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Single crystals of iron(II) pyroborate, Fe2B2O5, were prepared at 1000–1050 1C under an argon

atmosphere. The crystals were transparent, yellowish in color and needle-like or columnar. The crystal

structure of Fe2B2O5 was analyzed by single-crystal X-ray diffraction. Refined triclinic unit cell

parameters were a ¼ 3.2388(2), b ¼ 6.1684(5), c ¼ 9.3866(8) Å, a ¼ 104.613(3)1, b ¼ 90.799(2)1 and

g ¼ 91.731(2)1. The final reliability factors of refinement were R1 ¼ 0.020 and wR2 ¼ 0.059 [I 4 2s(I)].

Transmittance over 50% in the visible light region from 500 to 750 nm was observed for a single crystal

of Fe2B2O5 with a thickness of about 0.3 mm. The light absorption edge estimated from a diffuse

reflectance spectrum was at around 350 nm (3.6 eV). Magnetic susceptibility was measured for single

crystals at 4–300 K. Fe2B2O5 showed antiferromagnetic behavior below the Néel temperature, TNE70 K,

and the Weiss temperature was TW ¼ 36 K. The effective magnetic moment of Fe was 5.3mB.

& 2009 Elsevier Inc. All rights reserved.
1. Introduction

In crystal structures of crystalline borates, BO3 triangles and
BO4 tetrahedra can be connected with each other via common
corners to form BxOy groups. The various crystal structures
of borates are derived from the large diversity in the linkage
of boron with oxygen [1,2]. The main-group metal borates have
been studied as nonlinear optical crystals (b-BaB2O4, LiB3O5,
Sr2Be2B2O7) and phosphors (SrB4O7, BaLiB5O10, Ba2Mg(BO3)2)
because of their transparency in a wide range from ultraviolet
(UV) to infrared (IR) [3,4]. The magnetic and electrochemical
properties of some transition metal borates such as MBO3 (M ¼ V,
Cr, Fe) [5] and M3B2O6 (M ¼ Co, Ni, Cu) [6] have been studied.

In the Fe–B–O system, Fe(III) borates (FeBO3 [7], Fe3BO6 [8]),
Fe(II, III) borates (Fe2BO4 [9], Fe3BO5 [10]), and Fe(II) borates
(a-FeB2O4 [11], FeB4O7 [12,13], Fe2B2O5 [14]) have been studied.
Fe(III) and Fe(II, III) borates are attracted due to their magnetic
properties [15–18]. The physical properties of Fe(II) borates have
not been reported, while a quartenary Fe(II) borate LiFe2+BO3

[19] was studied on its electrochemical properties as a cathode
material with low cost and environmentally benign as well as
LiFe2+PO4 [20] and Li2Fe2+SiO4 [21].
ll rights reserved.

amane).
Fe2B2O5 has been synthesized by Block et al. with Mg2B2O5 and
Mn2B2O5 [14]. They analyzed the crystal structure of Mg2B2O5 and
reported that M2B2O5 (M ¼Mn, Fe) were isostructural with a
triclinic phase of Mg2B2O5 (2:2D type [1,2]) The unit cell
parameters of Fe2B2O5 were shown to be a ¼ 3.25, b ¼ 6.18,
c ¼ 9.40 Å, a ¼ 104.171, b ¼ 90.621 and g ¼ 91.481, but the crystal
structural parameters such as atomic coordinates, displacement
parameters and so on were not presented in their paper, nor
were details of Fe2B2O5 single-crystal preparation. Magnesium
pyroborate Mg2B2O5, mineral name ‘suanite’, crystallizes in three
crystallographic forms, a triclinic phase [14,22], a monoclinic
phase [23] and a monoclinic phase with a doubled unit cell
volume [24]. Triclinic pyroborates of other elements: M2B2O5

(M ¼Mg [14,22], Mn [14,25,26], Fe [14], Co [14,27,28], Cd [29,30]),
MMnB2O5 (M ¼Mg, Co) [31] and M1.5Zn0.5B2O5 (M ¼ Co, Ni) [32]
have also been reported. Fernandes et al. elaborated the crystal
structure and magnetism of Mn2B2O5 and MgMnB2O5 and showed
antiferromagnetic behavior of Mn2B2O5 with spin-flop-like transi-
tion [25]. Mn2+ doped Cd2B2O5 is red phosphor utilized for
fluorescent lamps [33].

