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Open Crystallographic Databases: COD,
TCOD and the sisters

Saulius Gražulis

Vilnius, 2023

For the MIF++ seminar, University of Liverpool
Vilnius University Institute of Biotechnology
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1 The value of crystallographic data
2 Crystallographic data(bases): COD, TCOD, PCOD, MPOD,
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3 Applications of COD and sister databases
4 Mathematical considerations in crystal data processing
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Data importance

Hipparchus (c. 190 – c. 120 BCE)

measured the longitude of Spica and Regulus and other bright
stars

compared his measurements with data from his predecessors,
Timocharis and Aristillus, who lived ≈100 years before him,

discovered what is now called the precession of the equinoxes

By NASA, Public Domain

(Wikipedia, see also
articles on Timocharis
and Aristyllus)
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Publications are not data!
Starrydata2

Data need to be extracted (sometimes, manually...) from
publications to make analyses.

obtained from output files generated by BoltzTraP. The
values of μ were converted to carrier doping densities
n = -N/Vcell [cm

−3], where Vcell is the unit cell volume.
We evaluated τel for each T in each sample using

experimental Seebeck coefficient Sexp and experimen-
tal electrical conductivity σexp. From the calculated S–
n curve, we estimated n, the carrier doping density
that corresponds to Sexp. If the S–n curve is bell-
shaped due to the bipolar effect, we selected the
solution with higher n, unless bipolar effects were
obvious in the experimental data. From the n and
the calculated n-dependence of σ/τel, we evaluated
(σ/τel)calc to estimate τel from

τel ¼ σexp
σ=τelð Þcalc

: (2)

With this τel, we estimated κph using

κph ¼ κexp � τel κel=τelð Þcalc: (3)

Results and discussion

From Scopus [26], we retrieved with the keyword
‘thermoelectric’ a list of 47,936 papers published
between 1875 and 2015. Our original material-name
detection script selected 18,585 papers from the list,
and among them we accessed the full-text of 14,835
papers to select those that contain plots of interest
and to classify them into material families.

The screenshot of our original web system
Starrydata2 is shown in Figure 1. For each record of
a paper, Starrydata2 stores the bibliographic informa-
tion, the numerical data extracted from the plots, and
the chemical compositions of the corresponding sam-
ples. The system only shows the numerical data and
the replots, without storing the original full-text and
the plot images, which are often protected by publish-
er’s copyright. The users can generate lists of pub-
lications of interest, and browse the data collected by
all users. They can download them as a data file,

either in spreadsheet-like format (CSV and JSON)
or in a relational-database-like format (JSON only).
Our data visualization system can display the data
files in various formats including line plots, heat
maps, and multiple scatter plots.

Using Starrydata2, we succeeded in attaining
a considerable improvement in the speed of manual
data collection. We rejected the selection of papers
and samples in previous data collections to increase
both the number of recorded samples and the speed
of data collection. Currently, we have collected the
data for 11,506 samples in 9509 figures published in
1957 papers. About 500–1000 samples are added each
month. Since the experimental data for a sample
usually appear in multiple figures, we manually
related these data from an identical sample by com-
prehension of the paper. By using the recent version
of our web system, a single data collector succeeded
to process 166 papers (806 plots, 1148 samples, 3251
datasets and 89,210 data points) in 25 working days.
On average, 1.03 papers (5.00 plots, 7.12 samples,
20.2 datasets, 553 data points) were processed
per hour. This time includes the time to read the
text to identify the chemical composition of each
sample. By increasing the number of data collectors,
much more experimental data on other material
families will be uploaded in our database.

Figure 2 shows a part of our experimental dataset
on rock-salt-type thermoelectric materials in
a comparison with the UCSB Thermoelectric data
[12], the largest literature-based experimental dataset
on thermoelectric properties. Each data point, which
corresponds to one experimental sample, is entered
in a plot of P against κ. Our dataset contained 434
samples of PbTe, PbSe, PbS, SnTe and their solid
solutions from 64 publications [33–86], whereas
UCSB Thermoelectric data contained 8 such samples.
The large diversity of the scatter plot is a result of the
non-selective character of our dataset, which accepted
many samples with bad properties. In contrast, the

Figure 1. Concept of plot mining in the Starrydata2 web system. An example paper [32] and the screenshots of Starrydata2 web
system are presented. Reproduced with permission from Thermoelectrics Society of Japan.

Sci. Technol. Adv. Mater. 20 (2019) 514 Y. KATSURA et al.

