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Scanning tunneling microscopy and spectroscopy of NaCl overlayers
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The physical properties of ultrathin NaCl overlayers on the steppé81@usurface have been characterized
using scanning tunneling microscop$TM) and spectroscopy, and density-functional calculations. Simula-
tions of STM images and differential conductance spectra were based on the Tersoff-Hamann approximation
for tunneling with corrections for the modified tunneling barrier at larger voltages and calculated Kohn-Sham
states. Characteristic features observed in the STM images can be directly related to calculated electronic and
geometric properties of the overlayers. The measured apparent barrier heights for the mono-, bi-, and trilayers
of NaCl and the corresponding adsorption-induced changes in the work function, as obtained from the distance
dependence of the tunneling current, are well reproduced and explained by the calculated results. The mea-
surements revealed a large reduction of the tunneling conductance in a large voltage range, resembling a band
gap. However, the simulated spectrum showed that only the onset at positive sample voltages may be viewed
as a valence-band edge, whereas the onset at negative voltages is caused by the drastic effect of the electric
field from the tip on the tunneling barrier.
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[. INTRODUCTION In addition, these calculations revealed large relaxations of
the monolayers, such as a buckling of the layer with a large
Thin films of insulating materials on metal surfaces are ofinfluence on the work function. These results call for a de-
direct technological interest in microelectronics, catalysistailed STM study of the topography of and the tunneling
and as a corrosive protection. They also attract increasingonductance through these overlayers. In particular, no insu-
interest in nanoscience and nanotechnology as potential sulating overlayers on metal surfaces for biases well below 1V
strates for atomic and molecular manipulation by the scanhave so far been imaged.
ning tunneling microscop€STM). In particular, this interest In this paper, we present atomically resolved topographi-
stems from the small electronic interaction of assembledal images of NaCl mono-, bi- and tri-layers on (Gi)
molecules and adatoms with the metal support. The nonvarebtained by STM and discuss them in relation to simulated
ishing electron density that extends through the ultrathirmages based on density-functional calculations and the
(thickness below 1 niminsulating films allows STM studies Tersoff-Hamann(TH) approximation. In this approxima-
of these surface’s3 A prerequisite for the realization of this tion, STM images and scanning tunneling spectra are ob-
is the ability to grow stable and atomically thin insulating tained from the local density of statd<DOS) at the position
films on metal surfaces with a well-characterized and orderedf the tip apex. The conductivity of the samples is further
geometric structure. So far the number of systems studiethvestigated using scanning tunneling spectroscopy. The
that fulfill these conditions has been very limittdn inter-  measuredll/dV spectra are compared with simulated spectra
esting model system is provided by NaCl overlayers on and discussed in relation to the energy dependence of the
stepped C(811) surface, which we have studied in detail calculated LDOS. This study also includes a calculation and
using STM® and also most recently by density-functional discussion of the apparent heights and work functions of
calculations these layers obtained from tunneling measurements. The ap-
These experimental and theoretical studies revealed separent height of an NaCl overlayer contains information
eral interesting aspects of the growth, structure, and bondingbout the “local” work function, that is, the tunneling barrier.
of these systems. The initial growth of NaCl on the(&1)  The tunneling barriers are obtained from the measured dis-
surface was found to be two dimensional and commensuratéance dependence of the tunneling conductance.
In the experimental study, the lattice match of the overlayer STM investigations of insulating overlayers provide im-
with the substrate was suggested to be stabilized by the irportant information about the growth mechanisms and the
complete screening of the step Cu atoms resulting in an eledecal electronic structure of the overlayer. In earlier STM
trostatic interaction between these atoms and thei@is. investigations of ultrathin insulating overlayers on metal sur-
Density-functional calculations corroborated this suggestioriaces, such as MgO on A§00),2 and NaCl on A{111) and
and also showed that the bonding of the overlayer on thél(100),! the experiments were carried out at relatively high
surface was further stabilized by the formation of a weakbiases of about 1 eV to provide atomic resolution of the
chemical bond between the step Cu atoms and theoBk.  overlayer. Atomically resolved STM images have also been
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FIG. 1. Experimental STM images and calculated LDOS images  F|G. 2. Experimental STM images and calculated LDOS images
of a NaCl monolayer in the(3x 2)-Il structure.(a) Calculated  of a NaCl monolayer in the(3x 2)-I structure.(a) Calculated
LDOS image at an average distance of 7.9 A from th€3C) | pOS image at an average distance from thé30) surface of 7.9
surface. The surface unit cell used in the calculation, see Fig. 4 The surface unit cell used in the calculation, see Figet), is
(right), is indicated.(b) Experimental STM image with tunneling jndicated.(b) Experimental STM image with tunneling parameters
parametAles 210 pA and24 meV. In(a) and(b) the area shown is 210 pA and 24 meV. Irta) and (b) the area shown is 1515 AZ.
15X 15 A-.
case of the bare and monolayer-covered surfaces. However,
we were able to record STM images of islands of mono-, bi-,
and trilayers simultaneously. Up to four layers of NaCl could
be imaged with atomic resolution.

