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A B S T R A C T

Er3Fe5O12 nanoparticles were synthesized via the sol-gel method, yielding an Ia3d garnet structure, as confirmed 
by XRD, HRTEM, EDX, and Raman spectroscopy. Magnetic measurements showed that the temperature of 
magnetic compensation is 75 K (Tcomp1), and that the coercive field exhibits a single peak near Tcomp1. Above 
Tcomp1, the coercive field was found to be proportional to the susceptibility of the Er3+ paraprocess. Zero-field- 
cooled (ZFC) and field-cooled (FC) measurements were performed, including both cooling (FCC) and warming 
(FCW) cycles. FCC measurements revealed double magnetization reversal, with two compensation temperatures, 
observed for the first time in Er3Fe5O12. At Tcomp1, the magnetization switches from positive to negative, whereas 
at the lower Tcomp2, it switches from negative to positive. Tcomp2 depends on the applied field and increases with 
increasing field, and for fields above 1000 Oe, the magnetization reversal no longer occurs. In contrast, these 
magnetization reversals are completely absent in the FCW regime. Additionally, Er3Fe5O12 nanoparticles exhibit 
magnetization switching, where the magnetization orientation can be reversed by changing only the magnitude 
of the applied field while keeping its direction fixed. The observed double magnetization reversal is attributed to 
a strong magnetocrystalline anisotropy opposing the Zeeman-driven realignment of magnetization.

1. Introduction

Magnetization reversal (MR), also known as negative magnetization, 
is a phenomenon in which the magnetization changes its direction, 
transitioning from a positive state (aligned with the external field) to a 
negative state (opposite to the field) within a specific temperature range. 
The temperature at which the magnetization becomes zero is referred to 
as the compensation temperature. Such an effect was first predicted by 
Néel [1] as a phenomenological possibility in certain ferrimagnetic 
materials. It arises from the different temperature dependencies of 
magnetization in two antiferromagnetically coupled magnetic sub
lattices, which result from different molecular fields acting on magnetic 
ions positioned at two different crystallographic sites. This behavior was 
later experimentally observed in spinel ferrites [2]. This unusual and 

intriguing effect has attracted significant attention due to its importance 
in fundamental physics and its potential applications in magnetic data 
storage, spin valves, magnetic switches, thermomagnetic switching, bi
polar magnetocaloric devices, and advanced spintronic and memory 
technologies [3–9]. MR has been experimentally reported in various 
magnetically ordered materials, such as spinels [2,10–13], perovskites 
[14–17], particularly in orthochromites [18–22] and orthoferrites [8,23,
24]. In contrast, it has been reported in a relatively small number of 
cases for garnets, e.g., Refs. [25–32].

Erbium iron garnet (ErIG) belongs to the rare-earth iron garnet 
family, a class of ferrimagnetic materials with a cubic garnet structure. 
These materials are known for their complex magnetic interactions, 
magnetization compensation effects, and spin reorientation transitions, 
making them highly relevant for both fundamental research and 
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spintronic applications. ErIG crystallizes in a cubic garnet structure with 
space group Ia3d, where Er3+ ions occupy dodecahedral (24c) sites, Fe3+

ions are distributed between octahedral (16a) and tetrahedral (24d) 
sites, while O2− ions reside at the 96h positions. The Fe3+ ions in octa
hedral and tetrahedral sites form distinct magnetic sublattices that are 
antiferromagnetically coupled but unequal in magnitude, resulting in a 
net magnetization that gives rise to the ferrimagnetic behavior of ErIG. 
The Er3+ ions at dodecahedral sites form a separate magnetic sublattice 
that weakly antiferromagnetically couples to the resultant magnetiza
tion of the Fe sublattices. The Curie temperature in iron garnets is 
largely independent of the rare-earth ion, as it is primarily determined 
by the strong exchange interaction between the Fe sublattices. For ErIG, 
as well as other iron garnets, the Curie temperature is approximately 
560 K [33,34]. The magnetizations of the Er and Fe sublattices in ErIG 
exhibit different temperature dependencies, with the Er sublattice 
dominating at low temperatures and the Fe sublattices dominating at 
high temperatures. The temperature at which their opposing magneti
zations cancel each other, resulting in zero net magnetization, is known 
as the compensation temperature (Tcomp), which for ErIG is approxi
mately 80 ± 5 K [35–37]. At high temperatures, ErIG exhibits an easy 
magnetization axis along [111], while at low temperatures, it undergoes 
a spin reorientation toward the [100] direction, and also adopts the 
so-called double-umbrella structure, in which the Er moments on 
magnetically inequivalent sites form two canted cones around the Fe 
axis [37]. This complex spin behavior makes ErIG interesting for both 
fundamental research and potential applications.

