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Abstract The gadolinium ferrochromite (GdFe;_,Cr,O3)
was used as a case study of influence of chromium sub-
stitution on the perovskite structure in the entire compo-
sition range. By exploiting thermal analysis techniques
(dilatometry, differential thermal analysis) the influence of
chromium was investigated in the context of thermal sta-
bility of the canted antiferromagnetic ordering. It was
found that the higher the chromium concentration was, the
more the Néel temperature decreased, e.g., substitution of
26 % of iron atoms corresponded to a depression of about
60 K with respect to undoped gadolinium ferrite. For
higher chromium concentrations the mixed gadolinium
ferrochromite was paramagnetic at room temperature.
Additional information on the crystal structure and, quali-
tatively, on the magnetic ordering as well was derived from
the results of X-ray diffraction and Mossbauer spec-
troscopy measurements. For chromium content higher than
10 % the gadolinium ferrochromite may be regarded as a
solid solution. For lower concentrations, however, a pos-
sible formation of clusters with different Fe/Cr ratio occurs
as suggested by Mossbauer spectra.
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Introduction

Lanthanide-transition metal mixed oxides emerged in
recent years as potential catalysts [1-3], sensors [4-7] and
materials for harvesting of solar energy [8, 9]. Two of those
examples are the families of lanthanide orthoferrites
(LnFeOs, where Ln represents a lanthanide trivalent ion)
and lanthanide orthochromites (LnCrO3), who may serve
as visible light absorbers due to an optical absorption edge
situated around 1-2.8 eV [10-13].

Both families of compounds show structural similarities,
i.e., they crystallize in Pbnm orthorhombic space group
with a distorted perovskite structure [14, 15], and show
canted antiferromagnetic spin ordering. When compared,
the edges of the MeOg octahedra differ by 2 % only, with
the difference between Fe™ and Cr™ ions less than 5 %
[16], But in spite of being structurally similar their mag-
netic properties are in significant contrast. Even though
they both melt congruently [17], [18] after [19], their
melting points differ by 600 K, i.e., ca. 2070 K for GdFeO;
and ca. 2670 K for GdCrOs. One also finds that the Néel
transition temperature (Ty) is usually higher for orthofer-
rites than for the orthochromites, e.g., Ty = 657 K for
GdFeO; [20, 21] but Ty = 167 K for GdCrO3 [22]. This
means the former compounds possess an effective mag-
netic momentum at room temperature, whereas the latter
do not. The internal magnetic field is disadvantageous for
electrical carrier propagation, generating losses in the
electrical flux, e.g., the antiparallel magnetic domain
ordering in the rare earth manganites, which leads to the
colossal magnetoresistance [23]. It is therefore important to
pinpoint that composition range, in which the paramagnetic
ordering would be preferential at room temperature. Some
attempts of material modification were already made in the
case of substitution of rare earth ions [24-26] or transition
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metal cations [27-30]. As a result the magnetic ordering is
destroyed, and when the substituting ion has a different
valency the resistivity decreases as well due to the increase
in concentration of free charge carriers.

This study aims at finding the potential applicability
range of gadolinium ferrochromite—GdFe; Cr O3
(GFCO) with respect to magnetic ordering studied by
dilatometry and differential thermal analysis backed up
with structural data on crystal symmetry (X-ray diffraction)
and Fe™ positioning (Mssbauer spectroscopy).

Experimental
Preparation

The ferrochromite powders were prepared by modified
combustion method [31, 32]. High-purity oxide materials
(Gd,05—99.99 % Alfa Aesar®, Fe,05—99.99 % RIC-
ROC™, Cr,05—99.999 % Alfa Aesar®) were used. First,
the Fe™/Cr* stock was prepared by dissolving Fe,O5 and
Cr,05 oxides in boiling deionized water with minor addi-
tion of HCI to enhance the process. Then, HNO; was added
in amount sufficient to enable the formation of stoichio-
metric nitrates and Gd,O5; was dissolved. Finally, when
stocks were optically transparent, glycine was added in
molar ratio 1.15:1 with respect to the calculated molar
concentration of nitrates, forming a homogenous viscous
solution. Further reduction of the stock resulted in forma-
tion of gel, which autoignited, forming a fluffy, voluminous
ash. Thus, obtained powders were preheated in 1050 °C in
air for 3 h and then grounded in alumina mortar.

For dilatometric measurements the powders were iso-
statically pressed in the 25 x 15 x 5 mm rectangular form
and sintered at 1500 °C for 12 h. Then 5 x 5 x 25 mm
samples were cut and polished from both sides until front
and rear surfaces were perpendicular to the length axis.

