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Scanning Tunneling Microscopy Observation of an Electronic Superlattice
at the Surface of Clean Gold
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We have used scanning tunneling spectroscopy to spatially resolve the electronic structure of clean
Au(111) at low temperature. We find that the long-range herringbone reconstruction on Au(111) acts
as a superlattice for surface-state electrons, creating a new band structure and modulated electronic
density. Low energy electrons respond to the superlattice by localizing in the hexagonal-close-packed
(hcp) region of the reconstruction, while higher energy electrons reverse this trend, shifting density back
to the adjacent face-centered-cubic (fcc) region. These observations are quantitatively explained by an
extended Kronig-Penney model, from which we estimate the well-depth of the reconstruction-induced
surface superlattice. [S0031-9007(97)05182-X]

PACS numbers: 68.35.Bs, 61.16.Ch, 73.20.At

When a superlattice is imposed on a periodic electronibetween the fcc and hcp regions of the reconstruction
potential, the resultant energy bands are folded back intoia 25 = 5 meV. We suggest that the physical origin of
reduced Brillouin zone [1]. Local changes in electronicthis potential offset arises from variations in local atomic
state density, however, must also accompany superlatoncentration in the reconstruction unit cell.
tice formation. A class of systems in which superlattice- The experiments were performed using a home-built
induced charge rearrangement should play a role are tH&TM contained in ultrahigh vacuum and cooled to 4 K.
reconstructions that often decorate clean metal surfacékhe single-crystal Au sample was prepared by repeated
[2]. Au(111) has one of the most elaborate of these reeycles of Ar ion sputtering and annealing before being
constructions, displaying a surface superstructure with placed into the STM and cooled to 4 K. The convention
repeat distance of 23 surface lattice constants (the “hertsed here is that the bias across the tunnel junction (
ringbone” reconstruction) [3]. The existence of a two-is the voltage of the sample measured with respect to the
dimensional surface-state band at the Au(111) surface [4]p. The dI/dV spectra were measured through lock-in
suggests that the reconstruction there should act as a stetection of the ac tunnel current driven by a 450 Hz, 7 mV
perlattice on surface band structure. Despite humerougms) signal added to the junction bias.
photoemission [5,6] and scanning tunneling microscopy Figure 1 shows a constant-current image of a typical
(STM) studies [7—10], however, there has so far been n800 A X 800 A patch of the Au(111) surface at 4 K. In
guantitative agreement between clean Au(111) data anaddition to monatomic steps, a prominent feature of the
superlattice models. Other superlattice systems, such asirface is a series of parallel zigzag ridges, the well-known
periodic adsorbate [11] and step arrays [12], have showd3 X /3 herringbone reconstruction [3]. This pattern is
signs of band folding in photoemission, but little has beerformed by a stress-induced surface contraction along
done tolocally investigate the electronic structure of sur-the [110] direction (the line perpendicular to the ridges)
face superlattices on metals. [14,15]. In one-half of the reconstruction unit cell, the

Here, we report the direct observation of electronicsurface atoms occupy hcp sites, while in the adjacent half,
superlattice behavior on the reconstructed surface of cleahey occupy fcc sites (the hcp region has a width of 25 A
Au(111). Using scanning tunneling spectroscopy, we havand is noticeably narrower than the 38 A wide fcc region).
observed the spatial and energetic rearrangement of twd-he ridges are formed by surface atoms occupying bridge
dimensional surface-state electrons in response to the longites between the fcc and hcp regions. A longer range
period superstructure of the herringbone reconstructiorstructure, consisting of rotated uniaxial domains, arises to
We find that the observed behavior is inconsistent with durther release surface stress [16,17].
localized surface-state picture, but is well explained by the Coexisting with the reconstruction is a series of wave
existence of an extended, weakly attractive potential felfronts running parallel to step edges on the surface. These
by electrons in one-half of the reconstruction unit cell [thestanding waves are due to the quantum interference of
hexagonal-close-packed (hcp) region] relative to the othe2D surface-state electrons scattering off step edges [9,18].
half [the face-centered-cubic (fcc) region]. The resultanMeasurement of the energy dependence of the wave-
two-dimensional band structure of this surface superlatticeength of this interference pattern allows one to extract
leads to the opening of energy gaps and a modulatethe surface-state dispersion relation [9,18]. We have per-
electronic density. By quantitatively comparing our STM formed this procedure at 4 K and find that the Au(111)
data to an extended (2D) Kronig-Penney [1,13] modelsurface-state dispersion is parabolic, with an effective mass
we estimate that the electronic potential energy differenceatio of 0.26 and a band edge 0.52 eV below the Fermi
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FIG. 2. (a) AveragedI/dV spectra taken with the STM tip
held over the hcp region and the fcc region of the Au(111)
geonstruction.  (b) Difference of hcp and fcc spectra shown
(a). Dashed line shows fit to data using extended Kronig-
nney model.

