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Difference in the outermost layer between TaB(0001) and HfB,(0001)
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Atomic and electronic structures of Ta®001) and HfB(0001) surfaces are investigated with use of the
first-principles pseudopotential calculations. Our calculated surface formation energies indicate that the
graphitic-boron-terminated TgB0001) surface is energetically more favorable, whereas the(8€®1) sur-
face prefers termination with a close-packed Hf layer. These findings are consistent with experimental facts.
We have also found the difference in the surface relaxation between them. The first interlayer spacing of the
B-terminated TaB surface is expanded by 0.39%. On the other hand, the outermost Hf-terminatged HfB
surface is contracted by 4.8%60163-18209)05147-4

Metal borides exhibit multiple stoichiometries and crystal principles calculations and address the atomic structure prob-
structures according to boron/metal ratidhis originates in  lem from the standpoint of energetics. To our knowledge,
peculiar bonding of boron, which does not follow the con-there are no theoretical researches on metal diboride sur-
ventional covalent bonding rulésAs the proportion of bo-  faces, so far.
ron atoms to metal atoms increases in the metal borides, Our calculation'is based on the local-density approxima-
boron atoms form one-dimensional chains, two-dimensionalion in density functional theory. We used the Wigner inter-
nets, and three-dimensional clusters. These boron networllation formula for the exchange-correlation, and a norm-
reinforce binding among metals and produce some propertiegonserving pseudopotential. As for B, Hf, and Ta
such as high hardness, high-melting point, and chemical inpseudopotentials, the optimized pseudopotentials originated
ertness as well as high-electric conductivity. from Troullier and Martin¥ were used in order to reduce the

Among many metal borides, transition-metal diboridesnumber of plane waves. Nonlocal partsspb (for B, Hf, and
have received much attention since their atomic structure i$a), and d (for Hf and Ta pseudopotentials were trans-
not only simple but also unique. These are layered com- formed to the Kleinman-Bylander separable forhwe first
pounds with a hexagonal AlBtype structure in which a determine the equilibrium lattice constants of bulk Fa®d
graphitelike boron layer alternates with a close-packed metdiulk HfB, by calculating total energies using the pseudopo-
layer® Under room temperature and atmospheric pressurtentials. The obtained lattice constants are 3.08 andc
crystalline boron in the form of graphite does not exist.=3.27 A (c/a=1.06) for TaB and a=3.10 and c
Then, the structure and the properties of the bulk transition=3.40 A (c/a=1.10) for HfB,, which are close to the ex-
metal diborides have been discussed in terms of chemica@erimental valuefa=3.10 andc=3.23 A (c/a=1.04) for
bonding. Boron atoms form strorgp? bonds and interact TaB, anda=3.14 andc=3.47 A (c/a=1.11) for HfB,].®
with metal d orbitals. These chemical bondings are closely In the present surface calculations, we have employed a
related to charge transfer between the boron and the metedpeated slab geometry with sevbB, (M=Ta, Hf) (1
atoms. Although two conflicting models have been propose 1) layers separated by a vacuum region equivalent to
to explain different experimenfs, it is now accepted that sevenMB, layers thickness. The alternate metal and boron
there is a small amount of charge transfer from the metal téayers representing metal-terminat@iterminated surfaces
the boron atom&” are composed of four met&aB) layers and three Bmeta)

