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Collapse of the charge disproportionation and covalency-driven insulator-metal transition
in Sr3Fe2O7 under pressure
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The effect of pressure on electronic properties and crystal structure of Sr3Fe2O7 was studied up to 45 GPa.
Experimental methods employed were57Fe Mössbauer spectroscopy~MS!, monochromatic synchrotron pow-
der x-ray diffraction, optical reflectance between 0.6 and 4 eV, and electrical resistance measurements. Mo¨ss-
bauer spectra of the magnetically ordered as well as of the paramagnetic phase demonstrate that the charge
disproportionation of FeIV disappears at pressures between 15 and 21 GPa. The diffraction data show that the
tetragonal Ruddlesden-Popper-type crystal structure~space groupI4/mmm) is retained up to the highest
pressure. The optical spectra reveal a continuous increase with pressure of the near-infrared oscillator strength,
which indicates a pressure-driven transition from an insulating towards a metallic ground state. This is con-
firmed by the electrical resistance measurements which evidence a sluggish pressure-induced insulator-metal
~IM ! transition with a clear incipient metallic state atP'20 GPa. The changes in electronic state are not
associated with any detectable anomaly in the pressure dependence of lattice parameters. The high-pressure
behavior of Sr3Fe2O7 is discussed in terms of a strengthening of the covalent Fe(3d)-O(2p)-Fe(3d) interac-
tions under pressure. Within the impurity model for the electronic structure of transition metal compounds the
IM transition in Sr3Fe2O7 can be attributed to the closure of ap-p-type energy gap. The ambient- and
high-pressure properties of Sr3Fe2O7 and related FeIV oxides are compared.@S0163-1829~99!10531-9#
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I. INTRODUCTION

The interplay between chemical composition, crys
structure, electronic structure, magnetism, and electr
transport behavior of transition metal~TM! compounds has
been studied extensively in recent years.1 One class of ma-
terials of current interest are the mixed-valence MnIII /MnIV

oxomanganates, e.g., Ln12xMxMnO3 with M5Ca,Sr, where
a negative colossal magnetoresistance effect near the tr
tion from a ferromagnetic metallic state to a paramagn
semiconducting state is observed.2–5 The parent compound
LaMnO3 is an insulator with a distorted perovskite structu
and A-type antiferromagnetic ordering.6,7 The orthorhombic
crystal structure of LaMnO3 reflects a cooperative Jahn
Teller effect arising from thet2g

3 eg
1 electronic configuration

of MnIII in an octahedral environment of oxygen ions.
A wide variety of electronic properties is encountered

oxides with isoelectronic FeIV ions.8 For instance, in contras
to LaMnO3 the FeIV oxide SrFeO3 remains a cubic perov
skite even at low temperatures with regular FeO6 octahedra,
a metalliclike conductivity, and magnetic ordering with
helical spin structure.9–11 Trends in the electronic proper
ties of perovskite-related TM oxides often can
rationalized by considering the strength of covale
TM(3d)-O(2p)-TM(3d) interactions in relation to the ef
fective on-site correlation~Coulomb and exchange! energy
U.12 It is reasonable to assume that thet2g electrons are
PRB 600163-1829/99/60~7!/4609~9!/$15.00
l
al

si-
ic

t

localized as they are only involved in rather weakp* @ t2

2O(2pp)2t2# interactions. The stronger s* @e
2O(2s,2ps)2e# interactions lead to the formation of as*
conduction band of widthws which for TM ions having
formally a d4 high-spin configuration is quarter filled in th
metallic limit. The different electronic and structural prope
ties of LaMnO3 and SrFeO3, in particular the suppression o
the Jahn-Teller effect in SrFeO3, arise from the larger itiner-
ancy of thes* electrons in the FeIV oxides which is a con-
sequence of the stronger covalency of Fe-O bonding.
analysis of the electronic structure of SrFeO3 within a cluster
model suggests that the insulating as well as the meta
ground states of FeIV oxides are dominated byd5L21 rather
than by ionicd4 configurations.13 L21 refers to a hole in the
oxygenp bands. Accordingly, it is believed that the lowes
energy excitation gap in these compounds is neither of
Mott-Hubbard nor of the charge transfer but ofp-p type.