In our preliminary study on borate compounds, we noticed
that single crystals of Fe2B2O5 are almost colorless and transpar-
ent, but optical and magnetic and properties of Fe2B2O5 have
not been investigated. In the present study, we synthesized single
crystals of Fe2B2O5 and analyzed the crystal structure by single-
crystal X-ray diffraction (XRD). The optical and magnetic proper-
ties of Fe2B2O5 were also characterized.

www.sciencedirect.com/science/journal/yjssc
www.elsevier.com/locate/jssc
dx.doi.org/10.1016/j.jssc.2009.05.009
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2. Experimental section

Starting powders of a-Fe (99.9%, Wako Pure Chemical Ind.),
Fe2O3 (99.9%, Wako Pure Chemical Ind.) and B2O3 (99.99%,
Kojundo Chemical Laboratory) were weighed with the predeter-
mined molar ratios shown in Table 1. As-received B2O3 was stored
and weighed in an argon-filled glove box due to its highly
hygroscopic nature. The powders were mixed with approximately
5 ml of ethanol (99.5%, Wako Pure Chemical Ind.) in an agate
mortar and pressed into pellets. The pellets were placed in
a platinum (Pt) crucible and put into a quartz glass tube.
The samples were heated at 1000–1050 1C for 3 h with a
tubular furnace in an argon (99.9999%, Tokyo Koatsu Yamazaki)
atmosphere. After heating, the samples were cooled to 900–950 1C
at a cooling rate of 10 K h�1 and then cooled to room temperature
by turning off the power of furnace.

The surface of the obtained single crystals was observed with
a scanning electron microscope (SEM, Philips, ESEM XL-30) and
elemental analysis of the crystals was carried out with an energy-
dispersive X-ray (EDX) analyzer (EDAX, NEW XL-30) attached to
the SEM.

The samples were powdered and characterized at room
temperature by X-ray diffraction using CuKa radiation with a
graphite monochromator mounted on a powder diffractometer
(Rigaku, RINT2000).

X-ray diffraction data of a single crystal were collected using
MoKa radiation with a graphite monochromator and an imaging
plate on a single-crystal X-ray diffractometer (Rigaku, R-AXIS
RAPID-II). Diffraction data collection and unit cell refinement
were performed by the program PROCESS-AUTO [34]. Absorption
correction was performed by the program NUMABS [35].

The crystal structure of Fe2B2O5 was refined with the program
SHELXL-97 [36] and WinGX software package [37] using the
structural parameters of Co2B2O5 reported by Rowsell et al. [28] as
an initial structure model. Crystal structures were illustrated with
the program VESTA [38].

Light transmittance of an Fe2B2O5 single crystal 0.2–0.3 mm in
thickness was measured with a color filter spectral inspection
system (Otsuka Electronics, LCF-2100 M) in the region of
380–780 nm. Diffuse reflectance of the powdered sample was
measured with a UV–Vis spectrophotometer (Hitachi, U-3000)
and a 150 mm integrating sphere. Powdered BaSO4 (Hitachi, white
plate) was used as the reflectance standard from 200 to 900 nm.
Cathodoluminescence (CL) measurement was carried out for a
single crystal of Fe2B2O5 at 12 and 300 K.

The temperature dependence of the magnetic susceptibility
was measured using a Quantum Design SQUID magnetometer
under zero field cooling (ZFC) conditions at an applied field of
10 kOe and 4–300 K.
3. Results and discussion

Table 1 lists the mixing molar ratios of the samples prepared in
the present study and the obtained crystalline phases. All three
Table 1
Mixing molar ratios of the samples, heating temperatures and compounds in the

Fe–B–O system.

