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The structural mechanism of the magnetic phase transitions in FeTiO; ilmenite, including the paramagnetic
(PM) to antiferromagnetic (AFM) transition induced by reducing temperature in zero magnetic field and the
AFM to ferromagnetic (FM) transition induced by applying strong magnetic field at a fixed temperature below
the Néel temperature, Ty, are studied by total synchrotron x-ray scattering. It is found that in both cases the
concerted effect of Coulomb repulsion, spin-orbit coupling, and exchange interactions is what determines the
response of the crystal lattice to variations in external perturbations such as temperature and magnetic field. In
particular, due to strong spin-orbit coupling and Coulomb repulsion, Fe and Ti atoms move in sync along the
¢ axis of the crystal lattice such that their separation changes by less than 1%. At the same time, due to strong
intralayer ferromagnetic interactions, the Fe-O-Fe bond angle becomes closer to 90°. Notably, the direction of
the motion occuring during the temperature-induced PM to AFM transition is opposite to that occuring during
the magnetic field-induced AFM to FM transition. Altogether, the seemingly simple FeTiO; ilmenite behaves
like a complex physical system where charge, spin, orbital, and lattice degrees of freedom are strongly coupled.
Our findings are likely to be relevant to other members of the ilmenite family and spin-orbit coupled magnetic

insulators in general.
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I. INTRODUCTION

Recently, transition metal MTiO3 oxides from the ilmenite
family, where M = Mn, Fe, Co, or Ni, have gained renewed
research interest because of their fascinating physical prop-
erties and potential for practical applications in the fields
of photocatalysis, spintronics, and optoelectronics [1-6]. In
these materials, the partially occupied d shells of the metallic
species allow for a range of charge and spin states leading to
rich phase diagrams of electronic and magnetic phase tran-
sitions. Furthermore, the strong spin-orbit coupling together
with the competing exchange interactions between the M
atoms lead to a strong structural response to external stimuli
such as temperature, pressure, and magnetic field [7,8]. For
example, FeTiOj is found to exhibit large spontaneous mag-
netostriction [9] while NiTiOs and CoTiOs exhibit a strong
magnetodielectric effect. The temperature of the magnetic
ordering in the latter has been found to change with external
pressure [9,10]. Mixed ilmenites like (Mn, Fe, Ni)TiO3 have
shown spin glasslike and multiferroic behavior [10,11]. The
peculiar properties of the ilmenites are thought to be rooted
in their specific layered structure and presence of two distinct
types of transition metal atoms.

In particular, oxygen atoms in FeTiO3; form hexagonally
packed planes where the metal atoms occupy two-thirds of
the octahedral sites between the planes such that octahedra
centered by Ti and Fe atoms form layers alternating along the
¢ direction of a crystal lattice with an average trigonal space
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group R-3 symmetry. Each octahedron shares three edges with
octahedra from the same layer, a face with an octahedron in an
adjacent layer, and a face with a vacant octahedral site [12,13].
Thus, Fe and Ti alternate along the ¢ axis of the crystal lattice
in a Ti-Fe-vacancy-Fe-Ti sequence, as shown in Fig. 1(a).
The near-neighbor metal-metal, e.g., Fe?*-Fe?*, interactions
within a layer occur through an octahedral edge, whereas the
near-neighbor metal-metal, i.e., Fe?*-Ti**, interactions along
the ¢ direction occur through an octahedral face. Because of
the relatively short Fe?*-Ti** separation, which, as reported,
is approximately 2.942 A at room temperature, Fe?* and Ti**
ions from adjacent layers experience a considerable Coulomb
repulsion. As a result, both appear displaced from the center
of the respective octahedra and form puckered atomic planes,
where the metal atoms from each layer experience alternating
out-of-plane displacement from their would-be positions in an
ideally flat plane running through the center of the respective
oxygen octahedra [Fig. 1(b)]. As a result, the bonds between
metal atoms and oxygens from a shared octahedral face appear
longer than those between metal atoms and oxygens facing an
octahedral vacancy [Fig. 1(b)].

