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Interface relaxation and electronic corrugation in the Pb/S{111)-Pb-a- /3X |3
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The corrugation observed on top of Pb islands grown d13)-Pb-«-,3X |3 (as a result of the Moire
pattern formation at the Si/Pb interfaceffers a different way to obtain information about the interface.
Results from several probésigh resolution LEED, STM, STS, model image calculatiom® compared. The
origin of the corrugation is predominantly geometiecause of layer relaxation in the islarahd to a lesser
degree electronicrelated to the confined electrons within the islanthis is deduced from the hexagonal
ringlike features in LEED and the quantitative comparison of the corrugation contrast in calculated vs mea-
sured STM and STS images.
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The confinement of electrons in low dimensional struc-observed period i& =3.5 nm which is the matching distance
tures results in sharp quantization of their energy levelof 9 Si with 10 Plg111) lattice constants. As discussed in
which is commonly referred to as quantum size effectsRef. 14 other less frequent orientations between the two
(QSB.}? The energy level position depends sensitively on“beating” lattices are possible. X-reflectivity experiments
the dimensions of the grown structures and one of the goalshow that underneath the islands t[8x 3 reconstruction
is to search with spectroscopic techniqyés., angle re- s removed and $1 X 1) is in contact with Pt111) islands!3
solved photoemission and scanning tunneling spectroscopy The corrugation is observed with high resolution LEED
(STS] for evidence of QSE in epitaxialy grown from a ringlike intensity distribution. This confirms the
structures* It was found that QSE are not only observablestrong contribution of the geometric relaxation, since the
spectroscopically, but more importantly they modify the en-_LEED intensity distribution vs scattering wave vector origi-
ergy stability of a grown island with its height, so a very nates from variation in atom position normal to the surface.
sharp distribution of preferred heights has been SeEms LEED probes easier larger wave vecta@nd therefore
offers different pathways to self-organization on the nanossmaller distances in real spacso it provides the shape of
cale. Preferred heights have been observed also in the gromRe “overlapping” regions in the Moire pattern. In a different
of Ag/GaAg110,° and been accounted for in terms of the yse of diffractiod® the dependence of reflectivity on incident
competition between confinement and charge trarfiserch  beam energy was used to map out the electronic band struc-
models have been partially justified from first principles cal-ture of an epitaxially grown film but no structural informa-
culations on free standing Pb filfher in mixed models with  tion was deduced about the buried interface as in the current
the overlayer treated as stabilized jellium and the substrate ggork.
1D pseudopotentiafs. On the other hand an electronic effect originates from the

Experiments of Pb deposition on different interfaces atconfined electrons within the islands and no variation in
low temperatures have shown that uniform height islands caatom position normal to the surface is necessary. The con-
be grown with preferred height which depends on the initialined electrons are described with subbands of constant wave
interface, i.e., 7-step islands on(8L1)-7X7 and 5-step is-  vectork, (normal to the surfageand with parallel component
lands on the $111)-Ph(,3x 3).1% Not many experimental k; in the range(0<k'< ((2mE//h?)-k??), whereE; is the
techniques are available to probe buried interfaces. In thifermi energy:'® The “beating” periodicityh between the
work we show how the corrugation observed on top of Pltwo lattices defines the wave vectgr 27/\ which is best
islands grown on $111)-Pb-w((3% |3) (which originates observed ak! ~q.1” Since the energy corresponding to the
from the Moire pattern of overlaying the i1 and S{111) corrugation wave vectoE,=(Aq)?/2m is only 0.1 eV (for
lattices can be used to deduce information about the inter\ =~ 3.5 nm), this implies thatk'~q is met at energies just
face. As demonstrated earfiét the corrugation depends on above the discrete energy levels. This implies that the
the tunneling voltage, so its origin must be partially due tosignature of the electronic effect is the dependence of the
electronic effects, i.e., the projection to the top of the relativecorrugation amplitude on tunneling voltage and island
phase¢(x,y) of the confined electron wave function at the height. It was suggested that in addition to these two factors,
buried interface. However there can be an additional purelyhe stacking sequence in the (ttl) Pb island, whether
geometric contribution to the corrugation, which is related toABC or ACB, can introduce a lateral phase shift in the con-
the relaxation of the Pb layets. fined electron wave functioH. The conditions necessary for

For growth on Si111)-(7X7) the corrugation has the the corrugation contrast to chan@ie., whether the compact
7 X7 periodicity and the X 7 reconstruction is still intact regions or the complementary interconnected “sea” between
underneath the islands? but for growth on top of the them is bright or ngthave been discussed in Ref. 12.
a-3X% |3 the corrugation is related to the “beating” period  Figures 1a) and Ib) show a high resolution LEED pat-
between thé1l X 1) Si and(1X 1) Pb lattices. The most often tern close to the specul@d0) and S{10) spots after depos-
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FIG. 1. (a) Diffraction pattern
(for 1.4 ML on thea— 3 X |3 at
180 K) close to the(00) spot
showing the “hexagonal” ring at
10.9%BZ along[110]. (b) The
pattern close to the @&i0) spot
(@) (b) showing a broad Rf0) spot with
maximum intensity alond110].
For (c) and (d) an additional 1.9
ML have been depositedc) The
evolution of pattern(a) to a “star-
like” pattern and(d) the evolution
of (b) towards islands misoriented

by 5.6° from[110].

