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Abstract. Polycrystalline FeBO,4 prepared by solid-state reaction was investigated over a wide
temperature range usingddsbauer spectroscopy and magnetization and resistivity measurements.
The Mdssbauer data below 270 K reveal four iron sites (twé"Fend two Fé*) in a 1:1:1:1

ratio. Above this temperature, electron delocalization sets in between the divalent—trivalent iron
ions and up to 400 K both delocalized and localized iron states are observed. The magnetization
and Mossbauer data indicate that this oxoborate mixed-valence system is an L-type ferrimagnet
below 7, = 155 K, with the iron atoms in each sublattice having different point symmetries and
different magnetic interactions. The resistivity data show the first-order nature of the charge-
ordering transition7,, = 316 K).

1. Introduction

The iron borate FB0, is a mixed-valence iron (F&-Fe&'*) oxide and belongs to a family
of oxyborates with very interesting electronic and magnetic properties [1, 2]. Even though
the crystal and magnetic structures of this phase have been examined by means of neutron
diffraction [1], there is no report of detailed ddsbauer studies, mainly because of the
difficulties in preparing samples without ferrimagnetic impurities which hinder the consistent
analysis ofthe spectra. The crystal structure at 300 K has been found to differ from the originally
reported orthorhombic warwickite structure at 300 K [3] by a monoclinic distortion [1, 3].
Recent studies [4, 5] have shown the occurrence of a monoclinic—orthorhombic structural
transition at 317 K, with a concomitant charge delocalization above this temperature. Notably,
the extent of the charge-ordered domains is small (10-100 A) and no superstructure peaks
were observed in diffraction experiments. In neutron diffraction experiments magnetic peaks
were observed below 160 K and the magnetic structure was found to be commensurate with the
crystal one. The moments at the two Fe sites (M1 and M2) are antiparallel but the inequivalence
of the two sublattices results in an L-type ferrimagnetic order, which in the present work was
determined by both Kssbauer spectroscopy and SQUID magnetometry to occur at 185

In the present work, we report detailedostbauer measurements in the temperature
range 42 to 650 K. The analysis of the spectra reveals the existence of spin clusters close
to T, and above 270 K charge delocalization among the mixed-valence iron pairs. The mag-
netic (I, = 155 K) and the charge-ordering transitiorfs,(= 316 K) were determined by
magnetization and resistivity measurements, respectively.

0953-8984/00/020177+12$30.00 © 2000 IOP Publishing Ltd 177



178 A P Douvalis et al

2. Experimental procedure

Polycrystalline powder of 80,4 was prepared by solid-state reactions. Heat treatment, at
800 °C for 25 h, of stoichiometric amounts of FeBQx-Fe andx-FeO3, in an evacuated
quartz tube, gave pure F8O,. Mossbauer spectra with high statistics gave an upper limit of
0.2% for the iron oxides R®, anda-F&0s3.

The x-ray diffraction pattern at room temperature (RT) was taken in the Bragg—Brentano
geometry (from 10-80with a step of 003’) with Cu K radiation using a graphite crystal
monochromator (Siemens D500). The Rietveld profile analysis [6] revealed single-phase
material with the refined values of the unit-cell parameters at 300 K close to those reported by
Attfield et al[4,5]. The refined XRD pattern is shown in figure 1 and the refined parameters
are listed in table 1.
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Figure 1. The Rietveld refinement pattern for powder x-ray diffraction data foBiea at RT. The
observed intensities are shown by crosses and the calculated ones by the solid lines. The positions
of the Bragg reflections are shown by the small vertical lines below the pattern. The line at the
bottom indicates the intensity difference between the experimental and refined patterns.

