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We present surface X-ray diffraction and fast scanning tunneling microscopy results to elucidate the

nature of the surface phase transition on magnetite (001) from a (\/§>< \/Z)R45° reconstructed to a

non-reconstructed surface around 720 K. In situ surface X-ray diffraction at a temperature above the

phase transition, at which long-range order is lost, gives evidence that the subsurface cation vacancy
reconstruction still exists as a local structural motif, in line with the characteristics of a 2D second-order
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phase transition. Fast scanning tunneling microscopy results across the phase transition underpin the
hypothesis that the reconstruction lifting is initiated by surplus Fe ions occupying subsurface octahedral
vacancies. The reversible near-surface iron enrichment and reduction of the surface to stoichiometric

composition is further confirmed by in situ low-energy ion scattering, as well as ultraviolet and X-ray

rsc.li/pccp photoemission results.

1 Introduction

Magnetite is a material used in many different areas. Its
electronic and magnetic properties make it a promising material
for spintronics. Its magnetism and biocompatibility triggered
development of magnetite nanoparticles for use in waste-water
cleaning” and application in cancer treatment.’” In addition, it
is used as a catalyst for several different reactions, such as the
high-temperature water-gas shift reaction.*” For hierarchical
materials, magnetite in form of nanoparticles linked together
by organic molecules as a first building block shows remarkable
mechanical properties.>” Since these applications depend on
surface properties such as adsorption sites, binding strength and
geometries, which are closely related to the surface structure,
determining and understanding the surface structure is vital to
get an understanding of the surface properties and therefore of
the parameters that determine the performance of the material.

The surface structure of the (001) surface of magnetite, one
of the predominant facets on nanoparticles,’ was studied
extensively at room temperature. When prepared in ultra-high

vacuum, it exhibits a (V2 x v/2) R45° reconstruction based on a
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reordering of cations in the near-surface layers.*® Compared to
a bulk-truncated surface, it contains one additional iron cation
in a tetrahedral site of the second layer, and two octahedral
vacancies in the third layer directly underneath.®® A perspective
view of both the reconstructed surface and the bulk terminated
surface is shown in Fig. 1. This surface was found to be stable
over a large range of oxygen chemical potentials.® Many of the
aforementioned applications, however, require temperatures
above room temperature. One obvious example is the high-
temperature water-gas shift reaction, which is performed at
temperatures between 620 and 720 K. But also the synthesis
and pre-processing of the material is often done at elevated
temperatures - such as the interlinking of organic molecules
for the formation of hierarchical materials, which requires
heating to temperatures up to 620 K.° Iron cations are relatively
mobile in magnetite, which can lead to incorporation of metal
adatoms into the lattice at elevated temperatures'® or even the
growth of new layers or etching into the surface in the vicinity
of nanoparticles."* On the clean surface, it is known that the
(\/i X \/5) RA45° reconstruction present at room temperature is
reversibly lifted at temperatures around 720 K."> An earlier study
based on low-energy electron diffraction experiments'” identified
the origin of the lifting process as an order-disorder phase transi-
tion. The continuous transition was observed to be second-order
Ising-like with a gradual loss of long-range order but persisting
short-range order above the transition temperature. The structural
interpretation of this transition, however, was based on a previously
proposed model of a bulk-truncated magnetite surface,”® and no
quantitative structural analysis was performed.
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Fig. 1 Perspective view of (a) the reconstructed surface and (b) a bulk-
truncated surface together with the unit cell indicated by the cubic box.
Oxygen is shown in red, octahedral iron in yellow and tetrahedral iron in
blue. The additional tetrahedral iron atom in the first subsurface layer is
shown in green, and atoms that get removed from octahedral sites when
forming the reconstructed surface are orange in the bulk-truncated
surface.

In this study, we investigate the crystallographic and electronic
structure of the magnetite (001) surface at elevated temperatures
by a combination of surface X-ray diffraction (SXRD), fast in situ
scanning tunneling microscopy (STM), X-ray and ultraviolet
photoemission spectroscopy (XPS, UPS) and low-energy ion
scattering (LEIS). We followed the transition from a long-
range ordered (\/5 X ﬁ)R45° reconstructed surface at room
temperature to a (1 x 1) surface at elevated temperatures. We
interpret our results in view of the subsurface cation vacancy
reconstruction (SCV) structural model for this surface,® and
provide a quantitative analysis of the surface structure at
elevated temperatures above the phase transition temperature.

