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Buckling and band gap of the G€111)2X 1 surface studied
by low-temperature scanning tunneling microscopy
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Low-temperature scanning tunneling microscopy is used to study thé& Peconstruction of cleaved
Ge111) surfaces. Buckling of the surface atoms is investigated by observations of the corrugation shift
between filled and empty states. In t(ﬂel_l) direction, the shift in corrugation maxima from filled to empty
states is found to beegative consistent with expectations for the “negatively buckled” model for this surface.

A surface band gap of 0.540.04 eV is measured by tunneling spectroscopy.
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The 2x 1 reconstructions of G&11) and S{111) surfaces Pieces of 111}-oriented Ge waferg-type with resistivity
have served as prototypical systems for the investigation abf 0.2 () cm, were cleaved in ultrahigh vacuum to expose a
surface electronic and optical properties. It is well accepted11l) face. The typical macroscopic appearance of the cleav-
that the geometry of the surfaces is described by thege face is the same as described in Ref. 11. Cleavage was
m-bonded chain modélMany-body effects in the electronic performed with the sample at room temperature, after which
states’ as well as possiblbucklingof the surface chains, are it was immediately transferred to a low-temperature STM
still being investigated. In particular, a recent paper by (Ref. 12 with base temperature of 12 K. Electrochemically
Rohlfing et al* following work by Takeuchiet al® has pro-  etched tungsten probe tips were used. iArsitu cleaning
posed a model with relatively large “negative buckling” of step for the probe tips was found to be important for obtain-
the chains, based on a comparison of theoretical band gajsg reproducible spectroscopic results; this was accom-
with experimental results from photoemission and inverseplished by making a controlled mechanical contact of the tip
photoemission spectroscdpy(PES/IPE$ as well as a com-  to a clean platinum surface and thereby transferring platinum
parison of computed optical spectra with experimental flata.atoms to the end of the tip. Spectra were acquired using the

In this work we investigate the buckling and the band gapgechnique of a continuously varying tip-sample separation,
of Ge(111)2x1 surfaces using low-temperature scannings(V)=sy+a|V| with values ofa of typically 1 A /V. Nor-
tunneling microscopySTM). The STM provides a relatively malization is done by computing the ratio of differential con-
direct means of determining surface bucklifaf least for ductancedl/dV (measured with a lock-in amplifier, using
large buckling,®*%as illustrated in Fig. 1. Structural models
for positive and negative buckled geometries are shown,
taken from Ref. 4. In ther-bonded chains, the surface atoms 2 o o o
have one electron per dangling bond. Some charge _transfer is ® o —filed——__o
expected from the lower to the upper atoms, making them
threefold or fourfold coordinated, respectively. Thus, one ex-
pects the filledempty surface states to be located preferen- o o o1 o o
tially on the uppernlower) atoms. Recent theoretical results L) -
of Lee and Kang confirm this expectatidhus, if one ex- ¢ ¢ m o *
amines the shift in spatial location from filled to empty  (c) (d)

states, one expects a shift in th@1_1> direction for posi-

tively buckled chains whereas(@11) shift is expected for Y
negatively buckled chains. T

In our results below, we observe (11) shift in the
location of corrugation maxima when going from filled to
empty states, which is consistent withhagativelybuckled
surface. In addition, we present detailed results for tunneling G, 1. Structural models for positively buckldéa) and (c)]
spectroscopy, revealing a rich spectrum of surface states anglg negatively buckledi(b) and (d)] 7-bonded chains, following

a surface gap of 0.540.04 eV. This gap is consistent with Ronhlfinget al. (Ref. 4. A side view of the structures is shown i)
that from PES/IPES, and together with the theoretical resultand (d), and a top view of the atoms in the chains is showitain

of Rohlfing et al* also argues in favor of a negatively buck- and (b). Surface atoms whose dangling bonds are mainly filled
led surface. (empty of electrons are marked by solidpen circles.
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foge 7 FIG. 3. STM images of the Ge(111)2L surface, acquired at
sample 211 sample voltages ofa) +0.8, (b) —0.8, (c) +0.8, and(d) —0.8 V.
holder = scan direc. Dashed lines are located at the same surface locations in each im-

age. Imagesa) and(c) are displayed with a gray scale range of 0.3
d A, and imagesb) and (d) are displayed with a gray scale range

