
Lawrence Berkeley National Laboratory
Recent Work

Title
RADIATION DAMAGE STUDIES BY X-RAY PHOTOELEC-TRON SPECTROSCOPY II. ELECTRON 
IRRADIATED Li2Cr04 AND Li2W04

Permalink
https://escholarship.org/uc/item/0pm9s1r7

Author
Sasaki, T.

Publication Date
1977-06-01

eScholarship.org Powered by the California Digital Library
University of California

https://escholarship.org/uc/item/0pm9s1r7
https://escholarship.org
http://www.cdlib.org/


Submitted to Journal of Chemical Physics 
ue.-JS' 
LBL-6296 
Preprint C • 1 

RADIATION DAMAGE STIJDIES BY X-RAY PHOTOELECTRON 
SPECIROSC:OPY II. ELECTRON IRRADIATED Li2Cr04 AND Li2wo4 

T S ak . R s w·11· J s ii)ECElVED 
• as 1' • • 1 1ams' • • Wong' an~' LAWRENCE 

D. A. Shirley s.:r.·...:rtf:Y LABORATORY. 

June 1977 
JUL 10 1978 

LIBRARY AND 
DOCUMENTS SECTION 

Prepared for the U. S. Department of Energy 
under Contract W-7405-ENG-48 

For Reference 

Not to be taken from this room 

. 
• 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



LBL-6296 -iii-

Radiation Damage Studies by X-ray Photoelectron Spectroscopy 
II. Electron Irradiated Li2cra4 and Li2wo4* 

T. Sasaki,t R. S. Williams, J. S. Wong, and D. A. Shirley 

~~terials and MOlecular Research Division 
Lawrence Berkeley Laboratory 

and 
Department of Chemistry 

University of California 
Berkeley, California 94720 

June 1977 

ABSTRACT 

Single crystals of Li2Cr04 and Li2wo4 were irradiated in situ 

with 0.3 - 1.6 keV electrons in an UHV x-ray photoelectron spectro

meter. Chemical shifts of core-level peaks in XPS spectra indicate 

formation of Cr(III) on the irradiated Li2cra4 surface and of W(IV) 

and W(V) on the irradiated Li2wo4 surface. Accompanying formation 

of the reduced species, new peaks attributable to photoelectrons 

from non~bonding orbitals appear at binding energies just below the 

respective Fermi levels. A lower limit of the G-value for Cr(III) 

formation is estimated to be about 1.3 x 10-2 from the differential 

energy loss of the incident electrons. Comparison of this G-value 

with previous data determined by ESR suggests that solid surfaces 

are far more sensitive to radiation damage than the bulk. The irra-

diation of Li2wo4 causes a shift in the entire XPS spectrum to lower 

binding energy, initially ca. 2 eV, which decreases over a 20 hour 

period until the original peak positions are recovered. This is 

interpreted in terms of surface charging caused by electron irradia-

tion. 
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I. INTRODUCTION 

A new approach to radiation damage studies, by means of x-ray 

photoelectron spectroscopy (XPS), was presented in the previous paper. 1 

Not only were the chemical forms of products on the surfaces of elec-

tron-irradiated LiN03 and Li2so4 determined from chemical shifts in 

core-level peaks, but the G-values (i.e., the number of molecules pro

duced or decomposed per 100 eV of radiation absorbed) were also estimated 

from the differential energy losses of the incident electrons. This 

paper reports the effects of electron irradiation on the XPS spectra 

of Li2cro4 and Li2wo4 single crystals. 

Recent applications of XPS by De Angelis and Schiavello2' 3 provided 

interesting information about Al Ka x-ray induced reduction on the 

surfaces of Cr(VI) and W(VI) compounds. From chemical shifts in core-

level peaks, the species formed on Cr03 and K2cra4 surfaces were assigned 

as being only Cr(III), 2 while reduction products on a Na0 . 547wo3 surface 

were identified as W(IV) and W(V). 3 In both cases, however, valence 

band spectra could yield further interesting information. Cr(III) has 

three electrons in the 3d shell and W(IV) and W(V) have two and one 

electrons, respectively, in the Sd or 6s atomic shells; the central 

atoms of the parent oxyanions have no electrons in these subshells. 

