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Abstract

Lanthanide orthoferrites have wide-ranging industrial uses including solar,
catalytic and electronic applications. Here a series of lanthanide orthoferrite
perovskites, LnFeO3; (Ln = La; Nd; Sm; Eu; Gd), prepared through a standard
stoichiometric wet ball milling route using oxide precursors, has been studied.
Characterisation through X-ray diffraction and X-ray fluorescence confirmed the
synthesis of phase-pure or near-pure LnFeO; compounds. >’Fe Mossbauer
spectroscopy was performed over a temperature range of 10 K to 293 K to observe
hyperfine structure and to enable calculation of the recoil-free fraction and Debye
temperature (8p) of each orthoferrite. Debye temperatures (Ln = La 474 K; Nd 459 K;
Sm 457 K; Eu 452 K; Gd 473 K) and recoil-free fractions (Lh = La 0.827; Nd 0.817;
Sm 0.816; Eu 0.812; Gd 0.826) were approximated through minimising the
difference in the temperature dependent experimental Centre Shift (CS) and
theoretical Isomer Shift (IS), by allowing the Debye temperature and Isomer Shift
values to vary. This method of minimising the difference between theoretical and
actual values yields Debye temperatures consistent with results from other studies
determined through thermal analysis methods. This displays the ability of variable-
temperature Mossbauer spectroscopy to approximate Debye temperatures and
recoil-free fractions, whilst observing temperature induced transitions over the
temperature range observed. X-ray diffraction and Rietveld refinement show an
inverse relationship between FeOg octahedral volume and approximated Debye
temperatures. Raman spectroscopy show an increase in the band positions
attributed to soft modes of Ay symmetry, Ag(3) and Ag(5) from La to GdFeOs;
corresponding to octahedral rotations and tilts in the [010] and [101] planes
respectively.

Key words: Méssbauer Spectroscopy; Debye Temperature; Rare-Earth Orthoferrite;
ReFeOg3; LnFeO3

1. Introduction

LnMeQO3, lanthanide metal oxide perovskites, have attracted considerable
attention for a wide variety of potential applications. To highlight a few examples, (La,
Sm, Eu, Gd)FeOs; exhibit photocatalytic properties [1,2]; LaFeO3; can be a



heterogeneous catalyst [3-5]; (La, Sm)FeO3; thick films have chemical sensing
properties [6,7]; and La(Mn,Cr)O3; has been used for cathodes and interconnects in
solid-oxide fuel cells [8]. Fundamental studies of these materials utilising synchrotron
techniques have been recently conducted, for example neutron diffraction of TbFeOs3
to understand it's multiferroic nature [9]; and of NdFeO3 to understand temperature
induced spin reorientation and structural changes [10]. In recent years there have
been a number of lengthy review articles of perovskite oxides in the interests of
ferroelectricity [11], piezoelectricity [12], environmental catalysts [13] and for solar
cell applications [14,15]. Advantages of perovskite ceramics over conventional
materials are often cited as their lower price, facile synthesis routes and ability to be
compositionally tailored to suit the application.

LnFeO3 perovskites have distorted orthorhombic structures [16], wherein the
Fe** is co-ordinated with 6 oxygen as FeOg octahedra [17] and the larger Ln** cation
is co-ordinated with 12 oxygen atoms, as illustrated schematically for GdFeOs3 in
Figure 1. These materials have been studied extensively, using Raman
spectroscopy [18,19], X-ray diffraction [20,21] and M&ssbauer spectroscopy [3,5,17]
amongst other techniques, to characterise their vibrational, structural, electronic and
magnetic properties. Advances in synthesis techniques and the more recent ability to
prepare supported perovskites [22,23], coupled with the wide range of applications
for these materials, are motivations behind this present work.

In this work, variable temperature *’Fe Mdssbauer spectroscopy has been
used to approximate the Debye temperature and recoil-free fractions of five rare-
earth orthoferrites. More than a comparative investigation of lanthanides, the findings
of this study will provide useful information for further studies in which these
materials may act as a baseline for changes to nominal composition or structure,
synthesis routes, support matrices and post-processing treatments.



