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vity and magnetism of CuFe2O4 via
cation redistribution†

Ruyi Zhang,a Qibin Yuan,a Rong Ma,a Xiaoxing Liu,b Cunxu Gao,b Ming Liu,*a

Chun-Lin Jiaac and Hong Wang *a

Copper ferrite polycrystalline samples with different cation distributions are prepared via different thermal

treatments. Combined studies including X-ray diffraction, PPMS, Mössbauer spectroscopy, and complex

impedance spectroscopy show both conductivity and magnetism keep increasing, accompanied by an

obvious phase transition from tetragonal symmetry (I41/amd) to cubic symmetry (Fd�3m) as Cu2+ ions

migrate from Oh sites to Td sites. The changes of structural, electrical and magnetic properties due to

the cation redistribution are also investigated by spin-polarized density functional theory. The simulated

results indicate that the semiconducting band structure gradually transforms into a metallic band

structure as Cu2+ ions migrate from Oh sites to Td sites. The conductivity and magnetism will increase

during the same process, which matches well with the experimental observations. This work

demonstrates that the cation redistribution in copper ferrite is effective in controlling both conductivity

and magnetism, which can be further exploited in applications using interacting electron/spin systems.
1. Introduction

Recently, ion migration of oxide materials triggered by an
electric eld or local heat has emerged as a promising route to
novel functionalities and electronic devices.1–3 The ion migra-
tion, especially anion (e.g., O2� ions) redistribution, is vital to
the nonvolatile resistive switching (RS) properties of oxide thin
lms, which have been extensively studied by many
researchers.4–6 Cation redistribution in oxide materials is also
important due to tunable magnetic and optical properties
beyond the RS effect. Spinel ferrites are among those oxide
materials with tunable magnetism via cation redistribution.7

Lithium ferrite receives most intensive research interest due to
the easy modulation of chemical states andmagnetic properties
through a Li+ ion de-intercalation/intercalation process.8,9

Copper ferrite (CuFe2O4) which contains elements (Cu2+ ions)
with a highmigration rate and low activation energy (�0.1 eV) is
also an ideal candidate for ionic control of chemical states and
magnetic properties.10,11 Moreover, copper ferrite showing two
phases (tetragonal spinel phase and cubic spinel phase) with
large differences in physical properties differs frommany spinel
aboratory for Mechanical Behavior of
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n (ESI) available: The renement
sizes of all CFO samples obtained by
O sample. See DOI: 10.1039/c7ra01765k

2

ferrites with only one cubic spinel phase.12 The phase transition
and physical properties of copper ferrite can also be easily
modulated by cation redistribution between tetrahedral site (Td

site or A site) and the octahedral site (Oh site or B site) via
thermal stimuli as previous studies indicated.10,13 The cation
redistribution of copper ferrite leading to modulation of
magnetic and magneto-optical properties have been well
studied.14,15 However, few attentions have been paid to the effect
of cation redistribution on the electrical properties of copper
ferrite, which still remains unclear. It is also important to
understand the mechanism behind cation redistribution
dependent electrical properties, which could extend the appli-
cations of spinel ferrite beyond permanent magnet, magnetic
recording, power handling, and millimeter wave integrated
circuitry applications.

In this work, thermal treatments are used to induce cation
redistribution in copper ferrite polycrystalline samples. The
cation redistribution can be veried by the phase transition and
change of magnetic properties. Complex impedance spectra
indicate both grain conductivity and DC conductivity of copper
ferrite changes dramatically as Cu2+ ions redistribute between
Oh site and Td site. Andmigration of Cu2+ ions fromOh site to Td

site leads to the enhancement of conductivity. To understand
the mechanism of cation redistribution tunable conductivity,
theoretical calculations based on spin-polarized density func-
tional theory are also carried out. The simulated results of
copper ferrite reveal that the semiconducting band structure
gradually transforms into metallic band structure as Cu2+ ions
migrate from Oh site to Td site, which explains the increase of
conductivity in the same ion migration process. This work
This journal is © The Royal Society of Chemistry 2017
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demonstrates that the cation redistribution in copper ferrite is
effective on controlling both conductivity and magnetism,
which can be exploited in the applications implemented using
interacting electron/spin systems.16

