

The single broad peak at the bottom of the valence band represents 

electrons with mainly 6s-like character. The shift of this peak to higher 

binding energy as one goes from Tl to Bi can be explained by the 

increasing depth of the atomic potential with increasing atomic number. 

In Bi the 6s state is already very nearly a core level. 

In Tl the p-like electrons are concentrated in one narrow peak 

near EF. By contrast, Pb and Bi show two peaks at the top of the valence 

band which are split apart by 1.8 eV in Pb and 2.2 eV in Bi. The calculated 

spin-orbit splittings obtained at certain symmetry points in the Brillouin 

4 l 2 3 
Zone ,are 0.3 eV for Tl, 1.4 eV for Pb, and 2 eV for Bi. The excellent 

I 

agreement between these figures and the experimental values strongly 

supports our interpretation of these bands as being split by spin-orbit 

interactions rather than by the crystal field. In this connection it is 

of interest to note (Table 1) that even free-atom HFS-calculations 5 

reproduce the 6p-band splitting quite well. 

In this discussion we have neglected the differences in crystal 

structure among these three elements. This is somewhat justified by the 

fact that the rhombohedral Bi lattice can be regarded as a slightly 

distorted cubic lattice, as compared with the cubic lattice of Pb. Of 
/ 

"' course the lattice symmetries were taken into account in/the band-structure 
._.;:-: 

1-3 calculations. 

Two other relativistic effects--the Darwin and mass-velocity terms--

should also be considered. These terms should have the effect of lowering 

.. 
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the energies of the s bands. Comparison of the positions of the s-bands 

6 in Tl, Pb, and Bi with those of In, Sn, and Sb shows a relative depression 

of the s-band energies in the heavier elements. We interpret this as a 

probable indication of these other relativistic effects. Loucksi 

2 relativistic APW calculation on Pb located the 6s band lower relative 

to the 6p band than did an interpolated OPW calculation of Anderson and 

Gold. 7 Since the former used a relativistic Hamiltonian, it is probable 

that part of the difference is a consequence of the 6s bands being lowered 

somewhat by the Darwin and mass-velocity terms. 

A more detailed interpretation awaits density-of-states calcula-

tions for these elements. 
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Table 1. Valence-band binding energies 

Tl Pb Bi 

Bind. Energ. 5d3/2 14.53(5) eV 20.32(5) eV 26.94(7) eV 

Bind. Energ. 5d5/2 12.30(5) 17 0 70( 5) 23.90(7) 

d-spli tting 2.23(2) 2 •. 62(2) 3.04(2) 

Free atom d-splitting 
(HFS theory, Ref. 5) 2,44 2.83 3.26 

6s-band 4.90(25) 7.68(20) 9.95(18) 

6p-band 0.80(12) {2.33(8) 
o. 53{ 5) 

{ 3.34(12) 
1.18(12) 

6p-splitting 1.80( 5) 2.16(8) 

Free atom 6p splitting 
(HFS theory) Ref. (5) 2.16 
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Fig. 1. High-resolution XPS spectra of thallium, lead, and bismuth. The 
5d3/2 - 5d5/2 doublet is the strongest feature in each spectrum. 
Characteristic energy-loss maxima appear to the left in each case, 
with the losses in thallium showing up as two well-resolved peaks. 
The broad peak to the right of the 5d doublet is the 6s band, and 
the narrower, spin-orbit split 6p bands fall near the Fermi energy. 
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SECTION VII. X-RAY PHOTOEMISSION SPECTRA OF CRYSTALLINE AND 

* AMORPHOUS Si AND Ge VALENCE BANDS 

Abstract 

The high resolution x-ray photoemission spectra of the total 

valence bands of crystalline and amorphous silicon and germanium are 

reported. For the crystals, the XPS spectra yield results that are 

strikingly similar to current theoretical calculations of the electron 

density of states, p(E). Amorphous Si and Ge exhibit definite band 

structures that are similar to one another but markedly different from 

the crystalline results. They agree very well with the theoretical 

model of Joannopoulos and Cohen. 

Although several density of states calculations have been carried 

out on silicon1 and germanium, 2 relatively little experimental information 

is as yet available concerning the densities of states, p(E), of the more 

tightly-bound valence electrons of these semiconductors. The valence-band 

densities of states of the crystalline modifications of Si and Ge are of 

current and continuing interest. In addition, a considerable amount of 

recent activity has been directed toward elucidating the electronic structure 

jn the amurphous forms. For example, Thorpe and Weaire3 have discussed 

three alternative models for the densities of states of amorphous Si and 

4 
Ge, and Joannopoulos and Cohen have recently given quantitative predictions 

for p(E). In this paper we present the first high-resolution XPS spectra 

for the densities of states of crystalline and amorphous Si and Ge and compare 

these spectra with theory. 

* This section was published in Phys. Rev. Letters 29, 1088 (1972) in co-author-

ship with L. Ley, S. Kowalczyk, and D. A. Shirley. 



-52-

The crystalline samples were cleaved in a dry inert atmosphere 

from 20 ~em n-type silicon and intrinsic germanium single crystals. The 

spectra were taken with a Hewlett Packard HP5950A photoelectron spectrometer 

with monochromatic AlKet x-rays. A:fter cleaving, the samples were introduced 

into the analyzer vacuum of 8 x 10-9 Torr within 30 seconds. The intensity 

ratios of the Si(2p) to the contaminant O(ls) and C(ls) lines were 5:1 and 

12:1, respectively. No oxygen contamination was detected on the Ge sample, 

whereas the intensity ratio of Ge(3p) to C(ls) was 10:1. To prepare 

amorphous specimens, Si and Ge films were evaporated onto clean gold 

surfaces at room temperature in the spectrometer sample preparation chamber. 

The background pressure was initially 4 x 10-7 Torr; it rose to 3 x 10-
6 

Torr 

for 4 minutes during the evaporations. The films were then directly 

transferred to the analyzer vacuum of 8 x 10-9 Torr. The only contaminant 

detected was oxygen on the Si film (Si(2p):O(ls) = 7:1). The raw data 

for the valence band regions of all four specimens are shown in Fig. 1. The 

spectra are referenced to the Fermi level EF of a thin layer of Au evaporated 

after the valence band measurement onto the semiconductor surfaces. The Au 

4f lines are used as a secondary standard, by assuming that their binding 

energies are the same relative to EF in the evaporated film and in bulk 

gold. The densities of states of the semiconductors extend 'V 15 eV below 

EF in both Si and Ge. The structure at the foot of the unresolved Ge 3d 

doublet can be entirely assigned to the first characteristic energy loss 

structure of the valence-band photoelectrons, as can most of the satellite 

structure that is found at 17 eV below the valence band peaks in Si. The 

energy-loss spectra from typical core levels are shown in Fig. 2. To 

... ,. 
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correct for energy losses, the inelastic loss spectrum was approximated 

by the sum of a continuous tail with magnitude at each point proportional 

to the spectrum area at lower binding plus a discrete loss structure 

constructed by folding a response function determined from the discrete 

inelastic structure of a sharp core peak and the valence band structure. 

This correction accounted for the structure at 19 eV in Ge and for 95% 

of the structure at 23 eV in Si. The remaining 5% is accounted for by 

the contaminant oxygen 2s peak. A correspondingly small portion of the 

peak at 6.6 eV can be attributed to the 0(2p) line. The corrected valence-

band spectra are shown in Fig. 3. 

Several band structure calculations have predicted p(E) for 

crystalline Si and Ge. These calculations show very good agreement among 

themselves. They yield three characteristic peaks in p(E). We shall 

label these peaks according to the symmetry points x4, 1
1

, and 1 2 ', in 

order of increasing binding energy. Of course the pe~s do not arise 

entirely from bands at these symmetry points. This notation is used only 

for identification. To facilitate comparison with experiment we have 

lc 2b 
plotted for Si and Ge in Fig. 3 both p(E) as calculated ' and a 

broadened version that is consistent with the experimental resolution. 

The agreement between theoretical and experimental peak positions 

and shapes is striking for crystalline Si and Ge. Table l lists the 

energies of the characteristic features, the theoretical densities of 

ste.tes p(E), and the corrected XPS spectra, which we denote as I'(E). 

The marginal ability to locate the feature w2 gives an indication of the 

resolving power of our spectrometer. 

. ) 



-54-

As Table l shows, I 1 (E) provides very strong confirmation of all three 

theoretical methods for calculating p(E). The relative intensities of 

the p-like x4 and the s-like 1
1 

+ 1
2

1 
peaks in I 1 (E) vary markedly between 

;·~· . .. 
Si and Ge and. in neither case agree with p(E). This 'is not unexpected, 

since I 1 (E) resembles p(E) weighted with the photoemission cross section 

0" Extrapolating measured 3s/3p and 4s/4p core-level intensity-ratios
8 

to the valence electrons of Si and Ge yields 

[ 0 ( 3s ) I 0 ( 3p ) ] Si [0(4s)/0(4p)]Ge =·2.3:1 

The observed change in the intensity ratio of the corresponding valence 

band structures is 2.2:1. Our Si intensities agree well with earlier XPS 5 

and Si 12 ,
3 

(SXS) results.
6 

The excellent agreement observed for crystalline Si and Ge 

provides a firm basis for further XPS and theoretical band-structure work 

on semiconductors. It also suggests that these two approaches may 

profitably be used togethero 

The results for amorphous Si and Ge are significantly different 

from the respective crystalline modifications. From the I 1 (E) spectra 

(Fig. 3) we note the following observations: 

l. The gross variation of intensity with respect to energy is 

similar for the amorphous and crystalline materials in both elements. 

2. The "x4" peak remains essentially intact from crystalline to 

amorphous material. 

3. The 1
1 

and 12
1 peaks merge into a single broad peak of 

intermediate energy. 
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4. I' (E) shows a distinct minimum between the "x4" peak and the 

broader peak in the amorphous materials. 

5. The centroid of the "x4" peak shifts toward EF in each case, 

by 0.4 eV in Si and 0.5 eV in Ge. 

6. TI1e amorphous Ge spectra were in good agreement for samples 

+ prepared by evaporation and by Ar ion bombardment (1000 eV, 10 ~A for 

1 hour). 

Observations 1-3 are in agreement with the Si Lc) 
3 

(SXS) results ,_, 
.. 6 

of Wiech and Zopf. Observation 2 is expected because x4 arises from 

localized p-like bonding orbitals, 7 which are relatively insensitive to 

long-range order. Observation 6 indicates that I'(E) for amorphous Ge 

was reproducible even though the method of sample preparation was varied. 

Observations 3-5 are the ones that allow a distinction to be made 

among different theoretical models for amorphous semiconductors. 

Thorpe and Weaire3 have recently discussed three theoretical 

models for amorphous Si and Ge. The Brust model9 yields a p(E) that 

resembles a somewhat broadened version of the crystalline p(E). Thorpe 

and Weaire indicated that the Penn model
10 

might apply to amorphous 

semiconductors. The p(E) curve for the Penn model shows no minimum, but 

rather a (broadened) logarithmic divergence near EF and a free-electron 

p(E) below. Our data exclude both of these shapes for p(E), thereby ruling 

out these two models as being applicable to amorphous Si and Ge. Our 

spectra definitely require a model that predicts large changes in the s-like 

' 11 and 12 peaks but not in the p-like Xh peak on going from the crystalline 

to the amorphous state. Thorpe and Weaire described a model that distinguished 

between the effects of local and long-range interactions. They sketched a 

curve for p (E) that is in good agreement with our amorphous Si and Ge 

spectra, especially Observations 2-4. 
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A more quantitative comparison with theory is provided by the recent 

4 
EPM calculations of Joannopoulos and Cohen on several forms of Ge. Their 

p(E) results forGe (ST-12), after smoothing to eliminate sharp features 

associated with long-range order, show very good agreement with our I'(E) 

curve. They have also calculated Si (ST-12) with similar results. Their 

p(E) curves are shown in Fig. 3. As they pointed out, Ge (ST-12) shows 

short-range disorder, but the peak near EF still arises from p-like 

bonding orbitals. Their model predicts the shift of this peak toward EF 

(Observation 5). The crucial feature of the ST-12 structure, according 

to Joannopoulos and Cohen, is the presence of five- and seven-membered 

rings. This feature causes the two lower-energy peaks in I'(E) to merge. 

In summary, our I'(E) results strongly-support the Joannopoulos-

Cohen model for amorphous Si and Ge. It appears that future theoretical 

developments on the band structure of amorphous Si and Ge should be 

constrained to reproduce the first five observations listed above. 

It is a pleasure to acknowledge the generous contributions of 

Professor Marvin Cohen and Mr. John Joannopoulos to this research. 

\ 
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Table l. Energies of characteristic features in the valence band spectra of 
Si and Ge. The theoretical entries are taken from density of states calcula­
tions after appropriate broadening. 
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Fig. 1. XPS valence-band spectra of crystalline and amorphous Si and Ge. 
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Fig. 3. Corrected spectra I'(E) (po~nt plots) and calculated densities of 
states p(E) (lmler curves)lc,2b,4 for the valence bands of crystalline 
and amorphous (S'l'.'-12) Si and Ge. A broadened p(E) is also shown for 
crystalline Si and Ge (widdle curves). 
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SECTION VIII. X-RAY PHOTOEMISSION VALENCE BAND SPECTRA At'lD THEORETICAL 

* VALENCE BAND DENSITIES OF STATES FOR Ge, GaAs, AND ZnSe 

Abstract 

We report the first high resolution valence-band x-ray photo-

emission spectra for the isoelectronic series Ge, GaAs, and ZnSe. The 

results are compared with a theoretical valence-band density-of-states 

calculation using the empirical pseudopotential method. The agreement 

between the experimental and theoretical results is quite good, particu-

larly for Ge and GaAs. For ZnSe the x-ray photoemission spectrum shows 

the Zn 3d-states to be higher in energy than the lowest valence-band 

s-state. In order to obtain this ordering of states in the theoretical 

calculation, a pseudopotential with an explicit energy dependence is 

required. 

Much theoretical and experimental effort has been devoted to the 

study of the band structures of tetrahedrally coordinated semiconductors 

because of their numerous applications. Most earlier measurements (optical 

spectroscopy, transport properties, etc.) have been useful in yielding 

information concerning electronic properties near the Fermi energy. Only 

recently have there been any experimental data (e.g. soft x-ray 

spectroscopy) which yield information about the density of states in 

regions near the bottom of the valence band. 

* Section VIII was published in Phys. Rev. Letters 29, 1103 (1972) in 

co-authorship with L. Ley, S. Kowalczyk, D. A. Shirley, J. D. Joannopoulos, 

D. J. Chadi, and Marvin L. Cohen. 

... 
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We report here the -first high resolution XPS (X-ray Photoemission 

Spectroscopy) spectra for all valence bands in the isoelectronic series 

Ge, GaAs, and ZnSe. These experimental results are compared with 

theoretical valence band density-of-states calculations using the EP~ 

(Empirical Pseudopotential Method). Since the lattice constants and ion 

cores are essentially constant for the series, the band spacings are 

used to obtain information about the increasing ionicity from purely 

covalent Ge to the more ionic ZnSe. The experimental results also yield 

information about ~he asymmetric part of the pseudopotential. 

High-purity single crystals were cleaved in a dry nitrogen atmosphere 

immediately before insertion into the spectrometer vacuum (~ 8 x 10-9 Torr). 

The spectra were obtained on an HP 5950A electron spectrometer using mono-

chromatized Al K x-rays (1486.6 eV). The possibility of using this a 

method to study the valence band density of states in semiconductors has 

2 recently been demonstrated by L. Ley et al. (see Sec. VII) and the 

experimental resolution of the HP 5950A has been discussed by R. Pollak 

3 et al. (see Sec. IV). The spectra were referenced to the Fermi level EF 

of a thin layer of Au evaporated onto the semiconductor surfaces after the 

valence band measurement. The Au 4f lines were used as a secondary 

standard by assuming that their binding energies are the same relative 

to E in the evaporated film and in bulk gold. 
F 

In Fig. l are shown the experimental and theoretical densities 

of states for Ge, GaAs, and ZnSe, and the corresponding theoretical band 

structures. The theoretical valence-band densities of states were 

4 5 6 
obtained from band-structure calculations forGe, GaAs, and ZnSe using 

the EPM. A broadened theoretical density of states is also provided to 



-64-

facilitate comparison with experiment. The experimental curves have not 

been corrected for energy losses. This tends to exaggerate the intensities 

of the peaks at the bottom of the valence-band. In Table 1 we list the 

energies of the various peaks from the theoretical density of states and 

from the XPS spectra. 

For Ge there is good agreement between theory and experiment in 

regard to the energy positioning and·the widths of the peaks, as was 

t d 1
. 2 

repor e ear ler. In the XPS spectrum the 3d states of Ge fall at 29.0 eV, 

18.7 eV lower than the first peak shown in Fig. 1. In GaAs we again 

find good agreement between theory and experiment. The first peak on 

the left in the XPS spectrum (Fig. l) comes from the 3d states of Ga. The 

lowest s-like valence band has shifted to a lower energy and has become 

dissociated from the next peak. This shift to a lower energy occurs 

because of the localization of electrons in the first band around the 

strong As potential, and can be related to the antisymmetric form factors. 

The "antisymmetric gap" (between the lowest s-like valence band and the 

second valence band) may provide some measure of the ionicities of these 

compoundso It is surprising that the EPM agrees so well with experiment 

for this lowest valence band. This does not make any contribution to 

optical transitions in the 2.8 to 6 eV range, which were used to determine 5 

the pseudopotential form factors. Furthermore these states are far from 

EF and the energy dependence of the pseudopotential has not been taken 

explicitly into account. 

