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FIG. 1. (a) Low-temperature structure of CaCu3Fe4O12

(space group Pn3). (b) breathing distortion of oxygen atoms.
(c) M+

2 mode. (d) M+
1 mode. The crystal structure is visu-

alized using VESTA3 [48]. The mode analysis is performed
using AMPLIMODE [49]. Cu (Ca) atoms sitting on 3/4 (1/4)
of the A sites in the ABO3 perovskite lattice show no displace-
ments from the high-symmetry positions in all temperatures.
Thus, Co and Ca atoms are not shown in panels (b)–(d).

and thus rather di↵erent magnetic behavior is to be ex-
pected. Indeed, along with at the MIT, a ferrimagnetic
(FM) order with a large magnetization of 9.7µB/f.u. is
observed [43, 47]. The large magnetization indicates a
ferromagnetic alignment of Fe moments antiferromagnet-
ically coupled to the Cu2+ (S = 1/2) sublattice in CCFO.

We use the local-density approximation (LDA) + U
and LDA + dynamical mean-filed theory (DMFT) ap-
proaches to investigate the electronic response to the QR

and QB distortion. We characterize the local state of
Fe ions in the uniform and disproportionated phases and
determine the preferred magnetic order. We discuss the
similarities and di↵erences of CCFO to RNiO3 in the
context of the Peierls and site-selective Mott scenarios.

II. COMPUTATIONAL METHOD

The LDA+U calculations are performed using the aug-
mented plane wave and local orbital (APW+lo) method
implemented in the Wien2k package [50]. Following pre-
vious GGA+U studies of CCFO [45, 46], the e↵ective U
values (Ue↵ = U � J) are chosen as Ue↵ = 4.0 eV and
7.0 eV for Fe and Cu ions, respectively. We have checked
the robustness of the present result with respect to the
choice of the exchange-correlation potential and Ue↵ pa-
rameters, see SM [44]. The reciprocal space cut-o↵ Kmax

for the basis functions was chosen such that RMTKmax =
7.0. The Brillouin zone was sampled with an 8 ⇥ 8 ⇥ 8
mesh. To perform LDA+DMFT calculations [51–53], a

FIG. 2. Evolution of the LDA+U total energy of the ferri-
magnetic state with the breathing distortion QB for fixed QR

rotation mode. Note that 100% corresponds to the experi-
mental amplitude.

tight-binding model spanning Cu 3d, Fe 3d and O 2p
bands, constructed using the wien2wannier [54] and wan-
nier90 [55] codes, is augmented with the local Coulomb
interaction on the Fe and Cu sites. We use the interaction
parameters (in eV) (U, J) = (7.50, 0.98) and (6.80, 0.80)
for the Cu and Fe 3d shells, respectively [56, 57]. To cor-
rect for the double counting of the Coulomb interaction,
we shift the site energies of the Fe and Cu orbitals by the
respective shell-averaged high-frequency limit (Hartree
part) of the self-energy [57]. We show that our conclu-
sions hold for a wide range of the double-counting cor-
rections (treated as adjustable parameters), see SM [44].
In the DMFT self-consistent calculation, the continuous-
time quantum Monte Carlo solver with density-density
approximation to the on-site interaction was used to solve
the auxiliary Anderson impurity model [58–61].

III. RESULTS

A. LDA+U and Peierls mechanism

Since the LDA+U approach cannot describe fluctuat-
ing local moments, we restrict ourselves to magnetically
ordered phases (at T = 0). Overall, the FM solution has
lower energy than antiferromagnetic or ferromagnetic so-
lutions, except for QR = 0 % where ferromagnetic align-
ment of all Fe and Cu moments is favored. Fig. 2 shows
the LDA+U total energies for various amplitudes of the
breathing QB and rotation QR distortions. For small QR

the breathing distortion is unstable, while for larger QR

a new local minimum appears at a finite QB amplitude.
We find the global energy minimum close to the experi-
mental QR and QB amplitudes (i.e. QR = QB = 100 %)
irrespective of the interaction parameters within a real-
istic range [44].
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■  The origin of MIT in CaCu3Fe4O12 with CD / LaCu3Fe4O12 with CT 
■  Different magnetic order in LaCu3Fe4O12 (AF) and LuCu3Fe4O12 (FM)

