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Reading the ripples of confined surface-state electrons: Profiles of constant integrated
local density of states
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Atomically resolved scanning tunneling microscope images of a Ag~111! surface are presented, which
simultaneously display standing-wave patterns arising from the confinement of surface-state electrons to
nanoscale terraces. We show how the energy-dependent patterns develop from the superposition of allowed
wave functions in the quantum box. A simple free-electron model is already sufficient to identify all major
features in differential conductance (dI/dV) maps and constant current topographic images, which both result
from the superposition of up to eight allowed states. These results illustrate how the difference betweendI/dV
and topographic measurements can be pronounced already for very low bias voltages. An analysis ofdI/dV
spectra measured on large defect-free terraces yields a surface-state lifetime width ofG54.960.2 meV, which
is smaller than that previously reported.
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I. INTRODUCTION

Since the early days of quantum mechanics, the parti
in-a-box problem has always attracted special attention,
cause it serves to illustrate how the spatial confinemen
wave functions leads to quantized electron energy lev
These levels become observable where the dimensions o
quantum box are of the order of the electron waveleng
Examples abound, e.g., in semiconductor quantum we1

and in thin metal overlayers.2,3 A spectacular real-space ob
servation of electron confinement in one and two dimensi
has been realized by scanning tunneling microscopy~STM!
and scanning tunneling spectroscopy~STS! on the~111! sur-
faces of noble metals.4–7 Here, surface-state electrons form
two-dimensional gas scattered by impurities, steps, or
lands, and may be confined in artificial structures.

The STM is based on the quantum-mechanical tunne
of electrons, and hence a key issue is to understand w
these tunneling measurements represent. Since the se
theoretical work of Tersoff and Hamann,8 it has generally
been accepted that the tunnel currentI at a given tip position
(x,y,z) is approximately equal to the integrated local dens
of states~ILDOS!, integrated over the energy range betwe
the sample Fermi level (EF) andeV, whereV is the applied
voltage. Accordingly, the differential conductancedI/dV
should be approximately proportional to the LDOS at t
energyeV, and a constant current topographic image~an
STM image! should represent a contour of constant in
grated local density of states. For measurements at bias
ages close toEF , the LDOS and the ILDOS are essential
the same. However, with increasing bias voltage magnit
the STM image should systematically diverge from LDO
~anddI/dV) as states from a range of energies contribute
the integrated state density.

Here, we report on the bias-dependent evolution of
integrated charge density as measured directly in cons
current STM images, using an ideal test case of a quan
box consisting of two-dimensional surface states on Ag~111!
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confined by parallel surface steps. UsingdI/dV measure-
ments, Bu¨rgi et al.9 have shown that such a system can
well described as a Fabry-Pe´rot resonator with partially re-
flecting walls. However, we find that a simple free-partic
model with hard-wall confinement at surface steps4 is al-
ready sufficient to identify all major features in the observ
dI/dV maps and, particularly important here, in constant c
rent topographic images, which both result from the sup
position of states up to eight allowed subbands. The sym
try of the quantum box allows a direct estimation of t
contribution of each state, in contrast to the case of tw
dimensional confinement as in corrals, rectangular reso
tors, or islands.6,10,11

The STS measurements performed on large defect-
terraces yield a new value for the surface-state lifetime wi
G54.960.2 meV, which is smaller than that previous
measured in STS~Refs. 12 and 13! and in photoemission.14

II. EXPERIMENT

The experiments were performed in a home-built ST
operating in ultrahigh vacuum~UHV! at a temperature of 4.8
K.15 The Ag~111! sample was prepared by repeated cycles
sputtering and annealing. We use electrochemically etcheW
tips treated in UHV by Ar ion bombardment. Bias voltag
are applied to the sample, i.e., positive voltage correspo
to tunneling into unoccupied sample states. Addition o
modulation to the voltage~amplitudeVpp51 –10 mV atv
51.4 kHz) allows us to record simultaneously constant c
rent images anddI/dV maps and, under open feedback co
ditions,dI/dV spectra, using a lock-in amplifier.

III. RESULTS AND DISCUSSION

Figures 1~a,b! show atomically resolved STM constan
current images, taken at121 and 16 mV bias voltages,
which on a 18.5-nm-wide terrace simultaneously displa
standing wave pattern of the confined surface-state elect
perpendicular to the two parallel step edges. Five max
©2003 The American Physical Society02-1
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are discerned, which are superimposed on the atomic co
gation. The apparent atomic corrugation shown in Fi
1~c,d!, obtained by a cross section along a nearest-neigh
orientation @black arrows in~a! and ~b!, respectively#, is
about 0.1 Å, indicating a noise level below 1 pm. This lo
noise level enables a direct estimation of the perpendic
wave vector of the surface-state electrons.

