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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 the KySis111d-s
p

3 3
p

3 dR30±-B
interface reveals the presence of strongly localized surface states. The K overlayer re
nonmetallic up to the saturation coverage. This system most likely presents the first experim
realization of a frustrated spin1y2 Heisenberg antiferromagnet on a two-dimensional triangu
lattice. [S0031-9007(97)02423-X]

PACS numbers: 73.20.At, 71.30.+h, 75.30.Pd, 79.60.Dp
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The band theory of solids has been remarkably succe
ful in describing the ground state properties of many cry
talline materials. Nonetheless, limitations to this theo
were already pointed out in 1937 by de Boer and Ve
wey who argued that NiO, which is an optically transpa
ent insulator, would be metallic according to band theo
[1]. Fascinating examples of the breakdown of band th
ory include the highTc superconductors [2] and doped
fullerenes [3]. In simple terms, band theory breaks dow
when the Coulomb repulsionU between electrons on a
lattice site is comparable to or larger than thesingle par-
ticle bandwidth,W [1]. If the ratio UyW * 1, the charge
carriers no longer delocalize but condense at the ion cor
leading to an insulating antiferromagnetic ground state
half filling (i.e., a Mott-Hubbard insulator).

Surfaces and interfaces represent a special class of
row band systems. Many semiconductor surfaces poss
dangling-bond-derived surface states with bandwidt
&1 eV. Estimates indicate that the effective Coulomb in
teractions,Ueff, within the dangling bonds of an ideally
truncated Si(111) surface are on the order ofø1 eV [4,5]
which brings the Si(111) surface in the Mott-Hubbar
regime. However, Si(111) does not become an an
ferromagnetic insulator because it largely eliminates
dangling bonds by forming as7 3 7d superstructure [6].
Likewise, it was believed that the Sis111d-s2 3 1d surface
reconstruction is a buckled antiferromagnetic insulator [
until Pandey introduced thep-bonded chain model and
showed that the single-particle band theory does prov
an accurate description of the electronic properties [8].
fact, only a very few claims on Mott insulating surface
have withstood the test of time: some room temperatu
(RT) saturated alkali-metalyGaAs(110) interfaces are be
lieved to be Mott insulators [9–11]. Most recently, it wa
argued that the charge-density-wave phase of PbyGe(111)
is a Mott insulator [12].
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Model calculations for the two-dimensional rectangula
lattice of the alkaliyGaAs(110) interfaces produce an “up-
per Hubbard band” (UHB) and a “lower Hubbard band
(LHB), separated by a distinct energy gap whenUyW . 2
[11]. The metal-insulator transition is predicted to occu
nearUyW ø 1.6. From an experimental point of view, the
situation is not so clear. DiNardo and co-workers have in
terpreted their electron energy loss spectra (EELS) ofa
saturatedCs overlayer on GaAs(110) in terms of charge
transfer excitations involving the HubbardU [9]. Nonethe-
less, problems exist. Inverse photoemission spectrosco
(IPES) [13] shows features that could perhaps be identifie
as the UHB but the LHB has not been seen in photoemi
sion spectroscopy (PES) [13].

In this Letter, we report on momentum-resolved PE
and IPES data of the KySis111d-s

p
3 3

p
3 dR30±-B

(henceforth KySi) interface. The interface consists of a
monatomic alkali layer on top of a Si(111) surface with a
boron underlayer (Fig. 1) [14]. At zero alkali coverage
the dangling bond surface states are completely emp
[14]. When the alkali coverage saturates at 1y3 mono-
layer [15–17], the surface consists of as

p
3 3

p
3 dR30±

arrangement of half-filled dangling bonds and, conse
quently, the interface should be metallic according to ban
theory [16]. Instead, thesingle-particleexcitation spectra
(PESyIPES) show two prominent features near the Ferm
energy,EF , which are identified as the Hubbard bands o
a 2D Hubbard system. We analyze the spectra followin
Harrison’s scheme of incorporating the HubbardU into
tight-binding theory [4] and discuss important implications
for the electrical transport and magnetic properties.

