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Structures of Pb,Sr,RCu,04 have been determined by single crystal X-ray diffraction. A monoclinic
symmetry (C2/m, Z = 2) was found for those crystals with R = Pr, Nd, and Tb, orthorhombic (Cinmun,
Z = 2)for R = La, and tetragonal (P4/mmm, Z = 1) for R = Eu and Dy. The relationship among
different crystal symmeltries can be understood in terms of different oxygen orderings in the PbO layers
driven by the Pb** lone pair orientation. There is evidence for ¢ ~ 9% deficiency in electron density
at the R = Eu and Dy sites (and ~4.5% for R = Tb) which has been confirmed by mass spectroscopy
as being duc to cation vacancies at these sites. Bond valence sum calculations have been performed

1o evaluate the strains existing in the erystal structures of Pb,Sr, RCu;0x.

I. Introduction

The first compound to have been discov-
ered in the now extensive lead cuprate sys-
tem of superconducting oxides, Pb,Sr.Y, _ -
Ca, Cu;0y, ;. or the Pb-2213 phase, contin-
ues to be of interest (). Recently, high qual-
ity single crystals of the Ca-doped 2213
phase were grown by a PbO/NaCl flux tech-
nigue (2). The best crystals showed T_ > 80
K for x = 0.3 and were of sufficient size and
of convenient habit to aliow determination
of the anisotropy in the basic superconduct-
ing parameters such as penetration depth,
coherence length, and critical fields using
dc-resistivity, magnetization, and optical
measurements (3). It is generally regarded
that the hole-doping mechanism in this sys-
tem is the substitution of Ca for Y which,
for x = 0.3 and assuming eight oxygens per
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formula unit, gives a formal oxidation state
of +2.15 for copper, while for Ca-free sam-
ples, or the so-called prototype 2213-phase,
the oxidation state is of course +2.00. In-
deed, Ca-free Pb,Sr, Y Cu;04 has been found
to be an insulator by several groups (4-6).
Bulk superconductivity (F, = 10to 70 K} in
Ca-free 2213 single crystals was first re-
ported by Cava ef af. (4) without further
detailed study of the crystal structure and
physical properties of these materials.
Schneemeyer et al. (7) substituted various
rare-earth elements (R) into the Y-sites and
the resultant polycrystalline compounds
Pb,Sr, RCu;04 showed only a small amount
of superconductivity (1% or less) ascribed
by the authors to variations in the oxygen
content or to inhomogeneities. Later, Pra-
sad et al. (8) reported the existence of super-
conductivity (T, = 70 K} in Pb,Sr,RCu,04
{R = any rare-earth except for La and Ce)
powder samples with a low superconducting
volume fraction (=10%). Thus the situation
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regarding the Ca-free 2213 phase is pres-
ently unclear. :

Bulk superconductivity in Pb,Sr,YCu;04
single crystals was detected in our labora-
tory a year ago. In order to understand this
result, a systematic study of the crystal
growth, structural characterization, and
physical properties of the Pb,Sr,RCu;04
(R = La, Ce, Pr, Nd, Sm, Eu, Gd, Th, Dy,
Ho, and Y) single c¢rystal series has been
carried out. This series turns out to be an
ideal system for studying the relationship
between crystal structure and the electronic
properties of high-T_ copper oxide super-
conductors, since these PbySr,RCu, 0y crys-
tals display a systematic trend from in-
sulating to metallic and superconducting
character as a function of decreasing rare-
earth size. Crystals with R = La, Ce, Pr,
and Nd exhibit an insulating behavior with
basically no carrier-doping in the CuQ,
planes; R = Sm, Eu, Gd, and Tb are
lightly doped; and R = Dy, Ho, and Y
are poor metals. The crystals with medium
and small rare-earth elements (i.e., R =
Eu, Gd, Dy, Ho, and Y) all show a super-
conducting transition around 70 K with the
exception of crystals with R = Tb which
are nonsuperconducting due to either a low
doping tevel or to a small portion of the
Tb ions present in the +4 oxidation state.
Results of dc resistivity and optical re-
flectivity measurements on these Ca-free
Pb,Sr,RCu;0y single crystals have been
reported (9). The crystal growth and stud-
ies of the relationship between cation va-
cancies and the electronic properties will
be presented in the accompanying paper
(/0). This paper focuses mainly on the
crystal structures of Pb,Sr,RCu;0; which
have been determined on samples with R
= La, Pr, Nd, Eu, Tb, and Dy by single
crystal X-ray diffraction, addresses the
question of crystal symmetries, and out-
lines the evidence for cation vacancies at
-the rare-earth sites for R = Eu, Tb, and
Dy. The inherent strains in the crystal
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structure have been analyzed in terms of
bond valence sum calculations.

I1. Experimental

A typical crystal structure determination
started with choosing a small, brick-shaped
Pb,Sr,RCu,04 crystal in order to minimize
X-ray absorption which is serious for these
compounds., The linear absorption coeffi-
cient of Pb,Sr,L.aCu;0g is 57.17 mm~! for a
silver radiation source with a wavelength of
0.56086 A. The data sets were collected for
Pb,Sr,RCu,0; (R = La, Pr, Nd, Eu, Tb,
and Dy) on a Siemens P3 single crystal X-
ray diffractometer. The crystal faces were
indexed after data collection and the shapes
of the crystals were examined under an opti-
cal microscope (Olympus BH-2) and re-
corded by a video camera so that the dimen-
sions of the crystals could be measured on
a magnified view from a TV screen giving
an accuracy of *+0.7 pum. A face-indexed
numerical absorption correction was then
performed. Details of the data collection
and crystallographic information for six
Pb,Sr,RCu,0g (R = La, Pr, Nd, Eu, Tb,
and Dy} crystals are given in Table 1.

