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Depth distribution function calculated by quantum scattering theory
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The depth distribution function (DDF) ¢(z) in normal photoemission from solids is studied by use of
quantum full multiple scattering theory and non-Hermitian optical potential X. The damping of the photoelec-
tron waves is taken into account without use of ad hoc assumption: Re 3, has influence on the elastic scatterings
from surrounding atoms and the Im 3, on the damping of the photoelectron wave. The present theoretical
approach explicitly takes the details of atomic arrangement in solids into account, which is in contrast to the
currently used classical approaches applied to jellium models. The latter approach cannot study interference
effects caused by elastic scatterings from different atomic sites. To properly describe the DDF, full multiple
scattering renormalization is inevitable even at 1000 eV, which needs large scale computations. The elastic
scatterings give rise to a peak at z~4.1 A in the DDF both for one- and three-dimensional models. Tempera-
ture effects on the DDF are also discussed, which smear the DDF because the quantum interference effects are
destroyed because of the thermal motions. The asymptotic behavior of ¢(z) for large z shows simple expo-
nential decay from which we can estimate “mean free path.” It is, however, different from the original one,

since elastic scatterings are renormalized to it.
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I. INTRODUCTION

Auger-electron spectroscopy and x-ray photoelectron
spectroscopy (XPS) have developed rapidly, which are now
used extensively in many different areas of science and tech-
nology. Excited electrons from solids travel some distance
before they escape through the solid surface. During this
transport, some electrons lose energy through inelastic scat-
terings. This gives rise to an attenuation of the peak intensity
as well as to a background signal of inelastic electrons.' For
any quantitative analyses of these spectra, we need proce-
dures to correct for these spectral changes influenced by elas-
tic scatterings. The main approach to account for elastic scat-
terings was the Monte Carlo method.2> However, the
statistical uncertainty associated with the Monte Carlo simu-
lations gives rise to very long computation times. Hence,
analytical and semianalytical methods have been
proposed.®~® One of the prospective methods for deriving the
analytical expressions is approximate solutions of the Boltz-
mann equation. In these classical approaches, they take into
account inelastic collisions with the electrons in the target as
well as elastic collisions with the randomly distributed ionic
cores.? It is, thus, impossible for us to discuss the geometri-
cal effects on these spectroscopies.

To describe the attenuation, the inelastic mean free path
(IMFP) and the depth distribution function (DDF) are key
factors. The DDF is defined as “the probability that the elec-
trons leaving the surface in a specified state originated from
a specified depth measured normally from the surface.” In
several theoretical and experimental studies, they have found
that the DDF of photoelectrons from s subshells leaving a
surface in certain directions exhibits complex behavior, with
a maximum at the depth comparable to the IMFP. For ex-
ample, Tilinin ef al. have obtained a peak in DDF at the
normal photoemission excited from O ls level in Al,O3
grown on Al substrate. In contrast to this complicated behav-
ior, the DDF recorded at the polar emission angle a=60°
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shows a simple exponential decay as a function of the
depth.'® Quite similar results are obtained for O ls photo-
electrons from copper oxide!! and iron oxide,'? and for S 2s
photoelectrons from silver sulphide.'3

Although the above theoretical tools have successfully
been used for the analyses of the DDF, they completely ne-
glect the quantum interference associated with electron elas-
tic scatterings from composite atoms. It is, thus, important
for us to apply purely quantum approaches to the DDF cal-
culations in order to study the applicability of the widely
used classical methods. Of course, quantum calculations
must be much harder than the classical ones.

