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ABSTRACT

The (001) surface of natural pure margarite was chemically characterized by angle-resolved X-
ray photoelectron spectroscopy (ARXPS). The extreme surface sensitivity of ARXPS permits con-
cluding that the chemical composition of the near-surface region differs from the bulk because of
the strong anisotropy of the margarite structure. Depth profiling was carried out by angle resolved
spectroscopy that is a non destructive measuring technique. More grazing polar angles sample in-
creasingly superficial layers of the margarite. The topmost layers are made up of C, due to the
mineral/atmosphere interaction. At low grazing angles the concentration of Si increases, and both
Al and Ca decreases; therefore we conclude that the tetrahedral sheet is the topmost monolayer.
Repulsion between the octahedral and tetrahedral sheets is probably responsible for the cleavage.
Photoelectron diffraction effects are also clearly evidenced by Si, Ca, and Al. Single-scattering
cluster calculations were performed in simulating scanned angle core emission. The calculated
patterns do not show a reasonable agreement with experimental data.

| NTRODUCTION cally reactions of solids evolve according to chemistry and

. . . . truct f the t tl . tly, i har-

Margarite mica [CaAlAl,Si,)O,,(OH),] occurs in Al- and structure ot the fopmost 1ayers Qonsequen y, improved char

. ; . cterization of the surface chemistry and surface structure of
Ca-rich metamorphic rocks (Bucher-Nurminen et al. 1983;

. argarite is relevant to research fields such as environmental
Bucher and Frey 1994; Feenstra 1996). Despite a Rife s ie?]ces

stability field (Chatterjee 1974, 1976), margarite is rare an A principal method for surface chemical analyses is X-ray

?36:]8 riﬁi’;ﬁg Il'ggzatt?gtt'Oﬂ:;ﬁgﬁ?eezgﬁ;mleﬂg E’glg Slt?iﬂ%hotoelectron spectroscopy (XPS), which measures the kinetic
99¢ ): ' 9 P! y eF\ergy of photoelectrons emitted. It is a surface sensitive tool
chemical analogy between feldspar and micas and has a well- . .
ordered Si-Al tetrahedral sheet. Cleavage along (001) is Vé)recause such photoelectrons have short inelastic mean free
A o " avage g ( : ) cPgths (IMFP) in solids. The kinetic energy of the electrons gives
poor and consequently it is a brittle mica. This mechanical pr

&

erty, atypical for a mica, arises from the strong Ca-O chemlca(,!ea information on the energy of binding, the chemical com-

: ) . ition of the outermost layers of the sample, oxidation states,
bond. The cleavage mechanism has never been mvestlgag (Z Y P

o . ) indirectly al inati i ts. Depth distri-
whereas it is generally believed (Giese 1974, 1977, 1978, 19 ‘:rl'} indirectly aso coordlna_tlon environments. Depth distri
: i ! ution of atoms is probed using the angular dependence of the
that cleavage of K- or Na-bearing micas results in the exp

. - Smission (ARXPS). Finally, atomic structure information is
sure of these interlayer cations.

- : : . . contained in photoelectron diffraction effects due to elastic scat-
We did not investigate a clean margarite surface (in surfatcei g of electron by atoms neighboring the emitter (Fadley

. . T
science a clean surface means absence of foreign matter soi%%%_ Chambers 1992: Osterwalder et al. 1995 Biino et al
on the lattice termination), but a real margarite surface (in s#_ '985 ' ’ ' '

face science a real surface means that some of the dang iNGp e

. . - . present work uses ARXPS to investigate the following
bonds making the lattice termination are satisfied by atoms . ] ) -
molecules. or molecules fragments sorbed mainly durin Uestions: (1) Does the surface chemical composition of

olecules, or molecules fragments sorbe Y aunng 98 aved (001) margarite correspond to the bulk chemical com-
solid interactions during standard laboratory preparation), be- ... o .
o . Rosmon or does the ARXPS surface sensitivity make it impos-

cause it is more close to a natural surface. One aim of thi

. L : . . YBle to probe a volume large enough to be representative of
investigation is to provide experimental evidence for the clea%-F bulk composition? (2) The photoelectrons emerging from

age mechanism by better defining the structural terminationtﬂe (001) of margarite should undergo diffraction that may
a cleaved real margarite crystal. The reconstruction of a Cr¥$ia

