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SiC(0001): A surface Mott-Hubbard insulator
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We presenab initio electronic structure calculations for the Si-terminated(80D1)/3x /3 surface. While
local-density approximatiofLDA) calculations predict a metallic ground state with a half-filled narrow band,
Coulomb effects, included by the spin-polarized LBA method, result in a magneti®lott-Hubbard insu-
lator with a gap of 1.5 eV, comparable with the experimental value of 2.0 eV. The calculated value of the
intersite exchange parametér; 30 K, leads to the prediction of a paramagnetic Mott state, except at very low
temperatures. The observed Si 2p surface core-level doublet can naturally be explained as an on-site exchange
splitting.

The fractional adlayer structures on semiconductors shovdabels the projection of the angular momentuifhe gener-
rich phase diagrams with potential instabilities of the chargealized LSDA+U functional is then written as
density-wave{CDW) and spin-density-wavéSDW) type at
low temperatures, as well as Mott insulating phds@e
(0001)y3x /3 surface of hexagonal Sifas well as the
closely analogous (113BX 3 of cubic SiJ expected _ .
from standard LDA calculations to be a two-dimensionalwheren"?=n_ " is the localized orbital occupation density
metal with a half-filled narrow band of surface states in thematrix. Double counting of the localized orbital contribution
bulk energy gap® — is instead experimentally proven to be to the energy, already included by LSDA in an average way,
an insulator with a rather large (2.0 B¥and gag:® It has  is taken into account in Eq1) by subtracting a compensat-
been suggested that this system is a Mott insufiadoe to NG term
the large value of ratiJ/W, whereU is the Coulomb inter- 1
action parameter, of the order of several eV, aNds the _ - NPT TINT
surface bandwidth, calculated to be about 0.35*8Wery Eac ZEi UNi(Ni—1) J; NPFINF=D) @
recent STM data further confirm this picturédowever, a
detailed electronic description of the ensuing state and of it¢there U and J are the screened Coulomb and exchange
magnetic implications is not yet available. parameters?** N7=3 ni:7 andN; =N/ +N/.

Here we present an electronic structure calculation for this Minimization of this modified functional with respect to
system, based on the LSBAU Method® which is able to  the charge density“(r) and the orbital occupation;’,
take into account Coulomb interactions between localizedeads to an effective single-particle Hamiltonian
electrons. The result—an insulating surface, with a large
intra-adatom exchange splitting, but an exceedingly weak
antiferromagnetic interadatom exchange coupling—is now in
guantitative agreement with available photoemission data.

The generalized LSDAU method is devised to partially ~Which corrects the usual LSDA potential through a localized
cure the weakness of the local spin-density approximatio@rbital contribution of the form
(LSDA) functional in dealing with interacting electrons in
strongly localized orbitals, by supplementing the standard

ELSDA+U:ELSDA[p(r(r)]+Ei EV[{n""}]—Eg, (1)

A=HAlspat > > [ima)Ve7 (im'q] 3)

Lo mm

o ” ’ " o I,—o
LSDA functional, E-SPA p“(r)] where o=1,], with a me’:{Em} {mmVedm’,m”) (N + Ny n)
mean-field Hartree-Fock factorizatioBY of the screened )
Coulomb interactio’/,, among electrons in localized atomic —(m,m"|Vedm”,m"yn- 3
orbitalsi,m. (Herei collectively labels the quantum number
n, the angular momenturh and the atomic site, whilen —U(N;—3)+J(N/—3). (4)
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FIG. 1. Energy bands obtained from a standard LDA calculation
for the SiG0001)3X 3 surface. Brillouin-zone notations corre-  FIG. 2. LSDA+U energy bands for the spin-polarized collinear
spond to a unit cell with one Si adatom. Energy is measured fron$tate of Si€Q0001)3x3 surface. Brillouin-zone notations corre-
the Fermi level. Note the narrow half-filled surface band. spond to the unit cell with three Si adatonta) Spin-up electrons,

(b) spin-down electrons. Energy is measured from the Fermi level.
Note the insulating state, with a gap of about 1.5 eV.
Important ingredients in the calculation are the matrix ele-
ments of screened Coulomb interactidp, that we param-
etrize, in analogy with the atomic case, in terms of effectivequantum fluctuations, a three-sublattice 120°eN&ng-
Slater integrals=* (Ref. 12 which, in turn, can be linked to  range order—a commensurate spiral spin-density wave with
the Coulomb and Stoner parametéfsand J, as obtained 120° spins lying on a plane. This kind of noncollinear mag-
from LSDA-supercell constrained calculatiolls® For Si,  netic order can, in principle, be handled by LSBA,
we apply the above corrections t 3tates only, sinces8  through a straightforward extension of the functional. How-
states are fully occupied. The calculated Coulomb and Stonesver, that extension makes the scheme not only computation-
parameters for Si 3 states ardJ=8.6 eV andJ=1 eV, ally heavier, but of intrinsically worse quality than the cor-
respectively. The electronic structure calculations we haveesponding collinear calculation, as recently found in another
performed rely on the linear muffin-tin orbitald MTO)  case'’ We therefore decided to carry out our calculation in
method!* and use the StuttgarBLMTO-47 code. An impor-  the correct three-sublattice superdglith three Si adatoms
tant point is that the calculation allows us, through thebut to restrict to collinear magnetic moments. Noncollinear-
Green’s-function method, to evaluate the effective intersitdty is then taken into account within a much less computa-
exchange interaction parametérs, as second derivatives of tionally heavy Hubbard model, the resulting small value of
the ground state energy with respect to the magnetic momeaintiferromagnetic coupling further supporting the superior
rotation angle>®° accuracy of this approach.

