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Scanning tunneling spectroscopy of Na on Cu„111…

Jörg Kliewer* and Richard Berndt†

Institut für Experimentelle und Angewandte Physik, Christian-Albrechts-Universita¨t zu Kiel, D-24098 Kiel, Germany
~Received 22 May 2001; published 26 December 2001!

Monolayer films of Na evaporated onto Cu~111! under UHV conditions are investigated with scanning
tunneling microscopy and spectroscopy~STS! at low temperature. The STS data clearly reveal a two-
dimensional overlayer state of Na on Cu~111!. From STS and spectroscopic imaging, the binding energies and
effective masses of this state are determined for various coverages. The state is demonstrated to be affected by
spatial inhomogeneities such as Cu steps or local coverage variations. Drastic bias-dependent variations of
apparent step heights and tunneling barrier heights are reported and interpreted in terms of the large contribu-
tions of the overlayer state to the tunneling current.
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I. INTRODUCTION

Alkali metal adsorption and co-adsorption on metal s
faces has attracted substantial interest in surface scie
partly due to the technological relevance of these system1,2

Various aspects of alkali metals adsorbed on metal surfa
have been reviewed in Refs. 3, 4, and 5. Some combinat
of alkali adsorbate and metal substrate support quantum
states which represent a quasi two-dimensional electron
~2DEG! which is confined between the vacuum barrier a
the metal substrate.6,7 In particular, data are available for th
model system Na on Cu~111!. Moreover, the electronic struc
ture and dynamics of this system have recently been in
tigated byab initio theoretical methods.8,9

Here we report on low-temperature (T55 K) scanning
tunneling microscopy~STM! and spectroscopy~STS! of
room temperature grown Na layers on Cu~111!. These mea-
surements provide some information on the atomic-sc
structure along with spectroscopic data. Overall, the pre
STM results are in agreement with electron spectrosc
data.7,10–13 In addition, we find characteristic modification
of the electronic structure at nanoscale structures. STM tu
out to be particularly useful in investigating the second
monolayer since preparation of a perfect layer is not
quired. Rather, measurements may be performed on s
ciently large second layer islands.

The geometric structure of the first ML Na on Cu~111! has
been investigated with low-energy electron diffracti
~LEED! and STM. There is agreement that the first mon
layer saturates at a coverage of 4 Na atoms per 9 Cu atom12

The unit mesh is (3/233/2). In this structure, the Na atom
spacing is comparable to the atomic distance in bulk
Following Ref. 12, we define this structure as 1 monola
~ML !. As to the second Na layer, STM14 indicates that Na
grows in compact islands with a hexagonal atomic arran
ment.

In discussing the electronic structure of Na on Cu~111!,
both the pristine Cu~111! substrate and a free Na ML i
vacuum may be used as a reference. Sodium is know
significantly affect the work functionF54.85 eV of
Cu~111!.15 F decreases with increasing coverage down t
minimum of 2.2–2.6 eV at coveragesQ50.12–0.22.10–13F
increasing again at higherQ, a work function of 2.77–2.8
0163-1829/2001/65~3!/035412~6!/$20.00 65 0354
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eV10,13is reported for the full monolayer. Similarly, the bind
ing energy of the occupied Cu surface state shifts fr
'20.4 eV to lower energies and reaches the edge of
bulk states atQ'0.11 where it is no longer discernible i
photoelectron spectroscopy.17,16

Sodium also induces new unoccupied states which h
been investigated with inverse photoelectron spectrosc
~IPES!11 and two-photon photoemission~2PPE!.13 Their en-
ergy decreasing with increasingQ, they are also observabl
in PES at higher coverages16 and arrive at a binding energ
of '20.1 eV at monolayer coverage. This state being
cated in a gap of the Cu~111! electronic structure atḠ, it is
denoted quantum well state~QWS!.7,18 According to recent
first principles calculations which reproduce the Na-induc
state, the local density of this state peaks on the vacuum
of the Na layer and decays rapidly on the substrate side9

