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ABSTRACT

Hydrated iron fluoridotitanate (FeTiFg x 6 H20) single crystals are fascinating magnetic materials with unique
properties. To understand the underlying mechanisms, this study combines X-ray absorption near-edge structure
(XANES) and X-ray magnetic circular dichroism (XMCD) techniques, complemented by density functional theory
(DFT) calculations. Polarization-dependent X-ray absorption spectroscopy, encompassing XANES and XMCD, is a
powerful technique for probing the local structures and magnetic properties of materials. It is element-selective,
bulk-sensitive, and compatible with a wide range of experimental conditions. In this study, we used XANES and
XMCD spectroscopies to investigate the local structures and magnetic properties of Fe and Ti in FeTiFg x 6 Hy0
single crystals. XANES analysis revealed distinct local environments around Fe and Ti, providing insights into
their coordination environments. Element-selective magnetization measurement at the Fe K-edge demonstrated
that iron sites in the oxidation state Fe?* have an unambiguous paramagnetic contribution to the magnetization
along the b-axis. Notably, the absence of an XMCD signal at the Ti K-edge confirmed the absence of a magnetic
moment in Ti atoms within the crystal. DFT calculations corroborate the experimental findings and provide
insights into the electronic structure and magnetic interactions. The combined results provide a comprehensive
understanding of the dynamic Jahn-Teller effect in FeTiFg x 6 HO single crystals, highlighting the significance
of polarization-dependent X-ray absorption spectroscopy in unraveling the intricate magnetic behavior of such
materials. This study contributes to the fundamental understanding of magnetism in these materials and paves
the way for the development of novel magnetic materials with tailored properties.

1. Introduction

understudied.
Transition metal fluoride hexahydrates are classified as vibronic

Numerous studies related to the application of fluoride have pri-
marily focused on the conventional and physical chemistry of inorganic
fluorides. However, fundamental studies are crucial for developing
multifunctional fluoride materials with applications in energy conver-
sion processes [1,2], electronics [3], optoelectronics [4], and spintronics
[5]. The FeTiFg x 6 HoO (hydrated iron fluoridotitanate) material be-
longs to the extensive family of ABFg x 6 HoO compounds (where A =
Mg, Zn, Fe, Co, Ni, Mn, or Cd and B = Ti, Si, Ge, Sn, or Zr). These
compounds crystallize in the rhombohedrally distorted CsCl structure
[6] and exhibit unique properties such as frustrated magnetism [7-14]
and rare-earth-free red-emitting phosphorescence [15]. Despite their
undoubted fundamental importance, these materials remain

* Corresponding authors.

crystals due to the alternating [A(H20)e] 2+ and [BF¢]- octahedra, which
are bound by O - H eee F hydrogen bonds [16,17]. These results in the
emergence of vibronic states, which are coupled vibrations of nuclei and
electrons. In these crystals, the system is delocalized over all energy
minima, and tunneling between single low-symmetry states occurs [18].
Consequently, the molecules retain their individuality in both the
ground and excited states, are weakly perturbed by the intracrystalline
field, and have weakly overlapping wave functions. The excited state of
a molecule is not localized and can move from molecule to molecule.
Typically, these materials undergo a phase transition near room
temperature from a trigonal R3 ~ to a monoclinic phase P21/c phase.
The temperature of this transition can also depend on the type of
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hydrogen isotope in the crystal structure [19]. This phase transition can
be tuned at relatively low pressure, making this family of materials of
great interest for studying phase transitions and investigating critical
phenomena [20]. In the case of the crystal under investigation, a recent
X-ray diffraction analysis of FeTiFg x 6 Hy0 single crystals revealed that
the crystal structure belongs to space group R3 ~ at room temperature
and transforms to space group P21/c upon cooling [6]. However, more
recent work [9] initially presented contradictory results, with static
magnetic measurements seemingly contradicting those obtained by
Mossbauer spectroscopy. The authors of [7,8,10-13] did not have the
opportunity to analyze these results in detail. In addition to the magnetic
ordering mechanism proposed by the authors of [9], electron para-
magnetic resonance measurements suggest that the strong anisotropy of
the crystal and possible exchange interactions through hydrogen bonds
[21,22] could explain the emergence of long-range magnetic order
below Ty = 8 K observed in magnetic measurements [23]. Another
possible explanation for the discrepancy between magnetic and
Moéssbauer measurements is the presence of magnetic Ti®t ions. This
hypothesis could be verified through XANES/XMCD spectroscopy and
density functional theory (DFT) calculations. A crystal containing a
hydrated iron ion and a titanium fluoride ion may exhibit Jahn-Teller
distortions due to unique chemical structure characteristics and gen-
eral considerations. In a magnetic system containing an ion with orbital
degeneracy (known as a Jahn-Teller ion), we can expect the following:
(1) the crystal structure will distort, resulting in decreased symmetry;
(2) structural phase transitions will occur; (3) the magnetic structure
may become complex; (4) anomalously strong magnetic anisotropy may
be observed. Given that the central iron ion has weak coordination
bonds with six water molecules, we expect that in the normal state, the
magnetic moments of iron will not be linked in any way, leading to a
paramagnetic case. Experimental absorption spectra of transition metal
ions cannot be used as evidence for the distortion of the ion environment
because the spectral bands are too broad. Additionally, the IR and
Raman spectra of these ions lack characteristic split lines. In the case of
iron ions, optical spectra provide only tentative evidence for the influ-
ence of level degeneracy. However, alternative explanations for the
same results are often possible and require more careful study. For iron
ions with d® configurations, where transitions occur between doubly and
triply degenerate levels, the spectral lines should be broader than for
other ions. The Jahn-Teller effect is also of interest in many other areas
of theoretical research.

