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A single crystal of Bi,Sr, ;Nd, 4Ceq sCuyOyg45 (2222 phase) was
obtained and its structure refined, including parameters describ-
ing the structural modulation (orthorhombic system, four-dimen-
sional space group C:C2mb:111, a = 5.5000(4) A, b = 5.4846(7)
A, c¢c=17.873 A, Z =12). The refinement of the average structure
gave R = 0,061, while structure refinement including displacive
and thermal modulation parameters resulied in R = .042 (over-
all) and R = 0.030 for the main reflections. ‘The amplitudes and
directions of modulation are very similar to those in the 2212
phase (1, 2), with displacements ranging up to 0.4 A. The refine-
ment shows extra oxygen to be located in BiO layers, and gives
& = 0.32(8), in reasonable agreement with previously reported
values, © 1994 Academic Press, Inc,

I. INTRODUCTION

Bi-2222 phases are related to the 2212 superconductors
by replacement of the Ca layer by the RyO, fluorite-like
block (Fig. 1), where R is a rare carth element. It results
in a shift of the CuQ; layers adjacent to the fiuorite blocks
by (@ + b)/2, and in an increase of the distance between
these layers.

Bi-containing layered copper oxides generally have
modulated structures. The modulation vector of the 2222
phase has been reported as q = 2/9a* + 0.5¢* (3) (after
allowing for the interchange of the a- and b-axis relative
to the setting used here and in Ref. 1), while q = 0.210a*
{or q = 0.210a* + ¢*) for the 2212 phase (1), Since the ¢-
axis length of the 2222 phase is about half that of 2212,
the modulation vectors of the 2222 and 2212 phases are
similar.

In previous work, average structures of 2222 phases

. have been refined with powder (3) and single crystal (4)
X-vay data. The refinements showed very high and aniso-
tropic thermal parameters for all atoms and unreasonably
large Bi-O distances (about 2.7 A). Such anomalous val-
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ues of the atomic displacement parameters are typical for
a refinement in which an existing structural modulation is
ignored.

We present a determination of the structare of the 2222
phase in¢luding the modulation, and a comparison of the
results with those for 2212.

11. EXPERIMENTAL

A mixture of Nd4,03, BiyO3, Ce0,, SrCO;, and CuO,
corresponding to the composition Bi;SryNd, e5Ceq s
CuyO 045, plus 9% excess of copper oxide, was ground
under acetone in an agate mortar. It was heated in a
beryHlium oxide crucible up to 900°C in 9 hr and then to
980°C in 15 hr, kept at this temperature for 20 hr then
slowly cooled to 800°C with a cooling rate of 2°hr~!, and
to 400°C with a rate of 20°hr~!, and then furnace cooled
to room temperature. Crystals prew as black plates. A
single crystal with dimensions of 0.4 % 0.1 x 0.004 mm’
was chosen for data collection. A small part of the
same crystal was wused for analysis with a
CAMEBAX-microBEAM instrument. Nd;CuQ,, Bi;
CuQ,, Sr,CuQ;, and CeQ; were used as standards.
Atomic percentages were determined at ten [ocations us-
ing the K« line for Cu, and L« lines of all other cations.
The MBX COR program (ZAF-correction) was applied
for the calculations (5). The average cation ratio was
Bi:Sr:Nd:Ce = 33.3(9):24.6(1.2):33.6(1.2):8.5(2), with
standard deviations in parcnthescs, This ratio, normal-
ized for thc sum over the cations to be six, led to the
CO]I]POSiliOﬂ Biz,o(xs;Sl],47[3;Nd2_02[6;ceo.52(|)Cl.lem. The
copper content was kept fixed at two, as its analysis sui-
fered from severe fluorescence of other heavy atoms, and
the calculation made for eight cations produced an unrea-
sonably large excess of copper atoms. The starting com-
position used in refinement, Bi;Sr;sNd;CegsCuyOy, is
within standard deviations equal to the analytical result.
X-ray data collection and refinement are summarized in
Table 1.
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FIG. 1, Diagram of the average structure of the Bi-2222 phase.