Questions 

We study metal-insulator transition (MIT) in ACu3Fe4O12 (A=Ca, La, Pr-Nd, Sm-Lu) using local density approximation (LDA) + U and dynamical mean-field theory (DMFT). We 
find that ACu3Fe4O12 systems possess two instabilities towards MIT: Peierls-type instability (A=Ca) and antiferromagnetic instability (A=La, Pr-Nd). The dominant instability 
can be controlled by electron doping, i.e. substitution of A-site element with different valence ions. The spin correlation function calculated by LDA+DMFT finds characteristic 
spin dynamics: in CaCu3Fe4O12, a dynamical screening of the Fe eg-spins occurs in an antiferromagnetic coupling to ligand (O) holes. In LaCu3Fe4O12, on the other hand, the 
ligand hole couples to the Cu S=1/2 spin exclusively, forming the Zhang-Rice singlet bound state on the CuO4 unit. We also discuss the different magnetic ordering in 
LaCu3Fe4O12 (antiferro) and LuCu3Fe4O12 (ferro) in terms of the internal pressure and electronic structure.

1 © 2016 IOP Publishing Ltd Printed in the UK

Incorrect versions of !gures  were published in the above 
paper. The corrected !gures are given below.
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Figure 9. Ferrimagnetic structure of charge disproportionated 
CCFO. Cu2+ (S  =  1/ 2; green) spins at the A′ sites couple 
antiferromagnetically with rock–salt ordered Fe3+ (S  =  5/ 2; red) 
and Fe5+ (S  =  3/ 2; blue) spins at the B sites.

Figure 12. Composition dependence of lattice constant, 
bond valence sums for A′-site Cu and B-site Fe at 450 K in 
Ca1−xLaxCu3Fe4O12 solid solution.
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3.4. Magnetic structure of charge transferred LCFO

The intermetallic CT in LCFO causes a change in the mag-
netic properties. As shown in !gure 11, a magnetic splitting 
with a hyper!ne !eld of about 400 kOe is observed in the 
Mössbauer spectrum at 300 K, which is below the transition 
temperature, suggesting that at low temperatures a magnetic 
ordered state of Fe3+ spins is stabilized by the intermetallic 
CT. The observed linear !eld dependence of magnetization 
shown in !gure  15 indicates an antiferromagnetic ordering 
of the magnetic moments below the intermetallic CT transi-
tion temperature. A decrease in susceptibility at 393 K shown 
in !gure 13 also agrees with the !rst-order change from the 
paramagnetic state to the antiferromagnetic state. In the anti-
ferromagnetic LCFO, Cu3+ with the 3d8 electron con!gura-
tion in the square-planar oxygen coordination is nonmagnetic 
because of the considerable energy splitting between −d z r3 2 2 
and −dx y2 2 orbitals as shown in ACu3+O2 (A  =  alkaline 

metals) [58, 59], and thus the Cu3+ ions do not contribute to 
the magnetic properties.

The magnetic ordering is also observed in the ND patterns 
collected below the intermetallic CT transition temperature 
[60]. Representative magnetic diffractions from the (1 1 1) and 
(1 3 1) planes at 50 K are clearly seen as shown in !gure 16. 
The magnetic structure analysis gives an antiferromagnetic 
superstructure model with a (1/2 1/2 1/2) propagation vector 
of the cubic cell. This corresponds to a G-type antiferromag-
netic ordering (!gure 17) where each B site moment couples 
antiferromagnetically with the six nearest neighbor moments. 
The re!ned magnetic moment at 50 K is 4.03(2) µB, which is 
slightly reduced from the ideal value of 5 µB for a high spin 
Fe3+ (S  =  5/2) due to covalency effects. Magnetic contribution 
from the A′ site is not detected in the re!nement, con!rming 
that Cu3+ ions at the site produce no magnetic moment. The 
magnetic ordering in LCFO is thus ascribed to the B-site 
Fe3+–O–Fe3+ antiferromagnetic superexchange coupling, 
which is in sharp contrast to the B-site Fe3+–O–Fe5+ ferro-
magnetic coupling in the charge-disproportionated CCFO.

Figure 15. Field dependence of magnetization of LCFO at 300 K, 
which is below the intermetallic CT transition temperature.

