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Structural studies of charge disproportionation and magnetic order in CaFeQ
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The crystal and magnetic structures of Cak&@ve been determined at 300 and 15 K using synchrotron
x-ray and neutron powder-diffraction techniques. At 300 K, Cafadpts the GdFe{struture, space group
Pbnmwith unit-cell dimensionsa=5.326 3@4), b=5.3527Q4), andc=7.53986(6) A. This structure is
distorted from the ideal perovskite structure by tilting of the Fe®tahedra about110] and [001]. The
average Fe-O distance is 1.92PA, and the Fe-O-Fe angles are 152)4 and 158.11)°. At 15 K the crystal
structure belongs to space grof®2,/n with a=5.311823), b=5.347 7%4), ¢=7.52058(5) A andB
=90.06%1)°, andcontains two distinct Fe sites. The average Fe-O bond length is (6)8%2about the one
iron site, and 1.97@) A about the second site, with bond valence sums of 4.58 and 3.48, respectively. This
provides quantitative evidence for charge disproportionation*2R€e*" +Fe’*, at low temperature. The
temperature evolution of the lattice parameters indicates a se@mnligher) order phase transition from the
orthorhombic charge-delocalized state to the monoclinic charge-disproportionated state, beginning just below
room temperature. The magnetic structure at 15 K is incommensurate, having a modulatiofs/@&pwith
§~0.322, corresponding to one of tkEL1) directions in the pseudocubic cell. A reasonable fit to the magnetic
intensities is obtained with the recently proposed screw spiral stru@uiéawasaket al, J. Phys. Soc. Jpn.

67, 1529(1998], with Fe moments of 3.5 and 24, respectively. However, a comparable fit is given by a
sinusoidal amplitude-modulated model in which the Fe moments are directed[atBigwhich leaves open

the possibility that the true magnetic structure may be intermediate between the spiral and sinusoidalanodels
fan structurg

INTRODUCTION tion has led to the widely held view that charge dispropor-
tionation of the type, 2F¢ (dY)—Fe&* (d° +Fe" (d3),

The contrasting structural, magnetic, and electronic beeccurs in CaFe@® However, a study of the hyperfine param-
havior of the high spird* (tggeé) transition-metal perovs- eters as a function of temperature has shown that this charge
kites LaMnQ,, SrFeQ, and CaFe@have long been of in- disproportionation occurs in varying degrees, corresponding
terest to condensed matter scientists. LaMn® an to the charge states Pe?* and F&* 9" ° Furthermore,
antiferromagnetio A-type) insulator, which exhibits a pro- recent x-ray and UV photoemission measurements have
nounced cooperative Jahn-Teller distortion of the MnO demonstrated that the (Fg® octant is characterized by a
octahedra:? Both the magnetic structure and the Jahn-Telledarge negative effective charge-transfer energy, such that the
distortion are consistent with the presence of localized elecFe(lV) and FéV) oxidation states can be approximated as
trons and a homogeneous distribution of ¥Mnions. In  Fe" ions accompanied by single or double oxygen holes
SrFeQ strong covalency in the Fe;-O:2po interaction  d°L andd®L? respectively? In this view, the charge dis-
leads to formation of @* band and electron delocalizatidn. proportionation may thus be rewritten ad®® —d®+ d°L2.

This change in the electronic band structure, with respect tRRegardless of the nomenclature one chooses it is very clear
LaMnO,, is evident in the electronic transport propertiesthat when iron is in an elevated oxidation stafe(IV),
(metallic down to at least 4.2 )Kand crystal structuréun-  Fe(V), or F&VI) (Ref. 11] its interaction with oxygen is
distorted cubic perovskiteof SrFeQ.*~’ Delocalization of  highly covalent. Throughout this paper we will use the
the e4 electrons also occurs in CaFg@t room temperature former notation, 2FE —Fe** +Fe*, but it should be under-
giving rise to metallic conductivity. However, transport mea- stood that we are referring to oxidation states rather than real
surements show a metal-insulator transition near 290 K.charges? Both SrFeQ and CaFe@are reported to possess a
Mossbauer effedtME) studies of CaFegat 4.2 K reveal the  spiral antiferromagnetic spin structure, with éléempera-
presence of two chemically distinct iron sites with differenttures of 134 and 115 K, respectivéty:****Thus each com-
hyperfine fields present in equal proportidriBhis observa- pound removes the orbital degeneracy of tg*bceé configu-
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ration in a different way: LaMn@ through a cooperative
Jahn-Teller distortion, SrFeOthrough band formation/
electron delocalization, and CaFgtbrough a charge dispro-
portionation.

Stoichiometric CaFe©was prepared almost 30 years ago
by Kanamartet al,® who reported the crystal structure to be
cubic. Subsequent studies by Takeddal. reported a slight
tetragonal distortion of the structut®. More recently,
Morimoto et al. reported the room-temperature structure to
be orthorhombic, space grougbnm and the low-

temperature structure to be monoclinic, space group _JU_‘_JL\_JMKJJLM L

P2,/n.%® These space-group assignments imply that the |« + 1 ‘Jr. Vo 0 ‘... TRITIIRL

300 K X-ray Data
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room-temperature structure is distorted from the ideal cubic } ) 4
perovskite structure by the same octahedral tilting distortion ‘ ‘ . ‘ ‘
seen in GdFe@and CaTiQ, while the low-temperature 10 15 20 25 30 35 40
charge disproportionation introduces a rock salt ordering of Two Theta (degrees)

