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Abstract—In polycrystalline cerium iron garnet films, the gap in the electron excitation spectrum and elec-
tronic transitions between di- and tetravalent iron and cerium impurity ions have been established from the
IR absorption spectra. The temperatures of delocalization of the ferrous states of iron have been found from
the impedance spectroscopy, electrical resistance, and IR spectroscopy data. The difference between the ac
and dc magnetoresistances has been established and explained using a model of a dielectrically inhomoge-
neous medium.
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1. INTRODUCTION
The iron garnet films with rare-earth cations are

promising for application in magnetooptics [1–3],
including magneto-plasmonic photonics [4] and fab-
rication of magnonic crystals [5]. Polycrystalline films
are inferior in characteristics to their bulk analogs, but
exhibit the resistance to the formation of microelec-
tronic structures based on them. Nanostructured
yttrium iron garnet (YIG) [6, 7] has been intensively
investigated, which is important for both solving the
fundamental problems of physics of nanocrystalline
magnets and application in coatings and nanocom-
posites containing piezoelectric materials with the
colossal magnetoelectric effect [8–10]. Nanomateri-
als are nonequilibrium systems with the high imper-
fection. Point and other defects strongly affect the
optical and magnetic properties of YIG [11].

YIG nanoceramics prepared by high-pressure tor-
sion exhibit the strong imperfection caused by the vio-
lation of stoichiometry and valence state of iron cat-
ions [11]. The divalent state of iron ions is formed
upon doping of YIG with tetravalent ions, which
occupy the octahedral sites. The presence of Fe2+ ions
leads to the negative magnetic dichroism in Nb(YIG)
[12]. These ions form the impurity states in the band
gap and two conduction channels in the iron garnet
structure. One conduction channel is related to elec-
tron transport over the t2g states of Fe2+ ions and a
rare-earth element Re in the octahedral sites; the
other channel is related to electron transport over tet-
rahedra with the creation of magnons on a rare-earth

element. The transitions of electrons between iron
ions in the tetra- and octahedral sites are associated
with the creation of magnons and possibility of forma-
tion of a magnon cloud (ferrons) [13, 14] upon
approaching the temperature of the magnetic phase
transition. In this case, the transport properties will
depend on a magnetic field. The formation of Fe2+ in
iron garnets can also be caused by charge f luctuations.
In particular, cerium iron garnets exhibit the charge
fluctuations Ce+3 – Fe+3 = Ce+4 – Fe+2 with a gap of
1.3 eV [15]. At the interface and grain boundaries,
f luctuations of the crystal field will lead to a decrease
in the gap. Cerium ions in CeFe2 have an intermediate
valence of 3.4 [16]. The valence f luctuations upon
substitution of cerium for yttrium can enhance the
conductivity over its value for Y3Fe5O12.

The aim of this study was to elucidate the defect
states of ions and the magnetoresistive effects in the
polycrystalline Ce3Fe5O12 film.

2. X-RAY DIFFRACTION ANALYSIS
AND IR AND OPTICAL SPECTROSCOPY

Layers with the nominal composition Ce3Fe5O12
were obtained by ion-beam sputtering onto a gallium
gadolinium garnet (GGG) substrate [17]. A 400-nm-
thick film was polycrystalline with an average grain
size of 60–70 nm.

The X-ray diffraction pattern of the Ce3Fe5O12 film
is shown in Fig. 1. The film has a cubic structure
242
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Fig. 1. X-ray diffraction pattern of the Ce3Fe5O12 film.
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Fig. 2. Absorption spectrum of the Ce3Fe5O12 film as a
function of the photon energy.
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(sp. gr. Ia3d(230)) with a preferred orientation in the
(444) direction. The parameter of the cubic unit cell of
the film is a = 1.234 nm. The crystal structure of the
film is noticeably strained (Δa = asubstrate – afilm =
0.05 Å). The difference between the film and substrate
lattice parameters is ~0.4%.