Figure 1. Polyhedral schematic of GdFeO3; orthorhombic perovskite unit cell
rendered in VESTA © [24,25]. Lattice parameters are shown in Table 1.

2. Experimental Procedures
2.1 Perovskite synthesis

Conventional solid-state ceramic synthesis of LnFeO3; (Ln = La, Nd, Sm, Eu,
Gd) materials was carried out, using Fe,O3; (98%, Alfa Aesar) and either La,O3
(>99.9%, Arcos Organics), Nd,O3 (>99.9%, Arcos Organics), Sm,03 (>99.9%, Alfa
Aesar) Eu,O3 (>99.9% Alfa Aesar), or Gd,O3 (99.99%, Strem Chemicals). Other
synthesis routes have been reported for LnFeO3 perovskite oxides, including flame
spray pyrolysis, microwave crystallisation and auto combustion [5,17,26], and the
physical properties of the perovskites are known to be dependent on the synthesis
method [13,27]. Solid-state sintering was utilised for this work to produce dense
monoliths and to avoid particle-size induced variables. To prepare 100 g of LnFeOs3,
dried (>48 h, 120 °C), Ln,O3 and Fe,O3 precursors were weighed in the required 1:1
molar ratios. These powders were placed in a 250 ml polyethylene bottle with = 500
g of yttrium-stabilised zirconia (YSZ) milling media and = 100 ml of propan-1-ol, and
then were milled using a roller ball mill for 24 hours. The resultant slurries were air
dried and subsequently calcined in an electric furnace in air at 800 °C for 24 hours
before being sieved through a 75 ym mesh. The process, from milling, was repeated
for a second time, after which 10 mm diameter green compacts were made by
uniaxial pressing under applied pressure of = 3 tonnes for 90 seconds. Green
compact pellets were then fired in an electric furnace in air using a controlled heating
rate of 5 °C /min, followed by holding for 4 hours at a temperature of 1200 °C,
following which the pellets were cooled inside the furnace. After sintering, the pellets
were powdered using a manual pestle and mortar, and sieved to a particle size < 75
Mm.



2.2 X-ray Fluorescence

Elemental analysis was performed using a PANalytical MagiX Pro X-ray
Fluorescence (XRF) spectrometer equipped with a Rh anode. Powdered samples
were mixed with cellulose binder and pressed into pellets using a 20 tonne force in a
Retsch PP40 hydraulic press. For this XRF spectrometer, Na is usually the lightest
element detectable, and any unexpected Rh lines observable are attributed to the
anode x-ray source. Accuracies of the resultant data in this study are estimated to be
+ 0.2 % of the values provided by the analysis.

2.3 X-ray diffraction

Phase identification was performed using room temperature powder X-ray
diffraction on powdered pellets using an Empyrean PANalytical diffractometer in
Bragg-Brentano geometry. Samples were mounted on a reflection / transmission
spinner stage rotating at 15 rpm, irradiated with Cu K, radiation (A = 1.5406 A) over a
°26 range of 20 to 80 degrees, with step size 0.013 °28 and step time 68.59 seconds,
10 mm incident mask, 1° anti-scatter and divergence slits, and a nickel beta filter. X-
rays were detected using a PIXCEL-3D area detector. Phases were identified by
fingerprinting against the ICDD database using the PANalytical software, X'Pert
HighScore Plus. Crystal structures of the LnFeO3 perovskites were refined by the
Rietveld method [28] using FULLPROF software [29].

2.4 Raman Spectroscopy

Raman spectroscopy measurements were carried out using a Thermo
Scientific DXR2 spectrometer with a depolarised 10 mW 532 nm laser, on powdered
samples of the synthesised materials, between 200 and 2000 cm™. Calibrations with
the proprietary Thermo alignment tool were carried out before, during and after each
sample measurement.