SrFeO3 is then5` member of a Ruddlesden-Popper-ty
series of compounds with the general formu
Srn11FenO3n11. The n51 member Sr2FeO4 has the
K2NiF4-type crystal structure. It is an antiferromagne
semiconductor with several nonequivalent Fe41 sites seen in
the Mössbauer spectra of the magnetically ordered phase14,15

The spectra have been interpreted in terms of a spiral
arrangement.15 An oxygen-derived phonon band in the R
man spectra of Sr2FeO4 occurring near 380 cm21 at 20 K
which is not intrinsic to the K2NiF4-type crystal structure
4609 ©1999 The American Physical Society
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4610 PRB 60P. ADLER et al.
suggests the possibility of a small structural distortion.16

The crystal structure of then52 member Sr3Fe2O7 re-
veals double layers of corner-sharing FeO6 units stacked
along the c axis of the tetragonal lattice~space group
I4/mmm), as schematically indicated in Fig. 1. Mo¨ssbauer
spectra15,17 of this semiconducting compound, which orde
antiferromagnetically belowTN'110 K, evidence a charg
disproportionation of FeIV which may be written as

2Fe41
˜Fe(42d)11Fe(41d)1. ~1!

As the formal Fe oxidation state remains14 for all members
in the Ruddlesden-Popper series of strontium ferrates an
the Fe-O bond distances are quite similar, the bandwidthws

is mainly controlled by the degree of condensation of
Fe-O network. Accordingly,ws is expected to increase from
Sr2FeO4 to Sr3Fe2O7 to SrFeO3. Another possibility for en-
hancingws in these materials is to subject them to exter
pressures. High-pressure studies on Sr2FeO4 revealed the
disappearance of the additional Raman phonon and an
crease in the near-infrared optical reflectance above 5
which indicates the possibility of a pressure-induc
insulator-metal~IM ! transition.16 Indeed, recent resistanc
measurements on Sr2FeO4 ~Ref. 18! reveal a change of the
conductivity mechanism atP'6 GPa with a final alteration
from a positive to a negative temperature coefficient of
electrical conductivity near 18 GPa. In addition, the comp
magnetic hyperfine pattern in the Mo¨ssbauer spectra of th
magnetically ordered phase of Sr2FeO4 at ambient pressure
collapses into a single sextet for pressures larger than abo
GPa.18 Preliminary high-pressure Mo¨ssbauer and energy
dispersive x-ray studies of Sr3Fe2O7 indicate that the charge
disproportionation of FeIV disappears between 10 and 2
GPa without change of the crystal structure.19

Here, we report a detailed investigation of the press
dependence of electronic properties and crystal structur
Sr3Fe2O7 up to 45 GPa employing a combination of seve
experimental methods. The aim of this study was to foll
the pressure-induced alterations of the charge dispropor

FIG. 1. View of the crystal structure of Sr3Fe2O7 and the label-
ing scheme for the atoms.
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ation state, to investigate the possibility of a pressu
induced insulator-metal and/or high-spin to low-spin tran
tion, and finally to correlate pressure-induced changes
electronic properties with structural properties. Indicatio
for a high-spin to low-spin transition near 30 GPa have be
reported for CaFeO3,20 which is the classical system revea
ing a charge disproportionation of FeIV.21 The pressure de
pendence of the electronic properties of Sr3Fe2O7 was
probed by57Fe Mössbauer spectroscopy, optical reflectivit
and electrical resistance studies. In order to obtain data
sufficient quality for structure refinement the pressure dep
dence of the crystal structure of Sr3Fe2O7 was studied by
high-resolution angle-dispersive x-ray powder diffractome
using monochromatic synchrotron radiation.

II. EXPERIMENTAL DETAILS

Samples of Sr3Fe2O7 were prepared from a mixture o
SrO ~stored under argon! and Fe2O3, which was ground in a
ball mill, heated at 1000 °C overnight, pelletized, and hea
for another two days at 1000 °C. Finally, the pellets we
annealed in an autoclave at an oxygen pressure of 60 MP
500 °C for 18 h and subsequently furnace cooled. For
Mössbauer studies a sample of Sr3Fe2O7 with a 57Fe content
of 25% was prepared by employing a mixture of natu
Fe2O3 and 57F2O3. The purity of the samples was checke
by x-ray powder diffractometry. From the x-ray powder pa
terns the following lattice constants were derived:a
5385.00(2) pm,c52014.7(2) pm for the sample whic
was used for the synchrotron, optical, and resistance stud
a5385.38(4) pm,c52015.1(2) pm for the Mo¨ssbauer
sample. A neutron diffraction study on the syste
Sr3Fe2O72y revealed thata is a linearly decreasing function
with increasing oxygen content.22 Since thea parameters of
our samples are close to that of Sr3Fe2O7.00(5) in Ref. 15 it is
concluded that the samples used in this study are not oxy
deficient.