Experiments were carried out in two different ultrahigh
vacuum systems. Momentum-resolved PES data we
acquired at the beam line U12B of the National Syn
chrotron Light Source [16]. The overall resolution of
the PES spectra isø0.1 eV. Momentum-resolved IPES
© 1997 The American Physical Society 1331
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FIG. 1. Atomic geometry of KySis111d-s
p

3 3
p

3 dR30±-B
(a). Shaded circles represent Si adatoms, located directly ab
the fivefold coordinated B atoms as shown in (b). Si adato
sites are the most likely chemisorption sites for the alkali atom

data were acquired at constant incident electron energy
12.5 eV; the emitted photons were dispersed using a g
ing monochromator [18]. The overall energy resolutio
is ø0.3 eV. The alkaliySi interface was produced fol-
lowing the procedures in Ref. [16]. The alkali coverag
was monitored by measuring the work function chang
DF, using an electron gun. The relationship between t
work function decrease and the alkali coverage has be
documented in Ref. [17]. Low energy electron diffractio
(LEED) indicated that thes

p
3 3

p
3 dR30± symmetry re-

mains preserved up to saturation coverage.
Coverage-dependent IPES and PES data of the KySi

interface were recorded atkk  0 [Fig. 2(a)]. The IPES
data of the clean Sis111d-s

p
3 3

p
3 dR30±-B surface

sDF  0d show an empty stateS at ø1.1 eV above
EF . This state originates from the empty dangling bon
surface state and has mixed B2pz and Si3spz character
[14]. Its band dispersion is significant:ø0.6 eV [14].
With increasing K coverage, the empty state spectra fro
the K overlayer initially “smear out.” A K-induced
empty state,S1, develops and shifts towardEF near
saturationsDF  22.9 eVd. The PES data reveal two
filled states labeledB and S2. PeakB in Fig. 2(a) is a
bulk feature which shifts toward higher binding energ
upon K deposition, due to band bending [15,16].S2 is a
K-induced surface state, centered atø0.7 eV below EF .
Even though the tail ofS2 comes to withinø0.1 eV of
EF , the PES datanevershow any intensity atEF, even
at saturation coverage. This suggests thatS1 and S2 are
separated by a very small energy gap, probably on
order ofø0.1 eV.

The momentum dispersion ofS1 and S2 were probed
along both major symmetry directions of thes

p
3 3p

3 dR30± surface Brillouin zone (Fig. 3). Both surface
states lack significant momentum dispersionsø0.2 eVd,
which by definitionmeans that these states arestrongly
localized in real space. Near the zone boundary atK,
another surface state,S3, emerges. S3 is the backbond
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FIG. 2. (a) PESyIPES data of the KySi(111):B interface as
a function of coverage. Coverage intervals are nearly eq
Spectra were recorded atkk  0; (b) PESyIPES data from a
saturated Cs overlayer.

surface state of the Si adatom which is also pres
at the clean surface [16]. In contrast toS1 and S2, S3
does exhibitsignificant dispersion.Its persistence upon K
deposition indicates that the backbonds of the Si adat
remain intact up to saturation coverage [16] and that
saturated interface is well ordered.

The cleans
p

3 3
p

3 dR30±-B surface is composed of
s
p

3 3
p

3 dR30± arrangement of Si adatoms atop theT4
sites of the (111) substrate [14]. Boron atoms are loca
directly beneath the Si adatoms (Fig. 1). The dangl
bond orbitals of the Si adatoms are completely emptyS

in Fig. 2(a)]. Next, the alkali atoms bond to the surfa
atoms without disrupting the Si-Si backbonds. Th
assertion is based on the facts that the backbond staS3
and thes

