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Delocalization of the effective interaction for inner-shell ionization in crystals
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The delocalization of the effective interaction for inner-shell ionization by electrons in crystals is investi-
gated. In particulaK- andL-shell ionization in Mo and GaAs by 400 keV incident electrons is modeled from
first principles using Hartree-Fock bound-state wave functions and the results are compared with experimental
data in the literature. The delocalization of the effective interactiorfehell ionization can be substantially
different from simple estimates of the delocalization used to {&@163-18208)04706-1

I. INTRODUCTION dent on Mo and GaAs for botk- andL-shell ionization. We
compare our calculations to energy dispersive x<@pX)
Charged patrticles incident on a crystal near a crystal axiglata, based on inner shell ionization events, taken ghhéu
or parallel to planes in the crystal undergo channeling. Onand Sigle'® This allows us to address the issue of the delo-
consequence of channeling is a variation in the yield of xcalization of the ionization interaction in a fundamental way
rays arising from inner-shell ionization by the charged par-and to compare the results with recently measured high qual-
ticles when the orientation of the incident beam is variedity data. Nichter and Sigle deduced the delocalization from
Here we consider this phenomenon for electron induced xthe data in a phenomenological wHybut a priori knowl-
ray production'™*In the early 1980's the orientation depen- edge of the delocalization is crucial to obtain accurate quan-
dence of the x-ray yield was applied to determine the sitgjtative information using the ALCHEMI technique. The AL-
occupancies of cations in spinél$.The approach was fur- CHEMI method and its limitations to date have been
t_her developed in de.t(.ermin.ing the concentration of substitugiscussed in some detail by bhter and Siglé®
tional atoms on specific lattice sites by Spence and/Taffb The diffraction of the incident electron modifies the angu-
the methoq being dgbbed atom location by channeling ®Mar distribution of the electron ejected in an ionization event
hanced m|cro§maly5|$AL(_3HEMl). Many attempts have by making it a function of the orientation of the crystal rela-
%eeetﬂo(rﬁf_dlg.rﬂgcs t:qalrefcl)q:at aE%hITﬁqr.?svfh;h:CCAkchEol\f/”tive to the incident beam, the site of the,Ze) event in the
i ucial point which fim uracy of unit cell and the depth in the crystal. Unlike the free atom

ALCHEMI is a lack of knowledge from first principles of the the bh ¢ the atomic t " rix el ti
delocalization of the inner-shell ionization event leading to®2°€: 1N€ phase oT ihe alomic transition matrix element 1S an

x-ray productiort® Approximate ways have been proposed essential part of_ the physics. This is taken into acr_:ount ina
to include delocalization corrections in the ALCHEM| 9€neral expression which can model the cross section for any

techniqué*1®2or statistical methods, which are less sensi-SPecific type of inelastic scatteririguch as inner-shell ion-

) : L i>ation) i i i 22 ; ;
tive to a precise knowledge of the delocalization, have beef7ation in a crystalline environmerit:*” Besides the contri-
employed:?*3:7 bution from dynamical electrons, this expression takes into

Significant errors can be introduced in ALCHEMI if the account the contribution to the inelastic scattering under con-
atomic inner-shell interaction is treated as perfectly localizedsideration from all othetbackgroundlinelastic scattering in
(a & function at the atomic nucleusFollowing previous in-  the crystal leading to absorption from the dynamical Bragg-
vestigationgsee papers cited in Ref. Pthe measured x-ray reflected beams—for example, the contribution due to ther-
emission rate of elements under systematic row conditiongal diffuse scatteringTDS). The cross-section expression is
was compared with those based on hydrogenlike an&ased upon a general nonlocal formulation of scatte?irg.
s-function models folK-shell ionizatior?* The results dem- Under some circumstances nonlocal effects can be
onstrated the importance of the delocalization of the interacimportant®*
tion. lonization of light elements is less localized since the It has been demonstraf@dwhy, in EDX spectroscopy,
inner-shell electrons are distributed at larger distances frorintegration over the dynamical states of the inelastically scat-
the nucleus. Attempts have been made to correct for delocalered electrons averages in such a way that an effective plane
ization based on knowledge of impact paramet®f.The  wave representation of the scattered electrons is a good ap-
calculations done here, based on Hartree-Fock bound stapgoximation. We will assume that to be the case here.
wave functions, allow us to model the delocalization of the
inner-shell ionization interaction in crystals realistically from
first principles. Unlike the case of a hydrogenic médel Il. THEORY
(which is only a reasonable approximation f§rshell ion-
ization in heavier elemenjsthese calculations are relatively
complex and time consuming. In this paper we present the An expression for the cross section for inelastic scattering
theoretical details and outcomes of first principles calculafrom a crystal of thickness has recently been derivé&f>
tions of ionization cross sections for 400 keV electrons inci-based on the one-particle Sctinger equation with a non-

