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Abstract

Chromium is a redox active 3d transition metal with a wide range of valences (-2 to + 6) that control the geochemistry and toxicity of
the element. Therefore, techniques that measure Cr valence are important bio/geochemical tools. Until now, all established methods to
determine Cr valence were bulk techniques with many specific to a single, or at best, only a few oxidation state(s). We report an electron
energy loss spectroscopy (EELS) technique along with an extensive suite of affined reference spectra that together, unlike other methods,
can determine Cr valence (or at least constrain the possible valences) at high-spatial resolution (tens-of-nanometer scale) across a wide
valence range, Cr(0)-Cr(VI). Fine structure of Cr-L2,3 edges was parametrized by measurement of the chemical shift of the L3 edge and
the ratio of integrated intensity under the L3 and L2 edges. These two parameterizations were correlated to Cr valence and also the d'
orbital configuration which has a large influence on L-edge fine structure. We demonstrate that it is not possible to unambiguously
determine Cr valence from only one fine-structure parameterization which is the method employed to determine metal valence by nearly
all previous EELS studies. Rather, multiple fine-structure parameterizations must be used together if the full range of possible Cr
valences is considered. However even with two parameterizations, there are limitations. For example, distinguishing Cr(IV) from Cr(III)
is problematic and it may be difficult to distinguish low-spin Cr(II) from Cr(III). Nevertheless, when Cr is known to be divalent, low- and
high-spin d" orbital configurations can be readily distinguished.
Published by Elsevier B.V.

PACS: 79.20.Uv; 68.37.Lp; 82.80.Dx; 82.80.Pv

Keywords: Electron energy loss spectroscopy; Chromium valence determination; L2,3-adsorption edges; Transmission electron microscopy

1. Introduction between solids/liquid and metal/silicates is dependent on
oxygen fugacity and temperature [3-5]. Although recently

Chromium occurs in a variety of minerals [1] found in challenged [6], the similar depletions of Cr estimated for the
meteorites of all petrographic classes [2], lunar basalts [3], Earth and the Moon (based on inferred Cr partitioning
Martian rocks and the Earth, recording valuable informa- coefficients) with respect to the most primitive chronditic
tion concerning geochemical conditions of mineralization meteorites have been considered the strongest evidence for
and subsequent alteration. For example, many Cr-bearing a terrestrial origin of the Moon [7]. In the terrestrial crust,
minerals crystallize from basaltic magma where the valence Cr is a common constituent of ultramafic rocks, such as
of the mineralized Cr as well as the partitioning of Cr peridotite and their serpentines, e.g. chromite (Fe,Mg)-

(Cr,A1,Fe) 20 4 [8]. Natural weathering of Cr bearing
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ground waters, as well as the atmosphere in the form of intermediate valence between the valences of the stable end
aerosols. The geochemistry and toxicity of Cr in the member forms. Previous studies have suggested the
environment are largely controlled by the valence of this existence of several Cr redox intermediates in the reduction
redox active 3d transition metal. Chromium valence can be of Cr(VI):Cr(V) [14,40-45] and Cr(IV) [46]. To fully
altered by microbes [11-13], green algae [14], higher plants understand the geochemistry of Cr in the environment it
[14,15] and mineral surfaces [16-19]. Therefore, techniques is necessary to identify redox intermediates and the
that determine Cr oxidation state are important bio/ associated pathways involved in the interconversion of
geochemical tools. the different forms of Cr. This requires a technique that can

Chromium has a wide range (-2 to + 6, in rare cases -4 determine Cr valence over a wide range of valences.
and -3 are reported) of possible oxidation states [20-24]. Nearly all of the established methods to determine Cr
Of these, only two, trivalent Cr(III) and hexavalent Cr(VI), valence are bulk techniques and many are specific to only a
are stable in the majority of terrestrial surface and aqueous few oxidation states. The most widely used method for
environments [25,26]. Thermodynamic calculations predict measuring Cr in the environment is the diphenylcarbazide
Cr(VI) is most stable form in oxygenated aqueous solutions colorimetric method that is assumed specific to Cr(VI)
(0.15 x 10-4-5.0 x 10-4mol/L dissolved 02) for pH />7 [25,47]. However, Cr(V), a possible redox intermediate in
while for pH < 6 Cr(III) is the most stable form [27]. reduction of Cr(VI) to Cr(III) by bacteria [42,44,45] and
Further, nearly all mineralized Cr in the terrestrial crust is green algae [14], reacts with diphenylcarbazide to form
trivalent presumably in disequilibrium with the atmosphere stoichiometric oxidation products that exhibit similar
because of kinetic barriers [28]. photon absorbence as reaction products of Cr(VI) [48].

Valence of Cr strongly affects many biogeochemical Spectroscopic methods using element specific detectors
properties of Cr complexes including solubility, adsorption combined with chromatographic separations have been
affinity and toxicity. All Cr(VI) species are soluble oxides, used to detect a limited number of valences of select metals
and the three main Cr(VI) species in solution are highly (e.g., Cr(III) and Cr(VI)). Such methods include: flame
soluble chromate (CrO4), hydrochromate (HCr04) and (F)- and electrothermal (ET)- atomic adsorption spectro-
dichromate (Cr2072-) anions [29,30]. Hexavalent (as well as metry (AAS); direct current plasma (DCP)- and inductively
pentavalent) Cr species are strong oxidants which act as coupled plasma (ICP)- atomic emission spectrometry (AES);
carcinogens, mutagens and teratogens in biological systems inductively coupled plasma mass spectroscopy (ICP-MS);
(for reviews, see Refs. [25,31,32]). The structural similarly UV-vis spectrometry and thermal lens spectrometry (TLS)
of chromate anions (dominant Cr(VI) species at pH <6.1, (for a review see Ref. [49]). Furthermore, valence of 3d or 4d
[30]) to biologically important inorganic anions, such as transition metals can be analyzed by X-ray fluorescence
SO- and PO3- is likely responsible for their ability to spectrometry (XRS) [50], X-ray photoemission spectroscopy
readily transverse cell membranes, via the sulfate transport (XPS) [51], X-ray absorption spectroscopy (XAS) [3,52],
system, and be incorporated into cells (for reviews, see electron paramagnetic resonance (EPR) (also known as
Refs. [32,33]). In contrast, most water soluble Cr(III) electron spin resonance (ESR)). spectroscopy [42,53,54], high-
species do not occur naturally and are unstable in the field (HF)- EPR spectroscopy (for integer-spin "EPR-silent"
environment [25]. Only under very acidic (pH < 5) or very transition metals) [55], Auger electron spectroscopy (AES)
basic (14 <pH) conditions will Cr(III) exhibit solubility [56], and M6ssbauer spectroscopy [57]. However, it has been
above 10 1M concentration [34,35]. In solution, Cr(III) reported that M6ssbauer spectroscopy cannot be applied to
exists as the cations /Cr 3 +(aq) and hydroxo complexes Cr because of the lack of suitable Cr isotopes for
Cr,,,(OH)(nl-n)+ [34]. However, /Cr3 + (aq) and Cr(OH)(3-") measurement [58]. None of these techniques can determine
complexes can be removed significantly from solution metal valence at the submicron level in the proper biological/
through adsorption by organic carbon [36] and mineral petrological context necessary for understanding the envir-
surfaces [37-39]. Therefore, Cr(III) species have low onmental processes of Cr reduction/oxidation.
toxicity, in part, because their bioavailability is limited by Electron energy loss spectroscopy (EELS) using transmis-
low solubility and the tendency to form strong complexes sion electron microscopy (TEM) is capable of determining
with organics and hydroxo complexes. In contrast, the high valence of metals at high-spatial (nm) resolution (e.g. see
mobility (solubility), bioavailability (uptake) and toxicity Refs. [59-62]). Further, it has been demonstrated that
of Cr(VI) make it a particular environmental concern, electron energy-fitered TEM imaging can produce valence

