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Local electronic structure of Fe(001) surfaces studied by scanning tunneling spectroscopy
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Scanning tunneling spectroscopy is used to study the local electronic structur€00f)Fehiskers. The
influence of a voltage dependent background on the apparent peak energied lifdMeurves is discussed.
A relation between this background and the apparent barrier height is established. The previously reported
spin-polarizedd .-like surface state is shown to shift by an amount of 0.04 eV to higher energies at isolated
oxygen impurities on the F@01) surface. The surface state disappears on [d6] and[110] directed steps.
Finally, we investigated size effects by studying the behavior of the surface state on nanometer-sized Fe
islands. Besides the surface-state quenching at the step edges, a peak shift to higher energies is observed for
decreasing island sizes.
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I. INTRODUCTION direction within ap(2x 2) unit cel).® It was found that the
surface state disappears at a step and shifts slightly to higher
The localizedd,2-like surface state of magnetic @©1)  energies at oxygen impurities. Although the use of a spheri-
has been detected in scanning tunneling spectrost®p$  cal potential leads to lower surface-state energigsalita-
by several groups since 1945° However, the real power of tive results such as shifts and disappearances of surface
STS (i.e., the local sensitivity down to an almost atomic states are still believed to be correctly described.
scalé has not been fully utilized, and data on STS measure- In the present paper, STS measurements on ideal and non-
ments on nonideal F@01) surfaces are still scarce. Never- ideal F€001) surfaces are reported. First, it is shown that the
theless, this information is of utmost importance for the un-peak energies found in botdl/dV and @1/dV)/(1/V)
derstanding of electronic and magnetic processes at surfacstgongly depend on the background in these spectroscopic
and interfaces, e.g., tunnel magnetoresistance, giant magne4rves. This voltage-dependent background is shown to be
toresistance, and interlayer exchange coupling. related to the apparent barrier height and, consequently, to
From the few STS experiments on nonidea(@®) sur-  the tip configuration. Second, the influence on the local elec-
faces the following results can be summarized. Biedermantronic structure of defects such as single oxygen impurities
et al. showed that on an GgsSi; 5(001) surface alloy, one- and monoatomic steps is examined. Finally, size effects are
dimensional localization of the F@01) surface state on an- studied by measuringl/dV curves on nanometer-sized is-
tiphase domain boundaries leads to an upward peak shifands.
from +0.17 eV for pure F@01) to +0.6 eV2 Remarkably,

Oka et al. reported on ac(2x2) phase on 10-nm-thick Il EXPERIMENTAL DETAILS
Fe(001) films grown on MgO at 300 °C, which shows a peak
in the d1/dV curves around+0.4 V.* X-ray photoelectron The experiments were performed in a homebuilt ultra-

spectroscopy measurements did not find any contaminantbjgh vacuum(UHV) system consisting of a fast-entry load-
and therefore it was speculated by Odaal. that the peak lock, a preparation chamber, and an analysis chamber. The
shift is a result of a rearrangement of the Fe atoms. Finallypreparation chamber has a base pressure of abea01°
Kawagoeet al. reported on a strong reduction of the empty- mbar and contains equipment for sample cleaning, electron-
state local density of stat€6DOS) up to 1 eV above the beam heating, epitaxial growth, and Auger electron spectros-
Fermi level, which was attributed to scattering at the stegcopy (AES). The analysis chamber which contains the scan-
edge® The same authors also report an increase of the LDOSing tunneling microscopéSTM) has a base pressure of less
at the step edge around0.5 eV. than 5< 10 ! mbar.

Inspired by these STS experiments, many groups have A single-crystal FE01) whisker with a size of about 7
calculated the band structure for the(@@1) surface. A peak X 1Xx1 mnt was used as the sample. In the early stage of the
is always found in the minority spin channel of the surfacecleaning process, AES showed that oxygen and carbon im-
(or vacuum LDOS, although the exact energy position var- purities preferentially segregate to the surface at tempera-
ies in different works, i.e., 0.2 eV0.3 eV? 0.17 e\? 0.19  tures between 200 °C and 300 °C. The AES signals of these
eV®” and — 0.1 eV mainly depending on whether a full- impurities were found to decrease again at higher annealing
potential or a spherical potential approach is utiliZelso, ~ temperatures. Therefore, in order to get rid of these bulk
the choice of the exchange-correlation potential and the usienpurities most  efficiently, the ion bombardment
of either experimental or theoreticéile., ab initio lattice  (750-eV Ar") was performed while ramping the annealing
constants seems to be crucial. temperature between 150 °C and 750 °C. After a few days of

