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Atomically resolved scanning tunneling microscope images of &l 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 conductancdl{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 loHt\d&en
and topographic measurements can be pronounced already for very low bias voltages. An andlysi¥/ of
spectra measured on large defect-free terraces yields a surface-state lifetime Wieth.8f- 0.2 meV, which
is smaller than that previously reported.
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I. INTRODUCTION confined by parallel surface steps. UsidtydV measure-
ments, Bugi et al® have shown that such a system can be

Since the early days of quantum mechanics, the particlewell described as a Fabry-fé resonator with partially re-
in-a-box problem has always attracted special attention, bdlecting walls. However, we find that a simple free-particle
cause it serves to illustrate how the spatial confinement omodel with hard-wall confinement at surface sfefs al-
wave functions leads to quantized electron energy levelg€ady sufficient to identify all major features in the observed
These levels become observable where the dimensions of tid/dV maps and, particularly important here, in constant cur-
quantum box are of the order of the electron wavelengthf€nt topographic images, which both result from the super-
Examples abound, e.g., in semiconductor quantum lvelighosition of states up to eight allowed subbands. The symme-

and in thin metal overlayers® A spectacular real-space ob- 1Y Of the quantum box allows a direct estimation of the
servation of electron confinement in one and two dimensiongpnt”but'on of each state, n contrast to the case of two-
has been realized by scanning tunneling microsc@mM) dimensional confinement as in corrals, rectangular resona-

and scanning tunneling spectroscg®fS on the(111) sur- tors, or islands.™*
9 _9 P The STS measurements performed on large defect-free
faces of noble metals.’ Here, surface-state electrons form a

wodi onal ttered by | " " . terraces yield a new value for the surface-state lifetime width
wo-dimensional gas scatiered by IMPUrities, Steps, or ISp_ 4 g+ 0.2 meV, which is smaller than that previously

lands, and may be confined in artificial structures. measured in ST&Refs. 12 and 18and in photoemissiot
The STM is based on the quantum-mechanical tunneling ' '

of electrons, and hence a key issue is to understand what
these tunneling measurements represent. Since the seminal
theoretical work of Tersoff and Hama#frit has generally The experiments were performed in a home-built STM,
been accepted that the tunnel curreat a given tip position operating in ultrahigh vacuurfUHV) at a temperature of 4.8
(x,y,Z) is approximately equal to the integrated local densityK.'® The Ag111) sample was prepared by repeated cycles of
of state(ILDOS), integrated over the energy range betweensputtering and annealing. We use electrochemically etitied
the sample Fermi levelHr) andeV, whereV is the applied tips treated in UHV by Ar ion bombardment. Bias voltages
voltage. Accordingly, the differential conductancd/dV  are applied to the sample, i.e., positive voltage corresponds
should be approximately proportional to the LDOS at theto tunneling into unoccupied sample states. Addition of a
energyeV, and a constant current topographic img@e  modulation to the voltagéamplitudeV,,=1-10 mV atw

STM image should represent a contour of constant inte-=1.4 kHz) allows us to record simultaneously constant cur-
grated local density of states. For measurements at bias voltent images andl/dV maps and, under open feedback con-
ages close t&r, the LDOS and the ILDOS are essentially ditions,dl/dV spectra, using a lock-in amplifier.

the same. However, with increasing bias voltage magnitude

Il. EXPERIMENT

the STM image should systematically diverge from LDOS Il RESULTS AND DISCUSSION
(anddl/dV) as states from a range of energies contribute to '
the integrated state density. Figures 1a,b show atomically resolved STM constant

Here, we report on the bias-dependent evolution of theurrent images, taken at21 and +6 mV bias voltages,
integrated charge density as measured directly in constamthich on a 18.5-nm-wide terrace simultaneously display a
current STM images, using an ideal test case of a quanturstanding wave pattern of the confined surface-state electrons
box consisting of two-dimensional surface states o(1Ad) perpendicular to the two parallel step edges. Five maxima
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FIG. 2. dI/dV (dotg vs bias voltageV (modulation: V,
=5 mV), measured on a large defect-free terrace, showing the
steplike onset of the Ad11) surface state. Solid curve: fit to the
data.

nal is described by the steplike density of state$,

n(g)= L arcta E~Eo (D)
rre° rre |

where Eq is the energy position of the surface-state band
edge andl" is the intrinsic width of the surface state. The
modulation technique used in STS introduces a broadening
of the step which is of the fortfi*?

