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ABSTRACT

Scanning tunneling microscopy (STM) was used to investigate the (0001) surface structure of a
natural single crystal of FeTiOfollowing argon-ion sputtering and annealing in Oow energy
electron diffraction (LEED) of the FeTiZ0001) surface shows two different diffraction patterns
that depend on preparation. We examined surfaces with a hexagonal pattern that was interpreted as a
(1 % 1) bulk termination. Wide-scale STM images of thex(1) bulk termination show two distinct
co-existing areas: large atomically rough terraces and small, smoother, atomically resolved areas
within. The observed single step height of 223 A (doubled values are also found) plus data from
the surface orientation implies that two termination types are seen on the (0001) surface after initial
stages of preparation, and that these are either cation-terminated surface ptane3itHer close-
packed oxygen terminations. Atomic-resolution STM images of smooth terrace areas show features
arranged in a hexagonal array, with a separation of 8.2 A. A model is proposed that identifies
this termination as an unreconstructed (0001) termination of Faf&d exposes half a layer of
either F&" or Ti** cations over a close-packed O layer, with each feature arising from a trimer of O
atoms capped by a single cation{Fe Ti*").

INTRODUCTION form a magnetite (®,) (111) termination (Condon et al.

Iron-titanium oxide minerals are of importance in many994). FgO, (111) surfaces following Arsputtering and an-
geological environments and are stable over a wide rangenehling in ultra high vacuum at 1100 K form biphase ordering
temperatures and redox conditions (Waite 1990). Phases indh&e0, (111) and FgO (111) islands (Condon et al. 1997).
ilmenite (FeTiQ)-hematite ¢-Fe,0;) solid solution series, Research on Fe-O thin films deposited on (111) and (100) sur-
which are stable under moderately reducing conditions, shéai¢es of Pt single crystals also shows structural variations de-
interesting magnetic properties and, with the exception of magendent on oxygen partial pressure and thin-film thickness
netite (FgO,), are the most important carriers of remanerfiVeiss et al. 1993; Galloway et al. 1996; Weiss 1997; Kim et
magnetization in natural materials (Brown and Navrotskyl. 1997; Ritter et al. 1997, 1998). This variety of surfaces sug-
1993). limenite (FeTig) is also economically important as thegests that the exploration of surface structures and properties
major source of Ti for the commercial production of TiO  of Fe-Ti-O phases offers the potential for discovering new types

Although numerous studies of the Fe-Ti-O system hawg surface behavior.
addressed questions concerning crystal structure and phas&his study presents scanning tunneling microscopy (STM)
transformations (Lindsley 1976a, 1976b), electrical properti@dages of the FeTigand builds on an earlier low energy elec-
(Andreozzi et al. 1996), and magnetic properties (Shiranetgin diffraction (LEED) study of this surface (Fellows et al.
al. 1959), few studies have been undertaken on the surface st1®97). The STM images reported here are the first STM im-
ture and chemistry of the Fe-Ti oxides. Complex and intrigages of the FeTig(0001) surface.
ing surface properties are found in both Ti-O and Fe-O systems.The FeTiQ structure (space grouRd) is derived fronu-
For example, in the Ti-O system, rutile (J@110) and (100) Fe,0; by replacing every other layer of Fe atoms in the (0001)
surfaces prepared by Asputtering and annealing in ultra highplanes by a layer of Ti atoms, thus producing alternating lay-
vacuum £1 x 107° mbar) at temperatures in the range 870 Krs of Fe and Ti atoms between (slightly distorted) hexago-
to 1200 K produce a variety of surface reconstructions (e.gally close-packed O layers (see e.g., Klein and Hurlbut 1993).
Murray et al. 1994; Berké et al. 1996; Leibsle et al. 1997). ithe hexagonal unit cell has dimensiarrs5.089 Ac=14.163
the Fe-O system, hematiie-£e,0;) (0001) surfaces preparedA. The formal valence of metal ions in this structure is given
by Ar* sputtering and annealing irx110° mbar Q at 1000 K by the formula F&Ti**O,. A view normal to [0001] in the bulk
FeTiG;structure (Fig. 1) shows within each bulk cation layer
two cation positions, either high or low in the [0001] direc-
tion. High-positioned cations are labeke@nd low positioned
*E-mail: rafellows@hotmail.com cations are labele in this figure
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high position low position  [0001]

