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A B S T R A C T   

The magnetic properties and Mössbauer spectra of the Y1.8Bi1.2Fe3.5Ga1.5O12 compound were investigated. A 
linear temperature dependence of the saturation magnetization, hysteresis, and stability of the coercive field in 
the magnetically ordered state were found. Using the Mössbauer measurements, the distribution of iron ions over 
octahedral and tetrahedral sites and the concentration of paramagnetic iron ions were determined. Two critical 
temperatures – the sublattice magnetization compensation temperature and the ferrimagnet–paramagnet tran
sition temperature – were established. The disappear of the phonon mode in the vicinity of the magnetic tran
sition was observed. The experimental data have been interpreted in terms of the spin–lattice interaction model.   

1. Introduction 

Yttrium iron garnet (YIG) is interesting for both fundamental 
research and application. In YIG, magnons propagate to distances that 
exceed the distances of propagation of spin-polarized electrons by orders 
of magnitude [1]; the use of optical magnons [2] can accelerate data 
processing and makes YIG promising for magnon spintronics [3]. Sub
stitution of bismuth for yttrium intensifies the Faraday effect [4] and 
expands the range of magneto-optical applications [5]. 

According to the theoretical calculations in the molecular field 
approximation [6,7], gallium-substituted YIGs can have the substitution 
concentration-dependent temperature of the sublattice magnetic 
moment compensation, which increases from 0 to 400 K. In the vicinity 
of the compensation temperature, the magnetization dynamics can be 
controlled on a femtosecond scale, which opens up prospects for the 
development of integrated opto-spintronic devices [8–11]. In the ex
periments, the compensation temperature was not observed because of 
the difference between the distributions of gallium cations over tetra
hedral (a) and octahedral (d) sites, which depend on a sample fabrica
tion technique used. The distributions of diamagnetic Ga ions over 
octahedral and tetrahedral sites in the polycrystalline and single-crystal 
samples are different [6,7]. In Y3[Fe2-xGax](Fe3-yGay)O12 (x + y = 1.5), 
the Ga concentration in tetrahedral sites is y = 1.3 for polycrystals and y 
= 1.36 for single crystals. The Curie temperature is TC = 348 K and the 

saturation magnetization at T = 4.2 K at a gallium concentration of × +

y = 1.5 decreases by a factor of 5. The magnetization is described by the 
power dependence M(T) = M0(1 – T/TC)β (β = 0.6) and the magnetic 
anisotropy field is Ha = H0(1 – T/TC)α (α > 1). The frequency of the 
Raman mode of the Fe–O bond vibrations in YFe5-xGaxO12 increases 
from 498 cm− 1 at x = 0 to 505 cm− 1 at x = 1 [12]. The bond length 
decreases from Fed–O = 0.2036 nm at x = 0 to 0.2016 nm at x = 1 in the 
octahedron and increases from Fea–O = 0.1846 nm at x = 0 to 0.1855 
nm at x = 1 in the tetrahedron. The saturation magnetization MS de
creases linearly from 28.2 emu/g at x = 0 to 4.98 emu/g at x = 1.0, 
possibly, due to the formation of a noncollinear spin structure [12]. In 
the Mössbauer spectra, five nonequivalent positions of Fe3+ ions in 
YFe5-xGaxO12 at x = 1 were found. Three of them correspond to Fe3+ ions 
in octahedral sites with a weight of 0.39 and two correspond to Fe3+ ions 
in tetrahedral sites with a weight of 0.61. The appearance of new 
components is attributed to the formation of several clusters of Ga3+ ions 
that are the nearest neighbors of Fe3+ ions. 

Substitution of bismuth for yttrium induces the magnetoelectric 
interaction. The magnetoelectric effect, which is explained by the 
spin–orbit coupling [13–16], was observed at domain walls [17–19] and 
in thin films. The modes in the range of 700–500 cm− 1 shift to the low- 
temperature region and the modes in the range of 500–400 cm− 1 

assigned to the octahedron undergo a blue shift upon substitution of 
bismuth for yttrium [20–21]. The infra-red (IR) spectra of Y2Bi1Fe3O12 
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contain an additional absorption maximum at a frequency of 850 cm− 1, 
which is not observed for YIG. At T = 10 K, the magnetic moment per 
formula unit decreases from 4.55 μB at x = 0 to 3.96 μB at x = 1. The 
coercivity of Y2Bi1Fe3O12 increases by a factor of two from HC = 35 Oe 
(T = 10 K) to HC = 65 Oe (T = 300 K) upon heating [20]. Bismuth ions 
located in dodecahedrons affect not only the indirect Fe–O–Fe exchange 
couplings, but also the value of the magnetic moment due to addition of 
the excited T2g states. Possibly, shortening of the Fe–O bond lengths 
induces the transition from the high-spin (HS, S = 5/2) to low-spin (LS, 
S = 1/2) state under chemical pressure. 