Until now, the calculations by our group are the only onesthese cycles, only oxygen could be detected by AES. The
which considered nonideal surface structures such as oxygeatio of the oxygen and iron peaks was about 2% at this
adatoms, Fe adatoms, voidd! in ap(2X2) structurd, and  stage. From the concentration of depressions in the STM
steps(i.e., a periodic row of adatoms running in th&0Q] images, this ratio can be translated into an oxygen coverage
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J ‘ ‘ S 1.8 TABLE |. Peak energies observeddi/dV and @I/dV)/(1/V)
(a) 1.5 (b) 1 ; ) ) .
1 | curves and the most likely apparent barrier height during the corre-

% ] 4 ] sponding STS measurement. The set point during the STS measure-
gsf ,105 §3 *105 ments wasv,=—1V andl =0.5 nA.
3, % 3, oz di/dv (d17dv)I(1/V)
N los T ® los ® Peak energyeV) Peak energyeV) ¢ (eV)
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ol gp " ‘ ‘ 0.0 0.19 0.15 4.2
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Sample voltage [V] Sample voltage [V] 0.17 0.14 5.1
FIG. 1. Averageddl/dV [black] and @I/dV)/(1/V) [gray] 0.16 0.12 5.1

curves measured on clean(B@l) with different tip conditions. In
(a) the peak indI/dV is at+0.22 V (obtained from a Gaussian)fit
and an increasing background is visible at the high-energy side o .
the peak. Inb) the peak ird1/dV is at+0.16 V; the background is (fa) ?n?h+ 0.12 \I:(b)' respectlyely. It can alsg.belgiz/arly sdeen
reduced making this peak much more pronounced than the peak d?/dV 7 I/F\)/ea energies TthcorreSpor_:_r:r[U a_n Fi
(a). The peak energies are always lower in the normalized curvesg(a) hzzvé a)sfrl:)rr\llgese?(:)eor?gntiale s:&grounedcg;vetﬁe:nhié%
i.e., +0.14 V for () and +0.12 V for (b). ‘ - 4 Y ) -
energy side of the peak, while for the curves in Fig) this
of about 1%. After this bulk-depletion stage, the whiskerPackground is completely absent. Due to this background,
was sputtered for about 45 min at 750 °C before the actuaq1e pea!<s are found at a slightly higher energy_for t'he curves
shown in Fig. 1a) compared to those shown in Fig(blL

measurement. The radiative cooling time to room temperei%ince both measurements are performed on cledA0me

ture was sufficient to repair any sputter damage as verified b . .
the STM measurements which generally show terraces wid reas (22 nnt), t.he differences n the curves can onI_y
e a result of the different electronic structures of the tip.

than 200 nm. N
For the study of the nanometer-sized Fe islands, Fe Wa-(gﬁf\:gsl sgr?;vs ttES aggﬁfgsoﬂgﬁ:; engé%'lfs I(:ndeﬂrhgije\; in
evaporated at a substrate temperature of about 406@in . - . . i .
dowrlJﬂ after annealingrom a Knpudsen cell with a rate of%.z (dI/d_V)/(I/\_/) ob'_[alned with different tip conflguratlon_s.
monolayer (ML) per minute as checked by a quartz mi- The tip configuration cha_nged spontaneously or was deliber-
crobalance; 1 ML corresponds to a complete coverage of th@tely Changed. by applying vol'tage pulses. Obwously., the
Fe(00) surface with Fe. The pressure during growth re-Peak energy in dl/dV)/(1/V) is always lower than in
mained in the low range of 210 '° mbar due to a liquid- di/dv.

nitrogen-cooled shroud between the furnace and the UHV The different apparent peak energies in tiédV curves
chamber. can be traced back to the voltage dependence of the expo-

The STM experiments were performed with an Omicronn€ntial background. Normalization di/dV by 1/V does not

