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STM measurements on the InA$110) surface directly compared
with surface electronic structure calculations

Jan Klijn?! Lilli Sacharow! Christian Meyet: Stefan Bligel? Markus Morgensterir* and Roland Wiesendander
Unstitute of Applied Physics, Hamburg University, D-20355 Hamburg, Germany
2Institut fir Festkaperforschung, Forschungszentrurilidh, D-52425 Jilich, Germany
(Received 16 May 2003; revised manuscript received 20 August 2003; published 24 November 2003

Ab initio density-functional-theory—local-density-approximation electronic structure calculations are per-
formed for the InA$110) surface and compared with scanning tunnel micros¢d§IM) measurements using
the Tersoff-Hamann model. In both, calculations and measurements, we see the same atomic features. At
negative and small positive energies, the local density of states is concentrated around the As atom, while at
higher positive energies it is centered above the In atom, because of the appearance of the In dangling bond.
Moreover, we describe two types of irregular STM images on the (3 surface. First, we measudd/dV
images exhibiting atomic resolution at voltages within the band gap, which, however, still can be understood
within the Tersoff-Hamann model as due to a higher-order term. Second, we measure features on the subatomic
scale with certain tips at low tip-sample distance, which are most likely caused by elastic interactions between
the tip and the surface.
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[. INTRODUCTION indium dangling bondIn-DB) state sets in. The reason is
that the local DOSLDOS) of the parabolic bulk conduction
There is a continuing interest in the atomic and electronidand (CB) has a surface appearance very similar to the ar-
structures of 11I-V surfaces, which is related to the techno-senic dangling bondAs-DB).
logical importance of these materials. In particular, the In addition, we show two anomalous types of STM im-
defect-free(110) surface has been investigated intensively.2ges on InA€L10). First, we find atomic resolution at

Angle resolved photoemission spectroscopy and numericar 250 meV in both topography and the simultaneously re-
calculations on AIAS AlSb?2 GaAs®7 GaP'~12 Gashk? cordeddl/dV images, although this voltage corresponds to

InAs,”913-16Inp7 1012173 |nS818 are reported. However, an energy in the middle of the band gap. Surprisingly this
detailed studies of the electronic structure on the atomi@lOMic resolution can be explained within the Tersoff-
Hamann model, if one takes additional terms into account.

scale are rare. Some scanning tunneling mMiCroseSM) e second anomalous imaging occurs with certain tips, if
and scanning force microscopy measurements are availab-lré1 ging PS,

: . the tunneling current is increased. Sharp subatomic struc-
(e.g., Refs. 19—-24 but only in very few papers theoretical . ! .
; ; . tures are observed in the topography, which are attributed to
local electronic structure calculations and STM images ar

directly compared912.25 %lastic interactions between the tip and the surface atoms.

The latter studies are all focussed on the large band-gap
semiconductors GaAs, GaP, and InP, which exhibit an impor-
tant difference to small band-gap IlI-V semiconductors as Electronic structure calculations are performed using the
InAs and InSb. In the first species, surface states are domitensity-functional theory(DFT) (Ref. 35 in the local-
nating the STM images at all voltag€while in the second  density approximatiofLDA).2® The Kohn-Sham equations
species the density of statéBOS) at small positive and are solved using the full-potential linearized augmented
negative energy does not contain any surface state, whighlane-wave methdd implemented in the FLEUR computer
allows, e.g., to probe bulk properties by STRF’ code® To simulate the InAG10) surface, we use a nine-

On the InA$110 surface, scanning probe microscopy layer InAs slab consisting of muffin-titMT) spheres around
studies with atomic resolution exi&t?228-31pyt a detailed each In and As atom with radii of 1.06 A each and an inter-
comparison between STM results and electronic structurstitial region in between. The plane-wave cutoff for the basis
calculations is missing. Only for cross-sectional STM resultfunctions is set toky,=4.0 a.u.*. This corresponds to
on InAs/GaSb heterostructures a comparison with calculaabout 460 basis functions per InAs unit cell. In the MT’s we
tions exists>? but this comparison is restricted to the identi- use spherical harmonics with angular momentum ug to
fication of the different possible InAs/GaSh interfaces. =9. Self-consistent iterations to determine the atomic relax-