Sample Mixing molar ratio Temperature (1C) Compounds

a-Fe 1
2Fe2O3

1
2B2O3

A 45 0 55 1050 Fe2B2O5, a-Fe, B2O3

B 2 4 6 1050 Fe2B2O5, Fe3BO5

C 4 4 15 1000 Fe2B2O5, B2O3
starting mixtures melted by heating at 1000–1050 1C and single
crystals of Fe2B2O5 were formed at the bottom of the Pt crucible.
The single crystals were transparent and yellowish, and had
needle-like or columnar shapes. The crystals were easily cleaved
along the plane perpendicular to their elongation direction. Fig. 1
shows an optical micrograph of a cleaved crystal with a thickness
of 0.2–0.3 mm.

Sample A prepared with a-Fe and B2O3 consisted of Fe2B2O5,
a-Fe and B2O3, and contained a dispersion of fine a-Fe particles
around 50mm in size. These fine a-Fe particles could not be
completely separated from Fe2B2O5 crystal grains by magnetic
separation and washing with acid solutions. Thus, Fe2O3 was
added to the starting materials as a pro-oxidant for a-Fe in
samples B and C.

Fe2B2O5 would be formed by the following reaction:

2Feþ 2Fe2O3 þ 3B2O3 ¼ 3Fe2B2O5

Yellow (Fe2B2O5) and black (Fe3BO5) crystals were formed from
the mixture with a molar ratio of Fe/B ¼ 1.0 in the starting
materials (sample B). Fe3BO5 was probably formed by evaporation
of B2O3 during heating and the molar ratio Fe/B in the starting
mixture became larger than 1.0. After the synthesis, an H3BO3

deposit, which was probably derived from the condensed B2O3,
was observed in the cooler part of the quartz glass tube.

Excess B2O3 and a-Fe were added to the starting mixtures of
sample C in order to maintain excess B2O3 and reduction
conditions, since Fe3BO5 ðFe2þ

2 Fe3þO2BO3Þ includes Fe(III) ions.
Most XRD peaks from the powdered sample C were indexed with
the triclinic unit cell parameters of Fe3B2O5. Preferred orientations
of the (1̄02) and (011̄) planes were observed. Small XRD peaks
of B2O3 were also seen, but no peaks from a-Fe and Fe3BO5 were
detected.

SEM observation and EDX analysis of Fe2B2O5 single crystals
were performed without any conductive coating at an electron
accelerating voltage of 10–20 kV. Only oxygen and iron elements
were detected by EDX spectroscopy.

The crystal data and results of structure refinement for Fe2B2O5

are summarized in Table 2. Fe2B2O5 crystallizes in a triclinic unit
cell (P1̄ (No. 2)) and was refined with good final R-indices
of R1 ¼ 0.020 and wR2 ¼ 0.059 [I 4 2s(I)]. Refined unit cell
parameters (a ¼ 3.2388(2), b ¼ 6.1684(5), c ¼ 9.3866(8) Å, a ¼
104.613(3)1, b ¼ 90.799(2)1 and g ¼ 91.731(2)1) were consistent
with those reported by Block et al. (a ¼ 3.25, b ¼ 6.18, c ¼ 9.40 Å,
a ¼ 104.171, b ¼ 90.621 and g ¼ 91.481).

Table 3 lists the refined positional parameters, and equivalent
isotropic displacement parameters. Fe and B atoms have two sites,
and O atoms have five sites. All these sites are at general 2i
Fig. 1. Optical microscope photograph of a single crystal of Fe2B2O5.
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Table 2
Crystal data and structure refinement for Fe2B2O5.

Chemical formula Fe2B2O5

Formula weight, Mr (g mol�1) 213.32

Temperature, T (1C) 25(2)

Crystal system, space group Triclinic, P1̄ (No. 2)

Unit cell dimensions a ¼ 3.2388(2) Å, a ¼ 104.613(3)1

b ¼ 6.1684(5) Å, b ¼ 90.799(2)1

c ¼ 9.3866(8) Å, g ¼ 91.731(2)1

Unit cell volume, V (Å3) 181.33(2)

Z 2

Calculated density, Dcal(Mg m�3) 3.907

Radiation wavelength (MoKa), l (Å) 0.71073

Absorption coefficient, m (mm�1) 7.89

F000 204

Crystal size (mm3) 0.07�0.06�0.06

2y Range for data collection 6.81–54.91

Limiting indices �4rhr4, �8rkr8, �12rlr12

Reflections collected/unique 1797/820 [Rint ¼ 0.023]

