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ABSTRACT

The crystal structure of the strontium ferritgF2£0,5 4, Was solved by direct methods on
electron diffraction tomography data acquired draasmission electron microscope. The refined
cell parameters are a= 27.4047(3) A, b=5.4859&7and c = 42.7442(4) A irFm2m
symmetry. Its structure is built up from the intength sequence between a quadruple
perovskite-type layer with a complex rock-salt (R#)e block. In the latter iron atoms are found
in two different environments : tetragonal pyranaidd tetrahedron. The structural model was
refined by Rietveld method based on the powdery<difiraction pattern.
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1. Introduction

In the search for new high Tc superconducting nese(HTSC), large structural families
have been found out. They are characterized togk-salt (RS) type layers & 1,n =2 orn = 3)
and m perovskite-type layers. In the Sr-A-O system (Ad-transition element), the RS block
consists of if - 1) intermediate [AO] layer(s) sandwiched between [SrO] layers, and the
perovskite block is made om(- 1) [SrO] layers alternating along the stackimgsavith m[AO]
layers. Then a simple notation, based on the catidices ( - 1)2(m - 1)m, has been adopted by
the community to denote these materials. For A ArFéhe iron rich part of the Sr — Fe — O, the
incommensurate modulated phaseF&0:35 was structurally analyzed in detail by single



crystal X-ray diffraction and the results led te tlormulation (F8(Sr)FeGss2 (N = 3,m = 1),
which highlights the particularity of the doubléeermediate layer in the RS block to contain only
transition metals (instead of Bdcations in the HTSCS) The second member of the iron-rich
strontium oxides familyr( = 3, m = 2) was obtained by substitutingSwith Bi** and the
formalism used to describe its structure sy Bio.6sSh 3))SrFe0ss:1/5 2. Thus these first two
members were denoted Fe-2201 angi-B212 respectively, in order to outline the struaku
difference with the other Bi-2201 or Bi 2212 stuwress in the Bi-rich Bi — Sr — Fe — O system. In
2008 a third member of this iron-rich family wasleted, and its preliminary structural
characterization highlighted a first schematic espntation of the structural model in accordance
with electron diffraction (ED) studies and High Bkgion Transmission Electron Microscopy
(HRTEM) and Z-contrast imaging observations. Thihesnatic model led to the formulation
(F&)(S)(Sr)Fe01465(n = 3, m = 4F, and then can be named Fe-2234. Attempts to ssiathe
single crystal of this phase for solving the stnoetby single crystal X-ray diffraction have been
unsuccessful, and solving the structure ab-ingigpbwder X-ray diffraction is almost impossible
due to the numerous diffraction peaks. In the preadicle we propose to solve the structure of
this phase using tools provided by electron crisgehphy, in order to highlight structural details
like oxygen positions. Different methods have beemeloped these past few years to collect
three dimensional electron diffraction data : zaris Precession Electron Diffraction (PED,
Electron diffraction tomography (ED*)”?*?’and Rotation Electron Diffraction (REBY*°. The
advantage of all these techniques is to solve tstreis analogously to conventional single crystal
X-ray diffraction, on micro or nano-sized particlpeesent in a powder, which is particularly
interesting in the case of multiphased samplexiigpktructures from electron diffraction data is
a quite recent science, but numerous structures hready been solved, including complex
structures presenting incommensurate modul&tioncontaining light cations like t*2

In the present work, manual electron diffractiomtgraphy was the technique used for
solving the structure of §fe;0,54 (Fe-2234). The resulting structural model was efiirom
powder X-ray diffraction data.

2. Experimental section

For the TEM observations the black powder sample sgnthesized by conventional
solid state reaction The specimen for Transmission Electron MicroscpgM) analysis was
prepared by crushing a small part of the pelleinragate mortar containing ethanol, and a drop
of the suspension was deposited on a copper gudred with a holey carbon film. Electron
diffraction patterns were recorded using a 4k xGMOS-TVIPS TEM camera with a 16 bits
dynamic range, and the Energy Dispersive Spectpys@@®DS) analysis was performed using a
Bruker Silicon Drift Detector. Zone Axis Selectedea Diffraction (SAED) was performed with
a LaBs Philips CM300ST transmission electron microscoperating at 300kV, equipped with a



