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The unoccupiedr™ surface band of the &i01)-c(4 X 2) surface has been determined from standing-
wave patterns using low-temperature scanning tunneling microscopy. A straight chain of Al ad-dimers,
formed by deposition at room temperature, works as a one-dimensional (1D) barrier that scatters the
surface-state electrons. The standing waves have been observed along Si dimer rows in a sample
voltage range of 0.9-1.3 V & = 63 K. The relationship between their wavelengths and the sample
voltages gives the dispersion relation of thé surface band. The height and width of the potential
barrier have been estimated according to the 1D Schrédinger equation. [S0031-9007(98)07398-0]

PACS numbers: 61.16.Ch, 72.10.Fk, 73.20.At

The electronic structures of material surfaces play amranches that might be related to loggl2 X 2) and/or
important role in determining the surface properties, sucle(4 X 2) periodicities [15]. Here we report the dispersion
as chemical reactions, catalysis, and epitaxy. The surelation of thew* surface states of the ®D1)-c(4 X 2)
face band structures have been studied extensively witburface derived from the standing-wave patterns in STM
angle-resolved photoelectron spectroscopy (ARPES) anidhages atT = 63 K. A straight chain of Al dimers
inverse photoemission spectroscopy (IPES). In recerfbrmed on the Si(001) surface is used as a potential
years, scanning tunneling microscopy (STM) and specbarrier for the electron waves in the surface states. In
troscopy (STS) have provided a unique opportunity tounoccupied-state STM images, the standing-wave patterns
study the local electronic properties of both occupied andhave been observed in the direction parallel to the Si
unoccupied surface states, with atomic resolution [1]. Indimer row. The dispersion relation obtained from the
addition, STM has demonstrated direct imaging of elecsample voltage dependence of the wavelength accords
tron standing waves on metal surfaces, which result fromvell with that for the 7| surface band which has been
scattering of nearly free electrons in the surface statetheoretically derived [12—14]. In addition, by quantita-
at steps, defects, and adsorbates [2—9]. The standiniyely comparing the STM data to the one-dimensional
waves have given important information about the disperscattering model, we estimate that the Al chain works as
sion relation of surface states [2—5], as well as about théhe impenetrable hard wall potential of 0.43-nm width for
electron-scattering process at a potential barrier [2,3]. Ithe 7* state electrons.
particular, it is of great interest that analysis of the stand- The experiments were performed with a low-
ing waves has succeeded in determining surface dispetemperature STM in an ultrahigh-vacuum chamber
sions with almost the same accuracy of ARPES or IPESvith a base pressure less thanx 107° Pa [10]. The
methods, although these observations have been done onytype Si(001) sample (B doped with01-0.02 ) cm)
for the noble metal surfaces [2-5]. was cut from a commercial wafer stock. The sample was

In this Letter, we focus on the surface states of thecleaned by flashing at 1450 K after being degassed for
Si(001)-c(4 X 2) surface that is the most important sur- 20 h at 850 K, and slowly cooled to room temperature
face for semiconductor devices. Th@ X 2) reconstruc- (3 K/s). A small amount of Al (about 0.05 monolayer)
tion results from the antiphase ordering of buckled dimerswas deposited on the room-temperature surface from a
which is transformed to the X 1 structure above around heated tungsten filament. The sample was then transferred
200 K, due to the flip-flop motion of the buckled dimers to the low-temperature STM stage. The STM images
[10]. The Si(001) surface has occupiedand unoccu- were acquired in a constant-current mode of 100 pA at
pied 7" surface states in the bulk band gap, both of whichl" = 63 K.
originate from dangling bonds of the buckled dimers. Figure 1(a) shows a STM image of a sample surface
The occupieds surface bands#, 7;) of thec(4 X 2) atT = 63 K. Aluminum was arranged in a long straight
surface have been fully investigated by ARPESTat= line perpendicular to the dimer row of the Si(001) surface.
120 K [11], in accordance satisfactorily with the calcu- The surface exhibits the(4 X 2) structure, whereas the
lation results [12-14]. Experiments on the unoccupied X 1 domains have also been observed near the straight
* surface bands#;, ;) of the c(4 X 2) surface have line of Al even atT = 63 K. Referring to the theoretical
not been reported, although an IPES study for the roonand experimental studies on the Si(001)-Al surface [16—
temperature2 X 1 surface has revealed two dispersion18], the straight line in Fig. 1(a) is composed of Al
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to form local bonds. The interaction breaks the surface-
state bands for electrons propagating in the dimer-row
direction. Thus, the straight chain of the Al ad-dimers
may act as a one-dimensional (1D) potential barrier
for the electrons in the occupied and/or unoccupied
surface bands. The Al dimer chain scatters the surface-
state electrons, and the quantum interference between
the incoming and outgoing electron waves results in the
standing-wave formation on the(801)-c(4 X 2) surface.