R . e nge the intensity at different angles of the outgoing photo-
tal termination is not an academic curiosity, because cherglé g y 9 going p

ctron. ARXPS measurements were thus also performed at
different polar angles (i.e., the angdemeasured between the
*E-mail: ggbiino@access.ch sample surface and the analyzer) to investigate if these dif-
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fraction effects are important for this system. (3) Can sing[BLE 1. Chemical states table

scattering cluster (SSC) calculations of core-level polar X-raybital Es FWHM
photoelectron diffraction (using as model the bulk lattice) 9\‘?2,3 2432 189
in reasonable agreement with experimental data? Si2p 102.36 1.99
Cis 284.99 2.11
ca2 348.56 2.19
M ARGARITE CRYSTAL CHEMISTRY e 23179 50

Margarite was chosen for this methodological study becau¥#es: The binding energy (E;) and full width at half maximum peak hight
the mineral shows a well-defined layered structure, has nefier 2C<0rouns (FWFAY are guen ncecion vols ). e pnig
gible cation substitutions, and Al is present in a strictly fixedl 102.36 eV (after Biino and Gréning 1998a).
stoichiometry, in two different lattice positions. This provides
a very simple structural model to explore via ARXPS investgally flat. Microscopic inspection of the crystals also did not
gation. show evidence of any inclusions. Margarite cleaving is not
The structure of micas is traditionally described as layepé&rfect, and we were only able to prepare a microscopically
of alternating tetrahedra-octahedra-tetrahedra, the T-O-T layié&t surface handling it in air. Because surface roughness may
In end-member brittle micas, two Al atoms and two Si aton@ter the angle resolved results (Fadley et al. 1974) we paid
per formula unit (pfu) are in tetrahedral coordination, and ther@xtremely close attention in the preparation of a flat surface.
fore the T-O-T layer charge pfu is -2.0. Consequently, the charbfee cleaved crystal was fixed using an ultrahigh vacuum glue
unbalance in the tetrahedral sheet is balanced by the interl§/@@ gold sample holder. Theaxis of the crystal was roughly
cation that must have chargée Divalent cations also must Oriented parallel to the rotation axis of the manipulator. Two
keep the T-O-T layer properly split, and therefore only a feg@mples of the same crystal were investigated. One sample was
divalent cations are present in brittle micas. Ca and/or Ba prépeasured at each1§tep in polar angle, and the second sample
erly satisfy the required radius and charge conditions. at each 5step. These two samples gave identical results, and
For the purpose of this work, the margarite structure is béggrefore in the following we will discuss only the most com-
described by a repetition of 8 monolayers: an O monolayeRlgte set of experiments wittt Steps.
Si-Al monolayer, an O monolayer, an Al monolayer, an O
monolayer, a Si-Al monolayer, an O monolayer, and a Ca mono-
layer as shown in Figure 1.

ANALYTICAL TECHNIQUE AND
MEASURING PROCEDURES

SAMPLE DESCRIPTION AND PREPARATION Several introductory reviews of quantitative surface analy-

We investigated a well-characterized pure margarite fropis by XPS are available and we will subsequently make use of
monomineralic vinelets in marble on the island of Naxo4rious results from them (Fadley 1978; Briggs and Seah 1990;
(Feenstra 1996). A centimeter diameter margarite monocrystiifner 1995; Tilinin et al. 1996). . .
was cleaved in air with a sharp cutter and shaped to fit the ThiS investigation was carried out with a refurbished

sample holder. The investigated (001) face was microscopieWlett-Packard S9S0A X-ray photoelectron spectrometer at
the Department of Physics of the University of California,

