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Electron distribution in MgO probed by x-ray emission
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The relative intensity of the M B emission band with respect to th€a atomic line, obtained by
electron-induced x-ray emission spectroscopy, is used to investigate the variapelikefvalence electron
number located around magnesium in metal and MgO. Calculated spectral intensitieskoeMgssions are
obtained within the augmented plane-wave method for the perfect crystal. From experimental and theoretical
data, the number ofBelectrons present around Mg and involved in k@ transition does not vary much with
the metallic or ionic character of the bonds. This result shows that the charge transfer is weak in the oxide.
These experiments can be generalized to other compounds. Spectral densities ¢D&8teround Mg and
O are also probed and agreement is found between experimental and theoretical spectral dengitidg of 3
and P O states. Changes of MgO valence DOS with annealing, etching, and aging are discussed.
[S0163-182698)12419-0

I. INTRODUCTION ered the prototype for simple oxides. It is often treated as
perfectly ionic. However, the presence of an interstitial

Despite the large amount of data, the electronic distribucharge should make the charge associated to each oxygen
tion of alkaline-earth oxides is still controversidl The de-  clearly inferior to 2.
termination of the mean number of electrons present around Ab initio methods have been widely employed to investi-
each element is of fundamental importance in relation to thgate the bulk perfect crystal of MgO with sodium chloride
redistribution of the electrostatic potential in the oxide andstructure. The most usual methods, augmented plane
the degree of ionicity. These parameters depend on th@avé*62* (APW), Korringa-Kohn-Rostoket>?® tight-
atomic arrangement and on the presence of defects. Theinding? pseudopotentials? linear muffin-tin orbital?®2°
govern the physical and chemical properties such as elegnear augmented plane waf€® and linear combination of
tronic properties, structure, and reactivity of surfaces angtomic orbitals"*?are based on the local-density approxima-
metal-oxide interfaces. _ _ _ tion (LDA); the choice of different functiondl62° has also

An experimental approach is developed to investigate thgeen examined. The general features of the band structure of
electronic distribution of valence electrons in solid com-y . MgO are well established. Besides the empirical and

pounds. It involves the measurement of the relathtensi- 5 ee Fock®techniques, the direct energy gap is system-
ties of x-ray emissions obtained by electron-induced x-ray

emission Speciroscop{EXES).® The method is local and atically underestimated by several eV, a common problem of

. ; o all the LDA-based methods. Nevertheless, in the MgO case,
concerns thicknesses ranging from a superficial zone to th

bulk, i.e., between 1 and 100 nm. By this method, the varia:[%e theoretical (p and Mgs+ p bandwidths are in reason-

tion of the valence electron number, having a given symme‘—”‘bIe agreement with spectroscopic data.

try, located around an element present in a metal or insulator, ' the present work, we describe the experimental method
thin or bulk material can be probed. Tkeergydistribution ~ and we compare the measured intensitiealidnitio calcu-
of local and partial densities of statdBOS) can be obtained lations of the spectral intensities. Only the distribution of the
simultaneously from the spectral density observed in thé-like electrons around the magnesium is studied experimen-
same sample. We have applied this method to the case of tfilly. Agreement between experimental and theoretical data
magnesium present in the metal and the oxide. is satisfactory and proves the validity of the model used.
A large number of theoretical investigations have beerSimultaneously, we observepadMg and 2o O spectral den-
previously devoted to the study of the electronic propertiessities; these densities agree with previous observatiors.
of MgO and other alkaline-earth monoxides in relation to theComparison between our experimental and calculated partial
possibility of a B1 to B2 structural transition under spectral densities is presented. Samples of oxide having suf-
pressuré—® Properties of the bulk material associated withfered various treatments are studied, and changes with the
various electronic  transition spectra have beerphysicochemical characteristics of the sample are discussed.
investigated, 12 as well as the energetics of intrinsic bulk-  In Secs. Il and I, experimental techniques and results are
defect formation, vacancies as well as interstitidi$®the  reported. In Sec. IV, the computational method is presented.
electronic structure of surfacés®and the molecule-surface Theoretical results are discussed and compared to experi-
interaction$®?° found in catalysis. Indeed, MgO is consid- mental data in Sec. V. This is made successively for the
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TABLE I. Incident electron energ¥, and analyzed thickness bution of the final state broadened by the energy distribution

for each sample and each emission. of the initial state, which is a Lorentzian curve of known

