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Origin of contrasting surface core-level shifts at the Bé1010) and Mg(lOTO) surfaces
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As expected, very similar oscillatory multilayer relaxations exist at the_mO;Llrfaces of the isoelectronic
Be and Mg. But surprisingly, these two systems exhibit drastically different behaviors in the surface core-level
shift (SCLS. For Be, our density-functional theory calculations show that the SCLS persists down to the fifth
layer, and depends strongly on lattice relaxation and final-state effect. In contrast, for Mg only the atoms in the
first layer have a small and insensitive SCLS. The physical origin of the disparate features in the SCLS can be
traced to the different bonding natures of the two elements in bulk form: strongly covalentlike for Be, and
nearly free-electron-like for Mg.

X-ray photoemission spectroscopyPS) provides useful  ge(1010) persists down to the fith layer; in contrast,

information about the chemical environment of surface at'Mg(lOlO) reveals only one SCLS coming from the first-

oms by measuring core-level binding energies. Recently, I .
high-resolution XPS techniques have been developed anlayer atoms. In addition, the final-state effect on the SCLS,

widely used in determining surface core-level shiigCL§ ~ Which has an essential role in Be(1)3 is negligible for
at various semiconductor and metal surfacdoreover, re-  Mg(1010). Our surface electronic analysis explains these

centab initio calculation$® of SCLS including both initial-  contrasts by revealing that Be{10)Land Mg(10D) behave
and final-state effects have reached the level of accuracyite differently both in the charge redistribution at the sur-
needed for direct quantitative comparison with experimentsgaces and in the screening of surface core holes, the origin of

These advances not only make measurement of SCLS &lhich can further be traced to the known difference in bond-

increasingly important and reliable means for surface analyi-ng nature of bulk Be and Mg.

sis, but also offer new opportunities for revealing the funda- In our study. we emolov the plane-wave-basis pseudono-
mental interactions involved at surfaces. : y, we employ P : pseudop
tential method within the local-density approximatiin.

The SCLS for beryllium surfaces have recently drawnN local donotential ted by th h ¢
much attention in connection with their interesting surface onlocal pseudopotentials are generated by theé scheme o

relaxationg 10 In Be(0001} the top three interlayer spac- Troullier and Martin&® in the separable form of Kleinman

ings undergo large expansions, which cannot be observed Wd Bylandeﬂ.‘s We }%Jse the Cepe_rley—AIder exchange-
other simple metals. These anomalous lattice relaxation Ofre'atl'gn functionat,” as parametpzed .by .Perdew and
stimulated a XPS studywhere three large SCLS peaks origi- 2U"9€r" and a plane-wave basis with a kinetic-energy cut-
nating from the expanded surface layers were successfull§ff of 20 Ry. Both Be(100) and Mg(10D) surfaces are
resolved. Eor Be(lTl’l) showing an oscillatory multilayer modeled by using periodic slab geometries consisting of 18

. tomic layers and a vacuum spacing of about 11 A. The
relaxatlon? several SCL-S .p_eaks from. the deeper layers Wer(ﬁ-space i%tegration is carried OlE)t Witr? 96 points in the sur-
predmted in a recerdp initio _calculat|on_and observed ex- face Brillouin zone. The SCLS is calculated using initial-

perimentally by XPS? As an isoelectronic system, Mg sur- ‘ 9

faces have been reported to show similar surface structur%"d fi.nal—state theories.. The initial-state S.CLS is defined by
as the corresponding Be surfaces: i.e., the first interlaye e difference of the eigenvalues of a given core level at

. — different sites. Here this shift is calculated from the expecta-
spacing of Mg(OOOl) expapd%,%nd Mg(l_OI_)) .ST‘OW.S an  tion value of the self-consistent electrostatic potential on the
oscillatory multilayer relaxatiof?**These similarities in lat-

< 1s and 2 atomic orbital for Be and Mg, respectively. Gen-
tice relaxation at the (1) surfaces of Be and Mg suggest erally the initial-state theory that neglects screening of the
that the corresponding SCLS might also exhibit similar be-core hole has predicted unsatisfactorily the photoemission
haviors. peaks>!® The final-state SCLS is given by the total-energy
In this letter, we present the results @l initio calcula-  gifference of the crystals containing a core hole at the differ-
tions of the SCLS at the Be(10) and Mg(10D) surfaces. ent substitution sites, and is equal to the initial-state shift
Although both surfaces have similar oscillatory multilayer plus a correction due to screening of the core Rl order
relaxations, their SCLS are quite different: The SCLS atto simulate the presence of a photon-induced core hole in the
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TABLE I. Calculated multilayer relaxations for Be(101 and Mg(10D) in comparison with experi-
ments. The values are given by the change of the interlayer sp@dintelative to the corresponding bulk
interlayer spacingdRef. 20. Here, the negativépositive) sign indicates a contractiofexpansioh of the
interlayer spacing relative to the bulk one.