Davis. All the spectrometer specifications are given in Baird
(1977). The spectrometer sample holder allows angle-resolved
-4—Si-Al tetrahedral sheet measurements because the polar angle can be varied. The (001)
surface micas was irradiated with monochromatizecbA(hv
«—Cainterlayer cation sheet =1486.6 eV) radiation that traversed a thin beryllium window
separating the X-ray tube from the main spectrometer cham-
<4——Si-Al tetrahedral sheet ber. Spectra were taken with the standard 115 eV pass energy
and a 0.2 eV channel width in each spectrum. The X-ray source
| w—Aloctahedral sheet ~ Was operated at 800 W. During measurement the pressure was
s-aimonolayer  Ca. 2% 10° torr. The energy scale of the spectrometer was cali-
© monolayer brated to the 4f, peak of Au at a binding energls) of 84.0
Ca monolayer eV.
@ monolayer We measured core photoelectron spectra of all pertinent el-
2'::)':;:::”’ ements except H (which cannot be seen by XPS). Interlayers
Al monolayer made up of muscovite and paragonite are rather common in
© monolayer margarite (Feenstra 1996), and therefore we also always moni-
tored K and Na. However Ba, K, and Na were never detected,
D alarge amount of C was seen, probably because dangling bonds
B S are created by cleavage, and they instantaneously react with
x v atoms, molecules, and fragment of molecules present in the
atmosphere. CO and G@olecules were not detected. It is
FIGURE 1. Perspective view of the ideal crystal structure oprobable that O contamination also occurred, but due to the
margarite. The nomenclature of the monolayers is given. O1s peak complexity we cannot resolve it. Atomic concentra-

T-O-T layer
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tions were calculated from intensity of the Al2p, Ca2p, Si2p,ity as a function of energy loss for each material is gained from
O1s, and C1s photoelectrons. experimental optical data. The optical data can be checked for
internal consistency (although internal consistency does not
PHOTOELECTRON ELECTRON SPECTRA imply accuracy). The algorithm proposed by Penn (1987) ne-
AND PEAK POSITION glects vertex corrections, self-consistency, and the effects of
Figure 2 illustrates the kind of photoelectron spectra ob-exchange and correlations. We used the predictive formula TPP-
tained. Surface contamination due to an air-margarite inter2 for the IMFP calculation by Tanuma et al. (1993), which
action is well evident (i.e., C1s), but any natural margariteincorportates Penn’s algorithm (1987). TPP-2 was constructed
crystal exposed to air has this contamination too. by fitting the calculated IMFP values for elements and sub-
Margarite is a good insulator and its surface thus becomestances to a modified form of the Bethe equation for inelastic
positively charged during photoemission, shifting down peakslectron scattering in matter. These authors suggested that the
on average by ca. 10.87 eV. Several charge correction tecfour parameters in the Bethe equation can be related empiri-
nigues are currently used, each of which has merits and pitally to: atomic or molecular weight, bulk density, number of
falls (Seah 1990). Because precise peak position is not imsalence electrons per atom or molecule, and band-gap energy
portant, we simply use the Si2pEt= 102.36 eV as an inter- for non-conductors. We considered that margarite has a band
nal peak reference following Biino and Groening (1998a).gap energy of 9.0 eV (approximated from thgQAland SiQ
The binding energy of all analyzed elements after charge coband gaps). At the photon energy of 1486.6 eV, a change of 1
rection are given in Table 1. The measured value of the Al2gV in band gap energy causes a change in the IMFP of ap-
differs from the literature Al2p value in micas of only 0.1 eV proximately 1 A. Using TPP-2, we calculate that the IMFP value
(74.25 eV, Wagner et al. 1982; Biino and Groening 1998a)is 28.51 A (Al2p), 24.09 A (Ca2p), 27.87 A (Si2p), and 20.85
The measured value of the Gifer correction indicates Cis A (O1s). These values were used in solving Equation 6, below.

present as adsorbed hydrocarbons. It is also known that multiple scattering and damping effects
make the real net distance traveled by the electrons less than
DATA TREATMENT the calculated IMFP. Due to the exponential dependence of pho-

The difference between the measured energy distributiotoelectron transport to the surface, 85% of the ARXPS signal
and the background can be used to derive chemical composiriginates from a surface region with thickness and 95% of
tions of the surface and near-surface region of solids. Ththe signal originates within theA&egion from a surface re-
background is caused by the electrons that have undergomgon, for normal emission.
multiple inelastic scattering and lost energy (i.e., they do not The chemical surface analysis can be calculated following
contribute to the characteristic elastic peak intensity). Conthe approach by Fadley et al. (1974) and Fadley (1978). To
sequently, the attenuation of the elastic signal is mainly duealculate the transport of the photoelectrons to the surface, we
to electron inelastic collisions, and it is necessary to knownodel the margarite structure as a regular sequence of mona-
the electron sampling depth to gain the chemical compositomic layers laterally homogeneous in composition. We assume
tion of the sample. that surface relaxation and surface reconstruction did not oc-

