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Study of the magnetic properties of the FeTiFs - 6 H,O single crystal has shown that this compound is a two-
dimensional antiferromagnet with a N é el temperature of Ty = 8 K and its magnetic moment anisotropy
attains 7000% at a temperature of T = 4.2 K. The Mdssbauer spectroscopy data unambiguously indicate the
paramagnetic state of iron cations in the temperature range of 4.2-300 K. However, a sharp change in the

difference between the quadrupole doublet linewidths at 10 K has been observed, which is consistent with
the temperature of magnetic ordering. It has been suggested that the long-range magnetic order is es-
tablished in the crystal through the formation of the exchange coupling revealed by the electron spin
resonance measurements on the oriented single crystals.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

The FeTiFg - 6 H,O (hydrated iron fluoridotitanate - HITF) com-
pound belongs to the vast family ABFs - 6 H,0 (A = Mg, Zn, Fe, Co, Ni,
Mn, or Cd and B = Ti, Si, Ge, Sn, or Zr), which crystallizes in the
rhombohedrally distorted CsCl structure. The alternating [A (H,0) 6]
2+ and [BFg] , octahedra are bound by the hydrogen bonds O - H - F.
The compounds can be divided into two groups with different
thermodynamic characteristics (the entropy change during the
phase transitions and dTy/dp signs) [1-15]. The group-1 compounds
undergo the phase transition R3 P21/c; for the group-2 compounds,
the data on the symmetry of the high- and low-temperature phases
are questionable. The recent X-ray diffraction analysis of the HITF
single crystals showed that the crystal structure belongs mainly to
sp. gr. R3™ at room temperature and turns to sp. gr. P21/c upon
cooling [4]. However, along with the structure variations, the crys-
tals of this family exhibit the anomalous behavior of the magnetic
susceptibility [5-10]. The FeSiFg - 6 H,0 crystal attracted attention of
the Mdssbauer spectroscopy [15-18] and electron spin resonance
(ESR) spectroscopy [15,19,20] specialists. The available comprehen-
sive data on the magnetic anisotropy of the FeSiFg - 6 H,0 and NiTiFg
- 6 HyO crystals reveal the antiferromagnetic (AFM) behavior in a
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field applied in the symmetry plane and the paramagnetic behavior
in a field with the perpendicular direction, i.e., are two-dimensional
(frustrated) antiferromagnets [5-10].

In turn, frustrated antiferromagnetism has attracted attention of
researchers for many decades. This is due to the fact that this type of
ordering is easily described using the Ising or Heisenberg models,
which greatly facilitates the processing of the results [21,22]. The
quantum phase transition between the N é el-type AFM state and
the quantum paramagnetic ground state in the two- and three-di-
mensional bipartite Heisenberg models with the intradimer and
interdimer bonds is also well-studied [23].

In addition, low-dimensional antiferromagnets are known for the
emergent forms, including spin liquids, strongly correlated topolo-
gical phases of the topological superconductivity type, exotic mag-
netism, magnon condensates, and quantum phase transitions
[24-28]. It stands to mention the emergence of two-dimensional van
der Waals magnets down to the atomic layer thickness, which gives
grounds for further investigations of quantum magnetism and
spintronics [29-31] and the experimental observation of long-range
transport of magnons in a quasi-two-dimensional van der Waals
antiferromagnet MnPSs [32]. It was found that, with a decrease in
the 2D MnPS; thickness, the magnon diffusion length shortens [32].
In addition, Chang et al. [33], when studying the behavior of the two-
dimensional MnBi,Te4 topological insulators, established a quantum
phase transition from the axion insulator to the Chern insulator with
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zero longitudinal resistance and the quantum Hall resistance h/e?,
where h is the Planck’s constant and e is the elementary charge, in a
moderate magnetic field. This makes it possible to implement the
axion electrodynamics in condensed systems.

In [34], it was shown also that the 2D invariant Dzya-
loshinskii-Moriya interaction can ensure the unprecedented control
of the AFM order using a weak magnetic field. This can allow the
creation of AFM devices with the high efficiency provided by the lack
of necessity for strong magnetic fields and by the higher efficiency of
antiferromagnets as compared with ferromagnets.

The above-cited studies showed that frustrated magnets exhibit
numerous unique properties. Most results have been obtained re-
cently, within the last five years, which means that these systems
still have been understudied despite their undoubted fundamental
importance.

Starykh [35] reviewed the theoretical and experimental studies
on trigonal frustrated antiferromagnets. The review focused on the
recently discovered collinear spin density wave and spin nematic
states, which are characterized by completely forbidden transverse
spin excitations with S, = + 1. The review covers the results of many
works and it is noteworthy that the number of theoretical studies
exceeds by far the number of experimental ones. This is most likely
due to the fact that such properties are inherent of a limited number
of materials.