obtained for NaCl layers on &k00),® in which only one
type of ions was found to be imaged as a protrusign.
combined STM and density-functional study of NaCl layers ' .
on an A(111) and Al(100 surface revealed that only the™ClI thel nN%uCrlerﬁp())ﬁrcl)rlw;sgtr,s ;/\;]%\Zt;sienrvlgé\év(ct)adg]edrezngft'&icguurs_s for
lons were imaged as protrusmns.' In this work, the atomi ested in our earlier studywe attribute these images to be
contrast as well as the apparent height of the NaCl layers wagssqciated with the structures presented in Fig. 4. Here we
discussed by comparing the experimental images with calcuyiow the notation of Ref. 6 and designate these structures
lations of LDOS within the TH approximation. MgO layers a5p(3x 2)-1l and p(3 x 2)-1, respectivelyi In the STM im-
on an Ad100 surface were studied using measutdddV — ages of these structures, we identify one characteristic fea-
spectroscopy, and the band gap of the bulk MgO electronigyre for each structure. In the STM image of i@ x 2)-1I
structure was found to be developed within the first threestructure every second protrusion appear slightly brighter.
monolayers. This finding was corroborated by density- For thep(3x 2)-I structure we note a slight tendency for the
functional calculations of the energy dependence of theyrotrusions to group into pairs, even though this effect is
LDOS within the MgO layers. “small and at the limit of the experimental resolution. In con-

The paper is organized as follows. In Sec. Il our experitrast to the monolayer, atomically resolved STM images of
mental STM andil/dV results for mono-, bi-, and trilayers the pj- and trilayer$Fig. 3(b)] did not show any differences
of NaCl Qn CL{Bll) are presented. In S_eC. 1 we present thebetween the domains Corresponding p:(‘_sx 2)_| and -l
geometric and electronic structure, simulated STM imagesstryctures, although it could be concluded that both domains
anddl/dV spectra for the same systems. The experimentakre present with the help of characteristic defects consisting
and theoretical results are compared and discussed in Se§. 3 missing Cu atoms in the topmost substrate I8yer.
IV. Finally, Sec. V concludes the paper. The apparent heightsz of the NaCl overlayergl =1, 2,

3 for the mono-, bi-, and trilayg¢rare presented in Table I.

b
IIl. EXPERIMENTAL METHODS AND RESULTS (@) azidy ® dporm

0.05

d[017] Az(A)

Our experiments were carried out with a low-temperature

STM,? operated at 13 K. We used a chemomechanically pol- 0.02
ished C311) single crystal, which was cleaned by Nsput- 0 0
tering and annealing at 750 K. NaCl was evaporated ther-

mally, and the deposition and annealing temperature was -0.05 -0.02

varied in the range of 400-570 K. In this temperature range 0.05

Cu surface atoms are mobile. We used an electrochemically

etched tungsten wire as STM tip. Bias voltages refer to the 0
sample voltage with respect to the tip. The STM images were —0.05
taken at 13 K. The STM images for mono- and bilayers that 6

are presented in Figs.(d), 2(b), and 3b) and for bare

Cu(31) were a_cquwed a_t _relatlvely low voltages ‘bﬂ FIG. 3. Experimental STM image and calculated LDOS images
=100 mV, that is, well within the band gap of bulk NaCl. ¢ nac) bilayer structures on @812). (a) and(c) Calculated LDOS
For the bare C(811) and the monolayer structures our eX- jmage for thep(3x 2)-1 and p(3x 2)-1l structures, respectively, at
perimental images were obtained under identical tunnelingn average distance of 9.0 A from the(@11) surface. The surface
conditions, that is, applied current and voltage, as well as th@nit cells used in the calculations, see Fig. 4, are indicated.