2.5 °’Fe Méssbauer Spectroscopy

For transmission °’Fe Mossbauer spectroscopy measurements, acrylic
absorber discs with a sample area of 1.767 cm? were loaded to present 2.16 x 103
g/cm? of Fe to achieve a Mossbauer thickness of 1 [30]. Sample weights of 0.013 g
were homogeneously mixed with graphite to achieve this level of loading. The 14.4
keV y-rays were supplied by the cascade decay of 25 mCi °’Co in Rh matrix source,
oscillated at constant acceleration by a SeeCo W304 drive unit, and detected using a
SeeCo 45431 Kr proportional counter operating with 1.745 kV bias voltage applied to
the cathode. All measurements were carried out over a velocity range of +/- 12 mm
s™ due to the presence of high-field magnetic splitting, and were calibrated relative to
a-Fe foil. Spectral data were fitted using the Recoil software package [31], using
Lorentzian line shapes. Sub-ambient temperatures were maintained using a Janis 10
K CCR cytostatic spectrometer (Model CCS-800/204N) and Lakeshore 335
temperature controller.






3. Results
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Figure 2. X-ray diffractogram of LnFeOs series (La to Gd, top to bottom). Circles

indicate second phase.

Table 1. Lattice parameters of LnFeO3 perovskites refined by Rietveld refinement
from referenced starting structures.

LnFeOs; LaFeOs; NdFeOs; SmFeOs; EuFeOs; GdFeOs;
a(A) 5.55531(16) | 5.45509(8) | 5.40201(8) | 5.37715(8) | 5.35188(9)
b (A) 5.5602(2) 5.57756(9) 5.59063(8) 5.59319(9) 5.59788(10)
c (A 7.85114(19) | 7.76423(12) | 7.71054(12) | 7.68806(12) | 7.67091(14)
Vol. (A% 242.511(13) | 236.235(6) | 232.863(6) | 231.222(6) | 229.814(7)
R, 27.9 25.8 31.7 33.0 43.3

Rup 17.5 16.8 18.8 17.6 23.2

Rexp 6.77 7.55 10.36 11.18 11.37

XZ 8.281 5,724 3.856 2.853 4.205
Reference [32] [10] [33] [34] [25]

Bond Lengths (A)

Fe-O1 1.997(12) | 1.985(3) 2.020(5) 2.000(3) 1.979(4)
Fe-O2 1.99(5) 1.968(15) 2.002(16) 1.964(11) 1.969(16)
Fe-O2 1.99(5) 2.016(13) 2.009(16) 2.058(11) 2.064(16)
FeOs Volume | 10.53 A® 10.50 A® 10.82 A® 10.77 A® 10.72 A®
Bond Angles (°)

Fe-Ol-Fe 158.7 155.94 145.28 147.96 151.37
Fe-O2-Fe 162.3 156.5 151.4 149.3 147.5
O-Fe-0 180 180 179.9 180 180




Elemental analysis by XRF (PANalytical MagiX Pro; Rh anode) showed trace
amounts (< 1 weight%) of ZrO, were present in LaFeO3; and EuFeOs;, and 3.3
weight % ZrO, in GdFeOgz, most from the milling process wherein yttria- stabilised
zirconia milling media were used. In the GdFeO3; sample this was clearly identified
by XRD as being tetragonal ZrO; o7, stabilised at room temperature by yttrium [35].
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Figure 3. Raman spectra of LnFeOj; series (La to Gd, top to bottom) from 200 to

2000 cm™, with inset of 200 to 700 cm™; circles indicate Ay(3) mode and squares
indicate Ay(5)



Table 2. Raman vibrational peak centres (in cm™) for LnFeOj3 perovskites (Ln = La,
Nd, Sm, Eu, Gd) measured using a 532 nm laser.