In order to take the damping of the photoelectron waves
from first principles, two different theoretical approaches
have been used. Simple but very useful practical many-body
scattering approach has been developed by Hedin and co-
workers using the projection operator technique.'*!> The
second approach, Keldysh Green’s function theory, is more
formal than the above approaches.'®!® Skeleton diagram ex-
pansion in terms of dressed one-electron Green’s functions
and the screened Coulomb interaction yields useful formulas
to study resonant effects including multiatom resonant
effects'® and losses (intrinsic +extrinsic).2%2! Both of the first
principle theories successfully explain the reason why these
electron spectroscopies are surface sensitive by use of the
damping photoelectron wave function under the influence of
non-Hermitian energy dependent optical potential . Of
course, the details of X are different for the different ap-
proaches. The former can easily take the hole effects into
account, whereas the latter the temperature effects and so on.

In this paper, we calculate the DDF based on the many-
body quantum mechanical multiple scattering theory devel-
oped by us to study photoelectron diffraction spectra,?>>
where the optical potential is explicitly calculated. So far, no
quantum theoretical approach has been applied to study
DDEFE. We, thus, have had no detailed information on the im-
portance of the interference effects associated with the quan-
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tum elastic scatterings which reflects the details of local
atomic arrangements around an x-ray absorbing atom.? In
this theoretical framework, IMFP is introduced in a slightly
different way from the usual IMFP which can be calculated
for electron gas models,2® where atomic potentials are com-
pletely neglected (see Sec. III B). The present theoretical
framework, however, explicitly includes elastic scatterings
from each atomic site and damping effects. The IMFP for
jellium should be different from that for real solids. We,
however, find that the difference is quite small. In this work,
we only consider the normal emission because of very long
computation time, so that off-normal emission has not been
discussed.

II. THEORY

A. General multiple scattering photoemission formula

First principle many-body photoemission theories give us
a useful formula for x-ray photoelectron diffraction (XPD)
amplitude M(k) measuring photoelectron momentum Kk,
which is written by

M(k) = (i |Al¢e)So+ -+, (1)

where ¢, is the photoelectron wave function under the influ-
ence of optical potential 2, in a system, A the electron-photon
interaction operator, and ¢, a wave function of a core orbital
localized on the site A. The site A also means x-ray absorbed
atom and the photoelectron emitter. The intrinsic amplitude
So describes the reduction associated with the core-hole pro-
duction, which is written in terms of the initial target state
|0), no-loss hole state |0 ), and the annihilation operator b for
the core state ¢,,

Sy =(0"|b|0).

In principle, the amplitude S, depends on the depth of the
photoelectron emitter A.'> However, the depth dependence is
supposed to be weak enough,’ so that we neglect it from
now on. In comparison with the no-loss bands, prominent
loss bands, for example, plasmon loss peaks, cannot be de-
scribed by Eq. (1) (Refs. 14, 15, and 20): In this case, the
quantum interference should explicitly be taken into account.

By use of the site- matrix expansion of ,”>> the am-
plitude neglecting the factor S, can be written by the multiple
scattering series,

M(k)=Zl+Zz+Z3+"', (2)

where Z; is the amplitude without scatterings from surround-
ing atoms (direct term), Z, is the single-scattering amplitude,
Z5 is the double-scattering amplitude, and so on. The direct
term Z; is explicitly written by

Zy = (Gl = 2 YoMy, 3)
L

where ¢, is the photoelectron wave function emitted from
an x-ray absorbed atom A, and L is the abbreviated form of
the pair of angular momentum, L=(/,m). In the dipole ap-
proximation, the photoexcitation matrix element M L, €x-

cited by linearly polarized light parallel to the z axis is given
by
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My =~/ =i p(l).G(L.10|L), (4)
c T

pll). = f R(kDR, ()P dr, (5)

where 5A is the phase shift of /th partial wave at site A, and

R(kr) and R (r) describe the radial part labeled by the or-
bital angular momentum of Dar and ¢.., respectively. Gaunt
integral G(L,10|L)=[Y L, (rYy lo(r)Y (r)dr is responsible for
the angular momentum selection rule of the photoexcitation.
The single-scattering term Z, is explicitly written by

Z2_ E <¢ |tagAA|¢c

a(#A)
2 ek R“AE YL/(k)tl'(k)GL’L(kRaA)MLL ’
a(#A) LL'

84 =807 8ola80> (6)

where ¢’2 is the plane wave and R ,, is the position vector of
scatterer o measured from a photoelectron emitter A. The
angular momentum representation of the site-r matrix #/'(k) at
site « is given by

e — 1
2ik

t/'(k) = (7)

in terms of the phase shift &' at site « and the photoelectron
wave number k. The propagator G, (kR ,,) describes elec-
tron propagation from the site A with L to the site a with
L'2 In terms of X=tG, we obtain the general renormalized
multiple scattering XPD formula,?