Here, we perform a comparison between STM results ofition are performed with 16 points in the irreducible wedge
the clean InA&110) surface and calculations within the local- of the two-dimensional Brillouin zone. The electronic prop-
density approximation of the density-functional theory. Thiserties(LDOS) are determined with 22K points. We proceed
comparison is performed using the Tersoff-Hamannas follows. First, the theoretical lattice constant is calculated
model®*3*We found, that the aniofAs) is visible not only  in a bulk unit cell to be 6.03 A in accordance with experi-
at negative sample bias as in the large band-gap materialsiental result$® After that, the(110) surface is introduced
but also at positive bias voltages up to about 1 V, where th&ising the nine-layer slab and relaxed using the energy mini-

Il. CALCULATIONS
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malization method. This results in relaxation values as @ Ay

shown in Fig. 1a) which are in agreement with previous Aui;j 3;322
calculation$'?%® and with measurement$® Finally, we T 470
analyze the electronic structure of the slab using the in- 31_'2,1 ;'-%A
creased number & points. d 349 A

dyay 3.08 A

In order to compare the STM constant current mode ® A
(CCM) anddl/dV images with theory, we need to simulate '
these images from the electronic structure. Although the
Tersoff-Hamann mod&!>* can usually not be applied to in-
terpret atomic resolution data on met#ist is successful in
the interpretation of atomic-resolution data on IlI-V
semiconductor&® This is probably due to the large atomic
distances in the semiconductors and related to the less ex-
treme tunneling conditions, where atomic resolution is ob-
tained. Therefore, we neglect more complicated theories that
take tip-sample interactions into accoufd.g., Ref. 42
Within the Tersoff-Hamann model, the experimentally deter-
mined tunneling current is related to the LDOS of the sample
ps(E,Xx,y) at the lateral positionx,y) of the tip by

FIG. 1. (a) Relaxation of the InA&l10 surface with indicated
atomic distancegblack dots, In; white dots, As The calculated
values of the relaxed distances are listed on the rightinAs(110)
band structure. Large symbols mark states that lie more than 80% in
the upper two layers, plusé€s-) mark states with more than 15%
probability in the vacuum. The states corresponding to the dangling
bonds of the In and As atoms as well as the bulk conduction band at
I' are marked.

eV
| fo p(eV-E)pEXYT(EV,2dE (1)

with p; being the LDOS of the tipT(E,V,z)=e 2<(EeV)z
the transmission coefficient, ardthe decay rate. Thel/dV
signal is consequently related to the LDOS by

xe pi(0)ps(eV.x,y)T(eV,V,z)
\Y

I
&
dT(E,V.2) 3.5 A is visible in Fig. %e). Line sections over the As atoms

eV
+f0 pu(eV—E)po(E,xy) — - —dE

ev dp,(eV—E
+f v dp(eV—E) po(EXy)T(E,V,2)dE.

0 dv
v

along the[110] direction are plotted in Figs.(B. Since both
images and the line sections are nearly identical, we omit the
more complicated procedure, and use the integrated LDOS
images for comparison with STM CCM images.

IIl. EXPERIMENTS

At low voltage, the second and third terms can usually be Scanning-tunneling-microscopy measurements were per-

neglected. Onlyps and T have an X,y) dependence and

ps(X,¥)T(z(x,y)) is identical to the LDOS{,y) of the

sample at the position of the tip at heighabove the surface.

Consequently, to first order the calcula@idddV images are

identical to the LDOSX,y) at a heightz above the surface.

In order to increase the signal-to-noise ratio, this LDQ$)
is integrated over an energy intervAE=60 meV at each
point (x,y).

Experimental CCM images are

formed in a low-temperature ultra high vacuum system de-
scribed elsewher®. It operates atT=6 K. The InAs
samples are cleaveih situ at a pressure<10 8 Pa and
transferred into the cryostat within 5 min resulting in a clean
(110 surface with an adsorbate density of about 4&2.

The samples ane-doped (Np=1.1x 10'® cm®), which leads

to a Fermi energy about 10 meV above the conduction band-
minimum (CBM). The W and Pt/Ir tips are preparéd situ

compared with by field emission and voltage pulses on g0 surface

LDOS(x,y,z) images integrated over larger energy intervalsuntil stable imaging is obtained. All topography measure-

assuming thap, does not depend on enerffyg. (1)]. Partly

ments are performed in CCM and thid/dV images are

the integration starts at 0 meV and goes to the energy corr¢ecorded simultaneously to the CCM images by lock-in tech-
sponding to the applied voltage, but partly the integral internique. A modulation voltag¥ ,,,q at frequencyf=1.6 kHz is
val is shifted in energy to take tip-induced band bending intoused.