Because these atomic subshells are non-bonding orbitals, photopeaks 

from these shells are expected to lie on the low binding energy side 

of the molecular orbital peaks. In fact, a photopeak in this position 
4 was found for an UV-irradiated wo3 film by Hollinger, et al. , and 

was correlated with a blue coloration of the film. 
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In this paper, spectral changes in the core levels as well as the 

valence band region are examined. The observations of multiplet split-

ting in the Cr(3s) peak and of a photopeak attributable to the non-

bonding orbital provide further confirmatory evidence of Cr(III) forma

tion on an irradiated Li2cra4 surface. The G-value for the Cr(III) 

formation will be compared with the corresponding bulk data. Time

dependent changes in the XPS spectra of the electron-irradiated Li2wo4 

are reported. In addition, a conclusive assignment will be given for 

the origin of a satellite on the high binding-energy side of the W(4f) 

peaks, a subject of some uncertainty. 3 The time dependence of the 

Li2wo4 spectra after irradiation is discussed in terms of sample charg

ing and a rather long relaxation time unique to lithium tungstate. In 

all cases our spectra are explained quite well in terms of the produc-

tion of reduced species, rather than invoking inelastic electron loss 

h . 6 1 f . 7 mec an1sms or co or center ormat1on. 

II . EXPERIMENTAL 

The single crystals were grown from their melts. Analytic-reagent 

grade Li2Cro4 and Li2wo4 powders were heated in air to 600°C and 820°C, 

respectively. The melts were then cooled at ca. 80°C/day. The high-

purity single crystals so obtained were kept in a vacuum desiccator 

until the time of the XPS measurements due to their highly hygroscopic 

nature. 

In situ irradiations were carried out by using 0.3 - 1.6 keV elec

trons, as reported previously. 1 The XPS spectra were recorded at 

pressures less than 1 x 10-9 Torr by a Hewlett-Packard 5950A ESCA 
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spectrometer, which utilizes monochromatized Al Ko. x-rays (1486.6 eV). 

The sample surface was oriented at 38° from the direction of the spec-

trometer electron energy-analyzer. The x-ray source power was 1200 W. 

The instrumental resolution was such that the measured full-width at 

half-maximum height (FWHM) of the Au( 4£) 
712 

line of a polycrystalline 

gold sample was 0.88 eV. Charging effects caused by the source x-rays 

were minimized by flooding the sample surfaces with low energy electrons. 

The optimum voltage and filament current of the electron flood gun were 

determined to be 1.5 V, 0.6 rnA for the Li2cro4 sample and 4 V, 0.8 rnA 

for the Li2wo4 sample. 

Binding energies were referenced to the Fermi level of the respec

tive solids. Published valence band spectra8-11 have also been utilized 

for the confirmation of the binding energies and assignment of the mole-
2-cular orbitals of Cr04 Other aspects of the experimental procedure 

have been described previously. 1 

III. RESULTS AND DISCUSSION 

A. XPS Spectra of Electron-Irradiated Li2cra4 

Irradiation of Li2cro4 with 1 keV electrons for 10 minutes at 1 rnA 

electron gun filament current induced considerable changes in both the 

core-level and valence band spectra, while exposure to source x-rays 

for as long as 40 hours caused only very small changes. Figure 1 shows 

the spectral changes in the Cr(2p) region. All spectra were normalized 

to the intensity of the highest peak, and the total incident charge is 

indicated by Ic in units of 10-l Coulomb/cm2. As seen in Fig. l(a), 

a small feature appears at a binding energy lower by ca. 2.8 eV than 
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the main peak position of Cr(2p) 312 . As this,spectrum was recorded 

after exposure to source x-rays for 24 hours, this feature might be 

caused by x-ray induced reduction. A similar observation was made for 

2 a Cro3 sample. This feature is conspicuously enhanced by electron 

irradiation and about 80% of the Cro;- within the sampling depth tmder

goes radiation induced reduction following a total dose eqtial to Ic = 

14.3 of 1.4 keV electrons. The oxidation state of the product is in-

ferred to be +3 by comparison of the chemical shift with values reported 

f . . . h . d 12-15 or var1ous 1norgan1c c rom1um compotm s. From our measurements 