M(Kk) =3 e Ra > Y ()1 + X+ X2+ X0+ - 1My,
a L’ '
=2 e *Ra Yy L - X) ] My ®)
a LL'
X;7, =17 (k)G (kR ) (1 = 5°P), ©)

where X is a square matrix, in which a matrix element is
labeled by a set of atomic sites (A, «,f,...) and angular
momentum L, whose matrix dimension is N(/,,,,+1)? for the
cluster of N atoms and maximum angular momentum /..
The full multiple scattering is taken into account by use of
the inverse matrix (1-X)!

B. Electron attenuation

In this section, we study the effects of an electron attenu-
ation in the above XPD theory. For that purpose, several
optical potential theories have been developed.?®-3? Equation
(1) is derived from first principle many-body theory without
additional ad hoc assumption.'* The nonlocal optical poten-
tial X(e;) has now Hermitian (real) and anti-Hermitian
(imaginary) parts
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S(g)=V-il. (10)

The real part V substantially influences the phase shifts, and
the imaginary part —il" is responsible for the photoelectron
damping, which typically weakly depends on the space, and
is approximated by a constant. To apply the site- matrix
expansion, we have two different choices of the free propa-

gator g.
At first we define the damping free propagator gg(e),

go(e) = (Ty>0), (11)

€ — Te + lro
where T, is the kinetic energy operator, T,=p*/2. This
choice definitely makes ¢ in Eq. (6) the damping plane
wave, with the complex momentum k' defined by Eq. (12).
When T is determined as a muffin-tin constant and the re-
sidual imaginary part is small in each muffin-tin sphere, the
phase shifts &' are completely influenced by Vy+V, where
Vy is the Hartree potential. We can write the total potential
Vy+V as the sum of each atomic potential v,

Vy+ V=20,

By use of this separation, we can apply the site-# matrix
expansion?>~23

g(e) =go(e) + 2 go(e)vagole) + -+

=ga(e) + X go(e)tagale) + -+

We can also use another expansion in terms of a free
propagator without damping instead of the above damping
free propagator

go(e) = (p— +0).

e-T,+in
In such a case, d)2 in Eq. (6) should be pure plane wave, and
we have to divide Vy+3 into each atomic potential v,. In
this case, the potential V,+2, in the interstitial region is fi-
nite, which can give rise to redundant scatterings. The atomic
scattering phase shifts & should be complex.

The former expansion naturally describes the photoelec-
tron wave propagation with damping, and we use this expan-
sion hereafter. The effective momentum k' is, thus, defined
by the principal value

k' =\2(e +ily) =k, +ik (k' Ik). (12)
In the high energy region (g;,>1')), « is approximated by
Iy 1
=—~-—-Im3.
kT Tk

This expression gives the widely used IMFP formula.’* We
should, however, notice that there exists an important differ-
ence between them. In the present approach, T’y is deter-
mined so as to get rid of redundant scatterings from the in-
terstitial region. In the atomic regions atomic potential
including the real part of 3, is fully taken into account. In the
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conventional approaches, I'j is determined for jellium model
neglecting atomic potentials.

In this work, we use the Hedin-Lundqvist potential for the
optical potential calculations.’*3> More sophisticated ap-
proaches have been developed now,*® but additional average
is to be devised to obtain I',.