Fe** and F&'. However, detailed structural information to _ -
support these conclusions was not provided. In fact, despite F!G- 1. An expanded region of the observed x-ray-diffraction
the relatively large body of work devoted to charge dispro_pattern of CaFe@at 300. K(upper curvg and the difference curve .
portionation in CaFeQover the past 29 years, there is still a ! obs | cate (lower curve. T_'Ck m_arks denote_ the prected pe"?"‘ post-
complete lack of detailed structural information for this com-fons: The Cal(:UI".’Ited d'ﬁraCt!on pattern Is omitted for clarity. T.he
pound in either the charge-delocalized or Charge_peaks marked with an gsterls_k arr:se from the presence an minute
disproportionated states. This is somewhat surprising in Iigh%lmount of an unknown impurity phase.

of the fact that such information is of critical importance in step. The Wave|engths and Counting times emp|oyed for each
order to fully understand this relatively rare and intriguing measurement are given in the results section.
metal-insulator phase transition. If the Fe in Cage@pro- Additional x-ray data were collected at a wavelength of
portionates at low temperature, there should be evidence @.6949 A with a linear position-sensitive detectd®SD

this from diffraction. This prompted us to undertake a struc-mounted on the scattering arm in place of the crystal ana-
tural study of CaFe@using synchrotron x-ray and neutron |yzer. The linear PSD is a proportional multiwire device of

powder-diffraction techniques. the type described by Smitfi.For these measurements, the
sample was loaded into a 0.2-mm-diameter thin-walled glass
EXPERIMENT capillary and mounted in the cryostat. In this configuration,

the instrumental resolution is somewhat lowdfWHM

Synthesis of a polycrystalline CaFg@ample was per- ~0.03° at\=1.2 A) but the counting rates are much faster,
formed under high oxygen pressure. Cake@as used as enabling extended scans to be made with good counting sta-
starting material and KClQas an oxygen source. These tistics in a few hours. Furthermore, the use of capillary ge-
compounds were sealed into a gold capsule and separated bgetry and larger rocking angles reduces systematic errors
ZrO,. The capsule was then annealed at 1227 under 3 GR#ue to preferred orientation and inadequate powder averag-
for 1 h, according to the procedure described in Ref. 13ing. Consequently, the data sets generally yield Rietveld fits
X-ray diffraction showed the sample to contain a very smallof excellent quality. This instrumental configurationx (
amount of an unidentified impurity phageee Fig. 1, but  =0.6941A) was employed while collecting the data which
otherwise the peak shapes were sharp and symmetric indicevere subsequently used to determine the temperature evolu-
tive of a compositionally homogeneous sample. Analysis otion of the unit-cell parameters, as well as an extended data
the neutron-diffraction data gave no indication of oxygenset used in the refinement of the low-temperature structure.
vacancies. Finally, constant wavelength neutron powder-diffraction

X-ray powder-diffraction data were collected on beamlinedata were collected at the NIST reactor at 300 and 15 K at a
X7A of the National Synchrotron Light Source, located atwavelength of 2.078 A on the high-resolution powder dif-
Brookhaven National Laboratory. Data were collected sevfractometer BT1, which is equipped with a bank of 32 de-
eral times in one of two instrumental configurations. High-tectors and horizontal collimators with a divergence &f 7
resolution variable-temperature measurements were taken lBecause of the relatively small sample size0.35 9, the
mounting a portion of the sample onto a flat-plate Cu samplén-pile collimation was relaxed to 14The detector bank was
holder and loading it into a closed-cycle helium cryostat instepped at 0.05° intervals. Structure refinements were per-
symmetric reflection geometry. To obtain optimal resolutionformed using the Rietveld method as implemented in the
a double-crystal G&11) monochromator was used in the Gsas software suité® while the magnetic structure was re-
incident beam, and a flat G20 analyzer crystalCA) in fined using theruLLPROF program®® In order to obtain the
the diffracted beam. This configuration not only gives verymost accurate crystal structure results, two data sets were
high resolution[instrumental broadening, full width at half refined simultaneously at both 300{K-ray CA and neutron
maximum (FWHM) ~0.01° atA=1.2 A], but also greatly datg and 15-K(x-ray PSD and CA dajaOne problem in-
reduces background noise, including scattering from the beherent to combined refinements of multiple data sets is that
ryllium windows of the cryostat. Finally, to improve powder systematic errors in data collection can lead to slight differ-
averaging the sample was rocked over a few degrees at eaehces in the lattice parameters and displacement parameters
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TABLE |. Results of Rietveld refinements at 300 and 15 K.

X ray X ray X ray
Radiation Neutron (CA) (PSD (CA)
TemperaturdK) 298 15
Rup 6.37% 9.77% 451% 18.46%
Rp 5.00% 6.62% 2.89% 12.04%
R(F?) 6.38% 3.91% 5.53% 6.92%
X2 2.39 9.82
Wavelength 2.080 0.7992 0.6949 1.1918
260 range(®) 5-150 9-55 9-71 10-42
No. of reflections 104 200 1043 52
No. of variables 28 35
Space group Pbnm P2,/n
a(A) 5.326 314) 5.311823)
b (A) 5.352814) 5.347 7%4)
c (R 7.539 875) 7.520 585)
B(°) 90 90.06%1)
Volume (A3 214.9673) 213.6324)

determined for each data set. To avoid this complication, th&able Ill) are very near their ideal values, suggesting a
wavelength of the x-ray data set collected with the CA de-stable, accurately determined structure. The octahedral tilting
tector was fixed, while the wavelength of the second data setistortion results in a significant bending of the Fe-O-Fe
was refined. Despite the introduction of an additional vari-bonds away from the linear 180° value observed in SgeO
able the refined wavelength values were found to be veryhis reduces the spatial overlap of thedgeorbitals with the
close to their expected values for both the 300 K neutrorO 2po orbitals, which in turn reduces the" bandwidth, and
data sefrefined\ =2.080 A, expected =2.077 A) and the s largely responsible for the contrasting behavior of CafFeO
15 K x-ray PSD data sdtrefined\ =0.6949 A, expected and SrFe@ Finally, we note that the results of refinements
=0.6941 A). To account for differences in displacement pa-based on neutron and x-ray data are in excellent agreement.
rameters, an absorption correction for surface roughfaess Since neutron-diffraction measurements normally give more
cording to Suort?® was applied to the x-ray data collected accurate structures for metal oxides, this agreement clearly
on the flat plate sample with the CA detector. Once these twdemonstrates the accuracy of the synchrotron x-ray data.
corrections were applied we found that the goodness of fit
indicators from the combined refinements were very similar

