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A priori knowledge of the valence adopted by transition-metal elements in minerals
frequently provides useful insight into their petrogenesis. Generally, one or more of the
several well-established spectroscopic methods (e.g., Mdssbauer, UV-visible, X-ray ab-
sorption) are used to determine the chemical state of cationic species. A more recent
technique, which is now gaining increasing acceptance for such studies, is X-ray photo-
electron spectroscopy (xrs). In this paper, we report the way in which xPS may be used to
extract, in a semiquantitative manner, the ratio of trivalent to tetravalent Ti species in
synthetic [Ba,Cs,][(A1,Ti3*)2,+yTifi2"-,]O,u hollandites. The Ti3+/Ti4+ ratios found by xrs
are in qualitative agreement with those derived indirectly from classical electron-micro-
probe analysis. The quantitative discrepancies can be ascribed to the presence of rutile in
minor amounts. Generalized guidelines for the use of xps to obtain compositional and
chemical information about mineral specimens are outlined.

INrnonucrroN

Although the atomic structures of many minerals have
been accurately determined by X-ray or neutron diffrac-
tion, the details oftheir electronic structures are usually
less well established. This is particularly so for minerals
containing transition-metal cations that may exist in two
or more oxidation states. Often the valence of the elements
that constitute a mineral are inferred from its petrogenesis,
but this approach may prove ambiguous if extensive al-
teration has occurred. Therefore, it is inherently more
useful to determine directly the elemental valence, as this
information will reflect the ambient oxygen fugacity dur-
ing mineral formation.

In mineralogical studies, oxidation states are most com-
monly derived from electron-microprobe analyses (Eurn)
in which oxides are summed to the desired oxygen stoi-
chiometry. However, this approach assumes that the va-
Ience of all elements is known, and errors may occur if
the chemistry is complex or the oxygen stoichiometry
large (> l0). To overcome these limitations, attempts have
been made to develop more sophisticated evrpe tech-
niques in which the relative intensities ofthe characteristic
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X-ray emissions for a particular element are compared.
For example, O'Nions and Smith (1971) tried to use the
Lrr:Lr, ratio of Fe to establish the content of ferrous and
ferric species in wiistite, hematite, and pseudobrookite.
However, they concluded that only qualitative informa-
tion could be gained in this way.

Several other spectroscopic techniques are available to
determine chemical speciation. M0ssbauer spectroscopy
has been applied to over 40 elements (Herber, 1982),
though for mineralogical studies it is generally the 57Fe

nuclide that is exploited (e.g., Aldridge et al., 1986; I)yar
and Burns, 1986). Optical absorption spectroscopy,
X-ray absorption spectroscopy, and electron-paramag-
netic-resonance spectroscopy are also available, but these
methods are sometimes limited by the large sample vol-
ume required (e.g., Hofmeister and Rossman, 1984; Bon-
nin et al., 1985). Again, these methods have usually been
applied to the geologically interesting fenous-ferric species.
Most recently, electron-energy-loss spectroscopy has been
used to identify the valence of elements and simulta-
neously (in combination with electron microscopy) pro-
vide structural information from very small crystallites.
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Fig. l. (a) Schematic illustration ofthe process ofphotoelec-
tron ejection by X-ray photons. The photoelectrons can come
from either core or valence shells. (Adapted from Briggs and Seah,
1983.) (b) The ejection ofAuger electrons follows the nonradia-
tive transition ofan electron to an inner-shell vacancy. (Adapted
from Briggs and Seah, 1983.)

It is, however, unable to separate or quantify mixed va-
lences of the same element (Otten et al., 1985).

xps studies ofmineral surfaces have not been reported
extensively (Nefedov et al., 1972; Adams et al., 1977;
Bancroft et al., 1979; Thames et al., l98l; Evans and
Raftery, 1982) although application of the technique to
such problems is increasing. In particular, xps has been
shown to be especially valuable for determining the mech-
anisms that are relevant to surface or interface reactions
such as those that govern the dissolution of minerals (Schott
and Berner, 1983; Myhra et al., 1984).

The present article describes how xps may be used in
mineralogical studies to ascertain semiquantitatively the
proportions of mixed-valence transition-metal species. We
have chosen to illustrate the utility of this technique by
determining the relative proportions of trivalent and tet-
ravalent cations in a number of well-characterized syn-
thetic hollandite samples with the general formula [Ba"-
Cs,] [(Al,Ti3*)2,*"Tif 1 r,_,JO,u (Kesson and White, I 98 6).