Geochemical and microbiological processes of Cr specific maps of metals [63-65]. Determination of oxidation
oxidation/reduction can drive both precipitation-dissolu- state by EELS (as well as XPS and XAS) is accomplished by
tion and ion absorption-desorption reactions in the analyzing valence-induced differences in the fine structure of
environment. The study of these reactions as well as the absorption edges through the comparison of unknowns to
study of the Cr redox processes themselves has been standards of known oxidation state. Absorption edges result
hindered by the lack of an analytical technique that can from excited electron transitions to unoccupied states such as
determine the oxidation state of Cr at high-spatial in the valence band of a metal. For EELS valence
resolution. For instance, little is known about the redox determination of transition metals, the most often used
intermediates. Redox intermediates of Cr are unstable with absorption edges are the well-separated L2 and L 3 (or
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collectively L2,3), however overlapping M2 and M 3 (collec- {hexacarbonylchromium}, conjectured low-spin (C 6 H 6 )2 -

tively M2,3) edges [66] have been recently utilized. Valence of CrII {bis(benzene) chromium(I) iodide), conjectured high-
rare-earth and actinide metals have been determined by spin Cr"Se, high-spin [20] Cr"F 2, high-spin [20] CrIIC12,
EELS using the well-separated M 4 and M5 edges [61,67-69]. low-spin (see Ref. [76,77]) [(CH 3)5C 5]2Cr" {bis(penta-

The L 2,3 absorption edges arise from transitions to methylcyclopentadienyl)Cr also known as decamethylchro-
unoccupied d levels from two spin-orbit split levels, 2 pl/2 mocene}, low-spin (see Ref. [77]) [(CH 3)4C 5H]2Cr I

level (producing the L2 edge) and the 2 P3/2 level (producing {bis(tetramethylcyclopentadienyl)Cr also known as octa-
the L 3 edge). Valence of a transition metal is related to the methylchromocene}, low-spin [20] Cr2 (CH 3 COO)4 • 2H 20
number of holes in the d level (i.e. the 3d" or 4d" {chromous acetate}, Cr1 IICI3 , Cr3II(CH 3COO) 7(OH)2
configuration). For example with bound atoms, the ground {chromic acetate), LaCr"O03, Cr2."O 3, (Fe,Mg)(Cr,",
state configuration of Cr(O) is considered [Ar] 3d6  AI,Fe)20 4 {chromite}, NdCr.0 3, Crl"P0 4 .4H 20, KCr"'-
([Ar]3d 54s' corresponds to an isolated atom) while the (S04)2. 12H 20, CrIVO 2, NdCrvO 4, K2CrvIO 4, PbCrvIo 4,
other-shell configuration for Cr(III) is 3d3 and Cr(VI) is 3d° Na2CrVIO 4 and K2CrvIO 7 . The chromite was provided by
(empty d orbital). Valence can affect the position, shape Prof. T. Bernatowicz, and originated from the Tiebaghi
and relative intensity of L2,3 absorption edges. Techniques Mine, New Calendonia. The (C6H6)2CrI compound was
previously used to determine mixed/single valence states custom synthesized by Chemica Technologies (Bend, OR)
involve analysis of either (a) the position of the L 2 ,3  and was shipped sealed under an atmosphere of argon.
absorption edges [60], (b) the ratio of the integrated-peak Electropolished Cr disks were provided by B. Kestel, and
intensity 1(L 3)/I(L2) (henceforth abbreviated L3/L2) [60,62], were shipped sealed under vacuum in a quartz tube. The
(c) least-squares fit of calculated or measured standard Nd-Cr oxides were provided by Dr. H. Konno, and details
spectra to the shape of L2,3 absorption edges [70,71]. of the structure and synthesis of NdCrO4 have been

There have only been a few EELS studies of the previously described [78]. The chromous acetate was
dependence of Cr-L2 ,3 edge fine structure on Cr oxidation provided by Prof. P. Tregenna-Piggott and C. Dobe. The
state. No one EELS study has systematically examined Cr- remainder of the standards was acquired from standard
L2,3 edge fine structure from a wide range of valences under chemical supply sources.
identical instrumental conditions. For Cr valence determina- All standards (with the exception of the electropolished
tion using EELS, we have previously proposed a valence Cr metal and Cr(CO)6 ) were powdered, placed directly on
correlation technique using two parameterizations of the Cr- Cu TEM grids coated with holey amorphous carbon, and
L2,3 edge fine structure [72] and applied the nascent technique analyzed immediately following preparation. All air-
to study microbial reduction of Cr(VI) [46,73,74]. However, sensitive specimens were stored, powdered (if appropriate)
a very limited number of Cr-valence reference standards were and mounted in the TEM holder inside an oxygen-free
used, severely limiting the EELS valence determination to (95% N2:5% H2) anaerobic chamber. For preparation of
only stable forms, Cr(VI) or Cr(III). Here we apply the two- air-sensitive, hydrophilic specimens, desiccant beads were
parameterization valence-correlation technique on a greatly placed in the anaerobic chamber to reduce humidity below
expanded set of Cr-valence reference standards that span 18%. Each mounted specimen was kept under anaerobic
Cr(0) to Cr(VI). Methods of data collection and processing conditions during transfer to the TEM column, and a
were refined, resulting in far reduced scatter in the fine- nitrogen-purged glove bag affixed to the TEM goniometer
structure parameterizations. With the new reference data, we facilitated insertion of the specimen holder under anaerobic
demonstrate that the spin state of the 3d orbital has a large conditions. The compound Cr(CO)6 has a reported vapor
effect on Cr-L 2,3 edge fine structure and must be taken into pressure of 0.05Torr at 36°C (0.76Torr at 74°C) [79],
consideration for Cr valence determination. We further therefore powdered Cr(CO)6 was analyzed in the TEM
demonstrate that because other factors in addition to valence column at a pressure of 70 Torr N2 using an environmental
can influence Cr-L2,3 edge fine structure, multiple parame- cell (EC)-TEM holder.
terizations of the fine structure must be used together to Chromium compounds that exhibited strong electron-
determine valence, if the full range of Cr valences is beam sensitivity (e.g., K3CrVOs) were not analyzed further.
considered. Although there are still limitations using two Compounds that exhibited mild electron-beam sensitivity
parameterizations, the correlation technique is nonetheless were analyzed using low-electron fluences with a greatly
powerful and can be applied in many cases to determine Cr desaturated filament, provided the compound exhibited no
valence at high-spatial resolution over a wide valence range. substantial systematic difference in Cr-L2,3 spectra between