. e . Confirmation of charge disproportionation
to those obtained from refining data sets independently. g prop

There have been many crystallographic studies of cation
ordering in perovskites. For compounds containing two oc-
tahedral cations in equal proportio’s;MM'Xg, the most
Room-temperature structure determination favorable arrangement of these cations is invariably a rock-
salt-type ordering of theM and M’ ions. This leads to a

CaFeQ crystal structure above the charge-disproportionatio tr,ucture where eacht >.(6 octahedror! is surrounded by six
Xg octahedra and vice versa. This arrangement not only

(CD) temperatureTep~290K. Two high-resolution data ptimizes the Coulomb interactions within the crystal, but

sets were collected at room temperature: a synchrotron x—ra)g—an accommodate a cooperative distortion of the oxvaen net-
diffraction pattern collected in the CA configuration, and a P Y9

neutron-diffraction pattern. Each data set was refined inde}‘é’ork without introducing strain into thél-X and M'-X

RESULTS AND DISCUSSION

The beginning point of our study was determination of the

pendently and in a combined refinement, where both x-ra ond_s. in Cta'?eg)s#(:h a glstotrrt]lpn candbe_lglhescrllb?_d ells ]:[he
and neutron patterns were simultaneously refined using eezing out of a phonon breathing mode. 1he relatlively few

single structural model. There was very good agreement p&-ases where an alternate ?ation ordering arrangement is ob-
tween the results of the independent refinements and th%erved for an A,MM’Xs compound, such as
combined refinement. The results of the combined refine- _ _ )

ment are listed in Tables | and II, while the bond distances TABLE Il. Fractional coordinates and displacement parameters
angles, and valences are listed in Table lll. Fits to the exfor Careqat 300 K.
perimental diffraction patterns are shown in Figs. 1 and 2.

The results confirm earlier reports by Morimabal. that Atom Site X y z Hiso
CaFeQ is isostructural with GdFepand CaTiQ at room Ca 4c 0.995@3) 0.03281) 0.25 1.222)
temperaturé?’ Distortions of the Fe@ octahedra are very Fe 4b 0 0.5 0 0.921)
small, and the Fe-O distances are very similar to the 01 8d 0.71294) 0.28583) 0.03273) 1.056)
~1.925-A distance observed in SrFgOat room 02 4c 0.06636) 0.49084) 0.25 1.294)

temperaturé. In fact, the bond valences for all ionsee
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TABLE lll. Bond distances, bond angles, and bond valences for

CaFeQ at 300 K.

Bond distance$A)

Fe-O1 2x1.920(2)
2x1.927(2)
Fe-02 2x1.9184(6)
Fe-O(avg 1.9232)
Bond angleq®)
01-Fe-0O1 2¢89.37(2)
2X90.63(2)
01-Fe-02 289.8(1)
2x89.7(1)
2x90.3(1)
2x90.2(1)
Fe-Ol1-Fe 1574@)
Fe-O2-Fe 158.@)
Bond valences
Ca 2.19
Fe 3.71(4.00)
0O1 1.95(2.095
02 1.99(2.09

@Bond valences were calculated using the progrkamence (Ref.
45). The defaultp, values were use@l.967 for the Ca-O interac-
tion and 1.744 for the Fé-O interaction. Values in parentheses
were calculated usingy=1.772 for Fé"-O. This value ofp, was
obtained by assuming the ideal six coordinaté'F@ distance was
1.922 A

LaCaMri*Mn*Og, 2! NASIMrE™Mn**Og, 22 and

La,CuSnQ@,?® all contain octahedra which are distorted due
to the presence of a Jahn-Teller cation. Therefore we started
with the premise that the low-temperature structure should

contain a 1:1 rock salt ordering of Heand F&".
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FIG. 2. A portion of the observed neutron-diffraction pattern of
CaFeQ at 300 K (upper curvg and the difference curviyps | cac

(lower curve. Tick marks denote the expected peak positions. The
calculated diffraction pattern is omitted for clarity. The peaks
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FIG. 3. The(022 and (202 peaks in the x-ray-diffraction pat-
tern (CA detector, A\=0.8038 A, step size0.005°, count rate
= 8 sec/stepat various temperatures. The solid lines represent peak
fitting results using a Lorentzian peak shape and a single FWHM
for all peaks. The 300-K data are fit with two peaks, (622 and
the (202, while the other data sets are fit with three peaks, the

(022), (202), and(202) reflections.