Pnrxcrplps oF X-RAv pHoroELEcrRoN
SPECTROSCOPY

Briefly, xps is based on the principle that, when a surface
is irradiated with X-rays, photoelectrons will be ejected
(Fig. 1a). If X-ray lines of sufficiently narrow widths are
used, the photoelectrons have characteristic energies re-
lated directly to the atomic levels from which they came;
xps commonly uses either the AJKa (1486.6 eV) or the
MgKa(1253.6 eV) lines. With such low-energy excitation,
the photoelectrons must originate in the outer few mono-
layers only ifthey are to escape without energy loss. The
resultant energetic electrons are then collected and count-
ed, after dispersion, by an electrostatic analyzer. A pho-
toelectron energy spectrum then consists of a plot of counts
as a function ofkinetic energy. Such spectra may be used
for analytical purposes or to gain insight into the chemical
bonding of the elements present. The technique is firlly
quantitative insofar as the area under a characteristic peak
can be related directly to the concentration ofthe corre-
sponding atomic species in the surface layer. The sensi-
tivity of xes is of the order of 0. I aI.o/o for most elements.
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Chemical information can be extracted from the spectrum
by detailed considerations of the position (with a typical
resolution of +0. I eV) and shape ofpeak envelopes. This
information can be interpreted readily by comparison with
spectra of standard compounds, recorded in the same ex-
periment, or by consulting the voluminous and mature
literature on xps investigations of various compounds
(Briggs and Seah, 1983).

xes is generally thought ofas a broad-beam technique
because the normal lateral resolution is - I mm. However,
some recent instruments are capable of "mapping" with
a lateral resolution of - 100 pm. (Riviere, I 986).

CoprplnrsoN wrrH orHER suRFAcE ANALyTTCAL
TECHNIQUES

It is common to have xps available in combination with
at least one other surface analytical technique-usually
Auger electron spectroscopy with scanning Auger mi-
croscopy (aEs-snu), and with static secondary-ion mass
spectrometry (ssrrvrs). As summarized in Table l, these
techniques are surface specific and yield data that are es-
sentially complementary.

The application of AES-sAM to geologic problems has
been reviewed recently (Hochella et al., 1986a, 1986b).
Auger electrons are generated by irradiation ofthe surface
with monoenergetic electrons (typically 3-10 keV). As
with xps, the primary interaction is the ejection of a core
electron, but in this case the characteristic event is the
radiationless decay ofan upperlevel electron into the core
vacancy and the simultaneous ejection of an Auger elec-
tron with a characteristic kinetic energy (Fig. lb). The low
(30-1000 eV) kinetic energies analyzed in ees ensure that
the technique is surface specific for the same reasons as
mentioned above for xrs. Again, a spectrum of charac-
teristic peaks indicative of atomic species in the near-
surface layers can be generated by electrostatic analysis,
and peak heights can be related to atomic abundances.
However, chemical (i.e., bonding) information cannot be
as readily extracted, as in the case ofxps, since electron-
excited Auger peaks are generally wider and weaker. In
particular, diferential Auger peak positions, which is the
most common operational mode, cannot be measured
with the precision ofxrs peaks. The significant advantage
ofens-senr over xps lies in its excellent lateral resolution
and the ability to scan a finely focused electron beam
(-20-nm diameter for the most advanced instrument)
over the sample and produce elemental maps showing the
lateral distribution of surface species. Such maps can be
related to surface features observed by secondary-electron
microscopy (see Cooper et al., 1986) for an example of
Cs mapping on hollandite fracture faces).