+30° double tilt sample holder. Manual electrorfrdiftion tomography was performed using a
single tilt tomography sample holder with a tillnge from -60° to +49°. The dataset was
collected by recording an ED pattern each time saeaple holder was manually 1° tilted. A
precession angle of 1.2° was applied to integfaenthole intensity of the reciprocal space rods.
Then the dataset were processed using PETS prograhe program performs peak extraction
on each ED pattern, and then refines the azimwhgle between the horizontal axis and the
projection of the tilt axis. After having analyz#éte peak positions, PETS performs a difference
vector space analysis to produce a complete repasm of the reciprocal space. The program
JANA2006° was used as a graphical interface to find the egiltand to refine the orientation
matrix that allows integrating the reflection inséres of each ED pattern by PETS. Intensities
belonging to the same reflection on adjacent padtare integrated together, and the final list of
intensities contains one value per each hkl indiggh the corresponding estimated standard
deviation®. Thus the resulting intensity file was used asimput for ab initio structure
determination by direct methods with the softwal®@2911, which contains special algorithms
adapted to Electron Diffractioh®

Powder X-ray diffraction (XRD) pattern was recordesh a D8 ENDEAVOR
diffractometer in reflection mode using Cy Kadiation § = 1.54181 A), in the range 18°20 <
100° with 0.02° stepsize. The structure was refingdhe Rietveld method using FULLPROF
SUITE prograr integrated in WINPLOTR softwate

3. Results

3-1. Crystal structure determination The EDS analysigperformed on over 40 particles of
the phase, exhibits a ratio Sr/Ee0.80+0.04. By tilting around crystallographic ax&AED
patterns were recorded for reciprocal space reagigin, and the three main zone axes [100],
[010] and [001] are presented as example in Fig),1{(b) and 1(c). The reciprocal space
reconstruction highlighted an orthorhombic unitkcgéfined by the cell parameters:27 A, b~
5.4 A and ¢ 42.5 A. The systematic extinction conditions ohreflections are h+k = 2n, k+| =
2n, h+l = 2n simultaneously, which are consisteitih & F lattice type (Fig. 1(d), 1(e)). No other
extra extinction conditions have been revealed, thed the possible space groups amemm
Fmm2 Fm2m F2mm or F222 This unit cell was confirmed by the cell deteration in
JANA2006 from electron diffraction tomography datas



Fig. 1. (a) [100], (b) [010], (c) [001],350] and P51] SAED patterns. All patterns are indexed in
the F-lattice type orthorhombic unit cell.

The structure resolution was performed by SIR2Gdfiwsre using the direct methods. The
input file contains the following informations :

- The cell parameters : cell parameters determired electron diffraction being much less
accurate than those from powder X-ray diffractidhe cell parameters refined by Lebail
refinement on powder X-ray diffraction data weredis

- The possible space groups to tdstmmm Fmm2 Fm2m F2mm or F222

- The nominal composition : 100Sr 120Fe 2800 olethiny a simple proportional calculation
between the number of atoms in,(B3¢eeSh 3)SIFe0s 33 (Fesi-2212, V = 2498 A) and the
number of atoms in our unit cell (Fe-2234, V = 642%.

- The resolution dsowtion : radius of a sphere containing the number okogitbns taken into
account for structure determination. Calculatiomsesmade for @soluton= 0.8 A.

- The two-beam approximation of dynamical thefpy « |Fpi| : amplitudes of diffracted
beams are comparable to the amplitude of the intideam. Two-beam approach assumes that
only the incident and the diffracted beams intenathe crystal.
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First trials for solving the structure were carrimat using the highest symmetry space group

Fmmm Among the 14755 measured reflections, 1746 radles were retained with | >ad3

leading to R of 34 and a redundancy of 3.6. After SIR2011 datoons, 1020 independent

reflections were taken into account forgdlion0f 0.8 A, giving rise to a completeness of 58 %.

The output of the direct method calculations iseamsity map that is interpreted as atomic

positions by SIR2011. The structure solution modepresented in Fig. 2 (a), and can be

described as a regular alternation of Sr rows WAghrows along ¢ axis, with however two
successive Fe rows at 0.2 <z < 0.3 and 0.7 < B<The model clearly shows a lack of oxygen

atoms since only 128 oxygens among the 280 expeceedresent. This observation is explained
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[010] projection of the electron density map getextdy SIR2011 irmmmatfter direct method
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Fig. 2. (a) [010] projection of the structure model obé&nn FmMmmat desowution



