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Bi,Sr;MnQg . and BiPbSr;MnOQ,, isotypic with the 2201 BSCCO
superconductor, were investigated by X-ray powder diffraction
and X-ray absorption spectroscopy (synchrotron radiation). The
unit-cell constants are a = 21.796(3), b = 5.4268(7), ¢ =
23.612(2) A, and a = 5.3186(8), b = 5.3892(8), ¢ = 23.765(3) A,
respectively. Superlattice modulation peaks (h # 4n) are evident
in the diffractogram of the first phase. XAFS spectra at the K
edge of manganese were recorded for the two compounds and for
metallic M, MnO, and Mn,0;. An energy shift of about 1.5 eV
is observed between the profiles of the two phases. By compatison
of spectral features with those of the simple oxides, the oxidation
state of Mn is inferred to be +2.6(1) and +2.9(1) in Bi,Se;Ma0,.,
and BiPbSr,MnQy, respectively. © 1994 Academic Press, Inc.

INTRODUCTION

Some interest has arisen recently for compounds ob-
tained by full substitulion of copper in the BSCCO family
of oxidic superconductoys (1, 2). Previous studies had
voncerned partial substitutions only, with the purpose of
improving the superconductive performance, while a full
replacement of Cu by another di- or trivalent transition
metal usually leads to complete loss of superconductivity.
Therefore, these investigations aim at a general under-
standing of the crystal-chemical features of Cu-QO layers,
which are thought to be connected to superconductive
behavior, for instance, the Jahn-Telier distortion of coor-
dination octahedra, and the magnetic behavior of the tran-
sition metal atom and its deviations from the +2 oxidation
state refated to vacant or interstitial sites of O aloms in
the structure.

In the present work two M analogues of the 2201
BSCCO phase arc considered. These are interesting be-
cause Mn?* shows a strong Jahn-Teller effect similarly
to Cu?*, while its different valence requires a charge com-
pensation obiained either by changing the O contents or
by a Bi'*/Pb** substitution. The crystal structures of Bi,
SryMnQ,,, and BiPbSr;MnOy, refined by single-crystal
X-ray diffraction, are reported in the fiterature (1, 3); that
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of the first compound was also studied by powder neuiron
diffraction (4), and the magnetic structure of its antiferro-
magnetic phase was determined as well (5). The structure
of Bi,Sr,MnOQq,, turns out to be commensurably modu-
lated, owing to the presence of interstitial O atoms which
balance the excess charge of Mn with respect to +2.
However, the amount of oxygen was not measured di-
rectly, but rather inferred from the structure refinements:
6.5 and 6.38 atoms per formula unit, corresponding to +3
and -+2.75 formal charges on Mn, were obtained in the
neuwtron and X-ray cases, respectively.

It has thus seemed interesting to reconsider the problem
of the Mn valence in these compounds by a different
technique, that of X-ray absorption spectroscopy. It is
well known that X-ray absorption edges undergo a chermni-
cal shift toward higher energies, in the passage from pure
metal to its oxide. This is related to the tighter binding
of the core level due to the reduction of screening effects
and to the appearance of an energy gap between occupied
valence and empty conduction states (6). The position
and shape of the absorption edge of a transition metal in
a compound are affected by physicochemical factors like
oxidation state, coordination number, and the covalent
character of the bonding (7). In the case of manganese
oxides, where octahedral coordination is always ob-
served, the chemical shift can be directly correlated to
the oxidation state of the metal (8). This method was
recently applied to the study of Mn impuritics in YBCO,
finding a +2 oxidation state by comparison with the spec-
tra of MnO, Mn,0,, and Mn,0, (9).

The X-ray powder diflraction patterns of both com-
pounds were reinvestigated, with a particular aim at the
detection of superlattice Bragg peaks in the lead-free
phase.