2. Experimental
2.1 Fabrication of CuFe2O4 ceramics with different cation
distributions

The stoichiometric CuFe2O4 polycrystalline powders were
synthesized though a standard solid state reaction method with
starting reactants of CuO (99.99%) and Fe2O3 (99.99%) in the
ratio of 1 : 1. The mixing powders of reactants were milled for
8 h and then calcined in air at 900 �C for 4 h. The powders were
remilled for 8 h to obtain homogeneous powders. And then the
powders were pressed via isostatic method into cylinders (f ¼ 8
mm, d ¼ 1.5 mm) to obtain maximum density. Then all these
cylinders were sintered in air at 1000 �C for 4 h and followed by
a slowly cooling process (�12 hours to room temperature) to
obtained the pure tetragonal spinel phase of CuFe2O4 (T-CFO).
These sintered cylinders acted as pristine samples (denoted as
SC-1000 or RQ-0) for further nonequilibrium thermal treatment
(using rapid quenching method). RQ-0 samples were then
heated up and maintained at 500 �C, 700 �C, 900 �C for 3 hours
to reach equilibrium state at the given temperatures. Then these
heated samples were rapid quenched in pure water to room
temperature and marked as sample RQ-500, RQ-700 and RQ-
900, respectively. In this way, CuFe2O4 ceramics with different
cation distributions were obtained.

2.2 The structural, electrical, and magnetic characterization
of CFO ceramics

The structure of these slowly cooled and rapid quenched
samples were investigated by means of PANalytical X'pert XRD.
The magnetic hysteresis loops were recorded on a Quantum
Design Physical Property Measurement System (PPMS) with
magnetic eld sweeping between �2 T. The Mössbauer spectra
of CFO polycrystalline samples were recorded by using
a conventional constant acceleration spectrometer with a g-ray
source of 25 mCi 57Co in palladiummatrix, and the isomer shi
quoted in this work was relative to that of the a-Fe. The room
temperature complex impedance spectra covering wide
frequency (40 Hz–110 MHz) were recorded by Agilent 4294A
impedance analyzer. Temperature dependent complex imped-
ance spectra were measured by using Agilent 4980A impedance
analyzer with scanning frequency ranging from 20 Hz–2 MHz.
In order to ensure electrical contacts, 100 nm thick Au elec-
trodes were deposited at each side of cylinder samples using
sputtering method.

2.3 First-principle calculations on CFO ceramics with
different cation distributions

To explore the mechanism behind the cation distribution
dependent electric properties in copper ferrite, the electronic
structure calculations were performed by using spin-polarized
DFT method as implemented in CASTEP package. A
This journal is © The Royal Society of Chemistry 2017
generalized gradient approximation (GGA) exchange correlation
term as constructed by Perdew–Burke–Ernzerhof for solid
(PBESOL) was adopted for the geometry optimization as well as
electronic structure calculation. The correlated 3d orbitals of Cu
and Fe atoms had been taken into account and assigned Hub-
bard U values of 5 eV and 4 eV, respectively, as previous studies
indicated.17 The pseudopotentials used to describe the inter-
action between ions and electrons were Ultraso with cutoff
energy of 500 eV and energy convergence of 1.0 � 10�6 eV per
atom. The magnetic moments on the tetrahedral sites and
octahedral sites were set antiparallel to each other as the initial
magnetic structure.