UHV STM-1 operating at room temperature. Electrochemi-cancel this background, as can b(_a seen from the curves in
cally etched W tips were cleaned and sharpenesitu by Ar Fig. 1. It has been shown by Ukraintsev that neittiéidV
self-sputtering. STS measurements were performed by rdl°r (d1/dV)/(1/V) perfectly represents the LI:_)d’S_Rather,
cording 1 (V) curves under open feedback conditions. Typi-Ukra""'_tSev ShOW‘?P' thaﬂl/_dV n(_)rmallzed by its fit to the_
cally, such a curve consists of 100 points measured each witif"n€ling probability function gives the best representation
a 20045 delay time and a 320s acquisition time. To be of the LDOS, at least within a one-dimensional WKB de-

able to compare topographic features with spectroscopiécription of the tunneling process. However, for accurate fit-
ones,| (V) curves were measured simultaneously with conting, d1/dV curves need to be measured over a large voltage

ventional constant current images but at a reduced resoluticﬁlnge to dgscribe the backg.round qccurately, which is not
(typically 75x 75 pixel9 compared to high-resolution STM always straightforward experimental(ye., due to the non-

measurementstypically 512<512 pixelg to avoid strong Ilnﬁar dependerl[(_:e Olf the tutnnellnlgf_ curre_r;lt Sn the sample
distortions due to drift. The(V) curves were numerically voltage, conventional current ampiifiers will become over-

. . : o ; : loaded at high bias voltagedNevertheless, Fig. 2 shows an
differentiated using a five-point window to obtadti/dV. averagedd|/dV measurement obtained on a clear(Ggd)

area, and the result of fitting the exponential tunneling prob-

Ill. RESULTS AND DISCUSSION ability functior? multiplied by an offsetted Gaussian line
shape to thigdl/dV curve. Thus, a surface-state energy of
+0.17 eV is found. It was verified thatl/dV curves with a

The results of two typical STS measurements on a cleabroad range of different backgrounds lead to this surface-
Fe(001) area are presented in Fig. 1. The black and grawtate energy when normalized in the proposed manner. Con-
curves representll/dV and @d1/dV)/(1/V), respectively. sequently,+0.17 eV is considered to be the most accurate
The dI/dV curves in(a) and (b) show different apparent value of the surface-state energy.
peak energies at 0.22 V and+0.16 V, respectively. The In order to obtain a better characterization of the tips lead-
normalized @1/dV)/(1/V) curves show peaks at0.16 V  ing to the different backgrounds, apparent barrier height

A. Influence of tip on STS results
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FIG. 2. Averagedd|/dV curve (about 100 single curves; bgld
obtained on a clean F@01) area. Set point wa¥.=—0.5 V and
1=0.5 nA. The dotted curve is the bgst—fit to tlusii;/dv curve of 10° 10° 10° 10 10° 10°
the exponential tunneling probability function multiplied by an off- Tunneling resistance []
setted Gaussian as proposed by Ukrain{see text. This leads to FIG. 3. Tip displacemerz as a function of tunneling resistance
the most accurate determination of the peak enetdy,17 eV. R. Three datasets are showA,(B, and C). Bold, dashed, and

dotted lines are linear fits to datasétsB, andC, respectively. The
measurements were performed. At a fixed bias voltage ofslopeg of the linear fits is related to the apparent barrier height
—0.1V, the tunneling current was increased in a few stepsalso shown in the figuje Except for the displacement data the
to a maximum of~25 nA, after which it was decreased tip configuration changed at low resistances, which changed the
again. The corresponding tip displacementgere measured slope(i.e., the barrier heightfor the retraction ¢ retr) compared
as a function of the tunneling resistanReFigure 3 shows to the approach® appr). The arrow marks a tip change in tige
the results of these measurements. The vertical scale denoté&aset, which also leads to a 0.1-nm tip retraction at constant re-
relative tip displacements. In a simple one-dimensional tunSistance. The upper inset shows thédV curve measured before
neling model(see, e.g., Refs. 9,10t can be shown that on tip displacement data (Gaussan line shape; black cunand after
a logarithmic scale there is a linear relationship between thgata.C (large background, and instead of a peak only a weak shoul-
tip displacement and the tunneling resistarce 8R). From ~ J€" IS observed; gray curve
B the apparent barrier heigh$ can be calculated ¢
=0.051/3% eV nnt), which can be interpreted as the aver- distance of around 0.2-0.3 nm is assumed. Therefore, at a
age of the tip and sample work functions. The slopes of thdypical STS set point of 1 @, the tip-sample distance can
curves in Fig. 3 are determined from linear fitshich are  be roughly estimated to be 0.8 nm for tté&/dV measure-
also shown in this figupe High tunneling currents often lead ment showing a strong peak and 1 nm for thédV mea-
to changes of the tip configuration, which are characterizegurement showing a shoulder.
by tip displacements of less than 0.1 isee arrow in Fig. 3 The different backgrounds in trld/dV curves are there-
marking the tip change in measurem@&)t A different slope  fore a result of the variations in the apparent barrier heights
is observed during tip retraction if a tip change occurs. Inin a twofold way. First, lower(highey barrier heights de-
these cases different functions were fitted to the tip-approactrease(increasg the onset voltage of the exponentially in-
and tip-retraction data. creasing tunnel current. Second, the largemalle) tip-