In this paper, we synthesized ErIG nanoparticles and characterized 
them using XRD, HRTEM, EDX, and Raman spectroscopy. We also per
formed detailed field- and temperature-dependent magnetic measure
ments. ErIG was found to exhibit a double MR, a phenomenon not 
previously reported for this material and observed in only a few other 
garnets [30–32]. We found that the MR effect is present only in FCC 
measurements, and completely absent in FCW measurements. Such 
asymmetry has been reported in systems such as chromates [18,21], but 
never before in garnets. Additionally, magnetization switching was 
observed, where the direction of magnetization reverses solely due to 
changes in the magnitude of the applied field, without altering its di
rection. These results advance knowledge of ErIG properties and play an 
important role in the broader understanding of MR in garnets.

2. Experimental

ErIG nanoparticles were prepared by the polyvinyl alcohol (PVA)- 
mediated sol-gel method. For the preparation of the precursor solution, 
constituent nitrates Er(NO3)3⋅5H2O and Fe(NO3)3⋅9H2O were used 
(Sigma-Aldrich). Stoichiometric amounts of the precursors were dis
solved in deionized water. The chelating agent PVA was added to the 
solution in a 1:1 M ratio relative to the total content of metal ions, and 
the mixture was continuously stirred and maintained at 80 ◦C to ensure 
homogeneous gel formation. The resulting gel was dried in an oven at 
110 ◦C for 5 h, and then calcined at 800 ◦C for 3 h to obtain ErIG 
nanoparticles.

The crystalline structure of nanocrystalline ErIG was characterized 
by X-ray diffraction (XRD) using a Rigaku MiniFlex diffractometer with 
a Cu-Kα radiation source. XRD data were collected over a 2θ range of 
10◦–80◦. The Rietveld refinement of the XRD data was performed using 
the FullProf Suite. Transmission electron microscopy (TEM), high- 
resolution transmission electron microscopy (HRTEM) images, and 
selected area electron diffraction (SAED) patterns were acquired using a 
JEOL JEM-2100 transmission electron microscope operated at 200 kV. 
Elemental analysis was performed with an Oxford EDX system attached 
to the TEM. The room-temperature micro-Raman spectrum was 
measured in backscattering geometry using a Jobin Yvon T64000 triple 
spectrometer equipped with a liquid nitrogen-cooled CCD detector and 
an Ar+/Kr+ ion laser operating at a wavelength of 514.5 nm as the 
excitation source. Magnetic measurements were performed using a 

Quantum Design MPMS XL5 SQUID magnetometer.

3. Results and discussion

ErIG crystallizes in a body-centered cubic crystal structure with 
space group Ia3d (O10

h , No. 230), schematically presented in Fig. 1. The 
conventional unit cell contains eight formula units, corresponding to 
160 atoms in total. In this structure, the Fe ions occupy two distinct sites: 
octahedral 16a sites (FeO) with sixfold oxygen coordination, and tetra
hedral 24d sites (FeT) with fourfold oxygen coordination, thus the for
mula unit can also be represented as Er3

[
FeO

2
][

FeT
3
]
O12. The Er ions are 

located at the 24c dodecahedral sites, each surrounded by eight oxygen 
ions, while the oxygen ions reside at the 96h positions. The room- 
temperature XRD pattern of the ErIG nanocrystalline sample, along 
with the Rietveld refinement, is shown in Fig. 2. The diffraction peaks 
correspond to the body-centered cubic crystal structure of ErIG, indexed 
to the Ia3d space group (JCPDS standard pattern 23–0240). The pa
rameters obtained from the refinement are summarized in Table 1. The 
obtained crystal lattice constant is 12.34 Å, which is close to previously 
reported values [38]. Using the Scherrer equation, the average crystal
lite size was estimated to be approximately 43 nm.