1. Pb,SrRCii;05 (R = Pr, Nd, and Th)

Small monoclinic distortions were de-
tected in several Pb,Sr,RCu,0; (R = Pr,
Nd, and Tb) crystals by the single crystal X-
ray diffractometer. In the case of the R =
Nd crystal, the monoclinic lattice parame-
ters were refined from 35 centered reflec-
tions within the 2¢ range from 15° to 40°
using an auto-indexing package supplied by
Siemens. A dataset was collected on a prim-
itive lattice within a hemisphere. Direct
methods were applied to locate the metal
positions in the unit cell and a full-matrix
least-squares refinement was carried out by
minimizing Zw{F, — F,)* using the SHEL-
XTL-PLUS(VMS) package. Out of a total
of 2024 independent reflections, 117 were
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found which violate the C-centering condi-
tion # + k = 2n, and 72 of them had an
integrated intensity greater than 3o(I) sug-
gesting a primitive lattice. The systematic
extinctions of 0k0: k = 2n + land kOl h =
2n + 1 are consistent with the space group
P2,/a (No. 14). However, the structure re-
finement performed on this space group was
not very successful: the thermal parameters
of the oxygens could only be refined isotrop-
ically (otherwise, they became nonpositive
definite) and the R indices were R = 7.80%
and R,, = 7.76%, respectively. Strong cor-
relations with the correlation coefficients
ranging from 0.71 to 0.92 were observed in
both the z coordinates and the anisotropic
thermal parameters between the oxygens at
(4 4 z)and (4, 4 z) in the CuO layers, im-
plying a higher symmetry space group. Re-
finement in C2/m (No. 12) was successfully
conducting by omitting those weak h + & =
2n + 1 reflections which presumably origi-
nate from the oxygen ordering in the PbO
layers and will be discussed in more detail
later in this text. Refinements on
Ph,Sr,RCu;Q; with R = Pr and Tb were
similar except that an electron density defi-
ciency of ~4.5% was found at the Tb site.
The best result was achieved in the case of
R = Tb (see Table I for R indices). The unit
cell is shown in Fig. 1c.

2. Pb,Sr,LaCuy0y

In contrast, there was no monoclinic dis-
tortion observed in the Pb,Sr,LaCu,O; crys-
tal. The lattice parameters a = 5.460(1) A
b = 5.505(1) A, ¢ = 15.876(3) A, o =
90.00(1)°, 8 = 90.03(1)°, and v X 90.02(1)°
were obtained from a thin plate of Pb,Sr,La-
Cu,0; using 38 centered reflections with 26
ranging from 15° to 30° indicating an ortho-
rhombic cell. A data set was collected from
the primitive lattice type within one octant.
There were 143 out of a total of 1412 inde-
pendent reflections violating the C-center-
ing condition, but only 61 of them had an
integrated intensity greater than 3o (1). The
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intensities of these reflections are relatively
weak [1 ~ 13¢(I)]. The same crystal was
mounted on a precession camera and ex-
posed for 4 days and none of these weak
reflections appeared on the film. The space
group of Pman, which is a nonstandard set-
ting of Pmng (No. 53), was deduced from
the systematic absences of hk(: £ + &k = 2n
+ 1 and hOl: h = 2n + 1. The structure
refinement was performed by using the re-
ported atomic coordinates (/1) as the start-
ing values, except that the position 8/ (x, y,
z) was assigned to the oxygens (O3) in the
PbO layers in our refinement instead of to
the 4k (0, v, z) as in Ref. (/{). The aniso-
tropic thermal parameters of O3 thus ob-
tained were basically isotropic. However,
the refinement result was unsatisfactory
since a situation was encountered similar
to that in the monoclinic case, i.e., strong
correlations and nonpositive definiteness of
the thermal parameters of oxygens. There-
fore, as in the previous cases, the higher
symmetry space group, Cmmm (No. 65),
was used. The refinement results (see Ta-
bles IT and II1) resemble those of the mono-
clinic cases except that the O3 in the PbO
layers were split into four closely spaced
sites instead of two as in the latter. The
occupancies of both the rare-earth and the
O3 were refined to full and quarter occupa-
tions, respectively, and were subsequently
fixed at these values in the final refinement,
The unit cell is shown in Fig. 1b.

3. Pb,8SrsRCus05 (R = Eu and Dy)

The structure refinements of the
Pb,Sr,RCuy(3y (R = Eu and Dy) crystals
proceeded somewhat differently from those
with R = La, Pr, Nd, and Th. A primitive,
tetragonal cell was found for a Pb,Sr;Eu-
Cu,0y4 crystal from 25 centered reflections.
The attempt to transform the small, primi-
tive cell (g, =~ 3.84 A) to a conventional cell
witha = \/iap = 5.4 A was made by collect-
ing a small data set of 500 reflections with
20 ranging from 4° to 45° in the one octant.
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FiG. 1. Unit cells of Pb,Sr,RCu,0; with {a) primitive, tetragonal symmetry for R = Euand Dy, (b} C-
centered, orthorhombic symmetry for R = La, and {¢) C-centered monoclinic symmetry for R = Pr.
Nd, and Th. The thermal ellipsoids are drawn as 50% probability surfaces and the displaced O3 are

represented by dashed ellipsoids.

None of the measured intensities of those
reflections corresponding to the 5.4-A cell
was greater than 3o(1). Therefore, a primi-
tive 3.8-A cell was assumed. The space
group P4/mmm was deduced by using an
algorithm suggested by Y. LePage (/2)})—a
strategy based on identifying the three
shortest twofold axes which limit the lattice
symmelry and conventionat cell edges. In
the primary stage of refinement, the oxygens
in the PbO layer were restricted to the posi-
tion 2¢ (0, 0, z). The thermal parameters at
this site were highly anisotropic: the compo-
nents of U}, and U,, being about one order
of magnitude higher than Us,, indicating that
03 are disordered in the basal plane. Two
potential positions for O3 in space group P4/
mmm are 8r (x, x, z) and 8s (x, @, 7). Both

of them will allow the disordering of O3 over
four sites. The refinement of O3 at 8r re-
duced the amplitudes of U, and U, to one-
third of former values, but anisotropy was
still large. Splitting the oxygen atoms has
the effect of moving them directly toward
the Pb atoms and gives rather short bond
lengths of 2.310(35) and 1.866(34) A for Pb-
03 and Cul-0O3, respectively. The refine-
ment using 8s (x, 0, z} gives basically iso-
tropic thermal displacement parameters and
reasonable bond lengths of Pb-O3 and Cul-
03 (see Table III). The O3 atoms at the
8s position {denoted by dashed ellipsoids in
Fig. 1a) are located on the ac and be planes.
The unit cell iso shown in Fig. la. Two short
bonds (2.358 A) and two long bonds (3.116
A) of Pb-O3 indicate that the Pb ions are in
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ATOMIC PoSITIONS AND THERMAL DISPLACEMENT PARAMETERS FOR Pb,Sr,RCu, 0y
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TABLE Il