LaFeO3 NdFeO, SmFeO; EuFeOg3 GdFeO;
Present Present Present Present Present
Study [36] [17] Study [37] Study [38] Study [39] Study [17]
105 - 101 106 103 | 229 225 | - 140 | 111 103
140 - 151 140 142 | 254 260 | 235 218 | 158 152
160 154 - 151 153 | 311 310 | 267 291 | 260 246
181 176 173 216 - 349 - 318 - 287 275
268 - 264 297 297 | 372 375 | 347 362 | 328 316
295 284 288 346 349 | 423 420 | 383 - 350 -
436 432 431 441 441 | 464 460 | 423 445 | 396 386
651 653 650 455 458 | 637 630 | 470 - 430 412
1145 1154 1143 | 602 - 1166 - 643 - 480 469
1315 1315 1310 | 637 - 1287 - 917 - 581 -
1155 - 1166 - 647 623
1288 - 1287 - 962 -
1975 - 1556 - 1084 -
1173 -
1291 1280
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Figure 4. Fitted Mdssbauer spectra of LaFeO3; perovskite measured at 293, 200, 100
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Table 3. Hyperfine parameter of single Lorentzian sextets fit for LnFeO3; perovskites.
CS given relative to thin a-Fe foil.

Ferrite | Temperature (K) CS(mms™) H (T) r/2(mms?)  Reduced X2
Uncertainty [£1K] [+0.02mms?] [+0.5T] [+0.02mms?]
293 0.37 51.9 0.16 1.35
250 0.39 53.1 0.16 1.38
200 0.42 543 0.21 0.78
LaFeO, 150 0.45 55.1 0.16 1.42
100 0.46 55.6 0.16 1.35
80 0.47 55.7 0.15 1.57
50 0.47 55.8 0.14 1.41
10 0.48 55.8 0.15 1.43
293 0.37 51.0 0.15 0.74
250 0.39 525 0.16 0.69
200 0.42 53.8 0.17 0.87
NdFeO, 150 0.45 54.8 0.16 0.86
100 0.47 55.3 0.15 0.79
10 0.48 55.6 0.16 0.82
293 0.37 50.2 0.16 0.78
250 0.39 51.7 0.17 0.69
200 0.43 534 0.17 0.47
SmFeO3 150 0.45 545 0.15 0.63
100 0.47 55.1 0.15 0.51
50 0.48 554 0.14 0.65
10 0.48 55.0 0.16 0.63
293 0.38 50.2 0.18 1.41
250 0.40 51.8 0.17 0.97
200 0.43 53.2 0.18 0.95
EuFeO; 150 0.46 54.3 0.17 0.89
100 0.48 54.9 0.17 1.16
50 0.49 55.1 0.16 1.66
10 0.49 55.2 0.16 0.87
293 0.36 49.8 0.17 0.80
250 0.39 51.3 0.18 0.68
200 0.41 52.8 0.17 0.61
GdFeO3 150 0.44 53.9 0.17 0.64
100 0.46 545 0.15 0.92
50 0.47 54.8 0.15 0.63
10 0.47 54.9 0.17 0.69




4. Analysis of Results
4.1 X-ray Diffraction and Rietveld Refinement

XRD analysis confirmed the presence of single-phase LnFeOs; for all rare-
earth orthoferrites, except for GdFeOs, as shown in Figure 2. Low levels of
mechanical contamination from the milling media were identified by XRD and XRF,
however, as this is a mechanical mixture of two materials it would have no
appreciable effect on the measured Mossbauer spectrum for this sample since the
second phase is iron-free. As the ionic radius of the rare earth cation decreases from
1.36 A for 12 co-ordinated La®*" to 1.22 A for 12 co-ordinated Gd** [40], a decrease in
unit cell volume is observed by XRD as summarised in Table 1, resulting in a peak
shift to higher angles. For all but the GdFeO; sample, single-phase Rietveld
refinements were carried out using isostructural Pbnm crystal structures. For
GdFeO3 a 2-phase refinement was carried out with GdFeO3 as the main phase [25]
and ZrO;g9; from the milling media included as a minor phase (7.6(3))% by
refinement [41]). Table 1 shows the refined lattice parameters for the LnFeO3; phases,
together with the R-factors from the FULLPROF refinements. Figure 5 shows the
Rietveld plot of the GdFeO3; sample material, indicating the presence of this second
phase and the assignment of diffraction peaks. The phase identification of tetragonal
ZrO1.97, Which is not a stable polymorph of zirconia at room temperature [41],
suggests that this structure is being stabilised by a secondary component, most
likely Y203, due to the use of yttrium stabilised zirconia milling media.