the spin-orbit splittings between Cr(2p) 112 and Cr(2p) 312 are 9.1 eV 
2-for Cr04 and 9.8 eV for Cr(III). Such an increase in the splitting 

energy with a decrease in the oxidation state of chromium has been 

f d . . k 12-14 otm 1n prev1ous wor • 

The assignment of the product is also supported by spectral changes 

in the Cr(3s) region, shown in Fig. 2. In spite of the 80% reduction 

shown by the Cr(2p) lines, Fig. 2(b) appears to show that a consider-

2-able amount of cr04 remained. This is due to a multiplet splitting 

in the 3s level, which is well-known for compounds of transition metals 

. . d 3d 1 16-18 C (III) h h . d possess1ng unpa1re e ectrons. r as t ree tmpa1re 
2-electrons in the 3d shell, while Cr(VI) in Cro4 has none. The split-

ting energy of the 3s level increases with the number of unpaired 

electrons, and we can expect ca. 4 eV for the 3s splitting of Cr(III) 

from an evaluation given by Carver, et a1. 16 The splitting of 3.8 eV 

observed here is in good agreement with this expectation and is consis

tent with the observed values for Cr 2o/4 and NaCr02 .
15 Assuming that 

ionization of the 3s shell results in only one (exchange-split) electron 
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configuration for the final state, the theoretical intensity ratio of 

the high-energy triplet peak to the low-energy quintet peak is predicted 

to be 0.6 from the multiplicity ratio. The observed value of 0.7, which 

was obtained after correcting for the remaining CrO~- contribution in 

the high-energy peak, is consistent with this estimate. 

Figure 3 shows spectral evolution in the Cr(3p) region with radia

tion exposure. The observed chemical shift in the Cr(3p) line of the 

product, vis. -4.4 eV, corresponds well to the reported difference of 

-4.5 eV in the Cr(3p) energy between NaCr02 and Na2cra4.13 Changes in 

the valence band region are displayed in Fig. 4. The spectral shapes 

2-in Fig. 4(a) are analogous to those reported for cr04 in previous 

ubl . . 8-lO Th 4 d 5 b" 1. p 1cat1ons. e t 2 an a1 or 1ta s are mainly 0(2s) in charac-

ter, and the le and 5t2 orbitals have 0(2p) character. After irradiation, 

two new peaks (I) and (II) appear at 10.3 and 2.4 eV, respectively. The 

absolute intensity of peak (I) initially increases with total radiation 

dose and then decreases under heavy irradation, while the intensity of 

peak (II) does not change with respect to the le, 5t2 peak as shown in 

Figs. 4(b) and 4(c). Peak (I) is assigned to the 0(2p)-like bonding 

orbitals of product molecular oxygen formed in the crystal lattice. 

The FWHM of this peak is 1.8 eV and is considered too narrow to arise 

from valence orbital hybridization in a Cr-0 bond. Heavy irradiation 

caused a relative decrease in the intensity of this peak due to thermal 

transport of the trapped 02 to the sample surface and subsequent desorp

tion during electron bombardffient. The broadening of the peaks from 0(2s)

derived orbitals from 2.7 eV FWHM in Fig. 4(a) to· 3.3 eV in Fig. 4(c) is 

attributable to 0(2s)-derived molecular orbitals of the trapped o
2

. 
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On the other hand, peak (II) is assigned to the Cr(3d)-derived 

orbitals of the.reduced product. Photopeaks in this position from 

non-bonding orbitals have been previously observed for both Cr(III) 

and Cr(IV) compounds. 12 ,14 

From the above observations we conclude the main products are 

lithium chromi te (LiCr02) and molecularly adsorbed oxygen. LiCr02 is 

expected to be a more stable chemical form than Cr2o3 in the presence 

of Li+. This assignment is also based on the observation that neither 

O(ls) nor Li(ls) attributable to Li2o, which were observed in irradiated 

LiN03 and Li2so4,1 appear in irradiated Li2cro4. In addition, the pro

duction of CrOz has been observed in gamma-irradiated K2cr04 by ESR 

d . 19 stu 1es. 