Other trials in ab-initio structure resolution wesarried out using a lower symmetry, by
replacing one of the m mirror by a 2-fold axis. Tpesition of the 2-fold axis was chosen
identical to the one of the parent compoungd;-2812, which is along b afisin Fm2mspace
group, 1737 reflections were retained for 1&; Bading to a R of 32.5 and a redundancy of 2.1.
The [010] projection of the 3D electron density mggnerated by VESTA after SIR2011
calculations is presented in Fig. 3(a), and itermtetation by SIR2011 in term of atomic
positions is presented in Fig. 3(b). As observedbath figures the cationic arrangement remains
the same as the one Fmmm consisting of a regular alternation along ¢ deaswveen Sr rows
and Fe rows, with replacement of Sr by Fe at z14 3ihd z = 17/22, creating double Fe layers.
The oxygen atoms are more numerous-m2mthan inFmmm and they are positioned in a
regular way around Sr and Fe atoms in the unit A¢la first glance, most of oxygen atoms look
correctly positioned, but some anomalies are \asilike some oxygen atoms with distances O-O
below 1.5 A (pointed out by black arrows in Fig)3(br absent-oxygen areas (circled dashed line
in Fig.3(b)) whereas electron densities are ob$devan this equivalent areas on the electron
density map (circled dashed line in Fig.3(a)). Tanfaem the goodness of present oxygen
positions in the structure and determine missingger atoms in the areas mentioned above,
sections of observed Fourier map were created.
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In Fig. 4, four sections are presented in the afetne unit cell where Sr and Fe rows
alternate regularly along c axis, which correspoted§.30< z < 0.70. In Fig. 4(b), the strong
electron densities with the electrostatic potentiglxima around 36 e:Aare attributed to Sr
atoms, and those with the maxima around 24'e.Are attributed to Fe atoms (electrostatic
potential values were calculated from the mathazabéxpression established Gynthia Corréa
and Lukas Palatinus U (e.A%) = 3.32367(A)Xe|oana(r)(A?), with e = electron charge and
Piana(r) = electrostatic potential given by JANA2006heTthree other sections in Fig. 4(a), 4(c)
and 4(d) exhibit electron densities with electristapotential maxima around 10 &'A
corresponding to O atoms. Those at y = 0.05 (Hia))4nd y = 0.554 (Fig. 4(d)) are situated at
the same z level as Fe atoms (Fig. 4(b)), surraunthem to form square plane environments,
and O atoms at y = 0.356 (Fig. 4(c)) are positioatthe top and bottom of each Fe atoms. For
instance Fe3 in Fig. 4(b) (highlighted in red) isreunded by O13/014 of Fig. 4(a) with Fe-O
distances of 1.82 A and 1.87 A respectively, O12/0flFig. 4(d) with Fe-O distances of 2.08 A
and 2.08 A respectively, and 03/017 of Fig. 4(dhwie-O distances of 2.07 A and 2.15 A. So
we can deduce that all Fe atoms in the slab ofuthecell at 0.3< z < 0.7 are in octahedral
environments, with Sr atoms positioned in betweahjch finally describes a quadruple
perovskite-type layer.

y=0.050
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Fig. 4. [010] observed Fourier map sections at (a) y $,0(0) y = 0.277, (c) y = 0.356 and (d)
y = 0.554. They all exhibit electron densities egponding to Sr, Fe and O in the part of the unit
cell included between z = 0.30 and z = 0.70.

Now we will interest to the slab of the unit ceithvthe double Fe layer (0.21z<0.29).
According to the raw structural model in Fig. 3(6dme oxygen atoms were missing in this area.
Sections at y = 0.05 (Fig. 5(a)) and y = 0.40 (FH¢:)) allowed to determine these oxygen
positions by identifying electron densities whoseceostatic potential maxima were above 10
e.A? on the one hand, and on the second hand with mebodistances (around 2 A) between
them and Fe atoms present at the section y = Gig2 §(b)). The resulting determined oxygen
atoms were 018 (Fig. 5(a), electrostatic potemtiakima = 13 e.A, dois.res= 1.8 A) and 020
(Fig. 5(c), electrostatic potential maxima = 11.8%& dozo.rea= 1.9 A, thaoreo= 2.2 A and dao.
re7= 1.9 A). A slight shift of 019 and 023 positiowss applied in order to fit better with the
maxima of the electron densities. The atomic aramnt between oxygen and iron atoms is
presented in Fig.5 (d) and Fig. 5(e) in the rangg ® 0.05toy=0.4and y =0.05toy =0.9
respectively. The arrangement in this slab is \@erglogous to the double rock-salt type layer
observed in intergrowth type structures called B{r2-1)m, with Fe atoms instead of Bi in the
double layer, reducing thus the distance between ttho layers and conferring larger
displacements of oxygen atoms, in such a way thax#&a oxygen O18 is periodically inserted
every 5 Fe atoms along a axis between the two yegdaThese structural features were already
highlighted in the phases called Fe-2201 ang-E212, confirming the belonging of our phase to
this family of layered iron oxides.
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Fig. 5. [010] observed Fourier map sections at (a) y 500) y = 0.20, (c) y = 0.40, (d)
0.05<y<0.40 and (e) 0.05 y <0.90. They all exhibit electron densities for lrel ® in the part
of the unit cell included between z = 0.21 and®29.