(R = La, Pr, Nd, Eu, Tb, and Dy)

R: La Pr Nd En To Dy

Pb 3 0.4970%) 0.4984(1) 0.4959(1)
z 0.3899(1) 0.3891(1) 0.3887(1) 0.3851(1) 0.3878(1) 0.3879(1)
U, 0.029(1) 00191 0.016(1} 0.0131} A.015(1) 0.0131}
Usa 0.019(1) 0.016(11 0.014¢1) 0.013 0.01K1; 0.013
Us 0.007(1) 0.007(1) 0.007c1) 0.008¢1) 0.007(1) 0.007(1)
Up 0.000(1) 0.001(1) ~0.000(1)

Sr x 0.0018(3) 0.0015(2) 0.0051¢L1)
: 0.221%2) 0.2223(1) 0.222101) 02201 1) 0.2210(1) 0.2209(1)
Uy, 0.014(2) 0.008(1) 0.014(1; 0.013(1) 0111 0.0131)
Uy 0.006(1) 0.011{1) 0.011¢1) 0.013 0.01001) 0.013
Uy, 0.007¢1) 0.007(1) 0.008(1) 0.009(1) 0.008(1} 0.0081)
Uy, 0.000(1) 0.002(1) —0.001(1)

R Uy, 0.628() 0.0121) 0.013(1} 0.007(1} 0.0050 1) 0.009(1)
Uss 0.016(1) 0.008(1) 0.00%1) 0.007 0.005(1) 0.009
Uss 0.012(1) 00111 0.008(1) 0.007¢1) 9.006(1) 0.00411)
Uy, -0.002(1) 0.001(1) —0.001(1)
K 1.00 1.00 1.00 0.906(7) 0.955(3) 0.911(8)

Cul Uy, 0.028(4) 0.021(3) 0.01201} 0.013(1) 0.016(1) 0.012(1)
Uxy 0.019(3) 0.018(2) 0.014(1} 0.013 0.013(1) 0.012
Ly (.013(3 0.009(2) 0.0121) 00112 0.010( 1) 0.0140(1)
Uy 0.000(2) 0.003(1) 0.002(1)

Cu2 ¥ 0.5008(4) 0.5012(3) 0.502001)
: 0.1133(2) Q11112) 0.1184(1) 0.1088(2) 0.1068(1) 0.1071(1)
Uy, 0.019(3) 0.005(1) 0.011(1} 0.007(1) 0.005(1) 0.008(1)
Uss 0.008(1} 0.005(1) 000711} 0.007 0.005(1} (1.008
Up 0.00%2) 0.611(1) 0.008(1) 0.010(1) 0.008(1) 0.008¢1)
Uy, -0.002(1) 0.001(1) —0.00((1)

ol ¥ 0.2455(14 0.2486(10) ~0.2482(6)
¥ 0.2471(i7) 0.2500(13) 0.2503(7)
z 0.1042(9) 0.0953(6) 0,0989(4) 0.0967(6) 0.0942(3) 0.0946(6)
Un 0.030(10) 0.008:5) 0.013(3) 0.006(3) 0.00%1) 0.014¢4}
U 0.011¢5) 0.005¢3) 0.0092) 0.01504) 0.007(1) 0.004¢3)
Uy 0.016(6) 0.621¢5) 0.014(2) 0.016(4) 0.015(2) 0.015(3)
U 0.0017) 0.001(%) 0.001(7) —0.001(1)
U -0.005i4) 0.003(2) 0.001(1)
Uy 000404} 0.001(2) —0.003 1)

oz X 0.5032(27) 0.4974020) 0.505313)

M : 0.2530(15) 0.2540(1 13 0.253%7) 0.2539(11) 0.2526(5) 0.25401)

Uy, 0.020(14} 0.016(9) 0.02004) QO27T) 0.019(3) 0.031(6)
Una 0.017(9 0.030(8) 0.026(6) 0.027 0.024(3) 0.031
U 001009y 0109} 0.007(3) 0.007¢5) Q0012 401K
Upn 0.0037) 0.002(3) —0.00%2

03 X 0.9315073) 0.0346(41) 0.0292(33) 0.8542(94) 0.0548(16) 0.866{10)
v 0.0812(51) 0.675335) 0.0648(44) 0.0756(17)
z 0.3808(25) 0.3855(13) 0.3871(13) 0.3831(26) 0.3850(7) 0.387c2)
U, 0018433 0.078%¢ 16} 405501 004822} 002744} 0.027015)
Uss 0.001(9) 0.016(9) 0.022010) 0.016¢12} 0.012i3) 0.005(8)
Uss 0.03222) 0.008(8} 0.056(12) 0.046(23) 0.019t4) 0.038(18)
U Q.001018) —0.007(11) -0.0028) 0.002¢(4)
Ups 0.003¢21) —0.00(1 1} 0.031(10) 0.021(19) 0.00244) —0.00%14)
Un 0.02212) 0.000(8) Q0.003(10% ~0.001(3)

Noje Space groups Cronpr (No. 65) for B = La: Pbtfl, 4, 1), S0, 0, 24 R0, 0, 0). Culid, 0. 4. Cu2t0, 4 0, 0N 4 20 O, 4 20, O3, v, o)
C2imtNo. 12y for R = Pr. Nd. and Th: Pbix, @, z), Srix, 4, 23, R(2, 0, 03, Culif, @, §1, Culix, ¢, 23, Olx, ¥, 20, O20x, @, 20, O3y, v, o} and P4/ meenm
(N0, 123) for & = Eu and Dy: Pbif, 4 2). SKO, 0, o) R{0, 0, 63, Cul(@, 9, $). Cu2id. 4 23, 0140, 4, o). 024, 4, 2). 03(x, €. z). The anisotropic thermal

displacement parameter exponent has a unit of Al and takes the form: =it iU, .

