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The precise control of the magnetic compensation temperature (6,.)
in ferrimagnetic garnets is essential for the development of cutting-
edge ultrafast customizable spintronic devices. In this work we
demonstrate how fine variation in stoichiometry and cation dis-
tribution in iron gadolinium garnets significanty influences .. Two
samples of GdszFesO;;, garnets synthesized via a new hydrothermal
method and a conventional solid-state reaction, respectively, were
considered. The complex study was carried out using a complex
approach combining X-ray diffraction, magnetometry, and Mdss-
bauer spectroscopy. Atomic-scale analysis revealed with unprece-
dent accuracy a cationic inversion between Fe** ang Gd** at
octahedral and dodecahedral sites in both samples, and their
chemical compositions were determined as Gd;7oFes760119 and
Gd o6Fes680115 respectively. These local rearrangements have
been shown to have a consistent influence on 6. (290 K and
317 K, respectively) around room temperature, emphasizing the
high sensitivity of exchange interactions to internal atomic order.
Results clearly illustrate the strong correlation between the proces-
sing, atomic configuration and macroscopic magnetic behavior,
establishing a new paradigm for the design of garnet-based materi-
als with tunable 6.. The strategy for the accurate determination of
cation inversion illustrated in this work exhibits great potential in
guiding material innovations for next-generation spintronics.

1. Introduction

Recent research in spintronic ultrafast spin storage devices has
increasingly focused on ferrimagnetic rare-earth iron garnets
with magnetization compensation properties. Among them,
Gd;Fes0,, (gadolinium iron garnet) is considered a promising
candidate due to its high compensation temperature (0.).
Values of 0. are between 286 and 295 K, i.e. the highest among
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the rare-earth garnets.'™ For practical applications, obtaining
materials with 6. near room temperature is essential. All
functional key spintronic characteristics, including the
magneto-electric or magneto-optic control of the garnet sys-
tems are optimal around 0., hence understanding of the under-
laying physics controlling 0. is of paramount importance.
Nevertheless, tuning of 6. is challenging. Stoichiometry, crystal
structure, specific defects and magnetic aspects are all impor-
tant in this respect. Moreover, the complex correlations
between them have to be considered. A precise control of 0.
requires a thorough understanding of how the stoichiometric
aspects and atomic arrangements imposing the strength and
type of exchange interactions modify the temperature depen-
dent magnetic properties. So far, only a few studies have
demonstrated an increase in 0. for Gd;Fe;0,, and Tb;Fe;04,
films by incorporating rare-earth in excess.*”® A recent theore-
tical study has shown that 6. of stoichiometric Gd;Fe;0,, could
be increased by decreasing the distance between cations,
thereby strengthening exchange interactions.® According to
authors of ref. 10 in Tb;Fes0;, films with Tb deficiency, 0. is
independent of the Tb/Fe ratio. Presented information empha-
size the lack of a clear understanding concerning the role
of chemical composition and atomic site occupation on
compensation temperature, be it in stoichiometric or non-
stoichiometric materials.

In this study we propose a detailed analysis of the stoichio-
metry and cations arrangement in Gd;Fe;0;, ferrimagnetic
garnets synthesized by two different methods. The local atomic
configuration is determined with unprecedent accuracy by
using three complementary investigation techniques. The aim
is to investigate changes in the atomic configuration due to
internal substitutions (cationic inversions) when materials are
obtained by different processing conditions. Next, the work
pioneers understanding of systematic and refined connection
between structural details versus magnetic functionality with a
focus on spintronic 0.. Surprisingly, a small change in atomic
arrangement produces a high variation in 0. of up to 27 K. It is
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noteworthy that 0, variation is conveniently positioned in the
room temperature range, thus enabling a high practical
potential. By integrating X-ray diffraction analysis and
advanced characterization techniques such as magnetometry
and Mossbauer spectroscopy, for a precise determination of
site occupancy, as well as of material design through innovative
processing, this study fills the critical knowledge gap. Our
approach not only provides a fundamental perspective for
understanding the factors governing 0., but also provides a
new way for the development of personalized customizable
materials, thus significantly impacting the design of cutting-
edge spintronics technologies. This work also assesses func-
tionality of polycrystalline bulk garnets as useful and interest-
ing items versus their thin films, single crystal and nano objects
counterparts.