A. Inelastic cross sections
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local term to represent the absorptive scattering. This resubirty of the crystal alonésuch as the Fourier coefficients of
can also be obtained with suitable approximations from thehe elastic potentialbut depend on the experimental condi-

formalism of Dudarev and co-workef®.The expression,

which implicitly assumes integration over all final states of

the scattered electron, is as follows:

0'=NVCH1—Z Bi(t), C‘gcg*}m,o
1] g

+2 BI12 C‘gcjh*uh,g], (D)
0y gn
whereNV, is the total crystal volume,
) o exdiN =AF)t]-1
BYi(t)=a'a!* i ] (2

i(N =)t

and the Bloch wave coefficients' in the B'i(t) and the
Bloch state amplitudes/' and coefficients(:'g come from
solution of the Bethe scattering equations. The, refer to
the specific inelastic scattering under considerationthis
paper inner-shell ionizatiorand g and h are reciprocal lat-
tice vectors. It is important to note that while, for our pur-
poses, theuy, 4 refer to ionization, the Bloch state coeffi-
cientsC'g in Eq. (1) and scattering coefficients' in Eq. (2)
come from solutions of the total scattering equatférand

tions.

B. The inelastic scattering coefficients for ionization

The inelastic scattering coefficients, 4 in Eq. (1) take
the following form for inner-shell ionizatiof®

_ 4AnFsite] o
Hno™ 2mkoveazl
FP* (Qn,#0)FP(Qq, k) )
< 2 QQgz 40«0k |dx,
(4)

where k is the ejected electron wave vectdf site] is the
crystallographic site term, ariélﬁ(Qg,K) the transition ma-
trix element for the atom of specigs The angular range of
the scattered electron integratialf) . = sinddéd¢ extends
over all space. The range of integration over the magnitude
of the ejected electron wave vector is determined by the
threshold energ¥, for ionization. The facton (usually 2
has been included to account for different spin states within
each suborbital. The sum over the azimuthal quantum num-
ber m; of the initial bound state is required for other thein
orbitals.

The calculation of atomic form factors and inelastic scat-

hence in principle include all forms of absorptive scatteringtering matrix elements for inner-shell ionization within a

concurrently occurring. In particular, the inclusion of TDS is ¢rystalline environment requires the evaluation of integrals
crucially important to obtain accurate cross sections. Theyccyrring in Eq.(4) of the form

first term in Eq.(1) (the factor in square brackets multiplied

by wmoo) accounts for ionization by electrons which have
been “dechanneled” or absorbed from the dynamical elastic

beams by wide anglémainly TDS scattering. The second
term represents the dynamical contributiondgo(which is
attenuated by the absorptive scatteying

Since Eq.(1) was derived from the Schdmger equation,

the up, 4 can readily be related to the coefficients of the non-

local inelastic scattering potential under consideration via

Vh,g=1Kopn o2, (©))

1(Qq,Qn, ) =2, jFﬁ*(Qh,:«)FB(Qg,x)dQK, (5)
m

whereF#(Q,,,x) is an atomic transition matrix element for
atom specieg given by

FB(Qh,K)=fbﬁ*(x,r)exp[iQh-r]ug(r)dr. (6)