account®>* We checked that using the more complicated

In order to compare measured/dV images with calcu-

calculation of height profiles corresponding to constanfated LDOS images, we normalize tdé&/dV images accord-
LDOS contours, which would exactly correspond to CCMing to the method described in Ref. 26. The method trans-
images, differs only slightly from the integrated LDOS im- forms dI/dV images recorded in CCM intdl/dV images

ages at constant height. This is shown in Fig) &nd Se).

recorded at constant height. Therefore, one first measures

Figure 5c) shows the LDOS at a constant height of 3.5 A, 1(z) curves, which are assumed to be proportional to the
while a calculated CCM image with constant LDOS at aboutransmission coefficient(z) =e ™ 2*? with 2« being the at-
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0.8, T et hanced with respect to the bulk DOS, again indicating the
| =S surface states, but now related to particular atoms. For ex-
577 ample, the additional surface DOS-atl.3 eV in the As-MT
30_4 As-DB is assigned to the occupied As-DB, beca(set is concen-

9 trated at the As atom as visible in Figa®, (Il) it has a tilted
00.2f p,-like structure as can be seen from the cut through the

corresponding LDOS in Fig.(d) and(lll) it reaches deeply
into the vacuum, as visible in Fig. 1 as well as in Figa)3

’ L '
—— In-MT at surface -

0.3 -@ ~——— In-MT in bulk

iy l surface Obviously it is centered around thepoint as can be seen in

‘e states " H

20.2f B! Fig. 1(b).

£ M \ The In-DB can be identified in the same way by looking

50.1 W at Fig. 4b) and the cross sections of the LDOS in Figs.

bt V‘“{\{DB 3(d)-3(f). It is located at 0.8—1.2 eV above the CBM, has
A the typical tiltedp, structure at the In atorffig. 3f)], and is

o
=)

2 ey 2 centered around th¥ point as well[Fig. 1(b)]. Another sur-
. o face state concentrated between ¥handM points around
FIG. 2. Local density of states spatially integrated over MT 1 5 aV/ above the CBM is identified in Figs(g and 3h) to
regions. Black lines correspond to MT’s directly at the surface andyq of gans p-like type on both the As and the In atoms.
gray lines to atoms in the middle of the slala) As-MT's, (b) LDOS sections &2 A above the surface for each of these
In-MT’s. Regions corresponding to three different surface states a8 ree surface states are shown in Fig. 4. Evidently, only the
marked and are discussed in the text. As atom appears at energies corresponding to the As-DB, the
In atom is dominant at the In-DB, and both atoms are visible
with similar intensity at the third surface state. Note that the
As atom is also slightly visible at In-DB energies, which we
attribute to thesp-like configuration around the As as visible
di/dVv(x, ) i Fig. %) P 9
= oz ) ©) g 29
nom € ’ The fact that all surface states are well away from the
band edges leads to a peculiarity in STM images. The anion
. . As dominates at small positive sample bias, where only the
Th? di/dV curves are recorded W'th the same_lock-ln bulk CB marked in Fig. (b) can contribute. This is contrary
technique as thel/dV images, but the tip-surface distance o large-gap materials, where only the catien G is mea-
is kept constant after stabilizing the tip-surface distance aiured at positive biajé’"12'25The arsenic appearance on InAs
voltageVsapand current s, can already be inferred from Figs(t3 and 3c), where the

V. THEORETICAL RESULTS LDOS belonging to the parabolic bulk CB close Ibis
: shown. It has a dominating surface appearance as the As-DB,

The band structure of the relaxed InAs slab projected orieaching significantly into vacuum. We will discuss this in
the (110 surface is shown in Fig.(b). Its general structure More detail below.
is the same as found in earlier calculatidrid.arger points
indicate states lying with more than 80% in the upper two
layers of the film, while pluseé+) show states with more V. COMPARISON WITH STM IMAGES
than 15% probability in the vacuum, i.e., outside the MT’s of
the upper layer. These states are basically attributed to sur
face states. However, pluses at high energies, which are ngg
coincident W't.h Iarger pom_ts, might also be d_ue to the recurrent and voltage. The decreased voltage and increased
duced potential barrier height at such energies and mlgt}

therefore belong to bulk states. Unambiguous surface statﬁgtgﬂ::r;gtﬁ::ﬁgt;?g F(g (?% (laeg?ﬁse:gni esr(r;:rlllet: et IF()B-SStiurg:tCeed