The TEM image in Fig. 3(a) shows a loose agglomeration of irregu
larly shaped nanoparticles. The histogram of the particle size distribu
tion was analyzed and fitted to a log-normal distribution function, 
yielding an average grain size of 47 nm. The HRTEM image (Fig. 3(b)) 
shows distinct lattice fringes with an interplanar spacing of 0.276 nm, 
corresponding to the (420) planes in the ErIG crystal structure, indi
cating high crystallinity of the nanoparticles. The SAED pattern (Fig. 3
(c)) displays multiple bright rings, characteristic of a polycrystalline 
sample. EDX analysis was performed to investigate the elemental 
composition of the synthesized sample, and a representative EDX spec
trum of the top surface layers of the nanoparticles is shown in Fig. 3(d). 
Aside from the Cu peak, which originates from the grid used to disperse 
the nanoparticles for measurement, only peaks corresponding to Er, Fe, 
and O were detected, with no impurities observed. The quantitative 
results are summarized in Table 2, indicating that the elemental 
composition is close to the stoichiometrically expected values.

The crystalline structure and purity of the ErIG sample were further 
confirmed by the room-temperature Raman spectrum shown in Fig. 4. 
Factor-group analysis for the body-centered cubic rare-earth garnet 
structure with space group Ia3d predicts 25 Raman-active phonon 
modes, classified as 3A1g, 8Eg, and 14T2g [40–43]. The measured Raman 
spectrum closely matches those of other rare-earth iron garnets, and the 
symmetry assignments of the prominent Raman modes are indicated in 
Fig. 4 according to the literature data [42]. The high-frequency modes 
(>500 cm− 1) are attributed to internal vibrations of the tetrahedral and 
octahedral units [40,41,44]. In the intermediate region (300–500 
cm− 1), the Eg modes correspond to internal vibrations involving Er, 
tetrahedral Fe, and oxygen ions, where Er and Fe vibrate either in phase 
or out of phase. The T2g modes represent a combination of internal and 
rotational vibrations of the tetrahedral and octahedral units [44]. The 
low-frequency modes (<300 cm− 1) correspond to translational motions 
of Er3+ ions and the tetrahedral and/or octahedral structural units [40,
44,45].

Magnetization curves M(H) were measured at various temperatures 
between 5 and 300 K, and for clarity, only the selected representative 
curves are shown in Fig. 5(a). The sample exhibits clear ferrimagnetic 
behavior at 300 K, with a coercive field of 47 Oe and a remanent 
magnetization of 1.59 emu/g. Superimposed on the ferrimagnetic 
behavior is a linear component arising from the paraprocess contribu
tion of Er3+ ions. The ferrimagnetic component reaches most of its 
saturation magnetization of 11.6 emu/g in fields around 2 kOe, and at 
higher fields, the magnetization is dominated by the linear component. 
In ErIG, the spin arrangement is governed by a complex interplay among 
three distinct magnetic sublattices, schematically illustrated in the inset 
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of Fig. 5(b), with magnetizations denoted as Ma, Md, and Mc. The Fe3+

ions occupying octahedral (16a) and tetrahedral (24d) sites are anti
ferromagnetically coupled due to superexchange interactions mediated 
by O2− ions. Because the tetrahedral sites host a greater number of Fe3+

Fig. 1. Crystal Structure of Er3Fe5O12 (Er3
[
FeO

2
][

FeT
3
]
O12) erbium iron garnet. The dodecahedral (Er, blue), octahedral (FeO, green), and tetrahedral (FeT, yellow) local 

polyhedra environments are shown, with oxygen atoms in red. An enlarged view of one representative set of polyhedra is also included for clarity. The crystal 
structure was visualized using VESTA 3 [39]. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of 
this article.)

Fig. 2. Rietveld refinement of the XRD pattern of the Er3Fe5O12 nanocrystal
line sample.

Table 1 
Crystallographic parameters obtained from the Rietveld refinement of Er3Fe5O12 
at room temperature.