Here Qg=q+g, with g the momentum transfer. Analytic

wherek, is the wave number of the incoming electrons. The€valuation of Eq(S) for K-shell ionization using a screened

nonlocal nature of the optical potential representing the in

elastic scattering is fundamentd?* The nonlocal potential
connects the action of volume elemedts elsewhere to a
pointr in the crystal. Approximating the nonlocal potential
by a local one means that the potential then only depends

the pointr, which simplifies calculations and makes visual-
ization of the potential more straightforward. An approxi-
mate way to localize the inelastic potential for high energy

electrons is to assume thef, ~V},_4 o, Which is how the
elastic part of the potential is usually approximattte non-
local exchange contribution is smallThis is a standard

hydrogenic model in a momentum representation has been
previously presentetf. A method for calculating
1(Qg,Qn,x) in an angular momentum representation has
been suggested by Saldin and R&Zhis method is suitable

Of,c;r more realistic atomic models and is not limiteddeshell

ionization and our approach will be similar.
The use of a central potential model results in the follow-
ing form for the bound-state wave function:

)

1 -
UG(r) = < Un(r) Yim (7).

approximatioA’ which is often made and has been shown to

be excellent when applied to ED{Refs. 21,24,28—30and
Rutherford backscattering.The Mn,g @re not simply a prop-

Hereu,(r) denotes the radial wave function for the orbital
specified by the quantum numbersandl. We use a hat to
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(orientation corresponds to (2 0) being in the exact Bragg ori-

DELOCALIZATION OF THE EFFECTIVE INTERACTION ...

3275
FA(Qn. 5 =—|E EI (=)
’ Om/——’
% N
XeXP(—10))Yirm, (#0) 2 2 MY (Qn)
1 , A
Xfr—zukw(r)Jx(Qhr)um(r)Yle,(r)
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where the index\ arises from the expansion for the expo-
nential. Introducing the notation

G (@)= [ U (Di@u U (13

and using the properties of the spherical harmonics, the
atomic transition matrix element can be written in the form

Fﬁ(Qh,m——E E (=)™ (—i)"

I"=0 m|f——|’

entation. Absorption due to TDS has been included using an Ein-
stein model. An additional mean absorption with a mean free path
of 500 A has been included in the calculations to achieve agreement
with the experimental results of Ndbter and Sigle.

% A
xexp(—ial,)vl,ml,(,})glo mg i*

XY (Qn)Gpy 1 (Qn)

dengte a upit vector in thg argument of the spherical har- 21"+ 1)+ 1) 20+ D)1 A |
monic Y, (r). The appropriate form of the continuum wave X
Y] 4 0O 0 O
function is
I’ N
X . (14
—my my m

bﬁ(xr)_ziE i'"(21"+1)expli &)U (NP (Kk-T)
I’ 0
(8)

where 6, is the partial wave phase shift. The continuum

wave function is normalized as

f bA* (k,r)bP (K’ ,r)dr=(2m)38(Kk' — k), (9)
with the radial wave functiom ;. (r) satisfying
f UK/|/(r)UK|I(r)dr:27T5(K/_K). (10)

The u,.(r) are normalized by matching the asymptotic

form3

1 1
U, r(r—o)= 23ir<;<r+;ln2f<r—§|’w+5,, (11

to Coulomb functions at a suitably large radius.

Expanding the exponential term in E@) and the Leg-
endre polynomial in Eq(8) in spherical harmonics, Ed6)
can be written in the form

The arrays are Wignerj3symbols.

The integrall (Qq,Qp,#) given by Eq.(4) can now be
evaluated using the orthonormality of the spherical harmon-
ics and the orthogonality relations for thg 8ymbols. We
obtain

1(Qq,Qn.,#)= ) (2|+1)E 2|’+1)g0 (2N +1)

I’=0

XGQLKl’(Qh)GnI,Kl’(Qg)

D N

2
o o O) P, (Qn- Q). (15)

For the diagonal case whehe= g this reduces to

(21+1) E 2l +1)2 (2N +1)

I"'=0

1(Qq. k)= ( )

|’ 2
x[Gﬁ.,K.,<Qg>]Z(O 0 O). (16)
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FIG. 2. lonization cross sections per atanfor Mo for 400 keV electrons incident on Mo at 300 K shown as a function of orientation.
(a) K-shell cross sectiorib) lonization of electrons in the<orbital. (c) lonization of electrons in theorbital. (d) The totalL-shell cross
section. The value of the cross section for an isolated atom is shown by the horizontal lines.

