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Synopsis Vonsenite and hulsite were investigated by a set of in situ low temperature methods.
Cascades of magnetic transitions were revealed in both oxoborates and its critical temperatures were
determined. Anomalies in cell parameters and thermal expansion of the oxoborates at critical

temperatures were observed.
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Abstract This work is devoted to investigation of magnetic properties and thermal behavior of
natural oxoborates vonsenite and hulsite in the temperature range 5-500 K. Local environment,
oxidation states of Fe and Sn atoms as well as charge distribution are determined using Mdssbauer
spectroscopy and are in accordance with a refinement of a crystal structure of hulsite and its atomic
displacement parameters from single-crystal X-ray diffraction data (SCXRD) in anisotropic
approximation for the first time. Magnetic properties were determined by vibrating sample
magnetometry (VSM) (5 < T < 400 K) and reported for the first time for iron-rich hulsite. Both
oxoborates show very complex magnetic behavior. Cascades of magnetic transitions are revealed and
its critical temperatures are determined. Sequences of magnetic transitions in vonsenite and hulsite with
an increase in temperature were found to be as follows “magnetically ordered state — partial magnetic
ordering — paramagnetic state” and “magnetically ordered state, weak ferromagnet/antiferromagnet —
magnetically ordered state, ferrimagnet-like — magnetically ordered state, weak ferromagnet — partial
magnetic ordering, antiferromagnet — paramagnetic state” respectively. According to low temperature
X-ray diffraction (LTXRD) data (93 < T < 500 K), these processes are accompanied by anomalies in
cell parameters and thermal expansion of the oxoborates at critical temperatures. A strong negative
volume thermal expansion is observed for both oxoborates at temperatures below ~120 K, which is

accompanied with a compression of its crystal structures.

Keywords: Vonsenite; Hulsite; Ludwigite group; Pinakiolite group; Crystal structure

1. Introduction

Iron-rich oxoborates dimorphous in part of the end-member Fe**;Fe*"(BO3)O,, orthorhombic
vonsenite (Takéuchi, 1956; Swinnea & Steinfink 1983) and monoclinic hulsite (Yamnova ef al., 1975;
Konnert et al., 1976; Yamnova et al., 1978), belong to ludwigite (Pbam) and pinakiolite (P2/m) groups,
respectively. Both minerals are typical for magnesian skarns and related boron deposits (Aleksandrov
& Troneva, 2008). Its crystal structures contain the isolated [BO;]*~ triangles and metal-oxygen [MOs]"
octahedra (M positions are occupied by Fe(ILIII) with minor Mg*", Mn?*, AI*" and Sn*" admixtures)
(Takéuchi 1956; Konnert et al., 1976; Yamnova et al., 1975; Yamnova et al., 1978; Swinnea &
Steinfink 1983; Biryukov et al., 2020). There are four and five M positions for cations in the crystal
structure of vonsenite and hulsite, respectively. In terms of oxocentred polyhedra, the structures are
described as frameworks composed of the [OM4]™" tetrahedra and [OMs]™ pyramids (Biryukov ef al.,
2020).

Nowadays vonsenite- and hulsite-like compounds are considered as promising ones for a design of
magnetic materials with attractive properties such as cascades of magnetic transitions, a coexistence of

paramagnetism and magnetic ordering, charge ordering, spin-glass behavior and geometric frustrations
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(Mir et al., 2001; Continentino et al., 2005; Freitas et al., 2008; Medrano ef al., 2018; Knyazev et al.,
2019; Galdino et al., 2019; Medrano et al., 2021).

Synthetic vonsenite Fe?*,Fe**(BO;)O, is the most studied object of M*HM**(BO3)O, family
(Attfield et al., 1992; Guimaraes et al., 1999; Mir et al., 2001; Douvalis et al., 2002; Whangbo et al.,
2002; Larrea et al., 2004; Freitas et al., 2008; Bordet & Suard, 2009; Maignan et al., 2017; Martin et
al., 2017; Knyazev et al., 2019; Damay et al., 2020). According to (Guimaraes et al., 1999; Bordet &
Suard, 2009), there are two types of one-dimensional (1D) magnetic subsystems, the Fe(3)—Fe(1)-Fe(3)
and Fe(4)-Fe(2)-Fe(4) triads forming three-leg ladders (3LL) running along the ¢ axis. A cascade of
magnetic transitions was obtained with a decrease in temperature: an antiferromagnetic at 7x = 112 K
and a weak ferromagnetism below 7¢c = 70 K. Between 112 and 70 K, antiferromagnetism and
paramagnetism coexist. Below 40 K, the compound becomes antiferromagnetic again. Each subsystem
orders magnetically at different temperatures. The antiferromagnetic transition takes place in the Fe(4)—

Fe(2)-Fe(4) triads, the weak ferromagnetism at 7¢ arises from the Fe(3)-Fe(1)—Fe(3) subsystem.

On the other hand, there is a lack of works devoted to investigation of properties of natural or
synthetic hulsite-like compounds. Moreover, there are only three synthetic hulsite-like compounds
known to date: Nis33Sbo.67B2010, C0s.52Sbo43(BO3)O, and Nis 15Sng3s(BO3)O, (Bluhm ez al., 1990;
Freitas et al.,2010; Medrano et al., 2018) and none of them are iron-containing. It was shown in (Freitas
et al., 2010) that there are two types of two-dimensional (2D) magnetic subsystems formed by parallel
sheets, that held together by corner-linking to the boron-oxygen triangles and to the oxygen octahedra
around the M(5) metal sites (Freitas ef al., 2010). These synthetic compounds exhibit magnetic
transitions with a decrease in temperature. Thus, we find it is important to investigate crystallochemical,

thermal and magnetic properties of iron-rich hulsite.

Recently we investigated crystal and magnetic structures, thermodynamic and magnetic properties
of iron-containing borates such as synthetic norbergite-like Fe3(BO4)O, and calcite-like FeBO3, natural
vonsenite and hulsite (Biryukov e al., 2018; 2019; 2020) by in situ high-temperature Mossbauer
spectroscopy and X-ray diffraction. Such a set of highly precise methods works excellent in order of
investigation of a number of processes occurred with an increase or a decrease in temperature: a cation
distribution, the Fe?" to Fe*" oxidation, magnetic transitions and its influence on thermal behavior of the

borates.