The combination of in-phase tilting of the octahedra about
[001], out-of-phase tilting of the octahedra aboluit10]
(Glazer tilt systema~a " b™),>* and 1:1 rock salt cation or-
dering is known to produce a monoclinic structure with
P2;/n symmetry and approximate unit-cell dimensioas:
~J2a,, b~,2a,, c~2a,, and B~90° (wherea, is the
simple perovskite cell edga,,~3.9 A).*> Andersonet al*
have shown that for perovskites, distorteddya b* octa-
hedral tilting, the presence ofkl:k=2n+1 reflections is
evidence for an ordered arrangement of octahedral cations.
Furthermore, the reduction in symmetry from orthorhombic
to monoclinic should be evident in a slight deviation @f
from 90°27

Figure 3 shows the orthorhomb{622 and (202 reflec-
tions at 300, 275, 250, and 200 K.gfdeviates from 90° the
(202 reflection will be split into two peaks of equal inten-

marked with an asterisk arise from the presence an minute amousity, (202) and(202), while the (022 peak will be unaf-

of an unknown impurity phase.

fected. Although the distortion is not large enough to split
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the latter peak into two distinct peaks, the width of {862 TABLE IV. Calculated X-ray diffraction peak intensities in the
reflection is clearly increasing as the temperature decreasegesence and absence of CD.
consistent with the presence of a slight monoclinic distortion:

Both lattice parameter refinements based on individually de- Relative intensity Relative intensity
termined peak position@sing the peak fitting routine in the CaFé’0, CaFe " Fe O
CMPR software packag® and the whole pattern fitting em- ! model ModeF
ployed in the Rietveld refinement technique, indicate a slight 742 1.7
monoclinic distortion at 275 K and an unmistakable mono- ;44 0.3 20

clinic distortion at 250 K.

- L . . 110 140 140
Our observation that a monoclinic distortion of the unit 002 65.6 65.7
cell occurs below the metal-insulator transition lends support ' '
. . 111 16.3 16.3
to the claims of CD in CaFeQ The appearance of one or
e : : 012 0
more kl:k=2n+1 reflections would confirm the presence 020 254 254
of a long-range cooperative CD. Due to the fact that only the
oxygen ions are expected to be significantly displaced as a 112 1000 1000
consequence of the CD, we expect any extra peaks in the 200 235 235
x-ray-diffraction pattern to be very weak. In order to guide 021 8.4 8.3
our search for such peaks a model CD low-temperature 120 8.2 9.2
structure was generated using the software package 210 113 12.5
PoTATO2 The octahedral tilt angles were derived from the 122 14.6 19.6
room-temperature structure as was the position of the¢Ca 013 0.2
ion. The F&"-O and F&"-O distances were taken to be 217 22.7 15.6
1.985 and 1.865 A, respectively. The program 103 31.2 36.3
Lazy-Pulverix® was then used to calculate the expected peak 022 31.9 31.3
intensities for the CD structure and a structure where all of 202 25.4 24.9
the Fe-O distances remain equivalent. The results are listed 113 13.9 13.8
in Table IV. This calculation shows that the “extra peaks” 122 11.3 9.8
which arise due to the charge disproportionation are very 212 9.4 7.9
weak; the strongest such peak is {b&1), whose intensity is 220 479 475
500 times smaller than the strongest reflection. The sensitiv- gga 251 249

ity and excellent peak-to-background discrimination of the

X7A powder diffractometer, should be sufficient to detect®Reflections marked in bold represent peaks which are not allowed

the (011) reflection given sufficient counting times. How- in the absence of CD.

ever, calculated intensities of the other “CD peaks” are so’Reflections marked in italics represent peaks whose intensities are

small, that it is unlikely one would be able to distinguish sensitive the CD distortion.

them from background noise. “Details of the structure model employed are given in the text. For
Figure 4 shows the region of the diffraction pattern, where the monoclinic phaskkl andhk! peak intensities have been com-

the (011) and(101) reflections are expected, at three different bined to give the intensity of thiekl peak.

temperatures: 300, 200, and 15 K. The presence oftth®

reflection is clearly seen at 200 and 15 K, but is absent at 30Qyising due to the presence of an incomensurate antiferro-

K. To obtain the data shown in Fig. 4 it was necessary 10 USgyagnetic spin structure, which will be discussed in more

the crystal analyzer detector in order clearly resolve thgjetajl in the following section. An alternative approach is to
(011) and (10Y) reflections and to minimize the noise from |efine the structure from x-ray-diffraction data. At first

the beryllium windows of the cryostat. In order to obtain the i5nce it may seem unlikely that a stable refinement could be
excellent statistics needed to confirm the presence of suchhiained from an x-ray-diffraction pattern with essentially
weak peaks a step size of 0.005" and counting time of 24Qne gyperlattice peak. However, Table IV shows that the
sec per step were used. Taken together with our observatiqRiensities of several of the weaker reflections are quite sen-
of a monoclinic distortion, this confirms the presence+of Bsitive to the CD distortion. These peaks owe their existence
CD corresponding to a rock salt ordering ofFend Fé to both octahedral tilting and CIcation ordering distor-
below the metal-insulator transition at 290 K. tions. This observation, coupled with the accuracy of the
room-temperature x-ray refinements, suggests that it may be
possible to obtain an accurate structure refinement from
high-quality x-ray-diffraction data.

Having confirmed CD in CaFeQthe next step is to de- Two sets of x-ray-diffraction data were collected at 15 K
termine the low-temperature structure. Since the structurand refined simultaneously using tiesAs software suite.
transformation which is expected to accompany the CDThe first data set was collected in the CA mode
phase transition involves primarily displacements of oxygen=1.1918 A, step size0.0059. Very long counting times
ions, neutron diffraction would seem to be the logical tool (240 se¢ were used over narrow regions containing potential
for determining the low-temperature structure. However, asuperstructure reflections in order to obtain optimal statistics.
low temperatures where the CD has fully set in, the neutronHowever, it is not feasible to collect the entire data set using
diffraction pattern is complicated by magnetic reflectionsthese parameter@ scan from 10-50° would take over 22

Low-temperature structure determination
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TABLE V. Fractional coordinates and displacement parameters
for CaFeQ at 15 K.

Atom

Biso)?