3. Results and discussion
3.1 XRD analysis

Inversion parameter l, the occupancy ratio of the M2+ cations at
the Oh site, was oen used to evaluate cation distribution in
spinel ferritesMFe2O4 (M¼ divalent transition cations, including
Fe2+, Co2+, Ni2+, Cu2+, Zn2+ etc.). Aside from the fully normal (l ¼
0, M2+ cations completely occupying the Td site) and fully inverse
(l ¼ 1, M2+ and Fe3+ cations equally distributed in the Oh site)
cases, a variety of spinel ferrites possess equilibrium cation
distribution with 0 < l < 1. For CFO spinel, the decrease of
inversion parameter l can be directly observed through the XRD
analysis due to the symmetry transition from I41/amd (tetragonal
spinel phase) to Fd�3m (cubic spinel phase) induced by the
gradualmigration of Cu2+ ions fromOh site to Td site.10 The Jahn–
Teller distortion caused by Cu2+ cations at Oh site can be signif-
icantly suppressed as the inversion parameter l decreases.
According to literatures, the process of cation redistribution
would get enhanced and inversion parameter continuously
decreases as the temperature gradually increases.18,19 And the
reverse process of cation redistribution and increased inversion
parameter take place if the temperature slowly cools down.
However, nonequilibrium operation including rapid quenching
can freeze the Td/Oh site occupancy formed at high temperature.
Fig. 1(a) shows the XRD diffraction patterns and the full Rietveld
renement of the samples RQ-0(SC-1000), RQ-500, RQ-700, and
RQ-900, illustrating the phase transition trigged by rapid
quenching of CuFe2O4 samples from different temperatures. The
XRD patterns of all CFO samples are well tted by the full Riet-
veld renement with Rwp values less than 0.08. As it can be seen
from the insets I and II in the top corner of Fig. 1(a), the corre-
sponding peaks of T-CFO gradually merge together and trans-
form into the diffraction peaks of cubic spinel phase CuFe2O4

(C-CFO) as the quenching temperature (TQ) increases. For the
sample quenched from 700 �C, a small shoulder at the (113) peak
can be detected, indicating that the transformation from T-CFO
to C-CFO is still not completed. A very small portion remains
tetragonal phase. The phase transition is completed in the
sample RQ-900 quenched from 900 �C. Based on the results of
structure renements (see ESI†) on all CFO samples, the changes
of the lattice parameters and the tetragonality with the increasing
of TQ are shown in Fig. 1(b). The decrease of tetragonality from
1.05 for the sample RQ-0 to 1 for the sample RQ-900 clearly
demonstrates the migration of the Cu2+ cations from the Oh sites
RSC Adv., 2017, 7, 21926–21932 | 21927
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Fig. 1 Structural characterization by using X-ray diffraction. (a) Phase transition from tetragonal spinel phase to cubic spinel phase after rapid
quenching from different temperature. (b) The change of lattice parameter and tetragonality as a function of quenching temperature. (c)
Schematic view of cation distribution and symmetries of CFO.
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to the Td sites, resulting in the decrease of inversion parameter.
The site occupancies of Cu2+ and Fe3+ ions obtained from
structure renements (see ESI†) also conrm the samemigration
paths for Cu2+ cations predicted by tetragonality. Fig. 1(c) sche-
matically shows the symmetry transition of CuFe2O4 from
tetragonal spinel phase (T-CFO) to cubic spinel phase (C-CFO) as
the inversion parameter decreases.
3.2 Magnetic hysteresis loops and Mössbauer spectra

To explore the effects of the cation redistribution on magnetic
properties, the room-temperature M–H hysteresis loops as well
as Mössbauer spectra were measured for these samples, as
shown in Fig. 2. The different degrees of cation redistribution
induced by different quenching temperatures have large effect
on the overall magnetic properties of CFO ceramics. The satu-
ration magnetization MS increases with the increasing of
quenching temperature as the result of decreasing inversion
parameter. The migration of Cu2+ ions from Oh sites to Td sites
enhances the spin imbalance among these sites.14 Besides,
according to the Néel conguration for the spinel ferrite with
ferrimagnetic structure, the total 1 formula unit magnetic
moment of spinel ferrite can be expressed asMS¼ lMCu

2+ + (2�
l) MFe

3+ � (1 � l) MCu
2+ � lMFe

3+ ¼ (2 � 2l) MFe
3+ + (2l � 1)

MCu
2+. As Fe3+ cation has much more spins than that of Cu2+
21928 | RSC Adv., 2017, 7, 21926–21932
cation, the total magnetic moment of 1 f.u. increases with the
decreasing of inversion parameter l. The RQ-0 sample with c/
a �1.05 shows much higher MS with 38.81 emu g�1 (shown in
Table 1) than theMS of 25.01 emu g�1 (�1700 Gs with density of
5.41 g cm�3) measured in T-CFO with maximum c/a of 1.06,
indicating much lower inversion parameter in our sample. The
coercivity of CFO is also strongly inuenced by the inversion
parameter, which shows tendency of decreased values as the
quenching temperature increases (shown in the inset of
Fig. 2(a)). The RQ-900 sample with cubic symmetry shows the
coercivity of only several Oe.