Pressure- and temperature-dependent57Fe Mössbauer ex-
periments were performed using a top-loading cryostat an
10 mCi 57Co(Rh) point source of 0.5 mm30.5 mm area
dimensions in conjunction with a Kr-CO2 proportional
counter; for further details see Ref. 23. All spectra were a
lyzed using appropriate least-squares-fitting procedures
obtain the hyperfine interaction parameters. A diamond a
cell ~DAC! with argon as pressure-transmitting medium w
used for Mössbauer spectroscopy~MS! pressure studies.

Angle-dispersive powder x-ray diffraction~XRD! experi-
ments were performed at the ID9 undulator beamline of
European Synchrotron Radiation Facility~ESRF!, Grenoble.
Samples of Sr3Fe2O7 were loaded into the gasket hole of
DAC using nitrogen as the pressure-transmitting mediu
Two-dimensional diffraction patterns were measured w
x-ray wavelengths of 45.80 and 44.62 pm using image p
detection. In order to improve powder averaging, the DA
was rocked by63°. Typical exposure times were 2 to
min. The scanned two-dimensional images were correc
for tilt and scanner distortions and converted to intensity-
2Q data using the Fit2D software.24 Crystal structure refine-
ments were performed using the FullProf program.25

Optical reflectivity spectra of Sr3Fe2O7 between 0.6 and
4.0 eV at pressures up to 37 GPa were measured in a D
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PRB 60 4611COLLAPSE OF THE CHARGE DISPROPORTIONATION . . .
using a micro-optical system described in Ref. 26. Reflec
ity measurements were performed under quasihydros
conditions, where the polycrystalline sample is in direct o
tical contact with a diamond window and otherwise s
rounded by a transparent solid of low shear strength~CsCl in
the present case!. In these experiments the absolute refle
tanceRd is determined for the sample-diamond interface
ing suitable normalization procedures.26 With increasing
pressure a smooth sample surface suitable for reflect
measurements was formed only at pressures above ab
GPa, as is the case with many other TM oxides of high sh
strength.

For resistance measurements the sample/metal-ga
cavity was coated with an insulating mixture of Al2O3 /NaCl
and epoxy. Four-probe dc resistance measurements were
ried out with 527-mm-thick Pt foil electrodes as a functio
of temperature and pressure.27 No pressure-transmitting me
dium was used; the pressure distribution for the resista
studies was typically 5210 % of the average pressure. Pre
sures in the MS, structural, optical, and resistance work w
measured with the ruby luminescence method.28

III. EXPERIMENTAL RESULTS

A. Mössbauer spectroscopy

Mössbauer spectra of Sr3Fe2O7 measured at ambient an
low pressures and atT,TN reveal two equally abundan
magnetic components differing in isomer shift~IS! values by
0.34 mm/s and with hyperfine field (Bhf) values of 26 and 39
T. This is indicative of distinct magnetic-electronic sit
Fe(41d)1 and Fe(42d)1 resulting from the charge dispropo
tionation of FeIV according to Eq.~1!. These observations ar
in agreement with previous Mo¨ssbauer spectra of Sr3Fe2O7
at ambient pressure.15,17,29

A series of high-pressure Mo¨ssbauer spectra is shown
Fig. 2. The two distinct charge states persist up to press
of '12 GPa withBhf very similar to the values at ambien
pressure. Above 12 GPa the two sextets start to converge
15 and 18 GPa two magnetic components are still disc
ible, but the differencesDB between the hyperfine fields an
DIS between the isomer shifts have decreased consider
compared to the ambient-pressure spectra. This is supp
to signal a change in electronic structure in this press
range. Finally, spectra atP>21 GPa reveal a single mag
netic component, indicating the stabilization of a state wit
uniform charge and spin distribution, which is characteriz
by Bhf527 T and IS5 0.02 mm/s. The Mo¨ssbauer spectra o
Sr3Fe2O7 suggest that thed value in Eq. ~1! diminishes
above 12 GPa and finally the charge disproportionation c
pletely disappears at 21 GPa. A collapse of the charge
proportionation between 12 and 21 GPa is in agreement
the pressure dependence of the room-temperature Mo¨ssbauer
spectra~not shown here! where the material is paramagneti

