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ABSTRACT: The valence states of a negative thermal expansion material,
SrCu3Fe4O12, are investigated by X-ray absorption and 57Fe Mössbauer
spectroscopy. Spectroscopic analyses reveal that the appropriate ionic
model of this compound at room temperature is Sr2+Cu∼2.4+3Fe

∼3.7+
4O12.

The valence states continuously transform to Sr2+Cu∼2.8+3Fe
∼3.4+

4O12 upon
cooling to ∼200 K, followed by a charge disproportionation transition into
the Sr2+Cu∼2.8+3Fe

3+
∼3.2Fe

5+
∼0.8O12 valence state at ∼4 K. These

observations have established the charge-transfer mechanism in this
compound, and the electronic phase transitions in SrCu3Fe4O12 can be distinguished from the first-order charge-transfer phase
transitions (3Cu2+ + 4Fe3.75+ → 3Cu3+ + 4Fe3+) in Ln3+Cu2+3Fe

3.75+
4O12 (Ln = trivalent lanthanide ions).

1. INTRODUCTION

Negative thermal expansion (NTE) materials are of interest in
materials science and technologies because of their usefulness
in the precise control of coefficients of thermal expansion
(CTE).1,2 Several mechanisms for NTE are currently proposed:
magnetovolume effects, framework structures, ferroelectric
phase transitions, and valence transitions (charge transfers).
NTE materials induced by the former three mechanisms have
been extensively studied in the past 2 decades. A cubic
antiperovskite nitride Mn3(Cu,Ge)N shows a large NTE with a
linear CTE of αL = ca. −2 × 10−5 K−1 in the vicinity of room
temperature.3 The large NTE of this compound is achieved by
broadening the magnetovolume effect (Invar effect) of the
parent Mn3AN compounds (A = Ni, Zn, Ga)4 with chemical
substitutions. ZrW2O8 shows a NTE because of its framework
structure in a wide temperature range of 2−1000 K, in which

transverse atomic vibrations in the Zr−O−W linkages generate
shrinkage of the Zr−W distances upon heating, leading to
volume expansion.5 A perovskite oxide, PbTiO3, displays a
ferroelectric phase transition with an abrupt volume change at
∼760 K, followed by a NTE with a volumetric CTE of αV = ca.
−2 × 10−6 K−1 between 300 and 760 K.6 Chemical
substitutions on this compound also achieve broadening of
the first-order phase transition, resulting in enhanced NTE with
wider temperature windows (e.g., αV = ca. −3.92 × 10−5 K−1 in
298−923 K).7

Valence-transition-induced NTE is proposed in rare-earth
fulleride. Sm2.75C60 shows a NTE with αV = −3 × 10−5 K−1

between 4.2 and 32 K.8 Although the Sm valence transition
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between +(2 + δ) and +2 in the NTE temperature range is
suggested, spectroscopic investigation confirms that the Sm
valence was unchanged during NTE.9 A perovskite oxide,
(Bi,La)NiO3, was recently reported as a colossal NTE material
with αL = −8.2 × 10−5 K−1.10 A significant volume expansion
(∼2.6%) is induced in the pure BiNiO3 compound by a first-
order phase transition (Bi3+Ni3+O3 → Bi3+1/2Bi

5+
1/2Ni

2+O3).
The Ni−O bonds are elongated by the valence transition from
Ni3+ to Ni2+,11 which is evidenced by soft X-ray absorption
spectroscopy of Ni K-edge.12 The temperature range where the
high-temperature small-volume and low-temperature large-
volume phases coexist is expanded by chemical substitution,
resulting in NTE-like behaviors in the bulk forms of
(Bi,Ln)NiO3 (Ln = trivalent lanthanide ions).10,13,14