Adyp Adys Adg, Adgs Adse
Be(1010)
Present theory —18.8 +4.0 —11.4 +4.1 —4.4
Previous theory -20 +4.4 -13 +3.8 -
Experiment -25 +5.0 -11 +2 -
Mg(1010)
Present theory —-14.7 +7.1 -7.6 +1.6 —-4.7
Experimenf —14.5 +6.5 -75 +3.0 -5.0

aReference 9.
bReference 13.

Be atom, we generate the atomic pseudopotentials with account® agree well with the previous theoretical orés.
screened & core hole from the excited atomic configuration Especially, our final-state SCLS for the first-, second-, and
of 1s'2s?2p?; similarly, for Mg we generate the atomic third-layer atoms are in excellent agreement with the experi-
pseudopotentials with a screenep 2ore hole from the ex- mental measurement$. The final-state effect due to the
cited atomic configuration of #3s?3p’. For the final-state screening of the core hole is reflected by the difference be-
calculation we use a (22) unit cell to make negligible the tween the initial- and final-state SCLS, given kyS;
interactions between the core holes in neighboring cells. =-0.55,AS,=-0.16,AS;=—-0.13,AS,=+0.01, and
The surface relaxations are calculated by the changes iSs=—0.02 eV. Therefore, the final-state effect is signifi-
the interlayer spacingd;) between layersandj, relative to  cant down to the third layer. For Mg(10} our initial-state
the bulk interlayer spacing. Our results for Be(D0land theory finds only one SCLS for the first-layer atonts,; (
Mg(1010) are compared with the previous theoretical and= +0.28 eV). The shift for the second-layer atoms, (
experimental resulfs2in Table I. For both surfaces we find = +0.07 eV) would be within the numerical uncertainty of
the oscillatory multilayer relaxations down to the sixth layer.the bulk core-level. Final-state theory giveg= +0.20 and
It is notable that the present theoretical values for the relaxS;= +0.06 eV. Thus, the final-state effect exists only in the
ations are in good agreement with the low-energy electrofirst-layer atoms withAS,;=—0.08 eV. We note that the
diffucition |-V analysis datdsee Table )l range and magnitude of the final-state effect in Mg(@p1
We calculate the SCLS at Be(101and Mg(10D) using  are much smaller than those in Be(1)1
initial- and final-state theories. Our results for both surfaces To understand the different behaviors in the SCLS at
are given in Table II, in comparison with the previous theo-Be(1010) and Mg(10D), we have analyzed the charge re-
retical and experimental resuld For Be(10D) our SCLS distribution due to surface formation. Figure@land 1b)
persists down to the fifth layer, and their values, if the nu-show the one-dimension&lD) charge density profiles for
merical uncertainty of the SCLS calculations were taken intahe bulk-truncated surfacef,.,,, the dashed lineand the

TABLE II. Calculated initial-state and final-state SCI&V) at the relaxed Be(1@l) and Mg(10D) surfaces, in comparison with

previous theory and experiment. Initial-state SCLS for the bulk-truncated E@Ql@ﬂd Mg(lO_D) surfaces are also given in parentheses.
Here, the negativépositive sign indicates a lowethighen binding energy shift.

St S S Sy Ss
Be(1010)
Initial +0.04 —0.62 —-0.15 —-0.17 —-0.12
(+0.21) (—0.5)) (—0.09 (—0.17 (—0.11)
Final —0.51 —0.78 —0.28 —0.16 —-0.14
Initial 2 0.00 —0.59 —0.11 -0.11 +0.01
Final? —-0.57 —0.80 —0.39 —0.19 —0.18
Experiment —0.50 -0.71 -0.24
Mg(1010)
Initial +0.28 +0.07 +0.02 0.00 —0.03
(+0.3) (+0.09 (+0.02 (0.00 (=0.02
Final +0.20 +0.06 +0.01