ITi. RESULTS

The lattice parameters and modulation (g) vector were
determined by least-squares refinement of a set of 24
main reflections, and 32 first-order and 2 second-order
satellites. The modulation vector was found to be q =
0.228(2)a* + 0.501(8)c*. The ¢* component was set to
1/2, as anirrational ¢* component would lead to the mono-
clinic crystal system, for which no evidence was found in
the averaging of the reflections. The exact value of the
incommensurate a* component is dependent on the type
of rare earth element, and on cation and oxygen content.
In a separate study we have found, for example, that for
the Eu-containing 2222 phase with similar composition,
the irrational part of the q vector equals 0.218(2)a*. Simi-
lar conclusions were reached for Biy(Sri_.Ln )Gd,_,Ce,}
Cu;01p+5 by Nakai et al, (4).

Starting parameters for the refinement were taken from
(4) after correction for the c-axis doubling in this analysis
(vide infra). Bi atoms were assumed to be located only at
the Bi sites. Sr atoms were assumed to also occupy the
Ce site in the fluorite block, while Nd was placed at both
the Sr and Ce sites.

To eliminate the rational component of the q vector,
the ¢ cell parameter was doubled. Reflection conditions
are A + k= 2nand L + m = 2n (L = 21) for hklm
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TABLE 1

Summary of Crystallographic Information for
Bi,Sr; 1Nd; 5Ceq sCU;010+44

Molecular weight

Color

Crystal dimensions (mm)
Crystal system

Cell constants (&)

Modulation vector

Space group

Z

F(000)

Calculated density {(g/cm?)
Absorption coefficient (cm™)
Diffractometer

Temperature

© range (°)

Octants

Scan speed

Structure refinement program

Absorption correction

Measured reflections

Independent reflection
Main
First order satellites
Second order satellites

Rg(il'lt)c

R (intF

Ry(int)*

Nret‘"‘Npar

RIR,,

Ry/Ryw

R/Ry,

Rz/sz

Weighting scheme

1186.88

Black

0.4 x 0.1 x 0.004

Orthorhombic

a = 5.5000(4) & = 5.4846(7) ¢ =
17.873(3)

q = 0.228(2)a* + 0.5¢*

C:C2mp:111¢

2

1012

7.313

55.10

Enraf-Nonius CAD4, MoKg,
graphite monochromator

Ambient

2-40

h, £k, =/

Variable, depending on o(I)/]

JANAS2

Analytical (crystal shape)

8i60

515

626

217

0.02%

0.040 (m = 1) and 0.050 (m = —1)
0073 (m = 2)and 0.120 (m = -2)
.33

0.042/0.045

0.030/0.031

(.046/0.049

0.094/0.094

w=a?

& As determined by refinement of 58 reflections; see text.
¥ Nonstandard setting of the space group A:Abm2:111 (No. 39b) ac-

cording to (6)

< Here and below the index 0 refers to the main reflection, 1 refers to
the first-order satellite, and 2 refers to the second-order satellite.

reflections, and & = 2n (corresponding to a (é) plane),

{

m = 2n {corresponding to a (%) plane), and thus k + m =

2n (corresponding to a (2) plane) for hkOm reflections

(6). Several four-dimensional space groups were tested.
Only the space group C:C2mb:111 gave acceptable val-
ues for the satellite reflection R factor. The symmetry
elements used are completely described by the symbol
P:X2mb:sls, which is equivalent to C:C2mb:111 (7).
Here X represents four centering vectors (0 0 0 0), (1/2
1/200), (0 0 1/2 1/2), and thus (1/2 1/2 1/2 1/2).2 Since
the cations are located in mirror planes perpendicular to
b, their modulation amplitude along b is symmetry re-