In the Ba3NbFe3Si2O14 multiferroic with a langasite structure, a spin 
crossover was found at a pressure of 50 GPa, when Fe3+ ions in oxygen 
octahedra pass from the high-spin (HS, S = 5/2) to low-spin (LS, S = 1/ 
2) state. The temperature of the magnetic ordering of the LS sublattice is 
22 K and the magnetic correlations between the HS and LS sublattices 
are observed [22]. The ultrahigh quadrupole splitting parameter (QS =
1.7 mm/s) determined from the Mössbauer spectra at P > 50 GPa 
characterizes the LS state of Fe3+ ions with a hyperfine field of Hsf =

(8–9) T. Spin transitions occur on the iron ions surrounded by six ligands 
of the organic complexes [23]. The organic compounds with a crystal 
structure, e.g., [Fe(NH2trz)3](NO3)2, which undergoes the LS–HS spin 
transition around room temperature, were synthesized [24]. 

The ionic radius of the gallium ion is less than that of the trivalent 

iron ion. Therefore, gallium ions preferentially occupy tetrahedral po
sitions. With an ideal substitution of iron ions by gallium, the concen
tration of iron ions in tetrahedral positions will decrease and, according 
to theoretical calculations, in the molecular field approximation, the 
sublattice magnetizations are compensated (compared) in the room 
temperature range in the concentration range XGa = 1.2–1.5. The sub
stitution of yttrium by bismuth with a lone electron pair causes a 
redistribution of the electron density between the Bi-O-Fe ions, which 
leads to the modulation of the exchange and spin–orbit interaction. The 
magnetic anisotropy sharp increases. The strong electron–phonon 
interaction on the Bi-O bond creates the prerequisites for the existence of 
a non-Heisenberg exchange interaction between spins. 

The aim of this study was to explore the effect of diamagnetic dilu
tion on the formation of a compensation point in the Y1.8Bi1.2Fe3.5

Ga1.5O12 compound as a result of the selective distribution of gallium 
ions over tetrahedral and octahedral sites. The bismuth substitution 
increases the spin–orbit coupling, reduces the spin at the site, and en
hances the spin–lattice coupling, which can lead to the formation of a 
non-Heisenberg exchange interaction between spins and anomalous 
temperature behavior of the magnetization. 

Fig.1. X-ray diffraction pattern of the Y1.8Bi1.2Fe3.5Ga1.5O12 and Bi2Fe4O9 at room temperature.  
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2. Materials and methods 

Polycrystalline Y1.8Bi1.2Fe3.5Ga1.5O12 samples were synthesized by 
burning a gel with polyvinyl alcohol. The starting substances were 
yttrium and bismuth oxides, metallic gallium, and carbonyl iron (all of 

high purity), stoichiometric amounts of which were dissolved in dilute 
nitric acid. After dissolution, excess nitric acid was evaporated and citric 
acid was added to the nitrate solution as a complexing agent and 
ethylene glycol as a gelling component. The reaction mixture was 
evaporated (~100 ◦C) with continuous stirring to a gel state in which the 
primary components were homogenized at the molecular level. As the 
temperature increased, there was slow combustion of the gel to form a 
homogeneous mixture of chemically active oxides in the form of a finely 
dispersed powder. After cooling the powders were grinded, pressed into 
tablets and annealed at temperatures of 1000 ◦C with holding times 12 h 
[25]. 

The powder diffraction data on the Y1.8Bi1.2Fe3.5Ga1.5O12 compound 
for the Rietveld analysis were collected at room temperature using a 
Bruker D8 ADVANCE powder diffractometer equipped with a VANTEC 
linear detector (CuKα radiation). The 2θ step size was 0.016◦ and the 
counting time was 2 s per step. These structures were taken as a starting 
model for the Rietveld refinement performed using the TOPAS 4.2 
software. X-ray diffraction pattern of sample is presented in Fig. 1. 

According to the X-ray diffraction data, the compound consists of 

Table 1 
Structural parameters of the Y1.8Bi1.2Fe3.5Ga1.5O12 and Bi2Fe4O9.   