The optical absorption spectrum was recorded on a
Cary500Scan spectrophotometer (Fig. 2). The band
gap is Eg = 2.78 eV [18].

Substitution of cerium for yttrium leads to a slight
decrease in the band gap as compared with a value of
Eg = 2.85 eV for Bi3Fe5O12 [19] and 3.1 eV for YIG on
garnet. The tails in the range of 2–2.8 eV are caused by
the transition of electrons in the crystal field of the tet-
rahedron with Fe3+ between the multiplets 6A1 → 4T2,
4A1, 4E, 4T2, 4T1, and 4E. An electronic transition with
the charge transfer 2p–3d between iron ions in the
octahedral and tetrahedral sites occurs at 2.8 eV.

We determine the charged defect states from the IR
spectra (Fig. 3a). The IR spectrum contains two
absorption lines in the frequency range of ω1 ~
5520 cm–1 (λ1 ~ 1.5 μm) and ω2 ~ 6800 cm–1 (λ1 ~
1.8 μm). One line at frequency ω1 disappears at 275 K
and the other line at frequency ω2, in the temperature
range of 360–400 K. Two transition lines at wave-
lengths of 1.95 and 2.15 μm were observed for
Y3Fe5O12 (YIG) doped with tetravalent Zr [20] and Pb
ions [21]. The explanation made in [22] concerned the
optical transitions in a divalent iron ion in a low-sym-
metry crystal field. The triplet 5T2g state of Fe2+ ions in
an octahedron (tetrahedron) with the triclinic lattice
distortion is split into the doublet 5Eg1 and the singlet
Ag. In the model of the crystal field with the para-
meters 10Dq = 9500 cm–1 and a trigonal splitting of
C = 500 cm–1, the electronic transition to Ag – 5Eg at a
PHYSICS OF THE SOLID STATE  Vol. 63  No. 2  2021
wavelength of 1.54 μm in the octahedron and at
1.66 μm in the tetrahedron was calculated. The wave-
lengths depend on the crystal field parameters and the
positions of Fe2+ ions, on defects. With the change in
the symmetry from trigonal to cubic, these transitions
vanish. In (Y1 – xCex)Fe5O12, the crystal symmetry
does not change above 170 K [23]. It can be assumed
that crystalline phase transitions do not occur in the
Ce3Fe5O12 films upon heating.

The electronic transitions can be induced by the
charge f luctuations of cerium ions Ce3+ + Fe3+ →
Ce4+ + Fe2+ with an ion recharging energy of 1.2 eV in
the bulk of the crystal. On the film surface or near
defects with the violation of the coordination number
of the nearest neighbors, Ce4+ and Fe2+ ions can exist,
which were found in tetrahedra by the Mössbauer
technique [24]. According to ab initio calculations, the
energy of the charge redistribution on the Ce–O bond
ranges between 0.54–0.7 eV [25]. The ionic radius of
cerium Ce3+ (1.14 Å) is greater than the Ce4+ radius
(0.97 Å) and the Fe2+ radius (0.63 Å) is greater than
the Fe3+ radius (0.49 Å) in the tetrahedral site. The
charge transfer leads to the shortening of the Ce–O
bond length. The d–f dipole electronic transitions
between Fe2+ ions in the tetrahedral (octahedral) sites
and Ce4+ form two absorption lines.

The absorption line at frequency ω1 disappears at
275 K due to electron delocalization near the Ce4+,
Fe2+ pair in the octahedron upon straining the film
relative to the substrate. Delocalization of electrons on
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Fig. 3. (a) IR absorption of the Ce3Fe5O12 film in the frequency range of 4500–7500 cm–1. (b) Absorption intensity at frequencies

(1) ω1 and (2) ω2 vs temperature.
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Fig. 4. Resistance of the Ce3Fe5O12 film vs reciprocal tem-
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Fe2+ in the tetrahedron above 360 K leads to the dis-
appearance of the transition at frequency ω2. Further

heating leads to the electron hopping between Fe2+

ions in the tetrahedral sites and Fe3+ ions in the octa-
hedral sites. The temperature 160 K at which the
intensity of IR absorption of the Ce3Fe5O12 film

sharply drops (Fig. 3b) is consistent with the tem-
perature 170 K of the spin-reorientation transition in
(Y1 – xCex)Fe5O12 [23].