8Reference 10.
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FIG. 1. One-dimensional charge density profiles for the bulk-

truncated and relaxed Be(101(a) and Mg(10D) (b), and change FIG. 3. Contour plots of the charge density of empty states right
of charge density, relative to the bulk crystal, at the bulk-truncatechbove the Fermi level for Be(10) (a) and Mg(10D) (b). The

and relaxed Be(101) (c) and Mg(10D) (d). For comparison, the energy window is taken such that the total charge is equal to one
bulk charge density is shown by the dotted line. hole per Ix 1 unit cell. The cuts are the same as in Fig. 2. Contour
spacings are 2.5% of bulk density. The atomic positions are indi-
cated by filled circles.
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relaxed surfacedqay, the solid ling, obtained by averaging
the charge density parallel to the surface. When compared to

the bulk charge density shown by the dotted line in Figa) 1 obtain the contrasting 1D charge density profiles along the
and 1b), we find quite different behaviors in charge redistri- [ 1010] direction: In bulk Be, the density corrugation is sig-
bution between Be(1@l) and Mg(10D) [see Figs. (c) and  nificant by about 4.5% of the average bulk density

1(d)]. First, unlike in Mg(10D), where the electron density =2.582X 1_0*1 e/A3 and a high density peak exists only in
variationA ppui.r i significant and follows the Friedel oscil- the short interlayer spacirigrig. 1(a)], whereas in bulk Mg

lations, these oscillations are faint in Be(I0)1 Second, the e de”Sityffo”XgaﬂO“ is small by about 1.5% pf
charge response to lattice relaxations in Be(@p1is =9.345<10 “ e/A® and the two high density peaks are lo-

. . — . cated in both the long and short interlayer spacifigs.
stiffer” than in Mg(1010) where the difference between 1)1 we expect that the SCLS in most cases well reflect the

Appui-tr @nd Apyeiay is relatively very small. These results nayre of chemical bondings at the surface. Therefore, for

reflect the distinct characters of valence electrons "be(lOTO) whose covalent-like electrons are stiff to the

F‘lf(lojo) apd :\/ng()101)) gst%ovgl_enélilfeangjllfr?e-ele(itront-  screening of the surface formation, the SCLS persist down to
lke, respectively, becaus® the Friedel oscillations at meta the deeper layers. In contrast, for Mg(1D1 whose free-

surfaces are typical for the free-electron-like systérit;*> electron-like electrons screen very efficiently the surface for-
and (i) a large accumulation of electrons near the surface y y

ey Gy i 3 S o . oo o oy che SCLS it ot iy oms
systen?* As evidenced in the bulk region in Fig. 2, Be has

directional bondindi.e., strongp, bonding along thef0001] ~ Be(1010) and Mg(10D) can be explained by examining the
direction, while Mg has isotropic bondirfg.As a result, we charge density character of the screening electrons. As the
core hole is assumed to be completely screened, an extra

valence electron per core hole is added to the slab in order to
maintain charge neutrality. In this completely static screen-
ing, the screening charge of the core hole consists mainly of
the empty states of thep2 (for Be) and 3 (for Mg)
orbitals*3® In Fig. 3, we plot the charge density of the
empty states right above the Fermi level, which shows that
the screening charge in Be(10L are mostly localized
around the first-layer atom, whereas in Mg(0Q1it is well
distributed around both surface and bulk regions. Hence,
when a core hole is created, the final-state screening in
Be(1010) is significant in the surface layer atoms, but is
minimal for Mg(1010), consistent with our results for the
final-state effect presented above.

From the comparison of the initial-state SCLS between

FIG. 2. Contour plots of the charge density for bulk-truncatedthe bilk—truncatefj and rele.txed. surfaces, \_Ne. de that in
Be(1010) (a) and Mg(10D) (b). The plots are drawn in two ver- Be(1010) the lattice relaxation influences S|gn|_f|can_tly the
tical planes containing the first-fourth and second-third layer atomsSCLS up to the top three layer atoms, whereas in Mg)01
respectively. Contour spacings are 10% of bulk density. the SCLS is hardly changed upon relaxatisee Table I\
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This difference between Be(10} and Mg(10D) is consis- Be(1010) and Mg(10D) surfaces. This difference is caused
tent with the difference in charge redistribution near the surby the different charge redistributions upon the surface for-
face after relaxation, i.e., large charge accumulation irmation and the different screening effect of the core hole. It
Be(1010) and small charge variation in Mg(10)[see Fig. is remarkable that the charge redistribution at the bulk-
1(c) and Xd)]. It has been reported that the SCLS attruncated surface, the charge response to lattice relaxations,
Be(0001) changes little with relaxati§fi. Therefore, the @nd the charge density of the screening electrons all show
correlation between relaxation and SCLS in Be(0001) isdisparate features between these two isoelectronic systems.
much more similar to that in Mg(1@) than Be(10D). These differences have been shown to result from the differ-

This is also consistent with the observation that at Be(OOOl}ant bonding characteristics of bulk Be and Mg.
the valence electrons behave more free-electronfike.

this sense, Be surfaces would maintain the different bonding2
characters with respect to the crystallographic orientationS
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