Mossbauer measurements were carried out using a constant-accelerasshaher
system with ’Co(Rh) source maintained at room temperature. A closed-loop He system (Air
Products) and a variable-temperature liquid-nitrogen/helium cryostat (Oxford Instruments)
were used for low-temperature measurements anéssbhuer vacuum furnace was used for
measurements above RT. All isomer shifts are quoted relative to that of iron metal at RT. The
bulk magnetic susceptibility measurements were performed using a SQUID magnetometer
(Quantum Design) in the temperature range 4.2—350 K. Four-probe resistivity measurements
with and without a magnetic field were performed on a sintered barn&®gfrom 350 to 200 K
(below which the extremely large resistance of the sample precluded accurate measurement).
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Table 1. Refined fractional atomic positions, unit-cell parameters and reliability factors derived
from x-ray diffraction data for FeBO4. The monoclinic space group?2; /c (No 14) was used. The
various ions occupy the 4e, y, z) site. The numbers in the parentheses are the statistical errors of
the last significant digit.o( = 3.17592) A, b = 9.3811(5) A, ¢ = 9.24285) A, g = 90.247(2)°,

R, =4.4,Ry,, =81,Rp =279.)

Atom X y z

Fe(M1) 0.752(2) 0.0679(2) 0.1183(2)
Fe(M2) 0.248(1) 0.1944(2) 0.3985(2)

B 0.749(9) 0.381(2)  0.167(2)
o1 0.246(4)  0.1192(8)—0.0091(6)
02 0.752(5) 0.0093(8)  0.2682(8)
03 0.737(5) 0.2533(7) 0.242(1)
04 0.756(5) 0.3732(8) 0.0178(8)

3. Results and discussion

3.1. Susceptibility measurements

Figure 2 shows magnetic susceptibility measurementgefsusT’) in both zero-field (ZFC)
and field-cooling (FC) modes for magnetic fields of 1 and 50 kOe. The ZFC cuk/e=af kOe
shows a sharp maximum just beldy = 155 K. The corresponding curve in 50 kOe shows
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Figure 2. Magnetic susceptibility
versus temperature in ZFC and
E FC modes of FgBO4 in applied
__— } magnetic fields of 1 and 50 kOe.
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a broad maximum around 100 K and the transition is smeared out. BElpfor both

fields the two branches (ZFC and FC) diverge. The maximum observed in the susceptibility
around 80 K # = 1 kOe) in the FC mode cannot be explained by solely antiferromagnetic
ordering and is characteristic of L-type ferrimagnetic ordering in accordance with previous
results [5]. The ferrimagnetic character is also reflected in the different temperature dependence
of the hyperfine fields determined from thedbkbauer spectraifle infra). A Curie—Weiss

law x = C/(T — ©,) is followed in the range 200-300 K with a rather large negative
value of ®, and a large constar, unexpected from the free-ion Curie constants of the
constituent ions. Note that the valuesyoin this temperature range have magnitudes of*10

to 10°° emu g* Oe . This behaviour implies ferromagnetic pair correlations even in the
paramagnetic state, above 155 K [7]. The susceptibility curve (see the inset in figure 2) shows
three changes in the slope at around 120, 90 and 50 K, which could be attributed to the different
temperature dependences of the magnetic moments in the two sublattices.

3.2. Resistivity measurements

Figure 3 shows the temperature dependence of the resistivity in @ Vegsus YT plot.
Below 270 K the resistivity can be described by a thermally activated electron hopping law
(p = Aexp(—E,/kgT)) with activation energyz, = 0.33 eV. The charge-ordering transition
(marked for clarity at the change in the slope of the variatiop wersusT in the inset of
figure 3) atT,., = 316 K clearly shows hysteresis, indicative of a first-order transition. In the
vicinity of the charge-ordering transition the resistivity shows a rather complicated temperature
variation.