Unlike xps and AEFSAM, static secondary-ion mass
spectrometry (ssrr'as) is a destructive technique, dynamic
srrras is even more so, and at times this may limit its
applicability. (There are also cases where the high current
densities of ars-sau will be destructive.) During analysis
by ssrus, an incident ion beam (usually 0.5-5 kev) is used
to induce sputtering of atomic and molecular species from
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Treue 1. Comparison of surface analytical techniques
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Sampling depth (monolayers)

Lateral resolution (nm)
Sensitivity (at %)
Nondestructive
Charging problems
Elemental-mapping capability
Elemental range
Accuracy of analysis

Principal application

1 - 1 0

1 0 6
0.1
yes
yes
no
z > 3
fully quantitative

determrnation of chemical specia-
tion and composition

1-5

200-1 000
0 1
yes-no
yes
yes
z > 3
fully (AES) and semi- (sAM) quantita-

trve
elemental mapping of surface

species and small-area analysis

2 (static), 40
(dynamic)

10n
0.001
no
yes
yes
all elements
semi-quantitative

trace-element analysis

a solid surface. The incident ions are commonly Ar or
oxygen but liquid metal, particularly Ga, sources are also
available. The ejected species usually come from the first
one or two atom layers (0.5 nm), although interlayer mix-
ing of species may sometimes give rise to contributions
from greater depths (Smart, 1985). The sputtered ions are
focused onto a mass analyzer (quadrupole, electrostatic,
or magnetic sector). The technique is extremely sensitive,
being able to detect many species at the ppm level, and
it is as a method of identifying trace elements that ssrMs
is far superior to xps and aes-seu (Table l). Although
ssrus is able to detect all elemental isotopes, such spectra
are extremely difficult to quantify owing to the large range
of ionic sensitivities and the variable sputtering rates of
the same species from different matrices. However, reli-
able comparisons can be drawn between materials of sim-
ilar composition. Because srus gradually erodes the sur-
face under examination (especially in the so-called
"dynamic" mode), it is often used in conjunction with the
other techniques to yield depth profiled xps or AES-sAM
data.

Thus, for the purposes of the present experiment, which
is the determination of Ti valence states in hollandite, xps
is the most appropriate tool. If on the other hand, the aim
had been to study the spatial distribution ofCs or perhaps
the occurrence of unexpected trace impurity atoms, then
AEFSAM or ssrMs would have been more suitable.

ExpnnrvlnurAl METHoDS

Specimen preparation

A detailed description of the methods used to prepare
the hollandite samples has been given elsewhere (Kesson
and White, 1986). In brief, titanium-2-propoxide was hy-
drolized and dried to produce a highly reactive form of

hydrated titania. This powder was mixed with aqueous
solutions of aluminum, barium, and cesium nitrates in
quantities appropriate to the particular hollandite being
prepared. After slurrying at pH 9 with NH.OH, the filtered
powder was calcined at 750'C for I h. R.eactive hot press-
ing was then carried out using the conditions listed in
Table 2. The specimens were characterized by X-ray dif-
fraction and chemically analyzed using an electron mi-
croprobe; the derivation of structural formulae was based
on these latter data. In addition to hollandite, lesser quan-

tities of slightly reduced rutile (Ti,Or" ,) were also present
and estimated to account for I 5-30% of the bulk by vol-
ume. As well as the hollandite-rutile assemblages, a sec-
tion of single-crystal rutile (TiOr) was used as a reference
surface in which the majority of the Ti is tetravalent.

The hollandites were fractured immediately before
transfer to the spectrometer UHV chamber in order to
minimize oxidation and contamination and to present a
surface most likely to be representative of bulk abun-
dances and chemical environments for all atomic species'
The rutile specimen was cut perpendicular to its crystal-
lographic c axis (+2";, and the (001) surface was polished
(0.2-pm alumina powder) and etched in a bath of molten
NaOH at 800'C. The specimen was then equilibrated in
high-purity oxygen at 700"C, quenched to laboratory am-
bient, and transferred to the spectrometer airJock in an
oxygen atmosphere.

Analgical procedure

xps data were collected using a vc EscALAB Mark II at
AERE Harwell. A survey scan was carried out for every
specimen in order to confirm the presence ofall expected
species, to determine the extent of adventitious C con-
tamination (i.e., weakly bound polymeric C), and to as-

Tner 2. [Ba,Cs"][(Al,Ti3')",*Jit!", y]Or6 hollandites

Specimen
no. Structural formula Preoaration conditions

Hp 462 [Bao4!Cso?o][Tiit6TiSr]O16
Hp46s [cs,4,][(AlouTi?;)Ti33j]o16
Hp463 [Cs13,][Ti?IJi3;s]O16
Hp 410 [Baoscso5,][(AloToTqi,)Ti3is]O,6
Hp 402 [Bao,,Csoe,][(Alo66Ti8;6)Tit:6]O,6

hot-pressed in graphile, 1250'C, 30 MPa,
hot-pressed in platinum, 1250 "C, 0.5 GPa,
hot-pressed in graphite, 1250 "C. 30 MPa,
hot-pressed in graphite, 1250 "C, 30 MPa,
hot-pressed in graphite, 1250'C, 30 MPa,
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Fig. 2. Survey xrs scan of the hollandite (HP 410) surface.
The major peaks are labeled in accord with standard notation.
Doublets such as Ti 2pr,r.r,r, are not resolved.