B. Determination of Absolute Cr(III) Yield 

The importance of the G~value estimated from XPS data was dis

cussed in detail in the previous paper in connection with irradiated 

Li2so4.1 The irradiation of Li2Cro4 does not yield a gaseous chromium 

containing product, while Li2so4 could yield a gaseous product such as 

so2 that might be lost during electron irradiation. Thus the present 

case could in principle yield more reliable G-values. 

Figure 5 shows the fraction of chromium present as product Cr(III) 

estimated from the peak intensities of Cr(2p) 312 and Cr(3p). The 

differences in product estimates from the two different core lines 

indicate theprecisionof the determination. The initial slope of the 

curve in Fig. 5 must be employed to estimate the G-value. 
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A lower limit of the G-value for the differential energy loss 

can be obtained as previously described: 1 

(1) 

where A and Mare Avogadro's number and the molecular weight of Li2cra4, 

respectively. The density p is 2.427 g/cm3. 20 P is the fraction of 

Cr(III) in the layer whose thickness corresponds to A', the effective 

photoelectron sampling depth, and C is the integrated incident charge 

per unit area of the radiation dose. Eel and Ee2 are the incident 

electron energy and the average kinetic energy of an electron which has 

traversed a layer of thickness A1
• To determine (Eel- Ee2), the extra

polated penetration range Re was estimated from a semiempirical equatioJ1 

which gives a good fit to experimental data over the range of electron 

energies from 0.3 keV to 30 MeV. Note that (Eel - Eez) is an upper 

limit for the amount of energy deposited in the layer of thickness A' , 

since secondary electrons may carry energy 9ut of this layer, either 

into the vacuwn or deeper within the crystal.1 The inelastic collision 

mean free path A was calculated as a function of energy according to e 

an equation by Penn. 21 Both Re and Ae are shown as a function of elec-

tron energy in Fig. 6. From Fig. 6, \e for 907 eV kinetic energy photo
~ean 

electrons from the Cr(2p) 312 shell is 15.6A, yielding a sampling depth 

A' of 9.6A for a 38° take-off angle. 1 The amount of energy lost by an 

electron in the layer A' for an incident energy of 1 keV can be esti

mated1 from the Re curve of Fig. 6 to be ca. 19.2 eV. The G-value given 

by Eq. (1) simplifies to yield: 
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(2) 

where (~P/~C). refers to the initial slope of the yield curve in the 
1 

layer A'. Thus the lower limit of the G-value for the Cr(III) formation 

is determined to be 1.3 x 10- 2 which is also appropriate for the radia

tion decomposition of Li2cro4. 

It is interesting to compare the present value with related data, 

obtained by ESR. Apers and co-workers18 obtained G-values of the order 

of 10-4 for the yield of total radica~s including Cro;, and of 2 x 10-S 

for era; formation23 in K2Cro4 single crystals irradiated with 60co 

gamma-rays at room temperature. These small G-values may indicate that 

the potassium salt is more resistant to radiation damage than the lithium 

salt. However, the most important parameter relevant to our studies 

is the extreme surface sensitivity of the XPS probing technique. Since 

our surface G-value, which in fact is a lower limit, is two to three 

orders of magnitude larger than the bulk values, the surface must be 

far more sensitive to ionizing electron irradiation than the bulk of 

the crystal. Among the likely causes of this enhanced surface reacti-

vity are surface charging, loss of volatile dissociation products, and 

hindrance of diffusional recombination by stable or metastable composi-

tion and/or charge gradients near the surface. None of these factors 

could affect radiation damage sensitivity in the bulk. 