2 This is the same as P:.X2mb:111 with the origin shift {0 0 1/4) [7).
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TABLE 2
Positional and Thermal Paramcters (A x 10%) of the Basic Structure for Bi,Sr; ;Nd, 3Cep sCu;0¢0.5
Atom x ¥ z Uy Un Us U Uy Uy
Bi —0.0084(7) 1/4 0.20755(3) 33.0(8) 30.4(4) 11.6(4) 0 —1() 0
—0.600(2) 1/4 0.20742(4) 107(2) 30.1(9) 30.2(4) 0 7(3) 0
Sr/Nd= —0.006(1} 3/4 0.13416(7) 14(1) 10.1(9) 17(1) 0 —9(2) 0
0.017(2) 3i4 0.1338(1) 55(4) 10(2) 50¢2) 0 18(4) 0
Cu 0.605(1) 1/4 0.08596(8) 6(1) 4.5(7) 22(2) 0 —14(2) 0
0.006(3) 1/4 0.0857(2) 17(2) 401 64(3) 0 (5 0
Nd/Cet 0 3/4 0.03550(4) 10.2(4 4.3( 14.2(6) 0 0 0
0 3/4 0.03531(7) 9.2(6) 4.9(5) 54(1) 0 —15(1) 0
01 0.250(5) 172 0 9(2)
0.0258(%9) 112 0 5(12) 15(10) 56(13) 0 0 0
02 0.256(3) 0.504(5) 0.0830(2) 7(2)
0.264(9) 0.50(1) 0.0827(5) 20(10) 8D 69(11) —4(6) 20014) —14(19)
03 —0.024(7) 1/4 0.1514{4) 20(4)
—0.047(9) 1/4 0.1503(5) 22(6})
Q4¢ 0.54(1) 0.143(3) 0.2008(5) 15
0.43(2) 0.19(5) 0.201(4) 215(86)

Note, On the second line, values for the average structure, obtained without taking the modulation inlo account, are listed.

¢ Occupancy of St = 0.84(1), occupancy of Nd = 0.16(1)
b Occupancy of Nd = 0.74, occupancy of Ce = 0.26.
¢ Qccupancy of 04 = 0.5.

stricted to be zero (8). This is very similar to the modula-
tion in the 2212 phase (1) in which the b-axis modulation
is symmetry allowed, but has amplitudes of about 3o or
less.

The average structure was refined first with anisotropic
thermal parameters for all atoms except the oxygen at-
oms O3 in the SrO and 04 in the BiO layers. Thermal
parameters of these two atoms became quite farge, espe-
cially in the case of O4. The refinement and successive
difference Fourier synthesis excluding 04 showed this
atom to be located off the mirror plane. In the further
refinement this was accounted for with an occupancy fac-
tor of 0.5 for each site; the O4 thermal parameter was
fixed at U = 0.015 A; other oxygens were also treated
isotropically. R factors for this refinement are R = 0.061,
R. = 0.072. For some atoms the thermal parameters
along the a-axis were up to several times larger than
those along b; the ratio decreased from the SrO layer to
the fluorite block. Thermal parameters along ¢ were al-
ways much higher than those along b. The only exception
is Bi, due to the high value of Uy, in comparison with the
other atoms. These observations confirmed that the mod-
ulation displacements are mainily in the ac piane. Occu-
pancy refinement of the Bi site showed no evidence for
vacancies. Occupancy refinement of Sr and Nd in thé Sr/
Nd site gave occupancies only slightly different from that
of the starting composition. The composition of the final
refinement was Bi,Sr; sNd; sCey sCuy046. The results of
this refinement are listed in Table 2 (second line for each
cell).

In the subsequent refinement the modulation was taken
into account. The function used to describe the positional
modulation of all atoms but O4 is

U = 2, [Ulsin Qmixg) + UL cos Qmixgl, [
=1

where U', and U’ are amplitude vectors of the sin and cos
waves of the /th harmonic, and x4 is the coordinate in the
fourth (internal) dimension, which describes the position
along the modulation vector. The first and second har-
monics were included (i.e., m = 2). The difference
Fourier section of the four-dimensional density parallel
to a through the O4 site (Fig. 2) is very similar to that of
the corresponding atom in the 2212 phase (1, 2). As in
Ref. (1), a sawtooth-like function was used to describe
the modulation of 04,