From the structures of the LnFeO3 series determined by Reitveld refinement,
the largest cell volume is present for LaFeOgs, with a consistent decrease in cell
volume as the ionic radius of the rare earth decreases from Ln = La to Gd. As the
cell volume reduces linearly by = 5.2% from LaFeO; to GdFeO3, FeOgs octahedra
volume does not vary linearly. We observe that the bonds in the direction of ¢, or in
the [010] plane, connecting FeOg octahedra do tend away from 180° from La to Sm,
however Eu and GdFeO3 exhibit and bonds closer to 180°, while the O — Fe — O
bonds remain essentially 180° inside of the octahedra. An inverse relation can be
observed between the FeOg volume and the bond angles of Fe — O; — Fe, while the
Fe — O, — Fe bond angles reduce almost linearly from 180° as the rare earth cation
radius decreases. Figure 6 shows the polyhedral schematic of La, Sm and GdFeO3;
along the c axis, where the octahedra tilting can clearly be observed.

Limitations of site occupancies of perovskite sites, as a function of cation and
anion, are indicated by the Goldschmidt tolerance factor [42], shown in equation (1),
which predicts crystal structures based on ionic radii. Using Shannon ionic radii [40]
tolerance factors of 0.961, 0.929, 0.918, 0.914 and 0.911 for Ln = La, Nd, Sm, Eu
and Gd, respectively are calculated. The closer the tolerance factor to 1, the more
likely that the crystal structure will exhibit cubic symmetry; structures with tolerance
factors > 1 tend towards hexagonal structures and < 1 towards orthorhombic
structures [42].
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Figure 5. X-ray diffractogram of GdFeO3 with Rietveld refinement using GdFeO3 and
ZrO1 g7 Starting structures. Red line indicates observed data, black line indicates
calculated data, blue line shows difference between observed and calculated data.
Green lines indicate the positions for GdFeO3 (upper) and ZrO1 g7 (lower).

Figure 6. Polyhedral schematic of (La,Sm,Gd)FeO3; orthorhombic perovskites along
axis c, rendered in VESTA © [24]. Lattice parameters are shown in Table 1.



4.2 Raman Spectroscopy

Raman spectra for all LnFeO3; perovskites present bands consistent with
those expected from literature as shown in Table 2. They also show agreement with
the detailed Raman scattering study by Weber and colleagues [19]. There are 24
Raman-active modes in the space group Pbnm for rare-earth orthoferrites, which can
be described by the representation Yramanpbnm: 7Ag+5B1g+7B2g+5B3g [18]. Peaks at
Raman shifts greater than ca. 700 cm™ are reportedly not due to active modes, but
rather to other phenomena; those at 1150 — 1200 and 1300 cm™ are attributable to
second order excitations of active modes [17,43], one-phonon scattering or two-
phonon scattering [36,44]. Peaks observed around 650 cm™ are believed to be
caused by impurity scattering [44,45] or second-order Raman scattering [46].
Concerning the second phase in GdFeOg3, the main Raman peaks for yttria-stabilised
zirconia (YSZ) appear around 266 (Zr-O, bending) and 645 cm™ (Zr-O, stretching)
[47], both of which can also be attributed to GdFeO3; itself. We observe a greater
intensity of the 647 cm™ Raman peak, which may be caused by the low level of YSZ
contamination in this sample.

From the crystal structures of these perovskites, and the refined lattice
parameters in Table 1, a change is observed in the angles of bonds through which
the FeOg octahedra connect by corner-sharing oxygen atoms, indicating that their
relative tilts vary. Vibrational modes Ay4(3) and Ay(5) are associated with the [010]
and [101] rotations respectively, i.e. in the direction of ¢ and of a and b. Weber and
colleagues, in 2016 [19], presented the Raman band positions for these vibrational
modes, as illustrated in Table 4. Weber comment on the linear trends between the
band positions of these vibration modes, and the angle octahedra rotational angle.

