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In recentyears,high-resolutionelectron-energy-lossspectroscopy(EELS) hasbeensuccessfullyapplied to the study of
vibrational propertiesof surfacesand interfacesof materialshaving a layeredstructure.At the same time the theory of
long-wavelengthelectromagneticpropertiesof surfacesand interfacesand their role in the inelastic scatteringprocessesof
electronsat the surfacehas alsodevelopedto a point wheredetailed quantitativecomparisonsbetweenexperimentaland
theoreticalvibrationalspectracannow bemaderoutinely.Thecomputerprogramdescribedhereallowsto calculatetheEELS
spectrumof a largevariety of targetmaterials, going from a homogeneousthick substrateto periodic superlatticesor any
arbitrarystackingof layers.

PROGRAM SUMMARY

Title ofprogram: HREELSof multilayers Natureof thephysicalproblem
This computer program allows to calculate the electron-

Cataloguenumber:ABTI energy-lossspectrumof an arbitrary plane-stratifiedmedium
for low-energyelectronsspecularlyreflectedat the surfaceof

Program obtainable from: CPC Program Library, Queens the target.A dielectric approximationis usedto characterize
University of Belfast, N. Ireland(see applicationform in this theresponseof thetarget materialto thelong-rangedCoulomb
issue) field of theimpinging electrons.Periodicsuperlatticescan be

consideredaswell asany arbitrary stackingof layers onto a
Computer: IBM 9377/90; Installation: Scientific Computing thick substrate[1]. In thelater case,thesubstrateis allowed to
Facility (SCF), FacultésUniversitairesNotre-Damede Ia Paix, beananisotropic,uniaxialcrystalhavingitsaxis perpendicular
5000 Namur, Belgium to the free surface of the system. Temperatureeffects are

includedaccording to Bose—Einsteinstatistics for the long-
Operatingsystem:VM/SP Rd 5 wavelengthvibrations excited at the surfaceor interfaces by

theelectrons12].
Programminglanguageused: FORTRAN 77

Methodof solution
High speedstoragerequired: 65 Kwords The EELS spectrum is computed in two sequential steps

performedby two programscalled EELS and BOSON. The
No. of bits in a word: 32 and64 single-scattering,classical loss spectrumof the target is first

computed(programEELS) for an electron traveling along a
No. of lines in combinedprogram and testdeck: 1553 specularlyreflected trajectory, with the possibility of taking

into accountthe accelerationof the electron by the image
Keywords: surface analysis, surface and interface phonons, force. The full EELS spectrum, which includes multiple-
electron-energy-lossspectroscopy,HREELS, thin films. hetero- scatteringevents for an arbitrary temperatureof thetarget, is
structure,superlattice next obtained through a suitable thermodynamicaverageof~

the quantized surface excitations (program BOSON), while
ResearchAssociate at the National Fund for Scientific keeping the classical natureof the impinging electrons.The
Researchof Belgium. computedEELS spectrumis convolutedwith a model of the
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instrumental responseof the spectrometerso as to simulate Typical running time
limitations in theexperimentalenergyresolution. The time for thetest run on the IBM 9377 is 40 s.

Restrictionson thecomplexityof theproblem References
Only dipolar inelastic-scatteringsof thereflectedelectronsare [1] Ph. Lambin,J.-V. Vigneron and A.A. Lucas, Phys.Rev. B
considered.Possiblevariationsof the surfacereflectioncoeffi- 32 (1985)8203.
cient with theelectron energyare not consideredhereas all [2] A.A. Lucas, J.-P. Vigneron, Ph. Lambin, P.A. Thiry, M.
inelasticspectraare normalizedto unity. All the layers that Liehr, J.-J. Pireaux and R. Caudano, Int. J. Quantum
composethetargetareassumedto bemadeof materialshaving Chem.:QuantumChem. Symp. 19 (1986) 687.
isotropic dielectric functions, except for a possible thick
substrateon which the layers are stacked,which can be an
uniaxial crystal.