T T T T T T T T T T T T T T T T T T
pvsT

., T, 316K
1000

500 |

ATTTTETTI ETTTTITR TR e

300 310 320 330

p(Qcm)

10° F

240 250 260 270 280 290 300 310 320 330 340 350
l/temperature (K™)

Figure 3. A plot of log p versus ¥ T (with a descending/AT" scale with7 indicated) for FeBO4.
Inset: the variation op versusT near the charge-ordering transition, which is marked by a change
of slope atl,, = 316 K.
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3.3. Mdssbauer data

The Mossbauer spectra (MS) at all temperatures revealed th&Ozewas the only Fe-
containing phase. This is crucial for the analysis of thisskbauer and magnetic susceptibility
data. Representative MS fronP4ip to 650 K are shownin figures 4,5, 6 and 7. Fot 155K

we observed six-line MS due to magnetic interactions (magnetic order) and Bbevé55 K
paramagnetic spectra were observed. In the temperature region I55% 270 K the fitted
parameters indicate localized¥and Fé* states. From 270 to 400 K delocalized (hyperfine
parameters corresponding to’Pé) and localized Fe states coexist. Finally, above 400 K only
the delocalized state is observed.
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Figure 4. Mossbauer spectra recorded at temperaturésgure 5. Mdssbauer spectra at (a) 315 K and (b) 315 K

between 160 and 270 K. The solid lines result from leastwith the solid line indicating the localized spectrum after

squares fits using Lorentzians (the parameters are showappropriate scaling, (c) the difference spectrum of the two

in table 2). spectra shown in (b), and (d) that at 650 K. The solid lines
in (a), (c) and (d) are the components used for the fitting
of the spectra.
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Table 2. Experimental values of the half-linewidih/2 in mm s1, the isomer shifs relative

to that ofa-Fe at RT in mm 5! and the quadrupole shithEp in mm s1 as obtained from
least-squares fits of the d4sbauer spectra of 8804 between 160 and 270 KAE, denotes

the eigenvalues of the Hamiltonian of the quadrupole interaction that are given by the relation
AEg = (1/2¢2q Q(1 +1?/3Y/2.

T (K) Site & AEg T/2 Area (%)

160 F§* 051 064 018 26
FE* 051 049 014 25
F&€* 115 1.99 017 25
F€* 117 245 016 24

220 F¢" 046 063 018 26
FE* 046 048 014 25
F&€* 113 170 017 25
F&* 113 245 016 24

270 F§* 043 062 018 26
FE* 043 048 014 25
F&€* 111 162 017 25
Fe€* 111 247 016 24

3.3.1. Mssbauer spectra fof > T.. The MS recorded for 155 T < 270 K (figure 4)
show well resolved absorption lines, while fbr> 270 K (figures 5 and 6) broadened, more
complex, quadrupole-split MS were obtained.

The MS in the temperature region 1557 < 270 K were analysed with four doublets.

The fitting parameters are listed in table 2 and it is clear that two of the doublets can be
assigned to high-spin, octahedrally oxygen-coordinatéd, Fgnile the other two doublets can

be assigned to high-spin Fewith the same oxygen coordination [8]. The area ratio of the
four components is B&Fe*:Fe*:Fe* = 1:1:1:1 and thus the Peand Fé"* ions are evenly
distributed among the M1 and M2 sites. This consistent equal occupancy throughout the above
temperature range indicates equal Debye—Waller factors for all of the corresponding iron sites.

The quadrupole splitting values of theZ*eand F&* are different, as are those of Fe
and Fg*. Also, the temperature variation of the quadrupole splitting of thg Eemore
pronounced than that of the #e All of these results can be explained by the fact that the
symmetry at one of the two crystallographic Fe sites is less distorted [9].

Above 270 K a four-component fit does not reproduce the spectra and above 340 K the
spectral resolution is lost. Fa@F > 400 K the spectra are again well resolved, consisting of
three sharp lines, which can be fitted with two components. The isomer shift of these two
components (table 3) is equal to the average value of the four components used below 270 K
(corrected for second-order Doppler shift), indicating a delocalized intermediate-valence state,
where the excess electron of4és equally shared among the¥eand Fé* sites. In other
words, the valence of these delocalized states takes the formal valuéfrroic ions’).