Figure 16. ND pattern and the result of the Rietveld !t for LCFO 
at 50 K. The representative magnetic peaks (1 1 1) and (1 3 1) are 
labeled in the !gure. The bottom and top tick markers correspond 
to the Bragg re#ections of crystal and magnetic structures, 
respectively.

Figure 17. G-type antiferromagnetic spin structure of LCFO. Cu3+ 
ions at the A′ sites are nonmagnetic, and Fe3+ (S  =  5/ 2) spins at the 
B site have magnetic contribution.

Figure 18. Temperature dependence of the re!ned B-site magnetic 
moment in LCFO. The projected intrinsic antiferromagnetic Néel 
temperature of about 600 K using an S  =  5/ 2 Brillouin function is 
shown with a dotted line.

J. Phys. D: Appl. Phys. 48 (2015) 504006

Figure 6 shows the temperature dependence of the electrical
resistivity for LnCu3Fe4O12. Metal-to-insulator transitions are
observed at temperatures between 220 and 360 K for
LnCu3Fe4O12 (Ln = La, Pr, Nd, Sm, Eu, Gd, Tb), in which
very small temperature dependences of high-temperature
metallic phases change into insulator-like large dependences
below the CT transition temperature, as reported for
LaCu3Fe4O12.

26 In contrast, metal-to-semiconductor transitions
are observed for LnCu3Fe4O12 (Ln = Dy, Ho, Er, Tm, Yb, Lu)
below ∼220 K (Figure 6b), which are similar to that of
YCu3Fe4O12 accompanying CD transition. The temperature
dependences of the resistivity in the charge-disproportionated
phases are much smaller than those in the charge-transferred
phases. The inset of Figure 6a shows that a large thermal
hysteresis exists in the CT transitions due to their first-order
characteristics, while the thermal hysteresis in the CD
transitions is negligibly small (see the inset of Figure 6b).
The above analysis of crystal structure, valence states, and

physical properties of LnCu3Fe4O12 divides these compounds
into two classes, in which the first class arouses a CT transition
like that of LaCu3Fe4O12, and the other class generates a CD
transition like that of YCu3Fe4O12. In a previous report,25 we
investigated the origin of the alternative electronic phase
transitions in A3+Cu3Fe4O12 perovskites, concluding that the
CT transition predominantly occurs in LaCu3Fe4O12 to relieve

the bond strains represented as overbonding (underbonding)
in the La−O (Fe−O) bond, while the CD transition occurs in
YCu3Fe4O12 because the opposite kind of bond strains, which
are dominant in YCu3Fe4O12, are not necessarily relaxed by the
CT transition. Here, we attempt to make further refinements to
the above conclusions based on the structural data of
LnCu3Fe4O12. Figure 7a shows selected bond lengths and
bond angle versus ionic radius of Ln ions for the
Ln3+Cu2+3Fe

3.75+
4O12 phase in the vicinity of room temperature.

The Ln−O bond shrinks almost monotonically as the rLn
decreases. The Fe−O bond shrinks correspondingly, while
the Cu−O bond length is almost constant. This is because the
larger Ln ions expand the unit cell volumes and the Fe−O
bonds are accordingly stretched in the relationship a = 4lFe−O ×
sin(ψ/2), where a is the lattice constant, lFe−O is the Fe−O
bond length, and ψ is the Fe−O−Fe bond angle. The Fe−O−
Fe bond angle slightly increases with decreasing rLn, which is
attributed to the decrement in the difference in ionic radii
between A-site (rA) and A′-site (rA′) ions, ΔrA (ΔrA = rA − rA′),
as demonstrated in our previous paper.38 When ΔrA decreases
from 0.59 Å (La) to 0.407 Å (Lu), the Fe−O−Fe bond angle is
seen to increase from 139.2 to 140.3°.
The BVS analysis unveils the delicate relationship between

Ln−O and Fe−O bonds. Figure 7b shows the BVS, bond
discrepancy, and GII in the valence unit (v.u.) as a function of
rLn for the Ln

3+Cu2+3Fe
3.75+

4O12 phase. The BVS of Cu is close
to the expected value (+2) for all of the compounds, indicating
that the Cu−O bond remains in a proper state. On the other
hand, the BVS of Ln drastically decreases from +3.60 (La) to

Figure 5. (a) Temperature dependence of the magnetic susceptibility
for LnCu3Fe4O12 on ZFC mode. Applied external field was 1 kOe (Ln
= Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu) and 10 kOe (Ln = La, Pr,
Nd). (b) Isothermal magnetization for LnCu3Fe4O12 (Ln = La−Lu)
measured at 5 K.