FIGURE 1.Schematic illustration showing the bulk FeT&lructure
projected along [113. Layers of O atoms represented by large gra
spheres, Ti atoms by small gray spheres, and Fe atoms by small b|
spheres. In this projection the metal atoms are aligned normal to LA
plane shown. Within the cation layers, two locations for the catio <21 10>
are observed, high position (labeled A) and low position (labeled B
The stable termination planes of the (0001) bulk surface, which divide igure 2. Low energy electron diffraction (LEED) pattern obtained
the cation layers in two, are shown as dashed lines. The [0001] directigfin the FeTiQ(0001) crystal surface at 28 eV, after preparation by
of the bulk structure is shown. Ar* bombardment and annealing at 1073 K for 20 minutes in vacuum,

followed by two long anneals of 4 hours at 1073 K n107 mbar Q.
The reciprocal surface unit cell is outlined. The crystallographic

directions of the FeTigsubstrate from Laue diffraction are also shown.
A LEED study of the FeTig(0001) surface shows that this

surface can produce two different diffraction patterns depe
ing on preparation (Fellows et al. 1997). The first (hexagon:
pattern is interpreted as aX1l) bulk termination. The second
pattern, containing additional spots with their first zone ve
tors rotated 30from the directions of the substrate, is consis
tent with either a (2/3 x 2K3) R 30 surface reconstruction,
or a spinel-type (111) surface termination.

EXPERIMENTAL PROCEDURE

Measurements were carried out under UHV conditions in
chamber equipped with LEED, Auger electron spectrosco
and STM (Omicron, GmbH, Germany) facilities, and opera
ing with a base pressure ok110° mbar. The FeTigcrystal,
a natural sample from llmen, Russia, which exhibited wel
developed faces, was cut and polishedr{d) to within 0.5 of
the (0001) plane, as determined by Laue diffraction. The 1
mm thick wafer was mounted on a Ta backplate using Ta clij -
admitted to the vacuum chamber and degassed for 1 h0u<] 0 ] 0>
1073 K.

The FeTiQ(0001) surface was cleaned in situ by cycles ¢
500 eV Ar bombardment at room temperature for 15 minute =iz
followed by annealing at 1073 K for 20 minutes in vacuu <21 10>
using electron-beam heating. This was then followed by two
long anneals of 4 hours at 1073 K i 107 mbar Q. Auger FIGURE 3.LEED pattern obtained from the FeTi(@001) crystal
electron spectroscopy indicated the presence of Fe, Ti, andsésface at 48 eV after preparation by Apmbardment followed by
with surface contamination below the level of detection. three 5 minute cycles of annealing at 1373 K in vacuum, with a fourth

. . 5 minute annealing cycle at 1373 K i 1L0® mbar Q. This pattern,
A hexagonal (1 1) LEED pattern obtained following the ith first zone vectors rotated 3@rom the <100> directions, is

s_ample preparation described abO\_/e IS s_hown in Figure _2' mﬁsistent with either a (23 x 23) R 30 surface reconstruction or a
f'r_St zone VefCtorS of the elgctron dlffractlon quts are aIIgngginel—type (111) surface termination. The reciprocal surface unit cell
with the FeTiQ substrate <10X> directions determined by Lauejs qutlined. The crystallographic directions of the FeEabstrate from
diffraction, as expected for a €.1) termination of the (0001) |aue diffraction are also shown.
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surface. This direction contains the closed spacing of O ator
A second LEED pattern (Fig. 3), with first zone vectors rotate
30° from the <100> directions, was observed following 50C
eV Art bombardment at room temperature for 15 minutes, thr
5 minute cycles of annealing at 1373 K in vacuum, and a fou
5 minute annealing cycle at 1373 K ik 1L.0° mbar Q.

STM imaging used a tungsten tip (Aputtered prior to
use) and held at ground potential while the sample was bias
The images were recorded with the microscope operated in
constant current mode. Calibration of horizontal and vertic
distances was achieved using STM images of Cu (110)1§2
O unit cells and monatomic steps (Coulman et al. 1990). C
tails of sample preparation prior to STM imaging are given fi
each of the images presented.