X-ray diffraction (XRD)

Phase analysis and structural refinement of the powdered
samples were performed by X-ray powder diffraction using
Cu Kal,2 radiation (U = 40 kV, I = 30 mA) with a Sie-
mens D500 diffractometer equipped with a semiconductor,
high-resolution detector Si:Li. Data were collected in the 20
angle range 20° <20 < 90° with a step of 0.02° and
counting time of 5 s/step. The powder diffraction patterns
were analyzed by the Rietveld refinement method using
PowderCell v.2.4 program and database ICDD PDF4+2014.
All the main reflections were well indexed to a orthorhombic
cell in the space group Pbnm (62) with occupation Wyckoff’s
4b site by mixed Cr and Fe cations. There were no other
visible phases on measured diffraction patterns.
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Mossbauer spectroscopy

The samples were used in the MOssbauer measurements as
absorbers and measured at 300 K in the transmission
geometry using a conventional constant acceleration
spectrometer. The *’Co in Rh source with the activity of
about 50 mCi was used. The isomer shifts were related to
the o-Fe standard.

Differential thermal analysis (DTA)

Powder samples were measured in differential thermal
analysis (DTA) configuration using STA 449 F1 Jupiter®
(NETZSCH). A standard platinum crucible was filled with
500 mg of powder and measured up to 400 °C in synthetic
air (Ar—60 mL min~!, O,—15 mL min_l) with a heating
rate of 2 K min~" and a cooling rate of 10 K min~—'. When
lower mass samples, e.g., 200, 300 mg were used, the
phase transition signal was not clearly visible for all sam-
ples. Each run was repeated twice.

Dilatometry

The dilation curves were recorded using DIL 402 PC
(NETZSCH) from room temperature to 1500 °C with
heating rate of 2 K min~" in static air. A 25-mm sapphire
was used as a standard.

Results and discussion
Crystallinity and phase purity

All synthesized compounds crystallized in an orthorhombic
crystal system characteristic for GdFeOs, namely Pbnm
space group with distorted perovskite structure, as deduced
from analysis of X-ray diffractograms (Fig. 1). The
merging of peaks positioned around 70° suggested that the
expansion of the crystal lattice is non-uniform for all main
directions. This can be seen as a non-monotonic change of
the distortion angle—arctan(b/a) with respect to chromium
content (Fig. 3). Even though the volume changed signif-
icantly, the a-b plane deformation of the primary cell of
near end compounds was very small. Substitution of iron
with chromium resulted in a decrease in cell constant
values (Fig. 2), which is to be expected from difference in
ionic radii—0.645A for Fe™> against 0.615A for Cr*> (as
given by Shannon and Prewitt [16]). The cell contraction
phenomenon was not uniform for all main crystallographic
directions, as could be judged from Table 1 and Fig. 2. The
volumetric contraction was, though, as was deduced from
approximately linear character of the plot with respect to
the chromium content (Fig. 3). Another information about
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Fig. 1 X-ray diffractograms of GdFe;_,Cr,O; perovskites. All
compounds crystallize in Pbnm symmetry group with orthorhombic
unit cell. As chromium content increases, a gradual shift of maxima
toward larger angles is observed
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Fig. 2 Reduced lattice constants of the GFCO perovskites. The a’
and b’ correspond to a/\/ 2 and b/\/ 2, respectively, whereas ¢’ = c/2.
The reduction was utilized to transform present crystal lattices into
that of a primary cubic perovskite. Due to a large dissimilarity
between lattice constant values, the system can be considered as
strongly distorted

the crystal structure at room temperature came from the
distortion angle (Table 1), equal to 90° for primary cubic
perovskite. The distortion angle can be thought of as a

Table 1 Reduced cell constants, volume and distortion angle for
specific chromium content

Cr A/A B/A C/A Volume/A®  Distortion
content/a.u. angle/°

0 3.7898 3.9713 3.8395 57.785 87.32
0.1047 3.7815 3.9629 3.833  57.448 87.32
0.2598 3.7818 3.9503 3.8324 57.253 87.50
0.5129 3.7762  3.9350 3.8182 56.735 87.64
0.75 37671 39171 3.8113 56.240 87.76

1 3.7560 3.9063 3.8023 55.788 87.75

The distortion angle is taken as the arctan (b/a) and describes the
deviation from the cubic perovskite structure
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Fig. 3 Volume contraction and distortion angle plotted against
chromium content. The linear appearance of the volume versus
composition plot suggests a solid solution character of the GFCO
compounds. The increase in distortion angle corresponds to the lower
distortion of the reduced GFCO cell with respect to the ideal cubic
symmetry. The plateau character of the distortion angle for near end
members suggests the low degree of lattice deformation in the x—
y plane

quantitative descriptor of the structural deformation in the
a-b plane of the orthorhombic structure. Substitution of
iron by chromium leads to its decrease, except for the
ferrochromites with chemical composition close to the pure
substances, where the angle took values roughly the same
as the undoped compounds—87.32° for GdFeO; and
GdFeo_8953CI'0_104703, 87.75° for GdFGO.25CI'0.7503 and
GdCrOs;. One finds that the c/a and c/b ratios decrease as
well, when the concentration of chromium increases.