grains exposed only briefly to electrons during EELS
2. Materials and methods measurement and the same grains exposed to electrons for

extended periods.
2.1. Chromium valence standards

2.2. Transmission electron microscopy
The following high purity oxidation state standards were

analyzed by EELS: conjectured low-spin [75] Cr0 , con- A JEOL JEM-3010 analytical transmission electron
jectured low-spin [75] Cr° 3C 6 , low-spin [75] Cr0 (CO)6 microscope, operating at 300 keV with a LaB6 filament,
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and a measured point-to-point resolution of 2.1 A was used meter by applying the appropriate drift-tube offset) was
for microcharacterization. This instrument is equipped collected for Fourier deconvolution of the core-loss
with a side-entry motorized five axes goniometer, a Noran spectra. Low-loss spectra were acquired with an integration
energy dispersive X-ray spectroscopy (EDXS) system, a time of 0.128 s (15 spectra were summed). Core-loss spectra
Gatan 764 multiscan camera (MSC), a Gatan imaging filter covering the O-K/Cr-L regime were acquired with an
(GIF200) capable of EELS and a JEOL EC system. The integration time 2s (15-90 spectra were summed). The
EC-TEM system used in this study has been previously energy scale of the core-loss spectra was calibrated using
described [72-74], and is of the closed cell design [80]. the mean position of the first two zero-loss peaks and the

difference in energy of those zero-loss peaks represented
2.3. EELS experimental parameters and analysis the calibration error due to energy drift. The mean of the

absolute values of the calibration errors arising from
The following conditions were used during collection of energy drift during spectra acquisition of the standards

EELS spectra under TEM and EC-TEM conditions: an was 0.172eV (i.e., ±0.086eV). In comparison, the energy
illumination angle 2a = 4-10mrad, a collection angle of resolution of the spectrometer was -0.7eV, measured
2fl- 11.2 + 0.3 mrad, a 2-mm-diameter entrance aperture as the full-width at half-maximum (FWHM) of the
and an energy dispersion of 0.1 eV/channel. Spectra were zero-loss peak.
collected in diffraction mode of the transmission electron By averaging results from a large number of measure-
microscope (i.e. image coupling to the EELS spectrometer) ments, accuracies greater than the instrument resolution
and were corrected for dark current and channel-to- can be obtained. Therefore for each standard, EELS
channel gain variation of the charge coupled device spectra sets were collected from at least 30 individual
(CCD) detector. grains. This also allowed the range of possible specimen

The GIF spectrometer was calibrated to yield the energy, heterogeneity in the standard to be sampled and this would
855.00 + 0.02 eV, for the edge maxima of Ni-L 3 (NiO). The be reflected in part by the scatter in the data. Pre-edge
reported calibration error is based on the standard error of background subtraction and Fourier deconvolution of the
the mean of 64 measurements. The Ni-L 3 edge of NiO is spectra were performed using Gatan software. Parameter-
generally used to calibrate electron energy loss spectro- ization of the Cr-L2,3 fine structure was performed using
meters because it has a small (0.2-0.25 eV) chemical shift stand-alone software, Lanalysis, written and compiled
[81,82]. However, there is uncertainty in the absolute specifically for the analysis. For each standard, the results
energy position of the NiO Ni-L 3 edge, and consequently were averaged (data which deviated from the standard
the value assigned to the NiO Ni-L3 edge for EELS deviation of the mean by greater than a factor of 2.5 were
calibration varies in the literature by at least 3.5 eV. excluded) and reported with the statistical standard error.
Further, the choice of using the edge onset or the position All standards were analyzed within a 27 day continuous
of the edge maxima for energy calibration also varies. Edge time frame over which time the spectrometer electronics
maxima are used for calibration here, because they are less and TEM high voltage were continuously energized. The
affected by instrumental energy resolution and conse- first standard analyzed was reanalyzed after all other
quently are better defined than edge onsets. Since the most standards had been examined. The difference in mean L 3

common value assigned to the Ni-L 3 edge of NiO in the peak position for the duplicate runs of the first standard
literature appears to be 855 eV for the edge maximum, this was 0.28 eV. Therefore, differences in energy calibration
integer value was used in this work. Although the actual between any two standards due to drift of the GIF200
value of the reference energy used for calibration is not spectrometer over 27 days is no greater than 0.28 eV,
crucial, it is critically important that the standard and assuming linear drift.
experimental data are calibrated to the same energy
reference and that this value is reported. 3. Results and discussion

Four spectra were collected in rapid succession for each
acquisition series: a zero-loss, O-K/Cr-L core-loss, a A comparison of the EELS core-loss spectra over an
second zero-loss and a third zero-loss spectrum. Crucial energy range 520 to 600 eV (including the O-K and Cr-L 2,3
for precise energy measurements, the Cr-L3 edge maximum edges) from Cr standards of known valence is shown in
(with the drift tube set to the appropriate value) was within Fig. 1. Differences in O-K edge fine structure presumably
20 spectrometer channels of the first zero-loss peak (with reflect the diversity in 0 bonding among the compounds,
the drift tube set to zero); i.e. the null method was used. although O-K fine structure is not analyzed in this work.
The criterion for selecting the position of the first zero-loss However, the lack of a significant O-K edge in EELS
peak and the drift-tube offset was that the first spectro- spectra of Cr metal and Cr2 3 C6 is used to affirm that these
meter channel corresponded to r 520 eV when the non- specimens had minimal surface oxidation and are reliable
zero, drift-tube offset was applied. A second zero-loss peak zero-valence standards.
was collected with the drift tube set to zero, and it was used Systematic differences in Cr-L2,3 fine structure are
to measure energy drift during core-loss measurement. A apparent in the spectra of the oxidation state standards.
third zero-loss peak (offset to channel 100 of the spectro- For example, the Cr-L2,3 edges for the standards show a
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Variation in Fine Structure 3.1. Parameterization of Cr-L2,3 fine structure

Cr-L3  Cr-L 2  The fine structure of the Cr-L 2,3 edge was parameterized

a by measurement of the chemical shift of the L 3 edge and

b the L 3 /L 2 ratio of integrated-peak intensity under the L 2,3
edges. The positions of the L3 edge [60] and the L 3 /L 2 ratio

C [60,62] for many transition metals have been shown by
d previous EELS work to be dependent on valence. Nearly

e all EELS studies to determine metal valence have been
f based on the analysis of only one parameterization of the
g fine structure, although different parameterizations have

h been utilized. In our earlier studies [72-74], two common
parameterizations were used in combination to provide
higher confidence and accuracy in the valence determina-

k tion. However, an important result of our present work is
that we show that neither parameterization alone can be

.m used to unambiguously determine Cr oxidation state if the

_n full range of possible valences is considered.