are found at different energies around thepoint, between oy the measured exponential decay of the tunneling cur-
the X and theM point as well as between thé and theM rent I=1,e722 with a measured value of—2«
point, but not around th€ point. Note that our experiments = —14.5 nni 1.%° This tells us that the height difference be-
on low-dimensional electron systems are all performed in théween the two measurements in Figga)5and 5b) is Az
marked, nearly parabolic band at positive energies aroune3 A. Consequently, we compare the measured images with
theI” point and are, thus, related to electrons within an InAscalculated topography images at different height, i.e., at 3.5
bulk ban?6-27:43:46-48 Aand 1 A, respectively. The distances are much smaller than
The density of states within the MT’s corresponding totypical tunneling distances, but this has already been noticed
the different atoms is plotted in Fig. 2. In Figl@2the DOS by Engelset al!° and has been attributed to influences of
of a surface As-MT is compared with that of a bulk As-MT, higher orbital tip states. The calculated topography images
while in Fig. 2b) the DOS of a surface and bulk In-MT are are shown in Figs. (&) and 8d). The LDOS integral is taken
compared. At some energies the surface DOS is highly emever the energy range 100—-300 meV, which includes the

tenuation coefficient. Then the CCM imaggx, y) is used
to solve

dl
d_V(va)

which is proportional to thel/dV(x,y) at constant height.

Figure 5 shows measured CCM images at small positive
Itage in comparison with calculated topography. The mea-
red images are recorded with the same tip, but at different
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@ As-DB / zxAs @ 230 meV / zxAs © 230 meV / zxIn

[f0)

FIG. 3. LDOS cross sections taken perpen-
dicular to the(110 surface in a way indicated by
the labels, e.g., the label zxAs means that the cut

¥
1001]

AN
@ Surface state / 2xIn @

o [ E——

l_mm
)
3> 0

b

is made through the As atoms in the zx-plane as
defined in(i). The positions of In @) and As
(@) are marked. The numbers at the contour
lines are in arbitrary units, but the same arbitrary
units are used for images within one surface state.
The Fermi energy is positioned at the CBK&)
Integrated LDOS from—1500 to —1100 meV
(As-DB). (b), (c) Integrated LDOS from 190 to
310 meV (bulk CB atT). (d)—(f) Integrated
LDOS from 870 to 1200 me\In-DB). (g), (h)
Integrated LDOS from 1450 to 1800 megur-
face statg (i) Sketch of the surface with cross-
section planes used i@—(h) marked.

100-meV band bending deduced straightforwardly fromAs atoms, while only closer to the surface also In atoms are
dI/dV curves exhibiting states of the tip-induced quantumvisible, we attribute the intensity in the measured images
dot*® The agreement between measurement and calculaticaccordingly to the two atoms. So we can conclude that the
is excellent. Since the calculated topography at 3.5 A showas atoms dominate STM images at small positikaNe find

Surface state

FIG. 4. LDOS distribution 82 A above the surfacda) Inte-
grated LDOS from— 1500 to— 1100 meV(As-DB). (b) Integrated
LDOS from 870 to 1200 meVIn-DB). (c) Integrated LDOS from
1450 to 1800 me\(surface stafe Energies are given with respect
to the CBM. The positions of the In&) and As @) atoms are
marked in(a).

little change in the atomic appearance in experiment and cal-
culation up to about 650 meV. From Figil one infers that
this energy range is exactly the range of the parabolic CB
aroundI’. Thus, we attribute the As appearance to this band
in accordance with Fig.(®). Figures %c) and e) show the
comparison between integrated LDOS images and real CCM
images as described in Sec. Il.

Calculated topography images for higher energies taken at
5 A above the surface are shown in Fig. 6. In Fif)6680
meV), an additional intensity appears at the In atoms, leading
to a zigzag topography. At this energy the In-DB starts to
play a role, as visible in Fig.(b). In Fig. 6c) (1200 meV,
only the In atoms are visible showing that the In-DB DOS
now dominates with respect to the As DOS from the bulk CB
atl.

