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Mossbauer spectrometry ofA,FeMoOgz (A=Ca,Sr,Ba): Search for antiphase domains
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Mossbauer spectrometry was carried out in the range of temperature from 4 K to well above the Curie
temperature on polycrystalline ceramics AfFeMoQ; (A=Ca,Sr,Ba). A secondary component in all the
paramagnetic or ferromagnetic spectra is attributed to iron in the vicinity of a defect in the NaCl-type cation
order. The secondary component and the lack of saturation of the magnetization at the half metallic value of
4 ugl/formula unit are explained in terms of antisite defegsint defecty and antiphase boundarigslanar
defect$. The point defects predominate in all three compounds, but there is some evidence of antiphase
boundaries from the spectrum of the Ca compound in a 6 T applied field. The dimensions of the antiphase
domains are estimated to be of order @1. The electronic configuration of iron in the Ca and Sr compounds
is close to 31°2 whereas it is 8>°in the Ba compound.
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I. INTRODUCTION II. EXPERIMENTAL SECTION

. , . The compounds were synthesized by the standard solid
The d_ouble p_erovskﬂesAzBB (.36 have two d|fferent_ state reactiopn from a mixtu?/e of high pu%ty oxides and car-
B-site cations whlch tend to order in a NaCI-type SUperlatt'Ceoonates, calcined at 980°C and then reground and refired,

structure, doublllng the elgmentary per_ovsklte tellom- with a final firing at 1100 °C in a mixture of 1% Hn Ar.
pounds whereA is an alkaline earth cation ar@=Cr,Fe,  The crystal structure changes from monoclinR2( /n) for
B’'=Mo,W,Re, are ferromagnetic. Interest in the series Waga, to tetragonal for SrR4/mmn) and cubic for
revived by the recent report of Kobayaskt al. that  Ba (Fm3m). The refined lattice parametérare included in
Sr,FeMoQ; is a half-metallic ferromagnewith a Curie tem-  Taple |I.
perature of about 415 K, significantly higher than for any  Transmission Mesbauer spectrometry was carried out us-
mixed-valence manganiteThe ceramics show appreciable ing a 5’Co(Rh) source in the constant acceleration mode.
negative magnetoresistance at room temperdttit®The  Zero-field Mssbauer spectra have been recorded at different
calculated electronic structure of SeMoQ; is reminiscent temperatures using either a cryofurnace or a bath cryostat
of that of theB-site cations in Fg0,; the five &' electrons  while the in-field Massbauer spectrum has been obtained at
are localized on the iron core while the sixthelectron 10 K using a cryomagnetic device where the external field of
moves in am* band of mixed B(Fe)ty, and 4l(Mo)ty, 6 T is applied parallel to thez beam. Spectra were analyzed
character. The spin moment for such a half-metallic elec-
tronic structure should be exactly4/formula unit.
Magnetization measurements on bulk samples of the
A,FeMoQ; compounds have consistently yielded low-
temperature moments which are less thanw0 Typical
values range from 3.0 to 38 .*° Furthermore, neutron dif-
fraction measurements have yielded iron moments of around
4.0 ug With a moment of a few tenths of a Bohr magneton on
the Mo site!° otyFe
Here, we present a detailédFe Massbauer study of the 084 Mo
A,FeMoQ; compounds. The NMssbauer technique is very
useful for distinguishing localized and delocalized iron
states, and for probing the influence of the cation environ-
ment around Fe nuclei. A model is developed which recon-
ciles the magnetization and Msbauer data in terms of struc-
tural defects; single-site disordéf and antiphase
boundaries'? These defects are illustrated in Fig. 1. An-
tiphase boundaries arise between two coherent crystallites
with different starting sites for the NaCl-type order. They
lead to planes of Fe-O-Fe bonds, which are strongly antifer-
romagnetic. These bonds are absent in the defect-free NaCl FIG. 1. Schematic illustration df) ideal NaCl-type cation or-
structure. der, (b) and(c) antisite defects, an@l) antiphase boundary.
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FIG. 2. 300 K Masbauer spectra recorded on,BzMoQ;,

Ba,FeMoQ;, and SyFeMoQ; powders.

by means of a least-squares programmsriT and the iso-
mer shift values are quoted relative to that of metalkiEe at