2 Experimental details

The surface of magnetite single crystals was cut and mechanically
polished to exhibit the (001) surface with a miscut below 0.2°. Three
different crystals were used for the SXRD, STM and XPS, LEIS
and UPS experiments, respectively. Note that the exact phase
transition temperature varies slightly between crystals, as reported
previously."” In each experiment, the crystal was cleaned in ultra-
high vacuum with a base pressure of 10~ '° mbar by multiple cycles
of sputtering with 1 keV Ar-ions for 15 minutes and subsequent
annealing. For the SXRD experiments, the annealing temperature
of 920 K was held for 15 minutes, with the last annealing step
performed in 5 x 10~° mbar of oxygen; for the scanning tunneling
microscopy (STM) experiments, 20 minutes annealing at 983 K was
chosen, with the last annealing step in 1 x 10~® mbar oxygen. This
resulted in a contamination-free, (\/§ X \/§)R45° reconstructed
surface.

We carried out surface X-ray diffraction (SXRD) experiments
at the ID03 beamline of the ESRF'* at a photon energy of 14 keV
using a 2D detector in stationary mode™ at grazing incidence.
The momentum transfer is given in relative reciprocal lattice

. . . 2 . .
coordinates (H, K, L) in units of — with a magnetite lattice
a

constant of a = 8.394 A. A set of crystal truncation rod data was
taken from the clean surface. The sample was subsequently
heated in several steps, and the surface structure was probed in
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each step by scanning through the (2,1) superstructure rod at
L = 1.6 after waiting ~15 minutes for the temperature to
stabilize. This was done until no further changes were observed
which was the case at 770 K. This point in reciprocal space
[(1/2, 3/2) with respect to the unreconstructed 5.93 A surface
unit cell] was chosen because it lies on a surface rod only
arising from the (\/5 X \@) R45° reconstruction, and is therefore
only sensitive to this superstructure and not to the bulk-like
structure of the subsurface region underneath. At 770 K, another
set of crystal truncation rods was measured, and the surface was
cooled down using the same steps, again probing the (2,1,1.6)
peak at each temperature step. The SXRD data was analyzed
using the ANAROD program package.'® The intensities of the
Bragg peaks from the 3D bulk lattice do not contain surface
structural information and are therefore not included in the
surface structural analysis.

The STM experiments were performed using an Omicron
variable-temperature (VT) instrument complemented with a
FAST electronics module'””'® which enables the recording of
movies at up to 20 frames per second (fps). A low defect density
and large, atomically flat terraces were confirmed by STM and
long-range order by low-energy electron diffraction (LEED)
before commencing experiments. A boron nitride heater in
the sample holder was used to heat the sample and a K-type
thermocouple directly attached to the crystal and internally
referenced to the chamber temperature was used to record the
temperature. Temperature-dependent LEED measurements
confirmed that our temperature reading is calibrated well and
the phase transition temperature of this magnetite crystal is
around 725 K, in agreement with previous reports'> (see ESIY).
In so-called FastSTM measurements, the feedback gain was
lowered to only correct for thermal drift but not follow the
surface topography. A sinusoidal tip movement in the fast scan
direction was employed, resulting in images and movies which
exhibit a higher pixel density at the left and right edges.
FastSTM data were recorded as a one-dimensional data stream
which was subsequently Fourier filtered to remove known
interference frequencies (e.g. from turbomolecular pumps),
background leveled by FFT filtering of the fast and slow scan
directions and their overtones, and reconstructed into movies
using a specially built Python script. The resulting movies were
then further processed and analyzed in Image]."” The images
were corrected for linear and nonlinear distortions based on
(1 x 1) spots in the Fourier transform, similar to the process
described in ref. 20. Thermal drift was corrected for by laterally
shifting frames with respect to each other in time. The frames
of drift-corrected movies could then be averaged to a noise level
that is vastly superior compared to standard (slow) STM
images: subtle structural details with little corrugation which
are typically drowned by highly diffusive transient species can
thus be recovered as long as the time window for averaging is
appropriate. The averaged frames could further be Fourier
transformed to provide a comparison with reciprocal-space
measurements and give a clear indication whether the
(V2 x V2)R45° reconstruction was still observable in the
images. When reconstruction spots were absent in this FFT,
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we also examined the average of the Fourier transforms of the
individual frames, to ensure that the reconstruction spots are
not missing due to rapidly moving domains, which could cause
the reconstruction to disappear in the average of the real-space
images. Finally, we extracted image lines and rows from the drift-
corrected movies and plotted them versus time to investigate
contrast changes along and across the Fe rows.