From a quantum chemical perspective, it is essential to consider the
diverse bonding interactions present in these crystals. These interactions
include ionic bonds in TiFg, complex bonds formed through a donor-
acceptor mechanism in hydrated iron Fe(H20)¢, and hydrogen bonds
between the hydrate shell of the iron ion and fluorine ions. Accurately
describing the intricate electronic structure of such crystals necessitates
the application of sophisticated computational methods, such as hybrid
or meta-GGA functionals in conjunction with appropriate basis sets.

In this study, we investigate the element-selective magnetic prop-
erties of the FeTiFg x 6 Hy0 single crystal using XANES/XMCD spectra.
These spectra provide valuable insights into the local coordinate ge-
ometry, ligand type, oxidation state, electronic configuration, and
magnetic state of Fe and Ti ions. By combining computational methods
with experimental procedures, we aim to obtain a comprehensive un-
derstanding of the key parameters of the crystals under investigation, as
well as the distribution of electric charge within these systems. This
combined approach allows us to elucidate the fundamental mechanisms
underlying the magnetic properties and electronic structure of FeTiFg x
6 Hy0. Our findings shed light on the complex interplay between
different types of bonds and their influence on the overall behavior of
the material.
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2. Experimental details

2.1. X-ray absorption near edge structure (XANES) and X-ray magnetic
circular dichroism (XMCD)

X-ray absorption spectroscopy (XAS) was performed in collaboration
with the ID12 beamline at the European Synchrotron Radiation Facility
(ESRF). The Fe K-edge and Ti K-edge XANES and XMCD spectra were
recorded using circularly polarized X-rays generated by the first (for Ti
K-edge) and second (for Fe K-edge) harmonics of the HELIOS-II type
helical undulator (HU-52). A fixed-exit double-crystal monochromator
equipped with a pair of Si (111) crystals was employed to mono-
chromatize the X-ray beam. The photon energy of the double-crystal
monochromator was calibrated at the Ti K-edge threshold of a tita-
nium foil at 4966.4 eV. Samples were mounted on a cold finger of an
"amagnetic" He flow cryostat. The cold finger was inserted into a cold
bore of a superconducting solenoid capable of generating a maximum
magnetic field of 17 Tesla. The total fluorescence yield signal was
collected by a Si photodiode [24] mounted in a back-scattering geom-
etry. This detection method was preferred over total electron yield due
to its insensitivity to magnetic fields and its ability to probe the bulk
properties of the sample. Spectra were measured with the crystal’s
third-order crystallographic axis perpendicular to both the X-ray wave
vector and the applied magnetic field, aligning the b-axis parallel to
both. This precise orientation is crucial for XMCD measurements, as the
technique’s effectiveness hinges on the alignment between the magnetic
field, the X-ray wave vector, and the crystal’s magnetization axis. To
ensure the accuracy of the results, each measurement was repeated
24-28 times, and the average value of the spectrum was taken into ac-
count. The XMCD signal was obtained by subtracting XANES spectra
measured with opposite helicities of the incoming photons at a fixed
magnetic field. Measurements were performed for two directions of
applied magnetic field, parallel and antiparallel to the incoming X-ray
wave vector, to ensure the correctness of the final XMCD signals. The
element-selective magnetization curve at the Fe K-edge was recorded by
monitoring the intensity of the XMCD signal at 7115.8 eV as a function
of the applied magnetic field (£17 T). All data processing included
corrections for self-absorption effects, calibration of the energy scale,
removal of the pre-edge background by straight-line fitting, and removal
of the post-edge background by second-order polynomial fitting. The
XANES spectra were also normalized to 1, and this normalization was
applied to all spectra in the paper. All XMCD spectra are given after
polarization rate correction.

2.2. Mossbauer spectroscopy and magnetization measurements

The magnetization was measured with a vibrating sample magne-
tometer (VSM) and a Quantum Design PPMS 9 T Physical Property
Measurement System. The sample parameters are: mass is about
~30 mg, length is ~5.5 mm and width is ~3.5 mm. The crystal placed in
a cylindrical chamber in such a way that the sample was tightly clamped
and could not turn in a magnetic field. To check the correctness of the
measurements, the same sample was examined on a device Quantum
Design PPMS 9 T Physical Property Measurement System with the
standard VSM supplied with this instrument. It should be noted that the
magnetization curves obtained with two different devices were found to
be fully identical.