Here we report for the first time the data on thermal behavior of the iron-rich oxoborates vonsenite
and hulsite investigated by the set of in situ low temperature methods: single-crystal and powder X-ray
diffraction, Mssbauer spectroscopy and magnetometry. A special attention is paid to a description of

mechanisms of thermal deformations of the crystal structures of both oxoborates.
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2. Experimental

2.1. Materials

The minerals were collected from the Titovskoe boron skarn deposit, Sakha Republic, Russia.
Crystals of hulsite suitable for single-crystal X-ray diffraction experiments were selected using a
LOMO (Russia) binocular microscope and then checked on a Bruker SMART APEX II diffractometer.
Elemental compositions of the samples were determined in (Biryukov et a/., 2020). Empirical formulas
of vonsenite and hulsite calculated on the basis on 5 oxygen atoms per formula unit (apfi) are
(Fe?*1.86Mgo.13)x1.99(Fe* 0.9aMn?*0.0sSn*"0.02Al0.02)51.01(BO3)O2and  (Fe**1.00Mgo.11)52.01(Fe** 0 ssMn?*o06
Sn*0.0sAlo.01)y1.00(BO3)Os, respectively. These data are in accordance with the Mdssbauer spectroscopy
one. An information on mean analytical results of vonsenite and hulsite is given in Table 1S in

(Biryukov et al., 2020).

2.2. Single-crystal X-ray diffraction

Single-crystal X-ray diffraction data were collected using a Bruker SMART APEX Il diffractometer
equipped with a CCD detector using Mo Ka radiation. More than one hemisphere of three-dimensional
data was collected by the CCD detector and frame widths of 0.5 in w, with 60 s used to acquire each
frame. The data were corrected for Lorentz, polarization and background effects using Bruker programs
APEX. A semi-empirical absorption-correction based on the intensities of equivalent reflections was
applied in the SADABS program (Krause et al., 2015). The crystal structure of hulsite were solved by
charge flipping and refined using JANA2006 program suite (Petticek et al., 2014). Experimental details
are given in Table 1. Atomic coordinates, displacement parameters and selected bond distances are

given in Tables S1-S3.

Crystal structure of vonsenite at 293 and 400 K was refined previously and supporting information

can be found in (Biryukov ez al., 2020; CCDC 2004063).
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Table 1

Crystallographic and experimental data of hulsite collected at 293 K.

Mineral name Hulsite

Chemical formula Fez.50Mgo.18Sn0.02(BO3)O:
M; 253.4

Crystal system, space group Monoclinic, P2/m
Temperature (K) 293

a, b, c(A) 10.638 (3), 3.063 (2), 5.445 (5)
£(©) 93.38 (4)

V(A% 177.1 (2)

VA 2

Radiation type Mo Ko

u (mm™1) 11.36

Crystal size (mm) 0.06 x 0.03 x 0.01
Data collection

Diffractometer Bruker Smart APEX 11
Absorption correction Multi-scan

No. of measured, independent 1449, 346, 218

and

observed [/ > 30(/)] reflections

Rint 0.081

(sin 0/2)max (A1) 0.686

Refinement

R[F* > 20(F?)], wR(F?), S 0.063, 0.065, 1.74

No. of reflections 345

No. of parameters 51

No. of restraints 3

A,Omax, Apmin (e A73) 1.28—-1.14

The crystal structures were visualized using VESTA (Momma & Izumi, 2011).

2.3.Méssbauer spectroscopy

Mossbauer experiments were performed in transmission geometry using a conventional
spectrometer (WissEL, Germany) operating in constant acceleration mode. Measurements were carried
out within the temperature range 5400 K using helium continuous flow cryostat (model CFICEV from
ICE Oxford, UK) and Mdssbauer furnace MBF-1100 equipped with TR-55 temperature controller
(WissEl). Temperature accuracy of £0.1 K was controlled by CryoCon 32B controller during low-
temperature experiments. The ’Co(Rh) with an activity of about 40 mCi and the "*™Sn(CaSnOs) with
an activity of about 15 mCi (both RITVERC GmbH, Russia) were used as sources for resonance
radiation. The spectrometer velocity scale was calibrated using thin metallic iron foil at room

temperature. The spectra were least-squares fitted with the assumption that the shape of lines is
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Lorentzian using SpectrRelax software (Matsnev & Rusakov, 2012). Values of isomer shifts are

reported versus centers of gravity of a-Fe and SnO» at room temperature.

2.4. Magnetic properties

Measurements of bulk magnetic properties were performed by vibrating sample magnetometry
(VSM) technique on Quantum Design PPMS-9. Magnetic studies were carried out in the temperature
range 5—400 K and external magnetic fields up to 9 T.

2.5. X-ray powder diffraction

Powder diffraction data at room temperature were collected using a Rigaku MiniFlex II
diffractometer (Co Ka, 20 = 5-90°, step 0.02°). The phase composition was determined using PDXL
integrated X-ray powder diffraction software (Sasaki ez a/., 2010) and PDF-2 2016 from the ICDD. X-
ray phase analysis revealed that the polycrystalline samples of vonsenite and hulsite contained in its
compositions magnetite Fe3O4 and diopside CaMg(Si»O¢) as impurities in a quantity of about 0.6 wt%

and 2—6 wt%, respectively.

Low temperature X-ray powder diffraction experiments were conducted using a Rigaku Ultima IV
diffractometer with a thermal attachment R-300 (Co Ka radiation, 40 kV and 35 mA, reflection
geometry, D/teX Ultra high-speed detector, forvacuum, nitrogen cooling, 206 = 10-75°, temperature
range: 93-313 K for vonsenite and 93—500 K for hulsite, step width: 2—5 K, heating rate: 0.6 K/min).
Experimental data processing by the Rietveld refinement, approximation of temperature dependencies
of unit cell parameters and drawing figures of thermal expansion coefficients (a) were performed using
RietToTensor. A detailed description of the data processing and calculation of eigenvalues of thermal

expansion tensor is given in detail in (Bubnova ez al., 2018).