Ultraviolet and X-ray photoelectron spectroscopy (UPS, XPS),
low-energy ion scattering (LEIS), and LEED experiments were
performed in a UHV system described in detail in ref. 21.
A SPECS FOCUS 500 monochromatized X-ray source (Al Ka
anode) was used for XPS. UPS was performed using a SPECS
UVS 10/35 source emitting either He I or He II radiation, and
LEIS utilized 1 keV He" ions generated by a SPECS IQE 12/38
ion source with a scattering angle of 90°. The same SPECS
PHOIBOS 150 energy analyzer was used for all these measure-
ments. The XPS measurements were performed at a grazing
emission angle (80° with respect to the surface normal) for
maximum surface sensitivity. The LEED measurements were
performed using a commercial rear-view LEED optics. The
sample used in these experiments was prepared by Ne' sputter-
ing (1 keV) for 10 minutes followed by annealing at 950 K. Every
other annealing step and the last before an experiment was
performed in 5 x 10”7 mbar O.,.

3 Results and discussion
3.1 SXRD results

In Fig. 2, SXRD scans through the (2,1) surface rod only
sensitive to the (V2 x v2)R45° superstructure at different
temperatures are shown both during heating up (a) and cooling
back down (b) to room temperature. Below 570 K, no changes
were visible. Above this temperature, a decrease of the peak
intensity of the reconstruction signal is observed. At a tempera-
ture of 750 K, the reconstruction peak vanished almost com-
pletely, and no further changes could be observed when
increasing the temperature to 770 K. When cooling back down,
the superstructure signal reappeared. Due to the realignment
that was necessary during the heating, the intensities had to be
scaled. For this, the background level was used as a reference.
Since this level is not absolute and expected to increase due to

0.65 Heating up 0.65 Cooling down
= 577K
® 731K

055 4 750K "

os0{ LY 771K]

17 18 19 20 21 22 23 17 18 19 20 21 22 23
hrlu]

Fig. 2 Scans through the (2,1) surface rod in reciprocal H-direction at
L = 1.6 during (a) heating up and (b) cooling down. The peak shift is due to
thermal expansion and slight change in alignment. Note that the (H, K, L)
orientation matrix was defined at room temperature.
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Fig. 3 FWHM values of line scans through the (2,1)-reconstruction rod at
L = 1.6 taken at different temperatures during heating up (red) and cooling
down (blue). Also shown are the corresponding lateral correlation lengths.

an increase in thermal diffuse scattering during heating and
can also change with the alignment, the absolute intensities
cannot be compared directly. The differences stemming from
this, however, are rather small and do not fully explain the
observed increase in intensity on the superstructure signal
during cooling down compared to that during heating up at
the same temperature. This is most likely related to desorption
of adsorbates during the time the sample was kept at elevated
temperatures and slight re-annealing after cooling back down.
Next we will discuss the full width at half maximum (FWHM)
values extracted from these scans, which can be converted into

the lateral correlation length L. of the surface via L. = —,>

a
E:
with magnetite bulk lattice constant a and AH the full width at
half maximum of the H scans (Fig. 3). In both the crystals used
for the present SXRD experiments and in the previous experi-
ments mentioned above,'” the onset temperature of the lifting
process is around 720 K, and the lateral correlation length L. is
gradually decreasing up to a temperature of 770 K, where the
intensity becomes too low to determine the FWHM. Overall,
these measurements agree very well with the order-disorder
phase transition that was found for this surface in an earlier
study,'” as does the temperature range in which the transition
occurs.