The largest differences between the experimental and theoretical 

spectra are found in ZnSe. Here the XPS spectrum shows that the Zn 

3d-states lie higher in energy than the s-like states at the bottom of 

.io •,... 
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the valence band, and the "antisymmetric gap" has become larger. The 

agreement between th~ory and experiment is less satisfYing than for Ge 

and GaAs. The widths bf the theoretical peaks are smaller than the 

corresponding experimental widths and the theoretical energy gap between 

the first two valence bands is larger than the experimental energy gap. 

It appears that the explicit energy dependence of the pseudopotential form 

factors cannot be neglected for ZnSe. It is interesting to note that the 

introduction of an explicit energy dependence7 to lowest order, by using 

an effective mass, gives better agreement with experiment for the two 

peaks at the top of the valence band but leaves the antisymmetric gap 

almost unchanged. OPW calculations
8 

for several II-VI compounds give band 

structures and density of states curves very similar to EPM results. 

The 3d-states can be included in the EPM by using a non-local 

d-potenU al in addition to the usual pseudopotential form factors in the 

EPM cal ..J.at ·OJ.. Band structure calculations using the KKR method for 

.. 9 
hexagonal II-VI compounds have been carried out by Rossler, who found 

d-states close in energy to valence bands for some of these compounds. We 

expec·L the KKR to give similar results for the II-VI zincblende structure. 

This research illustrates the way in which XPS and band-structure 

,.r ·n.1 '.· · · )T"~ :an be used together. The EPM calculations provided a frame-

"' rh : ~-!1in which to interpret the XPS spectra. The spectra in turn gave 

em;_.;.i. ric.•J.l valence-band energies with which to calibrate the EPM results. 

We are confident that further research combining the two methods will 

continue to provide valuable information about the electronic structure 

c,f crys tall1.n·~· and amorphous semiconductors. 
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Table l. Energies of characteristic features in the valence band spectra of Ge, GaAs, and ZnSe. The 
theoretical entries are taken from the density of states calcUlations after appropriate broadening 

Ge GaAs 

Expt. t Theory tt Expt. t Theory tt 

x4 2.4 eV 2.4 eV 2.4 eV 2.4 eV 

w2 3.6 3.5 3.9 3.4 

* 4.9 4.5 4.6 v 5.1 

Ll 7.2 1.0 6.8 6.5 

wl 8.6 8.6 8.9 --
L' 2 10.3 9.8 11.5 11.2 

rl 13.0 12.5 13.8 12.9 

tPositions relative to gold Fermi level. 

ttThe positions are normalized to the experimental values of x4 • 

* The valley between w2 and L1 is arbitrarily called V. 

ZnSe 

Expt. t Theory tt 

3.0 eV 3.0 eV 

5.2 4.6 

6.3 5.3 

-- --
13.8 15.6 

14.5 16.4 

I 
0\ 
co 
I 
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Fig. 1. XPS-spectra, band structures and densities of states for Ge, GaAs, 
and ZnSe. The top row I(E) shows the uncorrected experimental spectra. 
At the bottom the corresponding band structures E(k) and densities of 
states p(E) as derived from EPM calculations are shown. The broadened 
theoretical densities of states p'(E) in the second row facilitate 
comparison with experiment. 
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SECTION IX. X-RAY PHOTOEMISSION CROSS-SECTION MODULATION IN DIANOHD, 
. * SILICON, GERMA.l'HUM, .M:ETHANE, SILANE, AND GERMANE 

Abstract 

The high-resolution XPS valence-band spectrum from a cleaved 

natural diamond single crystal is reported. The absence of extrinsic 

structure allows a reliable comparison with band theory. The XPS 

molecular-orbital spectra of methane, silane, and germane are also given. 

The modulation of photoelectric cross sections in the valence bands of 

diamond, Si, and Ge are discussed and compared with atomic XPS cross 

sections derived from the spectra of CH4 , SiH4 , and GeH4. 

The allotropic form of carbon, diamond, is the prototype for 

Group IV crystals of the diamond structure. Many calculations of the energy­

band structure have been carried out,1 yielding results that vary more 

widely than is the case for its congeners, silicon, and germanium. Thus, 

it is especially desirable to determine the positions of the diamond energy 

bands experim:n,tallyo We report the total valence-"band density-of-states 

spectrum of a· cleaved single crystal of diamond. The spectrum was obtained 

using x-ray ph_otoemission spectroscopy (XPS) which has recently been 

employed to yield total valence-band spectra for silicon and gerrnanium.
2 

The diamond spectrum is compared with theory after discussing the relation-

ship between the XPS spectrum I'(E) and the calculated density of states 

p(E). The XPS·inolecular orb~tal spectra of CH4 , SiH4 , and GeH4 are 

presented and used to derive relative atomic photoelectric cross sections 

which are compared with peak intensities in the XPS valence spectra of 

* .Section IX is to be published in co-authorship with R. G. Cavell, S. P. 

Kowalczyk, L. Ley, B. Mills, D. A. Shirley, and W. Perry. 

.. 
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diamond, Si, and Ge. These intensities are consistent with predictions 

based on the theoretical orbital symmetries of the valence bands. 

A diamond single crystal was cleaved in a dry N2 atmosphere and 

introduced directly through a vacuum interlock into the analyzer chamber 

of an HP 5950A electron spectrometer in which a pressure of 8 x 10-9 Torr 

was maintained. The crystal was irradiated with monochromatized Al Ka
1 2 

' 
radiation. Monochromatization has the effect of improving the resolution 

in XPS somewhat (the resolution of our instrument is 0.55 ev3 ): a more 

important advantage is the elimination of unwanted Ka
3

, 4 and bremmstrahlung 

radiation. 

Since the effective XPS sample depth is only a few atomic layers, 

the production of a clean surface is essential. Previous XPS studies 

of diamond
4' 5 were done on powdered samples which yielded valence band 

spectra that were seriously modified by surface contamination (apparently 

oxygen). The resultant structures were clearly not intrinsic, and no 

detailed comparisons with band structure theory were possible. In a 

preliminary experiment on an untreated diamond single crystal, we observed 

a valence-band spectrum that was similar to the previously reported 

4 5 spectra. ' An indication of the extent of oxygen contamination is given 

by the intensity ratio for the ls core peaks, C(ls)/O(ls) = 4. After 

cleaving the diamond this ratio rose to C(ls)/O(ls) = 13, and the valence-

band spectrum showed no evidence of oxygen contamination. 

The uncorrected spectra I(E) of the diamond valence band and the 

diamond C ls core region are shown in Fig. l. The satellite structure on 

the high binding energy side of the C ls line is assumed to be "extrinsic"; 

i.e., to be characteristic of the energy losses suffered by an electron 
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traveling through a diamond lattice, rather than characteristic of the 

C ls level itself. Using this assumption we are able to correct the 

valence-band spectrum quantitatively for inelastic losses. This yields 

the corrected spectrum I'(E) shown in Fig. 2. As can be seen by comparing 

Figs. 1 and 2, this correction does not appreciably affect the valence-band 

structure below 25 eV binding energy and thus any inadequacy of the above 

assumption will have only minor influence on I'(E). 

Direct measurement of binding energy in insulators and semiconductors 

is not possible because of space-charge effects. A thin layer of gold was 

evaporated onto the diamond crystal after the valence-band measurements were 

completed, and the separation of the Au 4f
7 12 and the underlying diamond 

C ls line was measured. The binding energy of the Au 4f
712 

relative to 

the Fermi edge in gold metal was measured to be 84.00 ± 0.01 eV, which 

when added to the above separation yields for the diamond C ls binding 

energy relative to the Fermi level of a thin surface film of gold, EB = 

284.44 ± 0.07 eV. This agrees fairly well with the value 284.0 ± 0.3 reported 

. 4 
by Thomas et al. which was obtained by a similar referencing procedure 

using platinum. 

To a certain point the valence-band spectrum is extremely straight­

forward. There are three peaks in I'(E) as was the case for Si and Ge,
2 

which are also shown in Fig. 2 for comparison. The wider spacing of I'(E) 

for diamond is consistent with theoretical expectations
1 

and is due to 

the smaller lattice constant in diamond. With two atoms per unit cell and 

four electrons per atom, diamond has four doubly-occupied valence bands 

as indicated in Fig. 3. These bands produce three peaks in the density 
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of states, p(E), with the top two bands forming a single peak. Labeling 

the I'(E) peaks as I, II, and III (Fig. 3), we identifY the majority of 

peak I with band l, peak II with band 2, and peak three with bands 3 and 4. 

The photoemission spectrum I'(E) is essentially a joint density of 

states. In a one-electron picture we have 

I'(E) ~ p(E) o(E,hv) p (hv- E) 
e 

Here p(E) is the density of states of the valence bands, o(E,hv) the cross-

section for photoemission, and p (hv - E) the continuum final state of the 
e 

photoelectron. This last term can be regarded as constant over the 

valence-band width ~E, provided that
6 

hv » ~E. Thus 

I'(E) ~ p(E) a(hv,E) 

and a detailed comparison of I' (E) with p (E) would require an understanding 

of the cross-section modulationo 

For molecules cross-section modulation is readily understood, and 

G l . h . d d. . 7 e 1us as g1ven a goo 1scuss1on. The cross section is proportional to 

the square of the overlap between the initial one-electron state and 

the continuum final state of the electron 

Taking xf(hv - E) as a plane wave, the de Broglie wavelength of an electron 

ejected from the valence bands by AlKa radiation is 0.3~. Thus, the major 

contributions to a(hv,E) must come from those regions in which ~.(E) has 
l 

a curvature corresponding to this wavelength; i.e., the atomic-like regions 
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near the nucleus. The carbon 2s orbital has a larger cross section for 

photoemission at this energy than the carbon 2p orbital, because its 

radial node makes the 2s wavefunctions curvature similar to that of the 

photoelectron. 

Inspection of Fig. 2 and Fig. 3 reveals that cross 

section modulation is very important in diamond, Si, and Ge. The wave-

functions of the valence electrons are of course eigenfunctions of the 
0 

linear momentum rather than the angu1ar momentum operator because of the 

periodicity of the crystal latticeo An expansion into atomic angular mq~entum 

eigenfunctions extends therefore in principle over the whole Hilbert space 

which is orthogonal to the core wavefunctions. It is however true that--

especially near the nucleus--the prevailing contributions to this expansion 

came from the ns and np orbitals , where n is the principal quantum number 

of the valence electrons in C, Si, and Ge respectively. In this sense 

band 1 is mostly s-like and bands 3 and 4 are mostly p-like.
8 

Band 2 is 

a mixture of s- and p-like functionso The variation in the peak area 

ratio (I + II)/III should therefore correspond to a similar variation in 

the cross-section ratio a(s)/a(p) for the atomic orbitals. This has been 

noted earlier for Si and Ge (see Sec. VII). 2 

In order to investigate this point more quantitatively we deduced 

atomic cross section ratios from x-ray photoemission spectra of methane 

(cH4), silane (SiH4), and germane (GeH4). The latter two were prepared 

applying the techniques of Refs. 9 and 10. Electron spectra of the valence 

regions of these simple gaseous compounds were measured in the Berkeley 

iron-free spectrometer using a MgKa1 2 x-ray source. The resulting spectra , 
(see right side of Fig. 3 and Table l) exhibit in all three cases two peaks 

.. -
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which correspond to the singly degenerate level A
1 

(s-like) and the triply 

degenerate level ~2 (p-like). 

An LCAO calculation for the three molecules yields the parentages 

of the two levels in terms of the atomic s and p orbitals. From these 

parentages and from the measured. line intensities we deduce the ratios 

of the s and p cross sections for the atomic orbitals as listed in Table 2. 

These numbers demonstrate the dramatic change in the cross section ratios 

as one proceeds from C to Ge, thus supporting our arguments on the intensity 

variation of peaks I, II, and III in the valence-band spectra of the 

elements. These variations (Table 2) are however much smaller than those 

of the atomic cross sections. This discrepancy cannot arise from the 

different energies of the_ exciting x-rays for the crystals and the molecules. 

(See Ref. 11.) This still leaves a valid objection against an atomistic 

LCAO interpretation of the intensity ratios: the electronic wavefunctions 

of the valence bands of a crystalline solid such as diamond are not well 

described by LCAO basis functions. Even in the tight binding approach, 

which means restriction to the atomic valence orbitals in constructing 

the valence bands, the states which make up p(E) are mixtures of the s 

and p basis functions for every value of E. This mixture alone tends to 

equalize the cross-section over the valence region. A more realistic 

approach however would require a rigorous calculation of the valence-band 

wave-functions and the cross section for photoemission at each energy. 

It is thus clear that cross-section modulation can shift slightly the 

apparent positions of characteristic features from p(E) to I'(E). 

The point r marks the center of the Brillouin zone, and bands 

2-4 all have p character at this point. 
I 

Since they all approach r
25 

with 
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zero slope the density-of-states falls rather sharply at this energy--the 

top of the valence bands. Thus, in principle, E(r;5) could be determined 

rather accurately, without ambiguity due to s,p mixing or unfavorable 

structure in p(E). In fact, the right side of Peak III shows some tailing 

which tends to worsen the accuracy with which E(r;5) can be determined. 

This small amount of tailing could arise from surface states or instrumental 

resolution. By extrapolating down from the steepest part of the Peak III, 

we obtained E(r;~) = 1.8 ± 0.3 eV relative to EF(Au) (the Fermi energy 

provides a convenient reference point, but we shall not discuss it further 

because its meaning under the experimental conditions of a high x-ray flux 

is not clear). 

The peaks in I'(E) should fall at maxima in p(E) with small shifts 

between the two sets of maxima arising from instrumental broadening of 

unsymmetrical peaks and from s/p mixing. The former effect is easily 

corrected for. The latter effect should be small because both Bands 1 and 

2 have highs symmetries at the peaks in I'(E)~ The overall increase of 

s character with energy below EF tends to bias I' (E) downward in energy 

relative to p(E). With all these factors considered, we assign the 

positions of peak I and II as 17.9 ± 0.2 eV and 13.2 ± 0.1 eV below 

EF(Au) respectively. 

Detailed comparison of XPS valence bands with theory requires 

theoretical densities of states modulated by XPS cross sections. The 

upper portion of Fig. 3 compares the calculated density of states for 

diamond of Painter, Ellis, and Lubinsky
12 

(solid line) with our experimental 

results. They used a discrete variational method in an ab initio approach 

with an LCAO Bloch basis set which allows inclusion of nonspherical terms 
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in the potential. The band structure from which p(E) was calculated is 

shown in the lower portion of Fig. 3. The calculated density of states 

and our experiment show excellent agreement in the positions of all 

characteristic features. It is therefore possible to deduce the variation 

-of the photoelectric cross section over the valence region, as indicated 

by the broken line in Fig. 3. This line exhibits the smooth decrease 

from the bottom of the valence band to its top, as expected from the 

discussion given above. Thus the relative intensities in photoelectron 

spectra can provide a valuable tool in exploring the atomic origin of 

different regions in the valence bands of solids. 
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Table 1. Binding energies E
8 

and widths (FWHM) of molecular orbitals 

of methane, silane, and germane. Energies in eV. 

Orbital CH 4 
": SiH4 GeH 4 

Al 

EB 23.08(4) 18,01(4) 18,46(4) 

FWHM 1.71(3) 1.16(6) 1.17(6) 

T? 

J·; lJ 14.)(2) 12.6'{(4) L!. ~tl ( l1) 

F'WHM 2.8(5) 1.69(6) 1.'(5(6) 

* Binding energies were measured using neon as a standard. The Ne 2s peak 

was assigned a value of 48.72 eV. 

Table 2. Comparison of the atomic cross section ratio for photoemission 
0(s)/0(p) with the intensity ratio of peaks I+ II to peak III in the valence 
band spectra of diamond, Si, and Ge. 

I + II o(s) 
III OTPT 

c 2.9 ± 0.3 12 

Si 1.6 ± 0,2 3.4 

Ge 0.7 ± 0.1 1.0 
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SECTION X. EVIDENCE FOR COVALENT BONDING IN CRYSTALLINE AND AMORPHOUS 

* As, Sb, AND Bi FHOM VALENCE BAND Pl!O'l'OEi'li~)~)IOH SPECTRA 

Abstract 

X-ray photoemission spectra of the valence bands of As, Sb, and 

Bi show a splitting, L'IE, of the "s-like" peak for the crystalline phase 

that disappears in the amorphous phase. This similarity to tetrahedrally 

coordinated covalent semiconductors is explained by describing the semi-

metals as layers of distorted covalently bonded hexagonal rings. This 

generalizes the "even-odd" ring effect to the A7 lattice. The relation 

of l:.E to interatomic distance is described by a universal curve. 

Weaire and Thorpe have used the concept of topological disorder 

in attempting to understand the properties of amorphous semiconductors. 1- 3 

They used model Hamiltonians of the tight binding type to calculate the 

density of states in crystals of the diamond structure, and obtained the 

characteristic splitting in the lowest "s-like" peaks in the valence 

bands using these Hamiltonians. They emphasized the importance of six-

membered rings in the diamond structure, and suggested that a random-

network amorphous structure, with both five-fold and six-fold rings, 

wouJd not exhibit well-resolved splitting in the s-like peak. Joannopoulos 

aud Cohen carried out EPM band-structure calculations on several forms of 

silicon and germanium. 4 They found a single broads-like peak in p(E) 

for the ST-12 structure, which has five- and seven-membered rings. Single 

s-like peaks were indeed observed in the XPS spectra of amorphous silicon 

* Section X is to be published in co-authorship with L. Ley, S. P. 

Kowalczyk, F. R. McFeely, and D. A. Shirley. 
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d 
. 5 an germanlum. Both the form of Weaire and Thorpe's one-band Hamiltonian 

and the discussion by Joannopoulos and Cohen may be interpreted as 

implying splitting in the s-like .peak in a broader context than the 

diamond lattice, and loss of this splitting in the amorphous state. In 

this paper we report XPS spectra on crystalline and amorphous As, Sb, 

and Bi which show exactly this behavior. Furthermore, for the six 

elements studied to date, the s-peak splitting falls on a universal 

curve when plotted against nearest-neighbor distance. Thus both s-peak 

splitting in the crystalline state and its disappearance in the amorphous 

state appear to be general phenomena for simple covalent solids. In 

addition to its intrinsic theoretical importance, this result should 

prove valuable both as a diagnostic device for identifYing amorphous 

phases and as a covalent reference point for establishing an ionici ty 

scale. 