0.30(1)
0.3088)
0.308)
0.434)
0.434)
1.106)

Site X y z

Ca
Fel
Fe2

01

02

03

4e  0.99364) 0.03711) 0.25116)
0.5 0 0
0 0.5 0
0.30q1) 0.72q1) —0.033Q7)
0.2191) 0.2081) —0.03187)
0.07616) 0.49275)  0.2541)

Yol
X
de
de

4e

#The Fel and Fe2 displacement parameters were constrained to be
equal, as were the O1 and O2 displacement parameters.

change in the octahedral tilt system is observed, although the
Fe-O-Fe angles appear to decrease slightly. The bond va-
lences of the calcium and oxygen ions are close to their
expected values, providing further confirmation of the accu-
racy of the structure determination. The octahedral distor-
tions increases with respect to the room-temperature struc-
ture, most likely as a result of strains in the Ca-O bonding
network and the reduction in symmetry. The bond valence
sums of 4.58Fel) and 3.48(Fe2 clearly indicate the dif-
fering chemical environments of the two sites, but do not
reach the ideal values expected for a full disproportionation
into Fe* and Fé*. However, it should be noted that bond

TABLE VI. Bond distances, bond angles, and bond valences for
CaFeQ at 15 K.

FIG. 4. The region of the x-ray-diffraction pattern containing

the (011 and (101 reflections. Solid lines represent peak fitting Bond distance$A)

results using a Lorentzian peak shape and a single FWHM for both
peaks(one peak in the 300 K data

days at that raje so counting times varying from 4 to 16 sec
per step were used over the rest of the pattern. The high
resolution and minimal background obtained using this in-
strumental configuration are well suited for the high degree
of pseudosymmetry and weak superstructure reflections as-
sociated with the CD structure. Unfortunately, the slow rate
of data collection, and time constraints inherent to experi-
ments conducted at a synchrotron source, only allowed data
collection over a limited angular rand@6=10-42°,d i,
=1.66 A, 52 reflections To compensate for this a second
data set was collected at a wavelength of 0.6949 A, using the
linear PSD detector. This instrumental configuration pro-
vided a data set with good statistics over an extended angular
range(26=9-71°, d,,;;=0.60 A, 1043 reflections with a
small decrease in the resolution and the introduction of some
noise in the low angle regiofdue to reflection from the Be
windows of the cryostat The refinement results are given in
Tables | and V, while the bond distances, angles, and va-
lences are contained in Table VI. The refined fit to the PSD
data set is shown in Fig. 5, and a polyhedral representation of
the structure is shown in Fig. 6.

Comparison of the crystal structures determined at 300
and 15 K shows that the structural change which accompa-
nies the charge disproportionation involves condensation of a

Fel-O1
Fel-02
Fel-03
Fel-O(avg
Fe2-O1
Fe2-02
Fe2-03
Fe2-O(avg

0O1-Fel-02
0O1-Fel-03
02-Fel-03
O1-Fe2-02
0O1-Fe2-03
02-Fe2-03
Fe2-O1-Fel
Fe2-02-Fel
Fe2-03-Fel

Ca
Fel
Fe2
o1
02
03

Bond angleq°)

Bond valencées

1.85@)
1.87(5)
1.89(8)
1.8726)
1.99%)
1.97(5)
1.95®)
1.9746)

89.01)/90.1(4)
89.8)/90.52)
88.(2)/92.02)
89.01)/91.0(4)
88.2)/91.92)
88.2)/91.1(2)
156(8)
157(8)
155(@)

2.27
4.58
3.48
2.10
2.08
2.12

breathing phonon mode leading to a rock salt ordering ofBond valences were calculated using the programreNnce (Ref.

Fe" and F&', as had been previously proposédhe Fe-O

distances clearly show two chemically distinct iron sites. No value (1.772 determined at 300 K for Fé.

45). The valences of the Fe-O bonds were calculated usingghe
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FIG. 5. An expanded region of the observed x-ray-diffraction
pattern of CaFe@at 15 K (upper curvg and the difference curve
I obs | calc (Iower curve. Tick marks denote the expected peak posi-
tions. The calculated diffraction pattern is omitted for clarity. The
peaks marked with an asterisk arise from the presence of a minutga
amount of an unknown impurity phase, as well as from scatterin%r
from the Be windows of the cryostdthe three peaks between 10
and 13° @ and the peak at-22° 26).

FIG. 6. A polyhedral representation of the crystal structure of
FeQ at 15 K. Fe2 resides at the center of the unshaded octahe-
a, while Fel is found at the center of the shaded octahedra. The
open spheres represent calcium ions.

. Lo . state becomes increasing populated until finally the dispro-
valence calculations do not indicate a full charge d'SPrOpO_rbortionated state is completely destroyed.

tionation in a variety of other compounds that undergo simi- |, order to investigate the nature of the CD phase transi-
lar transitions(see Table VIl. The degree of CD in CaFe0O  tion, we determined the unit-cell parameters over the tem-
as calculated from bond valence calculations, is intermediatgerature range 100-315 K, in 15-K intervals. These values
between YNIQ, where the CD occurs at a higher tempera-were obtained from Rietveld refinements of x-ray-diffraction
ture and has a much stronger influence on the latfi@d  data, collected using the PSD. The results are shown in Figs.
BaBiO; where the CD is strong enough to exist up to7-9. No sudden discontinuities were observed over this tem-
~860°C3® Furthermore, the isomer shift observed for perature range, consistent with a seco(a-higher) order
CaFeQ in variable temperature Misbauer spectra, which is CD phase transition. Finally, we note that the temperature
very sensitive to the CD, remains essentially constant belowvolution of 3, which is one indicator of the degree of CD, is
about 160 K3* Fractional charges on ions are unphysical;in qualitatively good agreement with the temperature evolu-
likewise, fractional charges of oxidation states, which countion of the isomer shift\5.3*

electrons in the bonds rather than on the atoms, are not al-
lowed at the atomic level. However, we may consider that in
CaFeQ the ground state is the oxidation states’Fand
Fe" but that the nondisproportionated*Festate is a low- The low angle regions of the neutron patterns at 298 and
lying excited state. Thus with increasing temperature thisl5 K are shown in Fig. 10. The 15-K pattern is characterized

Low-temperature magnetic structure

TABLE VII. Bond valence sunfsof perovskite compounds, which undergo charge disproportionation or
charge ordering.