Space group = Ia3d, a = 12.3427 Å. χ2 = 2.856.

Atom Position x y z

FeO 16a 0.000 0.000 0.000
FeT 24d 0.375 0.000 0.250
Er 24c 0.125 0.000 0.250
O 96h − 0.0270 0.0568 0.1504

Fig. 3. (a) TEM image, (b) HRTEM image, (c) SAED pattern, and (d) EDX 
pattern of nanocrystalline Er3Fe5O12.

Table 2 
Elemental composition of the nanocrystalline Er3Fe5O12 sample obtained from 
EDX analysis.

Element Weight % 
±5 %

Atomic % 
±5 %

O 16.6 55.1
Fe 28.9 27.5
Er 54.5 17.4
Total 100 100
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ions than the octahedral ones, the magnetization Md of the tetrahedral 
sublattice is stronger than the magnetization Ma of the octahedral sub
lattice, resulting in a net iron sublattice magnetization of Md − Ma. The 
Er3+ ions at the dodecahedral (24c) sites, with magnetization Mc, are 
antiferromagnetically coupled to the resultant magnetization of the Fe 

sublattices, leading to a total net moment of (Md − Ma) − Mc. The 
magnetizations of the Er and Fe sublattices exhibit different temperature 
dependencies. At low temperatures, the Er sublattice dominates. As the 
temperature rises, the Er sublattice magnetization decreases more 
rapidly than that of the Fe sublattices. At the compensation temperature 
(Tcomp), the magnetizations of the Er and Fe sublattices cancel each other 
out, resulting in net zero magnetization. Above Tcomp, the Fe sublattices 
dominate the net magnetization of the system. At high temperatures, the 
Er3+ ions exhibit a paramagnetic-like behavior known as the para
process, subject to the influence of thermal fluctuations, the external 
magnetic field, and a weak exchange field produced by the iron sub
lattices [46–49]. This paraprocess leads to the linear high-field behavior 
observed in the hysteresis curves at these temperatures (Fig. 5(a)). Fig. 5
(b) shows the temperature dependence of the spontaneous magnetiza
tion (Ms), obtained by linear extrapolation of the high-field magnetiza
tion to zero field. With decreasing temperature, the spontaneous 
magnetization decreases and becomes zero at the compensation tem
perature Tcomp, below which it increases again. The obtained compen
sation temperature Tcomp is approximately 75 K, which is similar to 
previous findings for ErIG [35–37].

From the linear high-field regions of the hysteresis curves measured 
at different temperatures, we obtained the susceptibility of the super
imposed Er3+ paraprocess. The temperature dependence of the inverse 
susceptibility is shown in Fig. 5(c). It can be seen that this dependence is 
linear from Tcomp to room temperature. This linear region was fitted with 
the Curie-Weiss law (which also applies to paraprocesses [50]), χ =
C/(T− θ), where C is the Curie constant and θ is the Curie-Weiss tem
perature. The fit, shown as the red dashed line, yielded a Curie constant 
of 39.5 emu⋅K⋅mol− 1 Oe− 1. The obtained Curie-Weiss temperature in 

Fig. 4. Room-temperature Raman spectrum of the Er3Fe5O12 nanocrystal
line sample.

Fig. 5. (a) Magnetization curves M(H) of nanocrystalline Er3Fe5O12 at selected characteristic temperatures. Inset: a magnified view of the central region of the 
magnetization curves. (b) Temperature dependence of spontaneous magnetization. Inset: schematic representation of three distinct magnetic sublattices in Er3Fe5O12. 
(c) Temperature dependence of the inverse susceptibility, along with Curie–Weiss fits. (d) Temperature dependence of the coercive field. Inset: temperature 
dependence of its inverse.
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this range was θ+ = − 24 K, indicating a weak antiferromagnetic inter
action, and is close to the − 19.6 K value reported by Guillot et al. for 
ErIG single crystal [34,51]. Below Tcomp, the inverse susceptibility de
viates from linear behavior but then enters another short temperature 
range with linear paraprocess behavior, fitted by the blue dashed line 
and characterized by a second Curie-Weiss temperature of θ− = − 35 K, 
which is close to the − 33 K value reported by Guillot et al. [34,51]. A 
similar behavior, with two distinct linear paraprocess regions above and 
below Tcomp and different Curie-Weiss temperatures, has also been 
observed in other rare-earth garnets, such as DyIG and HoIG. This has 
been interpreted as a consequence of differing exchange interactions 
acting upon rare-earth ions in the respective temperature ranges, with 
an increasing importance of rare-earth-to-rare-earth exchange in
teractions at low temperatures [34,51–53].

