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Surface core-level shift and electronic structure on transition-metal diboride (0001) surfaces
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Core levels of NbB(0001) and ZrB,(0001) surfaces were measured by x-ray photoelectron spectroscopy
(XPS). Large surface core-level shifsCLS to 1.6-eV shallower binding energy is observed in thesE:dre
of the boron terminated NBB000Y). By anab initio density functional theory calculation, this SCLS is well
reproduced. The analysis shows that the SCLS reflects not the total charge of the atom but the local charge
density in the vicinity of the nucleus. The conventional XPS interpretation is not available in such a system
with large intra-atomic charge redistribution. The electronic structure which leads the charge redistribution is
discussed.

DOI: 10.1103/PhysRevB.71.165405 PACS nun®er79.60.Bm, 73.20.At, 71.20.Ps

I. INTRODUCTION The MB,(000)) surface is terminated by either the metal

On various surfaces, core levels measured by x-ray phdayer_ or _the _borpn layer, namely a polar surface. The surface
toelectron spectroscopyXPS) appear at different energy termination is different between group(@r, Hf) MB,(0001)
from that in the bulk, which is known as a surface core-level@nd group SNb, Ta) MB,(0001). By ion scattering spectros-
shift (SCLS. The SCLSs are usually in a fraction of eV on Copy, clean000]) surfaces of HfB and TaB are revealed to
elemental metal surfaces because of the two cancelinge terminated with the metal layeand the boron layef,
effects! One is the “environmental” effect, in which the respectively. The high-resolution electron energy loss spec-
spreading electrons from surrounding atoms increase th&0oscopy(HREELS experiment has supported the metal and
shielding of the nucleus potential to decrease the bindin§Oron termination of ZrB000D) and NbB(000D),
energy. The other is the “hybridization” effect, in which the respectively’. First-principles total energy calculatih
electron promotion from a compact orbital to a larger one toshowed that excess electrons in the JaBmpared with the
make bonds to surrounding atoms decreases the shieldifigfB2 Stabilize the surface boron layer. The MBO0D sur-
and increases the binding energy. If these two effects arfiC€ can be a prototype for polar surfaces because both po-

; ities are available on almost the same crystal structure.
comparable, creating a surface spontaneously reduces thégé' - >
effects to make the small SCLS. cently, the chemical reactivity between Hf@001) and

On compounds’ surfaces having more ionicity, IargerTaBZ(OOOJ) was revealed to be different, reflecting the sur-

H H 1,12
SCLSs are reported but the interpretation is restricted in thgicg te:hmmanotﬁ.l erminated surf H 80
conventional XPS framework: difference in the charged stat fn 1 € r;eBa —O%romln%e ¢ S;'Arf aceds 1SU;P Sas ﬁm L)
at the surface. For example, —1.3 eV SCLSs are reported 03_59 . 13 or ZrB,(000) (Refs. and 1p SNows no

: . - : CLS on the B & level. On the other hand, Evstigneest
a pyrite(Fe$) surface; which are assigned to a monosulfide al.12 reported recently the shift of the surface B lgvel to-

species S formed on the surface by breaking é‘fbond. ward ~1.5-eV shallower binding energy than the bulk on

The hybridization effect is not fully understood in such aTaBZ(OOOJ). They discussed this SCLS but did not reach a

compounq._ L . conclusion about chemical status of the surface boron layer.
A transition-metal diboridéMB;) has unique features of |, ihis paper, the XPS results of the boron-terminated

