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Size quantization of surface-state electrons on the &01) surface
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One-dimensional1D) quantum wells are created on a Si(0@I¥Xx2) surface. A pair of straight Al
ad-dimer chains works as potential walls for the confinement of surface-state electrons q@igessirface.
The quantum properties of the 1D quantum wells are directly probed by low-temperature scanning tunneling
microscopy and spectroscopy. They are well described by size quantization of electrons in the unaetupied
surface states of the Si(00tj4x2) surface, based on the “1D particle-in-a-box” model.
[S0163-182609)11719-3

Quantum properties of confined electrons have been ex- The dangling bonds on the Si(00&j4 X 2) surface gen-
tensively studied in semiconductor nanostructures like quarerate occupied-rgand unoccupiedr* surface states in _the
tum wells, wires, or dotd.In contrast to such confinement bulk-band gag=® The =* surface states exhibit quasi-1D
systems, two-dimension&PD) electron gas occupying sur- character in the dimer-row direction because of the nearly

face states of noble metals can be confined in lateral closdfit dispersion in the perpendicular _directib‘r?.During ST™M
structures like corralé® narrow terrace®® and small observation at a positive sample bias voltage, electrons tun-

; T .
islands?® It is remarkable that the lateral confinement of nel into the unoccupied™ surface band from the STM tip,
and propagate only in the dimer-row direction of the surface

surface-state electrons allows real-space investigation of “ﬁane If an Al ad-dimer chain is regarded as a 1D potential
quantum phenomena by using scanning tunneling microsy | that scatters ther* surface electrons, a pair of Al ad-

copy (STM) and spectroscopySTS. Contrary to the 2D gimer chains should confine the electron waves, leading to
electron gas on noble-metal surfaces, the Si(G¥)X2)  the formation of a 1D quantum well in the dimer-row direc-
surface has occupiedr (7, and ;) and unoccupied tion.

m* (m} and m3) surface states in the bulk-band gap. In The 1D quantum well, formed between Al ad-dimer
particular, the unoccupied™* surface states disperse only chains, was directly investigated by STM with atomic reso-
along the dimer row, exhibiting quasi-one-dimensiofiad)  !Ution at a temperature of 63 K. Figuregaj, 1(b), and 1c)
charactef~® The study of ther* surface states provides a show constant-current STM images of a quantum well at

: : . sample bias voltageg of 0.9, 1.1, and 1.2 V, respectively.
unique opportunity to probe the 1D electron system USINGrhe ‘distancel between the Al ad-dimer chains is 7.7 nm
STM and STS. : '

) _ corresponding to 20 times the unit cell dimensiod (
In this paper, we report 1D confinement of th& surface  _( 3g5 nm) of the Si(001)-t1 surface. In these STM

electrons. A pair of long straight chains of Al ad-dimers usedmages, the most remarkable feature is the drastic evolution
for potential walls creates a well-defined 1D quantum well.of 1D standing wave patterngpatial oscillations in the
The quantitative analysis of the spectroscopic properties redimer-row direction, which changes with the sample bias
veals that the 1D quantum well is well described by sizevoltage. As will be discussed later, the standing wave pat-
quantization of thewr* surface states, based on the “1D terns are associated with the density distributions ofsthie
particle-in-a-box” model. surface electrons confined in the 1D quantum well. The
The experiments were performed with a low-temperaturestanding wave patterns were also observed for quantum
STM in an ultra-high-vacuum chamber at<10 ° Pal®  wells with L=1.54-8.47 nm aVs=0.85-1.3 V.
The p-type Si{001) wafer (B doped with 0.01-0.022 cm) The most distinguishing feature for the 1D quantum well
was cleaned by heating at 1450 K and slowly cooled to roonshould be the discrete energy levedts of the quantum
temperature. A small amount of Atypically 0.05 mono- states. We obtained such energy levels from tunneling spec-
layer coveragewas then deposited at room temperature ortra [(d1/dV)/(1/V)], which almost represent the local den-
the surface using a tungsten filament. After the depositionsity of states3 Figure 2 shows the tunneling spectra mea-
long straight chains of Al ad-dimers are formed on thesured for the 1D quantum well with=6.16 nm and for the
Si(001) surface, perpendicular to the substrate dimerSi(001)€(4X2) clean surface. The first curve shows the
row:'12 Each Al ad-dimer is located between substratespectrum obtained on the Si(00&§4x 2) surface far from
dimer rows, and forms local bonds with dangling bonds ofAl ad-dimer chains. This spectrum shows three characteristic
the neighboring Si dimers. The (801)-Al sample was then peaks,A, B, andC at V,=—0.51, 0.6, and 1.27 V, respec-
transferred to the low-temperature STM. tively. We obtained similar spectra on the Si(0Q@I}%X 2)
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FIG. 2. Tunneling spectrg(d1/dV)/(1/V)] measured with the
STM tip far from Al ad-dimer chaingtop curve, at the center of
the L=6.16 nm quantum welisecond curvg and at about 1 nm
away from the center of the welthird curve. The curves have
been shifted vertically for better viewing. At each position, the tip
was fixed atVg=1.5 V andl,=100 pA to obtain current-voltage
(I-V) curves. In the top curve, characteristic peaks for the
Si(001)¢(4x2) surface are labeled, B, andC. The second and
third curves show new peaks corresponding to the discrete energy
levelsE, of the quantum states, whereas peAkand B remain at
the same levels.