The term attenuation length (AL) was originally used for cur after cleavage and during analysis, and model the crystal
this purpose. This paper provides evidence for elastic scags two main layers: the true margarite (substrate) and an
tering, therefore AL is not the most appropriate model (se@verlayer of contaminants. The surface is covered by a layer of
also Tanuma et al. 1993 and reference therein). Instead, IMFEbntaminants due to atmosphere-margarite reaction after cleav-
were used. We first consider only the IMFP (defined as théng. The contaminant cannot be removed by sputtering because
average of distances, measured along trajectories, that eleit-causes perturbation of the mineral surface (Hochella et al.
trons with a given energy travel between inelastic collision1988; Biino and Groning 1998a, 1998b). Consequently, the sig-
in a substance). IMFP were determined based on the empinial is attenuated by a fact®y, calculated as in the following
cal approach of Seah and Dench (1979), who fitted all avail- ]
able IMFP values of solids to a universal curve. The single Te = €XP (8/A:Sin6) @
unlve_rsal curve is a convenient approximation and is ValuWheredc is the thickness of the contaminant overlajgis the
able in cases where there are no measurements, but IMFP aerleectron IMFP, and is the polar angle. The different IMFP

material dependent and can only be described by a single unk lues were chosen considering the IMEP of graphite 22

versal curve as a function of energy as a first approximation Martin et al. 1985) and of glassy K, € 26 A, Powell et al.

It is impossible to assess the accuracy of the single universi’ . . .
. N 94). The experimental thickness of C overlayer on minerals
curve, and the conditions under which it might break down ) P Y

) is probably, to a first approximation, 10 A (Stipp and Hochella
are not known. Using Seah and Dench’s (1979) approach,,q . . )
Asp (in number of monolayers) is 12.98 (Al2p), 11.66 (Ca2p), 991; Junta Rosso and Hochella 1996). The attenuation cor

. ) rection is important at low polar angle where the C makes up
12.84 (Si2p), and 1.0'65 (Ol_s), gnd the average thickhgss large part of the analyzed surface. Carbon density was calcu-
of each monolayer in maragite is 2.29 A.

. lated from the following formula
Second, we followed a more complete theoretical ap- 9

proach, after Penn (1987), who proposed a hybrid approackpc(Clse) =Kp, dociy [1-exp(~d, / A, sinB)] @)
to calculate IMFP values based on experimental and theo- dQ
retical data. Information on the inelastic scattering probabilwherel; (C1sf) is the number of photoelectrons per second
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FIGURE 2.Representative spectra of (001) margarite were collected 46°. (a) All the main peaks, including the Auge@L peak. The
multiple peaks [§) Al2p; (c) Si2p; @) Cls; € Ca2p; {) Ol1s] are shown after Shirley background subtraction and peak fitting procedure, as
light lines. Data are heavy lines.
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from the 1s level of C atom in the overlaygris the lateral
density of the C in the overlayé,is the instrumental factor 90
(or spectrometer function) involving the kinetic energy depen-
dence of the spectrometer analyzer transmission function, and
do:5/dQ is the differential photoelectric cross-section for the 70
C1s. In solving Equations 1 and 2 we used the valye$0 A
andA.= 24 A.
The instrumental factor is calculated by the general expressio
K(hv) = By(hv)Sy(hv,8)Qq(hv)F, 3)
whereB, is the source brightnes§; is the effective source
area,Q, is the effective acceptance solid angle, Bpis the 30
incident X-ray flux.
The differential photoelectric cross-section for a given
. . 10....].l..l....l....lll-.l....l...
subshell is calculated by the general expression
do o, () 1 3 10 20 30 40 50 60 70
A (hv) = 22 1-Z=8, (hv)(=snzW-1)]  (4) polar angle (6)
da ar 2" 2

whereo, is the theoretical cross section in square centimeteb
taken from Yeh and Lindau (1989, is the energy depen- 4.0
dent asymmetry parameter of the subshell taken from Yeh angd,
Lindau (1985) is the angle between photon propagation di-'E
rection and electron emission direction (in the Hewlett-Packar
5950A,y is 72).