Y1.8Bi1.2Fe3.5Ga1.5O12 Bi2Fe4O9 

Sp. gr. Ia-3d Pbam 
a, Å 12.42953(38) 7.96795 (2) 
b, Å 12.42966(38) 8.45160 (3) 
c, Å 12.42966(38) 6.01100 (2) 
β, ◦ 90 90 (2) 
V, Å3 1920.28(18) 404.792661 (3) 
2θ range,◦ 8–90 
Rwp, % 9.06 
Rp, % 7.01 
RB, % 3.01 
χ2 1.61  

Fig. 2. SEM image of the Y1.8Bi1.2Fe3.5Ga1.5O12 and Bi2Fe4O9 compound.  

Fig 3. Magnetization of Y1.8Bi1.2Fe3.5Ga1.5O12 and Bi2Fe4O9 compound versus temperature in magnetic fields H = 100 Oe (1), 1 kOe (2), 10 kOe (3) (a). Sublattice 
magnetization calculated in model (4) with four-spin exchange A1/J = 0.1 (1), A2/J = 0.56 (2), resulting magnetization: experiment (3), theory (4). Insert: 
magnetization in the vicinity of the magnetic transition. 
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Bi2Fe4O9 (6.19%) and (YBi)3(FeGa)5O12 (93.81%) (Fig. 1). Bismuth- 
Substituted Diluted Yttrium Iron Garnet Y1.8Bi1.2Fe3.5Ga1.5O12 corre
sponds to the space group Ia-3d and Bi2Fe4O9 to the orthorhombic 
structure Pbam [26]. Parameters of elementary cells are given in Table 1. 

The microstructure and morphology of the system were investigated 
by high-resolution scanning electron microscopy (SEM) on a Hitachi 
TM3000 microscope (Japan). The surface morphology study of the 
Y1.8Bi1.2Fe3.5Ga1.5O12 and Bi2Fe4O9 compound yielded an average grain 
size of ~ 400 nm (Fig. 2). 

The magnetic measurements were performed on a LakeShore VSM 
8604 vibrating sample magnetometer at the Center for Collective Use of 
the Krasnoyarsk Scientific Center, Siberian Branch of the Russian 
Academy of Sciences. A spherical sample with a mass of m = 11.9 mg 
and a diameter of d = 1.48 mm was placed in a continuous-flow cryostat 
of a LakeShore VSM 8604 facility. The temperature dependences of the 
magnetization in a field of H = 1 kOe were measured upon heating after 
cooling in different modes: zero-field cooling (zfc) and cooling in a field 
of 12 kOe (fc 12 kOe). The temperature range was from 78 to 450 K. The 
IR spectra were recorded on an FSM 2202 IR Fourier spectrometer with a 
spectral resolution of 0.5 cm− 1 in the temperature range of 80–500 K 

and a wavenumber range of 450–7000 cm− 1 with an average over 100 
measurements. The spin of iron ions and their distribution over octa
hedra and tetrahedra were determined from the Mössbaur spectra on an 
MS-1104Em spectrometer with a Co57(Rh) source on powder absorbers 
with a thickness of 5 mg/cm2. 

3. Magnetic measurements 

Diluted bismuth ferrite is a ferrimagnet. Iron ions are replaced by 
gallium ions mainly in tetrahedral sites. Fig. 3 shows the dependences of 
the saturation magnetization and magnetization in the fields weaker 
than the coercive field. The partial replacement of yttrium by bismuth 
ions leads to the linear temperature dependence qualitatively different 
from the classical YIG behavior: M = M0(1 – T/TC)0.5 at T > 0.6TC [27]. 
In polycrystalline Y3Fe3.5Ga1.5O12 containing one percent of Fe2+, the M 
(T) curve above 100 K is satisfactorily described by a power law [7]. 

Above room temperature, the magnetization exhibits the anomalous 
behavior, the M(T) curve has minima at T = 360 K (H = 100 Oe) and 
364 K (H = 1000 Oe) and, upon heating, passes through maxima at T =
382 K (H = 100 Oe) and 380 K (H = 1000 Oe) (see the inset in Fig. 3). In 

Fig. 4. The magnetization of Y1.8Bi1.2Fe3.5Ga1.5O12 from the magnetic field at T = 78 К, 125 К, 160 К, 200 К, 250 К, 300 К (a), T = 350 К, 375 К, 400 К, 425 К, 450 
top down (b). 