The Mossbauer spectra of the grinded single crystal were recorded on
MS-1104Em spectrometer in the transmission geometry with a Co®” (Rh)
radioactive source in the temperature range of 4.2-300 K using a CFSG-
311-MESS cryostat with a sample in the exchange gas based on a closed-
cycle Gifforde-McMahon cryocooler (Cryotrade Engineering). The
spectra were processed by varying the entire set of hyperfine parameters
using the linear least-squares method.



M.S. Platunov et al.
2.3. Computational details and analysis of crystal structure

The atomic and electronic structure and spin states of various regular
3D crystal lattices of FeTiFg x 6 HoO were investigated in reciprocal
space using ab initio DFT approach. Two hybrid exchange-correlation
functionals, PBE0-13 [25] and B3LYP [26], were employed in
conjunction with the pob-TZVP-rev2 basis set [27]. Hybrid or meta-GGA
methods are more suitable for analyzing possible magnetic states in
complex crystals with ionic, covalent, and hydrogen bonds, as simple
GGA methods often fail to accurately such systems. Both PBEO-13 and
B3LYP functionals yielded similar results, with PBE0-13 providing
values closer to experimental magnetic moment values. All
PBE0-13/pob-TZVP-rev2 and B3LYP/pob-TZVP-rev2 electronic structure
calculations of FeTiFg x 6 HoO were performed using CRYSTAL 17
software package [28].

DFT modeling of the crystal structure also allows for the calculation
of Mossbauer parameters using the Crystal package. By comparing these
calculated parameters with experimental data from Mossbauer spec-
troscopy, the accuracy of the obtained results at the level of electron-
nuclear interactions can be verified. According to the calculation re-
sults, the values of the chemical shift and the quadrupole splitting at
300 K obtained using the B3LYP approximation are 0.97 mm/s and
2.49 mm/s, respectively, after taking into account the calibration factor
[29]. The relative error compared to the experimental results is
approximately 24 % for both superfine parameters, indicating a good
optimization of the crystal structure.

The experimental atomic structure at the low temperature (LT-
crystal) 233 K [6] was used to calculate the electronic properties. The
FeTiFg x 6 Ho0 has a P 21/c (monoclinic, space group number 14) unit
cell with parameters a = 6.6624, b =9.7082, ¢ = 8.5901, a, p = 90.0, y =
100.6 (Fig. 1, a, b).

To simulate the ferromagnetic properties, spin-polarized electronic
structure calculations were performed for unit cells in P1 symmetry
consisting of 52 atoms (two Fe ions, two Ti ions, etc. Fig. 1, a) for the
crystal at 233 K, and for both crystal configurations at 293 K, the cell in
P1 symmetry contained 78 atoms (three Fe ions, three Ti ions, etc. Fig. 1,
cl) with magnetic moments localized on d-elements (Table 1). For a
possible optical transition, the calculations showed an indirect energy
band gap E = 3.80 eV, corresponding to 327 nm in the LT-crystal at
233 K. An indirect energy band gap E = 5.06 eV, corresponding to
246 nm for a possible optical transition, was obtained for both config-
urations of RT-crystals. From the values of the magnetic moments
(Table 1), we can conclude that iron in this structure corresponds to
oxidation state +2 and titanium to +4.

After structure optimization, the LT-crystal structure exhibited an
increase in parameter a by 0.050 A (from 6.662 A to 6.712 ;\), a
decrease in parameter b by 0.084 A (from 9.708 A to 9.624 [o\), and a
decrease in parameter ¢ by 0.157 A (from 8.590 A to 8.433 [D\).
Conversely, the RT-C1 crystal structure showed a decrease in parameter
a by 0.101 A (from 9.813 A to 9.712 f\), a decrease in parameter b by
0.101 A (from 9.813 A t0 9.712 A), and an increase in parameter c¢ by
0.068 A (from 9.865 A t0 9.933 10\). Finally, the RT-C2 crystal structure
exhibited a decrease in parameter a by 0.147 A (from 9.813 A to
9.666 A), a decrease in parameter b by 0.147 A (from 9.813A to
9.666 ;\), and an increase in parameter ¢ by 0.083 A (from 9.865 Ato
9.948 A).

