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Surface potential of a polar oxide film: FeO on Pt(111)

Emile D. L. Rienks, Niklas Nilius, Hans-Peter Rust, and Hans-Joachim Freund
Fritz-Haber-Institut der Max-Planck-Gesellschaft, Faradayweg 4-6, 14195 Berlin, Germany
(Received 31 March 2005; revised manuscript received 9 May 2005; published 8 June 2005

We have studied a thin FeO film on(Pt1) using scanning tunneling microscopy. The corrugation of the
Moiré pattern, that arises due to a lattice mismatch between the oxide film and the substrate, is found to
increase dramatically when the microscope is operated in the field-emission regime. This contrast enhancement
can be attributed to variations in the energy at which field-emission resonances are observed. We assign this
effect to variations of the surface potential within the Moiré unit cell. Using a simple electrostatic model we
show that in this oxide film with polar termination, such variations can be induced by very subtle differences
in geometry.
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The distinct properties of polar oxide surfaces have stimu- The measurements described in this paper were per-
lated intensive experimental and theoretical investigatiohs. formed with a scanning tunneling microscope operated in
The polarity arises from the stacking of atomic layers withultrahigh vacuum and at low temperatui® K) (Ref. 10.
an opposite net charge along the surface normal. In a perfetthages are acquired in constant current mode, with a feed-
oxide, the dipole moment associated with each bilayer addisack set point of 0.3 nA. The FeO film is prepared by depo-
to the electrostatic surface energy, causing this quantity tsition of 1 ML of Fe onto a Rfl11) surface at room tempera-
diverge with increasing oxide thickness. Several mechanismgire and subsequent oxidation in ~f@nbar Q at a
have been predicted by model calculations to compensate themperature of 1000 KRef. 11).
oxide polarity. Among these are reconstruction of the surface As reported previously by various groups, a Moiré pattern
layer, partial filling of surface states, and molecularappears in STM images of the thin FeO fifrH- The corru-
adsorptior:** A detailed understanding of these compensagation of this superstructure amounts to about 0.3 A at bias
tion mechanisms is desirable, because oxides with polar te{pjtages below 1 V, as can be seen in Fig) linterestingly,
minations are often characterized by a higher chemical reagge find a dramatic increase in the corrugation of the Moiré
tivity and better wetting behavior with respect to their hatterm if the sample bias voltag¥, is increased to
nonpolar counterparts. 4500 mV. Height differences of up to 2 A can be observed

In this work, we use an ultrathin FeO film grown on o -
- , Fig. 1(b)]. This is surprising because, generally, the corru-
Pi(11]) as a s!mple model system to study surfaces with ation decreases exponentially with increasing tip—sample
polar termination. Since Vurenst al. prepared the 1-ML- distancel2

thick FeO film on 11) (Ref. 6, many properties of this : . . . .
system have beenpgso)lv(ed: It6)was fo{u?d t?]at the FeO thin The b".”‘S voltage at which this dramat.'c enhancement n
film has a bilayer structure, which means that the surface hagPntrast s observed14suggests _that It is relat_ed to field-
a polar termination. The oxygen atoms form the outermosEMission resonancéd: These arise when the bias voltage
layer in this structure, and the iron and oxygen planes ar§Xceeds the tip or sample work function, causing part of the
separated over 0.68 ARef. 7). Laterally, the FeO layer is tunneling gap to become classically accessible. The wave

expanded with respect to ti{@l11) layers in bulk FeO. The
Fe nearest-neighbor distance is 3.1 A in the film versus
3.0 A in bulk FeO. The mismatch of this FeFe distance
with the nearest-neighbor distance of 2.76 A in the Pt sub-
strate gives rise to a Moiré pattern with a periodicity of about
25 A. Due to this fairly large size of the unit cell, it has not
been possible to apply quantitative diffraction or first-

principles theoretical methods. As a consequence, a detailed °§
structural model of the film is not available and a simplified 5
structure has been used in theoretical treatments indtead. £
It is, however, important to realize that regions with fairly o 5
distinct geometries can be identified in the unit cell. There § -0.5 { 20mv
are regions where Fe atoms occupy fcc and hcp hollow, as <
well as atop sites on the platinum substrate. It is therefore not 40 50 95 40 S0
unlikely that the film is rather inhomogeneous. In this paper Distance (A)

we show that at least one property, the surface potential,

varies within the Moiré unit cell. In addition, we show that  FIG. 1. (Color online 75x50 A2 STM images at sample bias
scanning tunneling microscog$TM) can be very sensitive voltages of(a) 20 mV and(b) 4500 mV.(c) Line profiles from the
to variations of this property. STM images across the Moiré unit cdlj=0.3 nA.
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FIG. 2. (Color onling dl/dV (top) and topographic images. Image sizex888 A?, 1,=0.3 nA.