B. X-ray diffraction

Diffraction patterns of Sr3Fe2O7 at different pressures ar
shown in Fig. 3. The curves shown below each diagram r
resent the difference between experimental and calcul
data. The latter correspond to the best fits obtained fr
full-profile Rietveld refinement of the experimental patte
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Up to the highest pressure of 45 GPa there are no indicat
of a structural phase transition. All diagrams could be refin
in the ambient-pressure space groupI4/mmm. Additional
weak reflections in several diagrams could be attributed
diffraction from the nitrogen matrix. A pronounced chan
in the relative intensities of Bragg reflections with increasi
pressure is noted. This is most apparent from the inte
~105! and ~110! reflections whose relative intensities reve
For explaining this effect it is instructive to compare th
x-ray diagrams at ambient pressure before pressurizing
after pressure release~see Fig. 3!. Both diagrams agree with
respect to the 2Q values of the reflections but the changes
relative intensities are not reversible. Thus, the change
relative intensities with increasing pressure are attributed
continuous development of preferred orientation of the cr
tallites which remains after pressure release. An ove
broadening of the diagram after pressure release is assi
to irreversible pressure-induced microstrain effects.

For refining the crystal structure parameters a modifi
Lorentzian profile function~mod 2 Lorentzian30! was ap-

FIG. 2. 57Fe Mössbauer spectra of Sr3Fe2O7 at 50 K. The solid
lines through the data points are theoretical fits. Up to;18 GPa
two sextets are observed which are drawn as subspectra~solid and
dashed curves! and correspond to two sites. AtP>21 GPa spectra
could be fitted with only one sextet. Intensities are given in norm
ized units.
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4612 PRB 60P. ADLER et al.
plied. The refinements included the scale factor, backgrou
and line shape parameters, the lattice parametersa and c,
four positional parameters@z-Sr(2), z-Fe, z-O(1), and
z-O(2), seeFig. 1 for the labeling scheme of the atoms#, and
a parameterG1 accounting for preferred orientation alon
the @001# axis. The preferred orientation was described
the functionPhkl5exp(2G1ahkl

2 ) whereahkl is the angle be-
tween the diffraction vector and the axis of preferred orie
tation. Isotropic temperature factors were kept constant.

Whereas diagrams at low pressures are well reprodu
there is a misfit in the positions of the (0,0,l ) reflections
above 10 GPa which is particularly evident for the nonov
lapping ~0,0,10! reflection. The differenceDd between ex-
perimental and calculated values for the lattice spacingd
corresponding to the~0,0,10! reflection increases with in
creasing pressure and is correlated with the degree of
ferred orientation of the material. This is particularly evide
by comparing two diagrams at about 28 GPa from differ
experiments which differ both in the degree of preferred o
entation and in the misfit of the~0,0,10! reflection. One finds
differencesDd of 0.002 and 0.005 Å for samples withG1
parameters of 0.21 and 0.45, respectively. It is likely t
above 10 GPa the Sr3Fe2O7 samples were increasingly sub
jected to nonhydrostatic pressure conditions in the nitro
matrix. After pressure release the preferred orientation
mains but the nonuniform stress conditions disappear.
deed, good agreement between experimental and calcu
d values of the (0,0,l ) reflections is obtained from the refine
ment of the diagrams before pressurizing and after pres
release (Dd,0.0005 Å in both cases,G150.06 before pres-
surizing, G150.43 after pressure release!. These effects
mainly influence the accuracy of thec parameters at high
pressures, but are not relevant for the main conclusions f
this work.

Figure 4 shows the pressure dependence of the unit
volumeV and the tetragonal lattice parametera. The volume
is reduced by about 20% at 45 GPa. The pressure de
dence ofV can be described by a Birch-Murnaghan equat
of state

FIG. 3. Powder x-ray diffraction diagrams of Sr3Fe2O7 at dif-
ferent pressures. At the bottom of each diagram the difference
tween experimental data and calculated profile is shown. The x
wavelength is 45.80 pm.
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V/V05@11~B8/B0!P#21/B8, ~2!

where V0 , B0, and B8 are volume, bulk modulus, and it
pressure derivative atP50 GPa, respectively. Correspond
ing equations were used for fitting the pressure depende
of the lattice constantsa andc. The fit results listed in Table
I and the absence of a significant pressure dependence o
ratio c/a ~see inset of Fig. 4! suggest that the compression
Sr3Fe2O7 is almost isotropic. Furthermore, the curvature
the compression behavior is rather normal, as is indicated
the fact that the value ofB8 is close to a value of 4 which is
typically observed for low-compressibility solids wit
~nearly! isotropic elastic properties.