The cubic AA′3B4O12-type complex perovskite oxide
SrCu3Fe4O12 shows a NTE within a temperature range of
170−270 K with αL = −2.3 × 10−5 K−1.15 In this compound,
Cu ions at A′ sites and Fe ions at B sites are coordinated by
four and six O ions to form CuO4 pseudosquares and FeO6
octahedra, respectively, as shown in Figure 1.16 The electronic

interactions between the Cu and Fe ions dominate the
anomalous structural and electronic properties of this material.
Crystal structure analysis and Mössbauer spectroscopy propose
that NTE of this compound is associated with an intersite
charge transfer between the Cu and Fe ions (Cu2+ + Fe4+ →
Cu3+ + Fe3+ in a simple representation) and the resulting
continuous Fe−O bond elongation upon cooling.15 NTE in
SrCu3Fe4O12 is a second-order type, and the thermal hysteresis
is negligibly small,17 both of which are advantageous in practical
applications. NTE in SrCu3Fe4O12 is distinguishable from the
abrupt volume changes induced by first-order intersite charge-
transfer transitions (3Cu2+ + 4Fe3.75+ → 3Cu3+ + 4Fe3+) in
analogue A3+Cu3Fe4O12 compounds (A = La, Pr, Nd, Sm, Eu,
Gd, Tb, Bi) and the charge disproportionation transition (2Fe4+

→ Fe3+ + Fe5+) for Ca2+Cu2+3Fe
4+

4O12.
18−21 The electronic

states of this system are derived from the ligand hole character
of the unusually high valence ions of Fe4+ (d5L1 electron
configuration; L represents an oxygen ligand hole) and Cu3+

(d9L1).22−24 Thus, the charge-transfer transitions in
A3+Cu3Fe4O12 are represented as 3d9 + 4d5L0.75 → 3d9L1 +
4d5. Careful investigations of the electronic states are necessary
for elucidating the valence transition mechanism for NTE of
SrCu3Fe4O12. However, until now, the charge-transfer trans-
formation in SrCu3Fe4O12 has been proposed only based on
crystal structure refinement and 57Fe Mössbauer spectrosco-

py,15 and the detailed valence transition processes have not
been illustrated.
In this paper, we report the spectroscopic investigation of the

Cu and Fe ions in SrCu3Fe4O12. The X-ray absorption near-
edge structure (XANES) of the Cu K-edge and soft X-ray
absorption spectrometry (XAS) spectrum of the Cu L3-edge
indicate a continuous valence transition of the Cu ions from
∼2.4 to ∼2.8 upon cooling from room temperature to below
∼200 K. Correspondingly, Mössbauer spectroscopy analyses
reveal the valence transition of the Fe ions, from ∼3.7 at room
temperature to ∼3.4 at 4 K. The overall spectroscopic analyses
elucidate the anomalous noninteger valence states of the Cu
and Fe ions and charge-transfer processes in SrCu3Fe4O12.

2. EXPERIMENTAL SECTION
The same LnCu3Fe4O12 (Ln = La, Pr, Nd, Sm, Eu) samples as those in
ref 20 were adopted for synchrotron powder X-ray diffraction (SXRD)
and XANES measurements. A polycrystalline sample of SrCu3Fe4O12
for SXRD, XAS, XANES, and Mössbauer spectroscopy measurements
was prepared under high-pressure and high-temperature conditions of
20 GPa and 1473 K, respectively. The high-pressure and high-
temperature treatments were performed using a Kawai-type high-
pressure apparatus, as described in previous reports.25 X-ray diffraction
(XRD) measurements were conducted at temperatures between 100
and 450 K using a Rigaku Ultima IV X-ray diffractometer with Cu Kα
radiation. SXRD measurements of SrCu3Fe4O12 and LnCu3Fe4O12 (Ln
= La, Pr, Nd, Sm, Eu) were conducted at temperatures between 100
and 450 K at the BL02B2 beamline of SPring-8. The powder samples
were charged into Lindemann glass capillary tubes of 0.2 mm inner
diameter. The wavelengths used in the SXRD measurements were
0.42023 and 0.42085 Å for SrCu3Fe4O12 and LnCu3Fe4O12,
respectively, and were determined using a CeO2 standard. Lattice
constants and structural parameters were refined based on the XRD
and SXRD data, respectively, using the program RIETAN-FP.26

Electron diffraction (ED) patterns of SrCu3Fe4O12 were collected at
108 and 296 K using a JEOL JEM-2100F transmission electron
microscope with an accelerating voltage of 200 kV.