RESULTS AND DISCUSSION
Wide scale images
A typical STM image of the FeTiZ0001) surface, which
displays the (X 1) type LEED pattern, is shown in Figure 4a
This image was obtained after*Agputtering for 15 minutes
and annealing in 8 10" mbar of Q for 5 minutes at 1373 K,
followed by further annealing in vacuum at 1373 K for 3 min B o

utes. Most of the image area shows large atomically rough t L —— T AT ﬁ
races (labeled X) with small, smoother areas within the o C X hd n
(labeled Y). The image also shows a high density of steps. S e} | X ]
heights between successive X terraces obtained from cross S E
tions of the image (Fig. 4b) give values of £.8.5 A. These E 15E Xl
values correspond to the separation between layers of the s I 0 i 2('}0 I 4(']0 i 6(I]'0 A

atom type in the direction of the bulk structure. The step fron
terrace X to terrace Y, or from Y to X, is 28.3 A, and corre-
sponds to either the oxygen-oxygen or Fe-Ti separation in theFIGURE 4. (A) A 1500 x 1500 A constant current (sample bias
¢ direction. These observed single step heights imply that tfg# V- tunneling current 0.83 nA) STM image of an FeTi@D01)

S -surface showing a high density of steps. Two types of surface area can
termination types are present on the (0001) surface f0||0WI§§rseen (Iabelgd X gnd Y) Tyhis im:fge was )(/)Fl)atained followirig Ar
these initial stages of preparation. :

. . sputtering for 15 minutes and annealing in 507 mbar of Q for 5
AreatypeY (Fig. 4a) only appears next to single stepH2.2,,intes at 1373 K, followed by further annealing at 1373 K in vacuum

0.3 A) edges in these images. This suggests that these a§§aSminutes. Most of the image is made up of rough terraces (labeled
grow outward from step edges, across the rough terrace labedgdyith smaller, smoother, areas (labeled Y). Crystallographic unit-
X. Subsequent images (Fig. 5) show complete terraces of typ#directions of the substrate are indicat&) fchematic cross section
Y with steps of 4.4- 0.5 A to the next Y type terrace. Thisof (A) along the linex-B showing step heights between terraces. The
shows large terraces of both types and evidence of “domagtep height down from terrace X toY, or Y to X is 2.2.3 A with the
like” structures that are only found on the Y type terraces. Thed@p down from terrace X to X being 4.5 A.
“domain-like” features have boundaries that are aligned along
<2110>. These boundary features are at an elevation af 2.0
0.3 A above the surrounding surface. the Pt (111) substrate. These superstructures exhibit periodicities
Other areas imaged, which also display the< (1) type of between 22 and 38 A, depending on the thickness of the FeO
LEED pattern, show larger features. The image in Figure Bins (Ritter et al. 1998). STM images showing these types of
has a surface unit cell with hexagonal symmetry and a periatiperstructures, or related moiré fringes, have been interpreted
icity of 29.2+ 2.5 A. The structure has a corrugation amplitudas providing information about subsurface structure of the sample
of about 0.5 A, as shown by the profile. These structural faaader investigation (Chevrier et al. 1996; Gai et al. 1996;
tures (Fig. 6) are similar to large-scale structures observediobayashi 1996). The moiré superstructure patterns observed in
STM images that have been interpreted as moiré patterns pneages of the FeTi{(0001) surface could be due either to a
duced from higher order commensurability (Land et al. 199Bjttice mismatch between two layers rotated with respect to one
or lattice misfit (Wiederholt et al. 1995) between substrate aadother, or to a simple surface “superstucture” produced on the
surface layers. The moiré superstructure theory has also bseriace following annealing the sample in excess oxygen. In our
used to explain very similar images from FeO thin films growexperiment, the substrate is originally the same as the overlayer,
on a Pt (111) substrate. Rotational mismatch between FeOaid hence the formation of a moiré pattern suggests changes in
layers and the underlying Pt (111) substrate cause large scadggen stoichiometry either in the surface layer or in the sub-
coincidence structures rotated relative to the {3 unit cell of strate directly underneath. This indicates a process similar to
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FIGURE 5. (A) A 2000 x 2000 A constant current (sample bias
2.06 v, tunn.elllr?g current 0.33 nA) STM image of.an Fe,'l(ﬂ]i)Ol) . FIGURE 6.(A) A 500x% 500 A constant current (sample bias 2.5V,
surface exhibiting surface types X and Y shown in Figure 5A. Th{s . . )
image was obtained following the same preparation procedures as ngelmg current 0.60 nA) STM image of an FeJ{0001) surface

9 . 1owing prepar P . s s%'owingamoiré pattern. The image was obtained by annealing the sample
sample used for image in Figure 5. There is evidence of “domain-like

surface structures within the areas labeled Y. These “domain-lik%t’l373 Kin vacuum for 5 minutes, followed by 15 minutésutering

