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Du plex stain less steels (DSS) com bine a microstructure of

fer rite (a-Fe) with aus ten ite (g-Fe) in roughly 1:1 ra tio.
Chem i cal com po si tion and con tent of al loy ing el e ments
de ter mine fi nal prop er ties, cre at ing many types and grades
of DSS. Most of DSS sur pass austenitic stain less steels
in their phys i cal and chem i cal prop er ties. There fore, DSS
are widely used in civil en gi neer ing, avi a tion and au to mo -
tive in dus tries, and even food stor age. [1] Shot peening
pro cess (SP) is a cold work ing pro cess known for its en -
hance ment of ser vice life by in tro duc ing com pres sive re -
sid ual stresses into ma te rial. By bom bard ing the sur face
with small spher i cal me dia, plas tic de for ma tion is in duced,
al ter ing real struc ture in subsurface re gions. [2]  Al though
roll ing is now a days a stan dard step in pro duc tion and pro -
cess ing of steel prod ucts, its com bi na tion with SP in tro -
duces new pos si bil i ties for real struc ture mod i fi ca tions.
Prior re search of SP has shown that ef fects of roll ing per sist 
in the ma te rial and are not fully supressed even af ter SP.
The ef fect of roll ing was stud ied us ing X-ray dif frac tion
tech niques and the depth dis tri bu tions of crys tal lite sizes
and microstrains are de scribed.

Three sheets of EN 1.4470 DSS with chem i cal com po -
si tion (in wt.%): 22.2 Cr, 5.5 Ni, 3.28 Mo, 0.41 Si, 0.13 Cu,
0.09 Al, 0.034 V, 0.006 Nb, 0.005 Sn and bal. Fe, were cut
and ground to dif fer ent thick nesses. Af ter stress re lieve an -
neal ing, they were cold rolled to fi nal thick ness of 1.5 mm,
achiev ing thick ness re duc tions of 10, 40, and 50 % com -

pared to orig i nal size af ter roll ing. Ac cord ing to that, sam -
ples are des ig nated as R10, R40 and R50 re spec tively. Af -
ter an other stress re lieve an neal ing, the SP treat ment was
car ried out in a self-made ma chine us ing quenched steel
shots. Almen in ten sity 1.90 ± 0.08 mmA was achieved,
mea sured by the arc height of A type Almen strip
(strip thick ness 1.295 ± 0.025 mm) [3]. The SP di rec tion
was the same as the roll ing di rec tion (RD). Due to lim ited
pen e tra tion depth of X-rays, lay ers of the ma te rial were
grad u ally re moved af ter each mea sure ment, with aim to
ana lyse the gra di ents of afore men tioned pa ram e ters.
PROTO Elec tro lytic pol isher 8818-V3 with A type elec tro -
lyte was used for elec tro lytic pol ish ing. A micrometre
screw gauge was used to de ter mine the re moved layer
thick ness by cal cu lat ing the dif fer ence be tween thick -
nesses be fore and af ter pol ish ing. 

For ob tain ing the XRD pat terns the Em py rean
PANanalytical diffractometer in Bragg-Brentano ge om e -
try was used. Ir ra di ated vol ume was de fined by the ex per i -
men tal ge om e try, ef fec tive pen e tra tion depth of X-rays and 
the pin hole size (0.5 × 1 mm). Ob tained pat terns were used
for Rietveld anal y sis us ing MStruct soft ware. Crys tal lite
sizes and microstrains were cal cu lated from dif frac tion line 
broad en ing as de scribed on the of fi cial website [4]. It has to 

be noted that g-Fe is a metastable phase, and martensitic
phase trans for ma tion is pos si ble. Strain-in duced martensite 
can by formed both by roll ing and SP. In low car bon steels,
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Fig ure 1. The depth dis tri bu tions of the crys tal lite size D.
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the tetragonality of martensite lat tice is small . There fore,
these two phases can not be di rectly dis tin guished by XRD

tech niques. Sym bol a-Fe there fore rep re sents both fer rite
and martensite. 

