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Verwey transition in mixed-valence TbBaFe2O5: Two attempts to order charges
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Electronic, magnetic, and structural phase transitions in nearly stoichiometric TbBaFe2O51w (0.00,w
,0.05) have been investigated. At high temperatures this compound is a paramagnetic, mixed-valence
(Fe2.51) conductor with identical square-pyramidal coordinations at all iron atoms. Upon cooling belowTN

5450 K, an antiferromagnetic~AFM! spin order appears, accompanied by a magnetostrictive orthorhombic
distortion. At lower temperatures the increasing distortion sets the frame for a first attempt to order charges.
Mössbauer spectroscopy shows that one squeezed and one expanded square pyramid appear with different
orientations of their magnetic and electric field tensors, each centered by its own mixed-valence iron state, one
Fe2.51e, the other Fe2.52e. The lattice retains its distortion, but a small, structurally homogeneous, and con-
tinuous increase in volume is experienced. At somewhat lower temperature (TV) a discontinuous increase of
the orthorhombic distortion occurs, marking the second attempt to order charges, now with the classical
symptoms of the Verwey transition: a large change in volume, entropy, and electrical conductivity. BelowTV ,
a normal Fe31 high-spin state in a symmetrical square-pyramidal coordination appears, whereas Fe21 is
distorted. The long-range order of this arrangement is solved from high-resolution powder neutron diffraction
data. Rietveld refinements show that the charge-ordered spins have AFM interactions in all three directions (G
type! whereas in the mixed-valence state a ferromagnetic~FM! interaction appears between the iron atoms
facing each other across the Tb layer. This FM interaction is suggested to be essential for the appearance of the
mixed-valence state via the double-exchange sharing of the Fe21-originated electron. This also allows for the
total ordered spin moment being unchanged at the Verwey transition, following one single Brillouin curve.
Analogous cases are pointed out where the Verwey transition proceeds in a similar manner, also at the
molecular level.

DOI: 10.1103/PhysRevB.64.214405 PACS number~s!: 75.25.1z, 61.50.Ks, 87.64.Pj, 82.60.Fa
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I. INTRODUCTION

Recently, low-temperature charge ordering in the mix
valence manganates has attracted a great deal of atten1

Electron localization in these materials induces a transi
from a ferromagnetic~FM!, metallic state to an insulating
antiferromagnetic~AFM! state. Above the phase-transitio
temperature, all manganese ions have a single interme
~noninteger! valence, and below the transition an order
distribution of Mn31 and Mn41 is stabilized. However, the
manganates are not the only class of materials to exh
charge-ordering phase transitions. Valence states like T31

and Ti41 in Ti4O7,2 V41 and V51 in a-NaV2O5,3,4 Fe21 and
Fe31 in SmBaFe2O5,5 Co21 and Co31 in YBaCo2O5 ~Ref.
6! and HoBaCo2O5,7 and Yb21 and Yb31 in Yb3As4,8 as
0163-1829/2001/64~21!/214405~14!/$20.00 64 2144
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well as states like Ni21 and Ni41 in HoNiO3 ~Ref. 9! and
Fe31 and Fe51 in PrSr2Fe3O9 ~Ref. 10! and CaFeO3,11,12

have recently been reported to mix and separate as a fun
of temperature. Many more such systems exist among
lecular complexes, including the title valence states Fe21 and
Fe31. As an example for the latter couple, trinuclear iro
complexes like Fe3O(CNCH2COO)6(H2O)3 cyanoacetate
can be named.13 The existence of such molecular mixe
valence complexes seems to suggest that no specific ord
magnetic moments can be considered a precondition for
charge-ordering transition. Both AFM order i
SmBaFe2O51w ,5 paramagnetic disorder in Fe2OBO3,14 and
FM order in Fe3O4 are compatible with charge separatio
and ordering. In particular, the latter case is interesting a
refers to the classical Verwey transition.15 Our understanding
©2001 The American Physical Society05-1
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of mixed-valence Fe3O4 above the Verwey transition tem
perature (TV) is based on Zener’s concept16 of double ex-
change, where the minority-spin electron of Fe21 is itinerant
and equally shared by Fe31 on a time scale recently show
to be shorter than femtoseconds.17 This is believed to induce
the FM coupling of spins and conforms with the increas
electrical conductivity. However, it is not clear why the Fe21

and Fe31 valence mixing does not induce FM order in th
other phases, despite their showing all characteristic
tributes of the Verwey transition: abrupt changes in electr
conductivity, volume, and entropy. Analogies with mixe
valence complexes as well as suggestions in recent studi
a-NaV2O5 ~Refs. 3 and 4! promote the idea that the od
electron of the mixed-valence state occupies molecular o
als involving the bridging atom. Ina-NaV2O5 this is re-
ferred to as a quarter-filling~the oxygen bridge has coord
nation number 2!.3 What then is the role of electron spin
and why do they behave so differently among compou
which exhibit Verwey transitions? Magnetite itself does n
provide satisfactory answers due to the complex magn
interactions in the low-symmetry structure18 of the charge-
ordered state.

Recently synthesized19 RBaFe2O51w ~R5rare-earth ele-
ment! offers a structurally simple system with cooperati
magnetic interactions and strong manifestations of the V
wey transition.20 As the magnitude of the structural, therma
and electrical effects in these nonstoichiometric perovsk
type oxides increases withw→0 and with diminishing ionic
size ofR, terbium is a good choice to test for experimen
answers to these questions. Another attractive feature is
fact that its neutron absorption is not as unfavorable as
the neighboring elements. In this paper, a series of ne
stoichiometric TbBaFe2O51w samples was synthesized an
crystal-structure features studied across the charge-orde
transition using synchrotron x-ray powder diffractio
~SXPD! and neutron powder diffraction~NPD!. Mössbauer
spectroscopy is used to account for the valence and
states of iron across the transition and its premonitory
gions.

II. EXPERIMENT

Syntheses.TbBaFe2O51w was synthesized from a nano
scale citrate precursor obtained by liquid mixing. Standa
ized starting materials—terbium oxide (.99.9%, Molycorp,
reduced to Tb2O3 in hydrogen at 1000 °C), iron lump
~99.95%, Koch-Light, dissolved in a diluted high-purity n
tric acid!, and BaCO3 ~0.1% Sr, Merck, dried at
300 °C)—were gradually added in the said order to a me
high-purity citric acid monohydrate, and the formed cle
brown melt was dehydrated into a solid at 180 °C. Incine
tion of the powdered precursor~2 days, crucible with lid,
450 °C) produced a nanoscale, x-ray amorphous, precu
which was subsequently calcined at 900 °C for 20 h in
atmosphere of Ar and H2 in a volume ratio of 100:1 saturate
by water vapor to pH2O50.022 bar (log10 pO2

5

215.46 bars). The brown colored calcinate~already a
single-phase product, but with broadened Bragg lines! was
21440
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milled in a vibration agate mill, cold pressed~160 bars! and
sintered into a full-density master-sample pellets at 1000
in an atmosphere of Ar and H2 premixed in the volume ratio
of 17:1 and saturated topH2O50.023 bar, corresponding t

log10 pO2
5215.2 bars at the synthesis temperature. T

oxygen content was controlled subsequently by a quench
technique described in detail in Ref. 20. The conditions
listed in Table I.