Table 4. Raman band positions for Ay4(3) and Ay(5) from this work, and read from
graphs presented by Weber et al. [19]

This work (cm ™) Weber et al. (cm ) [19]

Aq(3) [010] Aq(5) [101] Aq(3) [010] Aq(5) [101]
LaFeO, 140 (5) 295 (5) 130 (10) 300 (10)
NdFeO, 216 (5) 346 (5) 210 (10) 340 (10)
SmFeO, 229 (5) 372 (5) 230 (10) 380 (10)
EuFeO; 235 (5) 383 (5) 230 (10) 390 (10)
GdFeOs 260 (5) 396 (5) 250 (10) 400 (10)

4.3 Mossbauer Spectroscopy and Debye Temperature Approximations

The temperature dependence of Centre Shift (CS) in MOssbauer spectra can
be predicted by the Debye model for a given material, allowing variable temperature
Mossbauer spectroscopy studies to approximate the Debye temperature [48], and by
extension, the recoil-free fraction [49-51]. The recoil-free fraction, f factor, or Lamb-
Mossbauer factor, is the temperature-dependent ratio of the recoilless y absorption
of a material, therefore the greater the f factor, the greater the Mdssbauer spectral



area by comparison with a material with a smaller f factor. Ascertaining the recoil-
free fraction of Fe within a particular phase enables quantification of its abundance in
a mixed-phase material, which can be vital for studying materials that undergo phase
changes, redox reactions or other forms of dynamic in-application, such as catalysis
[49]. The Debye temperature of a material can also be used in further
approximations of properties reliant on its thermal behaviour, such as specific heat
capacity [52]. Debye temperatures for LnFeO3; perovskites have been obtained
previously through the temperature dependence of the Mdssbauer Centre Shift [53]
and through specific heat methods [54].

The Mossbauer spectra for all studied perovskites can be reliably fitted using
a single sextet, indicating their magnetic nature as antiferromagnetic [21] with Centre
Shift values consistent with octahedral Fe** [30,49]. The room temperature Centre
Shifts for the LnFeO3 series show little change as a function of the rare earth cation.
A decrease in the magnitude of the internal magnetic field is observed, wherein By is
greatest for LaFeO3 and decreases towards GdFeOg, a trend shown to continue to
LuFeOs3; by Eibschitz, Shtrikman and Treves [53]. which can be linked to the known
decrease in Néel temperature of LnFeOg3 perovskites from La to Lu .From the refined
structural data of the materials studied here, Fe-O bond lengths, and FeOg volumes,
do not reflect the near-linear trend in By, suggesting that these bond lengths are not
a deciding factor in the magnitude of By The structural data of several LnFeQOg3, from
Pr to LuFeO3 by Marezio, Remeika and Dernier in 1970 [34] show that through this
series, the average distance between iron and rare earth atom decreases from Pr to
Lu, as the Ln ionic radius decreases, and the difference in individual distances
becomes greater. This could suggest that the proximity of Ln and Fe atoms, and the
interactions between them, is influencing the magnitude of the hyperfine field of the
iron. Links have also been made between the hyperfine field and the angles between
magnetic domains [53].

Centre Shift and hyperfine magnetic field for all studied LnFeO3; samples show
non-linear increases with decreasing temperature. Increases in the hyperfine
magnetic fields are due to the removal of thermal vibrations with reduced
temperature, while the increases in the centre shift values can be explained using
equations from the Debye model [53,55]. The stated centre shift values differ from
the intrinsic isomer shift values as the centre shift is affected by temperature while
isomer shift is an inherent parameter for a given material. The different values are
brought about through the Second Order Doppler Shift (SODS) such that [48,56,57];

CS(@p,T) = IS + SODS(0p,T) Equation (2)

The Centre Shift (CS) is the experimentally observed outcome, while the
Isomer Shift (IS) is temperature independent and a characteristic of the material, and
the SODS is the temperature dependant term of this equation. The SODS can be
related to the Debye temperature, and measured temperature by:



Equation (3)

3k0op D 3dx
2 Mc |8

soDps = —2k°p [3 +3 (QLD)4 OOTex_l

where k is the Boltzmann constant; E, is the energy of the gamma ray (14.41
keV); c is the speed of light; 8p is the Debye temperature; M is the mass of the iron,
taken as 57 amu (multiplied by Avogadro’s constant for conversion to mass). From
this, the Debye temperature can be used to calculate the recoil-free fraction;

