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Mott Insulating Ground State on a Triangular Surface Lattice
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Momentum-resolved direct and inverse photoemission spectra of (81K 1)-(+/3 X +/3)R30°-B
interface reveals the presence of strongly localized surface states. The K overlayer remains
nonmetallic up to the saturation coverage. This system most likely presents the first experimental
realization of a frustrated spiri/2 Heisenberg antiferromagnet on a two-dimensional triangular
lattice. [S0031-9007(97)02423-X]

PACS numbers: 73.20.At, 71.30.+h, 75.30.Pd, 79.60.Dp

The band theory of solids has been remarkably success- Model calculations for the two-dimensional rectangular
ful in describing the ground state properties of many crysiattice of the alkaliGaAs(110) interfaces produce an “up-
talline materials. Nonetheless, limitations to this theoryper Hubbard band” (UHB) and a “lower Hubbard band”
were already pointed out in 1937 by de Boer and Ver{LHB), separated by a distinct energy gap whigrw > 2
wey who argued that NiO, which is an optically transpar-[11]. The metal-insulator transition is predicted to occur
ent insulator, would be metallic according to band theorynearU /W = 1.6. From an experimental point of view, the
[1]. Fascinating examples of the breakdown of band thesituation is not so clear. DiNardo and co-workers have in-
ory include the highT. superconductors [2] and doped terpreted their electron energy loss spectra (EELS of
fullerenes [3]. In simple terms, band theory breaks dowrsaturatedCs overlayer on GaAs(110) in terms of charge
when the Coulomb repulsiold between electrons on a transfer excitations involving the Hubbddod9]. Nonethe-
lattice site is comparable to or larger than 8iegle par- less, problems exist. Inverse photoemission spectroscopy
ticle bandwidth, W [1]. If the ratioU/W = 1, the charge (IPES) [13] shows features that could perhaps be identified
carriers no longer delocalize but condense at the ion coreas the UHB but the LHB has not been seen in photoemis-
leading to an insulating antiferromagnetic ground state asion spectroscopy (PES) [13].
half filling (i.e., a Mott-Hubbard insulator). In this Letter, we report on momentum-resolved PES

Surfaces and interfaces represent a special class of nand IPES data of the JSi(111)-(+/3 X /3)R30°-B
row band systems. Many semiconductor surfaces posseffsenceforth K Si) interface. The interface consists of a
dangling-bond-derived surface states with bandwidthsnonatomic alkali layer on top of a Si(111) surface with a
=1 eV. Estimates indicate that the effective Coulomb in-boron underlayer (Fig. 1) [14]. At zero alkali coverage,
teractions, U, within the dangling bonds of an ideally the dangling bond surface states are completely empty
truncated Si(111) surface are on the orderdfeV [4,5] [14]. When the alkali coverage saturates @8 Inono-
which brings the Si(111) surface in the Mott-Hubbardlayer [15-17], the surface consists of#3 X +/3)R30°
regime. However, Si(111) does not become an antiarrangement of half-filled dangling bonds and, conse-
ferromagnetic insulator because it largely eliminates itgjuently, the interface should be metallic according to band
dangling bonds by forming & X 7) superstructure [6]. theory [16]. Instead, thsingle-particleexcitation spectra
Likewise, it was believed that the (@i 1)-(2 X 1) surface (PEYIPES) show two prominent features near the Fermi
reconstruction is a buckled antiferromagnetic insulator [7lenergy,Er, which are identified as the Hubbard bands of
until Pandey introduced the-bonded chain model and a 2D Hubbard system. We analyze the spectra following
showed that the single-particle band theory does providelarrison’s scheme of incorporating the Hubbasdinto
an accurate description of the electronic properties [8]. Iriight-binding theory [4] and discuss important implications
fact, only a very few claims on Mott insulating surfacesfor the electrical transport and magnetic properties.
have withstood the test of time: some room temperature Experiments were carried out in two different ultrahigh
(RT) saturated alkali-metaGaAs(110) interfaces are be- vacuum systems. Momentum-resolved PES data were
lieved to be Mott insulators [9—11]. Most recently, it was acquired at the beam line U12B of the National Syn-
argued that the charge-density-wave phase ¢gf3&(111) chrotron Light Source [16]. The overall resolution of
is a Mott insulator [12]. the PES spectra iss0.1 eV. Momentum-resolved IPES
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FIG. 1. Atomic geometry of KSi(111)-(+/3 X +/3)R30°-B