We compute the photoemission for each layer and the in¥
elastic attenuation due to all the overlayers above each Iayé"g
for the maximum depth of 100 monolayers (examples are showm
in Fig. 1). The case of a laterally homogeneous emitting IayeE 2.0
with uniform overlayers of thicknesk, which is defined as

i-1
dn :dc+zd0 (5)
whered; is the thickness of each layer above the emitting Iayer,g 100L b Lo Lo e b s brcaa ey
we can use the formalism of Fadley (1978). The dependence of 10 20 30 40 50 60 70

the substrate and overlayer intensities on polar éhgeex- polar angle (8)

pressed as: FIGURE 3. Relative concentration vs. polar angi.((a) The
40 0,

1,(A.k.8)=Kp, 7_7@<p{_[i ~2(~d, /\,, sinBexp(~d, /)\"sine)]} (6) relationship between C relative concentration and polar angle clearly
aQ _S‘”e proves that C is limited to the top most part of the surface. The lack of

wherel; (A,k,6) is the number of photoelectrons per secorgraction modulation suggests that C is amorphobjsThe crystal

from thei™ layer and from the'klevel of atom A,p, is the  termination is probably made up of Si. The Ca peak a828ay not

lateral density of the A element in tifdayer,Aa, is the IMFP  be relevant. The cubic spline (light line) and exponential curve (heavy

from thei™ layer and from th&" level of atom A, and,is the line) fits are also given.

electrons IMFP in each of the overlayers calculated by the ex-
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pression mination could be made either by an Al, Si, or Ca monolayer.
ZA As noted previously, an XPS spectrum is considered as a
M (7) difference between the background and the measured energy

Equation 7 includes the density dependendg afThe to-  distribution. The background is made up of electrons that un-
tal intensity from the kth level of atom A is calculated from derwent multiple elastic and inelastic scattering and should be
100 removed from the peak area pertaining to (the elastic) elec-
lak (6) = b3 Ii(A,k,0). (8) trons that escape from the sample without energy losses. Back-
The atom fractiom, of the A" element of margarite is given byground corregtion is a very deligate proceqlure bgcausel the tail
of each peak is a complex function of elastic and inelastic scat-
X, = Take tering. Thus elaborate methods to subtract the inelastic back-
;IA,k,e ©) ground have been proposed (Tougaard 1989; Tougaard and
Jansson 1993; Tilinin and Werner 1993). According to Tilinin
wherel kg is the signal intensity as calculated from Equatiorend Werner (1993), the Tougaard method over- or under-esti-
6 and 8 having, as unknown. We chose a depth of 100 monarates the inelastic background by approximately 5-10%, de-
layers in solving Equation 6, with this being of the same orderménding on the emission angle. As a more convenient, but less
3\. The calculations were performed assuming the crystal tegorous, method, we have used the so-called Shirley back-
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ground, which should be accurate enough for this ARXPS study.margarite.

The Shirley background intensity at a given energy is assumed

to be proportional to the intensity of the total elastic peak arBapth profiling by angle-resolved spectroscopy

above the background and to higher kinetic energy. This methodDepth profiling by sputtering or etching (intrusive prepara-

implies that each unscattered or elastically scattered electygjy, methods) alters the chemistry of the surface. In angle re-

is associated with a flat background of loss intensity. solved photoelectron spectroscopy, the signal from electrons
Individual peak areas were evaluated by a Voigt peak shagie, specific energy are collected at varying polar angles and

to the elastic intensity and some fitting results of this are shoyy, syrface is not perturbed. The angular dependence of inten-

in Figure 2. These experiment data may have been simply Gy provides quantitative information on the chemical gradi-

culated according to ent perpendicular to the surface because Fadley and Bergstrém
Lo/ Onro (1971) experimentally proved that enhancement of surface sen-
Xn=—7———— (10) sitivity by at least one order of magnitude can be achieved by