FIG. 2. STM image of cleaved GEL] surface. A well-ordere
f 0.5 A. A constant tunnel current of 0.14 nA was used for all

2x1 domain is seen in the center of the image, with disordered®
adatom arrangement visible on the right and left sides of the imagdMad€s-

The image was acquired with a sample voltage-cf.5 V and

constant tunnel current of 1 nA. Gray scale range is 0.9 A. Theo the cleavage face but rather they are oriented at 109.5° to
lower portion of the figure illustrates the sample mounting geom-it Thys, with knowledge of the scanning direction relative to
etry, which permits thg211) and(211) surface directions to be the sample mounting, we can confidently distinguish be-

easily distinguished. tween the(211) and({211) directions.
\oltage-dependent STM results are presented in Fig. 3.
We show four images, which were acquired consecutively
X . X . (with equal time delay between imageA small amount of
Figure 2 shows a typical STM image ac_quwe_d from_ourdrift can be seen between the images. The intersection of the
cleaved GeL11) surfaces. As we have described in previousashed lines on the images has been located on a corrugation
work, thezzse _surfaceg consist of orc.ierelsllz domam; _(6.93_ maximum in the filled statefFigs. 3b) and 3d)], and this
x4.00 A unit cell, interspersed with areas containing dis- intersection point is thus moved slightly in a uniform manner
ordered adatom arrangemefftdThe surfaces generally con- from one image to the next. Examining the images of Fig. 3,

tain about 50% of each type of structure. The size of the,q find a shift of half a unit celi2.0 A) between empty and
domains varies from cleave to cleave, but is typically about g;

10-mV modulation to total conductancé/V, where some
broadening is applied tb'V as described beloW.

nm. We note that the ability to establish operable tunnelin lled csj_tatest |nththe[_110]_ d|{ectlon. mes St\r:\;ﬁ 'St expeg:te?h
conditions at low temperature for this surface was found t cct;or én% ?] tne mequwgentlze % R? ddo a.lcl)mf Td €
be no different than at room temperature, indicating that ther.fT'Ff)n 1e | cthams,tﬁs prev;czjgs yt_o Se af_ diﬁ ItLtjl’Sl rate i
mally assisted processes are apparently not important in 8 719 LI .e or. ogona |r§c 'o_n' we |r.1 atthe .emp y
transport process. One advantage’ however‘7 of the |0WSta'[eS are shifted in tf[le] direction relative to the filled
temperature operation is in the overall stability of the STMStates, by about 0.7 A. Making repeated measurements of
operation. this shift at different surface locations, and for tip-sample

An important aspect of our investigation of the surfaceVoltages with magnitude in the range 0-3’1g0-8 V, leads to an
buckling is the establishment, with certainty, of the differ- average value for the shift of 0.28.08 A:

ence between thé211) and(211) surface directions. With ~ Our observation of gositive[121] shift of the empty

the outward surface normal as the cleavage face defined &kates relative to the filled statémrresponding to aegative
[111], these two sets of directions are inequivalent. Our211) shift) is consistent, according to Fig. 1, with expecta-
method for distinguishing these directions is illustrated in thetions for negativelybuckled 7-bonded chains. We point out
lower part of Fig. 2. Since the samples are cut oufldfl}-  that the interpretation presented in Fig. 1, with filled states
oriented wafers, two sides of the sample barr@wenormal  on raised atoms and empty states on lowered atoms, is valid
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the gap region. We thus apply a small amount of broadening
to 1/V, forming 1/V according to Eq(4) of Ref. 13 using a
broadening oAV=0.2 V.

