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In tro ducti on

Cor rectly solved crys tal struc ture should be in agree ment
with ex per i men tal data and its ge om e try should be lo cated
in a lo cal min i mum on a Po ten tial En ergy Sur face (PES).
The idea to ver ify crys tal struc ture by com par i son with
DFT cal cu la tion re sults was in tro duced al ready 12 years
ago [1,2]. Ma chine Learn ing In ter atomic Po ten tials
(MLIP) of fer a sig nif i cantly faster al ter na tive to DFT as a
tool for the o ret i cal crys tal struc ture cal cu la tion with com -
pa ra ble ac cu racy and cor rect ness. The ge om e try op ti mized
struc tures based on UMA(S) MLIP (parameterised on
OMC25 dataset) [3] were used to ver ify 216 911 se lected
struc tures from Cam bridge Struc ture Da ta base (CSD). The
tar geted was to de tect is sues with both orig i nal X-ray ex -
per i ments in ter pre ta tion as well as with the MLIP func tion -
al ity.

Metho do lo gy

Be fore the struc ture val i da tion we had pre-fil tered from
CSD 6.0 a sub set of struc tures, for which it had sense to run 
the test (See Table1). We had re jected struc tures with dis -
or der, used MLIP non sup ported el e ments, voids, in cor rect

space group and to old struc tures mea sured on his tor i cal
de vices. Cur rent MLIP do not sup port well elec tro static
long-range forces so we had re jected struc tures with
charged at oms as well. From used GPU mem ory lim its rea -
sons struc tures with unit cell vol ume more than 4000 C3

were not in ves ti gated. See Ta ble 1 for the pre-fil ter ing re -
sults.

The fi nal MLIP cal cu la tion was run ning 4 months in
par al lel on 2 com put ers with NVIDIA RTX PRO 4000
Blackwell graphic card equipped by 24GB/ GDDR7 mem -
ory. Ex e cu tion was done al most ex clu sively in GPU on 8
960 CUDA cores. The pro cess ing and descriptors cal cu la -
tion was driven by our pro pri etary soft ware checkCIF-
 DFT.

The orig i nal ver i fi ca tion method [1,2] was pri mary
based on the ex per i men tal and DFT re sults com par i son by
Car te sian dis place ment (RMSCD) descriptor only.
RMSCD is de-facto a RMSD mod i fied to be able to com -
pare atomic po si tions in dif fer ent unit cells. It was al ready
men tioned [1] this descriptor was not able to clearly sep a -
rate e.g. to tally ar ti fi cial fraud struc tures from cor rectly
solved one. We had tested sev eral other descriptors to sep a -
rate prob lem atic struc tures from cor rect ones. Re ally prob -

Re jecti on re a son 
Structu res re jec ted based 
on gi ven test

Structu res left af ter test

To tal structu res in CSD 6.0 da ta set 1371757

Pre sen ce of other ele ments than sup por ted one ( H,C,N,O,S,P,F,Cl,Br,I) 853820 517937 

Di sor de red structu re 90765 427172

Fu tu re not sa tis fied: No error, 3D co or di na tes pre sent, sin g le crys tal data 32241 394931

Not pu b lished af ter 2004 95698 299233

Io ni zed mo le cules or char ged atoms pre sent 41768 257465

Vo lu me over 4000 C3 17725 239740

3D co or di na tes not pre sent (not co ve red by pre vi ous check) 4 239736

Sol vent ac ces si ble vo lu me over 40 C3 16463 223273

In cor rect spa ce group or su per cell de tec ted 1128 222145

In cor rect ele ment va len ce de tec ted 3981 218164

De tec ted atoms mar ked by "?" in di ca ting di sor der 1253 216911

Ta ble 1. Re sult of struc tures pre-fil ter ing
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lem atic struc tures can be de tected ef fi ciently by bond- 
break ing (see Ta ble 2 and Fig ure 1).

Re sults

We had man u ally in spected 466 struc tures with bond
break ing (hy dro gen not in volved) and 167 struc tures with
RMSCD higher than 1.0 C. The in spec tion was based on
com par i son with orig i nal X-ray data, higher level full DFT
cal cu la tion and in spec tion of the orig i nal pub li ca tions. We
had iden ti fied sev eral types of er rors with the CSD de pos -
ited data: el e ment type as sign ment miss-match, miss ing
hy dro gen, in cor rect hy dro gen place ment or in cor rect ex -
per i men tal in for ma tion in the CIF (pres sure typ i cally). We
had iden ti fied is sues with the used MLIP PES gen er a tion as 
well - in cor rect pro ton trans fer and pure re sults for el e -
ments not of ten pres ent in teach ing dataset. Most of the
PES re lated is sues were re lated to the PBE+D3 func tional

used for OMC25 dataset gen er a tion. PBE-D3 shows
known er rors re lated to ion trans fer. A better teach ing set
uti liz ing e.g. r2SCAN-MBD meta-GGA func tional will be
more suit able for fu ture work. In rare sit u a tion we had de -
tected as prob lem atic cor rectly solved struc tures with
non-usual fu tures.  .