Monocrystalline samples of As, Sb, and Bi were cleaved in a dry 

N2 atmosphere immediately prior to insertion into the Hewlett-Packard 

5950A ESCA spectrometer. No oxygen contamination was detected by in ~ 

monitoring of the 0 ls line on the As sample. Small amounts of oxygen on 

the Sb and Bi samples were easily removed by gentle (200 eV, 10 ~amp) 

argon-ion bombardment for 45 seconds and 2 minutes, respectively. During 

-8 the measurement a pressure of ~ 5 x 10 Torr was maintained, and no 

oxygen or carbon buildup was observed. 

The uncorrected photoelectron spectra I(E) of the valence-band 

regions of crystalline As, Sb, and Bi are shown on the left side of 

Fig. 1 together with corrected spectra I'(E). To generate I'(E) from 

I(E), a response function was constructed from the low-energy tails of 

... ·' 
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the nearby d levels (not shown) in each case. These response functions 

were then used to correct the valence-band spectra for inelastic secondary 

processes. Also shown in Fig. 1 are the measured I(E) and I'(E) for 

amorphous samples of As, Sb, and Bi. Amorphous As was prepared in the 

spectrometer by flash evaporation of a thin film onto a gold substrate 

at room temperature. The amorphous Sb and Bi samples were prepared by 

argon-bombarding single crystal surfaces for about 30 minutes with 

10 ~amp of 900 eV Ar+ ions. Earlier experience5 with Si and Ge yielded 

essentially identical "amorphous" spectra for evaporated films and argon-

bombarded crystals. 

The overall similarity of the XPS spectra in Fig. 1 reflects the 

similarities of electronic configuration (s
2

p3 ) and, for the crystalline 

samples, of crystal structure (A7 in each case) in these Group V elements. 

There are two atoms per unit cell in the A7 structure, with ten electrons 

filling five valence bands. In free atoms of these elements, the valence 

s electrons are bound 8-10 eV more tightly than the valence p electrons. 

The mean splittings .between peaks 1-2 (Fig. 1) and peaks 3-4 (Fig. 1) 

are approximately 8.4 eV (As), 7.2 eV (Sb), and 8.6 eV (Bi). Using the 

free-atom configuration s 2p~/2p312 , the mean s-p splittings in free atoms9 

can be estimated as 9.8 eV (As), 8.4 eV (Sb), and 9.7 eV (Bi). Since the 

10 cohesive energies of these elements are only 2-4 eV per atom, one would 

expect..§:. priori to find separate peaks corresponding to s and p electrons, 

in the absence of unusual s-p mixing, with the s peak(s) lying lower. 

Theoretical band-structure calculations do indeed show two reasonably well-

separated s-like bands several eV below the Fermi level EF' and three 

6-8 ( ) p-like bands near EF. We assign the lower peak labeled 1-2 in Fig. 1 
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to the fanner and the upper peak (3 .... 4 in Fig. 1) to the latter. Derived 

energies of characteristic featlires in I'(E) for the crystalline samples 

are set out in Table 1. Although the same two general features were 

observed in the spectra of the amorphous materials, most of the finer 

structure was completely lost. 

Moving down from As to Bi, changes in the structure of the p-like 

peak arise dominantly from relativistic effects rather than from crystal-

field effects. The single asymmetric peak 3 in As splits into two peaks 

(3 and 4) in Sb. The splitting increases to 2.2 eV in Bi. It has been 

shown for Bi
11 

that this splitting can be identified with the effect of 

spin-orbit interaction on the p-like bands near the center of the 

Brillouin zone (f). The relativistic Hartree-Fock-Slater free...:atom value9 

of 2.16 eV for the 6p spin-orbit splitting in Bi corresponds closely to 

the observed splitting in the p-like band. 1~e measured value for Sb 

of 0.76(8) eV compares equally well with the calculated 5p free-atom 

value of 0.71 eV. It is unusual for the spin-orbit splitting to come 

through so cleanly as a splitting in the valence-band density of states, 

because the Hamiltonians for the spin-orbit and crystal-field interactions 

do not commute and the corresponding energies are not additive. The d-bands 

f "1 12 d ld13 . 1 . h" h th l"tt• f o Sl ver an go prov1de counter-examp es 1n w 1c e sp 1 1ng, ar 

exceeds the free-atom spin-orbit splitting in magnitude. Shoulders 3' and 

41 in the I'(E) curve for Sb most likely arise from bands near the symmetry 

points L4 and '1'
1 

and x
3

, x4 in the Brillouin zone. 

Turning now to the s-like bands, we observe for the first time a 

pronounced splitting of the s-peak (1-2 in Fig. 1) in the densities of 

}. 
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states of all three Group V semimetals As, Sb, and Bi. This splitting 

decreases from 2.62(8) eV in As to 1.67(6) eV in Sb to 1.18(8) eV in Bi 

(see 'l'alJle ;,~). A pu.ra.llel decreu.se in width (FWHM) of this peak from 

5.2(2) to 4.6(2) to 4.0(1) eV is also evident. The two components of the 

s-peak differ in intensity in each case. After decomposition into two 

peaks, we obtain an intensity ratio of 1.3 for As, 1.3 for Sb, and 1.2 for 

Bi. Since only two nondegenerate bands are responsible for the doublet 

structure, this intensity difference is most likely due to cross-section 

modulation of the photoelectric effect. An admixture of p-like character 

into band 2 would increase its photoelectron cross section relative to 

that of band 1 as was earlier observed for Ge. 5 In Bi the drop in the 

intensity ratio coincides with a marked increase in the mean s-p band 

separation because of the relativistic lowering of the s-electron energy. 

This provides direct experimental evidence for the dehybridizing effect 

of relativistic corrections in solids. 

The density-of-states results for amorphous As, Sb, and Bi are 

significantly different from those of the respective crystalline modifica-

tions. The s-bands do not exhibit double-peaked structure and there is 

much less structure in the p-like bands in As and Sb, while the spin-orbit 

splitting in Bi is essentially the same. In all three cases the maximum 

in the density of states is shifted toward the Jermi energy by a few 

tenths of an electron vo~t. This shift gives for the amorphous state under 

study a direct measure of the deviation of the sample from its ground 

equilibrium state. The replacement of peaks 1 and 2 in the crystalline 

samples by a single peak in the amorphous spectra is caused by a redistri-

bution in the density of states rather than simply by broadening of the two 



-88-

peaks. This is especially true in Sb ·and Bi. As evidence for this we 

note that the total widths of the s-band peaks as well as the valley 

between the s- and p-bands remain essentially the same in going from the 

crystalline to the amorphous material. 

The startling agreement between these observations and those made 

earlier5 for the prototypical covalent crystals Si and Ge suggests an 

interpretation of the semimetal spectra along similar lines. The 

distortions which lead from the diamond fcc lattice to the A7 lattice of 

As, Sb, and Bi obviously do not destroy the main features in the density 

of states. The experimental s-band splitting in the semimetals is rather 

well reproduced by the separation of these bands at points T1 and T~ in the 

Brillouin zone, as shown by a comparison with available theoretical data 

in Table 2. Points T1 and T; correspond to points L1 and L; in the diamond 

lattice. It has been pointed out that the existence of sixfold rings in 

the diamond structure is crucial for the preservation of well-separated 

s-bands (peaks 1 and 2) in the density of valence band states which cor-

respond to the bonding and antibonding s-levels of covalently bonded 

3 4 atoms. ' In As, Sb, and Bi the lattice is composed of layers normal to 

the trigonal axis. There are three weak bonds per atom between l~ers, 

and within a l~er there are three stronger bonds which produce a two 

dimensional arr~ of distorted hexagonal rings.
14 

We therefore interpret 

the XPS spectra of As, Sb, and Bi as extending the generality of the "odd-

even" ring effect on the valence bands. Apparently s-peak splitting is 

present in these covalently-bonded A7-lattice crystals because of the 

even-numbered rings, while the odd-numbered rings that presumably are 

.. ' 
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present in the amorphous materials preclude resolution of these peaks 

into two simple components. 

Finally, the observed splitting in the valence-band s peaks of 

the covalent Groups IV and V elements C(diamond), Si, Ge, As, Sb, and 

Bi are related in a very simple way. When plotted against nearest-

neighbor distanced, these splittings follow a universal curve given by 

6E(eV) = 8.0 - 2.2 x d (A) 

as shown in Fig. 2. That 6E should follow such a simple equation is 

somewhat surprising, because differences in coordination and hybridization 

might be expected to play a larger role. Apparently the effect of overlap, 

which of course decreases strongly with distance, is dominant. With 

further study it may be feasible to give a detailed explanation for the 

variation of 6E. Meanwhile the observed 6E vs d relation can serve as 

a covalent reference point in establishing an experimental ionicity scale 

based on valence-band spectra. 

We thank Dr. W. Ellis for a single crystal of As. We greatly 

appreciate helpful discussions with J. Joannopoulos. 
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SECTION XI. .HIGU-RESOLUTION X-RAY PHOTOEMISSIOH SPECTRA OF PbS, PbSe, 

* AND PbTe VALENCE BMIDS 

Abstract 

High-resolut:i.on x-rcy photoelectron valence-band spectra ( 0 to 

45 eV binding energy) of cleaved single crystal PbS, PbSe, and PbTe are 

reported. The spectra are compared with available band theory results. 

Relativistic OPW results exhibit the best overall agreement with experi-

ment. EPM results show similar agreement for all but the most tightly 

bound valence band. The uppermost peak, correspo~ding to the three least 

tightly-bound bands, shows detailed structure in good agreement with the 

EPM predictions. The PbTe valence-band spectrum can be synthesized from 

the XPS valence-band spectra of Pb and Te. 

A. Introduction 

The "lead salts", PbS, PbSe, and PbTe, have in recent years been 

the object of considerable experimental and theoretical study, due in 

part to the technological importance of these materials as infrared and 

visible radiation detectors and in part to interest in their fundamental 

properties. All three salts crystallize in the rock-salt structure which 

consists of two interlocking fcc lattices separated by a translation 

of (a/2, a/2, a/2) where the lattice constant, a, at 300°K is 5.9362 A 

for PbS, 1 6.1243 A for PbSe,
2 

and 6.4603 A for PbTe. 3 In this work, x-ray 

photoemission spectroscopy (XPS) has been used to determine the valence 

band density of states for each of the lead salts. Derived quantities are 

compared with several theoretical band structure calculations, which are 

critically examined in light of these results. 

* Section XI has been submitted to Phys. Rev. B in co-authorship with F. Rn 

McFeely, s. Kowalczyk, L. Ley, and D. A. Shirley. 
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Experimental procedures are described in Sec. B. Results are 

given in Sec. C and compared with theory in Sec. D. 

B. Experimental 

The samples used for these experiments were high-purity single 

crystals. In order to minimize contamination of the samples by adsorption 

of hydrocarbons and/or oxygen, the crystals were cleaved under dry nitrogen 

in a glove bag and placed in a Hewlett-Packard 5950A electron spectrometer 

-9 at 5 x 10 Torr without exposure to the atmosphere. They were then 

irradiated with monochromatized AlKa
1 2 

radiation (1486.6 eV), and the 
' 

ejected photoelectrons were energy-analyzed. 

In addition to the valence band region, spectra were taken over 

a binding energy range of 0 - 1000 eV in order to detect core level 

peaks from any impurities which might be present. Experience has shown 

that even small amounts of impurities can give rise to extraneous peaks 

in the valence-band region. The only impurities present in detectable 

quantities were carbon and oxygen, and they were present in sufficiently 

small amounts so as to preclude any serious effects on the valence-band 

spectra. The area ratios of the Pb 4f712 line to the oxygen ls line 

before and after the scan of each Pb salt valence band are given in 

Table l. Furthermore, the symmetric shape of the Pb core levels indicate 

that the oxygen present was in adsorbed molecules on the surface of the 

sample rather than as oxide. This is further verified by the fact that 

the intensity of the 0 ls line decreased when the crystal was left in 

vacuum overnight. 

Energy conservation gives the photoemission equation 

hv = E + Ek. + q ~ B ln · '~'sp 
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where Ek. is the kinetic energy of the photoelectron, ¢ is the work 
ln sp 

function of the spectrometer, and EB is the binding energy with respect 

to the Fermi energy; This equation presumes that the emitting region 

of the crystal is electrically grounded to the spectrometer. If this 

were not the case it would be necessary to include an extra additive 

term to account for charging. Our experience has shown that small 

band-gap semiconductors, such as the lead salts, show little or no 

charging. 

The Fermi level of the Pb salts with respect to that of the 

spectrometer was determined with a Au reference as follows. A small 

quantity of Au was evaporated onto the surface of each Pb salt after 

the valence-band measurement, and the Au 4f
712 

line position was determined 

with respect to a core level in each case. The measured binding energy 

for gold metal of the Au 4f
712 

level with respect to the Au Fermi energy 

is 84.00 ± OoOl. Thus the binding energy of the Pb salt core level 

with respect to the Au Fermi level is 84.00 ± 0.01 eV minus its separation 

from the Au 4f
712 

peak. This binding energy then defines the Fermi level 

for the Pb salt valence band spectrum which includes the Pb salt core level. 

All binding energies quoted in this paper are given with respect to this 

reference energy. It is assumed that the Fermi level of the deposited 

Au is equal to the Fermi level of the emitting portion of the sample. 

C. Results 

The spectra I(E) for each of the three lead salts are shown in 

Fig. l. There is striking similarity in the valence-band spectra of the 

three salts. The positions of the core-like Pb 5d
512 

peaks for these 
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salts vary within a range of 0.2 eV and the values of the spin-orbit 

splitting in the Pb 5d peaks are identical to within experimental error 

(0.02 eV). The spectra show in each case a strong broad peak, which we 

call peak 1, centered at about 2 - 2.5 eV below EF; and exhibiting quite 

prominent structure on the low binding-energy side. This structure 

is evident only as a shoulder in PbTe, but in progressing through 

PbSe to PbS it becomes a well-defined extra peak which we label 1 1 • 

Between the (l-1 1 ) peak and the Pb 5d lines there are two less intense 

peaks labeled 2 and 3 in Fig. 1. The absolute binding energies of these 

peaks show no monotonic trend with the atomic number of the group VI 

element. Peaks 2 and 3 have the ~ighest binding energies in PbSe. However, 

the energy difference between peaks 2 and 3 increases monotonically in 

going from the telluride to the sulfide. The 3-2 splitting is 3.5 eV 

in the telluride, 4.3 eV in the selenide and 4.4 eV in the sulfide. 

We have deconvoluted and subtracted from the valence band spectra 

I(E) contributions from inelastically scattered electrons and contributions 

from the low binding energy tail of the Pb 5d peaks. The shape of the 

inelastic tail was obtained from a near-lying core level and the 5d-tail 

was approximated by smoothly extending the low binding energy edge of the 

Pb 5d
512 

peako We label the corrected spectra I'(E). The uncertainty of 

these corrections are included in the quoted errors. 

mental binding energies are summarized in Table 2. 

D. Discussion 

The corrected experi-

These IV-VI compounds have a total of ten valence electrons per 

Pb atom, which must occupy five valence bands. In light of many recent 

. '· 
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band structure calculations, the (1-1') peak structure of the photoelectron 

spectra in all three lead salts may be unequivocally identified with three 

p-like bands. At the f point, two of these bands are degenerate and have 

fS symmetry while the third band has f6 symmetry. Calculations of the band 

structure by the EPM,
4•5 •

6 
OPw7 and relativistic APw8•9 methods give 

qualitative agreement on this point. 

While there is reasonable agreement on the positions of the 

three p-like bands and the corresponding maxima in the densities of states, 

agreement among theoretical predictions of the two lower-lying peaks 

(2 and 3) is much poorer. Clearly these peaks can only represent the 

two s-like (f~) bands arising from the 6s level of Pb and the highest 

s-level of the group VI atom. Neither peak can be due to impurities since, 

as stated previously, no core level peaks were observed for any element 

which would contribute significant intensity to the valence-band region. 

Nor can peak 3 be an energy loss peak arising from the 1-1 1 peak, first 

because the energy difference of ~ 10 eV is too small compared to the 

~ 16 eV loss structure observed for the Pb 5d electrons in these salts 

and secondly because the intensity of peak 1-1' relative to peak 3 is 

far lower than the corresponding ratio of Pb 5d peak to its energy loss 

structure. The assignment of the spectra therefore appears to be 

completely straightforward. The 1-1' complex arises from the top three 

"p-like" bands and peaks 2 and 3 each arise from an "s-like" band. 

Band-structure experiments and theory enjoy a symbiotic relation-

ship. This relation is valuable because neither would be very effective 

alone. However, the closeness of the two requires that in the interpretation 

of spectra one should clearly differentiate between results that are 
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derived directly from the spectra and results that are inferred by 

comparing the spectra with calculated band structures. We have already 

identified the peal~s in the lead salts spectra with energy bands, so some 

interplay of theory and experiment has already taken place. In fact 

these peaks are sufficiently well-resolved that they could have been 

assigned to the energy levels of the pure elements without reference to 

band structure, as we shall show below. We assume throughout this dis-

cussion that the one-electron transition model described by Fadley and 

Shirley
10 

can be used for the Pb-salts. We also assume that calculated 

eigenvalue spectra of band theory represent experimental one-electron 

ll 
binding energy spectra (Koopmans' Theorem). It should be emphasized 

at this point that disagreement between theory and experiment may result 

. 10 11 
from the inapplicability of either of these assumpt1ons. ' Turning 

now to a more detailed interpretation of the spectra within this model, 

we can proceed at two distinct levels of sophistication: 

Level 1. The mean peak positions and widths can be extracted 

directly from the spectra and used to assess the relative accuracies of the 

band-structure calculations. This is an empirical approach, and there-

fore less subject to error, but it yields information only about the 

gross features of the bands. 