Fig. 5(d) shows the temperature dependence of the coercive field Hc 
derived from the hysteresis curves. It can be seen that Hc exhibits a sharp 
maximum in the vicinity of Tcomp. This maximum in Hc correlates with 
the minimum of Ms, indicating that Hc varies approximately inversely 
with Ms, which is in line with the Stoner–Wohlfarth model [54], where 
Hc = 2K/Ms and K is the anisotropy constant. Similar behavior has been 
observed in other rare-earth iron garnets which exhibit either single or 
double peaks in coercivity near the compensation temperature. In the 
literature, some confusion remains regarding this behavior. Although 
the underlying mechanism is generally expected to be the same across 
all rare-earth iron garnets, reports have shown two coercivity peaks in 
some compounds [31,46,47,55,56], while others exhibit only a single 
peak [47,55,57–59]. Moreover, for the same rare-earth iron garnets, 
certain studies have reported double coercivity peaks, while others have 
observed only a single peak. For instance, GdIG has been reported to 
exhibit either a single peak [55,57,59] or double peaks [46,56]. Simi
larly, HoIG shows a single peak in some studies [55,58] and double 
peaks in others [31,46,47,55], and DyIG has also been reported with 
either a single [47,55] or double peak [46]. In the case of ErIG, we 
observed a single peak in our measurements, while Refs. [46,55] re
ported double peaks.

Goranskiĭ and Zvezdin [50] proposed a theory based on the Stone
r–Wohlfarth model to explain the emergence of a double peak in coer
civity near the compensation temperature, which was later extended by 
Uemura et al. [46]. These models, developed within the molecular-field 
approximation, assume that near the compensation temperature, the net 
spontaneous magnetization becomes very small, effectively suppressing 
magnetostatic interactions. As a result, the system behaves as a single 
domain, and magnetization reorientation is governed predominantly by 
coherent rotation under the influence of crystalline anisotropy, rather 
than by domain wall motion characteristic of multidomain structures. 
The characteristic double peak in coercivity arises from the interplay 
between the vanishing net spontaneous magnetization of the iron and 
rare-earth sublattices at the compensation point, and the paraprocess 
response of the rare-earth ions, which are influenced by both the 
external magnetic field and their weak exchange coupling with the iron 
sublattice. In real materials, however, variations in composition, shape, 
orientation, compensation temperature, magnetic anisotropy, structural 
disorder, and other properties across grains and nanoparticles can smear 
or merge the two peaks, often resulting in a single broadened maximum 
in the experimental coercivity curve.

The inset in Fig. 5(d) shows the temperature dependence of the in
verse coercive field, 1/Hc. Above the compensation temperature Tcomp, 
1/Hc varies linearly with temperature, and a linear extrapolation in
tersects the temperature axis at 74 K, i.e., near Tcomp. Since both 1/Hc 
and the inverse paraprocess susceptibility of Er3+ ions, 1/χ (Fig. 5(c)), 
exhibit linear temperature dependence above Tcomp, this implies that in 
this range, the coercive field Hc is proportional to susceptibility χ. Ac
cording to the theories of Goranskiĭ and Zvezdin [50] and Uemura et al. 
[46], as the temperature moves away from Tcomp and net magnetization 
increases, multi-domain structures are expected to form, allowing 
magnetization reorientation via both domain wall motion and coherent 

rotation. However, the observed proportionality Hc∝χ even well above 
Tcomp indicates that coercivity in this range remains governed by the 
paraprocess of the Er sublattice. This behavior likely reflects the nano
structured nature of the sample, where small particle size suppresses 
domain wall formation or movement and stabilizes single-domain 
behavior.