Oxygen content analyses. The oxygen content~see Table
I! was determined cerimetrically. Under a protective atm
sphere of argon,;0.15 g of a finely powdered sample wa
dissolved in 4 ml of concentrated HCl and 5 ml of water in
10 ml ampoule under a short warm-up to;60 °C. The solu-
tions were then titrated~each sample in duplicate or tripli
cate! at room temperature under Ar with ferroin as an ind
cator, in presence of some 20 ml of concentrated phosph
acid and 1–5 ml of hydrochloric acid.

Bulk magnetic measurements. Magnetization was mea
sured by a superconducting quantum interference de
~SQUID! magnetometer~MPMS, Quantum Design!. Data
were obtained as a function of temperature in the inter
5–320 K in an applied field of 0.5 kOe and at 5, 300, a
320 K a hysteresis curve was measured on a;50 mg com-
pact sample (w50.006) between the250 and 150 kOe
limits, starting at zero field. Measurements between 300
700 K were performed on one sample (w50.012, in amount
of ;8 mg sealed in a high-melting glass container! accord-
ing to the Faraday method~however, magnetic-field varia
tions were limited to 4 kOe maximum, above which th
sample was attracted to the furnace wall!.

Differential scanning calorimetry (DSC).A liquid-
nitrogen-operated Perkin-Elmer Pyris 1 calorimeter was u
to register thermal flux curves upon heating~10 K/min! be-
tween 170 and 345 K. Coarsely powdered samples of ty
cally 80–120 mg weight were enclosed in aluminum pa
(50 m l, 50 mg!. Peak temperatures were corrected to
zero sample weight based on a previously measured cal
tion series~20–140 mg!. The temperature scale was ca
brated with cyclohexane,n-octane,n-decane,n-dodecane,
m-nitrotoluene, andp-nitrotoluene standards of.99.7% pu-
rity and found linear. The heat effect was calibrated on lo

TABLE I. Quenching TbBaFe2O51w from a temperaturet ~in
°C): cerimetric oxygen content, volume ratio of Ar and H2, and
partial pressures of water~measured! and oxygen~calculated, both
in bars!. Standard deviations of the observed variations are
brackets.

51w t Ar:H 2 log10 pH2O log10 pO2

5.001~1! 640 8.78~0! 24.35~9! 229.1~2!

5.006~1! 1000 9.19~0! 21.70~1! 215.81~1!

5.012~2! 1000 9.00~0! 21.67~1! 215.77~2!

5.016~2! 1000 16.3~1! 21.68~1! 215.31~1!

5.027~4! 1000 74~3! 21.68~1! 214.03~2!

5.046~1! 1000 137~9! 21.68~1! 213.51~5!

a 1000 238~1! 21.66~1! 212.97~1!

aThe upper homogeneity range inw exceeded.
5-2
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temperature phase transitions of cyclohexane21 ~the esti-
mated standard deviation for several caloric calibrations
61%). Thebackground was reconstructed from peak-fr
regions by least-squares fitting with polynomials of typica
seventh order.

Synchrotron x-ray powder diffraction. SXPD data were
collected at the X7A beamline of the National Synchrotr
Light Source located at Brookhaven National Laborato
The diffractometer was equipped with the closed-cy
model CSW-202 displex cryostat/furnace~Advanced Re-
search Systems, Inc.! operable in a temperature range of 15
750 K. Samples were contained in glass capillaries of dia
eter 0.25 mm sealed under argon. Short isothermal s
were collected in the temperature interval of 20–400 K
the angular range 18° –50° (2u, l'0.7 Å); a long-range
scan was collected at 70 K in the angular range of 8.5° –7
Rietveld refinements were carried out with theGSASsoftware
suite.22 X-ray absorption correction was calculated from t
apparent density of the compacted powder in the capilla

Neutron powder diffraction.All NPD data were collected
on a;10 g TbBaFe2O5.012 sample sealed under argon in
vanadium container with an indium gasket. High-resolut
NPD data were collected on HRPT~Ref. 23! at the Swiss
continuous spallation meutron source SINQ of Paul Sche
Institute at Villigen, Switzerland, in the 2u range of
4.95° –164.90° with angular step of 0.05° at temperatu
70, 350, and 420 K using monochromatic neutrons withl
51.8857 Å. Medium-resolution data were collected us
the Medium Resolution Powder Diffractometer~MRPD! at
the Reactor of the Australian Nuclear Science & Technolo
Organization~ANSTO!, in the 2u range of 5° –120° at tem
peratures 250 and 300 K (l51.494 80 Å). Low-resolution
data were collected at ANSTO, in the 2u range of 5° –120°
at temperatures 5, 50, 100, 150, and 200 Kl
51.664 46 Å). Rietveld refinements were carried out w
the GSAS software suite.22

Electrical conductivity.Measurements were carried out o
rectangular pellets (;13234 mm3) using linear four-
probe method with Keithley 195A Digital Multimeter an
Keithley 200 Current Source. Carbon paint worked bes
make electrical contacts with the ceramics. The meas
ments were done upon cooling and were stopped when
resistivity values became too large.

Mössbauer spectroscopy. Absorbers were made by ho
mogenizing ;70 mg of the powdered sample with tw
drops of an epoxy resin across a 20 mm diameter circle o
Al foil. Spectra were recorded at fixed temperatures in
temperature range 77–330 K in a transmission geometry
ing the maximum Doppler velocity of 15 mm/s with an Am
ersham57Co:Rh ~20mCi, November 1998! source. The full
Hamiltonian of combined electric and magnetic interactio
was used to fit the spectra, with the internal magnetic fi
experienced by the Fe nucleus (B), the chemical isomer shif
relative toa-Fe at 300 K (d), the quadrupole coupling con
stant (eQVzz), the resonance linewidths (G), and the relative
intensities of the components~I! as parameters. The follow
ing conditions and constraints were applied:~i! For each
component a certain variation in the parameterB was al-
lowed in order to simulate the fact that the internal fie
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have a certain spread due to local distortions of the i
coordinations. A Gaussian distribution was assumed and
width (DB) was also introduced as a fit parameter.~ii ! The
asymmetry parameterh and the anglesb and a, which
specify the direction of the magnetic field with respect to t
electric field gradient tensor, were also fitted when analyz
the main spectral components.~iii ! All components were
constrained to have equal linewidthsG. ~iv! A small asym-
metric quadrupole component, originating from traces
iron in the Be detector window and in the Al foil, was ke
fixed during the fit. This impurity accounts for less than 2
of the spectral intensity obtained in the measurements.