digit. in parentheses, is the unceraimy,

+ 2hka*h*Uja). K stands for site-occupation, The last
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TABLE 11l
SELECTED BoND LENGTHS (f\) AND ANGLES (°} FOR THE Pb,Sr:RCu;0;
(R = La, Pr, Nd, Eu, Tb, aND Dy} CrYsSTALS
R La Pr Nd Eu Th Dy
Bond lengths (A)
Pb-02 %1 2.172(24) 2135017 2.13(10) 2.119(17) 2.144(6) 2.116(16)
-03 %1 2.340(29) 2.338(19) 2.386(24) 2.358(21) 2.357(8) 2.375(22)
%1 2.402(40) 2.556(22) 2.578(18) 2.358 2.401(8) 2.375
x1 3.140(27) 2.963(201 2.911(25) 3.116(21) 3.064(8) 3.092(19)
x 1 3.225(35) 3.160(15) 3.093(19) 3ne 3.131(8) 3.092
Sr-01 x2 2.692(10) 2.753(%) 2.744(6) 2.748(7) 2.766(4) 2.763(7)
-0l X2 2.692 27319 2.733(6) 2,748 2.770(4) 2.763
-02 x2 2.797(4) 2.786(3) 2.779(2) 2.769(3) 2.766(1) 2.759%)
x 1 2.774(4) 2.779(15) 2.744(11) 2.769 271307 2.759
x| 2.774 2.768(13) 2.789(11) 2.769 2.756(7) 2.759
-03 x 1 2.589(40) 2.618(21) 2.630021) 2.619(40) 2.647(9 2.672(37)
R-01 x4 2.549(9) 2.477(9) 2.475(6) 2.455(6) 2.425(4) 2.4276)
-0l xd 2.549 2.503(9) 2.487(6) 2.455 2.426(4) 2.427
Cul-03 x2 1.981{40) 1.865(21) 1.823(21) 1.929(40) 1.858(9) 1.849%(37)
Cu2-01 %2 1.944(1) 1.936(9) 1.928(7) 1.932(1) 1.926(3) 1.927(1}
-01 %2 1.944(1) 1.949(9) L9941 1.932 1.932(3) 1.927
-2 %1 2.218(25) 2.259(17) 2.261(10) 2.290017) 2.280(6) 2317017
Bond angles (%)
03-Pb-03 173. {19} 169.5(11) 171.8(9) 176.1(20) 163.6(4) 179.5(18)
172.9020) 104.3(8) 101L.%7) 160.2(15) 107.5(3) 162.4(15)
160.3(20) 104.3 101.9 109.3(15) 107.5 107.6(14)
157.4(15}) BS.7(6) R6.1(6) 89.9(1) 88.8(2) 90.0¢1)
109.7(14) 70.6(15) 72.4(14}
91.3(10)
88.3(10)
69.9(14)
03-Cul-03 180.0(1} 180.0(1) 180.0(1) 180.0(1) 180.0¢1) 180.0(1)
158.2(23) 180.0 180.9 156.3(15}) 180.0 157.4{16)
153.9(17) '54.5(12) 157.6(15) 146.2(22) 155.7(5) 147.8(23)
145 8(20) 154.5 157.6 155.7
01-Cu2-02 94.3(4) 95.6(4) 95.8(3) 95.7(3) 96.0(2) 95.9(3)
95.4(4) 94.9(3) 95.8(2)
R-01-R 99.¢5) 101.9(3) 102.4(2) 103.144) 104.6(1) 104.3(4)
Pb-(02-5r 100.2¢5) 101.5(6) 100.3¢4} 100.8¢3) 101.7(2) 101.0(4)
100.3¢5) 100.4(3) 100.3(2) 100. 1(1)
99.3(6) 100.5¢4} 98.6(2)

a very distorted square pyramidal coordina-
tion environment which has been observed
in another lead cuprate phase (Pb/Cu)
Sr,_ La CuQ,_; as well (/3). An attempt

to put extra oxygens at a potential oxygen
position (0, #, #) yielded an extremely high
thermal displacement parameter which con-
firms the absence of oxygeninthe Cul layer.



508

Full occupancy of the rare-earth sites was
assumed in the early stage of structure re-
finement for Pb,Sr,EuCu;04, but a large re-
sidual electron density peak (~10 ¢/A?) at
the Eu site suggested that too many elec-
trons had been assumed in the structural
model. Thus, two hypothetical disordered
models—those of cation vacancies and
Eu**/Sr’* mixed occupation—were refined
independently. For the <cation-vacancy
model, the anisotropic thermal displace-
ment parameters for Eu were refined con-
currently with the site occupancy, and the
results show adeficiency of 9.4% at Eu sites;
while for the mixed-occupation model, an
Eu**/Sr** ratio of 0.77/0.23 was obtained.
Both refinements yi¢ld basically the same R
indices and anisotropic displacement pa-
rameters of the rare-earth sites since the
same number of electrons (57 e/site) are as-
signed to the rare-earth sites in both models.
Similar results have been obtained in the
case of R = Dy. At a final stage of the
refinement, the largest residual electron
density peak (~5 e/A%) in the difference Fou-
rier map was at position (0.4, 0.4, 0.4) about
0.51 A from the Pb ions. Refinement of the
occupancy and the x and y coordinates of
the Pb ions showed neither deviation from
full occupation nor positional shifts. These
residual electron densitics seem to be
caused by anisotropic extinction, imperfect
correction for absorption, etc.

4. Chemical Analysis

The chemical composition of the
Pb,Sr,RCu;0; crystals was determined by
inductively coupled plasma mass spectros-
copy (ICP/MS). Approximately 3 mg of
crystals was dissolved in 50 ml of 6 ¥ hydro-
chloric acid for each test and diluted with
high-purity water to a final concentration of
0.5 to 3 ppm for each metal element. The
experimental errors for the metal elements
are of order =2% and the resulis have been
given in Table I'V. A possible Na incorpora-
tion in the Ca-free Pb,Sr;RCu,0; crystals

XUE, GREEDAN, AND MARIC

TABLE 1V

CHEMICAL COMPOSITIONS OF THE Pb,Sr,RCu 0,
{R = Pr, Eu, Tb, AND Dy) SINGLE CRYSTALS DEDUCED
FroM ICP/MS

R Pb Sr R Cu
Pr 2.14(4) 1.94(4) 1.07(2) 3.00
Eu 1.79(4) 2.03(4) 0.89(2) 3.00
Th 2.39(5) 1.8%4) 0.91(2) 3.00
Dy 2.1244) 2.08(3) 0.95(2) 3.00

was checked by an energy dispersive X-ray
(EDX) analyzer (LINK (}3X-2000). The re-
sults were negative,