Figure 2 presents adI/dV spectrum~dots! measured on a
large defect-free terrace@2003200 (nm2)# showing the
characteristic surface-state band onset of widthD, previously
used to estimate the lifetime widthG5\/t. This geometrical
width D, which is a combination of intrinsic widthG, tem-
perature, and modulation broadening, has been related t
self-energyS , which in turn corresponds to half the lifetim
width: G52S ~Ref. 12!. Here, the data are of sufficient qua
ity to determine the onset energy and the lifetime width
rectly from a line-shape analysis~solid curve in Fig. 2!. The
contribution of the surface-state electrons to thedI/dV sig-

FIG. 1. ~Color online! Atomically resolved STM constant cur
rent images 20312 (nm2), I 51.8 nA at ~a! 121 mV and ~b!
16 mV showing standing-wave patterns.~c! and~d!: cross sections
along the black arrows in~a! and ~b!, respectively, showing the
atomic corrugation~small amplitude oscillations! superimposed on
the standing waves~large amplitude oscillations!. The solid curves
following the latter are the calculated ILDOS~see Figs. 3 and 4!,
taking into account the angle between the normal to the step e
and the direction of the line cut.
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nal is described by the steplike density of states,12,14

n~E!5
1

G/2
arctanS E2E0

G/2 D , ~1!

where E0 is the energy position of the surface-state ba
edge andG is the intrinsic width of the surface state. Th
modulation technique used in STS introduces a broaden
of the step which is of the form16,12

f mod~E!5
A~Vpp/2!22~E2eV!2

~Vpp/2!2
. ~2!

The thermal broadening, taken into account by the deriva
of the Fermi function

d fFermi

dE
5

1

2kBT

1

11cosh
E2EF

kBT

~3!

contributes to the experimentally observed step slope. S
Vpp andT are known, the widthG and the energy positionE0
are obtained by a convolution of the three functions in E
~1!–~3! fitted to the data. Figure 2 shows the fit~full curve!
for an average of three measurements, yieldingE05263
61 meV andG54.960.2 meV. This new value forG is
about a factor of 2 smaller than our previous result12 and
about 1 meV smaller than recent results from STS13

photoemission,14 and theoretical predictions.17 Experimen-
tally, for STS a smaller lifetime width than in photoemissio
is expected, since the former is measured on locally def
free surface regions.

Figure 3~a! displays constant current~shaded! anddI/dV
~solid curves! cross sections obtained at the indicated b
voltages from a slightly larger quantum box than that in F
1 formed by two parallel steps on Ag~111!. Clear oscillations
in both, constant current anddI/dV curves are observed,20

where the number of oscillations increases from bottom
top. The origin of the oscillations is the interference of inc
dent and scattered surface-state electrons at the
boundaries.4,5,7,18 Due to the boundary conditions given b
the confinement in a box of widthL, the component of the
electron wave vector perpendicular to the step edgesk' is

ge

FIG. 2. dI/dV ~dots! vs bias voltageV ~modulation: Vpp

55 mV), measured on a large defect-free terrace, showing
steplike onset of the Ag~111! surface state. Solid curve: fit to th
data.
2-2
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quantized:k'n5pn/L, with n.0. The corresponding wav
functions are of the formcn(x)}sin(k'nx). The x depen-
dence ofucnu2 is plotted in Fig. 4~a!.21 En(k'n) are the cor-
responding eigenenergies. EachEn(k'n) defines the onset o
a one-dimensional subbandEn(ki), whereE(k) is the dis-
persion relation for the Ag~111! surface-state electrons

E~k!5E01
\2k2

2m*
. ~4!

Figure 4~b! displaysE(k') ~solid curve!, and the calculated
allowed energiesEn(k') for a quantum box of widthL
521.8 nm~indicated by open circles!. Black dots represen
the experimental bias voltages used in the measurem
where the bars denote the modulation (Vpp510 mV) added
to the bias. As the surface-state electrons are free in the
rection parallel to the steps, each one-dimensional subb
En(ki) contributes with a DOS of the form 1/AE2En. The
total LDOS is then given by

D~E,x!}(
n

ucn~x!u2

AE2En

, nu En<E. ~5!

In Fig. 4~c!, the DOS for the surface-state electrons confin
in a box of widthL521.8 nm in thex direction and free in
the y direction is represented forn51 –9. Experimentally,

FIG. 3. ~a! Simultaneously recorded constant current~shaded!
and dI/dV ~solid curves! cross sections from a quantum box
width L521.8 nm formed by two parallel steps on Ag~111!. Bias
voltages are indicated~bias applied to the sample, modulatio
Vpp510 mV). ~b! Calculated electron density@Eq. ~6!# anddI/dV.
19340
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the sharp discontinuities in the DOS at each subband o
are broadened by a combination of the applied modulat
partial wall reflectivity,9 inelastic scattering,6 and lifetime.