_ width, and multiplied by the square of the matrix element. If

S Analyzed thickness  the matrix element is assimilated to a constant along the

MgO sample Emission line E, (eV) (A) emission band, the spectral density probes the valence DOS.

Stored 2 months &a 800 60 B_ecau_se of the transition mat_rix element, x-ray gmission

gives information on the locdlgiven Z) and partial(given

Mg KB 3000 370 .
symmetrys,p,d,...) DOS. The local character is due to the
Cleaved OKa 800 60 spatial localization of the core hole and the partial character
1500 200 due to the dipole selection rules.
3000 500
Mg KB 3000 370 2. Charge distribution
Polished OKa 800 60 Th babil f . - . .
heated MgK 3 300 370 e probability of x-ray atomic emissions, i.e., emissions

between normally filled subshells, can be considered, in first
etched MgK 8 3000 370 approximation, as independent of the physicochemical state
of the Z element. By contrast, the probability of emission

etched heated B 650 35 . .
800 60 from the valence band is a functlt_)n of th_e_v_alence electron
number ofl £1 symmetry present in the vicinity of the core

1500 200 hole. Then a change of the valence electron distribution can
3000 500 be deduced from a change of the relative intensity of the

Mg K3 1600 100 valence-band emission, measured with respect to the inten-
2500 300 sity of an atomic emission having the same initial state. For
3500 500 the 10<Z<18 elements, by considering theB (3p-1s)
4500 750 and Ka (2p-1s) lines and making the approximation that

the probability of thek « line does not depend on the physi-
Film Mg KB 4500 500 cochemical state, it is possible to determine tipeedectron
mean number present around theelement, from the mea-

densities of states and for the electron distribution around theurement of the intensity rati@=Kg/Ka. A change of the

cation. s distributions can be observed f@r>18. Indeeds distri-
butions are deduced from transitions po holes and no
Il. EXPERIMENTAL TECHNIQUES atomic line to P exists for theZz<18 elements. Similarly,
A. EXES method no atomic line to % exists for oxygen.

A core hole is created in ali subshell of an atom with We have measured the intensity of Mg with respect to
. ! ! ] su LT wi that of Mg Ka by using the same ionization conditions for
atomic numbeZ by electron collision. This initial state re-

laxes by radiative transition to a final state with a less bounj’oﬂem'szlﬁns' Tgethnum}[oer c_)tf |n|t'l§(1;zs_t<’:\<tejrl<s tf:jus the stame
core or valence hole. The spectral density of the emitted®’ K@ andK s and the intensity ratiR=K /K« does no

photons is the convolution of the energy distributions of thed€Pend on this number. We have chosen experimental con-

initial and final states, multiplied by the transition probabil- ditions such that the self-absorption of the radiation in the

ity. The intensity of the x-ray emission depends on the numlarget is weak. In th_ls case, the_ratlo of the self—absorptlon

ber of the initial states, the radiative transition probability, l€"Ms can be approximated to unity. Then the r&tis equal

and the self-absorption of the emitted radiatfon. to the ratio of theK and K« radiative probabilities. By
The analyzed thickness is determined by means of af@king the approximation that the probability iz does

semiempirical modet*3° which takes into account the en- Not depend on t'he material, we have .deduced from the value

ergy and angular distributions of incident and backscattere@ R the variation of the B-1s matrix element, i.e., the

electrons, the electron ionization cross sections, and the aiariation of the Mg  electron number, present near the Mg

sorption of the emitted photons. For the incident electronls inner hole, between the metal and the oxide.