LONG WRITE-UP

1. Introduction surfacedielectric responseof the target system.
More informations about the structure[7] or the

Sincethe first observationsat high resolutionof composition[8] of the materialunderinvestigation
electron-energy-lossprocessestaking place at the is gainedfrom suchcomparisonsandit is the aim
surfaceof a clean crystal [1], the presentunder- of the presentpaperto proposea computerpro-
standingof the inelastic scatteringof electronsat grampermitting to do so.
the surface of a target material by long-wave- In this paper,we describea programfor corn-
length phononsis very advanced.A continuous puting the EELS spectrumin speculargeometry
refinementof the original semi-classicaltheoryof for an arbitrary plane-stratifiedmedium, i.e. a
electron-energy-lossspectroscopy (EELS) of systemin which the compositionis a histogram-
surfaces[2] has leadus to a point wherewe now like function of the coordinatez perpendicularto
havea fully quantitativetheory for both the line the free surface.This classof systemsincludese.g.
positionand the line shapeof specular(or Bragg) artificial heterostructuresobtainedby deposition
EELS spectra[3]. On the experimentalside, the of one or severallayersontoa crystallinesubstrate
major result of a longstandingimprovementof the in well-controlled conditions (composition, layer
techniqueis the demonstrationthat high-resolu- thickness...)such as realizedin molecularbeam
tion EELSnow constitutesan alternativemethod epitaxy. As the wavelengthof the vibrations ex-
to optical spectroscopy— although with a still cited in specularEELS are much larger than the
poorer resolution — for obtaining the frequency- interatomicdistances,a macroscopicapproachis
dependentdielectricfunctionof the targetmaterial in general sufficient to describethe interaction
[4]. Moreover,the surfacesensitivity of EELS in betweenthe impinging electronsand the excited
specular geometry permits the dielectric char- vibrations. In this so-calleddielectric approxima-
acterizationof the first few hundredAngstroms tion, the basic input for computing the EELS
under the free, assumedcleansurface:a definitive spectrumof a multilayered structureconsistsin
assetfor investigatingsurfacenon-homogeneities the long-wavelengthbulk dielectric functions of
[5] or for the study of interfacial materials of the successive layers that composesthe target
currentinterest[6]. material,as summarizedin sections2 and3 below.

The interpretationof experimentaldata may In section 4, a few technical details about the
benefitfrom detailedcomparisonswith theoretical numericaltechniquesusedare presented.The in-
predictionsallowing fine adjustmentsof the vari- formation about the input parametersis given in
ousparameters(oscillatorparameters,layer thick- sections5 and 6 and the resultsof a test run are
ness, composition profile,...) that control the given in section 7.
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2. Theoryof EELS in the speculargeometry tance angles4)a and 4) b measuredalong the two
semi axesa andb of the elliptical slit, respectively

Without going into any details(seee.g. ref. [3]), orientedin the incidenceplaneandperpendicular
the theory of EELS providesus with the knowl- to it (seefig. 1). In theseconditions,the boundary
edgeof the probabilityP(co) d~that an electron of the domain D in eq. (1) is an ellipse whose
is inelasticallyscatteredat the surfaceof the target equationvalid for small 4)a and 4) b angleswrites
materialwith an energyloss (o >0) or an energy ( — ~)2 + [q~ + (4)

5/4)~)2q~j~
gain (w<0) in the interval(hw, /ko+h dw). In

2E04)a 21the dipolar-scatteringregime that dominatesthe
EELS spectrumin specularor nearBragg geome- = (~cos ~~)2[1 + ( hw ) j, (2)
try, the energy-lossdistribution P(to) canbecom-
puted using a semi-classicaltheory that proceeds where E0 and 0 are the electron kinetic energy
in two sequentialstepsthat we now summarize, and incidenceanglewith respect to the outward

normalat the surface,q~and q~are the Cartesian
componentsof the surfacewave vectorsq mea-

2.1. The classicalloss spectrum(computerprogram sured along directions parallel to and per-
EELS) pendicular to it, respectively(seefig. 1). In usual

spectrometers,the analyzerpresentseither a cir-
The first step of the semi-classicaltheory of cular apertureor a rectangularslit, dependingon

EELSconsistsin evaluatingthe so-calledclassical the apparatus[10]. A rectangularslit will be ap-
spectrumP01(w), which describesthe loss spec- proximatedby an ellipse with opening angles4)a
trumof thoseelectronsthat havebeeninelastically and 4) b proportional to the width and the length
scatteredexactlyonce(single-scatteringevents)by of the slit, whereasa circular detector simply
surfaceexcitationsat zero temperature[2,9]: implies

4)a =

e2 2 2.2. TheJul lossprobability (computerprogram BO-
P~i(co)= 4~e

0hv1~ SON)

qv~ Multiple-scatteringenergylossesandgains for
x I ‘D 2 2~2 an arbitrary target temperatureare accountedfor

(q.v11—w) +(qv1)]
through a thermodynamicaverageof boson-like

xlm[g(q, to)] d
2q, (1) surface excitations, which are viewed as

quantum-mechanicalharmonic oscillators driven
where and v~are the componentsof the elec- by the Coulombforce exertedby a probing elec-
tron velocity parallel and perpendicularto the tron travelingalongits classicaltrajectory[2]. The
surface, respectively, and g(q, to) denotes the importantresult of this secondstep of the semi-
surfacedielectric responseof the targetsystemto classicaltheory is that the characteristicfunction
whichwe returnbelow. In eq. (1), D is a domain F(T) of the energy-lossprobability P(co), i.e. its
of wave vectors q of surface excitations with Fourier transform,only demandsthe 0-K classical
frequencyto, which, accordingto the conservation spectrum:
of total energy and the momentum component

00
parallelto the surface,scatterthe electrontowards F( T) f P ( to) exp(— i to ‘r) dw
the acceptanceapertureof the energy analyzer.
The analyzermustbe centeredaroundthe specu- °° “ hto’
larly reflectedelectronbeamfor the theory to be = exp~— f coth~2kBT ) ~ (to’)0
valid. X[1—cOs(w’r)] dto’