Ill. RESULTS AND DISCUSSION {400 sytematic row in GaAs. Their samples were wedge

Our calculations are based on the formalism described iﬁhaped and ranged in th!ckness from 28000 A in the .
the previous section. Bound-state radial wave functions wer&2S€ ©f Mo and 63030 A'in the case of GaAs. The experi-
calculated using Cowan’s prograren (Ref. 35 which cal- ~ Ments were conducted at room temperai(3@0 K) and the
culates Hartree-Fock wave functions with relativistic correc-Ncoming electrons had an energy of 400 keV.
tions. Continuum wave functions were calculated by solving The ratio ofk- to L-shell ionization cross sections for Mo
Schfdinger’s equation using a Hartree-Slater poteﬁﬁaL is shown as a function of Orientation in Flg 1. For ease of
Calculation of the continuum wave functions describing thecomparison we have adopted ¢hier and Sigle’s notation
ejected electron for kinetic energies of the order of hundred§escribing the orientation of the crystal. A value of 0.5 on
of keV required careful numerical analysis and extensive stathe orientation axis in the figure corresponds to@R) be-
bility and accuracy checks have been undertaken. Conveing in the exact Bragg orientation. The results have been
gence of all integrations and partial wave summations haaveraged over the varying thickness of the wedge by using
been carefully checked. Eqg. (1) and Eq.(2) in integrated form. The results were ob-

Data for ratios of x-ray intensities have been taken bytained from a Bloch wave calculation using 11 beafas
Nuchter and Sigi¥ for a {200 sytematic row in Mo and a described in Refs. 22 and Pand including absorption due
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FIG. 3. Projected200) real space representations of the effective ionization potential pertinent to x-ray emission for 400 keV electrons
incident on Mo at 300 K. Both static ionization potentials and those modified by thermal smearing are @ datentials for ionization
of K-shell electrons(b) Potentials for ionization of electrons in & drbital. (c) Potentials for ionization of electrons in g 2rbital. (d) The
total potential for the ionization df-shell electrons.

to TDS calculated from an Einstein modéf8 An addi-  contribution to the totaL-shell cross section from thep2
tional mean absorption with a mean free path of 500 A harbital is roughly four times that of thes2orbital. The value
been included in the calculations to achieve the close agreef the cross section for a free atom is shown by the horizon-
ment with the experimental x-ray emission results othier tal lines.
and Sigle shown in the diagram. The additional absorption We show the projected real space representation of the
accounts for processes other than TDS which remove ele@ffective ionization potential alon(200) pertinent to x-ray
trons from the dynamical beams. All other aspects of theemission for 400 keV electrons incident on Mo at 300 K in
calculation are from first principles. It is tacitly assumed thatFig. 3. Both static ionization potentials and those modified
the total cross section for glallowed x-ray emission events by thermal smearing are showiThermal smearing has been
corresponding to filling a hole in thi€ or L shell is propor- included in our cross section calculations'he thermal
tional to the corresponding totdd- or L-shell ionization smearing has been included by means of a Debye-Waller
cross section. factor in the Fourier coefficients of the ionization potentfal.

In Fig. 2. we show ionization cross sections per aem We have used a temperature fadB+ 0.250 . To ensure
for Mo as a function of orientation fok andL shells(and a completely converged representation of the potential, we
the related orbitajsused to calculate the ratio in Fig. 1. The used 200 Fourier coefficients for tileshell case. The more
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FIG. 4. Ratios of ionization cross sections for 400 keV electrons incident on GaAs at 300 K as a function of orientation. A value of 0.5

on thex axis (orientatior) corresponds toT4) 0) being in the exact Bragg orientation. Absorption due to TDS has been included using an
Einstein model. An additional mean absorption with a mean free path of 1800 A has been included in the calculations to achieve agreement
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function of orientation(a) K-shell cross sectiorib) lonization of electrons in the<orbital. (c) lonization of electrons in theRorbital. (d)
The totalL-shell cross section. The values of the cross sections for isolated atoms are also shown by the horizontal lines.