Below we focus on the lowest Na-induced state which
observed to cause a clear signature in scanning tunne
microscope images and spectra. Following a brief desc
tion of the experimental procedures, STS data are use
determine the binding energy of this state. We further a
lyze its effective mass from spectroscopic maps of scatte
electron waves at defects. Next, this state is shown to ha
strong impact on ‘‘topographic’’ STM images where
changes the apparent height of the second Na monolaye
some 2.5 Å. Finally, the influence of geometric nanosc
structures on this electronic state is investigated.

II. EXPERIMENTAL PROCEDURES

The experiments were performed with a custom-bu
ultra-high vacuum~UHV! STM operated at a temperatur
T54.6 K.19 Na from a thoroughly outgased commerci
SAES Getters source was dosed onto a Cu~111! crystal that
was previously cleaned by repeated sputter and annea
cycles. The evaporation rate was monitored with a qua
crystal microbalance. Following the preparation at roo
temperature the sample was transferred to the STM
cooled to T54.6 K. Tunneling spectra of the differentia
conductancedI/dV which resembles the local density o
states were recorded using a lock-in technique with mod
tion amplitudes ranging from 6 to 28 mVpp added to the
tunneling junction bias.
©2001 The American Physical Society12-1
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III. BINDING ENERGIES AND EFFECTIVE MASSES

Figure 1~a! shows a constant current topograph of
Cu~111! surface at a coverageQ51.1 ML Na. A smooth Na
layer is observed in accord with previous LEED studies12

An analysis of atomically resolved images also confirms t
Na forms a 3/233/2 structure.12,14Owing to its height of 2.1
Å, the step passing approximately vertically through the i
age can be attributed to the Cu~111! substrate. At this step
and also at other defects, a wave pattern emerges. A ma
the differential conductivitydI/dV @Fig. 1~b!# shows this
wave pattern more clearly. In analogy to previous obser
tions from Shockley surface states on noble me
surfaces,20–22 we attribute the wave pattern to standin
waves which result from scattering of a two-dimension
state at defects.

The wave pattern observed on all extended terrace
absent from the terrace in the upper right corner at the
aging conditions used suggesting that the electronic struc
of this terrace is different.23 In addition, the topographic ste
at the island perimeter appears to be 2.9 Å high at this t
neling voltage which is significantly larger than the val
observed from Cu~111! steps ~2.1 Å!. We can therefore
safely assign the island to the second Na monolayer~ML ! on

FIG. 1. Constant current topograph and spectroscopic imag
first and second ML~top right island! Na film. Some protrusions
~two are marked by arrows A and B! on the first ML act as scatterer
for 2D electrons. (V5102 mV, I 50.5 nA, scan size 1000
31000 Å2).
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top of the Na covered Cu~111! terrace. Measurements of th
apparent tunneling barrier heightf, which is related to the
local work function, yield different values for the terrac
(f52.860.1 eV) and the island (f52.360.1 eV) con-
firming this interpretation. Previous measurements of
work function change yielded a work function decrease
'0.4 eV when the coverage was increased fromQ
51 ML to Q52 ML in approximate agreement with ou
data.12

We have prepared extended areas of Na layers at a n
ber of coverages—further topographic data has been p
lished previously14—and recorded theirdI/dV spectra at
large separations from defects. Figure 2 displays data
four different coverages. Common to all spectra is the typi
signature of a two-dimensional electron gas. At a particu
voltage V05E0 /e, where E0 is the bottom of the two-
dimensional band,dI/dV exhibits a sharp rise. WhileV0
defined as the midpoint of the rise is independent of the
status, the decrease ofdI/dV at higher voltages does depen
to some extent on the particular tip. The binding energ
determined from Fig. 2 and many other measurements u
various tips are compiled in Table I. As expected on the ba
of previous electron spectroscopic results, the STM d

TABLE I. Binding energyE0 ~in meV! and effective massm*
~in units of the electron mass! of the Na induced state from STM
PES, or IPES experiments and density-functional~DFT! calcula-
tions.