In the program EELS described below, the
00

acceptanceapertureof the energyanalyzeris as- —if P
01(w’) sin(to”r) dco’}~ (3)

sumedto be elliptical in shape,with half-accep- 0
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Electron Energy
~ analyzer

d~

c2(w) d2

Fig. 1. Principlesof high-resolutionEELS experimentin speculargeometry: a beamof mono-energeticelectronswith primary energy
E0 is incidentupon thesurfaceof a target.The impingingparticles, throughtheir Coulomb interactionswith theions or the electron
gas of the target, exchangemomentumand energy with long-wavelengthchargeoscillations that develop at the surfaceof the
medium. Theenergyspectrumof thescatteredelectronsreceivedby thespectrometeris analyzed.In thecomputerprogramdescribed
below, theentranceslit of theenergyanalyzeris an ellipsehavingits semi axesa andb respectivelyin theincidence(x, z) planeand
parallelto the surfaceof thetarget; 4a and 41) arethe anglessustainedby thetwo semi-axesa and b, respectively,of theelliptical

slit. The targetsystemcanbe composedof anarbitrary stackingof dielectriclayers.

wherekB is the Boltzmannconstant.The energy- In morerealisticsituations,the lossprobability
loss spectrum,which is normalizedto oneat any P(to) mustbecomputednumerically.Quantitative
target temperatureT, follows by inverse Fourier comparisonsbetweenexperimentaldata and the
transformof F( T). theoretical energy-lossdistribution require taking

Consideringasanillustrative examplethe ideal into accountthe limited energy resolution of the
caseof a sole,undampedsurfaceexcitation,P~1( to) spectrometer.This experimentallimitation can be
would be composedof a single Dirac delta peak simulatedby convoluting P(to) with a model of
A~1ô(to— tos) at the frequency to5 of the surface the instrumental responsefunction R(to). This
mode. The full loss spectrum generatedby the operationis best performedin Fourier space,by
back-Fouriertransform of eq. (3) in that simple multiplying the characteristicfunction F( T) by
casewould be an infinite series ~ A~8( to — the Fourier transform L~( T) of the broadening
nto5) of delta peakslocated at all the integer function R(to) before Fourier-transformingthe
multiples of the fundamentalfrequency to~ and result so as to obtain theconvolutedlossdistribu-
correspondingto emissionsandabsorptionsof an tion:
arbitrary integernumberof quantahto~.At zero +

temperature,the amplitudesof the gain peaks P(w) = .~—f z1(’r)F(’r) exp(+itot-) dT. (4)
(n <0) vanish and the amplitudesof the loss
peaks follow a Poisson statistics: A~=

exp(—A~1)A~1/n!(n � 0). At non-zero tempera-
ture, the amplitudesA~of the gain andlosspeaks 3. Surface dielectric responseof a multilayered
deviatefrom the Poissonlaw [11] accordingto a target
statisticaldistribution alreadyconsideredin 1908
by the SwedishastronomerCharlier[12] in a very The classical loss spectrum(1) has been for-
different context. mulatedin termsof the surfacedielectric response
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g(q, to) [13] of the targetmaterial to an external describedbelow allows oneto considerthis situa-
electricfield havingthe form of a planewavewith tion, with the restriction howeverthat the N — 1
frequency to and wave vector q parallel to the layers possibly depositedonto the substratebe
surface.For the shortwave vectorsselectedby the isotropicmaterials.
energyanalyzerin aspecularEELSexperiment,it The surface dielectric function ~(q, to) of a
is generallysufficient to approximateg(q, to) by superlattice,with many identical repetitionsof a
its expressiondeducedfrom electrostatics.For an sequenceof p layers, is more convenientlyob-
arbitrary plane-stratified medium, g(q, to) can tamedby consideringthe limit of aninfinite num-
thenbecastinto a form berof periods.The continued-fractionexpression

~(q, to) — 1 (6) itself becomesperiodicif p � 2 andits limit is
(5) easily obtained by solving a quadraticequationg(q, to) = ~(q, w) + 1 [16]. From this limit, a backwardalgorithmcanbe

that generalizesthe expression[E (to) — 1]/ [e(to) usedhereagain to evaluate~(q, to) when several
+ 1] valid for a semi-infinite, homogeneousiso- additional layers are depositedonto the super-
tropic crystalwith long-wavelength,bulk dielectric lattice.
functionc (to). In themacroscopiclimit, the surface Equation (6) still demandsanalytical expres-
dielectric function ~(q, to) of a multilayered sys- sions for the frequencydependenceof the dielec-
tern can be expressedin terms of the dielectric tnc functions of the individual layers. It will be
functionse~(to),