certain the severity of charging. AlK" X-rays with a source
power of 300 W were used as the incident radiation. Base
vacuum was l0-e torr or better; previous studies have
shown that extreme UHV conditions are not required for
relatively inert titanate surfaces (Myhra et al., 1983). The
parameters for these survey scans were as follows: 50-eV
pass energy, l-eV increments, and l0-ms per increment.
A typical survey scan (HP 402) is shown in Figure 2; the
major characteristic peaks are consistent with the expected
atomic species.

Detailed scans were made across all major peaks-oxy-
gen lr, Ti 2p, Ba 3d, Cs 3d, and Al 2p and 2s. (Ad-
ventitious C contamination was also monitored, although
the fractured surfaces contained only trace amounts of
this element.) The detailed scans were obtained with a
pass energy of 20 eV, 0.2-eV increments, and count times
of 20-100 ms per increment depending on the relative
sensitivity and the abundance of atomic species. The sig-
nal-to-noise ratios of the detailed spectra were improved
by carrying out 20-100 repetitions over the region of in-
terest.

As the aim of these experiments was to determine the
valence of Ti, particular attention was paid to the Ti 2p
envelopes. In the case ofthe pure tetravalent state, these
consist of a doublet 2pr,r.,,, with a splitting of 5.8 eV; the
binding energy corresponding to the tetravalent 2pr,rslate
is 458.7 eV in TiO, (Sayers and Armstrong, 1978). Fur-
thermore, it is known that the binding energies of Ti
2pr,relectrons in trivalent and divalent states are shifted
to lower binding energies by 2.0 and 3.6 eV, respectively
(Sayers and Armstrong, 1978).

There are two ways in which to proceed with the fitting
ofpeak envelopes that have contributions from more than
one valence state. First, one can in principle generate total
envelopes characteristic ofany mixture ofTi valence states
by suitable scaling and superposition ofshifted envelopes
and by using known binding energies, shifts, and peak

TiO" nmdord

2pr/2

2pvz

8'ND'NG EI\IERGY (EV)

Fig. 3. Detailed xps scan over the Ti 2pr,r.r, region for a
single-crystal TiO, surface. Background has been subtracted and
the envelope smoothed with a polynomial best fit in order to
arrive at the standard tetravalent spectrum.

widths. In practice, however, this approach may be te-
dious and ambiguous as it is usually necessary to include
"skewness" as well as adding Lorentzian contributions to
Gaussian line shapes (Sherwood, 1983). Alternatively,
when suitable standards are available, it is more straight-
forward to compare two experimental envelopes, one of
which is characteristic of a known compound with the
relevant species in a well-defined valence state. This latter
method was used in the present study, in which the stan-
dard TiO, surface was analyzed in order to generate a Ti
2p envelope for tetravalent Ti-O bonding.

Depth'profiled xes

In order to justify the assumption that hollandite frac-
ture faces were representative of the bulk, some additional
information was required. Elemental abundances in the
first few monolayers of the fracture faces were determined
by the following standard procedure. Areas under selected
peaks were measured for all species. These areas were
normalized, then divided by empirical sensitivity factors
so as to yield self-consistent estimates for atomic abun-
dances that could be compared to the bulk composition
of the starting materials. Ion-beam etching (5-keV Ar*
and current density of 0. l-l pA.min/cm'?) was then car-
ried out to a depth of several nanometers (i.e., removal
of the first few monolayers), and the xps measurements
were repeated. In this manner, it was possible to ascertain
whether the surface presented by fracture was comparable
to the bulk.