Conclu si ons

Dur ing ex am i na tion of our re sults we had iden ti fied is sues
with mul ti ple struc tures de pos ited in CSD. It should be
noted that based on our find ing the use of CSD as re li able
source of mo lec u lar ge om e try in for ma tion is ques tion able.
Mark ing the prob lem atic struc tures in the da ta base with
some other flack than “no er ror” will be suit able. On the
other side we had iden ti fied is sues with the used MLIP as
well - in cor rect pro ton trans fer and in cor rect ge om e try for

bond types not oc cur ring of ten in the OMC25 dataset. The

Pro blem de tecti on re a son 
Structu res re jec ted
based on gi ven test

Structu res left af ter test

Ini tial da ta set 216911

Non existing (Unk nown) ele ment pre sent 1 216910

CIF spa ce group does not cor re spond to ori gi nal CIF 1 216909

Bond bre a king (not inclu ding H-atom) 466 216443

Bond bre a king (H-atom in vol ved) 1400 215043

RMSCD over 1.0 C 167 214876

RMSCD over 0.25 C 3167 211709

Ta ble 2. Is sues de tected dur ing the CSD 216911 struc tures test

Fig ure 1. R fac tor ver sus RMSCD (hy dro gen at oms ex cluded).  green - no bond break ing, blue - only bonds in clud ing hy dro gen break, 
red - break ing of bonds not in clud ing hy dro gen.
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com pu ta tional time re quired for sin gle struc tures sets is
typ i cally less then one min ute - the de scribed meth od ol ogy
is suit able for rou tine struc ture checks.
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In the last few years, uni ver sal ma chine-learned in ter -
atomic po ten tials (UMLIPs) have en tered the world of
com puter sim u la tions, fill ing the gap be tween clas si cal po -
ten tials and DFT cal cu la tions. Ide ally, they achieve ac cu -
racy com pa ra ble to DFT but with a com pu ta tional cost
sev eral or ders of mag ni tude lower. Fur ther more, their scal -
ing is not cu bic with re spect to the num ber of at oms, mak -
ing it pos si ble to sim u late struc tures con tain ing hun dreds
of at oms even on a high-end desk top PC.

From the per spec tive of dif frac tion tech niques, we usu -
ally ob serve an av er age struc ture where atomic po si tions
may have par tial oc cu pan cies. How ever, when de scrib ing
struc tures for MD or DFT cal cu la tions, each atomic site
must (with few ex cep tions) be ei ther fully oc cu pied or va -
cant. There fore, if we want to sim u late an al loy with a ran -
dom atomic dis tri bu tion, we must first gen er ate such a
con fig u ra tion. Find ing an ar range ment that best mim ics a
truly ran dom dis tri bu tion is cru cial for DFT cal cu la tions,
where we typ i cally work with small sim u la tion cells. For
this pur pose, the con cept of Spe cial Quasi-ran dom Struc -

tures (SQS) was in tro duced. While the ATAT mcsqs [1]
pro gram is com monly used to gen er ate them, it is n’t ex -
actly user-friendly. To ad dress this, our group de vel oped
SimplySQS [2], a tool de signed to make this pro cess much
eas ier.

If the stud ied ma te ri als tend to ex hibit atomic or der ing,
it is ideal to ex plore all pos si ble con fig u ra tions. This is
prac ti cally fea si ble only for struc tures with a small num ber
of at oms, as the num ber of com bi na tions grows rap idly. A
use ful tool for gen er at ing var i ous or dered struc tures is the
Supercell [3] pro gram, which also al lows for the fil ter ing
of sym me try-equiv a lent struc tures.