We, thus, have the photoemission amplitude explicitly in-
cluding the damping effects,

M) =S, e Pe®e ke Rar S v, ()[(1 - X)™ 10 My

LL'

(13)
chf/ =1} (k)G (kR op)e " Rap(1 = 5F). (14)

where Da(lAc) is the distance from the site « to the surface of
the solid along the direction of a photoelectron propagation

~

k.

C. Debye-Waller factor

For practical purposes, we introduce Debye-Waller factors
to take account of thermal and static disorder on photoemis-
sion intensities. First, we should calculate the photoemission
intensity at a fixed nuclear arrangement and, next, take the
thermal average of it over all possible nuclear fluctuations
around an equilibrium configuration,*37 so that the coherent
sum renormalization as used to derive (1-X)~! is not al-
lowed. To derive the coherent sum, we assume the random
phase cancellation for cross products of complicated multiple
scattering terms, which yields

M) ~ 3, e Pa® e RSy, (B[ (1 - X(1) 0 My
a LL'

(15)

where the matrix X(7) is temperature dependent through the

Debye-Waller factor o‘i 8

XB(T) = X exp(- kZUiB). (16)

In the above derivation, we have used the harmonic approxi-
mation for the lattice vibration.?

To calculate the Debye-Waller factor, we use the Debye
approximation, which gives

h(“P 3 sin(R , g/
Pp= | do>s |- SnRag0lO) | Bhar2).
0 ) R, pwlc

(17)

where B=(kzT)™', M is the reduced mass of atoms a and 8,
wp is the Debye frequency, related to Debye temperature ®,
by kz®p=hwp, and c is sonic velocity in the solid; they are
related by w;,=6n7>c’, where n is a density of lattice points.
The Debye approximation works well for the monatomic
crystals considered here; however, optical modes approxi-
mated by Einstein models are also to be taken into account
for complex solids except for the monatomic solids.>¢3° We,
thus, have the photoemission intensity excited from the core
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FIG. 1. The effects of the scattering orders on the DDFs excited
from Fe 2s level for the chain model (Fesq, chain length=123 A);
£,=1000 eV and [,,=17. “0” stands for the photoemission inten-
sity |Z,]%, “1” for |Z,+Z,]%,..., and “Full” for |Z,+Z,+---|>. The
inset shows the expanded DDF.

level ¢ on site A neglecting unimportant constants

> . A~ 2
I~ | 2 e PR Sy ([ - XD My, |
a LL'

(18)
This equation directly gives the DDF ¢(z,).

III. CALCULATED RESULTS

In this section, we show some calculated DDFs for iron
crystals by use of the full multiple scattering approaches de-
scribed in the previous section. We use two different models
for the clusters to analyze the DDF. One is a simplified
model; one-dimensional model where only forward and
backward scatterings are considered. Another model is more
realistic: three-dimensional one where elastic scatterings
from all atoms in cylinders are taken into account. Of course,
computation cost is much smaller for the one-dimensional
model than that for the latter.

A. One-dimensional Fe chain

We first study the DDF in normal photoemission from the
one-dimensional Fe chains along the z axis, where the matrix
elements X;;, vanish when m=0 or m'=0. We consider the
excitation from the Fe 2s level irradiated by linearly polar-
ized x rays parallel to the z axis. The chain length is 123 A,
composed of 50 Fe atoms whose interatomic distance is
2.48 A, referring to that in bce iron crystals. Iron (001) sur-
face has two different types of chains as shown by C; and C,
in the inset of Fig. 6. Here, we simplify the model where all
atoms are in the same chain, with the distance in iron crys-
tals. We neglect the Debye-Waller factors here.