III. RESULTS

A. Verwey transition in TbBaFe2O5¿w

The Verwey-type transition in TbBaFe2O51w is mani-
fested by the latent heat~Fig. 1! of the charge freezing and
melting driven by the entropy difference. The heat, as wel
the transition temperature, is highest when the composi
approaches the ideal 1:1 combination of the Fe21 and Fe31

valence states (w50), i.e., when the charge-ordered state
most stabilized. For compositions very close to this optim
situation, a premonitory effect with respect to the cha
freezing is observed. This premonitory charge ordering
approximately 10 times weaker than the main effect and
appears rapidly with increasing nonstoichiometry. It is se
for the w50.012 and 0.027 compositions in Fig. 1, but n
for w50.046.

Simultaneously with the entropy change, a volume cha
is observed by high-resolution SXPD diffraction for both t
main and premonitory effects, composed of individual var
tions in the unit cell parameters as shown in Fig. 2. A d
matic increase occurs in the orthorhombic distortion at
main transition, witha expanding andb contracting upon
passing from the mixed-valence to the charge-ordered s
whereas no change in trend is detected at the premon
transition. Unit-cell parameters at the premonitory char
ordering transition show a subtle isotropic increase wh
translates into the continuous small increase of the unit-

FIG. 1. Endothermal caloric effects of the Verwey-type tran
tion in TbBaFe2O51w as seen by DSC upon heating.
5-3
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volume. Detailed inspections of the DSC curves reveal t
the premonitory charge ordering is still in progress under
onset of the main transition. This feature makes it difficult
extend correctly the DSC base line for integration of the h
flow curve intoDH ~and the heat flow divided by tempera
ture curve intoDS), and several runs of the sample resulti
into somewhat differently shaped backgrounds were nee
to estimate the true base line. Note also that integration
the DSC curves with respect to bothDH andDS means that
the width of the DSC curve was assumed solely due t
distribution of the oxygen nonstoichiometry across t
sample which variesTV . This is partially true~also static
data like SXPD show composition-related widths! and is be-
lieved a more correct approach since the cerimetricw is also
a bulk value. The composition dependences of the cal
and volume changes per formula unit plotted in Fig. 3 all
one to ascertain thermodynamic parameters of the trans
at zero nonstoichiometry in TbBaFe2O51w . The result is
listed in Table II. The observed total volume and entro
changes are larger than those for SmBaFe2O5. However, the
observedDS is still well within the scatter of theDS data
reported for a Verwey transition in magnetite.

Figure 4 illustrates that the transition~as characterized by
the abrupt volume change! is accompanied by a huge chan
in electrical resistivity typifying this transition historically15

as that of the Verwey type. Being derived from the unit-c
data, the volume is phase specific and appears as truly
continuous, whereas the electrical conductivity refers to
entire bulk of the sample and appears gradual due to
simultaneous presence of the charge-separate and m

FIG. 2. Coincidence of changes in the unit-cell paramet
(TbBaFe2O5.006, SXPD Rietveld refinements! and thermal effects
~by DSC!.
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valence phases under the main transition range. Such c
istence is common for diffusionless transitions, and in
present case it is assumed that a certain distribution of o
gen nonstoichiometryw across the bulk of the samples co
tributes to it. With this in mind, the sharp upturn in the ele
trical resistivity suggests an electron localization atTV , and
the accompanied loss in the kinetic energy implies an
crease in volume~according to the Virial theorem!.24

Magnetization experiment under a constant field~Fig. 5,
bottom! reveals a relatively high magnetic susceptibili
~higher than for the SmBaFe2O51w phase5!, decreasing as a
function of the nonstoichiometryw and having a monoto-
nous and nonlinear temperature dependence. This ne

s

FIG. 3. Thermodynamic parameters of the premonito
~crosses! and main ~circles! charge-ordering transition in
TbBaFe2O51w . ~Their sum is shown by the combined symbo
estimated standard deviations are marked where available.!

TABLE II. Thermodynamics of the premonitory and ma
charge-ordering transition of ideal TbBaFe2O5.000 ~values and stan-
dard deviations as extrapolated in Fig. 3, except forDVs which
refer to the sample withw50.006).

Premonitory Main

TV ~K! ~peak value! 308.5~9! 285.1~7!

DV(J bar21 mol21) 20.0035~12! 20.0250~8!

DH(kJ mol21) 0.173~4! 2.45~2!

DS(J mol21 K21) 0.57~2! 8.70~9!

TV ~K! ~peak centera value! 305~16! 282~5!

dP/dTV ~bar K21! 2161~52! 2345~8!

aAs given byDH/T5DS.
5-4
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FIG. 4. Other manifestations of the Verwey-type transition
TbBaFe2O51w . Bottom: volume discontinuity~solid circles: w
50.016, isothermal SXPD data, Rietveld refinements; open circ
w50.046, h00, 0k0, and 00l peak positions upon cooling!. Top:
electrical resistivity. Inset: Content of the mixed-valence phase~on
cooling,w50.016, Rietveld refinements!.

FIG. 5. Magnetization of TbBaFe2O51w under increase (() and
decrease (3) in temperature or magnetic field. Bottom: reciproc
magnetic susceptibility by SQUID~dots, increasing temperature!
and Faraday balance~symbols!. Top: specific magnetizations at 5,
300, and 320 K~the latter two largely overlap!.
21440
paramagnetic behavior can be explained as an overlap o
generally antiferromagnetic contribution from the iron atom
with paramagnetism of Tb31. Magnetization curves~Fig. 5,
top! have no hysteresis, thereby excluding any signific
ferromagnetism. At low temperatures, an approach of
saturated magnetization is apparent in strong fields. A le
squares fit of the magnetization isotherm at 5 K, assum
Tb31 only, gives 5.67mB per unit cell for the saturation mag
netization (J53.78).

B. Structural models of charge ordering

The basic framework of the charge-ordered~nuclear!
structure was determined from SXPD data collected
TbBaFe2O5.016 at 70 K. Four superlattice Bragg reflection

( 1
2 12, 3

2 02, 1
2 04, and1

2 14) were observed, indicating a dou
bling of the lattice parametera. Since the charge ordering o
the iron ions is determined only indirectly from shifts o
atomic positions that create unequal environments for
originally equivalent iron sites, the task of the determinati
of the type of the ordering is not straightforward for either
the two diffraction techniques used.

To obtain a starting model for the Rietveld refinements
considered seven ordered configurations~Fig. 6!, where vari-
ous sets of oxygen atoms shift under formation of vario
ordering patterns of the coordination square pyramids of

s:

FIG. 6. Models of the Fe21 ~shaded pyramids! and Fe31 ~un-
shaded pyramids! charge ordering derived from the pare
TbBaFe2O5 structure with equivalent square-pyramidal Fe2.51 co-
ordinations. Oxygens that move towards Fe31 under charge order-
ing are denoted with black spheres.
5-5
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and trivalent iron. Limiting ourselves to structures where
unit cell expands by no more than a factor of 2 in thex
and/ory directions, models 1–5 represent all of the possi
ordered configurations of Fe21 and Fe31. Models 4 and 5
have an additional degree of freedom with respect to
basal oxygens of the square pyramids. The symmetry
models 4a and 5a is such that all of the basal oxygen ions
crystallographically equivalent, whereas models 4b and
contain two crystallographically distinct basal oxygen sit
This means that all four basal oxygens displace towa
Fe31 by the same amount upon charge ordering in models
and 5a. In contrast the charge ordering is driven by displa
ments of only two out of the four basal oxygens in models
and 5b. Among the double-cell perovskite-type structur
model 1 was considered for YBaCuFeO5,25 and model 3 cor-
responds to the charge-ordered structure
YBaCo21Co31O5,6 while model 4a is observed in
YBaMn21Mn31O5.26 If we ignore the layered ordering o
A-site cations and oxygen vacancies, and consider only
distribution of transition metal ions, then model 4 corr
sponds to the charge-ordered structure of Ca2Fe31Fe51O6
~Ref. 11! and Y2Ni21Ni41O6,27 while model 5 correspond
to the charge-ordered structure of NdSrMn31Mn41O6 ~Ref.
28! and LaCaMn31Mn41O6.29

The large response of thea andb lattice parameters to th
charge ordering suggests that ordering occurs in thea,b

TABLE III. Crystallographic characteristics of the charg
ordering models from Fig. 6 with respect to the parent struct
(P4/mmm, ap'3.9, cp'7.6 Å).