function of an electron in this region is the sum of the for-this range, the highest conductance is first observed at the
ward tunneling wave and that reflected from the surface oposition labeled with the circle, then at that labeled with the
the positive electrode. When this wave function matches thequare, and finally at that with the triangle. It can also be
barrier shape, a standing wave is formed in the classicallgeen in Fig. 3 that this pattern recurs for the second- and
accessible region of the tip—sample gap, and the transférigher-order field-emission resonances, i.e., all field-
probability is greatly enhanced. emission resonances are observed with the lowest bias when
We suggest that the strong contrast within the Moiré unitthe tip is above the position labeled with the circle. Finally, it
cell at bias voltages between 4200 and 5000 mV is a conses interesting to note that the peaks in spectra obtained at the
quence of differences in the voltage at which the first field-“square” and “triangle” locations are split and have two, re-
emission resonance occurs. Topography diidV images at  spectively, three maxima. We suggest that this splitting is due
various bias voltages in this range are given in Fig. 2. Theo fulfillment of the resonance condition between the tip and
conductance increase is first observed in those regions ldhose neighboring regions of the sample where the resonance
beled with the circle. This explains the maxima in both to-condition is fulfilled at lower bias. As a consequence, the
pography andil/dV images at 4250 mV. Subsequently, the spectrum taken at the location labeled with the circle is not
field-emission resonance condition is fulfilled in those re-split, because here the resonances occur at the lowest bias.
gions labeled with the square, as can be concluded from thErom the splitting of the spectra it can be concluded that a
di/dV images taken at bias voltages in the range ofsample area with a radius of at least 15 A contributes to the
4500-4700 mV. As the topography images reflect the inteeurrent in these experiments. In spite of that value, the im-
grated conductance, the change in contrast in these imagesdges in Fig. 2 show that the STM operated at these bias
less pronounced. Finally, the regions labeled with the triangleoltages is able to resolve features on a substantially smaller
show the highest intensity idl/dV images at bias voltages lateral scale.
above 4800 mV. In summary, we have seen that a strong contrast appears
The energy dependence of the transmission probabilitpn the FeO surface when the STM is operated in the field-
over a broader range can be seen in Fig. 3, whidfelV  emission regime. This contrast can be attributed to local
spectra taken at the three different positions in the Moiré univariations in the energy at which the first field-emission reso-
cell are shown. These spectra are recorded with a closetance occurs. What underlies this effect?
feedback loop to allow a large energy range to be covered in The energy at which field-emission resonances occur de-
a single spectrum. The spectra display the same pattern @agnds strongly on the surface potentfal.ocal variations in
seen in thedl/dV images over the range from 4 to 5 V. In the surface potential can thus give rise to the observed in-

FIG. 3. (Color online (a) dl/dV spectra ob-
tained with closed feedback loop, taken at the
three positions on the FeO film indicated in the
inset (left). (b) Energies at which field-emission
resonances are observed. The lines represent fits
to the points with Eq.(1); first-order field-
emission resonance have not been included in the
fit. The inset shows the resulting values for the
barrier ®.
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FIG. 5. (Color online (a) Tunneling current vs tip-sample sepa-
FIG. 4. Hard sphere models of tii@) top, (b) fcc, and(c) hcp ~ fation recorded at the two most distinct locations in the FeO unit
regions in the FeO over-layer. Side view is sketcheddnalong  Ce€ll- The solid lines represent fits to E@). (b) Resulting values

with the electric field due to the polar bilayer for two different for the barrier®, and(c) dIn1/dz image. Image size 5757 A?,
Fe-O separationsl; andd,. Vs=4500 mV,1;=0.3 nA, Azp=1 A.

crease in contrast. Alternatively, it is possible that the field-mains have the lowest apparent height but largest atomic
emission resonance merely amplifies local differences in theorrugation. That is in agreement with the results we obtain
conductance due to other channels. For example, at a posit low bias[area labeled with the circle in Fig(d]. Gallo-
tion with a relatively high state density, the tip-sample sepaway et al. however, assign the areas with largest apparent
ration will increase to maintain a constant tunneling currentheight at low biagsquaresto hcp regions. Here, the field-
As a consequence, at this location the geometric resonan@gnission resonance is observed at intermediate voltage.
condition for the first field-emission mode is fulfilled at rela- Therefore, according to our model these would be fcc re-
tively low bias. In other words, conductance maxima aregions instead. It is important to stress that our assignment is
likely to induce field-emission resonances. However, thigentative, as it relies on rather crude assumptions about how
does not seem to be the case because we see that not only thwill differ for the various geometries. A more sophisticated
first-, but also the higher-order field-emission resonances aglescription of the surface dipole might resolve this apparent
pear first at a particular position on the film. This would contradiction.
require that the conductance is highest here over a very large If we conclude that variations of the surface potential
energy range of about 6 V. This makes the first explanationyithin the Moiré unit cell are not unlikely, then the question
that of variations in the surface potential, more appropriatearises how large those differences are. To this end we have
What could cause such variations in the surface potentialdetermined the local barrier height, a quantity that depends
It was mentioned above that the surface has a polar terminalirectly on the surface potential, in a number of ways. First
tion, which means that the Fe-O dipole contributes substaref all, the effective sample barrier can be obtained from the
tially to the surface potential. As a consequence, the potentiginergies at which the field-emission resonances occur. Using
will be affected by local variations of the Fe-O dipole a free-electron description and assuming constant field,
strength. Such variations are to be expected, because of t@lesnychenket al. obtained the following equation for the
inhomogeneous structure of the FeO thin film. Regions camesonance conditiotf
be identified within the Moiré unit cell, where the Fe and O 3o\ 23
atoms assume very different positions with respect to the Pt eV, =d + (__) F2/392/3 (1)
substrate. These are sketched in Fig. 4. One can imagine that 2y2m
the distanceal between the Fe and O planes will differ for the
various regions. On the basis of the simple hard-sphere mo
els given in Fig. 4, one would expedtto be smallest when
the Fe atoms sit on top of Pt atoms and the oxygens ar
above threefold hollow sitd$-ig. 4(a)]. The other extremum
would be expected for the structure with Fe in hcp si®s
and the intermediate case would be that where both Fe and
are above hollow site).!®
Assuming thatd;,,< dc<dyc, We obtain the following
assignment of structural regions to the various positions i
the STM images shown in Figs. 1 and 2: The top regfeig.
4(a)] corresponds to the position labeled with the circle, fcc 99 oy 72
(b) with the square, and hcp with the triangle. Previously, o expl= 2z 2mPIAS). @
Gallowayet al. presented an interpretation of low-bias volt- ® can be obtained by recording the tunneling current as the
age STM images based on electron-scattering quantutip-sample separation is varied. The acquired curves—typical
chemistry calculation®.They have found that the top do- examples are given in Fig(&—are fit to Eq.(2), yielding