(a). Shaded circles represent Si adatoms, located directly above
the fivefold coordinated B atoms as shown in (b). Si adatom
sites are the most likely chemisorption sites for the alkali atoms.
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12.5 eV; the emitted photons were dispersed using a grat- Energy (eV)

data were acquired at constant incident electron energy of

!ng monochromator [18]'. The overall energy resolutionFIG. 2. (a) PERIPES data of the KSi(111):B interface as

IS 2,0‘3 ev. The alkaI/S| interface was F’md%‘ced fol- a function of coverage. Coverage intervals are nearly equal.
lowing the procedures in Ref. [16]. The alkali coveragespectra were recorded af = 0; (b) PESIPES data from a
was monitored by measuring the work function changesaturated Cs overlayer.

A®, using an electron gun. The relationship between the
work function decrease and the alkali coverage has been
documented in Ref. [17]. Low energy electron diffractionsurface state of the Si adatom which is also present
(LEED) indicated that théy/3 X +/3)R30° symmetry re- at the clean surface [16]. In contrast $¢ and S, S;
mains preserved up to saturation coverage. does exhibisignificant dispersionlts persistence upon K
Coverage-dependent IPES and PES data of ti8iK deposition indicates that the backbonds of the Si adatoms
interface were recorded & = 0 [Fig. 2(a)]. The IPES remain intact up to saturation coverage [16] and that the
data of the clean &ill1)-(+/3 X +/3)R30°-B surface saturated interface is well ordered.
(A® = 0) show an empty stat& at =~1.1 eV above The clean+/3 X +/3)R30°-B surface is composed of a
Er. This state originates from the empty dangling bond(v/3 X +/3)R30° arrangement of Si adatoms atop the
surface state and has mixed2B, and Si3sp, character sites of the (111) substrate [14]. Boron atoms are located
[14]. Its band dispersion is significant0.6 eV [14]. directly beneath the Si adatoms (Fig. 1). The dangling
With increasing K coverage, the empty state spectra fronbond orbitals of the Si adatoms are completely empty [
the K overlayer initially “smear out.” A K-induced in Fig. 2(a)]. Next, the alkali atoms bond to the surface
empty state,S;, develops and shifts towardr near atoms without disrupting the Si-Si backbonds. This
saturation(A® = —2.9 eV). The PES data reveal two assertion is based on the facts that the backbond State
filled states labeled® and S,. PeakB in Fig. 2(a) is a and the(~/3 X +/3)R30° symmetry remain intact during
bulk feature which shifts toward higher binding energyalkali deposition. Then, according to the single-particle
upon K deposition, due to band bending [15,16} is a  picture, the addition of the alkali valence charge should
K-induced surface state, centered=eid.7 eV below Er.  shift the Fermi level well into the substrate dangling
Even though the tail of, comes to within=0.1 eV of = bond surface stateand 3, resulting in ahalf-filled band
Er, the PES dataevershow any intensity aEr, even at saturation coverag€l/3 ML) [15-17]. The gradual
at saturation coverage. This suggests thaand S, are filling of this 2 band upon K adsorption is clearly evident
separated by a very small energy gap, probably on th&om the boron K-edge photoabsorption spectra (XAS) of
order of=0.1 eV. the K/Si interface [15]. According to Mat al.,XAS and
The momentum dispersion ¢f; and S, were probed Si 2p core level spectra indicate a large charge transfer
along both major symmetry directions of the/3 X  from K to the Si-substrate dangling bond state which
V3)R30° surface Brillouin zone (Fig. 3). Both surface has become a hybrid of the Sp>, B 2p., and K &
states lack significant momentum dispersier0.2 eV),  wave functions [15]. Nonetheless, regardless of the alkali
which by definitionmeans that these states ateongly coverage, experiment never reveals any state density at
localized in real space. Near the zone boundaryKat Er which indicates that correlations play a crucial role.
another surface stat&z, emerges. S; is the backbond To analyze the spectra, we use a tight-binding approach
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1.3 eV, fully consistent with the above estimate lafs.
However, theGaussianwidth [19] of the Hubbard bands
(2o = 0.7 to 0.8 eV) is much larger than the actual
bandwidth or dispersiofWw = 0.2 eV). To account for
the linewidths, we take advantage of the fact that the Mott
state is so well defined that we can treat the system as a
UL R B two-level system (UHBLHB).