Re sults for crys tal lite sizes are shown in Fig. 1. As
could be ex pected, SP pro cess caused their re duc tion in
near sur face re gions. The ef fect is how ever pro nounced
only to cer tain depth. Two ef fects of pre vi ous roll ing can
be seen, when com par ing the sam ples to one an other.
Firstly, sam ples with lower thick ness re duc tion have larger
crys tal lites, due to lower de for ma tion, both in bulk and

near sur face re gion. From this trend de vi ates only the a-Fe
phase of R10 sam ple. Af ter first two mea sured depths, sud -
den drop in its crys tal lite size was ob served. This be hav -
iour is re lated to the ef fect of pre ferred ori en ta tion in the
ma te rial, which can al ter the in ten sity of in di vid ual dif frac -
tion lines. Af fected dif frac tion pat tern is in suf fi cient for an
ac cu rate de ter mi na tion of crys tal lite size. In ac cu rate val ues 
were there fore omit ted in Fig. 1. The ex plained trend in
crys tal lite size due to dif fer ent amount of roll ing is rather
ex pected. The sec ond ef fect is of more in ter est. It can be

seen in sam ple R50 and g-Fe of sam ple R40, that the
change in crys tal lite sizes be tween near sur face re gions,
surely af fected by SP, and bulk re gions is less pro nounced.
This phe nom e non can be at trib uted to work hard en ing.
Sam ples rolled to higher thick ness re duc tions are more de -
formed, there fore ex hib it ing harder sur face. In con trast,
sur face of sam ples rolled to lower re duc tion is eas ily de -
formed by the im pact of the SP me dium. In DSS, the

work-hard en ing rate of g-Fe is higher than of a-Fe [5], ex -
plain ing the dif fer ence be tween phases of R40 sam ple.
How ever, the same ef fect in R50 sam ple was not ob served
for rea sons that re main to be iden ti fied.  From the over all
re sults, it can not be stated which phase of DSS was more
af fected. It should be emphasised again, that re sult ing val -

ues for a-Fe are in flu enced by the crys tal lite size of the
stress-in duced martensite. These crys tal lites orig i nally cor -

re spond to g-Fe that un der went a phase trans for ma tion.

How ever, the martensitic crys tal lites do not nec es sar ily de -

form in the same man ner as the a-Fe crys tal lites.
Microstrains were ana lysed to gether with crys tal lite

sizes and are shown in Fig. 2. They are closely re lated to
size of crys tal lites and can be seen as com ple men tary re -
sults. Near sur face re gions are af fected by SP, caus ing
higher microstrains. Sim i larly to crys tal lite size, the change 
be tween sur face and bulk re gion is less pro nounced for

higher re duc tions in g-Fe phase. Re sults for a-Fe are re -
lated to crys tal lite sizes. In larger crys tal lites, lower
microstrains can be ex pected, which was also ob served.
For rea sons de scribed be fore, re li able re sults for R10 sam -
ple could not be ob tained. Apart from this sam ple, the ef -
fect of roll ing re mains pres ent in the sam ples de spite their
an neal ing. The rea son is the mu tual in ter ac tion be tween the 
crys tal lites of both phases dur ing de for ma tion. Both phases 
are de formed dif fer ently dur ing roll ing. For ex am ple, at

small de for ma tions, the work-hard en ing rate of g-Fe is rel -
a tively high, how ever, once the thick ness re duc tion ex -
ceeds 15%, the de for ma tion be comes more con cen trated in

a-Fe, which has higher stack ing fault en ergy [5]. This
might be the ex pla na tion be hind sud den in crease in

microstrain of R50 a-Fe phase in bulk re gion. The ef fect is
not ob served for R40 sam ple, due to its larger crys tal lites.

Gen er ally, it was ob served that roll ing af fects the fur -
ther change of microstructural pa ram e ters caused by SP.
Higher re duc tion in thick ness in tro duces more strain hard -
en ing, which con strains fur ther crys tal lite size re duc tion.
With smaller crys tal lites, microstrain val ues tend to be
higher. Un for tu nately, R10 sam ple was highly af fected by
pre ferred ori en ta tion and to fully un der stand the ef fect of
roll ing on microstructural pa ram e ters, further research is
needed.