SYNTHESIS AND X-RAY DIFFRACTION

The starting reagents used were Bi,0,, PbQ, Sr0, and
Mn,O,. The first two oxides were analytical-grade com-
mercial products, while the other two were prepared by

%



SUPERCONDUCTOR-RELATED Bi,Sr;MnOy,, AND BiPbSr;MnO;

s

14 15 20 25 it 45 40 45 50 55 60
20

.j|_||I114|1|||l|||I_|1

FIG. 1. X-ray powder diffraction pattern of Bi;Sr;MnO,,, (CuKa
radiation). Superlattice Bragg peaks (h # 4n) are marked by asterisks.

thermal decomposition of SrCO, at 1050°C under vacuum
and of Mn(CH,COQ), - 2H,0 or MnO, at 750°C in air,
respectively, $rQ and Mn,0; were chosen, rather than
SrCO; and MnO, as in the previous reported preparation
(1), to avoid the evolution of gaseous CO, during the
reactions and to better control the wanted oxidation state
+3 of Mn in the final compounds. A flowing Ar atmo-
sphere was used to prevent oxidation of Mn™ to Mn**
in all annealings described below,

The lead-free compound was obtained by subsequent
heat treatments of 15 hr at 800, 900, and 950°C of a stoi-
chiometric sample of mixed oxides.ground and pelletized
each time. Powder X-ray diffraction showed the presence
of a single phase isostructural with BSCCO 2201. A
slightly different synthesis route, involving the prepara-
tion of Sr,Bi,0; by solid state reaction of Bi,O, and SrCO,
at 800°C in air, and then the reaction Sr,Bi,0; + #Mn,
0, — Bi,Sr,MnQy, ., gave similar results. All attempts to
perform the synthesis in air led to formation of the SrMnO,
perovskite plus SrBi,O,, while by vacuum operation
Mn,0, and Bi,O; were reduced to MnO and to metallic
Bi, respectively.

BiPbSr,MnQ was prepared by reaction of the simple
oxides at 800°C (15 hr), followed by a further heat treat-
ment at 900°C {20 hr) with intermediate regrinding and
pelletizing. No presence of other unwanted phases was
detected by X rays. Alternatively, the reaction PbO +
3Bi,0; + SrO + SrMnQ, s — BiPbSr,MnOy at 800°C (20
hr) also yielded a pure compound at lower temperature.,
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The intermediate phase StMnO, ; was obtained by the
reaction SrCO; + $Mn,0, — SrMnO; at 1000°C in air (24
hr), and by decomposition of StMnO, at 1100°C in high
vacuum (6 X 107 mbar, 48 hr).

The prepared compounds were studied by powder
X-ray diffractometry (Siemens D500 apparatus, CuKa ra-
diation with diffracted beam monochromator. Measure-
ment conditions: t(step) = 5 sec, AQ2@) = 0.01°, 20, =
85°). The powder pattern of Bi;Sr,MnOg., (Fig. 1) could
be indexed on the basis of the supercell @ = 4 X gy, b,
¢ related to the orthorhombic, pseudo-tetragonal ay, b, ¢
cell of 2201 BSCCO (3). In the list of d;, values with
relative intensities (Table 1), the superlattice Bragg peaks
are those with & # 4, and they are marked by asterisks
in Fig. 1; they should not be misinterpreted as being due
to impurity phases in the sample. Results for the Pb com-
pound, where no structural modulation is present, are
reported in Table 2 and Fig. 2. The unit-cell constants of
both compounds were least-squared refined on the basis
of measured d,, values, yielding the following results: a =
21.796(3), b = 5.4263(7), ¢ = 23.612(2) A (Bi,Sr,MnOy, ),
and a = 5.3186(8), b = 5.3892(8), ¢ = 23.765(3) A (BiPb
Sr;Mn0Og). The values obtained for the lead-free phase
compare well with those from single-crystal X-ray data
(1), but differ significantly (a, & shorter and ¢ longer) from
powder neutron resuits (4). This could indicate that the
oxygen contents in our sample is lower than 6.5, according
to Ref. (4). As for the Pb compound, the present results
show a and b shorter and ¢ longer (by about 0.01 A) with
respect to previous data (1).
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FIG. 2, X-ray powder diffraction pattern of BiPbSr,MnOg (CuKa ra-
diation).
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TABLE 1
Observed and Calculated dy,, Valucs (A), and Relative Observed
Intensities, for the X-Ray Powder Pattern of Bi,Sr,MnQy,,