II1. Results and Discussion

The structure refinements of four of the
Pb,Sr,RCu; 04 compounds were carried out
in either Cmmm (R = La) or C2/m (R =
Pr, Nd, and Tb) by neglecting very weak
reflections which violate the C-centering
condition. Thus the true lattice type is cer-
tainly primitive and the refined structures
represent an approximation to the true
structure. The very weak reflections arise,
most likely, from oxygen atoms in the PbO
layers, and a definitive structure determina-
tion will require information from neutron
diffraction as well. The other two struc-
tures, R = Eu and Dy, were refined in
tetragonal symmetry, P4/mmm. The true
symmetry here is either monoclinic or or-
thorhombic and the pseudo-tetragonal sym-
metry reflects (//0) twinning which has been
detected by electron diffraction (/4) and
which is the subject of an on-going study
(15). Thus, the structures for R = Eu and
Dy represent an average of the two twin
components. Further discussion of micro-
twinning in these two samples is found in
a later section of this paper. Although the
structure refinements are subject to the
shortcomings indicated above, they are of
sufficient accuracy to provide reliable infor-
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mation regarding eiectron densities at the R
site and R—O1 distances which are crucial
to arguments made later. This is because the
R atoms occupy the origin in all of the space
groups utilized and the O1 atoms are at (4,
$, 7) positions; even for the three monoclinic
crystals where the position is (x, y, z), and
x and y values are within 2¢ of § in all cases.
In this section we present evidence for the
existence of cation vacancies at the R site
for R = Eu, Tb, and Dy, discuss the mono-
clinie distortion found for R = Pr, Nd, and
Tb in terms of ordering of oxygen atoms
driven by Pb?* lone-pair ordering, and inter-
pret a bond valence sum analysis of the six
crystals studied.

1. Evidence for Cation Vacancies

As mentioned previously and as shown in
Table 11, electron density deficiencies were
found at the R site for three of the crystals,
R = Eu [9.4(7)%], Tb |4.5(3)%], and Dy
[8.9(8)%], but not for R = La, Pr, or Nd.
Our result for R = Nd is at variance with
two previous structural studies of crystals
with nominal composition Pb,Sr;NdCu,0,
{4, 6). In both cases the R-site occupation
was refined as the mixture Nd,_ Sr, with
x = 0.24, reflecting an electron density defi-
ciency as Sr has fewer electrons than Nd.
Comparison of the reported lattice parame-
ters of those crystals which were grown
from a PbO flux shows significant differ-
ences,a = S.435(1) A, b = 5.463(D A, ¢ =
15817(3) A (4) and a = 5.437(3) A, b =
5.4722) A, ¢ = 15.797(T) A (6), especially
in the ¢ parameter, with those reported for
our crystal {(see Table I) which was grown
from a PbQ/NaCl flux. In the accompanying
paper (/0) evidence is presented that a
longer ¢-axis implies R-site vacancies. It is
quite likely that the composition of the crys-
tals is different due to different growth tech-
niques. No independent chemical analysis
was reported for the crystals of Refs. (4)
and (6).

Returning to the cases R = Eu, Tb, and
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Dy for which dificiencies were found, it is
clear that there are basically two models
which might account for this observation,
namely doping of that site with an atom of
lower electron density such as Sror Na from
the flux or the presence of cation vacancies.
It is of course impossible to discriminate
between these models by refinement of oc-
cupational factors alone. EDX analysis of
the crystals shows no detectable Na con-
tent, which leaves only Sr. The coneentra-
tion of Sr needed is of the order ~239%, as
mentioned earlier. Such an excess should
be detectable by chemical methods. Table
IV shows the results for ICP/MS analysis on
four crystals from the same growth batches
from which the crystals for structure deter-
mination were selected. There is no evi-
dence for excess Sr at the required levels
for R = Eu, Tb, or Dy and in fact the Sr
content is the same within error as that for
R = Pr which shows no rare-carth defi-
ciency and no R-site electron deficiency as
well. There i1s even some evidence that the
R-site ion concentration is systematically
lower for R = Eu, Th, and Dy in comparison
to R = Pr. The actual values obtained are
in reasonable agreement with the refined oc-
cupations in Table Il. The scatter in the Pb
content in Table IV may be due to the high
volatility of Pb or the presence of residual
PbO flux on the crystal surfaces orin cracks.

The systematic behavior of the R-0O1
bond lengths versus the ionic radii of R can
also be used to discriminate between the
two models. In Fig. 2 these distances are
plotted as a function of the effective R**
radius for eightfold coordination (/6). Also
plotted, as open circles, are the expected R/
Sr-0O1 distances for R = Eu, Tb, and Dy
assuming 23% Sr’*. The dashed line shows
the calculated R-O1 distances assuming
fourfold coordination for O12~. The best
agreement between observed and calculated
R-0O1distances is found when the 012~ (IV)
radius is used to calculate R—O1. In fact the
choice of a radius is somewhat arbitrary.
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FiG. 2. Relationships between the R—Q1 bond length
and ry, the effective ionic radius of R.

Although Q1 has six neighbors, the dis-
tances are ~1.9 A (2Cu), ~2.4 A(2R), and
~2.7 A (251), thus O1 (IV) seems a reason-
able compromise. It is clear that the calcu-
lated R/Sr—0O1 distances are much too long,
reflecting the large size of Sr**, 1.26 A, rela-
tive to the lanthanides, 1.160 A for La** to
1.027 A for Dy**. This points to a further
difficulty with the Sr-substitution model;
1.e., it is necessary to invoke large amounts
of Sr/R mixing for those cations with the
largest size mismatch percentages, 16.7%
for Eu’* to 20.4% for Dy**. Thus, on the
basis of the chemical analysis and the R—-0O1
bond length analysis, the R/Sr substitution
model seems untenable while the cation va-
cancy model consistent with all experimen-
tal results.