The transition to the In-DB regime can be observed more
clearly in the calculated LDOS images in Figsd®—6(i1).
The LDOS images are compared with measudtédV im-
ages, all recorded with the same tip in FigsdB—6(i2).
Again good correspondence between measurements and cal-
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1200 meV ‘

topography

line sections
— fig. c)
- =fig.e)

height / LDOS [arb. units]

0 2 6

4
positon A
FIG. 5. Measured CCM images), (b) in comparison with cal-
culations(c), (d). The tip-induced band bending is determined to be

about 100 meV(Ref. 43. (8 V=100 mV, =200 pA. (b) V
=50 mV, 1=1.8 nA. (c) Integrated LDOS from 100 to 300 meV at
3.5 A above the surfacéd) Integrated LDOS from 100 to 300 meV )
at 1 A above the surface. The positions of the surfacezi énd As FIG. 6. (—(c) Calculated topography images 5 A above the
(&) atoms are marked ifc). () Calculated CCM image at about Surface taken at energies as indicated, Vithat the CBM.(d1)—
3.5 A. (f) Line sections over the As atoms [d10] direction as  (i1) Calculated LDOS at 5 A above the surface with marked ener-
marked in(c) and (e). gies given with respect to the CBMd2)—(i2) Measured and ac-
cording to Eq.(3) normalizeddl/dV images taken at voltages as
indicated,| = 1500 pA, Vo= 20—40 mV. The small rotation ob-

. . erved in the measured data is attributed to thermal drift of the
cglatlons is found. However, the voItages do not CorreSponaample. All measurements are recorded with the same tip.&The
directly to the energies. The apparent difference of about 50Q.,4 &, mark the positions of In and As atoms, respectively.
meV, being voltage independent in the whole voltage range
above 74(3)0 mV, can be attributed to the tip-induced band
bending.” A nearly constant value of 500 meV is reasonable,aiomic resolution at these high voltages was unstable.
since this is slightly higher than the band gap of InAs. Then, \ve conclude that the In-DB induces a shift from LDOS

screening of holes becomes important, giving & band bending,ensity from the As to the In atoms and a partial rotation of
rather independent of applied voltage. A detailed discussiog1e LDOS rows from thg 110] into the [OOT] direction

of this effect can be found in Ref. 44. Moreover, we conclude that the measuddddV images can

th Nfég;vefc:;fc%sslkil:gé(:r;l). n ;nore detgll.bln. Fig. &, largely be identified with the calculated LDOS within LDA.
€ orthe bu IS Shown again Deing CONCen- ryig confirms that the first term in E¢R) is dominating at
trated around the As. At an energy of 710 meV, an addmona}nOderate voltages

LDOS intensity is seen above the [Fig. 6(e)]. A sharp
transition into an LDOS completely centered above the In
takes place within 50 meV, i.e., between Fige)éand Gf). VI. ATOMIC RESOLUTION IN THE BAND GAP
This is exactly at the energy where the In-DB band starts in | ; - ; e

. n the preceding section, we successfully identifiétdV
Fig. 1(b). Between 760 meV and 820 meV, the LDOS aboveimages at smalpositivebias with LDOS images. However,

the In atoms broadens into the01] direction. This leads to 4t smallnegativebias, where the energy corresponds to the
apparent atomic rows rotated by 90° with respect to the prepylk band gap, this picture has to be modified. A simplified
vious images. Above 820 meV, the broadening of the intenpand structure of the-doped InA$110) surface below an
sity in the[ 001] direction disappears agdiRig. 6(h)] and at STM tip is shown in Fig. 7). It exhibits a Fermi energy at
1250 meV, where according to Figgbl and Zb) the In-DB 10 meV above the bulk CBM and a tip-induced band bend-
region ends, the main LDOS intensity is rotated back into theéng downwards by about 300 mé&¥Two tip-induced quan-
[110] direction [Fig. 6(i)].>° Note that Figs. &) and i), tum dot states are induced in such a band bending and are
both limiting the In-DB regime, are very similar. At even drawn at— 30 and— 50 meV. Adl/dV curve within the same
higher energy the third surface state with LDOS located aenergy region is shown in Fig.(h). A small but nonvanish-

the In and As atoms comes into play, but STM imaging withing dI/dV intensity is found at voltages between 0 mV and
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FIG. 7. (a) Sketch of the band structure of InAs including tip-induced band bending. The position of the tip indieate250 mV. (b)
Spatially averagedil/dV(V) curve, Vgi= 600 mV, |~ 300 pA, Vioi=1 mV. Inset: higher resolution|/dV curve exhibiting two
qguantum dot states as indicat&t,;= 70 mV, | g5=300 pA, Voe=1 mV. (c), (d) CCM images, recorded simultaneousiy\at 30 and
V=-250 mV in trace and retrace, respectively; 300 pA. (e), (f) dI/dV images recorded simultaneously to the CC¥},,q=8 mV.
Insets in(c)—(f) show line sections along the rectangles. All measurements)+{f) are recorded simultaneously with the same tip.