1. TMR Stain less, Prac ti cal Guide lines for the Fab ri ca tion of
Du plex Stain less Steel, Lon don: IMOA, 2014.

2. J. Champaine, Shot Peening Over view, The Shot Peener,
2001.

Fig ure 2. The depth dis tri bu tions of the microstrain e×10–4.
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Se lec tive la ser melt ing (SLM) tech nol ogy, one of the ad di -
tive man u fac tur ing meth ods, is a pro cess of pro duc ing
com po nents from metal pow der us ing la ser melt ing. This
man u fac tur ing tech nol ogy is able to meet de mand ing re -
quire ments for com plex shapes, as well as shorten pro duc -
tion times [1]. Due to high tem per a ture gra di ents dur ing
non-uni form melt ing and cool ing, the microstructure is
very fine, anisotropic, and can ex hibit el e vated re sid ual
stress lev els [2]. Im por tant struc tural pa ram e ters that in flu -
ence the real struc ture of ma te ri als in clude re sid ual stresses
and crys tal lo graphic pre ferred ori en ta tion (tex ture) [3].
An ef fec tive method for re liev ing el e vated RS is the
post-pro cess ing of as-built ma te ri als via heat treat ment.
De pend ing on the re quired me chan i cal prop er ties, var i ous
heat treat ment pro cesses may be con sid ered. These in clude
so lu tion and age ing treat ments, di rect age ing treat ments or
an neal ing over a wide range of tem per a tures and du ra tions
[4]. An neal ing at in ter me di ate tem per a tures can be op ti -
mized to re lax RS, choose the de sired level of strength, or
in crease duc til ity for Al-Si al loys [4]. 

This study in ves ti gates re sid ual stresses and crys tal lo -
graphic pre ferred ori en ta tion of AlSi10Mg sam ples pre -
pared by SLM tech nol ogy. X-ray dif frac tion meth ods were
em ployed us ing Em py rean PANalytical diffractometer.
The aim is to ex am ine the ef fect of heat treat ment on these
struc ture pa ram e ters and de scrip tion with re spect to var i -
ous in cli na tion an gles rel a tive to the nor mal of the build ing
plat form. For this, six cy lin dri cal sam ples with a di am e ter
of 10 mm and dif fer ent in cli na tion an gles (0°, 10°, 20°,
30°, 40°, and 90°) were pre pared. The ax ial di rec tion is de -
fined by the axis of the cyl in der. Af ter mea sure ments on
as-built sam ples, the sam ples were sub se quently an nealed
at 300 °C for 4 h in ar gon at mo sphere.

Mac ro scopic re sid ual stresses in the ax ial and tan gen -
tial di rec tions for sam ples with var i ous in cli na tion an gles

were de ter mined us ing the sin2y  method. The {311} dif -
frac tion line of the alu minium phase was used. Re sults
for as-built sam ples are shown in Fig. 1a and for an nealed
sam ples in Fig. 1b. Ten sile re sid ual stresses up to 60 MPa

a) as-built samples b) an nealed samples

Fig ure 1. Re sid ual stresses in the ax ial (A) and tan gen tial (T) di rec tions.



are ob served in the as-built sam ples. An neal ing at 300 °C

re sulted in a sig nif i cant de crease in re sid ual stresses.
Tex ture was ana lysed by in verse pole fig ures, which

were cal cu lated from ex per i men tal pole fig ures ob tained
by anal y sis of {040}, {131}, and {222} dif frac tion lines.
For this MATLAB tool box MTEX [5] was used. In verse
pole fig ures for the ax ial di rec tion in three se lected sam ples 
with in cli na tion an gles of 0°, 30°, and 90°, in both as-built
and an nealed con di tions, are shown in Fig. 2. In the sam ple

with an in cli na tion of 0°, a strong <100> fi bre tex ture is
vis i ble in the ax ial di rec tion, which here cor re sponds to the

di rec tion of print ing. It was found that <100> fi bre tex ture
is di rectly linked to the print ing di rec tion in all six ex am -
ined sam ples. An neal ing at 300 °C re sulted in nearly no
change in tex ture com pared to the as-built sam ples.

1. J. Zhang, Y. Jung, Ad di tive man u fac tur ing: Ma te ri als, pro -
cesses, quantifications and ap pli ca tions,
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2. Q. Yan, B. Song, Y. Shi, Jour nal of Ma te ri als Sci ence &
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3. I. Kraus, N. Ganev, Technické aplikace difrakèní analýzy,
Vydavatelství ÈVUT, 2004.