In the case of Fe?* for the LT-crystal, large distortions are not ex-
pected due to orbital and spin degeneracy. For the Fe?* ion with d®
configuration in the octahedral field of weak ligands, triple degenerate
ty g and double degenerate ey charge distributions are expected. There-
fore, for a given octahedral field of d° ligands, small distortions of the
octahedron surrounding the iron ion are anticipated. This fact can be
observed in the experimental crystal structure (Fig. S1). The octahedron
consisting of water molecules (Fe(H20)g) is slightly stretched along the
z-axis (Fel-O1 = 2.10 A, Fel-02 = 2.11 A, Fel-03 = 2.10 A, Fig. S1),
while the TiFg octahedron is almost free of distortion (Til-F1 = 1.86 f\,
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Til-F2 = 1.86 A, Til-F3 = 1.86 A; changes are only noticeable in
thousandths of an angstrom, Fig. S1). This small tetragonal stretching is
not expected to significantly affect the additional splitting of the ty ¢
plane. The interaction of the magnetic moments of iron ions with four
unpaired electrons has a quantum mechanical nature, which depends on
the distance between the magnetic ions as well as on their mutual
geometrical arrangement. For the LT-crystal, the distance between Fel -
Fel along the a-axis is 6.66 A, along the b-axis is 9.71 A, and along the c-
axis is 8.59 A (Fig. 1, a). The distance between Fel - Fe2 is 6.48 A and
Fe2 - Fe2 is 6.66 A (Fig. 1, a).

The phase transition for this crystal is observed at 273 K. At room
temperature (RT-crystal), the crystal is trigonal (Figs. 1, c1-f2) with
symmetry R —3 (trigonal) and lattice parameters a = 9.8127 A, b =
9.8127 A, ¢ = 9.8650 A, o, p = 90.0°, y = 120.0° (Fig. 1, c1-c2). When
comparing the different phases, large changes in lattice parameters can
be observed: a — from 9.8127 A to 6.6624 A (47 % change), b — from
9.8127 A to 9.7082 A (1 % change); ¢ — from 9.8650 A to 8.5901 A
(15 % change); y — from 120.0° to 100.6° (19 % change) (RT-crystal is
taken as 100 %). Two different octahedral orientations for iron and ti-
tanium ions with the same (50/50) fraction are observed for this crystal
(Fig. 1, c1-f2). Fig. 1 (c1-f2) shows different views of the RT-crystal: c1-
cl - top view of the two orientations of hydrate and hexafluoride oc-
tahedrons; d1-d2 — combined orientations, top and side views; el-e2 —
hydrate octahedrons of iron ions; f1-f2 — hexafluoride octahedrons of
titanium ions. The octahedra themselves are undistorted for the hydrate
shell (Fel-O1 bond length = 2.11 10\, Fig. S2, b), and the hexafluoride
octahedra of titanium (Til — F’'1 = 1.8579 [o\, Til — F’2 = 1.8582 [o\,
Fig. S2, c¢) are almost undistorted. This feature of the crystal at room
temperature can be explained by the dynamical Jahn-Teller effect. The
absence of characteristic splitting lines in the vibrational and Raman
spectra of these ions can be attributed to the unchanged modes of the
octahedral vibrations (Figs. 1, el, e2, f1, f2) and lack of observation of
modes related to the orientation of the octahedrons relative to the di-
rections in the crystal in this type of spectroscopy.

2.4. Mossbauer spectroscopy

Since the Mossbauer measurements of the sample performed earlier
[9] do not show any Zeeman splitting in the temperature range of
4-300 K, we can analyze the pure response of the local environment
under the action in the region of magnetic (according to magnetometry
data) and structural transitions. For this purpose, we used the temper-
ature dependence of the linewidth difference and the quadrupole split-
ting of the Mossbauer spectra (Fig. 2(a) and (b)). Above the structural
transition temperature, the octahedral environment of iron has nearly
cubic symmetry. Quantitative estimation from experimental X-ray
diffraction data can be obtained by calculating the value of the principal
component of the electric field gradient tensor according to the
expression:

2
V. — Zze?mosrg@ 1 7

Here, V, is the electric field gradient in the direction of the main axis
of the oxygen octahedron. 0 is the angle between this axis and the di-
rection of the neighboring oxygen ion, e is the electron charge, and r is
the metal-oxygen distance.

Following this equation, the value of V,; is calculated to be 1.3e17 V/
m? above the structural transition temperature. Below the structural
transition, the local distortions drastically increase and the V,, value
becomes higher by two orders (V,; = 2.1e19 V/m2). This suggests that
the observed quadrupole splitting is only due to the action of the extra d°
electron on the lower t; ¢ level. However, although we see an increase in
the degree of the electric field gradient on the iron nuclei, the value of
V,, remains small. For comparison, the values obtained are four orders
of magnitude smaller than those in known iron compounds [30]. Taking
these data into account, it is possible to estimate the lattice contribution
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Fig. 1. Experimental atomic structure of Fe(H20)¢ x TiFg at different temperatures (233 K — low temperature (LT-crystal); 293 K — room temperature (RT-crystal)
[6]1). (a) Crystal structure of LT crystal at 233 K (crystal structure P21/c, monoclinic, space group number 14). (b) Primitive cell for theoretical calculations, 52 atoms.
(c1)-(f2) Atomic structure of RT crystal at 293 K (crystal structure R —3, trigonal, space group number 148). (c1) Top view of the atomic structure of the RT crystal at
293 K in configuration c1. (c2) Top view of the atomic structure of the RT crystal at 293 K in configuration c2. (d1) Top and side views of the atomic structure of the
RT crystal at 293 K in configuration c1. (d2) Top and side views of the atomic structure of the RT crystal at 293 K in configuration c2. (el) Hydrated octahedron of
iron ion [A(H20)s] 2+ of configuration cl. (e2) Hydrated octahedron of iron ion [A(H20)s] 2+ of configuration c2. (f1) Hexafluoride octahedron of titanium ion [BFs]»
of configuration c1. (f2) Hexafluoride octahedron of titanium ion [BF¢]s of configuration c2. Color coding: brown for Fe atoms, blue for Ti atoms, light red for H,
yellow for F in configuration c1, green for F in configuration c2, and red for O atoms.
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Table 1
Values of partial electronic charges (¢’) and magnetic moments (yip) on iron and
titanium ions in ferromagnetic state.