Cu K-edge XANES data for SrCu3Fe4O12 and LnCu3Fe4O12 (Ln =
La, Pr, Nd, Sm, Eu) were collected in a temperature range between 8
and 300 K at the BL01B1 beamline of SPring-8. XAS measurements of
the Cu L3-edge for SrCu3Fe4O12 were conducted between 12 and 300
K using a total electron yield method at the BL27SU beamline of
SPring-8. 57Fe Mössbauer spectra of SrCu3Fe4O12 were collected
between 4 and 400 K in transmission geometry mode using 57Co/Rh
as a radiation source and α-Fe as a control for velocity calibration and
isomer shift (IS). The collected Mössbauer spectra were fitted
computationally using the Lorentzian function. Hard X-ray photo-
emission spectroscopy (HAXPES) data of the valence band of
SrCu3Fe4O12 were collected at temperatures between 20 and 300 K
using a high-resolution hemispherical electron analyzer (VG
SCIENTA R4000) installed at the undulator beamline BL15XU27,28

of SPring-8. The incident photon energy was set to 5.95 keV. The total
energy resolution was 235 meV, which was confirmed by the Fermi
cutoff of an evaporated Au film. The binding energy was referred to
the Fermi level of the Au film. The electrical resistivity of the sintered
polycrystalline sample of SrCu3Fe4O12 was measured by the standard
four-probe method using a Quantum Design Physical Properties
Measurement System.

3. RESULTS AND DISCUSSION
The good quality of the SrCu3Fe4O12 sample was confirmed by
the SXRD data, which resulted in satisfactory crystal structure
refinement (see Figure S1 and Table S1 in the Supporting
Information, SI). Although small amounts of impurity phases
(CuO and unknown phases of presumably less than a few
percent) were detected, the quality of the sample was better
than those reported in previous studies.15,17 This is because the

Figure 1. Crystal structure of SrCu3Fe4O12 drawn using VESTA
software.16 The large (green) and small (red) spheres represent Sr and
O ions, respectively. The squares and octahedra indicate CuO4 and
FeO6 polyhedral units, respectively.
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synthesis pressure in this study (20 GPa) was higher than those
used previously (15 GPa), which is the same trend as that
observed in the synthesis of the Ca analogue.21 The decrease in
the fraction of Fe-containing impurity phases improved the
Mössbauer spectroscopy data, as shown later, contributing to
the precise determination of the Fe valence states.
Figure 2 shows the ED patterns of SrCu3Fe4O12 along the

[11̅0] zone axis at 108 and 296 K. No additional reflection

spots appeared upon cooling. Thus, the ED patterns could be
indexed with the space group of Im3 ̅ (No. 204) at these
temperatures, confirming the absence of charge ordering for
SrCu3Fe4O12, unlike the charge-disproportionated phase of
CaCu3Fe4O12, in which rock-salt-type charge ordering of Fe3+

and Fe5+ ions is predominant.21 This is because of the large
deviation from the ideal abundance ratio of Fe3+:Fe5+ for the
rock-salt-type ordering (=1:1) in the low-temperature charge-
disproportiontaed SrCu3Fe4O12 phase, as shown in the
Mössbauer spectroscopy later. Thus, we made crystal structure
refinement of SrCu3Fe4O12 based on the space group Im3̅ over
the entire temperature range between 100 and 450 K. Figure 3
shows the temperature dependence of the unit cell volumes
normalized at 450 K, and the Cu−O and Fe−O bond lengths
obtained from the SXRD Rietveld refinement results for
LnCu3Fe4O12 (Ln = La, Pr, Nd, Sm, Eu) and SrCu3Fe4O12, in
which part of the data are adopted from a previous report.20

Abrupt volume expansions associated with first-order charge-
transfer transitions are confirmed at temperatures between 240
and 360 K for LnCu3Fe4O12.