Figure 1(c) shows the perspective view of the STM
image atV, = 1.2 V. On the left- and right-hand sides
of the Al dimer chain, the spatial oscillations are shown
in the direction of the Si dimer row. The oscillation is
uniform in the direction parallel to the Al dimer chain,
while it is damped away from the chain. Although the
oscillation is not simple sinusoidal, the dominant peaks
appear periodic, with a spacing of 1.8 nm. Similar
oscillations were observed in a bias voltage range of 0.9—
1.3 V, and disappeared above 1.4 V. Figure 2 shows
the cross sections of the spatial oscillations at different
bias voltages. The oscillation periods became shorter with
increasing bias voltage.

The spatial oscillations result from the scattering of
the surface-state electrons at the Al dimer chain. The
surface states of the ®0D1)-c(4 X 2) surface exhibit
1D character along the dimer row (thE-J' line in
the surface Brillouin zone). Although the correlation
for dimer buckling between dimer rows results in the
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located between the Si dimer rows. (c) The perspective view B

of the STM image a¥, = 1.2 V. The straight Al chain exists L > X
at the center of the image. Standing-wave patterns along the Si N R R N R
dimer rows are shown on the left- and right-hand sides of the .2 0 5 4 6 8 10

Al chain. The dominant peaks appear periodic, with a spacing
of 1.8 nm, and are damped away from the Al chain. Distance (nm)

FIG. 2. Cross sections of the standing-wave patterns along the
ad-dimers, as schematically shown in Fig. 1(b). In theSi dimer rows at sample bias voltages from 0.9-1.3 V. The
unoccupied STM image, the bright protrusion corresponds§urves have been shifted vertically for viewing. On the left-

to an Al ad-dimer, located between Si dimer rows without?@"d side, the first peaks correspond to the Al chain. Gray
X ine: Calculatedz oscillations using Egs. (2) and (3). Inset:

the disruption of the underlying Si'_Si dimer bond_s. ThisSchematic view of the one-dimensional square potential model
model suggests that the Al ad-dimer strongly interactgor the electron scattering. In this model, the Al chain works
with the dangling-bond states of the underlying Si dimersas the square potential of widthand heightVs.
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c(4 X 2) reconstruction, the interaction energy has been
calculated to be only about 2 mgtdlimer [12]. Because 1.6 pr——
of the weak correlation, the nearly flat dispersion for 14 E
direction perpendicular to the dimer row (the/ line) has
been obtained from the calculations for th€08i)-c(4 X . i
2) surface [12,13]. In the surface states, therefore, the 5 TF
electron waves propagate only in the direction of the JL 08 [
Si dimer row. Moreover, the straight Al chain running s
perpendicular to the Si dimer row works as the 1D
potential barrier. These results exclude the influence :
of the scattered and propagated electron waves in the 02 f
direction perpendicular to the dimer row. Thus, one can ok
analyze the standing-wave patterns as the 1D quantum
interference in the dimer-row direction. For simplicity,
we .mOdele.d the Al d'“.“er chain as a square potem'%lG. 3. Dispersion relation of ther* surface states along
.barrler. of W'dtha. and he'ght.VB’ as schematically shown the I'-1 J' line (the dimer-row direction), obtained from the
in the inset of Fig. 2. Provided that the center of the Alstanding waves. Solid line: Calculated band structure of the
chain is located at = 0, a 1D Bloch wave along the sjo1)-c(4 x 2) surface in thel-: J' line from Ref. [12].
dimer rows § direction) encounters the potential barrier The LDA calculations systematically underestimate band gaps,

at x = a/2. The wave function of the standing wave so that the calculation bands have been shifted upwards in
is described ag (k,x) = e % + Reitkx+d) leadingto a  €nergy by 0.65 eV. Shaded area represents the projected bulk