4. J. Fiocchi, A. Tuissi, C.A. Biffi, Ma te ri als & De sign, 204,
(2021), 109651.
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In this work, we in ves ti gate the multiscale char ac ter is tics
of de for ma tion intermittency in an Al–2Mg al loy foam us -
ing a com bi na tion of in situ X-ray mi cro-com puted to mog -
ra phy (microCT), dig i tal vol ume cor re la tion (DVC), and
acous tic emis sion (AE) mon i tor ing dur ing quasi-static
load ing. The global me chan i cal re sponse ex hib its pro -
nounced serrations in the force–elon ga tion curve, in di cat -
ing dis crete de for ma tion events. AE mea sure ments re veal

burst-type acous tic ac tiv ity oc cur ring dur ing these load
fluc tu a tions. Tomographic scans were ac quired af ter each
suc ces sive load drop, en abling stepwise char ac ter iza tion of 
the evolv ing in ter nal struc ture. 

Three-di men sional dis place ment and strain fields were
com puted from suc ces sive tomographic vol umes us ing
DVC. The full-field anal y sis re veals het er o ge neous strain
dis tri bu tions with lo cal ized re gions of el e vated ax ial strain
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Fig ure 2. In verse pole fig ures for ax ial di rec tion of sam ples with in cli na tion an gles 0°, 30°, and 90° for as-built (up) and an nealed
(down) sam ples. The col our scale is in mul ti ples of a ran dom dis tri bu tion (m.r.d.).



within the foam struc ture. These re gions are spa tially as so -
ci ated with struc tural re ar range ments and lo cal col lapse of
cell walls ob served in the re con structed vol umes. 

Com par i son be tween DVC-de rived global strain and
ex ter nally mea sured strain high lights the in flu ence of sys -
tem com pli ance on the ap par ent mac ro scopic re sponse,
em pha siz ing the im por tance of in ter nal strain mea sure -
ments. 

The com bined microCT–DVC–AE meth od ol ogy pro -
vides a frame work for cor re lat ing mac ro scopic load fluc tu -
a tions, in ter nal strain het er o ge ne ity, and acous tic ac tiv ity,
con trib ut ing to a better un der stand ing of in ter mit tent
deformation in cellular metals.
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In re cent years, ox ides in cor po rat ing Ir4+ have at tracted
con sid er able at ten tion of the con densed mat ter com mu nity, 
as strong spin or bit cou pling and in ter me di ary elec tron cor -
re la tions of the 5d va lence or bital lead to var i ous ex otic
top o log i cal and mag netic prop er ties [1]. Ir4+, with con fig u -
ra tion 5d5, is typ i cally found in an oc ta he dral ligand field,
lead ing to a spin-or bit cou pled ef fec tive jeff = 1/2 or bital
state [1, 2]. Quint es sen tial ex am ples of such iridates are
Sr2IrO4 [3] and A2Ir2O7 pyrochlores (A = Y, Pr-Lu) [4]. In
the pyrochlore struc ture, the Ir4+ cat ions are placed in a
geo met ri cally frus trated tet ra he dral net work and in ter act
through f-d ex change with rare-earth cat ions. This leads to
var i ous emer gent phe nom ena, in clud ing, e.g., Weyl
semimetal [5] and frag mented spin ice with monopole-like
ex ci ta tions [6]. Syn the sis of new iridates is war ranted to
fur ther the un der stand ing of the Ir4+ jeff = 1/2 state.

The pres ent work fo cus ses on the mag netic and struc -
tural prop er ties of newly syn the sised qua ter nary neo dym -
ium iridate sin gle crys tals. The pres ent com pound dis plays
a crys tal struc ture rem i nis cent of the ter nary pyrochlore
Nd2Ir2O7 [7], with cru cial dif fer ences at trib uted to the
Pb-based syn the sis method. The crys tal struc ture found us -
ing X-ray dif frac tion is ana lysed and com pared to the
pyrochlore struc ture, with a fo cus on the Ir pyrochlore-type 
tet ra he dral sublattices with oc ta he dral O2- en vi ron ments
found in both crys tal lat tices. The full crys tal struc ture con -
tains two Ir sublattices, three Nd sublattices and one Pb
sublattice with a high de gree of dis or der in the form of va -
can cies. Mag netic prop er ties, in clud ing two mag netic tran -

si tions at 41 K and 8 K, dem on strate no ta ble sim i lar i ties for 
the two crys tal vari ants. The mag netic struc ture, fun da -
men tally tied to the tet ra he dral lat tice in the pyrochlore
case, is ex am ined in the non-pyrochlore sam ples em ploy -
ing neu tron dif frac tion.