Figure 1 shows the calculated DDFs with £,=1000 eV for
different multiple scattering orders: “0” stands for the direct
photoemission intensity |Z,|*, “1” |Z,+Z,|*,..., and “Full”
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FIG. 2. Fe2s DDF for different g; from 100 to 1000 eV. The
horizontal lines on the right side show the baselines of the DDF for
each energy.

for |Z,+2Z,+--+|>, where the full multiple scatterings are
taken into account. Here, we neglect the Debye-Waller fac-
tors. To calculate the DDF, we should include partial waves
up to [,,,=17 for the kinetic energy &,=1000 eV after we
check the convergence. The inset shows the expanded DDF
to distinguish “Full” and “0.” The DDF “0” without scatter-
ing effects from surrounding atoms shows simple exponen-
tial decay as expected. This result corresponds to the so-
called straight line approximation.” The calculated results for
the single-scattering approximation |Z, +Z,|* shows a peak at
~15 A depth, and the double-scattering approximation |Z,
+7,+75|? gives a peak at ~30 A, and the DDF diverges with
scattering orders. The peak in DDF is typically observed at
the depth comparable to the IMFP.!%!3 On the other hand,
the full multiple scatterings give reasonable result for the
peak position. This result is quite different from that ob-
served in XPD analyses. At the high energy region consid-
ered here (1000 eV), XPD patterns usually converge with a
few forward multiple scatterings.>>* In XPD studies, small
take-off angle detection (<10°) is usually used to obtain
surface sensitive spectra. We, hence, use only full multiple
scatterings from now on.

Next, we examine the energy dependence of DDFs. Fig-
ure 2 shows the DDF from Fe 2s photoemission for different
photoelectron energies g;,=100—1000 eV for the same chain
models used in Fig. 1. We normalize the DDF ¢(z) so as to
be

f P(z)dz =1
0

to closely compare the depth profile where z is the depth of
the emitter from the surface. Filled circles show the iron
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FIG. 3. DDF for different /,,, with £,=300 eV.

lattice sites from which photoelectrons are ejected. A promi-
nent sharp peak at ~5 A is observed for all calculated ener-
gies (g,=100 eV). With increase of g, the peak broadens
but does not shift. For high energy photoemission, the con-
tribution from deep sites is important because of the large
IMFP: The breakdown of the exponential decay should be
caused by the focusing effects as widely observed in XPD?
and in extended x-ray-absorption fine structure (EXAFS)
spectra.*!

We next investigate [,,, dependence of the calculated
DDF. Figure 3 shows the [, dependence for Fe 2s photo-
emission intensity with £,=300 eV for the same models used
in Fig. 1. For [,,=0-4, no peak is observed in the DDF,
whereas a peak is observed when [, =5. This result is also
related to the focusing effects: We expect the strong focusing
effects for large /,,,,. We find a good convergence for [,
=10; larger /., gives no prominent difference in the DDF.
We also study the /,,,, dependence for lower photoemission
energy £;,=100eV. As shown in Fig. 4, the DDF at g,
=100 converges for smaller [,,, [,.x=35, because [, is ap-
proximately written by /., =ka within one-electron potential
scattering theory, where a is the impact parameter. In our
treatment, we use a more sophisticated approach without the
use of such a simple model, so that [, is not proportional to
k. Let us consider the reason why we can observe a peak in
the DDF when ¢,=100 eV fixed at [,,=17 in Fig. 2, and
when [, =5 fixed at £,=300 eV in Fig. 3. The focusing
effects are important for large &;, where large /., should
inevitably be used. The photoemission intensity from an
atom in the second layer is smaller than that from an outer-
most atom with the damping factor ¢ ¢ (d is the distance
from the surface) when we neglect the forward scatterings
from the surface atom. On the other hand, the forward scat-
tering gives an enhanced factor in the order of |£,(0)|, where
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g,=100eV
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e
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FIG. 4. Same as Fig. 3, but with &,=100 eV.

f2(0) is the forward scattering amplitude. Strong focusing
effects (large |f,(0)|?) can give the larger photoemission in-
tensity from the second layer than that from the first layer.
For the photoemission from the deeper sites, the exponential
damping plays a more important role than the forward elastic
scatterings.

