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Multivariate analysis methods are used for the examination of
the fine structure and superconductivity properties of the 1212-
type superconductive copper oxides with the stoichiometry of
MA,0Cu,0Oq, . (M= Cu, Hg, TI/Pb; A = Ba, Sr; Q = rare-earth
element, Ca; z =0-1). PCA (principal component analysis) is
used for the qualitative evaluation of relations between structural
variables such as the cation-oxygen bond lengths, bond angles,
and oxygen content z, and the superconductivity transition
temperature 7., adopted from a number of neutron diffraction
studies published for MA4,0Cu,O;, . samples with various com-
positions. The different ways of doping positive holes in the
superconductive CuQ, plane are discussed on the basis of the
PCA results. Quantitative modeling of the value of 7, in the
CuA,0Cu,Oq, . system is successfully performed by PLS (pro-
jections to latent structures by means of partial least squares),
resulting in a model with predictive power of ~93%. The
present study demonstrates the potential of multivariate analysis
methods in studying structure—property relations of inorganic
materials with ionic structure. © 2001 Academic Press

Key Words: multivariate analysis; PCA; PLS; superconduc-
tor; neutron diffraction.

INTRODUCTION

Superconductive copper oxides have layered perovskite-
related structures with a varying number of oxide layers and
stoichiometries within the layers. Concentration of positive
holes, i.e., the valence of copper (or oxygen) in the supercon-
ductive CuQO, plane, is known to be an important parameter
in determining the superconductivity transition temper-
ature T¢ (1). Upon increasing the hole concentration, the
Tc in the so-called underdoped region increases up to a cer-
tain optimal level above which the material is overdoped
and the T¢ starts to drop. Besides hole concentration, distri-
bution of holes in the Cu-O bond and flatness of the CuO,
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plane are believed to be important factors affecting the
superconductivity characteristics (2-4). The value of T¢ is
believed to depend on the crystallographic fine structure,
which is described by several structural variables, and con-
sequently the appearance of superconductivity can be con-
sidered a multivariate problem.

Utilizing multivariate data analysis methods for the
chemical problem solving is called chemometrics. Up to
now chemometrics has not found many applications in the
field of inorganic chemistry, whereas its use, ¢.g., in organic
chemistry and chemical engineering is more widespread (5).
Multivariate data analysis with so-called projection
methods enables both qualitative and quantitative examina-
tion of correlations among the variables. Quantitative
modeling of structure—property relationships has tradition-
ally been applied to environmental chemistry and drug
design to model, e.g., the toxicity of an organic compound
or the activity of a drug candidate (6-9). The present study
demonstrates the applicability of multivariate analysis tech-
niques in evaluating relations between the fine structures
and T¢ of some superconductive copper-oxide phases, i.e.,
MA,Q0Cu,0q . phases with a two-CuO,-plane unit cell.
The few studies published so far about the multivariate
analysis of copper-oxide superconductors have not dealt
with the structure-property relations (10-12).

For the MA,0Cu,0¢., or M-1212 phases, several
stoichiometries and two slightly different crystallographical
structures are known, i.e., M-1212:P and M-1212:RS where
P stands for a perovskite and RS for a rock-salt-type struc-
ture of the MO, layer (13). The two structures with the
nomenclature of the atoms used in the present study are
shown in Fig. 1. Note that for M-1212:RS a nomenclature
different from the conventionally used one was adopted to
make it comparable to that of M-1212:P. In both cases,
M-1212:P and M-1212:RS, the hole concentration in the
superconductive CuQ, plane is controlled by changing ca-
tion or oxygen stoichiometry. From a structural point of
view, creation of positive holes in the CuO, plane is seen as
shortening of the Cu(2)-O(4) bond or lengthening of the
effective 4-0O(2,3) or 0-0O(2,3) distance in the structure.
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FIG. 1. Structures of MA4,QCu,0g ;. with an MO, layer of perovskite
type (M-1212:P) and rock-salt type (M-1212:RS).

These three different ways, which may work either individ-
ually or simultaneously, were defined as hole-doping routes,
I, 11, and III, respectively (3.,4).