In the temperature range 270-400 K, as the temperature is raised, we observe a decrease
of the rightmost absorption lines (characteristic of‘Fsites) and the spectral resolution in
the middle of the spectrum is also decreased. In order to examine the evolution of the MS in
the temperature region 270-400 K, we employed difference spectra. A difference spectrum
was obtained by subtracting the four-doublet patterfi at 270 K (figure 4) from the raw
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Figure 6. Representative Kssbauer spectra of #8804 at 7 > 270 K. The solid lines are least-
squares fits as described in the text (the parameters are listed in table 3).

data at 315 K (figure 5(b)), after appropriate scaling. The difference spectrum (figure 5(c))
shows a profile very similar to the one that appearet at 470 K (figure 5(d)). As a result,

the difference spectrum could be attributed to totally delocalized sites. An analysis of this
difference spectrum with two doublets, like that at 650 K, with relative area ratio 1:1, did
not give reasonable fits. More plausible fits were obtained with three doublets whose area
ratio was 0.5:0.5:1. The isomer shift values of the three doublets are equal and fairly close
to the weighted average of those forPFand Fé* with an octahedral oxygen environment.
Therefore, in order to fit the MS taken in the temperature range 270-400 K we had to use four
localized sites similar to those usediak 270 K plus three additional doublets corresponding

to three sites with totally delocalized charge (see table 3), as shown in figure 6. The isomer shift
and quadrupole splitting values for the localized sites are typical for high-spin ferric and ferrous
ions in octahedral coordination with oxygens. For the three delocalized sites the isomer shift
values can be readily interpreted as arising from an ir@? Fexidation level with quadrupole
splitting values intermediate between those of'femd F&* in the same environment, but not
equal to the average values which would be expected for equivalent sites in a totally delocalized
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Table 3. Experimental values of the half-linewidih/2 in mm s1, the isomer shif relative

to that ofa-Fe at RT in mm 5! and the quadrupole shithEp in mm s1 as obtained from
least-squares fits of the d4sbauer spectra of 80, between 270 and 650 KAE, denotes

the eigenvalues of the Hamiltonian of the quadrupole interaction that are given by the relation
AEg = (1/2¢2q Q(1 +1?/3Y/2.

T (K) Site 8 AEp T/2  Area (%)

305 Fé* 040 062 018 20
Fe3* 0.39 045 0.18 20
Fe2* 1.08 154 020 20
Fex* 1.08 242 018 20
Fe*5* 0.73 076 0.20 5
Fe*5* 072 1.38 0.23 5
Fe5* 072 020 018 10

315 Fé* 039 055 0.18 19
Fe¥* 0.39 038 018 19
Fe¥* 1.07 144 019 18
Fe* 1.07 240 018 18
Fe&5* 071 074 020 7
Fe5* 071 138 023 6
Fet5* 071 0.18 0.8 13

325 Fé* 038 052 018 17
Fe¥* 0.38 0.36 018 17
Fe?* 1.06 136 020 17
Fe?* 1.06 240 018 17
Fe25* 070 075 0.20 8
Fe5* 070 133 023 8
Fe5* 070 0.22 017 16

335 Fé* 037 051 019 15
Fe* 037 031 019 15
Fext 1.05 120 021 15
Fext 1.05 226 019 15
Fet5* 069 075 018 10
Fe*5* 069 124 022 10
Fe*5* 068 020 017 20

Fe*—F&* pair. This situation may arise from the fact that the electric field gradient (EFG)
tensors in the mixed-valence pairs do not coincide and/or the site symmetries are different.
Thus, the two iron sites of the delocalized pair are not equivalent from the quadrupole splitting
point of view.

Some remarks regarding the temperature variation of the hyperfine parameters of the
quadrupole doublets are of interest here. The temperature variation of the isomer shift values
is linear as expected from the second-order Doppler-shift effect. The quadrupole splitting
values of the localized sites display an abrupt decrease at about 320 K which is consistent with
the monoclinic-to-orthorhombic structural phase transition at 317 K [4,5]. It is interesting to
note that delocalization appears close to this temperature. We may thus assume that these two
phenomena are interconnected.