C. Charging and Chemical Reduction of the Li2wo4 Surface 

Electron irradiation did not cause visible changes in the Li2wo4 
surface. The most evident change in the XPS spectra was a time-depend-

ent shift in the core-level peaks. The spectral changes in the O(ls) 
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and W(4f) regions of the sample irradiated by 1 keV electrons are 

shown in Fig. 7. The total incident charge was 0.51 Coulornb/cm2, and 

the elapsed times after irradiation are given in the rectangles. .Just 

after irradiation the O(ls) and W(4f) regions shift toward lower binding 

energy by 1.8 and 2.2 eV, respectively. These shifts decrease with the 

passage of time, and after 20 hours ·~he original peak positions are 

nearly recovered. Because all the core-level peaks, including W(4p) 312 

CEb ~ 429 eV) and W(4d) 512 CEb ~ 249 eV), shift to lower binding energy 

and require almost the same time for recovery, the phenomena can not 

be attributed to formation of unstable products. 24 

The direction of the spectral shift means that photoelectrons gain 

kinetic energy during emission. This can be interpreted in terms of sub

surface charging. Drenckhan, et a1. 25 found a high energy tail extend

ing 80 eV in the energy distribution of thennally-stimulated exoelectron 

emission from an electron-irradiated Si02 surface. They suggested that 

this high energy electron emission is caused by acceleration arising 

from the electric field induced between the;positively charged sample 

surface and a negatively charged region around the tenninal site of 

the incident electrons. In the present case, the sample surface rele

vant to the XPS spectra might be positively charged due to secondary 

electron emission during irradiation. On the other hand, the terminal 

region of incident and secondary electrons will be negatively charged 

until diffusive processes neutralize the excess charge. The electric 

field generated in this way can accelerate photoelectrons. This would 

explain a larger binding energy shift for the W(4f) peak than for the O(ls) 

peak, because photoelectrons from the W(4f) shell have a larger escape 

depth, corresponding to a longer acceleration distance. The induced 
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field strength in the surface layer of irradiated Li2wo4 is estimate~ 

to be 1 x 107 V/cm from the magnitude of the energy shift and the mean 

free path of the photoelectrons. The peak broadening of W(4f) in 

Fig. 7(b) is also presumably due to differences in the acceleration 

distance along the mean-free path. The spectral evolution in Fig. 7(c) 

indicates a gradual neutralization of the excess charge, due presumably 

to electron diffusion and recombination. The observed shift must arise 

through photoelectron acceleration by a net negative subsurface charge. 

The limited broadening and considerable peak shifts in Fig. 7 show that 

the excess negative charge layer lies considerably deeper than the 

sampling depth. It is also noteworthy that the time-dependent shift 

is characteristic of only irradiated Li2wo4; such phenomena have not 

been observed for the other ten oxyanion samples we have examined to date. 

A permanent change in the W(4f) region is the broadening with a 

small shoulder to the low energy side, as seen in Fig. 7(c). Similar 

trends were also observed for the W(4p) and W(4d) lines. This broaden-

ing arises from the formation of reduced tungsten species. The spectral 

shape of W(4f) in Fig. 7(c) is very similar to the observations of 

3 DeAngelis, et al. for Na0. 547wo3 exposed to A1 Ka x-rays for 8 hours. 

They resolved their spectrum into three chemically inequivalent compon-

ents: W(IV), W(V), and W(VI). However, it is difficult to draw a defi-

nite conclusion for the amount of reduction of the tungsten bronze due 

to x-ray exposure, since a spectrum of the 4f region for initial x-ray 

exposure was not given. An analogous spectral feature of W(4f) has 

been observed for UV colored W03 films by Hollinger, et a1. 4 There 

is only fair agreement between their observed spectrum and a computer 

fit which included two spin-orbit split doublets due to W(VI) and W(V) 

and their corresponding plasmon satellites (see Fig. 2 in Ref. 4). 
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Using only two spin-orbit doublets with no satellite structure, we 

were unable to obtain a satisfactory fit, especially for the low enerr,y 

side of the W(4f) region in Fig. 7(c). However, inclusion of a W(IV) 

component yielded a good fit to our data, shown in Fig. 8. The W(4f) 

linewidths for W(IV) and W(V) were assumed to be the same as that for 

l\T(VI), and the energy separation between W(IV) and W(VI) was taken to 

be 3.0 eV from the data for tungsten oxides. 26 A slight peak at higher 

binding energy was not included in the spectral fitting. The fit indi

cates a 26% transformation of wo~- within the photoelectron sampling 

depth into reduced species. While computer fits of partially-resolved 

spectra are never as satisfying as actually resolving the lines, we 

note that the 4f712 peak of lv(V) appears as a readily observable should

er on the W(VI) 4f712 peak in Fig. 8, and even the weak W(IV) 4f712 
peak gives rise to a visible shoulder. 

