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Resonant photoemission shake-up and Auger processes at
the 3p photothreshold in Ga and GaP
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(Received 6 December 1979)

Resonant photoemission 3d shake-up satellites in Ga metal and GaP, which are closely relat-

ed to M2 3M4 5M4 5 Auger transitions, have been observed at the 3p photothreshold of Ga. By

analyzing the line positions, multiplet structure, and resonant behavior near threshold, we have

determined the excitonic binding energies and correlation energies for various one-hole and

two-hole excited states. awhile these two-hole excitations in Ga metal and GaP are similar be-

cause of their quasiatomic nature, important differences are observed which are due to different

final-state screening mechanisms for a metal and an insulator. The present results are compared
with those for Cu and Ni.

I. INTRODUCTION

Resonant photoemission shake-up, direct recombi-
nation, and Auger processes near core-level pho-
tothresholds have attracted recent attention. ' '
Guillo et al. ' observed resonant behavior of the 6 eV
satellite of the 3d photoemission peak of Ni near the
3p core-level threshold; they explained the results in

terms of configuration interaction and Fano reso-
nance, and inferred a narrow, partially filled 3d band
was necessary for such effect. Recently, Iwan,
Hirnpsel, and Eastman' have observed a similar
phenomenon in Cu, which has a filled 3d shell.
Based upon an analysis of the satellite multiplet
structure and the resonant behavior at the 3p pho-
tothreshold, they have concluded that for both Cu
and Ni the satellite is due to a two-electron excitation
process in which two 3d electrons are excited simul-
taneously to generate a photoelectron and a quasi-
bound (mainly 4s for Cu and 3d for Ni) electron.
For Cu the resonance of the partial cross section of
the satellite is attributed to a 3p to unfilled 4s transi-
tion. A related study of quasimatrix isolated Cu in

Cu-phthalocyanine has been carried out and the
results have been explained using an atomic model ~

'
The objective of the present study is to provide a

deeper insight of these resonance phenomena by

comparing a semiconductor (GaP) with a related met-
al (Ga). Namely, there are important differences in

screening, e.g. , dielectric screening versus metallic
screening, as well as in the nature of the final states,
e.g. , band gap (GaP) versus no band gap (Ga). Be-
cause the electronic band structures of Ga metal and
GaP are well known, important many-body quantities
such as the correlation energies, excition binding en-
ergies, etc. , can be dervied from the experimental
results. Atomic Ga has the electronic configuration
(Ar)3d' 4s 4p with filled 4s and 3d shells, and

resonant 3p 3d, 4s excitations at the 3p pho-
tothreshold are not allowed. However, for GaP,
GaSb, and metallic Ga, band-structure effects mix
several configurations of nearly the same energy, and
resonant two-electron 3d excitations similar to those
observed in Cu and Ni are observed. In contrast to
Cu and Ni, undetectable satellite intensities (~1'/o of
the 3d main line) are observed away from reso-
nance. Near resonance, new photoemission features
appear; a satellite line with multiplet structure corre-
sponding to a 3d' configuration is clearly observed,
including both the strong 'G and 'F terms as well as
the weak 'D and 'S terms which have not been ob-
served for Cu and Ni. The overall resonant behavior
is very similar for metallic Ga and semiconducting
GaP since it is quasiatomic in nature. However,
there are important differences, e.g. , a core exciton"
resonance strongly enhances the satellite emission in
GaP relative to Ga metal. The two-hole effective
Coulomb interactions U for the 3d satellite and
Auger structures are the same for Ga metal but differ
by —I eV for GaP.

II. EXPERIM ENT

Experiments were done using synchrotron radiation
at the Synchrotron Radiation Center at the University
of %'isconsin-Madison. A double-stage cylindrical
mirror analyzer was used in the angle-averaging
mode to analyze the photoelectron energy. The ex-
perimental chamber had a working pressure of about
7 x 10 "Torr.