3Ey? |1 T \2 22 xdx .
Inf = — MCZZQD [Z + (@—D) fOT ex_l] Equation (4)

In approximating the Debye temperature of a material, through the use of
variable temperature Moéssbauer spectroscopy, it is necessary to consider all
temperature points simultaneously. A self-feeding program was constructed, in which
a Debye temperature and an isomer shift would be simulated, resulting in theoretical
SODS and Centre Shift. The objective of the program was to minimise the difference
between the theoretical centre shift using simulated Debye temperatures and Isomer
Shifts, for all measured temperatures simultaneously. The Debye temperature and
Isomer Shift stipulated by the program, with the minimal difference between
theoretical and experimental values, are those presented herein. This is the Debye
temperature used in equation (4) to ascertain the recoil-free fraction of each material
at a given temperature. Using these equations, by inputting a range of Debye
temperatures, several trends were drawn to compare the values gathered in this
study to theoretical values as illustrated in Figure 7. This process is not to fit the data
presented against a theoretical line from Figure 7, and these lines are principally to
guide the approximation procedure. Approximating the Debye temperature in this
manner has been shown to reliably produce accurate values by Dubiel and
colleagues previously [51,58], and here, summarised in

Table 5 are corroborating Debye temperatures from other research groups’ data
Mossbauer spectroscopy data using the present method. The material presented by
Aldon was LiFePQy, by Cieslak was o-phase Fes,Crys and by Kim was CoFe;0g,.

Table 5. Validation of Debye temperature and recoil-free fraction calculation method
using third-party published data.

Bp (K) Op f203

(This work) | Ref. (This work)
Aldon LiFePO, [50] 336 (10) 336 0.69 (2)
Ciesdlak FessCra6 [58] 435 (10) 437 (7) |1 0.80 (2)
Kim CoFe,O4 Site A [59] | 738 (10) 734 (5) 1 0.92 (2)
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Table 6. Debye temperatures and recoil-free fractions for LnFeO3 series with
previously published data for comparison.

O/ K Op/ K[53] | 6p/KI[54] | 65/ K[60] | 6p/K[61] | 6p/K[62]
(This work) | (Eibshitz) | (Parida) (Romero) | (Morishita) | (Yoon)
Method | Temp shift | Temp shift | Heat Elastic Heat Temp shift
capacity modulus capactiy
LaFeO; | 474 (20) 800 (50) 582 415 479 610
NdFeO; | 459 (20) 770 (50) 574
SmFeO; | 457 (20) 730 (50)
EuFeO; | 452 (20) 730 (50) 505
GdFeO; | 473 (20) 770 (50) 555




5. Discussion

The calculated Debye temperatures for the LnFeO3 series are consistently ca.
300 K lower than those reported by Eibshitz [53], and are closer in value with values
ascertained by other methods as shown in Table 6. When considering the
differences observed between sources in Table 6, it is important to consider the
methods by which the Debye temperatures were determined. It is known that the
value of the Debye temperature depends on the method used to approximate it
[58,63], and such comparisons of Debye temperatures are ideally made with values
obtained using the same method and within the same temperature range. When
using the data presented by Eibshitz [53] in the approximation program used in the
present work, we obtain Debye temperatures considerably lower than the Debye
temperatures reported by Eibshitz and closer to those obtained in this work, as
shown in Table 7. Data for EuFeO3; and GdFeO3; were not used here as only two of
Eibshitz’s measured temperatures were within our measured range. The
discrepancies in values that remain may be attributable to the improvements in
spectroscopy equipment in the last 50 years that allow for more accurate
measurements of the Centre Shift. It is certainly conceivable that the spectral noise
of the data Eibshutz analysed and published, combined with their methodology of
using a ruler to obtain Centre Shift values from spectra printed with chart recorder,
could have introduced uncertainties into their data. Despite these differences, the
overall trend in Debye temperatures from Ln = La to Gd, for our data, do follow the
trend shown by Eibshitz wherein there is a reduction in Debye temperature from
LaFeO; to EuFeOs, and an increase for GdFeOs.

