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Abstract

The stoichiometric recovery and accompanying changes of subsurface atomic structure of Ar ion sputtered, oxygen
deficient a-Fe,O3(0001) are studied with X-ray scattering. Although oxygen annealing up to 735°C results in a stoi-
chiometric top surface layer manifested as a (1 x 1) surface structure, the X-ray scattering reveals the existence of a
non-stoichiometric phase in the subsurface region. The non-stoichiometric region is characterized as a remnant of
Fe;0,4 or y-Fe,0;. The stoichiometric outmost surface layers act as a barrier for propagation of oxidation to under-
neath remnant phase. The remnant phase can be removed after annealing at a higher temperature.
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1. Introduction

Recent interest in metal oxide surfaces is due to
applications in heterogeneous catalysis, corrosion
and gas sensing [1]. Determination of the atomic
structure of the clean surface provides a basis for
further study of chemical reactions on the surface.
The main obstacle for studies of chemical reactions
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on metal oxide surfaces resides in difficulties of
generating a well-defined clean stoichiometric sur-
face. To prepare clean metal oxide surfaces several
cleaning methods have been used. These methods
include ion sputtering followed by oxygen anneal-
ing [2], vacuum annealing [3], and oxygen anneal-
ing [4]. Since annealing can cause the segregation
of bulk impurities to the surface, repeated cycles
of sputtering and annealing are widely used for
cleaning oxides. However, because ion sputtering
favors the removal of oxygen atoms over metal
atoms, non-stoichiometric surface regions can be
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induced [5,6]. In many cases recovering a stoichio-
metric surface after sputter-induced reduction re-
quires annealing in an oxygen environment. Since
the chemical composition of oxide surfaces has a
significant effect on its chemical properties, the
recovery of stoichiometry should be checked care-
fully. Various experimental methods have been
used to quantify the chemical composition (stoi-
chiometry) of oxide surfaces. In photoemission
measurements, distinct oxidation states of cation
or defect states in valence spectra have been used
to measure the amount of reduction [2,6]. Often
surface reconstruction found at a specific surface
composition can be used as an indication of a re-
duced surface, which can be monitored with
LEED [6]. Ion scattering has also been used to
map the depth profile of chemical composition
[7]. However, if the chemical composition of a re-
duced sample varies with the depth below the sur-
face, it is difficult to get a complete picture of
stoichiometric recovery based only on surface-sen-
sitive measurements.

The hematite (a-Fe,O3)(0001) surface has
been known to produce different surface recon-
structions depending on the surface preparation
[8,9]. Ion sputtering will preferentially remove
oxygen from the oxide surface and generate a
FeO, (x =1) film [6]. Subsequent oxygen anneal-
ing of the reduced surface results in different sur-
face structures that are dependent on the
annealing temperature and oxygen partial pres-
sure. Annealing under an oxygen partial pressure
less than 1 x 10~ Torr (including vacuum anneal-
ing) changes the FeO, film to a thick magnetite
(Fe3O4) layer by extracting oxygen atoms from
underlying hematite [10-12]. Different surface
structures form upon annealing under higher oxy-
gen pressure [13]. One surface reconstruction is
the so-called ‘biphase’ structure, which has been
observed over a wide range of oxygen partial
pressure and annealing temperature [14]. This
structure can be identified by a floriated (1 x 1)
LEED pattern. Recent STM results have shown
that the biphase surface is actually composed
of three different structures of the topmost Fe
atomic layers [14]. The authors speculated the ori-
gin of the biphase as reduced oxygen coverage
under the top iron layer. Despite intensive studies

of reduced surface structures, most of the experi-
ments are limited to a probing depth of several
top atomic layers and cannot provide structural
information beneath the surface layers.

In this paper, we use X-ray scattering to study
the structural changes of subsurface regions
caused by various oxygen annealing treatments
of sputter-reduced hematite (000 1) surfaces.