2(to),... of the successivelayers assumedthat the thicknessof the layers is large
(fig. 1). For the caseof a multilayer madefrom enough at the atomic scaleto characterizetheir
isotropicmaterials, ~ is the continuedfraction [14] responsesby bulk dielectric functions. In the in-

fra-red domain, it is then generally legitimate to
b~

(6) representthe dielectric function of a given layer~(q, to)=a1—
by a sumof n Lorentzianterms,

a1 + a2
— a2 +

2 ~to~0,k (7)
with coefficients aj = e~(to)/tanh(qd~)and b~= k=1 toTok — to — i’fk~

e~(to)/sinh(qd~)where d~is the thicknessof the
jth layer. Under the assumption of isotropic wheretoTOk denotetransverse-opticalphononfre-
materials,~(q, to) no longerdependson thedirec- quencies,with strenghtsQk anddampingfrequen-
tion of the wave vectorq butonly on its modulus cies Yk as deducedfrom infra-reddataand � (no)

is the high-frequencydielectric constant.In cer-q.
When the Nth layer of the target is a thick tam cases(doped semi-conductorsfor instance),

substrate,the relatedcoefficient aN identifieswith infra-redreflectivity measurementsarebestrepro-
the dielectric function ~N (to) of the substrate ducedwhenaDrudecontribution
whereasbN vanishes.The continuedfraction (6) —

then terminatesat the Nth level (possibly N = 1 (8)
for the particularcaseof a homogeneoussemi-in- ~ + l’f to

finite material) and it can be evaluatedusing a is addedto the right-handside of eq.(7). Here tot,

backwardalgorithm.Generalizationto the caseof is the bulk plasmonfrequencyof the chargecar-
a non-isotropicsubstratecanbe found in ref. [15]. tiers and the Ohmic damping frequencyy is the
Whenthe thick substrateis a uniaxial crystalwith reciprocalof thefree-carrierrelaxationtime T.

its axis normal to the surface of the target, in
particular,oneobtainsaN= ~/c1(to)e11(to) ,where

and are the thetwo principal componentsof 4. Numericaltechniques
the substratedielectric tensor, and the surface
dielectric responseof the systemis still isotropic In this section, we presenta few technical de-
with respect to the direction of q. The program tails about the numerical techniquesused to
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calculatethe EELS spectrum.For a given energy The coefficients a, C1 and C2 are fitted to the
loss hto, the two-dimensionalq-spaceintegration exact asymptotic laws of w6( X) for small and
in the expression(1) of P~1(to) is performedin largevaluesof X, leadingto
polarcoordinates.With the explicit assumptionof
an isotropic target, the integral over the polar a= (2/.rr)2f~~~’~

2(1— n cos2~p)~2
anglep of q can be performedanalytically, lead- 0

ing to an expressionthat is moreeasily handledin
complexarithmetics(seethe appendixin ref. [14]). X (1 — cos20 sin2~~1/2 d ~. (11)
The lower and upper limits for the integration C

1 = (2/TT)(4)h/4)a) sin 0 a
2C

2,
overp for a given modulusq of q areobtainedby
looking for the intersectionsof a circle of radiusq 3a

2 (12)
and the ellipse given by eq. (2). This problem is 2 = — (2/~)(4)h/4)) sin 0 a2~
not always a well-conditioned one: for that rea-
son, we prefer using64-bit arithmeticson a IBM In eq. (11), n = 1 — (4)a/4)b)2.The expressionob-
computer rather than the single-precisionoper- tamed for a is a non-standard(except for n = 0)
ations.There is neverthelessa substantialbenefit elliptic integral that can be evaluatednumerically
in so-doing as only a one-dimensionalnumerical with a high degreeof precision. The valuesof C

1
integrationover q is left out. The latter is per- and C2 follow from eq. (12). The remaining
formedusinga Newton—Cotes8-paneladaptative parameterfi in eq.(10) is adjustednumericallyso
quadratureroutinedescribedin ref. [17]. as to bestreproducenumericalvaluesof w9 corn-

For the particularimportantcaseof a homoge- puted for a few abscissaein the rangeof interest
neous thick targetwith dielectric function � (to), of the energy losses.The absoluteaccuracyob-
eq. (1) can befactorizedinto tamedby usinga rationalapproximationfor w0 is

better than i0~ in most applications.Selected
e

2 I h ~ ) i (to) — 1 i coefficientvaluesare reproducedin table1.
Imi1~ci(to) = 41T�

0hv1W0(~2E04)a ~ ~(~)+ ~ j/’~’ Consider now the calculationof the full loss
distribution P( to). Theexpression(3) for the char-

(9) acteristic function F( T) demandsevaluatingsine
and cosine-likeintegral transforms.The latter is

where w9 denotesthe q-integralof eq. (1) without transformedinto a sine integral by a straightfor-
the factor Im[g], which no longerdependson q in wardintegrationby parts,
the presentsituation.This integral doesnot de-
pendon the targetmaterial;it is a function of the ( coth( 2~°’7..)P~1(to’)[1— Cos(to’T)] dto’
variable X = h to/2Eo4)a, which monotonouslyde- o
creasesfrom 1 for X = 0 to 0 when X approaches