The apparent barrier heights obtained from the fits to théample distanced at the set point of the spectroscopy
z(R) measurements are also shown in Fig. 3. Before anéncreasegdecreasesthe voltage dependence of the tunnel-
after a particular barrier height measurement, an STS medAg probability functionT, i.e., T(V)/T(0)~exd—2(x(V)
surement was performed as well. This allows for a direct—«(0))d], with « the voltage-dependent inverse decay
comparison between the surface-state peak energies obsenletgth(see, e.g., Refs. 9,11
in dl/dV and dI/dV)/(1/V) and the apparent barrier height ~ Imaging of monoatomic steps with tips leading to the two
present during the STS measurement. The results of Tableelxtreme backgrounds observeddivdV both show a step
show that lowm(high) apparent barrier heights result in a high smearing of 0.7 nm at the same STS set poikt=
(low) exponential background, and therefore to a Highw) —0.5V,1=0.5 nA). The lateral resolution in STM has been
peak energy. The inset in the top-left side of Fig. 3 showsestimated to bg(0.2 nm)¢ +d) ]2, wherer is the tip radius
clearly the impact of this effect. The Gaussian-shaped curvand d is the width of the vacuum gap between tip and
(black was measured before tip displacement A. From thissample!? This formula shows that with a single-atom tip (
z(R) a barrier height of 5.1 eV is deduced. The gray curve~0.3 nm) and tip-sample distances of 0.8 nm and 1.0 nm
which only shows a shoulder on a strong rising backgroundesolutions of 0.47 nm and 0.51 nm are predicted. These
(the surface state is not observed as a peak in thig wese  predictions show that the 0.2-nm difference in tip-sample
measured after tip displacememsB, andC. From tip dis- distance hardly affects the resolution. This and the observa-
placement, an apparent barrier height of 3.3 eV is deducedtion that tip changes leading to apparent barrier height varia-

The absolute tip-sample distance can be estimated froriions from 1.4 eV to 5.1 eV only involve tip displacements
Fig. 3 by extrapolation of the tunneling resistance to thesmaller than 0.1 nm seem to indicate that only the apex atom
contact poin{i.e., ~h/(2e?)=12.9 K)] where a tip-sample is involved in these tip changes. Furthermore, oxygen impu-

Tip displacement [nm]
o
o

m A: @ appr. and retr. 5.1 eV
¢ B: ® appr. 4.3 eV; @retr. 1.4 eV
* C:®appr.29eV; @retr. 3.3eV | |
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rities seem to be imaged slightly sharper with the high back-FRFlggr® - (@)
ground tip compared to the low background tip. Therefore, F3% =5 =
these effects might be attributed to the difference in tunnel-= - 1
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ing behavior between a metallic tip apex atésuch as W, e
Fe, and Ay and a nonmetallic onésuch as Q. Electronega- ﬂ .

tive atoms such as oxygen are known to increase work — = = e

functions!® which corroborates this interpretation. The ex- B e 0

pected lower conductivity of a nonmetallic tipompared to 305, ‘-*:HI_#F

a metallic tip atommay lead to a shorter tip-sample distance Fopm ’#.--. i

at a fixed current set point, and therefore diminishes the ef- =i T 40 05 00 05 1.0
fect of the voltage-dependent background. The oxygen con Sample voltage [eV]
tamination on the R@01) surface makes it likely thatat g