Model Space group Unit-cell dimensions

1 P4mm ap3ap3cp

2 Pmmm 2ap3ap3cp

3 Pmma 2ap3ap3cp

4a P4/nmm A2ap3A2ap3cp

4b Cmma 2ap32ap3cp

5a P4/mmm A2ap3A2ap3cp

5b Cmmm 2ap32ap3cp
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plane. The expansion and doubling of thea parameter im-
plies a long-short Fe-O bond alternation in that directio
Models 2, 3, 4b, and 5b possess a pattern of oxygen s
that would be able to produce the observed expansiona
and contraction inb. A symmetry analysis of the models
derived by the programISOTROPY,30 is shown in Table III.
Models 1, 4a, and 5a can immediately be discounted bec
it is not possible to index the superlattice reflections o
served in the diffraction patterns using the unit-cell dime
sions corresponding to these models. Models 4b and 5b
improbable based on the lack of evidence for a doubling
the b parameter. They can definitively be ruled out by t
fact that the superlattice peaks which are observed are
allowed in a C-centered 2ap32ap3cp unit cell. This leaves
only models 2 and 3. Of these two, model 3 is preferred
the nuclear structure for two reasons. It is more favora
from a Coulombic point of view, and the experimentally o
served extinction conditions are consistent with the prese
of an a-glide plane perpendicular to thec axis. Structure
refinements of the SXPD data according to model 3 provid
a good fit to the pattern, including the superstructure refl
tions, but convergence could only be achieved by impos
constraints on the oxygen coordinates. Therefore, we loo
to neutron powder diffraction in order to obtain an accura
unbiased determination of the charge-ordered structure.

C. Neutron powder diffraction

1. Charge-ordered structure

The structural refinements were carried out using as in
parameters those obtained from the SXPD refinements
cording to model 3 in Fig. 6. After including the magnet
structure the refinement proceeded smoothly with no n
for soft constraints. The magnetic intensities were accoun
for by a model having AFM interactions between all neare
neighbor iron atoms~type G), with magnetic moments par
allel to they axis. The high-resolution pattern collected at
K is illustrated in Fig. 7. Structure parameters refined fro
this pattern are listed in Table IV. The coordinates of the ir
atoms were in very good agreement with those obtained

e

f

d
-

FIG. 7. The observed NPD
(l51.8857 Å! and the differ-
ence curve ~below! obtained
from Rietveld refinement of
the charge-ordered structure o
TbBaFe2O5.012 at 70 K. Magnetic
and nuclear reflections indicate
by the lower and upper set of ver
tical bars, respectively.
5-6
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VERWEY TRANSITION IN MIXED-VALENCE . . . PHYSICAL REVIEW B 64 214405
the SXPD refinements @zFe(1)50.2548(9) and zFe(2)
50.2678(7)], but, as expected, the NPD refinements p
vided much more precise oxygen coordinates. As furt
proof of the accuracy of the charge-ordered structure, c
sider the fit to the superstructure reflections observed in b
NPD and SXPD patterns, shown in Fig. 8. The magnitu
of the ordered magnetic moments are roughly in the ra
expected for di- and trivalent high-spin states of iron, but
closer to each other than expected. This may reflect an
complete charge order or, as we believe, a small orbit c
tribution to the ordered moment of Fe21 at the Fe~2! site.

2. Mixed-valence structure
High-resolution NPD data of the mixed-valence varia

were collected at a temperature 350 K close toTV and a
temperature 420 K, which is close toTN ~vide infra!.
Rietveld refinements show that the nuclear structure

TABLE IV. Charge-ordered TbBaFe2O5.012; NPD structure re-
finement results~70 K!.

Nuclear unit cell Refinement statistics

Space group Pmma Rwp 0.0390
a ~Å! 8.0575~2! Rp 0.0283
b ~Å! 3.85032~6! R(F2) 0.0209
c ~Å! 7.5526~2! Nobs 518
V (Å 3) 234.31~1! Nvars 39

Atom Site n x y z Uiso
a

Tb 2c 1 0 0 1/2 20.0003~4!

Ba 2a 1 0 0 0 0.0022~5!

Fe~1! 2 f 1 1/4 1/2 0.2527~3! 0.0017~3!

Fe~2! 2 f 1 3/4 1/2 0.2690~3! 0.0017~3!

O~1! 2 f 1 1/4 1/2 0.0019~8! 222

O~2a! 2e 1 3/4 0 0.3190~6! 222

O~2b! 2e 1 1/4 0 0.3109~6! 222

O~3! 4 j 1 0.0120~5! 1/2 0.3097~2! 222

O~4! 2 f 0.010~4! 1/4 1/2 1/2 0.002

Anisotropic displacement parametersb

Atom U11 U22 U33

O~1! 0.007~1! 0.006~1! 0.000~1!

O~2a! 0.0043~8! 0.0023~9! 0.0071~9!

O~2b! 0.0043~8! 0.0023~9! 0.0071~9!

O~3! 20.001~1! 0.0028~8! 0.006~1!

Magnetic unit cellc

Atom Mx M y Mz

Fe~1! 0 4.15~1! 0
Fe~2! 0 3.65~1! 0

aIn Å 2; O~4! displacement parameter is not refined.
bU12, U13, andU23 are zero by symmetry.
cWith symmetry of the Shubnikov groupPm8m8a8 ~Ref. 31! and
dimensionsan32bn3cn (n refers to the nuclear unit cell!; AFM
moments inmB , Mx5Mz50 are constrained for both Fe~1! and
Fe~2!.
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TbBaFe2O5.012 is in a very good agreement with previous
obtained SXPD results. Somewhat surprisingly, the magn
reflections are not the same as for the charge-ordered var
implying a change in the AFM structure upon passi
through the Verwey transition. Through a process of trial a
error it was determined that the magnetic reflections could
indexed with a unit cell having its edges doubled with r
spect to the nuclear unit cell. An investigation of the liter
ture revealed that the refined arrangement of the magn
moments is similar to that observed at ambient tempera
for YBaCuCoO5 ~Ref. 32! and YBaCuFeO5.33,34 However,
as the latter two examples are tetragonal, whereas the mi
valent TbBaFe2O5.012 shows slight orthorhombic distortion
the magnetic unit cells are different. The refinement res
are detailed in Tables V and VI. The refined fit to the 350
NPD data is shown in Fig. 9.