(;[his expression includes the field-emission resonance order
n=1,2,..., thebarrier height®, and the electric field. Fits
f the energies to this model are given in Fig. 3. The first
ield-emission resonance peaks are not considered in the fits.
The thus obtained local barriers amount to 3.5, 3.7, and
%9 eV for the positions labeled with the circle, square, and
triangle, respectively.
Alternatively, the local barrier height can be extracted

r{rom the exponential dependence of the tunneling current on
the tip-sample separatian(Ref. 17,
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values of 3.2, 3.4, and 3.5 eV for the locations labeled withelectron tunneling through this film, experiences the lowest
circle, triangle, and square, respectively. barrier when it traverses the dipole array along the path

According to Eq.(2), the barrier® can also be imaged through the center of the triangle made up by three neighbor-
directly by recording the derivative of the logarithm of the ing dipoles. The field along this path is sketched in Fig. 4 for

tunneling current, via two different values of the separatiolhWe have derived an
72 /dIn1.\2 expression that gives the repulsive maximum as a function of
:8_m< iz t) . (3) the dipole lengthd. The height of this maximum increases

fairly linearly with d for values below 1 A. Upon extending
This is done using a logarithmic and lock-in amplifier by the size of the dipole lattice, the slope of this linear depen-
modulating the tip-sample separatianAn image showing dency converges to a value of about 20 eV/A, if one as-
dInl,/dz i.e., proportional to/®, is given in Fig. c). The  sumes that the oxide layer is of purely ionic natdie.,
contrast in the image shows that there are variations in thgee=—0p=2€). This means that an increase in the distatice
barrier height within the Moiré unit cell. Moreover, the of only 0.02 A would suffice to bring about the required
dInl/dz image is inverted with respect to the topographyincrease in the electrostatic energy of 0.4 eV. In turn, this
image[Fig. 1(b)], confirming that the regions that first show illustrates that the STM can be very sensitive to geometrical
the field-emission resonance indeed have the lowest barrierariations within surface structures with a polar termination.
The @ corrugation that we obtain frond In |;/dz images The corrugation of the Moiré pattern that appears in STM
using Eq.(3) is about a factor of 3 smaller than the valuesimages of a thin film of FeO on Bitll), increases dramati-
reported earlier. This can be attributed to the fact that theally when the microscope is operated in the field-emission
feedback loop is not completely opened during acquisition ofegime. This enhancement can be explained in terms of a
the dIn 1,/dz images. Therefore, the effect of the applied variation of the surface potential within the Moiré unit cell.
modulation on the tunneling current can be partially compenbDue to this variation, the local barrier height is not constant
sated by the feedback system. and field-emission resonances are observed at different bias
Using these different approaches, we have found that theoltages. This interpretation is supported by measurements
barrier height is likely to differ by several tenths of an eV. To of the local barrier height. Using several methods we find
put these values into perspective one can ask what change differences on the order of a few tenths of an eV.
the distancal would be required to bring about a change in  We suggest that the variation in the surface potential is
the local barrier height of about 0.4 eV. Let us consider acaused by the structural inhomogeneity of the FeO thin film.
very crude electrostatic model to get an idea. The separation between the Fe and O planes is likely to
One can approximate the contribution of the polar oxidediffer for the different regions within the Moiré unit cell. As
layer to the surface potential by the electric field caused by a consequence of the polar termination of the surface, modest
hexagonal array of dipoles with a nearest-neighbor distancehanges of the Fe-O distance will have a significant effect
of 3.1 A, that are oriented perpendicularly to the surface. Aron the surface dipole.
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