;l’**k*’/a’*'k"’ tilting of the sample. Small polar angle® € 3C°) favor the

detection of the topmost surface layers while at large polar angle

wherel kg is the experimentally fitted intensity angh e is : t surf ition is ob dbythe | ;
the sensitivity factor. The use of such a ratio obviously impliége Opmost surtace composition 1S obscured by the increasing
portance of the bulk.

that the instrumental conditions are constant during the ana'fy-
We calculate the escape paths for photoelectrons from the

sis, as was the case in our experiments. The absolute valu%')s?k bing depth) f Equation 6. which includes the rel
Onke are unimportant, provided that they are all measur o) (probing depth) from Equation 6, which includes the rela-

under the same conditions. Solving equation 9 (which is mot 8nsh|p between intensity, polar angle, and sampling depth of
photoelectron.

accurate than solving equation 10) and normalizing the cati . - .
geq ) 9 The layered structure of micas is ideal to test the probing

values to 11 O atoms pfu (i.e., Al + Si + Ca = 7), produced the

atomic fractions of Table 2. Following this approach we a: epth of ARXPS analysis. Measurements were performed at

. . .each 8 polar angle from 20to 7C (Fig. 3). The topmost layer
sume the concentration of oxygen (and discard the analytfglglearly made up of C (Fig. 3a). Regardless of whether the

data that probably also include contamination due to air-sample

interaction). The calculate concentration from the measured ystal term_lnatlon was as§umed to be an Al, Si, or Ca mono-
tensities should have an accuracy of 2% or better ayer, the Si concentration increased at low polar angle. There-

fore, we performed the full calculation only considering the
case of Si terminated structure. Generally, we see that Si in-
) - creases as take off angle decreases, whereas Al and Ca show
The surface chemical composition opposite effects and very similar behavior. The large varia-
XPS provides experimental evidences that surface comgimn in intensity cannot be due to the small differences in
sition differs from bulk and it is not stoichiometric. The chemikinetic energy of Ca, Al, and Si photoelectrons. Therefore,
cal composition does not spread in a way that the electron prolbe fact that Si shows a negative slope in Figure 3b implies
microanalysis bulk composition is the middle point. At higthat Si atoms are preferentially located at or close to sur-
polar angles, the chemical composition trend tends toward staee. Calcium and Al concentrations are decreasing with
ichiometry, but even the analysis performe® &t 7 is still polar angle, this relationship suggests that they are deeper
influenced by the anisotropy of the lattice. The dependencensbnolayers. Half of the Al atoms are in the Si monolayer
surface composition to polar angle is due to the fact that tff®Al) and half in the Al monolayer®Al), therefore“Al
depth of analysis decreases with decrea8ingnd elements photoelectron diffraction should be similar to Si. Conse-
located in deeper layers are underestimated or no more azently®Al monolayers must be deeper than Ca monolay-
lyzed. The previous XPS investigation on (001) micas (Biiners to counterbalance the photoelectrons generat&hby
and Groning 1998a) also yielded chemical composition far fronihe most probable sequence of monolayers in a cleaved
bulk composition due to presence of interlayered exotic phas@1) margarite thus should be (from top to bottom; Fig. 1)
but these margarite crystals do not have interlayer&t+“Al, O, Ca, O, Si#Al, O, and®Al (our experimental
phyllosilicates because no other elements (i.e., Ba, K, Na) welga cannot prove whether O is on top of “@itor not). It
detected. We conclude that due to surface sensitivity of XESrealistic to assume that steps are present in the analyzed
only the topmost layers can be analyzed, and consequently thisfaces, but XPS intensities are averages of a large surface
tool provides useful information on the chemical terminatioarea (approximately 1 nfiytherefore the observed sequence

RESULTS

TABLE 2. Surface chemical composition of (001) margarite by ARXPS

0 20 25 30 35 40 45 50 55 60 65 70

Si 3.797 3.475 3.539 3.337 3.242 3.050 3.113 3.290 3.138 3.111 2.968
Al 1.749 1.758 1.909 1.962 1.856 2.103 2.197 1.925 2.073 2.134 2.300
Ca 1.454 1.767 1.552 1.701 1.902 1.847 1.690 1.785 1.789 1.755 1.733
C 52.830 44.570 42.571 36.716 34.635 31.725 27.785 27.606 26.392 20.052 18.217
SAC 47.170 55.430 57.429 63.284 65.365 68.275 72.215 72.394 73.608 79.948 81.783