tip were identical. Because the growth of the first layer iSExperimental STM image of the(3x 2)-I bilayer structure with
always completed before the formation of the second layefunneling parameters 360 pA and 100 meV. The STM images of the
we could not be sure that the tip structure was identical in thg(3x 2)-1 and p(3x 2)-II structures could not be discriminated. In
imaging of the bare and the bilayer covered surfaces as in th@), (b), and(c) the area shown is 1615 A2,
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changes in®. The experimental uncertainty in determining
@ from « is set by the vertical length scale calibration, and is
a few percent. Using this procedure, we find that the mea-
sured work-function difference between a NaCl monolayer
and the clean surface agrees well with the work-function
difference measured by an atomic force microscopy“ip.
The apparent barrier heights for the bare surface and
NaCl overlayers deduced from the measuiredl are shown
in Table I. These results show that there is a substantial de-
FIG. 4. Ordered structures of a NaCl monolayer on(310):  cregse ind upon adsorption of the first layer and an even
(left) p(3x2)-1 and (right) p(3x2)-Il. The dark and light filled |3rqer decrease for the second layer. No further changés of
circles represent Cu atoms of the first and second layer, respegre gpserved for the thicker layers. This indicates that the
tively, and the large white and small black open circles represenf .1 re of the monolayer differs from that of the interface
CI™ and N4 ions, respectively. The unit cells used in the calcula- layer in the multilayers
tions are indicated. In thp(3X 2)-1 structure, all CI ions sites are The insulating propérties of the monolayer have been in-
equivalent, whereas there are two inequivalent Ma sites. In the . . A
p(3x 2)-1l structure, all N& ion sites are equivalent, whereas there vgstlgated usingl/dV spectr.o'scopy, as shown in Fig. 5. The
are two inequivalent Clions sites; see also Fig. 1 in Ref. 6. distances _used when acquiring spectra are abol larger )
than the distance for the imaging. The spectra are not sensi-

Az is defined as the vertical change in tip position when dive to the tip position relative to the surface. The poor con-

step edge is scanned. We find that decreases withand is ductivi_ty of the monolayer is manifested by a very small
positive for alll. As also shown in Table |, the geometric tunneling current betweer4 and+3V and exponential off

heightsAZ#®™ of the NaCl overlayers are aboll A larger and onsets ofll/dV at these voltages. The other characteris-

thanAz. This implies that the tip-surface distance decreased® feature in the spectra is the shoulder at abeGt2 V.
with |.

To quantify work-function changes upon adsorption of
NaCl layers, we carried out measurements of the distance
dependence of the tunneling currdrf The feedback loop The results obtained from the STM measurements for the
was switched off and a voltage ramp was applied to thebare surface and the NaCl overlayers, such as constant cur-
z-piezo drive while measuring the curreinés a function of  rent images, work functions, and apparent heights, have been
the tip-sample distance The sweep irz measured 2.7 Ain  analyzed by extending our recent density-functional calcula-
height and had a duration of about 1 sec. The resulting cutions of the electronic and geometric structures of these
rent curve closely followed an exponential dependencesystenf now including also the trilayer, to tunneling. These
|(2) = exp(—2«z), from which an apparent barrier heigt  calculations were based on a plane-wave basis set and the
was determined from the decay constart as ®  projector augmented wavéPAW) method®® as imple-
=#2k%/(2mg). The relationship betweed and the work mented in thevasp (Ref. 17 code. A generalized gradient
function® of the sample is not straightforward and has beerapproximatio#® was employed for the exchange-correlation
discussed at length in the literatufe'® The systematic de- potential. The system was represented by a slab in a super-
viation of ® from ® decreases with increasing tip-surface cell geometry with NaCl overlayer on one side of the &ab
distance, corresponding to a larger vacuum region betweesnd the equilibrium geometry was obtained by a structural
the tip and the sample. Therefore this deviation was mini-optimization?® The electric dipole field from the asymmetric
mized by recording spectra at a very low current, down to 1Gslab was compensated by an external electric dipole field in
pA, so as to maximize the tip-surface distance. Althodgh the vacuum regiod??> The work function was obtained
cannot be determined directly, the adsorption-induced relafrom the calculated electrostatic potential in the vacuum re-
tive changes inb are expected to correspond to the relativegion and the Fermi energye:). We considered the twp(3