[Katsura et al. (2019)]
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Publications are not data!
Starrydata2

But with data, new insights can be drawn from the aggregated
publications: https://www.starrydata2.org/

calculation, to the experimental S–n curve of PbTe
samples. Only 38 samples out of 207 samples of PbTe
are shown in this plot, because the values of experi-
mental n above room temperature were not reported
for the other samples. Our transport calculation for
n-type PbTe were close to the experimental data at
for each T, especially in high-n region over 1019 cm−3.
In contrast, the S-n curve of our calculation was far
from the most of reported p-type samples, especially
at high T. This showed that the model of our trans-
port calculation is not valid for most samples of
p-type PbTe. Several other theoretical papers [38,87]
have successfully reproduced the experimental
S-n curve of n-type PbTe, however, they did not
show S-n curve for p-type PbTe. These implied the
possible difficulty in the modelling of transport prop-
erties of p-type PbTe, despite the high ZT values
compared to n-type PbTe.

By combining first-principles calculations and our
experimental data of Sexp, σexp, and κexp, we
attempted to evaluate τel, an unknown parameter in
first-principles calculations of σ and κel. During the
evaluation of τel, we need the value of calculated σ/τel.
As this value is given as a function of n, this analysis
could be done only for samples with known experi-
mental n. However, for most of the reported samples
of thermoelectric materials, Hall measurement to

determine experimental n has not been carried out.
So in this study, we attempted to estimate n by using
the reported values of experimental S and a calculated
S-n curve. Since this analysis is applicable only when
there is a consistency between calculated and experi-
mental S–n curves, we carried out this analysis only
for n-type samples.

Figure 6(a) shows the values of n and τel of the 207
samples of n-type PbTe, estimated from Sexp and σexp.
The values of τel were between 10−15 s and 10−13 s,
exhibiting a two-orders-of-magnitude variation. These
τel values are composite values of intrinsic τel and extrin-
sic τel, which can be expressed by Matthiesen’s rule such
that fel,total = fel,intrinsic + fel,extrinsic, by using electron
scattering rate fel = τel

−1. The intrinsic fel due to electron-
phonon interaction of PbTe has been calculated to be
around 1012–1013 Hz by a DFPT calculation considering
screening effects by electrons [87]. Our total fel were in
a range between 1013–1015 Hz. The samples with fel
~1013 Hz (τel ~10

–13 s) are expected to be clean samples,
in which intrinsic electron-phonon interaction is one of
the dominant electron scattering mechanisms. The sam-
ples with fel ~10

15 Hz (τel ~10
–15 s) were expected to be

dirty samples, where extrinsic electron scattering
mechanisms are dominant. The candidates of such
extrinsic electron scattering centers in n-type PbTe
include atomic vacancies, impurity atoms, intra-grain
nanoprecipitates, dislocations, grain boundaries and
impurity phases. The trend that short τel is observed
more frequently in high-n samples was consistent with
the expectation that the carrier-doping vacancies and
impurities also scatter electrons. The trend that τel
decreases with increasing T is observed especially in
low-n samples, and this was consistent with the that
phonon scattering rate increases with increasing T.

Our analysis also revealed that the popular trans-
port calculations that use a fixed value of τel = 10−14 s
for constant relaxation time approximation is not valid
for most of the reported samples of n-type PbTe.

Figure 6(b) shows the relationship between τel and
ZT. For each T, we observed a trend whereby an
increase in τel results in a monotonic increase in
ZT. The surprising thing here is not that ZT increased
with τel, but that the τel of almost all the reported
experimental samples clearly followed a common

Figure 5. Calculated carrier doping level (n) dependences of
the Seebeck coefficient (S) from first-principles calculation
using Boltzmann transport equations, in the range 300–800 K,
against the experimental Hall carrier concentration at room
temperature, for 38 samples of n-type and p-type PbTe.
Experimental data of S are also plotted against n.

Figure 6. Relationship between (a) carrier doping level n and electron relaxation time τel, (b) τel and thermoelectric figure of
merit ZT, and (c) τel and phonon thermal conductivity κph, estimated for 207 experimental samples of n-type PbTe.

Sci. Technol. Adv. Mater. 20 (2019) 516 Y. KATSURA et al.

(τel ∈
[
10−15..10−13

]
vs. τel = 10−14 s)

[Katsura et al. (2019)]
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Crystallographic databases
Open Access:

Protein Data Bank;
Crystallography Open Database
(and its “sisters”);
Bilbao Magnetic Structure
Database

Proprietary:
CCDC
ICSD
PDF
Pauling File
...