00

infinity. The integral w0(X) also dependson the = Tf G(to’) sin(to’T) dto’, (13)
0

incidenceangle 0 and on the ratio 4) ~/4)~of the
two acceptanceanglesof the elliptical slit of the where
spectrometer.In the program EELS, a rational
approximationfor w9( X) is constructedwhen the _____

targetis a thick homogeneoussubstrate:with the G (to’) = coth( 2kBT)P~1(~)d w. (14)
help of such an analytical, though approximate
expression,the time requiredto computethe loss For the purposeof computingF( r), the classical
spectrumis considerablyreduced.The expression loss spectrum P,~1(to) is evaluated on a regular
used for w9(X) is meshof frequenciesto, with a step size ~to speci-

fied by the user.In a given panel(to1_j/2, to~+l/2),

1 1 + fJX+ CIX
2 P~(to)is approximatedby a rectanglewith height

w
9(X) + ~ 1 + ~ ~ (10) P~1(to1).To validate this approximation,the step

size &o must be takensmaller than the damping
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Table 1
Coefficients of the expression(10) useful for computingthe classical loss spectrumof a homogeneousthick target for an energy
analyzerpresentingacircular aperture(‘~b/4a 1)or a thin “horizontal” slit (4~b/4~a= 10). Thecoefficient fi hasbeenoptimizedfor
X in the interval (0,1), leadingto a root meansquaredeviationc given in thelast columnof the table

4’b/~a 9(°) a C
1 C2 $

1 0 0.6366 0.0000 1.2159 0.1570 2.5 io~
5 0.6354 0.0278 1.2390 0.1383 3.3 10~

10 0.6318 0.0553 1.2528 0.1331 3.6 10~
15 0.6258 0.0811 1.2560 0.1419 3.4 10~
20 0.6176 0.1036 1.2478 0.1650 2.6 i0~
25 0.6072 0.1218 1.2277 0.2016 1.6 iO

4
30 0.5947 0.1346 1.1958 0.2502 5.8 10~
35 0.5805 0.1418 1.1527 0.3075 1.5 io~
40 0.5646 0.1435 1.0999 0.3687 2.6 i0~
45 0.5474 0.1402 1.0391 0.4267 3.4 i0~
50 0.5291 0.1328 0.9727 0.4701 3.3 10~
55 0.5101 0.1226 0.9033 0.4859 2.2 io~
60 0.4908 0.1107 0.8334 0.4657 7.1 io~
65 0.4717 0.0983 0.7657 0.4090 1.5 iO4
70 0.4533 0.0864 0.7027 0.3231 2.3 io~
75 0.4363 0.0757 0.6466 0.2209 1.6 iO~
80 0.4215 0.0668 0.5999 0.1180 1.8 10~
85 0.4104 0.0604 0.5658 0.0318 5.3 i0~

10 0 0.4118 0.0000 0.5087 0.8012 7.6 i04
5 0.4107 0.0523 0.5584 0.7617 6.9 10~

10 0.4077 0.1122 0.6108 0.7286 6.1 io~
15 0.4026 0.1771 0.6633 0.7038 5.5 io~
20 0.3955 0.2425 0.7118 0.6905 5.0iO”
25 0.3866 0.3017 0.7502 0.6931 4.7 i0~
30 0.3760 0.3471 0.7712 0.7161 4.6 iO~
35 0.3638 0.3712 0.7682 0.7613 4.7 i04
40 0.3501 0.3701 0.7379 0.8243 4.8 io~
45 0.3352 0.3452 0.6824 0.8905 4.7 io~
50 0.3194 0.3029 0.6089 0.9296 4.0i04
55 0.3028 0.2521 0.5272 0.9018 2.5 io~
60 0.2859 0.2011 0.4463 0.7828 6.6 i0~
65 0.2690 0.1555 0.3726 0.5810 1.4 iO~
70 0.2526 0.1181 0.3095 0.3339 1.7 io~
75 0.2373 0.0894 0.2583 0.0873 1.6 io~
80 0.2239 0.0689 0.2192 —0.1237 6.1 io~
85 0.2136 0.0557 0.1926 —0.2771 1.3 i0~

frequenciesYk of the dielectric functions(7). The back-Fourier transform which, here again, is
samerectangleapproximationis used to represent evaluated by a FFT technique. Note that the
the functionG (to’) introducedin eq. (14) and the width of the instrumentalresponsemustbelarger
two termsinto the argumentof the exponentialin than the frequencystep sizeôto to guaranteea fast
the expression(3) of F( T) can thenbe converted decay of the product L\ ( ‘r )F( T) when ‘r ap-
into discretesums which can be computedby a proachesits maximumvalue2’rr/8to.
fast-Fourier transform (FFT) techniquefor dis-
crete values of T in the interval (0,2ii/~to).The 5. Structureof the programEELS
charactensticfunction F(T) is next multiplied by
the Fourier transform L%(1’) of a suitable instru- The programEELS is aimed at computingthe
mentalresponse(seeeq.(4)) and P( to) follows by classical loss spectrumgiven by eq. (1) for an
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Table2
The input data for the file EELSIN (unit =11)

Format Variable Comment

Spectrometerparameters
* EO Electron primary energyE

0 (eV)
* THETA Incidenceangle9 of theelectrons(0), 0 � 0 � 900 — 4,
* PHIA Half-acceptanceangle q~,sustainedby thevertical(in the incidenceplane)semi-axis

of theelliptical slit of the spectrometer(0) (see fig. 1)
* PHIB Half-acceptanceangle