2. Experimental

The first garnet sample was obtained by a novel and original
route which combines a cost-effective and simple surfactant-
assisted hydrothermal synthesis of a mesoporous Gd;Fe;0;,
nano-powder, followed by sintering.’' Second sample was pre-
pared by a conventional solid-state reaction method. Namely, a
stoichiometric mixture of Gd,O; (Fluka, purity > 99.9%) and
Fe,0; (Fluka, purity > 97%) powders was manually homoge-
nized in an agate mortar. The powder mixture was pressed
under ~5 kN m~? into a disk of 4 mm diameter. The resulting
green compact was sintered in air at 1400 °C for a dwell time of
10 hours. Heating and cooling rates were 5 °C min~ ', being
selected based on results from ref. 12.

X-ray diffraction spectra were acquired at room temperature
with a Bruker-AXS D8 ADVANCE diffractometer (CuKo,; radia-
tion, 4 = 1.5406 A). The ICDD Powder Diffraction database was
used for phase identification.” Rietveld analysis of the data
was performed with MAUD (materials analysis using diffrac-
tion) software version 2.98. The background in XRD patterns
from Fig. 1 was subtracted from experimental and fitted curves.
Local magnetic configurations were investigated by tempera-
ture dependent Mossbauer spectroscopy with a conventional
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constant acceleration spectrometer (SEECo, USA) that uses a
%’Co (Rh matrix) source. Measurements were performed at six
different temperatures (6 K, 50 K, 100 K, 200 K and 300 K) and
NORMOS software'* was employed to fit Mdssbauer spectra.
Zero-field cooling (ZFC) and field-cooling (FC) curves were
measured under an applied field of 300 Oe intensity with a
DynaCool PPMS-9T (Quantum Design, USA) magnetometer, in
the range from 50 K (i.e. magnetic frozen state) to 400 K
(i.e. with relaxed magnetic moments of Gd ions). Hysteresis
loops were obtained at different temperatures in fields of up to
5 T induction via the same device. Transmission Electron
Microscopy (TEM) investigations were carried out with the JEOL
2100 instrument, equipped with an energy-dispersive X-Ray
detector (Japan).

3. Results and discussion

Fig. 1(a) and (b) shows the room temperature (RT) XRD patterns
of the two Gd;Fe;0,, samples. The diffraction peaks of both
samples correspond to the phase structure of Gd;Fe;0,, (ICDD
no. 04-007-521). The parameters obtained from the Rietveld
analysis are listed in Table 1. The average crystallite sizes are in
the range of 119 <+ 164 nm. Such values prove a good crystal-
linity of both garnets, being one order of magnitude higher
than specific nanosizes where magnetic and structural proper-
ties might be size dependent. From this point of view, the
observed differences in the magnetic properties, specifically in
the compensation temperatures cannot be related to differ-
ences of crystallite size in the indicated interval. Stoichiometric
GdsFes0;, has a cubic structure in which each Gd*" ion is
surrounded by 8 oxygen ions, thus forming an inverted dode-
cahedron. Fe*" ions are surrounded either by 6 oxygen ions in
specific octahedral (Fe,.) positions or by 4 oxygen ions in
specific tetrahedral (Fe) positions. Oxygen ions are arranged
in a 3D lattice and they contribute to stability of the crystal
structure. Summarizing, 24 dodecahedral Gd** ions {24c}, 16
octahedral Fe*" ions [16a] and 24 tetrahedral Fe*" ions (24d) are
present in each unit cell.”
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Fig. 1 XRD patterns and Rietveld refinement of GdsFesO1, samples prepared by: (a) hydrothermal method; (b) solid state reaction.
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Table 1 Structural parameters obtained from Rietveld refinement: lattice
parameter a, crystallite size (Dgy), lattice micro strain (%), the calculated
R-factor, Rexp, and +° factor. The resulted optimal site occupation respect-
ing also the M&ssbauer spectroscopy investigation is also mentioned, with
an error of less than 3 units at the last digit

Samples

Gd;Fes;0,, obtained by
hydrothermal method
(see Fig. 1a)

(Gd244oFeo.30) (Fe1.46Gd0630)Fes O11.9
a=12.457 £3 x 1071 A

D¢ =164 + 6 nm

(9 =1 x 107* + (<1 x 107°)
Rexp (%) = 4.55

¥ =191

(

Gd;Fes0,, obtained by Gdy.64F€0.36) (Fe1.52Gdo s2)Fes O11.5

solid state reaction a=12.457+3 x 10 *A
(see Fig. 1b) Dep =119 + 3 nm
() =1 x 107" £ (<1 x 107°)
Rep (%) = 3.44

However, the Rietveld analysis gives clear indication for the
formation of non-stoichiometric cubic structures for both
materials.