C 0p 3.2. EELS L3 peak positions and comparison to XPS
q binding energies

Sr For the measurement of chemical shift, L3 edges are
s more suitable than L2 edges because their intrinsic line
S t widths are narrower and peak maxima are better defined.
- The extra broadening of the L2 threshold peak results from
u the shorter lifetime of the excited state associated with L2
v which can decay by an extra Coster-Kronig Auger decay
w channel not available for the excited state associated with
X the L 3 edge (e.g., see Ref. [83]). The EELS L 3 absorption
- x edge maxima were determined from the channel with

maximum counts, and the results for Cr oxidation state
530 540 550 560 570 580 590 600 standards are summarized in Table 1 together with EELS

Electron Energy Loss (eV) Cr-L3 edge maxima reported in the literature.

Fig. 1. Electron energy loss spectra of(a) conjectured low-spin [75] Cr0 , (b) Unfortunately, the energy calibration of EELS spectro-
conjectured low-spin [75] Cr°3 C 6 , (c) low-spin [75] Cr°(CO)6, (d) meters (usually based on the NiO Ni-L3 edge) often vary in
conjectured low-spin (C 6H 6)2CrlI {bis(benzene) chromium(I) iodide), (e) the literature or are not explicitly stated. For proper
conjectured high-spin Crl"Se, (f) high-spin [20] CrllF 2, (g) high-spin [20]
Cr"C12 , (h) low-spin [76,77] [(CH 3)sCsz2Cr" {bis(pentamethylcyclopenta- comparison with our measurements, where possible, the
dienyl)chromium also known as decamethylchromocene), (i) low-spin [77] literature values in Table 1 were recalibrated to the NiO
[(CH 3)4C5H]2Cr" {bis(tetramethylcyclopentadienyl)-chromium also known Ni-L 3 edge maxima at 855eV (calibration used in this
as octamethylchromocene), 0) low-spin [20] Cr2Y(CH 3COO)4 • 2H20 work). Among the recalibrated values from the literature
{chromous acetate), (k) Cr.'C13, (1) Cr3"(CH3 COO)7(OH)2 {chromic and our measurements (Table 1), L3 peak positions vary by
acetate), (m) LaCr.0 3, (n) Cr2"O 3, (o) (Fe,Mg)(Cr"',AI,Fe) 20 4 {chro- <+2.2eV for any one Cr Compound measured by
mite), (p) NdCr"0 3, (q) CrnIPO4.4H 20, (r) KCr"'(S0 4)2 • 12H 20, (s)
Cr V0 2, (t) NdCrV0 4 , (u) K2CrV'0 4, (v) PbCrV'O 4, (w) Na2CrVIO 4, and (x) different researchers.
K2Crvo07 . For Cr(0)-Cr(II), d" orbital spin configuration is specified when For comparison to EELS measured Cr-L3 edge maxima,
found reported in literature. Spectra were offset from one another literature values of XPS measured core-level (or inner-
vertically and were normalized so that the intensity of the L3 peaks was shell) binding energies of Cr compounds are shown in
equal. Spectra shown for the Cr standards represent the sum of upwards of Table 2. In XPS, a bulk specimen is illuminated with
thirty individual spectra. monochromatic X-rays and the kinetic energies of ejected

photoelectrons are measured. The EELS edge onset, the
systematic shift in peak position to higher energy with sudden rise in intensity preceding each of the L 2 ,3 peaks,
increasing valence from Cr(I) to Cr(VI). The peak height of represents the ionization threshold, which approximately
the L 3 edge relative to the L2 edge generally decreased with corresponds to the inner-shell binding energy measured by
increasing oxidation state from Cr(II) to Cr(VI). In XPS. Various methods are used for referencing XPS-
addition, the Cr-L2,3 edges of Cr(VI) are further differ- measured binding energies that lead to differences of up to
entiated in that they appear asymmetric because each is 0.5eV in reported energies [84]. The literature values in
split into two not fully resolved peaks separated by -2 eV. Table 2 are recalibrated to a Au 4f 7 2. line at 84.0 eV. The
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Table I
Cr-L3 (

2
p3/2) and Cr-L2 (2 p,/2) adsorption-edges: EELS-edge maxima'

Compound Formal valence Cr-L3 (
2
p3/2) (eV) Cr-L2 (2Pl/2) (eV) Reference

Cr20AusocLS 0 570.6 580.2 Pease et al. (19 8 6)b [88]
Cr'LS 0 573.6 582.1 Pease et al. (19 8 6)b [88]

575.5±1.1 584.0+1.1 Leapman et al. ( 19 82 )cdg [81]
577.18+0.02 585.79+0.02 This study

Cr 2 3 C6sLS 0 578.03 +0.05 586.40+0.03 This study
Cr(CO)6 LS 0 579.06+0.07 587.34±0.08 This study

(C6H6)2CrI'L 1 576.87+0.03 585.97±0.04 This study

CrSecHS I 576.65_0.05 585.60+0.04 This study
CrF 2 HS II 576.78±0.03 586.15±0.03 This study
CrCI2 HS II 577.11+0.04 586.66±0.04 This study
[(CH 3)sCs]2Cr LS II 578.35±0.02 586.83±0.03 This study
[(CH 3)4CsH]2Cr LS II 578.43 ±0.04 586.77 +0.03 This study
Cr 2(CH 3COO)4 •2H 20 LS II 578.55+0.03 586.95±0.03 This study
Cr20 3  III 577.1 +1.1 584.7±-1.1 Leapman et al. (19 82 )cdSg [81]

578.3 586.4 Krivanek and Paterson (1990)"' [89]
578.81 + 0.03 587.17+0.03 This study
580.6+0.3 588.7+0.3 Suzuki and Tomita (19 9 7)b [90]