(Vo2 = (E-eV)?

Height (A)

fmod E) = ()
(Vpp2)?
Distance (nm) The thermal broadening, taken into account by the derivative
of the Fermi function
FIG. 1. (Color onling Atomically resolved STM constant cur-
rent images 2812 (nn?), 1=1.8 nA at (a8 +21 mV and (b) dfeermi 1 1
+6 mV showing standing-wave patteriis) and(d): cross sections = — ©)
7 ) ; dE 2kgT E—Er
along the black arrows ita) and (b), respectively, showing the 1+ cosh———
atomic corrugatior(small amplitude oscillationssuperimposed on kgT

the standing wavedarge amplitude oscillationsThe solid curves . : :
follgwiqg the latter are the calculated ILDOSee Figs. 3 and)4 i:/ontgrl])éj%eg réoktr?swen)fefelgr\?viedrl?lgn?jbt?\eer\éii rsgt)?rp)) OS SIE%%OSIHCG
taking into account the angle between the normal to the step edgae'f’é’ obtained b uti f . .
and the direction of the line cut. y a convolution of the three functions in Egs.

(1)—(3) fitted to the data. Figure 2 shows the (fiill curve)

for an average of three measurements, yieldig —63
are discerned, which are superimposed on the atomic corrur1 meV andl’=4.9+0.2 meV. This new value foF is
gation. The apparent atomic corrugation shown in Figsabout a factor of 2 smaller than our previous reé$utnd
1(c,d), obtained by a cross section along a nearest-neighbatbout 1 meV smaller than recent results from $YS,
orientation [black arrows in(a) and (b), respectively, is  photoemissiort and theoretical prediction$. Experimen-
about 0.1 A, indicating a noise level below 1 pm. This low tally, for STS a smaller lifetime width than in photoemission
noise level enables a direct estimation of the perpendiculais expected, since the former is measured on locally defect-
wave vector of the surface-state electrons. free surface regions.

Figure 2 presents dl/dV spectrum(doty measured on a Figure 3a) displays constant curreishaded andd!/dV

large defect-free terrac§200x 200 (nnf)] showing the (solid curves cross sections obtained at the indicated bias
characteristic surface-state band onset of witltfpreviously  voltages from a slightly larger quantum box than that in Fig.
used to estimate the lifetime widih=7#/7. This geometrical 1 formed by two parallel steps on &fL1). Clear oscillations
width A, which is a combination of intrinsic widtF, tem-  in both, constant current ardll/dV curves are observed,
perature, and modulation broadening, has been related to thehere the number of oscillations increases from bottom to
self-energy®, , which in turn corresponds to half the lifetime top. The origin of the oscillations is the interference of inci-
width: I'=23, (Ref. 12. Here, the data are of sufficient qual- dent and scattered surface-state electrons at the box
ity to determine the onset energy and the lifetime width di-boundarie$:>"*® Due to the boundary conditions given by
rectly from a line-shape analysisolid curve in Fig. 2 The the confinement in a box of width, the component of the
contribution of the surface-state electrons to ¢tHédV sig-  electron wave vector perpendicular to the step edgess
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5 3. Energy dispersion relatiok(k,) for the electrons in the AG11)
0.2 L surface stat¢E,= —63 meV (Fig. 2), m* =0.40m, (Ref. 19]. O:
calculated allowed energi&s, for L=21.8 nm, defining the energy
0 —T — T . onset for theE(k)) subbands;®: experimental bias voltage
0 10 20 0 10 20 (modulation:V,,,= 10 mV, indicated by the error bars(c) DOS
x (nm) x (nm) for the surface-state electrons confined in a box of witlth

=21.8 nm: each divergence Bt=E,, is followed by a 1{E—E,

FIG. 3. (a) Simultaneously recorded constant curréstiaded decay, corresponding to thg,(k;) subband fi=1-9) (see text

and dl/dV (solid curve$ cross sections from a quantum box of
width L=21.8 nm formed by two parallel steps on Ad1). Bias
voltages are indicatedbias applied to the sample, modulation:
Vpp=10 mV). (b) Calculated electron densifq. (6)] andd1/dV.

the sharp discontinuities in the DOS at each subband onset
are broadened by a combination of the applied modulation,
partial wall reflectivity’ inelastic scatterin,and lifetime.