3. ELECTRICAL RESISTANCE, 
I–V CHARACTERISTICS, AND IMPEDANCE

The electrical resistance was measured by a four-
point probe method. The film is high-ohmic and the
resistance detection starts with 2 GΩ above 350 K
(Fig. 4).

At 400 K, the activation energy decreases from 0.27
to 0.18 eV. The ac resistance increases upon heating
and reaches a local maximum with a plateau also at
400 K, where the impedance has a minimum (Fig. 5).
The impedance minimum is related to the disappear-
ance of migration polarization due to electron delocal-
ization.

Figure 6 shows frequency dependences of the
impedance components in the frequency range of

102–106 Hz. The impedance is well-described by the

power function of the frequency Z = A/ωn. The reac-
tive resistance is determined by the inductive contri-
bution XL = Lω and the capacitive contribution

Xc = 1/Cω. Fitting of the experimental data yields n =

1.0 ± 0.02 in the temperature range of 300–500 K. In
other words, the reactance is determined by the local-
ized charges and the film capacitance C: ImZ(ω) =
1/Cω . The impedance minimum at 400 K is related to
PHY
the maximum capacitance caused by the disappear-

ance of dipole moments of the Ce4+, Fe2+ pairs in the

tetrahedron. The impedance variation in a magnetic

field is no more than 0.1%. The active resistance is also

described by the power dependence Re(Z(ω)) = B/ωn,

where the exponent increases from n = 0.95± 0.04 to

1.22 ± 0.03 upon heating to 500 K. The resistance

depends on the measuring frequency, which is indica-

tive of the hopping mechanism of charge transfer. In

this case, the frequency dependence of the conductiv-

ity is described by the expression σ = σ0ωs, where

s = 0.8 [26], which corresponds to the hopping

recharging of one-type defects. The ac resistance

increases in a magnetic field and decreases above

450 K (Fig. 7).
SICS OF THE SOLID STATE  Vol. 63  No. 2  2021
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Fig. 5. (a) Normalized real part of the impedance Re(Z(T = 80 K) and (b) impedance Z(T = 80 K) vs temperature at frequencies

of ω = (1) 1, (2) 5, (3) 10, (4) 50, (5) 100, and (6) 300 kHz.
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Fig. 6. (a) Active and (b) reactive resistance of the Ce3Fe5O12 film (1, 3, 5, 7, 9) without field and (2, 4, 6, 8, 10) in a magnetic

field of 8 kOe at temperatures of T = (1, 2) 300, (3, 4) 350, (5, 6) 400, (7, 8) 450, and (9, 10) 500 K.
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The I–V characteristics of the films in the tempera-
ture range of 300–500 K and magnetic fields of up to
8 kOe are presented in Fig. 8. The I(U) dependences
are linear and antihysteretic. The conductivity obeys
the Ohm’s law. The change in the current (resistance)
in a magnetic field is no more than 0.5%. The dc mag-
netoresistance is lower than the ac magnetoresistance
by an order of magnitude.

4. MODEL

The temperature dependences of the IR spectra
and conductivity can be explained by the presence
of divalent iron ions. Upon doping with cerium
(Ce:YIG/GGG), the films exhibit the rhombohedral
distortion and the change in the mutual arrangement
PHYSICS OF THE SOLID STATE  Vol. 63  No. 2  2021
of octahedra and tetrahedra [23, 27]. Tetrahedra are

more prone to straining than octahedra. The

pseudocubic lattice constant increases upon heating

above 170 K; at this temperature, the spin-reorienta-

tion transition from the easy axis to the easy plane

occurs [23]. The IR spectra include two absorption

lines corresponding to the transition of electrons

between Fe2+ cations in octahedra and tetrahedra and

the Ce4+ ion. A change in the angle of the rhombohe-

dral distortion leads to a change in the angle between

the Fe2+–O and O–Ce4+ bonds and the height of the

potential barrier for electron tunneling between cat-

ions. A sharp decrease in the intensity of electronic

transitions in the IR spectra is caused by a decrease in
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Fig. 7. Frequency dependence of magnetoresistance