3. Results

3.1.Single-crystal X-ray diffraction

According to the Inorganic Crystal Structure Database (ICSD), there are several works known
devoted to a refinement of crystal structure of iron-rich hulsite (Yamnova et al., 1975, 1978; Konnert
et al., 1976). Atomic displacement parameters were refined in isotropic approximation in these works.
In this work, atomic displacement parameters for all atoms in the crystal structure of the iron-rich hulsite
are refined in anisotropic approximation for the first time. A local environment and oxidation states of

Fe and Sn atoms as well as a charge distribution are in accordance with Mdssbauer spectroscopy data.

6
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There are five non-equivalent crystallographic octahedral sites for cations in crystal structure of
hulsite: the M(1) (1a) site is occupied by Fe**, M(2) (1f) — by Fe**, Mg?" and Sn*', M(3) and M(4) (1d
and 1g) by Fe>>*, M(5) (2n) — by Fe?*. The average M(1)-O bond length is equal to 2.04 A, <M(2)-O>
=2.16 A, <M(3)-O> and <M(4)-O> are equal to 2.08 A, <M(5)-O>=2.12 A (Table S3). The <B(1)—

O> bond length equals 1.38 A. Two types of the magnetic subsystems formed by the corner-sharing
M(1)*-M(2)*" and M(3)*5*~M(4)*>* infinite parallel sheets elongated through the b and ¢ directions
could be found [Fig 1(a)]. All crystallographic sites are magnetically ordered below 125 K. In the range
125-383 K the M(3)**~M(4)*" subsystem is ordered while the M(1)**, M(2)*" and M(5) sites are in the
paramagnetic state. At temperature higher than 383 K all the sites are in the paramagnetic state (see p.

3.2.2 and 3.3).

2.5+

M(4) ‘ ;
'ﬁs)g ; é M(2)**

M3 V R "é! &4

(b)

Figure 1 Crystal structures of (@) hulsite and (b) vonsenite with highlighted magnetic subsystems.

Crystal structure of vonsenite was described in details in (Biryukov et al., 2020; CCDC 2004063).
Here, a short description is given. It contains four non-equivalent crystallographic sites occupied by the
Fe(ILIII), Mg** and Sn*" cations. The M(1) (2a) and M(3) (4g) octahedral sites are occupied by Fe?*,
Mg*" and Sn*', the M(2) (2d) — by Fe***, the M(4) (4h) — by Fe*". The average M(1)-O and M(3)-O
bond lengths are equal to 2.13 A, <M(2)-O> = 2.09 A, <M(4)-O> = 2.06 A. There are two magnetic
subsystems formed by the corner-sharing M(3)**~M(1)**~M(3)** and edge-sharing M(4)**~M(2)*>"~
M(4)*" triads [Fig 1())] that is in agreement with reported data for synthetic vonsenite (Guimaraes et
al., 1999; Bordet & Suard, 2009). A partial magnetic ordering is observed in the temperature range 70—
114 K (see p. 3.2.1 and 3.3).
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3.2. M6éssbauer spectroscopy

3.21. The 5Fe and "'°Sn Méssbauer spectroscopy of vonsenite

The 3'Fe Mdssbauer spectra of vonsenite are shown in Fig. 2. It is known that a charge ordering
occurs in synthetic vonsenite Fe?",Fe*"(BO3)O; at about 300 K (Guimaries ef al., 1999; Douvalis et al.,
2002; Bordet & Suard, 2009). According to previous works Mdssbauer spectra below this temperature
may be fitted with five components. These components are related with iron atoms occupied four
crystallographic sites (2a, 2d, 4h, 4g) and one site (44) corresponds to iron ions in the valence states of
2.5+ and 3+ (Bordet & Suard, 2009). With a decrease in temperature, a first magnetic transition occurs
at ~114 K. Below this temperature, the components are magnetically splitted, however some part of
ferrous ions in the 4g sites remains in paramagnetic state. With further decrease in temperature below
70 K (according to magnetometry results, vide infia), all sites in the crystal structure of vonsenite are
magnetically ordered. Thus, spectrum collected at 25 K consists of only magnetically ordered

components. Additionally, minor traces of magnetite (FesOs) manifest in spectra at the lower

temperatures.
5 Fe* (4h
Fe™ (2 Fee
100 Fe™ (2a) Fo?* (49)
804
]T= 25?5 K .
100
2
£ 80-
(]
® {T=140K
2 —t——t —— t
£
7]
g 100 a
= WY
i Fe.O
90 T = 85! K L L L /I 63 )
T + T + T + T iL' +
90- T ? 25! K " L " L " L " L "

Velocity, mm/sec

Figure 2 The ’Fe Mgssbauer spectra of vonsenite at selected temperatures. Blue dots correspond to

experimental data, colored solid lines are model components and red solid curves are their sum.

The ''?Sn Mossbauer spectra of vonsenite collected at 295 and 80 K are depicted in Fig. 3. Spectrum

at 295 K represents quadrupole doublet with isomer shift of 0.10(3) mm/s and quadrupole splitting of
8
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the order of 0.93(3) mm/s. These values are characteristic for Sn*" in a distorted oxygen environment.
We suppose that the Sn impurity ions occupy the 4g crystal sites mainly. Magnetically splitted
component manifests in the spectrum collected at 80 K. Value of hyperfine field is 51(1) kOe. Since tin
is non-magnetic, this field has probably dipole origin, and the Sn*" ions “feel” the magnetic polarization

of the neighboring iron ions.

100.0 f&

99.8 4

Transmission, %

SRR » SR |
10&0-!JLJ.WWH‘ ! i
| f I | I

99.94

Velocity, mm/sec

Figure 3 The ''°Sn Méssbauer spectra of vonsenite recorded at 295 (top) and 80 K (bottom). Blue

dots correspond to experimental data, red solid curves are model fit results.