3-2. Structurerefinement

TheFm2mspace group and the atomic positions calculatetidgirect methods on SIR2011
were used as starting sets in the refinement pueed24 points were picked up on the
experimental diagram to create the background,enthié diffraction peaks were fitted using a
pseudo-voigt function. The half width parametertiod diffraction peaks was evaluated by the
Caglioti equatiof’. The cell parameters and atomic positions of #wsdary phase SrE&:9
have been considered and refined in order to ilcdevectly the whole set of diffraction peaks on
the diagram. After this refinement, all parametdrthis phase were fixed and the cell parameters
of the phase Fe-2234 as well as the profile funcparameters were refined. Then the scale
factor and the cationic positions were refined. €idering the high number of independent
atomic positions in the structure, the fact that structure to refined is one of two phases present
in the powder and the fact that oxygen is poorbkible by X-rays, it is clear that refinement of
oxygen positions is rather irrelevant. So to maintstable the oxygen positions during the
Rietveld refinement, restrain in cation-oxygen a@gtes was applied and cation positions were
fixed, with application of a low damping factor. &hefinement led to satisfactory reliability
factors as well as a good agreement between therimgntal and calculated XRD diagrams.
Details of the refinement conditions, cell paramet@hase contents and reliability factors are
given in Table 1. Atomic positions are given in Temb2 and in supporting information with the
interatomic bond distances. The observed and eatdilXRD diagrams with their difference
curve are presented in Fig. 6 displaying a goocegent between observed and calculated
diffraction profiles. The final structure, presaht@ Fig. 7(a) (with atoms) and Fig. 7(b) (with
polyhedra), is described as a stacking of a quaelpgrovskite-type layer with a double rock-salt
type layer, where the sequence of polyhedra alorexia consists of three corner-sharing
tetrahedra (in yellow) linked by the corner witheotistorted tetragonal pyramids (in green). The
chemical formula per unit cell is Q#Fe20030s, Which is reduced to §¥e;O0;5.4
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Results obtained from Rietveld's
profile analysis method

Step scan increment (°28) 0.02
28 range (°) 10-100

phase 1 : SrsFeg0;54 (space group F m2m/Z = 20)

scale factor 0.0000188(1)
U -0.0105(18)
\ 0.0239(17)
W -0.00144(34)
shape 0.17(1)
a(A) 27.4047(3)
b(A) 5.48590(7)
c(A) 42.7442(4)
V(A% 6426.14(13)
phase content(%) 56.25(22)
Rbragg (%) 18.5

phase 2 : SrFe;,0,4 (space group P 6;/mmc/Z = 2)

scale factor 0.0000360(3)
U 0.0217(5)
Y -0.003(5)
W 0.005(1)
shape 0.09(2)
a(A) 5.88618(4)
c(A) 23.0540(3)
V(A% 691.742(12)
phase content(%) 43.75(26)
Rbragg (%) 15.8
global X*(%) 2.57