; . 0.22} o
extremely low tunneling resistange®xygen atoms are i (d)
picked up/dropped by the tip. It also should be noted that the@ 020" 19
tip configuration, and consequently, the shape ofdhelV E o
curves, can be easily changed by applying voltage pulses o B 0.18 E
+10 V at set point currents of about 0.2 nA. Accordingly, g i N
: : S Wi o ek 0.16f 5
tips are typically optimized for STS measurements to a con-pasaes E i
figuration which shows the F@01) surface state as a 2 014l
Gaussian-like peak in thel/dV curves. SR i
0 1 2 3 4
X [nm]
B. Influence of oxygen impurities FIG. 4. STS measurement performed on a typicd06#® whis-

Figure 4 shows the results of an STS measurement oker surface(a) shows the constant current image obtained at the set
9 Boints of the spectroscopy measurementsX(10 nn?, —0.50 V,

Fe(OO;I.). Contam'!"?ted with oxygen impurities. Th? OXygen ¢ 55 nA); (b) shows two singled!/dV curves (note the typical
Impurities are V'S,'ble as 5_19 pm deep depre§3|ons In thggnal-to—noise ratiprepresenting two extremes: curve “1” is ob-
constant current image) obtained at the set point of STS (4ined on the clean Fe01) area along the line ita), curve *2” on
(Vs=—0.50 V,|=0.55 nA). From this image the impurity e dark spotoxygen impurity along this line. The vertical line is
concentration is estimated to be around 0.02 MIL/dV 3 guide to the eye for the oxygen-induced peak shift. All the 100
curves were measured at every pixel simultaneously with<100d1/dV curves were fitted to the Gaussidishown in(b) as
this constant current image. Figuréb# shows two single  well]. Peak energies of these Gaussians are showt).iThe gray
dI/dV curves measured at the clean position “1” and thescale of this image is linear: black corresponds+t6.16 V and
depressed position “2,” respectively. These positions arewhite to +0.20 V. Clearly,(c) is anticorrelated witha): impurities
marked in Fig. 4a) and lie along the cross section shown in correspond to a higher peak energy. The line profiles along the
Fig. 4(d). Although singled1/dV curves obtained at RT show black and white lines ifa) and(c) are shown in(d).

a low signal-to-noise ratio, the surface-state peak is clearly

resolved. It is also clear that at the impurity the peak hag,oss section of the peak energy imdBig. 4(d)] shows that
shifted slightly to a higher energyote the vertical line as a a single oxygen impurity shifts the 1) surface state to-
guide to the eye Furthermore, the amplitude of the peak is wards a 0.04 eV higher energy. The width of the dip inzhe
redu_ced by about 30.%' . . . cross section is equivalent to the width of the peak in the
Since the peaks n t.hdI/dV curves Obta'F‘ed with th'$ peak energy cross section, i.e., about 1 nm. Therefore, this
particular tip configuration follow an almost ideal GaussmnWidth is related to the lower resolution during typical STS

line shape, the singldl/dV curves were fitted to the Gaus- : .
sians. A constant background of 1.0 nA/V is used for the ﬁtsmeasurements compared to atomically resolved STM imag-

to the data of Fig. @). It was not possible to obtain this ing (typically three orders of magnitude difference in tunnel-

background as an independent fitting parameter. However, {9 resistance The resolution during STS was tried to in-
was verified that a change of 20% in this background paramc'€ase by changing the set points to lower bias voltages
eter changes the peak energies found by the fitting routine b§nd/or higher tunneling currents. However, bias voltages
only 10 mV. Furthermored!/dV is fitted only in a small ower than 0.5 V and tunneling currents higher than a few nA
interval around the peatbetween—0.5 V and+0.5 V for generally lead to overloads in the current amplifier at the
this measurementThe best-fit Gaussians are also shown inénds of the voltage range duringV) measurementgypi-

Fig. 4(b). In spite of the low signal-to-noise ratio in the cally from —1V to +1V). Observable effects on the reso-
single curves, the fitted Gaussians show a reasonable agrdgtion are, however, only expected if the set points are
ment. Figure &) shows for each pixel the peak energy changed by some orders of magnitdde.