In the simplest approximation of arbitrarily localized tip
wave functiong, the current measured by the STM at a tip
heightz is given by

guantizedk, ,=mn/L, with n>0. The corresponding wave
functions are of the formy,(x)«sink, ). The x depen-
dence of|4,|? is plotted in Fig. 4a).?* E,(k, ,) are the cor-
responding eigenenergies. Edel(k, ,,) defines the onset of

2
a one-dimensional subbarigh(k|), whereE(k) is the dis- LV Vo (¥ £ E<g
persion relation for the A@11) surface-state electrons (V,x)= Er % ,/E_End - Nl En<E, ©
£2K2 where the integral is taken over the energies between the bias
E(k)=Eq+ pu (4)  voltageV and Eg. As illustrated in Fig. 4c), the ILDOS

calculated at-48 mV is the superposition of the subbands

Figure 4b) displaysE(k,) (solid curve, and the calculated En(kj) with n=1-5. The contribution of each subband
allowed energiesE, (k,) for a quantum box of widthL En(k)) follows directly from the definition of the current
=21.8 nm(indicated by open circl¢sBlack dots represent [Ed.(6)]: the weight of each subbarig],(k) is given by the
the experimental bias voltages used in the measurementgtegral of the DOSE,) from eV to Eg, as indicated by the
where the bars denote the modulatiof,{=10 mV) added shaded areaghe modulation is also taken into accour

to the bias. As the surface-state electrons are free in the déomparison of the experimental cross section e
rection parallel to the steps, each one-dimensional subband48 mV [Fig. 3(@), bottom and the model electron density
En(kj) contributes with a DOS of the form {E—E,. The calculated as aboviFig. 3(b), bottom] shows a very good

total LDOS is then given by agreement.
The calculation of a modall/dV also requires an inte-
| hn(X)]? gration of the DOS because of the modulation technique
D(E,X)“En: N n| E,<E. (5 used in the measurements: this is represented in Fay, 4
n

again for the case at 48 mV, as the hatched area around
In Fig. 4(c), the DOS for the surface-state electrons confineceV. The model shows that the contribution from the sub-
in a box of widthL=21.8 nm in thex direction and free in bands withn=1, 2, 3 should be found in the experimental
the y direction is represented far=1-9. Experimentally, dI/dV cross section. A comparison between experiment and
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model (Fig. 3 is satisfying. Note the difference between cordingly. At +6 and+21 mV, the constant current images
di/dv (LDOS) (three maxima and topography(ILDOS)  hresent five maxima as expected from the model applied to a
(five maxima at a tunneling voltage that may be consideredy,y of this size[Figs. Xc,d)]. The different relative contrast
to be close tE . In both cases, the model calculation takesy ey een atomic corrugation and standing-wave pattern is due

into account the superposition of the involved states multi-,[0 the changing contribution of the confined wave functions
plied by an exponential decay functioexp(—x/A)] to ap- at the two bias voltages

proximate the effect of asymmetric damping at the quantum These comparisons show that we are able to follow in

box boundaries. detail the evolution of the confined states over a wide energy

Following the evolution of the standing-wave patterns both i ant ti difdV
with increasing bias voltage in Fig. 3, this very good match@nge, both in constant current images an maps.