Preliminary refinements of the orientation of the AF
moments indicated that the magnetic moments are alig
along they axis. The figure of meritRwp was 0.0326. A
model with AFM moments directed parallel tox produced a
slightly poorer fit to the observed pattern (Rwp50.0331),
while those based on a model where the moments are
ented parallel toz resulted in a significant degradatio
(Rwp50.0432). As noted in Sec. III A, bulk magnetizatio
measurements indicate a possible canting of the momen
the mixed-valence state. To investigate this possibility f
ther, the moment was allowed to cant in various directio
An improved fit was attained with a small ferromagne
canting parallel to thez axis (Rwp50.0323) in addition to
the primary orientation alongb. The slight improvement of
the fit can be traced to a better fit to the~100! magnetic peak,
which partially overlaps with the~002! nuclear peak. Models
where the canting direction was antiparallel from one la
to the next or based upon canting parallel to thex axis did
not produce any improvement in the original fit.

The magnetic structure of the mixed-valence~MV ! iron
atoms exhibits AFM Fe-O-Fe superexchange coupling an
FM Fe-Fe direct exchange coupling across the Tb layer. T
is in contrast to the charge-ordered state where both inte
tions are AFM. The refinements clearly show that the co
pling in thez direction is AFM across the shared apical ox
gen of each pyramid and FM across the vacant oxygen sit
the Tb layer. A clearly inferior fit is obtained (Rwp50.0434
vs 0.0323! when the two couplings are reversed. This is
more clear-cut situation than for YBaCuFeO5,33 where Cu
apparently blurs this distinction.

3. Evolution of the magnetic structure

The high-resolution NPD data, supplemented by seve
lower-resolution patterns, are able to give a good pict
over the effect of temperature. The Rietveld refinement d
were in an excellent mutual agreement. The lower resolu
and diminished counting statistics yield structural parame
with e.s.d.’s that are approximately twice as large as the
ues in Tables IV, V, and VI. The results are not listed, b
they show that the transformation of both the nuclear a
magnetic structures occurs abruptly atTV .

However, the most important feature which can be e
tracted from these data is the temperature dependence o
5-7
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FIG. 8. Selected regions of th
TbBaFe2O5.012 NPD pattern taken
at 70 K ~right! and the
TbBaFe2O5.016 SXPD pattern
taken at 70 K~left!. The bottom
slides show the fits attained with
the charge-ordered nuclear stru
ture~model 3 in Fig. 6! detailed in
Table IV and the top slides show
the best fits attained with a struc
tural model having all iron sites
identical ~parent model in Fig. 6!.
TABLE V. Mixed-valence TbBaFe2O5.012; NPD structure re-
finement results~350 K!.

Nuclear unit cell Refinement statistics

Space group Pmmm Rwp 0.0323
a ~Å! 3.94453~4! Rp 0.0254
b ~Å! 3.93331~4! R(F2) 0.0444
c ~Å! 7.58655~8! Nobs 732
V (Å 3) 117.706~2! Nvars 33

Atom Site n x y z Uiso
a

Tb 1c 1 0 0 1/2 0.0054~3!

Ba 1a 1 0 0 0 0.0093~4!

Fe 2t 1 1/2 1/2 0.2633~1! 222

O~1! 1 f 1 1/2 1/2 0 222

O~2! 2s 1 1/2 0 0.3114~4! 222

O~3! 2r 1 0 1/2 0.3106~4! 222

O~4! 1h 0.004~3! 1/2 1/2 1/2 0.01

Anisotropic displacement parametersb

Atom U11 U22 U33

Fe 0.0081~5! 0.0038~5! 0.0129~4!

O~1! 0.014~1! 0.016~1! 0.0096~9!

O~2! 0.010~1! 0.0042~9! 0.036~2!

O~3! 0.013~1! 0.013~1! 20.001~2!

Magnetic unit cellc

Atom Mx M y Mz

Fe 0 2.63~1! 0.44~3!

aIn Å2; O~4! displacement parameter not refined.
bU12, U13, andU23 are zero by symmetry.
cWith symmetry of the Shubnikov groupPmm8m ~Ref. 31! and
dimensions 2an32bn32cn (n refers to the nuclear unit cell!;
AFM moments inmB , Mx constrained to zero.
21440
TABLE VI. Mixed-valence TbBaFe2O5.012; NPD structure re-
finement results~420 K!.

Nuclear unit cell Refinement statistics

Space group Pmmm Rwp 0.0389
a ~Å! 3.94596~7! Rp 0.0309
b ~Å! 3.93986~7! R(F2) 0.0395
c ~Å! 7.5976~1! Nobs 733
V (Å 3) 118.117~3! Nvars 32

Atom Site n x y z Uiso
a

Tb 1c 1 0 0 1/2 0.0062~4!

Ba 1a 1 0 0 0 0.0118~5!

Fe 2t 1 1/2 1/2 0.2616~1! 222

O~1! 1 f 1 1/2 1/2 0 222

O~2! 2s 1 1/2 0 0.3108~8! 222

O~3! 2r 1 0 1/2 0.3113~7! 222

O~4! 1h 0.008~4! 1/2 1/2 1/2 0.014

Anisotropic displacement parametersb

Atom U11 U22 U33

Fe 0.009~1! 0.004~1! 0.0149~5!

O~1! 0.013~3! 0.017~3! 0.011~1!

O~2! 0.011~2! 0.005~2! 0.039~3!

O~3! 0.014~2! 0.015~2! 0.000~2!

Magnetic unit cellc

Atom Mx M y Mz

Fe 0 1.38~2! 0.40~4!

aIn Å2; O~4! displacement parameter not refined.
bU12, U13, andU23 are zero by symmetry.
cWith symmetry of the Shubnikov groupPmm8m ~Ref. 31! and
dimensions 2an32bn32cn (n refers to the nuclear unit cell!;
AFM moments inmB , Mx constrained to zero.
5-8
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FIG. 9. The observed NPD
(l51.8857 Å) and the difference
curve ~below! obtained from the
Rietveld refinement of the mixed
valent structure of TbBaFe2O5.012

at 350 K. Magnetic and nuclea
reflections indicated by the lowe
and upper set of vertical bars, re
spectively.
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ordered magnetic moments shown in Fig. 10. For the M
state, the small persistent canting contribution is neglecte
that they components of the AFM moments,M y,AFM , are
plotted for all temperatures. The relative spontaneous sub
tice magnetizationss5M y,AFM /M y,AFM

T50 is fitted according
to least squares to the parametric function35

s5B~J,z!5
T

TN

J11

3J
z, ~1!

whereB(J,z) is the Brillouin function in whichz is the ratio
of magnetic and thermal energies~not evaluated, used as th
internal parameter!, J the total angular momentum quantu
number, andT the absolute temperature.