Absorption correction Numerical

Data/restraints/parameters 820/0/82

Goodness-of-fit on F2, S 1.24

Final R indices [I42s(I)]

R1, wR2 0.020, 0.059

R indices (all data) R1, wR2 0.029, 0.042

Largest diff. peak and hole, Dr (e Å�3) 0.71 and �0.65

R1 ¼
P

||Fo|�|Fc||/
P

|Fo|. wR2 ¼ ½
P

w � ðF2
o � F2

c Þ
2=
P
ðw � F2

oÞ
2
�1=2, w ¼ 1=½s2 � ðF2

oÞþ

ð0:0118PÞ2 þ 0:2267P�, where Fo is the observed structure factor, Fc is the

calculated structure factor, s is the standard deviation of F2
c , and

P ¼ ðF2
o þ 2F2

c Þ=3. S ¼ ½
P

w � ðF2
o � F2

c Þ
2=ðn� pÞ�1=2, where n is the number of

reflections and p is the total number of parameters refined.

Table 3
Atomic coordinates and equivalent isotropic displacement parameter, Ueq(Å2), for

Fe2B2O5.

Atom x y z Ueq
a

Fe1 0.73942(16) 0.20967(9) 0.36226(6) 0.00878(15)

Fe2 0.23610(16) 0.36376(9) 0.10085(6) 0.00766(15)

O1 0.2628(8) 0.6917(4) 0.0557(3) 0.0081(5)

O2 0.2224(8) 0.0870(5) 0.1813(3) 0.0111(5)

O3 0.7405(8) 0.4740(4) 0.2600(3) 0.0091(5)

O4 0.5545(8) 0.8568(4) 0.2980(3) 0.0120(6)

O5 0.7668(8) 0.7248(5) 0.5001(3) 0.0107(5)

B1 0.6986(12) 0.6782(7) 0.3539(4) 0.0073(8)

B2 0.3368(12) 0.8756(7) 0.1700(4) 0.0069(8)

All atoms are at 2i Wyckoff position with occupancy of 1.0.

a Ueq ¼ ð
P

i

P
jUija

�
i a�j ai � ajÞ.

Table 4
Selected bond lengths (Å), bond angles (1), bond valence sums (BVS), and distortion

indices for Fe2B2O5.

Bond length (Å)

Fe1–O5i 2.008(3) Fe1–O5ii 2.087(3) Fe1–O3 2.091(3)

Fe1–O4iii 2.170(3) Fe1–O2iv 2.324(3) Fe1–O2 2.336(3)

Fe2–O2 2.033(3) Fe2–O1v 2.129(3) Fe2–O1 2.169(3)

Fe2–O3 2.171(3) Fe2–O1vi 2.181(3) Fe2–O3vii 2.211(3)

B1–O5 1.343(5) B1–O3 1.355(5) B1–O4 1.422(5)

B2–O2viii 1.345(5) B2–O1 1.363(5) B2–O4 1.416(5)

Fe1–Fe1iv 3.2388(8) Fe1–Fe2 3.2773(6)

Fe2–Fe2iv 3.2388(8) Fe2–Fe2vi 3.2945(6) Fe2–Fe2v 3.2293(6)

B1–B2 2.632(4)

Bond angle (1)

O3–B1–O5 124.7(4) O3–B1–O4 119.2(3) O4–B1–O5 116.2(3)

O1–B2–O2viii 128.0(3) O1–B2–O4 120.4(3) O2viii–B2–O4 111.6(3)

B1–O4–B2 136.0(3)

Fe1–Fe2–Fe2iv 60.28(4) Fe2–Fe2iv–Fe1 60.44(4) Fe2iv–Fe1–Fe2 59.28(4)

Fe2–Fe2iv–Fe2vi 61.24(4) Fe2iv–Fe2vi–Fe2 59.52(4) Fe2vi–Fe2–Fe2iv 59.24(4)

Bond valence suma

Fe1(VI) 1.95 Fe2(VI) 1.98

B1(III) 3.00 B2(III) 2.98

Distortion indexb

Fe1O6 0.050 Fe2O6 0.021

Symmetry codes: (i) �x+2, �y+1, �z+1; (ii) �x+1, �y+1, �z+1; (iii) x, y�1, z; (iv)

x+1, y, z; (v) �x, �y+1, �z; (vi) �x+1, �y+1, �z; (vii) x�1, y, z; (viii) x, y+1, z.