300 K.

Ill. RESULTS AND DISCUSSION

A. Zero-field 5'Fe Mossbauer spectrometry

Room temperature spectra obtained on,FedoQ;,
Ba,FeMoQ;, and SsFeMoQ; powders are compared in Fig. refit the low temperature spectfd.2 and 77 K, keeping
2: they exhibit magnetic hyperfine structures with broadsimilar differences between the two isomer shift values and
lines, reflecting both some cationic disorder around Fe nuclegimilar proportions of the componentassuming the same
and the proximity of the Curie temperature. These spectraecoilless fractions for the iron sitesThe refined 4.2 K val-
were fitted by means of a discrete distribution of hyperfineues are included in Table I.
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fields linearly correlated to a distribution of isomer shift nec-
essary to describe the small asymmetry of the sextets. The
main hyperfine parameters are listed in Table I. One clearly
observes that the mean isomer shift value is anomalously
high compared to that of common ferric oxidese expects
0.35-0.40 mm/s At 77 and 4.2 K, the magnetic spectra are
well resolved but show an asymmetrical magnetic hyperfine
structure with weakly broadened lines, as shown in Fig. 3.
Consequently, two or three sextets are required to describe
the magnetic hyperfine structure but the lack of resolution
makes it difficult to estimate the proportions of each compo-
nent accurately. In contrast with low temperature spectra, the
spectra taken above the Curie temperature in the paramag-
netic state exhibit quadrupolar hyperfine structures which al-
low the proportions of each iron species to be estimated pre-
cisely. These spectra are shown in Fig. 4. The compounds
Ba,FeMoQ; and SgFeMoQ; exhibit an asymmetrical single
line whereas C&eMoQ; shows an asymmetrical quadrupo-
lar doublet. All were fitted with two quadrupolar components
characterized by two different isomer shift values, in agree-
ment with low temperature and room temperature results.
Hyperfine data are included in Table I. The main component
of spectra of the Ba and Sr compounds has a low electric
field gradient while that of Ca compound is quite large. This
can be explained in terms of a local symmetry which is close
to cubic in the first two cases, but significantly distorted in
the case of Ca, which is the smallest of thesite cations.

The high temperature Msbauer refinement permits us to

TABLE I. Hyperfine characteristics of GeeMoQ;, Ba,FeMoQ;, and SgFeMoQ; at 4.2 K, 300 K, and
above Curie temperatufé: isomer shift value quoted relative to metallic Fe at 300 K; Quadrupole shift;

B: hyperfine field.

Temperature (& (mm/9 (2e) (mm/9 (B) (T) %
Compound (K) +0.02 +0.02 +0.5 +2
CaFeMoGy 4.2 0.61 -0.13 48.0 42
0.75 -0.03 47.6 53
0.42 —0.44 53.0 5
300 0.61 0.01 23.2
425 0.41 0.44 42
0.51 0.27 58
SrFeMoQy 4.2 0.63 0.04 49.7 32
0.72 —0.02 47.7 68
300 0.58 0.00 29.3
475 0.38 0.48 37
0.48 0.09 63
Ba,FeMoQy 4.2 0.72 0.10 49.7 9
0.87 0.00 46.0 91
300 0.75 —-0.04 20.6
475 0.56 0.45 12
0.68 0.11 88
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FIG. 4. Paramagnetic Msbauer spectra recorded on
CaFeMoQ;, BaFeMoQ;, and SgFeMoQ; powders at given tem-
peratures.

A spectrum recorded for the Ca sample at 10 Kinthe 6 T
field is illustrated in Fig. 5. One clearly observes a reductiorcase}® except for thin films:* In our samples wittA=Ca,
of the magnetic hyperfine splitting and a decrease in intensitr, and Ba, the low-temperature spontaneous magnetization
of the intermediate linefabeled 2 and b Such features are is 3.63, 3.51, and 3.8bg/formula unit, respectively.
consistent with most of the Fe moments aligning parallel to In a previous study of the Ca compound, we proposed that
the applied field. The Fe hyperfine field is then oriented anthe secondary component in the 8sbauer spectra should be
tiparallel to the applied field, since the prevailing Fermi con-associated with randomly-disordered iron. If the NaCl-type
tribution to the hyperfine field is negative. There is a smallordering of Mo and Fe cations is imperfect, apds the
component(5% of total area with an increased hyperfine probability of a cation being on the wrong site then approxi-
splitting (58 T). The iron on these sites is aligned antiparallelmately 6 iron ions will see an environment witfs Mo, 1
to the applied field. The fitted parameters are shown in Tabl&e) nearest cation neighbors, rather than 6 Mo neighbors, in
. the ideal structure. Figurey) illustrates this in two dimen-