In addition to many studies of the bulk properties of thelayers. We have used a plane-wave basis set to expand the
transition-metal diborides, comparable interest in their surelectronic wave function at eadhpoint. The cutoff energy
face properties has been generated. Recently, atomic strusf the plane-wave basis is 64 Ry. The surface Brillouin zone
tures of TaB(0001) and HfB(0001) surfaces have been is divided into 4<4 meshes and 16 inequivalénpoints are
investigated by impact collision ion scattering spectroscopysed for thek-space integration. We have determined equi-
(ICISS) experiments. The results showed the following re-librium atomic positions in the surface layers by the first-
markable difference between TaBnd HfB,: The topmost principles molecular dynamicsFPMD).}* We adopt a
layer of the TaB(0001) surface is B and the first-interlayer steepest-descent type of algorithm for the electronic degrees
spacing is expanded by 8.5%n the case of the Hf§0001)  of freedont® and ordinary molecular dynamics for the ionic
the topmost layer is Hf° There has been no experimental motion. All the atoms in the slab are relaxed. The conver-
information about relaxation of the H§Bsurface. The origin  gence criterion for forces acting on each atom in the unit cell
of the difference is an open question. In the present papeis 1.0x 10~ 2 hartree/bohr.
we investigate atomic and electronic structures of the Table | shows the calculated geometry optimization re-
TaB,(0001) and the HfB(0001) surfaces by using first- sults of the M-terminated MB,(0001) surfaces and the
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TABLE 1. Calculated surface relaxations\dq,/d,, and o 1.0
Adys/dpyk, and work functions, &, for HfB,(0001) and S o5l (a) |
TaB,(0001) surfaces, compared with experimeiirefs. 9 and 2R z ' Ta-terminated TaB2
~ 00 .
>
Adip/dpy  Adps/dyye P (eV) %’0 05 .
[
Hf-terminated HfB —4.8% +0.89% 5.28 g 10 A
(a=3.10A) ‘é a5k B-terminated TaB2 i
B-terminated HfB ~7.2% +2.0% 6.30 5 ok liTich L B-rich
(a=3.10A) 12 10 -08 -06 -04 -02 00 02
Ta-terminated Tap —8.9% +0.55% 4.79 Mg - Rpgury €V)
(a=3.08 A) 5
B-terminated TaB +0.29% —2.5% 6.48 E B-terminated HfB2 (b)
(a=3.08 A) S 2 |
B-terminated TaB +0.39% —2.5% 6.48 2
(a=3.06 A) gﬂ T 7
B-terminated TaB +8.5% 6.0 5 ol -
(experiments k5 Hf-terminated HfB2
g At :
E Hf-rich B-rich
. o -2 1 | | |
B-terminatedM B,(0001) surfaces. We used the calculated 15 10 05 0.0

lattice constants of bulk HfB (a=3.10, c=3.40 A) and
TaB, (a=3.08,c=3.27 A) as the lattice constants in the

slab calculations. The outermost interlayer spacings of Hf- FG. 1. Surface formation energies i 1) lateral unit cell for
terminated HfB and B-terminated Hf are contracted by (a) TaB,(0001) surfaces anth) HfB,(0001) surfaces as a funciton
4.8% and 7.2%, respectively. The second interlayer spacingsi the chemical potential of B. The chemical potentialsg
are correspondingly expanded by 0.89% and 2.0%, respec- ug i, range(a from B-rich limit, 0 eV, to Ta-rich limit,
tively. On the other hand, a little expansion of the topmost-3AH+,g,= —1.04 eV andb) from B-rich limit, 0 eV, to Hf-rich
layer spacing(0.29% has been found on the B-terminated |imijt, —L1AHyp. =—173eV.

TaB, surface while the outermost Ta-terminated 7§ adfir- :

face is contracted by 8.9%. The second interlayer spacings of . )

the B-terminated and the Ta-terminated surfaces are corr@ulk TaB,, respectively. Our calculated heats of formation of
spondingly contractet®.5% and expande¢D.55%, respec- HfB2 and TaB, AHy¢5,=3.46 andAH+,5, =2.08 eV, are
tively. The oscillatory relaxations in HfBand TaB have in good agreement with experimental valugsHi R = 3.4
also been found in other metal surfat®ghere is a notice- andAHSXR =2.0 eV) 1 Figure 1 shows relative sur?ace for-
able difference between HjBand TaB. Although there is a o Tak o ' .
discrepancy between our calculations and the ICISS exper[pat'o_n energies of Ta,.f;and HiB, as a funptlon of the
ments for the relaxation of the B-terminated Tafirface, it chemical potential of Bug— pp(muy - Over wide range of

seems that the stabilized topmost surfaces have small rela@llowed chemical potentials, the B-terminated J€I01)

: ; face is more stable than the Ta-terminated ,{@801)
ations. In other words, the Hf-terminated H{®001) sur- sur . 2 -
face and the B-terminated TaB0001) are likely to be stable surface.. On the other hand, the Hf-termlpated H _ 01)
without introducing large relaxation. surface is more favorable than the B-terminated H®01)