The fits in Fig. 10 show that the average of the AF
moments for Fe21 and Fe31 in the charge-ordered state an
the AFM moment for the Fe2.51 mixed-valence state fi
nicely together on a single Brillouin-type curve. The plot

FIG. 10. Brillouin fit of the refined AFM momentsM y for
TbBaFe2O5.012 ~see Sec. II for the various NPD data sources!. Fit-
ting parameters: TN5448(2) K, J51.34(4), MAFM,Fe2.51

T50

53.80(2), MAFM,Fe31
T50

54.03(2), andMAFM,Fe21
T50

53.53(2).
21440
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Fig. 10 allows us to extract three key pieces of informatio
First of all, the magnitude of the moments at low tempe
tures suggests that in the charge-ordered state both div
and trivalent iron are in the high-spin state. Second,
smooth evolution throughTV shows that the high-spin stat
is maintained in the mixed-valence state. This confirms t
the AFM moment follows the associated charge in being d
tributed equally over the iron atoms. This is a different b
havior than what has been observed forRBaCo2O5, R5Y
~Ref. 6! and Ho~Ref. 7! in RBaCo2O5, where a decrease in
the AFM moment exceeding the thermal contribution is se
upon entering the mixed-valence state. Finally, the fit giv
as one of its parameters the Ne´el temperature of 448~2! K
which could not be obtained from the Faraday balance m
surements. At the same temperature, lattice parameters
pear to converge from the slight orthorhombic distortion in
the pure tetragonal symmetry. In similarity wit
RBaCo2O5,7,6 the onset of the AFM order thus seems
trigger the tetragonal to orthorhombic transition.

D. Mössbauer studies

An illustration of the change in the Mo¨ssbauer spectra
upon going through the Verwey-type transition is shown
Fig. 11. The decomposition of the spectra and assignmen
the spectral components to the specific valence, spin,
coordination states of iron have been done in analogy w
SmBaFe2O51w studied previously.5 Owing to the low non-
stoichiometry, the57Fe Mössbauer spectra of TbBaFe2O5.012
are well resolved throughout the transition, including ad
cent regions. This was not the case for the Sm variant w
higher nonstoichiometry.5 This ‘‘sharper focus’’ has brough
an unexpected surprise; below the premonitory transit
temperature, the high-temperature mixed-valence state s
rates into two mixed-valence states, before finally conde
ing into the charge-ordered situation below the main tran
tion temperature. According to hyperfine parameters of
spectra~Fig. 12!, the two mixed-valence states are of equ
concentrations; one of these two states is approximately h
way to divalence, and the other one is halfway to trivalen
5-9
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Decreasing temperature causes these two states to d
symmetrically from each other before the final separati
Also chemical isomer shifts (d) and internal fields~B! sepa-
rate symmetrically; i.e., their average values remain clos
those obtained for the single Fe2.51 high-temperature com
ponent. The quadrupole coupling constants (eQVzz) are
separating from practically zero for the symmetrical mixe
valence state into a large positive value for the Fe2.51e state
and a large negative value for the Fe2.52e state. This suggest
that their ligand fields are deformed in the opposite sen
Below TV , thed5 ion Fe31 assumes a symmetrical enviro
ment andeQVzz becomes closer to zero. In contrast, thed6

ion Fe21 ion acquires a very higheQVzz, witnessing a pro-
found distortion in the charge-ordered state.

Figure 12 shows that the average of Mo¨ssbauer fields for
the charge-ordered components~at 77 K! remains at the
same level of about 30 T as the mixed-valence state,
though a slight increase would be expected from Fig.
This is owing to the fact that the Mo¨ssbauer internal field
actually slightly decreases at the charge-ordering transit
and this can best be seen by comparing the averages in
shaded area of Fig. 12 in which the mixed-valence a
charge-ordered states coincide. Another interesting ques
is the magnitude of these averages. Whereas the Fe31 values
are entirely typical of hyperfine fields of this high-spin io
for oxide environments, the internal field experienced by
Fe21 nucleus in the charge-ordered state is rather small.
difference is of course owing to the Fe31 being free of the

FIG. 11. Mössbauer spectra across the charge-ordering tra
tion in TbBaFe2O5.012. Main components are identified in the leg
ends.
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orbital contribution (L50) and translates into a large ca
celing contribution for the Fe21 ion. The magnitude of this
canceling varies dramatically36 for high-spin Fe21 com-
pounds as a function of varying orbital geometry. The min
change in the average hyperfine field at the charge-orde
temperature is likely to be caused by yet another contri
tion, a dipole interaction, following the abrupt change in t
quadrupole coupling constants atTV . Since the summation
of the hyperfine field as seen at the nucleus is not that of
Russell-Saunders summation seen from outside, the hy
fine field for theLÞ0 ion Fe21 is not proportional to the
NPD value of the ordered magnetic moment. However, i
rough estimate, a large positiveL contribution to the negative
S at the nucleus should transform to a small positiveL con-
tribution to the positiveS as seen by NPD, and this indee
seems to be the case.

A full analysis of the spatial orientation of the interna
field and electric-field gradients was attempted for the m
valence components appearing in the spectra as a functio
temperature. In order to do that, bothb anda angles which
define the orientation of the electric-field gradient were
leased, and so was the asymmetry parameterh. The basic
geometry of the situation is presented in Fig. 13 which a

si- FIG. 12. Temperature variations of Mo¨ssbauer hyperfine param
eters of the main valence states of iron in TbBaFe2O5.012 across the
premonitory ~light shaded! and main transition~shaded! ranges.
Short horizontal lines show averages for the two intermed
mixed-valence components, gray stripes averages for the two
charge-ordered states. Standard deviations do not exceed the s
the symbols except foreQVzz for Fe31 at 277 K andd for Fe2.51e

at 284 K.
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includes the main results of the analysis concerning
charge-separated states.

TheFe2.51 component. In the spectra collected above th
premonitory transition temperature, the variablesh, a, and
b could not be fitted sinceVzz was too close to zero due t
the highly symmetrical ligand environment.

The Fe2.51e component. A positive value of eQVzz
51.60 mm/s was obtained, in agreement with point-cha
considerations for a square-pyramidal oxygen coordinat
The b angle was 103(3)°, suggesting a;13° canting into
the basal plane of the pyramid. This is in a very good agr
ment with the NPD result of 10.6°. During the fit,a re-
mained within a few degrees of 180° and was conseque
fixed. The asymmetry parameter was 0.64~5!, thus reflecting
a substantial deformation~squeezing! of the pyramid’s basa
plane.

TheFe2.52e component.A negative value ofVzz is found,
although still parallel to the crystallographicc axis. Theb
angle was 99(4)° whereasa remained close to 90° and wa
subsequently fixed at this value. This only means that
unique coordinate systems around Fe2.52e and Fe2.51e have
different orientations. Lattice symmetry considerations p
dict positiveVzz values for both Fe atoms; we speculate th
the contribution of the nonbonding valence electrons chan
the sign for Fe2.52e into negative. For pure Fe21 ions this
contribution can be considerable~although in most cases it i
smaller than the ligand contribution!, and it is mostly of op-
posite sign than the ligand contribution. The refined asy
metry parameter,h50.5(2), is in agreement with the ex
pected deformation~stretching! of the square-pyramid’s
basal plane.