peak levels as a function a&f.

The relation betweelk,, andL can be interpreted using
the 1D particle-in-a-box model along the dimer-row direc-
tion. Assuming that the Al ad-dimer chain works as an im-
penetrable square potential barrier of thicknasthe wave
number k, of the confined surface-state electrons is de-
scribed by

FIG. 1. (a—(c) (Color) Constant-current STM topography of a series of
standing wave patterns between a pair of Al ad-dimer chains/at T
=09 V, 1.1V, and 1.2 V (=100 pA) forT=63 K. The Al ad-dimer kn:nm.
chains are separated by 7.7 nm. In these STM images, the atomic corruga-
tions for thec(4 X 2) periodicity have been filtered out. Standing-wave pat- . . . .
terns exhibit two peaks between the Al ad-dimer chaing.at0.9 V, three 10 obtain the value o, a dispersion relatiof(k) of the
peaks alV=1.1 V, and four peaks af;=1.2 V. confined electrons is approached using the 1D tight-binding

model. It gives
clean surface before the deposition of Al. The second and
third spectra were obtained at the center of the quantum well E(K)=pBo—2B, cogk2d), @
and at about 1 nm away from the centabout one third of
the well width, respectively. The former has new spectralwhere 8, and 8, are hopping integrals, andd20.77 nm.
peaks atvV,=1.14 and 1.41 V, while the latter has them atFrom the results shown on Fig.(88, we obtaineda
V¢=1.04 and 1.33 V. These peaks correspond to energy lev=0.45 nm (B,=1.25 eV and3;=0.21 eV). Although we
els E,, for the nth quantum states. The peaks in the secondxamined a better fitting of th€,—L relation by assuming a
curve should exhibit only the odd quantum states ( finite heightVg of the potential barrier, the obtained value of
=1,3,5), since the even quantum states have a node at thg stayed extremely large compared to the work function
center of the 1D quantum well. We identify the peak®/at  (other valuesa, B, and 8;, were changed only slightly
=1.14 and 1.41 V a&; andEs, respectively, although the This impenetrable hard wall potential of the Al ad-dimer
peak for E; appears as a shoulder of the peBkat Vs  chain is generated by the absence of unoccupied surface
~0.8 V. In the third curve, the peaks ¥t=1.04 and 1.33 states at the AI-Si local bonds. Because each Al dimer is
V correspond tdE, and E,, respectively. We also obtained bonded with two neighboring Si dimers along the dimer-row
the spectral peaks foE, (n=1-5) inside various sized direction!*!? our estimated barrier thicknessis slightly
guantum wells £=1.93-6.93 nm Figure 3a) shows the larger than the interdimer spacind€0.385 nm). In addi-
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FIG. 3. (a) Plots of discrete energy levels, and peaks for AR 3
differentL (1.93—-6.93 nm Peak positiongclosed circlesare the it 0.1 nm ]
mean values obtained from 5 to 20 spectra using four different STM C V oy P ]
tips, and the error bars for each plot are given by the standard S T A B B B
deviation. Peak® were atV,~0.6 V in quantum wells. Dashed 0 2 4 6 8 10 12

lines: calculated energy levels for differdnusing Eqs(1) and(2)
(Bo=1.25 eV, 3,=0.21 eV, anda=0.45 nm).(b) Plots of the
relation betweerk,=n=/(L—a) and experimentdt,,. Solid line:
calculated dispersion relation far} surface states by Northrup in
Ref. 9.