It is worth addressing two further ques-
tions at this point. (i) Why do cation vacan-
cies occur at the R site for these crystals,
and (ii) is there any evidence for RI+*/R*
mixed valence for R = Pr and Th? First,
the fact that vacancies appear only for the
smaller rare-earths and not for the larger
ones suggests a size effect. The R atoms
reside in a nearly cubic site or cage formed
by eight O1 atoms which are also bonded to
Cu? atoms. The cage size will be determined
by factors associated with R size and
Cu2-01 bonding requirements. If the
Cu2-01 bonding is more important, then
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the cage size will depend more on this fact
than on R size. As the rare-earth radius de-
creases systematically through the series,
the cage volume will decrease less rapidly
than the R** ionic volume and R3* will fit
less well into the cage. A similar situation
occurs for the RMO, perovskites (here M
stands for a transition metal) as the R radius
decreases. In this case the MO, octahedra
titt in such a way as to decrease the size of
the R-O cage with decreasing R radius. This
tilting mechanism has never been observed
in the layered cuprates. The creation of cat-
ion vacancies can be viewed as an alterna-
tive mechanism for decreasing the cage size
and increasing the effective size of the R
ion, both of which will improve the fit. A
cation vacancy, having a negative formal
charge, will appear “‘larger’ in size than a
cation coordinated by oxygens. Further-
more, the holes generated by the vacancy,
if transferred to the Cu2-01 network in,
say, the form of formal Cu**, will shrink the
Cu2-01 bonds, decreasing the cage size,
These arguments are qualitative and difficult
1o prove in a convincing way. Furthermore,
size effects can be at most part of the expla-
nation as the vacancies seem to result in a
reproducible manner only in ¢rystals grown
from a PbO/NaCl flux. It was noted pre-
viously that the Y/Caratioin Ca-doped crys-
tails grown from this flux was fixed at a
roughly constant value regardless of the
starting Y/Ca ratio (2). This might be attrib-
uted to a constant oxygen partial pressure
maintained under the encapsulating NaCl
layer which controls the Cu’*/Cu?®" ratio
and thus the Y/Ca ratio. A similar effect
may occur in the Ca-free fluxes. Lacking a
substitutional dopant ion in the absence of
Ca’", the only available dopants are cation
vacancies.

Regarding possible Pr**/Pr** or Tb**/
Tb**+ admixtures at the R site, nothing truly
convincing can be deduced from the results
in Fig. 2. While the Pr-0O1 distance seems
shorter than the expected distance (dashed
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line), so is the Nd—O1 distance and Nd*~ is
an unlikely species. Also, the Th-O1 dis-
tance is nearly identical to that of Dy-0Ol1
suggesting that it is anomalously short, but
the refined vacancy concentration in the Tb
case is only half of Dy (4.5% versus 8.9%)
so a valid comparison cannot be made.

2. Monoclinic Distortion and Oxygen
Ordering in the PbO Layers

Various tetragonal, orthorhombic, and
monoclinic space groups have been as-
signed to the Pb-2213 phase in the literature:
Pa/mmm (17) and Pman (11) for Pb,Sr,
(Y/Ca)CuyOq, 5 crystals, Commm (18), or a
combination of Cmmm and PT ({9), Pmmm
(5), and P2,/m (20) for the Ca-free 2213
compounds, and P22,2 (2!) for Pb,Ba,Y-
Cu,0q, etc. However, the crystal structures
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refined in these space groups are nearly
identical since all the atoms in the unit cell
sit on the special positions of various space
groups, except for O3 which is symmetry
dependent.

Evidence for a monoclinic distortion in
the Pb,Sr;YCu,0y compound was first re-
ported in the structure refinement of a pow-
der X-ray diffraction pattern (20), although
speculation about monoclinic symmetry
had been advanced even earlier (4). Our
structure refinements on three Ca-free
Pb,Sr,RCu,04 (R = Pr, Nd, and Tb) single
crystals showed a definite monoclinic dis-
tortion with 8 values ranging from 90.13°
to 90.41°. There are two major differences
existing between the monoclinic (Fig. 1¢)
and orthorhombic structures (Fig. 1b). First
of course is the monoclinic distortion in
those crystals with R = Pr, Nd, and Tb

PEROVSKITE RLOCK

———» {100)

ROCKSALT BLOCK

Pb
c  8r

a Tb

. Cu
C 03

fb)

FiG. 3. (a) Three- and (b) two-dimensional (10} projections showing the monoclinic distortion in the

Pb,Sr; ThCu,Oy¢ crystal structure.
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which can be seen clearly in the (018} projec-
tions of the unit cell as shown in Fig. 3 where
both the perovskite-like (or P-) and the metal
sublattice in the rocksalt-like (or RS-) units
are trying to retain their orthogonality, but
are shifted with respect to each other along
the g-axis. Consequently, the bonding be-
tween the P- and RS-units are strengthened
by this glide as evidenced by the short
Pb-02 and Sr—03 bond lengths (see Table
III). This contradicts, at least superficially,
the observation of a preferential cleavage
plane between the P- and RS-units reported
by Zandbergen et al. (22). The oxygens in
the lower PbO layer are shifted correspond-
ingly along (100}, and those in the upper
PbO layer along (700). A serious monoclinic
distortion of the oxygen (03) sublattice in
the RS-unit (with a distortion angle of
100.01° in the case of R = Tb) is thus devel-
oped. However, the driving force of this
distortion reoots in the Coulomb repulsion
among lone pairs residing on the Pb** jons.
The lone pairs of the upper PbO layer will
repel those below and reorient themselves,
The finding of this work is that the lone pairs
point between the two Cul ions (see Figs,
4a and 4b) rather than toward the Cul ions
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as ascribed by Cava et al. (I/8). The result
of this reorientation is that two in-plane O3
atoms are pushed away from the Pb** ions
and form two longer Pb—03 bonds (—3.1 A).
At the same time the other two are pushed
in and the result is two short bonds (~2.4
A). According to these hypotheses the
mechanism of monoclinic distortion in the
Ca-free Pb,Sr,RCu;0 crystals can be sum-
marized by the foilowing progression:

distortion of R

O3 sublattice
glide between R monoclinic
P- and RS-units = distortion

lone pair
ordering

Secondly, the O3 are split into two sites
in the monoclinic symmetry rather than into
four sites as in the orthorhombic or tetrago-
nal cases. Cava et al. (I8) have postulated
that the lone pair on Pb** is oriented roughly
normal to (but directed away from) the trian-
gular face formed by the three shortest
Pb—0O bonds based on the crystal structure
refined in Cmmm. Obviously, there are a
number of combinations for the direction of
the lone pair in the cases of Cmmm and P4/
mmm because there are four sites available
for each O3 and two PbO layers in each unit