((R(H) – R(0))/R(0) at T = (1) 300, (2) 350, (3) 450, and

(4) 500 K.
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Fig. 8. I–V characteristics of the Ce3Fe5O12 film (2, 4, 6)

without field and (1, 3, 5) in a magnetic field of 8 kOe at

temperatures of T = (1, 2) 400, (3, 4) 450, and (5, 6) 500 K.
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the tunneling coefficients D1/D2 = exp(Δ2 – Δ1) ~ 5 in

the vicinity of 160 K.

Upon heating above 160 K, a tangential voltage
component along the film–substrate interface
appears. For example, in Ce:YIG/GGG, the thermal
expansion coefficient of the film grows faster than that
of the substrate at T > 170 K, passes through a maxi-
mum at 210 K, and changes its sign at 284 K. The
change in the sign of the elastic stress from the sub-
strate side to the film leads to delocalization of an elec-

tron in Fe2+ in the octahedron. One absorption line
remains in the IR spectrum at the transition of elec-

trons between Fe2+ and Ce4+ cations in the tetrahe-
dron. In the temperature range of 360–400 K, the

charge f luctuations Ce4+ + Fe2+ → Ce3+ + Fe3+ are
enhanced, which leads to the disappearance of the
absorption line at frequency ω2.

Let us consider the qualitative difference between
the dc and ac magnetoresistances, which differ by
more than an order of magnitude. The ac conductivity
in a disordered medium is related to the dielectric con-
stant σ(ω, r) = iωε(ω, r), where σ is the conductivity
tensor and ε is the local dielectric function. In the
approximation of 1/ω longer than the scattering time,
the conductivity tensor in the transverse magnetic

field HZ is

(1)

where β = μH and μ is the mobility. At the hopping
conductivity with the uniform distribution of carriers
in the film, the diagonal component of the conductiv-

β σσ ω = + ωε −β+ β  
2

1
ˆ( ) ,

11
i

PHY
ity depends on frequency via the longitudinal dielec-
tric response [28]

(2)

where τ = ε/σ. As the field increases, the εxx decreases

and the resistance in a magnetic field increases. Upon
approaching the Curie temperature, the formation of
ferrons is observed, which represent areas of local fer-
romagnetic ordering of spins in the tetrahedral and
octahedral sites. The presence of electrically inhomo-
geneous states leads to an increase in the permittivity
in a magnetic field. For a two-phase system with lim-
iting parameters of σ1 = 0, ε = ε1 and concentration x
and with σ2 = σ, ε = 0 (1 – x), we found a numerical

solution for the dielectric response upon frequency
variation in fixed magnetic fields in a 2D two-com-
ponent medium, which can be approximated as

ε(β, ω) ~ (ω) + A(ω)β1/2 [28].

5. CONCLUSIONS

Two absorption lines were found in the IR spec-
trum and temperatures of their disappearance were
determined, which were attributed to the electronic
transitions between impurity states of ferrous ions in
the octahedral (tetrahedral) sites and tetravalent
cerium. The temperature of the impedance minimum
and the change in the activation energy caused by the
disappearance of the migration polarization were
established. A change in the ac magnetoresistance sign
upon approaching the Curie temperature was
observed and explained by the formation of electri-
cally inhomogeneous states.

ε − β + ωτ + βε ω =
+ ωτ + β

2 2 2 2

2 2 2

(1 ( ) (1 ) )
Re[ ( )] ,

1 ( ) (1 )
xx
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