4’h sustainedby the horizontal(parallel to thetarget surface)
semi-axisof theelliptical slit of thespectrometer(0) (seefig. 1)

* WMIN Lower frequencyvalueu for (cm~)for thecomputationof P~j(u),WMIN >0
* WMAX Upper frequencyvalue u~(cm~)
* DW Step for the grid of equally-spacedfrequencies(cm ‘)

Targetspecification
A72 COMMEN(1) Two lines of comments,for userconvenience,thefirst of
A72 COMMEN(2) whichwill becopied in theoutput file EELSOU as a title
* N. NPER ThenumberN of layers,with thepossibility of reproducingperiodically the NPER

� N) last layers. When NPER = ±1, the Nth layer is assumedto be a thick
substratemadeeither from anisotropic material (NPER = + 1) ora uniaxial crystal
(NPER = —1) with its axis perpendicularto the surfaceof the target. If N = 0, the
rest of the input file is not used and the program switches to a user-supplied
externalroutineUSURLO for computingthe surfaceloss function Im[g(q, w)] (see
eq. 1)

Dielectricfunctions(N suchblocksofdatafor the N layers)
Al0,E15.5 NAME(J), A character*10 stringidentifying thematerial which thejth layeris madefrom and

THICK(j) the thicknessd~of that layer (A). With NPER = ±1, the thicknessof the bottom

layer(j = N) is assumedinfinite; thecorrespondingvariableTHICK(N) is not used
andmay beenteredasany largenumber

* EPSINF(J), The high-frequencydielectric constant c(~o)and the number of oscillators.
NOS(j) including a possibleDrudecontribution, in the expression(eqs. (7) and (8)) of the

dielectric function for layer j. NOS(j) can be zeroin which cases(u) c(oc)
* WTO(k,j), NOS(j) such lines giving for thekth oscillatorin theexpression(7) of thedielectric

Q(k,j), function: theresonantfrequency~ (in cm1), the strengthQ~(� 0) and the
LAM(k,j) dampingconstantXA = Yk/uTok in units of WTOS. For a Drudecontribution (8).

enterQ(k, j) = —1 in which caseWTO(k, I) is interpretedas a hulk plasmon
frequencyu.~

Oscillatorparametersfor thesecondprincipal componentof thedielectric tensorof theNth layer when
NPER — 1: uniaxial thick substrate
* EPSINF(N+ 1), Samemeaningashereabovefor ~ii(~) whenthesubstrateis a uniaxialcrystal (see

NOS(N-i-1) section 3), the correspondingparameters for r~(w) having been entered in
EPSINF(N),NOS(N)

* WTO(k,N + 1), NOS(N+1) suchlines, with the samemeaningas hereabove, for �fl(W) when the
Q(k,N+1), substrateis a uniaxial crystal(NPER = —1)
GAM(k,N+ 1)

Optionalcontrolvariable (this last line of the input maybeomitted)
AlO CONTRL Whenthecharacter*10 variableCONTRL is equal to “IMAGE”, shorteningof the

interaction-timearising from theimageattractionof theelectronis accountedfor as
explainedin section5

arbitrary multilayered target. The output (file cies to, in the interval (tomjn, tomax) with a step size
EELSOU, unit = 12) consistsin a table of values &o, both specified by the user in an input file
of P~

1(to)computedon a regularmeshof frequen- called EELSIN (unit = 11). Theinput file contains
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in addition the electron primary energy E0, the By entering an extra line of input with the
incidenceangle 0 and the half-apertureangles 4)a string“IMAGE” (seetable2), possibility existsto
and4)1, of the energyanalyzer(seefig. 1). The rest take into account, at least approximately, the
of the input file, describedin table 2, contains accelerationof the electronsassociatedwith the
targetspecificationsand oscillator parametersto imagepotential.The imageacceleration,which is
be used for computing the dielectric functionsof not included in the expression(1) of the classical
the individual layers. loss spectrum, is responsiblefor shortening the

Themostgeneralsystemthat canbehandledis interaction time of the electronswith the long-
composedof N layers, with the possibility of wavelengthsurfaceexcitations of the target. The
reproducingperiodicallythelast p layers(1 � p � integrandin the expression(1) of P,~1is corrected
N) so as to deal with superlattices.This includes on requestfor the shorteningof the interaction
as particularcasesthe following systems(notethe time [18] arising from the attractionof the elec-
use of the parametersN and p to distinguish tron by a quasi-instantaneousimage with charge
betweenthe different cases): — f3e where,for a thick homogeneoustarget, /3 =

(a) a thick (semi-infinite)homogeneouscrystal (N [c(cio)— 1]/[c(oo) + 1]. Foramultilayeredsystem,
= p = 1); the screeningfactor /3 is evaluatedfrom the high-

(b) a single film or a multilayered medium de- frequencydielectricconstantof the top-mostlayer.
positedonto a thick substrate(N � p = 1); in The imageattraction,which has importanteffects
thatcase,the Nth layer is thesubstrate; at grazing incidences,can usually be neglected

(c) a superlatticewith an arbitrary number of when0 < 600.
layersperperiod (N � p � 2). By enteringa zero value for the numberN of