20 The volume expansion rates for
LnCu3Fe4O12 have a range of ∼1.4% (Ln = La) to ∼2.0% (Ln =
Eu). In contrast, SrCu3Fe4O12 displays a continuous volume
expansion from 280 to 180 K upon cooling, which is consistent
with a previous report.15 Note that the volume expansion rate
for SrCu3Fe4O12 (∼0.3%) is much smaller than that for
LnCu3Fe4O12. In addition, we confirm the differences in the
shrinkage/elongation rates of the metal−oxygen bonds
between LnCu3Fe4O12 and SrCu3Fe4O12. The Cu−O and
Fe−O bonds respectively change by approximately −0.045 and
+0.033 Å at the phase transition temperatures of LnCu3Fe4O12
and by approximately −0.019 and +0.008 Å in the NTE
temperature range for SrCu3Fe4O12 (see Figure 3), implying
that the amount of charge transfer in SrCu3Fe4O12 is much
smaller than those in LnCu3Fe4O12.
The valence states of SrCu3Fe4O12 were investigated by

multiple spectroscopic techniques. Figure 4 shows Cu K-edge
XANES spectra for LnCu3Fe4O12 (Ln = La, Pr, Nd, Sm, Eu)
and SrCu3Fe4O12. LnCu3Fe4O12 (Ln = Nd, Sm, Eu) have
valence states identical with those of Ln3+Cu2+3Fe

3.75+
4O12 at

room temperature as reported previously.20 The XANES

spectra of these compounds consist of a preedge peak (P)
attributed to 1s → 3d transition and four absorption peaks (A−
D) derived from 1s → 4p transitions. Peak B (D) corresponds
to the 1s → 4pπ (1s → 4pσ) transition and peak A (C) its
shakedown. The appearance of sharp shakedown peak A is
characteristic of XANES spectra of Cu2+ oxides with square-
planar coordination.29 The room temperature XANES
spectrum of LaCu3Fe4O12 shows a significant shift of ∼2 eV
toward higher energy (see the inset of Figure 4a) compared
with those of LnCu3Fe4O12 (Ln = Nd, Sm, Eu), because
trivalent Cu ions are predominant in the La3+Cu3+3Fe

3+
4O12

phase at room temperature.18 The XANES spectrum of
PrCu3Fe4O12 exhibits an intermediate shape between those
for Cu2+ and Cu3+ spectra because the Pr3+Cu2+3Fe

3.75+
4O12 and

Pr3+Cu3+3Fe
3+

4O12 phases coexist at room temperature.20

Figure 4b shows the evolution of the XANES spectrum of
EuCu3Fe4O12 with temperature. The valence transition in Cu
ions (Cu2+ → Cu3+) is clearly observed as ∼2 eV shifts from
260 and 240 K to higher energy. The above results allow us to
confirm that the Cu K-edge XANES spectra consistently reflect
the Cu valences for LnCu3Fe4O12. It is reported that differences
in the Cu valence can be distinguished in XANES spectra from
a number of particular features.30 One is the position of the
preedge peak. The preedge peak shifts by ca. 2 eV from Cu2+ to
Cu3+ in the same coordination environment. Another is a
separation between peaks A and B. Because the positions of
peaks B and D shift significantly compared with their
shakedown peaks A and C in the valence transition from
Cu2+ to Cu3+, the separation between peaks A and B apparently

Figure 2. ED patterns of SrCu3Fe4O12 along the [11 ̅0] zone axis
collected at 108 and 296 K.