TheFe21 component. When Fe2.52e evolves into the fully
charge-separated Fe21, the same assumption about the co
tribution of the valence electrons~as above! must eventually
be made. A fit of the spectrum gives clearlyb50°, with h
50.64(5) due to the~long-range-ordered! stretching of the
bases of the square-pyramidal coordinations of Fe21. The
square-pyramidal ligand geometry would suggest thatVzz is
parallel toc, but then the angle of the main elements of t
electric- and magnetic-field tensorsb being 0° would be in

FIG. 13. The geometry that defines the local electric and m
netic structure around Fe2.51e ~left! and Fe2.52e ~right! in the
charge-separation range. Orientations of the unique coordinate
tems are shown relative to the crystallographic axes denoted he
a,b,c.
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conflict with the NPD results showing that the alignment
the ordered magnetic moments is alongb. Given the large,
ordered deformation~extension alonga) of the Fe21 coordi-
nations, point-charge considerations suggest that theVyy and
Vzz elements of the electric-field gradient are of compara
magnitude, and the main element may eventually beco
that which is parallel withb. In this manner it is feasible tha
the main constituent of the electric-field gradient (Vzz) is
parallel with the magnetic field. However, the sign forVzz
should be negative in the case that it is parallel withb, and
here the assumption of the valence electron contribution
Vzz must be made.

TheFe31 component, in the charge-ordered state seen
NPD, resides in a square-pyramidal coordination that
somewhat deformed, in this case by an apical contract
When b and h were tentatively released as variables, t
angleb refined to;90° and was subsequently fixed to th
ideal value. The apical contraction is responsible for
magnitude ofeQVzz51.5(2) mm/s, but not for the large
asymmetry parameterh50.80(3) which suggests that th
charge distributions along thea andb axes, as seen from th
Fe31 ions, are not equal. The largeh is a consequence of th
acquired long-range order of charges, where periodic sh
of the next-neighbors Fe21 and Fe31 and their deformed
oxygen environments contribute to the asymmetry. In or
to keep 0,h,1, it was necessary to seta50, sincea
5180° causedh to exceed 1.0. This particular refineme
therefore does not tell how the magnetic moments are
ented, it suggests only thatVzz and the internal fieldB are
perpendicular.

IV. DISCUSSION

A. Verwey-type transition in TbBaFe2O5¿w

The present results confirm that a Verwey-type transit
occurs in TbBaFe2O5. A comparison of bond distance
~Table VII! and bond valences~Table VIII! as determined a
70 K and 350 K confirms the long-range Fe21/Fe31 charge

-

ys-
as

TABLE VII. TbBaFe2O5.012; selected interatomic distance
~in Å!.

Charge ordered,T570 K Mixed valence,T5350 K

Fe~1!-O~1! 131.895(6) Fe-O~1! 131.9977(7)
Fe~1!-O~2b! 231.975(1) Fe-O~2! 232.0002(6)
Fe~1!-O~3! 231.965(4) Fe-O~3! 232.0046(5)
Fe~2!-O~1! 132.046(5)
Fe~2!-O~2a! 231.962(1)
Fe~2!-O~3! 232.134(4)

Ba-O~1! 432.78643(5) Ba-O~1! 432.78524(2)
Ba-O~2a! 233.141(3) Ba-O~2! 433.077(3)
Ba-O~2b! 233.094(3)
Ba-O~3! 433.031(1) Ba-O~3! 433.069(2)

Tb-O~2a! 232.434(2) Tb-O~2! 432.437(2)
Tb-O~2b! 232.469(3)
Tb-O~3! 432.4046(9) Tb-O~3! 432.436(2)
5-11



in
pi
er

t
he
T
r

gn
lin
y

ce
-
ure
i-

FM

o-
tion

a-
hat

m-
o-
as-
er.
the

low
s of
ec-

e
a-
the
ally
is is
o
am-
tate

nt of
ing

ins
all

on-
is

on
g

he
sso-

eter

ent
ler
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ordering. While the overall magnetic order is and rema
AFM across the transition, the ordered arrangement of s
changes atTV ~Fig. 14!. The change in the magnetic ord
which occurs at the transition can be traced to a change in
interaction between the bipyramidal slabs, from AFM in t
charge-ordered state to FM in the mixed-valence state.
arrangement of the magnetic moments within the slabs
mains the same throughout the transition, and their ma
tudes evolve smoothly. This change in the magnetic coup
across the rare-earth layer may help explain the sensitivit

TABLE VIII. TbBaFe2O5.012(3) bond-valence sums.a

Charge ordered,T570 K Mixed valence,T5350 K

Ba 1.987~5! Ba 1.984~7!

Tb 2.88~1! Tb 2.82~2!

Fe~1! 2.76~3! Fe 2.523~8!

Fe~2! 2.37~3!

O~1! 2.14~3! O~1! 2.050~2!

O~2a! 2.06~1! O~2! 1.945~8!

O~2b! 1.91~1!

O~3! 1.93~1! O~3! 1.940~7!

aBond-valence coefficients by Brown~Ref. 37! ~temperature varia-
tion is not available!, divalent and trivalent iron assumed.

FIG. 14. Magnetic structure of TbBaFe2O5. In the charge-
ordered state, Fe21 and Fe31 are represented by larger and smal
spheres, respectively.
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TV to the identity~size! of the rare-earth ion and the presen
of the added oxygen atoms (w).20 Furthermore, our observa
tions indicate that the reorientation of the magnetic struct
is intimately linked to the electron localization. This is rem
niscent of the simultaneous charge-ordering and FM to A
transition in Nd0.5Sr0.5MnO3.38

B. Premonitory transition in TbBaFe2O5¿w

The SXPD and Mo¨ssbauer results as well as the therm
dynamic parameters indicate that the premonitory transi
is a spontaneous orbital demixing manifested in deform
tions of the basal planes of the coordination pyramids t
give rise to a random distribution of Fe2.52e and Fe2.51e ions.
The single, mixed-valence iron state existing at high te
peratures must belowTN accommodate an increasing orth
rhombic distortion of the square-pyramidal coordination
sociated with the magnetostriction effect of the AFM ord
This preexisting magnetically induced deformation sets
frame for the first attempt of the structure to separate~and
eventually order! the charges when temperature becomes
enough. What happens may be inferred from refinement
the mutual directions of the electric- and magnetic-field v
tors as seen at the iron nuclei and manifested in the Mo¨ss-
bauer spectra. The elongation of thea axis has provided the
oxygen atom O~3! with certain freedom to move towards th
iron atom that would be the candidate for the trivalent v
lence state. The oxygen does so in the framework of
present orthorhombic distortion, hence squeezing uniaxi
the basis of one pyramid and extending the other one. Th
what separates the orientations of the vectors seen by M¨ss-
bauer spectrum. From the magnitude of the hyperfine par
eters being in between those for the pure mixed-valence s
and the integer valences, we may assume that the exte
this movement is as large as one-half of the shift occurr
under the main transition~where it can be recorded by NPD
owing to the long-range order!. The main point of this pre-
monitory attempt to charge ordering is that the lattice reta
its distortion, whereas the energetics is manifested in a sm
entropy change. A somewhat lower temperature (TV) is
needed for the lattice to be able to relax in an abrupt, disc
tinuous increase of the orthorhombic distortion, and this
what finally accomplishes the charge ordering.