The solid metallic Ga sample was prepared by cool-
ing down liquid Ga of 99.9999'/o purity to room tem-
perature in a Ta boat. It was cleaned before mea-
surement by in situ scraping using a carbide knife.
The cleanliness was monitored using photoemission
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and Auger spectroscopy. The sample could be Ltsed

for about three hours before detectable amount of in-

dium impurity diffused from the bulk to the surface.
The semiconductor samples were p-type GaP and
GaSb cleaved in situ to expose the (110) surfaces; the
sample lifetimes were longer than several days.

III. RESULTS AND DISCUSSIONS

with the electron which is promoted from 3d to
valence charge mainly in the atomic 4s orbital. This
is usually called the satellite, or shake-up, line of the
3d main emission line which is described by

(Ar)3d' V" +hv~(Ar)3d V"+e (2)

Typical photoelectron energy distribution curves for
GaP are shown in Fig. 1. The valence bands and the
Ga 3d core levels at —18.6 eV (spin-orbit splitting
=—0.5 eV unresolved) and the associated surface and
one and two bulk plasmon loss peaks are well
known. As h v is tuned near the 3p threshold, sharp
features with fixed line shapes and binding energies
appear, which correspond to excited Ga (Ar)3d' V" +'

configuration; these are due to a two-electron excita-
tion of Ga atoms with the ground-state configuration
(Ar) 3d' V", where V denotes the 4s and 4p valence
charges, that is,

(Ar)3d' V"+hv~(Ar)3d V"+'+e

(Ne) (3s'3p') 3d' V"~ (Ar) 3 d' V" + e (4)

From Eqs. (1) and (4), both the Auger and the two-
electron excitation (satellite) lines involve a 3d final
configuration, Following Refs. 1, 2, and '7, this can
be decomposed into d multiplet terms: 'F, 'D, 'P,
'G, and 'S. The satellite line shape for GaP are
shown in Fig. 2 together with a scale for the correla-
tion energy U, which is defined as the difference
between the measured energy and that expected from
an algebraic sum of one-body energies (to be dis-
cussed in detail). For Ga metal, h v-dependent pho-
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FIG. l. Typical photoelectron energy distribution curves
(EDC's) for GaP (110) surface. Ga 3d main emission line
and its satellite are denoted by their final-state configura-
tions as 3d V" and 3d V"+', respectively, with the term
designations ( D, F, 'G, etc. ) given. S, B, and 2B plasmons
are surface, one bulk, and two bulk plasmon loss peaks,
respectively. Peaks labeled M2 3M4 5M4 5 are Auger peaks
derived from Ga. Initial energy is referred to the valence-
band maximum Ey.

FIG. 2. Line shapes of (a) the satellite structure and (b)
the M2 3M4 5M4 5 Auger transition for GaP seen in Fig. 1

after background subtraction. They are decomposed into
multiplet terms; the heights of the vertical lines represent
the relative intensities of the different terms. In (b), the
solid and dashed lines are for M3M4 5M4 5 and

M2M4 5M4 5 Auger transitions, respectively, and the weaker
'S and P terms are neglected. The correlation energy U is
defined in the text.
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TABLE I. Experimentally determined binding energies,
satellite resonance energies, and correlation energies for
GaP and Ga metals.

Ga in GaP Ga metal

toelectron spectra exhibit Ga-derived satellite and
Auger line shapes which are very similar to those ob-
served for GaP (see Figs. 1 and 2).' The relevant
binding energies for GaP and Ga metal are listed in