The temperature dependence of the magnetization M(T) was 
measured under an external magnetic field of 100 Oe using ZFC, FCC, 
and FCW protocols, as shown in Fig. 6. In the ZFC measurement, the 
sample was first cooled to 3 K in the absence of a magnetic field, and the 
magnetization was recorded upon warming under the applied field. 
Subsequently, the FCC measurement was carried out by cooling the 
sample from 300 K to 3 K in the presence of the same field, followed by 
the FCW measurement taken during the warming cycle.

The ZFC curve shows a sharp maximum around 11 K, after which it 
decreases, reaches zero, and then increases again. Above 11 K, the ZFC 
curve qualitatively resembles the behavior of the spontaneous magne
tization shown in Fig. 5(b), as both are governed by similar underlying 
dynamics between the Er and Fe sublattices. At low temperatures, the Er 
sublattice dominates, but its magnetization decreases with increasing 
temperature more rapidly than that of the Fe sublattice. At a certain 
temperature, the magnetizations of the two sublattices cancel each other 
out, and at higher temperatures, the Fe sublattice becomes dominant.

A notable feature in the FCC measurements is the appearance of MR 
at two compensation temperatures. As can be seen from Fig. 6, with 
decreasing temperature, the 100 Oe FCC curve exhibits the first MR, 
crossing zero at Tcomp1 ≈ 75 K. This temperature corresponds to the Tcomp 
determined from the Ms vs. T measurements (Fig. 5(b)), at which the Er 
and Fe sublattice magnetizations are mutually compensated. Below 
Tcomp1, the magnetization becomes negative, i.e., opposite to the direc
tion of the external field. Upon further cooling, the magnetization rea
ches a maximum negative value, then increases and exhibits the second 
MR at Tcomp2 ≈ 27 K, below which it becomes positive again. The FCC 
curves measured under different applied fields are shown in Fig. 7, with 
an enlarged view of the region between Tcomp1 and Tcomp2 presented in 
inset (a). The lower compensation temperature, Tcomp2, increases with 
increasing field (inset (b) of Fig. 7), whereas the higher compensation 
temperature, Tcomp1, is practically independent of the applied magnetic 
field. For fields of approximately 1000 Oe and above, Tcomp2 merges with 
Tcomp1, and the FCC curve no longer exhibits the MR.

The observed behavior of the FCC curves can be explained as a 
consequence of competition between the anisotropy energy and Zeeman 

Fig. 6. Temperature-dependent magnetization curves in ZFC, FCC, and FCW 
measurements at an applied field of 100 Oe.
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energy. At high temperatures, above Tcomp1, the easy axis in ErIG lies 
along the [111] direction, and the resultant net magnetization is 
dominated by the Fe sublattices. When an external magnetic field is 
applied, the net magnetization tends to align with the field direction. 
The Er and Fe sublattices have antiparallel magnetizations with different 
temperature dependencies, and at Tcomp1, their opposing contributions 
cancel each other. Around Tcomp1, the easy axis shifts from the [111] to 
the [100] direction [35,37,60]. With further temperature decrease, the 
Er sublattice magnetization becomes stronger than that of the Fe sub
lattices. However, due to the strong magnetocrystalline anisotropy of Er 
ions, the net magnetization cannot readily reorient along the applied 
field direction. Instead, it continues to increase in the direction opposite 
to the applied field, resulting in negative magnetization. Due to the 
Zeeman energy, this antiparallel orientation of the net magnetization 
and the field is energetically unfavorable, and below Tcomp1, as the Er 
sublattice magnetization becomes increasingly dominant, the net 
magnetization begins to rotate toward a more favorable parallel align
ment with the field. Eventually, the Zeeman energy overcomes the 
anisotropy barrier, resulting in reorientation of the net magnetization 
along the direction of the external field, becoming positive again below 
Tcomp2. The stronger the applied field, the greater is the Zeeman energy 
relative to the anisotropy energy, and the increasing magnetization can 
overcome the anisotropy barrier at higher temperatures, which explains 
why Tcomp2 shifts to higher temperatures with increasing applied field 

(Fig. 7). For sufficiently strong fields (~1000 Oe), the Zeeman energy is 
large enough to rotate the net magnetization, thus preventing the 
development of negative magnetization. Fig. 8 presents a simplified 
schematic illustrating only the main features of this evolution. In 
contrast, the FCW curves do not exhibit negative magnetization at any 
field. The fact that the FCC starts from a system with the easy axis along 
the [111] direction, while the FCW starts from a system with the easy 
axis along the [100] direction, likely plays an important role in the 
asymmetry between the cooling and warming curves. Related to this, it 
is also possible that the system exhibits much lower anisotropy when 
starting from a low temperature and easy axis along the [100] direction, 
allowing the magnetization to align more readily with the applied field 
and thereby suppressing the negative magnetization observed in the FCC 
case.