Structure ~ “Metal DFT hybrid functionals
ion
PBEO-13 B3LYP
Charge = Magnetic Charge  Magnetic
moment** moment**
LT Fe; 1.151 3.866 1.039 3.814
Fey 1.152 3.866 1.039 3.814
Tiy 1.859 0.001 1.758 0.001
Tiy 1.860 0.001 1.758 0.001
RT C1 Fe; 1.145 3.887 1.104 3.821
Fey 1.145 3.887 1.104 3.821
Fes 1.145 3.887 1.104 3.821
Tiy 1.815 0.000 1.781 0.001
Tiy 1.815 0.000 1.781 0.001
Tis 1.815 0.000 1.781 0.001
RT_C2 Fe; 1.144 3.887 1.108 3.822
Fe, 1.144 3.887 1.108 3.822
Fes 1.144 3.887 1.108 3.822
Tiy 1.813 0.000 1.781 0.001
Tip 1.813 0.000 1.781 0.001
Tig 1.813 0.000 1.781 0.001

@ According to the Fig. 1.

to the value of the quadrupole splitting. The lattice contribution to the
value of the quadrupole splitting in the paramagnetic state can be
defined in terms of the Sternheimer anti-shielding effect [31,32] as
follows

1 e 1/2
QS = (1 - yw)EeQsz <1 + E)

In this expression, y,,=-11.51 is the Sternheimer anti-shielding factor
for the Fe?" cation [33], and 7 = (Vi -Vy,)/V, is the asymmetry
parameter describing the deviation from axial symmetry.

In our case, the change in local distortions during the substitution is
reflected in the value of the parameter V,,, which is calculated from the
X-ray structure data. For the sample, the calculated value of the quad-
rupole splitting (QS) is 0.018 mm/s, while the experimental value is
3.28 mm/s at 300 K. This indicates that the formation of QS in the
sample is primarily due to the valence contribution across the entire
temperature range. The growth of the QS with decreasing temperature
(Fig. 2¢) can be attributed to the influence of the d® electron. This en-
ables the Kronig-Van Fleck mechanism, where the electron’s orbital
motion is modulated by crystal lattice vibrations. The strong spin-orbit
interaction then influences the electron spin and consequently the
magnetic behavior of the sample. The sample undergoes a structural
transition driven by the dynamical Jahn-Teller effect. The effect reduces
the local symmetry, increasing the QS value in the Mossbauer spectrum,
while the spin-orbit coupling attempts to maintain the degeneracy. At
low temperatures (Fig. 2a), we observe a decrease in the difference in
the width of the Mossbauer lines, suggesting that the competition be-
tween the spin-orbit interaction and the Jahn-Teller effect shifts in favor
of the spin-orbit interaction at low temperatures.

Using the Crystal package, we performed DFT calculations of the
optimized FeTiFg x 6 HpO crystal structure above and below the
structural transition to obtain the theoretical QS value. These values are
represented by stars in Fig. 2. Comparison of the experimental
Mossbauer data and the theoretical values reveals that the calculated
values are close to the experimental ones, with a calculation error of
24 %. The trend of the theoretical QS change is also consistent with the
observable data. Thus, our DFT calculations provide a reliable model for
analyzing experimental data. In contrast, the calculated value of the QS
of the Ti** nuclei in the structure is approximately 0.3 mm/s, which is
relatively small and can be attributed to the pure lattice impact due to
the fully unoccupied 3d-shell of Ti**. Therefore, we propose that the
observed distortion is primarily caused by the Jahn-Teller effect of iron

Journal of Alloys and Compounds 999 (2024) 175104

0~08 T ¥ T x T x T B T T T T T o T X T

007l (@ ) Y ]

o

2005k 1 —9
Eo0.04f
“©0.03 -

|
0.02 - @
3

0.01 |

0 40 80 120 160
T (K)

3.6 | T T M T M T M T T v i

- w9990 ]

@999%040,, ®)

_ o ]
34t * N i
33F
3.2 C E

QS (mm/s)

25F * b

24 1 " 1 " 1 s 1 " 1 " 1 " 1 P
50 100 150 200 250 300 350

(=)

1.46

T T T T T T T T T T T T

1.44 - & e
3 ‘@ c

142 F °’0\ © ]

1.40 |

138 }F 9 -

136 | U .