2. Experimental

Surface preparation and X-ray scattering meas-
urements were performed in an UHV chamber
coupled to 2 + 2 geometry diffractometer at the
NSLS X16A beamline [15]. The UHV chamber
had a base pressure of 2x 10 '°Torr and is
equipped with LEED, AES, sputtering gun and
gas sources. High quality natural hematite single
crystal (10 x 10 x I mm?®, Commercial Crystal Lab-
oratories) was degreased before installing into
UHV chamber. The X-ray fluorescence measure-
ment from the sample showed major impurities
of Ca, Mn, Na and K with total amount less than
0.5wt%. In a separate X-ray photoelectron spectro-
scopy measurement, only K was detectable (less
than 0.01 ML) after sputter-annealing. The sample
was mounted on top of a heater consisting of a Mo
housing and a tungsten filament embedded in alu-
mina. The sample was sputter-cleaned using
500eV Ar" ions for 20min at a 1.5pA sample cur-
rent. The sputter-reduced samples were treated
using several molecular and atomic oxygen anneal-
ing conditions. There were no further structural
changes after 30 min annealings. Sample tempera-
tures were measured by an optical pyrometer that
uses the ratio of two different infrared wavelengths
for temperature calibration. The accuracy of the
measurements in absolute temperature was within
+50°C. The error in relative temperature between
each measurement was +3°C. For atomic oxygen
annealing, the atomic oxygen was generated by
flowing nitrous oxide (N,O) gas through a hot
quartz tube [16], producing mostly atomic oxygen
and molecular nitrogen. The distance from the
tube end to sample surface was 20 mm. Before each
oxidation treatment the substrate was re-sputtered
under the same condition.
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Away from the Bragg points (which are sensi-
tive to the bulk crystal structure), diffracted
X-ray intensity due to the surface region is concen-
trated in crystal truncation rods (CTRs) which
originate at the bulk peaks and are oriented per-
pendicular to the surface [17,18]. The so-called
ridge scan was used to obtain the CTR profiles
where intensities taken from a scan through back-
grounds were subtracted from the peak intensities
[19]. To check the validity of the ridge scan, rock-
ing scans were performed at a few points along
CTRs after different annealing treatments. Even
though some of the rocking scans, especially on
the low L side, show main peaks sitting on a very
broad backgrounds, there was no change in broad
background features as the annealing condition
varies. Under this circumstance the CTR profiles
obtained from a ridge scan can produce the same
CTR profiles extracted from rocking scans at every
points. CTRs were measured in a UHV condition
after cooling the sample to RT in the same oxygen
environment used during the anneal.

3. Results and discussion

To utilize the high reactivity of the atomic oxy-
gen, an Ar ion sputtered sample was annealed with
atomic oxygen generated from cracked N,O gas.
The LEED pattern was (1 x 1) after annealing at
525°C in 2 x 10~ %Torr chamber pressure. The ac-
tual gas pressure at the sample surface could be
higher than the chamber pressure due to the direc-
tional gas flux from the gas cracker tube. The
(000L) CTR profile from the surface was similar
to that from the sample annealed at the 645°C
under molecular oxygen partial pressure of
1 x 10> Torr. The LEED pattern changed from
(1x1) to (2v/3/3 x 2v/3/3)R30° after increasing
the annealing temperature from 525°C to 720°C.
The (000L) CTR profile after annealing at
720°C temperature is shown in Fig. 1(a). In addi-
tion to the bulk Bragg peak at L =6, there are
sharp diffraction peaks located at L =2.85 and
5.70. It has been shown that re-oxidation with an
insufficient supply of oxygen converts reduced
hematite to magnetite [11,12]. The hematite has
the corundum structure and magnetite has the in-
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Fig. 1. (a) (000L) and (b) CTR from atomic oxygen annealed
sample. Inset in (b) note the Bragg peaks from magnetite with
two possible azimuthal orientation relations with hematite
substrate.