a Bond valence sum: Vj�
P

i exp[(l0–lij)/B], where l0 is the bond valence

parameter (BVP) presented by Brese and O’Keefe for B–O and Fe–O, lij is the

distance between i and j atoms, and B is a constant value of 0.37 Å. BVP values of B

and Fe ions are l0(B3+) ¼ 1.371 Å and l0(Fe2+) ¼ 1.734 Å, respectively.
b Distortion index: D�1/n

P
i[(li–lav)/lav], where li is the distance from the

central atom to the nth coordinating atom, and lav is the average bond lengths.
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Fig. 2. Displacement ellipsoid plot of the iron and boron coordination environ-

ments within Fe2B2O5 at 80% probability level. Symmetry labels correspond to

those defined in Table 4.
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Wyckoff position. Table 4 summarizes the bond lengths, bond
angles, bond valence sums (BVSs) [39,40] and Baur’s distortion
indices [41] for Fe2B2O5. The Fe–O distances (2.008(3)–2.336(3) Å)
and B–O distances (1.343(5)–1.422(5) Å) almost agreed with
those of other isostructural pyroborates mentioned above [14,22,
26,28,30–32]. The BVSs of B at the triangular centers (B1: 3.00, B2:
2.98) and Fe at the octahedral sites (Fe1: 1.95, Fe2: 1.98) suggest
that B and Fe are trivalent and divalent, respectively. Although
both FeO6 octahedra are distorted, the distortion index of Fe1O6

(0.050) situated at the end of the ribbon is about two times larger
than that of Fe2O6 (0.021). The distortion indices of other isotypic
pyroborates: M2B2O5 (M ¼Mg [22], Mn [26], Co [28], Cd [30])
were 0.042–0.048 for M1O6 and 0.016–0.020 for M2O6. The
octahedra of substituted compounds (MMnB2O5 (M ¼Mg, Co)
[31], M1.5Zn0.5B2O5 (M ¼ Co, Ni) [32]) are largely distorted (M1O6:
0.050–0.056, M2O6: 0.020–0.025).

The coordination environments for Fe and B atoms are drawn
with displacement ellipsoids in Fig. 2. B1 and B2 atoms are
coordinated by three O atoms, and planar B1O3 and B2O3 triangles
are connected to form a B2O5 group by sharing with an O4 atom.
Fe1 and Fe2 are in distorted oxygen octahedra.

As shown in Fig. 3(a), four FeO6 octahedra are linked by edge-
sharing to form an [Fe4O18] unit. The [Fe4O18] units are connected
along the a-axis, and form a ribbon-like substructure, where four
Fe atoms are arranged in the order of Fe1–Fe2–Fe2–Fe1 (Fig. 3(b)).
The ribbons are parallel to the a-axis, and five O atoms of the B2O5

group belong to three adjacent ribbons. Therefore, Fe2B2O5 has a
quasi-one-dimensional structure. As shown by the dashed lines in
Fig. 3(b), Fe atoms form a network which is almost hexagonal.

A light transmission spectrum for the single crystal of Fe2B2O5

with a thickness of about 0.3 mm (Fig. 1) is shown in Fig. 4. The
values of the transmittance were more than 40% in the region
of 380–780 nm, which indicated that it has transparency in
the visible light region. A diffuse reflection spectrum for the
powdered sample is shown in Fig. 5. The values of reflectance of
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b 

Fig. 3. (a) Crystal structure of Fe2B2O5 viewed in the [100] direction using Fe-centered oxygen octahedra. Light and dark octahedra are Fe1O6 and Fe2O6, respectively. (b)

View of a ribbon substructure drawn by using Fe-centered oxygen octahedra with an almost hexagonal arrangement of the Fe atoms.
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Fig. 4. Light transmission spectrum collected from the single crystal of Fe2B2O5
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Fe2B2O5 (Rsmp) were 35% in the region between 500 and 900 nm.
The lights less than 500 nm in wavelength were absorbed, and the
absorption edge was at 300 nm. The optical bandgap of Fe2B2O5

estimated by analytical calculation using the Kubelka–Munk
function [42,43] was around 3.6 eV.