CrCI3  III 578.13 +0.02 586.61 ±0.02 This study
Cr3(CH 3COO)7(OH) 2  III 578.47+0.02 586.81 +0.02 This study
LaCrO3  III 578.71 +00.02 587.16±0.03 This study
(Fe,Mg)(Cr,AI,Fe) 20 4  III 578.89+0.02 587.24±0.02 This study

579.8+0.2 587.8±0.2 Garvic et al. (1994)f'g [91]
NdCrO3  III 579.35+0.03 587.6800.03 This study
Cai i(Cr,Fe,Mg)4(SiAI)s-, III 579.7+0.2 587.9±0.2 Garvie et al. ( 19 94 )r'g [91]
(Si,AI) 80 2o(OH)4 • nH 2 O
CrPO4 .4H 20 III 579.74+0.06 588.57±0.05 This study
KCr(S0 4)2 • 12H 20 III 579.77+0.04 588.18+0.08 This study

Cr0 2  IV 579.70±0.03 587.83 +0.03 This study
581.8+0.3 589.6+0.3 Suzuki and Tomita (19 9 7 )b [90]

NdCrO 4  V 580.43+0.03 589.05+0.03 This study

K2CrO 4  VI 581.77±0.02 590.41+0.02 This study
PbCrO4  VI 581.85+0.07 590.34+0.06 This study

582.1+0.2 590.7+00.2 Garvie et al. (19 94 )'g [91]
Na2CrO4  VI 582.26+0.03 590.77+0.03 This study
K2Cr 20 7  VI 582.83 +0.03 591.35+0.03 This study

583.6±0.3 592.3+0.3 Suzuki and Tomita (19 9 7)b [90]

cLS-conjectured low spin Cr d" configuration.
LS-low spin Cr d" configuration.
cHS-conjectured high spin Cr d" configuration.
HS-high spin Cr d' configuration.

'EELS L-edge peak positions are calibrated to NiO Ni-L3 maxima at 855.0eV.
bEnergy calibration not reported. Although the L-edge maxima cannot be directly compared to our study, the relative energy differences in L-edge

maxima between specimens from the same study can be compared to our study.
'EELS L-edge onsets reported in reference, however L-edge maxima are shown here.
dAfter recalibrating the EELS NiO Ni-L 3 edge maximum to 855.0 from 856.3 eV (determined to have been used in reference).

'After recalibrating the EELS NiO Ni-L3 edge maximum to 855.0 from 852.75eV used in reference.
rAfter recalibrating the EELS NiO Ni-L3 edge maximum to 855.0 from 853.2eV used in reference.
gRecalibrated peak position = old peak position x (old Ni-L3 edge maximum)/855.0 eV.

recalibrated binding energies for any given Cr compound A comparison of the EELS Cr-L3 peak positions
measured by the different XPS studies (Table 2) vary by measured in this work and the mean XPS binding energies
<+0.7 eV. The factor oT three smaller variation in from Table 2, for compounds measured by both techni-
literature reported Cr-L3 XPS binding energies compared ques, is shown in Fig. 2. Only a qualitative comparison can
to the variation in literature reported EELS edge maxima be made because of instrumental differences in the
can partially be explained by the higher energy resolution collection of the data. Nevertheless, the slope of the linear
of XPS over EELS. least-squares fit in Fig. 2 suggests XPS measured binding



T.L. Daulton, B.J. Little / Ultramicroscopy 106 (2006) 561-573 567

Table 2
Cr-L3 (2 p3/2) and Cr-L2 (2 p,/2) adsorption-edges: XPS-binding energiesa

Compound Formal valence Cr-L3 (2 p3/2) (eV) Cr-l 2 (2 p,/2) (eV) Reference

Cr cLS 0 573.8 583.0 Allen et al. (1976) [92]
574.07 583.43 Asami and Hashimoto (19 7 7)b.c'd [93]

574.1 Moffat et al. (1995) [94]
CrPCLS 0 574.2 Moffat et al. (1995) [94]

Cr(CO)6 Ls 0 577.6 586.3 Allen et al. (1976) [92]
578.5 587.5 Clark and Adams (1971) [95]

LaCrO3  III 576.1 +_0.09 585.8+0.05 Konno et al. (1992) [96]

CrPO4 .4H20 III 576.4-+-0.2 Neal et al. (2002) [46]
CuCrO2  III 576.4+0.2 586.2+0.2 Allen et al. (19 7 3 )cd (1976) [51,92]
Cr20 3  III 576.45 585.96 Asami and Hashimoto (19 7 7 )b'd [93]

576.6-576.8 Moffat et al. (1995) [94]
576.8±0.2 586.5+0.2 Allen et al. (19 7 3 )cd (1976) [51,92]
576.8 586.7 Ikemoto et al. (1976) [97]

Cr3(OH) 2(OOCCH3)7  III 576.5 +0.2 Neal et al. (2002) [46]
Cr(OH) 3 . nH 20 III 576.96 586.31 Asami and Hashimoto (19 7 7)bTd [93]

577.1 Moffat et al. (1995) [94]

NaCrO2  III 577.0+0.2 586.9+0.2 Allen et al. (19 7 3)c'd (1976) [51,92]
CrOOH III 577.0 586.9 Ikemoto et al. (1976) [97]
LiCrO2  III 577.0±0.2 586.8-0.2 Allen et al. (19 7 3)cd (1976) [51,92]
CrP III 577.4 Moffat et al. (1995) [94]
CrCI3 . 6H20 III 577.5 Moffat et al. (1995) [94]
Cr(CH3COCHCOCH 3)3  III 577.7 587.4 Allen et al. (1976) [92]
CrCI3  III 577.8 587.4 Allen et al. (1976) [92]
CrPO4  III 577.8 Moffat et al. (1995) [94]
CrBO3  III 578.0 Moffat et al. (1995) [94]
Cr(C 2HsN 2)3 CI3  III 578.3 588.0 Allen et al. (1976) [92]
Cr(NH 3)6CI3  III 578.5 588.2 Allen et al. (1976) [92]
Cr 2(S0 4)- 15H 20 III 578.6 Moffat et al. (1995) [94]
(NH4)3CrF 6  III 579.5 589.7 Allen et al. (1976) [92]
Cr 2(CO 4)3 . nH 20 III 580.2 589.8 Allen et al. (1976) [92]
Cr(CF 3COCHCOCF 3)3  III 580.6 589.6 Clark and Adams (1971) [95]
KCr(S0 4 )2 . 12H 20 III 581.0 590.5 Allen et al. (1976) [92]
K3CrF 6  III 583.0 593.2 Allen et al. (1976) [92]

Cr0 2  IV 576.3 586.0 Ikemoto et al. (1976) [97]

LaCrO4  V 578.8±0.21 588.0±0.22 Konno et al. (1992) [96]