hlgh hardness, hlgh meltlng pOint, and meta(ﬁm semime- NbBZ(OOO:D and the metal-terminated ZfB)OO:D are pre-
tallic) conductivity. It has been used as a thin film resistor, asented and the BLLSCLS of -1.6 eV is reported in the
diffusion barrier layer in micro devices, hard coating, and sormer. This SCLS is much larger than those on elemental
on. ltis also expected to be used as a new material for a CO|ﬁ1eta|S, and rather Comparab|e to those for a ionic com-
electron emitter, a catalyst, or a substrate for GaN filmpounds. However, this large SCLS cannot be explained by
deposition?® These features originate from the uniquethe conventional ionic or charge transfer model. The mecha-
bonds having covalent, metallic, and ionic characters tonism of the SCLS is investigated by means of the first-
gether. It crystallizes in an AlBtype crystal structure, which principles total-electron calculations based on the density
consists of alternate stacking of a graphitelike boron layefunctional theory(DFT). We found that a significant electron
and a close-packed metal layer. Within the boron layer, thereedistribution in the surface B atom, namely the hybridiza-
are strong covalent bonds between boron atoms. Betwedion effect, induces the large SCLS in this system.

metal atoms metallic bonds exist. Between metal and boron,
not only ionic but also covalent bonds are suggested. For
better understanding of SCLS, it is worthwhile to investigate The measurements were made by using a conventional
such a unique bonding system. XPS systemVG ESCALAB 200 combined with ultrahigh

II. EXPERIMENT
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FIG. 1. Wide-range XPS spectra for cle@ NbB,(0001) and(b) ZrB,(0001) surfaces with use of Mi{a source(Aw=1253.6 eV. The
binding energy is measured from the Fermi energy.

vacuum(UHV) sample preparation and transfer chambersunavailable due to a large tail of the Zd peak. After the
The base pressure of the spectrometer was less thdrackground subtraction, the peak is fitted to a Voigt-type
2x 10°8Pa. The spectrometer has a d(dlg and Al anode  function.

x-ray source and a monochromated Al source. The photo-

electron energy is analyzed by a spherical-sector electrostatic

energy analyzer. The energy scale was calibrated with the IIl. EXPERIMENTAL RESULTS

Ag 3ds/, peak(368.2 eV for a sputter-cleaned Ag sample.  Figyre 1 shows wide-range XPS spectra acquired with a
The energy resolution was0.86 eV in the full width at half  \jqg Ko source. On both spectra for NpB001) and
maximum(FWHM) with the monochromated x-ray source. zrg,(0002), little contamination of O or C is detected. The

The preparation chamber was equipped with an ion QURhseryed binding energies measured from Fermi level are
for Ar*-ion bombardment and a low-energy electron diffrac-g,\marized in Table I. A small peak at935 eV and at

tion (LEED) optics to check the surface ordering. The ~910 eV in Fig. 1a) and Fig. 1b), respectively, is attributed
sample can be heated by electron bombardment from t ghost peaks of M @caused by an G« line from oxygen
backside, and the temperature was measured by an opticghniamination on the x-ray source anode.

pyrometer. The prepasred sample was carried to the Spectrom- g, re 2 shows the Bslregion. Solid circles are normal-
eter in the UHV of 10° Parange. The final flash heating was j,q4 and background-subtracted data points measured by us-
done in the spectrometer chamber just before every Measurgyy the monochromated Aa source. The spectra@ and
ment. 2(b) were acquired on the NBB)001) sample with detection

The single crystals used in this experiment were grown by, o o ;
. . ngles of 0° and 60° from the surface normal, respectively.
the rf-heated floating-zone method in our laborafSry? g P y

They were oriented by x-ray Laue method within 1 deg from
the (0001) axis, and were sliced by a spark-erosion cutter in
disks (~8 mm in diameter and~1 mm in thickness One
side of the sample was mechanically polished to a mirror,

TABLE |. Observed core-level binding energies from Fermi
level in eV.