Accordingly, to accommodate the observed non-stoichio-
metry it was necessary to consider cation inversions occurring
between Gd*>" and Fe®" ions at the octahedral positions. As
presented in the following, the chemical formulas which are in
simultaneous agreement with both Rietveld and Mdssbauer ana-
lyses are (Gds.4oFeqs0)(Fe1.46Gdos0)Fes0110 and (GdyesFeq )
(Fe;.3,Gdg3)Fe3041 5 for samples prepared by hydrothermal and
solid-state routes, respectively. The amounts of ions involved in the
inversion are very close for both materials, being approximately 6%
(atomic percent) for Fe*" and about 10% (atomic percent) for Gd**.
Both samples have a deficit of cations, e.g. 0.3 Gd*, 0.24 Fe** and
0.04 Gd*', 0.32 Fe** atoms for GdsFe;O,, synthesized by hydro-
thermal and solid-state reaction routes, respectively. The impact of
these inversions and of the deficient of Gd** cations is also
reflected in the lattice constant values, which exhibit a slight
decrease (a = 12.457 A in both samples), comparative to the
theoretical values of 12.470 A for the stoichiometric compound,™
thus confirming slight distortions of the two crystal lattices.

The temperature dependent Mdssbauer spectra of the two
Gd;Fe;0,, samples are shown in Fig. 2(a) and (b). They have
been fitted with three sextets, characterized by the following
hyperfine parameters: hyperfine magnetic field (Byy), isomer
shift (IS) and quadrupolar shift (¢). Their values obtained from
the spectral analysis (without any fit constrain) are presented in
Table 2. The correlated values of IS and ¢ provide information
on the local electronic structure including valence state of Fe
ions on each site as well as on their oxygen coordination
whereas the hyperfine magnetic field is the main parameter
providing information on the magnetic structure, being pro-
portional in magnitude with the electronic magnetic moment
of the Fe ions.

The assignation of the two main Mdssbauer components
(the first and the third spectral component in the above table
below 100 K) have been done in agreement with values of
hyperfine parameters reported in literature for spectra of
Gd,Fe;0,, samples with garnet oxide structures.’®'” Note that

22896 | Phys. Chem. Chem. Phys., 2025, 27, 22894-22900

View Article Online

Communication

Relative Transmission
Relative Transmission

I nﬁ\ﬂ& f\m r

‘%
ol |
! 300K
T8 4 0 e e
Velocity Velocity
(mm/s) (mm/s)
@ (b)

Fig. 2 Mossbauer spectra of GdsFesOj, samples prepared by: (a) hydro-
thermal method; (b) solid state reaction.

a realistic site occupancy of Fe ions can be subtracted only from
the spectra at low temperature, while at higher temperatures
(i.e. above 100 K) magnetic relaxation phenomena appear with
an influence on the time average value of the magnetic moment
of Fe, leading implicitly to a different decreasing trend of the
hyperfine field in each position. For example, above 200 K,
there is a superposition of the hyperfine magnetic fields of the
first two sextets leading to only two spectral components in the
fit. However, the hyperfine magnetic field of the third sextet
decreases much faster than for the first two, giving evidence for
a much faster magnetic relaxation of the magnetic moment
associated to this Fe position. At 6 and 50 K, the sextet with an
IS of about 0.39 mm s ' and with the highest hyperfine
magnetic field of about 55 T was assigned to Fe*" ions in the
high-spin state on the octahedral positions in the garnet,
whereas the sextet with an IS of about 0.17 mm s~ and with
the lowest hyperfine magnetic field of about 48 T was assigned
to Fe*" ions in the high-spin state on the tetrahedral
positions.® Neglectable values of ¢ are specific to these posi-
tions. Finally, the third (less intense) sextet with the highest
value of IS of about 0.43 mm s~ ' and an intermediate value of
the hyperfine magnetic field of about 54 T was assigned to Fe**
ions which occupy the dodecahedral positions of Gd*" ions in
the garnet. One of the reasons for this assignation is the
reported trend of IS value with the number of oxygen ions
around the cation.'® In addition, the relative number of Fe**
cations on this position, (i.e. of only 9% relative spectral area) is