The location of the excess oxygen is different in the P- and
RS-type structures. In the M-1212:P phases O, is located
close to cation M, while in the M-1212:RS phases O, enters
the rock-salt-type position above the 4 atom and thus far
away from the M cation. Oxygen-stoichiometry variation is
the widest in the triple perovskite Cud,QCu,04,,, i€,
Cu-1212:P, showing oxygen contents in the range of
0 <z < linits CuO, charge-reservoir block. Moreover, the
structure is flexible for various cation substitutions on both
0 and A4 sites. The Cu-1212:P phase is the best known and
most thoroughly characterized superconductive copper-ox-
ide phase having a T of ~90 K at maximum (14). In terms
of the availability of structural data, the M-1212:P system is
most suitable for the present multivariate analysis of the fine
structure and Te. The M-1212:RS structure (M = Hg,
T1/Pb) with a rock-salt-type MO, layer has a higher max-
imum Tg, ie., 128 K when M = Hg, Q = Ca, and z ~ 0.23
(15, 16). The amount of the excess oxygen in the M-1212:RS
phases depends strongly on the M cation. In the case of
mercury, the oxygen site in the MO, layer is less than 50%
occupied (17), while for thallium almost full occupancy is
achieved (18).

EXPERIMENTAL

Structural Data of the M-1212 Phases

The structural data used in the multivariate analyses were
adopted from neutron diffraction studies published for the
M-1212:P/RS-type superconductive phases (18-41). The
data set consists of 141 observations for MA4,0Cu,0¢ -,

samples with varying M, 4, Q, and z (Table 1). Each
observation was described by 24 variables containing both
structural data and the value of T (Table 2). Among the
structural variables we find lattice constants, cation—oxygen
bond lengths, flatness of cation—-oxygen planes, oxidation
state of cation Q, amount of excess oxygen z, and some
cation—cation distances such as d(Cu—Cu); (the distance
between two CuO, planes over the Q cation layer, i.e.,
thickness of the superconductive block) and d(Cu-Cu), (the
distance between two CuO, planes over the AO-MO_-A40
layer block, i.e., thickness of the blocking block). The influ-
ence of external pressure (O ~ 0.6 GPa) on the structure and
Tc was evaluated as well (34, 39).

PCA and PLS

The “principal component analysis” (PCA) method is
a multivariate projection method that provides us with
a tool for modeling the correlation structure of a multivari-
ate data set, usually expressed as a data matrix X containing
N observations (here: samples) and K variables (here: struc-
tural variables and the value of T¢) (42). PC analysis can be
used for searching trends, outliers, dominating variables,
groups, and clusters among the data. The “projections to
latent structures by means of partial least squares” (PLS)
method is an extension of the PC analysis and is used when
information on the dependence of two variable blocks
X and Y is desired. The number of the y variables may be
one or higher (here: T¢). PLS provides information on the
importance of each variable on the selected y (42).

In the geometrical presentation of PC analysis, each ob-
servation gives a point in a K-dimensional space and thus
a group of N points is formed. The average point of the
group is centred in the origin of the K-dimensional system
of coordinates. PCs are linear combinations of the initial
variables and the first PC is the line that best approximates
the group of data points. Usually one PC is insufficient to
model the variation in a data set, and therefore a second PC
must be calculated. The second PC is orthogonal to the first
PC and is determined to improve the approximation of the
data as much as possible. The distance between an observa-
tion and its projection onto the model plane defined by the
two PCs is called the residual distance and needs to be
examined to find outliers in the third dimension. If there are
no deviating observations, the first two PCs are enough to
model the data but sometimes more PCs are needed to get
a good explanation for the data variation. Two PCs define
a plane that can be considered as a window into the K-
dimensional space. When all the points are projected onto
the plane, the structure of the original data set is visualized
in two dimensions. The projection points on the plane are
called “scores” (t) or latent variables. To interpret the scores
plot, i.e., to explain which original variables affect the loca-
tion of each point, a “loadings” plot defined by “loading
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List of Observations Used in the Multivariate Analysis

TABLE 1

Observations

14
20
3.
4.1
54
[
7.4
8.1
9.4

10.

114

124

13.

140

150

16.4

174

18

19.

204

21.¢

22.

23k

240

250

26

270

280

29.b

30

31k

320

330

340

35.

36.

37.

38.

39.

