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Materials Informatics Reveals Unexplored Structure Space

in Cuprate Superconductors

Rhys E. A. Goodall, Bonan Zhu, Judith L. MacManus-Driscoll, and Alpha A. Lee*

High-temperature superconducting cuprates have the potential to be trans-
formative in a wide range of energy applications. In this work, the corpus
of historical data about cuprates is analyzed using materials informatics,
re-examining how their structures are related to their critical temperatures
(Tc). The available data is highly clustered and no single database contains
all the features of interest to properly examine trends. To work around these
issues a linear calibration approach that allows the utilization of multiple
data sources is employed—combining fine resolution data for which the Tc
is unknown with coarse resolution data where it is known. The hybrid data

making it difficult to establish causa-
tion versus correlation for these trends.
In particular, bond distances cannot be
independently tuned in the three orthog-
onal directions. The most common way
to tune the structure is via thin film epi-
taxy where the substrate tunes the in-
plane lattice parameter. However, the
out-of-plane lattice parameter is not fixed
and it responds elastically to the in-plane
strain. Recently, experimental techniques

set constructed enables the exploration of the trends in Tc with the apical

and in-plane copper-oxygen distances. It is shown that large regions of the
materials space have yet to be explored. Novel experiments relying on the
nano-engineering of the crystal structure may enable the exploration of such
new regions. Based on the trends identified it is proposed that single layer Bi-
based cuprates are good candidate systems for such experiments.

1. Introduction

Since the discovery of high-temperature superconductivity
(HTS) in cuprate materials in 1986, significant amounts of
research has been devoted to understanding, tuning, doping,
and growing new cuprates to understand and optimize their
properties—both their critical transition temperatures (TIc) and
other important properties such as the coherence length of
the superconducting charge carriers. This work has uncovered
a variety of scaling laws>? and structure-function relation-
shipst*®l that provide insight into the origin of superconduc-
tivity in cuprates and other superconducting systems. However,
the many different variables cannot all be optimized at the
same time, and furthermore, some of them are interdependent,
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based on nano-engineering”® have been
reported that enable independent tuning
of lattice distances. These techniques
open up new experimental pathways to
increase Tc through the exploitation of
structure—function relationships. Several
structure—function relationships are now
well established in the literature for HTS
in cuprates. The most important factors
believed to relevant for the Tc are: i) The
concentration of charge carriers in the conduction planes,
ii) The nature of bonding in the charge-reservoir layers, iii) The
in-plane Cu-O distance, and iv) The apical Cu-O distance (here
we do not consider electron-doped superconducting cuprates
without apical oxygens, that is, those adopting a T’-structure).

In this work we focus on the structure-dependent relation-
ships between Tc and the apical and in-plane Cu-O distances.
The influence of the apical Cu-O distance on Tc is attributed to its
effect on the localization of charge carriers in the CuO, planes.”’)
The importance of the in-plane Cu-O distance is believed to
be due to its impact on Cu-O-Cu super-exchange in the CuO,
planes. Such attempts to couple experimentally observed trends
to physically relevant mechanisms provides qualitative under-
standing and insight into the nature of superconductivity in
these systems. Unfortunately, whilst progress has been made on
theories describing the percolative nature through which super-
conductivity emerges in cuprates!'®'? and the importance of
inhomogeneity in such processes, the consolidation of satisfac-
tory quantitative theories for HT'S in cuprates that reflect known
structure-function relationships and are capable of making pre-
dictions about Tc remains a challenge.'>*

In the absence of an accepted mechanistic theory, the poten-
tial availability of large amounts of historical data and high
impact applications has led some researchers toward data-
driven phenomenological approaches, in other words machine
learning. Thus far, most work in this area has focused on
building models for predicting Tc given a set of easy to eval-
uate descriptors that represent the materials in question.'>-]
The hope is that such models may enable the discovery of new
families of high-temperature superconductors by first detecting
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abstract empirical patterns in featurizations of materials cur-
rently known to display superconductivity, and then screening
new materials based on similarity to these identified patterns.
However, questions exist about whether such approaches will
be fruitful when tested experimentally as the evaluation met-
rics used in proof of concept workflows are often not reflective
of real materials discovery workflows.¥] A less explored but
similar avenue is how materials informatics approaches can be
used in conjunction with careful physical insights to probe our
understanding of systems already known to display supercon-
ductivity.” It is this avenue of enquiry we pursue in this work.