3.2.2. The 5Fe and "'°Sn Méssbauer spectroscopy of hulsite

The *"Fe Mossbauer spectra of hulsite at selected temperatures are shown in Fig. 4. The spectra
consist of five major components related with non-equivalent crystallographic sites in the structure of
hulsite. It should be noted that additional paramagnetic doublets are required for satisfactory fitting of
low temperature spectra. These doublets may be related with paramagnetic impurities and defect centers
in the structure. Since the area of these doublets is only a few percent, we will not discuss them further.
We will focus on the analysis of the major components only. Additionally, some deviation of line

intensities from expected for powder samples is related with texture of samples.
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Temperature dependence of isomer shift of iron nuclei in various crystallographic sites are shown
in [Fig. 6(a)]. Based on estimated isomer shifts values at 5 K we suppose that the 1a sites are occupied
by the Fe*" ions; the 1/'and 27 sites — by the Fe*'; whereas the 1d and 1g sites are occupied by the Fe***
ions, i.e. the iron ions are in the mixed-valent state. This charge distribution is consistent with charge
balance. However, at the temperatures about 200 K some features of isomer shift of the 1a and 1f
components are observed. The value of the isomer shift noticeably increases for the la site and
decreases for the 1f'site with an increase in temperature. We assume that the observed features are due
to delocalization of the 3d electrons on the 1f'site. As a result of the correlation of the electron density
in the crystallographic 1a and 1f sites, charge density on the 1fsite increases, because the d-electrons
have zero density on nuclei, but they have an influence on charge density on nuclei through shielding

of the 3s-electrons. At the same time, charge density on the la sites decreases. At the higher

temperatures, isomer shifts monotonically decrease according to second order Doppler effect.

—

~ (o] [{e] o

o o o o
1 1 1

-

o

o
1

Transmission (%)
©
()]

" 1 "

Velocity (mm/s)

Figure 4 The>'Fe Mgssbauer spectra of hulsite at selected temperatures. Blue dots are experimental

data, colored solid lines are model components, and red solid curves are their sum.
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Temperature dependencies of hyperfine fields on iron nuclei in aforenamed crystallographic sites
are shown in [Fig 5(b)]. There are at least four peculiarities in this plot. First magnetic transition occurs
at 383 K (Biryukov et al., 2020). At this temperature iron ions on the 1d and 1g sites are magnetically
ordered. According to magnetometry results (vide infra), this ordering has antiferromagnetic origin.
However, magnetic moments of these ions are non-compensated, which is observed as small difference
of hyperfine fields. With temperature decreasing, the difference also decreases, vanishes at about 200
K and changes the sign with further cooling. The second magnetic transition occurs at ~125 K. At this
temperature iron ions on the 1a, 1f, and 2 sites are magnetically ordered. Moreover, hyperfine field on
iron nuclei in the 1g sites rises, while values for the 1d one does not change significantly. The fourth
feature corresponds to intersection of hyperfine field dependencies of the 1a and 14 sites at ~40 K. All

these peculiarities manifest itself on magnetization data as will be shown later.

(a) (b)

——Fe1 ——Fell
—v—Fe2
—=—Fe3
1.44 —eo—Fe4d
—a—Feb

a

o

o
I

N

o

o
1

300 4

200+

Isomer Shift (mm/s)
5
’/
<
Hyperfine Field (kOe)

0.8+
0.6 100 4
*
0.4 T T T T 0 T gy t =
0 100 200 300 400 0 100 200 300 400
Temperature (K) Temperature (K)

Figure 5 Temperature dependence of hyperfine parameters of >’Fe Mossbauer spectra components of
hulsite: (@) isomer shift and (b) hyperfine field on iron nuclei. Dots correspond to estimated values, and

lines are polynomial interpolations for visualization.

The '"”Sn Méssbauer spectra of hulsite recorded at several temperatures are shown in Fig. 6. Room
temperature spectrum may be fitted by doublet with isomer shift of 0.06(2) mm/s and quadrupole
splitting of 0.96(2) mm/s. Hyperfine parameters of the doublet are characteristic for the Sn*" ions. Due
to relatively strong quadrupole splitting and value of ionic radius of the Sn*", which is bigger than the
Fe** radius and lower than the Fe?* radius, these ions may occupy the 1fand / or 27 sites. With a decrease

in temperature, the isomer shift rises according to second order Doppler effect.

11
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Figure 6 The '""Sn Mossbauer spectra of hulsite at selected temperatures. Blue dots correspond to

experimental data, red solid curves are least-squares model fit curve.

Spectra collected at 80 and 120 K show magnetically ordered pattern, and hyperfine magnetic field

on the '°Sn nuclei at 80 K is 11.2(3) kOe. Probably the observed magnetic splitting has dipolar origin,

and source of this field is magnetically ordered iron ions in the vicinity of tin ions. So far as tin ions

start to “feel” the magnetic ordering of iron ions at ~120 K, i.e. at the second magnetic phase transition

where the la, 1f, and 2n sites are magnetically ordered, it is more likely that the Sn*" atoms are on the

1f sites. Temperature dependence of isomer shift shows a minor drop at ~200 K (Fig. 7). It may be

another sign of the electron delocalization in the 1a-1f quasi-plane at this temperature region.

12
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Figure 7 Temperature dependence of the '""Sn Mgssbauer isomer shift of hulsite. Green dots are

estimated values, orange line is polynomial interpolation for visualization.

3.3. Magnetic properties

Magnetization curves of vonsenite measured in the field-cooled (FC) and zero-field-cooled (ZFC)
modes are shown in Fig. 8. First, one should note that a high value of magnetic moment at elevated
temperatures is related to the presence of a ferrimagnetic magnetite FesO4. Moreover, a splitting of the
ZFC and FC curves at about 125 K most probably originate from the Verwey transition of this impurity
(Walz, 2002). No other magnetic phase transition is known for the magnetite at lower temperatures.
Thus, the features observed in the temperature dependence of the sample magnetization below 125 K
can be associated with the intrinsic properties of the vonsenite, and the pattern of phase transitions
resembles the one reported for the synthetic vonsenite before. It is known that the synthethic vonsenite
Fe*,Fe*"(BO;)O, shows several magnetic phase transitions at 114, 70 and 40 K (Douvalis ef al., 2002;
Bordet & Suard, 2009; Martin et al., 2017; Damay et al., 2020). In this sequence, the magnetic state of
the compound changes in the way of paramagnetic-antiferromagnetic-weak ferromagnetic-
antiferromagnetic, and between 70 and 114 K paramagnetic and magnetically ordered iron ions coexist.
However, an origin of the transition at 40 K is not clear (Bordet & Suard, 2009). Increase of the

magnetization at low temperatures reveals a presence of the paramagnetic centers and / or impurities.