The results of Fig. 4 for the low-temperature tunneling
spectrum are in good agreement with prior results obtained at
room temperaturé’ The overall appearance of the two spec-
tra are similar, except that the spectral features in the low-
temperature case are generally narrower and 2—3 times more
intense. Spectral features can be located in Fig. 4 with a
precision of typically=0.02 eV. The bottom of the empty
! surface state band appears as the intense peak at 0.(3l eV

—20 -1.0 0.0 1.0 2.0 energies relative to the Fermi leyelA small shoulder is
SAMPLE VOLTAGE (V) = E — Er (eV) reproducibly seen on the high-energy side of this peak, at
about 0.41 eV. The upper part of this band appears as two

FIG. 4. Tunneling spectrum of the Ge(11X2 surface. Peak peaks(on'y one peak was seen at room temperéﬁ)l‘rat
positions are indicated by vertical lines. The dashed line is an apg 96 and 1.23 eV. Higher-energy peaks, associated with bulk
proximate background used for determining the peak position of th%ands, are seen at 1.71 and 2.30 eV. The top of the filled state
feature near- 0.3 V, with the difference spectrum shown above raw band is seen as a relatively weak shoul@&milar to the
spec_trum. The sample voltage corresponds to the energy of a SWBom-temperature resuls, probably because of mixing
relative to the Fermi leve(0 V). with valence-band states. Using an approximate background

subtraction shown by the dashed line in Fig. 4, we deduce an
only for relatively large amounts of buckling. For small gnergy location of-0.30 eV with uncertainty of-0.04 eV.
buckling, the empty or filled states will still prefer one atom Ty peaks are seen associated with the lower portions of
in the chain or the othefsince the two sites are inequiva- e filled state band, at 0.65 and—1.06 eV. The remain-
lent), but a detailed computation is required to determingng small features in the spectrum are at the limit of the
which states are localized on which atom. However, for thgesjdual vibrational noise in our STM, and cannot be reliably
case of interest here, viz., large buckling of Ge(114)2  jjentified.
we feel that our interpretation presented in Figiahd ex- As discussed by Rohlfingt al.* the size of the surface
plicitty computed in Ref. Bis valid. Incidentally, we are pang gap provides an additional measure of the surface buck-
aware of the recent work by Hirayanea al'® that provides  |ing. The combination of PES and IPES vyields a value of
evidence for regions of different buckling on the Ge(111)2¢ g1 eV for the direct surface gdp,although some uncer-
X 1 surface. For our results reported here we have restricteglinty exists in this measurement since the results of two
our measurements to well-ordered regions near the center @;(periments(with possibly different Fermi-level positions
relatively large 2<1 domains, and we have always observedmyst be combined. Theory indicates a direct gap of 0.66 eV,
the same sign and similar magnitude of tl&l1) shift be- with an indirect gap which is smaller by about 0.12 eV
tween empty and filled states. Nevertheless, we do acknow[taken from Fig. 2b) of Ref. 4. Comparing with our mea-
edge the possibility of buckling variations near surface desurements above, we find a gap directly from the normalized
fects; indeed, very early STM measurements revealed suatonductance of 0.490.03 eV (combining uncertainties in
effects on the Si(111)21 surfacet’ Finally, we note that quadrature However, a small correction must be applied to
the corrugation shift between filled and empty states obthis value since the normalized conductance itself slightly
served here is similar in magnitude to that seen orunderestimates the gap. Based on the analysis of Ref. 19, we
Si(111)2x1 surfaces, although that agreement may beestimate a correction of 0.650.02, yielding a gap of 0.54
coincidentaf'® +0.04 eV. This value presumably corresponds to the mini-

In addition to voltage-dependent imaging, we have alsanum gap(indirec, and it agrees well with the above PES/
probed the electronic states of the surface using tunnelintPES and theoretical results. Our prior room-temperature
spectroscopy. Results are presented in Fig. 4, where we shaweasurements yielded a gap from the normalized conduc-
a spectrum consisting of an average of about 15 spectra atance of 0.65: 0.07 eV** This value is somewhat larger than
quired at various points on a well-orderetk2 domain. We  that observed here, especially considering that the gap should
plot the ratio of differential to total conductance, where thebe smaller at room temperatur¢by an amount of about
total conductance provides a normalization quantity. Thi0.02—-0.04 eV, at least for Si(111}2l (Ref. 20]. We feel
normalization allows the spectrum to be conveniently viewedhat this slight decrease in the apparent band gap with re-
on a linear scale. However, as previously discussed, onguced temperature, albeit at the uncertainty limit of the ex-
problem with this type of normalization is that, when a bandperiment, may arise from some nonideal behavior of the
gap exists, the current goes to zero faster ttibidV at the  probe tips used. Although considerable care in probe tip
band edge, so that(/dV)/(1/V) diverges: This was not a preparation was used in both the prior and present works,
problem in our prior room-temperature spectroscopic meaperhaps some residual probe tip effetighich invariably
surements on Ge(111)21, since a small but non-negligible lead to larger observed gapwaere present in the previous
current was detected throughout the band Yam the  work. Further measurements are required to resolve this
present case, however, no measurable current was detectedsimall discrepancy between the two results.
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In summary, we have observed the shift between filledexperimental results. On the basis of theoretical reéutiis
and empty states on the Ge(11K¥2 surface, and find it to  relatively small value for the gap is also believed to support
be in the(?ll) direction. This result is in agreement with the structural model of negatively buckledbonded chains.