By combining high-resolution data structural data where the
Tc is unknown with coarse-resolution data where Tc is known,
we show the existence of unexplored regions of the materials
space defined by the apical and in-plane Cu-O distances that
are ripe for further experimental investigation. Our approach
focuses solely on the apical and in-plane Cu-O distances as the
limited availability of data precludes direct inclusion of other
important factors known to affect the physics. However, by
selecting the points with highest Tc given the cuprate family in
different regions of the lattice parameter space we are able to
restrict ourselves to points where the other physical parameters
are likely to be near their optima. Our results highlight how
materials informatics can play an important role in helping to
guide experimental efforts in material science.

2. Inferring Structural Parameters of Cuprates

The principal data source for this work is the SuperCon data-
base compiled and distributed by the Japanese National
Institute for Material Science. Whilst SuperCon records the
critical temperatures of an extensive range of superconducting
materials the information available for each composition is
minimal-structural information is only available for a small
proportion of the entries and is limited to the lattice parame-
ters when available. Unfortunately, it is the common structure
shared between different cuprates, characterized by the apical
and in-plane distances of the superconducting CuO, planes,
that is interesting for examining trends.

Whilst the lattice parameters can be determined relatively
easily via X-ray diffraction, directly measuring the atomic posi-
tions, needed to determine the apical and in-plane distances,
typically involves much more specialized X-ray diffraction appa-
ratus or neutron diffraction experiments. Fortunately, many
cuprate structures are already recorded in the Inorganic Crystal
Structure Database (ICSD).2%) However, the critical tempera-
tures of these materials are not recorded alongside their struc-
tures, therefore, limiting the utility of ICSD as a data source for
studying Tc-structure trends.

Consequentially, whilst large amounts of data are available
on cuprates, the structure of that data is incomplete in terms of
the information required to look at structure-function relation-
ships. As a result, trends are often examined between relatively
small numbers of selected data-points that contain the neces-
sary information for the analysis of a given structure-func-
tion hypothesis. Selection of data in this way has the poten-
tial to lead to overconfidence in Tc-structure trends observed.
Below we attempt to overcome this issue of incomplete data by
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obtaining estimates for the apical and in-plane distances from
the knowledge of the more readily available lattice parameters.
Whilst the accuracy of such an approach is diminished and
prevents truly quantitative analysis, using estimates allows for
a far greater number of examples to be considered, therefore
ensuring the robustness of any trends that remain.

For cuprates, the a-lattice parameter is closely related to the
in-plane distance. Assuming that the CuO, planes are approxi-
mately square planar this entails that the in-plane distance can
be estimated as a/2 for tetragonal phases and a/2v/2 for octahe-
dral phases. This assumption breaks down for cuprates under
pressure where the CuO, planes generally tend to buckle to
relieve pressure on the structure.

Whilst the c-lattice parameter is often considered as a proxy for
the apical distance there is little correlation between the two—the
c-lattice parameter also depends on the thickness of the charge-
reservoir layers which can vary significantly between different
families of cuprates. Consequentially, to estimate the apical
distances each family has to be treated independently. The
approach adopted here is to use linear calibration models con-
structed on reference data that relate the a and c-lattice param-
eters to the apical distance. Figure 1 shows a scatter plot of the
structure space as characterized by the a and c-lattice parame-
ters for both the source data (SuperCon) and the reference data
(ICSD). The 16 cuprate families investigated here were selected
due to having greater than five examples in both ICSD and
SuperCon. We see that both data sets assign density to similar
regions of the structure space for these families.