Bond Bond
Data coll. Transition valence valence

Compound temp. (K) temp. (K) Mn+o mMn—2 % CDP Ref.
CaFe’Fd"Oq 15 290 4.58 3.48 55 %
NdSrMrYMn'" Q8 50 155 3.98 3.49 49 % 22
Ba,BiVBi'"' O 300 ~860 4.87 3.36 76 % 46
Ba,BiVBi'"' Og 300 ~860 4.97 3.26 86 % 33
Y,Ni'VNi"Og 300 580 2.76 2.28 24 % 32
YBaCd"Cd'Og 25 220 2.65 2.05 60 % 47

@Bond valence sums were calculated from the literature bond distances using the pvageace (Ref. 45

with the exception of BaBiQwhere the bond valence parameters determined by McGuire and O’Keeffe
were usedRef. 48.

®The % charge disproportionation was calculated using the formulx (00— V2)/(01-02, whereV1 and

V2 are the bond valences of the metal ions, while O1 and O2 are the oxidation states of the same cations in
a fully disproportionated state.
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FIG. 9. The temperature evolution of the unit-cell volume. Error

FIG. 7. The temperature evolution of the unit cell parameters ’
bars are smaller than the symbols used to mark the points.
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than the symbols used to mark the points.

by the appearance of additional peaks which are clearly mag-
netic in origin. Fits of the individual peaks to a pseudo-Voigt
function show that the magnetic peaks are significantly
broader than the nuclear ones and also that, with the exceg
tion of the strong peak at-8.9°, they are split into at least
two components. Furthermore, they cannot be indexed on thi § -
basis of the chemical cell nor any simple enlarged cell. How- -
ever, the peak positions can be accounted for satisfactorilyg
with an incommensurate pseudocubic propagation vectol 8
[6,6,6] with §=0.161, in good agreement with the value re- -
cently reported by Kawasalkit al.” The first four magnetic
peaks can then be indexed as various combinations of satet
lites of the pseudocubi@®00), (100), (110), and(111) reflec- B
tions, as indicated in Fig. 10, and the intensities are qualiti-
tatively consistent with those expected from the simple

CaFe0; 298 K

(100)

(110)

ENSI
200
T
1

ferromagnetic spiral structure proposed by Kawasdlal. ol v v v
A precise determination of the magnetic structure is com- 10 20 30 40 50
plicated for a variety of reasons; there are only a few well- 26 (degrees)

resolved magnetic peaks, these peaks are significantly broac
ened, the low-temperature crystal structure is monoclinic, —

and finally § is very close tog, so that satellites originating CaFe0; 15 K
o[ S ]
90.07 ? v S
3 g
90.06 A g <) &
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-] 2 8 = -
O 90.04 g« e =
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75 125 175 225 275 325 FIG. 10. Low angle region of the neutron patterns for Caf&O
298 K (uppe) and 15 K(lower), with the peaks indexed on the
Temperature (K) basis of the pseudocubic unit cell. Thesuperscripts on the indices

of the magnetic peaks in the lower pattern sigriifiy- 5, k=6, |
FIG. 8. The temperature evolution of the monoclinic angle = §).
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TABLE VIII. Magnetic structure parameters for Cakgét 15 K for the constrained and unconstrained
spiral and sinusoidal models described in the tét. J,, and 5. are the components of the propagation
vector in monoclinic reciprocal-lattice unit§.and ¢ are spherical angles defining the orientation with respect
to the monoclinid010] and[100] axes of eithera) the helical axis(spiral models 1A and 1B or (b) the
direction of the magnetic momentsinusoidal models 2A and 2BIn the latter case, the “moments”
represent the maximum amplitude of the sinusoidal modulation.

Spiral Sinusoidal
1A 1B 2A 2B

Fel moment fg) 2.4910) 2.7013) 3.4013) 3.6014)
Fe2 moment fg) 3.4711) 3.5213) 5.0213) 5.0614)
S.(A™h 0.32312) 0.32458) 0.32292) 0.32664)
Sy (Ah 0.0 0.009%8) 0.0 0.0
5. (A™Y 0.3231 0.319(12) 0.3229 0.3156)
0(°) 90.0 71.41.9 0.0 28.32.6)
e () 35.2 56.29) 90.0 90.0
Rnuc (%) 2.9 2.8 2.9 2.9
Rimag(%) 7.2 4.5 7.5 5.8
Rup (%) 3.9 3.8 3.9 3.9
X° 1.74 1.66 1.72 1.68