Figure 5 shows the calculated DDF for different chain
lengths from short (5 atoms, 11 A) to longer chains (50 at-
oms, 123 A) with £,=300 eV: We neglect the Debye-Waller
factors. We only observe the very small difference between
them: The chain length is not so important for the DDF cal-
culations because the forward scatterings are dominant. Of

g=300eV | ——50 atoms
i ——10 atoms| |
L --o--5 atoms i
o
= L J
S5
g | i
S
w
al J
[a]
PR TR IS N S T SR AN SR SR SR N S S S T
0 5 10 15 20 25
depth (A)

FIG. 5. Calculated DDFs for different chain lengths with &,
=300 eV. The lengths of the chains are 11 A (5 atoms), 24 A
(10 atoms), and 123 A (50 atoms).
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FIG. 6. (Color online) Calculated DDFs from Fe (001) surface
where we use cylindrical bcc models with different radii for g,
=300 eV. The horizontal lines on the right side describe the base-
lines of the DDF ¢(z) for each size. In the inset, two different types
of chains C; and C, are shown.

course, the chain length should be slightly larger than the
depth at which the DDF ¢(z) is to be calculated.

B. Three-dimensional Fe model

In this section, we use more realistic models than the
chain models considered before, where we only consider the
forward and backward scatterings in the chain. In addition to
them, we also consider elastic scatterings with small angles;
surrounding atoms around the z axis in a finite size cylinder
are taken into account. All multiple scatterings inside these
cylindrical clusters are fully taken into account. We consider
the photoemission from Fe (001) surface, neglecting the
Debye-Waller factors: The two chains C; and C, in the inset
of Fig. 6 have different distributions of Fe atoms measured
from the surface. In the chain C,, there exists an outermost
surface atom, whereas in the chain C,, an atom in second
layer occupies the top site. We, thus, use the two different
cylinders whose central chains are C; and C,. We change the
cylinder radius up to the ninth sheet (up to the radius 8.1 A)
around the emitter atoms. The calculated results for these
models are shown in Fig. 6. The intensity from the third
layer in the cylinder models is much larger than that from the
chain model with the same length. When the radius becomes
larger, the DDF converges at the eighth sheet. In the one-
dimensional chain model, the peak is not so sharp and the
DDF slowly decays with z in comparison with the cylinder
models. The peak is observed at the third layer, whereas the
depth is nearly the same (~4 A) for the chain and the cyl-
inder models. This result clearly shows that the chain models
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FIG. 7. Same as Fig. 6, but artificial fcc cylinder models are
used here.

successfully predict a peak in DDF due to focusing elastic
scatterings, whereas they are poor in describing the decay
profile of the DDF, in particular, at z>10 A as discussed
below.

We next study the sensitivity of the DDF to the details of
the atomic arrangements. For that purpose, we consider an
artificial “fcc” iron lattice including eight layers (13.5 A).
The DDF from fcc Fe (001) surface is shown in Fig. 7, where
the result for the chain model is also shown for comparison.
To keep the Fe-Fe distance the same as before, we use the
lattice constant 3.51 A for this artificial crystal. The calcu-
lated DDF features are quite different from the previous
ones: The peak observed at the third layer (~4.1 A) is less
sharp than that in the bcc model. We can explain this result
based on XPD theory, where the detailed atomic arrange-
ments influence the XPD pattern:>>>> For small z, the XPD
effects are dominant.

C. Temperature dependence of the depth distribution function

We next study the temperature dependence of the DDF for
the Fe chain models considered in Sec. III A, and for the
cylinder models in Sec. III B. We should note that the chain
model is a cluster, inside which full multiple scatterings are
taken into account. The phonon modes are calculated on the
basis of three-dimensional crystals, where we have a simple
relation w=ck in the Debye model. For the present studies,
we calculate the Debye-Waller factors by use of Eq. (17) in
the Debye approximation, where we use © )= =467 K for iron
crystals. For example, a'2 =0.260X 1072 A2 at 0 K, and
0.537 X107 2 A% at 300 K for interatomic distance R,g
=2.867 A. Figure 8 shows the result for the chain models
Fes, used before for different temperatures from 0 to 700 K.
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FIG. 8. Temperature dependent DDF from the chain model Fes,
used in Figs. 1-4 with ;=300 eV. The Debye-Waller factor is
calculated in the Debye approximation [see Eq. (17)]. For compari-
son, the result with no Debye-Waller factor is also shown (No DW).