The SiG0001)./3x /3 surface was simulated by a slab ~ We started our LSDA-U calculation assuming two ada-
containing two SiC bilayers plus a Si adatom layer. The Stoms with a finite spin-up projection of the magnetic mo-
adatoms were placed in thk, positions of the uppe(Si)  ment, and the third with spin down. The result converges to
surface. All atomic positions were fixed to the values calcu-a stable magnetic insulating ground state with an energy gap
lated by Ref. 2. The bottom surfa¢€ atoms of the fourth of 1.5 eV, which compares rather well with the experimental
atomic layey was saturated with hydrogen atoms. A standardvalue of 2.0 e\P. The corresponding energy bands are shown
LDA calculation for the\3x /3 unit cell containing one Si in Fig. 2. Of the three spin-up bands, two are occupied and
adatom gave, as expected, a metallic ground state with ane is empty[Fig. 2(@)], whereas for spin-down electrons
half-filled narrow band situated within the energy gap of[Fig. 2(b)] one band is occupied and two are empty. Conse-
bulk SiC (Fig. 1). This surface band originates from the dan-quently, there is a net magnetization corresponding to one
gling bonds of the Si adatomp{ orbitalg. The correspond- spin for three adatoms. Of course, this net magnetic moment
ing Wannier function, however, contains less than 50% ofwill disappear in the true noncollinear antiferromagnetic
the adatomp, orbitals, for, as is well knowA,it extends state (except perhaps for a small fraction which might be
itself down into the first SiC bilayer. stabilized by surface spin-orbit coupling

The LSDA+U method, relying on a Hartree-Fock-like ~ As a further check that the restriction to collinear spins
mean-field approximation, can only deal with statically long-does not really alter the main features of the bands in a
range-ordered ground states. It is generally belifi#tht a  substantial way, we performed a Hubbard model calculation
triangular lattice of electrons at commensurate filling, withfor the possible 3 magnetic phases, within a Hartree-
nearest-neighbor hopping, and a strong Hubbard repulsioRock (HF) treatment. Restricting ourselves to a one-band
—i.e., in the Heisenberg limit—possesses, in spite of strongnodel with a nearest-neighbor hoppitg0.04 eV (as ex-
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bareU value. In fact, the LSDA-U correction to the poten-
tial of a particular orbitalmo is roughly proportional to
U(1/2—ng,), and the splitting of the potentials for spin-up
and spin-downp, orbitals of Si adatoms is proportional to
the magnetic moment on the adatom. This means that this
potential splitting can be estimated to be rougtli2. If one
takes into account that the potential correction is applied to
the Si 3 orbital, which is about one-half of the total Wan-
nier function corresponding to the half-filled band, its effect
on the energy splittind E will be further reduced by a factor
two, yielding roughlyAE~U/4, close to the value obtained
in our actual LSDA-U calculation.

i We have also calculated the value of the intersite ex-
20 ; P z —_ change parametel;; corresponding to the interaction be-

) ] tween the spins of ]the electrons localized on neighboring Si

U/t,=40 adatoms, and obtained a valueJgf=30 K. The correspond-
Spiral SDW ] ing one-band Hubbard model estimate J§=4t2/Ueﬁ,
B . wheret is the nearest-neighbor hopping parameter@pglis
the effective Coulomb Hubbard. Taking U4 of the order
of the energy gap£2 eV) andt=0.04 eV, we obtain 37 K,

Linear SDW
or m*=1/3 .

e/t

€/t
o

Maxa FSX& MSXS K3x3
: 1 which agrees quite well with the LSDAU result.
20 E | S The existence of finite magnetic moments on the Si ada-
7§ : toms should be experimentally detectable. Methods which
PR ST T IS a— L Lo require magnetic long-range order do not seem viable, since
0 05 1 1.5 the only circumstance where a finite-temperature order pa-
ka/(2m) rameter could survive in this frustrated 2D magnetic system