404

Ybo.9Cao.1(Bag gSro.2)2Cus06 (19)
Ybo.sCao.2(Bag.Sro.2)2Cu3O5 (19)
Ybo.75Ca0.25(Bag sSro.2)2Cu305 (19)
Ybo.65Cao.35(Bag.sSro.2)>CusOp (19)
Yb(Bag sSro.2)2CusO6 (19)

Yb(Bao 8S10.2)2Cu306.06 (19)
Yb(Bao.S10.2)2Cu306 38 (19)
Yb(Bao.Sr¢.2),Cu306.55 (19)

Yb(Bag gSro.2)2Cu306.76 (19)

Yb(Bao gSro.2)2Cu306.96 (19)
Ybo.65Ca0.35(Bag.85r0.2)2Cu306 55 (19)
Ybo.65Cao.35(Bag.sSr0.2)2Cu306.74 (19)
YBa,Cu3;0, (20)
Yo.0Cao.1Ba;Cu;306.0, (20)
Yo.8Cao.2Ba,Cu306 53 (20)
YBa,Cu;306.6, (20)
Yo.0Cao.1Ba,Cu306.55 (20)
Yo.8Cao.2Ba;Cu306.49 (20)
YBa,Cu304 (20)
Yo.9Cao.1Ba,Cu;3056 (20)
Yo.8Cao.2Ba,Cuz06 (20)
YBa,Cu;306.04 (21)
Yo0.08Ca0.02Ba;Cu306.0; (21)
Y0.06Ca0.04Ba,Cu305.93 (21)
Yo.05Ca0.05Ba:Cu306.04 (21)
Y0.93Ca0.07Ba,Cu306.01 (21)
Yo.01Ca0.00Ba;Cu3056.0, (21)
Yo.0Cao.1Ba;Cu306.01 (21)
Yo.88Ca0.12Ba;Cu3056.6 (21)
Yo0.86Ca0.14Ba,Cu305 94 (21)
Yo.85Ca0.15Ba;Cu306.0; (21)
Yo.83Cao.17Ba,Cu306.01 (21)
Yo.8Cao.2Ba,Cu306.0 (21)
Yo.8Cao.2Ba;Cu306 50 (22)
Yo.8Cao.2Ba,Cu306.52 (22)
Y.5Cag ,Ba,CuzO¢ 5 (22)
Yo.8Cao.2Ba,Cu306.35 (22)
Yo.8Cao.2Ba;Cu306.13 (22)
YBa,Cu;304.76 (23)
Y0.05Ca0.05Ba2Cu306.75 (23)

41
424
434
44.9
45.
46.°
47.
48.
49.
504
51.¢

53.
54.1
55.
56.1
57.
58.¢
59.
60.
61
62.
63.°
64.
65.¢
66.
674
68.
69.¢
70.
71.
72.
73.¢
74.
75.4
76.
774
78.
79.
80.

Yo.9Cao.1Ba;Cu306.71 (23)

Yo.85Ca0.15Ba;Cu306.50 (23) 82.

NdBa,Cu304.03 (24)

Ndo.95Ca0.025Pr0.025Ba:,Cu306 05 (24) 84
Ndo.9Cao.05Pr0.05sBa:Cu306.05 (24) 85.
Ndy gCag. 1 Pro.1Ba,Cuz; 04 4 (24) 86.

LaBa,Cu307.06 (25)
PrBa,Cu30¢.95 (25)
NdBa,Cu;0¢ .05 (25)
SmBa,Cu304 95 (25)
EuBa,Cu306.95 (25)
GdBa,Cu;05 .90 (25)
DyBa,Cu306.95 (25)
YBa,Cu;0- (25)
HoBa,Cu;0, (25)
ErBa,Cu;0- (25)
TmBa,Cu;0; (25)
YbBa,Cu;0- (25)
LaBa,Cu306.04 (25)
PrBa,Cu;0¢ 15 (25)
NdBa,Cu;04 1, (25)
SmBa,Cu;04.11 (25)
EuBa,Cu;3046 .13 (25)
GdBa,Cu;z0¢ o6 (25)
DyBa,Cu306.1, (25)
YBa,Cu;06.1; (25)
HoBa,Cu;04,; (25)
ErBa,Cu;04¢ .05 (25)
TmBa,Cu;0¢; (25)
YbBa,Cu;04.14 (25)
YBa,Cu304.95 (26)
YBa,Cu306 .34 (26)
YBa,Cu304 .5, (26)
YBa,Cu;06.75 (26)
YBa,Cu304.73 (26)
YBa,Cu30¢ .64 (26)
YBa,Cu304 .55 (26)
YBa,Cu306.45 (26)
YBa,Cu304 35 (26)
YBa,Cu305 (26)

=)

89.¢

91
92.
93.
94.¢
9s.
96.
97.
98.¢
99.
100.
101.
102.
103.
104.
105.
106.
107.
108.
109.