p(3x2)-1 p(3x2)-11

Ill. THEORETICAL METHODS AND RESULTS

TABLE I. Calculated work function®y,eqr, and experimentally measured mean barrier he@@;&)t. of
NaCl layers on C(811). The values in parentheses indicate the relative changes with respect to the clean Cu
surface.Az is the apparent height obtained from LDOS calculati¢thsory and STM experimentgexpt
and Az*°Mis the calculated geometric height-1, 2, and 3 for mono-, bi-, and trilayers, respectively. The
result for the NaCl monolayer is for thg3 X 2)-1I structure.

Cu(31) mono bi tri
Dineory (€V) 4.31 3.53(—18%) 3.05(—30%) 3.24(—25%)
Dy (6V) 3.81 3.23(—15%) 2.82(—26%) 2.82(—26%)
Az (exph (A) 1.6 1.4 1.3
Az (theory (A) 1.8 1.1
AZOM(A) 25 2.8 2.8
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The STM images and the apparent heights of the overlay-

z ers were simulated using the TH approximafiéor the tun-
5 neling current in which the tunneling current for low bias is
o5 proportional to the LDOSp(rg, eg), of the surface at the
e position of the tip apex;,. The LDOS was calculated from
1>j°’ the Kohn-Sham wave functions; see Ref. 23 for details. The
3 topographical STM images were obtained from the topogra-

oz phy of the contours of constapfr, ez), which henceforth

- \702|tage 8/) 2 will be referred to as LDOS images.

We have also simulated differential conductartiédV
FIG. 5. Experimentatil/dV spectrum for a monolayer NaCl on spectra, using the LDOS outside the surface. For these simu-
Cu(311). The tip-sample distance corresponds to a current set poirtaitions it is necessary to consider the effects the applied elec-
of 1=0.3 nA atV=3.8 V. This distance is about 6 A larger than the tric field from the tip has on the tunneling. Following La%fg,
distance for the imaging parameter set used in Figs. 1 and 2. these effects are partly accounted for by calculatihédV

within the average tunneling barrier approximation as
X 2)-I and p(3% 2)-Il structures for the NaCl monolayer, g ¢ PP

shown in Fig. 4, and the structures for the bilayer were d d crev
formed by adding one NaCl layer on these monolayer struc- av = av f ps(e)T(e,V)de
tures. For the trilayer, we only considered the structure that F
was formed by adding two NaCl layers on tpé3 X 2)-I =epg(eg +eV)T(ex +eV,V)
monolayer structure. eV
In Table | and Fig. 6, we show the calculated work func- +J —(ps(6)T(€,V))de, (1)
tions and key bonding parameters of the NaCl layers, respec- - dv

g\t/eerl)s/- f';?rrﬁgﬁzlggrre;; ; ttp&zextg;)_lle Eiﬂigrlr}fgﬁeégf FE)Sar"jlr\r/]\/_hereT(45,V) is the transmission coefficient through the av-

The adsorption energy and the geometric structure of th&"a9¢€ barrier for an electron with energyand is given by
topmpst Igyer for thep(3x 2)-II pilayer structure are basi- T(e&,V) = ex- 23\/2m(‘pau Te—eteVih]. (2
cally identical to the corresponding results for fh@& x 2)-I

bilayer structure, and are not presented. The geometric strutiere ®,,=(Pr+dg)/2 where &1 and ®g is the tip and
tures of the interface layers for thpg3< 2)-1 and p(3 X 2)-II sample work function, respectivelgg(e) is the LDOS at a
structures resembles those of the monolayer, although thdistancez just outside the surface layer defining the bound-
NaCl buckling is decreased. The calculase@, andd partial ~ ary of the vacuum region, anslis the distance betweery
density of state6PDOS of the CI ions in the topmost layers and the tip apex. The first term in E@.) is the LDOS at the