Figure 3. Temperature dependence of the normalized unit cell volume
and the Cu−O and Fe−O bond lengths for SrCu3Fe4O12 and
LnCu3Fe4O12 (Ln = La, Pr, Nd, Sm, Eu). The unit cell volumes
between 100 and 450 K and bond lengths at 100 and 450 K for
LnCu3Fe4O12 were adopted from ref 12.
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increases. For SrCu3Fe4O12 and LnCu3Fe4O12, the preedge
peaks are too weak to evaluate their shifts precisely. In contrast,
significant shifts of the standard absorption edge energy (E0), in
which the normalized absorption is unity, arise from the
increase in the separation between peaks A and B (see the
insets of Figure 4a,b). E0 retains almost the same value
(∼8991.3 eV) for the Cu2+ ions of LnCu3Fe4O12 (Ln = Nd, Sm
at room temperature and Ln = Eu at 260, 280, and 300 K) but
becomes 8993.1−8993.5 eV for the Cu3+ ions of LnCu3Fe4O12
(Ln = La at room temperature and Ln = Eu at below 240 K).
The clear gap (∼2 eV) between the E0 values of the Cu

2+ and
Cu3+ valence states allows us to estimate Cu valences from E0,
as shown later.
Figure 4c shows Cu K-edge XANES spectra for SrCu3Fe4O12.

The spectral shapes are similar to those of LnCu3Fe4O12. E0
gradually shifts from 8992.2 to 8992.9 eV upon cooling from
260 to 150 K, indicating an increase in the Cu valence. Note
that the E0 range of SrCu3Fe4O12 is confined to that of
LnCu3Fe4O12 (8991.3−8993.5 eV). This means that the Cu

valence of SrCu3Fe4O12 changes within noninteger numbers
between +2 and +3, in contrast to the Cu valence transitions
between integer numbers for LnCu3Fe4O12.
The noninteger valences and valence transitions of the Cu

ions in SrCu3Fe4O12 are also confirmed by the Cu L3-edge XAS
results. Figure 5 shows Cu L3-edge XAS spectra of SrCu3Fe4O12

collected at temperatures between 12 and 300 K. The main
peaks at ∼931 eV are attributed to white lines arising from
2p63d9 → 2p53d10 transformation and are typical for Cu2+ ions,
whereas the shoulder peaks at ∼932.5 eV are predominant in
Cu3+ oxides.31,32 The Ln3+Cu2+3Fe

3.75+
4O12 phases do not have

shoulder peaks,20 indicating that the Cu valences are purely 2+.
Conversely, the existence of the shoulder peak for SrCu3Fe4O12
at room temperature is interpreted as an intermediate valence
such as Cu(2+δ)+. The shoulder peak is gradually enhanced upon
cooling. The temperature evolution of the shoulder peak
intensity is considered to arise from the increase in the Cu
valence. These experimental results lead us to safely conclude
that intermediate valence states are predominant for Cu ions in
SrCu3Fe4O12 within the measured temperature range.
Next, we evaluate the valence transformation of Cu ions for

SrCu3Fe4O12. Figure 6a shows the temperature dependence of
E0 for EuCu3Fe4O12 and SrCu3Fe4O12. A discontinuous change
in E0 occurs between 240 and 260 K for EuCu3Fe4O12,
corresponding to the Cu valence transition attributed to the
intersite charge transfer (3Cu2+ + 4Fe3.75+→ 3Cu3+ + 4Fe3+), as
reported previously.20 A slight increase in E0 upon cooling from
240 to 150 K der ives f rom the fact that the
Eu3+Cu2+3Fe

3.75+
4O12 and Eu3+Cu3+3Fe

3+
4O12 phases coexist

and the phase fraction gradually changes (see the XRD data in
ref 20). E0 gradually increases upon cooling from 260 to 160 K
for SrCu3Fe4O12, while no notable changes are observed in
other temperature ranges. This indicates a gradual increase in
the Cu valence induced by the continuous charge transfer.
Figure 6b shows estimated Cu valences as a function of E0 for
SrCu3Fe4O12 and EuCu3Fe4O12. We assume a linear relation-
ship between E0 and the Cu valence in which E0 values at 8 and
300 K for EuCu3Fe4O12 correspond to Cu3+ and Cu2+,
respectively. The E0 data for SrCu3Fe4O12 are plotted on the
analytical curve obtained from the above assumption. These
plots show that the Cu valence of SrCu3Fe4O12 continuously
changes from ∼2.4 (260−300 K) to ∼2.8 (8−160 K).
Figure 7 shows Mössbauer spectra for SrCu3Fe4O12. At

temperatures above 210 K, a primary singlet (Fe ions
occupying B sites) and a small amount of doublet (Fe ions
incorporated into the A′ site) components are observed (see

Figure 4. (a) Cu K-edge XANES spectra of LnCu3Fe4O12 (Ln = La,
Pr, Nd, Sm, Eu) collected at room temperature. Temperature
evolution of Cu K-edge XANES spectra for (b) EuCu3Fe4O12 and
(c) SrCu3Fe4O12. The insets show the enlarged spectra in the vicinity
of the absorption edge.