To fa cil i tate the use of uni ver sal po ten tials, our group is 
de vel op ing uMLIP-in ter ac tive [4]. This tool cur rently
sup ports sev eral uni ver sal ML po ten tials, in clud ing
MACE, CHGNet, Nequix, SevenNet, Orb-v3, MatterSim,
UPET, and GRACE. Through ei ther a graph i cal in ter face
or Py thon scripts, us ers can per form stan dard MD tasks
such as en ergy cal cu la tion, ge om e try op ti mi za tion, de ter -
mi na tion of elas tic con stants, phonon spec tra cal cu la tions,

Fig ure 1. Sta ble tet ra he dral po si tion for a hy dro gen atom (left) and sta ble oc ta he dral po si tion for a car bon atom (right) in the
Ti-23Nb-0.7Ta-2Zr al loy.



and var i ous dy nam i cal sim u la tions (NVE, NVT, NPT). In -
put files are sup ported in cif, POSCAR, lmp, or xyz (with
lat tice info) for mats.

In this con tri bu tion, we will dis cuss three spe cific ex -
am ples of use:

Pre fe ren tial po si ti ons of ga se ous ele ments in the
“Gum Me tal” al loy based on the Ti-23Nb- 0.7Ta-
 2Zr com posi ti on.

When a small amount of ox y gen (approx. 0.5%) is added to 
the Ti-23Nb-0.7Ta-2Zr al loy, it ac quires re mark able prop -
er ties: an elas tic modulus close to 50 GPa com bined with a
strength ex ceed ing 1000 MPa. Due to these unique char ac -
ter is tics, the al loy is re ferred to as “Gum Metal.” Our re -
search fo cused on iden ti fy ing the pref er en tial po si tions of
in ter sti tial at oms within this struc ture for low con cen tra -
tions of gas eous el e ments: O, N, C, and H.

First, we trans formed a sim ple bcc cell into a supercell
con tain ing 250 at oms and searched for an SQS struc ture
cor re spond ing to the com po si tion in atomic per cent (185
Ti, 58 Nb, 5 Zr, 2 Ta). From three in de pend ent runs, we ob -
tained three dis tinct SQS struc tures. Within these struc -
tures, there are 750 oc ta he dral and 1500 tet ra he dral
in ter sti tial sites. We placed a sin gle gas atom into each of
these po si tions, per formed ge om e try op ti mi za tion, and sta -
tis ti cally eval u ated the en tire data set. The re sults clearly
show that O, N, and C pre fer the larger oc ta he dral sites,
whereas H pre fers tet ra he dral sites. Fur ther more, we found
that for these in ter sti tial at oms, a Ti-rich en vi ron ment is en -
er get i cally fa vor able, while an Nb-rich en vi ron ment is un -
fa vor able, see Fig. 2.

Hyd ro gen atom po si ti ons in Mg2Ni.

The com pound Mg2Ni, some times en riched with rare earth
el e ments, is a highly prom is ing ma te rial for hy dro gen stor -
age, where the tar get sta ble phase is Mg2NiH4. Un for tu -
nately, the sat u ra tion pro cess can slow down in cer tain
cases, mak ing it dif fi cult to load fur ther hy dro gen into the
ma te rial. Un der stand ing which sites hy dro gen pre fers
within the orig i nal Mg2Ni struc ture is of great in ter est, and
not only from a dif fu sion per spec tive. For low hy dro gen
con cen tra tions, dif frac tion tech niques do not al ways pro -
vide a clear an swer re gard ing the oc cu pied po si tions.

There fore, we at tempted to de ter mine the hy dro gen sites by 
cal cu lat ing the en ergy for var i ous po ten tial lo ca tions. Us -
ing the Point-De fect-Gen er a tor [5], an other tool be ing
de vel oped in our team, we per formed a grid search to iden -
tify all po ten tial hy dro gen po si tions (see Fig. 3a). Sub se -
quently, we cre ated a struc ture for each pos si bil ity
con tain ing a sin gle hy dro gen atom and per formed ge om e -
try op ti mi za tion us ing a uni ver sal po ten tial. We then
placed an ad di tional hy dro gen atom into the low est-en ergy
struc ture, and so on.

Structu re pre dicti on of Mn – Hf – O.

The mo ti va tion for this re search was the at tempt to syn the -
size the MnHfO3 phase, which, ac cord ing to the o ret i cal
cal cu la tions, should ex hibit in ter est ing mag netic prop er -
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a)

Fig ure 2. En ergy de pend ence on the lo cal en vi ron ment of ni tro -
gen at oms. It is ev i dent that ni tro gen at oms pre fer en vi ron ments
dom i nated by ti ta nium (Ti) at oms.

b)