of the mono-, bi-, and trilayers are shown in Fig. 7. As ex-tip apex taking into account electric field in the tunneling
pected, the width of the Clpeak is largest for the monolayer junction. In the limit of vanishing voltage only this term
[Fig. 7(c)] and smallest for the trilayeiFig. 7(a)], due to  survives and the TH approximation is recovered. Note that
larger overlap with the Cu states for the interface layer. Noteghis result fordl/dV is well defined for|V|<2®,, but the
that electric polarization of the Clions due to the presence average barrier approximation breaks down for voltages ap-
of the Cu substrate only involve minor filling ob4nd emp-  proaching the field-emission regime, that is, Yor ®g/e or
tying of 3p states and is difficult to identify in the PDOS. V<-®{/e.

Ez=0.41eV . Ea= 0.35(1,)0.26(2,) 0.320)ey '
a
2 2 L L L L

(a) p(3x2)-II ~ (d) trilayer

FIG. 6. (Colon Calculated interface energies and geometrical parameters of a (8a@(3x 2)-1l mono-, (b) p(3 X 2)-I mono-, (c)
p(3% 2)-1 bi-, and (d) p(3x 2)-I trilayer on the(311) surface of C(B11). The small, medium, and large spheres represent Na, Cu, and Cl,
respectively. The interface layer for the bi- and trilayer correspond tp(@i& 2)-I structure. The geometrical parameters are given in A. The
adsorption energieg, are given in eV per NaCl pair and is defined Bs= (Enaci* E(-nnaciicu= Einaciicd /M, wherel is the number of
NaCl layersm s the number of NaCl in the interface, and 1,n=1, 2, andh=1, 2, 3, for mono-, bi-, and trilayers, respectivalys shown
as superscipts dt, for the bi- and trilayers.
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FIG. 7. Partials, p, andd density of state$PDOS around the
topmost CT ions in a NaCl(a) tri-, (b) bi-, and (c) monoayer on -4
Cu(311). Note that the scales of the partial density of states for the ORE R EF L% -6
different layers differ by several orders of magnitude.

In Fig. 8, we show the simulatedl/dV spectra for a 0 2 f °6
monolayer of NaCl in thg(3 X 2)-11 structure. The behavior d[011] (A)
of dl/dV in the voltage region from-3 to 3 V is well un-
derstood from the behavior of the LDOS. In particular, the
rapid increase ofll/dV aroundV=2 V is an LDOS effect
?;di dmggc?sa\ggvgﬂg\sl ;?23:1‘530_”_'2""5” ij/?ggnedtlgr??_négg, t , are indicated. The solid and dashed lines indicate the positions of
effpect associated with any valen_ce Band edge. Note that ththe Cr ions and the Cu surface reference plane, respectively. Both

e ) : | h .
large contribution of electron states @f or s character p and Ir(p(er)) have been truncated
around the Clions to the PDOS in Fig. 7 in the correspond- . .
ing energy region does not show upgin the LDOS Agillus- (3 2)-1 monolayer, the bilayer, and the trilayer. As shown
trated by the result fodl/dV in Fig. 8, using an énergy- in Table I, the calculated decrease in work functions with

[ = i [ ing layer thickness nicely reproduce the measured de-
independenps(e) =ps(er), the rapid decrease stems from the N¢"€asIN9 _ :
seco%d terrr?si{n qu(_)i() T/vhich depscribes the drastic effect of C'€@Se- Note that the measured apparent barrier height and

. . the calculated work function cannot be compared directly.
the voltage dependent barrier on the tunneling and the Iarg?‘l—’rom the calculations we are able to understand the reduc-

probability for tunneling of electrons with energies closer totion of & upon adsorption and its layer dependence in terms

the vacuum level at larger negative voltages. In the calculac—)f bonding and buckling of the monolaver. This explanation
tion we have used the same work function for the tip and the 9 9 yer. P

. was discussed in detail in our previous sttidyd will onl
sample, so we expect an even more dramatic onset/aV . P v y
be summarized here.