Level 2. After one or more band structure calculations have been 

judged to be in good agreement with experiment, these energy bands can be 

compared in more detail with the shape or at least the width of the peaks 

to estimate the energies of the bands at symmetry points in the Brillouin 

zone. This procedure is somewhat speculative, but it_yields information 

of reasonable reliability about the really interesting features of the band 

structure. 
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In the discussion below we shall first discuss each of the 

available band-structure calculations at Level 1, then go on to Level 2. 

.. 12 
Overhof and Rossler calculated the band structures of all 

three Pb salts using a relativistic Green's function technique. Their 

calculation is unique among those considered here in that the d electrons 

are included. Unfortunately their band structures must be viewed in 

light of our results as being qualitatively wrong. The highest s level 

is predicted in all three cases to lie so close to the p-like bands so as 

to give rise to only one broad peak in the density of states rather than 

one p-peak and a smaller s-peak~ 6 eV away. Furthermore the lower lying 

s peak would in all three cases be buried under the core-like Pb 5d peaks. 

The Pb 5d
312 

and 5d
5 12 are predicted to lie at ~ 13.5 and 15.5 eV for PbS, 

~ 13.3 and 15.4 for PbSe, and~ 13.6 and 15.5 for PbTe instead of the 

(~ 18.5 - 21) given for the three salts by our spectra. We have not cor-

rected our XPS spectra for polarization or relaxation about the final state 

hole and thus the reported binding energies for the Pb 5d electron--and 

to a lesser extent peaks 2 and 3--may be smaller than the Koopmans' theorem 

value of theory. This correction may consist of adding approximat~ly l eV 

to the Pb 5d binding energies. 

The Augment~d Plane Wave (APW) method was used by Conklin, 
I 

' 8 
Johnson, and Pratt to calculate the band structure of PbTe. The Hamiltonian 

used for this calculation included a spin-orbit term and Darwin and mass-

velocity corrections. The results obtained agree reasonably well with 

our spectrao The calculation indicates that the highest s-peak should 

occur near 6 eV while the other s peak should be at 11 eV, compared with 

the experimental values 8.2 eV and 11.7 eV obtained here. 
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Augmented plane wave calculations very similar to those above 

were undertaken by Rabii9 on PbS and PbSe. + Tne upper r6 levels were 

calculated and it appears that they would lead to maxima in the density 

of states around 7 eV in both PbSe and PbS, with the peak probably lying 

slightly lower in energy for PbSe. This compares with experimental values 

for this peak of 8.6 and 8.4 eV respectively. Thus the discrepancy is 

similar to that in the PbTe case. 

A different approach to the problem was taken by Lin and Kleinman 
4 

in a pseudopotential calculation of the lead salt band structures. In 

this calculation there were 5 variable parameters which were adjusted to 

give the best agreement with reflectivity data. 13 The charge of Pb and 

the VI atom are allowed to vary and there was also a spin-orbit parameter. 

The remaining two parameters were used to adjust an extra repulsive potential 

term which applies only to s-like levels. The variation of these parameters 

ultimately produced shifts of up to 17.7 eV in PbS and 7.6 eV in PbTe. 

A comparison of the predictions of their band structures and experiment 

is given in Table 3. As can be seen the overall agreement is quite good 

in PbS and PbSe, except that, as with the APW calculations, the predicted 

binding energy of Peak 2 is too low. In the PbTe calculation, however, the 

agreement is poor for Peak 3 as well. 

Tung and Cohen5 and Tsang and Cohen
6 

have calculated the band 

structures for PbTe and for PbSe and PbS respectively using the Empirical 

Pseudopotential Method (EPM). In these calculations spin-orbit interaction 

was included but other relativistic effects were not. In addition to 

band structures, the resulting densities of states curves were calculated. 
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The results of these calculations, shown in Fig. 2 match the 

experimental results for the p-like peak(s). Particularly striking is 

the way in which the calculation shows the origin of the l' peak out of 
I. 

the 1 peak in progressing from PbTe to PbS. The position indicated for 

the highest s-band (not shown) is also reasonable though not exactly ' 

correct. 

The major disagreement of this calculation with experiment lies 

in the predicted energy of the lowest s-peak (not shown in the density 

of states curve). This level is predicted to lie at 17 eV in PbTe, 

24.5 in PbSe, and 27.5 in PbS. This discrepancy is not unexpected, because 

14 a local pseudopotential was used. In the case of ZnSe a local pseudo-

potential was shown to be inadequate for the lowest bands. Thus the 

nonlocal nature of the pseudopotential should be considered when calculating 

these bands. 

The most successful band structure calculation was undertaken 

by Herman et a1. 7 In this calculation the OPW method, with relativistic 

effects included directly in the Hamiltonian, was used to calculate the 

energy levels at certain symmetry points in the Brillouin zone. A pseudo-

potential technique was then used to connect the regions between the sumrnetry 

points. The resulting band structures were not fitted to any experimental 

data. The results for PbTe, PbSe, and PbS are shown in Table 4. While 

the predicted binding energy for Peak 2 in PbS and PbSe is lower than 

observed (as is the case in all the band structures), the results for PbTe 

agrees very well with experiment. 

Proceeding now to the more sophisticated--and less certain--Level 

2 of interpretation, we shall try to derive information about the positions 
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of bands at symmetry points in the Brillouin zone, we treat one salt 

at a time. 

In PbS the 1-1' peak shows well-developed structure that can be 

identified with the structure of p(E) in this region as given by the EPM 

results. The well-resolved peak in p(E) at 1. 5 eV below the top of the 

+ valence band (which falls at 16 ) is presumably shoulder 1' in I' (E). We 

shall use this as a fiducial point. The EPM p(E) and the experimental 

I'(E) are superimposed in Fig. 2 using this fiducial. Thus peak 1' 

appears, from the EPM results, to arise largely from maxima in the top 

. + 
valence band near symmetry points ~ (1.6 eV below 16) and L (~.9 eV 

+ below 16). The OPW calculation gives these last two energies as 1J3 and 

0.9 ev__, respectively. Since the 1 1 maximum in I'(E) falls 1.25 eV 

below our measured EF' it follows that the top of the valence band must 

lie within 1. 25 eV of the 1' energy, if this EF can be regarded as being 

intrinsic to PbS. We regard the agreement of this figure 1.25 eV with 

the EPM result of 1. 5 eV to the top of the valence bands as satisfactory. 

Proceeding to Peak 1 in PbS, the characteristic shape of this peak 

in p(E) is apparent in I' (E). The peak is rounded on the left side, and 

steep on the right side, with a well-defined breaking point at the top. 

This point, which we shall call 111
, falls at EF - 2.38 eV, or 1.13 eV 

below 1'. The highest intensity point in the EPM p{E) for this band 

falls 3.0 eV below the top of the valence band, or 1.5 eV below the maximum 

ccrresponding to l'o While this value exceeds the experimental result 
·' 

somewhat, we note that in the OPW calculations the relevant bands tend 

tolie higher. We may roughly relate the 1'- 1 11 energy difference to 

the difference in energy between the maximUm in the top band near ~ and 
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the flat regions of the second (and third) bands from the top, along 

1- r - K. These energy differences are approximately 1.3 (EPM) and 

0.7 eV (OPW). This 0.6 eV difference provides room for the 0.4 eV 

discrepancy between our data and the EPM results. Further strong 

evidence that the two maxima in question are too widely separated in 

the EPM bands is provided by the qualitative appearance of the 1-1 1 peak. 

If the two points 1 1 and 1" were really 1.5 eV apart, there would be a 

substantial minimum betwe~n them. 

The other feature of Peak 1 that can be readily compared with 

p(E) is the position of the half-maximum point on the low kinetic energy 

sicte· of this peako On I 1 (E) this falls in the range 2.8- 3.0 eV below 

1 1
, while in EPM p(E) value is 2.9 eV, in excellent agreement. We cannot 

com1.:1re this directly to the OPW results, but the agreement with experiment 

wou.Jci almost certainly be worse. This follows because the OPW results 

llu.ve tl11 nL.2(.imum in the top band near 11 about 3. 4 eV above the bottom 

of the third band (at X6), while the EPM value is 4.0 eV. It is dif-

-_;:;cult to obtain an experimental value for this quantity from the spectra, 

out a value of 3.9 ± 0.2 can .be estimated by assuming that the peak has 

a ,., :1stant slope 'Jovm to zero intensity, as indicated in the EPM p(E). 

In ~>HY'L'nl1ry, our spectrum sho1-rs good agreement with the two theories 

·r·arJing total wi~th of the top band, giving 5.2 ± 0.3 eV vs 5o5 eV (EPM) 

or 5.2 eV (OPW). In detail there is some disagreement. The position 

of peak 1 1 appears to be higher than either theory would predict by 

"J 0.2- 0.4 eV. Peak 1 1 is closer to 1" than the EPM results (by"-' 0.4 eV), 

and higher above the bottom of these bands than the OPW prediction (by 

"-'0.6ev). 
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Peak 2 in PbS has its center 7.0 eV below 1', or about 8.2 eV 

below EF and presumably also the top of the valence bands. The FWHN of 

this peak is 2.5 eV and the total width, based on an uncertain extrapolation 

to zero intensity, is about 3.5 eVo The centroid in the EPI-1 p(E) is 

7.1 eV below the top of the bands or 5.6 eV below 1 1 , about 1 eV or more 

too high. The width that should be compared to the experimental FWHN 

(in the absence of lifetime broadening) is about 1.2 - 1.4 eV (because 

of instrumental broadening), and the total bandwidth is about 2.1 eV; both 

are thus substantially narrower than experiment. The OPW extrema of this 

band are 5.8 and 8.1 eV below the top of the valence bands. Thus the OPW 

bandwidth of 2.3 eV is too small. We estimate that the OPW centroid in 

p (E) would lie about 7. 3 eV below the top of the valence band, or about 

0.9 eV too high. Use of point 1' as a fiducial point would worsen the 

agreement, since this point is already too low in the OPW results. In 

summary, Peak 2 is about 1 eV lower and~ 50% wider than predicted by the 

OPW and EPM theories. Of course the observed binding energy may be 

affected by relaxation and the linewidth by lifetime broadening. 

The centroid of Peak 3 falls at 12.5 eV below EF, or about 1.6 eV 

higher than the 14.1 ± Oo2 eV that we can estimate as the distance that 

the bottom band falls below the top of the valence band in the OPW calcula­

tions. The peak width shows a larger discrepancy. The OPW band is only 

0. 7 to 0"8 eV wide, while Peak 3 is about 2.6 eV FW11N or ~ h eV in total 

width. Thus band-structure broadening may be more pronounced for this 

band than the calculations indicate. 

Turning now to PbSe, there is a considerable amount of partially­

resolved structure in Peak 1. The shoulder on the high-energy side 



! ) ,, 
li..,l ,, ,1 .j u 

-105-

I 

(P~1ak 1 1
) is clearly discernible, although not quite as well-resolved 

as in PbS. Peak 1 1 is 1.16 ± 0.10 eV below EF' in excellent agreement 

with) the highest-energy maximum in the EPM p (E), which is also less well 

resolved from the rest of Peak 1, and is centered 1.18 eV below the top 

of the valence bands. 

The rest of Peak 1 in PbSe is similar to the PbS case, but more 

structure is evident. The resolution of other features is marginal, 

but four more features could be reproducibly identified in three samples. 

They were: 1" 
' 

an abrupt change of slope similar to 1" in PbS; 1
3

, a peak 

connected to 1 1 by a gently-sloping line; 14, a peak separated from 1 3 
by a distinct minimum, and 1

5
; another shoulder on the low energy side of 

Peak 1. The positions of the last four features relative to 1 1 are 

given, for all three samples, in Table 5. Also given in Table 5 are the 

positions of the five most prominent peaks in the EPM p(E). The agree-

ment with experiment is very good. Equally impressive (and more important) 

is the agreement between the general shapes of this peak in p(E) and 

I'(E). Again Peak 1 1 is slightly closer to the rest of Peak 1 and not as 

well resolved as the EPM results would suggest, but the overall agreement 

is really extraordinary. 

Further comparisons with the EPM p(E) give 1 1 
- 16 = 2.9 eV (expt) 

and 2. 7 eV (EPM) and 1 1 
- 1

7 
~ 4 eV ( expt) and 3. 7 eV (EPI·l), where 16 is 

the position of half-maximum height on the low energy side of Peak 1, and 

1
7 

is the bottom of these bands, extrapolated from the slope. Again the 

agreement is excellent. The experimental I'(E) and the EPM p(E) are 

plotted in Fig. 2. 
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No p(E) is available from the OPW calculations, but it is clear 

that the OPW and EPM results for Peak 1 in PbSe agree very well, as 

point-by-point comparison of the energy bands will show. The OPH results 

give the maximum in the top band near 6 as 1.1 eV below the top of the 

+ valence bands at 1 6• If this may be taken as a measure of the position 

of 1', the agreement is excellent. The next two bands have flat regions 

+ along r- 1, at rv 2.0 and 2.4 eV below 1 6 (OPW), or 2.1 and 2.5 eV (EPM). 

These two bands probably contribute significantly to the features 1" 

and 1
3 

in I'(E), at rv 1.85 eV and 2.3 eV below EF. It would be very 

plausible simply to interpret these features as determining the positions 

+ + 
of 1

45 
and 16, but such an interpretation is not unique. Finally, the total 

width of these top three bands is 4.9 eV (OPW), in good agreement with 

4.9 eV (EPM) and:=:::: 5 eV (expt). 

Peak 2 in PbSe shows no appreciable structure. Its position at 

7.1 eV below 1', or 8.3 eV below EF' is about 1.5 lower than the corresponding 

peak in the EP!vl p(E), at 6.8 eV, and its width (FWH!vl = 1.8 eV) is about 

twice that of the EPM peak (FWHN = 0.9 eV). In the OPW results this band 

appears to be about the same width as in the EPM case, although comparison 

+ r+ is difficult because x6 lies below 6 in OPW and above it in EPM. We 

estimate the centroid of this band to lie about 6.6 eV below 1 1 in the 

OPW case, in better agreement with experiment, but still slightly high. 

Peak 3 in PbSe is centered 11.7 eV below 1' or 12.9 eV below EF' 

about l eV higher than the lowest OPW band, which would give a peak at an 

estimated 12.8 eV below 1' or 13.9 eV below the top of the valence bands. 

Again the peak is wider (1.9 eV FWHM, or :=:::: 3.5 eV total) than the OPW 

band (0.8 eV total), though not as wide as Peak 3 in PbS. 
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In PbTe, Peruc 1 has a rather different structure from the same 

peak in PbS and PbSe. First, the shoulder attributed to Peak 1' is not 

evident. This is in very good agreement with the EPM p(E), which does 

not show the well-separated peak found in the other salts. This is a 

consequence of the general tendency for the top three bands to be compressed 

upward in PbTe relative to PbSe and PbS. Table 6 contains the positions 

+ of several symmetry points relative to the top of the valence bands (16), 

from the OPW and EPM calculations. The compression of these bands in 

PbTe is especially pronounced for features near the top of the band. 

Since there is no Peruc 1' in PbTe, another fiducial point is 

needed. We shall use the energy of the leading edge at half height, 

denoted lH. Its value is 17.99 eV above E(5d
512

), or 0.34 ± 0.05 eV below 

EF. This agrees very well with the value 0 .l+ ± 0.1 eV estimated from the 

EPM p(E) as the energy of this feature below the top of the valence bands 

+ (at 16 ). The error in this estimate follows from uncertainties in 

converting p(E) to I'(E). 

Peak 1 in the PbTe I' (E) can be characterized as "blunt". This 

agrees well with the EPM p(E) after due allowance for experimental resolution 

has been made. At slightly higher resolution considerably more structure 

should be discernibleo The peruc is somewhat wider than the theoretical 

results would indicate. The trailing edge at half height falls at EF -

(3.84 ± 0.02) eV, compared with EF- 3.2 eV for this feature from the EPM 

p(E). Rough extrapolation gives the total bandwidth as~ 5 eV, compared 

to 4.3 eV (OPW) and 3. 7 eV (EPM). 

The positions and widths of Peaks 2 and 3 in PbTe are set out in 

Table 7. Peak 2 is about 1 eV lower than the OPW result and nearly 2 eV 
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below the EPM value. 'l'he OPW peak positions ror Peak 3 is in very good 

agreement with experiment. Again both of these peaks are wider than the 

band structure p(E) would predict. 

We have identified the peaks in the XPS I' (E) spectrum with 

peaks of corresponding energy in p(E) of band theory. The same assignments 

can be obtained empirically by comparing the XPS valence-band spectra 

of the lead salts with those of the pure elements comprising them. For 

example there is a one-to-one relationship between the peaks in I'(E) 

of PbTe &~d the sum of peaks in the I'(E) spectra of single crystal Pb15 

and single crystal Te.
16 

The binding energies of these peaks are listed 

in Table 7. It can be seen that the difference between any two cor-

responding peaks, one from the salt and one from the element, is at most 

~ 0.6 eV. These differences are consistent with the ionic character of 

the salt which is demonstrated by comparing the separation iil binding 

energy of the Pb 5d
512 

and Te 4d
512 

peaks in PbTe (20.01 eV) with the 

separation between these peaks in pure Pb and pure Te ( 21.48 eV). The 

difference of separations is 1.47 eV. The observed peak widths (FWHM) 

of the Pb 6s and the Te 5s in the pure elements are approximately a factor 

of two wider than peaks 2 and 3 in PbTe possibly indicating a larger 

crystal field interaction for these bands in Pb and Te than in the partially 

ionic PbTe. 