Notes: 0 is the polar angle, i.e., the angle between the mineral surface and the analyser. The Si, Al, and Ca cations are normalized to 11 O atoms per
formula unit. This normalization did not take into account C. SAC is Si+Al+Ca. Carbon is normalized to 100% of cations.
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a b

[4lsi - [4la1 monolayer

O monolayer

Ca monolayer

O monolayer

FIGURE 4.(a) Part of the margarite structuf8Si-“/Al and O are not on top of Cé)(The scattering from near-neighbor O is responsible
for “channeling” of the outgoing photoelectrons, consequently, modulation in the intensity at palatsangle are measured.

of monolayers has only a statistical meaning. the different scattering 8Al and“Al. Taking into consider-
ation the geometrical relationship between the (001) plane, Ca,
DIFFRACTION EFFECTS and the O atoms first neighbor Bl and WAl (Fig. 5), we

The outgoing photoelectron wave also can be scattered ef2clude that the oxygen monolayer betmi@é:& “Siand Ca
tically from nearby atoms. Because of the de Broglie wal® "€Sponsible for the low polar angle scattering of the photo-
nature of these electrons, these scattering processes pro@lgiron generated tAl and“Si, and the oxygen monolay-
an interference or diffraction pattern. The scattering from ne&"S 0N the top (and on the bottom) oft monolayers cause

neighbor atoms in the lattice is found to focus the outgoifigattering at approximately 45-50f the photoelectron gen-
photoelectron like an optical lens, producing a kind of «toerated byP!Al. The apical O of neighbor tetrahedra causes scat-

ward focusing” or “channeling” of photoelectrons along bont§ing at approximately Sof the photoelectron generated by
directions or crystallographic axes. At high kinetic energy theAl and[“ls_l. o )
scattering is concentrated in the near-forward direction (Fadley Theoretical polar-angle distribution curves were obtained
1992). Diffraction effects change the measured peak inten&th the single-scattering calculations model (Cheng et al.
ties and they constitute a major source of error in determinihg98)- The simulation is based on the bulk lattice model. Com-
surface composition. They are seen in Figure 3b as small moB@tiSon between theoretical and experimental polar-angle dis-
lation in the Si, Al, and Ca intensities of ca. 10-20%. The cherfiPution curves are given in Figure 6. The calculated patterns
cal composition of the surface-near surface region should YW & reasonable agreement with experimental data, i.e., the
calculated after performing measurement over the full sof@Me sequence of ridge and valley but there is no correspon-
angle, averaging over azimuthal at each polar angle and tiiigmce between theoretical and experimental polar angles. Two
introducing a correction of the diffraction effects by smootHnain reasons are responsible for the incorrect results. First, the
ing. Nevertheless, smoothing of a polar scan is enough to ppy!K lattice model is probably not accurate due to surface re-
vide a reliable chemical composition of the surface-near s@Rnstruction and relaxation, second, the correlation between
face region. A complete data set of measurement (i.e., mihe experimental fine structure emission direction and lattice
surement over the full solid angle) can be exploited to gain tA8OMetry can be done only after rigorous multiple scattering
surface structure with an accuracy of 0.05 A (Fadley 199(2alxlculat|ons. The available multiple scattering algorl'Fhm
Chamber 1992; Osterwalder et al. 1995). Indeed, some infgftaduwela et al. 1991; Cheng et al. 1998) cannot be applied to
mation can already be extracted by a polar scan. Carbon shgwyplex lattices like margarite. Neverthelless, the main theo.-
very limited scattering effects becausettsgmost monolayer retical problems are already solved, and in the close future it
cannot have forward scattering and C is probably disorder?ill be pos;ible to perform multiple scattering calculations of
(photoelectron diffraction study of C adatom on phlogopitgemplex minerals.
shows a random distribution of C adatom, Biino et al. submit-
ted). Calcium scattering is negligible at high polar angle, but it THE CLEAVAGE MECHANISM
becomes very intense at grazing angles. At high polar angle,Cleavage of mica should result in the exposure of the
Ca atoms have no near neighbor atoms that can scatter its pterlayer cations according to chemical intuition and rigorous
toelectrons. The O atoms in the layer between Si-Al and Calculations (Giese 1974, 1977, 1978, 1984), but experimental
provide scattering between 15 and 8Big. 4). work done on natural muscovite and phengite provides a more
The difference between the Al and Si curves permit tracimgmplex picture due to interlayered phases (Biino and Groning
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O monolayer