Even at 0 K, zero-point oscillation makes a difference from
the result where the Debye-Waller factor is completely ne-
glected. For lower temperature, the peak is sharp, which re-
flects the importance of elastic scatterings to give the promi-
nent peak: The Debye-Waller factor destroys the
interference. Figure 9 also shows the temperature depen-
dence of the DDF for the Fe cylinder models including 198
atoms in the cylinder, 2=25.9 A, and r=4.6 A. We observe a
temperature dependence similar to those in Fig. 8. We should
note that the decay profile at large z is also influenced by the
temperature: At higher temperature, the DDF decays slowly
both in the chain and in the cylinder models, which imply the
importance of the elastic scatterings for the DDF even at
deep depth. The details are discussed below.

D. Depth distribution function at large z

The asymptotic behavior of ¢(z) at large z is well de-
scribed by a simple exponential law

P(z) ~ e M, (19)

where A, is the dressed IMFP, which effectively includes the
elastic scattering effects. Of course, this law does not work at
small z as seen in the previous sections. Figure 10 shows
In ¢(z) as function of the depth z for different photoelectron
energies, g,=100, 300, 500, and 1000 eV, where we use the
chain model used in Fig. 1 and neglect the Debye-Waller
factors again. For comparison, In exp(—z/\) are also plotted,
where the bare IMFP \ is calculated by A=(2«)~!. All of
them are well fitted to linear straight lines in the large z
region (>80 A). In the low energy case (g,=100 eV), the
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FIG. 9. Same as Fig. 8, but from the bcc cylinder model,
Fe|9g.

linear fitting is good even in the region z>30 A. On the
other hand, it is good only in the region z>80 A for the
higher energy case (g,=1000 eV). The IMFP is short for the
low energy photoemission, and the exponential decay starts
even at small z. This figure clearly shows that the approxi-
mation (19) works well for large z, but A, is not simply \,
because elastic scatterings are renormalized in the exponen-
tial decay formula. The linear fitting provides A, for different
energies, which are listed in Table I. Tanuma ef al. have used
Penn’s algorithm to calculate IMFP in a wide range of

0 T T T
5L i
1000eV
-10 + i
)
< 500eV
£
-15 L 4
300eV
-20 + i
100eV
-25 1 I 1 I 1
0 20 40 60 80 100 120

depth (A)

FIG. 10. Depth profile of In ¢(z) for different photoelectron en-
ergies g,=100, 300, 500, and 1000 eV for the chain model used in
Fig. 1. Simple exponential DDF In exp(—z/\) with no scatterings
from surrounding atoms are also shown by solid lines for
comparison.
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TABLE 1. The bare IMFP A\ and the dressed ones A\, for iron
crystals at different g, from 100 to 1000 eV. App is the IMFP of
iron calculated by TPP-2M formula (Ref. 42).

N (A)
€k )\ )\"I;PP
(eV) (A) (A) Chain Cylinder
100 5.15 4.42 5.07 4.98
200 5.15 5.68 5.06 5.02
300 6.29 7.10 6.16
400 7.49 8.50 7.30
500 8.67 9.87 8.42
600 9.85 11.20 9.52
700 10.99 12.49 10.60
800 12.12 13.77 11.62
900 13.23 15.01 12.65
1000 14.32 16.24 13.64

materials. The latest version of the IMFP formula proposed
by Tanuma et al. (TPP-2M) is one of the most frequently
used predictive formula to calculate IMFP.%?> In Table I, the
IMFP \pp, calculated by the TPP-2M formula,*? is also
shown for comparison. We find that A >\, for all energies
considered here. Similar behaviors have also been observed
in the Monte Carlo simulation.!%-12