1. J. G. Rau, E. K.-H. Lee, H.-Y. Kee, Annu. Rev. Condens.
Mat ter, 7 (2016) 195-221.
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Weihe, Z. Salman, T. J. Morsing, D. N. Wood ruff, Y. Lan,
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3 C. Lu, J.-M. Liu, Adv. Ma ter., 32, (2020), 1904508.
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Or ganic semi con duc tors are a rel a tively new type of ma te -
rial used in ap pli ca tions such as or ganic so lar cells, or ganic
field-ef fect tran sis tors, and OLED dis plays. Un der stand ing 
their thin-film be hav iour at el e vated tem per a tures is cru cial 
for the de sign ing of these de vices. In this work, we fo cus
on the be hav iour of thin films and pow ders of 2, 3, 6, 7, 10,
11-Hexamethoxytriphenylene (HMTP) and 1, 4, 5, 8, 9,
11-Hexaazatriphenylenehexacarbonitrile (HATCN) mol e -
cules dur ing ther mal an neal ing.  The main goal of this work 
was to study phase tran si tions and the tem per a ture de pend -
ence of lat tice pa ram e ters, fo cus ing on anisotropic be hav -
iour and a po ten tial dif fer ence be tween thin film and
pow der ma te rial. We used in-situ X-ray dif frac tion (XRD)
dur ing an neal ing to ad dress the ma te rial prop er ties. Ad di -
tion ally, we com pare re li abil ity and ef fi ciency of three
data- fit ting meth ods for  the de ter mi na tion of the lat tice pa -
ram e ters.

HMTP and HATCN are or ganic semi con duc tors with a
hex ag o nal crys tal struc ture. In the HMTP crys tal, mol e -
cules form a brick work ar range ment. The methoxy groups
of one mol e cule fit into the empty space be tween the ar o -
matic nu clei of the mol e cules ly ing in the planes above and
be low. This mini mises steric hin drance and re pul sion be -
tween ar o matic rings. The lat tice pa ram e ters of HMTP
crys tals are re ported as 13.1240(13) C and 6.8481(7) C in
the a and c di rec tions, re spec tively [1]. In con trast, the ar -
range ment of HATCN mol e cules in the crys tal is more
com pli cated. The mol e cules form lad der-like chains. The

over all crys tal ar range ment is gov erned by per pen dic u lar p
in ter ac tions be tween the elec trons of the heterocycle and
the cyano group of the neigh bour ing mol e cule. This re sults

in a 3D hex ag o nal ar range ment in the crys tal. The re ported
lat tice pa ram e ters are 23.537(3) C and 14.834(3) C in the a
and c di rec tions, re spec tively [2].

The HMTP film was pre pared us ing mo lec u lar beam
ep i taxy on a graphene sub strate coated on 4H-SiC. The
HATCN film was pre pared by the drop-coat ing method
from an ac e tone so lu tion.

Due to the dif fer ent crys tal pref er en tial ori en ta tions of
the sam ples, var i ous XRD tech niques were used. For pow -
der dif frac tion mea sure ments (PXRD), we used a sym met -
ric scan em ploy ing beam collimated by pin holes and a 2D
de tec tor. It was suf fi cient to use the sym met ric out- of-
 plane scan to probe strong HMTP 0002 re flec tion for the
HMTP film. On the other hand, for the HATCN film, the
sig nal was weak in the out-of-plane di rec tion film. There -
fore, we used an in-plane scan in the graz ing in ci dence
X-ray dif frac tion (GIXRD) ge om e try in this case. All mea -
sure ments were per formed us ing a Rigaku SmartLab 3
diffractometer equipped with a 9 kW Cu ro ta tion an ode. 
The in-situ an neal ing ex per i ments in the tem per a ture range
30 °C to 140 °C  were per formed in ni tro gen pro tec tion at -
mo sphere us ing a DHS 1100 an neal ing cham ber by Anton
Paar GmbH. HMTP and HATCN pow ders were en closed
in Kapton cap sules to  avoid ma te rial dis place ment dur ing
air suc tion and ni tro gen flush ing in the an neal ing cham ber.