In the simplest approximation of arbitrarily localized t
wave functions,8 the currentI measured by the STM at a ti
heightz is given by

I ~V,x!}E
EF

eV

(
n

ucn~x!u2

AE2En

dE, nu En<E, ~6!

where the integral is taken over the energies between the
voltage V and EF . As illustrated in Fig. 4~c!, the ILDOS
calculated at248 mV is the superposition of the subban
En(ki) with n51 –5. The contribution of each subban
En(ki) follows directly from the definition of the curren
@Eq. ~6!#: the weight of each subbandEn(ki) is given by the
integral of the DOS(En) from eV to EF , as indicated by the
shaded areas~the modulation is also taken into account!. A
comparison of the experimental cross section forV5
248 mV @Fig. 3~a!, bottom# and the model electron densit
calculated as above@Fig. 3~b!, bottom# shows a very good
agreement.

The calculation of a modeldI/dV also requires an inte
gration of the DOS because of the modulation techniq
used in the measurements: this is represented in Fig. 4~c!,
again for the case at248 mV, as the hatched area aroun
eV. The model shows that the contribution from the su
bands withn51, 2, 3 should be found in the experiment
dI/dV cross section. A comparison between experiment

FIG. 4. ~a! Calculateducn(x)u2 for a 1D box of widthL. ~b!
Energy dispersion relationE(k') for the electrons in the Ag~111!
surface state@E05263 meV~Fig. 2!, m* 50.40me ~Ref. 19!#. s:
calculated allowed energiesEn for L521.8 nm, defining the energy
onset for theEn(ki) subbands;d: experimental bias voltage
~modulation:Vpp510 mV, indicated by the error bars!. ~c! DOS
for the surface-state electrons confined in a box of widthL
521.8 nm: each divergence atE5En is followed by a 1/AE2En

decay, corresponding to theEn(ki) subband (n51 –9) ~see text!.
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model ~Fig. 3! is satisfying. Note the difference betwee
dI/dV ~LDOS! ~three maxima! and topography~ILDOS!
~five maxima! at a tunneling voltage that may be consider
to be close toEF . In both cases, the model calculation tak
into account the superposition of the involved states mu
plied by an exponential decay function@exp(2x/L)# to ap-
proximate the effect of asymmetric damping at the quant
box boundaries.9

Following the evolution of the standing-wave patter
with increasing bias voltage in Fig. 3, this very good ma
between measurement and modeling is maintained. The
rent measurement at219 mV includes contributions from
all five occupied subbands, while then55 one is excluded
from the dI/dV measurement. Note that all subbands w
En,eV contribute to both LDOS and ILDOS, although th
spatial ondulations in the LDOS are dominated by the hi
est energy included subband. The current anddI/dV mea-
surements performed at121 mV detect the superposition o
the same subbandsn51 –6 with comparable weights in bot
cases, since the topography and thedI/dV cross sections
present similar patterns. Also at191 mV, all subbands with
n51 –8 participate in bothI anddI/dV signals, but for the
latter, the n58 one gives the larger contribution.22 The
present data indicate that the difference betweendI/dV and
topographic measurements can be pronounced already
bias voltages as small as 19 mV. Thus, even close toEF , the
interpretation of constant current images in terms of a sim
LDOS may be not fully correct.

The observed standing-wave pattern shown in Fig. 1,
tained from a 18.5-nm-wide quantum box, are analyzed
d

n,

ev

in

e,
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cordingly. At 16 and121 mV, the constant current image
present five maxima as expected from the model applied
box of this size@Figs. 1~c,d!#. The different relative contras
between atomic corrugation and standing-wave pattern is
to the changing contribution of the confined wave functio
at the two bias voltages.

These comparisons show that we are able to follow
detail the evolution of the confined states over a wide ene
range, both in constant current images and indI/dV maps.

IV. CONCLUSION

To summarize, we measured the lifetime width and
standing-wave patterns of surface-state electrons on Ag~111!.
The energy dependent standing-wave patterns develop
the superposition of allowed wave functions in the quant
box. A simple free-electron model is already sufficient
identify all major features in differential conductanc
(dI/dV) maps and constant current images, which both
sult from the superposition of up to eight allowed stat
These results illustrate how the difference betweendI/dV
and topographic measurements can be pronounced alrea
very low bias voltages.
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