(c) (d)

itng 1.4 ML of Pb on thea-/3X 3 at 180 K (the starlike feature. This angle is larger than 3° observed for
a-/3X |3 phase requires~4/3 ML). For this coverage islands grown on top of thg-,3x |3 (which has coverage
2-step islands are present as seen from the 2-layer oscillatidh/ 3 ML) or on the “SIC” (striped incommensuratephase
of the intensity vs electron energy curgeot shown. A because a very smooth “devil’s staircase” phase is préent.
“hexagonal” pattern is visible around th@®0) and S{10) An estimate of the amplitude of the atom relaxation at the

spots. In addition a bright Pb0) is observed to the right of interface can be made from the intensity ratid/100 of the

, o . . . P . “hexagon” intensity to the intensity of thé0) spot. If a
the S{10 _spot with its maximum Intensity on Ft[&lO] azl- simple 1D model is used with the substrate modeled as a
muth, which shows that the islands are aligned with th

o o y o Seriodic lattice of coincidence cells of periodat position
[11 0] substrate direction. The position of the “hexagon” is r,=](9a) with | an integer, the intensity can be expressed as

10.9%BZ of the Sil11) Brillouin zone (BZ) which agrees the product of the intensity due to the long range order
with the corrugation period 3.5 nm. The “hexagonal” shap&jmes the scattering factor of the coincidence cell
observed in reciprocal space corresponds to the shape of ”I@|Ej=1exp(ik”rj)|2x|2’r}§}°exp(ikZAzn)|2 (with Az the average
overlapping region formed by overlaying the(Bil) and  4iom shift,k,=ma,/9 for the hexagon intensity arlg=0 for
PH(111) lattices. Figure (c) shows the pattern change when he specular beanthen the measured intensity ratio 1/100 at
1.9 ML is added on top of the amount of Figal As seenin  3g ey implies thatAz~0.048 nm(i.e., for simplicity of the
diffracted intensity vs electron energy measurements the issg|culation we have assumed a “square-wave” displacement
lands still have the same 2-step height but they have growRjith haif of the Pb atoms within theag coincidence cell
laterally. The “hexagon” around th€&0) spot changes to displaced up and the other half down hy).

“starlike” pattern, while at the same time the orientation of  gjnce the 10.9%BZ diffraction feature of the pattern cor-
the islands, as seen in Fig(dl, changes with the lobes of e5p0nds to the corrugation period and since the elastically
maximum intensity 5.6° rotated from the 10] direction.  scattered LEED electrons are unrelated to the QSE electrons,
The relative rotation of the lattices causes changes in ththis provides solid confirmation that the geometric relaxation
shape of the overlapping region in real space which causds the predominant contribution to the corrugation. Further-
intensity redistribution in reciprocal space generating themore the intensity of the “hexagon” vs energy follows a
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U-shaped curve, it is higher at lower energy used
(~38 eV), then it decreases with increasing energy but at
~140 eV, it grows back again. Although the measurement is
carried out on an island of finite thickness, this dependence is
similar to the variation of the electron mean free pAtlvith
energy on macroscopic crystélsvhich also shows energy
minimum at~100 eV. This is consistent with the minimum
electron penetratiom\ within the island[and therefore re-
duced intensity of the incident electron beam at the interface
as expected from its exponential dependence on
zl=1gy exp(=z/ A)].

In a theoretical stud¥? it was concluded that the Pb is-
lands must be relaxed by comparing measured and calculated
topography STM images. If the islands were not relaxed then
there would be a dependence of the corrugation contrast on
tunneling voltage while experimentally no contrast reversal
is seen, i.e., the compact regions are always the bright ones.
These regions correspond to Pb atoms adsorbed at T1 sites.
The observed corrugation amplitude in STM is 0.06 nm con-
sistent with the relaxations deduced in the calculation, i.e.,
the layer closer to the substrate has shift 0.052 nm, the
middle layer has shift 0.062 nm and the top layer has shift
0.042 nm. These values agree well with the valuAnfrom
diffraction.