verse spinel structure. It is worth noting that the vy-
Fe,O3 with the spinel structure can be formed after
a low temperature oxidation of magnetite [20].
With a high temperature anneal, there are two pos-
sible crystallographic orientation relations be-
tween magnetite and the underlying hematite
substrate [21]. Along the surface normal direction,
the magnetite (111) direction is aligned with the
surface normal (0001) direction of the hematite
substrate. For in-plane directions, either the mag-
netite (112) (A) or 60° rotated (121) (A’) direc-
tions are aligned with the (1000) direction of the
substrate. Fig. 1(b) shows Bragg peaks from two
possible azimuthal orientations of magnetite along
the CTR of the hematite substrate. Note the broad
feature under the sharp magnetite peaks along the
specular rod, especially around L = 2.95. Previous
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XANES measurements reported that annealing of
sputtered hematite at 1 x 10 ®Torr O, at 700°C
for 30 min produced a magnetite film while anneal-
ing for 90min at the same conditions turned the
whole subsurface region to hematite [10]. How-
ever, as evidenced by X-ray scattering it was not
possible to remove the magnetite phase under the
annealing conditions used in this study of 30min
annealing at 2 x 107> Torr oxygen partial pressure
and 745°C sample temperature. The magnetite
phase showed no significant changes even after
10h of annealing at the same condition. The signif-
icance of the kinetics in this oxidation process
needs further study. Remaining experiments were
performed with a new substrate and the molecular
oxygen annealing methods were used.

As shown in Fig. 2, the sharp Bragg peaks from
the magnetite phase were absent in specular rods
after molecular oxygen annealing. However, the
broad features around the positions where Bragg
peaks from the magnetite phase seen on the atomic
oxygen annealed sample persist until annealing at
745°C in 2 x 107> Torr of molecular oxygen partial
pressure. The effect of Ar ion sputtering on the
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Fig. 2. The (000L) CTR profiles for different annealing

treatments. Dashed line represents the intensity fit on the basis
of the ‘1-2-3’ model.

broad feature centered at L = 2.95r.1.u. was exam-
ined by comparing the (000 L) specular rod before
and after sputtering (not shown). Although the
broad feature around L = 2.95 disappeared after
sputtering, the thickness fringe around L = 1.0 re-
mained nearly unchanged. The thickness fringe
can be understood as the change from a phase
causing broad features to a disordered Fe,_,O
phase upon sputtering.

Based on the peak positions in the specular rod
and the effect of sputtering, the origin of the broad
feature can be assigned to small domains of poorly
ordered magnetite phase. This remnant phase can
be considered as an indication of an incomplete
conversion of magnetite to hematite. From the
width of the broad peak at L =2.95 the thickness
of the remnant phase was estimated as 10 = 1A
based on the Sherrer equation assuming the rem-
nant phase to be a uniform layer. The two-dimen-
sional unit cells formed by oxygen anions have
dimensions of 2.97A for the magnetite (111) sur-
face and 2.90A for the hematite (0001) surface
[22]. The magnetite unit cell should be reduced
by 2.4% and rotated 30° to match the underlying
(1 x 1) hematite unit. The center of the broad peak
at L =2.95 corresponds to 3.5% expansion of the
lattice constant along the surface normal direction
from the unstrained magnetite phase, which would
have a peak at L = 2.85. Considering the interlayer
distance of 4.84A between the magnetite (111)
planes, the thickness of the remnant phase matches
with two repeating units of strained magnetite
along the (111) direction (10.02 A) within experi-
mental error. However, X-ray scattering from the
broad features could not be used to distinguish
poorly ordered magnetite from y-Fe,O; due to
their similar structures and lattice constants.

As seen in Fig. 2, the intensities of the broad
features diminished with increasing annealing tem-
perature. Although X-ray scattering indicates the
existence of remnant magnetite, a (1 x1) LEED
phase was produced after annealing with
2 x 107> Torr oxygen pressure up to 735°C. Hende-
werk et al. [23] have reported similar results from
water adsorption—annealing treatment where it
was observed that the outermost surface layers of
reduced hematite were re-oxidized while a reduced
species remains below the surface. After molecular
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oxygen annealing at a sample temperature of
745°C, the (000L) rod profile changed dramati-
cally. Our LEED measurement showed that the
surface structure has changed to biphase. The bi-
phase was successfully converted to (1 x 1) upon
atomic oxygen annealing at 625°C while the
(000L) rod profile was similar to that from the
biphase.