110.

111.

112.

113.

114.

YBa,Cu304.03 (27)
YBa,Cu304.73 (27)
YBa,Cu304 64 (27)
YBa,Cu304.55 (27)
YBa,Cu306 45 (27)
YBa,Cuz0¢ 45 (27)
YBa,;Cu30¢.41 (27)
YBa,Cu304 .35 (27)
YBa,Cu304 33 (27)
YBa,Cu304 .25 (27)
YBa,Cu306.00 (27)
YBa,Cuz07 40 (28)
NdBa,Cu;0 (29)

Ndo.97Ca0.015Tho.015Ba,Cu306.05 (29)
Ndo.04Ca0.03Tho.03Ba,Cu3O5.07 (29)
Ndo.9Cag.05Tho.0sBa,Cu3Os 96 (29)
Ndo.sCao.1Tho.1Ba;Cu306.96 (29)

YBa,Cu;04 40 (30)

Yo.9Ca0.05Tho.05Ba2Cu305.93 (30)
Yo.8Cao.1Tho 1Ba,Cu304 95 (30)

NdBa,Cu;0;, (31)

Y(Bao.75510.25)2Cu306.95 (32)
Y(Bao.5Sr0.5)2Cu306.06 (32)
Y(Bao.375570.625)2Cu306.02 (32)

YSr2Cu306.84 (33)

Y(Bao.sSr0.5)2Cu306.05 (32)
Y(Baog.5Sr0.5)2Cu306 5 (32)
Y(Bay.5Sr0.5)2Cu3046.7 (32)

YBa,Cu;05.05 (34)
(0 GPa)
YBa,Cu;04.05 (34)
(0.102 GPa)
YBa,Cu;04.05 (34)
(0.207 GPa)
YBa,Cu;05.05 (34)
(0.310 GPa)
YBa,Cu;04.05 (34)
(0.416 GPa)
YBa,Cu;04.05 (34)
(0.496 GPa)

115.
116.
117.
118.
119.
120.
121.
122.
123.
124.
125.
126.
127.
128.
129.
130.
131.
132.
133.
134.
135.
136.
137.
138.
139.

140.
141.

YBa,Cu30¢.93 (34)
(0.578 GPa)
YBa,Cu304 60 (34)

(0 GPa)
YBa,Cu30¢.60 (34)
(0.103 GPa)
YBa,Cu306.60 (34)
(0.208 GPa)
YBa,Cu304.60 (34)
(0.310 GPa)
YBa,Cu306.60 (34)
(0.415 GPa)
YBa,Cu306.60 (34)
(0.489 GPa)
YBa,Cu;0q.60 (34)
(0.563 GPa)
HgBa,CaCu,04 35 (35
HgBa,CaCu,06 55 (35
HgBa,CaCu,0¢ 05 (36
HgBa,CaCu,06 5, (36
HgBa,CaCu,04 ,, (37
HgBa,CaCu,05.35 (37
HgBa,CaCu,0g > (38
HgBa,CaCu,06 53 (39
(0 GPa)
HgBa,CaCu,04 .53 (39)
(0.154 GPa)
HgBa,CaCu,04 .53 (39)
(0.304 GPa)
HgBa,CaCu,05 .3 (39)
(0.461 GPa)
HgBa,CaCu,04 .53 (39)
(0.592 GPa)
(T1,Pb)Sr,CaCu,0- (40)
(TLPb)Sr,CaCu,06.90 (40)
(TL,Pb)Sr,CaCu;0¢.06 (40)
Tlo.sPbg.sSr,CaCu, 05 (41)
TIBa,Cao.sNdo.,Cu1;06 86 (18)
TIBa,Cao sNdg sCu,04 g6 (18)
TIBa,NdCu,Oq 56 (18)

)
)
)
)
)
)
)
)

“Observations included in the training set of PLS analysis.

bOverdoped samples.

vectors” (p) is needed. The loading vectors express the
orientation of the plane in the K-dimensional space, i.e.,
how each variable K contributes to the principal compo-

nents.

A quantitative measure of the goodness of fit is given by
the parameter R? describing how much of the variation is
explained by the model. The goodness of fit prediction
parameter Q2 describes the predictive power of the model
and is to be maximized in the analysis (42). In the present
study the first two PCs were found to explain most of the
data variation (R? > 75%) and thus the results were con-

sidered in two dimensions.