The W(4f) spectrum obtained by Hollinger, et a1. 4 of an UV colored 

wo3 film can be seen from Fig. l(c) of Ref. 4 to be very similar to the 

spectrum presented in Fig. 8 of this work. A small but definite should

er which corresponds well to W(IV) appears at ca. 34 eV EB, but was 

neglected in the spectral fit. The introduction of two extra pairs of 

Gaussian peaks as plasmon satellites in the spectral fit of Ref. 4 does 

not appear justified in light of the excellent fits obtained for tungs

ten oxide films by De Angelis and Schiavello3 and for Li2wo4 from this 

work using only one spin-orbit split doublet for each chemical state 

of W present. In addition, such intense plasmon satellies required 

in the fit of Ref. 4 would give rise to a series of multiple loss 

peaks, which are not observed. The apparent broadening seen in the 

spectra o£ the UV colored films must be explained by some other mech

anism, such as perhaps an inhomogeneous charging effect induced by 
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intense UV irradiation similar to that observed for electron bombardment. 

There is also a striking similarity in the peak positionS for the W(VI) 

and W(V) components of Fig. 8 and the W(4f) spectra of Campagna, et a1. 6 

and Chazalviel, et a1. 27 This correspondence argues strongly in favor 

of the interpretation of the spectra of the sodium tungsten bronzes 

Naxwo3 at least predominantly in terms of mixed valence states of tungs

ten, rather than collective excitation phenomena. The presence of a 

small satellite structure such as is observed for the Na(ls) and 

O(ls) peaks6 in spectra of Naxwo3 acts to complicate the spectra but 

it probably does not contribute a major portion of the W photoemission 

intensity. 

The valence band region, with the Li(ls) lirie, is shown in Fig. 9. 

The origin of peak (II) on the high binding energy side of W(4f) in 

Fig. 9 has been discussed by several workers. 4-6 Considering the obser

vations of this peak in the XPS spectra of metallic tungsten, 5 wo3, 3' 4 ' 28 

and Naxwo3 (x = 0.547, 0.620, 0.764, and 0.805), 3' 6 we infer it is 

characteristic of tungsten rather than a particular compound. It is 

associated with another peak (I) located around 55 eV EB. We assign 

these to W(5p) 312 and W(5p) 112 , respectively. The peak intensity of 

W(5p) 312 is estimated to be approximately 0.15 times that of W(4£) 712 
from the photoionization cross sections calculated by Scofield. 29 

The separation energy observed for the spin-orbit splitting is 13.5 eV, 

while Lu, et a1. 30 estimated a splitting of 10.4 eV. 

Electron irradiation brought about the appearance of a new struc-

ture at ca. 2 eV below the Fermi level, as seen in Fig. 9(b). Such a 

low energy photopeak originates from a non-bonding orbital similar to 



-13-

the one observed for irradiated Li2Cr04. Its intensity is about 0.1 

times that of the 0(2p)-derived orbital (IV). The peak shape and 

position are very similar to those found for UV colored4 or electro

colored31 wo3, and for nonirradiated Naxwo3.6 The lack of coloration 

of the irradiated Li2wo4 sample proves conclusively that this feature 

is not due to emission from a color center, as had been suggested in 

connection with photoemission from UV and electrocolored films of 

Mb03 by Rabalais. 7 This feature is now well established3-6 to arise 

from transitions out of the W(Sd)/(6s) non-bonding orbitals (conduction 

band). That electron irradiation failed to color the Li2wo4 crystal 

surface may be due to the extremely clean conditions under which the 

dosage was applied. Perhaps the final states for the transitions in 

the red portion of the spectrum of colored wo3 or M03 are provided by 

H+ ions in the lattice which originate from water contamination of 

the sample or are injected into the sample during electrolysis. 