finish with diamond9 and 3um) and aluming1 um) pow- Core NbE(0007 ZrB,(0007
der. The sample surfaces were prepared by procedures sinB-1s (bulk) 188.7 187.9
lar to those described in the literattyeBriefly, the g 1s (surface 187.1
ZrB,(0001) was cleaned by several cycles of flash heating af 14 (defec) 1878
2200 K in the UHV after degas heating at 1400 K. TheNI ap 32.1 275
NbB,(0001) was cleaned by several Aton bombardment M 4 812 34'3 29'2
(5 keV, 10uA, 20 min) and 1500 K annealing cycles. The . Py2 ' '
clean surfaces showed sharpx1 LEED patterns, and little 4s 573 503
contamination was detected in the XPS measurement. M 30s 203.6 178.9
The obtained XPS spectra were analyzed as followsM 3ds 206.3 181.3
Around the B & peak, the background is subtracted. TheM 3ps, 362.1 329.9
background is estimated by Shirley’s methot on the m 3Py 377.6 3435
NbB, spectra. On the ZrBspectra, the background is as- y; 35 467.9 430.1

sumed to be a linear function because Shirley’s method is
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T TABLE II. Calculated bulk lattice parameters and interlayer dis-

NbB,

ZrB,

Expt?

311.0
310.9
166.5
164.4

316.9
316.9
177.6
176.5

T T I I T
tancesd; between the layerisandj in the slab configuration. In the
parentheses are their deviation from the bulk values. Layer 1 de-
notes the surface layer. Experimen(&xpt.) values are listed for
comparison.
. a (pm
(a) NbB,, 0 Expt?
B D S c/2 (pm)

di, (pm) 166.6(+0.07% 169.6(~4.47%

dys (pm) 165.2(-0.76% 178.3(+0.43%
0 das (M) 166.8(+0.18% 177.7(+0.07%
< das (pm) 166.6(+0.09% 177.8(+0.13%
g |(®)NbBy, 60° e ( 166.7(+0.149 177.5(~0.029
g 56 (PM) 7(+0.14% .5(-0.02%
= dg7 (pmM) 166.4(-0.03% 177.5(-0.03%
z’ 2Reference 18.
*qc-:’ bReference 17.

The NbB, spectra, Fig. @) and Fig. Zb), are well repro-
duced with three peaks. A main peBkappears at 188.7 eV,
and subpeakS$ andD at 187.1 and 187.8 eV, respectively.
The peakB intensity decreases with the detection angle,
while the peakS grows relatively. This fact shows that peak
B is attributed to the boron in the bulk, and pe&ko the
outermost boron layer, respectively. The angle dependency
of peakD is not as clear. The calculation described in the
following sections suggests that the origin of pdakis in
some defect structures.

On the other hand, the ZgBspectra are satisfactorily fit-
ted by a single peak as seen in Figc)2and Fig. Zd). In this
case, no SCLS is observed either in the 8ldvel or in the
Zr 3d levels(not shown within the experimental resolution.
All observed peak positiongTable ) correspond well to
those reported in the literatuté.

From the experimental fact, it is clear that the boron at-

FIG. 2. (Color onlind B 1s XPS peak of NbB(000D [(a) and ~ OMS in the surface layer have sm.allesrblndin.g energy than
(b)] and ZrB,(0001 [(c) and (d)]. The detection angle fa) and N the bulk. In the following sections we will show theb
(c) is 0°, and for(b) and (d) is 60° from the surface normal, INitio calculations, giving a clear explanation of the SCLS.
respectively. The x-ray source is monochromated Kal
(hw=1486.6 eV. The binding energy is measured from the Fermi
level. After being normalized by the background intensity, the back- . L . .
ground has been subtracted. Solid circles are measured data and FirSt-principles calculations were performed by using the
curves are the fitted Voigt function. On Nb®001), three peaks8,  WIEN2k code?! which is based on the full-potential method
S, andD are found correspond to bulk, surface, and defect compoUsing the augmented-plane-wave plus local orbitals
nents, respectively. On Z5B0001), only the bulk(B) componentis (APW+lo) basig??*within the DFT. In this work, exchange
observed. interactions and correlation effects are treated with the gen-