Geometric presentation described for PC analysis is pos-
sible also for PLS. The difference between PC analysis and
PLS is that PLS calculates scores for the data matrix X so

that they will both approximate well X and correlate well

with Y (42). One of the major application areas of PLS is
“quantitative structure-property relationships modeling”
(QSPR), which is a tool for estimating properties of a group
of compounds based on their structure. In the present study
QSPR was used for modeling the structure-property rela-
tionships in the M-1212:P system with M = Cu. PC analy-
sis was used in defining the training set, ie., the set of

observations that is used for training the model. Selection of
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TABLE 2
List of Original Variables and Their Explanation

Variable Explanation

Tc Superconductivity transition
temperature

z Amount of excess oxygen in
MO, layer

a, b, c Lattice constants

V(Q) (Average) oxidation state

of Q cation
Cu-0(2), Cu-0(3), Cu-0O(4)
M-0(1), M-O(4)
0-0(2), 0-0(3)
A-0O(1), A-O(2), A-0O(3), 4-O(4)

Cation-oxygen bond lengths

Cu-4 Distance between Cu and A4
cation

Cu-Q Distance between Cu and Q
cation

d(Cu-Cu), Thickness of the superconductive
block

d(Cu-Cu), Thickness of the blocking block

f(Cu-0(2)) Flatness of O(2)-Cu-O(2) plane

f(Cu-0(3)) Flatness of O(3)-Cu-O(3) plane

f(A-0O(4)) Flatness of O(4)-A4-0O(4) plane

a representative and informative training set is essential to
obtain a model with good predictive power, whereas valida-
tion of the model is of high importance in order to test the
predictive power of the model in practice. As QSPR is
a semiempirical method the models obtained are only lo-
cally valid, ie., they embrace only compounds that are
chemically and structurally alike. The model was made for
underdoped samples only, and therefore the data of the
overdoped samples, i.e., the Ca(II)-for-RE(III) substituted
(RE = rare-carth element) oxygenated CuBa,(RE,_.Ca,)
Cu,Og 4, samples (Table 1, nos. 12, 14, 15, and 23-34), were
excluded from the training set. Forty-three observations of
underdoped samples out of altogether 122 observations of
M-1212:P samples were chosen for the training set whose
composition is indicated in Table 1. The remaining 47
underdoped samples were used for the external validation of
the model.

As a pretreatment of the data, the values of different
variables were scaled to unit variance in order to give them
the same weight in the analyses. Since the values of the
oxidation state of Q cation deviate strongly from normal
distribution they were transformed by negative logarithm
transformation (42). The PC analysis and PLS modelings
were carried out with Simca-P 8.0 software provided by
Umetrics. A detailed description of PC analysis and PLS
algorithms used by the software can be found in the litera-
ture (5, 42). For both PC analysis and PLS the number of
significant dimensions was determined by cross-validation
(42).

RESULTS AND DISCUSSION
PC Analysis

Results of the PC analysis are interpreted visually by
examining the scores and the loadings plots in which the
first two PCs are described by two orthogonal lines. In the
scores plot the scales of the axes are relative to the degree of
explanation for data variation of the PC while in the load-
ings plot the scale tells the relative importance of each
original variable on the PCs. Observations (their numbers)
in the scores plot and variables in the loadings plot appear
in the same place in respect to the PCs, and therefore the
effect of a certain variable on the observations is obtained
just by comparing the locations of observations and vari-
ables in the two plots. Furthermore, information on the
correlation between variables is obtained from the loadings
plot since variables grouped together in the plot correlate
positively and those located on opposite sides of the origin
correlate negatively with each other. In the scores plot the
95% tolerance region defined by Hotelling’s T is described
as an ellipse, which provides a means for detecting deviating
observations in the data set (42).

In the PC analysis based on the data of both M-1212:P
and M-1212:RS samples (Table 1) only the structural
variables related to the superconductive block were
included since otherwise the differences resulting from
the different structure of the MO, layer in the two
systems would dominate the analysis. However, as seen
from the scores plot in Fig. 2a, observations corresponding
to the M-1212:P- and M-1212:RS-type samples separated
into two groups. Grouping of the observations is mainly
due to the longer Cu-O(4) bonds and the flatter CuO,
planes in the M-1212:RS samples than in the M-1212:P
samples as explained by the loadings plot in Fig. 2b.
Owing to the clear grouping of the M-1212:P and M-
1212:RS samples, it was decided to analyze the two systems
separately.