This journal is © the Owner Societies 2025
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Table 2 The magnetic hyperfine parameters (Byy, IS, &) obtained by fitting the M&ssbauer spectra from Fig. 2. The spectral linewidth, I', as well as the
relative spectral area of the three components (evidenced at lower temperatures, i.e. where magnetic relaxation phenomena can be neglected) are also
presented. IS is given relative to a-Fe at RT. Errors are of one unit at the last-mentioned digit, except for the relative spectral area where the errors are of 5
units of the last digit. At temperatures higher than 200 K, only two sextets components were used due to enhanced relaxation phenomena, pointed also

by the broad central pattern improving the fit at 300 K (Fig. 2(b))

Gd;Fe;0;, obtained by hydrothermal method

Gd;Fes;0,, obtained by solid state reaction

T(K) By(T) IS(mms™") emms ') T'(mms ') Area(%) Bu(T) IS(mms') e(mms') T (mms ') Area (%)
6 55.40 0.39 0.10 0.31 31.2 55.09 0.38 0.12 0.28 25.9
53.80 0.43 —0.31 0.29 9.2 53.63 0.42 —0.29 0.40 10.1
48.55 0.16 —0.01 0.38 59.6 48.24 0.16 —0.00 0.32 64.1
50 55.33 0.39 0.09 0.31 29.9 54.87 0.39 0.12 0.32 27.5
53.81 0.42 —-0.27 0.27 9.0 53.73 0.39 —0.31 0.22 9.0
48.18 0.17 —0.00 0.43 61.1 47.86 0.17 —0.00 0.40 63.5
100 55.09 0.38 0.09 0.31 28.8 54.71 0.38 0.10 0.27 21.3
53.77 0.42 —0.23 0.26 9.2 53.37 0.41 —0.20 0.36 15.2
47.61 0.16 0.01 0.47 62.0 47.26 0.16 0.02 0.43 63.5
200 53.24 0.34 0.05 0.38 41.3 52.63 0.34 0.03 0.41 37.4
45.03 0.11 0.01 0.43 58.7 44.55 0.12 —0.00 0.49 62.6
300 50.05 0.28 0.04 0.40 42.8 49.62 0.29 0.03 0.46 349
41.27 0.06 —0.01 0.39 57.2 40.95 0.06 0.00 0.45 59.0¢

“ The relative areas of the central component was not counted.

in good agreement with the Rietveld analysis. However, the
higher distortion of this position, underlined by the significant
value of ¢ of about —0.3 mm s~ ', suggests rather a deficient
number of surrounding oxygen anions in this configuration
(i.e. 7 instead of 8). The relative areas at low temperatures in
Table 2 are in agreement with a population of 30% of the
octahedral positions and 61% of the tetrahedral positions of Fe
in the garnet obtained by the hydrothermal method and of 27%
of the octahedral positions and 63% of tetrahedral positions of
Fe in the garnet obtained by the solid-state method (close to
10% of Fe ions are on the Gd positions) in good agreement with
the best compositional solution of the Rietveld analysis, pre-
viously presented. For example, the above results show clearly a
ratio of tetrahedral to octahedral Fe positions higher than the
theoretical value of 3/2, meaning that the tetrahedrally coordi-
nated Fe positions are not affected by inversion, but only the
octahedrally coordinated ones. Moreover, the estimated occu-
pancy of the octahedral Fe positions per formula unit is 31/60
multiplied by 3 (theoretical number of Fe atoms with tetrahe-
dral occupation), leading to 1.47 Fe ions with octahedral
coordination in case of sample obtained by the hydrothermal
method. In a similar way, a value of 1.29 Fe ions with octahe-
dral coordination is estimated in case of sample obtained by
solid-state method.

Based on Mdssbauer data, the effective magnetic moments
of the Fe*" ions at different temperatures can be computed on
each position by assuming a proportionality constant of 11 T/pgp
between the magnetic moment and the hyperfine magnetic
field."® Noteworthy is that the magnetic structure of Gd;FesO;,
shows antiferromagnetic coupling between the two sublattices
of Fe*" ions (octahedral and tetrahedral), while the rare earth
ions are ferromagnetically coupled to the Fe*" jons in the
octahedral position.'® Under this assumption and considering
Gd*" ions with a magnetic moment of 7ug,'> the magnetic
moments per formula units (in pg) were calculated for both
samples at low temperatures where magnetic relaxation effects

This journal is © the Owner Societies 2025

are negligible. The magnetic structure presented in SI was
considered, with weighted contributions of the atomic mag-
netic moments, according to the established ion occupancy, as
also mentioned in the above material. The values of magnetic
moments per unit formula were 14.57up for Gd;FesOq,
obtained by hydrothermal method and 15.98pp for GdzFe;0,,
synthetized by solid state reaction. Both magnetic moments are
smaller than the theoretical value of 16pg, but they are con-
sistent with the structures (chemical composition and atoms
positions, Table 1) determined through Rietveld analysis.