eralized gradient approximatiofGGA) of Perdewet al?*
The calculations were performed on a workstatibell Pre-
The spectra @) and 2d) are those for ZrB0001). After  cision 450: two Xeon 3 GHz CPWYsind a calculation server
being normalized by the background intensity, the backat NIMS (Hitachi SR1100D
ground has been subtracted. The spectra are fitted to a Voigt- At first, the bulk lattice parameter was optimized. The
type function, in which a few Lorentzian peaks are convo-convergence was checked for the muffin-tin radius and a
luted with a Gaussian function. The fitting results are showmumber of sampling pointék pointg in the Brillouin zone.
in Fig. 2 by solid curves. Minimum muffin-tin radiusRy,r and cutoff wave number for

(c) Z1B,, 0°

e
0e®® %0 0 %"

090°00°, - ; - 0®009)

1 | 1 1 |
191 190 189 188 187 186
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IV. CALCULATION
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TABLE lll. Calculated boron & and metal 85, core-level en- TABLE IV. Calculated total electron number in the muffin-tin
ergies from Fermi level in eV. GS and TS denote the ground-statsphere(q,,) and the charge density at the nucl¢(g0)] in atomic
and transition-state calculations, respectively. In the GS calculaunits. Val means the density of valence electrons and Tot means the
tions, the energy is measured from the Fermi energy. Rx and NoRiotal (valence + corgelectron density. Layer notation such as B1 is
mean whether the surface is relaxed or not. For comparison, expelin the same manner as in Table III.
mental binding energies are listed in the Expt. column. B1 denote
the outermost boron layer and Nb2 the second outermost niobiurnbB, Chot p(0)(Val) p(0)(Tot)
layer, and so on.

B1 3.060 2.139 72.060
NbB, GS (NoRX) GS(Rx) TS Expt. B3 3.121 2.028 71.941
B5 3.117 2.014 71.930
Bl 172.76 172.75 184.88 187.1 87 3118 2012 71.928
B3 174.16 1ra.1r B(bulk) 3.118 2.018 71.933
B5 174.33 174.32 186.73
B7 174.29 174.29 Nb2 38.773 234.96 81182.65
B(bulky 174.32 188.7 Nb4 38.823 234.02 81182.76
Nb6 38.832 233.91 81181.66
SCLS ~L.57 “L57 ~18 “15 Nb(bulky 38.833 234.05 81181.82
Nb2 192.25 192.23
Nb4 192.51 192.51
ZrB,
Nb6 192.43 192.43 B2 3.097 2.040 71.959
Nbi(bulk) 192.50 2036 B4 3.095 2.040 71.960
B6 3.094 2.039 71.959
Z1B, B(bulk) 3.089 2.038 71.959
B2 173.32 173.29 185.61
B4 173.34 17332 Zrl 37.559 200.67 73502.81
B6 17337 17336 18581 Zr3 37.661 199.26 73501.23
B(bulk) 17353 187.9 Zr5 37.652 199.24 73501.22
Zr7 37.649 199.23 73501.21
ZrL 167.92 167.79 Zr(bulk) 37.632 199.27 73501.24
Zr3 167.38 167.35
Zr5 167.43 167.43
zr7 167.43 167.43 By the ground-state calculation, the energy difference be-
Zr(bulk) 167.61 179.0 fore the photoemission process, namely the initial-state ef-

fect, is clarified. However, the electron relaxation effect after
the basis set,., were selected agyK,,=6.0. The the photoemission process, th_e final-state effect, also may
muffin-tin radii of boron and metal were taken to be 1.4Vary between the surface and in the bulk. In order to check
and 2.4 a.y respectively. This condition corresponds the final-state effect, the Slater-Janak transition-state

