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X-ray photoelectron spectra of solid Cu20, CuCl, CuO, CuS, and CuSO4 were measured.
In all cases, satellites having various degrees of complexity are seen adjacent to the (Cu) 2p
photolines. A multiple-excitation mechanism is proposed for the explanation of these satel-
lites. The satellites are formed when the emission of a 2p photoelectron takes place in paral-
lel with a valence-band-conduction-band excitation. These photolines are thus emitted with
kinetic energies lowered by the amounts of allowed interband transitions.

I. INTRODUCTION

X-ray photoelectron spectroscopy is successfully
being applied to elucidate problems of molecular
structure by measuring the electron core-level
binding energies. ' Both solids and gases are
studied. Binding energies are known to depend on
the charge of the atom in the molecule. ~'3 Valence-
electron structure has also been investigated, most-
ly in the case of free gaseous molecules. The
same technique has been extensively used to study
Auger-electron emission from both atoms and mole-
cules. ' Most of the work done in this field, how-

ever, relates to chemical problems.
In this paper, some photoelectron experiments

will be described, which seem to have a direct
relation to electronic properties of solids. The
method of photoelectron spectroscopy is basically
very simple. The solid whose photoelectron spec-
trum is to be investigated is irradiated by a "mono-
chromatic" x ray, for example, by Mg Kn(»
= 1253.6 eV) or Al Kct(hv= 1486. 6 eV) radiation.
These radiations have an intrinsic width of about
1 eV, which sets the limit on the linewidth. The
emitted photoelectrons are analyzed by a high-reso-
lution electron spectrometer.

From the conservation of endrgy it follows that

hv=E~ —E'+E„„+P,
where E» and E' are the total final and initial ener-
gies of the system. E„„is the kinetic energy of

the ejected electron and Q is the contact potential
difference between the sample. surface and the spec-
trometer. If there are several final states possible
then there will be, at least in principle, a corre-
sponding number of photoelectron lines emitted from
a given subshell.

For a simple one-electron process, E» would
correspond to a vacancy in the level, and the differ-
ence E» —E' would be equal to the electron binding
energy of that level. In this case, a single photo-
line is seen. In other cases, complex lines may
appear in the spectrum. In this investigation, we
were looking particularly for cases of line split-
tings and line satellites. Less attention has been
pa, id to the absolute energies of photolines and there-
fore all our quoted binding energies are nominal.

II. EXPERIMENTAL TECHNIQUE

The experiments described in this work have
been performed with the Varian IEE-15 electro-
static spectrometer, utilizing Al Ee radiation. The
analyzer part of the spectrometer was set to trans-
mit electrons of a preset energy. Typically, this
energy may be between 30 and 100 eV. The scan-
ning of the spectrum is done by stepping a positive
bias voltage applied to the sample. Provision,
however, was made that the immediate vicinity of
the sample was in a field-free region, although at a
positive potential with respect to the rest of the
spectrometer. The advantage of this mode of oper-
ation is that the spectrometer contribution to the
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alternative explanations for their existence can be
postulated. For example, the satellites might be
essentially 2p photoelectron lines from different
kinds of copper ions. These ions mould have to be
highly positively charged to account for the large
chemical shift of up to 10 eV. This explanation
fails because no similar structure is associated
with the ss and 3p lines. The chemical shifts are
similar for all levels accessible by Al or Mg K&
radiation. Moreover, the chemical shift between
copper compounds with formal oxidation states of
+2 and +1 is only about 1.5 eV. The conclusion is
therefore that the satellites are not the result of a
chemical shift between different species of Cu.

The second possibility is that the satellites are
Auger electrons. This possibility can also be dis-
missed. If these extra peaks were Auger lines they
would not be seen next to the Cu 2P lines if MgKo.
radiation mere used instead of Al Ko.. %'e have
performed such an experiment and therefore rule
out this alternative.

The third possibility might be that the satellites
are caused by the discrete energy losses suffered
by electrons in inelastic collisions. Those losses
are homever expected to be yra, ctieally the same for
the bvo close lying 2p photoelectron lines. Further-
more they should be also associated to some extent

with other photoelectron lines in the spectrum such
as (O) ls, (S) 2s, 2p, (Cu) Sp, etc.