) . . : o
features have boundaries that are aligned alongl@21These and final annealing at 1373 K for 30 minutes in 10° mbar Q. The

boundaries exhibit an elevation of 2®.3 A above the surrounding ?t?ut?uf:g:irr? szgo;/v: shgxgocnr?)ls:ﬁgrﬁgg)cl;ﬂ%h;fnent?]c:(fiﬁé?f the
terrace. B) Schematic cross section éf)(along the linex- showing gevEso A 9

steps between terraces. The step height down from terrace X toY 0{5r§f1OW|ng the periodicity and a corrugation amplitude of 0.5 A.

to X, is 2.2+ 0.3 A with the step height between X terraces being 4.4
+0.5A

that occurring at the surfaces of partially reduceie,0, Higher resolution images
(Condon et al. 1995) or i@, (Condon et al. 1997), where larger An STM image (Fig. 7a) of the terrace labeled Y in Figure
scale superstructures are also observed. 4a, obtained after two cycles of a 15 minuté gputter and
Examination of the FeTigQ(0001) STM images shows thatannealing at 1473 K for 5 minutes, followed by a single an-
the relative areas of the two different terrace types (X and Yrealing at 1373 K for 30 minutes inx110° mbar Q, shows
Fig. 4a) vary depending upon which part of the crystal is infleatures arranged in a hexagonal array, with a separation of 4.8
aged. These differences in relative area may be due to vati@-.2 A. These dimensions are consistent with a (0001) termi-
tions in temperature or redox conditions at the crystal surfacation of the FeTigbulk crystal as identified by the observed
during the annealing process, or to the rate of cooling after {iex 1) LEED pattern (Fig. 2). A (0001) termination of the
annealing cycle. Compared withFe,O;, FeTiQ, is stable at FeTiO;bulk crystal structure gives a surface unit-cell length of
lower oxygen partial pressuresaAFe,0; (0001) surface would 5.089 A.
rapidly reduce to R®, (111) (Condon et al. 1994) if prepared A line section of this image (Fig. 7a) shows considerable
in a similar manner to that of the FeTiD001) surface in these variation in the heights of individual surface features. The cor-
experiments. This rules out the possibility that the surfacasyation height range is from ~0.2 to ~0.6 A. A high density
imaged werax-Fe,0; (0001) surfaces. (~10%) of point defects at the crystal surface can also be ob-
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6 16 zb 3b 4I0 5b A FIGURE 8. (A) A 200x 200 A constant current (sample bias —2.46 V,
tunneling current 0.38 nA) STM image of an FeJ{0001) surface

showing interconnecting ring-like features producing a honeycomb
FIGURE 7.(A) A 200 200 A constant current (sample bias —1.6®attern. The image was obtained following annealing at 1473 K in

V, tunneling current 0.75 nA) STM image of an FeJ{Q001) surface vacuum for 10 minutes followed by a 15 minutes #puttering and

showing close-packed features. The image was obtained following tfffl annealing at 1373 K for 30 minutes iw 10° mbar Q. Distances

cycles of a 15 minute Asputter and annealing at 1473 K for 5 minute?etween the centers of the rings are #.0.3 A. Small amounts of

The two cycles were then followed by a single annealing at 1373 K f#rface contamination are indicated by white arro)sCfoss section

30 minutes in X 10° mbar Q. During the annealing cycles, variationsOf (A) along the linex- showing the corrugation amplitude to be in

in temperature across the sample surface were observed as indict@dange of 0.2-0.6 A.

by differences in radiance at different points on the sample surface.

The bright features in the image are separated by a distancesof 4.8

0.2 A, and a high density (~10%) of point defects can also be observed

in the image. Multiple defects are preferentially aligned alongQll01phserved in this image lie ~1.0 A above the average height of

and [01D] substrate directionsBj Cross section of) along the line - the other surface features (Fig. 8a) and are interpreted as sur-
a-f showing the corrugation amplitude to be in the range of O.2—Ofg

A. The section also shows the periodicity of the surface ce contamination.
' P y ’ Similar STM images to those of Figure 7a and Figure 8a

were obtained from the FeTi@001) surface showing the sec-

served; these are commonly seen on oxide surfaces when ligil LEED pattern (Fig. 3). This LEED pattern is consistent
annealing temperatures have been used (Henrich and Cox 198#h either a spinel-type (111) termination or a/@k 2~/3)
Single and multiple defect features seem to be common, WRRBQ® reconstruction (Fellows et al. 1997). A surface with areas
some preferential alignment in the [D)&nd [01D] crystal- of both a spinel-type (111) (or reconstructed-type) termination
lographic directions. and the (1x 1) FeTiQ bulk termination structure may have