Figure 11 shows the calculated In ¢(z) as function of the
depth z for £,=100 and 300 eV. We use the cylinder model

In¢(z)

——chain model
-25 [ | —— 1st sheet
— without scattering

0 t f t t t

In o(2)

-30 I I . | I
0 20 40 60 80 100 120

depth (A)

FIG. 11. Same as Fig. 10, but from the cylinder model where
only the first nearby sheet is taken into account.
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where only the nearby sheet is taken into account (81 layers)
because of the computation cost. This model also shows the
exponential decay at large z [see Eq. (19)], but N\, is smaller
than that in the chain model; the rapid decay of the DDF in
the cylinder model was already observed in Figs. 6 and 7.
The DDF shows a dip at ~10 A for the cylinder model at
£,=100 eV, and a small dip at ~15 A at =300 eV. The
unexpected dip, however, is lost by use of large cylinder
models: The model with up to the third sheet gives no such
dip. We, thus, expect that no dip may be observed. As dis-
cussed before (see Figs. 6 and 7), the calculated DDF slowly
converges with cluster size in the cylinder models. Table I
shows that the cylinder model gives different \; because of
different contributions from elastic scatterings. At 300 eV,
In ¢(z) is not accurately fitted to a linear function because of
the insufficient cluster size used here: A larger cluster should
be used to obtain good convergence. The listed \;’s in Table
I for the cylinder model are not so accurate.

IV. CONCLUDING REMARKS

In this work, we study the depth distribution function
(DDF) by use of quantum mechanical full multiple scattering
calculations. It is necessary to include full multiple scatter-
ings; finite multiple scattering approaches to the DDF calcu-
lations are inadequate because finite multiple scatterings di-
verge with increase of scattering orders.

The full multiple scattering calculations give a prominent
peak in the DDF at the second layer from the surface in all
the chain models and for all electron energies considered
here. This peak is caused by the focusing effects in the for-
ward elastic scatterings, as observed in XPS and EXAFS.
The interference can be destroyed by thermal motion of com-
posite atoms, which gives a duller peak with increase of
temperature.

Both the chain and the cylinder models give a peak in the
DDF ¢(z) from the layer at z~4.1 A, consistent with the
observed results'®!3 obtained so far, although there have
been no experimental DDF for iron crystal. An important
difference in these models is the decaying behavior of ¢(z)
at large z: The realistic cylinder models show more rapid
decay than the simple chain models. One important result is
that N>\, is also supported by the classical Monte Carlo
simulations,'®!! whereas they are applied to the DDF calcu-
lations for amorphous solids.

In the present paper, we only consider the normal emis-
sion from the monatomic crystals because of heavy compu-
tation cost. In principle, this method can be applied to any
complex systems such as Al,O3 and CuO crystals, and also
the off-normal photoemission. To obtain reliable results for
the off-normal emission, we should use large clusters. These
studies will be carried out soon.

We clearly show that the IMFP depends on the basic the-
oretical framework. If we completely neglect elastic scatter-
ings from composite atoms, the conventional bare IMFP A
can be used. On the other hand, if we include the elastic
scattering, the IMFP \ is determined on the basis of Im 3 in
the interstitial region. We also should note that experimental
IMFP referring to the decay behavior of the DDF at large z
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already includes some contributions from the elastic scatter-
ings.

As demonstrated here, the DDF, in particular, at small z,
depends on the details of the surface structure. We, are, thus,
afraid that the classical approaches fail to explain the details
of the DDF. For that purpose, further experimental efforts are
necessary to measure the DDF for different surfaces of single
crystals. Further quantum DDF calculations are also to be
carried out for other systems and for off-normal emission.

PHYSICAL REVIEW B 77, 085404 (2008)
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