Fig. 5. Magnetization of Y1.8Bi1.2Fe3.5Ga1.5O12 from a magnetic field at T = 78 K, 125 K, 160 K, 200 K, 300 K (a). Remanent magnetization (right axis) and coercive 
field Hc (left axis) versus temperature (b). 
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strong fields, the maximum turns into a step. The dM/dT derivatives 
have two extrema in the ranges of 337–334 and 394–395 K. Mullite 
Bi2Fe4O9 has antiferromagnetic structure. Neel temperature depend on a 
synthesis method and a crystallite size. The Bi2Fe4O9 samples obtained 
by the solid-state synthesis have a Néel temperature of TN = 258 K [28] 
and TN = 238 K in the single-crystal state [29]. Magnetization of poly
crystalline bismuth ferrite Bi2Fe4O9 undera 1 T field grows at heating 
from 0.13 emu/g at 4 K to 0.14 emu/g at room temperature [30]. The 
contribution of mullite to the magnetization of diluted bismuth ferrite 
will be 0.5% and will be absent in remanent magnetization. 

The magnetization versus magnetic field curve exhibits a hysteresis 
(Fig. 4), which disappears at 400 K because the compound passes into 
the paramagnetic state (Fig. 4b). The remanent magnetization decreases 
linearly up to 350 K, has a kink at this temperature, and vanishes at 400 
K (Fig. 5b). The coercivity varies within 10% up to 350 K and drops 
sharply upon further heating (Fig. 5b). The coercive field (Hc) is 
determined by the ratio of the anisotropy constant (K), the grain size (d) 
to the thickness of the domain wall (δ). For garnet ferrites, Hc ~ Kd/ 
(μ0Ms δ) reaches a maximum when d = δ coincides, when the grain size 
reaches 80 nm [31]. As the grain size increases d > δ, the coercive field is 
determined by domain wall pinning at grain defects, segregation at grain 
boundaries, internal stresses, and dislocations. The weak dependence of 
the coercive force on temperature indicates that the functional tem
perature dependences of the anisotropy field and the exchange field are 
similar. 

The saturation magnetization of the Y1.8Bi1.2Fe3.5Ga1.5O12 com
pound differs from the values for conventional ferromagnets; in partic
ular, the magnetization change ΔM at 0.2–1 T decreases by 10% from 
ΔM = 0.116 to 0.103 emu/g upon heating from 80 to 250 K (Fig. 5a). 

The YIG magnetization per formula unit is 4.55 μB/f.u. If gallium is 
only located in the tetrahedral sublattice, then, at the 50% replacement 
of iron ions in the tetrahedron by nonmagnetic atoms, the magnetization 
of the a sublattice will halve and the resulting magnetization will be M 
= 2.1μB/f.u. The experimental asymptotic saturation magnetization of 
Y1.8Bi1.2Fe3.5Ga1.5O12 at T = 0 is.  

M = Ms × μ/5585 = 0.66 μB/f.u.,                                                      (1) 

where Ms is the saturation magnetization (emu/g) and μ is the molar 
weight of the compound. The experimental value is three times less than 
the theoretical one, which suggests the replacement of iron ions in 
octahedral sites. The coercivity of YIG is about 6 Oe and changes 
insignificantly upon gallium substitution [32,33]. The anisotropy con
stant decreases almost linearly with temperature, which is explained in 
the model Ka ~ M2 = (1 – T/TC) [34]. The substitution of bismuth ions 
enhances the coercivity in Y1.8Bi1.2Fe3.5Ga1.5O12. In the 90-nm-thick 
Bi2.8Y0.2Fe5O12 films, the room-temperature coercivity is 200 Oe 
[35,36]. The distribution of iron cations and their valence will be 
determined from the Mössbauer spectra. 

4. Mossbauer effect and IR vibrational mode 

The Mössbauer spectrum at 78 K is shown in Fig. 6a. We assume that 
the spectrum consists of two sextets (one with a chemical shift of<0.3 
mm/s (tetrahedra) and the other with a chemical shift of>0.3 mm/s 
(octahedra)) and two doublets with the similar condition. The 
Mössbauer spectrum was interpreted in two stages. At the first stage, the 
distributions of hyperfine magnetic fields P(H) and quadrupole splittings 
P(QS) in the experimental spectrum were determined for two different 
isomer shifts. The chemical shifts common for each group of sextets and 
doublets and the amplitudes of the spectrum components were adjusted. 
The P(H) and P(QS) peaks and features indicate possible nonequivalent 
iron sites. At the second stage, based on these distributions, a model 
spectrum was built and then fitted to the experimental spectrum by 
varying all the hyperfine parameters. 