We discuss quantitatively the stability of the HfBnd the surface. Here, we must consider relation between the chemi-
TaB, surfaces. Since the B-terminated and the metal-caI potential and the experimental con_diti(_)n. Hayaa’nial.
terminated surface models contain the different number of Egef[IJorteld tlhaththe Hfgclezn §ur(fja§e,hwh|§:h 'S tiggglacteqrﬁy
and metal atoms, we have calculated their surface formatioft at (1x1) T layer is obtained by heating at - 1hiS
energies as a function of the chemical potential of one of th urface turns into a structure in Whlgh Hf atoms are adsorbed
constituents, B, within the thermodynamically allowed range_On a flat Hf Iayer_ after once heating over 2000 C They
atT=0 K.Y7 The surface formation energy can be expresse@terpre,ted that this irreversible structural change is due to
as Q= (Eorai— =iNi i)/ (2S), whereE,y, is the total en- desorption of boron atoms from the. subsurf&t©n t.he
ergy of the slab and; andu; are the number and the chemi- other h‘?“dv T"’.@ clean surface .qbtamed after heating at
cal potential of theith constituents, respectivels is the 1730 ﬁlst_termlrtl)ated %;09@'0“"? btoron_ Ia?e%ven ?fter h
surface area. The factdr accounts for two equivalent sur- once bea mgba oved This | a bat-)ler(rj‘mnate sur actg a.;,
faces per the slab. The chemical potential of B is restricte g\r/;z a?oemnsofrz(rar:\ﬁnér Is:;elrssgcr)othae o):Jteur(ranoc;tsleag)]/rezer%%IIIg\r/]vo
within the ran —LAH=< pg=< which i ) . : )
determingda %?MB(tlquuék) cZ;onstraliLnis /v‘B(éulk)* chis ing desorption of the first-layer boron atofffd/Ve speculate
<p ot 2n= anc’iﬁﬁe ﬁ:é?“g? 'foILrLr'\r/;a- that the different behavior of boron atoms between j#Rd
_Pmbullg - M B = TMB,(bulk) » TaB, arises from difference in strength of the B-B bond. As
tion, AH= um(ouilg T 2HB(bull) ~ AmBybulky - WE have ob- gaieq |ater, the B-Br bond of TaB is tighter than that of
tainedum wuiky » 4B (butky: @Nd e, (buiky from the total ener-  HfB,, since charge is more transferred from Ta to B than
gies per atom of bulk Hhcp, bulk Tabco, bulk from Hf to B. Anyway, these facts suggest that an Hf-rich
a-B;,(rhombohedron) and those pefB, of bulk HfB, and  condition can be easily achieved in the HfBurface and

Mg - Mg (€V)
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FIG. 2. Contour maps of difference charge densities for the FIG. 3. Contour maps of difference charge densities for the
B-terminated TaB surface,(@ Ap=p (relaxed TaB seven-layer Hf-terminated HfB surface,(a)Ap=p(relaxed HfB seven-layer
slab— p(boron four-layer slab-p(Ta three-layer slaband (b) slabh—p(boron three-layer slab- p(Hf four-layer slah and (b)
Ap’ = p(relaxed TaB slah — p(unrelaxed TaBslab. The contours  Ap’ = p(relaxed HfB, slah—p(unrelaxed HfE slab.