+ Possible O-site
o Oxygen site

* Cul .
@ Pb L3 3
I S
1
& ®
Yo
I . A
X
o @

(b)

F1G. 4. (2) The lone pair of Pb** directed normal to the triangular (hatched) area composed by the three
shortest Pb—0 bonds, pushing two in-plane O3 away from the Pb** and resulting in a distorted square
pyramid. {b) The (fG!) projection of the Cul and lower PbO layers showing two sets of in-plane Pb-013

bond lengths.
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F16.5. Oxygen ordering of (a) the upper PbOlayer. (b) the lower PbO layer in the monoclinic symmetry,
and (c) the PbO layers in the orthorhombic symmetry.

cell. The situation in C2/m is simpler since
there are only two sites available for each
03. It is worth pointing out that the coordi-
nation environment for the Pb2* ion does
not change with the choice of different space
groups—there are always two sets of Pb—03
bond lengths (~2.4 A and ~3.1 A, cf. Table
III). Thus the same postulate about the di-
rection of the lone pair can be applied to the
monoclinic case. Figures 5a and Sb show the
{001) projections of the upper and lower PhO
layers, respectively. By overlapping these
two projections, one can obtain a familiar
picture of four split O3 sites (Fig. 5¢) which
has been seen in the orthorhombic and te-
tragonal cases. This is interesting because a
better oxygen ordering in the PbO layers
occurs in a structure refined in the low sym-
metry space group C2/m than that refined in
the high symmetry space groups Cmmm and
P4/mmm. Further studies on the symmetry
of these Ca-free crystals by the electron mi-
croscopic technigue are under way.

3. Origin of Orthorhombicity' and
Possible (110) Twinning

The origin of the orthorhombic distortion
in the Pb-2213 phase has been a puzzie since

! The term orthorhombicity is used here to denote
the situation in which b > & for both orthorhombic and
menoclinic symmetries.

the compound was discovered. Most au-
thors believe that the displacement of O3 in
the PbO layers is responsible for this distor-
tion (6, /8, 19). A question raised here is:
why do they displace unevenly along the a-
and b-axes? The electron microscopic work
conducted by Zandbergen er al. (22) shows
that those reflections corresponding to the
5.4-A cell disappear upon interaction with a
strong electron beam which causes a reduc-
tion of the specimen under the high vacuum
of the electron microscope, while the resul-
tant 3.8-A cell is still orthorhombic. This
suggests that the orthorhombicity may be
related to a structural distortion other than
the oxygen ordering in the RS-unit, for in-
stance, a positional shift of the Pb atoms
or the tilting of CuO, pyramids. However,
neither positional shifts nor any anomaly
in the thermal parameters of Pb?* or those
oxygens associated with the CuQ; pyramids
have been found in our structural! refine-
ments. All known cuprate superconductors
containing ions with a 54'° configuration
{without lone-pair electrons), i.e., Pb*t or
TP*, are tetragonal while those containing
Pb** or Bi** (5d'%6s%), which possess lone-
pair electrons, are orthorhombic. This
strongly suggests that the orthorhombic
symmetry in the Pb-2213 phase is correlated
with the lone pair of Pb?*, The source
of orthorhombicity may be traced back
to the synthetic process where a tetragonal
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(001) projections
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FiG. 6. The (0/0) and (001) projections of (a) the RS-unit, (b) the upper and (¢) lower PbO layers,

respectively, showing the orientation of lone pairs,

to orthorhombic phase transition for
Pb,Sr,GdCu,0; at 750°C upon cooling was
observed by Gallagher er al. (23). Subse-
guently, Kadowaki et al. (24) showed a sim-
ilar result for Pb,Sr,(Y/Ca)Cu,Oy, ;. Obvi-
ously, the lone pairs of the Pb?* ions will be
easier to fit in an expanded, high-tempera-
ture unit cell than in a smaller room-temper-
ature cell. The thermal motion at high tem-
perature leads.io a random orientation of
lone pairs. Therefore a tetragonal symmetry
will be a better description for the high-tem-
perature cell. These lone pairs start to con-
dense into the space available in the oxygen-
free Cu' layers upon cooling. As the temper-
ature drops to 750°C, the distance between
the two PbO layers also decreases and the
strong Coulomb force triggers an ordering
process among the lone pairs. Figures 6a,
6b, and 6c show the (0/0) and (00/) projec-
tions of a possible lone-pair ordering be-
tween the upper and lower PbO layers. The
uneven displacement of the O3 atoms is due
to the fact that all the lone pairs in the same
PbO layer align to one side of the body-
diagonal line of the RS-unit as shown in
Figs. 6b and 6¢, and thus they will push the
03 more along the /- than along the a-axis.

Since the orthorhombic structure is formed
at a relatively high temperature (though
lower than 750°C), it tends to maintain its
integrity even when the ordering of oxygens
in the PbO layers is destroyed by the strong
electron beam. The 03 ordering process
may initiate in different parts of a crystal,
and thus a domain structure could be formed
such as the (110) microtwinning observed
by Hewat et al. (J4). Figure 7 shows a (110}
twin model which is constructed of two
monoclinic domains of PbQ layers, For each
domain, only one out of two closely spaced
oxygen sites should be filled. A possible or-
dering of 03 is shown in Fig. 7, where the
lone pairs within one domain are oriented
in the same direction and thus lower the
potential energy of the crystal system. If
the demain sizes are of the same order of
magnitude or less than the X-ray diffraction
correlation length and the volume fraction of
each twin domain is nearly 50%, a tetragonal
symmetry could be obtained as an average
of two monoclinic domains. In this case, the
tetragonal a-axis should be related to the
monoclinic cell by a, = (a,, -+ bm)/Z\/i. For
example, the lattice parameters of crushed
crystal fragments from the same growth
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batch as those used in the structure refine-
ment obtained by the high-resolution Gui-
nier powder X-ray diffraction technique are
a=5421(1)Aand b = 5.459(1) A for R =
Eu,and ¢ = 5.398(1) A and b = 5.432(2) A
for R = Dy. These values are in fairly good
agreement with the tetragonal lattice param-
eters deduced by single crystal X-ray dif-
fraction. These obscrvations also suggest
that the twin domain size distribution is in-
homogeneous within the crystals in a given
batch. An attempt to deconvolve the twin-
ning by refining a twinning parameter on
the single crystal X-ray diffraction data was
unsuccessful in one case (7). But a twin
parameter of ~54% was refined on a
Pb,Sr,(Y/Ca)Cu,04 crystal by the single
crystal neutron diffraction technique (11).