According to the density functional theory (DFT) calculation, the 
isomer shift increases with the iron ion coordination number [37] and 
metal–ligand bond length; shorter bonds cause decreasing isomer shifts 
[38]. Three tetrahedral and three octahedral sites can be distinguished 
in the spectra. The peak in a local field of 407 kOe is within one percent, 
which is less than the measurement error and can be ignored. The strong 
substitution of gallium for iron at × = 1 leads to the formation of three 
octahedral and two tetrahedral sites with weight ratios of Aoc = 39% and 
Atet = 61% [12]. The formation of three octahedra and two tetrahedra 
was observed in Er3Fe4.2Ga0.8O12 [39] and upon substitution of 
aluminum in Y3AlxFe5-xO12 [40,41]. Gallium ions are distributed mainly 

Fig.6. A) Mössbauer spectra of garnet at 78 K. Colored lines show components of the spectrum, the parameters of which are given in Table 2. Below the spectrum the 
error spectrum is shown - the difference between the experimental and calculated spectra. b) – Probability distribution of hyperfine fields in the experimental 
spectrum. c) - Probability distribution of quadrupole splittings in the experimental spectrum. 
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over tetrahedral sites (56% and 10%) and over octahedral sites (20%, 
8%, and 6%). The spread of local fields is caused by a random distri
bution of gallium ions over the sublattices. The significant growth of the 
isomer shift in a weak local exchange field was attributed to a higher Ga 
concentration around the corresponding octahedral site. 

The resolution of the spectrum components under the assumption 
that the Mössbauer effect probabilities for nonequivalent iron sites are 
identical allows us to establish the cationic distribution. The Mössbauer 
parameters of Y1.8Bi1.2Fe3.5Ga1.5O12 are given in Table 2. It can be seen 
that 55% of iron contained in the sample occupies tetrahedral a sites and 
45% of iron, octahedral d sites. Iron ions in mullite Bi2Fe4O9 are equally 
distributed over octahedrons and tetrahedra with in a weight ratio of 
three percent, which can be ignored at estimation of distributing iron 
ions in garnet [42]. Using the Mössbauer spectroscopy data, we can 
estimate the magnetization. In the formula, there are 3.5 magnetic iron 
atoms in total; 48% of them are in the a sites with a sublattice magne
tization of Ma = 1.68gSa and 42% are in the d sites with Md = 1.47gSd. 
The resulting magnetization is M = 0.21gSa = 1.05 μB/f. u., where Sa, b 
are the effective moments of the sublattices under the condition that the 
g factor is g = 2. The magnetization was estimated under the assumption 
of the antiparallel sublattice magnetic moments. In some studies, the 
discrepancy between the magnetization determined from the Mössbauer 
spectra and the magnetic measurement data is explained by a noncol
linear structure caused by the enhancement of the exchange field inside 
the sublattice over the intersublattice exchange [12]. The decreasing 
magnetization is possibly due to the spin contraction at the site and 
formation of a noncollinear spin structure. 

Substitution of bismuth for yttrium in Y3–xBixFe5O12 does not disturb 
the ratio between iron ions in octahedral and tetrahedral sites in a 

concentration range of x = 0–0.5 [43]. The isomer shifts are ~0.35 and 
0.2 mm/s for octahedral and tetrahedral sites, respectively. As the Bi 
concentration increases from 0 to 0.5, the magnetic hyperfine field in
creases for both octahedral and tetrahedral sites from 483 and 391 kOe 
to 491 and 397 kOe and the quadrupole splitting also increases from 
0.05 to 0.08 mm/s and 0.01 mm/s, respectively. This growth of the 
magnetic hyperfine fields reflects the enhancement of the super- 
exchange near the diamagnetic substitution, but the saturation magne
tization decreases linearly by 10% [43]. Possibly, the bismuth substi
tution up to 1.2 will reduce the magnetization by 20%. 

The effect of the 6% mullite phase on the distribution of gallium ions 
over tetrahedral and octahedral sites in Table 2 is studied using 
Mössbaur and IR spectroscopy. The Mössbaur spectrum of the Bi2Fe4O9/ 
BiFeO3 composite with a percentage ratio of 67/33 was measured 
continuously for three days (data set). Bismuth, like lead, absorbs 
gamma radiation, so the intensity of gamma quanta in mullite drops 
sharply and the sensitivity of the MS-1104Em spectrometer does not 
allow determining the spectrum from iron atoms at 78 K. The concen
tration of bismuth ions in mullite Bi2Fe4O9 per formula unit is 15%, in 
Y1.8Bi1.2Fe3.5Ga1.5O12 about 6%. Therefore, the Mössbauer spectrum 
measured on the MS-1104Em setup is determined only by iron atoms in 
Y1.8Bi1.2Fe3.5Ga1.5O12. 