expectations based on a negatively buckled surface. Mea- This work was supported by a grant from the U.S. Na-

surements of the surface state band gap yield a lowtional Science FoundatiofDMR-9985898 and by the E.U.
temperature gap of 0.540.04 eV, in agreement with prior TMR Project “Atomic/Molecular Manipulation.”

*Email address: feenstra@andrew.cmu.edu 126, Meyer, Rev. Sci. Instrun67, 2960(1996.

TPresent address: Paul Drude Instittir féestkoperelektronik, 1°R. M. Feenstra, Phys. Rev. B0, 4561(1994.

Hausvogteiplatz 5-7, D-10117 Berlin, Germany. 14R. M. Feenstra, Phys. Rev. 8}, 13791(1991). We compute the

K. C. Pandey, Phys. Rev. Le#t7, 1913(198Y); 51, 17 (1985. uncertainty in band gap by combining uncertainties in quadra-

2M. Rohlfing and S. G. Louie, Phys. Rev. LeB8, 856 (1999. ture (square root of sum of squajes

3S.-H. Lee and M.-H. Kang, Phys. Rev. B}, 1482(1996; 55,  *°To quantify the shift between empty and filled states, we fit the
1903E) (1997). images to a function consisting of the sum of two sinusoids, with

4M. Rohlfing, M. Palummo, G. Onida, and R. Del Sole, Phys. Rev.  adjustable phases. The phase shift is found from the difference

Lett. 85, 5440(2000. of the phases between filled and empty states.
5N. Takeuchi, A. Selloni, A. 1. Shkrebtii, and E. Tosatti, Phys. Rev. *°H. Hirayama, N. Sugihara, and K. Takanayagi, Phys. Re62B

B 44, 13611(199). 6900 (2000.
6J. M. Nicholls, G. V. Hansson, R. I. G. Uhrberg, and S. A. Flod- *'R. M. Feenstra, W. A. Thompson, and A. P. Fein, Phys. Rev. Lett.

strom, Phys. Rev. B7, 2594(1983; J. M. Nichollset al, Phys. 56, 608 (1986.

Rev. Lett.52, 1555(1984. 8The sign of the (211) shift between empty and filled state for
7J. M. Nicholls and B. Reihl, Surf. Sc218 237(1989. Si(111)2x 1 surface is uncertain at present. We have carefully
8S. Nannarone, P. Chiaradia, F. Ciccacci, R. Memeo, P. Sassaroli, reexamined our prior data for this surface, comparing results

S. Selci, and G. Chiarotti, Solid State Comma@8, 593 (1980. obtained in different experiments, but we have been unable to
9J. A. Stroscio, R. M. Feenstra, and A. P. Fein, Phys. Rev. B&t. unambiguously determine the sign of the shift. Additional mea-

2579(1986.

surements are needed in order to determine this quantity.
10R. M. Feenstra, J. A. Stroscio, J. Tersoff, and A. P. Fein, Phys!®R. M. Feenstra, Phys. Rev. &), 4478(1999.

Rev. Lett.58, 1192(1987. 20F, Ciccacci, S. Selci, G. Chiarotti, and P. Chiaradia, Phys. Rev.
1R. M. Feenstra and M. A. Lutz, Surf. S@43 151 (1992). Lett. 56, 2411(1986.

081306-4