; Matinn i ; bands. Inset: Surface Brillouin zones of thét X 2) and
spatial OSC'”at'O.n in the local d(_ensr[y of states. (LDOS) at2 X 1 structures denoted by solid and dotted lines, respectively.
the energy relative to the Fermi levElk) = eV:

lg(k,x)|> =1+ R* + 2Rco2kx + &), (1)

whereR is the reflection coefficient, and is the phase JdiSPersions are superimposed on the calculated bands of
shift. If the density of states of the STM tip is assumed tothe SIOOI)TCM X 2) g,urfa_lce by Ramstadt al. using the
be constant, the tunneling currditat the sample voltage local-density approximation (LDA) [.12]' The calculated
V, is given by bands ha\_/e been shifted upwgrds in energy by 0.65 eV,
y because first the LDA calculations systematically under-
v 2 estimate band gaps, and second the Fermi level position
I = ]0 T(E,eVs,2) [y (k. x)I"dE should be shifted for our highly dopegtype sample. Jo-
ev, hansson and Reihl [15] have reported a similar dispersion
] T(E,eVs,z){1 + R? + 2R coq2kx + 8)}E, curve for the room-temperature(@1)-2 X 1 surface in
) the F—% J' line by IPES [15]. In the IPES study, two dis-
persion branches indicate logaf2 X 2) and/orc(4 X 2)
whereT(E, eVy,z) is the tunneling probability, and is  periodicities, although th2 X 1 symmetry dominates on
the distance between the tip and sample surface. Accorghe room-temperature Si(001) surface. The dispersion re-
ing to Eq. (2), the constant-current images are generatagdtion of thec(4 X 2) surface in Fig. 3, on the other hand,
by the weighted integral of the LDOS maps. Becausés about 0.3—0.4 eV higher than the IPES dispersion. This
of the maximum tunneling probability’(eVy,eV,,z) at  energy shift results from the difference betweenand
E = eV, the LDOS atE = eV, strongly contributes to  p-type samples; the shift of the Fermi level positions by
the tunneling currenf,. This leads to a significant en- dopants. The surface photovoltage study [20] has deter-
hancement of the spatial LDOS oscillation Bt= eV,  mined the Fermi level shift to be 0.3—0.4 eV fopatype
in the constant-current oscillation, although the: os-  Sj(001) surface, compared to artype one af’ = 85 K.
cillation is not proportional to the spatial LDOS oscil- We examined the energy shift betwegn and n-type
lation. If the periodic spacing\, of the z oscillation surfaces @01-0.02 O cm and0.05-0.09 ) cm, respec-
almost corresponds to the wavelength of the spatial tively) using STS af’ = 63 K. The relative energy shift
LDOS oscillation ate = eV, [19], the wave numbek  of 0.3-0.35 eV in the STS spectra (not shown) accords
of the LDOS oscillation can be estimated /as= 7/A;.  well with the photovoltage experiment and also with the
According to this approximation, we plot an energy dis-IPES experiment.
persion of the standing waves from a series of thes- Although the dispersion relation of the" states can be
cillations in Fig. 2. Figure 3 shows the dispersion curveobtained from the constant-current STM data, the phase
in the F-% J' line of the surface Brillouin zone. This re- and shape of the oscillation differ from those of the
sult is in good agreement with previous calculations forspatial LDOS oscillation [4]. To clarify the scattering
the 7| surface states [12—14]. In Fig. 3, our obtainedphenomena of ther* state electrons, we calculated
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the constant-current oscillations using the dispersion the electrons in ther* surface states on the(801)-c(4 X
relation and Eqg. (2). Although the energy dependence@) surface. Based on the 1D square potential model, the
of the tunneling probabilityl'(E, eV, z) is not clear at surface dispersion of the* states has been obtained from
present, it is given by the WKB approximation as [1] the STM data. In addition, the Al dimer chain has been

found to act as an impenetrable hard wall of 0.43-nm width
2 = s
T(E,eVy,z) = exp{—ZzJﬁ—rg (¢ + e;/ - E)

for the electrons in ther* surface band.
. (3 We thank Dr. A. Ramstad and Dr. G. Brocks for send-
ing their calculation data [12] in Fig. 3.
where¢ =~ 4.5¢V is the average work function of the tip
and sample surface. In Eg. (2), the phase shifif the
LDOS oscillation atE = eV, is obtained from the 1D
Schrédinger equation as a function @fand Vz. From  [1] For example, R.J. Hammers, Annu. Rev. Phys. Chem.
the result of the calculation, the simulatedscillations, ?55954331 (1989); R.M. Feenstra, Surf. S@99/300 965
using Vg = infinity and ¢ = 0.43 nm, well reproduced : . :
the STM data, as shown in Fig. 2. The values/gfand [2] M.F. Crommie, C.P. Lutz, and D.M. Eigler, Nature

a were changed little, even for the tunneling probability (EL%ndﬁgl)le?Ga gzéréﬁiﬁ; g CIIDenLCliGZén(Zjlg |\(/|19|§%)|;er