1.34 o

IS (mm/s)

132} % -
130 \ ]
1.28 | Q -

1 .26 I 1 " 1 " 1 " 1 " 1 " 1 " 1
0 50 100 150 200 250 300

T (K)

Fig. 2. Mossbauer spectroscopy data. (a) Temperature dependence of the
linewidth difference (W) in the quadrupole doublet, as measured by
Mossbauer spectroscopy. The linewidth difference provides a measure of the
inhomogeneity in the sample. Corresponding temperatures of structural (Tg)
and magnetic (Ty,,) transition are shown. (b) Temperature dependence of the
quadrupole splitting (QS) with the calculated data by DFT (red stars). (c)
Temperature dependence of the chemical shift (IS).

2+ cations.
3. Results and discussion
We employed X-ray Absorption Near-Edge Structure (XANES) and X-

ray magnetic circular dichroism (XMCD) techniques to investigate the
spatial arrangement, coordination number, and magnetic properties of
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Ti and Fe atoms. These techniques provide valuable insights into the
electronic and magnetic properties of materials. XANES offers infor-
mation about the spatial arrangement and coordination number of Ti
and Fe atoms by probing the unoccupied electronic states near the ab-
sorption edges. On the other hand, XMCD, a derivative technique of
XANES, is sensitive to the magnetic properties of the sample. It allows us
to probe the magnetic moments and exchange interactions between the
Ti and Fe ions. At the transition metal L3 5-edges, XMCD directly probes
the magnetic 3d orbitals, providing quantitative information about the
spin and orbital momenta. However, this technique is primarily appli-
cable to thin films and nanoparticles due to the ultra-high vacuum
requirement and limited penetration depth of the incident X-rays. In
contrast, transition metal K-edge XMCD operates in the hard X-ray
regime and probes the delocalized 4p orbitals. While it does not directly
provide magnetic information, it offers the possibility to obtain fine
structural information. We propose to interpret our results based on the
3d-4p orbital overlap and the local symmetry of the Fe and Ti ions.
Furthermore, we can explain the exchange interaction between the
photoelectron in the delocalized 4p states and the unpaired electrons in
the 3d orbitals. This interaction consists of the direct exchange inter-
action and orbitals mixing, which depends on the local symmetry of the
transition metal.

The use of K-edge XMCD is particularly advantageous for obtaining
local magnetic information, confirming macroscopic measurements, and
studying states inaccessible by other techniques. In the case of the FeTiFg
x 6 Hp0 single crystal, the relative sign of the K-edge XMCD signal can
provide a clear indication of the nature of the exchange interaction
between the Fe and Ti ions. Additionally, it allows us to identify the
metallic ion carrying the larger magnetic moment. To gain a deeper
understanding of the magnetism mechanism, we performed XMCD
measurements at the Fe and Ti K-edges at room temperature and 2.5 K
(well below the magnetic transition temperature) on hydrated iron
fluoridotitanate single crystals.

3.1. X-ray absorption spectroscopy analysis at Fe K-edge

The XANES and XMCD spectra measured at the Fe-K absorption edge
for our single crystal sample are presented in Figures S3 and S4. Fig. S3
(a) shows the corresponding XANES spectrum. Three distinct regions
can be observed near the Fe-K XANES and XMCD spectra, which are
most clearly seen in Figure S4. The first region (1) corresponds to the 1s-
3d quadrupole transition, indicating possible Fe(3d, 4p) hybridization
and allowing electric dipole transitions toward the pre-edge. Such
transitions are strictly forbidden in centrosymmetric sites. A negative
XMCD peak at the pre-edge is observed with a width of approximately
4 eV and an amplitude of 1.5 x 10~> compared to the edge jump of
unity. The next region (2) represents the 1s-4p electric dipole transition,
where a large positive XMCD peak is observed at 7129 eV (Figure S4).
The last region of interest (3) arises from the so-called multielectron
excitation, where part of the energy of the high-energy photon is
absorbed by a 1 s electron (1s-4p), and the excess energy of this photon is
sufficient to excite a 3p electron (3p-3d). The XMCD spectrum in the pre-
edge region (7110 — 7120 eV, Fig. S3(b)) consists of two negative peaks,
asmall one at 7114.5 eV and a large one at 7115.8 eV. The integral over
this measured energy range is negative, indicating that the Fe 3d state
has a magnetic moment parallel to the magnetic field. Unfortunately, the
spin magnetic moment cannot be derived from hard X-rays. Neverthe-
less, the obtained results are consistent with macroscopic observations
of the magnetization behavior. Moreover, the measured shape of XMCD
is primarily identical to that of the Fe?™ octahedral site, for which the
absence of an inversion center in the crystallographic site allows for 3d-
4p hybridization. As seen in Fig. S3(c) and S5, the Fe-K XMCD signal was
measured as a function of the applied magnetic field under the following
condition: photon energy 7115.8 eV for Fe and magnetic field ranging
from —17 T to 17 T. It can be observed that the microscopic magneti-
zation of Fe follows the macroscopic magnetization and exhibits
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paramagnetic behavior.