Coverage E0 m* E0 E0 m* m*
this work this work ~I!PES DFT ~I!PES DFT

0.6 408 400a 450c 1.22b 0.96c

560b

0.9 -44 0.660.02 245e

1.0 -127 0.760.04 2110d 260 c 1.3 d 0.78c

297e 0.5 e

2.0 134 1.0660.06 '100e

aReference 27.
bParabolic fit to data from Ref. 27 quoted after Ref. 8.
cReference 9.
dReference 13.
eReference 18.

of

FIG. 2. dI/dV spectra Na films on Cu~111! with coveragesQ
5 ~a! 0.6 ML, ~b! 0.9 ML, ~c! 1.0 ML, and~d! 2.0 ML.
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show a rapid variation of the binding energy of the N
induced state with coverage. The small differences betw
electron spectroscopy and STM are most likely due to diff
ences of the coverage calibration. Averaging over spa
variations of E0 owing to coverage fluctuations may als
play a role in~I!PES.

In dI/dV spectra of the first monolayer, in addition
the QWS-related rise at2126 meV, three further feature
have been reproducibly observed at'2900,2600, and
2400 meV.24 While at present no assignment of these str
tures can be made, we note that these features are a
from spectra recorded close to steps which indicates that
are not caused by the tip electronic structure. Moreo
spectra of the second ML exhibit this structure, too, albei
strongly reduced intensities. A possible explanation of th
features may be Cu-derived states. A recent dens
functional calculation of Na on Al~111! reported such state
at energies below the Na-induced band.25

Scattering of the 2D Na states at defects gives rise
electron standing wave patterns~Fig. 1!. These patterns an
their voltage dependence are detectable over an exte
range of bias voltages and, therefore, enable a measure
of the dispersion of the 2D states. We applied the techni
of Li et al.26 to extractE(k) from the standing wave pattern
near straight steps. Briefly, the analysis is based on fit
line scans of constant current topographic anddI/dV images
perpendicular to straight steps with a model calculation
the tunneling current. Figure 3 summarizes our results. In
three cases investigated—0.9, 1, and 2 ML—it is possible
fit the experimental dispersion by parabolic relations wh
yield the effective masses indicated in Table I.27 We note that
the data derived from the standing wave patterns yield b
ing energiesE0 which are consistent with those obtaine
from dI/dV spectroscopy. Despite the good agreement
tween the present and previous data in terms ofE0, the ef-
fective mass of the Na QWS atQ51 ML differs consider-

FIG. 3. Dispersion relationE(K) of the lowest QWS for cover-
agesQ ~a! 0.9 ML, ~b! 1.0 ML, and~c! 2.0 ML. Diamonds repre-
sent experimental data. Solid lines are the result of parabolic
with E0 andm* as free parameters. In the case ofQ52 ML, E0

was determined from tunneling spectroscopy~open circle in c! leav-
ing only m* as a free parameter.
03541
-
en
r-
al

-
ent
ey
r,
t
e

y-

to

ed
ent
e

g

f
e

to
h

-

e-

ably from previous results. From IPES and 2PPE values
1.3 and 0.5 were determined whereas the STM data y
0.7. Given the deviation between experiments and DFT
culations with respect toE0 the good agreement of the DF
effective mass of 0.78 with the present experimental d
may be fortuitous.