p
3 3

p
3 dR30± symmetry remain intact during

alkali deposition. Then, according to the single-parti
picture, the addition of the alkali valence charge sho
shift the Fermi level well into the substrate danglin
bond surface stateband S, resulting in ahalf-filled band
at saturation coverage(1y3 ML) [15–17]. The gradual
filling of this S band upon K adsorption is clearly evide
from the boron K-edge photoabsorption spectra (XAS)
the KySi interface [15]. According to Maet al.,XAS and
Si 2p core level spectra indicate a large charge trans
from K to the Si-substrate dangling bond state wh
has become a hybrid of the Sisp3, B 2pz, and K 4s
wave functions [15]. Nonetheless, regardless of the al
coverage, experiment never reveals any state densi
EF which indicates that correlations play a crucial ro
To analyze the spectra, we use a tight-binding appro
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FIG. 3. (a) Momentum-resolved spectra of the KySi(111):B
interface along thef110g or GK direction of the Si substrate;
see also (b) PES data are taken from Ref. [16]. IPES d
were recorded with an incident electron energy of 12.5 e
Momentum intervals are nearly equal.

by Harrison [4] and model the saturated interface as
s
p

3 3
p

3 dR30± lattice of half-filled dangling bonds.
The effective Coulomb repulsion,Ueff, between

two electrons in a Si dangling bond can beestimated
from Ueff  sU 2 V dy´ ø 1 2 eV where U is the
intrasite Coulomb term (ø7.6 eV; Ref. [4]), V the
intersite or Madelung term (ø3 eV; Ref. [4]) and
´ , s1 1 ´sidy2 ø 6 the dielectric constant of the
semi-infinite Si substrate. The hopping integral betwe
neighboring dangling bonds on an ideally truncate
Si(111) surface, t, is ø0.07 eV [4]. Hence, on a
s
p

3 3
p

3 dR30± superlattice, we can safely assume th
t , 0.07 eV, consistent with the experimental dispersio
W ø 0.2 eV sW  8td. Hence, the Harrison criterion for
a Mott insulating ground state on Si(111),U2

eff . 16t2, is
strongly satisfied. Accordingly, the excitation spectrum
should reveal two narrow energy bands (i.e., the ioniz
tion and affinity states) which are separated by a Hubb
gap of orderUeff. Indeed, the PESyIPES data reveal
two narrow bands aroundEF which are now identified
as the LHB and UHB of a 2D Mott-Hubbard system
The separation between the centroids of the bands
ata
V.

a

en
d

at
n
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ard
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1.3 eV, fully consistent with the above estimate ofUeff.
However, theGaussianwidth [19] of the Hubbard bands
(2s ø 0.7 to 0.8 eV) is much larger than the actua
bandwidth or dispersionsW ø 0.2 eVd. To account for
the linewidths, we take advantage of the fact that the Mo
state is so well defined that we can treat the system as
two-level system (UHByLHB).

Consider the effect of charge fluctuationsdZ between
neighboring dangling bond orbitals in a simple force
constant model. Setting the ground state energy to ze
the total energy of a dangling bond orbital,ET , becomes
[4]

ET  Csuydd2 1 12suyddn1dZ 1 UeffdZ2, (1)

whereu is the vertical displacement (buckling) of the S
adatom due to electron-phonon coupling,C is the “force
constant” (53 eV; Ref. [20]),d is the in-plane lattice
constant, andn1  s´s 2 ´pdy4  21.1 eV [20] (́ s and
´p are thes andp levels of the Si atom).ET minimizes
with respect todZ at u  0 (unbuckled ground state). In
essence, Eq. (1) represents the effects of electron-elect
and electron-lattice interactions. In the electronically
excited state,dZ  21. Then Eq. (1) minimizes with
respect tou when uyd  6n1yC, which means buckled
surface. If the surface atoms remain stationary durin
the infinitesimal time scale of the excitation process
then the spectrum represents the Franck-Condon en
lope of theunbuckled initial stateand thebuckled final
state. For an instantaneous electron transfer or “vertica
ionization,” u  0 so thatET  Ueff  E0 1 sh̄v wheres
is the number of phonons involved in the vertical Franck
Condon transition and̄hv the phonon frequency [21]
(Fig. 4). Minimization of Eq. (1) withdZ  21 yields
ET  Ueff 2 36n