Figure 6. Temperature dependence of the electrical resistivity for
LnCu3Fe4O12 upon cooling. The resistivity was normalized to the
values at 400 K (La), 350 K (Pr, Nd), and 300 K (others). The insets
show the thermal hysteresis for Ln = (a) La, Nd, Gd and (b) Dy, Lu.

Inorganic Chemistry Article
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■  The origins of MIT:  
 CaCu3Fe4O12 : Peierls-type instability / LaCu3Fe4O12 : AF-ordering instability 
 Important !! : two instabilities switched by 1 electron doping (i.e. Ca2+ → La3+) 
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 CaCu3Fe4O12 : Fe eg-O spin singlet / LaCu3Fe4O12 : Cu-O Zhang-Rice singlet
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the A′-site Cu gives a bond valence sum of 2.23. The Fe–O 
bond distances in the octahedron are 1.948(1) Å, giving a bond 
valence sum of 3.81. The results suggest the + + +Ca Cu Fe O2

3
2

4
4

12 
cation charge states as seen in other 134-type perovskites like 

 + + +Ca Cu Mn O2
3
2

4
4

12  [26, 46] and  + + +Ca Cu Ti O2
3
2

4
4

12  [47–49]. 
The isomer shift of 0.15 mm s−1 in a singlet Mössbauer spec-
trum obtained at 300 K (!gure 4) indicates the Fe4+ unusual 
high valence state [50], though the value is slightly larger than 
those for Fe4+ in CaFeO3 and SrFeO3 [51, 52].

CCFO shows a transition at 210 K in the crystal structure, and 
the transport and magnetic properties as shown in !gure 5. With 
decreasing temperature, the crystal structure symmetry changes 
from Im−3 above the transition temperature to Pn−3 below the 
temperature, as indicated by very weak (1 1 1) diffraction inten-
sity in the S-XRD patterns, and the unit cell volume abruptly 
decreases at the transition temperature. The re!ned structural 
parameters, the cation–oxygen bond distances, and the bond 
valence sum values obtained from the structure analysis for the 
data at 90 K are listed in tables 3 and 4. This low-temperature 
structure gives rock–salt-type ordered two B (4b and 4c) sites. 
The bond valence sum for the A′-site Cu is 2.28, which is nearly 

the same as that at 300 K, and those for the two B-site Fe are 
3.60 and 4.04, which suggests the CD transition.

The Mössbauer spectrum at a low temperature con!rms the 
CD transition (!gure 4). The spectrum at 4.2 K consists of two 
components with almost equal intensities; one with the isomer 
shift of 0.39 mm s−1 and the hyper!ne !eld of 417 kOe and the 
other with the isomer shift of 0.05 mm s−1 and the hyper!ne 

Table 2. Cation–oxygen bond distances (Å) and bond valence sums 
for CCFO at 300 K.

Bond Distance Bond valence sum

Ca–O 2.593(4)  ×  12 2.21

1.903(4)  ×  4
Cu–O 2.742(4)  ×  4 2.23

3.260(4)  ×  4

Fe–O 1.948(1)  ×  6 3.81

Figure 4. Mössbauer spectra of CCFO at 300 and 4.2 K. The cross 
marks and the solid lines respectively represent the observed spectra 
and the !ttings. The major spectrum at 300 K consists of a single 
component of Fe4+, which at 4.2 K consists of Fe3+ and Fe5+. 
Spectra from a small amount of α-Fe2O3 impurity are also seen.

Figure 5. Temperature dependence of lattice constant (unit cell 
volume for right axis), resistivity, magnetization, and isomer shift 
for CCFO.