To analyze the surface structure in more detail, crystal
truncation rods were measured at room temperature and at
770 K, shown in Fig. 4. They demonstrate that the phase
transition is not simply a lifting of the reconstruction. The
crystal truncation rods at room temperature fit very well to
those of the reconstructed surface.” But although the super-
structure signal from the reconstruction vanishes at 770 K, the
crystal truncation rods at this temperature are fairly similar to
those of the reconstructed surface, and show a huge difference
to those expected from a bulk-truncated surface®® (also shown
in Fig. 4). This allows us to hypothesize that locally the
structure of the reconstruction is still partially intact, ie., the
layer occupations (additional Fe in the first tetrahedral layer,
missing Fe in the subsurface octahedral layer) do not substantially

change, although the long-range (v2 x v2)R45° order is lost.

This journal is © the Owner Societies 2020


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d0cp00690d

Open Access Article. Published on 30 March 2020. Downloaded on 1/12/2026 3:49:39 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
1,1) (2,0)
-
3 10°
Kol
2
s
[y
102
05 10 15 20 25 30 35 40 45 50 05 10 15 20 25 30 35 40 45 50
- (2,2)
S, .
510 10
2
8,
[y
2
05 1.0 1.5 2.0 2.5 3.0 3.5 40 45 50 0.5 1.0 15 2.0 2.5 3.0 3.5 4.0 45 50
- (3,3)
35 10° 10°
g |
5 |:
o
—102
L, 02
10 15 20 25 3.0 35 40 45 50 05 1.0 15 2.0 25 3.0 35 4.0 45 50
(4,2) ‘
10
3
o
2
S
2
1
05 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 50 20 25 30 35 40 45 50
b
3 10° 10°
e}
S
S,
[y
W 102

15 2.0 25 3.0 35 40 45 50 20 25 30 35 40 45 50
L[r.lu] L [r.lu]

Fig. 4 Crystal truncation rods of the clean magnetite (001) surface at
room temperature (black squares) and at 770 K (red squares). Also shown
are the structure factors of a bulk-truncated surface (brown) and of the
best fit to the data at 770 K (blue).

The absence of the superstructure order does not influence the
signal on the crystal truncation rods since they are only sensitive to
the smaller periodicity of the bulk crystal lattice and not to the
larger one of the superstructure.

To get more insights into the structural arrangement of the
Fe cations, different models were fitted to the SXRD data, and
the reduced y°, also called goodness of fit, was used to check
and compare the level of agreement between fit and data. As
expected, a bulk-truncated surface shows a bad agreement with
the data (yreq” = 5.66). A reconstructed surface shows a better,
but still suboptimal agreement (jeq” = 3.88). To improve the
agreement, the possibility that not all lattice sites were fully
occupied or unoccupied had to be taken into account. This
possibility was included in the models by introducing occupa-
tion parameters for several iron lattice positions. In the first
double layer, occupation parameters were introduced for the
tetrahedral iron positions that are normally fully occupied in
both the bulk truncated and the reconstructed surface (Fe),
for the additional tetrahedral site that is occupied in the
reconstructed surface but unoccupied in the bulk-truncated
structure (Fee,int) and for the tetrahedral site that is equivalent
to this one under bulk symmetry, but usually not occupied in
either structure (Fegeaqq)- In the second double layer, occupa-
tion parameters were introduced for the octahedral lattice sites
that are vacant in the reconstructed surface but occupied in the

This journal is © the Owner Societies 2020
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Table 1 Overview of structural refinement results for the high-
temperature phase (773 K, above the phase transition). In model 1, only
the occupation parameters were fitted, while model 2 also includes
parameters for the iron positions

Positions Occupancies
MOdel ){red2 Fe o Fetet Fetet,int Fetet,add Feoct Feoct,vac
1 2.78 — — 0.90 0.45 0.34 0.70  0.85
2 0.73 + — 0.86 0.62 0.05 0.80 0.58

bulk-truncated structure (Feoctvac; Orange in Fig. 1(b)), and the
octahedral lattice sites that are occupied in both structures
(Feocr)- Occupation parameters for octahedral and tetrahedral
interstitial cation sites adjacent to regular lattice sites were
tested, but not found to have any significant impact on the fits
and therefore omitted in the final fitting. In addition, the
positions of all iron atoms in the uppermost unit cell were
fitted, only allowing distortions according to the symmetry of
the (v2 x v2) R45° reconstruction. Fitting of the oxygen atom
positions did not further improve the fit, which is related to
their lower X-ray diffraction atomic form factor, as compared to
Fe. An overview of the fit result is shown in Table 1.