for V<-3.5V, corresponding to the field-emission regime. In general, the surface contributiondvis determined by
IV. DISCUSSION the surface dipole layer, to which both electronic and ion-
. . . . core rearrangements upon adsorption contribute. The reduc-
We beg|r_1 by comparing and discussing the m_easured afion of ® upon adsorption was argued to be due to the for-
parent barrier heights and calculated work functions for th‘?nation of a weak chemical bond between the ©hs and
the metal substrate, as revealed by the density differences

FIG. 9. (a) Electron-density differencelp (electrons/&) and
(b) In(p(ep)) (arbitrary unitg along[011] for the p(3x 2)-I mono-
er structure. The position of the Chatd[011]=0, 3.94 and 7.71

1 E
z | upon adsorption in Fig. $see also Fig. 3 in Ref.)@and the
c . .
3 screening of the Naion by the metal electrons.
g The substantially smaller reduction df for the mono-
25 layer than for the bilayer and the trilayer is explained by the
>§ large buckling of the monolayer with a large inward relax-
ke, ation of the N4 ions relative to the Clions, resulting in a
© | dipole layer that increases the work function. This buckling

% is reduced substantially for the bilayer and the trilayer, and
the work-function reductions for these layers are governed
FIG. 8. Calculatedil/dV spectra for a monolayer NaCl in the MOstly by the electronic rearrangements, which are limited to
p(3% 2)-1 structure on C(B11). The solid and dotted lines are cal- the interface region. The measuréds thus consistent with
culated from Eq(1) using the full energy dependencemfe) and @ buckling of the monolayer and an interface bonding that
a constanpg(e), ps(€) =ps(er), respectively. The dashed-dotted line involves electron rearrangements between the overlayer and
is the result obtained using only the LDOS contributiondiédV the substrate.
[first term in Eq.(1)]. In the calculations we used=2 A, s Next we turn to a comparison and a discussion of ob-
=10 A, and®,,=3.5 eV. served and simulated STM images for the bare surface and

-2 0
Voltage(V)
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the overlayers. These images contain information about theffect is exaggerated by electronic effects, which are domi-
surface electronic and geometric structure through the tails afated by a better overlap o64tates of two paired Clions.
the wave functions in the vacuum region. Because the THhe pairing shows up in the contour plot of the LDOSeat
approximation for the tunneling is not based on any detaileciormal to the surface, Fig.(§). Note that, the increase in
model of the tips density of states, we are not able to deter-LDOS ater between the Clions that are closer to each other
mine the distance, between the tip apex and the surface Cuis not reflected in the electron density difference, Fi@),9
layer from the tunneling conductance. However, the bare sumwhere the tilting of the Cl B states due to mixing with Cu
face and the two monolayers were imaged under identicadtates results in a decrease of electron density. This mixing
tunneling conditions so that we can use the image for themplies an effective increase in Cp3tates ate, which is
bare surface to calibrate the valuegpdf o, €¢) in the calcula-  not resolved in the total LDOS at.
tion of the LDOS images and to make a prediction for the |n comparing STM and LDOS images of the bilayer, we
images for the monolayers. _ ~ cannot adopt the same unambiguous procedure for the choice
For the bare Cu surface, the calculated LDOS image givegt averagez, as we used for the monolayers. The bare sur-

the same tip-surface corrugation across the Cu rows as thgce and the bilayer are never imaged under the same tun-
STM image at an averagg of about 6.1 A. No corrugation nejing conditions because the monolayer is fully developed

. in the STM i | trast to the flat sinal Spefore the formation of the bilayer. However, in our compari-
Image or In the image. n contrast to the Tat Single-g,, \yith the STM image we use the same valuepfog, er)
crystal metal surfaces for which the TH approximation fails .

as above, which corresponds to an averagef 9.0 A. As

to reproduce atomically resolved STM imagéshe mea- ! - ;
sured tip-surface corrugation can be reproduced by a realistf(‘?r the monolayers we find that the protrusions in the LDOS

value forz, for which the TH approximation should be ap- 'Mmage for both the(3x 2)-1 andp(3x 2)-II structures of the
plicable. For flat metal surfaces, the mechanism behindilayer shown in Figs. @ and 3c), respectively, correspond
atomic resolution in imaging has been argued to involve 40 CI" ions. As shown in Fig. 7, also the bilayer has a con-
direct tip-surface interactio??. tribution from Cl states to the partial density of states around