Mössbauer spectra of CFO recorded at room temperature, as
shown in Fig. 2(b), provide direct evidence of cation redistribu-
tion and change of inversion parameter induced at high
quenching temperature. The experimental data (dots), which are
well-tted by curves with red solid lines, exhibit two Zeeman
sextets, as indicated by subspectrum A and B with blue and green
solid lines, respectively. The hyperne elds, isomer shis, and
linewidths of tted curves shown in Fig. 2(b) match well with the
values reported for CFO polycrystalline samples in the litera-
ture.20,21 No quadruple splits, which are typical for nanoparticles,
are detected in the spectra. The magnetic parameters obtained
from both PPMS and Mössbauer measurements are listed in
Table 1. Both SC-1000 (T-CFO) and RQ-900 (C-CFO) samples
shows the isomer shis d varying in the range of 0.25–0.35, which
This journal is © The Royal Society of Chemistry 2017
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Fig. 2 Magnetic properties of CFO samples characterized by PPMS and Mössbauer spectra. (a) Magnetic hysteresis loops recorded with
magnetic field applied in the range between �3 T–3 T. The small inset shows the coerivities of CFO samples as a function of quenching
temperature. (b) Mössbauer spectra of RQ-0 and RQ-900 samples demonstrating the cation redistribution triggered by thermal treatment.
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is in accordance with the high spin state for Fe3+ cations.21,22 As
the measured magnetic hyperne eld HA of subspectrum A is
lower than that of subspectrum B in both samples, the sub-
spectrum A and B can be assigned to Fe3+ cations occupying Td
sites and Oh sites, respectively. The occupancy of Fe3+ cations
among Td sites and Oh sites can be evaluated on the basis of the
relative absorption area SA and SB, through the equation SA/SB ¼
lfA/(2 – l)fB, where fA and fB are the recoil-free fractions of Fe3+

cations at the Td and Oh sites, respectively.18 The higher SA/SB
ratio corresponds to a higher inversion parameter l. As the l of
0.75 is believed to be the inversion parameter boundary for T-
CFO and C-CFO, it is reasonable to assume that RQ-700 sample
with slight tetragonal phase possesses the l with a value around
0.75.23 The values of inversion parameter for other CFO samples
are estimated based on the magnetization of fully inverse case (l
¼ 1 with MS of 25.01 emu g�1) and partial inverse case (l ¼ 0.75
withMS of 47.20 emu g�1 for sample RQ-700). CFO samples RQ-0,
RQ-500, and RQ-900 are then roughly estimated to possess
inversion parameters of 0.84, 0.79, and 0.74, respectively, which
we believe to be reasonable according to previous reports and our
calculations from PPMS and Mössbauer spectra.10 These
Table 1 Saturate magnetizationMs, coercivityHC, hyperfine fields H, isom
tetragonal spinel phase and cubic spinel phase CuFe2O4

Sample Ms (emu g�1) HC (Oe) H(A) (T)

RQ-0/T-CFO 38.81 76.1 47.58
RQ-900/C-CFO 48.46 3.8 45.86

This journal is © The Royal Society of Chemistry 2017
estimated inversion parameters are also very close to those from
structure renement.
3.3 Complex impedance spectra

The electrical properties of CFO samples aer various thermal
treatments are revealed by the complex impedance spectra
measured at room temperature, which are shown in Fig. 3(a)–
(c). The temperature dependent complex impedance spectra
were obtained by using 4980A covering 20 Hz–2 MHz (shown in
Fig. 3(d)). According to Fig. 3(a)–(c), the inversion parameter has
a large inuence on the impedance spectra of polycrystalline
CFO samples. The RQ-0 and RQ-500 samples with tetragonal
spinel structure exhibit a distinct feature of two semicircles,
which can be attributed to the contribution from grains and the
grain boundaries, respectively. The polycrystalline structure of
both samples can be characterized by an equivalent circuit
model consisting of two parallel RC elements and one serial R
element. In contrast, the RQ-700 and RQ-900 samples show only
one semicircles in impedance spectra which can be interpreted
by an equivalent circuit model consisting of one parallel RC
elements and one serial R element. In the circuit models, RG
er shifts d, ratio of absorption area SA/SB, and inversion parameter l for