U = 2Uq (x, — xD/A, 2]

where U, is the amplitude of modulation and A is the
period of the function. If A is greater than [, adjacent
sawteeth overlap by (A - 1)/2, which implies that an
additional (A — 1) oxygen atoms exist in the overlapping
region. For the Bi atom the modulation of the thermal
parameters was also refined. Resulting R factors are
(0.046/0.030, 0.051, 0.106) (here and below these values
stand for Rgveran, Ko, R1, R2). The resuiting cquivalent
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FIG. 2.
Contours at intervals of 0.5 e/A 3.

isotropic thermal parameter for Cu was slightly negative
(by less than 1a).

Additional refinement including the modulation of the
Sr/Nd thermal parameter modulation gave slightly lower
R factors (0.045/0.031, 0.050, 0.101). A final refinement
with thermal parameter modulation for all cations yielded
R factors of (0,042(0.030, 0.046, 0.094). In all refinements,
the thermal parameter for copper remained slightly nega-
tive, as was the case for the 2212 phase (1). An occu-
pancy refinement of the Bi site again showed no evidence
for vacancies. The results of this last refinement are given
in Tables 2-3 while interatomic distances are listed in
Table 4.

The 04 difference density (Fig. 2) shows the existence
of extra oxygen for some ¢ seclions, corresponding to

x-t section of the four-dimensional difference Fourier map showing the modulation of the oxygen atom O(4) at y = 0.145, z = 0.202.

specific unit cells along the modulation vector.? The
value of A = 1.16(4) corresponds to § = 0.32(8) in the
stoichiometric formula.

Since the Sr/Nd site is occupied by two atom types
with different ionic radii, the occupancy of the site itself
may be modulated, i.e., the probability of finding a partic-
ular atom type on the site may be dependent on the struc-
tural displacements. The Sr/Nd thermal parameter UJ); is
slightly negative in some unit cells (with a minimum of
—0.009(6) A2). In an alternate refinement the occupancy
modulation of the Sr/Nd site was refined rather than the

3t = x4 - qr, where r s the position vector of the atom. Positions of
different atoms can be compared for one and the same ¢ for both atoms,
that is for one and the same three-dimensional section of four-dimen-
sional space.
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TABLE 3
Amplitudes (;&) of the Positional and Thermal Parameter (}'ﬂl x 10°) Modulations for Bi,Sry ;Nd; 5Ceg sCu:040. 5
Atom Wave U, U, U, U, U Us Uy
Bi sin(2wx,) 0.317(2) 0 0.017(3) 26(2) —=13) —2(2) 2.2(7)
cos(2mx,) 0 0 0.102(2) 25(1) —35.6(8) 2.7(5) -2(2)
sin{darxy) 0.003(3) 0 0.026(7) -3(2) —1(4) —5(2) =-2.2(7
cos{dxy) 0.0438(6) \] —0.031{3) 20 =3(1) —-0.3(9) —1(2)
Sr/Nd sin{2mx,) 0.243(3) 0 0.05(1) —17(2) 6(3) 18(4) =3(1)
cos(2mmxs) ~0.05(1) 0 0.251(4) 12(2) -5(2) ) 8(3)
sin(4mx,) 0.034(6) \] 0.04(1) —6(4) —3(6) —-12(4) 2(2)
cos(4mxy) —0.097(8) 0 0.047(6) 6(2) 2(3) 142) 2(2)
Cu sin(2mwx,) 0.086(4) 0 0.06(2) 14(3) =2(7) 5(6) —8(2)
cos(2mxy) 0.052(9 0 0.243(5) -5(2) 12} 4(2) —6(2)
sin(4mrx,) 0.022(7) 0 0.02(1) 16(3) —5(6) —6(6) -2(2)
_(:05(41'”4) 0.04(1) 0 0.018(7} —5(3) —3(4) 113} 1(3)
Nd/Ce sin(2rxy) 0042(2) 0 0.019(8) -3(2) -2(3) —10(3) =370
cos(2mxy) —0.019(6) 0 0.246(2) 1.8(8) 0.1(9) 1(1) 1(2)
sin(4mx,) ~0.006(2) 0 0.036(7) —=5(2) —2(4) 3(3) 3(1)
cos(4mrx,) —0.015¢(5) 0 0.006(4) 0.9(8) =l —3(1) 6(2)
01 sin(2mwx,) 0 0.00(2) 0.16(3)
cos(2mx) 0 —0.08(5) 0.24(2)
sin(4mxy) —0.05(3) 0 0
cos(4mxy) 0.01(4) 0 0
o2 sin(2mrxy) 0.07(1) —0.01(2} 0.00(3}
cos(2mxs) 0.06(3} 0.00¢4) 0.27(3)
sin{4sxy) 0.04(2) 0.00¢2) —0.14(2)
cos(4mxy) 0.05(3) —0.05(4) 0.06(2)
Q3 sin{2m xq) 0.41(3) Q —0.01(7
cos(2mx,) —0.24(5) 0 0.15(2)
sin{4mxy) 0.16(6} 0 —0.06(6)
cos{dnx,) -0.32(5) ] 0.05(4)
04 Uy -1.6(6) 0.10(4) 0.33(3)
X A 0.41(2) 1.16(4) —