Forinstance,a systemlike AlAs/GaAswith N= 2 layers in line 10 of the input file (table 2), the
layerscan be consideredeither as a superlattice programswitchesto a user-suppliedexpressionof
(p = 2) or an Al.As film ontoa semi-infinite GaAs the surface loss function Im[ g] instead of the
substrate(p = 1). When N = p = 1, the approxi- continuedfraction [6] when evaluatingthe classi-
mate, rational expression(10) of w9 is usedfor cal lossspectrum.The actualsurfaceloss function
computing P~(to), leading to a considerablere- of the target systemcan be coded in a external
duction of the computingtime. When p = 1, the function USURLO(Q, W) which returns
thick substratemay be a uniaxial crystal as ex- Im[ g(q, to)] (dimensionless)for given q and to.

plained in section 3 (this option works for all Thetwo inputargumentsQ andW denote,respec-
valuesof N� 1). By conventionit sufficesto enter tively, the modulusq of the surfacewave vector
p = — 1 to tell the programthat the substrateis a (in A’) and the frequencyto (in cm 1)

uniaxial material;two sets of oscillatorparameters
for the two principalcomponents 1(to) andc~(to)

of the dielectric tensorof the Nth layermust then 6. Structure of the program BOSON
be provided(moredetailsare givenin table2).

The surfaceloss function Im[ g(q, to)] of the The second step of the semi-classicaltheory
multilayered target (5) is evaluated in complex summarizedin section 2 is performedby the pro-
arithmetics using the continued-fractionexpres- gramBOSON. This programusesas an input the
sion (6) for ~ (external functionsSURLOS). The table of values of the classical spectrum P~1(to)

dielectric functions of the individual layers are generatedby the program EELS in the file
computedby eqs.(7) and(8) (subroutineSETEPS) EELSOU(unit = 12). The other input parameters
from a tableof oscillator parameterscontainedin must be specified in another input file, called
the input file (see table2). Undampedoscillators BOSIN (unit = 13), whose structureis described
may give rise to numericalproblems; it is there- in table 3. As explained in section 4, all the
fore recommendedto use non-zerodamping fre- Fourier integralsrequired are performedusing a
quenciesYk (1% of the resonantfrequenciestoTOk FFT technique.In order to savetime, a radix-two
for instance,if no known datais available), form of the FFT algorithmis appliedthroughout.
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Table 3
The input data for the file BOSIN (unit =13)

Format Variable Comment

* T Targettemperature(K)
* WIDTH Thewidth of theinstrumentalresponse(cm— I) of thespectrometer.WIDTH canbe

estimatedby measuringthefull width athalf maximumof the experimentalelastic
peak

* GAUSS The relative weight of the Gaussian term in the Gaussian—Lorentzianlinear
combinationmodeling the instrumentalresponseR(u) of the spectrometer.When
GAUSS<0 or GAUSS>1, the programswitchesto a user-suppliedexpressionof
R(u) (external function RESPON)

* ASYM ASYM controls the asymmetryof theLorentziancomponent(seesection6) of the
Gaussian—Lorentzianexpressionused by default asa model for the instrumental
response(—1�ASYM � +1)

* EMIN Lowervalueof theenergylosseshsi (cm
1). A negativevalueof EMIN allowsone

to explorethe gain regionof the EELS loss distribution P(~)
* EMAX Uppervalue of theenergylosseshu (cm 1)

The frequencyinterval exploredby the program region (to <0) and the otherwith half width ~2 in
EELS is enlargedby raising the number of grid the energy-loss region (to > 0). By construction
points to a power of 2, while keepingthe step size ‘Yi + Yi is equal to the width of the instrumental
~to that was used for computingthe classicalloss response.The asymmetry (parameterASYM in
spectrum,and P~

1( to) is set to zero for thosegrid the input file) of the Lorentzian componentis
points that are outside the tabulated interval defined as the ratio (~2— ‘l’~)/ ( Y~+ ~‘~)‘ which
(tOmin, tomax) containedin the file EELSOU. vanishesfor a symmetricfunction (‘~‘1= Y2).

The instrumentalresponseR(to) of the spec- The output of the programis written in a file
trometerused to broadenthe theoreticallossspec- called BOSOU (unit = 14), where the full EELS
trum P(to) accordingto eq. (4) can be any nor- spectrumis tabulatedfrom EMIN to EMAX (in-
malized linear combinationof a Gaussianfunc- putvalues)with equidistantstepsequalto the one
tion and a Lorentzian function, both with the t~toused for the input table of P~ior, possibly,to
samewidth (FWHW). Alternatively, R(to) canbe anintegermultiple of ~to not larger than(1/20)-th
computedfrom a user-suppliedexpressioncoded of the resolutionparameterWIDTH.
in an external function called RESPON
(W,WIDTH). The two input argumentsW and
WIDTH are the frequencyto in cm~(equalto 7. Test run
the energy lossor gain, dependingon the sign of
to, divided by h) and the width of the broadening The input and output files of the test run
function (cm

t) as read in the file BOSIN. The correspond to the EELS spectrum of an
program switches to the user-suppliedresponse GaAs/AlGaAs superlatticedescribedin ref. [7].
wheneverthe parameterGAUSS in line 3 of the The sample consistsof a repetition of alternate
input file BOSIN is smaller than 0 or larger than GaAsandAl