It is known that the energy position and shape of the Fe pre-edge and
edge features could be influenced by both coordinate geometry and
oxidation state [34,35]. Fig. 3(a) shows the measured pre-edge features
on the Fe K-edge side. The Fe pre-edge peak feature is considered to be
Fe occupied in octahedral coordination with a relative oxidation state
close to 2+ [35-38]. The first peak feature at around 7113.81 eV cor-
responds to both Fey 3d and Fe 3d mixed with 4p character and could be
attributed to the 1 s hybridized Fey 3d-4p and some delocalized Fe 3d-4p
with O 2p character.

3.2. X-ray absorption spectroscopy analysis at Ti K-edge

Pre-edge and main-edge features of the XANES K-edge spectra are
determined by electronic transitions between bound states [39]. For
instance, the pre-edge peak in the Ti K-edge XANES spectra is attributed
to the transition from the 1 s energy levels to bound 3d molecular or-
bitals [40-42]. Shifts in energy observed in the XANES spectra are
influenced by the oxidation state and coordination chemistry, with
higher energies corresponding to higher oxidation state. In Figure S6(c),
the titanium K-edge XANES spectra exhibit a distinct and consistent shift
towards higher energies for the absorption edge features obtained from
standard reference material with exclusively metallic Ti to ionic Ti*'.
Numerous studies have demonstrated that the pre-edge also serves as an
indicator of changes in the valence state [43]. Furthermore, the peak of
the Ti K-edge XANES spectra associated with the 1s-3d transition can be
utilized to determine the Ti valence.

Figure S6(a,b) reveals that the Ti K-edge XANES spectra also exhibit
peaks just below the main X-ray absorption edge in the pre-edge energy
region. Notably, the XANES region of the Ti K-edge absorption spectrum
is rich in structure, which is sensitive to the details of the Ti coordination
environment and its valence state. Previous studies have observed that
the near-edge X-ray absorption spectra of Ti** can exhibit up to nine
resolvable absorption features, which can be categorized into three
subgroups for further analysis. The energy range of interest in this study
is between 4960 and 5020 eV. Beyond 5020 eV, the observed features
have significantly reduced amplitude and are generally attributed to
single scattering EXAFS. The first two features appear in the pre-edge
region, where transitions to unfilled molecular orbital levels are
observed. These are best illustrated in the spectrum of the sample shown
in Fig. S6(b). The separation between the first and second features is
approximately 2.1 eV in the spectrum, and these features can be fitted
by two Gaussian functions (Fig. 3b).

The energies of the pre-edge features are relatively insensitive to
changes in the mean metal-oxygen distance. However, their intensity is
coupled to the degree of d-p mixing that accompanies octahedral site
distortion. Tetrahedral coordination introduces considerable such mix-
ing, resulting in a dramatic enhancement of the pre-edge features. In
contrast, features on the main part of the edge can vary significantly in
energy with more subtle changes in site geometry and are relatively
sensitive to the mean metal-oxygen distance (Figure S6(c)). Fig. 3(b)
presents the energies of all fitted pre-edge features in the studied sample.
Gaussian deconvolution of the pre-edge region of the Ti-K XANES
spectrum reveals two peaks in this region. Comparing pre-edge energies
can be challenging. Similar to the Fe-K pre-edge, the 1 s to 3d transition
is Laporte forbidden for a pure electric dipole interaction. However, it
can be partially allowed by introducing a non-centrosymmetric orbital
character into the excited state. This can be achieved through static or
dynamic symmetry reduction or by electric quadrupole interactions. The
absorption edge energies (conventionally defined as the energy at the
first inflection point along the rising edge beyond the pre-edge region)
were determined to be 4985 eV, corresponding to the Tip-4p state. This
value is consistent with titanium in the +4-oxidation state. Due to
insufficient data range, further investigation of the Ti coordination
environment using EXAFS was not possible. Nevertheless, we can
confidently conclude that the Ti in the sample measured in this study
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The symbols (circle) show the overall fit, which is composed of two Gaussian functions and a cubic spline background (already subtracted from the experi-

mental spectrum).

primarily occupies octahedrally coordinated sites.