found by the fitting routine. A clear anticorrelation between At this point it is interesting to note that the same order of
this image and the topographic STM ima@® can be rec- surface-state peak shifts on top of impurities have been re-
ognized: the topographic depressions appear as bright areasntly reported for carbon impurities or(001).24-® Appar-

in the peak energy image, i.e., higher peak energies conently, electronegative impurity atoms interact with localized
pared to clean K801) are always found at impurities. The d,-like surface states comparably. Furthermore, the experi-
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FIG. 5. STS measurements
performed over monoatomic steps
on the F€001) surface. Steps
along the[110] direction are ob-
served in the constant current im-
age(a) which is imaged at the set
points of the spectroscopy mea-
surements (1% 15 nnf?,
—0.50V, 0.50 nA. The dl/dV
values atVg=+0.17 V are shown
in (b). The line profiles along the
dashed lines in(a) and (b) are
shown in(c). (d—f) are the con-
stant current image (2010 nnt,
-050V, 050 nA, dl/dv
(+0.17 V), and corresponding
line profiles, respectively, for a
step along th¢010] direction.

di/dV [nA/V]

3 6 9 12 15 18
X [nm]

di/dV [nA/V]

6
X [nm]

mental peak shift is comparable to the peak shift predictedng section. These impurities can be clearly recognized as the
by our calculations for oxygen on F91), i.e., ~0.05 eV®  depressed spots in tliH/dV maps[Figs. §b) and Fe)].
To investigate whether at the steps the surface state is
) only reduced in amplitude, completely quenched, or shifted
C. Monoatomic steps to another energyll/dV curves obtained at the center of the

Among defects on surfaces, steps are the most commosteps.’ are shown in Fig. 6. With this tip configuration the
Not only is the coordination of the step Fe atoms differentexponentially increasing background at the high-voltage side
compared to the surface atoms, there is also a difference is suppressed, which is most advantageous for observing
coordination between Fe atoms alopt00] and[110] di- weak peaks. Clearly, at the step thg@&) surface state is
rected steps. Consequently, variations in the local electronicompletely quenched. This is in agreement with our
structure are to be expected. calculation§ and the calculations of Kawagoet al® Re-

In Fig. 5 STS measurements are shown over monoatomigarkably, the same quenching of the electronic structure was
steps on the FO01) surface. Figure @) shows the constant observed on G001),'® while no evidence for such a quench-
current image taken at the set point of spectroscopy=(  ing was found on ¥001).***°
—0.5V, 1=0.5nA, 15<15 nnf): three steps which run

parallel to thg 110] direction are observed. At each pixel of D. Size effects on nanometer-sized islands
this image (7% 75 pixelg an (V) curve was measured.

Figure §b) shows thedl/dV map at the surface-state energy su
of +0.17 V. The steps appear as dark lines in this image,
which is a clear indication that the surface state is quenched . .,
at the steps. The line profiles along the dashed lines in Figs(a) '

5(a) and 8b) show that the width of the depressed lines in

An interesting question regarding the localized (&)
rface state is how large an(B@1) area must be to show

200
O ==l |/
15 — step /

thedl/dV map (~1.0 nm) correspond to the smearing of the § 2.0 _ o

monoatomic steps at this particular STS set pfidg. 5(c)]. f 150 : < o5

Figure gd) shows an STS measurement on an area showin¢ 2 / e

monoatomic steps running parallel to the close-pa¢kdd] . -

direction (Vs=—0.5V, I=0.5 nA, and 1x10 nnf). The DR — brpee| 05 /

correspondingll/dV map|[Fig. 5e)] also shows these steps 0.0 o] -1.0

as depressed lines. The line profiles along the dashed lines i 1005 80 05 14 15 1005 04 D5 10 1.5
Sample voltage [V] Sample voltage [V]

(d) and (e) are shown in Fig. &), which show that for the
[010] steps the width of the step broadening atddV re- FIG. 6. (a) Averaggddl/dv curves measured on the terrace and
duction also equals-1.0 nm. Obviously, at botf010] and a!ong the steps of Fig.(8). To obtain the black curve, about 100