4. Bond Valence Sum Calculation

Bond valence sums (BVS) for each ion in
the unit cell of Pb,Sr,RCu,0, (R = La, Pr,
Nd, Eu, Tb, and Dy) have been calculated
using the expression

V=>2s=2expllr,— rygl. (1)
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to two monoclinic PbO domains.

where V is the bond valence sum and is
expected to equal, approximatcly, the oxi-
dation state of the ion around which the
valences have been summed. r; and s; are
the observed bond lengths and valence of
bond i, respectively, which are formed be-
tween the cations and anions, The values of
ry and 3 have been calculated by Brown and
Altermatt (25). The results for the six crystal
structures refined here together with a su-
perconducting R = Y/Ca crystal from Ref.
{(17) are shown in Table V. First, almost all
of the BVS for Cu2 are higher than the for-
mal oxidation state, +2, while the BVS for
Srand O2 are lower. Since the bond valence
sum reflects the distribution of valence in
the bonds about a given ion, it will be in-
creased by shortening and decreased by
lengthening the bonds. Thus, the Cu2-01
bonds in the CuQ, planes are compressed
and the Sr-02 bonds are stretched. Further-
more, a bond valence sum of +2.0 for Pb
indicates that the PbO layers are not
stressed by the cell dimension constraints.
Presumably, any strains in the PbO planes
are relaxed by the disordering of the O3
atoms. A tension along the ¢-axis in the RS-
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TABLE V
CaLcULATED BoNDp VaALENCE SuMs  FOR
Pb,Sr,RCu0y (R = La, Pr, Nd, Eu, Tb, Dy, anD
Y/Ca).
La Pr Nd Eu Tb Dy  YiCa
Pb 1.96 1.94 1.90 14 205 201 1.87
Sr 1.79 1.67 1.69 1.67 1.65 1.63 1.77
R 280 300 290 259 264 230 255
Cul 071 098 1.0% 0.82 1.00 .02 091
Cu2 219 217 220 221 223 223 234
0l -212 =203 =209 202 202 —195 2407
02 -174 —132 —184 —183 -183 —188 -—180
03 -L75 -135 -175 -—18B3 -187 -—iB& -179
RISt 261 293 270
ot —21 =210 -2.05

MNote: Data in the last two lines are calculated in terms of the R/Sr
mixed-vccupation model.

units is also evidenced by the low BVS of
03, A bond valence sum close to +1.0 for
the Cul ions is consistent with the absence
of oxygen in these layers, as found in the
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structure refinement, since strain cannot be
built up within the basal plane without
Cul-0 bonds. Second, the BVS of the Cu2
ions is essentially constant as a function of
R. This may seem surprising since from Ta-
ble 1II the Cu2-Q1! bond lengths clearly de-
crease with R. Note, however, that the
Cu2-02?bond lengths change in the opposite
sense, increasing as the R radius decreases.
The result is an average Cu2-0 bond length
of 2.00(1) A nearly constant with R and thus
a constant BVS for all six Pb,Sr,RCu, 0 (R
= La, Pr, Nd, Eu, Tb, and Dy) crystals.
Third, from the structure refinement, elec-
tron density deficiencies were found at the
Eu, Tb, and Dy sites while full occupancy
was obtained for R = La, Pr, and Nd. The
calculated bond valence sums for La, Pr,
and Nd are close to their valence state of
+3 and those for Eu, Tb, and Dy are signifi-
cantly less, which agree with the refinement

- a -
\:
\ 3.0
Perovskite—like block R ST T T T O—free layer
(-1) Culz, /\< 2.2 i) il cOmpression
. 7 :
Sr0 "‘_\ 1 —® in tension
2.0 )
PbO 03 disordered layer
1.0
Rocksalt—like block _——e === 0—free layer

Q
[
-

(+1)

Z
;

-

F1G. 8. Schematic diagram of generalized bond valence sums in various metal oxygen layers showing
the residual strains in the crystal structure of the Pb.Sr-RCu;0, compounds. The widths of the layers

are exaggerated for clarity.
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results and are comparable to those of R =
Y/Ca crystal,

Residual strains in the crystal structure of
Pb,Sr,RCu40y, are illustrated schematically
in Fig. 8 with the aid of generalized bond
valence sums. Obviously, most strains
dwell in the P-units, The R layers are strain-
free due to lack of oxygen, while the com-
pression in the CuQ, planes is balanced by
the tension in the SrO layers. Compared
with the rigid P-unit, the RS-unit fits much
better with the lattice dimensional con-
straint denoted by the two vertical dotted
lines in Fig. 8 due to the flexibility supplied
by the displacement of O3 and the oxygen-
depleted Cul layers.

IV, Conclusions

Structure determinations by the single
crystal X-ray diffraction technique have
been performed for six crystals grown from
a PbO/NaCl flux in the series Pb,Sr,RCu;0,,
where R = La, Pr, Nd, Eu, Tb, and Dy.
The presence of a significant cation vacancy
concentration on the R site for R = Eu,
Tb, and Dy was demonstrated. Monoclinic
symmetry was established definitively for R
= Pr, Nd, and Tb for the first time. The
origin of the monoclinic distortion is de-
scribed in terms of order/disorder among
oxygens in the PbO layers which is driven
by an orientational ordering of the Pb** lone
pairs. The origin of microtwinning which
gives rise to a pseudo-tetragonal symmetry
for R = Eu and Dy is discussed. Bond va-
lence sums show an unstressed PbO layer
while the CuO, layers are in compression
and the Sr—0O layers are in tension,
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