FIG. 3. Tight-binding HF electronic bands along high-symmetryWOl_Jld be in the presence of a large spin-orbit-induced mag-
directions of the Brillouin zone for the one-band Hubbard model af1€liC anisotropy favoring out-of-surface orde_rlng, Wh'_Ch we
U,y /t, =40 for the two magnetic solutionéa) linear SDW with a 40 Not have reason to expect. Therefore, without ruling out
net uniform magnetizatiom?=1/3: (b) spiral SDW, with finite  the possibility of low-temperature ordering, we believe that
on-site magnetization, and?= 0. Solid and dashed lines denote up the SiG0001) V3% \/3 surface will be in an overall paramag-
and down bands, respectively. netic Mott insulating state, in spite of the existence of an

on-site moment, at least down to liquid-nitrogen temperature.
The situation is much more promising at the intra-atomic

tracted from the LDA surface bandwidthwe use an effec- :eve:. Hﬁre,l de>t<)ch<|ange spl(;ttijngs in glhe CS)i adat@mlgorg .
tive HubbardU roughly equal to thab initio energy gap of cVelS should be large and detectable. One complication Is

~1.5 eV. The results for the two magnetic solutions foundthat the qdatom dangling bond has a predomingtchar-
are shown in Figs. @,b. Figure 3a) shows the linear SDw 2Cter, which breaks the core-level symmetry betweep 2
solution with a uniform magnetizatiom?= 1/3, which com-  21d 2, by an amount not negligible in comparison to spin-
pares rather well with thab initio surface bands. Allowing ©'Pit coupling and exchange. The Zore hole will exhibit a

for noncollinear spins, we then obtain the spiral SDW solu-SiX'fo,Id multiplet resulting from the joint gffect of.intra-
tion whose bands are shown in FighB We stress the fact atomic exchange, asymmetry, and spin orbit. An estimate for

that the spiral SDW is the actual HF ground state, while thdn€ multiplet splitting is obtained by assuming the valence

linear SDW is only a metastable state. We note, howevefSI€Ctrons to be distributed with weighsin 3p, [, and /4

that the ground-state energies of the two solutions differ by €aCh Py 1 |. FOriso=0, we calculate a bare asymmetry

less than 0.5 meV/adatom, so that unrealistically preatse SPlitting A=egp 1~ €2p,1= Al Iz Iz — (Koz= Ko ]
initio calculations would be necessary to decide which of thet (B8/4)[2(K,,— K40 — (Iz,— 320 1, where Kzzx)
two is the actual ground state. Moreover, the HF bands for (2Pz(x) :302/€%/|r 1= 12| 2P ,3P2) and Jza%)

the two solutions are rather similar, apart from some extra= (2P(x) ,3p;€%/|r1—12||3p;,2p,x) are Coulomb and ex-
splittings introduced by the collinear magnetic solution. It ischange integrals. The first square bracket dominates, and is
not clear whether the present resolution of photoemissioestimated by a Si Hartree-Fock calculation to be about 1
datd® would allow us to distinguish between these twoeV, so thatA~a (eV). Since only about 50% of the
slightly different sets of bands. dangling-bond orbital is B,, we obtain the desired crude
Coming back to theb initio study, we have calculated a estimateA~0.5 eV. Exchange splittings are large for the
magnetic moment for the Si adatom of approximately2p, case and small for the ,, reflecting the large differ-
0.6ug. This reduction is, of course, not due to quantumences in the corresponding exchange integigjsand J,,.
fluctuations, absent in the LSDAU, but to the subsurface When we include the spin-orbit interactiadL - S, the final
delocalization of the Wannier function, whose weight is onlycore hole levels are obtained as in Fig. 4. kep=0.4 eV
about half on the Si adatom. For the same reason, the energye find a roughly three-peaked structure, the broad central
gap value of 1.5 eV is roughly 4—5 times smaller than thepeak four times as strong as each side peak. This offers an
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FIG. 4. Si 2 core levels calculated as a function of spin-orbit coupling, in comparison with photoemission data and original fitting in
terms of bulk 81) and two surface siteS1 andS2 by Johanssoet al. (Ref. 18. Upon inclusion of intra-atomic exchange splitting the
whole surface contributio®1+ S2 can be explained as due to a single site.

. . . . Auger intensity which, by comparison with the remaining
alternative explanation of the experimental line sH&gsee (3p,3p) values, is anomalously small, as a proof of its Mott-

Fig. 4) in terms of a single exchange-split multiplet, rather iy, ppard state.

than two chemically inequivalent sit€y andS, (Ref. 18 More experimental and theoretical effort is clearly called

whose existence is otherwise not supported. for to check these strong correlations and related magnetic
Additional direct experimental evidence for the Mott- effects, possibly the first of this magnitude to be suggested

Hubbard state could be obtained by a careful study of adafor an sp-bonded, valence semiconductor surface.

tom (3p, 3p;) Auger spectral intensities, which should be We thank S. Modesti for useful discussions. Work at

easily singled out owing to the large gaps. The probability of ISSA was partially supported by INFM through PRA LO-
double occupancy of the adatom dangling-bond orbitak ;g ang HTSC, by MURST through COFIN97, and by the
should be almost completely suppressed, dropping from they, through Contracts No. ERBCHRXCT940438 and No.
band value of 1/4 to a value of ordgitU which is one order FULPROP ERBFMRXCT970155. Work at IMP was sup-
of magnitude smaller. Even considering that only half of theported by the Russian Foundation for Basic Research under
orbital is adatom B,, this surface should show a§3, 3p,) Grant No. RFFI-98-02-17275.
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