Distance (nm)

FIG. 4. Experimental datédots for cross sections of the stand-
ing wave patterngtheL =7.7 nm quantum well shown in Fig) At
V¢=0.9, 1.0, 1.1, and 1.2 V, and calculated tip-height variations
(solid lineg at V$¥'=0.95, 1.05, 1.10, and 1.20 V. In the cross

tion, the barrier thickness is independent of the well size, angections, the atomic corrugations for thg4x 2) periodicity have

does not differ from thatd=0.45 nm) for an isolated Al been filtered out. The calculations include the influence of the en-
ad-dimer chai® ergy widthsAE for quantum states. The tunneling coefficient from

To extract the quantum states of the confined electronsthe STM tip to the surface is assumed to BEE,eVs,z)=exp

T 20 1 _ 1/ . .
we replot the relation betweel, andk,=n=/(L—a) (a ‘I{E 242mih t(¢>|+e\és/t2h E)]t' 2}&‘?530' OI? the WKB approx'matt'on.'th.
=0.45 nm) in Fig. &). This plot gives a dispersion relation xperimentat and theoretical bias voltages are In agreement within

for the confined electrons along the dimer r@W3 J line in experimental accuracy fd, [see error bars in Fig.(8)].

the surface Brillouin zone which agrees quantitatively with

previous first-principle calculatiofsolid line in Fig. 3b)] for  ing of the quantum states is important for quantitative analy-
the 7} surface states reported by Northfupherefore, the sis of the STM images.

discrete energy levels result from size quantization of elec- Energy broadening of quantum states, which is much
trons in the unoccupiea™ surface states. From this disper- larger than the thermal broadening, has been reported for
sion relation, the effective mass* of electrons in ther*  lateral closed structures on noble-metal surfécé$Several
surface states is estimated to be G128(m, corresponds to theoretical accounts of the broadening mechanisms’are

free electronsaround thel’ point along the dimer-row di- Tor partial lateral confinement and scattering _into the t_)ulk
rection. 5 P 9 states. For the $01)-Al surface, the Al ad-dimer chain

The standing wave patterns are generated by the densiié‘forks as an impenetrable hard wall, and the dispersion curve

" : ; =
distributions of the confinedr* electron waves. Following f the o surface states is almost flat in the direction per-

Eq. (2), the discrete energy leveB, for the quantum well pendicular to the Si dimer roW.® These results exclude the
with L=7.7 nm are equal to 0.92n&2), 1.02 fi=3), lateral leakage of the confined electrons in the surface

o : ; states. Although ther* surface states are orthogonal to bulk
{ahned sltalr? diﬁg v(\I/;v? .pzlt?;rrre(}ﬂ?esltm—wf?thr?r:wC;?stnfjrz“%lsll of states, some coupling between these states at the Al-Si local
A L o bonds may allow scattering into the bulk states, limiting the
shown in Fig. 1 exhibit two peaks 11=2) between the Al y 9 9

. . lifetime of confined electrons.
zidl'd(')m\?r ck:ja]lcns aVST(O'g_X’ th\r/ei 19‘;3'\‘/3(—3) at Vs In conclusion, we directly observed confined electron
o » and four peaksn(=4) atVs=1. , In agreement standing waves and their associated energy levels inside vari-
with the expected values for each quantum state. Howeve

S . . bus sized quantum wells using low-temperature STM and
more detailed inspection of the standing wave patterns shov\§TS. The quantum wells are generated by lateral confine-

that the central peak a;=1.0 V became more intense at et of thes* surface states. Their quantum properties can
Vs=1.1 V, although both of them exhibit the=3 quantum e interpreted using the 1D particle-in-a-box model except
state. To explain this discrepancy, we have considered they, e energy broadening. The quantitative analysis of the
finite width AE of the spectral peaks. Assuming a Lorentziangnectroscopic properties provided detailed information about
distribution, the energy widths of our STS peaks Werhe dispersion relation for the* surface states, as well as

changed as a function oE,, given by AE,=0.4&, 45yt the confinement phenomena by the Al ad-dimer
—0.2 (eV). Using the energy level§, (n=1-5 and  nains.

AE,, the standing wave patterns were well reproduced by
calculation (tip-height variations at a constant curremis The authors would like to thank M. Okamoto for useful
shown in Fig. 4(solid lineg. Therefore, the energy broaden- discussion.
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