Table I; they are all defined as positive quantities.
We will discuss the results for GaP first. The par-

tial cross sections of the 3d main line (squares) and
the satellite line (circles) are shown in Fig. 3 as func-
tions of the photon energy. The partial yield of slow
secondary electrons, which is shown as a solid curve,
is similar to the absorption coefficient. ' All the
above have been normalized to the h v-dependent in-
cident flux. Two prominent resonance peaks are ob-
served at h v =106.5 and 110.0 eV; the separation of
3.5 eV corresponds closely to the spin-orbit splitting
of the 3p3/2 and 3p~/2 core levels of Ga. Within an
one-electron picture, the resonance occurs by pho-
toexciting a 3p core electron into a level —2.6 eV
above the valence-band maximum (VBM); here we
have used the binding energies of the 3p core levels
from Table I. The lowest conduction-band critical
points in GaP are XI, LI, and I ~I at 2.3, 2.6, and 2.8

where V' denotes the screening electron
L I . Rigorously speaking, the final-state
tion with resonant excitation is given by
bination in the configuration interaction

near I ~] or
wave func-
a linear com-
picture

Pf = a P[(Ne)3s (3ps V') 3d' V"]

+bg[(Ar)3d V"+e ]

+ ep[(Ar) (3ds V') V" + e ] + {6)

eV above VBM, respectively. " " The electric dipole
transition moment' is very small at X~, medium at
L I, and large at I I, therefore we assign the resonance
as due to the formation of a core exciton ' involving
a 3p hole and a screening electron near I I or L~~.

The small difference in energy of 0.2 eV may be due
to a core exciton binding energy and/or band disper-
sion effects (the 3p3/2, 3p~/2 core levels of Ga are
more than 2 eV wide), but since our experimental ac-
curacy is only 0.2 eV, we will ignore this exciton
binding energy (estimated to be no greater than 0.2
eV). ' This resonant 3p photoexcitation at threshold
is coupled to various channels via Coulomb interac-
tions. Roughly speaking, direct recombination" ' of
the 3p excitation results in the enhancement of the
3d main emission line while Auger deexcitation
results in the enhancement of the satellite line. ' '
The latter process is described by

{Ar)3d"V"+~. -(Ne)3s'(3~'V')3d" V"

(Ar)(3d V') V" +e (5)

Binding energy
Reference

3ds/2

3d3/2

(3d),„

(eV)
Valence-band maximum

18.4(1)
18.8(1)

(18.6(1)),„
Satellite:
3c/( I)

]D
3p
]6
Ig

/ 3/2

3/)

3/) I/2

47.0(1)

50.7(1)
55.85 (10)

103.9(2)

107.5(2)

Satellite resonance
peak energy (eV)

-r', (L, ) exciton
3/)'i/2

Fermi level

3~t/2

106.5(1)

»0.0(1)

'Reference 20.

Correlation energy U (eV)
Satellite 3d ('G) V"+' 11.0(2)
Auger 3d ('6) V" 11.9(2)

Fermi level
1&.38(5)
18.83(5)

(18.53 (5) ),„

45.2(1)

48.&8(5)

104.2 (2)'

107.3(2)'

104.2(2)

11.8(1)
11.8(2)

RESONANT PHOTOEMISSION IN Ga P

I I I I

00~ 0
0 0 CQ

80

0
75— 0 0

lG
K 70

O

O
LJJ
CO

M ~ ~

CA
O i5—

00 00 0
0
0

0 Ga 3d V" MAINLINE

& Ga 3d V"+ SATELLITE

a
io—

X0
M
M
X
O
LLJ 5—

0
95 IOO

0

L I
]

0

Oi
0

I s « i I i I 1 I I ~ I I

I05 I IO I15

PHOTON ENERGY (eV)

CI)I-
z

65 I
C)

LIJ

60 ~
l-
IZ

FIG. 3. Partial cross sections of the 3d main emission line
and its satellite as functions of photon energy for GaP. The
dashed curve connects the data points. Also shown is the
partial yield as a solid curve.
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E( V') =2.6 eV (s)

The correlation energy Uq for the satellite is, by de-
finition

f/s ——Es —(E(3d ) + [E( V') +E(3d) ] ], (9)

where E~ is the measured binding energy of the satel-
lite referred to VBM. Uq for the strongest 'G term is
11.0 eV, as listed in Table I. The final state for the
M2 3&4 5&4 5 Auger transition is a pair of 3d holes in
the solid with the surrounding medium polarized, and
two electrons (one photoelectron and one Auger elec-
tron) excited into the continuum as given by Eqs. (3)
and (4). The binding energy of the final two-3d hole
state!(1[(Ar)3d' V"] referred to VBM is given by