About 106 – 107 crystallographic
records are available.
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Consequences: AplhaFold

https://deepmind.com/research/open-source/alphafold-protein-
structure-database1

“Our models are trained on structures extracted from the PDB”
[Senior et al. (2020)].

1(accessed 2021-11-23)
Saulius Gražulis COD & sisters Vilnius, 2023 6 / 43
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1 The value of crystallographic data
2 Crystallographic data(bases): COD, TCOD, PCOD, MPOD,
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3 Applications of COD and sister databases
4 Mathematical considerations in crystal data processing
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The COD project

But what if crystallographers work together to establish a public
domain database with all relevant crystallographic data? This would
not only overcome the current situation with 'fragmented' databases,
it would also prevent for becoming dependent from monopolists.

What would be needed?

1. A small team of engaged scientists with some experience in database
and software design to coordinate the project.

2. The authors (i.e. the scientific community = YOU) who provides the
project with database entries (note, that if you have'nt sold your
experimental results exclusively, you are free to distribute the data
to such a database, even if they have already been part of a
publication - and a lot of good data have never been published).

3. Free software a) for maintaining the database, b) for data
evaluation and calculation of derived data (e.g. calculated powder
pattern from crystal structures for search-match purposes), c) for
browsing and retrieval.

gemstonede (Dr. Michael BERNDT) Fri Feb 14, 2003 1:26 pm

Saulius Gražulis COD & sisters Vilnius, 2023 8 / 43
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The Crystallography Open Database (COD)

https://www.crystallography.net
Online since 2003 :)

> 500 000 records as of 2023-05-22, available under CC0 License

Saulius Gražulis COD & sisters Vilnius, 2023 9 / 43
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COD contents

The Crystallography Open Database (COD)
https://www.crystallography.net

Inorganic

“Element-organic”

Metal-organic
and organometallic

Organic

Saulius Gražulis COD & sisters Vilnius, 2023 10 / 43
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Open Crystallographic Databases
COD, TCOD, PCOD, MPOD, ROD, HOD ...

http://www.crystallography.net/cod
> 479 000 entries

http://www.crystallography.net/tcod
> 2900 entries (ready to grow to > 107?)

http://mpod.cimav.edu.mx/
> 300 entries

http://www.crystallography.net/pcod
> 106 entries (ready to grow to > 108?)

ROD
http://solsa.crystallography.net/rod/

> 1100 entries
[Gražulis et al. (2009), Gražulis et al. (2012), Pepponi et al. (2012),
Fuentes-Cobas et al. (2017), Mendili et al. (2019)]
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The CIF framework

[Hall et al. (1991)]

The Crystallographic Interchange File/Framework (CIF):
Provides standard means for data publishing and exchange;
Is suitable for archiving;
Is maintained by the IUCr;

Saulius Gražulis COD & sisters Vilnius, 2023 12 / 43
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Example of a CIF file
examples/2100858-head.cif:
data_2100858
loop_
_publ_author_name
'Buttner, R. H.'
'Maslen, E. N.'
_publ_section_title
;
Structural parameters and electron difference density in BaTiO~3~

;
_journal_issue 6
_journal_name_full 'Acta Crystallographica Section B'
_journal_page_first 764
_journal_page_last 769
_journal_volume 48
_journal_year 1992
_chemical_compound_source 'synthetic, from a mixture of KF:KMoO4:BaTiO3'
_chemical_formula_sum 'Ba O3 Ti'
_chemical_formula_weight 233.24
_symmetry_cell_setting tetragonal
_symmetry_space_group_name_Hall 'P 4 -2'
_symmetry_space_group_name_H -M 'P 4 m m'
_cell_angle_alpha 90.0
_cell_angle_beta 90.0
_cell_angle_gamma 90.0
_cell_formula_units_Z 1
_cell_length_a 3.9998(8)
_cell_length_b 3.9998(8)
_cell_length_c 4.0180(8)

Saulius Gražulis COD & sisters Vilnius, 2023 13 / 43
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CIF atomic coordinates

examples/2100858-coordinates.cif:
loop_
_atom_site_label
_atom_site_fract_x
_atom_site_fract_y
_atom_site_fract_z
_atom_site_U_iso_or_equiv
Ba 0.0 0.0 0.0 ?
Ti 0.5 0.5 0.4820(10) ?
O1 0.5 0.5 0.016(5) ?
O2 0.5 0.0 0.515(3) ?