The MR phenomenon is rare in itself, but MR with two or more 
compensation temperatures has been reported in an even more limited 
number of materials, e.g., Refs. [9,11–13,16,18,19,21,31,32], associ
ated with a broad spectrum of different explanatory mechanisms. For 
instance, in NdCr1-xFexO3, the MR was attributed to the competition 
between the weak ferromagnetism of Cr3+ ions and the paramagnetic 
moments of Nd3+ and Fe3+ ions under the effect of a negative internal 
magnetic field [9]. In YVO3, the two magnetization reversals were 
attributed to the competition between single-ion anisotropy and the 
Dzyaloshinsky–Moriya–driven canting of the antiferromagnetic sub
lattices [16]. In ErIG, we attribute the double MR to the competition 
between Zeeman-driven realignment of the magnetization and magne
tocrystalline anisotropy. In most materials, the FCW and FCC curves 
look essentially the same. However, in our ErIG sample, the FCW curve 
differs markedly from the FCC curve and does not exhibit any MR, 
remaining positive at all temperatures. Reports that show significantly 
different behavior between FCC and FCW curves are also relatively rare, 
e.g., Refs. [18,21,22]. Among garnets, only a few reports have docu
mented the presence of two compensation temperatures [30–32]. 
However, to the best of our knowledge, no rare-earth garnet compound 
has been reported to exhibit significantly different behavior between 
FCW and FCC curves. The presence of spin reorientation certainly plays 
an important role in this asymmetry. At the same time, spin reor
ientation is not unique to ErIG, but occurs in other rare-earth garnets as 
well. However, Er3+ has very high anisotropy, particularly at low tem
peratures, and considering that ErIG has the lowest Tcomp in this family 
and that magnetocrystalline anisotropy generally increases with 
decreasing temperature, and given the importance of anisotropy in the 
double MR of ErIG, all of this may contribute to the distinct behavior of 
ErIG relative to other rare-earth garnets.

The appearance of a sharp maximum near 11 K in the ZFC magne
tization curve is intriguing. We believe that this feature is related to the 
different temperature dependencies of the Er sublattice moments in this 
temperature range. As mentioned earlier, the easy axis shifts from the 

Fig. 7. FCC magnetization curves under various applied fields. Inset (a): 
enlarged section of the FCC curves in the range between Tcomp1 and Tcomp2. Inset 
(b): Variation of Tcomp2 with the applied field.