—600 mV. The nonzero intensity in this region, wherg  are the states betweé and 30 meV again originating from
=0, can be understood by E():*° thedl/dV signal can the CB atl". Since the surface LDOS does not change within
vanish only if all three terms in Eq2) are zero. Bufp, as  the parabolic band up to CBi650 meV, i.e., between
well as T(z) are nonzero at every voltage. Moreover, Fig. —300 meV and 350 meV with respect K-, it is not sur-
7(a) shows, thatp is larger than zero at the quantum dot prising that the atomic rows at 30 and250 mV appear
states and between10 and 0 mV. Therefore, the integrals in identical and in particular, are not phase shiftsele inset
the second and third term of E@) do not vanish at negative ~ In addition, both CCM images exhibit the same corruga-
V, resulting in a finited1/dV signal also at negative.* tion of 0.05 A. This is also reasonable, since both images are
Moreover, the low-intensity region appears larger than théecorded at the same current. Consequently, they refer to the
InAs band gap of 400 mV. This can be attributed to the bangame absolute value of integrated LDOS according to Eq.
bending. At large negative voltage, the bands are bent dowrtd), which naturally should lead to the same corrugation.
wards, leading to an additional tunnel barrier between  Surprisingly, thedl/dV images in Figs. & and 7f)
—400 mV and— 700 meV. It starts at the surface and endsshow atomic corrugation at 30 are250 mV, too. Note that
at the valence band onset inside the biifig. 7(@)]. Only  the rows of thedl/dV image at 30 mV[Fig. 7(e)] are one
below about—700 mV, the valence band reaches up to thethird of an atomic row shifted with respect to tlg/dV
surface leading to a stronger increaselindV. image at— 250 mV[Fig. 7(f)], i.e., only the atomic rows at
The inset in Fig. ) shows a closeup of thél/dV curve, —250 mV are in phase with the rows of the two CCM im-
which exhibits two quantum dot states at52 and ages.
—27 mV. Knowing these energies, we can estimate the band The insets in Figs. (8) and 1f) reveal thedl/dV corru-
bending to be 300 meV according to Ref. 43. This bandjation
bending is in agreement with the above interpretation. Note
ti]it()tomri:\);leudes any sample states betwe&® meV and ) (d1/AV) o (d1dV) i
STM-CCM images recorded simultaneously at 30 and (d1/dV)mean
—250 mV in trace and retrace are shown in Figc)7and
7(d). Atomic resolution is visible in both images, but this is to be 0.13% at 30 mV and 3% at250 mV and an absolute
not surprising, because in both cases the integral o Bg. d1/dV signal of 0.71 nS at250 mV and 7.9 nS at 30 mV.
covers energy regions with states at the surface. For The latter numbers are not directly comparable because of
—250 mV these states are the quantum dot states and thedifferent tip height in the two measurements. But since we
states between the CBM arif. Both originate from the measured that the tip i5z2=0.9 A closer to the surface at 30
parabolic CB around’ [Fig. 1(b)]. For 30 mV, these states mV, we can calculate a height-normalizét/dV ratio of

4
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This ratio is much smaller than the measured ratio of B
di/dv)_ 0.71
( ) 20 —a; 03 (5) (5)], so this term can also not be the origin of ti&dV
(dl/dV)zy  7.9e72xA2 signal at—250 mV, at least ip; is not largely different from
p(0).

The remaining possibility is the third term. However, the
ratio (d1/dV) _,50/(d1/dV) 3o cannot be calculated, since the
i : - . ratio (dp;/dV)/p; is unknown. It is, nevertheless, possible to

'!'he question to Q|schus(js ;3 vv_hat causei the a_ton;uc COMEstimate thedp,/dV)/p, ratio necessary to explaincd/dV
gation at—250 mV in thedl/dV images, whergs=0" ratio of 0.3. Using Eq.(2) again, integrating ovefVs,0]

A first reason could be that during the scan, the tip heighbccording to Eq(6) and comparing with Eq(5), we get
varies, which can induce an atomitl/dV corrugation ’

caused by the atomic variation af and, thus, ofT(z) Vs dpy dp__ dp;

This ratio ofdl/dV values between-250 and 30 mV can
also be observed in thel/dV curve in Fig. 7b).