thermal parameter modulation. The R factors remain
practically the same (0.042]0.030, 0.045, 0.097), as do the
other variables in the refinement. Sr occupancy modula-
tion parameters are significantly different from zero, and
are given in Table 5, for five unit cells along the a axis.

1vV. DISCUSSION

It is clear that the modulations in the 2222 and 2212
structures are quite comparable, which may be expected
as the mismatch between the BiO and CuO, layers is the
likely cause of the modulation (9). The modulation ampli-
tudes for corresponding atoms are remarkably similar in
the two structures.

Compared with the average structure reported by Na-
kai et al. (4), the present results give more reasonable Bi-
O distances and thermal parameters, The oxygen modu-

lation function (Eq. [1]) is very similar to that found for
the 2212 structure. As A in Eq. 2] is larger than 1, some
unit cells contain two O4 atoms instead of one, as is the
case in the 2212 phase. The overlapping region of the
function (Eq. [2]) corresponds to ¢ sections between
0.84-0.90. This ¢ range corresponds to approximately
every seventh—ninth unit of each -Bi—-O-Bi-O- row par-
allet 10 a, in agreement with results of Le Page ef al. for
the commensurate analogue BipSr;sFe o046 (10), and of
Petricek ef al. (1) and Gao ef al. (2) for the 2212 phase.
The excess oxygen content, described by &§. equals
0.32(8), which agrees within experimental error with
results on related compounds obtained by iodometric ti-
tration. For example, for BiySr(Ln, Ceq3)CusOygi5, a
vailue § = 0.24 = 2 was reported (3), while for a series of
Eu-containing phases values ranged from 0.03-0.21(3)
(i1). '
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TABLE 4 TABLE 5
Interatomic Distances for BiSr; ;Nd; sCep sCuyOxo+5 Sr Occupancy Modulation in Bi;Sr, ;Nd; §Cep sCu;010+5
Minimum-maximum Unit cell 1 2 3 4 5
Atoms Average structure distances
Sr occupancy® 0.45(7) 0.19(7) 0.55(D) 0.43(7) 0.62(7)
Bi-04 3.07(6) 2.50-3.86
2.58(6} 2.28-3.60 ¢ §¢ occupancy function determined by refinement, with standard
2.19(2) 2.16-2.30 deviations in parentheses: g = 0.5%[0.86(1) — 0.29%4)*sin(2mwxy) —
3.34(6) 3.29-3.48 0.08(2)*cos(2mxs) — 0.28(d)*sin(4mxs) + 0.11(d)*cos(dmx,)].
Bi-04 3.34(6) 3.14-3.46
Bi-03 2.01(2) 1.88-2.21
Sr-04 2.472) 2.18-2.69
Sr-03 2.72(4) 2.30-3.25 The modulation of the cations along the a and ¢ direc-
2.814(4) 2x 2.77-2.87 tions are iltustrated in Figs. 3a and 3b. In agreement with
2924 2.42-3.62 results on the 2212 phase (1), the modulation amplitude of
Sr-02 2.69(2) 2% 2.49-2.96 , ~~12 phase (1), p
2.64(2) 2 2 46-2.83 the Bi atoms is three times larger along a and along ¢,
Cu-03 2.35(2) 2.16-2.53 while for the CuQ; plane block the displacements of the
Cu-02 1.96(3) 2% 1.91-2.01 cations are larger along ¢ than along a. The latter is also
1.93(3) 2x 1.89-1.99 true for the R;0; (R = Nd, Ce) layer. The covalent bonds
Nd-02 2.59(2) 2x 2.43-2 81 . K .. ..
2.57(2) 2% 5 43-274 in the CuO; layer are sufficiently rigid to prevent signifi-
Nd-O1 2.32(2) 2% 2.25_2 40 cant distortions in directions parallel to the layer. The
2.32(2) 2% 2.23-2.47 displacements in this layer along the perpendicular, ¢,