The spectra of the Y1.8Bi1.2Fe3.5Ga1.5O12 compound include two pairs 
of doublets with a high isomer shift and quadrupole splitting caused by 
the electric field gradient. The value of the quadrupole interaction de
pends on the electric field gradient induced on a nucleus by the electron 
cloud and neighboring ions [44]. The fully or half-filled eg and t2g or
bitals do not contribute to the quadrupole splitting and the main 
contribution for the Fe3+ ion is related to the lattice. During the HS–LS 
transition, the 2T2g term with one unpaired electron at the t2g level is 
formed in the octahedron and the QS contribution changes from lattice 
to electron. By means of the lone electron pair, bismuth ions change the 
Bi–O bond length, distort the octahedron and tetrahedron, weaken the 
crystal field, and lead to the growth of admixing of the T1g state to the 
ground state A1g. Strengthening of the spin–phonon interaction in the 
octahedra (tetrahedra) surrounded by two bismuth ions can result in a 
local paramagnetic state of Fe3+ ions, which lacks a part of the exchange 
couplings. The second mechanism may be associated with the transition 
of the Fe3+ ion to the LS state. Depending on the mechanism, there are 
two options of the distribution of paramagnetic ions over octahedra and 
tetrahedra. In the case of the spin–phonon mechanism, paramagnetic 
ions are localized in octahedra and tetrahedra. In the LS state, iron ions 
are in the octahedron, because the energy of the HS–LS transition in the 
tetrahedron is several times higher. The mechanism of finding iron ions 
in the LS state contradicts the Mösbauer data. The divalent state of Fe2+

Table 2 
Mössbauer parameters of garnet at 78 K. IS is the isomer chemical shift relative 
to α-Fe, H is the hyperfine field on the iron core, QS is the quadrupole splitting, 
W34-16 is the width of the inner 34 and outer 16 sextet lines, and A is the area 
under the partial component of the spectrum (population of a nonequivalent 
site).   

IS, ММ/c 
± 0.01 

H, кЭ 
± 5 

QS, ММ/c 
± 0.02 

W34-16, ММ/c 
± 0.02 

A, % 
± 4 

Position 

s1  0.20 458 0.05 0.38 17 Fe3+(A)  
s2  0.21 443 0 0.41 19 
s3  0.30 419 0 0.49–0.79 11 
s4  0.59 515 0.01 0.32–0.41 27 Fe3+(d)  
s5  0.51 498 0 0.37–0.61 8 
s6  0.50 483 0.02 0.49 7 
d1  0.31 0 0.94 0.38 7 Fe3+(A) 
d2  0.52 0 0.34 0.31 3 Fe3+(d)  

Fig. 7. IR absorption in Y1.8Bi1.2Fe3.5Ga1.5O12 at temperatures of 80 K (1), 160 K (2), 240 K (3), 300 K (4), 350 K (5), 400 K (inset) (a), absorption frequencies 
пoглoщeния ω1 (1) и ω2 (2) and their intensities I(T)/I(T = 80 K) (1), (2) versus temperature (b). 
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iron ions was not found in the Mössbaur spectra. In this case, the 
isomeric shift is greater than IS > 1 mm/s. 

In the IR spectrum of the Y1.8Bi1.2Fe3.5Ga1.5O12 compound, the ab
sorption in the range of 800–850 cm− 1 was found (Fig. 7a). The ab
sorption spectrum is fitted by the two modes with the frequencies and 
intensities decreasing upon heating (Fig. 7b). Above 200 K, the intensity 
decreases several times and, at 350 K, one of the modes disappears, 
while the intensity of the other mode passes through a maximum. Upon 
heating from 80 to 350 K, the frequency decreases by 2%. The presence 
of this mode can be related to bismuth ions. The vibrational mode with 
ω = 820 cm− 1 was observed for several pyrochlore-structure com
pounds, for example, Bi3/2Zn0.92Nb1.5O6.92 and Bi3/2MgNb3/2O7 [45], 
as well as for the Bi2(Sn1–xFex)2O7 bismuth stannates [46]. The IR 
spectra of these compounds were interpreted by the difference between 
the Bi–O’ bond lengths in the Bi2O’ sublattice. The shift of the O’ anion 
and Bi cation within a domain leads to the shortening of one Bi–O’ bond 
and elongation of the other [47,48]. It was noted that the Bi and O’ ions 
shift in all pyrochlores due to the 6 s2 hybridization of an active lone 
electron pair with the cation d orbitals in Bi, which leads to the differ
ence between the bond lengths [49]. The change in the Bi–O bond length 
in the Y1.8Bi1.2Fe3.5Ga1.5O12 compound changes the Fe–O–Fe indirect 
exchange interaction. The T2g mode is caused by the rotation of octa
hedra in the XY and ZX planes [50]. The rotation of octahedra at 240 K 
will change the intensity of the modes. The mechanism of the electro
n–phonon interaction in Y1.8Bi1.2Fe3.5Ga1.5O12 is confirmed by a 
decrease in the intensity of the phonon mode in the Bi2(Sn0.7Fe0.3)2O7 IR 
spectrum by a factor of 2 at 260 K. The normalized g factor (g-2) changes 
its sign at 240 K, which is attributed to the deformation of the octahe
dron and the nonlinearity of elastic properties [51]. In YIG, the optical 
magnon mode at a frequency of 805 cm− 1 is close to the phonon mode 
[52], which allows the energy redistribution between the magnetic and 
elastic subsystem. 