Accompanying the spectral changes in the core-level peaks and 

valence band region, the Li(ls) line was broadened. This suggests 

formation of other lithium containing compounds. Although definite 

identification of the chemical forms of these compounds is not feasible, 

Li2wo
3 

is a likely candidate though it can be only a minor constituent 

as indicated by the weak W(IV) signal observed. We note the absence of 

an O(ls) line attributable to Li20, similar to the situation observed 

for Li2Cro4. 
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Electron irradiation of anhydrous Li2Cr04 produces Cr(III) as 
- -2 CrO , with a G-value of ca. 1.3 x 10 . It was clearly shown that the 

surface of this compound is much more sensitive to long-term electron 

radiation damage than is the bulk. In irradiated Li2wo4, products 

were identified as W(V) and (with less certainty) W(IV). Further, 

Li2wo4 was found to be far more stable than Li2Cro4 for electron irradi

ation induced reduction of the central metal in the oxyanion. Occupied 

non-bonding orbitals were formed in the irradiation products in both 

cases. Time dependent shifts were observed for Li2wo4, with recovery 

times of ca. 20 hours. These were attributed to subsurface charging. 

Again XPS has been shown to be a sensitive method for studying in situ 

chemical changes induced in a crystalline surface layer by electron 

irradiation. 
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FIGURE CAPT! ONS 

Fig. 1. Spectral changes in the Cr(2p) region of irradiated Li2cra4. 

The chromium reduction product is assigned as LiCr02. The 

integrated incident charge per tmit surface area Ic is in 

tmits of 10-l Coulomb/c~2 (electron kinetic energy of 1 keV). 

Fig. 2. Spectral changes in the Cr(3s) region of irradiated Li2Cro4. 

In parts (b) and (c), the peak at higher binding energy con

tains intensity from the 3s level of Cr(VI) and from the 

higher binding energy component of the exchange split 3s level 

of Cr(III) (see text). 

Fig. 3. Spectral changes in the Li(ls) and Cr(3p) regions of irradiated 

Li2cra4. The spin-orbit splitting in the Cr(3p) level is 

seen as only a small shoulder in the photoemission peaks. 

Fig. 4. Spectral changes in the valence band region of irradiated 

Li2Cro4. Peak I is assigned to (2p)-like levels of molecularly 

adsorbed oxygen. Peak II is due to transitions from the 

occupied Cr(3d) levels of the reduction product. 

Fig. 5. The value of Cr(III)/(Cr(III) + Cr(VI)) as a ftmction of the 

total incident charge. The values were determined from the 

intensities of the Cr(2p) 312 and Cr(3p) peaks. 

Fig. 6. Penetration range Re and inelastic collision mean-free path 

Ae of electrons in Li2cro4. The semi-empirical equations 

used for the calculations for Re and Ae are given by Tabata, 
20 21 . et al. and Penn, respect1vely. The dashed extrapolations 

of these curves represent the expected behavior for very low 

energy electrons. 
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Fig. 7. Part (a) shows the O(ls) and W(4f) spectral regions of Li2wo4 
before electron irradiation. Parts (b) and (c) illustrate the 

time evolution of these spectra after a radiation dose I = 
c 

2 0.51 Coulomb/em of 1 keV electrons. 

Fig. 8. Deconvolution of the W(4f) region. The spectrum is the same 

as that shown in Fig. 7(c). The darker line indicates the 

sum of 6 Gaussians corresponding to W(4£) 512 and W(4f) 712 for • 

the three likely chemical species present. 

Fig. 9. Spectral changes in the valence band region of irradiated 

Li2W04. The spectrum (b) was recorded 17 hours after irradia

tion. Peaks (I) and (II) are assigned to W(Sp) 112 and (Sp) 312 , 

respectively. Peaks (III) and (IV) are primarily 0(2s) and 

(2p) -derived molecular orbitals. Peak (V) arises due to 

transitions from the occupied W Sd/6s orbitals of the reduc-

tion product. 
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