The fourth possibility could be, and evidence will
be presented that this is indeed the case, a process
involving exeitations of electrons from the. valence
band to unoccupied states in the conduction band,
taking place in parallel with the formation of a 2p
vacancy. The emitted photoeleetrons mill then have
kinetic energies reduced by the amounts correspond-
ing to these interband transitions. The satellite
spectrum would thus reveal the band structure of
the solid.

The observed spectrum is thus a reflection of the
density of states ln both the valence and the unoc-
cupied conduction band, weighted by the transition
probabilities.

Different compounds should in principle show dif-
ferent structure. That this is the case is evident
from Fig. 1. Other examples are shown in Fig. 3,
where the 2P~&& and 2PSI z regions from metallic cop-
per, CuSQ, and CuO are shown. The CuQ mas also
measured with higher resolution to study the doublet
structure of one of the satellites. The origin of
this doublet, and also of some other satellite dou-
blets, may be related to a multiplet-type splitting
or to the possibility that the transition probabilities
may be different when the primary excitation is in
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the 2/~~2 level. In that case, the doublet should
also be present in the 2P&~ 3 satellite, but appearing
with a different intensity ratio.

Effects similar to the one just described are
known to exist in the case of free atoms. In the
atomic case, this type of multiple excitation is ex-
plained by the so-called shakeoff theory7 (sudden
approximation), according to which both excited
and ionized atoms may appear in the final state.
This effect' has been verified experimentally by using
both electrons and photons to produce primary va-
cancies. '

Satellites accompanying KLL Auger electrons
emitted from solid KCl and K~SO4 have been ob-
served by Fahlman et al. They suggested that these
satellites are emitted in a nonradiative process
where the electron configuration of the final state
has two vacancies in the 2p shell and one peripheral
electron promoted to an excited state. In addition,
there could also be a removal of peripheral elec-
trons into the continuum, leaving the potassium ion

in a state of multiple ionization.
As far as the copper compounds are concerned

it would be of interest to compare the energies of
the satellites, with respect to the original 2P lines,
with measured optical transitions taking place be-
tween the valence band and the conduction band.
Such measurements exist for cuprous halides such
as CuCl, CuBr, and CuI. " Ne have measured the
photoelectron spectrum of CuCl and the result is
shown in Fig. 4. Satellites with visible structure
are seen. The optical measurements give the fol-
lowing transitions for CuCl: 3.306 (I'»- I',),
6.1 (I'„ I', ~), 6.4 (A3- Ag), 8.3 (X5 X)), 10.0
(Xq- Xs), with energies in electron volts. These
are indicated in the CuC1 photoelectron spectrum
in Fig. 4. As one can see, there is a correspon-
dence. The optical transitions are of dipole nature,
while the "shakeup" excitation is monopole in char-
acter, at least in the atomic case. In solids it may
be possible to have allowed transitions of similar
energy taking place in the vicinity of optical transi-

2P3~

Cu - METAL

2P
ty

't

I

2.3 eV

4o ~ ~
lip 0~

~ &s ~
~ I ~4~. ~ ~ ~

4 ~
~ o +t+
~a

~ ~

~ ~~g

~I
~ 4

CuO

~ ~
~ ~
~ ~

~ ~

4e ~ ~
II~

P3)

2P3~

~ gt
~y

CuSO~
~t

~ ~ ~
C ~ og

~ ~

~ %+ 4ft H
~ 'e l

I

960
I

940
I I

920 980

B. E. ( eV)

I

960
I

940
I

920

F/Q. 3. 2pg)2 and 2p3~& region of metallic Cu, CuSO4, and CuO. Satellites are seen in the two compounds but not in
Cu metal. CuO spectrum measured with improved resolution is also seen. Note the difference in 2p linewidth between
metallic Cu (2. 3 eV) and CuO (4. 0 eV}.



X-RAY PHOTOELECTRON SPECTROSCOPY OF SOLIDS ~ ~ ~

0-

I—
Z

4 ~~ ~
~ ~

~ ~ ~

~ ~ FIG. 4. 2p)g2 and 2p3(2
photolines and their satellites
in CuCl. The valence-band-
conduction-band transition
energies, as obtained from
optical measurements (Ref.
10) are shown in the figure.
Correspondence is seen be-
tween these energies and the
satellite structure. Note
the different relative inten-
sities in the two groups of
satellites.