Cr0 3  VI 578.3±0.2 587.0+0.02 Allen et al. ( 19 7 3)c'd [51]
579.00 588.26 Asami and Hashimoto (19 77 )b'd [93]

CaCrO4  VI 578.9±0.2 588.1±0.2 Allen et al. ( 19 7 3)c.d (1976) [51,92]
BaCrO 4  VI 579.1 +0.2 588.4±0.2 Allen et al. ( 19 73 )ced (1976) [51,92]
K2Cr2 0 7  VI 579.4+0.2 588.8+0.2 Allen et al. (19 73 ),,d (1976) [51,92]

579.8 589.1 Ikemoto et al. (1976) [97]

Na2 Cr2O7  VI 579.4-0.2 588.5+0.2 Allen et al. (1 97 3 )cd (1976) [51,92]
Rb2 Cr2O 7  VI 579.4±0.2 588.7±0.2 Allen et a]. (19 7 3 )cd (1976) [51,92]
Cs2Cr20 7  VI 579.5+0.2 588.7+0.2 Allen et al. (19 7 3 )c'd (1976) [51,92]
SrCrO4  VI 579.6-0.2 588.6±0.2 Allen et al. (19 7 3 )c'd (1976) [51,92]
K2CrO4  VI 579.6+0.2 588.9±0.2 Allen et al. (19 7 3 )c'd (1976) [51,92]

Cs2CrO4  VI 579.8+0.2 588.8±0.2 Allen et al. (19 7 3 )c'd (1976) [51,92]
Li2CrO4  VI 579.8±0.2 589.0±0.2 Allen et al. (19 7 3 )cd (1976) [51,92]
Na2CrO4  VI 579.8±0.2 589.1-0.2 Allen et al. (19 7 3)d (1976) [51,92]

cLS-conjectured low spin Cr d" configuration.
LS-low spin Cr d" configuration.

aXPS binding energies are calibrated to Au 4f7/ 2 line at 84.0 eV.
bAfter recalibrating the XPS Au 4f7/2 line to 84.0 from 84.07eV used in reference.
cAfter recalibrating the XPS Au 41"7/2 line to 84.0 from 82.8eV used in reference.
d Recalibrated peak position = old peak position + (84.0eV - old Au 4f7/2 line), see Refs. [51,92].

energies of Cr are on average 0.36% less than EELS may arise from many-body relaxation effects (more
measured edge maxima. Egerton (1996) [85] has suggested dominant in XPS) in which nearby electron orbitals are
differences in chemical shift measured by XPS and EELS pulled towards a core hole. Further, it has been suggested



568 T.L. Daulton, B.J. Little / Ultramicroscopy 106 (2006) 561-573

Comparison of EELS and XPS Post-Edge Background Subtraction
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Fig. 2. Comparison of the EELS measured Cr-L3 edge maxima (from this Fig. 3. Background subtraction used in method I (bold line) and method
study, see Table 1) with XPS measured binding energies from Table 2. II (dashed bold line) to remove background under the L2 edge, arising
Vertical error bars correspond to the range in XPS binding energies cited from the tail contributions of the L3 edge. The fitting parameters a, b, s
in Table 2. The line corresponds to a linear least-squares fit, y = mx, that and m are: the L3 maximum; the L2 maximum; the slope and intercept of
yielded m = 0.9964 with fit factor of R = 0.72555. the linear function fitted to the post-edge region. The parameter m' is given

by n' = (bm-as)/(l+p), where p represents the branching ratio (i.e., L3/L2
ratio). For method I, the post-edge background was fit to a window
between 600-620 eV (solid vertical lines). For method II, swO and the post-

that the presence of core holes increase the effective edge background was fit to a 2-eV-wide window that started 4.8 eV above
attraction between a nucleus and electrons resulting in the L2 edge maximum (dashed vertical lines). The intensity under the L-
deeper electronic shell energies shifting the apparent edges was measured by integrating 5-eV-wide regions (cross-hatched

binding energy [82]. Since electrons are ejected with higher areas), centered with respect to the L-edge maxima.

energies with XPS than in EELS, this effect is thought to be
stronger for XPS [82]. Further, the absolute difference
between XPS binding energies and EELS edge maxima function was extrapolated to the L2 maximum where a
could vary somewhat with the electronic structure (i.e., the linear step was inserted and a linear function (of the same
compound). With these points in mind, the trend in the slope as that fitted to the Cr-L2 post-edge region) was
XPS measured chemical shifts is largely consistent with our extrapolated into the L3 threshold. A second step was
EELS measurements, inserted at the L3 maximum and set to zero below the L3

maximum. The ratio for the step heights should scale with
3.3. EELS L3/L 2 ratio of integrated intensity the L3/L2 ratio, the unknown parameter to be measured

following background subtraction. As a first-order approx-
Measurement of the L3/L 2 ratio of integrated peak imation, the ratio for the step heights was initially set at

intensity is very sensitive to analysis conditions such as 2:1, consistent with the multiplicity of the initial states, that
peak integration widths and background subtraction of four 2P3/2 electrons and two 2 pi/2 electrons. The step
methods that remove intensity due to transitions to height ratio was refined through iteration. The step height
unoccupied states in the continuum. Therefore, a detailed ratio of iteration n+l was assigned the mean L3/L 2 ratio
description of the procedure to quantify the L3/L 2 ratio is determined by iteration n. The L3/L 2 ratio was determined
given and it is as follows. The Cr-L3 pre-absorption edge by integrating the two edges over a 5eV window centered
background was fit to a power law and subtracted. Plural with respect to each edge maximum (Fig. 3).
inelastic scattering was removed by Fourier deconvolution Although the first subtraction method approximates the
methods [85] and the mean counts in a 5eV window decreasing background, often Cr-L2 post-edge features
preceding the onset of the Cr-L3 edge was normalized to remained following Fourier deconvolution. Variation in
zero. The background intensity under the L2 edge, arising residual post-edge features between spectra introduced
from the tail contributions of the L3 edge, was then scatter in the resultant L3/L2 ratios. To reduce scatter, a
subtracted using either of two methods. The first method is second method using a zero-slope, two-step function was
similar to the two-step function used by Pearson et al. [86], applied. The second background fitting procedure is
and is illustrated in Fig. 3. A two-step function was defined identical to the first except the slope of the linear function
by fitting a linear function to the Cr-L2 post-edge region is set to zero and fit to a 2 eV window positioned above
over a 20 eV window (extending from 600 to 620 eV). This the L2 edge maximum prior to the post-edge features. The



T.L. Daulton, B.J. Little / Ultramicroscopy 106 (2006) 561-573 569

Method Ih: Post-Edge Background Subtraction 3.4. Correlation of L2,3 fine-structure parameterizat ions to
0.10 . valence