The presence of gallium ions in Bi2Fe4O9 mullite can also be deter
mined from IR spectra. The vibrational frequency of the tetrahedron 
associated with its stretching is determined by the bond length of the 
cation and anion. In Bi2Fe4O9 mullite, the bond length in the Fe-O tet
rahedron is 0.186 nm, and in the Fe-O octahedron it is 0.202 nm [53]. 
When substituting with gallium, the bond length in the tetrahedron 
decreases Ga-O = 0.175 nm in Bi2Ga4O9. The frequency of Fe-O-Fe 
symmetrical stretching vibration for tetrahedral site coordination is ω 
= 814 cm− 1 and Ga-O-Ga is ω = 850 cm− 1 at the room temperature [54]. 
The vibration frequencies in our samples at T = 300 K are equal to w =
816 cm− 1 and 826 cm− 1. The second mode is attributed to A1g + T2g 
combination mode Y1.8Bi1.2Fe3.5Ga1.5O12. The absence of the vibration 
frequency w = 850 cm− 1 in mullite in our samples indicates that gallium 
is not included in the mullite lattice. Perhaps this is due to the tech
nology of sample synthesis. 

5. Model 

Upon substitution of gadolinium ions, the Curie temperature of YIG 
decreases almost linearly with the increasing gadolinium concentration: 
30% of gadolinium in the garnet will reduce the Curie temperature from 
560 K to TC(x) = (1 – x) • 560 K = 392 K. The substitution of bismuth for 
yttrium will strengthen the magnetoelastic coupling by means of the 
electron density redistribution on the Bi–O bonds at the shift of oxygen 
ions. The strong interaction with the lattice can result in the four-spin 
exchange coupling AS4 ~ (dJ

ϑD)2, where ϑD is the Debye temperature 
and dJ is the spin–lattice interaction constant. At the competition be
tween the bilinear and four-spin exchanges, there is a critical A/J value 
for the spin S = 1/2 at which the long-range magnetic order vanishes 
[55]. The antiferromagnetic state in the 2D Heisenberg model with the 
anisotropy 1 – Jx, y/Jz = 0.1 transforms into a quantum spin liquid with 
the power-law behavior of the spin–spin correlation functions at A/J =
0.8, according to the Monte Carlo calculations [56]. Upon heating, the 

spin correlator increases in the longitudinal components and attains its 
maximum at the temperature of the spin liquid–paraphase transition, 
while the transverse components the correlator decrease. In the classical 
Heisenberg model with the continuous spin in a simple cubic lattice, the 
antiferromagnetic state passes into a noncollinear ferrimagnet with a 
spontaneous magnetic moment at A/J = 1 and the sublattice canting 
angle is determined as cos(ϑ) = J/AS2 [57,58]. 

In the polycrystalline Y1.8Bi1.2Fe3.5Ga1.5O12 compound, we assume 
the presence of a spin–lattice coupling, which, at certain interaction 
parameters, results in a noncollinear spin configuration [59,60]. To 
qualitatively interpret the linear temperature dependence of the 
magnetization, we assume the existence of the four-spin exchange in the 
octahedral and tetrahedral sublattices: 

H = −
∑

i,j
JijSiSj −

∑

i,j,k,l
Aij,kl

(

S→i⋅ S→j

)(

S→k⋅ S→l

)

(2)  

where Jij < 0 is the exchange between iron spins in octahedra and 
tetrahedra and Aij,kl < 0 is the four-spin exchange in the sublattices. The 
exchange interactions of spins in the sublattices are ignored, since they 
are weaker than Jdd/Ida = 1/7 and Jaa/Jda = 0.09 by an order of 
magnitude [52]. Next, we simplify the problem and consider the spin 
sublattice in the form of a square with the spins in strong exchange field 
Hex: 

H = − Hex

∑

i
Si − A12,34

(

S→1⋅ S→2

)(

S→3⋅ S→4

)