IV. STEP HEIGHTS

During the present experiments on Na films, the heigh
the second monolayer was observed to depend strongl
the sample voltage which is rather unusual for metallic s
tems~Fig. 4!. While the step height is around 3 Å atnegative
sample bias, atV'100 mV a sharp increase of the ste
height by up to 2.5 Å occurs, leading to an apparent s
height of '5.5 Å. At higherV, the step height appears t
decrease to'4.5 Å. It should be noted that we observe
quantitatively different height variations with different tip
while the qualitative characteristics were always observ
The smallest step height of'3 Å is comparable to the
smallest interlayer spacing for bulk Na~3.0 Å!. To interpret
the voltage dependent increase of the apparent heig
dI/dV spectrum on top of a second ML island is displayed
Fig. 4 ~solid line!. The increase in step height strongly co
relates with the LDOS of the unoccupied QWS atE0
5134 meV. This correlation is not unexpected. When
unoccupied second ML Na QWS is not accessible for t
neling, the current is due to bulk electrons alone. ForV
>134 mV, however, an additional channel for tunneli
electrons opens up and the resulting increased conduct
causes the feedback loop to retract the tip by up to 2.5 Å
maintain a constant current.

The observations from steps anddI/dV spectra demon-
strate that the contribution of the QWS to the tunneling c
rent can be switched on or off by applying suitable b
voltages. This possibility enables a degree of selectivity

ts FIG. 4. Step height of second ML Na island as a function
sample voltage~diamonds, including error bars, the dashed li
serves to guide the eye! and dI/dV spectrum of the second ML
~solid line!.
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measurements of the tunneling barrier heightf(eV)
50.952@d ln I(A)/dz(Å ) #2. The work function of the
sample being significantly lower than that of the tungsten
f is related to the local sample work function.28 Figure 5
summarizes measurements off from the first~marked ‘‘1’’!
and second ML~marked ‘‘2’’! under various conditions. Be
fore interrupting the STM feedback loop, the tip-samp
separation was defined by the current set-point~either 0.1 nA
or 0.01 nA! and the voltageVf . During theI (z) measure-
ment ~feedback loop open! a voltageVm was used. Using
both Vf5300 mV andVm5300 mV @Fig. 5~a!# leads to
exponential current-distance curves from the first and sec
ML. The resulting apparent tunneling barrier heights aref1
52.8 eV andf252.3 eV. The 20% reduction of the barrie
height on the second ML is consistent with previous wo
function measurements.10,13,12Using feedback at energies b
low the QWS @Vf5100 mV andVf520 mV, Figs. 5~b!
and 5~c!# and recordingI (z) at Vm5300 mV above the
QWS yields virtually unchanged barrier heightsf1
52.7 eV, f252.3 eV. Neglecting for a moment the diffe
ent slopes of theI (z) data of the first and second ML, w
observe that by shifting the 1st layer data by'1.5 Å and
'2.6 Å in Figs. 5~b! and 5~c!, respectively, the secon

FIG. 5. LogarithmicI (z) data of the first and second ML N
film. Negative values ofz correspond to decreased tip-sample d
tances. The insets schematically show the measurement geom
The tip is either placed above the first ML~1! or the second ML~2!.
The tip sample distance prior to opening the feedback loop dep
on the bias voltageVf . Above the first ML~tip position 1!, both
bulk and Na overlayer state electrons contribute to the tunne
current. Above the second ML~tip position 2! the situation is dif-
ferent: In~a! the voltage isVf5300 mV, i.e., both bulk and secon
ML QWS electrons contribute to the tunneling current, whereas
~c! and~d! (Vf520 mV andVf54 mV) the voltageVf is adjusted
such that only bulk electrons contribute. Part~b! (Vf5100 mV)
represents an intermediate case.
03541
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layer I (z) is obtained. These offsets do agree with the s
heights from Fig. 4.