(•0.09

"M 0.08 The correlation between the parameterizations of the
"O0.07 -L 2,3 edge fine structure to Cr valence of the standards is

C shown in Fig. 6. Data for individual Cr standards are fairly
W 0.06 well clustered with the scatter reflecting specimen hetero-

geneities and instrumental instabilities. The high-spin
0.05 " compounds may have an additional factor contributing

to their scatter because they exhibit the greatest scatter in

0 0.04 L3/L2 ratio (a factor of ; 3 x that of the other standards).
The mean spread in the data for a Cr compound is
+0.36eV for the L3 position and +0.057 for the L3/L2

0.03 _ ratio, corresponding to & + 5% the total range of the

5 10 15 correlation plot along both axes.
Window Position (eV above L2-Edge Maximum) It is important to recognize that the electron configura-

tion of an atom is responsible for the fine structure of its
Fig. 4. Scatter in measured L3/L2 ratios as a function of position of the absorption edges and other factors in addition to valence
method II background window (2 eV width). Scatter is represented by the
average of all ai, where i denotes the Cr compound and a is the standard can influence L2,3 fine structure, such as crystal field
deviation of the mean L3/L 2 ratio. The minimum in the scatter of the L3/ splitting (e.g. atom coordination, low- or high-spin d"
L2 ratios occurs at a window position starting at 4.8 eV above the Cr-L2  configuration), spin-orbit interactions, atomic coulomb
edge maximum. repulsion and exchange effects. Because of these effects,

different compounds of the same Cr valence disperse
within bounded regions in the correlation plot (Fig. 6). As

L3/L 2 ratios and the scatter in their values depend on the shown in Fig. 6, the d" orbital configuration has a large
position of the post-edge fitting window. The window effect on L2,3 fine structure, and transition metals with 4-7
position selected, 4.8 eV above the Cr-L2 edge maximum, electrons in the d" orbital can exist in either a low- or high-
was the one that yielded minimum total scatter for the set spin state, such as Cr(0) to Cr(II). The low-spin and high-
of 24 Cr standards (see Fig. 4). The window position was spin compounds of Cr(II), respectively, cluster in two
defined with respect to the mean energy of the Cr-L2 edge separated regions in the correlation plot. The observed
maximum for a given standard, because the mean energy lower L3 peak energy and larger L3/L 2 ratio for low-spin as
was a more accurate measurement of the edge maximum compared to high-spin Cr(II) are comparable in magnitude
than that determined from any individual spectrum. and direction to those observed between low-spin and high-

The L3/L2 peak ratios for the Cr standards are spin Fe(II) in Fet1(1,10-phenanthroline)2 (NCS)2 which
summarized in Table 3 for n = 1 and 10 iterations of the exhibits a 3d6 orbital spin-transition at T. = 176 K (see
step height ratio. The mean differences between L3/L 2  Ref. [87]). Since organometallic Cr compounds are usually
ratios determined with n = I and 10 iterations are ;0.4% of low-spin state, the organometallic Cr(I) compound
(method I) and 0.5% (method II). Therefore, an approx- analyzed in this work is likely also low spin. If correct, and
imation of 2:1 for the step height ratio yields accurate if high-spin Cr(I) behaves similarly to high-spin Cr(II) and
results. Nevertheless, iteration yielded less scatter in the high-spin Fe(II) in Fe"1(1,10-phenanthroline)2 (NCS)2 with
data, a reduction of 2.8% (method I) and 4.1% (method II) regard to their low-spin counterparts, then high-spin Cr(I)
in the mean standard error of the L3/L 2 ratios for the Cr should lie to the left of the high-spin Cr(II) region. Further,
compounds (Fig. 5). Furthermore, it is straightforward to it has been reported that all known Cr(0) compounds are of
write the analysis software to iterate the calculations, and low-spin state [75].
the L3/L 2 ratio converged quickly with A(L3/L 2)<< + 10- 5

after five iterations. Therefore, it requires little extra effort 3.5. Chromium valence determination
to determine the step height ratio by iteration. In direct
comparison of the two background subtraction methods, It is difficult to explicitly deconvolve the influences of
method II yielded mean standard errors for the L3/L 2  valence from the other factors affecting fine structure. The
ratios that were roughly half that yielded by method I. This fine-structure correlation plot represents a map of the
is illustrated in Fig. 5 which plots the standard deviation of range in fine structure (including influences from factors
the measured L3/L 2 ratios for each standard determined by other than valence) that a Cr atom of a particular valence
the two background subtraction methods for n = I and 10 can display. Since many of the valence/spin-state regions
iterations of the step height ratio. Method II with n = 10 are well separated, the correlation plot can be used to
iterations yields the lowest standard deviations for the determine the mean Cr valence (or at least constrain the
measured L3/L 2 ratios, and therefore, results from method possible valence range) of an unknown by plotting the L3
II (n = 10) are used in the following sections. peak energy and L3/L 2 ratio of the unknown. It is
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Table 3
Cr-L adsorption edge ratios

Compound L3/L2 integrated ratio

Background method 1 Background method 2
Pearson et al. (1993) [86] Zero-slope two step

n~l n=10 n=I n=10

CR2 3C6 CLS 1.324+0.007 1.315+0.007 1.511+0.003 1.498 +0.003
CrO(CO)6 LS 1.419+0.020 1.416+0.019 1.525+0.007 1.520+0.007

Cro cLS 1.389+0.003 1.377+0.003 1.540+0.003 1.525±0.003

(C6H6)2Cr'I tLS 1.631 ±0.011 1.620+0.010 1.807+0.007 1.798 ±0.006
[(CH3)4CsH]2Cr1 L-s 1.612±0.012 1.605+0.012 1.723+0.004 1.715+0.004

Cr2?(CH3 COO) 4 -2(H 20) LS 1.633±0.007 1.630 + 0.006 1.729 ± 0.003 1.720+0.002
[(CH 3)5C5]2Cr" LS 1.620+0.017 1.616+0.016 1.762+0.004 1.757+0.003