— ; single curves were averaged, whereas for the gray curve only about
[110] steps the F@01) surface state is quenched. The 0b-ten curves were averaged. This explains the better signal-to-noise
servation that the width of the depressiondt/dV equals  (4tio for the first one. The set point wa&=—0.5V, I =0.5 nA.
the width of the step smearing seems to imply that bothNote that with this particular tip configuration the exponentially
widths have the same origin: the reduced resolution at thgcreasing background at the high-voltage side is suppregsed.
high tunneling resistance set point used during STS. Not&orrespondind (V) curves showing the effect of the surface state
that the finer structures in the line profiles of Figéc)sand  on the averaged curve obtained on the terrace, and the almost
5(f) are caused by the impurities as discussed in the precedhmic (linean behavior along the steps.
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In order to check for a possible relationship between
surface-state energy and island sizedl/dV and
(dl/dV)/(1/1V) peak energies have been determined on vari-
ous islands. As a first-order approximation, these islands are
characterized by two lengthk; andL,. These lengths are
defined as the distance from half maximum island height to
half maximum island height along the long ;) and short
lengths of the islandsl(;), whose directions roughly follow
the close-packefil00] and[010] directions. For the growth
conditions leading to the islands shown in Figa)7 these
lengths vary roughly between 0.5 nm and 1.6 nm. In Fig.
7(d) the peak energies in botlll/dV and normalized
(d1/dV)/(1/V) are plotted as a function of 1+ 1/L3. Al-
though the scatter of the data points is large, the clouds can
be fitted to linear functions with regression constants of
. about 0.6. Therefore, a weak trend is obvious: th€06®
< (didV)/(IV) surface state shifts towards higher energies for decreasing
‘ A island sizes. The higheddl/dV peak energy found was

b0 <08 00 O 10 0 1 2 8 4 +0.33 V. The @dl/dV)/(1/V) data in Fig. 7d) suggest that

(g Sempleivoiage V] (d) WE+115, [1/nm’] even for smaller islands (1f+ 1/L2>3 nm~2) the F€001)

FIG. 7. STS measurement on(B81) covered with 0.1-ML Fe  state is still present but has shifted to an even higher energy.
at 40 °C;(a) is the topographic image (3010 nnf, —0.52V, 1.0 However, the steeply rising background in these measure-
nA). A dl/dV curve was measured at every pixel of this ima@®; ments is unfavorable to detect peaks idl/dV
shows thedl/dV map around the surface-state energy\Qf:. [(dI/dV)/(1/V)] at voltages higher than~0.33 V
+0.18 V. The numbers iifb) refer to thgdl/dv curves shown in ~0.28 V). A tip which shows more Gaussian-like peaks
(0). These curves are averages of typlca!ly ten S'Ug'e curves. Thias difficult to obtain during these measurements, which
di/dv “and (@I/dV)/(1/V) peak energies obtained on the \niont he an indication for a metallic atom on the tip apex
nanorzneter-5|zed islands are Show.n(d) as a function of 1; (the small Fe islands make it probably easy to pick up a Fe
+1/L5. L, and L, are the island sizes along the short and long . .
directions, respectively, as indicated(a. Although the data points at_on‘b. Neverthele_ss, _on the smallest islaieg., curve 4 in

' ' Fig. 7(c)], dI/dV is different compared to thél/dV curve

show a large scatter, both data clouds can be fitted with lineal . . .
functions (regression constants are 0.@he vertical lines in(d) obtained on the stepfor which di/dV above the Fermi

marked with “1—4" denote the data points corresponding to thel€Vel IS lower, as curve 5 and th/dV map show. In the
islands marked irfb) and thed1/dV curves in(c). normalized @1/dV)/(1/V) (not shown, still a weak peak
can be observed around0.24 V, which might be an indi-
the surface state at its converged value. In order to clarifitation that on the smallest islands, the surface state is not
this question, small amounts of Fe were deposited on thgompletely quenched but rather shifted towards an even

Fe(001) surface at relatively low temperatures. Figui@?7 higher energy where it cannot be resolved from the back-
shows the results of such an experiment: 0.1-ML Fe wag, ound.

deposited at a sample temperature of 40 °C with a rate of O.
ML/min. At each pixel of this figure Ys=—0.52V, |

Peak energy [eV]

.
.
..\t\. P WS
.
.
.
. L s

The upward peak shift with decreasing island size seems
to imply that thi k shift i db fi t of th
=1.0 nA, and 110 nnt), adl/dV curve was obtained. O IMply mar this peak Shik 1 causec by continemsnt ot the