Fig. 3 shows the oxygen annealing effect on the
(011L) crystal truncation rod. The remnant phase
is manifested as broad peaks around L = 3 and 5.
The broad peak at L =3 is closely related to a
peak from magnetite at L =2.85 along the
(000L) specular rod. A poor in-plane order of
the remnant phase with a relatively well-defined
interlayer distance could cause a broad intensity
distribution at the surface normal momentum
transfer corresponding to that interlayer distance.
The broad feature in rod can be interpreted as a re-
sult of the interference between the substrate hem-
atite CTR and the broad intensity distribution of
poorly ordered magnetite or y-Fe,O; remnant.
Similarly the peak at L =5.0 can be related to

0,700 °C

Intensity (arb. unit)

L (r.l.u.)

Fig. 3. The (011L) CTR taken from different stages of
recovery process. Dashed line corresponds to the calculated
intensity according to the ‘1-2-3’ model with layer relaxations
obtained from the (000L) CTR fit.

the peak L = 5.7 along (000 L) rod, corresponding
to the (222) Bragg peak of a remnant phase. The
existence of a broad feature around L =5 along
the specular direction can be seen clearly in Fig.
4 of the rod profile from a surface sputtered for
only 10min. In this case, the shorter sputtering
process was unable to remove the entire magnetite
phase. The appearance of broad feature around
L = 5 in the partially sputtered sample implies that
the origin of the broad feature extends deep into
the subsurface region. The broad features around
L =3 and 5 were not observed from the well-devel-
oped magnetite phase of the first sample annealed
in atomic oxygen.

For further atomic structural analysis, a simple
‘1-2-3’ model has been applied to fit (000L) CTR
from the substrate with the remnant phase. The
model is based on a single Fe layer terminated
hematite (0001) surface. To mimic the remnant
phase, the Fe atoms in octahedral sites in the sixth
and seventh layers of hematite have been replaced
with three layers of the Fe atoms either in tetrago-
nal or in octahedral sites. The (0001) CTR taken
from the substrate annealed at 645°C under a
molecular oxygen partial pressure of 1 x 107> Torr
was fitted with program ROD [24]. The CTR pro-
file obtained from the fitting is shown as the
dashed line in Fig. 2. The relaxations obtained
from the (000L) rod fit were used to simulate
the (011L) rod. In simulations the Fe atoms in
remnant layers were assumed to have high symme-
try in-plane positions with equal spacing along
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Fig. 4. (000L) CTR taken from partially sputtered substrate
showing clear feature around L =3 and 5.
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Fig. 5. Schematic side view of ‘1-2-3" model of the a-Fe,03(000 1) surface. Large sphere corresponds to the oxygen atoms. Small dark
and gray spheres represent Fe atoms in octahedral and tetrahedral sites, respectively. The unit cell is drawn in solid lines.

(1010) direction. With a configuration of two Fe
atoms in tetragonal sites and one Fe atom in an
octahedral site (Fig. 5), calculated rod profile qual-
itatively matches the main broad features of
(011L) rod as shown in Fig. 3. Among various
combinations, tetrahedral sites with in-plane coor-
dinates of (0, 1/3) and (1/3, 1/3) and an octahedral
site of (2/3, 1/3) represented as a fraction of the
hematite surface unit cell gives the best CTR sim-
ulation as show in Fig. 3. It is worthwhile to note
that the two tetragonal and one octahedral config-
uration is a common build block in magnetite and
v-Fe,O5 structures.