Here, we report on the magnetic properties of the FeTiFg - 6 H,0
single crystals investigated using static magnetometry, the
Maossbauer effect, and electron spin resonance (ESR).

2. Experimental

The synthesis and composition of yellowish-green high-quality
HITF crystals were described in [4,36]. The magnetization was
measured with a vibrating sample magnetometer [37| and a
Quantum Design PPMS9T 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. The magnetic field was applied along the c axis
(Fig. 1), when we are talking about the parallelism of the magnetic
field to the third-order axis and along the direction b (Fig. 1), when
we are talking about the case H . c. 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. In Fig. 2 the data obtained
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on the first installation were shown, in Fig. 3 - the data obtained on
the PPMS.

The Mossbauer spectra of the grinded single crystal were re-
corded at the Research Institute of Physics (Southern Federal
University, Rostov-on-Don, Russia) on an 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
Gifford—McMahon cryocooler (Cryotrade Engineering). The spectra
were processed by varying the entire set of hyperfine parameters
using the linear least-squares method.

The ESR measurements were performed on a Bruker Elexsys E-
580 spectrometer operating in the X range at room temperature on
an oriented single crystal rotated relative to the crystallographic
direction with a step of 10°. The external magnetic field modulation
was 100 kHz and the field amplitude, 5 Oe. The first derivative of the
absorption signal was recorded.

3. Results and Discussion

Fig. 2 shows the measured magnetization of the HITF single
crystal as a function of the applied magnetic field (Fig. 2a) and
temperature (Fig. 2b). The measurement conditions are given in the
figure caption. Fig. 2¢ presents the Curie—Weiss law processing of
the temperature dependence of the magnetization.

Upon temperature variation (Fig. 2b), the magnetization behaves
differently in a magnetic field applied along different crystal-
lographic directions: in an external magnetic field perpendicular to
the third-order crystallographic axis, the magnetization decreases
with increasing temperature, which corresponds to the para-
magnetic behavior, while in the magnetic field directed along the
third-order axis, the AFM behavior of the magnetization with a N é el
temperature of Ty =8 K is observed. It is noteworthy that the anti-
ferromagnetic transition is stretched. This is typical of low-dimen-
sional antiferromagnetism [38,39]. Another remarkble item is the
magnetization anisotropy at the liquid helium boiling point
(T=4.2 K); the magnetization values in an external field of H = 1 kOe
differ by almost two orders of magnitude, i.e., the anisotropy at-
tains 7000%.

Fig. 2¢ presents temperature dependences of the reverse mag-
netization approximated by the Curie—Weiss law. At the para-
magnetic behavior of the magnetization, the straight drawn from the
high-temperature region passes, as expected, to the point T=0K,
while the AFM curve goes to the negative temperature region with
the corresponding paramagnetic Curie temperature © = —27 K.

According to the data obtained, the HITF crystal has a nontrivial
magnetic structure. The crystal exhibits the AFM properties in an

Fig. 1. HITF crystal with the c-axis direction (left) and crystal structure of this sample with the direction of symmetry axes.
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Fig. 2. (a) Magnetic field dependence of the magnetization at a measuring tem-
perature of T=4.2 K, (b) temperature dependence of the magnetization in a magnetic
field of H =1kOe (inset: the derivative dM | dT, it changes sign at a temperature of
about 11.8 K), and (c) Curie—Weiss law processing of the temperature dependences of
the magnetization (green lines are an eye guide). The magnetic field directions re-
lative to the crystal for all the plots are indicated by different colors (H Il ¢ stays for the
field applied along the third-order crystallographic axis and H . c, for the field per-
pendicular to it).

external magnetic field directed along the third-order crystal-
lographic axis and behaves like a paramagnet in a field perpendi-
cular to it. Thus, the HITF crystal is a two-dimensional
antiferromagnet.

Fig. 3 shows temperature dependences of the magnetization
measured in different magnetic fields and in the zero-field cooling
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Fig. 3. Temperature dependences of the magnetization in different applied magnetic
fields (shown in the figure). In all the measurements, the magnetic field is directed
along the third-order crystallographic axis.

(ZFC) mode; the magnetic field direction in all the measurements
coincided with the third-order crystallographic axis. It can be seen
that, as the magnetization increases with the field, the maximum
remains at a temperature of Ty =8K, which is also typical of an
antiferromagnet.

3.1. Méssbauer Spectroscopy

Fig. 4 presents the Mdssbauer spectra of the sample obtained at
temperatures of 4.2 and 300K. The shape of the spectra remains
invariable in the range of 4.2-300 K and only temperature changes in
the hyperfine parameters are observed (Table 1). The spectra are
quadrupole doublets, the parameters of which are given in Table 1.
Considering the obvious antiferromagnetic transition observed by
magnetization measurements, we remarkably note that Mdssbauer
spectrum at 4.2. K of FeTiFs - 6 H,O does not show any feature of the
Zeeman splitting (Fig. 4). It is evidence of the absence of the internal
magnetic field on the >’Fe nuclei in the zero-field Méssbauer ex-
periment.