Saulius Gražulis COD & sisters Vilnius, 2023 14 / 43
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Controlled vocabularies, ontologies

examples/dictionaries/cif-core-example.cif:
data_cell_length_

loop_ _name '_cell_length_a'
'_cell_length_b'
'_cell_length_c'

_category cell
_type numb
_type_conditions esd
_enumeration_range 0.0:
_units A
_units_detail 'angstroms'
_definition

; Unit-cell lengths in angstroms corresponding to the structure
reported. The values of _refln_index_h, *_k, *_l must
correspond to the cell defined by these values and _cell_angle_
values. The values of _diffrn_refln_index_h , *_k, *_l may not
correspond to these values if a cell transformation took place
following the measurement of the diffraction intensities. See
also _diffrn_reflns_transf_matrix_.

;
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COD data management principles

Strictly stick to IUCr standards (CIF syntax, dictionaries);

Do not invent data;
Better to have no data than wrong data;
Consult original papers or authors themselves if in doubt;
Document: record and explain (justify) all changes;
Keep track of all changes in a version control system;
Keep data provenance (original file names);
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COD data validation

COD data validation policies:

1 Syntactic checks [Merkys et al. (2016)]:
$ cifparse 7234818.cif

2 Semantic validation (against dictionaries)
[Vaitkus et al. (2021)]:
$ cif_validate -D cif_core.dic 7234818.cif

3 Database-specific checks
[Gražulis et al. (2009)]:
$ cif_cod_check 7234818.cif
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COD data curation

Data curation in the COD:
svn log -r283960 --diff svn://www.crystallography.net/cod/cif/9

--- 00/15/9001556.cif (revision 283959)
+++ 00/15/9001556.cif (revision 283960)
@@ -68,8 +68,24 @@
_atom_site_fract_y
_atom_site_fract_z
_atom_site_U_iso_or_equiv
{+_atom_site_type_symbol+}
{+_atom_site_attached_hydrogens+}
Fe 0.25000 0.25000 0.25000 0.00490 {+Fe 0+}
O-H1 0.50000 0.17800 0.30800 0.00100 {+O 1+}
O-H2 0.19500 0.19000 0.50000 0.00100 {+O 1+}
O-H3 0.31800 0.50000 0.32300 0.00100 {+O 1+}
Wat 0.00000 0.50000 0.50000 0.00640 {+O 2+}
/.../
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COD query examples
Web, REST, SQL

Via the WWW interface – go for “search” in:

http://www.crystallography.net/cod
http://www.crystallography.net/tcod
http://www.crystallography.net/pcod

Via the stable URLs (REST):

http://www.crystallography.net/cod/2000000.cif
http://www.crystallography.net/cod/2000000.html
http://www.crystallography.net/cod/result?text=perovskite

Via the views of the SQL database:
mysql -u cod_reader cod -h sql.crystallography.net\

-e 'select file, a, b, c, vol, formula
from data where

year between 2013 and
2014 and

formula regexp " C[0-9]* "
order by vol desc limit 10'
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Yes, we OPTIMADE!
http://optimade.org/ [Andersen et al. (2021)]

http://www.crystallography.net/cod/optimade/v1/structures/
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1 The value of crystallographic data
2 Crystallographic data(bases): COD, TCOD, PCOD, MPOD,

...
3 Applications of COD and sister databases
4 Mathematical considerations in crystal data processing
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Use of COD and PCOD databases
Search-match identification of the materials

A predicted
phase from
PCOD could be
identified in
experimental
data.

Courtesy Armel
Le Bail
[Le Bail(2008)]
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COD chemical repertoire

https://molecules.crystallography.net/cod-molecules/cod/2227697.html

A. Vaitkus
ms. in
preparation
under review
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COD use cases
COD and PubChem

https://pubchem.ncbi.nlm.nih.gov/source/849
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COD use cases
COD and PubChem

https://pubchem.ncbi.nlm.nih.gov/substance/164348954
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COD data applications: polymer search

polymers-in-COD: ≈ 400 000 COD records processed

polymers of different dimensionality (1D, 2D, 3D, 1D-2D and so
on) detected, ≈ 93 000 polymer records in total.

http://crystallography.net/cod/7224530.html results of A. Belova
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COD data analysis: polymers

Find interpenetrating chains (crystal nets of covalent bonds):

http://crystallography.net/cod/4103983.html results of A. Belova, 2019
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COD data analysis: search of knots and links

Compute knot invariants, such as:
linking number;
Alexander and/or Conway polynomials;
etc. ...