The M-1212:P system (M = Cu). In the PC analysis of
the M-1212:P system (Fig. 3) the first principal component
is determined mainly by the amount of excess oxygen z and
variables closely related to z, such as the distances M-O(4),
A-O(2), and A-O(3), flatness of the AO plane, and the T¢,
which all correlate positively with each other (Fig. 3b).
A negative correlation in the direction of the first PC is
observed between z and the distances Cu-O(4) and
d(Cu-Cu),. The high impact of z on the deviation of the
observations (Rjc; ~46%, Fig. 3a) was an expected result
since many of the samples in the data set have z values of
either 0 or 1, and thus significant differences in the fine
structures and the T¢ values. The second PC is strongly
loaded by the variables depending on the size of the cations
Q and 4, i.e., the lattice constants a and ¢, and the distances
Cu-0(2), A-O(4), and Q-0O(2.,3) (Réc> = 31%).
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FIG. 2. PCA (a) scores and (b) loadings plots for the structural data of
all M-1212-type samples. The first PC explains 52% (R3¢;) and the second
PC 23% (R3c») of the data variation.

The strong correlation observed among the oxygen con-
tent z, the T, and the distances A-O(2), A-O(3), and
Cu-0(4) (Fig. 3b) suggests that adding oxygen to the struc-
ture increases the hole concentration in the superconductive
CuO, plane through the hole-doping routes I and II. This is
in accordance with the conclusions made for the
Cu(Ba,Sr),(Yb,Ca)Cu,0q . system based on neutron dif-
fraction results (19), showing that incorporation of oxygen
into the CuQO, chain results in a shift of O(4) toward the
CuO, plane (route I) and Ba/Sr away from the in-plane
O(2, 3) atoms (route II) as the oxidation proceeds. Substitu-
tion of trivalent Yb by divalent Ca in the Cu(Ba,Sr),(Yb,Ca)
Cu, 04, . system was shown to increase the concentration of
holes in the CuO, plane by lengthening the effective
(Yb,Ca)-0O(2,3) bond length according to route III (19). In
the PC analysis the effects of Ca(II)-for-RE(III) substitution

at the Q site are explained mainly by the parameter V(Q),
which is the average valence of the Q cation. V(Q) correlates
negatively with the T, while the 0-O(2,3) bond length,
which increases not only with Ca substitution but also with
the size of the trivalent Q cation, does not directly correlate
with the T¢ (Fig. 3b).

The outlying observations in Fig. 3a correspond to the
samples with the largest Q constituents, i.e., Pr and La (nos.
47,59, 60), or the smallest 4 constituent, i.e., Sr (no. 105). In
contrast to the other oxygenated CuBa,QCu,0O¢ . . samples,
the sample with Q = Pr is not superconductive and thus
deviates from the data set. The phase with Q = La is known
to be somewhat different with oxygen content higher than
unity in the CuO, layer (z > 1) and the excess oxygen atoms
being located on both the a and b axes (25). The difference of

<
i
DN
B
8 +105 z increases
8-7-6-5-4-3-2-101 2 34568678
(a) 1]
(_0(3)‘0U1O(2]
a
0.30 ‘Cu_‘g-O(z) «A-O(4)
«b
«M-0(1) sc
020 W,
) SHECOER))
@ 0.10 AO(1)
ACu-Oé4)
“A-O(3) d{Cu-Cu)2
0,00 A00]
S @)
-0,10
-030 020 -040 000 010 020 030 040
(b) p[1]

FIG.3. PCA (a)scores and (b) loadings plots for the M-1212: P samples
(Réci1 ~ 46% and R3¢, = 31%). The variables correlating most strongly
with z are circled.
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the Sr-containing sample no. 105 may be explained by
the fact that it was synthesized through high-pressure
synthesis.

The effect of an external pressure on the structure T¢
was examined utilizing the data reported for the
CuBa,YCu,0q . phase (z =0.60 and 0.93) in a pressure
range of 0 < p < 0.578 GPa (34). The first PC (R3¢, ~ 77%)
is determined by the oxygen content and thus separates the
samples into two groups due to the two oxygen content
levels (Fig. 4). The pressure effect is included in the second
PC (Rjc, ~ 17%) and consequently the observations are
distributed in the direction of the second PC according to
the pressure applied. The variables strongly affected by the
external pressure are M-O(1), Cu—-O(3), and the lattice para-
meter b. As the pressure is increased, the b axis (and to some
extent also ¢) is compressed due to the shortening of the
M-0O(1) and Cu-O(3) bonds. These variables dominate so
strongly that the effects of the pressure on the other vari-
ables are not readily discernable. Upon increasing the pres-
sure, charge transfer from M to Cu is supposed to occur (34).
This seems to happen through lengthening of the M-O(4)
bond and shortening of the Cu-O(4) bond (route I). The
minor deviation of the z-dependent variables in the direc-
tion of the second PC shows (Fig. 4b) that the values of
M-0(4) and T¢ increase slightly with pressure. However, the
dependence of these variables on the external pressure is
quite weak as compared to their dependence on the oxygen
content.