E, =a.—(E."+y) -(Ep+y), (10)

where E&"p are the kinetic energies of the Auger elec-
tron and photoelectron, respectively, and Q the pho-
tothreshold (vacuum level minus VBM). If hole-
hole correlation were neglected, the two-hole state
p[(Ar)3d' V") would have a binding energy referred
to VBM given by

EA =2E(3d)

The correlation energy U&, i.e. , effective Coulomb

where the first term describes the 3p photoexcited
state (core exciton state), the second term the 3d em-
ission, the third term the satellite emission, and a, b,

and c are appropriate coefficients. Using a perturba-
tion approach, the resonance mainly arises from the
electric dipole matrix element connecting the ground
state and the core exciton state. As seen in Figs. 1

and 3, the satellite intensity is negligible away from
resonance. In this case the coupling between the
second term and the third term (nonresonant shake-
up) is negligible. With a negligible interference com-
ing from the nonresonant part, the spectral peaks in

Fig. 3 for the intensity of the satellite clearly mark
the centers of core exciton resonances as listed in

Table I. The shapes of the absorption coefficient and
the 3d main emission intensity in Fig. 3 do not show
strong characteristic Fano profiles, as seen for transi-
tion metals, ' although weak interference effects may
be present.

If there were no electron-electron correlation, the
satellite state!]![(Ar)(3ds V') V"] should have a bind-

ing energy given by

E(3d) + [E( V') + E(3d) ]

with all single-particle binding energies (positive)"
referred to VBM and E(V') as given below. We
take the one-hole state binding energy E(3d) = 18.6
eV to be the average of the two spin-orbit split com-
ponents, since this splitting is not resolved in our ex-
periment. As discussed previously, we ignore the
small core exciton binding energy and thus have

energy' for the two-hole state, is given by the differ-
ence of E& and E&

Ug = Eg —2E(3d)

= —(E~ +P) + [E(3p) —2E(3d) j, (12)

where we have used Eq. (10) and the relation

E~'+qb is easily measured from the spectra and we

obtain U~ =11.9 eV for the strongest 'G term. U& is

independent of $ as it should be, since this is a bulk
phenomenon.

U& =11.9 eV means it takes 11.9 eV more energy
to create a two-3d hole state than to create two

separate one-3d hole states. This energy comes from
the effective Coulomb replusion between the two
holes. This interaction is called effective, because the
one-hole and two-hole states are dressed, i.e., they
are states with vacancies in the 3d shell and associat-
ed screening configurations. For the satellite, the
screening electron resonantly excited to near I ~ or
L~ effectively screens the two-3d holes, thus reduc-
ing U& from 11.9 eV to Uq =11.0 eV. Consequently,
we attribute the change of 0.9 eV in U to this addi-
tional Coulomb attraction between the screening elec-
tron and the two deep 3d holes. We envision the sa-
tellite state P[(Ar)(3d' V') V"] as an exciton!c state
in a somewhat generalized sense; photoemission
from this state leads to the satellite structure with

fixed binding energy. Therefore, a partially unfilled
narrow 3d band is not necessary to obtain such a sa-
tellite. '

The above argument with modifications can be ex-
tended to account for the results in Ga metal. The
3d main emission (squares) and satellite (circles) in-

tensities for Ga metal are shown in Fig. 4. Also
shown is the partial yield of slow secondary electrons,
whose spectral features presumably closely resemble
those of the absorption spectrum (not available).
The satellite intensity is much weaker in Ga metal
than in GaP and GaSb. The first resonance peak po-
sition for the satellite in Fig. 4 corresponds very well

to the 3p3~2 binding energy of 104.2 eV referred to
the Fermi level'; the second peak position cannot be
determined accurately because the weak satellite
overlaps the Auger lines and the data scattering is
large. Nevertheless, the screening electron is
resonantly excited from 3p to just above the Fermi
level with negligible (excitonic) energy shift in-

volved. " The 3d main emission intensity shows a
positive slope with no fine structure (~0.5%) near
threshold, in sharp contrast to that observed in GaP.
The very weak resonant structure observed in the
partial yield spectrum have more complicated line
shapes, probably due to interference effects. '

Generally, the resonance effect is much weaker in Ga
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FIG. 4. Same as Fig. 3 except the results are for Ga metal.