from different fundamental peaks are closely overlapped. Riwere included in the refinement. The best fits were obtained
etveld analysis was carried out with theuLLPROF  with the helical axis directed along or fairly close to the
program*® which allows incommensurate magnetic struc-monoclinic [101] axis, and gave a Fe moment of about
tures to be refined. If the cubic cell is transformed to the3.0ug. A slightly improved fit was obtained when the mo-
monoclinic cell via the matrix 110;110;002], the (585  ments at the two Fe sites were refined independently, yield-
propagation vectors becom#[ 5,,0,6m], £[m,0,— dml, ing values of 2.5 and 3.tor 3.5 and 2.b ug, respectively,
and=*=[0,6,,,* 6], whereés,,=26. In general, they,,, com-  for Fel and Fe2. From the refinement alone it is not possible
ponents of these propagation vectors are not required to e distinguish between these two sets of values, but clearly
equal, nor need the other components be zero. In the followenly the first set are consistent with the bond valence calcu-
ing discussion, the directions and planes will be based on thiation described above. The results of this refinement for the
monoclinic cell, but we shall sometimes specify the equiva{101] spiral are summarized in Table VIII, model 1A, and
lent pseudocubic directions for clarity. In the initial stages,the good quality of the fit is demonstrated by the low values
the magnetic peaks were excluded and the crystal structuef the goodness-of-fit residual®yp, Rauc, Rmag: @and X2).
and profile parameters were refined. The magnetic peak&dditional refinements were carried out with the propagation
were then included and the profile parameters refined from wector directed along each of the other pseudocybicl)
LeBail fit*>® to the pattern with the crystal structure fixed anddirections. In each case the best fits were obtained with the
the two components of the propagation vector constrained tepiral normal along or close to the direction chosen, and the
be equal. It was found that the broadening of the magneticefined values were essentially identical to those in Table
peaks could be accounted for very well by an additionalVIll.
particle-size parameter attributable to the formation of mag- Although in general this simple model accounts quite well
netic domains about 300 A in size within the individual crys-for the magnetic intensities, a closer examination of indi-
tallites. vidual magnetic peak profiles reveals some significant dis-
In addition to a simple helical structure, a sinusoidalcrepancies. This is illustrated in Fig. (Bl for the second
amplitude-modulated model was also considered, since theraagnetic peak at 2~27°, which is a doublet composed of
iS noa priori reason to rule out such structures. Antiphasethe * (- §,,,0,2—6,,) and =(1-6,,,*1,—5,) satellites.
domain and helical-fan-type structures were not considereBurther refinements were carried out in which the propaga-
because of the absence of any satellite peaks associated witbn vector and the helical axis were no longer constrained to
higher harmonics of the modulation vector. A series of re-lie along the[101] direction, resulting in better goodness-
finements was first carried out for a simple ferromagneticof-fit residualsR,,,gand x? and a clearly-improved fit to the
helix in which the helical axignormal to the spiral plane peak profile[Fig. 11(b)]. The resulting propagation vector
was fixed along the principal pseudocubic directiéh80, deviates from the monoclinif101] direction by about 1°,
(110, and(111), with the propagation vector directed along and the helical axis is now much closer to the monoclinic
pseudocubi¢111], i.e., monoclinic[101]. The moments on [112] direction, i.e., pseudocubjd01]. The results are listed
the two Fe sites were constrained to be equal and ti& Fe in Table VIII, model 1B, and part of the profile fit and dif-
form factor was assigned. Twelve atomic positional paramference plot in Fig. 12.
eters, five isotropic temperature factors, ten profile param- The second model considered was a sinusoidal amplitude-
eters, a zero-point correction, and an overall scale factomodulated structure. An analogous set of refinements to
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with the direction of the moments along monoclifi@10],

corresponding to pseudocubi@¢ 10], and yielded a maxi-
mum amplitude for the Fe moment of about 453 When

the moments at the two Fe sites were refined independently,
there was a very slight improvement in the fit, with values of
3.5and 5.0or 5.0 and 3.bug for Fel and Fe2, respectively.
The results of this refinement are summarized in Table VIII,
model 2A, and it is clear from the similarity of the goodness-
of-fit residuals(magneticR factor Ry,,q and x?) that it is not
possible to discriminate between the spiral and sinusoidal
models. Once again, there were noticeable discrepancies in
the individual peak profile fit§Fig. 11(c)], and a further
refinement in which the propagation vector and magnetic
moment direction were allowed to vary yielded better residu-
als(Table VIIl, model 2B and a distinctly-improved fitFig.
11(d)].

All of the above refinements yielded essentially the same
values for the atomic coordinates, which were in reasonable
agreement with the x-ray values in Table V, the average
discrepancy being abouto3 However, the mean bond
lengths for Fe1-O and Fe2-(.91 and 1.93 Adid not show
clear evidence of charge order as in the x-ray refinement,
which we believe is a consequence of the high degree of
pseudosymmetry, the much lower resolution and peak-to-
background discrimination of the neutron pattern, and the
many overlapping magnetic peaks.

FIG. 11. Profile fits and difference plots for the second magnetic The results obtained for the simple screw spiral model
peak in the 15-K pattern for different magnetic models and propawith a single Fe moment are in good agreement with those

gation vectors as described in the text and Table \MH): spiral
with 8,= 8.= 8, 6,=0; helical axis[101] (model 1 A (b) spiral
with 8,# 8,# S ; helical axis[hkl] (model 1B (c) sinusiodally
modulated with §,= .=, S,=0; moment direction[010]
(model 2A (d) sinusoidally modulated witld,+# 6., 6,=0; mo-

ment direction Okl] (model 2B.

reported by Kawasaket al” However, we find that im-
proved fits are obtained when the propagation vector and
helical axis are allowed to deviate from the pseudocubic
[111] direction, and also when individual moments are as-
signed to the Fel and Fe2 atoms. Furthermore, we have ex-
tended the analysis to a sinusoidally modulated structure, and
find that this model fits the data equally well. The two struc-

those described above was carried out with the magnetic MQyres are illustrated schematically in Fig. 13. A screw spiral
ments directed along the principal pseudocubic d'reCt'O“%onfiguration has also been reported for SrEe@ Takeda

(100, (110, and(111), and the propagation vector directed o al.>% and for SrFeQ,

by Oda and colleagué&®’ In

along monoclinid101]. In this case the best fit was obtained light of the fact that the individual magnetic moments asso-
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ciated with the sinusoidal structure lie outside of the range of
values that would be physically realistic for ¥eand Fé&",
in the presence of significant covalency effects, a pure sinu-
soidal structure seems rather unlikely. However, we cannot
rule out the possibility of some more complex intermediate
type of fan structure. In view of these difficulties it is not
possible to draw any firm conclusions about the electron con-
figuration and the degree of covalency from the values of the
magnetic moments. The simplest approximation would be to
assume that the spiral model is correct, in which case the
moments are significantly lower than the high-spin values of
3 and Sug, and indicate a considerable degree of covalency.
It is interesting to note the similarity of the low-
temperature neutron pattern for CaRe® that obtained by
Battle et al3® for Srysla;sFe0; o5 in which the Fé":Fe"
ratio is nearly 2:1. This compound has a hexagonally dis-
torted perovskitelike structure, and the magnetic structure