to the cutoff energy of 18.4 Ry. For the bulk calculation clculatiorf®® was performed for the Bslstate. In the
(10x 10X 8) k points were accumulated. The optimized lat- transition-state calculation, the supercell was expanded to
tice parameters of the bulk are listed in Table I. (2X2) along the surface in order to avoid neighboring ion-
In order to examine the surface effects, a supercell strudzed atoms. Accordingly, thek points were reduced to
ture is adopted along theaxis. The convergence for the slab (4X4x1). Half of an electron is picked off from the Bsl
and vacuum thickness was checked, resulting in the unit cebrbital in the surface B or in the subsurface B to simulate the
of 13 atomic layers(7 B+6 Nb layers for NbB, and binding energy. In order to keep the charge neutrality, the
7 Zr+6 B layers for ZrB) separated by a vacuum layer same amount of charge is donated back to the conduction
20 a.u thick. As no sign of reconstruction is found in the pand.
experimentq1 X 1) periodicity is taken along the surface in
the ground-state calculations af@x 8 1) k points were
sampled for the total-energy calculation. As the surface may V. CALCULATION RESULTS AND DISCUSSIONS
have some relaxation, the interlayer distances were varied
according to the residual forces until they decreased to less
than 2 mRya.u The obtained lattice spacing is shown in  The calculated energies for boros and metal 8 are
Table II. It should be noted that the relaxation for listed in Table Ill. Theab initio calculation correctly repro-
NbB,(000J) is not as large as suggested by the ion-scatteringluces the SCLS of the Bslon NbB,(0001) already in the
experiment on Tag0001).8 On the contrary, the surface re- ground-statgGS) calculation. The SCLS is a little overesti-
laxation on ZrB(000J) is considerable. mated by the transition-stat&S) calculation, but the abso-

A. Binding energy
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FIG. 3. (Colon (a) (1120) sectional map of electron-density difference between NO®)1) surface and bulk, an¢b) its close-up
(5X%) around the surface boron. The bulk electron density is subtracted from the nonrelaxed slab one. The notatioMiBare the same
as in Table Ill. Solid and dashed curves are positive and negative contours, respectively.

lute value of the binding energy better approaches the experNb adatom is introduced in eachx2 unit cell at the same
ment. As the main feature of the observed SCLS appearsite as in the bulk, which causes the B dore-level shift of
already in the initial state, the final-state effect seems unim=1.1 eV beneath the adatom. For the B vacancy model, one
portant in the SCLS here. As shown in Table Il, the surfaceB atom is picked off from eacki3 x V3 unit cell, leaving the
relaxation is small on Nbg0001), resulting in the small others fixed at the same position. In this model, the SCLS of
differences in the GS energies between the relaxed model0.8 eV was calculated at the neighboring B site to the va-
and the nonrelaxed model. The SCLS is caused not by theancy. At the second nearest-neighbor site, thesBBCLS
lattice-relaxation effect but by the truncation of the bondwas estimated to be —1.6 eV, which is hardly affected by the
itself. As for Nb 3 levels, little difference is calculated layer vacancy. As these calculations do not consider lattice relax-
by layer, which reproduces the experiment well. The calcuation, the calculated value may not be accurate enough to
lated core-level shift as small as 0.2 eV is in the similarjudge which defect is the case. However, ihgeak is rea-

range observed in pure metal surfates. sonably attributed to such defect structures as Nb adatoms or
In the ideal boron-terminated model, only two compo-B vacancies, or both.
nents appear for Bslcorresponding to peaR and peaksin In the case of ZrB000)) slab, little B 1s energy differ-

the experiment. The other observed peBk,is not repro- ence is found between the layers in both the GS and TS
duced. In order to investigate the origin of the p&akpre-  calculations, which is quite consistent with the experiment.
liminary calculations were done for the two structures mod-The B Islevel for ZrB, lies between that of B at the surface
eled on presumable defects at the surface: One is Nb adatoamd of B in bulk for NbB, which also agrees with the ex-
and the other is B vacancy. In these calculations, the atomiperiment. The GS calculation for the nonrelaxed model
structure was not optimized. For the Nb adatom model, onshows~+0.5 eV SCLS in the Zr @ level. This SCLS is a
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FIG. 4. (Color) (a) (1150) sectional map of electron-density difference between,@@&01) surface and bulk, ant) its close-up(5
X) around the surface Zr. The bulk electron density is subtracted from the nonrelaxed slab one. The notaioth&Zare the same as in
Table Ill. Solid and dashed curves are positive and negative contours, respectively.