At room temperature, the band gap in FeTiO3 amounts to
2.6-2.9 eV. The valence band is formed from O 2p and Fe 3d
orbitals, whereas the conduction band is formed from O 2p,
Ti 3d, and Fe 3d orbitals [14,15]. The experimental magnetic
moment for Fe>* at 2 K is 4.38 ug along the c axis and 0.56 ug
in the ab plane of the crystal lattice. Thus, the total magnetic
moment amounts to 4.42 ug, which is slightly larger than the
theoretical value of 4.2 ug for octahedrally coordinated Fe**
ions [16-18], indicating that the orbital angular momentum
of Fe?* in FeTiOs is not completely quenched. According to
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FIG. 1. (a) Stacking of layers of [TiO6] (light blue) and [FeO6] (light brown) octahedra in FeTiO; along the ¢ axis of the crystal lattice.
Cation vacancies in the layers are also shown (white). (b) Close view of [TiO6] and [FeO6] octahedra, highlighting the correlated displacement
of Fe and Ti atoms from the centra of the respective octahedra, leading to the presence of short (broken lines) and long (solid lines) metal
cation-oxygen bonds. The horizonal blue lines highlight the puckered nature of the planes populated with metal atoms, where adjacent metal
atoms are displaced from the center of the oxygen octahedra in an out-of-phase manner. (c) Thermal evolution of the susceptibility (blue)
for FeTiOs. It shows a sharp peak at 7y = 58 K, where the material becomes an antiferromagnet upon cooling. The inverse susceptibility is
also shown. Upon cooling the material, its temperature dependence deviates from linearity below 150 K, indicating the onset of fluctuations
of Fe magnetic moments. This dependence is linear above 150 K, which is typical for a paramagnetic material. (d) Field evolution of the
magnetization for temperatures above (red) and below (black) 7y. The data obtained at 50 K, i.e., below Ty, show a hysteresis, indicating the
emergence of a field-induced ferromagnetic state. The critical field above which the magnetization deviates from linearity is about 40 kOe.
Intensity color maps for (e) XRD patterns and (f) atomic PDFs for FeTiOs. Arrows indicate the presence of nonlinearities in the temperature
evolution of XRD and PDF data appearing below 150 K. In the color maps, the intensity increases as the color changes from dark blue to

dark red.

Goodenough and Stickler [19-21], there are two major types
of superexchange interactions between the magnetic moments
of Fe’' ions in FeTiO3. One of them is a strong intralayer
Fe?*-O-Fe?" interaction with a magnitude of 2.45 meV that
is ferromagnetic (FM) in character. The other is a less strong
interlayer Fe?"-O-Ti-O-Fe’" interaction with a magnitude
of —0.574 meV that is antiferromagnetic in character [22].
Accordingly, FeTiO3 becomes an antiferromagnet (AF) when
cooled down to Néel temperature, Ty, as low as 58 K, where
the magnetic moments of Fe atoms in each Fe layer are
oriented along the ¢ axis of the crystal lattice and parallel to
each other, i.e., FM coupled, whereas the magnetic moments
of Fe atoms from adjacent layers appear antiparallel, i.e., AF
coupled [10,18]. Upon an application of magnetic field below
T, FeTiO; has been reported to undergo a metamagnetic
phase transition into a FM state where the spins of all Fe
atoms appear parallel to each other while preserving their ori-
entation along the ¢ axis of the crystal lattice [22,23]. This is
because the magnetocrystalline anisotropy in FeTiO3, which
can be expressed in terms of an effective anisotropy field, Ha,
of 150 kQe, is very strong. The metamagnetic AFM to FM
transition is first order below 35 K and exhibits a critical field,
H., of 80 kOe at 4.2 K. It is second order in the temperature
from 35 K to 58 K, where the critical field is less than 50 kOe
and the spins of Fe atoms from adjacent layers do not appear
perfectly parallel to each other. Because the crystal symmetry
does not change, both the temperature-induced PM to AFM
and field-induced AFM to FM transitions appear isostructural.