E. Conclusions 

We have presented the high-resolution XPS spectra of PbS, PbSe, 

and PbTe valence bands, assigned the peaks to bands in available calculated 

band structures, and compared the structure of each peak with theory. The 
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agreement observed between theory and experiment is encouraging. Never-

tlieless there are questions which remain to be answered before the full 

value of XPS valence-band spectra can be realized. We have assumed the 

one-electron transition model where the measured binding energy is equated 

to the one-electron orbital energy. This implies that all other one-

electron orbitals remain frozen during photoemission. We have also 

assumed that the density of states p(E) generated from band structure 

calculations corresponds to the one-electron orbital energy spectrum. 

The existence of possible deviations from the above model are recognized; 

however they have to be defined and quantified before a more sophisticated 

model can be applied. Only by further experimental and theoretical study 

can the magnitude of the final state and relaxation effects in the 

photoernission process and the sensitivity of the theoretical band structure 

to an approximate exchange potential be taken into account. 

We thank Professor G. Somorjai for giving us single crystal PbS, 

?bSe, and PbTe. 
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Table 1. Ratio of Pb 4f
7 12 to 0 ls peak areas 

PbS PbSe PbTe 

30:1 > 50:1 10:1 

44:1 > 50:1 33:1 
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Table 2. Pb salt VB binding energies (eV) 

20 .94±0 .0 5a 

20.99±0,05 

21.] 0±0. 05 

18.33±0.05 

18.38±0.05 

18.52±0.05 

3 

11.7±0.2 

l2o92±0.15 

12.81±0.15 

2 

8.20±0.1 

8.64±0.1 

8.43±0 .1 

1 

2.30±0.1 

2.19±0.1 

2.53±0.1 

1' 

1.21±0.15 

1.20±0.1 

aThe quoted errors do not include uncertainties in the determination of the 

Fermi level. 
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Table 3. Calculations of Lin and Kleinman 4 
compared to experiment 

PbS PbSe PbTe 

L&K Expt L&K Expt L&K Expt 

Peak 1 L8 2.5 L7 2.2 2.5 2.3 

Peak 2 6.3 8.4 5.8 8.6 5.4 8.2 

Peak 3 12.2 12.8 11.8 12.9 8.7 11.7 
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Table 4. Calculations of Herman et al. 7 compared to experiment 

PbS PbSe PbTe 

OPW Expt OPW Expt OPW Expt 

Peak 1 2o6 2.5 'V 2.6 2.2 'V 2o0 2.3 

Peak 2 6.6 8.4 7.4 8.6 7.4 8.4 

Peak 3 14.0 12.8 14.0 12.9 11.5 11.7 



,.\ .. u u f !"' -~ 
~J ! .-• d I{) u 4..£ d. ;J ,;) 

-115-

Table 5. Features in Peak 1 of PbSe (Energies in eV) 

Sample 1' 1" 13 14 15 

I (0) 0.7a 1.05 1.55 2.25 

II (0) 0.71 1.25 L7
5 2.48 

III (0) Oo6
5 

Ll lo6
5 2.35 

Theory(EPM) (0) 0.9 1.35 L8 2.2 

aThese positions are known to ± 0.1 eV relative to one another. 
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Table 6. Characteristic energies in Pb salts (eV) 

PbTe PbSe PbS ~ 

Description a b a b a EPMb OPW EPM OPW EPM OPW 

+ 
L6 0 0 0 0 0 0 

1:,6 Oo7 0.6 Ll l.l L8 1.6 

+ 
L4,5 1.0 0.9 1.9 2.2 2.3 2.8 

XG 4o3 3.7 4.9 4.9 5.2 5.5 

~aken from references 5 and 6. 

b 
Taken from reference 7. 

.. -
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Table 7. Comparison of PbTe results \lith those for Pb and Te. 
Binding energies are relative to the measured Fermi levels. 

Binding energy 
Te 4d312 (eV) 

Binding energy 
Te 4d512 (eV) 

FWHM 4d3/ 2 = FWHM 4d5/ 2 

4d splitting (eV) 

Binding energy 
Pb 5d312 ( eV) 

Binding energy 
Pb 5d512 (eV) 

5d splitting 

Binding energy 
Te 5s, PbTe "3" (eV) 

FWHM Te 5s, PbTe "3" (eV) 

Binding energy 
Pb 6s, PbTe "2" (eV) 

FWHM Pb 6s, PbTe "2" ( eV) 

Binding energy 
Pb 6p, Te 5p, PbTe "1" 

FWHM Pb 6p, Te 5p, PbTe 11111 

~ef. 15. 
b Ref. 16. 

PbTe 

40.95(7) 

39.49 (7) 

1.50(2) 

1.46(2) 

20.94(7) 

18~33(7) 

1.20( 5) 

2.61(2) 

11. 7(2) 

2.5(3) 

8.20(11) 

2.3(2) 

2.30(11) 

3.5(2) 

20.32(5) 

17.70(5) 

0.94(5) 

2.62(2) 

7.68(20) 

2.7(2) 

J 2.33(8) 
10.53(5) 

3.1(2) 

41.80(9) 

40.31(9) 

0.94(2) 

1.51(1) 

11.5(2) 

4.8(5) 

J4.0(2) 
11.13(5) 

5.0(2} 
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SECTION XII. CHARGING OF INSULATORS AND SEMICONDUCTORS 

Charging of insulating samples is an effect that is as yet not 

under control in the field of x-ray photoemission spectroscopy. The x-reys 

striking the sample produce photoelectrons which in turn excite secondary 

electrons. Many electrons are energetic enough to escape the sample 

at its surface. If these electrons are not replaced charge neutrality 

no longer exists and the sample becomes positively charged. The charged 

state is manifest by a shift of the XPS structure to lower kinetic energy. 

The binding energy is given by Eq. (3), 

EB = hv - E - q~ - q''' kin ~sp ~sa 

Charging produces a change in the Volta potential 1/lsa" Charging can be 

considered under control when the Volta potential can be either 

measured or nulled. 

The Volta potential is a function of the photoelectron and 

secondary electron emission current I and the neutralizing electron 
e 

current I which usually originates from ground or ambient space charge. 
n 

Initially I > I in insulators and the sample charges positively until e n 

Ie decreases. or In increases such that Ie = In. I and I ar.e a function 
n e 

of sample conductivity, mobility, photoconductivity, surface states, 

space charge 1ayers, trapping centers, recombination centers, and contacts. 

These parameters are in turn sensitive to the geometry of the experiment 

and therefore different types of spectrometers and different sample 

configurations within each type of spectrometer can yield different 

results for the same substance. The experiments reported in this 
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section were performed on an HP 5950A ESCA photoelectron spectrometer. 

For other instruments the sources of I will not be the same and dif­
n 

ferent charging behavior will be observed. 

The HP 5950A produces a focussed beam of x-rays which has a cross 

sectional area of 1 mm x 5 mm where it strikes the sample surface. Most 

of the samples studied were single crystals of approximately 12 mm diameter. 

The x-ray beam irradiates the center of the sample surface. The perimeter 

of the sample is not hit by x-rays. Figure l illustrates the experimental 

arrangement. 

Volta potentials (charging shifts) of over 40 volts were observed. 

Figure 2 is a plot of charging versus band gap for 26 semiconductors 

and insulators. The charging shift was determined by evaporating a thin 

film (probably islands) of gold ontd each sample surface and referencing 

a core level of the sample to the Au 4f712 line of known binding energy 

(84.00 ± 0.01 eV). The difference between the binding energy of a core 

peak of the sample referenced to gold and the absolute binding energy 

of a clean surface measured from the spectrometer voltages yields the 

Volta potential (charging) plotted in Fig. 2. The difference in energy 

between the gold referenced binding energy and absolute binding energy 

of the gold covered surface measured from the spectrometer voltages is 

plotted versus band gap in Fig. 3. The gold covered the sample surface and 

the spectrometer-sample contact. 

The general trend in Figs. 2 and 3 is for charging to increase 

with band gap. The materials with small band gaps charge to values near or 

less than the band gap, and those with large band gaps charge to values near 

or greater than the band gap. In most cases the application of the thin 

surface film of gold reduced the charging (compare Figs. 2 and 3) indicating 

a lower resistance path to ground. 
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The unusually high charging in ZnSe is probably attributable to 

the photovoltaic effecto Exceptionally high photovoltages have been 

l 
reported for ZnSe single crystals. In some cases photovoltages of several 

l 
hundred volts were observed. It is believed the effect results from the 

addition of photovoltages from many individual junctions which are 

l 
associated with stacking faults in the single crystal. The XPS charging 

shift of 21.6 eV on cleaved ZnSe decreased to 1.2 eV after evaporating 

the Au reference layer onto the surface. 

The crystals charge until I equals I • I decreases and/or n e e 

I increases as ~ increases. In the case of single crystals the region 
n sa 

from which the photoemission spectrum originates is bathed in x-rays 

and the induced photoconductivity allows uniform charging over the 

photoemitting surface. In the case of powders contact resistance between 

crystallites can broaden lines as a result of non-uniform charging. 

The fact that charging follows the band gap so closely suggests 

that a mechanism such as breakdown as a consequence of the tunnel effect 

(Zener breakdown) switches on a higher I at Volta potentials near the 
n 

band gap value. This mechanism is especially likely in the materials with 

thin depletion layers (high carrier concentrations). The depletion layer 

in this case is the region between the irradiated and non-irradiated 

portion of the sample. As the depletion layer gets thicker (carrier con-

centration decreases) one expects the charging to increase above the band 

gap value. We see this behavior in the alkali halides. Breakdown by 

carrier multiplication (avalanche breakdown) would tend to limit this 

increased charging effect. Surface conductivity must not be forgotten 

and may contribute significantly to I in those cases where the charging 
n 
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is less than the band gap. Bulk conductivity in the small band gap 

materials can also limit the charging to values less than the band gap. 

Finally it should be mentioned that non-ohmic contact between sample 

and spectrometer adds another degree of complexity to the charging problem 

and should be avoided. 

At present we correct for charging by subtracting the Volta 

potential from our measurements. Definite broadening occurs in insulating 

powders and possibly even in single crystals. Nulling the Volta potential 

by neutralizing the sample with low energy electrons appears to offer a 

solution to some of these problems. 
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SECTION XIII. CHARACTERISTIC ENERGY LOSS SATELLITES OF Al, 

Cd, In, Sn, Sb, AND Te 

During the XPS process the number of primary photoelectrons which 

escape from the solid is much smaller than the number of escaping secondary 

electrons (see Sec. II). As long as the secondary electron emission is a 

relatively smooth function of kinetic energy, it can be subtracted from 

'the spectrum as background (cascade background). However there are 

discrete energy loss mechanisms which produce structure to the low 

kinetic energy side of primary electron peaks. This structure, which 

is mainly composed of electrons that have excited plasmons, will be the 

subject of this section. 

An electron passing through a solid can couple through its longi­

tudinal electric field to electron density fluctuations (plasmons). Many 

plasmon resonance energies have been determined by measuring the energy 

losses of electrons reflected from solid surfaces or transmitted through 

thin films.
1 

Almost all structure reported here can be attributed to 

this type of plasmon energy loss. 

For a process such as XPS, many-boqy calculations 2 predict 

structure resulting from plasmons coupled to core ·electrons. This type 

of plasmon excitation is intrinsic to the photoemission of a core 

electron while being coupled to its surrounding plasma rather than a 

free electron passing through a plasma. The total spectral density in 

this model consists of a sharp quasiparticle peak with a broader plasmon 

satellite structure to higher binding energy. The plasmon structure is 

predicted to be 50 to 100% as intense as the quasiparticle level and the 

total spectral density follows a sum rule such that it is centered about 
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the Hartree-Fock orbital energy. The quasiparticle peak is shifted from 

the Hartree-Fock value to higher kinetic energies by polarization about 

the final state hole (relaxation) and the plasmon structure compensates 

for this shift. In the results reported here structure resulting from 

this type of plasmon resonance is not distinguishable from that which 
( 

corresponds to a free electron passing through a plasma. 

In Sec. A the results for Al are discussed and in Sec. B those 

for Ag, Cd, In, Sn, Sb, and Te are discussed. 

A. Aluminum 

The x-ray photoemission spectrum of the Al 2s core level is 

shown in Fig. la. The high binding energy shoulder on the Al 2s metal 

peak is attributed to surface oxide. Spaced at even intervals of 15.7(2) eV 

are five orders of bulk plasmon losses P1 through P
5

• The electron 

3 reflection measurements of Powell and Swan yielded a value of 15.3 eV. 

The sum of the area under the five loss peaks is greater than 75% that 

of the Al 2s metal peak. The absence of the surface plasmon peak at 

10.4 eV is consistent with the surface being slightly oxidized. 3 It 

should be mentioned that in XPS experiments plasmons of all scattering 

angles are observed and thus dispersion results in peaks which are 

a:.;ymmetrically broadened to higher binding energy and thus shifted to 

slightly higher binding energy than for the case where only zero 

scattering angle is considered. The reflect.ion results of Powell, Swan, and 

4 
Robins should compare well with XPS results because the geometry of 

their experiments should yield similar effects of dispersion. 

We were unable to keep A1 clean in the HV mode of operation (see 

:.:>ec. III). A surface oxide formed immediately. , Preliminary results for 
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Al obtained in the UHV mode of operation (see Sec. XVI) are shown in Fig. lb 

for a single crystal which was annealed in ~ and argon etched. The surface 

plasmon labeled S is now present and the aluminum oxide peak is not. There 

was some Sb and Ta surface contamination in this particular case. Eight bulk 

loss peaks associated with the Al 2s level are clearly distinguishable (P6 to 

P8 are not shown). The peak parameters are given in Table 1. The total area 

of the loss peaks is greater than 175% the area of the zero loss peaks. 

B. Plasmon Losses of the 4d5s5p Elements Ag to Te 

In some materials interband and intraband transitions lying near 

in energy to the calculated free electron plasma resonance energy hw 
p 

result in a shift of the measured plasmon energy from this value. These 

plasmons are termed hybrid resonances and the dielectric theory of energy 

losses is used to treat these somewhat more complicated resonances •
1 

Eff.ects 

of this type are observed for the elements reported here. 

The XPS plasmon structures for Ag to Te are shown in Figs. 2 to 

ll. The peak parameters are given in Tables 2 to 7 and summarized in 

Table 8. The experimental procedure is given in Sec. IV where the valence-

band spectra for these elements are discussed. 

l. Silver 

Silver gave the weakest loss structure of all the elements 

reported here (Fig. 2). However, it had the narrowest loss peak (leV). 

The bulk plasmon resonance. energy is shifted from the free electron value 

of 9 eV to 3.78 eV by an interband transition (4d ~ EF) that begins at 

l 3.9 eV. In the XPS valence-band spectrum of silver (Fig. 12) the low 

binding energy edge of the 4d band is just 3.9 eV below the Fermi level 

EF which is consistent with the above interpretation. This separation 

between d band edge and Fermi level is denoted 6EIB in Fig. 13. 
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The loss at 3.9 eV is assigned to the unresolved bulk and surface 

plasmon losses of Ag which have been measured by optical experiments to 

be at 3.6 and 3.78 eV respectively.
1 

The width of the bulk loss has been 

5 determined optically to be 0.08 eV FWHM. The l eV width of the loss 

reported here is obviously determined by the width of the primary 3d 

photoelectron energy distribution (1 eV). Optical reflectivity data6 

indicates that the loss structure at 7.8 eV is also attributable to 

conduction electron oscillations. The peaks at 18.8 and 24.9 eV are 

unexplained. Peaks at 17.2 and 25.0 eV have been observed in reflection 

electron loss experiments. 7 

2. Cadmium 

Four loss peaks at 7, 9.3, 13.9, and 19 eV were observed. We 

interpret the peaks at 7 and 9.3 eV as the surface and bulk loss 

respectively. Electron reflection measurements
8 

did not resolve the 

bulk and surface loss peaks. Powe118 assigned structure at 7.8 eV to 

an anomalously intense surface plasmon loss and a weaker peak at 15. 2 eV 

to the bulk loss. Light emission from electron bombarded Cd yielded a 

sharp (0.8 eV), intense peak at 9.1 ev. 9 This probably results from the 

decay of the bulk plasmon. Surface plasmons have a very small probability 

'9 relative to bulk plasmons of decaying by emitting light. The systematics 

illustrated in Fig. 13 also support the interpretation of the 7 and 9.3 eV 

peaks. The peaks at 13.9 and 19 eV are unexplained. Peaks at 15.2 and 23.4 eV 

were observed in electron reflection measurements.
8 
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3. Indium, Tin, Antimony, and Tellurium 

Indium exhibits four loss peaks at 8.6, 11.7, 19.8, and 23 eV. 

The electron reflection spectrum yields peaks at 8.7, 11.3, 20, and 

10 
22.7 eV. The first results from a surface plasmon loss, the second a 

bulk plasmon loss, the third is from electrons that have suffered both a 

bulk and surface loss, and the fourth and fifth are from electrons that 

suffer two and three bulk losses. The results for Sn, Sb, and Te can be 

also interpreted solely in terms of bulk and surface losses. See Table 8 

for assignments and the corresponding electron reflection results. 

4. Systematics 

The systematics of the plasmon structure for Ag to Te is illustrated 

in Fig. 13. The interband transition <.4d -+ EF) energy lilliE is a strong 

function of atomic number and varies from 3.9 eV in Ag to 39 eV in Te. 

Figure IV-2 shows the behavior of the s-like and p-like valence bands. 