J. Phys. D: Appl. Phys. 48 (2015) 504006

Valence transition
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!gure 14. The temperature dependence of isomer shift shown in 
!gure 13 also supports the change in the Fe valence state. A simul-
taneous valence change on both the A′-site Cu and B-site Fe ions 
(3Cu2+  −  3e−  →  3Cu3+ and 4Fe3.75+ + 3e−  →  4Fe3+) thus leads 
to the transition from the high-temperature + + +La Cu Fe O3

3
2

4
3.75

12 
to the low-temperature + + +La Cu Fe O3

3
3

4
3

12. The temperature 
dependence of resistivity in !gure 13 shows a metal-to-insulator 
transition at the intermetallic CT transition temperature. The 
thermal hysteresis and the jump in the resistivity are consistent 

with the !rst-order nature of the transition. This intermetallic 
CT contrasts sharply with the CD from Fe4+ to Fe3+ and Fe5+ 
in the isostructural CCFO described in a previous section. In 
LCFO both the S-XRD and Mössbauer experiments con!rm 
the absence of CD at temperatures down to 4.2 K. The ilmenite 
FeTiO3 (Fe3+  +  Ti3+  →  Fe(3−δ)+  +  Ti(3+δ)+) [56] and the per-
ovskite BiNiO3 (

+ + +Bi Bi Ni O0.5
3

0.5
5 2

3  →  Bi3+Ni3+O3) [57] are two 
rare compounds that exhibit the intermetallic CT, but only under 
high pressure. LCFO is the !rst example to show temperature-
induced intermetallic CT transition.

Figure 13. Temperature dependence of lattice constant (unit 
cell volume for right axis), normalized resistivity, magnetic 
susceptibility, and isomer shift for LCFO.

Table 7. Re!ned structural parameters of LCFO from the Rietveld 
analysis of S-XRD at 300 K.

Atom Site x y z Uiso

La 2a 0 0 0 0.31(2)
Cu 6b 0 0.5 0.5 1.13(2)
Fe 8c 0.25 0.25 0.25 0.23(2)
O 24g 0.3111(3) 0.1715(3) 0 0.41(6)

Note: Space group; Im−3, a  =  7.43413(2) Å, and Rwp  =  6.23%.

Table 8. Cation–oxygen bond distances (Å) and bond valence sums 
for LCFO at 300 K.

Bond Distance Bond valence sum

La–O 2.641(3)  ×  12 3.17

1.897(2)  ×  4
Cu–O 2.817(3)  ×  4 2.88

3.363(2)  ×  4

Fe–O 2.0002(8)  ×  6 3.06

Figure 14. Temperature dependence of Cu–O and Fe–O bond 
distances and bond valence sums for A′-site Cu and B-site Fe for 
LCFO.

J. Phys. D: Appl. Phys. 48 (2015) 504006
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3.4. Magnetic structure of charge transferred LCFO

The intermetallic CT in LCFO causes a change in the mag-
netic properties. As shown in !gure 11, a magnetic splitting 
with a hyper!ne !eld of about 400 kOe is observed in the 
Mössbauer spectrum at 300 K, which is below the transition 
temperature, suggesting that at low temperatures a magnetic 
ordered state of Fe3+ spins is stabilized by the intermetallic 
CT. The observed linear !eld dependence of magnetization 
shown in !gure  15 indicates an antiferromagnetic ordering 
of the magnetic moments below the intermetallic CT transi-
tion temperature. A decrease in susceptibility at 393 K shown 
in !gure 13 also agrees with the !rst-order change from the 
paramagnetic state to the antiferromagnetic state. In the anti-
ferromagnetic LCFO, Cu3+ with the 3d8 electron con!gura-
tion in the square-planar oxygen coordination is nonmagnetic 
because of the considerable energy splitting between −d z r3 2 2 
and −dx y2 2 orbitals as shown in ACu3+O2 (A  =  alkaline 

metals) [58, 59], and thus the Cu3+ ions do not contribute to 
the magnetic properties.

The magnetic ordering is also observed in the ND patterns 
collected below the intermetallic CT transition temperature 
[60]. Representative magnetic diffractions from the (1 1 1) and 
(1 3 1) planes at 50 K are clearly seen as shown in !gure 16. 
The magnetic structure analysis gives an antiferromagnetic 
superstructure model with a (1/2 1/2 1/2) propagation vector 
of the cubic cell. This corresponds to a G-type antiferromag-
netic ordering (!gure 17) where each B site moment couples 
antiferromagnetically with the six nearest neighbor moments. 
The re!ned magnetic moment at 50 K is 4.03(2) µB, which is 
slightly reduced from the ideal value of 5 µB for a high spin 
Fe3+ (S  =  5/2) due to covalency effects. Magnetic contribution 
from the A′ site is not detected in the re!nement, con!rming 
that Cu3+ ions at the site produce no magnetic moment. The 
magnetic ordering in LCFO is thus ascribed to the B-site 
Fe3+–O–Fe3+ antiferromagnetic superexchange coupling, 
which is in sharp contrast to the B-site Fe3+–O–Fe5+ ferro-
magnetic coupling in the charge-disproportionated CCFO.