However, significant changes in the lattice parameters have
been observed to take place in the vicinity of Ty [9], implying
the presence of concurrent changes in the interatomic dis-
tances. No clear picture of the way the crystal lattice responds
to the onset of magnetic order, be it induced by reducing tem-
perature or applying magnetic field, emerged from the studies
conducted so far. Using synchrotron x-ray data and structure
modeling, we find that the onset of magnetic order involves
a coupled re-arrangement of Fe’* and Ti** ions inside the
oxygen polyhedra, reflecting the concerted effect of Coulomb
repulsion, spin-orbit coupling, and exchange interactions in
FeTiO3.

II. EXPERIMENT

A. Sample preparation

A FeTiO3 sample was synthesized by a conventional solid-
state reaction method. In particular, stoichiometric amounts
of Fe, O3 (= 99.99%, Sigma-Aldrich) and TiO, (= 99.99%,
Sigma-Aldrich) were mixed thoroughly and ground to fine
powder for 2 hr. Then the material was calcined twice at
1100°C to improve its homogeneity. During the calcina-
tion, the heating and cooling rates were kept constant at
10°C/ min. The calcined sample was again ground for 2
more hours and then pressed into a pellet. To achieve phase
purity, the pellet was sintered at 1300 °C for 15 hr, using con-
stant heating and cooling rates of 5°C/ min. In-house x-ray
diffraction (XRD) measurements on fine powder obtained by
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crushing the pellet showed that the sample is a single FeTiO3
phase.

B. Magnetic properties characterization

The magnetic properties of FeTiO3 were characterized on a
physical property measuring system Dynacool from Quantum
Design using the vibrating sample mode of operation. The
powder sample was tightly packed in a cylindrical plastic
holder with a diameter of 2 mm and the magnetic field applied
in a direction perpendicular to its vertical axis. Experimental
data for the magnetic susceptibility as a function of tempera-
ture are shown in Fig. 1(c). The data were taken upon cooling
the sample in a constant magnetic field of 100 Oe. The sus-
ceptibility is seen to increase with decreasing temperature and
peaks at Ty = 58 K, signaling the emergence of AF order. The
inverse susceptibility is also shown in Fig. 1(c). In line with
results reported in Ref. [9], it is seen to deviate from linearity
below 150 K, indicating the onset of fluctuations of the Fe
magnetic moments. Experimental data for the magnetization
as a function of magnetic field are shown in Fig. 1(d). Data
taken at 70 K, i.e., above Ty, scale with the applied field,
reflecting the absence of magnetic order. Data taken at 50 K,
i.e., below Ty, show a hysteresis, which is characteristic to FM
order. The critical field, H, for the emergence of FM order ap-
pears to be close to 40 kOe, as estimated by the inflection point
on the hysteresis curve. In line with prior studies (see Fig. 4
in Ref. [24]), the curve does not show saturation because, at
50 K, the Fe?* spins do not appear completely aligned with
the applied magnetic field.

C. Synchrotron x-ray scattering experiments

Synchrotron XRD experiments were performed at the
beamline 28-ID-1 at the National Synchrotron Source-II,
Brookhaven National Laboratory, using x-rays with energy of
74.46 keV (A = 0.1665 A). The powder sample was tightly
packed (packing fraction of about 60%) in a cylindrical
Kapton tube with a diameter of 0.8 mm and kept inside a
liquid He cryostat used to control its temperature. To improve
the powder averaging and counting statistics, the size of the
x-ray beam spot on the sample was set to 0.5 mm by 0.5 mm.
Scattered x-ray intensities were collected with a PerkinElmer
area detector while decreasing the temperature from 300 K
to 10 K in steps of 5 K. Two data sets were obtained at
each temperature point. One of the data sets was obtained
with the detector positioned 1000 mm away from the sample
to achieve high resolution in reciprocal space necessary for
Rietveld analysis of the crystal structure. The other data set
was collected with the detector positioned 204 mm away from
the sample to reach high wave vectors, ¢, (gmax = 28 A~! in
the current experiment) necessary to obtain high-resolution
atomic pair distribution functions (PDFs). The latter were de-
rived from the diffraction patterns using standard procedures
[24]. Atomic PDFs have proven to have an extra sensitivity to
variations in the local atomic structure of materials [25,26].
Intensity color maps of the experimental high-g,x XRD pat-
terns and PDFs derived from them are shown in Figs. 1(e)
and 1(f), respectively. Particular Bragg and PDF peaks appear
to change their position nonlinearly with temperature below