Use the set of invariants to distinguish links and knots.
LINKING NUMBER: 0

?⇐⇒

LINKING NUMBER: -1

# $Id: slides.tex 2298 2023-09-28 12:41:15Z saulius $
#@kw label b1_comp b1_a1 b1_a2 b2_comp b2_a1 b2_a2 sign filename
CROSS X1 C10 a26 a25 C11 a8 a9 -1 hopf-link-integer.cml
CROSS X2 C10 a20 a19 C11 a8 a9 -1 hopf-link-integer.cml
# COMPONENTS: hopf-link-integer.cml 2
# LINKING NUMBER: -1 results of A. Belova, 2019
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1 The value of crystallographic data
2 Crystallographic data(bases): COD, TCOD, PCOD, MPOD,
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4 Mathematical considerations in crystal data processing
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Contents of a crystallographic file

http://www.crystallography.net/cod/2231955.html
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Contents of a crystallographic file

http://www.crystallography.net/cod/2231955.html
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Reconstructing stoichiometric molecular
ensemble

1 find a symmetry group S of each molecule;
2 find a symmetry group H the whole molecular ensemble;
3 find (left) coset decomposition of the crystal space group H

by S, S ⊴ H;
4 to each molecule, apply one symmetry element from each

coset;
5 each choice of symmetry operations from the cosets

(transversal) generates a crystallographically identical atom
set present in the crystal;
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Reconstructing molecules from the COD

http://www.crystallography.net/cod/2231955.html

Usual algorithms:

_

O

S O

O

S

O

O
_

O

CH3

+
N

H3C

CH3

OH2

The new algorithm:

_

O

S O

O

S

O

O
_

O

CH3

+
N

CH3H3C

CH3

+
N

CH3H3C

OH2

OH2
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Reconstructing molecules from the COD

http://www.crystallography.net/cod/2231955.html

Usual algorithms:

_

O

S O

O

S

O

O
_

O

CH3

+
N

H3C

CH3

OH2

The new algorithm:

_

O

S O

O

S

O

O
_

O

CH3

+
N

CH3H3C

CH3

+
N

CH3H3C

OH2

OH2

[Gražulis et al. (2015)]

A. Vaitkus, cif-perceive-chemistry (formerly cif2molecule) + OpenChemLib
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Predicates on computed data

COD 7241595

IsChiral(M1) ∧ SymopMapsTo(S,M1,M2) ∧ det(S) = −1
⇒ M1 IsEnantiomerOf M2
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Disorder around a special position

COD 1544968 [Xiang et al. (2016)]
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Disorder around a special position

COD 1544968 [Xiang et al. (2016)]
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Disorder around a special position

COD 1544968 [Xiang et al. (2016)]
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Generating a representative structure

1 find a symmetry group S of a special position (Stabiliser);
2 find (left) coset decomposition of the crystal space group G

by S, S ⊴ G;
3 take one symmetry element from each coset and apply it to

the disordered group;
4 each choice of symmetry operations from the cosets

(transversal) generates a distinct atom set present in the
crystal;
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Disorder around a special position
COD entry 4111132

Original entry:

http://crystallography.net/cod/4111132.html
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Disorder around a special position in polymers

COD 4111132 [Halper et al. (2006)]

video

video
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http://saulius-grazulis.lt/~saulius/.1c76f4d33195c654b7ccf5dab8c1a64503fa8162/4111132-disorder-handling/jmol-movie/Screencast%202019-10-25%2015:06:19.mp4
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Conclusions

Data publication is as important as papers!
Aggregated data allows new discoveries...
... but for this data need to be properly organised.
COD, TCOD and the sister databases offer open data in
crystallography.
Mathematical insights are of paramount importance to
understand crystal structures.
Sharing data gives benefits to all.
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Thank you!

http://en.wikipedia.org/wiki/Topaz http://www.crystallography.net/2207377.html

Slides available at:
https://www.crystallography.net/cod/archives/2023/slides/MIF++/slides.pdf

A path to freedom: GNU → Linux → Ubuntu → MySQL → R → LATEX→ TikZ → Beamer

http://en.wikipedia.org/wiki/Topaz
http://www.crystallography.net/2207377.html
https://www.crystallography.net/cod/archives/2023/slides/MIF++/slides.pdf
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