little reduced after the surface relaxation, which should not The opposite variation of thg,, and thep(0) indicates
be resolved with the conventional XPS experiment. The efsignificant redistribution of the valence electrons at the sur-
fect of considerable surface relaxation is not large in theface. In Fig. 3, a difference map of the total electron density
Zr 3d levels. between the slab model and the bulk model is shown. The
loss of Nb atoms at the surface is represented by steep holes
near the upper corners in Fig(@. In the interatomic region
B. Charge distribution between B1 and the missing Nb, electron density which has

een concerned with the bonding is reduced. Around the B1

Nowadays, most XPS core level measurements are OIOI&ioms the up- and down sides of the atom are especiall
to find the charged state of the atom. What is indicated abo ' P S ; P y
epressed as shown in Figib3 which corresponds to the

the charged state of B by the SCLS? The total charge withifl "5, \" e This indicates that the orbital mainly con-

the muffin-tin sphgre(qtot_) and the charge density at the tributes to the B—Nb bonding. The electrons released from
nucleus[p(0)] are listed in Table IV. While thej of the e interatomic bond condense in the region near the atom:
surface B(B1) is decreased on NBI00D), the p(0) is in-  maybe 2 orbital, and partly in the bond between the nearest-
creased, on the contrary. This is mainly caused by the veneighbor B1 atoms: [+2p, orbitals. This redistribution
lence electrons as shown in Table IV. Thedrbital is spa- causes the inconsistent appearance of the total-charge de-
tially so compact(r)~0.33 a.u) that it feels the shielding crease and the increase near the nucleus.

effect only near the nucleus. Therefore, theldvel reflects In the case of ZrB000J), the charge distribution on the
the charge density near the nucleus rather than the tothloron atoms hardly deviates from the bulk even at the sec-
charge of the atom. ond layer(B2), as shown in Table IV and in Fig.(d), be-
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FIG. 5. Calculated electronic band dispersion for MEBO1) FIG. 6. Calculated electronic band dispersion for Z01)

13-layer slab. Solid circles’ radii correspond to the contribution of ;3 aver slab. Solid circles’ sizes denote the first layer Zr contribu-
the surface B atom. Open squares are the ARUPS(Batfa 27 for tion. A band labele is the surface band.

TaB,(0001).