0 3Ga07Aslayers, eachof themis 100
1. The Fouriertransform~ ( T) of the instrumental A thick, exceptfor the topmostGaAslayerwhose
responseis thencomputednumerically, thickness was reduced to an estimateof 70 A

With 0 � GAUSS< 1, the Lorentziancompo- while sputter cleaning the surface.The target is
nentof the instrumentalresponseusedby default therefore consideredas a GaAs 70 A overlayer
canbe madeasymmetric.More clearly stated,this onto a AlGaAs/GaAs (100 A/lOU A) semi-in-
componentis built from two halvesof Lorentzian finite superlattice(N = 3, p = 2). The parameters
functions,onewith half widthYi in the energy-gain of the dielectric functions for GaAs (one oscilla-
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80 I I I I I to,,~ = 100 to tomax = 500 cm~with a step size

- - ~w=2cm1.

~ 64 . . The full loss probability P(to) obtainedby the
programBOSON is shown in fig. 3, where it is

E comparedwith an experimental spectrum. The
~ 48 . . instrumental responsefunction R(to) used to

broadenthe theoreticalEELS spectrumis a com-

~ 32 . . bination of a Gaussianand a Lorentzian with
equalweights (GAUSS = 0.5). This parameterto-

I getherwith the width (57 cm~)of R(to) andthe
16 . . asymmetryparameterof the Lorentziancompo-

nent (ASYM = 0.3) have been adjusted to the

0 ~J ~ I - shape of the experimental elastic peak around

100 200 300 400 500 to = 0.
u (cm’)

Fig. 2. Classical loss spectrum P
01(u) of a GaAs/A1GaAs
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TEST RUNINPUT AND OUTPUT

File EELSIN, unit = 11

6.1 EU
45. 0 THETA

1.8 PHIA
1.8 PHIB

100.0 WMIN
500.0 WMAX

2.0 OW
GAAS 70.0 C AL3OGA7OAS 100.0 GAAS 100.0

3 2 N NPER
GAAS 0. 700000+02 LAYER 1

10.900 1
269. 20 2.0300 0. 93000E-02

AL3OGA7OAS 0.100000+03 LAYER 2
10.200 2

265. 00 1. 2400 0. 27000E-01
361. 00 0. 93000 0. 30000E-01

GAAS 0.100000+03 LAYER 3
10.900 1

269. 20 2. 0300 0. 93000E—02

File EELSOU (shortened), unit = 12

ED 6.10 THETA = 45.0 PHIA 1.80 PHIB = 1.80
GAAS 70.0 C AL3OGA7OAS100.0 GAAS 100.0

0. 1 000000E+03 0. 3389797E—05
0. 1 020000E+03 0.341 4600E—05
0. 1 040000E+03 0.3440501 E—05
0. 1 060000E+03 0. 3467530E—05
0. 1 080000E+03 0. 3495730E—05
0. 11 00000E+03 0. 3525141 E—05
0. 11 20000E+03 0. 355581 OE-05
0. 1140000E+03 0. 3587780E-05
0. 11 60000E+03 0. 3621101 E-05
0. 11 80000E+03 0. 3655827E-05
0. 1 200000E+03 0. 369201 2E—05

0. 4900000E+03 0. 1256209E—05
0. 4920000E+03 0. 121 0072E—05
0. 4940000E+03 0. 1166246E—05
0. 4960000E+03 0. 1124578E—05
0. 4980000E+03 0. 1 084930E—05
0. 5000000E+03 0. 10471 81 E-05

File BOSIN, unit = 13

300.0 1
57.0 WIDTH

0.5 GAUSS
0.3 ASYM

—500.0 EMIN
750.0 EMAX
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File BOSOU (shortened), unit = 14

E0 = 6.10 THETA = 45.0 PHIA = 1.80 PHIB = 1.80 T = 300.0 GAUSS 0.50
GAAS 70.0 C AL3OGA7OAS 100.0 GAAS 100.0

—0. 5000000E+03 0. 1041 774E—04
-0. 4980000E+03 0. 1 049992E-04
-0. 4960000E+03 0.1 058362E-04
-0. 4940000E+03 0. 1 067086E-04
-0. 4920000E+03 0. 1 076084E—04
-0. 4900000E+03 0. 1 085463E—04
—0. 4880000E+03 0. 109501 9E—04
—0. 4860000E+03 0. 11 04833E—04
—0. 4840000E+03 0.111 5222E—04
—0. 4820000E+03 0. 112561 4E—04
-0. 4800000E+03 0.11 36563E-04

0. 7400000E+03 0. 1 824343E-04
0. 7420000E+03 0. 1807071 E-04
0. 7440000E+03 0. 1 790094E—04
0. 7460000E+03 0. 1 773359E—04
0. 7480000E+03 0. 175661 7E-04
0. ?500000E+03 0. 1 ?40073E-04