Figure 15. Field dependence of magnetization of LCFO at 300 K, 
which is below the intermetallic CT transition temperature.

Figure 16. ND pattern and the result of the Rietveld !t for LCFO 
at 50 K. The representative magnetic peaks (1 1 1) and (1 3 1) are 
labeled in the !gure. The bottom and top tick markers correspond 
to the Bragg re#ections of crystal and magnetic structures, 
respectively.

Figure 17. G-type antiferromagnetic spin structure of LCFO. Cu3+ 
ions at the A′ sites are nonmagnetic, and Fe3+ (S  =  5/ 2) spins at the 
B site have magnetic contribution.

Figure 18. Temperature dependence of the re!ned B-site magnetic 
moment in LCFO. The projected intrinsic antiferromagnetic Néel 
temperature of about 600 K using an S  =  5/ 2 Brillouin function is 
shown with a dotted line.

J. Phys. D: Appl. Phys. 48 (2015) 504006
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the A′-site Cu gives a bond valence sum of 2.23. The Fe–O 
bond distances in the octahedron are 1.948(1) Å, giving a bond 
valence sum of 3.81. The results suggest the + + +Ca Cu Fe O2

3
2

4
4

12 
cation charge states as seen in other 134-type perovskites like 

 + + +Ca Cu Mn O2
3
2

4
4

12  [26, 46] and  + + +Ca Cu Ti O2
3
2

4
4

12  [47–49]. 
The isomer shift of 0.15 mm s−1 in a singlet Mössbauer spec-
trum obtained at 300 K (!gure 4) indicates the Fe4+ unusual 
high valence state [50], though the value is slightly larger than 
those for Fe4+ in CaFeO3 and SrFeO3 [51, 52].

CCFO shows a transition at 210 K in the crystal structure, and 
the transport and magnetic properties as shown in !gure 5. With 
decreasing temperature, the crystal structure symmetry changes 
from Im−3 above the transition temperature to Pn−3 below the 
temperature, as indicated by very weak (1 1 1) diffraction inten-
sity in the S-XRD patterns, and the unit cell volume abruptly 
decreases at the transition temperature. The re!ned structural 
parameters, the cation–oxygen bond distances, and the bond 
valence sum values obtained from the structure analysis for the 
data at 90 K are listed in tables 3 and 4. This low-temperature 
structure gives rock–salt-type ordered two B (4b and 4c) sites. 
The bond valence sum for the A′-site Cu is 2.28, which is nearly 

the same as that at 300 K, and those for the two B-site Fe are 
3.60 and 4.04, which suggests the CD transition.

The Mössbauer spectrum at a low temperature con!rms the 
CD transition (!gure 4). The spectrum at 4.2 K consists of two 
components with almost equal intensities; one with the isomer 
shift of 0.39 mm s−1 and the hyper!ne !eld of 417 kOe and the 
other with the isomer shift of 0.05 mm s−1 and the hyper!ne 
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Figure 4. Mössbauer spectra of CCFO at 300 and 4.2 K. The cross 
marks and the solid lines respectively represent the observed spectra 
and the !ttings. The major spectrum at 300 K consists of a single 
component of Fe4+, which at 4.2 K consists of Fe3+ and Fe5+. 
Spectra from a small amount of α-Fe2O3 impurity are also seen.

Figure 5. Temperature dependence of lattice constant (unit cell 
volume for right axis), resistivity, magnetization, and isomer shift 
for CCFO.
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Charge disproportionation (CD) vs Charge transfer (CT) MIT

Band gap on EF at Γ-point

LDA+U shows difference in electronic 
structure between two compounds

LDA + U bands: FM solution

electronic phase boundary between AFM-I and FerriM-S is
located between TbCu3Fe4O12 and DyCu3Fe4O12. This
boundary may be interpreted as the “zero-point” of the bond
strains, in which no strains are included in any metal−oxygen
bonds. This is in sharp contrast to the electronic phase diagram
of Ca1−xLaxCu3Fe4O12 proposed by Chen.39 In the
Ca1−xLaxCu3Fe4O12 phase diagram, neither local structures
nor bond strains were considered, whereas carrier concen-
tration was treated as a primary parameter. In addition,
electronic phase separations are unavoidable in a wide range of
intermediate compositions. However, our present study
successfully reveals that bond strains predominantly control
electronic phase transitions of LnCu3Fe4O12 and a clear phase
boundary is defined. Therefore, our results enable precise
tuning of electronic phases by bond strains, instead of by carrier
concentration.