Us = Es —2E(3d) (14)

and

Ug = Eg —2E(3d)

= —(Eg'+P') + [E(3p) —2E(3d)], (15)

metal than in GaP (note the relative vertical scales in

Fig. 4).
Individual satellite multiplet lines are somewhat

broader in Ga metal than in GaP presumably due to
lifetime effects, but the overall multiplet structure is
the same as that of GaP. The Auger lines in Ga
metal and GaP have similar shapes. Following the
procedure described for GaP, the satellite and Auger
lines in Ga metal have been decomposed into multi-
plet terms. With the screening electron at the Fermi
level for the satellite, the correlation energies can be
calculated in much the same way. Equations (9) and
(12) are replaced by

although one unit of screening charge is resonantly
excited from the 3p shell for the satellite state. With
n ~ formally in Eqs. (1) and (3)—(5) as appropri-
ate for a macroscopic metallic sample (i.e., a given
atomic core feels the whole Fermi sea) and V = V',

one can see that the final states of the metal are the
same for the satellite and Auger transitions, i.e. ,

Es = E&. With Eqs. (14) and (15), this explains why

U& = Us for Ga metal.
We now compare the results for Ga metal and

GaP. U& is conventionally calculated using approxi-
mate wave functions appropriate for a neutral atom,
thus U& is decomposed into two terms"

Ug =F —R

F is the Coulomb energy of the two final 3d holes
with relaxation ignored and should be independent of
chemical bonding to a good approximation. R, usual-

ly called the static relaxation or total relaxation, is the
additional relaxation energy due to the two-hole final
state above and beyond the sum of the two one-hole
relaxation energies. R can be further divided into
several parts'": inner-shell, intra-shell, outer-shell,
and extra-atomic contributions. In general, the
outer-shell and extra-atomic contributions to R
should be sensitive to bonding and the environment.
However, as seen in Table I, U~ is the same for both
Ga metal and GaP within experimental error and we
thus conclude that R is also the same in this case.

Finally we consider the maximum satellite intensity
relative to the 3d main emission intensity at reso-
nance; results from the present and past experi-
ments' are shown in Table II. The relative satellite
intensity goes down from Ni to Cu to Ga as expected
due to filling up of the available empty 3d and 4s
states. It is also noted that the relative satellite inten-
sities for Ga and Cu are generally greater in a com-
pound than in the pure metal; this point has also
been verified in other systems currently under study.
From a simple atomic picture point of view, this
behavior can be understood as due to charge transfer
of the 4s and 3d electrons away from the metal when
forming a compound, thus more empty 4s and 3d
states are available for resonant excitation.

where all binding energies are referred to the Fermi
level, E~' is the Auger electron kinetic energy and
qb'(4. 2 eV) is the work function. Results for the
strongest 'G term as listed in Table I, where it is seen
that Uq Us 11.8 eV.

Metallic screening with a soft Fermi sea is quite
different from the polarization screening in a semi-
conductor; namely, all one-hole and two-hole states
are screened in such a metal within approximately a
Thomas-Fermi length to form neutral entities. " It is
clear that the excited 3d states of Ga for both Auger
and satellite transitions are screened in the same way,

Metal Ga'
7%

Cub
—15%

Nib
—100%

Compound GaP'
20%

C u-phthalocyanine
40%

'Present work. Reference 2.

TABLE II. Maximum satellite intensity relative to the 3d
main intensity at resonance.
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