Hysteresis loops at different temperatures for both samples
are presented in Fig. 3. As a result of the complex type of
coupling inside the unit cell of the garnet, the magnetic
properties are highly sensitive to local changes. Both the cation
distribution and defects arising from variations in oxygen
stoichiometry are crucial factors in understanding the evolu-
tion of these properties. Both samples exhibit significant
ferrimagnetic behavior at low temperatures. As the temperature
increases up to 300 K, the saturation magnetization values
decrease rapidly, due to thermal fluctuations that change the
effective magnetic moments and coupling strength. The satura-
tion magnetization values at low temperatures (5 K) are
consistent with those reported in previous studies, ie.
94.5 emu g~ ! for Gd;Fe;0,, synthesized via solid-state reaction
and 90.15 emu g~ * for Gd;Fe;0;, obtained by the hydrothermal
method. Again, the corresponding magnetic moments calcu-
lated for both samples are in good agreement with those
calculated from the Mossbauer data, ie. 15.46pg for the
solid-state reaction sample and 14.08py for the hydrothermal
sample.

The magnetization curves measured in ZFC and FC condi-
tions as a function of temperature under an applied magnetic
field of 300 Oe, are shown in Fig. 4.

Both ZFC-FC curves show a relatively high magnetization at
low temperatures where magnetic ordering of Gd*" sublattice
occurs.”’ The compensation temperatures vary considerably.

Phys. Chem. Chem. Phys., 2025, 27, 22894-22900 | 22897
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Fig. 3 Hysteresis loops acquired at different temperatures for GdsFesO1, samples prepared by: (a) hydrothermal method; (b) solid state reaction.
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Fig. 4 ZFC-FC curves measured in an applied magnetic field for GdszFesO;, prepared by: (a) hydrothermal method; (b) solid state reaction.

The Gd;Fe;0;, synthesized by hydrothermal method has a 0. of
290 K. The garnet produced through the solid-state reaction
exhibits a 27 K increase in 6. due to a higher occupancy of the
dodecahedral Gd positions and consequently stronger Fe-Gd
interactions. That can be straightforward understood by the
mechanism of the compensation temperature. The compensa-
tion is realized when the diminished time average magnetic
moment of Gd ions, via temperature activated magnetic relaxa-
tion, equates the time average magnetic moment of the oppo-
site magnetic sublattice, due to mainly Fe ions. The relaxation
of Gd magnetic moment increases faster with temperature if
the stronger Gd-Fe interactions are replaced by the weaker Gd-
Gd interactions. This is achieved for a higher occupation of
dodecahedral Gd positions by Fe atoms while the number of Gd
cation neighbors of a Gd ion is higher in this case (see SI with
magnetic structure). Accordingly, a higher compensation tem-
perature is expected in case of the structure with less Fe ions on
the Gd position (i.e. for the sample obtained by solid state
reaction) as compared to the case of a garnet with higher

22898 | Phys. Chem. Chem. Phys., 2025, 27, 22894-22900

occupation of Gd positions by Fe ions (i.e. for sample obtained
by the hydrothermal method).

4. Conclusions

Current understanding® is that compensation temperature is
influenced by three main factors: (i) the nature of the rare earth
ion, which has specific values of magnetic moments; (ii) the
exchange interactions between iron and the rare earth ele-
ments; and (iii) substitutions and doping. In addition to these
factors, our results demonstrate that internal substitutions
through cation inversions in which iron ions from the octahe-
dral sites migrate to the gadolinium positions and vice versa are
of paramount importance and also show the strongest depen-
dence on preparation methods. Therefore, even for a fixed
stoichiometry, due to different atomic arrangements leading
to a different distribution of Fe-Fe and Fe-Gd magnetic cou-
plings, compensation temperature changes significantly and
this takes place in the room temperature range. The impact is

This journal is © the Owner Societies 2025
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remarkably high, promoting extended possibilities of designing
garnet systems with controllable compensation temperatures.
This in turn enables customizable advanced spintronic applica-
tions with e.g. fast magneto-optical switching and magneto-
electric control.

The stoichiometric and site occupancy details for both
materials obtained by different processing routes were estab-
lished with high precision through the proposed exten-
sive methodology. The proposed approach opens new direc-
tions for enhancement of materials with tailored magnetic
functionalities.
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