Thermal analysis
Thermal expansion coefficient (TEC)
The GdFeO; perovskite exhibits only one phase transition

above room temperature, namely the order—disorder Néel
transition at 657 K [6] [7]. At room temperature GdFeOyj is
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Fig. 4 Thermal expansion coefficient curves of GFCO perovskites.
The order—disorder phase transition is seen as a delta-shaped peak,
gradually shifting from 640 K to lower temperatures as the chromium
content increases. The broad character of the peak for x = 0.2598 is
thought to arise simultaneously from the instrumental broadening and
the inhomogenous distribution of the Fe/Cr cations
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Fig. 5 DTA signal recorded for ferrochromite powder samples with
chromium content up to 26 %. The open symbols indicate the heating
run (heating rate 2 K min~")—no visible change in DTA signal is
seen from room temperature up to 780 K. During cooling (cooling
rate 10 K min~!) signal breaks are observed for x = 0 (solid line) and
x = 0.2598 (dash line). No clear change in DTA signal is observed
for x = 0.1047 (dot line)

a weak ferromagnet, due to Dzyaloshinskii—-Moriya inter-
action, which tilts the FeOg octahedra and leads to for-
mation of an effective magnetic momentum. At Néel
temperature the FeOg octahedra rotate (the process is
accompanied by a small increase in volume) leaving a trace
on the thermal expansion curve. For the undoped
gadolinium ferrite, the peak value of the TEC was ca.
640 K. Looking at the TEC plots (Fig. 4) we saw that the
phase transition does not change its temperature position
for x =0.1047 and shifts by around —60 K for
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x = 0.2598. In the latter case, the peak is much broader,
which we attribute to the inhomogeneity in cation distri-
bution and thermal inertia of the experimental setup. It was
not possible, however, to pinpoint the leading cause of the
broadening. Substitution of 51 % (or more) iron atoms with
chromium shifted the transition temperature below the
technical detection range, i.e., about 380 K. Should the
Néel transition temperature be taken as the peak value of
the thermal expansion coefficient, they would be as fol-
lows: 626 K (GdFCO3), 633 K (GdFeo_8953Cr0,1047O3),
561 K (GdFeq 7402Crg.250503). This trend is similar to the
one reported by Widatallah et al. [28] who observed the
disappearance of room-temperature weak ferromagnetism
in EuCr,_Fe,O3 nanoparticles around x = 0.5.

Differential thermal analysis

No visible signal change was recorded during heating
(Fig. 5), which was thought to be caused by dissipation of
heat on the dispersed powder. A significant change in the
slope of the DTA signal is seen during cooling (cooling
rate of 10 K min™"). Since the break for GdFeO; (x = 0)
occurs at roughly the same temperature as the Néel tran-
sition reported by Parida et al. [21] (651 vs 657 K), it was
deduced that the similar breaks in the DTA signal corre-
sponded to the Néel transition itself. The estimated Néel
temperatures were: 651 K (GdFeOs), 562 K (GdFeg 7402
Crg.,50803). No clear signal change was observed for the
GdFeo_8953Cf0‘104703 compound.

Maossbauer spectroscopy

A good agreement of the Mdssbauer parameters for
undoped GdFeO; was found between the current results
and those reported by Eibschiitz et al. [20] and
Romero et al. [33]. Only one magnetic sextet with sharp
lines was observed. The hyperfine field of about 50T was
estimated from Mossbauer spectra (Fig. 6a—GFO). When
chromium ions were introduced into the crystal lattice
formation of additional magnetic sextets was observed.
Consequently, additional sets of fitting parameters (iso-
meric shift, quadrupole splitting and hyperfine field) could
be computed (Table 2). The presence of 10.47 at% Cr* in
Gd(Fe, Cr)O3 compound resulted in the formation of three
sextets (Fig. 6b). In the case of 25.98 at% Cr*? the
absorption peaks were very broad and irregular—for that
reason the hyperfine field distribution (Fig. 7) was extrac-
ted from the spectrum (Fig. 6¢). A broad maximum posi-
tioned at about 44T was found, suggesting that >’Fe
surrounding was not well defined in the present system. On
the contrary, there seemed to be a great variety of positions
differing very little from one to another in the values of the
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hyperfine field. When x > 0.5129, the samples of Gd(Fe,
Cr)O3; were non-magnetic at room temperature and only
the quadrupole splitting was observed (Fig. 6d, e).