I i 1» I « i i I

970
I

960
I

950
B.E. (eV)

10 5 0
eV [ )

940 930

tions. The lack of ideal agreement is not unexpected
considering the difference in the nature of these
two processes. Here we are comparing transitions
in a neutral configuration with the transitions in a
system with an inner-shell vacancy. The presence
of this vacancy may cause changes in the band struc-
ture and lead to changes in the excitation energy in

some cases. The problem is somewhat similar in
x-ray absorption spectroscopy. Our main conclu-
sion is however, that the energy interval deduced
from photoelectron-line satellites is nearly the
same as the one obtained from the optical work.

It is interesting to note that the transition prob-
abilities may actually be different, depending on
where the primary vacancy occurs. Note the dif-
ferent relative intensities, corresponding to differ-
ent transitions, in the 2p, i 2 and 2p3& z satellites.
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The stepwise conversion of infrared (=0.97 p) radiation to near infrared {0.81 p) and visi-
ble (0.475 p) light in YF3 sensitized with Yb ' and activated with Tm ' has been studied in de-
tail. The lifetimes and fluorescence intensities of the important manifolds (Yb I"&~2, Tm 3H4,
Tm E4, and Tm G4), as we11 as the Yb-to-Tm transfer probability coefficients for the three
steps of the process, have been measured as functions of concentration. A saturation effect
previously observed in the Tm emission versus infrared excitation intensity has been shown
to result from the rate of depopulation of Tm H4 by the second Yb-to-Tm transfer exceeding
the Tm H4 decay rate. This was used to determine the second transfer probability coefficient.
The first transfer probability coefficient was found to be 1.2&&10 ' cm sec independent of Tm
concentration and for Yb concentration of the order of 10 at. /o and greater. The second trans-
fer probability coefficient was found to be approximately 10 4 cm sec for Yb concentrations
of 25 at. % and greater. The third transfer probability coefficient was found to be 2.7x10
cm sec . The dependence on Yb concentration of the relative efficiency of conversion to 0.475-
p light agrees well with the values calculated from a rate-equation model using the measured
lifetimes and transfer probability coefficients.

I. INTRODUCTION

The conversion of infrared (= 0.97 p. ) radiation
to near infrared (0.81 p. ) andvisible(0. 475 p, ) light
has been observed' ' in a number of host crystals
sensitized with Yb" and activated with Tm'. Since
the conversion process is particularly efficient in
YF3, ' a detailed study has been made to correlate
the efficiency with the characteristics of Yb and Tm
in this material. This paper presents the results
of the study.

Section II discusses the model for the conversion
process and pertinent results are derived from the
rate equations. The assumptions implicit in the
rate equations are also discussed. Section III deals
with the fluorescence lifetime and intensity mea-
surements of the important Yb and Tm levels and
Sec. IV with the Yb-to- Tm transfer probabilities.
In Sec. V, these results are used to calculate the
conversion efficiency. Reasonable agreement with
the experimental efficiency and with the variation
of efficiency with Yb concentration is obtained.

II. CONVERSION MECHANISM AND RATE EQUATIONS

The model for the conversion process which

agrees with our observed results is that proposed
by Auzel' involving stepwise excitation of Tm by
nonresonant energy transfer from Yb and multipho-
non decay in Tm. The mechanism is illustrated
schematically on the Yb and Tm energy-level dia-

grams in Fig. 1. To the right-hand side of each
manifold is its spectroscopic label, and to the left-
hand side is a label which is more conveniently used
in the rate equations below. Step I is a nonresonant
transfer in which 1650 cm ' must be absorbed by
the lattice, 1' is a multiphonon decay, 2 is a non-
resonant transfer with 1000 cm-' absorbed by the
lattice, 2' are multiphonon decays, and 3 is a non-
resonant transfer with 1400 cm ' absorbed by the
lattice. The 0. Sl-p, emission results from the
Tm 3+4- 'H6 transition and that at 0. 475 p, from
Tm 'G'4- 3a, .

The steady-state rate equations appropriate to
this model are

dnY, o Yl nY2
n Ygdt &Y ~Y

—
)(g SYB T 1 X2 Y2 T2 ~3 r2 r4

dnr2 = nr2
dt nY2nrs —— X2n Y2n 2= 0,

7T2

dnr4 n~r= X2n Y2nr 2
—X3n Y2nr 4

= 0,dt

dnrv nr7 =
GM

—X3nY2nr4-
7r7

where o Yis the Yb I"7~2- Fs~2 cross section
averaged over the spectrum of the exciting radia-
tion, EYis the average energy of the Yb E7/2- I' s(2
transition, I is the total intensity of the exciting