The M-1212:RS system. The number of observations in
the PC analysis of the M-1212:RS system was significantly
smaller (N =19) than in the analysis of the M-1212:P
system and furthermore the data were more inhomogeneous
since they involved samples with different M cations (18,
35-41). Consequently, the variables depending on the MO,
layer were excluded from the analysis. The resulting PC
analysis plots show, e.g., that the M = Hg samples possess
the highest T¢ values and the longest Cu—O(4) and A-O(4)
bonds among the M-1212:RS samples (Fig. 5).

As for the Cu-1212:P system, the effect of an external
pressure on the Hg-1212:RS structure was considered in
a set of observations corresponding to the samples with the
same cation composition. The positive effect of pressure on
the T¢ is clearly seen in the plots of Fig. 6. Upon increasing
the pressure the unit cell shrinks as the bond lengths
A-0O(4), Cu-0(4), Cu-0(2,3), and Q-0O(2,3) are shortened.
The calculated first two principal components explain 76%
of the data variation.

In the Hg-1212:RS system the oxygen content z and the
bond length 4-O(2,3) have a strong positive correlation
with each other (Fig. 6b), which indicates that increasing the
oxygen content produces holes into the CuO, plane
through route II. The difference in the hole-doping routes
being active when loading the M-1212:P and M-1212:RS

pressure increases

1210 8 6 -4 -2 0 2 4 6 8 10 12
@) t[1 ] z increases
0,50 M-EH o)
040
0.30 c
)
0.20
BeR)
S60-0(2) ~A-%(3
«H(CL-0(B))
“opr) o4
0,00 —CToTY) bl
020 010 000 010 020 030
(b p1]

FIG. 4. PCA (a) scores and (b) loadings plots for the data of
CuBa,YCu,0q . samples (z = 0.6 and z = 0.93) measured under pressures
of 0-0.578 GPa (Réc; & 77% and R3c, ~ 17%). Structural variables most
strongly affected by the external pressure are circled.

phases with oxygen was explained based on bond-valence-
sum considerations by the different crystallographical posi-
tions of the excess oxygen in the two structures (3,4). The
oxygen atom in the RS-type MO, charge-reservoir block is
only loosely bonded to M since it is located above the
A cation quite far away from M. Consequently, an increase
in the oxygen content mainly shortens the bond from the
excess oxygen atom to A and lengthens the bond from 4 to
the in-plane oxygen atom O(2,3), resulting in hole doping
into the CuO, plane by route II. According to the present
analysis the flatness of CuO, plane increases with the oxy-
gen content z but does not correlate with the value of T¢ in
the Hg-1212:RS system.
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FIG. 5. PCA (a) scores and (b) loadings plots for the M-1212:RS
samples (R3c; = 51% and Ric, =~ 31%). The samples with M = Hg and
the variables most strongly characterizing them are circled.

OSPR Modeling of Tc in the M-1212:P System

The PLS analysis based on the training set of underdoped
M-1212:P samples (M = Cu) resulted in a model with five
principal components and the goodness-of-fit parameters of
R?X ~ 96% and R?Y ~ 96%. The predictive power of the
model, 0% ~ 93%, can be considered excellent for a model
based on data adopted from different studies. The plot of
variable importance in Fig. 7 shows that the oxidation state
of the Q cation, the bond length 4A-O(1), and the oxygen
content z are the most significant x variables in determining
the T in the model. As expected, the bond lengths Cu-O(4)
(hole-doping route I) and A-O(2) (route II) are also of great
importance in determining the T Moreover, the flatness of

the A-O(4) plane and the A-O(3) bond length are essential
variables, whereas variables a and Cu-O(2) are less mean-
ingful for the model. Quite interestingly, according to the
present PLS analysis, flatness of the CuO, plane is a less
significant factor in determining the T.. Omitting the seven
least meaningful variables from the modeling did not mark-
edly weaken the predictive power of the model but resulted
in a model of three PCs with 0% ~ 92%.