Fig. 8. Schematic illustration of the evolution of magnetic moments in ErIG during FCC, responsible for the observed double magnetization reversal. From right to 
left, the progression with decreasing temperature is shown. (a) At T > Tcomp1, the Fe sublattice (red) dominates over the Er sublattice (blue), and the net magne
tization (MNet, green) is in the direction of the external magnetic field H. (b) Below Tcomp1, the Er sublattice magnetization begins to dominate. Due to strong 
anisotropy, MNet does not reorient in the direction of the field, but remains opposite, producing the observed negative magnetization. With further temperature 
decrease, as the Zeeman energy associated with the growing MNet increases, MNet gradually rotates toward H. (c) Below Tcomp2, the net magnetization is again 
oriented toward H and positive. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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[111] to the [100] direction around and below Tcomp [35,37,60]. 
Moreover, below Tcomp, ErIG also adopts the so-called double-umbrella 
structure, in which the Er moments form two conical arrangements 
around the Fe spin axis, with different canting angles and magnetic 
moments for the two magnetically inequivalent Er sites (8b and 16e). 
This complex magnetic structure arises from the interplay of crystal-field 
anisotropy at the Er sites and Fe–Er superexchange interactions. Such a 
magnetic structure has been observed in ErIG, as well as in several other 
rare-earth iron garnets, based on neutron diffraction and Mössbauer 
spectroscopy studies [37,61–65]. From neutron diffraction measure
ments, Tcheou et al. found that these magnetically inequivalent Er sites 
form two cones with angles of 14◦ and 42◦ relative to the [111] direction 
[61]. Hock et al. also conducted neutron diffraction studies on ErIG and 
performed a detailed refinement of its magnetic and crystallographic 
structure [37]. They found that ErIG adopts the rhombohedral magnetic 
space group (R3c′) above Tcomp, transitions to a tetragonal magnetic 
symmetry (I41/ac′d′) below 65 K, and that the symmetry of the magnetic 
structure is possibly further lowered to an orthorhombic configuration 
below 5 K. They also observed that multiple neutron diffraction re
flections, most notably the {200} line, display a pronounced intensity 
maximum near 12 K, which was attributed to the different temperature 
dependencies of the erbium moments at the 8b and 16e sites. These 
findings strongly suggest that the 11 K peak observed in the ZFC 
magnetization curve essentially reflects the same underlying sublattice 
dynamics responsible for the 12 K intensity maximum observed in 
neutron diffraction, and arises from the differing temperature evolutions 
of the Er sublattice moments at the 8b and 16e sites.

Fig. 9 shows the magnetization switching behavior observed in ErIG. 
The sample was cooled under a magnetic field of 200 Oe down to 73 K 
(below Tcomp1), resulting in a negative magnetization (− 0.08 emu/g). 
The magnetization was then monitored as a function of time. When the 
field was increased to 1000 Oe without changing its direction, the 
magnetization switched to a positive value (+0.380 emu/g). This MR is 
achieved by changing only the magnitude of the field while keeping it in 
the same direction, which is in stark contrast to conventional magnetic 
materials, where MR would require reversing the field direction. 
Repeated field cycling between 200 Oe and 1000 Oe induces fully 
reversible and stable switching between these two magnetization states. 
As shown in Fig. 9, the magnetization remains constant at each field 
level, with no time-dependent relaxation, indicating robust and repro
ducible field-induced reversal. Similar magnetization switching has 
been reported in other systems such as chromites [6,7,11,18,19], and is 
considered an attractive property for potential applications.

4. Conclusions

In summary, Er3Fe5O12 nanoparticles with the Ia3d garnet structure 
were synthesized via the sol-gel method. M(H) measurements showed 
that the compensation temperature Tcomp1 is 75 K, and that the coercive 
field exhibits a single peak near Tcomp1, indicating that the double 
coercivity peak often observed in iron garnets is smeared out by varia
tions in grain properties. Two distinct linear paraprocess regions above 
and below Tcomp1, each characterized by a different Curie-Weiss tem
perature, were found, originating from different exchange interactions 
acting on the rare-earth ions in the respective temperature ranges. 
Above Tcomp1, the coercive field was found to be proportional to the 
paraprocess susceptibility of the Er ions, indicating that coercivity in this 
temperature range is governed by the paraprocess of the Er sublattice. 
FCC measurements revealed a double magnetization reversal at two 
temperatures. The higher Tcomp1 is independent of the applied field, 
while the lower Tcomp2 increases with increasing field, and for fields 
above 1000 Oe, the magnetization reversal no longer appears. We 
interpreted this behavior as a consequence of strong magnetocrystalline 
anisotropy opposing Zeeman-driven realignment of the net magnetiza
tion of the competing Er and Fe sublattices. The magnetization reversals 
occur only during FCC measurements and are completely absent in the 

FCW regime. The ZFC curve exhibits a peak at 11 K, which we attributed 
to the different temperature dependencies of the Er sublattice moments 
at the 8b and 16e sites. We also observed magnetization switching 
behavior, in which the magnetization orientation can be reversed by 
changing only the magnitude of the applied field while keeping its di
rection fixed. These results reveal interesting and previously unreported 
aspects of magnetization behavior in ErIG and contribute to the broader 
understanding of magnetization compensation and reversal processes in 
rare-earth iron garnets.
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