C. Charge-ordered state

The final transition into the charge-ordered state up
cooling throughTV is associated with further strengthenin
of Fe~1!-O~3! at the expense of Fe~2!-O~3! via shifts of the
O~3! links. Figure 15 shows the bond distances of t
charge-ordered dimer. Due to the asymmetric potential a
ciated with chemical bonding,39 the expansion about Fe~2!
must be larger than the contraction about Fe~1!, and this is
accomplished by the abrupt increase in the lattice param
a. The expansion of two of the four basal Fe~2!-O bonds
produces a highly asymmetric coordination environm
around the Fe~2! site ~divalent iron!, and this is also reflected
in the large quadrupole coupling constant seen in the Mo¨ss-
5-12
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bauer spectrum. In contrast, the trivalent iron assume
more symmetrical position with respect to the four oxyge
in the base of the square pyramid~Table VII!. However, the
rather short apical distance suggests that the four basal
lengths still represent a bond-valence compromise betwe
shorter distance pertinent to trivalent iron and a longer d
tance required for the Fe21 neighbor alonga. This compro-
mise for the iron-O~2a,b! distances in the parallel Fe21 and
Fe31 chains running alongb definesa as the direction for the
long-long-short-short-••• alternations of the Fe-O distance
that occur in the charge-ordered state.

As typically observed in charge-ordering transitions,11 the
bond valences do not reach their formal oxidation state
ues, but the bond distances, bond valences, and Mo¨ssbauer
parameters clearly show two very distinct sites for iron in
charge-ordered state. There is no evidence to suggest a
complete transition or the presence of a charge-density w
which could potentially justify the assignment of partial ox
dation states. It may be that the deviation of the bo
valence sums from their formal values is a consequenc
strains which develop in the Ba-O and Tb-O bonds. Furth
more, the small amount of excess oxygen, which is pres
will undoubtedly result in a partial frustration of the long
range Fe21/Fe31 ordering.

Knowledge of the crystal and magnetic structure provid
critical insight into the electronic structure of the charg
ordered state. The electronic degeneracy of the two iron s
~Fig. 15! is broken by the localization of the charge-carryi
electron on the Fe21 site. The elongation of the Fe~2!-O~3!
bonds lowers the energy of thedxz orbital with respect to the
dxy and dyz orbitals. This stabilizes a configuration whe
this orbital is doubly occupied on the Fe21 site, while all
other energy levels ofd-orbital parentage are singly occu
pied.

Finally, we note that the charge-ordered structu
of TbBaFe2O51w (w'0) is isostructural with the
charge-ordered state of YBaCo2O5.7,6 Ferrimagnetism, as in
YBaMn2O5,26 is not present due to the fact that the prop
gation vectors for magnetic and charge ordering are differ

D. Mixed-valent state

Analysis of both x-ray and neutron diffraction data ind
cate a single-crystallographic site for all Fe atoms above
premonitory charge-ordering transition. The bond valence
iron at 350 K, 2.523~8!, agrees well with the formal valenc
of 2.512~3!. Taken on its own these diffraction data sugg
that the mixed-valence electron~the 11th electron per mixed
valence dimer! is delocalized. Observation of an activate
transport in the conductivity measurements suggests tha
mixed-valence electron still propagates through the crysta
basically the same manner as the charge-ordered elec
viz., as a small polaron. The main difference is that it is n
shared by two iron atoms. The highly increased mobi
comes about from the cooperative nature of this pair shar
One aspect of this cooperative phenomenon was manife
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by Mössbauer spectroscopy5 indicating fluctuations unde
disorder introduced by the oxygens,w, added into theR
layer, when alternative pairs are possible for various confi
rations of the di- and trivalent iron atoms. A picture of th
mixed-valence iron pair with the electron oscillating at a~for
example! femtosecond time scale may be invoked to illu
trate the cooperative formation of the mixed-valence sta
taking the charge-ordered state as the starting point. The
and trivalent irons are arranged in rows alongb that alternate
in the remaining two directions. One electron on each Fe21

begins to oscillate to and from the Fe31 neighbor. The entire
row oscillates in phase, in concert with the other rows, in
manner that avoids Fe31 as neighbors at a time in order t
minimize the energy. The observer actually cannot dis
guish whether the oscillation started in the direction ofa or
c, and that is the same as what our high-resolution neu
diffraction sees in the form of the anisotropic displaceme
U j j : Noting thatU j j parallel to the Fe-O bond is expected
be smaller than the components perpendicular to the bo
we see that this is not true for O~3! having bonds in thea
direction (U11 is large! and for Fe31 in the c direction (U33
is large! whereas it is true for O~1! and O~2! (U33,U11
'U22 and U22,U11,U33, respectively!. The directions of
the enhancedU j j are hence those where our observer s
the electron oscillation. If allowed to speculate whether
oscillation started in thea or c direction, the observer may
note that the electron exchange in the direction ofa would
require an unlikely spin flip owing to the AFM orde
whereas the electron sharing between the iron atoms fa
each other across the Tb layer would not, because of the
interaction present there. Invoking the Zener doub
exchange model,16 the sharing and the ferromagnetism g
hand in hand. In this manner, the mixed-valence formatio
FM mediated even though the bulk TbBaFe2O5 material be-
haves as an antiferomagnet and the overall magnetic ord
AFM. The direct iron-iron interaction across the Tb lay
explains why the entropy gain and volume contraction un
the formation of the mixed-valence state increases with
creasing ionic size ofR.

If our observer is right, the direct iron-iron FM interactio
should be the feature common to all such Fe21/Fe31 mixed-
valence systems. In magnetite this is the classical dou
exchange model which structurally arises from the ed
sharing octahedral coordinations of the FM-coupled ir
atoms~the Fe-Fe distance is 2.97 Å at 298 K!. In the present

FIG. 15. Coordinations of di- and trivalent iron in the charg
ordered low-temperature TbBaFe2O5.012. Distances at 70 K, in Å.
5-13
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case, it is the absence of oxygens at the bases of the sq
pyramids~the Fe-Fe distance is 3.59 Å at 300 K!. Also for
mixed-valence manganese oxides, as an example
Nd0.45Sr0.55MnO3,40 FM conduction pathways can be foun
within a three-dimensional AFM structure. In molecul
crystals, FM coupling appears in multiply bridged binucle
mixed-valence ions irrespective of the overall magnetic
rangement. As an example, three bridging hydroxygroups
pose two iron atoms to each other at a distance of 2.5041

This intriguing similarity between structurally so dissimil
compounds suggests that the FM double exchange is a
J
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sential factor for the formation of the true indistinguishab
mixed-valence states.
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