The T, values for the underdoped samples are well pre-
dicted by the PLS model as illustrated in the plot of the
observed and predicted T¢ values (Fig. 8a). As being quite
understandable, the model is not capable of predicting
the Tc values for the overdoped samples correctly but
the predicted values are higher than the observed ones.

2]
[en]

13413
‘133‘21‘31*69 127

pressure increases

AO[ +d{Cu-Cu)1
+f{CurO(2))
0,30 a7 CL-Q
0,20
f(A-O(4))
— 0,10
™
a hCu-A
-0,10
- M-O(4 Qi)
0.20 “ +d{Cu-Cu)2
-020 -010 000 010 020 030 040
® pl1]

FIG. 6. PCA (a) scores and (b) loadings plots for the data of
HgBa,CaCu,0¢ . samples measured under pressures of 0-0.592 GPa
(R2c1 ~ 50% and Ric, = 26%). The variables affected by the external
pressure and those correlating positively with z are circled.
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FIG. 7. Relative importance of variables in the PLS analysis of the
M-1212:P system.

Consequently, the fully oxygenated and Ca(II)-for-Q(III)
substituted samples (nos. 12, 14, 15, 23-34) diverge from the
general trend in Fig. 8b. On the other hand, the Sr(IT)-for-
Ba(II) substituted samples (nos. 10, 102-108) do not deviate
from the model, even though Sr-for-Ba substitution has
been proposed to increase the hole concentration within the
CuO, plane (43). In the modeling, the effects of Sr-for-Ba
substitution are probably taken into account due to the
Cu(Bag gSrg.,),(Yb,Ca)Cu,Og¢ 1, samples included in the
training set. As expected, the T values for the oxygenated
samples with Q = La or Pr (nos. 47, 48) are not properly
predicted. The effect of pressure on the structure and T¢ in
the CuBa,YCu,0O¢,, system is too small (dp/dT¢ ~
5 K/GPa (34)) to be detected from the plot.

In order to improve the predictive power of the model the
error sources in the sample characterization should be mini-
mized. One of the most important parameters in determin-
ing the T¢ in the M-1212:P phases is the oxygen content z.
Inaccuracy in the oxygen content determination would
cause an observation to deviate from the model. The oxygen
contents of the samples have been determined only in few
studies by means of chemical analysis. The chemical analy-
sis methods are known to be highly accurate (1), while
refinement of neutron diffraction data gives less precise
results. The T values reported may also contain a variation
of a few degrees in different studies depending on the way
the measurement has been carried out. Furthermore, in the
samples with intermediate oxygen contents the transition is
not sharp, which may cause inaccuracy in the reported
Tc values. Modeling of the samples with low T¢. values is less
precise than those with high T values partially due to the
large number of different nonsuperconductive samples in
the data set for all of which the T value was set at O K.

If the cation composition of the M, A4, and Q sites and the
oxygen content of the structure were varied in a systematic
way and the sample characterization were performed in

a consistent way, multivariate modeling of T, within the
M-1212 system would probably result in a model with even
higher predictive power. Moreover, extending the multivari-
ate analysis to cover all superconductive copper-oxide
structures with different numbers of layers in both the
superconductive block and the blocking block would be an
interesting challenge.

CONCLUSIONS

Suitability of multivariate data analysis methods in
studying the structure-property relationships of ionic com-
pounds was demonstrated by applying PC analysis and
PLS techniques to the structural data of MA4,0Cu,0¢ .
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FIG.8. Observed versus predicted T¢ (a) for the underdoped and (b) for
both the under- and overdoped M-1212:P samples. The overdoped and the
Sr-for-Ba substituted samples are indicated.
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superconductors. PC analysis indicated groupings of the
samples, revealed the deviating samples, and provided
qualitative information on the relationships between differ-
ent variables, i.e., the structural variables and the T values
obtained from neutron diffraction studies of the M-1212:P
(M = Cu) and M-1212:RS (M = Hg, T1/Pb) systems. PLS
modeling was performed for the M-1212:P system, leading
to a model with a predictive power of ~93% for T¢, which
is considered very good for a model based on data collected
from a number of different studies. Careful experimental
design and characterization of the sample series would en-
able multivariate modeling of T; with even higher accuracy.
The results obtained provide a positive example of the
application of PLS for the modeling of structure—property
relationships of ionic compounds in general.
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