The CL spectra of Fe2B2O5 measured under excitation by an
electron beam accelerated at 3.5 kV with 1.0�10�2 A cm�2 in
current density are shown in Fig. 6. A broad peak of 3.3–5.1 eV and
a strong peak of 5.799 eV were observed in the spectrum at 300 K.
The broad emission peak would correspond to the optical bandgap
of 3.6 eV estimated from the diffuse reflection spectrum. Strong,
sharp peaks were observed at 5.505 and 5.594 eV in the spectrum
measured at 12 K. Other small sharp peaks were detected at 3.321,
3.369 and 4.144 eV. Further investigations such as computational
studies by using LDA+U and GGA+U methods would conduce to
interpretation of the band gap and UV emission peaks based on an
electronic structure of Fe2B2O5.

Temperature dependence of the magnetic and inverse suscept-
ibility shown in Fig. 7 indicates that Fe2B2O5 is an antiferromagnet
with a Néel temperature of TNE70 K. A broad peak observed
at around 70 K in the w�T curve of Fe2B2O5 probably indicates
low-dimensional interactions derived from the ribbon-like
substructures similar to those studied by Fernandes et al. for
Mn2B2O5 [25]. Sarrat et al. proposed spin configuration of
Mn2B2O5 based on the electron density distribution of Mn2B2O5

by the maximum entropy analysis of single-crystal XRD data [26].
The distances between the Mn atoms of the adjacent ribbons are
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4.526–6.272 Å and electron density distributions were indicated
in the regions between the ribbons. According to their model,
all coplanar ribbons of Mn2B2O5 were ferromagnetic, and anti-
ferromagnetic behavior is derived from antiparallel magnetic
orientation between adjacent ribbons. The distances from Fe1 to
Fe1 and from Fe2 to Fe2 in the adjacent ribbons of Fe2B2O5 are
4.3620(6) and 4.7867(7) Å, respectively. The Fe1–Fe2 and Fe2–Fe2
distances in the ribbon are 3.2587(5) and 3.2293(6)–3.2388(8) Å,
respectively (Table 4). Therefore, intraplanar interactions of Fe
atoms should be stronger than interplanar interactions.

The positive Weiss temperature TW ¼ +36 K suggested the
existence of ferromagnetic spin–spin interactions. Antiferromag-
netic Mn2B2O5, which is a manganese analog of Fe2B2O5, has
a negative Weiss temperature of TW ¼ �27.8 K [25]. A similar
relation has been reported for the ilmenites M2+TiO3 (M ¼Mn and
Fe), having a layer magnetic structure. The Weiss temperatures
of FeTiO3 and MnTiO3 were positive (TW ¼ +59 K) and negative
(TW ¼ �219 K), respectively [44]. The intralayer ferromagnetic
interactions of iron compounds are presumably higher than those
of manganese compounds.

The Curie constant was C ¼ 3.517 emu K mol-Fe�1 Oe�1 when
the Curie–Weiss law was set at w–1

¼ 2C/(T+TW). The calculated
effective magnetic moment of Fe, Peff ¼ 5.3mB, well matches
Stoner’s empirical value (5.25–5.53mB) [45], suggesting that Fe is
divalent and in a high-spin state ðt4

2ge2
gÞ in Fe2B2O5.
4. Conclusion

The crystal structure of Fe(II) pyroborate, Fe2B2O5, with
triclinic and space group P1̄ (No. 2) was refined by single-crystal
X-ray diffraction. The single crystals of Fe2B2O5 were transparent
with more than 40% transmittance in the visible light region
of 380–780 nm. The optical bandgap estimated from the diffuse
reflectance was 3.6 eV. Also, broad emission in the range from 3.3
to 5.1 eV and strong emission at around 5.8 eV were observed
by cathodoluminescence spectroscopy. Temperature dependence
of the magnetic susceptibility showed the Néel temperature
of Fe2B2O5 to be 70 K. The divalent and high-spin state of Fe in
Fe2B2O5 was shown by the effective magnetic moment of 5.3mB.
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