between measurement and modeling is maintained. The cur-

rent measurement at 19 mV includes contributions from

all five occupied subbands, while tme=5 one is excluded IV. CONCLUSION

from the dl/dV measurement. Note that all subbands with summarize, we measured the lifetime width and the
E,<eV contribute to both LDOS and ILDOS, although the standing-wave patterns of surface-state electrons ¢hip
spatial ondu_lanons in the LDOS are dominated by the highrpe energy dependent standing-wave patterns develop from
est energy included subband. The current dhV mea- e superposition of allowed wave functions in the quantum
surements performed &t21 mV detect the superposition of oy A simple free-electron model is already sufficient to
the same subbanas=1-6 with comparable weights in both jqentify all major features in differential “conductance
cases, since the topography and thédV cross sections (4|/dv) maps and constant current images, which both re-
present similar patterns. Also 8t91 mV, all subbands with gyt from the superposition of up to eight allowed states.
n=1-8 participate in bott anddI/dV signals, but for the  These results illustrate how the difference betweefdV

latter, then=8 one gives the larger contributidf.The  and topographic measurements can be pronounced already at
present data indicate that the difference betweEdV and  yvery low bias voltages.

topographic measurements can be pronounced already for
bias voltages as small as 19 mV. Thus, even cloge-tothe
interpretation of constant current images in terms of a simple ACKNOWLEDGMENTS
LDOS may be not fully correct.
The observed standing-wave pattern shown in Fig. 1, ob- This work has been supported by the Swiss National Sci-
tained from a 18.5-nm-wide quantum box, are analyzed acence Foundation.

IL. L. Chang, inHighlights in Condensed Matter Physics and and S. Crampin, Scienc@Nashington, DC, U.$.288 1399

Future Prospectsedited by L. Esaki{Plenum, New York, 1991 (2000.
p. 83. 1G. Nicolay, F. Reinert, S. Schmidt, D. Ehm, P. Steiner, and S.
2R.C. Jaklevic and J. Lambe, Phys. RevlB 4146(1975. Hufner, Phys. Rev. B2, 1631(2000.
83.4. Paggel, T. Miller, and T.-C. Chiang, Scient¥®ashington, 15R. Gaisch, J.K. Gimzewski, B. Reihl, R.R. Schlittler, M. Tschudy,
DC, U.S) 283 1709(1999. and W.-D. Schneider, Ultramicroscogp-44 1621(1992.
4M.F. Crommie, C.P. Lutz, and D.M. Eigler, Natufieondon 363~ 8J. Klein, A. Lege, M. Belin, D. Ddourneau, and M.J.L. Sangster,
524 (1993. Phys. Rev. B7, 2336(1973.
5Y. Hasegawa and Ph. Avouris, Phys. Rev. L&tt, 1071(1993. 17A. Eiguren, B. Hellsing, F. Reinert, G. Nicolay, E.V. Chulkov,
6M.F. Crommie, C.P. Lutz, and D.M. Eigler, Scien@ashington, V.M. Silkin, S. Hiufner, and P.M. Echenique, Phys. Rev. L&8&,
DC, U.S) 262 218(1993. 066805(2002.
"Ph. Avouris and 1.-W. Lyo, Scienc@ashington, DC, U.$.264,  8L.C. Davis, M.P. Everson, R.C. Jaklevic, and W. Shen, Phys. Rev.
942 (1994). B 43, 3821(199)).
8J. Tersoff and D.R. Hamann, Phys. Rev3R 805 (1985. 193, Li, W.-D. Schneider, and R. Berndt, Phys. Rev58 7656
oL. Blrgi, O. Jeandupeux, A. Hirstein, H. Brune, and K. Kern, (1997.
Phys. Rev. Lett81, 5370(1998. 20Here, tunneling conditions and bias modulation prevent atomic
103, Kliewer, R. Berndt, and S. Crampin, New J. Phgs.22.1 resolution.
(2001). 2As A=2m/k, , the allowed wavelengths fulfill the condition
113, Li, W.-D. Schneider, R. Berndt, and S. Crampin, Phys. Rev. \/2=L. But, as|,(x)|? is detected, the observed distance be-
Lett. 80, 3332(1998. tween two consecutive maxima ig2.
123, Li, W.-D. Schneider, R. Berndt, O.R. Bryant, and S. Crampin,zzThe main difference between experimental and madiédV
Phys. Rev. Lett81, 4464(1998. arises at the terrace edges, where the measurements are most

133, Kliewer, R. Berndt, E.V. Chulkov, V.M. Silkin, P.M. Echenique, perturbed by tip-height variatiorsee Ref. 19

193402-4