Finally, to eliminate the QWS contribution to the curren
Fig. 5~d! was recorded withVf5Vm54 mV. As a result, no
difference in slope of theI (z) data from the first and secon
ML is observed with 2.61 eV5f1'f252.69 eV. Both
values are close to the first ML value reported above. T
data from Figs. 4 and 5 highlight the importance of the QW
of the second ML for the tunneling current. ‘‘Switching on
the QWS in going from Fig. 5~d! to Fig. 5~c! results in a
QWS-related increase of the current by a factor of'55. The
QWS also has a strong impact on the apparent barrier he

V. SPATIAL INHOMOGENEITIES

A unique opportunity of STS is the ability to image th
morphology of surfaces areas selected for spectrosc
measurement. In the case of Na layers we observed sp
variations of the geometric structure which also invol
varying electronic structure. A particularly intriguing cas
are films with Q'0.6 ML ~Fig. 6!. At this coverage, we
observe partially ordered networks of trenches~width
'30 Å) separating ‘‘islands’’ with a typical diameters o
'40 Å. We have attributed these trenches to locally d
creased Na density which separate p(232) areas.14 Figure 7
displays a number of characteristic spectra. Spectrum
which was recorded from a flat terrace and exhibits the ty
cal shape of a surface state band with a sharp rise at the

-
try:

ds

g

n

FIG. 6. Constant current image of Na/Cu~111!, Q50.6 ML,
scan size 6303290 Å 2, V5400 mV, I 50.2 nA.

FIG. 7. CharacteristicdI/dV spectra recorded at different loca
tions above 0.6 ML Na films.
2-4
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SCANNING TUNNELING SPECTROSCOPY OF Na ON Cu~111! PHYSICAL REVIEW B 65 035412
bottom and a decay ofdI/dV toward higher voltages. The
spectra from p(232) islands (I 1 ,I 2) show extra structure a
higher energies which is consistent with the formation
confined electronic states in these islands. The confinem
apparently is induced by the lower coverage trenches. Ty
cally, spectra from these trenches~spectraT1 ,T2) show a
broadened and strongly shifted band edge.

Electronic differences between trenches and islands a
occur in measurements of the apparent tunneling bar
height. We find f(F)52.5 eV, f(T1)52.9 eV, f(T2)
53.0 eV. Previous measurements of the work functi
change at room temperature12 showed that a uniform de-
crease of the work function forQ up to 0.5 ML suggesting
that the trenches do indeed correspond to regions with
Na coverage. Consistent with this observation,E0 measured
at the trenches yields larger values than observed on terr
as expected from electron spectroscopy data.17,18

At coverages above 1 ML, homogeneous second ML
lands were observed. These islands were found to cle
confine the QWS of the second ML. Figure 8 shows a ser
of dI/dV maps from an island~area'2003200 Å2) which
were recorded at various energies above the band minim
of the QWS. As expected, similar to previous observatio
from noble metal islands,29–31an evolution ofdI/dV ~which
resembles the local density of states! from a single maximum
at low bias to more complex patterns is observed. The
usual appearance of the island in the constant current im
is caused by the large contribution of the QWS to the tu
neling current.

VI. SUMMARY

We have investigated electronic states of Na-coveredQ
50.6–2 ML) Cu~111! surfaces with low-temperature STM
For the lowest Na-induced quantum well state binding en
gies and effective masses are determined which reason
agree with previous electron spectroscopy data and den
functional calculations. The local density of states of t
QWS being large above the crystal surface this state cont
utes strongly to the tunneling current when it is energetica
accessible. As a result, apparent step heights of Na layers
tunneling barrier heights vary drastically with the tip-samp
voltage. The QWS is affected by spatial inhomogeneities
4
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demonstrated for monoatomic steps of the Cu substr
which cause clear scattering patterns. Moreover, at submo
layer coverage, networks of apparent depressions are
served in STM images which we have tentatively attribute
to locally lowered Na coverage on the basis of work functio
data. Spectra from these trenches clearly differ from spec
of homogeneous areas. Finally, for second ML islands, co
fined electronic states have been observed.
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FIG. 8. Topographic scan~top left image! anddI/dV maps of a
second layer Na island recorded at the voltages indicated. Scan
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