Much of the interest in the double perovskites arises fronsions. We would therefore deduce from the intensity of the
the claim that they are half-metallic. The main objection tosecondary component listed in Table I that 7, 6, and 2% of
this, apart from their rather poor conductivity, is that the lowthe cations are misplaced in the compounds of Ca, Sr, and
temperature moment is significantly less than the integraBa, respectively. The misplaced cations oB’ sites see an
value of 4ug. A stoichiometric half-metal has an integral environment with(O Mo, 6 Fg. They will be coupled anti-
number of electrons per formula unit, and an integral numbeparallel to theB-site iron sublattice. In the applied field, their
in the 1 (or |) band because there is a gap with péor 1) hyperfine field will increase. These cations give rise to the
electrons at the Fermi energy. There is therefore an integramall component with a hyperfine field of 58.2 T in the spec-
number of| (or 1) electrons, and the difference between thetrum of Fig. 5. The magnetic moment per formula unit is
number of{ and | electrons is also an integer. Hence thethen M =(4—-8p) ug or (4—1(®) ug according to whether
spin moment is an integral number of Bohr magnetons. Fothe misplaced Mo atom has its moment parallel or antiparal-
the present compounds this has never been found to tHel to the majority iron momenftFig. 1(b) or 1(c)].

FIG. 3. 4.2 K Masbauer spectra recorded on,BzMoQ;,
Ba,FeMoQ;, and SgFeMoQ, powders.
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-10 5 0 5 10 TABLE II. Hyperfine characteristics of GBeMoQ; at 10 K

' ' ' ' ' unde a 6 T applied field(8: isomer shift value quoted relative to
metallic Fe at 300 KB.¢: effective field;B: hyperfine field and
the angle between the effective field and théeam, i.e., the ap-

plied field).

5 (mm/g Best (T) 6 (deg B (T) %

+0.02 +0.5 *5 +0.5 +2
s 0.60 42.9 22 48.8 41
2 0.75 42.1 0 48.1 54
E 0.41 58.2 0 52.2 5
&
|_

dicular to the applied field and do not contribute to the mag-
netization. Furthermore, since they resemble domain walls
which are only one atom wide, the antiphase domain bound-
aries should contribute greatly to the resistance of a half
metal in the unmagnetized state. It is possible to reconcile
the large resistance of th,FeMoQ; compounds with their
V (mm/s) supposed half-metallicity in this way.
To estimate the maximum number of iron atoms that

FIG. 5. In-field Mdssbauer spectra recorded on,@&MoQ;  could be involved in these antiphase boundaries, we make
powders at 10 K with and withaw 6 Tfield applied parallel to the  yse of the data collected in Table IIl. An estimatefgf the
y beam. fraction of iron atoms that do not contribute to the magneti-
zation in 5 T, is (4 Ms)/4, whereM s is the magnetization
in 5 T in wg/formula unit. We expect this to be roughly twice

A related model groups the misplaced cations together othe number of iron atoms in the antiphase boundary. Based
antiphase boundari¢fig. 1(d)] such as exist in thin films of on this idea, the smallest possible size of the antiphase do-
Fey;0,,*° which show less than the bulk saturation magneti-main, dap, is approximately 1@/fs, where “a” is the lat-
zation, and were recently proposed to explain the low magtice parametef~0.8 nm. The lower limit to the antiphase
netization of SyFeMoQ, ceramics! and thin films!? In  domain size is of order 0.km, which seems plausible, but
polycrystalline materials, nucleation takes place at manyhould be confirmed by electron microscopy.
points. Normally, the crystallites meet at a grain boundary, Unlike an isolated misplaced iron ion, which changes the
but prolonged annealing can lead to grain growth when thenvironment of six others, the iron in an antiphase boundary
antiphase boundaries persist in large crystallites as vestigebanges the environment of only two other iron ions. This
of the original grain boundaries. Antiphase boundaries willdifference permits a quantitative evaluation of the relative
have consequences for the magnetization ofApEeMoQ;  proportions of the two sorts of defects from the intensities of
series, because the boundaries are planes of Fe-O-Fe suptive Mossbauer subspectra. The valuepafeduced from the
exchange bonds, instead of the normal Fe-O-Mo bonds in thiatensity of the secondary component in théddbauer spec-
ideal ordered structure. An applied field of order of the ex-tra, assuming only antisite defects leads to moments of
change field is required to overcome the antiferromagneti®.44ug, 3.52ug, and 3.84ug for the Ca, Sr, and Ba com-
coupling at the antiphase boundary. The problem is similapounds, respectively, assumidy=(4—8p) wg as expected
to that encountered with exchange Bfasr in the coupling  for the model of Fig. (b). The agreement is very good. The
of ferromagnetic and ferrimagnetic filmé.In an applied alternative hypothesis of only antiphase boundaries is quite
field, the regions on either side of the antiphase boundarieimconsistent with the magnetization data. The number of
are aligned, but there is a quasidomain wall at the boundarguch defects would have to bg Z&and the magnetization is
which narrows with increasing field. The antiferromagneti-then approximately (4 30p), giving 1.9ug, 2.2ug, and
cally coupled spins at the boundary therefore align perpen3.4ug for the Ca, Sr, and Ba compounds, respectively. The