Figure 5. Cu L3-edge XAS of SrCu3Fe4O12 at temperatures of 12−300
K.

Inorganic Chemistry Article

dx.doi.org/10.1021/ic501665c | Inorg. Chem. 2014, 53, 10563−1056910566



the hyperfine parameters listed in Table S2 in the SI). The
singlet component splits into two sextets, attributed to Fe3+ and
Fe5+ ions, below ∼200 K, as observed in a previous report.15

Components derived from small amounts of impurity phases
were not observed in this study because of the good quality of
the sample, as shown by the SXRD data. The abundance ratio
at 4 K is Fe3+:Fe5+ = 82:18, resulting in an averaged Fe valence
of +3.36. Unfortunately, the significant broadening of the
spectra in the intermediate temperature range (∼100−200 K)
disturbs reliable fitting of the spectra. Figure 8 shows the
temperature dependence of the IS of SrCu3Fe4O12. We confirm
a monotonic change in the IS value within the measured
temperature range. In the upper half of the NTE temperature
range (∼210−280 K), the continuous decrease in IS upon
heating appears to be within a conventional temperature-
dependent second-order Doppler shift. This is because the
magnitude of the Fe valence change is too small to detect by
Mössbauer spectroscopy.
We conducted comprehensive analysis of the valence states

of the Cu and Fe ions in SrCu3Fe4O12 by combining the Cu K-
edge X-ray absorption and 57Fe Mössbauer spectroscopy data.
The IS value at room temperature (0.20 mm s−1) is slightly
la rger than those (0 .16−0 .18 mm s− 1) of the
A3+Cu2+3Fe

3.75+
4O12 phases (A = Eu, Tb, Dy, Lu, Y),20,25

indicating that the formal Fe valence of SrCu3Fe4O12 is not
pure +4 but close to or even lower than +3.75. The Cu valence
estimated from the Cu K-edge XANES data results in a
calculated Fe valence for ∼3.7 at room temperature based on
the charge neutrality, supporting the Mössbauer spectroscopy
analysis results. Thus, the appropriate ionic model at room
temperature can be represented as Sr2+Cu∼2.4+3Fe

∼3.7+
4O12. For

the charge-disproportionated SrCu3Fe4O12 phase at low
temperature, Fe (∼3.36) and Cu (∼2.8) valence states were

respectively estimated from the Mössbauer and XANES
analyses as shown above. These valence states reasonably
compensate for the charge neutrality. Considering the above,
the temperature evolution of the valence states for SrCu3Fe4O12
can be interpreted as follows: Sr2+Cu∼2.4+3Fe

∼3.7+
4O12 (∼300 K)

→ S r 2 + C u ∼ 2 . 8 +
3 F e

∼ 3 . 4 +
4 O 1 2 ( ∼ 2 0 0 K ) →

Sr2+Cu∼2.8+3Fe
3+

∼3.2Fe
5+

∼0.8O12 (∼4 K). The degree of Fe
valence transition during the intersite charge transfer is
calculated to be ∼0.3 per Fe ion for SrCu3Fe4O12, which is
only 40% of that (=0.75) for LnCu3Fe4O12. This reasonably
explains the smaller rate of unit cell volume change in NTE of
SrCu3Fe4O12 than those for the first-order phase transitions of
LnCu3Fe4O12, as guessed earlier. To our knowledge, this is the
first direct observation of the continuous valence transitions
associated with NTE.