The results obtained are indicative of the charge state of the Fe?*
cations in the high-spin state in the H,O octahedral environment
[40,41]. The observed Fe** impurity doublet, which was previously
mentioned in [42] for FeSiFg - 6 H,0, can be attributed to the possible
nonstoichiometry of the sample in the water molecule content. This
nonstoichiometry can lead to the formation of the nonspecific-
valence Ti* cations [36]. A fairly large width of this doublet also
points out the inhomogeneity, which can be characteristic of defect
states of the iron environment in a substance.

In [16,19,43], the spectra were simulated using two singlets,
which allowed the authors to explain the structural transition in the
FeSiFg - 6 H0 compound at 7 =230 K observed in the form of a sharp
change in the doublet linewidth difference. In our HITF measure-
ments, the behavior of the difference sW = W1 - W2 between the
widths of the right and left Lorentzian lines in the main doublet in
the region of the observed magnetic transition was investigated
(Fig. 4). The result is shown in Fig. 5. One can see a strong increase in
the sW value around 10 K. The analogous sW growth in the region of
the structural transition in FeSiFg - 6 H,O was attributed to the vi-
bronic interactions induced by the dynamic Jahn—Teller effect
[16,43]. These interactions lead to the anisotropy of nuclear vibra-
tions in the sample. Under the action of the vibrational anisotropy
caused by the Goldansky—Karyagin effect, the probability of the
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Fig. 4. Mossbauer spectra of the sample at temperatures of 4.2 and 300 K. Dots show
the experimental spectra and the solid line, the results of processing. W1 and W2 are
the full widths at half maximum for the main-doublet Mdssbauer lines.

Mossbauer effect for iron nuclei in different crystallographic sites
changes, which results in broadening of only one Mossbauer line.
Since the Méossbauer spectrum at T=4.2K has the form of a
quadrupole doublet, we can unambiguously state that iron in the
sample is in the paramagnetic state over the entire measuring
temperature range. This is consistent with the results of numerous
Mossbauer measurements performed on the FeSiFg - 6 H,O samples
[16,44,45]. At the same time, the Mdssbauer spectra of FeSiFg - 6 H,0
in a magnetic field have a resolved hyperfine structure caused by the
population of the electronic levels S, = +2 [16,19,43,44,46]. In order
words, the Zeeman splitting can arise on the >’Fe cores only under
the action of an external field. Therefore, the existence of a long-
range order in the crystal is not related to the superexchange cou-
pling via oxygen or fluorine anions. Because the bonding of the
metal-anion-metal is absent in this structure, the magnetic ordering
should have a different origin. The observed giant anisotropy can

Table 1
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Fig. 5. Temperature variation in difference D1 between widths of the main-doublet
Lorentzian lines near the magnetic transition in FeTiFgs - 6 H,0.

play a key role in this process; for a more detailed study, the or-
ientational measurements of the ESR spectra were performed.

3.2. Electron Spin Resonance

The ESR spectra were measured on the HITF single crystal with
the dilution of iron by the Mn?* cations (0.02 mass %). Fig. 6 shows
the ESR spectra for different orientations of the single crystal relative
to the external magnetic field. Since the nuclear spin of the °Fe
isotope has a value of I =0, the ESR signal from the Mn?"* cations (I =
5/2) is only observed. In other words, the hyperfine structure high-
lighted in Fig. 6 as two regions to the left and to the right of the main
intensity line is a manifestation of the hyperfine structure of man-
ganese. Importantly, the Mn?* cations, due to their symmetric
electron shells (the orbital angular momentum is zero) does not
contribute to the crystal anisotropy.

The spectra consist of the main line, which can be related to the
57Fe isotope, and satellites of the Mn?* hyperfine structure, the
number of which is determined by the possible number of transi-
tions in the form (2I £ 1). Therefore, six equidistant lines of the
hyperfine structure are observed, which is consistent with the re-
sults that were obtained on iron fluoride silicates in [47]. The dis-
tance between these lines is ~100 Oe, according to the hyperfine
structure constant of manganese (A ~ 91-95 - 10 cm™') [47,48]. The
position of the main intensity line is independent of the single
crystal orientation. At the same time, the positions and intensities of
the satellites are highly sensitive to the orientation of the sample
and determined by its anisotropy.

The computer simulation of the experimental spectra was per-
formed in the approximation that the Mn?* impurity ions occupy the
iron sites in the oxygen environment. The simulation was performed
with the spin Hamiltonian.