The variation in the apical distance within families is due to
the chemical pressure that arises from doping or atomic sub-
stitutions. The simplest model is that the pressure imparts a
uniform stress along the ¢ axis that strains the material. If the
total strains are in the Hookean regime the strain along the
c-axis should then be directly proportional to the strain in the
apical distance-the implication being that we can approximate
the materials’ layered structure with hypothetical slabs of con-
stant Young’s modulus. The strains along a and ¢ will also be
related by the Poisson effect. Therefore, the minimal linear cali-
bration model for the apical distances, d,, that also includes
this effect is

dapical =oc+ ﬁa* +’}/ (1)

where ¢, f, and yare the parameters of the calibration model that
need to be fitted for each family and a* is the a-lattice parameter
for tetragonal phases and a/y2 for octahedral phases. In each case
a robust linear model based on the Huber penalty?¥ was used to
reduce the effect of outliers when fitting the calibration models
of the form (1). Models were fitted for the following families:
La214 (T) CuO,, Y123, RE123, Y124, RE124, T11201, T11212, T11223,
T12201, TI2212, Hgl201, Hgl212, Hgl223, Hg2212, Bi2201,
and Bi2212 (see Table 1 for a list of abbreviations). To increase
the amount of reference available data both neutron and X-ray
scattering structures recorded in ICSD were used-ideally only
structures derived from neutron scattering would be used as the
oxygen positions for X-ray derived structures can be affected by
systematic errors. However, here we believe the increased abun-
dance and diversity of reference data outweighs this potential loss
of accuracy.
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Figure 1. The figure shows the overlap in the lattice parameters between the SuperCon data set (blue dots) and the ICSD reference data (orange

crosses). See Table 1 for a list of abbreviations.

To check the validity of this simple approach we employ den-
sity functional theory (DFT) to investigate how the apical Cu-O
distance changes as the lattice is strained. We only use DFT as a
proxy to look for qualitative trends that are likely to be mirrored
in real systems. This is due to well-documented discrepancies
in the lattice parameters between the structures of cuprates as
reconstructed from neuron/X-ray scattering experiments and
the relaxed structures returned from DFT calculations.

We take La,CuO,, YBa,Cu;0; HgBa,Ca,Cu;Og as proto-
typical test cases being illustrative of one, two, and three-layer
cuprates respectively. Figure 2 shows that for tensile and com-
pressive strains of up to 4% the responses show that mono-
tonic and broadly linear trends exist between the a and c-lattice
parameters and the apical distance for the prototype systems
explored. The dependence on the c-lattice parameter is stronger
than on the ag-lattice parameter as expected. As the strains
become larger some degree of non-linearity does appear, how-
ever, the maximal strains examined here are significantly larger
than the spread in the experimental data. Whilst a more com-
plicated model could be used to fit this nonlinearity in the clean
data obtained via DFT for the experimental data other factors
such as systematic variations between different experimental
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setups cannot be accounted for. Therefore, adding additional
terms to the calibration models without strong physically-moti-
vated priors for their inclusion is undesirable.

3. Materials Informatics Reveals Unexplored
Structure Space

Beyond the apical and in-plane distances there are other impor-
tant factors known to influence Tc that need to be considered.
Unfortunately, many of these are typically harder to quantify,
for example, the nature of bonding in the charge-reservoir
layers. Perhaps the most important of these factors is that
achieving optimal oxygen-doping is necessary to maximize Tc.
Given the aim of maximising Tc we are generally only inter-
ested in trends between materials characterized in optimal
states. Unfortunately, materials in SuperCon are commonly
reported with unknown oxygen concentrations. This is prob-
lematic because achieving optimal oxygen doping for a given
composition within a family depends on which/whether other
dopants are present. As a result naively selecting the materials
with the highest Tcs would end up discarding much of the