13
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Figure 8 The ZFC-FC magnetization curves of vonsenite.

The magnetization data of hulsite are shown in Fig. 9. To our knowledge, these are the first results
on magnetic measurements of iron-rich hulsite. So far, no data on the magnetometry of iron-rich hulsite
have been available. However, these results should be treated with some caution since investigated
material is natural and its chemical composition contains insignificant amount of the impurities that
however should not alter the magnetic properties of hulsite qualitatively as the concentration of the only

one magnetic impurity Mn?* is quite low.

From the magnetometry results [Fig. 9(a-b)], five magnetic transformations of hulsite can be
deduced that take place at the temperatures of about 383, 235, 125, 67 and 45 K. Magnetization process
at T =399 K is linear up to 9 T, which is typical for paramagnetic materials. The absence of hysteretic
behavior in the field dependence of magnetization at 300 K (see inset in Fig. 9) and low amplitude of
the features in M(T) curves both in weak and strong magnetic fields [Fig. 9(a,b)] indicate an onset of
antiferromagnetic-like ordering at 383 K. Moreover, Mdssbauer data [Fig. 5(»)] show unambiguously
that the ordering occurs within the Fe3-Fe4 planes. With further temperature decrease, at about 235 K,
the ZFC and FC curves split slightly (see inset in [Fig. 9(«a)]) reflecting a development of magnetic
irreversibility. The second clearly revealed magnetic phase transition occurs at ~125 K, which also
coincides with an onset of transformation in Mssbauer spectrum and cell parameters (see p. 3.4). So,
in contrast to vonsenite, this magnetic transition is an intrinsic property of hulsite, but not magnetite.
Additionally, a small hysteresis of magnetization curve is found at 80 K. Below 125 K hulsite attains
an extra non-compensated magnetic moment and shows thus a weak ferromagnetic response. At the
temperatures below the third magnetic transition, found at ~ 67 K, magnetization of hulsite rises
sharply, reaches its maximum and then falls down with the further temperature decrease. Magnetization
field dependence at 60 K shows a clear hysteretic behavior, with the value of remnant magnetization
noticeably higher than that at 80 K. The coercivity is about 67 mT. An appearance of such a hysteresis
loop reflects a ferrimagnetic-like state of hulsite below 67 K. With decreasing the temperature to 50 K

the coercivity reaches a value of 269 mT.
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Figure 9 Magnetization data of hulsite: ZFC-FC magnetization curves (@), temperature dependence
of magnetization of hulsite at high external magnetic field of 9 T (b), FCC curve at low external
magnetic field (c), and field dependence of magnetization of hulsite recorded at selected temperatures
(d). Insets in (@) and (b) show corresponding data in finite temperature regions, and inset in () is the

data in the region of low magnetic field.

In our opinion, this may be due to a strong increase of magnetic anisotropy of the system. We
suppose that at ~ 45 K the fourth magnetic transition occurs, as a maximal departure between ZFC and
FC curves is found at this temperature. Magnetic hysteresis is also observed at 40 K. Remnant
magnetization and the saturated moment corresponding to the hysteretic component of magnetic
response are close to the ones at 50 K, while the coercive field decreases to 250 mT. Furthermore, the
shape of the hysteresis curve changes: its area increased after the sample cooling. Interestingly, with
further temperature decrease, the coercivity and remnant moment drop and system restores its weak-
ferromagnet/antiferromagnetic-like state. It shows that the magnetic anisotropy is modified as a result
of another transformation, either magnetic or structural. It should be noted however that ZFC-FC curves
do not converge at low temperatures indicating that hulsite holds its magnetic irreversibility, leaving its
overall magnetization history dependent in the whole range of temperatures below 235 K. At low
temperatures, the magnetization rises gradually, most probably, due to paramagnetic centers and/or
impurities inevitably present in natural hulsite. These paramagnetic centers manifest themselves also in

a curved shape of M(H) curve at 5 K.
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Another interesting magnetic phenomenon in hulsite is the negative magnetization observed in
definite experimental conditions. We studied the temperature dependence of magnetization under small
positive magnetic field of 1 mT applied upon cooling from 400 K, i.e. starting from fully paramagnetic
state. This field-cooled cooling (FCC) curve is shown in [Fig. 9(c)] by green. At 125K, the
magnetization starts to decrease, crosses zero at 102 K (magnetic compensation point), prolongs to
decreases gradually and at 67 K falls sharply. On further cooling, magnetic moment reaches its
minimum at 50 K, and finally increases remaining negative down to 5 K. If the same procedure is
performed under an applied field of 10 mT (orange curve in [Fig. 9(¢)]), no magnetization reversal takes
place; the magnetic evolution of the system is almost symmetric with respect to its state at ~ 150 K.
Undoubtedly, the observed phenomenon originates from the influence of the already ordered iron-ion

subsystem on the one experiencing ordering at 125 K.