For a discussion of the electronic structure of Sr3Fe2O7
under pressure it is desirable to refer to accurate Fe-O b
distances and Fe-O-Fe angles. In this respect, the infor
tion which can be derived from the present high-press
x-ray data is somewhat limited. Due to the small scatter
power of oxygen atoms and the small but noticeable non
drostatic pressure components it was not possible to ex
Fe-O2 and Fe-O3 distances of sufficient accuracy for furt
discussions. The only Fe-O distances which can be obta
reliably are the Fe-O1 distances. Corner sharing of O1 ato
between adjacent FeO6 octahedra, leads to the formation o
Fe-O1 planes in the crystal structure of Sr3Fe2O7. The Fe
atoms may be displaced from the center positions of
FeO6 octahedra, which results in Fe-O1-Fe anglesF smaller

e-
y

FIG. 4. ~a! Lattice parametera and~b! volume per unit cellV of
Sr3Fe2O7 as a function of pressure. Solid lines correspond to fit
Birch-Murnaghan relations@see Eq.~2!#. The inset shows thec/a
parameter versus pressure.
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PRB 60 4613COLLAPSE OF THE CHARGE DISPROPORTIONATION . . .
than 180°. The deviation ofF from 180° at ambient pres
sure is small (F5177°).15 Accordingly, half of the lattice
parametera essentially corresponds to the Fe-O1 distan
From the analysis of our x-ray data no systematic trends iF
with pressure can be established. The mean value ofF from
all diagrams is 17363°. It can thus be assumed that th
pressure dependence ofa/2 ~see Fig. 4! basically reflects the
pressure dependence of the Fe-O1 distance. As there a
discontinuities in the pressure dependence ofa it is con-
cluded that the collapse of the charge disproportionatio
not accompanied by major changes in the average Fe
bond lengths. Also above 20 GPa the pressure dependen
the Fe-O1 distances appears to be regular.

C. Optical reflectivity and electrical resistance

Figure 5 shows representative optical reflectance spe
of Sr3Fe2O7 between 0.6 and 4 eV for various pressures
to 36 GPa. As noted above, the spectra correspond to
absolute reflectanceRd at the sample-diamond interface. A
zero pressure the overall reflectance is low, because th
fractive index of the sample is close to that of diamond. T
regions of enhanced reflectivity are observed: one in
near-infrared~NIR! region, the other centered at about 3 e
The most remarkable result is a major increase of the N
reflectivity with increasing pressure. This is emphasized
the inset to Fig. 5 where the reflectivityRd at 0.6 eV is
depicted as a function of pressure. The increase in NIR
flectivity is moderate up to 20 GPa and appears to beco
more pronounced above 20 GPa.

We have simulated the reflectance spectra@see Fig. 6~a!#
by using a superposition of Drude-Lorentz oscillators for
complex dielectric function, which is then substituted in
the Fresnel equation for the normal incidence reflectivity26

An assumption entering into the modeling is that the diel
tric properties of Sr3Fe2O7 under pressure are nearly isotr
pic. We allowed for a total oscillator strength below 10 e
which is similar to that derived from the optical response
other semiconducting TM oxides. This means the effect
number of electrons contributing to the imaginary part of

TABLE I. Parameters obtained from a fit of a Birch
Murnaghan-type equation@see Eq.~2!# to unit cell volumeV and
lattice parametersa andc of Sr3Fe2O7 . V0 , a0 , c0 , B0 , B8 are the
zero-pressure values of volume and lattice constants, the
modulus, and its pressure derivative, repectively. The corresp
ing parameters describing the compression of the axes are de
asb andb8.

Parameter Value

Volume V0 298.76(2)3106 pm3

B0 134~6! GPa
B8 3.8~4!

a axis a0 385.02~1! pm
b0 387~10! GPa
b8 12.5~1.1!

c axis c0 2015.4~1! pm
b0 436~30! GPa
b8 9.0~2.0!
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dielectric function has been fixed, such that the integra
optical conductivity between 0 and 10 eV corresponds to
effective electron number of 0.08/Å3 ~for details see Appen-
dix of Ref. 26!. In this way we have obtained the frequen
dependence of the real part of the optical conductivity sho
in Fig. 6~b! for two different pressures. The figure demo
strates that the NIR optical response gains strength un
pressure at the expense of transitions at energies above 2
In addition, at 36.4 GPa the real part of the dielectric fun
tion changes from negative to positive values at an energ
1.4 eV. This energy value is tentatively attributed to t
screened plasma frequency at this pressure.