These fits show that, at elevated temperatures, the addi-
tional tetrahedral iron position becomes partially depleted, and
the octahedral vacant sites underneath are partially filled, in
good agreement with the STM data which we will discuss
below. This is accompanied by a partial depletion of the regular
tetrahedral lattice sites in the first double layer and the octahe-
dral sites in the second one that are occupied in both the bulk-
truncated and the reconstructed surface, and slight distortions
of the lattice of up to 0.1 A in the first layer and 0.06 A in the
second layer. This change in site occupations rules out a loss of
long-range order diffraction signal simply due to an increase in
thermal vibrations, especially since the Debye-Waller-factor
values of the surface atoms did not increase significantly when
included in the fitting. Together with the fact that the local
structure seems rather unchanged, this observation points
towards a statistical reorganization by diffusion at the surface
mainly of the additional tetrahedral iron atoms through the
octahedral vacant sites underneath as the source for the lifting
of the reconstruction. The reorganization leads to a fluctuating
occupation of lattice sites, lattice distortions and an increase in
the concentration of defects at the surface like anti-phase
domain boundaries and interstitial subsurface cations.”*>*

At high temperature, the occupation of the sites deviates too
much from that of the ideal SCV reconstruction, thus the long-
range order is lost. Nevertheless, the site occupations are not
too far from that of the SCV model, in line with the reported
surface diagram from theoretical calculations® which shows
that the reconstruction should indeed be stable at 770 K under
all O, partial pressures that can be attained in a UHV system. In
addition, regular cation lattice sites are also found to be
involved in the near surface diffusion process, as can be
concluded from the reduced Fe, and Fe,; occupancies at
the surface, providing vacancies available for hopping events.

Phys. Chem. Chem. Phys., 2020, 22, 8336-8343 | 8339
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3.2 FastSTM results

Having determined from SXRD the average atomic surface
structure, the question arises how the structure evolves locally
in real space and whether the change in occupations is static or
dynamic. Looking at FastSTM movies at and around the phase
transition, several structural features can still be resolved.
While standard STM images (in particular in constant-current

View Article Online
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mode) are dominated by streaks from fast moving species,
averaging many consecutive FastSTM frames preserves atomic
resolution. Fig. 5 shows the average of several hundred frames
each at the onset of the phase transition at 701 K (a), right in
the middle at 745 K (b), and beyond at 784 K (c) (¢f: ESIt for a
temperature calibration by LEED). At the onset, the