150 K. The concurrent nonlinearities in the temperature de-
pendence of the magnetic susceptibility and PDF peaks, i.e.,
interatomic distances, indicate the presence of strong spin-
lattice coupling well before the AFM order sets in at 7.

Synchrotron XRD data were also taken at a fixed temper-
ature of 50 K while applying a magnetic field of strength of
up 50 kOe in a direction perpendicular to the Kapton tube,
which is the maximum field currently available at synchrotron
beamlines suitable for total x-ray scattering studies. Note that
a magnetic field of 50 kOe would not trigger an AFM to FM
metamagnetic transition at temperatures below 50 K because
it is weaker than the critical fields for the transition at these
temperatures (see Fig. 5 in Ref. [22]). Representative patterns,
taken in steps of 5 kOe, are shown in Fig. S1 ([27]). As can
be seen in the figure, no additional Bragg peaks appear but the
intensities of existing Bragg peaks change significantly with
the strength of the magnetic field. The observation indicates
that while the trigonal structure of FeTiOs is preserved in the
field induced FM phase, the material develops a significant
crystallographic texture. The texture arises from the high mag-
netocrystalline anisotropy in FeTiOs3, rendering the individual
crystallites orient such that their ¢ axis, i.e., Fe spins, align
with the direction of the external magnetic field. Significant
texture effects have also been reported in neutron diffraction
patterns for magnetic field-treated FeTiOs [9].

III. DIFFRACTION DATA ANALYSIS

A. Crystal structure as a function of temperature

High-g resolution XRD data were subjected to Rietveld
analysis using the GSAS-II software package [28]. The anal-
yses were based on the well-known trigonal structure of
FeTiO3. The model performed very well at temperatures both
above and below Ty, as illustrated in Figs. 2(a) and 2(b). Lat-
tice parameters and unit cell volume derived from the fits are
shown in Figs. 3(a) and 3(b). The a lattice parameter is seen
to decrease near linearly with decreasing temperature down to
10 K. The ¢ parameter, however, shows a marked nonlinearity
with decreasing temperature. As a result, the unit cell volume
for FeTiO; also shows a markedly nonlinear evolution with
temperature. Distances between the planes of O atoms sand-
wiching the puckered planes of Fe, (O-O)ge, and Ti, (O-O)r;,
atoms are shown in Fig. 3(c) as a function of temperature.
The interplane (O-O)g. and (O-O)r; distances are different,
reflecting the different size of Ti (size of Ti*" = 0.605 A) and
Fe (size of Fe®* = 0.78 A ) ions occupying the octahedral
sites between the respective planes. The temperature evolution
of the distances is highly nonlinear and resembles that of
the ¢ lattice parameter. Distances between metal and oxygen
atoms forming the octahedra, i.e., Ti/Fe-O bond lengths, and
distances between first neighbor metal atoms from adjacent
layers, i.e., interlayer (Ti-Ti)., (Ti-Fe)., and (Fe-Fe), dis-
tances, are shown in Figs. 3(d)-3(f). The distances are seen
to change with temperature in a nontrivial manner.