delocalized_-shell potentials were calculated using 100 Fou-culated using Eqs3) and (4) and using the approximation
rier coefficients. The more localized the static ionization po-up ¢~ up—g0- The validity of this approximation has been
tential, the more significant the effect of thermal smearing se¢hecked and is excellent. As expected, khshell potential
that theK-shell ionization potential is significantly broad- is very similar to that obtained using a screened hydrogenic
ened by thermal smearing. The maximum value of the pomodel®?

tential for ionization from the & orbital is approximately As can be seen in Table | the half width at half maximum
twice as large as that for ionization from the drbital. How-  (HWHM) of the thermally smeareld-shell potential is 0.074
ever, the thermally smeareds Jpotential has a maximum A compared to 0.117 A for théotal) L-shell potential. The
value less than a quarter that of the Botential and the HWHM is directly related to the root-mean-square impact
delocalization has more obviously been increased by thermgarameteib for the case of a Lorentzian or a Gaussian po-
smearing. The totdl-shell ionization potential is an order of tential as used by Nahnter and Siglé® On this basis we
magnitude bigger than th&-shell potential and the in- compare half widths at half maximum with impact param-
creased delocalization of tHe-shell interaction relative to eters in Table |. Thestatio impact parameters of Nhter
theK shell is obvious. Most of the contribution to theshell ~ and Sigle are closer to the estimates given by Penny€ook
potential comes from theorbital. The potentials are cal- for electron-energy loss spectroscofBELS) rather than to
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TABLE |. Half widths at half maximum or impact parameters for Mo in A.

1s (K shel) 2s 2p 2s+2p (L shel)
Pennycook
(static EELS 0.039 0.223 0.248 0.242
(static EDX 0.020 0.091 0.100 0.098
Nuchter and Sigle
(statig 0.058 0.192
(thermal smearing 0.088 0.203
This work
(statig 0.022 0.078 0.085 0.084
(thermal smearing 0.074 0.113 0.118 0.117

those given by the same author for EDX. @siatig K- and  shells(and the related orbitalsised to calculate the ratios in
L-shell results are within about 11% of Pennycook's EDXFig. 4. The contribution to the totdl-shell cross section
estimates for the impact parameter. It is interesting to notérom the 2 orbital is again roughly four times that of the 2
that when convoluted with the contribution from thermal orbital. The values of the cross section per atom for scatter-
smearing, the Gaussian used bycNter and Sigle gave a ing from a free atom are shown by the horizontal lines. Ther-
potential with a delocalization similar to our thermally mal smearing has been included using temperature factors
smeared result. B=0.648 & andB=0.696 & for Ga and As, respectively.
We show ratios of ionization cross sections for the con-  As can be seen in Table Il the HWHM of the thermally
stituents of GaAs in Fig. 4. A value of 0.5 on the orientationsmeared G@s) K-shell potential is 0.118 A(0.121 A) com-
axis in the figure corresponds to (&0) being in the exact pared to 0.189 A(0.183 A) for the totatshell potential. Our
Bragg orientation. Once again the results have been thickstatic values for the HWHM can be compared to those found
ness averaged. We used 15 beams in the calculation and, fiem Pennycook’s expressiofisgiven for both EDX and
before, absorption due to TDS was included using an EinEELS and with those deduced from experiment bychter
stein model. An additional mean absorption with a mean freand Sigle'® For theK-shell case, the impact parameter from
path of 1800 A has been included in all the calculations, a®ennycook’s EDX formula for Gas) is within 3%(7%) of
this gave the best overall agreement with the experimentajur calculated value. However, the dhter and Sigle results
data of Nichter and Sigle. are substantially different to our results for the static case.
Shown in Fig. 5. are ionization cross sections per atom When thermal smearing is included then their results and
for both Ga and As as a function of orientation f6rand L ours are in better agreement, especially in the case of As.