h k i dubs dca]c [ubs
0 0 2 11.754 11.806 100
1 0 3 7.409 7.403 1
0 0 4 5.8%0 5.903 3
1 0 5 4.612 4.615 5
0 0 6 3.930 3.935 51
4 i 1 3.791 3.795 3
4 1 3 3.451 3.455 34
i 0 7 1334 3.333 7
5 1 2 3.206 3.266 2
7 0 1 3.088 3.087 6
4 i S 2.980 2.982 70
0 0 8 2.949 2.951 9%
3 1 6 2917 2.518 11
8 0 0 2.722 2.725 17
0 2 Q 1713 2713 21
0 2 2 2.642 2.644 2
2 2 2 2.569 2.570 2
4 1 7 2.537 2.536 1
9 0 ! 2.408 2.409 4
0 0 10 2.360 2.361 25
0 2 6 2.235 2.234 1
3 2 6 2.135 2.135 12
7 2 ] 2.038 2.038 3
8 0 8 2.001 2,002 12
0 2 8 1.998 1.998 14
0 0 12 1.968 1.968 7
2 0 12 1.937 1.936 2
8 2 0 1.923 1.923 8
4 1 1t i.874 1.874 12
9 2 i 1.802 1.802 2
8 0 10 1,785 1.784 3
0 2 10 1.781 1.781 6
2 3 1 1.779 1.779 5
5 1 12 1.702 1.703 3
12 1 3 1.683 1.683 6
4 3 3 1.678 1.677 6
.4 1 13 1.642 1.642 11
4 3 5 1.613 1.6]13 12
8 1 11 1.610 1.610 9
0 2 12 1.593 1.593 3
12 0 8 1.546 1.547 3
4 i 14 1.544 1.545 3
0 3 9 1.490 1.489 2
8 3 3 1.481 1.480 2
0 0 16 1.476 1.476 4
0 2 14 1.433 1.432 2
S 0 16 1.398 1.398 2
0 4 0 1.356 1.357 3
16 Q 2 1.354 1.353 4
12 1 I 1.344 1.343 2
4 3 1 1.340 1.341 2
0 2 16 1.296 1.296 2
8 2 14 1.268 1.268 2
12 3 3 1.266 1.265 1
4 3 13 1.247 1.248 3
4 1 18 1.241 1.242 3
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TABLE 1—Continued

k ! d()bs dcalc lnbs
12 3 5 1.238 1.237 2
8 4 0 1.215 1.214 2
4 1 19 1.183 1.182 3
8 2 16 1.171 117 2
16 1 10 1.153 1.153 2
4 4 10 1.149 1.150 2

Note. Reflections with h % 4# (n is any integer) are the superlattice
Bragg peaks.

X-RAY ABSORPTION SPECTROSCOPY

Experimental

XAFS (X-ray absorption fine structure) measurements
were carried out on the two Mn analogues of 2201 BSCCO
phases and, for comparison, on metallic Mn foil and on
the MnO and Mn,0, oxides. MnO and Mn,0, were pre-
pared by thermal decompositions of MnCQ; in vacuum

TABLE 2
Qbserved and Calculated d,y, Values (A), and Relative Qbserved
Intensities, for the X-Ray Powder Pattern of BiPbSr,MnQ,

h k ! dohs dcalc Lot
0 Y 2 11.817 11.883 10
0 1 1 5.250 5.256 2
0 0 6 3,956 3.961 13
1 1 1 3.737 3.739 3
1 1 3 344 3.416 40
I 1 5 2.962 2.961 100
0 2 ] 2.693 2.695 21
2 0 0 2.659 2.660 19
0 2 2 2.627 2.628 3
2 0 2 2.596 2.59% 2
I i 7 1.529 2.528 i
0 0 10 2,375 2.377 23
0 2 6 2.229 2228 l
2 0 6 2.208 2.208 i
0 2 8 1.996 1.996 4
2 0 8 1.981 1.982 10
2 2 0 1.894 1.893 15
1 1 11 1.877 1.877 9
0 2 10 1.783 1.782 6
2 0 10 1.772 1.772 4
1 3 3 1.664 1.664 5
3 1 3 1.647 1.648 14
1 1 13 1.646 1.646 11
1 3 5 1.602 1.602 11
2 2 8 1.598 1.396 11
2 0 12 1.590 1.589 6
0 0 16 1.486 1.485 6
2 2 10 1.481 1.481 6
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at 800°C and of MnO, in air at 750°C, respectively, and
their powder diffraction patterns were in good agreement
with the JCPDS-ICDD standards both before and after
XAFS measurements. All samples were finely powdered
and deposited on filter membranes by a sonication tech-
nique, in order to obtain homogeneous specimens of con-
trolled thickness. The surface density was 4 to 6 mg cm ™
in ali cases; the corresponding jumps at the Mn K edge
were A(pz) = 1, 2, and 0.2 for MnO, Mn,0,, and the two
BSCCO-type oxides, respectively (u is the absorption
coefficient and z is the thicknessj. Test measurements
done after doubling the sample thickness did not reveal
any detectable thickness effect,