The reflectance spectra suggest that the lowest-energy
tical excitation gap, indicated by the NIR edge of the optic
conductivity at 4.8 GPa@see Fig. 6~b!#, becomes smaller a
higher pressures. The relatively low NIR reflectance valu
suggest that a finite excitation gap and an insulating gro
state may still persist up to about 20 GPa. The more p
nounced increase in NIR reflectivity above 20 GPa is in
vor of an insulator-metal transition at higher pressures.
this case the concomitant blueshift of the high-energy cu
of the NIR reflectance edge~see Fig. 5! is partly attributed to
an increase in the screened plasma frequency of the mo
charge carriers.

The temperature-dependent resistance studies pro
more direct experimental evidence for the onset of an
transition with pressure increase. Figure 7 shows resista
versus temperature curves for selected pressures up to
GPa. The onset of a metallic state is deduced from
change in sign ofdR/dT from negative to positive. All the
R(P,T) curves beyond'20 GPa reveal an increase inR
with temperature. In the low-temperature region, howeve
minimum in R is observed which moves to lower temper
tures as pressure is increased. A possible explanation fo
low-temperature minimum inR at pressures above 20 GPa
the presence of disorder, which in the limit of weak ba

lk
d-
ted

FIG. 5. Optical reflectance spectra of Sr3Fe2O7 at different pres-
sures. The absolute reflectanceRd refers to that measured at th
sample-diamond interface~see text for details!. The inset shows the
reflectance of Sr3Fe2O7 measured at 0.6 eV as a function of pre
sure.
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4614 PRB 60P. ADLER et al.
overlap leads to localization for states near the Fermi leve31

One may expect these effects to be suppressed at higher
sures due to an increase of the bandwidths and overlap
fact, the reflectivity spectra~see Fig. 5! clearly evidence a
further overall delocalization at pressures above 26 G
which is the upper limit of the present transport measu
ments.

IV. DISCUSSION

The present Mo¨ssbauer, optical reflectivity, and electric
resistance measurements evidence a pressure-induced
lapse of the charge disproportionation state of Sr3Fe2O7 be-
tween 12 and 21 GPa and an IM transition near 20 GPa.
would expect that a charge disproportionation will be acco
panied by structural modulations like variations in the Fe
bond lengths. Such a structural manifestation of a cha
disproportionation is, e.g., found for BaBiO3.32,33 Neutron
diffraction studies of Sr3Fe2O7 did not yield evidence for
structural distortions.15 Also our high-pressure x-ray studie
on Sr3Fe2O7 do not show any structural anomalies in t
pressure range where the charge disproportionation ofIV

disappears. The space group (I4/mmm) remains unchanged
and the pressure behavior of the lattice constants app
regular up to 45 GPa. It is concluded that the electro

FIG. 6. ~a! ReflectanceRd and ~b! real part of the optical con-
ductivity of Sr3Fe2O7 at 4.8 and 36.4 GPa. Symbols in~a! represent
a subset of the experimental data points, solid lines are obta
from fits of an oscillator model~see text! to the experimental spec
tra.
res-
In

a,
-

col-

ne
-

e
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c

structure changes are not accompanied by major chang
the averagecrystal structure. Structural modulations on
microscopic scale like a variation of Fe-O distances at s
with different charges, however, cannot be ruled out. Rec
transmission electron microscopy studies revealed a su
structure for the charge-disproportionation phase
Sr0.7La0.3FeO3, a mixed-valence material with formally 70%
FeIV and 30% FeIII .34

High-pressure Mo¨ssbauer and x-ray diffraction studies o
CaFeO3 at room temperature have been interpreted in te
of a first-order high-spin to low-spin transition near 30 G
which is accompanied by a structural transition from a
tragonal to an orthorhombic phase.20 The absence of discon
tinuities in the lattice parameters as well as the absenc
significant changes in the character of the Mo¨ssbauer spectra
in the range 20–45 GPa suggests that there is no m
change in the spin configuration of Sr3Fe2O7 for pressures
up to 45 GPa.