4. CONCLUSIONS
We investigated low-temperature electronic phases of
LnCu3Fe4O12 (Ln: lanthanide) perovskites. All of the
compounds are in an identical valence state of
Ln3+Cu2+3Fe

3.75+
4O12 at high temperature. The compounds

with larger Ln ions (Ln = La, Pr, Nd, Sm, Eu, Gd, Tb) induce
an intersite charge transfer (3Cu2+ + 4Fe3.75+ → 3Cu3+ + 4Fe3+)
at temperatures between 240 and 360 K, whereas all
compounds with smaller Ln ions (Ln = Dy, Ho, Er, Tm Yb,
Lu) generate a charge disproportionation (8Fe3.75+ → 5Fe3+ +
3Fe5+) below ∼250−260 K. The former series exhibits metal-
to-insulator, antiferromagnetic, and isostructural volume
expansion transitions simultaneously with the intersite charge
transfer. In contrast, the latter shows metal-to-semiconductor,
ferrimagnetic, and charge ordering transitions simultaneously
with the charge disproportionation. Structural instability of
LnCu3Fe4O12 as estimated from the bond discrepancies and
global instability indices demonstrate that the bond strains in
these compounds are distinguished into two types, which are
well illustrated in a bond strain diagram. The first type is
overbonding in the Ln−O bond and underbonding in the Fe−
O bond, while the other type is the opposite. Intersite charge
transfer transition temperatures are dependent upon the global
instability indices, whereas those of the charge disproportiona-
tion transition are almost identical regardless of the magnitude
of structural instability. Our bond strain analysis demonstrates
that the bond strains may control the electronic phase
transitions precisely.
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Figure 8. (a) CT transition temperature versus GII for LnCu3Fe4O12
(Ln = La, Pr, Nd, Sm, Eu, Gd, Tb). The GII values are adopted at 400
K for LaCu3Fe4O12, 350 K for PrCu3Fe4O12, and 300 K for the other
LnCu3Fe4O12 (Ln = Nd, Sm, Eu, Gd, Tb). The line is a guide for the
eye. (b) Correlation between dLn and dFe. The data are adopted for
that at 400 K for Ln = La, 350 K for Ln = Pr, and 300 K for Ln = Nd,
Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu. Red (blue) markers
represent the compounds transforming to CT (CD) phase at low
temperature.

Figure 9. Electronic phase diagram for LnCu3Fe4O12. Red squares
(blue circles) represent the CT (CD) transition temperatures, which
were determined by XRD data for Ln = La, Pr, Nd, Sm, Eu, Gd, Tb,
and ferromagnetic transitions for Ln = Dy, Ho, Er, Tm, Yb, Lu. The
PM-M, FerriM-S, and AFM-I regions represent the paramagnetic-
metal, ferrimagnetic-semiconductor, and antiferromagnetic-insulator
phases, respectively.
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the A′-site Cu gives a bond valence sum of 2.23. The Fe–O 
bond distances in the octahedron are 1.948(1) Å, giving a bond 
valence sum of 3.81. The results suggest the + + +Ca Cu Fe O2
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The isomer shift of 0.15 mm s−1 in a singlet Mössbauer spec-
trum obtained at 300 K (!gure 4) indicates the Fe4+ unusual 
high valence state [50], though the value is slightly larger than 
those for Fe4+ in CaFeO3 and SrFeO3 [51, 52].

CCFO shows a transition at 210 K in the crystal structure, and 
the transport and magnetic properties as shown in !gure 5. With 
decreasing temperature, the crystal structure symmetry changes 
from Im−3 above the transition temperature to Pn−3 below the 
temperature, as indicated by very weak (1 1 1) diffraction inten-
sity in the S-XRD patterns, and the unit cell volume abruptly 
decreases at the transition temperature. The re!ned structural 
parameters, the cation–oxygen bond distances, and the bond 
valence sum values obtained from the structure analysis for the 
data at 90 K are listed in tables 3 and 4. This low-temperature 
structure gives rock–salt-type ordered two B (4b and 4c) sites. 
The bond valence sum for the A′-site Cu is 2.28, which is nearly 

the same as that at 300 K, and those for the two B-site Fe are 
3.60 and 4.04, which suggests the CD transition.