CrlSe cHS 1.899+0.022 1.895+0.022 2.004+0.013 2.004+0.013
Cr0CI 2HS 2.311±0.044 2.327+0.045 2.178±0.017 2.184+0.017
CrIF 2 HS 2.386+0.025 2.400+0.026 2.240+0.014 2.246+0.014
Cr..P0 4 • 4H 20 1.490±0.004 1.489 + 0.005 1.554+ 0.003 1.546+0.003
KCr..(S04)2- 12H 20 1.508 +0.009 1.504+0.009 1.565±0.005 1.559 +0.005
Cr"'C13  1.589 +0.008 1.585+0.008 1.644±0.003 1.638 +0.003
(Fe,Mg)(Cr"',A1,Fe) 20 4  1.644+0.005 1.638 + 0.004 1.653+0.002 1.646 + 0.002
NdCr"O03  1.619±0.011 1.616±0.009 1.684+0.007 1.675+0.007
LaCrI10 3  1.604±0.005 1.600+0.005 1.711+0.004 1.704+0.004
Cr'"(CH3COO) 7(OH)2  1.624±0.007 1.618±0.006 1.715 + 0.002 1.709+0.002
Cr~l"O3 1.679+0.013 1.671±0.012 1.720±0.006 1.712+0.005
CrIVO 2  1.484-0.002 1.478 ±0.002 1.556+ 0.002 1.548 +0.002
NdCrVO 4  1.398+0.006 1.387+0.005 1.426±0.005 1.414+ 0.004
PbCrVlO 4  1.368+0.006 1.355 +0.006 1.381 +0.005 1.370±0.005
K2Cr2V0 7  1.397+0.006 1.387±+0.006 1.418_±_0.006 1.408 +0.006
K2CrVIO 4  1.416 +±0.005 1.405 + 0.005 1.484 + 0.004 1.474_+ 0.004
Na2CrVIO 4  1.498 +0.008 1.484+0.008 1.486±+ 0.006 1.475 ± 0.006

cLS-conjectured low spin Cr d" configuration.
LS-low spin Cr d" configuration.
cHS--conjectured high spin Cr d" configuration.
HS-high spin Cr d" configuration.

important that the correlation plot contain the broadest decrease with increasing valence, the range in the L3 width
collection of standards, with as varied chemistry as exhibited for compounds of the same valence was rather
feasible, to map the full range in fine structure of a large.
particular valence. The better these ranges are known, the In nearly all previous EELS studies, only one fine-
more confidence can be placed in any valence determina- structure parameterization has been used to determine
tion. In this regard, the data in Fig. 6 are supplemented by metal valence or quantify the ratio of two mixed valence
Table 2. states. However for Cr, the prospects of valence determi-

With only two fine-structure parameterizations, Cr nation are severely limited if only one fine-structure
valence determination is limited in that there are two areas parameterization is examined. Considering our two fine-
in the correlation plot where the valence regions overlap, structure parameterizations separately, there is significant
i.e. partial overlap of low-spin Cr(II) with the Cr(III) overlap in the mean L3/L 2 ratios between Cr(I), low-spin
region and overlap of Cr(IV) with part of the Cr(O) and Cr(II) and Cr(III) as well as significant overlap between
Cr(III) regions. Within these overlap areas additional data Cr(VI) and both Cr(V) and Cr(O). Even the stable species
are required for unambiguous valence determination. For Cr(III) and Cr(VI) show slight overlap in mean L3/L 2

instance, further fine-structure parameterizations might be ratios. Additionally, there is significant overlap in the mean
possible, however those that we evaluated provided no L3 peak energies between Cr(O), Cr(I) and Cr(II) as well as
additional information on valence. The separation between between Cr(O) and Cr(III). The overlap in mean L3/L2

the L3 and L2 edge maxima was nearly constant for the set ratios and mean L3 peak energies for compounds of
of standards examined (see Table 2). Our attempts to different Cr-valence underscores the influence of factors
quantify the total integrated L2,3 (white-line) intensity other than valence on fine structure. Consequently, it is not
normalized to background intensity resulted in large scatter possible to unambiguously determine valence using either
in the measurement precluding correlation with valence, of the two fine-structure parameterizations alone unless
Although the measured FWHM of the L3 edge tended to only the stable species, Cr(III) and Cr(VI), are known to be



TL. Daulton, B.J. Little / Ultramicroscopy 106 (2006) 561-573 571

Post-Edge Background Subtraction Methods Cr Valence Correlation Plot
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Fig. 5. Scatter in measured L3/L 2 ratios as a function of background - OrIll)

subtraction method and the number, n, of iterations used to determine the ._ 2.3 High Spin

step height: method I, n = 1 (red open circle); method I, n = 10 (blue solid
circle); method II, n = I (green open square) and method II, n = 10 >,

(purple solid square). The standard error of the mean L3/L2 ratio ' 2.1

measured for each Cr standard (Table 3) is plotted as accumulative
percentages. Straight lines are linear least-squares fits to log normal 1.9 Low Spin
distributions and serve as visual aids. The lower a set of data plots the less "Cr(ll)
scatter is present in the L3/L 2 measurements, and method II using n = 10 " -- --"o•1.7 CrI 'J-',..• " _
is shown to be the best analysis method that was examined. . Cr(l). - Cr._

C011. Crr/I

present in the experimental sample. For the study of Cr E
redox intermediates, we demonstrate it is necessary to use ci(0) Cr(IV) "-r.)
multiple fine-structure parameterizations in combination. 1.3 . . . . . . .

This will likely also be the case for other metals, such as 576 577 578 579 580 581 582 583

Mn, that exhibit a wide valence range and low/high spin Cr-L3 Peak Energy (eV)

states for many valences. Fig. 6. Correlation between measured L3/L 2 ratios and L3 peak positions

with respect to Cr valence for a set of valence standards. The L3/L 2 ratios

4. Conclusions were determined using background subtraction method II with n = 10
iterations for determination of the step height ratio. Regions bounded by

We have correlated the fine structure of L 2,3 adsorption closed curves are visual guides. The different Cr oxidation states fall
e twithin largely separate regions and are labeled Cr(0), Cr(I), Cr(II), Cr(III),

Cr(IV) and Cr(VI). The black, solid circles represent the mean of the data

large suite of specimens under identical instrumental for a particular Cr standard. The Cr(0) and Cr(I) compounds are likely all

conditions. Our results represent the most complete and of low-spin state. The spin state of the Cr(II) compounds is specified.

systematic EELS study of the dependence of Cr-L2,3 fine
structure on Cr oxidation state. Our results illustrate well structure parameterization to determine metal valence.
that other factors in addition to valence, e.g. crystal field Although there are limitations in using two parameteriza-
splitting (i.e, atom coordination, low- or high-spin config- tions for the valence determination of Cr, the correlation
uration), spin-orbit interactions, atomic coulomb repul- technique can be used to constrain the range of possible
sion and exchange effects, can significantly influence the valences and in many cases determine Cr valence.
fine structure of Cr-L2,3 adsorption edges. In particular, we
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will likely also be the case for other metals, such as Mn, NdCrO3 and NdCrO4, as well as Prof. P. Tregenna-Piggott
that exhibit a wide valence range and low/high spin states and C. Dobe (University of Bern, Switzerland) for
for many valences. In contrast, nearly all previous EELS providing chromous acetate. This work was supported by
techniques have utilized the measurement of only one fine- ONR program elements 61153N and 0602236N.
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