This conclusion is further confirmed with STS experi-
ments in the range -1.5V to 1.5 V shown in Fig. 2. An  FIG. 2. STS images of size 6970 nn? in the voltage range
amount of 5 ML of Pb was deposited on an,3X (3 sub- -1.5V<V<15YV for 5 ML Pb grown ona- /3% |3 at 180 K.
strate at 180 K and with the application of a high voltageOnly images at 6 voltages are shown due to space limitations. Is-
pulse (~10 V) a nonequilibrium island height distribution lands of unstableg4-, 6-layer$ and stable(5-layep heights are
was generate%ﬁ The area shown is 6970 nn? and in- marked. The corrugation contrast is independent of the tunneling
cludes three different heightmarked in the image as 4-, 5-, voltage. At the bottom a region of the image at 0.45 eV is shown at
6-layen islands separated by the (3 |3 marked as the a much lower current levekeduced by a factor of-10 from the
wetting layer(W.L.). The island height is measured from the full image) to show that the contrast on the 5-layer islgmchich
W.L. so it is one layer less than heights measured from the Sias low emissiohis still unchanged.
substrate. The reference parameters &g=1V and
l,es=0.5 nA which correspond to a sample-tip separation ap-

proximately~=0.8 nm. - . )
First these spectroscopic data confirm the stability differ- The results shown in Fig. 2 are standard STS images con

ence between even vs odd islands since the unstable heigh ucted from -V curV(_es obtained at eaoﬁ_h,y) Iateral_loca—
(even are of higher intensity than the stable heightd). tion and at constant tip-surface separation. The brightest re-

Their highest occupied ban@HOB) is closer to the Fermi gion corresponds to the maximum current and the darkest to
level 16 The contribution of QSE is easily seen by naked eyethe minimum current for each image. Since the main conclu-
for the stable 5-step island since at +0.45 eV the energy levedion depends on the sign of the contr@st., bright regions
of the lowest unoccupied barflUB) as seen in the energy remain bright and dark remain dark with tunneling voltage
spectral® the average current is higher. In addition, for this and not on its absolute value, this presentation illustrates best
voltage the corrugation amplitude is enhanced, since as dishe conclusion.
cussed before the optimal condition to observe the maximum Figure 3 shows a calculation of STS image for a 2-step
corrugation is only 0.1 eV above the energy lev)s ~ island[i.e., 3-step island if measured from thg.il) sub-

Itis also remarkable that the corrugation contrast in Fig. Zrate as in Ref. 12, for different tunneling voltages. Details
does not change with tunneling voltage. This is seen in alpf the calculation based on tight binding interaction potential
STS images for 20 different tunneling voltages, but only siX.on pe found in Ref. 12For calculating the STS images we

images are shown due to space limitations. At the bottom g.5te the variation of the STM tip heightz,(x,y)

region of the 0.45 eV image is shown at a much lower cur-_ = >
rent level (reduced by a factor of~10) to show that the =2,(x,y) =z at the scanned voltagé and Aze=Aze(x,y)

contrast on the 5-layer islan@vhich has low emissionis =Ze((x,y) -z at the reference voltagé. defined by contours

still unchanged. The contrast of the stable islafidtayep is ~ Of constant local density of statéand therefore constant
complementary to the contrast of the unstable islafas tunneling currer)t.at ayeragez:O.B nm. This is based on th'e
6-layen with their compact regions always of lower intensity Standard approximatiéfi that the local density of states is
than the surrounding “sea.” The independence of the contraffoportional to the measured tunneling currgptlf the tip-

in STS images confirms again that QSE cannot be the onlgurface separation is kept constant as in $Stead of the
mechanism responsible for the corrugation. tunneling currentl,, can be written to first order as
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current measured at constant tip surface separation as in the
experiment. This expression can be rewritten in terms of cal-
culated quantities in constant height images,

|m~|_+ﬂ Al Al !
& (%
dz dz
where Al=1-1 and Alref=lref—l_,ef are the variations in the

tunneling current at the lateral locatidr,y) for V and Vg,
respectively andll,/dzis the local work function az and
ref

The results of the calculation are shown in Fig. 3 for four
scanned voltages of positive and negative polarity. The
shown intensity is proportional to the density of states and,
since the conclusion is based only in the absence of contrast
variation as the tunneling voltage is changed, the absolute
intensity level is unimportant. If the island is not relaxed then
there is a dependence on voltage contrary to the experiment,
while for relaxed islands this is not the case.

In summary, we have presented complementary STM,
STS, and SPA-LEED experiments studying the corrugation
observed on top of Pb islands grown on the 3X 3

FIG. 3. Calculated STS images for a 2-step Pb islfirel,  phase. Calculated STS and topography images were used to
3-step when measured from(811)] on a-3X (3 as a function of  deduce that the observed independence of the corrugation
tunneling voltage for unrelaxed islandeft column and relaxed  contrast on tunneling voltage can only be explained from the
islands (right column. No change of contrast is seen for relaxed geometric relaxation in the islands. This is further supported
islands as in the experiment. from the SPA-LEED experiments which are only sensitive to
the atom relaxation. Such studies offer a different possibility
to probe metal/semiconductor interfaces.
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