Table 1. Parameters and reliability factors obtained byRIetveld refinement of the powder X-
ray diffraction diagram containing both phaseg=80:5 4 (Fe-2234) and SrigO;o.
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Wyckoff X y z Wyckoff X y z
Sr1  16e 0.1004(18) 0.2818(27) 0.4082(8) 04 8d 0.1951(71) 0.3270(16) 0.5
Sr2  16e 0.2006(13) 0.7742(33) 0.4085(13) 05 16e 0.1463(82) 0.0829(73) 0.456(5)
Sr3  8c 0 0.7662(17) 0.4072(8) 06 16e 0.2558(95) 0.0829(19) 0.4561(51)
Sr4  16e 0.1011(18) 0.2655(23) 0.3198(6) 07 16e 0.0570(82) 0.0939(96) 0.4541(45)
Sr5 8¢ 0 0.7650(28) 0.3199(11) 08 16e 0.0998(7)  0.8511(82) 0.4069(51)
Sr6  8d 0.1992(11) 0.7590(17) 0.5 09 16e 0.1612(53) 0.5620(74) 0.4560(50)
Sr7  4a 0 0.7460(23) 0.5 010 16e 0.0370(89) 0.5523(35) 0.4539(43)
Sr8  8d 0.0982(13) 0.2979(14) 0.5 011 16e 0.4528(53) 0.0511(7) 0.3612(62)
Sr9  16e 0.2008(13) 0.3010(12) 0.1709(8) 012 16e 0.3472(81) 0.0498(7) 0.3651(47)
Fel 16e 0.1006(15) 0.7563(40) 0.3641(19) 013 16e 0.7470(75) 0.0505(85) 0.3638(55)
Fe2 8c 0 0.2548(15) 0.3632(12) 014 16e 0.8552(86) 0.0505(91) 0.3612(44)
Fe3 16e 0.1997(17) 0.2510(29) 0.3650(13) 015 16e 0.0520(52) 0.0505(11) 0.3612(44)
Fed 8c 0 0.2344(21) 0.4540(12) 016 16e 0.3678(60) 0.3487(88) 0.3132(48)
Fe5 16e 0.1985(20) 0.2428(52) 0.4539(18) 017 16e 0.1991(84) 0.3514(75) 0.3132(43)
Fe6 16e 0.0990(22) 0.7550(35) 0.4540(13) 018 8b 0.75 0.0699(43) 0.25
Fe7 16e 0.1021(23) 0.7180(31) 0.2710(12) 019 16e 0.0691(59) 0.4106(29) 0.2599(46)
Fe8 8c 0 0.2157(19) 0.2710(11) 020 16e 0.1580(51) 0.3798(83) 0.2426(40)
Fe9 16e 0.1999(24) 0.2151(42) 0.2709(17) 021 8c 0 0.7887(78) 0.1888(70)
01 4a 0 0.3130(44) 0.5 022 &d 0.4140(64) 0.25 0.5
02 8¢ 0 0.3391(17) 0.4081(48) 023 8c 0.5 0.4018(85) 0.2631(40)
03 16e 0.1991(82) 0.3451(92) 0.4122(45)

Table 2. Atomic positions in SFe;015 .4 (Fe-2234) after powder X-ray diffraction refinerhen
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coordination polyhedra and (b) with coordinatioypedra.

4. Conclusion-Discussion

The crystal structure of $te;s0154 has been successfully solved by electron diffoacti
tomography combined with powder X-ray diffracticfinement by Rietveld method. The direct
methods applied on the electron tomography dataset perfectly suitable to determine the
structure model ilFFm2m space group with correct detection of all the aratand oxygen
positions. This structure is described as a stgckiong c axis of a quadruple perovskite-type
layer composed of Fe distorted octahedra, with ddedble row similar to a double rock-salt type
layer where iron is found in tetrahedral and tetred environments. This structure is comparable
to the parent structures fSmFeQsss2 (Fe-2201) and FEBioesSh 31)SIFeOg 33 (F&si-2212),
both solved on single crystal X-ray diffraction sogears ago and consisting of the alternation of
single or double perovskite layer with a similardeaible row..

The substitution of $f by Bi** in Fe-2201 led to a double perovskite-type layethie
phase Fg-2212 by adding more oxygen. Its structural analpsi single crystal X-ray diffraction
demonstrated that Bi atoms were situated at thiphmey of the double perovskite-type layer. In
our phase Fe-2234, the quadruple perovskite-typerlés not a consequence of strontium
substitution by a trivalent cation, but is due tBed’/Fe*" mixed valence state of iron, which was
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confirmed by Méssbauer study in a previous Wotkwe consider FE cations present in the
first and fourth layer of the quadruple perovskitpe layer, in a same way as bismuth is present
at the periphery of the double perovskite-type daye Fes-2212, these irons refer to Fel
(position 16e), Fe2 (position 8c) and Fe3 (positi@e), which leads to 40 iron cations in 4+
valence state and then the 80 remaining iron caitave 3+. By a consequence the number of
oxygen atoms in the structure is reduced to 30Qpgrcell, involving 8 oxygen vacancies in the
structure, and so the deletion of one oxygen mositrith multiplicity 8 is needed. Among all the
oxygen positions with this multiplicity, the moslevant to remove is 022, in 8d Wyckoff site
since the oxygen vacancies are situated in the leniddthe quadruple perovskite-type layer
(Fig.8). This hypothesis of structure with oxygeacancies is important to consider since their
presence would bring more relaxation in the stmactand therefore reduce the polyhedra
distortions. Obviously this hypothesis is impossilbd verify by a structure refinement from
powder X-ray diffraction, only refinement from neat diffraction data could confirmed the
presence or not of these oxygen vacancies.

Fig. 8. [010] schematical representation of the Fe-2284csire with the hypothesis of oxygen
vacancies in the middle of the quadruple perovdiie layer. The chemical formula becomes
SrsF%Ol5.
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