Figure 6. (a) Temperature dependence of the Cu K-edge X-ray
absorption edge energy (E0) for SrCu3Fe4O12 and EuCu3Fe4O12. (b)
Cu K-edge absorption edge energy versus estimated Cu valence for
SrCu3Fe4O12. The squares represent E0 of EuCu3Fe4O12 at 8 and 300
K, and the line represents the analytical curve. The circles represent
SrCu3Fe4O12 data plotted on the analytical curve.

Figure 7. Mössbauer spectra of SrCu3Fe4O12 at temperatures between
4 and 400 K. The circles represent the observed data. The lines
represent fitting results for the following components: red (B site),
green (A′ site), blue (Fe3+), purple (Fe5+), and black (total).

Figure 8. Temperature dependence of the IS value for SrCu3Fe4O12.
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Figure 9 shows the electrical resistivity of SrCu3Fe4O12,
together with that of CaCu3Fe4O12.

21 Semiconductor-like

character was predominant for SrCu3Fe4O12 down to the
lowest temperature (∼20 K). This is in stark contrast to the
metal-to-semiconductor transition of CaCu3Fe4O12 at the
charge disproportionation transition temperature of 210 K.21

The intrinsic electrical transport property of SrCu3Fe4O12 was
difficult to observe probably because the grain boundary
conduction effect was not negligible. Figure 10 shows the

valence-band HAXPES spectra of SrCu3Fe4O12. The whole
spectral weight gradually shifted to deeper energy level, and the
density of states in the vicinity of Fermi energy decreased below
200 K. This confirms that the electrical conductivity decreases
with charge disproportionation, although the charge-transfer
transition hardly affected the electrical conductivity. Careful
investigations using a single crystal and theoretical calculation

are needed to unveil the electrical transport property of
SrCu3Fe4O12, but it is beyond the present study.
The above analyses demonstrate the unusual valence states of

SrCu3Fe4O12. In general, A2+Cu2+3B
4+

4O12 valence states are
dominant in isostructural compounds although slight deviations
from integer oxidation numbers are recognized in transition-
metal ions such as Cu2+, V4+, and Ru4+.33−35 Surprisingly, the
Fe valence in the high-temperature phase of SrCu3Fe4O12 is
comparable to or even lower than that in the electron-doped
A3+Cu2+3Fe

3.75+
4O12 phases. In the ligand hole picture, ligand

holes exist at both hybridized Cu 3d−O 2p and Fe 3d−O 2p
bands in SrCu3Fe4O12, although the ligand holes exist at either
the Cu 3d−O 2p (as Cu3+, 3d9L1 configuration24) or Fe 3d−O
2p (as Fe3.75+, 3d5L0.75 configuration22,23) band in any electronic
phases of A3+Cu3Fe4O12. This suggests that the energy levels of
the Cu and Fe 3d bands are very close for SrCu3Fe4O12 and/or
the covalencies of the Cu−O and Fe−O bonds are strong
enough to promote charge transfer between Cu and Fe ions in
a wide temperature range. As a result, charge transfer (or ligand
hole transfer) with NTE occurs gradually in SrCu3Fe4O12. This
is also different from relaxation of the first-order phase
transitions by chemical substitution in NTE materials with
other mechanisms. The fact that SrCu3Fe4O12 displays NTE in
a pure form, not solid solutions, enables us to develop novel
NTE materials with a valence-transition mechanism based in a
simpler design.

4. CONCLUSIONS
We have investigated the valence states and transformations of
SrCu3Fe4O12 using X-ray absorption and Mössbauer spectros-
copy. The appropriate ionic model at room temperature is
Sr2+Cu∼2.4+3Fe

∼3.7+
4O12. Unlike the first-order phase transitions

in ACu3Fe4O12 (A = La, Pr, Nd, Sm, Eu, Gd, Tb, Bi), an
incomplete charge transfer between Cu and Fe ions arises
continuously in the NTE temperature range, resulting in the
Cu∼2.8+ and Fe∼3.4+ (or Fe3+∼4/5Fe

5+
∼1/5) valence states. These

features illustrate the remarkable electronic state trans-
formations in the copper−iron oxide system.
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