Table 7. Debye temperature values obtained using the present method for LnFeO3
materials using centre shift values from this work and from Eibshiitz [53].

Bp K (This work) 0p K [53] (Eibshiitz)
LaFeO; 474 (10) 603 (10)
NdFeO3 459 (10) 599 (10)
SmFeO; | 457 (10) 605 (10)

From these Debye temperatures, we find the recoil-free fractions for the
LnFeO3; perovskites from equation (4) as presented in Table 8. These values are not
relative to a-Fe, as is often presented, and are the recoil-free fractions of these
phases alone. The recoil-free fractions of these materials has been found to be
greater than that of a-Fe previously, by comparing the spectral areas of suitable
Mossbauer absorbers [64]. An f-factor that is greater than that of a-Fe implies that
the iron nucleus is more strongly embedded, allowing for the recoilless absorption of
y-rays. It is suggested that the structure of these materials, wherein the iron is
octahedrally co-ordinated in FeOg by ionic bonds, should be more thermally stable
than a-Fe which is packed densely in planes bound by metallic bonds that allow for
heat transfer more readily.



Table 8. Room temperature recoil-free fractions of LnFeO; series where Ln = La, Nd,

Sm, Eu, Gd.
Orthoferrite Room temperature recoil-free fraction (f2o3 k)
LaFeO; 0.827 (20)
NdFeO; 0.817 (20)
SmFeO; 0.816 (20)
EuFeOs3 0.812 (20)
GdFeOs; 0.826 (20)

The simplest form of presenting the Debye temperature can be seen in
equation (5) In this form we see both Planck’sand Boltzmann’s constant, and only
the variable Debye frequency, which is expressed in equation (6)

0y = thm Equation (5) [55]
= (ﬂ)%’ Equation (6) [65
Um =\ Us quation (6) [65]

Through equations (5) and (6) it is shown that the Debye temperature of a
crystal is related to the number density (N) of, and speed of sound (V) through, the
crystal. The Debye frequency (vm) is the characteristic frequency of a material, the
maximum vibrational frequency, achieved due to a single normal vibration. The
Debye temperature is the temperature of the crystals highest normal mode of
vibration [55,65]. As the recoil-free fraction relies on the ability the nucleus to absorb
and fluoresce y-rays, we find that an increase in v, and therefore an increase in the
Debye temperature, resulting in an increase in f is to be expected. An increase in
Debye temperatures reflects an increase in the rigidity of the FeOg octahedra in the
LnFeOs. This can be taken from the relationship observed between FeOg octahedra
volumes and Fe-O bond lengths, and Debye temperatures The approximated Debye
temperatures in this work show an overall trend where 8, decreases from LaFeOs to
EuFeO3;, and GdFeOs sharply increases to a value near that of LaFeOjs;, which
agrees with the overall trend observed by Eibshiitz and colleagues [53].

5. Conclusions

A series of LnFeOj3; perovskite oxides was synthesised through stoichiometric
ball milling of oxide precursors, where Ln = La, Nd, Sm, Eu and Gd. *'Fe Mdssbauer
spectroscopy measurements were taken at temperatures from 10 to 293 K. Debye
temperatures and recoil-free fractions were calculated using equations relating the
temperature dependence of the second ordering doppler shift and the centre shift of
the Mossbauer spectra. The accuracy in temperature control and data processing
allowed for the Debye temperatures calculated by this method to be consistent with
heat capacity and relative Mdssbauer spectral area methods, while allowing the
observation of potential transitions that may occur over the temperature range. The



calculated Debye temperatures were complemented by translatable trends observed
in Raman spectra, wherein greater intensities of Ln-O vibrations were presented by
perovskites with lower Debye temperatures. This work provides suitable reference
data on these rare earth orthoferrites which should prove useful in further studies
investigating their structures, whether crystallographic or hyperfine, at ambient
temperature or below, when studying their multitude of potential applications.
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