DnrnnrrrN,l,TroN oF Tr var-nNcn RATros

A detailed scan over theTi 2p envelope ofthe standard
rutile specimen is shown in Figure 3; background and
satellites have been subtracted and the data smoothed by
simple polynomial fitting. Detailed scans over the same
envelope were obtained for all hollandite specimens and
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subjected to similar data manipulation. Finally, allTi 2p
envelopes were scaled to the same arbitrary height for the
2pr,, center maximum. The tetravalent 2p envelope of
TiO, was then subtracted from the processed Ti envelopes
of the hollandite samples in order to identify any trivalent
Ti component. By way of example, the results of these
manipulations are shown in Figure 4 for the hollandites
HP 462 and HP 402 (Table 2). On the basis of microprobe
data, these two hollandites were expected to exhibit the
widest extremes in Ti3*/Ti4* ratios; the presence of Ti3*
inHP 462 is obvious (Fig. 4a), while for HP 402 the Ti3*
contribution is barely visible above background. Similar
spectra having Ti3* to Ti4. admixtures intermediate be-
tween those presented were generated for other hollandite
specimens, but for the sake of brevity are not shown. In
Table 3 are summarized the Ti3*/Tia* ratios as determined
by rvre and xps for the hollandites studied. The two sets
of data are in qualitative agreement; smaller Ti3+/Ti4+
ratios are detected by both techniques for HP 402 1T1t'
deficient) than for HP 462 (TF. rich). However, the dif-
ferences in absolute terms between the results are in places
subslantial. Significantly, the Tir+/Ti4+ ratios as deter-
mined by xps are consistently smaller than the eupe val-
ues. It is likely that this is attributable to the fact that xps
averages over a relatively large sample surface, whereas
the microprobe data represent a mean of many analyses
collected from individual hollandite crystallites. There-
fore, xrs analyses will be afected by an additional Ti4*
content, present in the minor rutile phase, leading to lower
than expected Ti3*/Tia* ratios.

The interpretation ofthe results above is clearly affected
by the extent to which the fracture surface is representative
ofthe bulk composition and chemical states. For instance,
it is known that fracture of hollandite-bearing polyphase
titanate ceramics occurs predominantly along glassy in-
tergranular films (usually - I nm wide), and that Cs may
be concentrated in these films (Cooper et al., 1986). In
order to determine the significance of this, hollandite frac-
ture surfaces were ion-beam etched to an integrated dose

463 459

SlNAt'rG ENERGY bV)

of about 40 pA'min/cm'?, which is equivalent to thg re-
moval of some l-5 nm of surface material. [The precise
etch rate is uncertain since the fracture surface is irregular,
and the relationship between ion-sputtering rate and the
speed of monolayer removal is not well known for tita-
nates (Myhra et al., 1985).1 The areas under the charac-
teristic xrs peaks were monitored during the ion etching
so that compositional profiles could be obtained as a func-
tion of depth. Typical data are given for HP 462 and HP
402 in Figure 5. It can be seen that Cs is enhanced in the
near-surface layers (i.e., along grain-boundary films) at
the expense ofTi but that the concentrations ofall species
approach the bulk composition of the starting material at
a depth of approximately 0.5 nm. These results are sum-
marized in Table 4. Ti valence ratios were not calculated
for the etched surfaces, since ion-beam bombardment in-
troduces electronic damage and both divalent and triva-
lent species are known to become more prevalent (Myhra
et al., 1983). Therefore, it is generally impracticable to
determine by ion-beam etching the chemical changes in
speciation with depth. However, it is possible to use angle-
resolved xps measurements for nondestructive depth
analysis of chemical environments in the first few mono-
layers.

From consideration of the data presented in Figure 5
and Table 4, it is apparent that Cs segregation is confined
to a few monolayers and that in these regions, Ti abun-
dance is no lower than 800/o of the bulk value. Small changes

TaeLe 3. Ti3+/Ti4+ ratios for hollandite [Ba,Cs"]-
[(Al,Ti3.)r,+Jigi,,_"]O,u

Specimen no.

a
Fig. 4. Detailed scan of the Ti 2p envelope for specimens HP 462 (a) and HP 402 (b). Subtraction of the TiO, "standard"

tetravalent envelope and the resultant contribution from trivalent species in the surface are shown, in stippled pattern.