T = exd —2z4/(2m/h*) ¢ ]. This result suggests that the Nature (London)369, 464 (1994).
energy dependence df (E,eV,,z) does not strongly [3] Y. Hasegawa and Ph. Avouris, Phys. Rev. Leftl,
affect the barrier height and width of the Al chain in this 1071 (1993); Ph. Avouris, I.-W. Lyo, R.E. Walkup, and
energy range. Y. Hasegawa, J. Vac. Sci. Technol. B, 1447 (1994);
; ; : ot Ph. Avouris and I.-W. Lyo, Scienc264, 942 (1994).

In occupied-state STM images, the spatial oscillation . ;
was not observed in spite of the existence ofthsurface [4] glé‘é?\;\/ Schneider, and R. Berndt, Phys. Re\5& 7656
states. The theoretical [12,13] and ARPES [11] results [5] :

) W. Chen, V. Madhavan, T. Jamneala, and M. F. Crommie,
have revealed that the surface state lies close to the Phys. Rev. Lett80, 1469 (1998).

bulk band edge along thE-J’ line. Although the reason  [6] J. Li, W. Schneider, R. Berndt, and S. Crampin, Phys.

for the no standing waves in the occupied-state images is  Rev. Lett.80, 3332 (1998).

unknown, the connection between the states and the [7] P.T. Sprungeet al., Science275, 1764 (1997).

bulk states suggests that most of thestate electrons [8] Ph. Hofmannet al., Phys. Rev. Lett79, 265 (1997).

can be scattered into the bulk bands, leading to strong®] D. Fuijitaet al., Phys. Rev. Lett78 3904 (1997).

damping of the standing waves. 10] T. Yokoyama and K. Takayanagi, Phys. Revo®& 10483
For the unoccupied* state electrons, the impenetrable ___ (1997); Phys. Rev. 57, R4226 (1998).

hard wall potential is generated by the break of the!l Yl'gggta' S. Suzuki, and S. Kono, Phys. Rev. L8§,2704

surfac_e bands at the Al ad-dimer chain, \_/vhich _indicate 12] '(A_ Raaﬁstad, G. Brocks, and P.J. Kelly, Phys. Re\6B

the existence of the energy gap at the Al-Si(001) interface. ~ 14504 (1995).

Similar standing waves were also observed at the lowgf3) 7. zhu, N. Shima, and M. Tsukada, Phys. Rev.4B,

side of theS, steps, but the oscillation amplitude was only 11868 (1989).

about1/5 of that near the Al dimer chain. Furthermore, [14] J.E. Northrup, Phys. Rev. 87, 10032 (1993).

in spite of the break of the surface bands, we could15] L.S.O. Johansson and B. Reihl, Surf. S269/27Q 810

not observe the standing waves both at the upper side (1992).

of the S steps and near missing-dimer defects. Thesél6] J. Nogami, A. A. Baski, and C.F. Quate, Phys. Revi#

results indicate that the electronic structure of the local _ 1415 (1991). _ _

bonds at adsorbates, steps, and defects seems to deternfin@d H- Itoh, J. Itoh, A. Schmid, and T. Ichinokawa, Phys. Rev.

the effective barrier height, as well as the transmissio B 48, 14663 (1993).

probability to the bulk states. By using other materialsTlB] ;37.8%r?f53,3)P.J. Kelly, and R. Car, Phys. Rev. L&,

for the potential barrier, the standing-wave studies will[lg] For the Ag(111) surface, Schneidet al. have revealed
provide detailed information about the local bond nature ~ ihat the periodic spacing, of the z oscillation almost
of the metal- or semiconductor-Si(001) interfaces. corresponds to tha, at E = eV, in Ref. [4].

In summary, using the low-temperature STM, we havg20] W. Ménch, P. Koke, and S. Krueger, J. Vac. Sci. Technol.
observed the standing waves generated by the scattering of 19, 313 (1981).
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