2
1yC ; E0 which equals Ueff 2 sh̄v

in the Franck-Condon picture (Fig. 4). The spectra
distribution near 300 K can now be calculated from [21]

IsEd ~ exps2E2y4kBTsh̄vd , (2)

which is a Gaussian centered atE0 1 sh̄v  Ueff. The
calculated linewidths2s ø 0.6 eVd is close to the observed
linewidths in PESyIPES (2s ø 0.7 to 0.8 eV). This close
agreement is perhaps a little fortuitous but demonstrat
that the line shapes and level splittings can be remar
ably well accounted for using a simple model with well-
documented parameters forn1 and C [20]. The surface
state peaks are thus believed to represent the “Franc
Condon envelopes” of the vibrational excitations in th
positive- or negative-ion final states of the PESyIPES
experiment.

The large lattice relaxation or buckling in the excited
state indicates that the conduction mechanism is of th
polaron type. The separation between the vibrational
broadened ionization and affinity states (LHByUHB) de-
fines the conductivity gapsø0.1 eVd and is much smaller
thanUeff. Evidently,Ueff is largely compensated by the
local lattice relaxation during a charge excitation. The im
portance of the polaron effect was previously emphasize
1333
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FIG. 4. Schematic Franck-Condon diagram.

in the theoretical works by Chenet al. [20] and by Teje-
dor et al. [22] for Si(111), and more recently by Pankra
tov and Scheffler for NayGaAs(110) [10]. In the case of
NayGaAs(110), the lattice relaxation energy even ove
compensates the on-site HubbardU, leading to the for-
mation of a bipolaron or negativeU-center [10]. In the
present situation, this should result in a doubling of th
unit cell, i.e.,s2

p
3 3

p
3 dR30±, which is not observed in

LEED.
EELS spectra of KySi [17] reveal a broads2s ø

0.6 eVd but prominent loss peaked atø0.1 eV, consistent
with a charge transfer excitation,D, on the order ofUeff.
The present data suggest an exciton shift ofUeff 2 D ø
0.3 eV. Interestingly, EELS data from acesiumoverlayer
[17] exhibit a similar loss peak, but a metallic Drud
tail gradually fills the gap as the coverage approach
saturation [17]. The PESyIPES spectra from the saturate
Cs layer are shown in Fig. 2(b). Here, the Hubba
bands clearly crossEF . Evidently the CsySi interface
“metallizes” before the monolayer is completed as t
vibrationally broadened Hubbard bands overlap and fo
a pseudogapnear EF. From PESyIPES [Fig. 2(b)] and
EELS [17], we find Ueff ø 1.1 eV and D ø 1.1 eV.
The nonmetal-metal transitionin the Cs layer is likely
triggered by an electronic effect as the band dispers
of the Cs-induced state (ø0.3 to 0.4 eV; Ref. [23]) is
slightly larger than for K. This slight increase in ban
dispersion may be sufficient to close the already sm
conductivity gap between the vibrationally broadene
Hubbard bands in Fig. 2(b).

The present study may have profound implications in t
world of semiconductors and magnetism. The Mott ins
lating ground state implies that the surface atoms carry
cal magnetic moments which couple antiferromagnetica
[1]. Because of the threefold lattice symmetry, howeve
the antiferromagnetic spin lattice is inherently “frustrated
The possibility of long-range magnetic ordering in the fru
trated 2D triangular lattice antiferromagnetic Heisenbe
(TLAH) system has been subject to theoretical scruti
[24–26]. There are no materials that conform to the TLA
model and, consequently, experimental verification of t
various theories has not been possible. Wespeculatethat
these alkaliySi interfaces present the first experimental r
1334
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alization of the TLAH model. Other candidates such
NaTiO2 are 3D crystals with weak interlayer coupling [27

In conclusion, we have presented experimental evide
for the correlated ground state of the KySi interface. The
polaron effect stronglyreducesthe actual conductivity gap
but does not fully compensateUeff. We find no evidence
for a negativeU-center. The present results call for th
exploration of the magnetic properties of these interface
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