To ascertain the results of the Rietveld analysis, atomic
PDFs derived from the high-g,,x XRD data were also fit
with the space group R-3 structure model using the soft-
ware PDFgui [29]. The model performed very well both at
temperatures above and temperatures below Ty, as illustrated
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FIG. 2. Rietveld fits (red line) to high-g resolution XRD patterns
(symbols) for FeTiO; collected at (a) 300 K and (b) 50 K. Vertical
blue lines show the position of Bragg peaks. The residual difference
(blue color) is shifted for the sake of clarity. The fit agreement factor,
Rwp, is about 8% for both fits. Fits (black line) to atomic PDFs (red
symbols) obtained at (c) 300 K and (d) 50 K. Here the residual
difference (blue color) is also shifted for the sake of clarity. The
fit agreement factor, Rwp, is about 11% for both fits. All fits are
based on a space group R-3 type structure model [12]. Representative
crystal structure data resulted from Rietveld and PDF fits are given in
Table S1.

in Figs. 2(c) and 2(d). Lattice parameters, unit cell volume,
and interplanar and Fe/Ti-O bonding distances computed from
the refined models are summarized in Fig. S2 [27]. The PDF-
and Rietveld-fit-derived values for the respective structure
parameters summarized in Figs. 3 and S2 differ by less than
1%, i.e., are very similar. Their temperature evolution is also
similar, indicating that both locally and on average FeTiO3
responds to external perturbations, in particular temperature
variation, in a largely similar manner. The most noticeable
difference is that between the temperature evolutions of the
PDF-refined and Rietveld-refined c lattice parameter, which
start deviating from linearity at about 150 K and 100 K,
respectively [data in Fig. 3(a) vs data in Fig. S2a]. The ob-
servation indicates that, locally, the spin-lattice coupling in
FeTiOs is stronger in comparison to the average crystal struc-
ture. This may explain why, locally, the temperature evolution
of coupled Fe?*-Ti**, Ti*'-Ti**, and Fe?*-Fe?" separations
appear somewhat different in comparison to the average crys-
tal structure [compare data in Fig. 3(f) vs data in Fig. S2f].

B. Crystal structure as a function of magnetic field

An intensity color map for the (006) Bragg peak is shown
in Fig. 4(a). The intensity change is due to the formation of
a [001]-type crystallographic texture, arising from the strong
magnetocrystalline anisotropy (effective Hy of 150 kOe) in
FeTiOs. The latter renders the crystallites reorient such that
the c axis of the crystal lattice lines up with the direction of the
applied magnetic field. The intensity changes start in a field
close to 20 kOe and are near complete at a field of 40 kOe,
which is close to the critical field for inducing FM order at
50 K [see Fig. 1(c) and Fig. 5 in Ref. [22]). The XRD data
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along the ¢ axis of the crystal lattice. Data are derived from Rietveld
fits to experimental XRD data. Light blue and brown shaded areas
highlight temperature regions where the material is an antiferro-
magnet and paramagnet, respectively. Gray broken lines emphasize
nonlinearities in the presented data appearing below 100 K. All data
sets show a nonlinear behavior with temperature. The nonlinearity is
particularly well expressed with the ¢ lattice parameter. The size of
the symbols in (b) and (f) is commensurate with the respective error
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FIG. 4. (a) Color map of the intensity of (006) Bragg peak in the
XRD patterns for FeTiO3 obtained at 50 K while the magnetic field
has been varied between zero and 50 kOe. Changes in the intensity
start at 20 kOe, which is below the critical field H. of 40 kOe for
the AFM to FM transition and level off at H. of about 40 kOe.
The data show that, due to the large magneto-crystalline anisotropy,
FeTiO; crystallites rotate in magnetic field such that the spins of Fe
atoms, i.e., the trigonal ¢ axis, align with the direction of the field. (b)
Rietveld fit to a XRD pattern obtained at 50 K in magnetic field of
50 kOe. The fit is based on a space group R-3-type structure model
[14] exhibiting a strong [001] crystallographic texture. Vertical blue
bars show positions of Bragg peaks. The residual difference (blue
line) is shifted for clarity. The fit agreement factor, Rwp, is about
12%. In the color map in (a) the intensity increases as the color
changes from magenta to dark red.
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FIG. 5. Magnetic field evolution of the (a) a and c lattice param-
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tahedra, respectively, (d) long and short Fe-O bonding distances, (e)
long and short Ti-O bonding distances, and (f) metal-metal distances
along the ¢ axis of the crystal lattice. Data are derived from Rietveld
fits to experimental XRD data. Light blue and green shaded areas
highlight magnetic field regions where the material exhibits antifer-
romagnetic and ferromagnetic order, respectively. The critical field,
H., between the two magnetic orders is at about 40 kOe. Gray broken
lines emphasize nonlinearities in the presented data appearing in the
vicinity of H.. The size of the symbols in (b) and (f) is commensurate
with the respective error bars.