In Figs. 1 and 2, we show the calculated LDOS imagedhe Fermi level. This contribution is much smaller than for
for the monolayers investigated, using the same value dih€ CI ion in the monolayer but is compensated by the av-
p(ro, ) as for the bare surface that reproduced the observegfage distance of the tip from the outermost NaCl layer of
surface corrugation. The corresponding average valagief ~ ONly about 3.5 A for the bilayer and thus atcuA shorter
7.9 A. The resulting LDOS images overall are in good agreelha” the corresponding dlstance_: for_ the monolayer with the
ment with the observed STM images although the corruga$@me value ofp(ro, €¢). The main difference between the
tion is somewhat larger in the LDOS images than in the STMP(3% 2)-I and p(3X2)-II bilayer LDOS images is the pair-
images. The LDOS images support our original interpretaing of the protrusions in the former image. Since the dis-
tion of the observed STM images, namely, that the protrutances between Clions are the same for the two bilayer
sions correspond to Clions® From the dependence of the structures, this pairing is purely an electronic structure effect.
LDOS ate perpendicular to the surface, Fig. 9, we note thatWe attribute the pairing tendency of the protrusions to dif-
the states that extend furthest into the vacuum region antgrences in the electronic polarization of the outermost Cl
contribute mosﬂy to the tunne”ng h&character, name|y, ions deriVing from differences in the CI-Cl bond |ength in the
the Cl 4 states. As indicated in the PDOS in Fig. 7, there ardnterface layers. In th@(3x2)-1l bilayer structure, there is
contributions froms, p, andd states at the Fermi energy, N0 such bond length differences in the interface layer,
where thes states derive from the filling of Clsistate. whereby there is no pairing in the LDOS image.

As shown in Fig. 1, the LDOS image for thE3x 2)-I| The LDOS images for th@(3x 2)-I and p(3x2)-II bi-
monolayer nicely reproduces the experimental observatiofyer structures, Figs.(8 and 3c), respectively, can be
that every second Cl appears slightly brighter. In our calcuclearly discriminated from the pairing and nonpairing of the
lations we attribute the brighter protrusions to-@ns at  protrusions, respectively. This is in contrast to the STM im-
bridge sites. This difference in brightness corresponds to ages for the bilayer stuctures, where there are experimental
difference inz, of about 0.05 A and is consistent with a indications that both bilayer structures exist, although their
larger adsorption height, of 0.07 A (see Fig. 6for the Cr  STM images could not be discriminated, as discussed in Sec.
ions at the bridge sites than at the top sites. However, th. A direct comparison of the STM and LDOS images for
mixing of the P Cl states with the metal states at the Fermithe bilayer yields a near quantitative agreement for gt
level is found to be stronger for the top site than for theX 2)-Il bilayer structure, whereas the agreement is qualita-
bridge site. This electronic effect counteracts in part the geotive for the p(3X 2)-I structure. The origin for the discrep-
metric effect on the corrugation of the LDOS image. ancy between the LDOS and STM images for (8 X 2)-I