− A13,24

(

S→1⋅ S→3

)(

S→2⋅ S→4

)

(3) 

where the spin is quasi-Ising: S = –1, 0, 1. The effective sublattice 
magnetization has the form: 

MSUB =
e− 2A

T sh 4Hex
T + 2e2A

T sh 2Hex
T + sh Hex

T + 3sh 2Hex
T + 3sh 3Hex

T

e− 2A
T ch 4Hex

T + 4e2A
T ch 2Hex

T + 6 + 4ch Hex
T + 4ch 2Hex

T + 4ch 3Hex
T + 6e− 2A

T

(4) 

Fig. 3b presents the sublattice magnetizations (Eq. (4) with param
eters of A/J = 0.56 and 0.1. The resulting magnetization depends line
arly on temperature and describes the experimental results. At 350 K, 
the nonlinear interaction between the modes caused by the electro
n–lattice coupling vanishes, which eliminates the four-spin interaction. 
As a result, the temperature of the magnetic phase transition in the 
system with the bilinear exchange increases. 

Let us now consider the conditions for the formation of paramagnetic 
ions. The random statistical distribution of gadolinium ions over the 
lattice leads to the disappearance of the Fe–Gd exchange interactions. In 
the garnet-structure lattice with the random distribution of diamagnetic 
atoms, the exchange field distribution function is formed. Table 3 gives 
the local exchange fields Hex

d in the octahedron and Hex
a in the tetrahe

dron and statistical weights Wi. 
According to the Mössbauer data, the concentration of paramagnetic 

ions in tetrahedra is approximately twice as high as in octahedra, which 
is consistent with a statistical weight of Wd = 0.03 for the local field Hex

d 

= 2 J and Wa = 0.06 for Hex
a = J. Paramagnetic doublets in Mossbauer 

spectra were observed in dilute bismuth ferrite BiFe1-xCrxO3 in the 
magnetically ordered region at T ≪ TN [61]. 

The paramagnetic spins make a significant contribution to the 
saturation magnetization and explain a decrease in the differential 
saturation magnetic susceptibility χd = dM/dH (H ≫ Hc) upon heating. A 

Table 3 
Local exchange fields Hex

d in the octahedron and Hex
a the tetrahedron, statistical 

weights Wi,  

Hex
d 6 J 5 J 4 J 3 J 2 J J 

Wi 0,14 0,4 0,3 0,22 0,03 0,004 
HA

tet 4 J 3 J 2 J J   
Wi 0,22 0,48 0,24 0,06    
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decrease in the magnetization ΔM by 12% upon heating from 80 to 250 
K in fields of 0.1–1 T is dictated by the two competing factors: the 
growth of the spin fluctuations upon heating and the drop of the para
magnetic contribution ΔMPM = wg2 μB

2 S(S + 1) H/3kT, where w is the 
concentration of paramagnetic Fe3+ ions. For a qualitative conception of 
the increase in differential saturation magnetic susceptibility upon 
heating, we use the temperature dependence of magnetization obtained 
in the mean field theory (Landau theory). The Curie temperature in
creases in a magnetic field, which leads to an increase in the saturation 
magnetization MH(T) = M0(1 – T/(Tc + H))n as compared with the case 
of zero magnetic field: M(T) = M0(1 – T/Tc)n. The relative changes 
ΔMH(T) = H/(2(Tc –T)) obtained in the mean field theory (n = 1/2, H =
10 kOe) and in the experiment (n = 1) are given in Table 4. 

The model explains qualitatively the experiment. To obtain the 
quantitative agreement, it is necessary to take into account the four-spin 
interaction, the contribution of which to the magnetization decreases 
upon heating (Table 4). 

6. Conclusions 

Using the Mössbauer study, the distribution of iron ions over octa
hedral and tetrahedral sites in polycrystalline garnet ferrite 
Y1.8Bi1.2Fe3.5Ga1.5O12 was established. The paramagnetic states of the 
spins of iron ions were found, the contribution of which explains a 
decrease in the differential magnetic susceptibility in the saturation 
region upon heating. Two critical temperatures were determined: the 
first one corresponding to the linear disappearance of the magnetization 
is the temperature of the compensation of the sublattice magnetizations 
and the second one is the temperature of the disappearance of the 
magnetization hysteresis and spontaneous magnetic moment. The 
coercivity was found to be almost temperature-independent. A disap
pear of the combined A1g + T2g mode in the region of the magnetic phase 
transition was observed. The magnetic properties were explained within 
the model of the competing bilinear and four-spin exchanges. 
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