obtained in fields weaker than 20 kOe were successfully fit
with a model based on a trigonal space group R-3-type sym-
metry. The XRD data obtained in fields stronger than 20 kOe
were successfully fit with the same structure model using the
March-Dollase correction [30] for a [001] preferred crystal-
lographic orientation (texture) implemented in the GSAS-II
software package. Attempts to fit the data without a texture
correction or using other crystallographic directions of pre-
ferred orientation were unsuccessful, as demonstrated in Fig.
S3. From the March-Dollase parameter, the degree of [001]
preferred orientation at 50 kOe was estimated to be close to
47%, indicating that a very large fraction of the crystallites
in the studied sample have responded strongly to the applied
magnetic field and are likely to have undergone a second order
AFM to FM transition. The latter is not a surprise because the
experimental data for magnetization [Fig. 1(d)] clearly show
that such a transition takes place in FeTiO; powders. Lattice
parameters, unit cell volume, interplanar and Fe/Ti-O bonding
distances computed from the refined models [31] are summa-
rized in Fig. 5. Computational procedures for PDF analysis on
polycrystalline materials exhibiting crystallographic texture
are, however, not well developed [32,33]. Therefore, we did
not consider the magnetic field obtained XRD data in real
space in terms of the respective atomic PDFs.

IV. DISCUSSION

Upon decreasing temperature, usually, materials tend to
shrink because atomic vibration amplitudes diminish, leading
to an increase in the atomic packing density and/or decrease
in bond lengths. This behavior is exhibited by FeTiO; when
it is cooled down from room temperature to about 100 K
[see Fig. 3(a)]. The shrinking reduces the unit cell volume
by about 0.3% [Fig. 3(b)], where the major contributor to the
volume decrease is the decrease in the a lattice parameter.
Below this temperature, the a parameter keeps decreasing,
but the material shows an unusual thermal expansion leading
to a slight increase in the atomic volume. This is because,
after the initial decrease, the separation between the densely
packed oxygen planes, (O-O)g. and (O-O)r;, starts increas-
ing leading to an increase in the c lattice parameter below
100 K, which offsets the concurrent gradual decrease in the a
parameter [see Figs. 3(a)-3(c)]. Overall, the unit cell volume
of FeTiO3 shrinks by about 0.25% when it is cooled down
from room temperature to 10 K. Interestingly, the motion of
the Fe?* and Ti** ions positioned between the oxygen layers
appears decoupled from that of the layers. In particular, upon
decreasing temperature, Ti*" ions tend to move towards the
center of the respective polyhedra, leading to an increase and
decrease in the short and long Ti**-O distances, respectively.
Likely because of the strong Coulombic repulsion, Fe?* ions
move in sync with Ti** ions such that the Fe™-Ti** average
separation increases from 2.942(1) A at room temperature to
2.956(1) Aat10K,ie., by 0.5% [Figs. 6(a) and 6(b)]. Concur-
rently, the Fe?*-Fe?* separation decreases from 4.121(1) A
to 4.084(1) A, i.e., by about 0.9%. As a result, the Fe?t off-
centering increases, leading to a further decrease and increase
in the short and long Fe?*-O distances, respectively. In the
process, the puckering of the planes of Ti** ions decreases
[puckering amplitude of 0.633(1) A at 300 K vs puckering
amplitude of 0.594(1) A at 50 K]. On the other hand, that
of the planes of Fe>" ions increases [puckering amplitude of
0.583(1) A at 300 K vs puckering amplitude of 0.648(1) A at
50 K; see Figs. 6(a) and 6(b)].