Fig ure 3. a) The struc ture Mg2Ni of with avail able in ter sti tial sites
for po ten tial hy dro gen lo cal iza tion (small pink spheres). b) En er -
gies of in di vid ual struc tures con tain ing two hy dro gen at oms.
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ties. Prep a ra tion in pow der form was un suc cess ful, re sult -
ing in stead in sep a rated Mn2O3 and HfO2 phases.
Con se quently, we at tempted to pre pare sam ples in the form 
of thin films. In this case, we ob tained a cu bic Hf/MnO2

phase. EDS anal y sis re vealed that the ox y gen con cen tra -
tion cor re sponds to an oc cu pancy of 0.75. To ver ify
whether the ox y gen va can cies are a re sult of low ox y gen
con cen tra tion in the res er voir dur ing thin-film growth, or if 
they are en er get i cally driven by the spe cific Mn/Hf ra tio,
we again em ployed a uni ver sal po ten tial to cal cu late the en -
er gies for var i ous com po si tions and atomic dis tri bu tions.
Start ing from a cu bic HfO2 struc ture, we re placed 50% of
the Hf with Mn and con sid ered var i ous va cancy con cen tra -
tions. Us ing the Supercell pro gram, we gen er ated all pos si -
ble atomic con fig u ra tions on ap pro pri ately sized
supercells. With a fi nite (and in our case, small) num ber of
at oms, the struc ture no lon ger main tains cu bic or pseudo-

 cu bic sym me try. To sim u late real struc tures where cu bic
sym me try emerges sta tis ti cally over a large num ber of at -
oms, it is ap pro pri ate to ap ply cer tain con straints. Fig. 4
shows the for ma tion en ergy of the Hf/MnO2 struc ture as a
func tion of ox y gen va cancy con cen tra tion un der dif fer ent
con straints dur ing ge om e try op ti mi za tion. It is ev i dent that, 
re gard less of the con straints ap plied, an ox y gen oc cu pancy
around 0.75 is en er get i cally fa vor able. Fur ther more, it can
be seen that the lo cal or der ing also has a sig nif i cant im pact
on the to tal en ergy.

1. https://axelvandewalle.github.io/www-avdw//atat/

2. https://atat-sqs.streamlit.app/ .

3. https://orex.github.io/supercell/

4. https://github.com/bracerino/uMLIP-Interactive

5. https://xrdlicious-point-defects.streamlit.app/

Fig ure 4. For ma tion en ergy of the Hf/MnO2 struc ture as a func tion of ox y gen va cancy con cen tra tion. Sim u la tions were per formed for
var i ous atomic ar range ments within the cu bic HfO2 struc ture. The Supercell pro gram was used to gen er ate the in di vid ual con fig u ra tions.

https://axelvandewalle.github.io/www-avdw//atat/
https://atat-sqs.streamlit.app/
https://orex.github.io/supercell/
https://github.com/bracerino/uMLIP-Interactive
https://xrdlicious-point-defects.streamlit.app/


L11

AZIMUTHAL INTEGRATION OF DIFFRACTION IMAGES:
GEOMETRY, PHYSICAL CORRECTIONS, AND NXAZINT FORMAT

Z. Matìj
1
, F.  H.  Gjrrup

1,2
, M.  Yazdi-Rizi

1
, P.  Bell

1
, W.  De Nolf

3
, M.  R.  V.  Jrrgensen

1,2

1MAX IV Lab o ra tory, Lund Uni ver sity, Lund, Swe den
2De part ment of Che mis t ry & iNA NO, Aar hus Uni ver si ty, Aar hus, Den mark

3ESRF – The Eu ro pean Syn chro t ron, Gre no ble, France

zde nek.ma tej@ma xiv.lu.se

Pow der dif frac tion ex per i ments at ac cel er a tor-based light
sources pre dom i nantly em ploy trans mis sion ge om e tries
with flat (2D) area de tec tors po si tioned down stream of the
sam ple. This con fig u ra tion en ables ef fi cient re cord ing of
com plete Debye–Scherrer rings, tak ing ad van tage of the
high dif fracted in ten si ties at low and in ter me di ate scat ter -
ing an gles. When com bined with large, fast de tec tors, it
sup ports high-through put as well as time-re solved pow der
dif frac tion mea sure ments.

The use of 2D de tec tors pre serves the full az i muthal
dis tri bu tion of the dif fracted in ten sity, pro vid ing ac cess to
in for ma tion on pre ferred ori en ta tion, grain sta tis tics, and
other de vi a tions from ideal pow der av er ag ing. For rou tine
struc tural anal y sis, de tec tor im ages are typ i cally re duced
by az i muthal in te gra tion (AZINT) to yield one-di men -
sional dif frac tion pro files that fol low the con ven tional
pow der dif frac tion for mal ism and serve as stan dard in put
for Rietveld re fine ment [1] and other quan ti ta tive meth ods. 
When de vi a tions from ideal pow der av er ag ing are sig nif i -
cant, azimuthally re solved in te gra tion or two-di men sional
in ten sity rep re sen ta tions can be em ployed, re tain ing di rec -
tional in for ma tion that en ables a more com pre hen sive
char ac ter iza tion of tex ture and re lated ef fects.