FIG. 12. Profile fit and difference plot for the low angle region Was described as a spin-density wave commensurate with a

of the neutron pattern for CaFg@t 15 K for model 1B as de-

cell doubled along the pseudocubitll] axis, correspond-

scribed in text. The short vertical markers just below the profile ploting to a modulation vectofd,5,6] with 6= &, in which ad-
indicate the calculated positions for magnetic and nuclear peakigcent layers of near-neighbor Femoments of 3.gg are
(upper and lower rows, respectively

coupled antiferromagnetically to each other, and ferromag-
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extent, with respect to theddand = orbitals, brings into
guestion the importance of next-nearest-neighbor coupling in
CaFeQ. Another possible source of the antiferromagnetic
interaction is thet,,-Om-t,y interactions between nearest
neighbors, which is antiferromagnetic due to the fact that
orbitals are half filled on both Pé and F&". This type of
coupling could also extend to next-nearest-neightidrl)
planes through Fé-O 7-Fe’*-O 7-Fe* linkages. This in-
teraction is of course opposed by the ferromagnetic coupling
of the ey orbitals, but the competition between these two
could lead to the observed canted structure.

[11]

CONCLUSIONS

Using powder-diffraction techniques, the room-
temperature and low-temperature crystal structures of
CaFeQ have been determined for the first time. At 300 K
the crystal structure is distorted from the ideal cubic perov-
skite structuréadopted by SrFeg) by octahedral tilting. The
octahedral tilting distortion in CaFeQs identical to that
seen in GdFe@and CaTiQ. Below T¢p (~290K) two dis-

spiral sinusoidal tinct types of Fe site develop, lowering the symmetry to
,/[01?] monoclinic. In addition to the octahedral tilting distortion,
the low-temperature structure exhibits rock-salt-type order-

FIG. 13. Schematic illustration of the spiral and sinusoidal maging of F&€*° and Fé~°. Bond valences indicate that
netic structures for CaFeCat 15 K for the constrained models =0.55. Comparison of the 15- and 300-K crystal structures
(Table VIII, models 1A and 2A shows that the CD phase transition can be described as the

condensation of a phonon breathing mode and the develop-
netically to adjacent layers of near-neighboP Fenoments ment of a charge-density wave. The temperature evolution of
of 2.7ug on each side. However, these authors were unablthe unit-cell parameters indicate that the transition is second
to refine the long-range charge-ordered crystal structure, pr@rder. The low-temperature magnetic data can be fit equally
sumably because of the very high degree of pseudosymmevell by a screw spiral structure similar to that reported by
try. The magnetic structure is consistent with the predictedKawasaki et al” or by a sinusoidal amplitude-modulated
superexchange interactioffsand can be viewed as a square- structure. In both cases, the fit improves very slightly when
wave amplitude-modulated structure locked into the latticehe values of the moments at the two Fe sites are allowed to
periodicity. take different values; 2.5 and 3.5 for the spiral structure,

Clearly the situation is more complicated in CaReO and maximum amplitudes of 3.5 and a®for the sinusoidal
where nearest-neighbor #eand F&' ions would be ex- structure. Finally, we have shown that the CD induces only
pected to couple ferromagnetically, due to the superexchangaibtle changes in the x-ray-diffraction pattern and that very
interactions between half filled and empgy orbitals. The high quality diffraction data is absolutely necessary in order
net result would be a simple ferromagnetic structure. For do detect it.
ferromagnetic spiral to be stabilized, some kind of longer- After preparation of this manuscript, but prior to submis-
range antiferromagnetic interaction is necessary. One posssion, it came to our attention that a detailed neutron-
bility is the existence of significant superexchange interacdiffraction study of CaFe@was being carried out in Japan
tions between next-nearest neighbors through two oxygehy T. Takedaet al** Regarding the rock salt ordering of
atoms. The Fe-O-O-Fe interactions involve thg orbitals, Fe'/Fe*, which drives the orthorhombic to monoclinic
which are half filled on both Fé and F&", so that the transition, their findings are in good agreement with ours.
next-nearest-neighbor interaction would be antiferromag-
netic. Such behavior is known to occur in some ordered
perovskite-typeA,BB’Og structures containing smaB’
ions#%4! For example, in Ba.aRuQ, and BaCaRuQ, We thank M. Takano for providing the sample which pro-
where the nearest neighbors are diamagnetic, the antiferreided the impetus for this work. We gratefully acknowledge
magnetic R&"-O-O-RPP* coupling has been shown to be the several useful discussions with J. Rodriguez-Carvajal con-
dominant superexchange interactfn.In  Ba,CoReQ, cerning the application of hisULLPROF program to incom-
where both octahedral cations possess unpalretbctrons, mensurate magnetic structures, and B. Toby for assistance
these interactions lead to a modulation of a ferrimagnetiavith the neutron data collection at the BT1 neutron powder
structure in which near-neighbor Co and Re moments ardiffractometer, Center for Neutron Research, National Insti-
coupled antiparallel, with the propagation vector lying alongtute of Science and Technology. Work at Brookhaven was
a cubic (001) direction?®> However, in each of the above supported by the U.S. Department of Energy, Division of
examples the M-O-O-M coupling involved a%r 5d tran-  Materials Sciences, under Contract No. DE-AC02-
sition metal. The fact that@®orbitals have a reduced spatial 98CH10886.
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