To summarize the unusual temperature variation of the MS in the paramagnetic regime,
below 270 K the charges are localized resulting in twé*Fand two Fé&* ions equally
distributed at the M1 and M2 crystallographic sites, and above 270 K charge delocalization
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Table 3. (Continued)

T (K) Site 8 AEp T/2 Area (%)

345 Fé* 036 048 024 11
Fe** 0.36 0.30 0.22 10
Fe?* 1.04 1.00 023 10
Fe?* 1.04 190 025 11
Fe*5* 068 072 018 15
Fe*5* 068 1.08 022 14
Fe5* 068 0.18 018 29

375 Fé* 033 050 027 6
Fe¥* 033 030 025 7
Fe¥* 1.01 076 023 6
Fe¥* 1.01 144 029 7
Fe5* 065 071 019 19
Fe*5* 065 0.89 0.23 18
Fe5* 065 018 0.18 37

475 F&5* 061 0.85 0.19 50
Fe5* 061 0.18 0.18 50

525 F&S* 059 081 0.15 50
Fe5* 058 0.12 015 50

650 F&5* 050 074 015 50
Fe5* 049 012 015 50

starts between Féand Fé* ions producing intermediate-valence states and charge disorder.
The delocalization process is completed at about 400 K; however, in this temperature range
localized and delocalized states coexist. The localization—delocalization transition in the
temperature range 270-400 K might be associated with the crystallographic transition observed
atT = 316 K.

3.3.2. Mbssbauer spectra fdf < T,.. Representative magnetically split spectra are shown

in figure 7. Below 110 K the absorption lines are sharp and the shape of the MS is typical for a
multicomponent well resolved Zeeman-split spectrum. Above 110 K the MS show broad lines
and substantial absorption around zero velocity, which implies that these spectra comprise
magnetic as well as paramagnetic components, whose area increases as the temperature is
raised.

Starting at lower temperatures, where only magnetic hyperfine splitting is observed, we
employed four Zeeman-split components (sextets) with Lorentzian line shapes. Following the
analysis of the paramagnetic spectra in the charge-localized regime, the area ratio of the four
magnetic components was 1:1:1:1. The initial isomer shift and quadrupole splitting values
for these magnetic components were deduced from those of the paramagnetic spectra with
the appropriate correction for second-order Doppler shift. This fitting scheme gave adequate
x?-fits and consistent hyperfine parameters. Representative fitted MS at 26 and 80 K are shown
in figure 7 and the fitted parameters are listed in table 4.

From the values of the hyperfine parameters in tables 2 and 4, we can conclude that for
T < 110K, the magnetic components can be directly assigned to the paramagnetic components
observed above 155 K, corresponding to twé'Fend two Fé* sites.

Above 120 K a paramagnetic central feature appears, which dominates the spectrum as we
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Figure 7. Representative Kssbauer spectra f@r < 155 K. The solid lines are theoretical curves
computed with the parameters of table 4.

approachr,. This is untypical behaviour for an isotropic magnetically ordered system where
the MS below the transition temperature consist only of sextets with narrow Lorentzian lines.
The observed temperature evolution of the magnetic MS and the coexistence of magnetic and
paramagnetic components as we apprdadiave been observed in several studies [10-14].