Relaive effect/a.u.

Velocity/mms~ vs. o-Fe

Fig. 6 Mossbauer spectra recorded for the GFCO compounds for
0 < x < 0.75. Dots represent the original experimental data, while
thin and bold solid lines correspond to partial and overall fit,
respectively. Notice the change of scale on x axis for the compounds
with high chromium content

A possible explanation of the spectrum broadening was
the formation of clusters with different Cr™>/Fe™*? ratios.
Since the content exceeding 51 at% of Cr™ destroys the
magnetic ordering, the clusters are formed with excess of
Fet3 ions over Cr™> ions. Thus, in the case of x ~ 0.10,
there are three clusters with different Cr>/Fe ™ ratios and
a large number of them (or a homogenous distribution) for
x =~ 0.26. It is worth noting that for x ~ 0.10 one of the
>TFe positions has similar parameters to that of an undoped
GdFeO5 and thus may correspond to a cluster with mar-
ginal admixture of chromium. One must be aware though
that the natural abundance of >’Fe is 2.19 % and so only 1
per 50 atomic positions of Fe™ are scouted out.
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Fig. 7 Hyperfine field probability distribution calculated for the
GFCO compound (Fig. 6) with x = 0.2598 denoted with open circles
(the lines are only to guide the eye). The broad maximum positioned
around 44T is the result of a superposition of 5TFe states varying very
little one from another and can be regarded as a trace of the solid
solution. The non-symmetric character of the bell curve suggests that
the occupancy of the Wyckoff’s 4b site by Cr'™> and Fe™ may not
necessarily be equiprobable

Table 2 Values of isomeric shift, quadrupole splitting and hyperfine field as calculated from fitting theoretical curve to the experimental results

Compound Magnetic Relative intensity/% Isomeric shift/mm s~ Quadrupole splitting/mm s~ Hyperfine field/T
GdFeO; + 100 0.370 0.020 50.157
GdFeg 8053Cr0.104703 + 49.81 0.374 0.020 50.187
35.22 0.371 0.032 48.416
14.97 0.347 0.017 46.147
GdFe( 7402C10.250803 + 22.17 0.372 0.025 45.586
19.94 0.358 0.018 43.664
14.93 0.35F 0.033 41.964
25.35 0.366 0.043 40.143
17.61 0.35F —0.035 37.258
GdFe( 4571Cr0.512003 - 100 0.361 0.25 -
GdFe »5Cr0 7503 - 89.24 0.359 0.24 -
10.76 0.35F 0.826 -

F fixed parameter. The IS and values are normalized to the a-Fe. Though 5 sextets are fitted to the ferrochromite with x = 0.2598 one should
consult the field distribution diagram calculated for this compound as it describes the spectrum with better accuracy
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Conclusions

Gadolinium ferrochromites were synthesized by modified
glycine-nitrate combustion method in the form of powders.
Judging from the TEC and DTA curves, substitution of iron
with chromium gradually decreases the Néel temperature
(651 K for GdFeO3 to 562 K for GdFC().7402CI'()A259803) and
for 51 % Cr it is no longer observed. The transition tem-
peratures estimated from the DTA curves are in very good
agreement with the literature reports for the GdFeO; but
exhibit even 25 K difference with respect to the values
estimated from the TEC curves. The temperatures estimated
from the TEC curve seem less accurate due to significantly
lower signal-to-noise ratio and should be taken with caution.

All synthesized compounds crystallize in Pbnm space
group, and it was observed that introduction of chromium to
the crystal lattice reduces the orthorhombic distortion with
respect to the ideal cubic perovskite (the c/a and c/b ratios are
simultaneously reduced when chromium concentration was
increased). Although the X-ray diffractograms suggest all
ferrochromites behave like solid solutions, basing the
Mossbauer spectroscopy results it is proposed that the clus-
ters with differing Cr™>/Fe™> ratio such that 0 < Cr™>/
Fe™ < 1.04 are formed. Introduction of chromium into the
GdFeOj; crystal structure weakens the canted antiferromag-
netic ordering (x < 0.51) and destroys it when Cr'>/Fe*?
exceeds 1.04 (x ~ 0.51).

Further attention should be payed to the study of optical
absorption and electrical conductivity of ferrochromite
compounds before any definite conclusions are made on
the choice of composition range of the most benefit for the
harvesting of solar energy.
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