HP 462
HP 465
HP 463
HP 410
HP 402

1 8
1 5
1 5
1 0
3

26
1 8
20
1 8
1 0

Tir*/Ti.. (%)
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TnaLe 4. Relative enhancement of Cs and depletion of Ti within
intergranular films (lF) compared to the bulk compo-
sition

Intergranular film
thickness'

Specimen no
lon dose

(pA min/cm'?) Width (nm)
Cs,./ Tt,rl
Cs*,. Tiou,*s

u
z

z
o

HP 462
HP 465
HP 463
H P  4 1 0
HP 402

5 +
J A

t . 3  a

3 +

0.5 0.3
0.5 0.5
0.5 0.5
0.5 0.2
0 . 5  0 3

3 0.8
3 0.8
4 0.8
2.5 0.9
3 0.9

Fig. 5. Elemental abundances vs. ion etching dose (D) for HP
462 and HP 402. The nominal bulk composition is shown.
> D : 0 data are for a fresh fracture face. O : oxygen, O : Ti;
t r : B a , I : C s .

in the characteristics of interfacial regions (Cs enhance-
ment and layer thickness) are primarily due to different
eutectic reactions between rutile and hollandite for the
various compositions. Those hollandites with the highest
Cs concentration have the lowest eutectic, so that during
hot pressing, partial melting occurs, and the formation of
wider intergranular films are favored. However, beyond
this modified intergranular region, the fracture faces are
representative of the bulk composition.

CoNcr-usroNs

It is useful to summarize the conditions for which the
procedures used in the present limited context may be
exploited generally.

l. Routine xes techniques are capable, in principle, of
establishing the valence of multivalent elements when these
species exhibit chemical shifts of I eV or more. Smaller
shifts require more detailed analyses, and greater attention
of the signal-to-noise ratio. For the majority of ionic
species, the characteristic xps binding eneryies are known
and are documented in the review and/or applications
literature [for collated data, see Briggs and Seah (1983)].
Although we have emphasized the application of xps to
transition-metal species, it has been successfully applied
to determining the valence of rare-earth elements and U
in titanate minerals (Szajman et al., 1987).

2. Formedy, the major constraint of xrs analysis was
the necessity for a large (> I mm,) representative surface
to be accessible. However, recent instrument advances
make it possible to do selecled-area xps under certain
favorable circumstances (Riviere, I 986). Furthennore, the
surface must be clean, and the chemical environment of
the relevant atomic species in the first two or three mono-
layers must be substantially similar to that in the bulk.
For a nonreactive material (i.e., one resistant to change
by exposure to laboratory ambient conditions) a fractured

* Intergranular film thicknesses are estimated from the ion dose required
to reach bulk composition. An average etching rate of 0.1 nm per pA min/
cri, has been assumed. The systematic uncertainty within this conversion
factor may be as large as a factor of two, but it will not atfect the relative
accuracy

or cleaned surface should be prepared immediately prior
to insertion into the UHV chamber. If the surface is highly
reactive, cleavage must be carried out in situ under ex-
treme UHV conditions. The experimentalist should also
be aware that some cleaved or fractured surfaces may
undergo substantial reconstruction or be highly defective.

3. Curve synthesis of"standard" spectra is feasible only
in rare instances (Sherwood, 1983). In general, it is more
straightforward to generate standard spectra from the
analysis of compounds that are related chemically and
structurally (i.e., possess the same anionic coordination
number) to the "unknown" specimen. Standards must
have the relevant atomic species in known valence states.

4. The xps technique is not applicable to trace-element
concentrations. Routine identification of valence states is
feasible only when the atomic species is present in con-
centrations >l al".o/o. Although most species are detectable
below this level, the signal-to-noise ratio may not be suf-
ficiently high to deterrnine peak position and the shape
ofthe envelope with the required accuracy.

5. Most minerals are good electrical insulators. There-
fore the application ofsurface analytical techniques such
as xps, AES-SAM, and dynamic sIr,ts gives rise to charging.
This is a serious problem when accurate information on
binding energies is required. For xps there are several ways
of taking account of charging shifts (Swift et al., 1983).
For instance, X-ray-induced Auger peaks can be mea-
sured in order to determine the so-called Auger parameter,
which is independent of charging and most other exper-
imental artifacts. Or, one may be able to deduce the charg-
ing shift and correct for it by scanning over a peak with
known binding energy, i.e., by using a "marker." Another
popular method is to use a flood of low-energy electrons
from an auxiliary source, either to discharge the surface,
or at least to stabilize the degree ofcharging.
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