energyE,, we determine the rati®(x)=1(x)/1() where

I(x) is the intensity emitted from a thickness of the 3. Experimental conditions

sample, and(<°) the intensity from an infinite thickness. For

single crystals, we consider that the relevant value of the X-ray spectra were obtained with the aid of a bent-crystal

analyzed thickness is that correspondind(x)=0.80. For  x-ray vacuum spectrometer of the Johann type that gives a

thin films the whole thickness is analyzed. The incident elecspectral resolution of I¢f.® The bent crystals, 500 mm

tron energiesE, are reported in Table | together with the radius, werg100) TIAP and(1010) beryl blades with planes

“analyzed thickness” for each emission and each sample. parallel to the curved faces. The detector was a gas flow

counter(90% Ar—10% CH) working in the Geiger region.

The incident electron beam made a 10° angle with respect to
When the final hole is present in the valence band, théhe normal of the sample. During the analysis the sample was

spectral density of the emitted photons describes the distriunder ultrahigh vacuum. The sample temperature can be var-

1. Spectral density of valence states
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ied between 120 and 550 K and kept constant to within Binding energy (eV)
+1 K below 260 K and+5 K above 260 K’ -10 -5 0 5
The O Ka emission was recorded fdry between 518 (@ ' room temperature

and 530 eV, the M&K B one between 1287 and 1310 eV in
order to investigate both the upper valence bdnd to
~1300 eV} and states in the band gap. The spectral densities
of O 2p and Mg 3 valence states, respectively, are obtained
from these emissions. The broadening of the valence-band
edges in K« and MgK g is evaluated by making the sum
of calculated instrumental and intrinsic widths. They are 0.5
and 0.9 eV, respectively. Oxygétw emission was observed

at high and low incident electron energy with the aim of
comparing the spectral densities in the bulk and in a super-
ficial zone of the sample. For Mgp3 experimentation at
high incident electron energy only was made because the
intensity of the MgK 8 emission is weak.

The magnesiunK « is situated at 1253.5 eV; it is made
up of two Lorentzian linesKa, andK«, separated by the
2p spin-orbit coupling of 0.28 eV® The intensity ratio
Mg Ka1/Mg Ka, is about 2. The experimental width at
half-maximum ofKa; andKa, is 1.2+-0.1 eV. This value
agrees with that obtained by adding the intrinsic broadening,
due to the lifetime of the 4 hole (we neglect the broadening
due to the lifetime of the @ hole), and the calculated instru-
mental broadenings due to the crystal dimensions.

Intensity (arbitrary unit)

[=]

Intensity (arbitrary unit)

<

B. Samples 515 520 525 530 535
. . Photon energy (eV)
The samples are air cleavé@00 single-crystal blades

and were obtained using various treatments, and thin films
were deposited by thermal evaporation of similar crystals.
Quantitative analysis of the single crystals was performed by
neutronic activation at Laboratoire “Pierre’ &uin CEA-
Saclay. The main impurity is Ca with concentration lower
than 0.08 wt %. Other impurities, Fe, Cr, and Mn, are less
than 0.01 wt %. From images of air-cleaved single crystals,
obtained by means of transmission electron microscopy and
high-energy electron diffraction patterns, wide flat areas and
zones with high density of dislocations are present but retain

Intensity (arbitrary unit)

the normal interatomic distance. From electron diffraction 0 S— . .
patterns, thin films are polycrystalline. 515 520 525 530 535
Air-cleaved (100 single crystals stored under air during Photon energy (eV)

long (2 monthg and short(1 h) times were compared. One

same crystal was polished and annealed at 1270 K under air N o

during 25 h. Others were cleanéd situ by means off(i) FIG. 1. O 2p spectral densities of MgQi@) solid line, bulk;
heating at 770 K during 1 h(ii) Art 2 keV etching; iii ) dots, superficial zongb) Superficial zones: solid line, at 530 K;
alternating etching and heating at 620 K during 6 h. Thedots, at 330 K.(c)_ Superficial zones: solid line, after Ar etching;
effect of in situ argon ion etchings, 0.5 and 2 keV, on the dots, before etching.

crystal polished and annealed under air was also examined.