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH



ADVANCED
ADVANCED FUNCTIONAL
SCIENCE NEWS MATERIALS
www.advancedsciencenews.com www.afm-journal.de

Table 1. Abbreviations used to describe the cuprate systems explored in
this work. We make use of the A-jk(n—1)n four-digit notation for cuprates
of the form A;B,S,1Cu,O; i 12, described in ref. [21] for T, Hg, and Bi
based cuprates. In the RE123 and RE124 abbreviations RE denotes a
range of rare earth metals, that is, RE={Nd, Gd, Pr, etc.}. The representa-
tive formulas given are not exclusive and the materials contained in both
SuperCon and ICSD contain a variety of dopants, for example, Y for Ca
in Bi2212 to reduce cation disorder?? and elemental substitutions, for
example, Sr for Ba in Hg1201 to produce Ba-free cuprates.?’!

the a and c-lattice parameter space and then take the top 20%
of each cluster by Tc. This selection strategy ensures that the
data points considered in the subsequent analysis are diverse in
terms of their apical and in-plane Cu-O distances but are also
likely to be close to optimal in terms of the other relevant fac-
tors for optimising Tc. Stratifying the remaining data set into
different sub-groups we observe the following trends:

1) If cuprate materials are differentiated according to the

Family label R tative fc I . . .
amiy ebe cpresentative formue number of CuO, planes in the unit cell there is a clear
La214 (T) La;Cu04/Laz,SrCuO, separation between the different groups (Figure 3B,C). The
Y123 YBa,Cu30; observed increases in Tc with the number of planes are
RE123 YBa,Cus0, well understood considering intralayer interactions between
V124 YBa,Cu,O5 CuO, planes. 0l A similar separation is e?lso clearly visible. in
the Uemura relation®! where the saturation and suppression
RE124 YBa,Cu,Os, . . .
of the Tc occurs at different relaxation rates depending on
h201 TIBa,CuO; the number of CuO, planes.
Th212 TiBa,CaCu,0; 2) Whilst grouping by the number of CuO, planes empha-
Th223 TIBayCayCu;0 sizes a strong positive correlation observed between Tc and
T12201 T1,Ba,Cu0; the.apica.l dist:flnce (Figure 3C), grouping n}aterials via the
Ti2212 T1Ba.CaCu.O main cation (Figure 3D) shows that all the highest Tcs come
a,Calu . . . . .
. from Hg and Tl-based materials with high apical distances
Hg1201 HgBa,CuOs (circled in green in Figure 3D). We note that higher critical
Hg1212 HgBa,CaCu,04 temperatures have been achieved in both two and three layer
Hg1223 HgBa,Ca,Cus0, Hg-based cuprates via the application of hydrostatic pres-
Hg2212 He,Ba,YCu;05 sgrem'z%] Yvhich. is known to de.crease the.apical distance?”!
82201 BLSr.CuO with minimal impact on the in-plane distance. However,
| 191U . . .
e these increases in Tc have been attributed to the effect of
Bi2212 Bi,Sr,CaCu,05 30,31)

diversity in the data set making it difficult to establish trends.
To ensure that we maintain as much structural diversity as

pressure on the position of Ba atoms in the buffer layer.!
3) There is an apparent optimum in-plane distance for Hg and
Tl-based cuprates around =1.92 A (Figure 3A). In contrast,
rare-earth-based (RE) cuprates show very little variation in