3 U Consider the effect of charge fluctuatiofZ between
: effg neighboring dangling bond orbitals in a simple force-
ST constant model. Setting the ground state energy to zero,
' the total energy of a dangling bond orbitaly, becomes

[4]

(b)

[112]

Er = C(u/d)?* + 12(u/d)v\6Z + Ues8Z%, (1)

’ o el - whereu is the vertical displacement (buckling) of the Si
h e adatom due to electron-phonon couplifi@js the “force

constant” (53 eV; Ref. [20]),d is the in-plane lattice
constant, andv; = (e, — €,)/4=—1.1 eV [20] (¢, and
g, are thes andp levels of the Si atom).E7 minimizes
with respect to5Z at u =0 (unbuckled ground state).
essence, Eq. (1) represents the effects of electron-electron
and electron-lattice interactions. In the electronically
excited state,6Z=—1. Then Eg. (1) minimizes with
2 respect tou when u/d = 6v,/C, which means buckled
PES |PES surface. If the surface atoms remain stationary during
T e ——— T the infinitesimal time scale of the excitation process,
-2 0 2 then the spectrum represents the Franck-Condon enve-
(a) Energy (eV) lope of theunbuckled initial stateand thebuckled final
state. For an instantaneous electron transfer or “vertical
FIG. 3. (a) Momentum-resolved spectra of th¢SK(111):B  jonization,” u = 0 so thatE; = Ui = Eo + sfiw wheres
interface along th¢110] or I'K direction of the Si substrate; is the number of phonons involved in the vertical Franck-

see also (b) PES data are taken from Ref. [16]. IPES dat d o i h h f
were recorded with an incident electron energy of 12.5 ev.Condon transition andiw the phonon frequency [21]

Momentum intervals are nearly equal. (Fig. 4) Minimization of Eq. (1) with6Z = —1 yields
Er = Ues — 3617 /C=E, which equals Ugs — shw
in the Franck-Condon picture (Fig. 4). The spectral
b\);_ Har:i/s_on [4] and model the saturated interface as distribution near 300 K can now be calculated from [21]
(v/3 X +/3)R30° lattice of half-filled dangling bonds. 2
The effective Coulomb repulsionU.s, between I(E) o exp(—E*/4kpTshw), 2)
two electrons in a Si dangling bond can bstimated which is a Gaussian centered B§ + sfiw = Uer. The
from Uy = (U — V)/e = 1-2eV where U is the calculated linewidtli2o = 0.6 eV) is close to the observed
intrasite  Coulomb term =£7.6 eV; Ref. [4]), V the linewidths in PESIPES Qo = 0.7 to 0.8 eV). This close
intersite or Madelung term =3 eV; Ref.[4]) and agreement is perhaps a little fortuitous but demonstrates
e < (1 + &5)/2 = 6 the dielectric constant of the that the line shapes and level splittings can be remark-
semi-infinite Si substrate. The hopping integral betweerably well accounted for using a simple model with well-
neighboring dangling bonds on an ideally truncateddocumented parameters foy and C [20]. The surface
Si(111) surface,t, is =0.07 eV [4]. Hence, on a state peaks are thus believed to represent the “Franck-
(+/3 X +/3)R30° superlattice, we can safely assume thatCondon envelopes” of the vibrational excitations in the
t < 0.07 eV, consistent with the experimental dispersionpositive- or negative-ion final states of the PHES
~ (0.2 eV (W = 8t). Hence, the Harrlson criterion for experiment.
a Mott insulating ground state on Si(111)%; > 162, is The large lattice relaxation or buckling in the excited
strongly satisfied. Accordingly, the excitation spectrum state indicates that the conduction mechanism is of the
should reveal two narrow energy bands (i.e., the ionizapolaron type. The separation between the vibrationally
tion and affinity states) which are separated by a Hubbartroadened ionization and affinity states (LHEHB) de-
gap of orderU.y. Indeed, the PESPES data reveal fines the conductivity gap=0.1 eV) and is much smaller
two narrow bands aroundr which are now identified thanU.y. Evidently, Uy is largely compensated by the
as the LHB and UHB of a 2D Mott-Hubbard system. local lattice relaxation during a charge excitation. The im-
The separation between the centroids of the bands isortance of the polaron effect was previously emphasized
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L AARRE AAMAL MM A MMM M A ARasaRaRn alization of the TLAH model. Other candidates such as
' NaTiO, are 3D crystals with weak interlayer coupling [27].

In conclusion, we have presented experimental evidence
for the correlated ground state of the/®i interface. The
polaron effect stronglyeduceshe actual conductivity gap
but does not fully compensaté.;;. We find no evidence
for a negativeU-center. The present results call for the
exploration of the magnetic properties of these interfaces.
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