cause no nearest-neighbor B—2Zr bond is missing. Thes B 1distinct surface bands appear as marked by solid circles, the
SCLS does not appear there. In the Zr atoms, the outermosize of which indicates the B1 component. The surface band
atom (Zr1) has largerp(0) but smallergy,. Although this lying at~-1.0 eV along th¢’~M andM-K axis has B1 g,
situation is the same as the B1 atom on M@®01), the character, namely the surface band. The other surface
SCLS is not as large as in the NpB'he reason for the small bands having deeper energy have thecharacter. Their
Zr 3d SCLS is the following: As shown in Fig. 4, the charge shallower energy parts are contributed mainly by the B1
density indeed increases as near to the nucleus &p,+2p, orbitals, and their deepdr<—6 eV) energy parts
r<0.02 a.u, but decreases just around iup side: consist mainly of the orbital. The surface band dispersion
0.03<r<0.16; down side: 0.02r<0.06, and then in- dat&®’ measured by angle-resolved ultraviolet photoelectron
creases agaifup side: 0.16<r; down side: 0.06:r<0.13.  spectroscopy(ARUPS on TaB,(000]) is plotted by open
In the downward direction, it decreases ag&ihl3<r).  squares for the sake of comparison. The main peak observed
Here,r is a distance from the Zrl nucleus measured by a.uin ARUPS is the surfacer band, which is well reproduced
This alternate deviation may be caused by interference beby the calculation. Reasonable agreement is observed in the
tween Zr 41, 5s, and P orbitals, which are the valence othero bands as well.
bands most affected by the surface formation. Such alternate The surfacer bands appear at lower binding energy than
charge deviation must be integrated within théc®re re- the corresponding bulk bands. As mentioned in Sec. V B,
gion ((r)~0.45 a.u). The resulting energy shift can be electrons transfer from the band to theo band at the sur-
small. In the case of B1 on NBB)00Y), the charge density face B layer. The charge increment induces more electron-
simply increases around the nucleus in the relatively largelectron interaction to decrease the orbital's binding energy.
region ofr <0.22 a.u, so thatp(0) can represent the charge The observed band energy is consistently explained by the
variation that the B & electron feels. charge acceptance in the and 2, +2p, orbitals. As for the
surface 7 band, the corresponding bulkk band is not so
clear because of the strong mixing with the N drbitals.
C. Band dispersion In fact, the calculation indicates that the surfacdand is
not distinctively resolved from the bulk band on the-K
The calculated electronic band dispersion relations for the@xis. As ther band is no longer rigid, it is difficult to discuss
slab models are shown in Fig. 5 and Fig. 6. On Ni®B01), the charge donation effect alone.
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In the ZrB,(0001) band, no surface band concerned with  The conventional XPS interpretation is true only if the
boron appears. One surface bdtabeled ‘S’ in Fig. 6) ap-  charge redistribution within the atom is small, where the
pears around the Fermi level and crosses it several timesharge variation must be smoothly distributed so thatand
The population analysis indicates that this surface band con(0) should change similarly. In systems of strong covalency,
sists of complex hybridization ofd} 5s, and % orbitals of ~ where large intra-atomic redistributidhybridization effect
the surface Zr atom. As this band is partially filled, the com-is expected, the XPS core-level shift does not necessarily
plex interferential charge redistribution might occur as dis-correspond to the charged state.
cussed in Sec. V B. From this band structure, the,ZoB02)
surface is suggested to have strong metallic character. This is

<:onsistent8 With_ the dissociative adsorption of some pq large surface core-level shift was found on thesB 1
molecule$® on this surface. level on the B-terminated Nbf0001) surface. The core
level was shifted to shallower binding energy at the surface.
The ab initio DFT calculation clarifies that the core-level
shift is determined not by the total charge of the atom but by
In a conventional XPS interpretation, the more positivelythe electron density in the vicinity of the nucleus. The large
(negatively an atom is charged, the deefshallowej the intra-atomic charge redistribution is found in the surface B
core-level binding energy becomes because of the les@tom. The truncation of the B—Nb bond at the surface causes
(more Screening effect of the nucleus Charge_ In the case o(f,harge redistribution from the missing bond to the surface
NbB,(0001), the surface B is less negative than the bulk B.atom, which explains the reduction of the charge and the
This is consistent with the electron negativity: The Pauling'sShallower binding energy consistently. It is shown that the
(Mulliken’s) electronegativity of B is 2.04.3 eV), which is ~ XPS c_hemlcal shift does not necessarily relate to the charged
larger than that of Nb:1.63.8 e\) or Zr:1.4(3.5e\). Bis  State in covalent compounds.
expected to accept some electrons from the surrounding
metal atoms. At the surface, the B atoms lose half of the
neighboring Nb atoms, so that the negative charge should be We wish to express our many thanks to Dr. K. Kobayashi
reduced compared with the bulk B atoms. This might lead taf NIMS for helpful discussions. We also acknowledge Dr.
the wrong prediction that the surface B has largebihding  H. Kawanowa for providing previously published ARUPS

VI. SUMMARY

D. Comparison with the conventional framework
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