Line broadening of the MS in magnetically ordered systems in this temperature regime
may occur for several reasons. The most common are chemical inhomogeneities (macroscopic
or/and microscopic), superparamagnetic behaviour due to small crystallite<$ize (gm),
spin-cluster relaxation, amorphous and spin-glass behaviour. Chemical inhomogeneities may
create a narrow distribution of transition temperatures which in turn result in asymmetric
broadening and the presence of paramagnetic components in a temperature range very close
to T,. However, the symmetrically broadenedbébauer lines and the well defined magnetic
components fo’ < 80 K do not support the existence of inhomogeneities. The case of
superparamagnetic behaviour due to small crystallite size has to be excluded on the basis of
the fact that theT,s determined from Nssbauer spectroscopy and magnetic susceptibility
measurements are the same. Similarly, in the case of amorphous or spin-glass magnetic
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Table 4. Experimental values of the half-linewidify2 in mm s°1, the isomer shifs relative to

that ofa-Fe at RT in mm 52, the quadrupole shihEg in mm s, the hyperfine magnetic field

H in kG and the hyperfine magnetic field sprea#f modulating the linewidths, as obtained from
least-squares fits of the ddsbauer spectra of f80,4 below 7.. AE, denotes the eigenvalues

of the Hamiltonian of the quadrupole interaction or of the quadrupole perturbation that are given
by the relationsA Eg = (1/2)e2q Q(1 +n?/3)Y2 andAEg = (1/4e?qQ(3cog 6 — 1) for the
paramagnetic and the magnetic cases respectively. The asterisks in the table refer to the latter
equation forAEg.

T (K) Site & AEg T'/J2 H AH 1 0 ¢ Area (%)

150 Fé* 051 066 019 — — S — 7
Fe* 051 051 019 — — SN — 7
Fe* 117 200 023 — — SR — 7
Fe* 117 244 023 — — SR — 7
Fe* 051 —0.07 0.17 214 24 - — — 18
Fe* 051 015 0.17 223 22 - — — 18

F&€* 1.17 —2.00 0.17 35 9 0.3 117 349 18
F&€* 117 247 0.17 135 15 0.4 91 339 18

140 Fé* 051 068 018 — — — — @ — 4
Feé* 051 053 018 — — — — @ — 4
F&€* 118 200 022 — — — — @ — 4

Fet 118 247 022 — — S — 4
Fe* 051 —0.07 017 328 7 - - - 21
Fe* 051 0.16 017 343 8 - - - 21
Fet 118 —2.00 017 76 1 04 115 348 21
Fe* 118 247 017 236 4 04 93 339 21

80 Fé* 052 —0.04 016 455 — - — — 25
Feé* 052 016 015 480 — - — — 25
F&€* 1.20 —2.16 0.19 106 — 0.7 116 350 25
F&€* 120 248 0.16 334 — 0.4 94 347 25
26 Fé* 054 —0.06 015 481 — - — — 25
Feé* 054 015 016 507 — - — — 25
F&* 1.22 —2.18 0.19 114 — 08 115 355 25
F&* 122 248 0.17 358 — 0.4 93 351 25

systems we would expect to observe broad magnetic M3 fer 7., present down to low
temperatures?(/T. — 0) without any paramagnetic components for< T, in contrast

with the observed MS. Excluding all of these possibilities, we are left with superparamagnetic
relaxation of spin clusters. A model based on vacancies and defects on each magnetic chain
can result in spin clusters of various sizes with superparamagnetic behaviour and reproduces
the observed spectra. This model is supported by the absence of superlattice peaks in neutron
and x-ray diffraction studies [4], which suggests that the charge-ordered domains are small
(10-100 A). Accordingly we simulated the magnetic part of the spectra above 110 K with one
magnetic component (sextet) for each of the four sites modulated by a distribution of hyperfine
fields (A H), plus four paramagnetic components corresponding to those observedZabove
Representative results of the fits are shown in figure 7 and the fitted parameters are listed in
table 4.
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4. Conclusions

Itis shown by Mdssbauer spectroscopy that thelB®, mixed-valence iron oxide &t < 270K

has clearly recognizable, localizec?Fand Fé* sites. Above this temperature, delocalization
starts which spreads throughout the crystal as the temperature increases and is completed at
400 K. This localization—delocalization process is correlated with a charge-order—disorder
transition. Localized and delocalized states coexist over a relatively large temperature region.
The magnetization and theddsbauer data reveal magnetic ordering at 155 K and spin-cluster
dynamics below this temperature.
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