«dl/dV[Eq.(2)]. However, theadl/dV image has maxima at (d1/dV) 5 Jo qv Ps Tdv WPSTVS WVS
the same position as the corresponding CCM image, while di/av) = 0)p(30)T = —=
T(z) varies in antiphase witl. Thus, we can exclude this ( 30 P(0)ps( pe(0)psT Pt
explanation. o

Another possible reason could be the influence of states ~0.3= av p(0)=5 Vv 1 (8

made available by the band bending. Such an explanation
has been proposed for GaA$0 by De Raacet al®>* How-  This means thap, must change by about 30% within the
ever, the two quantum dot states induced by the band bendegion between-60 mV and O mV. This is quite possible.
ing in the InAs case are measured to be-&82 mV and We conclude that the observed/dV signal in the band gap
—27 mV far away from—250 mV. Consequently, we can can be understood within the Tersoff-Hamann model as due
exclude such an explanation as well. to the third term. _ _

Finally, we could understand our corrugation by the sec- If this is correct, also the atomic resolution measured at
ond and third terms of Eq2). To estimate the contribution —250 mV is explained straightforwardly. We have for

of these terms, we first note that(E) is largely constant ~ —250 mv,
from —10 mV to 30 mV in accordance with Fig(t). More- di vV dp,(eV—E)
over, we assume that the(E) corresponding to the two W(x,y)l\,% fo Tps(x,y,E)T(V,E,z)dV

quantum dot statelsnset of Fig. Tb)] can be replaced by a
constantpg in the region from—60 mV to —10 mV. The

resulting ps is approximately the same gg measured at
small positiveV, leading to

C)
with neither T nor pg depending significantly on energy
down toVy. We get

di - stdpt(eV—E)dV
d—V(X,y)|v~Ps(X:y, Fe . av 9V

(6) (10
Importantly, we assume that not only the absolute valye, of
is energy independent, but rather that tley] dependence
with V,=—60 mV. Finally we assume as usual that©f psdoes not depend on energy. However, exactly this as-
(d1/dV) 5 (= dI/dV at 30 mV) is dominated by the first sumption has been proven in the preceding section. Thus,

; o (d1/dV) _,50 basically measures the LDOS§) in the para-
tf;,m/g,'g nI1E\</q.49(2), which s correct as long aslp,/dV bolic bulk conduction band, which is represented by the two
t .

To estimate the influence of the second term anuantum-dot states and the DOS in the conduction band be-
- ; . low Er. The necessary LDOS to explain the measured
_(dl/d\/),250, a relation betweei anddT/dV '23 requ_|red.T d1/dV corrugation of 3% is given by a normalization accord-
is usually expressed by the exponesf“* with « ing to Eq.(3) resulting inC; 2%~ 13%.
=\V2m(¢—eV)/f (see, e.g., Ref. 52With the measured  “The final question is why we observe a phase shift of the
barrier height¢=1.3 eV, and a typical tip-sample distance gtomic rows at 30 mV. This experimental observation is less
of z=5 A, we obtain the expressiafil/dV~0.33/V-T. Us-  surprising, if one again applies the normalization of B},
ing Eq. (6) this results in which leads to adl/dV corrugation of C3%,~11% in
phase with the one at 250 mV. So, only a small quantita-

tive difference betweelt, 2% and C22 < remains and we

0 for —250 mV=V<Vg
Ps= ] p. for Ve=v=30mv

v daT

f SPtP_s —dv conclude that both images are caused by the LDOS of the
(dl/dV)_,50 Jo av bulk CB.
(dl/dV)sy  p(0)p<(30)T Note finally that this conclusion is independent of the ma-
jor assumptions of the Tersoff-Hamann model.
a7 (@) A p, character of the tip would only imply that instead
Dt p_s‘d_\/vs of ps we should uselp</dz % which would not change the
~———~0.33/V-V,=0.02. (7) dl/dVratios in Eq.(7) or (8). An analogous argument holds
pi(0)ps T for all other possible tip orbitals.
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W @ ‘AN direction (retrace and Fig. &d) is recorded with a scan di-
e fiadd == rection rotated by 90°. Obviously, the features are different
M “‘ = 444 in all three images excluding that the unperturbed LDOS is
m “‘ i(’(/("“'#“ imaged. We propose that the image mode is related to a
e et et sdddddd Pe ooy tip-sample interaction. The fact that this interaction depends
“ . ‘ ‘ on scan direction strongly suggests that the interaction shows
~§ 44 ‘ . hysteresis.
“ £ ' “ : Indeed very similar effects and images are found in con-
“ 17 | ‘Q‘ A | tact AFM. There the elastic interaction of a tip in contact