Going deeper into details, a key for explanation of the negative magnetization is the uncompensated
character of the antiferromagnetic structure established within the Fe3—Fe4 planes below 383 K.
Inequality of magnetic moments at the Fe3 and Fe4 sites is clear from the difference of the Mdssbauer
hyperfine fields [Fig. 5(b)]. These ions get magnetically-ordered upon cooling with the larger magnetic
moment along the applied magnetic field. However, the balance between the Fe3 and Fe4 moments
gradually changes with temperature, and the moment of the Fe4 becomes larger than the Fe3 at ~220—
230 K. In the same temperature range the magnetization starts to decrease with temperature (inset to
[Fig. 9(c)]). In the weak applied magnetic field of 1 mT, this can result in the alignment of the Fe3—Fe4
subsystem net moment antiparallel with respect to the field as the last is not strong enough for
magnetization reversal. These magnetic moments create an effective local magnetic field (probably of
the exchange anisotropy origin) for the Fel, Fe2 and Fe5 iron ions that order magnetically at lower
temperatures (see [Fig. 5(b)]. Consequently, this second magnetic subsystem orders with its non-
compensated magnetic moment also antiparallel to the field. This fact is clearly seen on FCC curve.
The stronger applied magnetic field obviously overcomes the effective field from the Fe3—Fe4
subsystem, therefore the second (Fel, Fe2, Fe5) one orders with its moment parallel to the field.
Significant changes in M(T) curves observed at 67 K and below, in our opinion, reflect the magnetic
evolution of the hulsite as a whole which evidently is rather complicated, demands further investigations

and is beyond the scope of the current paper.

3.4.Low temperature X-ray powder diffraction (LTXRD)

LTXRD of vonsenite. Temperature dependencies of unit cell parameters of vonsenite are shown in
[Fig. 10(@)]. There is a strong negative volume thermal expansion within the range of 93—130 K that is
due to a behavior of the a and b cell parameters. The minimum values of the a and b parameters are at

about 120 K. This temperature is very close to the critical one determined by Mdssbauer spectroscopy
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and magnetometry (125 K), where the magnetic transition was revealed (see p. 3.2.1 and 3.3). It seems
that the volume magnetic ordering takes place up to 125 K could be a reason of such a compression of
the structure through the a and b directions due to a change of the M—O bond lengths and / or angles
between the [MOs] polyhedra with a subsequent decrease of the cell parameters. Similar behavior of
cell parameters of synthetic compounds near critical temperatures was previously obtained in
Fe3(BO4)O2, FeBO; and SrFe,T11.4<0s.5 (Biryukov et al., 2018; Chezhina et al., 2019), GdFe;(BOs)sand
YFe3(BOs)s (Frolov et al., 2016; Frolov et al., 2018), a-SrCr,O4 (Dutton et al., 2011) and Fe,(BO3)O
(Shimomura et al., 2007).
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Figure 10 Temperature dependencies of the unit-cell parameters of (a) vonsenite and (b) hulsite.

Intervals of approximation are signed with Romans numerals.
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LTXRD of hulsite. As can be seen in [Fig. 10(b)], there are two bends on temperature dependencies
of unit cell parameters of hulsite. The first distinctive one is within the range 73—-150 K with minimal
values of the parameters at about 120 K and the second weak one is within the range 390-500 K where
a change of the parameters is observed at approximately 390 K. These temperatures differ
insignificantly from the critical ones determined by Mdssbauer spectroscopy and magnetometry (125

and 383 K, respectively) (see p. 3.2.2 and 3.3).

Our recent works (Biryukov ef al., 2018; Biryukov et al., 2019; Chezhina et al., 2019) show that in
order to calculate thermal expansion coefficients more accurately the temperature dependencies of unit
cell parameters could be divided on several intervals, generally before and after critical temperatures.
Thus, the temperature dependencies of the orthorhombic unit cell parameters as well as the volume of
vonsenite [Fig. 10(a)] were approximated using quadratic polynomials in the temperature ranges 93—
115 K (before the magnetic transition) and 115-313 K (after the magnetic transition). An intersection
point between these curves is equal to 116.3 K. The calculated thermal expansion coefficients at selected

temperatures are given in Table 2. Equations of the approximations are given in Table S4.

Table 2

Thermal expansion coefficients of vonsenite at several temperatures.

Temperature (K)
a (10° °K™)
93 105 113 120 130 140 300
o= ai —3461(5) —17.51(1) -8.91(2) 3.933)  4.54(3) 5.14Q2) 12.69(2)
an=an —29.11(4) -1421(1) —6.72(2) 3.89(3)  4.37(2) 4.852) 10.81(2)
o= 0133 531(2)  2.55(6) 121(1)  -1.222) -0.71(2) —0.21(1) 6.18(1)
av -58.3(7) —-29.1(2)  -14.5(4)  6.6(6) 26.8(1) 984  29.7(4)

The temperature dependencies of the monoclinic unit cell parameters of hulsite as well as the
volume [Fig. 10(h)] were approximated using linear approximation in the temperature ranges 93—120
and 120-390 K and quadratic polynomials in the range 390-500 K. The dependencies of the f angle
were approximated using linear approximation in the ranges 93—120 K and 390-500 K and quadratic
polynomials in the range 120-390 K. Equations of the approximations are given in Table S5. An
intersection point between the I and II curves equals 121.5 K, the II and III curves do not intersect. The
calculated eigenvalues of thermal expansion tensor of hulsite at selected temperatures are given in Table

3.
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Table 3

Eigenvalues of thermal expansion tensor of hulsite at selected temperatures.

a (10° °K-1) Temperature (K)
93-113 123 200 300 380 400 500

an —244(3) 8.6(5  9.1(2) 1232)  157(6) 18.52) 17.12)
as=an ~17.1Q2) 734 78Q2)  86(1)  92(3)  88(1)  142(2)
as3 —93(1)  392)  692)  84(1)  86(3) 84(1) 6.8(9)
pse= £ (ass,6) °) 2237 227.6 207.5 164 1578 1466  137.9
ay 923)  -277(5) -L11Q2) 121Q2)  2.92(4) 5.986) 5.98(6)
a ~162(2) 5.8(3)  8.5(1) 121(1)  1493) 154(2) 13.6(2)
ac ~16.6(4) 6418  74(3)  873) 977 1213) 1L1Q3)
av ~50.8(7)  19.9(1)  23.9(5)  293(5)  33.6(1) 35.7(5) 382(5)

o11 and o33 — the maximum and minimum thermal expansion coefficients in the monoclinic ac plane

4. Discussion

It can be seen in Fig. 11 that there is an expected abrupt change of thermal expansion coefficients
of the borates at the critical temperatures that is consistent with thermodynamics on an abrupt change
of thermal expansion coefficients as a second-order derivative of Gibbs energy during a magnetic
transition (Ehrenfest, 1933). It is seen that the transitions from volume magnetically-ordered state to
the paramagnetic one in vonsenite and to the partial magnetically-ordered state in hulsite are
accompanied by an abrupt change of eigenvalues of thermal expansion tensor. A change of the
eigenvalues of hulsite between the transition from the magnetically-ordered state [the M(3)-M(4)

subsystem] to the paramagnetic one is less sharp.
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vonsenite and (b) hulsite.