A second type of STM image taken from the same surfabeen produced by variations in temperature across the sample
(Fig. 8a) appears to show new features, but still retains the henrface during the annealing process.
agonal symmetry of the image in Figure 7a, with distances be-It is possible that the rough terraces labeled X, which we
tween “dark” centers of 4.% 0.3 A. We suggest that thesewere unable to image at atomic resolution, may have a surface
features arise from either a change in the STM tip structwstucture different from the (2 1) FeTiQ bulk termination,
during imaging, or probing of different electronic states of tHfierefore contributing to the second LEED pattern. In the
surface imaged in Figure 7a. Randomly arranged bright regidraTiO, structure, Ti and Fé" cations will have different af-
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finities for oxygen at the surface resulting in different stabili-
ties (or surface energies) of X and Y terraces. Thus the diffel
ing appearance of X and Y terraces in the STM images may t
the result of preferential contamination by oxygen during an-
nealing. We cannot therefore propose a definitive model fo
the reconstructed surface structure indicated by the secor
LEED pattern (Fig. 3) as we were unable to obtain atomic resc
lution imaging from the X terraces.

Crystallographic relationships between the bulk structure
of FeTiO; and the LEED and STM data

Using evidence from the location of imaged features, sur|$
face symmetry, and step height measurements, the STM in
ages can be interpreted in terms of the bulk FeSi@cture.
The first LEED pattern observed for this surface (Fig. 2) has
been interpreted as arising from ax1l) unreconstructed
FeTi0;(0001) surface unit cell. Bulk FeTi@0001) termina-
tions show a (¥ 1) surface lattice that producg3 symmetry
(threefold rotation). Thus, we would expect features observe:
in the STM images to be related to the bulk structure of ReTiO

The step height between terraces of the same type in higl
resolution images is 4#40.5 A, with no single step heights of
2.2+ 0.3 A. This is probably due to extended annealing of the
surface during preparation in which Y terraces have grown t
cover the whole FeTigY0001) surface, therefore removing
single steps at the surface. In the bulk FeBi@ucture, this
distance (4.4 0.5 A) corresponds to the distance between ei-
ther two planes of low position Fecations, or two planes of
low position T#* cations perpendicular to the [0001] direction,
and implies that only one type of cation termination is present
Thus, we expect to find a relationship betweeft Be Ti*
(0001) cation layers in the bulk FeTi®ructure and the fea-
tures observed in the STM images.

This behavior is similar to a model put forward for®Ge
(111) surfaces imaged using STM.;Bg(111) images show

two different terminations after initial preparation (annealing ]
at 1173 K in 2x 107 mbar of Q for 30 minutes), with one FIGURE 9. (A) A 200x% 200 A constant current (sample bias —1.62

termination proposed as Fe terminated, the other proposea/’a{gn.ne"ng current 0.75 nA) STM image ofan FeJ(OI.)Ol) surfac_e
showing close-packed features. The image was obtained following the

termlnatlng in O atoms capplng_a Fe tr7|mer. After annealing &I—‘éparation described in Figure 7. The bright features in the image are
a higher temperature (1200 K inx110” mbar of Q for 30 separated by a distance of £8.2 A, and a high density (~10%) of

minutes), however, only large terraces of the Fe terminatiggim defects can also be observed in the image. Multiple defects are
are imaged giving a double step from terrace to terrace (Lenpigferentially aligned along [10] and [01D] substrate directions.
et al. 1996). An expanded part of the image (8@0 A) is shown in the top right-

In the bulk FeTi@ structure, close-packed O layers in théand corner. §) Schematic illustration of the low cation (0001)
(0001) plane have O-O distances of 2.3 A. The features é@rmination of FeTiQ obtained by lattice projection of the bulk
served in the STM images shown in Figures 7a and 9a are s&4cture. High-positioned _cations in the bulk surfa_ce cation layer have
rated by a distance of 480.2 A. Furthermore, the features inbeen omlttgd. The black circles represent Fe or Ti atoms, gray circles
the image are rotated 3ftfom the O-array unit-cell vectors, agepresent Tior F? atoms.and th.e large open circles are Q anions. The
determined by Laue diffraction and LEED. Thus, feature-fe%i(yge.n trimers with capping cation (Fe .orT') are shown with aanhed