A 500-A-thick polycrystalline film was deposited by electron _ . . .
with that of the corresponding partial calculated DOS. For
bombardment on a NaCl substrate coated by a 400-A CN/Ig 3p spectral densityE, is determined by fitting the

filn. valence-band edge by a linear la& E,) convoluted with
a 0.9-eV-wide Lorentzian curve.
lll. EXPERIMENTAL RESULTS

Spectra are recorded in a photon energy scale. The back- A. Oxygen 2p spectral density

ground is subtracted and the curves are normalized with re- The oxygen » spectral density of a cleaved MgO single
spect to the maximum amplitude. The binding-energy scalerystal, obtained aEy;=3000 eV at room temperature, is
relative to the top of the valence baBg is also plotted as an plotted in Fig. 1a) (solid line). A main peak A) is observed
upper line on the graphs. The energy is obtained by ad- athy=525.7-0.1 eV and a structureB() appears on the low
justing the main peak of Mgs8and O 2 spectral densities photon energy side. The shouldgon the high photon en-
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g Binding energy (eV)
Bind! \Y%
inding energy (eV) s 0 5 10

-5 0 5
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Intensity (arbitrary unit)

Intensity (arbitrary unit)

0 .0.°oo...... RV
1290 1295 1300 1305 1310 1290 1295 1300 1305 1310
Photon energy (eV) Photon energy (eV)
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Intensity (arbitrary unit)

[=

Intensity (arbitrary unit)

=]
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1290 1310

FIG. 2. Mg 3p spectral densities of MgO. Solid line, reference sample, compared to@o®eaved stored 2 months samplie} heated
in UHV sample;(c) Ar-etched sample(d) film sample.

ergy side is a satellite emissidhThe structureC observed B. Magnesium 3o spectral density
at higher photon energies is due to the anomalous reflection The magnesium @ spectral density of the bulk varies

from the crystal analyzer. The binding energles E, are  5:¢ording to the treatments given to the sample and depends

1.00.1 eV for peak f) and about 3.7 eV for structur®],  gjightly on the temperature. All the curves presented are ob-

giving 2.7 eV for theA-B distance. The spectral density does (yineq at room temperature. We refer our results to the spec-

not depend on the temperature of the sample and omthe (5| gensity obtained for the polished00 single crystal

S|tu' trgatments for incident energi&s, clearly above the O  5nnealed under air at 1000 feolid line of Figs. 2a)—2(d)].

1s ionization threshold. This density presents a main peak situatechat 1297.2
Changes in the O |2 density are observed whel, IS + 0.1 eV (binding energyE — E,= 2.9+ 0.1 eV). A badly re-

decreased below about 800 eV, i.e., when the analysis coRy|yed secondary peak is located Bt E, =4 eV. Analo-

cerns a superficial zone of the sample. First, at 650 eV and @foys spectral density is obtained for the freshly cleaved crys-
room temperature, the intensity of structuf®) (decreases ).

[Fig. 1(a), dotg. Second, the satellite is not observed be- The dots in Fig. ) describe the spectral density of the

cause the incident energy is not sufficient to excite it. TheMgo crystal stored during 2 months after cleaving. The main
decreasing of B) ands intensities induces a slight narrow- peak is shifted by 0.8 eV towards lower binding energies and
ing of the main peak. A comparison of the spectral densitieshis shift is accompanied by a broadening in the same energy
at 650 eV and at two temperatures, 300 and 500 K, is prerange. This suggests that the emission has supplementary
sented in Fig. (b). At high temperature, a marked narrowing components, due to chemical bonds of Mg with contami-
of the main peak appears, mainly towards the lower bindingiants, carbonates, or hydroxyl groups. This spectral density
energies, whereas the intensity of structuBj (s approxi- is characteristic of a contaminated sample.