[4lsi - [41al1 monolayer

O monelayer
[61al monolayer

O monolayer

FIGURE 5. (a) Part of the margarite structure. Basal O is responsible for low angle diffractions of the photoelectron generdted by Si-
atoms. Apical O (not shown) produces scattering close to normal emi8sio®X).(b) The scattering of the outgoing photoelectrons by the
first neighbor O is sketched.

1998a; Biino 1998). A detailed study by Feenstra (1996) sufpe distance that photoelectrons can travel in the solid, varying
gests that the crystals from this occurrence have no interlayetteel polar angle reduces the lengths of the escape paths for pho-
micas, and we have no evidence for Ba, K, or Na. Chlorit®electrons. Surface enhancement was achieved by measuring
gibbsite, and kaolinite interlayers will severely change tra 20 polar angle that corresponds to approximately 10 A of
Ca:Al:Si ratio. Consequently, the Si termination is related sampling depth. At each polar angle, the surface composition
weakness of margarite structure between Si and Al monolaijffers from the bulk stoichiometry because the surface com-
ers. The problem of margarite cleavage has never been pasition in a layered structure depends on the arrangement of
dressed. From a theoretical point of view, the Ca-O bondékements in the layers. The layered structure of micas and the
stronger than the K-O bond, and consequently, it is not pasiface sensitivity of ARXPS prevent the sampling of the vol-
sible to intuitively conclude that cleavage will expose theme representative of the bulk, as already proposed by Biino
interlayer cation without experimental data or theoretical cand Grdning (1998a). Consequently, ARXPS provides a valu-
culation. The net negative charge is physically very close able tool to investigate cleavage of micas. After cleavage, as
Ca and the structure may more probably be destabilized bige Si concentration is constantly rising when the polar angle
tween octahedral and tetrahedral sheets. is decreasing, this monolayer should make the crystal termina-
Our experiments run on margarite provide the evidence fioon. This result is in agreement with a consideration of elec-
exposure of the Si monolayer (Fig. 3). Two hypotheses cantbestatic interactions, i.e., repulsion between tetrahedral and
formulated to explain this observation: the repulsive force beetahedral sheet.
tween the two negatively charged sheets or imperfections of Elastic scattering (photoelectron diffraction) effects are not
the natural structure (e.g., vacant cation-exchange sites, stagey pronounced, but they change the peak intensities and
ing faults and/or irregularities in the monolayer stacking). AFmoothing of the data is necessary. The approach used to con-
images of micas are generally interpreted as a view of the ap+t the measured intensities into concentration is thus sim-
cal O or of a cation in equivalent position (Lindgreen et agblistic because it does not take into account the azimuthal angle
1991; Sharp et al. 1993; Eby et al. 1993; Henderson et al. 19@¥pendence of the recorded signal, and that the escape prob-
Indeed, it is improbable according to quantum chemical coability is function both of elastic and inelastic scattering of elec-
siderations that O can produce a bump in a AFM image. Quons. In a more general way, the intensity of the photoelec-
study may suggest that Si is responsible for the bump obserueohs also changes as a function of emission angle due to

by means of AFM in mica surface images. changes in scattering path length (photoelectron diffraction).
However, these effects appear to be no more than 10-20% in
DISCUSSION magnitude at most. Neverthele8sgveraged composition (i.e.,

The (001) surface exposed on cleavage of a margarite singfieer smoothing the diffraction effects) is expected to be accu-
crystal was chemically characterized, for the first time usingte in the range of a few percent. The SSC approach has been
angle-resolved X-ray photoelectron spectroscopy (ARXPShund to predict some of the features observed experimentally.
The average depth of photoelectron emission is smaller tHadeed, such an approach is not fully adequate, and it is thus
approximately 30 A. The probing depth of ARXPS is related tiecessary to have a multiple scattering algorithm (Kaduwela
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