The free electron plasmon energy, 

varies smoothly from 9 eV in Ag where N, the number of valence electrons, 

is 1 to 15.6 eV in Te where N is 6. n is the density of the electron 

plasma and m is the free electron mass. The measured bulk plasmon energy 

~EB rises smoothly from 3.9 eV in Ag to 17.6 eV in Te. The shift of .tiliB 

from hw decreases going from Ag to Sn, crosses between Sn and Sb thus changing 

sign, and then slowly increases. The surface plasmon energy ~ES follows 

~EB according to, 
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which is just the relationship expected for free electron behavior. The 

intensity (area) relative to the parent, zero-loss peak for the bulk 

plasmon (IB) and surface plasmon (IS) are shown as a histogram in Fig. 13. 

The intensity IB of the bulk plasmon loss increases smoothly from a 

minimum of 2% in Ag to a value of about 28% in Sn, Sb, and Te. The surface 

plasmon shows more varied behavior. IS is of the order of 5% for all 

cases observed. This behavior is not unexpected since IS is much more 

sensitive to surface conditions than IB. 3 

For Ag and Cd where interband transitions play an important role 

the characteristic loss structure cannot be explained simply by 

combinations of surface and bulk losses. 
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C. Conclusions 

The XPS characteristic loss structure of Ag to Te can be almost 

entirely accounted for by excitations similar to those observed in electron 

reflection experiments. Most of the structure can be assigned to bulk 

and surface plasmon excitations. The resolution of the bulk and surface 

plasmons in Cd explains the electron reflection anomaly and allows assign­

ment of the optical plasmon de-excitation results. The bulk plasmon loss 

intensity and energy are seen to behave systematically from Ag to Te. The 

surface loss energies were found to be (1:2/2) that of the respective bulk 

losses. 
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Table l. Al 2s Characteristic Energy Losses 

Peak Al 2s s pl p2 p3 p4 p5 

Binding energy (eV) 118.4(2) 128.8(2) 134.0(2) 149.8(4) 165.2(4) 180.6(4) 196.1(6) 

Separation from 
Al 2s (eV) -- 10.4 15.6 31.4 46.8 62.2 77.7 

Bulk losses (eV) -- -- 15.6 15.8 15.4 15.4 15.5 

Relative intensity 100 14 74 56 24 6.8 

FWHM (eV) l.l 3.8 3.4 6.1 6.2 4.7 
I 

1-' 
+=-
0 
I 

•. 



Table 2. Ag 3d
312 

and Ag 3d
512 

Characteristic Energy Losses 

Peak 3d5/2 pl 3d3/2 p2 p3 p4 p * p6 5 ........... , 
---~.,.., 

··-
Binding energy (eV) 368.4(1) 372.3(1) 374.5(1) 378.4(1) 382.3(5) 387.2(2) 393.2(5) 399.4(5) . .,."''':~. 

'\,w;' 

Separation from c:. 
3d

512 
(eV) 0 3.9 6.1 10 13.9 18.8 24.8 31.0 

(,., 

Separation from c-:.: 
3d312 (eV) -- -- 0 3.9 7.8 12.7 18.7 24.9 

-· 
Intensity relative #'. 

I 
-,,;._,. ... 

to 3d
512 

100 2.5 78 1.2 1.5 0.3 1.8 1.0 1-' - - .{::"" 

1-' ~\ .. 
I 

Intensity relative o· 
to 3d312 -- -- 100 1.6 1.9 o.4 2.2 1.2 

cr. 

FWHM (eV) 1.0 1.0 1.0 1.0 2.5 1.5 4.7 3.5 

* P 
5 

is superposition of 18.7 eV loss and 24.8 eV loss. Intensities of P4 and P6 indicate relative 

intensities of two components of P 
5

• 



Table 3. Cd 4d Characteristic Energy Losses 

Peak 4d pl p2 p3 p4 

Binding energy ( eV) 11.0(1) 18.0(5) 20.3(5) 24.9(5) 30.0(5) 

Separation from 
4d ( eV) 0 7.0 9.3 13.9 19 

' 
Relative intensity 100 4.2 11.5 2.3 2.2 

FWHM (eV) 1.8 1.8 2.5 '\i 3 '\i 3 

Cd 3d312 and Cd 3d512 Characteristic Energy Losses I 
I-' 
.!:""" 
1\) 
I 

Peak 3d5/2 3d3/2 pl p2 p3 p4 p5 

Binding energy (eV) 405.4(1) 412.1(1) 414.7(2) 418.8(2) 421.4(2) 425.9(5) 432.6(5) 

Separation from 
3d

512 
(eV) 0 6.7 2.:.1 13.4 16.0 20.5 27.2 

Separation from 
3d312 (eV) -- 0 2.6 . 6.7 2.:l 13.8 20.5 

Intensity relative 
to 3d512 

100 73 14 6.7 8 4.7 3.3 

Intensity relative 
to 3d3/ 2 -- 100 19 2. b!:. 6.4 4.5 

FWHM 1.4 1.4 1.6 2.1 2.2 5 5 

:· . ..:... 



Table 4. In 4d Characteristic Energy Losses 

Peak 4d pl p2 p3 p4 
r· 
'~ ...... 

Binding energy (eV) 17.1(1) 25.7(3) 28.8(3) 36.9(5) 40.1(5) ..... ~«< 

Separation from c 
4d ( eV) 0 8.6 11.7 19.8 23.0 c: 

Relative intensity 100 6 23 4 5 G,., 

FWHM (eV) 1.7 2.5 2.6 4 4 o; 
•I''" 
':.:.,....,L-

In 3d
312 

and In 3d
512 

Characteristic Energy Losses I 
t::.~-

f-' 
+="'" i·\~ 
lJJ 
I 

Peak 3d5/2 3d3/2 pl p2 p3 p4 p5 p6 O·· 

•"'""" ...., 

Binding energy (eV) 444.2(2) 451. 7(2) 456.0(2) 460.0(2) 463.6(2) 467.5(5) 475(1) 487(1) 

Separation from 
3d

512 
(eV) 0 7.5 11.8 15.8 19.4 23.3 30.8 42.3 

Separation from 
3d312 (eV) -- 0 4.3 8.3 11.9 15.8 23.3 34.8 

Intensity relative 
to 3d512 

100 63 16 1 19 1 2.6 1 

Intensity relative 
to3d312 -- 100 25 1.7 29 1.7 4.2 1.7 

FWHM (eV) 1.3 1.3 1.5 1.5 2.0 1.5 'V 3 'V 3 



Table 5. Sn 4d Characteristic Energy Losses 

Peak 4d pl p2 p3 p4 

Binding energy (eV) 24.1(1) 34.4(2) 38.2(2) 52.1(5) 65.8(5) 

Separation from 
4d ( eV) 0 10.3 14.1 28.0 41.7 

Relative intensity 100 10 30 9 2.2 

FWHM (eV) 1.8 3.5 4 5 5 

Sn 3d
312 

and Sn 3d
512 

Characteristic Energy Losses 
I 
1-' 
+="" 
+="" 

Peak 3d5/2 3d3/2 pl p2 p3 p4 p5 p6 
I 

Binding energy (eV) 485.0(2) 493.4(2) 499.4(2) 507.6(2) 513.0 ( 5) 522(1) 529 ( 1) 536(2) 

Separation from 
3d

512 
(eV) 0 8.4 14.4 19.6 28 37 .44 51 

Separation from 
3d

312 
( eV) -- 0 6.0 14.2 19.6 28.6 35.6 42.6 -

Intensity relative 
to 3d512 100 76 27 24 13 8 0.3 0.3 

Intensity relative 
to 3d312 -- 100 36 31 17 10.5 0~4 0.4 

FWHM (eV) 1.3 1.3 2.5 2.5 'V 5 'V 5 





Table 7. Te 3d
312 

and 3d
512 

Characteristic Energy Losses 

Peak 3d5/2 3d3/2 pl p2 

Binding energy (eV) 572.5(2) 582.8(2) 590.1(4) 600.4(4) 

Separation from 
3d512 (eV) 0 10.3 17.6 27.9 

Separation from 
3d

312 
(eV) -- 0 7.3 17.6 

Intensity relative I 
to 3d

512 
100 68 18 25.2 1-' 

+:-
0\ 
I 

Intensity relative 
to 3d

312 -- 100 27 37 

FWHM ( eV) 1.6 1.6 '\.. 5 '\.. 5 



Table 8 

( FWHM of CEL ) CEL's 
Energy (eV) Intensity % FWHM of zero loss peak from Assign- ...-

Litera- hw 6EIB 
~\,..__., 

3d3/2 3d5/2 4d 3d3/2 3d5/2 4d 3d3/2 3d5/2 4d ture Ref. ment p 
~ 

;.,., .. 

-1' ...... 

'b.,-

Ag 3.9 3.9 -- 1.6 2.5 -- 1 l -- 3.78 l Bulk 9 3.9 
#"'' 

7.8 
....... 

r -- 1.9 r -- 2.5 r -- 7.3 7 

18.7 18.8 '\.(). 5 0.3 'Vl.5 1.5 17.2 7 
(.: .. : -- -- -- --

24.9 24.8 -- 1.2 'Vl. 5 -- 3.5 'V3.5 -- 25.0 7 -- c:: 

~:~ 

Cd 6.7 r 7.0 9 r 4.2 1.5 r l 7.8 8 Surface r 

I ·~ ... 

9.3 9.3 9.3 ll 14 11.5 1.6 l.l 1.4 9.1 9 Bulk 11.3 10.0 I-' 
.j::"" ... 
~ ... 

r r 13.9 r r 2.3 r r 1.8 15.2 8 -- I 

"" 20.5 20.5 19. 4.5 4.7 2.2 3.6 3.6 1.8 23.4 8 

In 8.3 r 8.6 1.7 r 6 1.2 r ·1.5 8.7 10 Surface 

11.9 11.8 11.7 29 16 23 1.5 1.2 1.5 11.3 10 Bulk 12.5 16.5 

19.8 4 2.3 20 10 Bulk+ 
r r r r r r Surface 

23.3 23.3 23.0 4.2 l 5 2.3 1.2 2.3 22.7 10 2 X Bulk 

34.8 -- -- 1.7 -- -- 2.3 -- -- -- 3 X Bulk 

Sn r r -10.3 r r 10 r r 1.9 10.4 8 Surface 

14.2 14.4 14.1 31 27 30 1.9 1.9 2.2 14.1 8 Bulk 14.3 23.5 

28.6 28.0 28.0 10.5 13 9 3.8 3.8 2.8 27.8 8 2 x Bulk 

42.6 44 41.7 0.4 0.3 2.2 -- -- 2.8 41.9 8 3 X Bulk 
(continued) 



Table 8. (continued) 

FWHM of CEL CEL's 
Ener~ (eV) Intensit;z:: % (FWHM of zero loss peak) from Assign-Litera- hw L'IEIB 3d3/2 3d5/2 4d 3d3/2 3d5/2 4d 3d3/2 3d5/2 4d 

ture Ref. ment p 

Sb r r ll r r 6.7 r r 2 ll. 3 8 Surface 

16 16 15.8 32 30 27 2 2 2.8 15.9 8 Bulk 15 31.0 

33.5 35.5 31.7 3 2 9.9 -- -- 3 32.5 8 2 X Bulk 

Te 17.6 17.6 -- 37 18 -- 3.1 3.1 -- 17.9 10 Bulk 15.6 39.0 

r - not resolved. I 
1-' 
+:-
CD 
I 



(f) 
+-
c 
::J 
0 
(.) 

'+-
0 

C/) 

"'C 
c 
c 
C/) 
::J_ 
0 
.c. 
~ 

120 

80 

40 

0 

. . 

. . 

AI 2s .. .. XIO . . .. . . .. . . ,. 

."I 

. .. . . . . .. . . . 
.· .... ·. . . .. . :· ............ ,.. . . . . .·· . . . . . . . . . :·· .-.::·:·:· ._... . 

.: ........ , . . ,..-. . ' ,... . , .. ' ~ . ~: .,... -
•.• • • •••• <• :.--:·· • • • •_: • .:_:.•;• ............ : ,.- •.••• Y.--.:"•"- .- ·-V' r , •• • 

p5 p4 p3 

._, 
:• . 

. . . . . 
..-' ... ..: . ., ... 

p2 

:~x4 

Pt 
!· . .· . 

.. . ,, , ... 

...,... .l • . ~... ,.,.,., .. . ... . 
....... .,. ... -_. .. , .. ~-.:·~--~~,,~ -v~-- ,....,_\_._., • • ......... ,. . ...,_; 

2s 

. . . . 

. . 

. .. '-

200 180 160 140 120 
Binding energy (eV) 

XBL 7211-7417 

Fig. la. Photoemission spectrum of Al 2s level and its characteristic loss structure (HV). 

c· 
~-

-~ 

~r -· 
,. ....... 
"\...;;...~-

:(_._, 

c:: 
,.._ ...._,.. 

I 
,-
~-~ 

I--' 
+="' 
\0 

·~t" 

I 
• > 

""" 
i··' "'" 



(/) ..... 
c: 
::l 
0 
(.) 

"t-
o 
(/) 

-o 
c: 
0 
(/) 

::l 
0 
.c 
~ 

120 

40 

0 

AI 2s 

, 
:.•'"-< 

.·· .. ·~· .. :.;. . ,,;,·"·':,.. ' .. ,_,/' ··,··'· .. / .y._., . .-~.::V" •: ,,,-.,Jt.,,,-,, • • • ~ .. ,,.-..;. •. ,·, ... Y. 

X4 

''­:. ' , 
' 

·' 

.. 
.· . 

.. ,. . 
""· .... 
· .... :· ... : ..... ::"':·.:=· 

.. 

··. s 
\\ 

2s 

. . 
.. ,. P5 .· .. P4.. . .. 

P3 P2 
pI -'-~-::. 

200 180 160 
Binding energy 

I· 

140 
(eV) 

. 
~ ,_ 

120 
XBL-7211-7432 

Fig. lb. Photoemission spectrum of Al 2s level and its characteristic loss structure (UHV). 

I 
I-' 
Vl 
0 
I 



en 
+-
c: 
::s 
0 
u 

'+-
0 

(/) 

-c 
c: 
c 
(f) 

::s 
0 

.s:::. 
I-

1200 

0 

. . 

r I I I i I r 

Ag 3d 

.. . ~ .... . 
,i:·. :. ·. ~:: ·~ 3d '2/2 . ~ ~; :_. . ~ : .. ~. ~ 3d5/2 

I 

i· . . ~ ?: ':": ·" . I . .•. . . . .... . . . . . . . . . . . 
• :: • • • ··""' ,1: ·.; :. ~/·. 

~~~~--~~~~~--~~~-~J . ........ ._.. . :~: 

;,• -

I .. .· I I I I I • I 

. . . ... . 
·.; 

.. Ps p5 . . ·- P4 P3 P2 : ·. P1 
. ,. . 
~~ . . . J ... , .. .··. ~ .. :!_.-

. . . 
'-.J ----~;.oT- '---

410 40.0 
Binding 

390 380 370 
energy (eV) 

XBL 7211-7416 

Fig. 2. Photoemission spectrum of Ag 3d level and its characteristic loss structure. 

·'/"''• 

'"-·' 
.. .,.... ... 
'" 

c 
c . 
(,~ 

c;; 

~-"'. 
·~-

I 

,.. 
1:_..:: .... 

f-' 
Vl " f-' ;' ~' 
I .., 

"' f 

""'""' 



Cf) ..... 
c 
:::l 
0 
u 

'+-
0 

(/) 

-o 
c 
0 
(/) 

:::l 
0 

..c. 
~ 

60 

40 

20 

0 

45 

Cd 

. . 

X I 0 
:;.;'·,· : ...... ·::o •• :· 

.J •• •• .:,:, .... • , .. , • ... ... , ... , ···' 
~;."\";~. ~" ,. • .i'· •• 

P4 P3 

... 
: . . . 

.: . . 
.. . 

· . . .. 
l .. 

·. 
, . . .. 

.. 

P2P1 

. .. . . .... 
-'I/ 

35 25 15 

4d 
.. . . . . 

:.:· . ... 
·"' 

. . . . . . 
. 
I 

VB 
.. 

. .... #.,l 
:,·'"·'"' .;/· ~~ :.!_\:-··\ . . . , 

,;'f. . ' 
. . . 

\ ~"f"~ \..... 

Binding energy 
5 EF -5 

(eV) 
XBL 7211-7415 

Fig. 3. Photoernission spectrum of Cd 4d level and its characteristic loss structure. 

I 
1---' 
Vl 
1\) 
I 



(/) .,._ 
c 
::::3 
0 
0· 

'+-
0 

(/) 

-o 
c 
0 
(/) 

::::3 
0 

..c 
J-

100 

0 

· . .· . .. . : . Cd 3d . . ·· 
• :it_. ...... \_ •• : 

X5 

3d3/2 
3d5/2 

. --·· ··'· , -~-·· . 
~ . ·. ..... . . ·:·· .. 

• • ...... ·~ • .:,:·--:·,1 .... _..... • ...... ,... . ... 
.. ... .. 

P5 P4 ~P2 Pt 

.. , ,.~· 

.. , ...................... ,._, __ ....... -.. -· .... ·-···---·"'"--,.,. "'"""' ,. ,,.., 

. . 

. . 

. . . 
.. .. . ...,.,.·· . . . ··· ... ,.,....,..._ 

445 435 425 415 
energy (eV) 

405 
Binding 

XBL 7211-7414 

Fig. 4. Photoemission spectrum of Cd 3d level and its characteristic loss structure. 

. ..... 
'\.........,. 

.. 
.-~,..., .. 

""~ 

\..,..-

(,: 

c.;; 

~"-..v 

""""' I "t."""·-
~ 
Vl 

~·\. w 
I 

'- ~ ......... 

~ 



CJ') ...... 
c 
::1 
0 
(.) 

'+-
0 

(/) 

""0 
c 
c 
(/) 

::1 
0 

..c: 
~ 

In 
:l' . ·. .. . I ._. .... \ .. \ 

j 
·~ : 

. "· l I -.;,-1 

,/ 

! 
; 

:-, :. 

......... '\~ 

\ 

4d 
..· .. . 

::· ... ... 
VB 

.~ 

·":. ~ : ; : 
~~ ='"·lf\..:1 

;'·' .< 
'r .. t 
~~ .:,·~ .. ,.. .-

'il~· ;·.: r;·--: ~ 
100~ ..../ p4 p3 

\ i . 
\ / 
'/ ~ 

0 

45 

' "-... 
.. ...___ ____ ~ ----

35 25 15 
Binding energy 

5 EF -5 
(eV) 

XBL 7211-7413 

Fig. 5. Photoemission spectrum of In 4d level and its characteristic loss structure. 

I 
1-' 
V1 
+:-

' 



(f) 
~ 

c: 
::l 
0 
u 

'+-
0 

(/) 

-o 
'C: 

0 
CJ') 

:::3 
0 

.L:. 
~ 

300 

200 

100 

0 

In 3d . :x5 
~--: ·.:: 
~ :.: =:· ::. . . 
: ·!:: :. :: . , . . . . 
• I • : : • . : . . : 

• . i . : . ' 
•• r : • :· ./ ) \J . 3d 

... · ,.. ., -
X 2 5 .;.;;-.;,fj._J',/ 3/2 5/2 

·"'·· 1·':. •• ,. .:. .. · . ::. . . <f·"~t-'· p P3 p ;: ~ . 6 p5 p4 p I ~: .. 
- 2 .· 

.. ... . .. ~~]~ : . : . : 
•-• ...-- • . I ·:v· . . 

. ; . 

'-

525 505 485 465 445 
Binding energy (eV) 

XBL 7211-7412 

Fig. 6. Photoemission spectrum of In 3d level and its characteristic loss structure. 

.... 
·\.._. 

<~ 

.-. 
\.__., 

.r-~. 

\r.,...,.-

"'' 
c::o 

~:-

,o 
I ,.,.,. ... ~ 
I-' 
Vl 

r'" Vl • 't.. 
I 

~~~ 

0 .. 