Figure 71b) shows thedl/dV map around the surface-state surface-state electrons. The e.nergy 'band of tHe sur
energy (+0.18 V). In correspondence with the previous re-face state shows an upward dispersion arolinthe energy
sults for monoatomic steps, the rims of the islands appedfcreases with increasirig .“ The observed peak shift to 0.6
depressed in thigl/dV map.d1/dV curves obtained on vari- Y On one-dimensional Fe lines was explained in terms of
ous islands(marked in thed!/dV map are shown in Fig. confinement of the K801 surface staté.If space is con-
7(c). Compared to the clean terrageurve 1; peak at fined to lengthL, the wave vector of the surface state be-
+0.18 V), the peak irdl/dV has shifted by~0.06 V to- ~comes quantized: i.ekj=n(w/L) (with n an integey. The
wards higher energy on the island markeg@rve 2; peak at lowest possible is 7/L, and due to the upward dispersion
+0.24 V). On island 3 the peak has further shifted tothe lowest available energy in the surface state band shifts to
+0.33 V. Finally, on island 4 only a very small bump on the a slightly higher value. Consequently, larger surface-state en-
background indI/dV is observed. This island is about 0.10 ergies are expected for smaller Fe islands. Although a proper
nm high, and has a full width at half maximum of 1.1 nm physical description of the localization on the islands is more
along the long direction, and 0.6 nm along the short direccomplicated [taking into account the real island sizes/
tion. The height and widths seem to suggest that this islangonfinement barriers and a full description of the(d8s)
consists of only a few atoms. However, it is unlikely that Feband structur in a first-order approximation the peak shifts
adatoms are stable at the growth temperature of 40°C. It igre expected to be proportional toLi# 1/L3. Therefore,
therefore more likely that the smallest islands represenboth thedl/dV and @I/dV)/(1/V) data clouds are fitted to
dimers or trimers. linear functions, which are also shown in Figdy The peak
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energies for the clean terracee., 1L3+1/L5=0) are as- atomic distances can change the appearance of @ 5e
sumed to be most accurate, and consequently, only one fregirface state from a Gaussian-like line shape to a weak
fitting parameter is used. Due to both the large inaccuracy ishoulder on a strongly increasing background and vice versa.
the data points and the simplicity of the theoretical model,The shape of thell/dV curve was related to the apparent
the fitted lines are merely considered as rough estimatedarrier height. Very low apparent barrier heights correspond
Nevertheless, the description may be quite reasonable as the strongly increasing backgrounds; high apparent barrier
following calculation shows. If a shift of 0.43 V is assumed heights correspond to Gaussian-like'dV curves. By apply-
for localization along a one-dimensional lifta phenom- ing voltage pulses, Gaussian-like line shapes could be ob-
enological formula for the peak shift can be derived: tained. With these type of curves the effect of single oxygen
032 /032 impurity atoms was studied. It was shown that an isolated
(_' +(_' ) oxygen impurity shifts the F801) surface state towards a
Ly Lo higher energy of 0.04 eV. This result is comparable to earlier
Here 0.3 nm is the width of the one-dimensional Fe lineg®Sults obtained for single carbon impurities of0¥1). This
in Ref. 2, and_, andL , are the lengths of the long and short is also in agreement with our recently pubhshed calculations
axes of the island. IE, andL, are both taken to be 1.2 nm, fOr oxygen on F&O0D. The surface state is completely
1/L§+1/L§:1.4 nmi 2, which is frequently experimentally quenched on botti100] and [110] directed monoatomic

observed. see Fig/(d), a peak shift of 0.05 V is predicted by StePS: The quenching of the (B81) surface state at mono-

the phenomenological formula which is in good agreemengom'c steps was previously predicted by our calculations.

AE=0.43V

with the shifts observed. These considerations show at lea ljnﬁ”y’ it was showr_1 tlhatdthe ﬁl) surface”statt(; shiftsb tot 1
that the order of magnitude of the peak shifts found on dif- Igher energies on isiands which are smaller than abou

ferently confined featuredines, and small and large islands X1 nnf. These shifts were explained in terms of cpnfme_—
are compatible. ment of the surface-state electrons and are compatible with

the earlier reported confinement effects of this surface state.

IV. CONCLUSION
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