The Mössbauer spectrum at a low temperature con!rms the 
CD transition (!gure 4). The spectrum at 4.2 K consists of two 
components with almost equal intensities; one with the isomer 
shift of 0.39 mm s−1 and the hyper!ne !eld of 417 kOe and the 
other with the isomer shift of 0.05 mm s−1 and the hyper!ne 

Table 2. Cation–oxygen bond distances (Å) and bond valence sums 
for CCFO at 300 K.

Bond Distance Bond valence sum

Ca–O 2.593(4)  ×  12 2.21

1.903(4)  ×  4
Cu–O 2.742(4)  ×  4 2.23

3.260(4)  ×  4

Fe–O 1.948(1)  ×  6 3.81

Figure 4. Mössbauer spectra of CCFO at 300 and 4.2 K. The cross 
marks and the solid lines respectively represent the observed spectra 
and the !ttings. The major spectrum at 300 K consists of a single 
component of Fe4+, which at 4.2 K consists of Fe3+ and Fe5+. 
Spectra from a small amount of α-Fe2O3 impurity are also seen.

Figure 5. Temperature dependence of lattice constant (unit cell 
volume for right axis), resistivity, magnetization, and isomer shift 
for CCFO.
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for CCFO.
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!gure 14. The temperature dependence of isomer shift shown in 
!gure 13 also supports the change in the Fe valence state. A simul-
taneous valence change on both the A′-site Cu and B-site Fe ions 
(3Cu2+  −  3e−  →  3Cu3+ and 4Fe3.75+ + 3e−  →  4Fe3+) thus leads 
to the transition from the high-temperature + + +La Cu Fe O3

3
2

4
3.75

12 
to the low-temperature + + +La Cu Fe O3

3
3

4
3

12. The temperature 
dependence of resistivity in !gure 13 shows a metal-to-insulator 
transition at the intermetallic CT transition temperature. The 
thermal hysteresis and the jump in the resistivity are consistent 

with the !rst-order nature of the transition. This intermetallic 
CT contrasts sharply with the CD from Fe4+ to Fe3+ and Fe5+ 
in the isostructural CCFO described in a previous section. In 
LCFO both the S-XRD and Mössbauer experiments con!rm 
the absence of CD at temperatures down to 4.2 K. The ilmenite 
FeTiO3 (Fe3+  +  Ti3+  →  Fe(3−δ)+  +  Ti(3+δ)+) [56] and the per-
ovskite BiNiO3 (

+ + +Bi Bi Ni O0.5
3

0.5
5 2

3  →  Bi3+Ni3+O3) [57] are two 
rare compounds that exhibit the intermetallic CT, but only under 
high pressure. LCFO is the !rst example to show temperature-
induced intermetallic CT transition.

Figure 13. Temperature dependence of lattice constant (unit 
cell volume for right axis), normalized resistivity, magnetic 
susceptibility, and isomer shift for LCFO.

Table 7. Re!ned structural parameters of LCFO from the Rietveld 
analysis of S-XRD at 300 K.

Atom Site x y z Uiso

La 2a 0 0 0 0.31(2)
Cu 6b 0 0.5 0.5 1.13(2)
Fe 8c 0.25 0.25 0.25 0.23(2)
O 24g 0.3111(3) 0.1715(3) 0 0.41(6)

Note: Space group; Im−3, a  =  7.43413(2) Å, and Rwp  =  6.23%.

Table 8. Cation–oxygen bond distances (Å) and bond valence sums 
for LCFO at 300 K.

Bond Distance Bond valence sum

La–O 2.641(3)  ×  12 3.17

1.897(2)  ×  4
Cu–O 2.817(3)  ×  4 2.88

3.363(2)  ×  4

Fe–O 2.0002(8)  ×  6 3.06

Figure 14. Temperature dependence of Cu–O and Fe–O bond 
distances and bond valence sums for A′-site Cu and B-site Fe for 
LCFO.
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