As can be seen in Fig. 5(a), similarly to pressure [34-36],
isothermally applied magnetic field reduces both lattice pa-
rameters of FeTiO3 Fig. 5(a), leading to a further 0.2% reduc-
tion of the unit cell volume in comparison to the value attained
by reducing the temperature to 50 K Fig. 5(b). Accordingly,
the oxygen layers become more densely packed with mag-
netic field, as demonstrated by the further decreased values
of (0-O)g. and (O-O)y; distances Fig. 5(c). Furthermore, the
magnetic field pushes the Fe?™ ions towards the center of
respective octahedra, leading to an increase and decrease in
the short and long Fe?*-O distances, respectively Fig. 5(d).
Contrary to the case of reducing temperature, however, it
tends to increase the off-centering of the magnetically inactive
Ti** ions a bit, leading to a small decrease and increase of
the short and long Ti**-O distances, respectively Fig. 5(e).
Overall, the Fe>"-Ti*" separation diminishes in comparison
to the 50 K value by 0.2% (2.944(1) A at 50 K in field of
50 kOe vs 2.951(1) A at 50 K in zero magnetic field), indica-
tive of an enhanced interaction between the Fe?* and Ti*"
ions, which counteracts the Coulomb repulsion between them.
The enhancement could include a partial charge transfer be-
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FIG. 6. (a) Stacking of [TiO6] (light blue) and [FeO6] (light brown) octahedra in FeTiO; along the ¢ axis of the crystal lattice, with the
shortest distance between Fe and Ti atoms along the ¢ axis shown, as derived from fits to experimental XRD data obtained at 300 K in zero
magnetic field. The correlated displacement of Ti and Fe atoms from the centra of the respective octahedra (pair of horizontal broken lines and
the respective amplitude of puckering) is also shown. (b) Same as in (a), as derived from fit to experimental XRD data obtained at 50 K in zero
magnetic field. (c) same as in (a), as derived from fit to experimental XRD data obtained at 50 K in magnetic field of 50 kOe. Vertical blue
arrows in (b) and (c) indicate the direction of the displacement of metal ions upon decreasing temperature in zero magnetic field and increasing
magnetic field at constant temperature, respectively. The length of the arrows reflects the magnitude of the displacements. The puckering of Ti
and Fe planes changes significantly with changing temperature or magnetic field. At any temperature and magnetic field intensity, the Fe-O-Fe
bond angle appears close to 90°, consistent with FM superexchange interactions in the Fe layers. The models in (a) and (b) are based on
structure data derived from the Rietveld fits shown in Figs. 2(a) and 2(b), respectively. The model in (c) is based on structure data derived from

the Rietveld fit in Fig. 4(b).

tween their 3dZ2 orbitals, possibly leading to a partial magnetic
polarization of Ti** ions, as discussed in Refs. [15,37-39].
As a result, the Fe?*-Fe?" distance increases by 0.9% to a
value of 4.123(1) A. This is close to the Fe?t-Fe2* distance in
room temperature FeTiO3, where, however, the unit cell vol-
ume is 0.5% larger. In the process, the puckering of the planes
of Ti** ions increases (puckering amplitude of 0.594(1) A at
50 K in zero field vs puckering amplitude of 0.611(1) A at
50 K in field of 50 kOe). On the other hand, that of the planes
of Fe?* jons decreases (puckering amplitude of 0.648(1) A
at 50 K in zero field vs puckering amplitude of 0.604(1) A
at 50 K in field of 50 kOe; see Figs. 6(b) and 6(c)). Notably,
the observed changes in the lattice parameters, interlayer and
Ti/Fe bonding distances start as soon as magnetic field is
applied and seem to accelerate when the field approaches
40 kOe, which is the critical field for triggering a second order
AFM to FM transition in FeTiO3 at 50 K.