(V2 x V/2)R45° reconstruction can still be clearly observed

Fig. 5 FastSTM data of Fes04(001). Average of movie frames (a) at the onset of the phase transition (701K, V,, = 1.5V, Iy = 0.9 nA, 4 fps, 520 frames), (b) in
the middle of the phase transition (745 K, V, = 1.3V, Iy = 1.0 nA, 11.7 fps, 706 frames), and (c) beyond the phase transition (784 K, V, = 1.5V, I, = 1.0 nA,
11.7 fps, 818 frames). Full movies see Movies S1-S3 (ESIT). In (a), the periodicity of the (\/i X \/§)R45° reconstruction is indicated by yellow dots. Dashed
yellow lines indicate an example of a domain boundary, i.e. where the dots do not align. In (b), a single domain is visible (yellow dots), while in (c) the
reconstruction is no longer apparent. The insets show the FFT of the respective averaged frames, clearly indicating reconstruction spots in (a) and (b)
(circled in red), while they are no longer present in (c). Frames (d) and (e) show a line in the x- and y-directions of the movie at 745 K vs. time, cut at the
locations marked by the yellow dotted and blue dashed lines in (b), respectively. The time axis spans 60 s. Some example features which extend across
two Fe rows are highlighted in yellow in (d).
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with atomic resolution.® An FFT of the average frame at this
temperature confirms that the reconstruction spots are fairly
sharp and clearly visible (circled in red). Furthermore, by
marking the same location in each unit cell with a yellow dot,
we can unambiguously assign domains on the surface. The
domain boundaries between them are increasingly mobile at
elevated temperatures. FastSTM Movie S1 (ESIt) shows that at
this temperature, the domain boundaries move rapidly back
and forth around an average location but do not move extended
distances across the surface. As a result, they appear as
smeared-out bright regions that zigzag across the surface in
the average frame. One example is marked in the average frame
by yellow dashed lines, as a guide to the eye. Comparing the
average domain size in Fig. 5(a) with the correlation length
from SXRD (Fig. 3), we find good agreement: the FastSTM
movie reveals typical domain sizes in the range from 5 to
25 nm. In the middle of the phase transition (745 K), such
structures were more difficult to distinguish, as can be seen in
Fig. 5(b). A smaller surface area was scanned here which is
entirely covered in a single domain, as indicated by the overlaid
yellow dots. Perhaps surprisingly, even though the reconstruc-
tion spots lost more than half of their intensity in LEED at this
temperature (see Fig. S1, ESIt), they are still clearly visible in the
FFT of the averaged frame (red circles). Finally, at a temperature
just beyond the phase transition, the FFT of drift-corrected and
averaged frames does not show any (\/i X \/i) R45° reconstruction
spots anymore and there is also no sign of the reconstruction in the
real-space images (see Fig. 5(c)). The STM data are thus consistent
with the picture that a long-range SCV reconstruction is no longer
present at this temperature.

Looking at the FastSTM movies, it is clear that the surface is
anything but static at such elevated temperatures. At the onset
of the phase transition, in Movie S1 (ESIt), defects and domain
boundaries are mobile but their dynamics can still be resolved
reasonably well. One obvious type of defect appears as bright
squares spanning two adjacent Fe, rows. Just 44 K higher, in
Movie S2 (ESIt), the dynamics resemble more closely fluctua-
tions in apparent brightness than discrete hops. However, a
more detailed analysis of the movie reveals that mobile species
are similar as at 701 K. To better understand which features
might be the mobile ones, it is useful to look at temporal
changes in a single row or column of a FastSTM movie.
Although not immediately obvious in the movie, we thus find
that the same type of bright squares spanning two adjacent
Fe rows is still present at 745 K, as shown by the x-t scan
(“kymograph”) in Fig. 5(d), in which it often appears that two
adjacent rows appear bright at the same time (marked in yellow
to guide the eye). In addition, we observe many fluctuation-like
local changes of the apparent height without a correlation
between neighboring rows, which we attribute to a change in
local electron density. An increase in brightness on an Fe
row typically results from a local surplus of Fe in the surface
or subsurface: one example thereof are antiphase domain
boundaries, which are Fe rich, and which appear bright in
STM. In an antiphase domain boundary, four Fe atoms can align
in the subsurface where domain boundaries occur, resulting in

This journal is © the Owner Societies 2020

View Article Online

PCCP

elongated bright features which are arranged diagonally with
respect to the surface octahedral Fe rows [see Fig. 5(a)].>® Unrec-
onstructed unit cells are a different type of local defects, where
an additional Fe atom in an octahedral site in the third layer
causes the Fe atom in the tetrahedral site in the second layer to
move into another octahedral site,*® thus resulting in six adja-
cent Fe atoms in a subsurface Fe,. row. Then, at the surface, two
elongated bright features appear on neighboring Fe rows.>®
Additionally, cation interstitials in octahedral sites in the subsur-
face appear as bright spots on an Fe row which has been shown
recently for Ni interstitials.>® By comparing these known defects
with the signatures obtained in the time evolution of a horizon-
tal slice across the Fe rows (Fig. 5(d)), the bright features
extending across two Fe rows most likely indicate that unrecon-
structed unit cells are present on the surface, in line with the
statistically increased occupancy of the Feyctyac Sites of 0.58, as
found by SXRD. In addition, many bright species that do not
extend across two rows are also visible which could be due to the
presence of impurity cations.