mately the same as in the volume analysis. No energy shift The dots in Fig. &) correspond to the spectral density of
of peak (A) is seen. Changes are also observed at roorthe UHV annealed crystal. This density is similar to that of
temperature for the etched sample whose main peak is spredite reference sample towards the lower binding energies. It is
more towards lower and higher binding energies than for thaveaker in the range of the secondary maximum. Analogous
freshly cleaved sampligFig. 1(c), solid lin€]. effect but clearly more marked is seen for the UHV etched
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sample; indeed the structure at 4 eV is the weakest for this 7.0
sample. This decrease is accompanied by a narrowing inthe 60 |
range of higher binding energies and also at the low part of 5.0
the peak towards the lower binding enerdiEfy. 2(c), dotg.
The spectral density of the MgO film is presented in Fig.
2(d) (dots. It is rather similar to that observed for the etched 3.0+
sample. Changes with increasing temperature and annealing 2.0 |
are also seen in the range of the secondary maximum. Inthis ;4 [
range, the intensity is the highest for the sample taken as
reference.

In the energy range of the optical gap, the larger intensity

4.0

0.0
1.0 ¢

is emitted by the sample stored 2 monfRsy. 2(a)] and the 0.8 [ . ;
weaker by the UHV etched sam(lEig. 2(c)]. For the other r i I
samples, the intensity is weak and approximately equivalent 06t ; R 1
(Fig. 2. 0.4 f P d e ]
SRS Y
0.2 r K 3 '\,.' \\‘. J
C. Intensity ratio of Mg KB and Ka emissions 0.0 1 , /j,“ . N .
The intensity ratioR of Mg KB and Ka emissions was 21 @ B al ]
determined for each sample. A large number of measure- 10L , o ]
ments were made by varying the temperature between 120 | i ]

and 550 K and the incident ener@y between 1.6 and 4.5 08¢

keV. As already underlined, the analyzed thicknesses depend 0.6

on E, (cf. Table ). No variation ofR was observed with the 0.4 .

temperature and witfe, between 2.5 and 4.5 keV. In this 02 L \ ]
energy range, the analyzed thicknesses make the results char- 0 . ‘ / NN . 1
acteristic of the bulk. The mean value & is 0.021 ~10.0 -80 -6.0 -40 -20 00 20 40
+0.002. A value of 0.019 was obtained for the reference Energy (eV)

sample. On the other hand, a lower value of 0.018 was ob-
served forEy=1.6 keV, i.e., for the superficial zone; this

decrease is characteristic of changes of the atomic arrange- F'G- 3- MgO(a) experimental spectral densities: solid line, Mg
ment in this zone. 3s (the feature around-6 eV is due to the p-2s atomic line;

dashed line, Mg B; dotted line, O . (b) Calculated spectral
densities: dashed line, Mgp3 dotted line, O . (c) Calculated

IV. COMPUTATIONAL METHOD DOS: solid line, Mg 3; dashed line, Mg B; dotted line, O .

The APW methotf was used to calculatab initio the

energy bands of MgO at 88 points in the irreducible wedge Eq. (1) is performed over constant energy surfagesE, ,

of the fcc Brillouin zone(BZ) and at 364k points in the +E,. If the transition matrix elementsj,|r| i ) are taken

irreducible wedge of the hexagonal BZ for metallic magne-5¢ constants, thié emission is proportional to the compo-

sium. The crystal potential was treated within the muffin-tinhent of the DOS.