The experiments were performed at the PWA-BX2 wig-
gler beam line of the Adone Synchrotron Light Source in
Frascati (Italy). The electron energy, maximum stored
current, and wiggler magnetic field were 1.5 GeV, 60 mA,
and 1.6 T, respectively. A channel-cut silicon crystal with
(111) parallel reflecting faces was used as a monochroma-
tor, and the photon flux was measured by argon-filled
ionization chambers. The overall energy resolution at the
Mn K edge (6539 eV) was estimated to be 1.5 eV, taking
into account the comparable contributions of the angular
divergence of the beam, the monochromator rocking
curve, and the core-level width. Data were recorded with
0.5-eV steps, and the energy position was controlled by
an absolute angular encoder. Repeated measurements on
the same sample differed by less than 0.1 eV in the energy
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FIG. 3. X-ray absorption spectra at the K edge of manganese for:

(a}) metallic Mn (solid line), MaO (dotted line), and Mn,0; (dash-dotted
line}, and (b) Bi,Sr,MnOy., (dash-dotted line) and BiPbSr,MnO, (dashed
line). The energy scale is relative to the edge position of Mn (maximum
of first derivative).
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FIG. 4. Firstderivatives of X-ray absorption spectra of Mn (a}, MnQO
(b}, Mn,0; (), Bi,Sr,Mn0,, {d), and BiPbSr:MnQ; (e).

position of fine structures and no more than 1% in am-
plitude,

Results and Discussion

The contribution of the K edge of manganese to the
overall X-ray absorption coefficient was isolated by sub-
tracting from the spectra a Victoreen-like curve best fitting
the preedge smooth behavior. The resulting spectra of
Mn, MnO, and Mn,0; and those of the two BSCCO-like
compounds are shown in Figs. 3a and 3b, respectively.
In Fig. 4 the corresponding first-derivative curves appear.
The energy scales have zeros at the main edge jump of
metallic manganese, taken in correspondence with the
maximum of the first derivative. The amplitudes of all
spectra (Fig. 3) were normalized in the high-energy region
{above 30 eV).

Let us first examine the spectra of metallic Mn and
its simple oxides. The edge of Mn is characterized by
a shoulder, corresponding to the maximum of the first
derivative, and by a main peak at about 17 V. Both
teatures can be ascribed to dipole-allowed transitions
from the 1s core level to empty states of p symmetry at
the bottom of the conduction band. The edges of the
oxides show two shoulders B! and B2 and a main peak
C, whose positions are determined by the corresponding



396

TABLE 3
Positions of the Main Features of the X-Ray Absorption Spec-
tra of Mn Oxides and Mn Analogues of 2201 BSCCO Supercon-
ductors

MnO Mn,0;  BiSMnOg,, BiPbSr,MnO;
Onset of 3d pip (A) 0.7 1.2 0.2 1.7
First shoulder (B) 6.2 10.2 8.7 9.7
Second shoulder 11.7 11.7 13.7 14.4
(B2}
Matin peak (C) 16.0 i8.5-21.0 18.5 19.4

Note. The energy values (eV) are relative to the edge jump of metal-
lic Mn.

local maxima and zero point of the derivative curves,
respectively (Table 3). Overall edge shifts with respect to
that of pure Mn are observed for both oxides. The relative
shift between the two oxides is roughly constant along all
the rising edge, in agreement with previous measurements
(8). A quantitative assessment of the chemical shift can
be based on the position of the B1 feature (Fig. 4), which
corresponds to the onset of empty 4p states at the bottom
of the conduction band (6 eV for MnO and 10 ¢V for
Mun,(),). The differences of energy shifts between Mn,0,
and MnO are smaller for the second shoulder B2 and the
main peak C than those for the first shoulder B1 (see also
Table 3). However, it can be noted that the main peak C
in Mn,(O, is quite flat and extends from 18.5to 21 eV. As
the metal atom shows a coordination number of 6 in both
oxides, the relative shift of the B1 structure between MnQ
and Mn,0; can be mainly ascribed to change of oxidation
state from +2 to +3. Minor effects, particularly in the
edge shapes, should be related to distortions of the coordi-
nation octahedra (e.g., the Jahn—Teller effect) and to in-
fluence of the outer coordination shells.