(/') 
+-
c: 
::1 
0 
() 

'+-
0 

(/) 

-u 
c: 
0 
(/) 

::1 
0 

..c 
I-

300 

200 

100 

0 

"""' ' 

Sn 
... , .. ~ 

• I ,C • •' 
-~· .~ •: .,·:..·. :· . :. .· 

• ~ .. ._l· 
.. : :· .... !. .· .. . \• .. 
~ 1-~· 1:-·: . . . . '·• • 1."'. 

'" . .. 

'"· I • .. . . 
4d 

. . .. 

.. . . .. . . 

VB 

r 

. .. .. ... 
I • . · .. 
. . . . . . . 

~=~~ ... . . 
' .. 

.,.., . :- .~ . . . . •:' 
~ :· .. . .. . ·: .. 

... ., . ..:\ .. . 

\ ' . ' . , I . . 
\ ' i . \ A,_; ·-....J .. 

. . .. \ I 
; .. 

I 

"!•:,: ., . 

~ P2PI i ': P 3 /'1\..0 ...... 4 . . . 
P 

I ' • 

80 60 
Binding 

\..,; ' -
40 20 EF 
energy (eV) 

XBL 7211-7411 
Fig. 7. Photoemission spectrum of Sn 4d level and its characteristic loss structure. 

I 
f-' 
Vl 
0'\ 
I 



(/') 
+-

5 300 
0 
(.) 

0 200 
(/) 

-c 
c 
c 100 
(/) 

:::s 
0 

.s:::. 
~ 0 

,, . 

Sn 3d :\ . . . 
i ·. .. ·. , 

/ ~I' 
~~ 

~~ ,· 
:.· 

XIO ~~~~ ./ . .__,r 
•"•"~' • .l.._ _,.-• ~t.•-,., .. v..•,.,..._.,~,....._ ... lvr:l·:.,..,? ::-H~· 

:-•·. .. .. . . : . .. ... . . . 
! • 

I 

~ :! . 

3d 

5/2 
3/2 . .· .. 

PI :: .. .. Ps P5 P4 P3 P2 

. . . . . 
~\J·~ 

----------------~· ' ~~-

565 545 
Binding 

525' 505 
energy (eV) 

485 

XBL 7211-7410 

Fig. 8. Photoemission spectrum of Sn 3d level and its characteristic loss structure. 

("''· 
'\.. ...... 

. .. _ ... 

Cj. 

c, 

c. 
;F'o-""t ..,,,, 

.·"""-~ 

ot..,.., 

c .. 
I 
f-' 

~'\,_, Vl 
-.J 
I 

... > 

' 
G· 



(/) 
~ 

c: 
::J 
0 
(.) 

'+-
0 

(/) 

"'C 
c: 
c 
(/) 

::J 
0 

..c: 
~ 

60 

40 

20 

0 

Sb, 

P3 P2 P1 
.,., 
I 

.~ 

4d .. 

. . . . 
. . 
.. 

I \ 

/ \, . 

VB 
1: 
t' 

\, • - I ~J .·if.. ;:1~ : 
•r:otr \& r! • t=:.:.• \ • i. ; , .. •• 

/ "' .. ~~ --~ ~h~.J,/~~ /\._ "j . 

80 60 
Binding 

. . 
\_· 

. . . 
~ 

40 20 EF 
energy (eV) 

XBL 7211-7409 

Fig. 9. Photoemission spectrum of Sb 4d level and its characteristic loss structure. 

I 
I-' 
Vl 
CP 
I 



(f) 
+­
c 
;::, 
0 
u 

'+-
0 

(/) 

'"'0 
c 
c 
(/) 

:::s 
0 

...c 
J-

. " 

r- --····-r----.· . 
r· 
' 

6ooL 
I 
~-

! 

400 

200 

0 

Sb ....... 
··~.JU 

3d 

3/2.5/2 . . .. . 
. . 
. . 

.. 

. . 

. . 
p4 p3p2pl: . 

(' :. . 
/'v' \,l • • 

/ : . 
~- i :· 

-------------~------ V· I o 

605 645 
Binding 

. . . 
\. 

605 56.5 525 
energy (eV) 

XBL 7211-7408 

Fig. 10. Photoemission spectrum of Sb 3d level and its characteristic loss structure. 

I 
f-' 
\J1 
\0 
I 

_,..._._ 
:.... . .,..: 

.......... 

,~. 

'\.o>'t~· 

...... 
"-·"' 

(,.,, 

C'-

·~ .. ..>;,.' 

$~ <!' 

~~·· .. 

". 
""'~ 

""' 
'..f 



(/) 
. +-

c: 
::J 
0 
(J 

'+-
0 

(/) 

"0 
c: 
0 
(/) 

::J 
0 

..c. 
r 

120 

80 

40 

0 

Te 3d 
.. '" ... ~ . \ "" .. . . 

J ' I \. 'Ill' ~.,;i . ! 
X 4 • ~,JJ"f· ..... 

~.,..,.1' ,- .--r 3d 
~w.-~4NI'tl-'"'"".. .... 

3/2 5/2 

p2 PI ~ 
.. .. . . . . 
. . 
u 

~ .. .. 

. 
' \ 
\.. ---

650 630 610 590 570 
Binding energy (eV) 

XBL 7211 -7407 

Fig. 11. Photoemission spectrum of Te 3d level and its characteristic loss structure • 

. . 

I 
1-' 
0\ 
0 
I 



(/') 
+-

; 300 
0 
0 

0 200 
(/) 

'U 
c:: 
0 
en 
:::1 
0 
.c 
r-

100 

0 

.. , 

Ag valence bands 

4d 

/\~3.9evi 
I • ~ 
; . ~ . . . . . . . ' 

• • . . f . ·~ . . ~ : . 
; . 

- ..,) ~ \ 
\ . . \ X 10 
~· 

45 35 25 15 ·· 5 EF -5 
Binding energy (eV) ·. 

XBL 72H -7418 

Fig. 12. Photoemission spectrum of Ag valence bands. 

I 
I--' 
0\ 
I--' 
I 

~-·-

"--

C.q. 

(:.: 

(1,; 

.cu 
""''• ---
~ ... ~ .. ·. 

:·, 
~ ,. .... 
Ui 



0 
~ 

m ..... 
w 
<] 

m 
H 

0 
rt) 

(WDJDO!S!4) 0
/ 0 

-162-

m Q_ 

w 3 
<] +£:: 

(/) (/) 

w H 

<] 

0 

~ 

.0 
(f) 

c 
(f) 

c 
H 

U> 

l{) 

C\J 

II 

z 

v 
Ol 
f'() 

v 
I 

C\J 
1'-
_J 

CD 
X 

Fig. 13. Systematic of plasmon losses in Ag, Cd, In, Sn, Sb, and Te. ~IB 
is the onset-interband-transi tion energy ( 4d -+ EF), L\EB is the measured 
bulk plasmon energy, L\Es is the measured surface plasmon energy, hwp is 
the calculated free electron bulk plasmon energy, and IB and Is are the 
intensity of the bulk 11nd. SIJrface plasmon intensity respectively relative 
to trw zero-loss peak. 

. ' 



'\ 'l, 
I' ·' s t) ~ .. 1 •_: ... ~) ·.J s1 "/ 9 .J \,..~ ,,w i! 

-163-

SECTION XIV. niE TRANSITION METAL OXIDES: CoO AND NiO 

A. Introduction 

The 3d transition-metal monoxides continue to be the subject 

of theoretical
1

'
2

' 3 and experimental3 endeavors aimed at elucidating their 

many varied optical, electronic, and magnetic properties. The x-ray 

photoemission valence band spectra of CoO and NiO are presented and 

interpreted in terms of our current understanding of the electronic 

structure of these compounds. 

The x-ray photoemission spectra of CoO and NiO are more complex 

than those of the pure elements or binary semiconductors reported in 

earlier sections. Much of this complexity is attributed to the partially 

filled 3d shell. Core and valence spectra have been interpreted in terms 

of exchange splittings and multielectron excitations. 4- 9 

B. Experimental 

The valence band spectra of CoO and NiO are shown in Fig. 1. They 

were measured with the Berkeley HP 5950A in the HV mode (see Sec. III). 

Both CoO and NiO were flame fusion grown single crystals12 which were 

cleaved in a dry N2 atmosphere and introduced directly into the spectrometer 

vacuum of 8 x 10-9 Torr. The cation 2s, 2p, 3s, 3p, and 0 ls spectra are 

included in Figs. l and 2 in order to define the conditions under which 

the valence-band spectra were obtained. Table l gives the binding energies 

of the features marked in Figs. l and 2. Previously reported assignments 

of structure are also listed in Table l. The NiO XPS valence-band spectrum 

given in Ref. 7 agrees well with that reported here however the CoO valence 

band does not. We have observed a spectrum similar to that reported in 

Ref. 7 for a Co single crystal that had apparently formed a surface oxide 

layer. 
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C. Results and Discussion 

The results reported here will be discussed in the light of 

recent NiO and CoO band structure calculations reported by T. M. Wilson1 

and L. F. Mattheiss.
2 

Wilson
1 

uses a spin-polarized Hartree-Fock (SPHF 

or UHF) procedure in which the electrons of different spin are allowed 

to occupy different orbitals. Intra-atomic exchange splits the spin-up 

from the spin-down electrons and the crystal field splits the spin-down 

electrons into t and e bands. Mattheiss
2 

uses the aUgmented-plane-wave 
g g 

(APW) method to calculate the nonmagnetic band structure of CoO and NiO. 

Th~ APW energy band results at seven symmetry points in the fcc Brillouin 

zone are fitted with Slater and Koster linear-combination-of-atomic-

orbitals (LCAO) interpolation method involving nonorthogonal orbitals. 

The distance from the top to the bottom of the bands derived from 0 2p and 

Ni 3d orbitals is 6.5 eV and 9.9 eV in the UHF and APW calculations 

respectively. The experimental width of the (0 2p - Ni 3d) XPS structure 

(Fig. 1) is 9.8 eV. The APW band structure has a 4 eV gap in the middle 

of the (0 2p ,.. Ni 3d) bands and the UHF results are 3.4 eV narrower than 

the XPS structure. The corresponding APW and XPS widths for CoO are 

10.5 eV and 10.4 eV respectively. In both the APW and UHF cases the 

authors stress that the p-d band separations are sensitive to the form of 

exchange and that an improved treatment of exchange and attempts to 

approach self-consistency could change the p-d separations. 

Both the APW and UHF calculations predict d bandwidths of 3-4 eV; 

however, in the UHF calculation the lower d-derived bands are hybridized 

with the 0 2p bands whereas in the APW calculation the 0 2p and cation 3d 

derived bands are separated in energy. In previous photoemission 
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studies 7,lO,ll,l3 the structure corresponding to peak 1 in Table 1 was 

interpreted to include all the cation 3d bands. Peak 2 of NiO has been 

interpreted as a multielectron excitation within the d manifold. 7 The 

results reported here suggest that peak 2 as well as peak 1 (Table 1) in 

.both CoO and NiO represent emission from the 3d bands~ This is not 

. . 10 11 13 17 inconsistent with previous photoem~ss~on results. ' ' ' The UV 

photoemission spectra of Powell and Spicer11 and Eastman and Cashion13 

exhibit strong p band emission already at the position of peak 2. The 

photoemission cross section for UV energies is larger for p than d electrons 

and thus the p bands could be masking peak 2. 

The area of the 0 2s peak is assigned a value of 1.0 and will be 

used as a reference in the following discussion. The total areas of the 

CoO and NiO valence bands are 3.4 and 5.8 respectively. Peaks 1 and 2 

have an area of 0.8 and 1.1 in CoO and 1.25 and 1.95 in NiO. Using the 

t t . f G 1· 14 
free a om cross section per electron ra ~o o e ~us, 

= 8.8 

one would expect a contribution of 0.3 to the valence band spectra from 

the 0 2p
6 

electrons. The area of peak 3 (5 to 11.5 eV) is 1.3 and 2.6 

in CoO and NiO respectively. This is much larger than the calculated free 

atom value for the 0 2p
6 

electrons. Mixing with d orbitals and/or secondary 

inelastic processes may be responsible for this enhanced structure. 

The increase in intensity of peak 1 on going from CoO to NiO 

is assigned to the eighth 3d electron in the Ni 2+ ion. The increase in 
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intensity of peak 3 is believed to be mostly a result of secondary 

inelastic processes such as multielectron excitations and characteristic 

energy losses suffered by the photoelectron as it passes through the solid. 

It must be emphasized that the origin of the XPS satellite structure of 

the transition metal compounds has generated much speculation but is 

still uncertain. Bakulin et al.15 have observed a characteristic energy 

loss of 5o8(3) eV for 20 keV electrons passing through a. thin NiO film. 

In NiO the maximum in peak 3 (Fig. 1) falls approximately this interval 

below peaks 1 and 2. Satellite structure on each of the core levels can 

be found at this interval from the zero loss peaks. 

The splitting between the two 3d peaks (1 and 2) is 2.2 eV for 

CoO and 1. 7 eV for NiO which is of the order of empirically derived 

estimates of the exchange splitting made by Mattheiss. 2 He obtained 3.0 eV 

and 2.0 eV for the exchange splitting ~ of CoO and NiO respectively. ex 

The area rati.o of peak 1 to peak 2 is 1. 4 for CoO and 1. 6 for 

NiO. If one assumes constant cross section across the d-bands these area 

ratios correspond closely to electron ratios of 4 to 3 and 5 to 3. These 

relative intensities can be explained within the UHF model if one had an 

exchange interaction approximately equal to the crystal field splitting. 

Under these conditions the majority e orbitals would be accidentally 
g 

degenerate with the minority t 2 orbitals at the energy of peak l. Peak 2 
. g 

would arise from the majority t 2g electrons. Mattheiss
2 

argues that the 

crystal field interaction will not produce a splitting but only a 

broadening of the t
2

g and eg orbitals in NiO and CoO. Another argument 

against this explanation of area ratios is that if the majority t 2g 

orbitals mixed with the 0 2p orbitals more than the other d orbitals one 

could not expect the XPS cross section to be constant across the d-bands. 
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D. Conclusion 

The CoO and NiO XPS valence-band spectra are composed of~ 1) a 

3.5 eV wide 3d structure consisting of two components whose separation 

appears related to the exchange splitting ~ , and just below the 3d bands ex 

2) a 6.5 eV wide structure composed of the 0 2p bands with some cation 

3d mixing and probably also effects of secondary inelastic processes. 
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Table la. Cobalt Oxide 

Binding energy a Assignments given in Peak number 
(eV) the literature Ref. 

Valence bands 

1 1.8(1) 3d 7,10 

2 4.0(2) 

3 5.0 to 11.5 0 2p 10 

0 2s 

4 21.6( 2) 0 2s 7 

Co 3p 

5 60.1(3) 

6 62.4(5) 

7 65.2(3) 

8 68.5(3) 

9 81. 5( 3) 

Co 3s 

10 102.0(1) 

11 107.9(3) 

12 113.1(5) 

13 127(1) 

0 ls 

14 530.2(1) 0 ls 7 

15 532.2(2) ME(3d8 
-+ 3d8*) 7 

16 553.1(5) 

17 573(1) 

(continued) 
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Table la. (continued) 

Peak number 

Co 2p
312

, 

18 

19 
20 

21 

Co 2s 

22 

Binding energya 
(eV) 

780.0(2) 

786.l+ ( 3) 

790.4(3) 

801.4(5) 

934.5(4) 

aGold film reference. 

ME + multielectron excitation. 

Assignments given in 
the literature Ref •. 
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Table lb. Nickel Oxide 

Binding energy a Assignments given in Peak number ( eV) the literature Ref. 