(MT) approximation with warped muffin-tin correctioninthe  The matrix elements of the transition probabilities be-

external region outside the MT spheres. The LDA was useglyeen the valence-band states and tididal core state of

to determine the exchange term of the crystal potentlaMg and O, respectively, were calculated using the dipolar

within the approach of von Barth and Hedth. length form. A strongk dependence of these matrix elements
The energy cutoff was fixed in order to ensure a 1-mRyyas opbserved. However, after performing the reciprocal

convergence in the eigenvalues. The total DOS and its partigyace integration, these matrix elements are found to depend

wave analysis, into its, p, andd components, inside the onjy weakly on the energy. The convergence of the calcula-

MT sphere was calculated by means of the accurate lineg[on was obtained with 6656 microtetrahedra in the irreduc-

energy tetrahedron integration scheffie. ible wedge of the fcc BZ; increasing the number of tetrahe-
The x-ray emission intensity(E) is given in the one-  dra to 53 248 did not result in any significant change in the

3 5 V. THEORETICAL RESULTS AND COMPARISON
|(E):C; d k|<'/lc|r|¢k,n>| S(E—Exnt+Eo), (N WITH EXPERIMENT

A. Spectral densities of states

wherey, , andE, , are, respectively, the Bloch function and  We present in Fig. 3 the O2and Mg 3 spectral den-
Bloch energy of an electron in the valence band with wavesities of the reference sample compared to the MgBec-
vectork and band index, i is the core wave functiofls tral density* [Fig. 3(@)], and to the calculated partiéFig.

function for MgK spectrum with energyE.. The integral in  3(c)] and spectral DOS'§Fig. 3(b)]. All curves are normal-
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ized with respect to the maximum and are referred to the The spectral density of the superficial zone is sensitive to
energy of the top of the valence bakg. the treatment and to the temperature. As an example, the

The features of the band structures and DOS obtained fatensity of states of the etched sample is enlarged and a struc-
MgO and Mg are in general agreement with previous calcuture is seen in the range of the optical gap. These results can
lations performed with similar metho6s®42 The total va- be explained by the presence of defects, whose states are
lence band of MgO extends over two clearly spaced energgxpected in this energy range. The narrowing of the spectral
regions. The lower energy part corresponds to ©Osfates density towards the low binding energy, observed with in-
mixed with Mg states. Only the higher energy part, of width creasing temperature, suggests an improvement of the sur-
4.5 eV, is plotted here. It is dominated by the contribution offace quality.
the O 2 states. The partial wave DOS analysis inside the
magnesium MT sphere of radil,~1.65 a.u., shown in
Fig. 3(b), indicates the presence of Mgand Mgp states in
this energy range. Their respective contributions correspond Mg 3p spectral density is more sensitive to the physico-
to 0.050 and 0.078 electrons. The corresponding DOS prechemical state of the sample than the @ @ne. Indeed,
sents two main peaks centered, respectively, at 1 and 3.5 ethanges are seen for the bulk. Except for the contamined
below the top of the valence band. sample, the main changes are present in the 3—-5 eV range.