possible we first perform k-means clustering®®! on the data in Tc as the in-plane distance changes. Looking at the highest
- - — oo
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Figure 2. The figure shows how the apical distance, as calculated via density functional theory, changes for three prototype cuprate systems that have
strained along the c axis and in the a/b plane. The plots show broadly linear trends for the behavior of the apical distance as strains are applied. This
result validates the use of linear models to estimate the apical distance from experimental lattice measurements.
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Figure 3. A-D) Trends between the critical temperature and the apical and in-plane distances stratified by the number of CuO, planes and cation
type. In panel (A) and (B) we see the apparent optimum in the in-plane distance of 1.92 A for Hg and Tl-based materials. Panels (B) and (C) clearly
highlight the trend that Tc increases with the number of CuO, planes. The green circled region in (D) shows that the trend of Tc increasing with apical
distance is only apparent due to Hg and Tl-based materials with high apical distances. E) The variation of Tc with the apical and in-plane distances. A
large region (labeled ‘unexplored region”) of high apical Cu-O distance and low in-plane Cu-O distance is apparent. Experiments that probe this region
are likely to provide useful insight into the nature of Te-structure trends in cuprates. We highlight the vertically aligned nanocomposite (VAN) samples
from["8] as examples of nano-engineering approaches to investigate the region. In the key VAN ¢-214/a-113 refers to the La,CuO,_s/LaCuOjs interface
froml) and VAN c¢-214/a-214 refers to the c-aligned La,CuO,_s/a-aligned La,CuQO,_s interface from ref. [8].

Tc Bi-based materials, there is a slight increase in Tc as the
in-plane distance approaches 1.92 A but as there are no Bi-
based materials reported with in-plane distances above
1.92 A in the data sets examined, it is not apparent whether
a drop off in Tc, as is the case for Hg and Tl-based mate-
rials, would be observed. The slight increase in Tc with the
in-plane distance for these Bi-based materials could perhaps
be attributed to changes in the multi-layer structure between
the high Tc Bi2201 type materials (Biy,Sr;,,Ca,CuOg, 51
and the Bi2212 (Bi,Sr,CaCu,0g,4) family. This suggests that
for constant apical distance there may be no strong depend-
ence on the in-plane distance for the Bi-based materials.

Figure 3E shows the apical distance versus in-plane distance.
The data points are colored according to their Tc with red colors
indicating higher Tc and blue colors indicating lower Tc. It is
clear that large areas of the apical/in-plane materials space,
potentially yielding higher Tc materials, remain unexplored
(This region is labeled “unexplored region” in Figure 3E and it
occurs for high apical distance, that is, above 2.5A).

Past efforts have only been able to sample in small regions
around known systems due to the limitations of perturbing sys-
tems with mechanical and chemical pressures. A key limitation
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is that due to Poisson effects such methods influence both the a
and c-lattice parameters preventing the exploration of trends in
a one-factor-at-a-time manner. Recently, new experiments have
shown that it is possible to tune the a and c-lattice parameters
independently allowing for unexplored regions of the materials
space to be investigated;”®! this vertically aligned nanocom-
posite (VAN) approach has led to enhanced Tcs of 50 Kl and up
to =120 K from magnetic measurements®! in nano-engineered
La,CuO,_s films relative to 40 K in the bulk (These points are
highlighted in Figure 3E—see Experimental Section for how
the apical distances for these samples were estimated). These
examples support the hypothesis that the unexplored region
may yield higher Tc systems.

4, Discussions and Conclusion

Having established the existence of a large unexplored region
of the structure space of cuprate superconductors, we believe
that novel experimental approaches that allow for new regions
of the apical/in-plane materials space to be probed would be
fruitful to further understand structure-Tc trends in cuprates
and potentially increase Tcs.