direction apparently cause similar distortions in the fluo-
rite block. The displacements in the SrO layer are similar
in both a and ¢ directions. The largest modulation ampli-
tude for O4 (1.62 A) is in the a-axis direction.

The occupation of the Sr/Nd site by two different at-
oms (Sr and Nd) may give rise to occupancy modulation.

@ Oxygen of the adjacent Bi(} layer.

T T T T
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FIG. 3. Displacive modulation of the cations as a function of ¢. Displacement amplitudes are in arbitrary units. The difference between
neighboring unit cells corresponds to the difference Az = 0.228. (a) Displacement along a; (b} diplacement along ¢,
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The dependence of the Sr/Nd thermal parameter I/,; and
the Sr occupancy on x4 in the two alternate refinements
are related, preferred occupancy by the heavier atom
(Nd) corresponding to a lower value of the thermal pa-
rameter (Fig. 4). As the R factors are similar, no defini-
tive conclusion can be drawn, but it is clear that either a
thermal-parameter or an occupancy modulation is
present. The dependence of Sr/Nd-O distances on f is
shown in Fig. 5. For ¢ sections within the —0.06-+0.24
interval some of Sr/Nd—0O3 distances become too large
even for the Sr atom, so the coordination number in this
region appears to be 7 rather than 9. As the maximum
neodymium probability occurs at ¢ = (0.15-0.25, the occu-

pancy modulation may be related to the shift of the oxy-
gen atoms and the decrease of the cation coordination
number.

A related problem is the description of O3 modulation
by the harmonic function (Eq. [1]). The shape of the 03
peak in the x — x4 section of the Fourier map (Fig. 6) -
somewhat resembies a distorted sin function with a very
large linear part. We refined the displacement with one,
two, and three harmonic terms, and with a linear func-
tion. None of these describes the shape of the peak well
in f sections quite close to ¢ (0.10). Because of this, the
Sr/Nd-O distances may differ from those calculated
from the refinement parameters by up to 0.2-0.4 A. Even
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after taking this difference into account at least one of the
Sr/Nd-0 distances remains too large for Nd, and the
coordination number is not more than 8 for the sections
with the maximum neodymium content.

Y. SUMMARY OF CONCLUSIONS

1. The modulation in the Nd-containing Bi-2222 phase
and the Bi-2212 phase are very similar.

2. The hnear oxygen displacement model first applied
in the analysis of the 2212 phase also describes the modu-
lation of the Bi~O plane oxygen atoms in the 2222 phase.
The excess of oxygen in the 2222 phase is located in the
BiO layers.

3. The modulation of the Sr/Nd site can be refined
with either thermal-parameter or occupancy modulation.
The two models cannot be distinguished from diffraction
data, but the stoichiometry and the modulation of the Sr/
Nd-O distances provide some support for the occupancy
modulation model.
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