d(A)
(mm s�1) H(B) (T)

d(B)
(mm s�1) SA/SB l

0.28 50.25 0.33 1.14 0.84
0.30 47.83 0.30 0.75 0.74

RSC Adv., 2017, 7, 21926–21932 | 21929
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Fig. 3 The room temperature complex impedance spectra for RQ-0(a), RQ-500(b), and RQ-700/RQ-900(c) CFO samples. The equivalent
circuit models are illustrated in each graph. The scanning frequencies have been marked. (d) The complex impedance spectra for RQ-0 CFO
samplemeasured at 20 �C, 40 �C, 60 �C, 80 �C, 100 �C. The inset is the R–T plots for RQ-0 CFO sample showing the activation energies for grain
(black line) and grain boundaries (red line).
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(RB), and CG (CB) stand for the resistance and capacitance of the
grains (grain boundaries), respectively. R0, and RN represent the
DC resistance, and the resistance at optical frequency of poly-
crystalline CFO samples. Noting the average grain size for the
RQ-0, RQ-500, RQ-700, and RQ-900 sample are around 10.8 mm,
11.6 mm, 11.5 mm, and 11.1 mm, respectively, according to the
SEM investigations (see ESI†). The grain sizes show little vari-
ations aer different heat treatments. The calculated values for
the elements of equivalent circuits are listed in Table 2. The
capacitance of grain boundary for all CFO samples are among
the range of 200–3000 nF, which are in accordance with the
possible interpretation for grain boundary. The grains show
much smaller capacitance compared to that of grain boundary
for RQ-0 and RQ-500 samples. All the polycrystalline CFO
samples possessing small DC resistance (in the range of 40–
1200 U) show semiconducting behavior. It can also be clearly
seen that the DC resistance R0 decreases (or DC conductivity s0
increases) as the TQ increases (or the inversion parameter l
Table 2 Calculated electric parameters for CFO polycrystalline samples

Sample RG (U) CG (nF) RB (U)

RQ-0 1000 0.0523 64
RQ-500 65 0.5015 42
RQ-700 — — 7
RQ-900 — — 11

21930 | RSC Adv., 2017, 7, 21926–21932
decreases). It is worth noting that the grain resistance RG of the
CFO samples also shows the same trend of decreasing as the
inversion parameter decreases from Fig. 3(a) and (b). The
disappearance of the semicircle, which corresponds to the effect
of the grains in the RQ-700 and RQ-900 samples, can be
understood as the result of the rapid decreasing resistance of
the grains caused by the decreasing of inversion parameter. The
XPS investigation on the RQ-900 sample indicates the drastic
change of grain resistance is not caused by the increased
concentration of Cu+ or Fe2+ cations due to the formation of
oxygen vacancies during quenching process. The
activation energies of the grains and the grain boundaries
for the RQ-0 sample were investigated by tting the values
of RG and RB using above mentioned circuit model aer scan-
ning the impedance spectra from 20 �C to 100 �C (shown
in Fig. 3(d)). The R–T plots are well tted by the

relation RðTÞ ¼ R exp
��Ea

KBT

�
, from which the activation
prepared after different heat treatment

CB (nF) RN (U) R0 (U) s0 (mS m�1)

2784 36 1100 2.71
1488 79 188 15.87
297 36 43 69.40
290 29 40 74.60

This journal is © The Royal Society of Chemistry 2017
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energies for the grains and the grain boundaries are calculated
as 0.07 eV and 0.14 eV, respectively, for the RQ-0 sample.