Thermal expansion of vonsenite. Before the magnetic transition occurred at about 115 K, values of
linear (a11 and a22) and volume ay thermal expansion coefficients of vonsenite are negative [Fig. 10(a)].
Such a behavior could be caused by magnetostriction or magnetoelastic effects as it was shown for
warwickite Fex(BO3)O (Shimomura et al., 2007). Only a33 values are positive, although they become
negative approaching the critical temperature (see [Fig. 10(a)] and Table 2). There are the [BOs]*
triangles located perpendicular to the ¢ axis, that should cause a maximum expansion through the ¢ axis
(a33=5.31(2) x 107° °K™" at 93 K) and minimal in the planes of a preferable orientation of the triangles
and strong B—O chemical bonds within them (a1 = —34.61(5), a2 = —29.11(4) x 1076 °K~! at 93 K). Such
a behavior is consistent with high temperature crystal chemistry of borates (Bubnova & Filatov, 2013).
A change of M—O bond lengths and / or angles between the [MOg] polyhedra with a temperature could
cause a compression occurred through the a and b directions. The O(5)-0(4)-O(1) angles [44.54(2)° at
293 K] between the [M(1)O¢] and [M(3)Os] polyhedra that are equal to as well as the O(3)-O(2)-O(1)
[45.91(5)° at 293 K] between the [M(2)O¢] polyhedron and [M(4)Os] polyhedra (see Fig. 12) could
vary with an increase or decrease in temperature during the phase transition. These processes could
cause the observed compression through the a and b directions. After the magnetic transition, values of
volume thermal expansion coefficients become positive and the crystal structure expands slightly

anisotropically up to room temperature (Fig. 12).
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Figure 12 The crystal structure of vonsenite in comparison with figures of thermal expansion at

93 and 300 K (red colored TEC’s figure at 93 K shows contraction, green colored at 300K — expansion).

Thermal expansion of hulsite. Thermal expansion of hulsite in the ranges 93—120 and 393-500 K
could be described from a viewpoint of shear deformations (Filatov, 2008; Bubnova & Filatov, 2013)
— the maximum or minimum thermal expansion should be along one of diagonals of the ac
parallelogram if the 8 angle changes. A strong negative volume expansion (ay=—-79.1(9) x 107 °K™! at
93 K) is observed up to approximately 120 K where the magnetic phase transition occurs from the
volume magnetic ordering to the partial magnetically-ordered state. While the 5 angle increases the
maximum negative thermal expansion is in the direction close to the short diagonal of the ac
parallelogram in the range 93—120 K (a11 = -33.1(7) x 107¢ °K-! at 93 K) (Fig. 13, 93 and 113 K). It is
supposed that the volume magnetism takes place in the range 93—120 K which is occurred in all the
cationic sites first causes a compression occurred through all the directions of the crystal structure that
could be achieved by a change in bond lengths and / or angles. With a further increase in temperature
values of linear and volume thermal expansion coefficients become positive (Table 3). In the
temperature range 120-390 K the Af values do not exceed ~0.02°, thus its thermal expansion could not
be described according to the shear deformations theory, although at the first the direction of maximum
expansion is close to the short diagonal of the parallelogram and gradually changes with an increase in
temperature. The figure of of eigenvalues of thermal expansion tensor smoothly moves clockwise
within this region changing a direction of the maximum expansion from the short to the long diagonal
of the parallelogram. In the range 390-500 K the direction of the minimum positive thermal expansion
is still close to the short diagonal of the parallelogram (as3 = 6.8(9) x 1076 °K™! at 500 K)) and maximum
expansion is close to the long diagonal of the parallelogram (a11= 17.1(2) x 107° °K-! at 500 K).
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several temperatures (red colored TEC’s figure at 93—113 K shows negative thermal expansion, green

colored at 123-500 K — positive thermal expansion).

5. Conclusion

Iron-rich oxoborates, vonsenite and hulsite crystallize in ludwigite and pinakiolite groups
respectively, were investigated by the set of low temperature in situ methods including X-ray
diffraction, Mdssbauer spectroscopy and magnetometry. Crystal structure of hulsite and its atomic
displacement parameters were refined from single-crystal X-ray diffraction data in anisotropic
approximation for the first time. Cascades of the magnetic transitions with an increase in temperature
were found in vonsenite and hulsite in the temperature range 4500 K. According to the LTXRD data
(93 < T <500 K), all the magnetic phase transitions obtained in this interval are accompanied by an
anomalies in cell parameters and thermal expansion coefficients of both oxoborates. An occurrence of
the [BOs]* triangles plays a significant role in thermal expansion of vonsenite: a maximum expansion
is through the ¢ axis and a minimal one is perpendicular to the planes of the triangles and strong B-O
chemical bonds within them. There is a compression in the ab direction of the structure of vonsenite

and strong negative volume expansion in the range 93—120 K that could be caused by a change of the
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M-0 bond lengths and angles between the [MO]s polyhedra. Shear deformations play a significant role
in thermal expansion of monoclinic hulsite in the temperature ranges 93—120 and 393-500 K. The
maximum negative thermal expansion is in the direction close to the short diagonal of the ac
parallelogram in the range 93—120 K. In the range 390-500 K the direction of the minimum positive
thermal expansion is still close to the short diagonal of the parallelogram and maximum expansion is
close to the longest diagonal of the parallelogram. Due to an insignificant change of the £ angle in the
temperature range 120—390 K the shear deformations mechanism does not work and the figure of TEC’s
smoothly moves clockwise changing a direction of the maximum expansion from the short to the long