Az i muthal in te gra tion can be per formed us ing sev eral
es tab lished soft ware pack ages, in clud ing fit2d [2],
PyFAI [3], diffpy.srxplanar [4], Nika [5], and the AZINT
mod ule [6]. These soft ware tools or pro cess ing pipe lines
typ i cally pro vide a wide range of con fig u ra tion op tions.
Core cor rec tions com monly in clude solid-an gle and po lar -
iza tion cor rec tions, as well as in ten sity nor mal iza tion. Ad -
di tional, more spe cial ized cor rec tions may be ap plied when 
re quired, such as ab sorp tion or scat ter ing ef fects aris ing
from the sam ple, sam ple holder, or sam ple en vi ron ment, as
well as par al lax cor rec tions. More ad vanced func tion al ity
may in clude ded i cated nor mal iza tion and er ror-prop a ga -
tion mod els, along with treat ments ac count ing for cor re la -
tions be tween neigh bour ing points in pow der dif frac tion
pat terns [4]. Com ple ment ing AZINT soft ware, a va ri ety of
ma ture pro grams are avail able for sub se quent data anal y sis
steps; a non-ex haus tive list of tools com monly used for
Rietveld re fine ment in cludes GSAS-II [7], TOPAS [8],
Jana2020 [9], and MStruct [10].

Pow der dif frac tion pat terns and AZINT data have his -
tor i cally been stored in a wide range of pre dom i nantly
text-based for mats. How ever, mod ern time-re solved or
spa tially re solved ex per i ments [11] at syn chro tron light
sources can prac ti cally pro duce hun dreds of thou sands to
mil lions of dif frac tion pat terns within min utes, mak ing
data han dling and man age ment in creas ingly chal leng ing.

To ad dress this, most light sources world wide have
adopted the HDF5 data for mat as a ver sa tile con tainer for
large vol umes of hi er ar chi cally or ga nized data and
metadata. In ad di tion, sev eral dif frac tion in stru ments em -
ploy the NeXus [12] data stan dard built on top of HDF5,
with the NXmx [13] ap pli ca tion def i ni tion rep re sent ing the 
cur rent gold stan dard for macromolecular crys tal log ra -
phy [14].

The first part of this con tri bu tion re views the ba sic prin -
ci ples of az i muthal in te gra tion and the most com monly ap -
plied cor rec tions used dur ing data re duc tion. This
dis cus sion pro vides the foun da tion for the sec ond part,
which in tro duces the re cently de vel oped NXazint [15,16]
for mat (Fig. 1). NXazint is de signed to store 1D and 2D
azimuthally in te grated data to gether with es sen tial
metadata, en abling di rect use in down stream anal y sis soft -
ware. The for mat ad heres to FAIR data prin ci ples, fa cil i -
tates the han dling of large datasets, and im proves
interoperability across beamlines and fa cil i ties. NXazint is
al ready de ployed at the MAX IV syn chro tron, and broader
adop tion by other fa cil i ties and data anal y sis soft ware is
en cour aged. The for mat is not in tended to re place the
pdCIF standard [17] but rather to serve as a complementary 
data container.

1  H. M. Rietveld, J. Appl. Cryst., 2, (1969), 65.
doi:10.1107/S0021889869006558.

2. A. P. Hammersley, S. O. Svens son, M. Hanfland, A. N.
Fitch, D. Hausermann, High Press. Res., 14, (1996), 235.
doi:10.1080/08957959608201408.

3. J. Kieffer, J. P. Wright, Pow der Dif frac tion, 28 s2, (2013),
339. doi:10.1017/S0885715613000924.

4. X. Yang, P. Juhas, S. J. L. Billinge, J. Appl. Cryst., 47,
(2014), 1273. doi:10.1107/S1600576714010516.

5. J. Ilavsky, J. Appl. Cryst., 45, (2012), 324.
doi:10.1107/S0021889812004037.

6. azint: py thon mod ule for Az i muthal In te gra tion,
https://maxiv-science.github.io/azint/, (April 29th, 2026).

7. B. H. Toby, R. B. Von Dreele, J. Appl. Cryst., 46, (2013),
544. doi:10.1107/S0021889813003531.

8. A. A. Coelho, J. Appl. Cryst., 51, (2018), 210.
doi:10.1107/S1600576718000183.
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