It is known that the type and strength of superexchange
interactions in FeTiO3 depend on structural parameters such
as distances between Fe?t ions, Fe?T-O bond lengths and
Fe?*-O- Fe?* bond angles, i.e., on the relative position of
Fe?* and oxygen ions with respect to each other. Upon cool-
ing, Fe?* ions from adjacent octahedra in PM FeTiO; start
moving along the ¢ direction of the crystal lattice, but the
motion is such that the intralayer bond Fe>*-O- Fe?* angles
increase from 89.09(1)° to 89.37(1)° (see Fig. S4), which is
consistent with a strengthening of the intralayer FM interac-
tions between the spins of Fe?* ions. The motion, however,
brings the Fe?* ions facing a common octahedral vacancy
closer together, as measured by the observed 1% decrease
in the interplanar Fe*"-Fe?* distance in comparison to the

10 K value. This would increase the direct overlap between
their 3dz2 orbitals, thus promoting interlayer AFM interactions
[40—44]. This may explain the emergence of cooperative AF
order in FeTiO; at low temperatures, where the spins of Fe
atoms in the layers remain ferromagnetically coupled while
those of Fe atoms from adjacent layers arrange antiparallel to
each other [see Figs. 1(d) and 5].

Upon the application of magnetic field, Fe>* ions in AFM
FeTiO; also start moving along the ¢ axis of the crystal lattice
such that the intralayer Fe>*-O- Fe?* bond angle increases
from 89.26(1)° to 89.44(1)° (see Fig. S3), consistent with a
further strengthening of the intralayer FM interactions. The
motion, however, increases the distance between the Fe** ions
facing a common octahedral vacancy by 0.9%, which would
decrease the direct overlap between their ?)dz2 orbitals and
destabilize the interlayer AFM interactions. In the process,
the unit cell volume decreases, eventually leading to changes
in the overlap between O 2p and Fe 3d orbitals along the ¢
axis of the crystal lattice and, hence, how the superexchange
interaction between the spins of Fe?* ions from adjacent lay-
ers propagates through Ti-O layers between them (see Fig. 4
in Ref. [42]). This may explain the emergence of interlayer
FM coupling, leading to a second-order AFM to FM phase
transition [see Fig. 1(d)] when the applied field surpasses
40 kOe. It is tempting to assume that the same scenario ap-
plies to the first-order AFM to FM transition, which takes
place at lower temperatures. Future in situ studies of the type
conducted here are necessary to verify this assumption, which
will require improved synchrotron beamline instrumentation,
including magnets delivering steady state fields well in excess
of 50 kOe.
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V. CONCLUSIONS

In FeTiO3, the orbital angular momentum of Fe?* ions is
not quenched, and, due to strong spin-orbit coupling, Fe?*
spins appear tightly bound to the ¢ axis of the trigonal crys-
tal lattice [45]. In addition, the spins of Fe atoms from the
puckered Fe layers experience strong superexchange interac-
tions with FM character, which keeps them parallel to each
other. Therefore, as our data show, upon reducing tempera-
ture and/or application of magnetic field, Fe atoms appear
constrained to move along the ¢ axis of the crystal lattice
while the “ferromagnetic” Fe>"-O-Fe?* bond angle becomes
closer to 90°. Due to the strong Coulomb repulsion between
Fe?* and Ti** ions, however, the latter also appear constrained
to move along the ¢ direction of the crystal lattice, where
the motion is such that the separation between Fe’™ and
Ti** increases slightly. Notably, upon reducing temperature,
the motion results in a decrease in the interlayer Fe?*-Fe?*
distances, promoting an PM to AFM phase transition. This
trend is reversed when magnetic field is applied, leading
to a decrease and increase in the Fe?*-Ti** and Fe’'-Fe?

distances, respectively, which facilitates the emergence of
FM order. Altogether, it appears that the concerted effect of
Coulomb repulsion, spin-orbit coupling, and exchange inter-
actions is what determines the specific mechanism via which
the crystal lattice in FeTiOs; responds to external perturba-
tions. In this respect, the seemingly simple FeTiO3 ilmenite
appears to behave as other strongly correlated systems [46],
where, though coupled, temperature and magnetic field are
not necessarily equivalent control parameters to induce phase
transitions.
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