FIG. 1. Constant current800 A x 800 A image of the
Au(111) surface at 4 K I(=0.5nA, V =0.01 V). The
herringbone reconstruction and surface-state standing wavé
are clearly visible. Monatomic steps separating terraces arg
2.4 A high. €

. . though they have roughly equivalent height in the topo-
energy (E). These results differ from previous room raphic map. Similar contrast between the fcc and hcp re-

tehngfoeerri[;rseioﬁtyséﬁzugs [9], but are in agreement wit ions of the Au(111) reconstruction was seen in the room
P [6]. . . _temperature images of Eversenal. [8].

In order to study how the herringbone reconstruction The dl/dV spectroscopy of Figs. 2 and 3 can be inter-
influences the electronic pr_operties of Au(111), we per'Preted by noting that STM spectro'scopy corresponds to a
formed STM spectroscopy I the hcp and fcc regions O%onvolution of the tip and surface local density of states
the reconstruction unit cell. Th# /dV spectra were mea- (LDOS) [19]. If the same STM tip is used to measure
sured by first fixing the tip height with tunne]mg parame- dl/dv at différent points on a surface, then differences in
;foriql 1:0 (t)bs—nlAé i// v:vhillé) k\; ,eair:]d ttuzns?l\szgtgt]g nb;?S dl/dV must arise from differences in the surface LDOS.
ie With the feedback loo % tgened) Fi u?e 2(a) shnghiS allows one to interpret the difference spectrum in

o . P op - o ?—'ig. 2(b) as representative of the difference in electronic
the results of measuringf /dV spectra at 17 different spots LDOS between the hcp and fcc regions of the reconstruc-

on the gold surface. Ateach spot, a spectrum was record(?I n. The peak inil/dV near the band edge thus reveals

over the middle of both an fcc region of the reconstructlona tendency for low energy surface-state electrons to local-

Svré?easge:rrgélhcg\/:g'Oend b;% e;gtr?of[:%m the two €90NE 6 in the hcp region of the Au(111) reconstruction. This
parately 9 €p 9- . is best seen in Fig. 3(b), where the electronic state density
As seen In F'.g‘ 2(‘."‘)’ both regions of the recongtrugtlorb 48 eV belowEr is clearly enhanced in the hcp region
show a nearly identical dropoff idl/dV as the bias is (s:ee Fig. 3 insets). The crossover-ah43 V in Fig. 2

lowered through the surface-state band edge(_aﬁz V. however, marks a reversal of this trend, as higher energy
Just above the band edge, however, there is a Smkmglectrons tend to favor the fcc region

?rﬁfrirzugsvgi\g?:; tgﬁr};vr?c;?éorzs;/vhqir?ﬁér}ichgpeirt)ric- These experimental results can be quantitatively ex-
is deor d Thipb havior is b ’t nin th thf ren ained by the simple ansatz that delocalized surface-state
ssegtr;uerﬁ?r?c. _ fcsc) eloatlte?j ir? F?S ;eg Thee diffgr? Slectrons experience a weakly attractive potential in the
eﬁce shows% as a peak centergé— a(t 4%'\] having a hcp regions of the reconstruction compared to the fcc re-
: p P R o 9 gions. We model the potential seen by a 2D surface-state
width of 0.07 V (FWHM). A distinct “crossover” occurs :
at —0.43 V as the fcc s 'ectrum rises over the hco s ec_electron on Au(111) as an extended square-well Kronig-
: T pectr ; PSP Penney (KP) potential [1,13] having the same periodicity
trum above this energy, causing the difference to dlp_belo. s the reconstruction. As shown in the inset of Fig. 4(a),
EZ;WQeeT\hfhgpf?(f 'alaizptehr;dﬁ:récreeorotgse c?ain?)_ee?r?oerglslgzrrl is potential is periodic in thgl 10] surface direction (the
; P . gic : Yy direction,” perpendicular to the ridges) but constant
Seen w;\the spe(;(\roscopm map of Fig. 3. Figure 3(.6‘) ShOWI the [112] direction (the % direction,” parallel to the
a 400 A x400 A constant current topograph W.h'Ch n- idges). Domain rotation is ignored in this simple model.
cludes several regular hcp and fcc regions. Figure 3(b§n order to compare the model to our STM data, we cal-

shows adI/dV_ map _tak_en a'F con;tan_t dc current over theculate the electronic LDOS of the extended KP potential.
very same region, with junction bias fixed-a0.48 V (the The eigenstates can be written as

center of the difference peak). The hcp regions show up o
much brighter than the fcc regions in thHg/dV map, even Wik (x,y) = e’k"ye’k"xukx (x),

1470



VOLUME 80, NUMBER 7 PHYSICAL REVIEW LETTERS 16 EBRUARY 1998

12k ; Extended K.P. Model - hep LDOS
H fcc LDOS

————————————————

\;é\ Extended K. P. Potential

<
< (a) / 25niv 1
*i fcc
g ——[1l01  hcp —
< 0L+ + } + } + 4 ©
(2] T T
o} (b) 4
g 173
-

’ 04+ /| Difference (hcp - fcc) {038
3 : =
; o)

§ o] 008
0-1 1] 1 L 1 9
-04 0 0.4 0.8
Energy (eV)

Z(A)

FIG. 4. (a) Theoretical LDOS calculated at the centers of the
hcp and fcc regions of the extended Kronig-Penney potential.
The inset shows a sketch of the potential. (b) Difference of
theoretical LDOS curves shown in (a).