In the partial DOS’s Op, Mg s and p, plotted in Fig. They correspond to a variation in the relative intensities of
3(c), four structures labeleda), (a5), (y), and (B) are the (A) and B) peaks. The relative importance of structure
present. The top of the bandy{) corresponds mainly to a (B) is maximum for the reference sample and the lower for
peak in the O P states. Just below, an overlap exists be-the etched sample. The decrease of struct@eréveals a
tween O D and Mg states. Indeed, the:{) structure corre- larger hybridization between the Mgp3and O 2 states
sponds to a coincidence between @, Mg 3p, and Mg 3 around the magnesium, thus a decrease of the ionic charac-
states. Structures are present in Mgahd 3 DOS in coin-  ter. Thus we expect that the ionicity is the largest for the
cidence with the structuréy) and a narrow peak appears in reference sample. Let us note that the etching introduces de-
the three partial DOS’s at the position of the pégk In Fig. fects in a su_per_fi(_:ial zone. Thus the presence of defects de-
3(b), the O 2 and Mg 3 spectral densities calculated by creases the ionicity of MgO.
means of Eq(1) have been convoluted by Lorentzians of full  We have calculated the Mgp3spectral density of metal-
width at half maximum 0.5 and 0.9 eV, respectively, to takelic Mg; it is plotted in Fig. 4 together with the partial wave
into account the intrinsic width due to the core hole lifetime@nalysis of the DOS. Besides its expected parabolic shape,
and the instrumental resolution. The Structu(fes and (ﬁ)’ the conduction band of Mg of total width 6.1 eV pl’esents a
separated by 2.6 eV in the calculated spectral densities, coReak centered around 1.1 eV below the Fermi level that is
respond' respective]y, to the Observ@d and (B) structures due to Mgp states. While the states contribution dominates
in the experimental spectra. From a comparison of the partiadt Iow energy, the Mg andd characters increase with in-
DOS's [Fig. 3(c)] and the calculated spectf&ig. 3b)], it creasing energy. AEg, the major contribution is provided
appears that the energy dependence of the matrix e|emerhy the Mgp states. The transition matrix elements lead to a
leads to a decrease in the intensity of structyferelative to  relative increase of the intensity of tipestates close to the
(a;) in the O 2 spectral density. This trend is in agreementFermi level. The Mg d spectral density of metallic Mg
with the experimental observation. In the calculated Mgy 3 convoluted by a Lorentzian of 0.9 eV width presents a peak
Spectra| density of MgO, the transition matrix e|ementsaround 1 eV below the Fermi level. Its shape is very different
lower the intensity of thed,) structure relative to that of the from that calculated in the oxide in agreement with the ex-
(B) structure. By contrast, the peal) is higher than the Perimental observatiofFig. 4(a)].
structure B), as seen from the Mg B spectral densities
plotted in Fig. 2. The difference between experimental and
calculated DOS is the smallest for the reference sample. The
role of the transition probabilities suggests that pure Mg The presence of Mg 3 states around the Mg ion reveals
p-like states should be present in BBeegion while from the  the partially ionic character of bonds in MgO and a decrease
experiment Mgp spectral DOS is weak in this range. of the ratioR is characteristic of a increase of the ionic
character. As seen in the previous section, the Mgstates
are sensitive to changes of the Mg environment. The same is
true for the ratioR. Thus, for the reference samplR, is

No change of the O R spectral density is seen for the relatively small, in agreement with the increasing ionic char-
bulk, whatever the treatments given to the sample. On thacter predicted from the shape of the Mg Spectral density.
other hand, for the superficial zone of heated or etched With the aim to determine the contribution op $tates in
sample, the spectral density is modifigdg. 1). The changes the oxide with respect to the metal, we have determined the
concern the relative intensity of the structBe that is to  value of R for metallic Mg. We obtain a value of 0.018,
say, the O P states that are more strongly mixed with the smaller than that observed for the oxide.
Mg states. This structure is weaker in the superficial zone An analysis of the Mg P change inside magnesium MT
than in the bulk, indicating a decrease in the mixing of O andspheres of radiRy,;=1.65 a.u. has been performed. The par-
Mg states around the oxygen and, consequently, a decreasitigl wave decomposition of the DOS indicates an increase in
of the ionicity: this is due to the presence of the surface andhe number of Mg electrons from 0.0604 in metallic Mg to
of defects. 0.0780 in MgO. This trend is slightly further enhanced by