Valence bands 

1 1.9(1) 3d 7,11,13 

3.6(2) * 2 ME(3d + 3d ) 7 

3 5.0 to 11.5 0 2p 11,13 

0 2s 

4 21.4 ( 2) 

Ni 3p 

5 67.3(2) 

6 69.6(4) 

7 72.8(4) 
.8 80(1) ME(O 2p + Ni 3d) 9 

9 88(1) 

Ni 3s 

10 112.0(5) 

11 117.5(5) MS 8 

12 122.5(5) ME(O 2p + Ni 3d) 9 

13 138(2) 

0 ls 

14 530.0(2) NiO 4,7,8 

15 531.9(2) Ni 2o
3 

ME 7,8 

Ni 2p3/ 2 

18 853.8(1) NiO 4,7,8 

19 855.5(2) ME(3d8 
+ 3d8*) 4 

Ni 2o3 & MS 8 

(continued) 
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Table lb. (continued) 

Peak number 

Ni 2p3/2 

20 

21 

22 

23 

Ni 2s 

24 

25 

Binding energya 
(eV) 

857.0(4) 

861.2( 5) 

866.3(5) 

874.5(5) 

1010.8(5) 

1015.8(5) 

aGold film reference. 

ME -+ multielectron excitation. 

MS -+multiplet splitting. 

Assignments given in 
the literature 

ME( 3d8 -+ 3d8*) 

Iv1E ( 3d 8 -+ 3d 7 4s ) 

ME(O 2p -+ Ni 3d) 

ME(O 2p -+ Ni 3d) 

Ref. 

4 

4,6 

9 

9 
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SECTION XV. SURFACE CHEMISTRY 

It is generally accepted that x-r~ photoemission spectroscopy has 

the potential of being quite useful for the study of the chemistry of 

surfaces. XPS offers us the ability to measure the chemical composition 

as well as the oxidation state of each species present. These 

capabilities have not yet been fully exploited; however, the technology 

of the field is now approaching the point where XPS will soon take its 

place in the arsenal of the surface scientist. 

Historically x-ray photoemission spectrometers evolved from the 

S-ray spectrometers used ip the nuclear sciences where particle energies 

are high and only moderate vacuums are necessary since penetration depths 

are much larger and surface contamination is of less consequence. It was 

recognized quite early that it would be necessary to incorporate the 

present-day ultrahigh vacuum technology into x-ray photoemission spectrom-

eters before being able to apply XPS to surface chemistry. The first 

generation of commercial spectrometers, however, did not offer UHV 

capabilities. The second generation is now available and the variety 

of instruments is larger. Some offer UHV capabilities with which the 

utility of XPS in the field of surface chemistry can now be explored. 

An HP 5950A spectrometer was used in the unbaked, unmodified mode (see 

s·ec. III) for most of the measurements reported here. 

Another major technological advance has been the development of 

a monochromatic x-ray source. Bremmstrahlung radiation and satellite 

x-rays are eliminated from the x-ray beam striking the sample thus 

reducing the background signal dramatically. This improvement allows one 

to study the electronic structure of the valence-band region of essentially 
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any substance. One is severely limited without monochromatic x-rays, 

since core-level peaks produced by satellite x-rays often obscure structure 

in the valence-band region and high background from bremsstrahlung 

radiation often reduces signal-to-background to impractically small values. 

The valence-band region yields much information about the chemistry of 

the system. Dispersion-compensated electron optics have also allowed a 

factor of two improvement in resolution. 

With the advances mentioned above we are now able to begin studying 

surfaces under defined conditions and thus determine the utility of XPS 

in surface science. Our overall approach is to survey the x-ray photo-

emission valence-band spectra of simple substances with clean surfaces 

and then after setting a foundation build more complicated systems by, 

for instance, gas-solid reactions and thus enter the field of surface 

chemistry. At present we are still mainly studying pure substances 

and have just switched from the unbaked, unmodified mode (HV) of operation 

to the ultrahigh vacuum mode (UllV). This section presents some preliminary 

HV results from studies on the oxidation of a clean metal surface. The 

results are encouraging and indicate XPS will be a useful tool for the 

surface scientist. 

The oxidation of thallium metal is discussed in the next section 

after which a brief dis.cussion of the oxidation of nickel metal is given. 

A. Oxidation of Thallium.Metal 

Thallium metal exhibits metallic luster when clean and if exposed 

to air develops a bluish-grey tinge which develops into a thick black oxide. 

This oxide Tl
2

0 forms at room temperature and is hygroscopic.
1 
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with water to form the hydroxide. A piece of polycrystalline thallium 

metal was cleaned by argon bombardment and then oxidized in stages. 

Seven XPS core peaks were monitored at each stage and the peak intensities 

versus exposure are plotted in Fig. l. 

l. Experimental Method 

A fresh surface of polycrystalline thallium metal was produced 

by slicing with a razor blade just prior to insertion of the sample into 

the HP 5950A sample preparation chamber where it was argon bombarded 

(l keV Ar+ ions, 10 ~). It was then immediately moved directly to 

the analyzer chamber where the total pressure was 6 x 10-9 Torr. At 

this point the C ls and 0 ls x-ray photoemission spectra indicated the 

presence of l/10 surface layer adsorbed oxygen and l/4 surface layer 

hydrocarbons. The definition of a surface layer will be given below. 

The Tl valence band spectrum in Sec. VI was accumulated overnight (ll hrs.). 

In the morning the C ls and 0 ls spectra indicated the accumulation during 

the night of l surface layer of adsorbed oxygen and l surface layer of 

+ hydrocarbons. The sample was argon bombarded (960 V Ar ions, 12 ~) for 

20 minutes to remove this surface contamination. During the next hour an 

0 ls spectrum was obtained after which a C ls spectrum was taken. These 

spectra indicate the presence of approximately l/10 surface layer Tl20, 

l/10 surface layer adsorbed oxygen, l/30 surface layer of hydroxide, and 

l/4 surface layer of hydrocarbons. The residual gas spectrum taken in 

the photoemission energy analyzer is set out in Table l. It consists of 

about equal parts H20, CO, and H2 plus small amounts of hydrocarbons and 

noble gases. 
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This relatively clean surface was then oxidized in stages (see 

Table 2) and the seven peaks listed in Table 3 were monitored at each 

stage. The intensities of these peaks are plotted versus oxygen 

exposure in Fig. l. 

2. Results and Discussion 

As can be seen from Fig. l the oxidation of thallium metal is 

complex. Thallium and oxygen are not the only substances present. 

Further study is required to confirm the interpretation of the peaks 

reported here and also to determine that no peaks have been overlooked 

or unresolved. It is our intention to tackle problems in the UHV mode 

of operation since, as these results show, the residual gases in the 

HV mode introduce added complications. 

For the meantime a model is proposed to explain the present 

preliminary results. Peak a (Fig. l) with 118 eV.binding energy is 

assigned to Tl metal (dashed curve). It is not very sensitive to over 

( -8 six hours of oxygen exposure 3 hrs. at 1 x 10 Torr o2 and 3 hrs. 

20 min. at 5 x 10-
8 

Torr o2 ). A small shoulder on the high binding 

energy side may be present. During this time the oxygen peak£ with 

530.7 eV binding energy increases to a value about which it remains for 

the rest of the treatments. It is the only oxygen peak to significantly 

increase intensity during this initial oxygen treatment. The saturation 

behavior which it exhibits suggests defining one "surface layer" of 

adsorbed oxygen as the quantity that yields a i peak intensity equal to 

the saturation value. It is tempting to assume one surface layer is 

equal to one monolayer, however this relationship has yet to be shown. 
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Peak ! at 285.6 eV binding energy is assigned to contaminant 

hydrocarbons which are present in the vacuum and the atmosphere. The 

behavior of peak ! prior to run 980 is similar to the oxygen peak d. It 

saturates at a value about one-half as large as that of the oxygen peak ~· 

The photoemission cross section for carbon is about one-half as large 

as that of oxygen and therefore the saturation value of peak ! corresponds 

to an amount of carbon approximately equal to the amount of oxygen present 

in one surface layer. The saturation of peak f is defined as 1 surface 

layer of carbon contamination. 

-3 The Tl was next twice exposed to 10 Torr oxygen for 15 min. and 

then 100 'l'orr oxygen for 20 min. Peak ~ at 119.5 eV binding energy 

which is assigned to the Tl 4f
712 

peak of Tl
2
0 and peak£ at 529.0 eV 

binding energy which is assigned to the 0 ls level of Tl20 begin to grow. 

It is interesting how the sum of the Tl 4f
7

/ 2 oxide and metal peaks increase 

in intensity as if the Tl20 was transparent to the photoelectrons during 

the initial stages of oxidation. This is consistent with the fact that 

electron-electron scattering lengths are usually longer in insulators 

than metals. 

After the 20 min., 100 Torr 0
2 

treatment the sample was removed 

from the spectrometer for 30 seconds and then returned for 20 min., removed 

for 2 min. and returned for 2 hrs., removed for 20 min. and returned for 

10 hrs., removed for 30 min. returned for 1 hr., and finally removed 

to an oven in air at 100° C for 50 min. and then returned to the 

spectrometer. The seven peaks listed in Table 3 were monitored between 

treatments (Table 2). The sample's color turned from metallic to light 
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brown to brown to blue to black (see Fig. 1). During air exposures 

the intensity of oxygen peak~ increased up to 4 times the value of the 

saturated surface leyer of adsorbed oxygen (peak ~). Oxygen peak ~ is 

assigned to the hydroxide ion. Tl20 is hygroscopic and reacts with water 

in the atmosphere to form the hydroxide. Note peak £, the oxide peak, 

decreases in intensity when the hydroxide peak e increases whereas the 

total metal intensity does not decrease. This implys that the water 

reacts with the oxide and is not just adsorbed. If water was adsorbed 

on the surface both the metal and oxide peaks would be attenuated and not 

just the oxide. Trace e shows that under vacuum the hydroxide decomposes 

to the oxide. 

Carbon peak£ at 290.2 eV binding energy appears only after the 

sample is exposed to the air. It closely follows the behavior of the 

hydroxide peak. This is a high binding energy for a carbon compound 

in the condensed phase. The assignment of this peak is uncertain at this 

time. Possibly loosely physisorbed gases that would not feel full extra­

atomic relaxation
2 

are responsible for this peak. Other candidates include 

the carbon oxides. 

In Fig. 2 it is seen that the XPS valence band spectrum of clean 

thallium metal is quite different. than that of the complicated surface 

oxide plus hydroxide plus carbon compounds that results after the treatment 

listed in Table 2. The oxidized metal spectrum exhibits at least two 

sets of Tl 5d levels as is evidenced by the low binding energy shoulder 

on the Tl 5d
512

, the shoulder on the s-like and p-like bands at 7.5 eV 

and 4 eV binding energy, and the filling of the valley between the Tl 5d
512 
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and Tl 5d
312 

peak. There are peaks originating from the 0 2s level at 

about 25 eV and the 0 2p level at·9 eV. 

Oxidation involves the transfer of electrons from the metal. The 

effect of this transfer is evident in the s-like and p-like bands which 

are seen to shift on the average to higher binding energy upon oxidation 

of the metal. The bands also get narrower. 

The valence bands of pure sy~tems are now receiving most of our 

attention and after we develop an understanding of them we can proceed to 

utilize the bonding information in the more complicated spectra such as 

the one in Fig. 2. 

3. Conclusions 

XPS is a useful tool for studying the chemistry of the first few 

atomic layers of a solid; however, before it can be fully utilized several 

problems have to be solved. The quantitative relationship between a 

monolayer and a surface layer has to be determined. The electron penetra-

tion depths for substances with different electrical properties have to 

be further explored. The degree of extra-atomic relaxation during XPS 

of physisorbed and chemisorbed species must be considered and UHV 

conditions are desirable. 

In the present results both a surface layer of c~rbon (peak f) 

and oxygen (~) containing substances collect and remain stable on the 

surface of Tl in the HV environment described above. UHV conditions are 

desirable as the HV conditions were not adequate to maintain a clean 

surface. The surface layers that formed in vacuum under the HV conditions, 

however, did not alter the clean metal spectrum noticeably. More severe 
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conditions which produced the oxide were necessary to do that. A carbon 

containing substance was present with a rather high C ls binding 

energy which suggests that possibly its environment was such that it was 

not receiving the full extra-atomic relaxation of a condensed phase. 

B. Oxidation of Nickel Metal 

Nickel metal was heated to 640° C on the high temperature sample 

holder of the Berkeley Iron-Free photoelectron spectrometer. The experi­

mental equipment is described elsewhere. 3 Hydrogen was used to reduce 

the surface oxide and then the surface was oxidized in two stages. The 

spectra at each stage are shown in Figs. 3 and 4. The reduced nickel 

-5 was exposed to a few seconds of 02 at 5 x 10 Torr and the measurements 

in the middle panel of Figs. 3 and 4 were collected. The nickel was then 

exposed to oxygen for 1 hr. at which time the spectra in the lower panels 

of Figs. 3 and 4 were taken. The sample was maintained at 640° C during 

the whole experiment. 

The metal peaks are replaced by the more tightly bound structures 

of NiO upon oxidation. 
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'l'ullle 1. Hesiduul gus spectrum in photoernission energy analyzer. 'l'he 

total pressure was 9 X 
-9 10 Torr with the RGA on. Measured with an EAI 

Quad 250 RGA with 50 v electron energy. 

Mass· 2 14 . 15 16 17 18 20 26 27 28 

Relative 
intensity 2.4 0.2 0.4 1.2 2 3.4 0.2 0.2 0.25 3.0 

Mass 29 30 32 39 40 41 42 43 44 

Relative 
i ni.ens:ity 0 .l~ 0. ~2 <0.1 0.1 l 0.2 0.1 0.2 0.4 



Run 
Number 

945 

948 

951 

954 

957 

960 

963 

967 

970 

973 

976 

977 

lJIJO 

983 

986 

989 

992 

995 

998 

1001 

1003 

1006 
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Table 2 

Treatment just prior to measurement 

Argon cleaned 5/25 

Start leaking 02 into spectrometer 
-8 at a partial pressure of l x 10 Torr 

(continue for 3 hrs.) 

-8 Increase pressure to 5 x 10 Torr 
1 
I 

(continue for 3 hrs. 20 min.} 

~ 
-3 Expose T1 to 10 Torr 02 for 15 min. 

Repeat 973 

1~xpose Tl to 100 'l'orr o
2 

for 20 min. 

Remove sample from spectrometer into air 

for 30 sec. 5/26 

In air for 2 min. 

In air for 20 min. 

Five hours after ~un 1001 

Time 

13:35 

14:21 

14:49 

15:16 

16:00 

16:48 

17:40 

19:47 

20:35 

21:59 

22:35 

23:07 

23:55 

00:30 

00:56 

01:26 

01:55 

02:22 

03:06 

03:32 

09:10 

10:00 

(continued) 



Run 
Number 

10.1,~ 

1015 

1019 

1025 
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Table 2 (continued) 

'l'reatment just prior to measurement 

ln u.i r for 30 ruin. 

Fifty min. at 100 C in air 

Time 

1.3:10 

14:10 

17:07 

5/27 09:30 
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Table 3 

Assignment 

J a. 

lb. 
Metal 

d. Adsorbed oxygen 

e. Hydroxide 

{

f. 

g. 

Hydrocarbons 

* Adsorbed compound 

Binding energy 

118.0 

119.5 

529.0 

530.7 

531.5 

285.6 

290.2 
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SECTION XVI. PRELIMINARY ULTRAHIGH VACUUM RESULTS 

The need for ultrahigh vacuum was discussed in Sec. III and the 

UHV modified HP 5950A was described. After the first bakeout the base 

pressure was 1 x lo-9 Torr throughout the whole machine. A single crystal 

of aluminum was annealed at 360° C by electron bombardment for 1 hour and 

+ then argon etched for 1/2 hour (8 ~A, 1 keV Ar ). After this treatment 

antimony, oxygen, carbon, and tantalum contamination was detected in 

amounts that should not affect the valence band noticeably. The uncor-

rected valence band of Al is shown in Fig. 1 and that of the Al 2s level 

in Fig. XIII~lb. 

Previously in the HV mode of operation an aluminum oxide peak 

appeared immediately after cleaning the Al and it would grow with time. 

No oxide peak was detected 12 hours after cleaning the sample in the UHV 

system. The spectra reported were recorded more than 12 hours after 

cleaning. 

The Al valence band exhibits the tree electron behavior expected. 

There appears to be a bulk plasmon (15.7 eV) replica of the valence band 

beginning at the energy labeled P. 

These preliminary results are very encouraging, and indicate 

ultrahigh vacuum conditions will allow us to study systems heretofore 

inaccessible to x-r~ photoemission spectroscopy. 
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APPENDIX 

The spectra compiled in Secso A and B of the appendix are 

obtained from single crystals except in the cases of Ga and Tl where 

polycrystalline material was used. All the elements in Fig. A-1 were 

argon etched except Ge and As which were cleaved. GalliUm metal was 

partially oxidized by residual gases in the spectrometer. The structure 

at 5 through 10 eV and shoulder on the 3d level are a result of this 

contamination. The experimental procedure for the spectra following 

Fig. A-1 is similar in all cases to that used in Sees. VII through XI. 

The samples were cleaved single crystalso A detailed analysis is in 

progress and will be published shortly for those materials not reported 

in earlier sections. 

Section A illustrates the relationship among the XPS valence-band 

spectra for some elemental, III-V, II-VI, and IV-VI semiconductors. 

Section B is a compilation of XPS spectra in order of increasing ionicity. 

The ionicity scale is that of Phillips.
1 

HgTe and the Pb-salts have 

been placed between the semiconductors and insulators. 

The KI spectrum exhibits weak Au 4f lines originating from the 

sample mount. 

I thank Dr. R. Dalvin, Dr. Y. Petroff, Dr. D. Reynolds, and 

Professor Y. R. Shen for their gifts of crystals. 
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CRYSTAL STRUCTURES 
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