diagonal of the parallelogram.
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Table S1  Fractional atomic coordinates and equivalent isotropic displacement parameters (A?) for
hulsite.
Atom x v z Uiso™/Ueq (A?) Occupancy
Fel 0 0 0 0.019 (2) 0.97 (2)
Snl' 0 0 0 0.019 (2) 0.03 (2)
Fe2 0 0.5 0.5 0.030 (4) 0.6 (2)
Mg2' 0 0.5 0.5 0.030 (4) 0.4 (2)
Fe3 0.5 0 0 0.024 (2)
Fed 0.5 0 0.5 0.021 (2)
Fe5  0.2726 (4) 0.5 0.2210 (6) 0.020 (2)
O1 —0.6908 (16) -1 —0.499 (2) 0.019 (4)
02 0.4659 (14) 0.5 0.242 (3) 0.019 (4)
03 —0.6969 (16) -1 —0.059 (2) 0.019 (4)
04 -0.8872 (13) -1 —0.291 (3) 0.019 (4)
05 0.0922 (17) 0.5 0.182 (3) 0.019 (4)
Table S2  Anisotropic atomic displacement parameters (A?) of hulsite.
Atom Uy U Uss U, Ut Uas
Fel 0.037(5) 0.015(3) 0.003(6) 0 -0.001(2) O
Snl' 0.037(5) 0.015(3) 0.003(6) 0 -0.001(2) O
Fe2 0.045(7)  0.026 (6) 0.019(5) 0 -0.005(3) O
Mg2' 0.045(7)  0.026 (6) 0.019(5) 0 -0.005(3) O
Fe3 0.042(4) 0.010(3) 0.0203) 0 0.004 (3) 0
Fe4 0.024(4) 0.024 (4) 0.0153) 0 0.000 (3) 0
Fe5 0.038(3) 0.016(2) 0.007(33) 0 0.0010(18) O
O1 0.031(8) 0.018(7) 0.006 (8) 0 -0.001(3) O
02 0.031(8) 0.018(7) 0.006(8) 0 -0.001(3) O
O3  0.031(8) 0.018(7) 0.006(8) 0 -0.001(3) O
04 0.031(8) 0.018(7) 0.006(8) 0 -0.001(3) O
O5 0.031(8) 0.018(7) 0.006(8) 0 -0.001(3) O
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Table S3  Selected bond lengths (A) of hulsite.

Bond Distance (A) BVS Bond Distance (A) BVS
Fel—O4! 2.04 (2) 0.46 Fe4—O1v 2.03 (2) 0.46
Fel—O4i  2.04(2) 046 Fed—O1%  2.03(2) 046
Fel—O5i  2.05(1)  0.46 Fe4—O2it  2.10(1) 038
Fel—O5 2.05 (1) 0.46 Fe4—0O2 2.10 (1) 0.38
Fel—O5%  2.05(1)  0.46 Fed—O2%  210(1) 038
Fel—O5Y 2.05 (1) 0.46 Fe4—O2*V 2.10 (1) 0.38
<Fel—O0>¢ 2.04 2.76 <Fed—O>¢ 2.07 2.46
Fe2—O4"  2.22(1) 0.26 Fe5—O01v 2.18 (1) 0.30
Fe2—04%  222(1) 026 Fes—O1%  2.18(1)  0.30
Fe2— 04 222(1) 026 Fes—02  205(2) 043
Fe2—O4Yi 222 (1) 0.26 Fe5—O03! 2.20 (1) 0.28
Fe2— 05  2.04(2) 042 Fes—03“  220(1) 028
Fe2—O5™*  2.04 (2) 0.42 Fe5—O05 1.92 (2) 0.60
<Fe2—0>; 2.16 1.88 <Fe5—0>¢ 2.12 2.20
Fe3—O2i  2.07 (1) 0.42 B1—Ol1 1.36 (2) 1.03
Fe3—02  2.07(1) 042 BI1—03 1412 090
Fe3—02*  2.07(1) 042 B1—04 137(2) 100
Fe3—O02¢  2.07 (1) 0.42 <B—0>; 1.38 2.92
Fe3—03  2.10(2) 038

Fe3—O3% 2,10 (2) 0.38

<Fe3—0O>¢ 2.08 2.43
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Table S4 Equations of approximation of temperature dependencies of unit cell parameters of

vonsenite.

T (K)

Equation [(?) = lo + Lt + L

a(?) (A) b(?) (A) c(® (A) V(@) (A3)
9.3771(1) - 12.3791(2) — 3.0555(3) + 354.66(9) —
93-115 0.001221(2)x¢+  0.001793)x¢+  0.000043(6)xt—  0.0921(2)xt +
0.0000052(1)x2  0.0000079(2)x£>  0.00000016(3)x£>  0.000404(8)x
9.3051(6) — 12.2758(7) — 3.0599(1) — 349.53(3) —
115-313 0.000027(6)xt+  0.000016(7)x¢+  0.000021(1)xt—  0.0039(4)x¢ +
0.00000027(2)x £ 0.00000028 (2)x 0.000000077(3)x  0.000027(1)x£

Table S5 Coefficients of approximation of temperature dependencies of unit cell parameters of

hulsite.

Equation [(?) = lo + Lt + L

T® 0@ b() (A) a0 A) OO V@AY

03 120 10:6773(2) - 3.0759(9) — 5.4655(2) — 93.6353)+ 179.14(1)—
0.000173(3)xt 0.000052(9)xt 0.000091(2)x¢ 0.86(2)xt 0.0091(1)x¢
10.6521(6) + 3.0673(4) + 5.4506(9) + 93.7789)—  177.71(5) +

120-390 0.000016(6)xz+  0.000018(4)xz + 0.000028(8)x¢ + 0.51(9)xt+ 0.0024(4)xt +
0.00000018(3) x2 0.000000012(7)x2  0.000000032(1)<£  1.03(2)xF  0.0000047(8)x7
10.5721(5) + 3.0781(1) — 5.4506(9) + 935232) +  17641(2) +

390-523 0.000391(2)x¢—  0.000033(5)x¢+  0.000028(8)<¢+  0.56(5)<¢  0.0077(9)xt—
0.00000026(2) X2 0.000000012(7)x2  0.000000077(6)x2 0.0000011(1)x72
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