The Ti pre-K-edge, arising from the hybridization of 1s with 3d
transition orbitals, typically exhibits three main peaks due to the crystal
field of the distorted octahedral coordination geometry. In the case of
FeTiOj3 ilmenite, the hybridized 3d state with 4p and 4 s results in this
distorted octahedral geometry [44]. This distortion causes the d-state to
mix with a small 4p and 4 s character in the same energy distribution.
The Ti pre-K-edge t; ¢ state peak is located at a lower energy than the eg
orbital state due to the ligand field of the TiFg octahedron [45]. Ac-
cording to Parlebas at al., the splitting of the t; 4 state typically occurs
due to the Jahn-Teller effect, resulting in three sub-non-degenerate
peaks of the ty 4 state attributable to the crystal field of the distorted
TiFe octahedral configuration. In our study, we observe only two
pre-edge peak regions of t; ; positioned at around 4965 — 4975 €V in the
FeTiFg x 6 HoO sample. These peaks were obtained by background
subtraction of pre-edge spectra from the edge energy baseline (Fig. S6
(b)) and deconvoluted for explicit peak composition (Fig. 3b). The first
peak has been attributed to various origins, including quadrupolar 1 s to
3d (t2 ) transitions without dipole character and 3d (eg) quadrupolar
transitions [46,47]. However, it is predominantly characterized by the
K-edge quadrupole t; ¢ transition character of the locally absorbed atom
[35,45,48]. The high intensity and broadening in the second feature at
4971.7 eV can be attributed to Jahn-Teller distortion splitting corre-
sponding to the Tip d(t2 g)-state with core-hold effect This region is
mixed with the dipole-allowed Tig 4p-state [49,50].

It is noteworthy that the shape of the pre-edge Ti-K features at the
absorption edge of titanium closely resembles that of minerals such as
FeTiOg3 (ilmenite) and CaTiSiOs (titanite) [51]. For Fe-Ti oxides, a direct
comparison was made between Ti K-edge XANES spectra for titanite and
ilmenite, along with reference materials (TiO2 and TizO3). The valence
was estimated based on the shift in the position of the 1s-3d peak
centroid energy. In our case, the centroid of the pre-edge Ti-K peak is
4970.67 eV, while for FeTiO3 the centroid is 4970.9 eV and for CaTiSiOs
- 4971.0 eV. By comparing these values with appropriate reference
materials, we can infer that the coordination number of Ti®* and Ti*" in
the sample in our study is six times higher. As illustrated in Fig. S6(b),
the zero XMCD signal at the Ti-K pre-edge indicates the absence of 3d-4p
mixed orbital polarization of the Ti atoms. Consequently, the Ti atoms
do not possess any net magnetic moment. Therefore, the role of Ti in the
magnetic interactions present in such materials is negligible.

4. Conclusion

Our combined DFT calculations and XANES/XMCD measurements
provide a comprehensive understanding of the electronic structure, local

distortions, and magnetic interactions in the FeTiF¢ x 6 HyO single
crystal. Using DFT calculations, we investigated the electronic structure
and local distortions of the 3d elements in the FeTiFg x 6 H3O single
crystal. Our analysis revealed that the primary contribution to the local
distortions in iron octahedra arises from the d® electron of iron 2+,
leading to the dynamic Jahn-Teller effect and a reduction in energy. To
further explore the electronic structure and magnetic interactions, as
well as clarify the nature of magnetic transitions at low temperatures, we
employed the XANES/XMCD techniques on the FeTiFg x 6 H20 single
crystal. Analysis of the pre-edge XANES features of the Fe and Ti K ab-
sorption edges provided insights into the local environments and
chemical states around the Ti and Fe atoms. The spectra exhibited
electronic excitations in the pre-edge region and multiple scattering
resonances at the side and top of the edge. Notably, the pre-edge features
were found to be insensitive to the Ti-O bond length but sensitive to
valence. Additionally, the pre-edge feature was observed to be sensitive
to octahedral site distortion and the presence of octahedral Ti** due to
the enhancement produced by d-p orbital mixing. The spectral features
analysis suggests the presence of octahedral Ti*" in the FeTiFg x 6 Hy0
single crystal. This observation is further corroborated by Mossbauer
spectroscopy data, which confirmed the paramagnetic state of Fe?"
cations. In conclusion, our study demonstrates that iron sites in the Fe?*
oxidation state provide a unique paramagnetic contribution to the
magnetization along the b-axis for the FeTiFg single crystal. Conversely,
the absence of 3d orbital polarization of the Ti atoms is evident from the
zero XMCD signal at the Ti-K pre-edge, indicating that the Ti atoms do
not possess a net magnetic moment. Consequently, the contribution of Ti
to the magnetic interactions in such materials is considered negligible.
Overall, the study provides insights into the electronic structure, local
distortions, and magnetic interactions in the FeTiF¢ x 6 HyO single
crystal, highlighting the role of iron in contributing to the paramagnetic
behavior and the negligible contribution of titanium to the magnetic
properties. Our findings contribute to a deeper understanding of the
fundamental properties of FeTiFg x 6 HoO and provide valuable insights
for the design and development of novel magnetic materials with
tailored properties.
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