As shown in Fig. 2, the pairing of the protrusions in the bilayer structure may be due to limitations in the employed
STM image for thep(3 X 2)-1 monolayer is well reproduced tip model (e.g., thes-wave tip model or due to strong tip-
by the LDOS image. This pair formation reflects the geometsurface interactions. Note that the bias voltage of 0.1 V is
ric relaxations of the Clions along the Cu rows, resulting in low and is not expected to influence the contrast and
two different CI-CI distances, which differ by 0.16 ffee  STM-LDOS comparison. In fact, in our experiments the
Fig. 6. However, the apparent difference in distance as exeontrast does not depend on polarity of the applied bias
tracted from the images is significantly larger than the geovoltage, within the voltage range of atomic resolution
metric relaxations, about 0.9 A. In fact, the geometric pairing(—1.5—+0.2 V).
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For the tri- and quadrolayers, our recorded atomically represence of a band gap in bulk NaCl. The characteristic fea-
solved STM images exhibit similar features as those of theures of this spectrum such as the strong reductiodl 6V
bilayer, whereas thicker layers render a tip crash and cannétr voltages in the range from-4.5 to 2 V is reproduced
be imaged. From the calculated LDOS for the trilayeot  rather well by the simulatedl/dV spectrum. This drastic
showrn), we also observe similar features as for the bilayerreduction suggests a depletion of the LDOS in the corre-
but without the pairing of the protrusions. The interpretationsponding energy region, which can be attributed to the ab-
for the tri- and quadrolayer STM images is thus similar as forsence of propagating states in the overlayer in this energy
the mono- and bilayers, that is, only™Gbns are imaged as region and the formation of a band gap. However, our dis-
protrusions. Note that the small apparent heights of the trieussion in Sec. Ill of the simulatedi/dV spectrum in Fig. 8
and quadrolayers result in a short tip-surface distance, whickhowed that this suggestion is an oversimplification. The on-
may affect the imaging® In order to realistically model set at around/=2 V is an LDOS effect whereas the onset at
STM images of layers thicker than a bilayer it might be VV=-4.5V is caused by the voltage-dependent barrier and
necessary to include a realistic tip model and a proper treafield emissior?®
ment of tip-surface interactions.

The apparent heightsz of the single steps on the NaCl V. CONCLUSIONS
multilayer | provide indirect information about the conduc-

tance through the layers. For examplg is equal to zero density-functional study of the surface topography, the ap-

\a/lgguS?nuglnéoctl?eregs%c:a?t?\t/relf;l Bliggégoguﬁ( m;lélll?g?t/vi deparent height, work function, and differential conductance of

. ! mono-, bi-, and trilayers of NaCl on a stepped(&ll) sur-
gap insulator with a band gap of 8.5 &Vthe electrons .
around the Fermi level have to tunnel through the film; there-face' The experimental results are well reproduced by the

fore the insulating properties of the overlayer is manifeste alculations, which also provide physical insights and an in-
. g propert 4 . terpretation of the results. The adsorption-induced changes of
in a smaller apparent height than that of the geometrica

height lectronic and geometric structure of the NaCl overlayer are

As shown in Table I, the calculateXt, are in good agree- found to be significant. The observed large adsorption-
. - 9 9 induced changes in the work function are found to be asso-
ment with the experimentally measuréd, for the mono-

and bilayers and are indeed appreciably smaller than the g?@:l-ated with substantial charge rearrangements upon adsorp-

In conclusion, we have carried out a combined STM and

metrical heights. In particular, we find that an adsorbe fon. The CTions were shown to be imaged as protrusions.

multilayer corresponds to a vacuum layer with a height of" the STM images, also the different positions of the Cl

about half the geometrical height of the multilayer. The in-'og‘;’_lrzfgv?s Szt)r_]ﬁ sltjrrl]:i?lzlr{alggofcfﬁéll)\lzlglt%eo:c]ﬂ;hif\(/\?ere
creasing difference in geometrical height and apparen P Y

heights with the number of layers makes it increasingly Olif_resolved. The poor conductivity .of the layers were revealed
ficult to image the layer. The largérz, thanAz for | >1 is by the fact that the apparent heights of steps were only half

consistent with the behavior of the calculated pasja, and of the geometrical he}ghts. Furthermo;ﬂ/dv spectra re-
d DOS around the Clions, as shown in Fig. 7. The interface vealed a large reduction of the tunneling conductance in a

layer has the largest conductivity because of the formation Ollz;_\rge voltage range, resembling a band gap. However,_ f[he
a weak covalent bond between & @in in the interface layer simulated spectrum showed that only the onset at positive

and the Cu substrate results in a nonvanishing density O§ample voltages may be viewed as a conduction-band edge,

states in the gap region in the interface layer, whereas for th\é{hereas the onset at negative voltages is due to the drastic

other layers, this contribution to the density of states ar ffe(;t the electric field from the tip has on the tunneling

vanishingly small, resulting in a smaller conductance an arrer.

smaller apparent heights than for the interface layer. Note ACKNOWLEDGMENTS
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