TABLE II. Half widths at half maximum or impact parameters for GaAs in A.

1s (K shel) 2s 2p 2s+2p (L shel)
Ga
Pennycook
(static EELS 0.070 0.457 0.521 0.505
(static EDX 0.032 0.175 0.198 0.192
Nuchter and Sigle
(statig 0.132 0.354
(thermal smearing 0.170 0.370
This work
(statig 0.033 0.116 0.133 0.129
(thermal smearing 0.118 0.178 0.192 0.189
As
Pennycook
(static EELS 0.062 0.394 0.447 0.434
(static EDX 0.029 0.152 0.172 0.167
Nuchter and Sigle
(statig 0.056 0.290
(thermal smearing 0.124 0.310
This work
(statig 0.031 0.107 0.121 0.118

(thermal smearing 0.121 0.174 0.186 0.183
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FIG. 7. Diagonal ionization scattering matrix elemeptg, for
400 keV incident electrons at 300 K for ionization of electrons from
the 3 orbital in Mo.

rameters are roughly 50% larger than those calculated here.
(Contrast this with the result for the more localized Mo
shell, where the agreement was much bettetichter and
Sigle’s L-shell parameters are roughly a factor of 2 larger
than our calculated values.

cross section per atom (10 A?)

08 . . . In Fig. 6. we compare the cross section per at@enfor
0.0 0.5 1.0 1.5 2.0 both K- andL-shell ionization for Ga in GaAs and the re-
K/2u0o sulting ratio of x-ray intensities, calculated from first prin-

ciples and using Nehter and Sigle's impact parameter val-
ues. Nichter and Sigle’s values are reproduced using, as they
did, a Gaussian form of the potential and a proportional
model for TDS. Our results are calculated using the much
more realistic Einstein model for TD&Refs. 36—38and an
additional mean free path for absorption of 1800 A is in-
cluded to provide the best fit to the experimental data. The
values of the cross sections for isolated atoms are also
shown. Theoretical values are averaged over thickness and
scaled appropriately to fit the experimental single ratios.
Theoretical values are calculated using 15 beams. It should
be noted that although Mhter and Sigle’s calculations pro-
vide a good fit to the experimental ratios, their predicted
cross sections for botk- andL-shell ionization are too de-

ratio of x-ray intensities

15 ' s . _
0.0 05 1.0 15 2.0 localized.

This investigation has focused on EDX basedkonand

K2 L-shell ionization where the assumption thht is indepen-

FIG. 6. Cross sections per atamfor ionization of Ga in GaAs dent of _orlentatlon and can be apprOXImated_ W,g )
for 400 keV incident electrons at 300 K shown as a function of ~Yn-g,0 1S @ good one for these rather localized ionization
orientation and compared to those of dtiter and Sigle(a) Ga ~ €Vents and the electrons are relatively tightly bound. Where
K-shell cross sectior(b) Ga L-shell cross sectior(c) Ratio of Ga  this is not the case, either or both of these assumptions may
K-shell cross section to Ga-shell cross section. The values of the Not be valid. A full nonlocal calculation of the ionization
cross sections for isolated atoms are also shown. potential coefficients from first principles must then be done.

As an example of this we show, in Fig. 7, the variation with
The effect of thermal smearing on the static ionization po-orientation of several diagonal ionization matrix elements
tential depends not only on the degree of localization, buju 4 for ionization from the 8 orbital of Mo. For this more
also on the shape of the static potential. Here we also see thdélocalized, low threshold energy interaction, a variation in
the thermal smearing does not affect thehell potentials as some of the matrix elements by a factor of 3 is evidewer
much as the&-shell results. Pennycookls-shell impact pa- the range of orientations consideyeHor a given orientation
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the validity of the local approximation would requité;,  ing simpler estimates of impact parameters. Successful quan-
~Ugo. This requirement is clearly also not met. titative application of the ALCHEMI technique requires
reliable knowledge of the delocalization of the effective ion-
ization interaction.
IV. CONCLUSIONS
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