In Table 1 the interlayer distances obtained
from (000 L) CTR fitting are compared with inter-
layer distances in bulk magnetite for remnant lay-
ers and bulk hematite for the others. Less than
30% deviation of the interlayer distances from
bulk structures is comparable to results from stud-
ies of other oxide surfaces [9,25]. Despite a wide
depth distribution of the remnant phase that is evi-
dent in the CTR from the partially sputtered sub-
strate, the ‘1-2-3’ model explains main features of
remnant phase qualitatively. However, the limited
data set was not sufficient to derive a definitive
structure through fitting. Considering the com-

Table 1
Surface relaxations for a-Fe,03(0001) with remnant phase in
‘1-2-3’ model

Layer Interlayer Bulk Deviation
distance interlayer from bulk
(A) distance (A) interlayer

distance (%)

Fe(1) 0.76 (17)  0.84 -10

30 0.62 (15) 0.84 -26

Fe(2) 0.74 (12)  0.60 23

Fe(1) 0.75(14) 0.84 —11

30 0.72 (15)  0.63* 15

Fe(Tetragonal 1)  0.56 (12)  0.61* -8

Fe(Octahedral) 0.62 (12)  0.61* 2

Fe(Tetragonal 2) 0.67 (14)  0.63* 6

30 0.65(14) 0.84 =23

Fe(2) 0.60 (12)  0.60 0

Fe(1) 0.84 (14) 0.84 0

30

The layers are labeled according to Fig. 5.
% Bulk interlayer distances from magnetite.

plexity of the system and a possible contribution
from minor phases often encountered in mineral
samples, more complete sets of CTR profiles ob-
tained from individual rocking scans would be
necessary to characterize the remnant phase.
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It is well known that low oxygen pressure
(<1 x 107" Torr) annealing of sputter-cleaned hem-
atite samples produces a magnetite film over a
wide range of annealing temperatures. The X-ray
scattering results indicate that while annealing at
higher oxygen pressure can recover the stoichio-
metric hematite surface, high temperature anneal-
ing for an adequate amount of time (30min in
our study) is required to completely recover the
reduced subsurface regions that have been reduced
by sputtering. Annealing at higher temperatures
and at high oxygen partial pressures will gradually
change the remnant phase back to hematite. The
biphase reconstruction is a final stage toward
complete stoichiometric recovery. To our
knowledge, there has been no prior atomic scale
study of the oxidation process from magnetite to
hematite.

Based on LEED and X-ray scattering measure-
ments, we can postulate the stoichiometric recov-
ery process. After low temperature annealing at a
high oxygen pressure, the top surface layers are
recovered to hematite. The presence of hematite
at the topmost surface layers limits further oxida-
tion of the deep layer remnant magnetite located
beneath the recovered surface hematite. From the
study of oxidation of iron metal, it has been
known that the existence of Fe** on the top sur-
face limits oxide growth [26]. Also, theoretical cal-
culations predict a high-energy cost for the
generation of oxygen vacancies in the subsurface
oxygen layer of the hematite (0001) surface [27].
By increasing the annealing temperature, oxida-
tion can propagate to deeper layers. While the high
temperature annealing can effectively recover sub-
surface magnetite, the topmost surface then be-
comes a non-stoichiometric biphase. It has been
suggested that the lattice defects (the magnetite
phase can be considered as a defect to hematite)
can segregate to the surface during oxidation of
magnetite to hematite. The biphase can then be
interpreted as a phase of oxygen defects that has
segregated to the top surface region. A higher oxy-
gen partial pressure (>2x 10 >Torr) or active
atomic oxygen is necessary to convert the topmost
surface layer to hematite after a high temperature
annealing treatment. Although the recovery proc-
ess at an even higher oxygen partial pressure was

not studied in this work, we expect a similar proc-
ess with different temperature dependence.

4. Conclusion

The atomic structure changes during the stoi-
chiometric recovery process of the ion-sputtered
oxygen deficient hematite (0001) surface were
studied with X-ray scattering. The formation of a
magnetite thin film was observed after atomic oxy-
gen annealing. Molecular oxygen annealing at
2x 10 °Torr oxygen partial pressure recovered
the topmost surface to a stoichiometric phase after
annealing up to 735°C. Although the surface was
converted to a stoichiometric phase, a remnant
phase of magnetite (or y-Fe,O3) in the subsurface
region was observed by X-ray scattering measure-
ment. Increasing the annealing temperature to
745°C removed the remnant phase and changed
the topmost surface to a non-stoichiometric bi-
phase. Atomic oxygen annealing treatment recov-
ered the topmost surface from a biphase to a
stoichiometric (1 x 1) phase.
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