, i e S b = MW with a sample is directly measuréd®and the sharp features

on the subatomic scale are attributed to a slip-stick motion of
the tip with respect to the sample. Koheret al. calculated
that the AFM tip, while being moved over the surface, sticks
in an atomic potential minimum for some time and then
jumps suddenly to the next potential minimum, if the lateral
force is larger than a certain threshdfc® Thus, one gets a
continuous change of atomic force during the stick and then
a sudden jump in force to the next minimum.

This model can be straightforwardly transferred to our
case. First, the sharp transition in imaging between 450 pA
and 530 pA is the equivalent of the jump to contact in AFM.

FIG. 8. CCM images all recorded with the same tip on However, our feedback parameter is not force but current,
INAs(110. (a) Standard atomic resolutionV=50mV, |  explaining the reversibility of the switching between the two
=450 pA. (b) V=50 mV, 1=710 pA, scan directioatrace.(c)  types of imaging. In contact we still measure a resistance of
Same as irb), but scan directionretrace.(d) Same as irb), but - 75 \0) which is well above the point contact resistance of
scan direction rotated by 90° and=>50 mV, 1 =530 pA. Insets 5 1) "Thig requires an insulating region at the tip end
show line sections along marked arrows. Arrows indicate the scan q 9 g_ P )
direction. probably an adsorbate at the end of the tip. The transmittivity
of this insulating region depends most likely on elastic de-
formation. Thus, we interpret the sharp features in the CCM

(b)  is not a function of lateral position, which we con- images as sudden jumps of the atomic contact configuration

firmed by recording laterally resolvedz) curves. Thus, we from one potential minimum to the next one changing the
can indeed writél = e~ 2<?Y) in Egs.(3) and(5) with con-  transmittivity. In a sense, the images can be considered as the

stantk. electric response of a mechanical deformation on the nano-
We conclude this section by stating that atomic resolutiormeter scale. Although Fig(8) is similar to noncontadtNC)

in dI/dV images corresponding to band-gap voltages is posAFM measurements performed by Schwaatzal,™ these

sible, if dp,/dV+0 and if there are any states at the surfaceNC-AFM measurements are the same in all scan direcffons,

betweenEr and the applied voltage. while our measurements are not.

VIl. SMALL TIP-SAMPLE DISTANCE IMAGING

. . L . VIlIl. SUMMARY
As discussed above, atomic-resolution images recorded in

CCM at small positive bias usually look like Fig(e8 (ro- We performedab initio electronic structure calculations
tated by 90° with respect to Fig).5They exhibit bumps at (DFT-LDA) for the InA4110 surface. Within the calcula-
the As atoms and are straightforwardly understood in term#ons, we identified the surface states corresponding to the In
of the integrated LDOS. However, with certain tips, theand As dangling bonds to be located about 1 eV away from
CCM images change dramatically if the tunneling current isthe band edges. The LDOS within the CB is directly com-
only slightly increased. An example is shown in Figb)s  pared with measuredl/dV images at positive voltage. We
The effect occurs only with certain tips, but is then reproduc{ind very nice agreement. In particular, the transition from
ible, i.e., one can switch between Figga8and 8b) by  bulk states to the In-DB state has been identifiedl irdV
repeatedly increasing and decreasing the current. Whinages to cause a shift dfi/dV intensity from the As atom
checked that the tips are not multiple tips by imaging defect$o the In atom and a rotation of the apparent atomic rows by
on the surface. Note that in the measurements shown in Fi§0°.
8, the transition takes place between 450 and 530 pA, i.e., it Second, we measured atomic corrugationdlhdV at
is rather sharp. voltages corresponding to the band gap, i.e., at energies
Above the transition, subatomic features are visible withwhere no states exist. We could also describe this contrast by
an appearance strongly depending on the scan angle. Thige Tersoff-Hamann model as due to a higher-order term and
images in Figs. &) and 8b) are recorded with the same scan conclude that atomic resolution is still possible, if the tip
direction(trace, while Fig. §c¢) is recorded in opposite scan DOS is not constant as a function of energy and if there are
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