2. Changes of the M@Bp states

B. Electronic distribution

1. Changes of the @p states
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0.4 that between magnesium and oxygen, if we considermthe
(@) electrons contained only in the magnesium MT sphere, the
0.3 ¢ , flow of charge is almost nil. The small increase in the num-
/ \ ber of p electrons relevant to the Ml spectrum between
02 f / \ hexagonal Mg and MgO results only from the differences in
S/ \ interatomic distances.
01 kb s \ At this point we wish to point out that in MgO, inside the
~ \ oxygen MT sphere having the radilR, of a Watson
0.0 oo . . e spherée®® the self-consistent APW integrated charge is about
8.9 while it is about 10 in the Mg sphere and 1.1 in the
03 | (0) , interstitial region. Superposition of the charge densities of
E / the neutral atoms gives already 8.5 electrons inside the O
/ )
0.2 | ro sphere. Thus, a large amount of the charge around the O site
o / \ is due to charge superposition, besides charge transfer. This
5 // feature of the charge distribution in ionic crystals has been
g 0.1+ e E already discussed by Slat¥rThen, the value of the inte-
B e grated charge should be taken with caution for analysis in
< 00 T e : : : terms of ionicity?!
(@)
0.2 f ]
i VI. CONCLUSION
As it is well known, it is possible to deduce by EXES
o1 F E information on the energy distributions of the valence states.
We have analyzed by this method the @ @&xd Mg 3 DOS
0.0 LT , in monocrystalline MgO in relation with the characteristics
-10.0 -80 -60 -40 -20 00 20 40 of the sample. Changes of the valence DOS have been seen
Energy (eV) with annealing, etching, and aging. These treatments modify

the stoichiometry, introduce defects, and thus change the
atomic environment in the oxide. On the other hand, drastic
differences are observed between metallic Mg and Mg in the
oxide3! in general agreement with the calculated spectra.
Then, in spite of the low number of Mg@3electrons present

at the vicinity of the core, the Mg 8 spectral density is a
the transition matrix elements since the calculatpdspec-  very sensitive probe of the valence distributions.

tral density corresponds to 0.0399 and 0.055 electrons, re- We suggest that information can be obtained by EXES on
spectively, for metallic Mg and MgO. Thus the calculatedthe electronic distributions around an element present in a
ratio K3 MgO/K 8 Mg amounts to 1.37with matrix ele- material. This is possible by measuring the intensity of the
ments includegland to 1.29 without matrix elements. The emission band with respect to that of a convenient atomic
theoretical results fall in the experimental range that is estiemission. Using this method, we have shown that tipe 3
mated to 1.2-0.1. electron number around the magnesium is practically the

We want to emphasize at this point that the Mg spheregsame in the metal and MgO. This result is in agreement with
radius used for the calculations in MgO is relevant to thethe spectral intensities calculated in this work. On the other
present discussion of the Mg spectrum because ths tore  hand, we have observed changes of the My eectronic
function is entirely localized in a sphere of such radius. Indistribution between the bulk sample and a superficial zone
contrast, the number of delocalized valence electrons of at the surface and also between bulk samples having under-
andp character is small in such a sphere. gone treatments under air or ultravacuum. Then variation of

We find that the number of electrons decreases drasti- the electronic charge around Mg can be observed as a func-
cally from 0.092 in metallic Mg to 0.050 in MgO as one tion of the atomic environment. The experimental method
would expect in an ionic compound. However, the increaseproposed in the present paper can be extended t@ 0
although modest, in the number pfelectrons from Mg to  elements present in any material.

MgO obtained in the experimental data as well as in the
calculations deserves further analysis since it is not expected
from simple arguments of ionicity.

Since the crystal structure and Mg-Mg distances in metal-
lic hexagonal Mg and in NaCl structure MgO are different, The authors wish to thank Professor E. Gillet and Dr. M.
we have performed a calculation in which we replaced théBackhaus-Ricoult for providing some samples and Dr. G.
oxygen spheres of MgO by empty spheres. The charg®evel for neutronic activation analysis. They acknowledge
analysis inside the magnesium MT sphere leads to 0898 IDRIS, Centre National de la Recherche Scientifique, for the
electrons and 0.079 electrons. We thus obtained a numberuse of its computer facilities. Part of this work was done
of p electrons marginally higher than in MgO. This shows within the framework of the Groupe de Recherche 1108.

FIG. 4. Mg metal,(a) experimental spectral densities op 3
states,(b) calculated spectral densities op 3tates,(c) calculated
DOS: solid line,s states; dashed ling, states; dotted ling] states.
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