3.4 Theoretical calculations

To explore the origin of cation distribution dependent
conductivity in copper ferrite, the spin-resolved electronic
densities of states (DOS) of copper ferrite with various inversion
parameters (l ¼ 0, 0.5, 0.75, 1) were calculated aer geometric
optimization (shown in Fig. 4). All the calculations are based on
a 14-atom primitive unit cell of the spinel structure for l ¼ 0,
0.5, 1. The geometric optimization and electronic structure
calculation for CFO with l ¼ 0.75 are performed on a 28-atom
unit cell. For the half inverse (l ¼ 0.5) and fully inverse (l ¼ 1)
cases, the primitive unit cells are constructed by transposing
one and two Cu2+ cations at the Td site with the Fe3+ cations at
the Oh site based on the structure of normal spinel (l ¼ 0),
respectively.17,24 The geometric relaxation on CFO (l ¼ 1) unit
cell leads to a tetragonal distortion, whichmatches well with the
structure of the fully inverse T-CFO reported in literature.10 The
DOS calculated for the fully inverse CFO shows a band gap of
0.603 eV, as shown in Fig. 4(a), which shows semiconducting
feature. As GGA scheme typically underestimates band gap of
transition elements oxides, the calculated value of 0.603 eV is
reasonable when compared with the expected band gap for CFO
reported in the literatures.15,17 Aer creating anti-site defect by
transposing one Cu2+ cation (Td site) with one Fe3+ cation (Oh
Fig. 4 (a) The spin resolved densities of states for CFO with l ¼ 1.0, 0.75
Saturation magnetization MS and DC conductivity s0 as a function of inv
site to Td site and defect-like states created due to cation redistribution

This journal is © The Royal Society of Chemistry 2017
site) in a 28-atom primitive unit cell, defect-like states emerge
near the valence band maximum in CFO with l ¼ 0.75. Partial
DOS indicates that these defect-like states are mainly attributed
to the d orbitals of Cu (Td) atoms and 2p orbitals of surrounding
oxygen atoms, showing self-doping effect originating from
transposition between Cu (Oh) atoms and Fe (Td) atoms.25,26

Fig. 4(b) illustrates the tendencies of saturation magnetization
MS and DC conductivity s0 as a function of inversion parameter
l. It can be seen from Fig. 4(b), both MS and s0 increases with
the decreasing of inversion parameter l. The tendency of
increasing DC resistivity of CFO as inversion parameter
decreases matches well with the result from rst-principle
calculation. As we can see from the DOS of CFO with l ¼ 0.75,
the defect-like states ll the bandgap making CFO highly
conductive when compared with the scenario of fully inversed
CFO (l¼ 1). CFO samples with even lower inversion parameter l
may be obtained through rapid quenching from higher
temperature (above 900 �C). More defect-like states ll in the
energy level between 0–0.6 eV in half inverse CFO compared to
that of 75% inversed CFO, which we believe will further enhance
the conductivity of CFO. When the Fe (Td) atoms are completely
replaced by Cu (Oh) atoms, the electronic structure of normal
CFO will change dramatically and exhibits typical metallic
features. In short, the electronic properties of CFO can be
signicantly tuned by inversion parameter via creating defect-
like density states in the bandgap, which is schematically
, 0.5, 0.0. Partial DOS show the contribution from each type of ions. (b)
ersion parameter l. (c) Schematic view of Cu2+ ions migration from Oh

.
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shown in Fig. 4(c). And the semiconducting band structure
gradually transforms into metallic band structure as Cu2+ ions
migrate from Oh site to Td site. It is worth noting that the rst-
principle calculations also show that for all CFO the magnetic
moments between Td site and Oh site are antiferromagnetically
coupled and the magnetic moments within Td site or Oh site are
ferromagnetically coupled. The magnetic structures in the
ground state for all CFO are ferrimagnetic. And based on the
partial DOS analysis the density of states above Fermi level are
mainly contributed by Fe3+ cations. The spin-resolved electronic
densities of states (DOS) in Fig. 4(a) indicate the density of
states above Fermi level inminority spin channel becomesmore
and more dominated as inversion parameter decreases, sug-
gesting the magnetism of CFO would get enhanced as Cu2+ ions
migrate from Oh site to Td site.
4. Conclusions

In summary, the CFO polycrystalline samples with different
cation distributions are prepared through nonequilibrium
thermal treatment. Migration of Cu2+ ions fromOh site to Td site
not only induces clear phase transition from tetragonal
symmetry to cubic symmetry but also signicantly enhance
saturation magnetization and conductivity of CFO. Moreover,
the rst-principle calculations reveal that the self-doping effect
induced by ion migration would create defect-like states in the
bandgap of semiconducting fully inverse CFO and increase the
conductivity of partially inverse CFO. The tunable cation
redistribution in copper ferrite can be very promising for future
applications implemented by using interacting electron/spin
systems.
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