© 2021 The Authors. Advanced Functional Materials published by Wiley-VCH GmbH
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From the results presented here, we believe that the 3D
strain engineering of Bi2201 or Bi2212 systems are of particular
interest because they lie at the base of the unexplored region
with >2.5A apical distances (Figure 3E). 3D strain engineering
using VAN is suitable for Bi2201 and Bi2212 because they can
be made in situ via epitaxial growth methods,?334 however,
other methods such as nonlinear phononics might also be
appropriate.’®! Such experiments would allow greater insight
into whether the high Tcs of Hg and Tl based cuprates are due
to structural effects from the large apical distance or intrinsic
electronic effects of the Hg and Tl cations. When attempting
to optimize Tc, it should be noted that both Bi2201 and Bi2212
are known to benefit from substitutional doping.??! This poten-
tial need for substitutional doping is important to consider in
the selection of suitable materials for the substrate and matrix
within the VAN setup. Bi2212 is also known to naturally exhibit
crystal “super-modulation” which manifests as large variations
in the Cu-O apical distance at the unit cell level.3¢!

Of interest also, is whether it would be possible to increase
Tcs in Hgl212 or Hgl1223 thin films in a manner that reduces
the in-plane Cu-O distance whilst constraining the apical Cu-O
distance to remain high. This would allow us to move into
unexplored region of Figure 3E from its right hand edge (from
the cluster of red points at the highest apical distance values),
rather than moving up from its bottom edge as proposed for Bi-
based systems. However, we believe this approach will be more
challenging due to issues that arise when growing Hg-Ba-Ca-
Cu-O thin films.?"]

Finally, we note that more systematic integration of existence
data sources, deposition of new data and novel data mining
effortsi®® are desirable to improve superconductivity databases.
Consolidating the vast amount of information available in the
literature into a comprehensive source, containing critical
temperatures alongside atomic structures, would facilitate the
improved application of materials informatics approaches. Crit-
ically, such resources would enable direct consideration of how
distributions of bond distances, and variations in bond angles,
for example, buckling of the CuO, planes, affect Tc.

5. Experimental Section

Examination of the Variation of Prototypical Cuprates under Strain:
Density functional theory calculations were used to model how cuprates
might behave under strain. Although standard DFT may not fully
describe the electronic structure related to the superconducting states,
it was still expected to give reasonable estimate for the strain responses.
The plane wave pseudopotential code CASTEPP®! was used with the PBE
exchange-correlation functional.l¥) A plane wave cut off energy of 700 eV
was used. Monkhorst—Pack grids were used for sampling the reciprocal
space with k-point spacing less than 277 x 0.05 A™'. On-the-fly generated
core-corrected ultrasoft pseudopotentials!l from CASTEP’s C18 library
were used. The equilibrium cell volumes of the structures were optimized
with residual stresses less than 0.05 GPa. Once the equilibrium cell
volumes were obtained, following optimizations were performed with fix
cell sizes corresponding to strains in the ¢ and a—b directions ranging
from —4% to +4%. The ionic positions were relaxed until the maximum
force was less than 0.01 eVA™" in all calculations. The AiiDA framework
was used to manage and automate the calculations.l243l

Estimation of the Apical Distance in VAN Systems: In ref. [7], a Tc of
50 K and a and c-lattice parameters of 3.79-3.76 A and 13.20-13.28 A are
reported for the La,CuO, s/LaCuO; (c-214/a-113) interfacial region.
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The presence of domain matching in the structure suggested uniform
stress along the c-axis, therefore, the apical distance can be estimated
using the linear calibration model for the La214 (T) family. This gave an
estimate of 2.40-2.43 A for the apical distance.

In ref. [8], a weak magnetic signature for superconductivity at 120 K
is reported for a c-aligned La,CuQ,_s/a-aligned La,CuQO,_s (c-214/a-214)
interface. Here, there was La-block matching at the interface, rather
than domain matching, suggesting a nonuniform stress. The La-block
was believed to be 4.00 + 0.01 A at the interface-much larger than the
average of 3.67 A for the ICSD La214 (T) reference data. As this estimate
required a large degree of extrapolation a linear model cannot be
justified. Instead, an estimate for the apical distance from considering
the offset from the top of the La-block to the apical oxygen was derived.
This offset was strongly peaked around 0.56 A giving an estimate of
2.56 A with a 90% confidence interval of 2.51-2.62A.
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