Looking instead at the time evolution of the brightness
along a surface Fe,. row, shown in Fig. 5(e), it becomes clear
that the residence times of bright features (both those in a
single row and those spanning two rows) vary between one and
many frames. Since the entire movie spans a time of 60 s, this
corresponds to residence times between 0.08 and 8 s. In
addition to the bright features, we occasionally observe dark
(vacancy-like) features usually spanning two adjacent Fe,
rows, one of them appearing as a dark line in Fig. 5(e); the
rows adjacent to them appear brighter (see ESI,T Fig. S2). For
the STM movie taken above the phase transition (784 K), a
kymograph similar to Fig. 5(d) shows only horizontal streaks
(not shown), indicating that most of the bright features remain
stationary for a very short time (less than the interval between
the frames, 0.1 seconds). Nevertheless, when viewing the movie
(see Movie S3, ESIt), one can see several isolated bright species
diffusing at the surface. The bright features spanning two
adjacent Fe,. rows are very rare, possibly only a random
arrangement of isolated species. The only features remaining
stationary for a somewhat longer times (up to 3 s) are the
vacancy-like dark spots spanning two adjacent rows, mentioned
earlier.

3.3 XPS and LEIS results

From the SXRD data analysis at 773 K, we obtain an Fe
enrichment of ~10% in the topmost layers. This would by
necessity lead to an appearance of more reduced Fe cations.
Fig. 6(a and b) show grazing-emission XPS data for the Fe 2p
and O 1s regions, respectively. The shoulder at 708.5 eV due to
Fe*" increases over the transition, consistent with the reduction
of Fe at the surface. The O 1s peak does not change visibly over
the same temperature range. A similar conclusion can be drawn
from UPS experiments shown in Fig. 6(c), where the increase in
the Fe**-related states at approximately 1 eV occurs at the same
time as a decrease in the intensity of the Fe**-related states at
3 eV. The LEIS data shown in Fig. 6(d) reveal that the peaks
from Fe and O change in relative intensity over the transition.
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Fig. 6 (a) Fe 2ps,» and (b) O 1s measured at 700 K (blue), 800 K (green),
and 880 K (red). These data are normalized to the peak maximum, and
were measured by monochromatized Al Ko radiation. The shoulder at
708.5 eV is an Fe?*-related signal, which increases above the transition
temperature while no change in the O 1s signal is observed. (c) UPS spectra
measured using the He Il line at 700 K (blue), 800 K (green), and 850 K (red)
show an increase in the Fe?*-related states at approximately 1 eV and a
decrease in the intensity of the Fe**-related states at 3 eV with increasing
temperature. (d) LEIS measured at 750 K (blue) and 900 K (red) show a
change in relative intensity of the O and Fe signals (indicated in the graph).
The data were acquired using 1 keV He*.

The increase in the Fe signal is consistent with the interpreta-
tion that the (1 x 1) surface is enriched in Fe. In reference LEED
experiments, shown in Fig. S3 (ESIt), we confirmed that the
lifting of the reconstruction occurs in the same temperature
range on this sample as for the crystals used in the SXRD and
STM experiments.

4 Conclusions

In conclusion, we demonstrated that the (\/E X \/5) R45° recon-
struction of the magnetite (001) surface undergoes a continuous
order-disorder phase transition, during which its long-range
order gets lost when reaching the transition temperature. The
analysis of the crystal truncation rod data gives evidence that the
main structural motif of the (v2 x v2)R45° reconstruction,
namely the existence of subsurface octahedral vacancy pairs
and surface tetrahedral interstitials, is also present on a local
scale above the phase transition temperature under ultra-high
vacuum conditions. This demonstrates that the local structural
motif of the subsurface cation vacancy reconstruction is an
intrinsic defect of the magnetite (001) surface even at elevated
temperatures. The continuous nature of the phase transition
is also reflected by the FastSTM results, giving evidence that
the long-range order of the (\/5 X \/E)R45° reconstruction on
magnetite (001) is lifted by the more and more frequent occur-
rence of local defect structures across the phase transition with
increasing temperature. The observed cation defect dynamics
can have an important impact on the reactivity of magnetite
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surfaces at elevated temperatures, since they lead to a dynamically
evolving surface with heterogeneous adsorption sites. This can
be of special importance for the high-temperature water gas shift
reaction, involving continuous reduction and oxidation. Similar
surface phenomena are expected to occur on the whole class of
spinel-based materials with a comparable cation sublattice.
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