In interpreting the pressure-induced changes in the e
tronic properties of Sr3Fe2O7 we first discuss the ambient
pressure properties of the Srn11FenO3n11 series of com-
pounds within the model introduced by Goodenough
rationalizing the electronic behavior of TM compounds12

The iron-oxygen network in these materials is built up fro
corner-sharing regular or nearly regular FeO6 octahedra. Ob-
viously, there is no evidence for a static Jahn-Teller eff
expected for a localized@ t2(p* )#3@e(s* )#1 configuration of
FeIV. It is reasonable to assume that the strongly cova
s* @e2O(2s,2ps)2e# interactions lead to collective behav
ior of the s* electrons in the semiconducting (Sr2FeO4,
Sr3Fe2O7) as well as in the metallic (SrFeO3) materials.17

The p* electrons are considered as localized.

ed

FIG. 7. ResistanceR as a function of temperature at select
pressures for Sr3Fe2O7. Incipient metallic behavior is evident atP
>20 GPa. The inset shows the resistance as a function of pres
at 300 K.
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The complex electronic behavior of FeIV oxides is attrib-
uted to an electronic ground state at the insulator-metal
derline where the effective electron correlation energyU is
of similar size as the widthws of thes* conduction band.17

The latter is largest for the cubic perovskite SrFeO3 where
metalliclike conductivity is observed. Due to the reduced
mensionality of the Fe-O networkws is smaller for Sr2FeO4
and Sr3Fe2O7. In these two compounds electron-electr
correlation and electron-lattice interactions lead to the op
ing of a gap at the Fermi surface and to the formation
insulating ground states. In Sr3Fe2O7 a charge-
disproportionation state, which presumably has to be
scribed in terms of charge- and spin-density waves, is st
lized. An intense phonon in the Raman spectra of Sr2FeO4 at
380 cm21 ~20 K! which cannot be assigned within the ide
K2NiF4-type crystal structure16 and the complex Mo¨ssbauer
spectra in the magnetically ordered phase14,15 suggest that
the stabilization of an insulating ground state in Sr2FeO4
involves a displacement of the Fe atoms from the cen
positions of the FeO6 octahedra and the formation of a spi
density wave. A charge disproportionation of FeIV is not ob-
served for Sr2FeO4. The increasing itinerancy of thes*
electrons in the series Sr2FeO4-Sr3Fe2O7-SrFeO3 is also
seen in the behavior of the NIR reflectance in the lo
pressure region ('5 GPa, see Fig. 8!. A well-defined NIR
band in the reflectance spectra of Sr2FeO4 ~Ref. 16! corre-
sponds to an optical excitation gap of 1.15 eV. The value
the NIR reflectance of Sr3Fe2O7 are enhanced in compariso
to Sr2FeO4 but smaller than those of SrFeO3.

The absence of discontinuities in the structural parame
of Sr3Fe2O7 indicates that the main effect of pressure is
shortening of the average Fe-O distances and therefo
strengthening of the Fe-O-Fe interactions. The concomi
increase inws leads to the closure of the charge-dens
wave gap and therefore to the collapse of the char
disproportionation phase as concluded from the Mo¨ssbauer
spectra above 20 GPa. For Sr3Fe2O7 the disappearance of th
charge-disproportionation state appears to be associated

FIG. 8. Comparison of the reflectance spectra of Sr2FeO4 ,
Sr3Fe2O7, and SrFeO3 measured at low pressures.
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an IM transition as is evident from our resistance and opt
reflectance data above 20 GPa.

In the case of Sr2FeO4 the NIR reflectance starts to in
crease with pressure above 5 GPa.16 Furthermore, the addi-
tional Raman phonon at 380 cm21 disappears between 5 an
6 GPa and the complex Mo¨ssbauer pattern collapses at abo
9 GPa.18 These observations are in agreement with the p
ture of an electronically driven structural instability and
spin-density wave in Sr2FeO4 which both disappear ifws is
increased. Again, further increase inws due to increasing
pressure leads to an IM transition. This is revealed by
dramatic change in theR(T) behavior of Sr2FeO4 for P
.6 GPa: the temperature variation ofR becomes extremely
weak albeit with a negative temperature slope.18 Further in-
crease in bandwidths due to increasing pressure leads to
change in sign of the slope,dR/dT, from negative to positive
for pressures at and abovePc'18 GPa. Taking into accoun
that for a K2NiF4-type crystal structure a pronounced tw
dimensional character of the transport properties as well
possible polaron formation is expected, the change from
positive to a negative temperature coefficient of the cond
tivity is considered to mark the upper limit for the metal
zation pressure.