H = gisopsSH + DS + E(S3- ) + AisoSI (1)

Maossbauer parameters of the FeTiFs - 6 H,0 compound measured at room temperature. IS is the isomer chemical shift relative to a-Fe, QS is the quadrupole splitting, W is the

absorption line width, and A is the site occupancy.

T,K IS, mm/s + 0.05 QS, mm/s + 0.05 W, mm/s + 0.05 A % +0.03 Site
300K 1.275 3.20 0.28 0.92 Fe?
0.334 0.262 0.55 0.08 Fe3*
42K 1.434 3.55 0.29 0.97 Fe'*
0.500 0.146 0.40 0.03 Fe3*
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Fig. 6. ESR spectra at different orientations of the FeTiFs - 6 H,O single crystal relative
to the applied field direction. The highlighted areas belong to the super-hyperfine
structure of Mn. Red lines show the simulated spectra.

Table 2
ESR parameters of the spin Hamiltonian.
8iso |D|, Oe E/D Aiso, Oe
2 234 -0.16 95
®=0° ®=60°
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where D and E are the spin Hamiltonian constants, gjs, is the g factor
value, pp is the Bohr magneton, A is the isotropic constant of the
hyperfine structure (HFS), and S and I are the electron and nuclear
spins of the manganese ion. The obtained Hamiltonian constants are
given in Table 2.

Upon rotation of the sample, we can observe a strong depen-
dence of both the intensity of the super-hyperfine structure (SHFS)
lines of the Mn?* cations and their sites relative to the resonance line
of the main intensity. The observed picture (Fig. 7) has some fea-
tures. The SHEFS lines have the highest intensity at angles of ® = 60°
and 120°; here, these lines are best resolved. This is explained by the
crystal structure of the sample, which has a trigonal symmetry axis.
The applied magnetic field is stronger than the dipole and hyperfine
fields by an order of magnitude; i.e., the splitting is only observed in
the field direction. The angular dependence of the hyperfine field is
well-described by the equation Hes ~ (3c0s%® - 1), where Hs is the
resonance field and @ is the angle between the field direction and
the crystal trigonal axis. Such a dependence is typical of the uniaxial
anisotropy [49].

It can be seen that the maximum resonance field is obtained in
the direction of the trigonal crystal axis, which is the magnetic an-
isotropy axis of FeTiFg - 6 H,0. Thus, this axis is the easy magneti-
zation axis in this crystal.

The spin Hamiltonian parameter D for embedded manganese
ions in the FeTiFg - 6 H,O structure was determined from the or-
ientational ESR measurement data and is consistent with earlier
studies [47,50]. This parameter for iron was determined from the ESR
data in strong fields at high temperatures for the FeSiFs - 6 H,0
samples. It attains huge values of about D =12 cm™! [16,19,20]. The
resulting spin Hamiltonian parameter D determines the anisotropy
constant, which, for the uniaxial anisotropy, is

4 kT (2)

where y=4/9 for Fe?* [51]. Then, in the region of the transition
temperature, the anisotropy constant for iron will attain 16cm™!.
Since the Fe®* cations are characterized by both the strong

0=120° 0=180°

2000 1 1 1 1
-20 0 20 40 60

100 120 140 160 180

O (degrees)

Fig. 7. Angular dependence of the resonance field obtained at 300 K upon rotation of the FeTiFs - 6 HO crystal around its trigonal axis. Closed symbols show the position of the
main line of the super-hyperfine structure of the ESR spectrum and open symbols, the relative positions of the lines of the super-hyperfine structure of the spectrum. The solid line

shows the angular dependence Hyes(3cos(®) — 1).
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spin—orbit coupling and the Jahn—Teller effect, the magnetic spin
moment of iron will be directed along the easy (trigonal) crystal axis.
This explains the giant magnetic anisotropy value discovered by us
during the magnetic measurements.

4. Conclusions

To sum up, we can note the following. The magnetic properties of
the FeTiFg:6 H,0 single crystal were investigated. This compound is a
two-dimensional antiferromagnet with the Néel temperature Ty
=8K, and its magnetic moment anisotropy reaches 7000% at a
temperature of T=4.2 K. The magnetization curve for the magnetic
field directed along the third-order axis corresponds to the curve for
the antiferromagnet. At the same time, in the magnetic field per-
pendicular to the third-order axis, the magnetization behaves
paramagnetically.

As was previously noted for trigonal spinels with a low ordering
temperature, the Jahn—Teller cations can have the magnetic mo-
ments directed only along their local trigonal axes, if the axial ani-
sotropy energy is much higher than the exchange energy [52]. Then,
it can be assumed that the strong anisotropy of the crystal and the
possible exchange through hydrogen bonds (Fig. 8) [36,53] can ex-
plain the emergence of a long-range magnetic order below Ty =8 K
observed during the magnetic measurements.
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