The spectra of the two Mn oxides also show a weak
preedge feature {A) below 5 eV, which is typical of transi-
tion metal oxides and is generally ascribed (in centrosym-
metric systems) to electric quadrupole transitions to states
of d symmetry. These are generally considered to be
bound states generated by the lack of screening of the
core hole, or “‘core hole excitons” (10}, However, in non-
centrosymmetric systems this *‘3d pip”’ can also contain
contributions from dipole transitions to hybridized p-d
states; its strength can then be used to measure the defor-
mation of the octahedron (7, 11, 12}. In our case the
strength is comparable in both oxides, which are centro-
symmetric. The chemical shift of the 3d pip is weaker
than that of the main edge (Table 3).

It should be remarked that the spectrum obtained for
Mn, 0, differs substantially from that reported in Ref. (13),
while it is similar to other previous results (8, 14). A
possible reason is that a partial oxidation occurred in
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the sample used in the referred study (13), owing to the
resemblence of its spectrum to that of Mn(,.

The two BSCCO-like phases show spectra with very
similar shapes, though all features of the Pb-containing
compound are shifted by 1.0~1.5 eV toward higher ener-
gies, Two shoulders Bl and B2 and a main peak C are
observed, like in pure Mn oxides {Figs. 3b and 4); the
preedge 34 pip A is present, too, with an intensity com-
parable to that of the oxides, consistently with an Mn
coordination environment of octahedral type. On the
other hand, by comparison of their overall edge positions
with those of MnO and Mn,O; (cf. also Table 3) both
BSCCO-like compounds appear closer to the latter than
to the former oxide.

However, clear evidence of slightly different effective
charges on Mn in the two compounds is given by the
small but significant energy shift between their spectra,
while their very similar shapes should indicate equal geo-
metrical environments of the metal atom. By the direction
of the energy shift, we can infer that the oxidation number
of Mn in the lead-free compound is slightly lower than
that of the other one (which is close to +3, as expected
from full charge balance by the Bi*t/Pb?* and Cu?*/Mn3*
substitutions with respect to 2201 BSCCO). A linear rela-
tionship between effective charge and edge position 1s
reported in the literature for various Mn compounds (13,
15). Further, recently the oxidation state of Mn in photo-
synthetic substances was evaluated by comparing their
edge spectra with linear combinations of Mn?*, Mn**, and
Mn'* spectra (16). A similar procedure was also utilized
for copper in the YBCO superconductor (17}, The valence
of Mn in the two present compounds is estimated by a
linear interpolation of the energy positions of the first
shoulder B1 (Table 3) between the values of simple oxides
MnO and Mn,0,. The result of this calculation gives oxi-
dation states of 2.6 + 0.1 and 2.9 = 0.1 for Mn in Bi,Sr,
MnOq,, and BiPbSr,Mn0,, respectively. It follows that
the value of x defining the oxygen contents per formula
unit in the lead-free compound amounts to 0.3, and thus
agrees better with the findings of the single-crystal X ray
(3) than with those of the powder neutron (4) structure re-
finement.

CONCLUSIONS

X-ray diffraction and absorption spectroscopy are com-
plementary techniques able to clarify the Ma**/Cu®" alio-
valent substitution in the 2201 BSCCO structure. In the
BiPbSr,MnQ; case, Mn is very close to formal Mn**, and
O is fully stoichiometric. This is shown by the XAFS
spectrum, with its edge features corresponding roughly
in energy to those of Mn,0, ; extra oxygen atoms in inter-
stitial positions in the structure should be excluded, and
no modulation peaks appear in the diffraction pattern. On
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the other hand, Bi,Sr,MnOs_, shows superlattice modula-
tion peaks, and excess interstitial O atoms are present.
The shift of its X-ray absorption spectrum toward lower
energy indicates an oxidation state lower than +3, and
the x value can be estimated to be around 0.3.
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