The electronic behavior of FeIV oxides qualitatively can
be well rationalized in terms of the above ‘‘chemical’’ mod
for the electronic properties of TM compounds. For a mo
quantitative comparison with spectroscopic data the e
tronic structure of TM compounds is frequently analyz
within an impurity approach considering the hybridization
the 3d states of a single TM ion with the ligand~L! p
bands.35 Depending on the relative magnitude of the charg
transfer energyD @energy difference between TM(3d) and
L(p) orbitals#, the on-site electron correlation energyU, the
transfer integralstpd between TM(3d) and L(p) orbitals,
and theL(p) bandwidthWp either discrete, insulating, o
metallic ground states may occur.36 The analysis of photo-
electron spectra of SrFeO3 ~Ref. 13! suggests that the
Srn11FenO3n11 series of compounds with iron in the hig
oxidation state14 belongs to a class of materials with neg
tive effective charge-transfer energy. Accordingly, the wa
functions of the insulating as well as of the metallic states
FeIV oxides are dominated byd5L21 rather than by ionicd4

configurations. The energy gap is thus ofp-p type and cor-
responds to charge fluctuationsd5L211d5L21

˜d5

1d5L22, whereL21 andL22 denote one and two holes i
the oxygen bands, respectively.

Within the impurity approach, high pressure has two o
posing effects. On the one hand, increasing values of
transfer integralstpd due to shortening of the Fe-O distanc
lead to a stronger intracluster hybridization and to a stab
zation of the insulating states in the high-pressure regi
On the other hand, the metallic states are stabilized by
increased intercluster coupling and the increased oxy
bandwidthWp . In a certain range of parameters a transiti
from the localized to the itinerant state may occur.36 Recent
MS studies of Sr2FeO4 ~Ref. 18! show that no change occur
in both the hyperfine field and isomer shift in the press
range of the IM transition as established from the resista
measurements. This suggests that the Fe 3d density of states
is essentially unchanged upon metallization, in agreem
with the expectations for closure of ap-p-type gap as the
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mechanism responsible for the onset of a metallic state. A
for Sr3Fe2O7 the average hyperfine field above 15 GPa
nearly pressure independent which again is consistent w
the view that the IM transition in this compound procee
via p-p gap closure.

Within the impurity model the dispersion of the TM 3d
states is not taken into account explicitly, which, in view
the strong Fe(3d)-O(2p)-Fe(3d) interactions, appears to b
a severe shortcoming. In particular, the charge disproporti
ation of FeIV in Sr3Fe2O7 and its pressure-driven disappea
ance point to a more active role of the 3d electrons. Rather,
a multiband Hubbard approach37 considering both the disper
sional widths of Fe 3d and O 2p states may be appropriat
and is likely to support the chemical considerations. FeIV

oxides like Sr2FeO4 and Sr3Fe2O7, similar to the NiIII oxides
LnNiO3, are examples for TM compounds with an electron
ground state in the covalent-insulator regime.38 High pres-
sure then induces a covalency-driven insulator-metal tran
tion.

V. CONCLUSIONS

FeIV oxides are a class of materials where the interplay
strongly covalent Fe(3d)-O(2p)-Fe(3d) interactions, elec-
tron correlation, and electron-lattice interactions leads to
usual electronic states. In the present work we have stud
the pressure dependence of the electronic properties
crystal structure of Sr3Fe2O7, a compound revealing a charg
disproportionation of iron~IV ! at ambient pressure. Mo¨ss-
bauer spectroscopy and angle-dispersive synchrotron pow
x-ray diffraction studies evidence that the charge disprop
tionation collapses between 12 and 21 GPa without a
structural anomalies. Furthermore, optical reflectivity a
t
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electrical resistance experiments show a reduction of
lowest-energy excitation gap under pressure, finally lead
to a pressure-driven IM transition at about 20 GPa. With
the model for the electronic properties of TM compoun
described by Goodenough in Ref. 12 thes* electrons arising
from the @ t2(p* )#3@e(s* )#1 configuration of FeIV can be
considered as collective electrons. The charge disproport
ation gives rise to an energy gain of the system by splitt
the quarter-filleds* conduction band which opens a charg
density wave gap. In the case of Sr3Fe2O7 application of
high pressure leads to a strengthening of the cova
Fe(3d)-O(2p)-Fe(3d) interactions with a concomitant in
crease in the bandwidthws which results in a collapse of th
charge disproportionation and an IM transition. This beh
ior differs from CaFeO3 where changes in the Mo¨ssbauer
spectra and crystal structure at room temperature were
sidered as evidence for a pressure-induced high-spin to
spin transition.20 The strongly covalent nature of the insula
ing as well as of the metallic states in FeIV oxides is evident
from the lack of anomalies in Mo¨ssbauer IS andBhf values
on passing the IM transition in Sr3Fe2O7 and Sr2FeO4.
Within the impurity model for the electronic structure of TM
compounds the IM transition corresponds to a pressu
driven closure of ap-p-type excitation gap.
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