. . B . T ircle indicating the observed features in the first type of STM image.
ture distances and surface unit-cell orientation eliminate thg, hexagonal unit cell has edge dimensions of 5.089 A.
close-packed O layer arrangement as single contributors to the
features in these STM images. Positioning within each bulk
Fe?* or Ti**(0001) cation plane of the FeTj§tructure can be in this STM image. If, however, the (0001) surface of FgIEO
high or low (Fig. 1). Therefore, if we take into account all aerminated between the high and low position cations in a (0001)
the cations (high and low) in a (0001) plane, the distance loation plane, the resulting cation (Fe or Ti) surface termination
tween cations would be identical to the O-O distance giverould have half the bulk layer cations in the low position only
above. This tends to rule out a complete bulk cation layer @®llows et al. 1997). lm-F&0s;, which has a similar elec-
the contributing source (electronic and atomic) of the featurgenic and atomic structure to ilmenite, calculations show that
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this (0001) termination is the only thermodynamically stable
surface (Becker et al. 1996). It has the lowest surface dipo
moment, and is stabilized by relaxation of surface cations int
the triangle of surrounding oxygen atoms. This cation terminz |
tion in FeTiQ (0001) would give a cation-cation distance of
5.089 A, which is consistent with the feature-feature distance
of 4.8+ 0.2 A measured in the STM image. The orientation o |
features is also consistent with the bulk cation (Fe or Ti) lattic
unit-cell vectors, as determined from Laue diffraction and LEEL
data. A model showing the low cation (0001) termination plan:
is given in Figure 9a, with features observed in STM image
shown by dashed circles.

The second type of STM image (Figs. 8a and 10a) show |
bright rings with dark centers separated by#@.3 A. This
distance equals that between bright features in STM imagt
shown in Figures 7a and 9a. The location of dark centers coi
cides with that of bright features in the first type of STM im-
age, indicating a relationship between the two image types. Tt
effect may be due either to a change in the tip structure durir
scanning, or probing a different part of the surface electroni
structure following a change in the bias voltage (-1.62 V fo
bright centers, —2.46 V for dark centers). The bulk Fe{li@01)
structure has a honeycomb arrangement of cations (Fe or~
lying below the “low” cation (0001) surface termination. We
suggest that STM images with dark centers may arise from th
underlying structure, and show a model for this structure i
Figure 10a. This model also shows that in the center of eas
ring there is a “low” surface cation from the half-filled cation
layer thought to produce the bright features seen in the fir.
type of STM image.

Considering these models for the two STM image types
we note that features that would correspond to a close pack
O-layer lying between the “low” cation surface layer and the
bulk cation layer underneath do not appear in either of the ST!
image types (Figs. 7a and 9a). The STM images presented her&IGURE 10. (A) A 200 x 200 A constant current (sample bias —
can be compared to negative bias (-0.3 V) STM images of $hé6V, tunneling current 0.38 nA) STM image of an FeJ{0001)
a-Fe0; (0001) surface taken in air (Eggleston and Hochelg¥rface showing interconnecting rings. The image was obtained

1992), which show a close-packed array of features with a se owing the preparation given in Figure 8. Distances between the
ggters of the rings are 4% 0.3 A. Small amounts of surface

ration of 2.95 A arranged parallel to the substrate O-array. Th con%amination are indicated by white arrows. An expanded part of the

features have been modeled (Becker et al. 1996) as reglonﬁn%ge (30< 30 A) is shown in the top right-hand corn@) Schematic

high electronic valence-band density located above Fe aloffiSstration of the low cation (0001) termination of FeJi@btained

with varying contributions of states with Fe 3d and O2p Ch?:fy lattice projection of the bulk structure. See Figure 9 for symbols.
acter. Thus, a surface layer of “low” Fe cations, combined Witthe lower bulk cation (Fe or Ti) layer produces a network of

the underlying Fe cations in the second layer, provide the mterconnecting hexagons. Features characteristic of the first type of
rangement that gives a close-packed array of featuresdr-theSTM image are shown as dashed circles and are positioned directly at
Fe,0; (0001) images of Eggleston and Hochella (1992).  the center of each hexagonal ring.

In contrast, the FeTigd0001) STM images here appear to
show the “low cation” arrangement at the surface (Fig. 9a) and,

separately, depending on the bias voltage, the underlying &0001) surface termination is possible for iimenite (Fg)liO
ion arrangement (Fig. 10a). Differences in intensity and fegnese experimental results provide an important reference for

ture arrangement between image$6,0; (0001) and FeTi®  5itempts to model the reactivity and electronic structure of il-
(0001) would be expected due to the change in metal catiganite (FeTiQ) surfaces.

type in the layer below the oxygen.
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