B. In-field 5Fe Mossbauer spectrometry

TABLE lIl. Set of physical characteristics of the g@MoQ;, SLFeMoQ;, and BaFeMoQ; compounds.
((5) is the average isomer shift at 4.2)K.

Fe-O-Fe
ray (M p (4-8p) fs5 dap(=12a/f5) (&) (deg  dgo
Compound (nm) pug/fu (%) ug/fu (%) (nm) mms?! 3d" Ref.7 (nm
CaFeMoQ; 0.106 3.63 7 3.44 8.8 110 0.69 5.24 153 0.199
SpFeMoQy; 0.127 351 6 3.52 12.0 80 0.69 5.25 175 0.198
BaFeMoQ; 0.143 3.85 2 3.84 35 275 0.85 5.49 180 0.200
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conclusion that point defects predominate is confirmed by IV. CONCLUSION

the Massbauer studies of the Ca compound as shown in Fig.

5. Making the simplified assumption that all iron spinsin6 T The second component in tAée Mssbauer spectra, the

are either parallel or perpendicular to the applied field, thaack of saturation of the magnetization at the half-metallic

percentage of iron atoms that are aligned perpendicular to th%jue of 4/'LB per formula unit and the broadening of the

field in antiphase boundaries is only 2—-3%. From this valueferromagnetic transition & in the three double perovskites

we estimate the size of the antiphase domain te-Beb um. A,FeMoQ, (A=Ca,Sr,Ba) are all explained in a model
Turning now to the question of the iron charge state, it iShere 2_89 of the iron ions are misplaced from the ideal

noteworthy that the iron isomer shift i) smaller for the NaCl type order. The misplaced atoms mostly form random

minority site_qnd(ii) the average value correlates with the defects but there is evidence that a few of them associate on
electronegativity of thé-site cation. The average Fe-O-Mo antiphase domain boundaries. The dimensions of the an-

bond angles and Fe/Mo-O bond lengths are included in th  hase domains is expected to be of order A, The
Table 1.7 The width of ther* band decreases with decreas- - P P! ) p . y
should be sought by high resolution electron microscopy.

ing bond angle and increasing bond length. X . . 5
The interpretation of the isomer shift, which is consistent! '€ €l€ctronic structure of the iron is not exactlg“3be-

with those reported in related compourti&?is that the iron ~ cause of the partial&Fe) character of the electrons in the
charge configuration is modified from purely3feby the 7 band made up of &Fe)tq and 4(Mo)t,, electrons.
presence of ther* electrons. Low temperature values &f The electronic configuration of iron in the Sr and Ca com-
for FE¥* in oxides are typically 0.50—0.54 mm’ Takinga Pounds is close tod?, whereas that in the Ba compound is
value of 0.52 mm/s for & and 1.20 mm/s for F%é, as in  approximately 8°°.

SrL,FeWQ,,?° we deduce that Ca and Sr compounds have
approximately 0.25 extradelectrons on the iron, whereas
the Ba compound, which has the lowest hyperfine field has
an extra 0.5 electrons. There the iron configuration is ap-

proximately F&°. The Fé® charge state recently inferred by _ _
Linden et al! for the Sr compound results from assuming | Nis work was supported by the EU as part of the Oxide

an extremely low valug0.78 mm/$ for the Fé* isomer ~ SPIn Electroniqs Networl@OXSEN).and it forms part of the
shift, instead of the value measured in Ref. 20. work included in the AMORE project.
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