Here, £(k,) is the 1D KP dispersion alonpl10], &’ =

2”,’1—2E and m* = 0.26m, is the effective mass of a
surface-state electrom:( is the bare electron mass). To
compare with experimental data, the energy zero of the
calculation (i.e., the lowest eigenstate energy) is taken
to coincide with the experimental band edge 0.52 eV
below Ef.

Figure 4(a) shows the theoretical LDOS calculated at
the centers of both the hcp and fcc regions of the extended
KP potential. The only free parameter in the model is the
depth of the square-well potential, here taken as 25 meV.
As with any periodic potential, the extended KP potential
leads to a band structure that includes energy gaps. These
50 150 can be seen as sharp kinks in both curves, and occur at

X(A) energies corresponding to the Brillouin zone boundaries of
FIG.3. (a) Constant current00 A x 400 A image of the KP superlattice. The LDOS does notgo to zero atthese
Au(111) surface {=1nA, V = —048 V). Inset shows energies because of the free-particle motion in[thie]
height line scan across three unit cells of reconstructiondirection [i.e., new gaps open up along fh& line, but not
Arrows point to hep regions. (b) Constant dc currdfdV  giong thel'M line in the Au(111) surface Brillouin zone].

map atV = —048 V for the same region shown in (a) The most striking feature of the theoretical curves occurs at

(Isc = 1.2 nA). Inset showsi//dV intensity line scan across ; ’
the same three unit cells as in (a). Arrows point to hcplOw energy, where alarge peakin the hcp LDOS dominates

regions. over a much reduced fcc peak. This is the same behavior
seen in the experimental curves of Fig. 2(a), and is due to

; o the “bound state” nature of eigenstates whose energy lies
where is periodic, as ensured by the Bloch theorem .
uy, (x) IS p y below the top of the square-well potential. These states

1]: ur (x + a + b) = u (x) (herea = 25 Arepresents : : . L
'Eh]e wli(dth of the hcp regkion,(or “trough” of thg periodic are_exponentlally dampe(_j in the ba_rrler region (e the_ fce
square well, and = 38 A represents the width of the fcc reglqn), and_, thus, are highly localized in the hcp region.
region, or “crest” of the periodic well). The eigenstates are‘A.‘t slightly higher energy, however, th? elgen:‘::tate _energ}{
obtained by matching’;  (x, y) at the boundaries = a rises above thgtop o_f the square wells into the contln“uum
andx = a + b [1] after which the LDOS can be found geglme. In thr:s rt()aglme, the propﬁgatmg ilec;cron(sb slow

; 4 ; ; . own” over the barrier regions; hence, the fcc (barrier
by evaluating the following expression [13]: region) state density rises above the hcp curve at higher
energy. This explains the crossover seen in the data at
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LDOS(E, x,y) = a 5 ”; V = —0.43 V (Fig. 2). At extremely high energies, the
. influence of the potential becomes less important and the
1 LDOS approaches the 2D free electron limit/ef /7 i>

k,
2
% j; dlex Wk, (e )1 7= (k)  for both regions.
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The calculated LDOS for the hcp and fcc regions waggaps (less than 20 meV) and low mixing of higher order
quantitatively compared to experimental results by takingeciprocal lattice vector terms in the electronic eigenstates.
the difference between the theoretical curves of Fig. 4(aJhis greatly reduces the probability of observing band-
and fitting it to our spectroscopic data. To remove un-olding effects with photoemission. In conclusion, we
known scale factors, both the theoretical and experimentaluggest that similar superlattice effects might play a role in
curves were normalized by the relative height of their rethe electronic properties of other clean, reconstructed metal
spective peaks at0.48 V in the hcp region. Figure 2(b) surfaces [2], as well as thin metal overlayers where lattice
shows a direct comparison of theory to experiment for amismatch leads to long-period superlattice structures [22].
well depth of 25 meV (the well depth is the only fitting We gratefully acknowledge E. Jensen and M. El-
parameter). The fit is compelling, as the extended KMBatanouny for useful discussions, and J. Cumings for
model faithfully reproduces both the experimental low en-technical support. This work was supported by NSF
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