are drawn for the (11@) plane normal to the surface. Solid and the same cell size, atomic position, numberkgfoints and
dotted lines indicate the amount of accumulated and depleted, 1ff energies as the TaBseven-layer slab. Thap plots
charges, respectively. Solid c.ircles and solid diamonds denote bgngicate the charge accumulationdnorbitals of the B layers
ron and metal atoms, respectively. and the formation of Ta-B bonds. In particular, the charge
increment in the outermost B layer, extending into the
B-rich condition in the TaB surface. Therefore, our calcu- vacuum, is remarkable. This phenomenon corresponds to
lated results are well consistent with the experimental findiarge calculated work function of 6.48 eV, which is in good
ings. agreement with an experimental valdé(see Table)l Con-
Relaxation at simple metal surfaces has been understoggidering that bondingr orbitals of the graphitic boron are
in terms of two pictures: One is the conventional Finnis-originally empty, the incremental charge in the orbitals
Heine (FH) picture, which is based on smoothing of the sur-strengthen the chemical bonds in the first boron layer of the
face charge density corrugatibhThe other is the Feibel- B-terminated TaB surface. The consequence is that the
man’s chemical picture, which is based on bond-order bondbonds between the first and the second layers is weakened
length correlatiof® The former cannot explain the and that the first interlayer spacing is expanded. This can be
expansion of the first-interlayer spacing found in(B1)  clearly seen by the charge redistribution map shown in Fig.
(Ref. 21) and the large contraction of outermost layer spac2(b). This map displays the difference between the charge
ing found in hexagonal close-packed Ti and Zr surfé€es. density of the relaxed and unrelaxed surfaces. As the outer-
Therefore, the FH picture is unlikely to be applied to themost boron layer expands, there are a charge depletion be-
present study. First, let us discuss the relaxation of the, TaBtween the first and the second layers and a charge increment
surfaces. In order to gain some insight into origin of theout of the surface. In the case of the Ta-terminated surface,
outward relaxation of the B-terminated TaBurface, we the surface formation energy is not lowered by changing the
have investigated charge state of it. We have found thafteral lattice constant.
charge transfer from the second Ta layer to the topmost B As to HfB,, both the B-terminated and the Hf-terminated
layer occurs and the charge between B atoms in the firgfurfaces have minimum surface formation energies at the
layer increases. This phenomenon suggests that the chemidallk lateral lattice constant. Therefore, even if the first layer
bonds between the B atoms in the first layer are strengthenesf HfB, is B, the B-B bonds in the first layer does not get
and that the B-B bond length gets shortened. In our calculashortened. The transferred charge from the second Hf layer
tions, however, since each layer has &(1l) lateral period- to the first layer is too small to strengthen the B-B bonds,
icity, the atomic positions in the plane is determined by thesince valence of Hf is four, while that of Ta is five. As shown
lateral lattice constants. Therefore we performed FPMD calin Table I, both the B-terminated and the Hf-terminated sur-
culations at various lateral lattice constaatand optimized faces exhibit large inward relaxations. The latter, which is
the atomic configurations along the surface normal. Whemnergetically more favorable and has been experimentally
the lateral lattice constant is reduced to@A , the surface  observed, has smaller relaxation than the former. Figlae 3
formation energy of the B-terminated TaBurface is low- shows the contour map of the difference charge density for
ered by 0.12 eV/boRrand the topmost layer is more ex- the Hf-terminated HfB surface A p=p (Hf-terminated HfB
panded by 0.39%see Table)lthan the result calculated with seven-layer slals- p(graphitic boron three-layer slab p (Hf
a=3.08 A. The second interlayer spacing of the four-layer slah. We can see that the charge is accumulated
B-terminated TaB surface is contracted by 2.5%. The re-in « orbitals of the B layers and that the B-Hf bonds are
sults support our anticipation. Figur¢aP shows the contour formed. Figure &) shows the difference between the charge
map of the difference charge density for the B-terminateddensity of the relaxed and unrelaxed surfaces of the Hf-
TaB, surface 6=3.06 A), Ap=p (B-terminated TaB terminated HfB. The incremental charge is accumulated in
seven-layer slab- p(graphitic boron four-layer slab-p(Ta  the interlayer region between the first Hf and the second B
three-layer slap Calculations of the graphitic boron four- layers. Therefore, the interlayer bonds are strengthened and
layer slab and the Ta three-layer slab were performed withhe first-interlayer spacing is contracted.
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Finally, we address the large difference between our calvorable for the TaB(0001) surface, whereas the Hf-layer
culations @Ad;,/dy,=+0.39%) and the experiments termination is for the HfB(0001) surface. We have also
(Ad;,/dy, = +8.5%) for the relaxation of the B-terminated found the remarkable difference in the surface relaxation be-
TaB, surface. There are some reports that the discrepanciégeen them. These are closely related to the amount of
in the RH0O01) and the B&00Y) surface relaxations between charge transfer from the metal to the boron atoms, which
theoretical and measured results are due to neglect of thermifings about the difference in strength of chemical bonds
expansior?®2*Our small outward relaxation was determined between B-B and B-Hf or B-Ta.

by the total energy calculations at the temperature of 0 K. \e are indebted to Dr. T. Aizawa and Dr. W. Hayami for
The effect of the zero-point vibrations has not also beerajuable discussions. We wish to thank Professor S. Usami
taken into account. The large outward relaxation was obfor a critical reading of this manuscript. The calculations
tained by the ICISS experiments at room temperature. Thevere performed on the FACOM VPP500 at the Supercom-
thermal vibrations at room temperature may increase the ouputer Center, Institute for Solid State Physics, University of
ermost layer spacing. This is the future problem. Tokyo and on the FACOM VX supercomputer at Kanagawa
In summary, our first-principles calculations show that thelnstitute of Technology. We wish to thank Dr. T. Akahane
graphitic-boron-layer termination is energetically more fa-and T. Nakajima for their technical support with this work.
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