 As for data pro cess ing, we com pare re li abil ity and ef fi -
ciency of the Rietveld, Le Bail, and Co hen meth ods [3] to
ob tain lat tice pa ram e ters tem per a ture de pend ency out of
col lected XRD data. For the Rietveld method, which re -
quires a cor rect struc ture model, we as sumed fixed in ter nal

Fig ure 1. Val ues of c lat tice parametres for HMTP pow der. Fig ure 2. Val ues of c lat tice parametres for HATCN pow der.
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struc ture of the unit cell as ob tained from a Crys tal lo -
graphic In for ma tion File. For the Le Bail method, which
only re quires the space group and ini tial lat tice pa ram e ters
as an in put, peak in ten si ties are treated as free pa ram e ters.
We used im ple men ta tion of the Rietveld and Le Bail meth -
ods in the FullProf pro grams pack age [4]. The Co hen
method, which de pends on a cor rect peak in dex ation only
but re quires ab sence of over lap ping peaks, was used to ver -
ify the re sults of the other two meth ods. The anisotropic co -

ef fi cients of lin ear ther mal ex pan sion (CLTE) a  (1) were
cal cu lated from the lat tice pa ram e ters tem per a ture
dependences.  

                                      a =
æ

è
ç

ö

ø
÷

1

0a

a

Ti

iD

D
                                    ( 1)

where ai  is lat tice pa ram e ter and  T is tem per a ture. The
dependences of lat tice co ef fi cient c for pow ders of HMTP
and HATCN are shown in  Fig. 1 and  Fig. 2, re spec tively.

The CLTE val ues ob tained from lat tice pa ram e ters cal -
cu lated by the dif fer ent meth ods are rel a tively close  with
over lap ping con fi dence in ter vals (Tab. 1). The Co hen
method showed lower ac cu racy for our data, which is no -
tice able in Fig. 2. Al though mod el ing of the crys tal pref er -
en tial ori en ta tion was ap plied in the Rietveld method , the
Le Bail whole-pat tern de com po si tion proved to be the most 
ro bust and pre cise method for our spe cific goal of ex tract -
ing lat tice pa ram e ters, yield ing the low est  un cer tain ties
and ignoring complex intensity variations [3].

We found that nei ther the struc tural model nor the us -
age of the spe cific space group pro vided a good fit for the
HMTP pow der data which is in di cated by in di cated by the

high mean c2 val ues in Tab. 1. Ad di tion ally, we ob served a
large ther mal ex pan sion ani so tropy in the CLTE for the
HMTP pow der, along with an in di ca tion of neg a tive ther -
mal ex pan sion (NTE). Ac cord ing to re cent re search, the
phe nom e non of NTE in or ganic crys tals is not as rare as
pre vi ously as sumed [5]. This be hav iour in HMTP crys tals
likely originates from strong intermolecular hy dro gen
bonds par al lel to the crys tal lo graphic a-axis, con trasted by
much weaker in ter ac tions along the c-axis, per pen dic u lar
to the mo lec u lar plane. The CLTE of the HMTP film is
slightly higher than that of the pow der, likely due to in ter -
ac tions with the sub strate. For HATCN, the CLTE along
the c-di rec tion is nearly iden ti cal for both the pow der and
the film; how ever, along the a-di rec tion, the film ex hib its a
value ap prox i mately 50% higher than the pow der.

1. T. L. Andresen, F. C. Krebs, N. Thorup, K. Bechgaard,
Chem. Ma ter., 12, (2000), 2428.

2. P. S. Szalay, J. R. Galán-Mascarós, R. Clérac, K. R.
Dunbar, Synth. Met., 122, (2001), 535.

3. V. K. Pecharsky, P. Y. Zavalij, Fun da men tals of Pow der
Dif frac tion and Struc tural Char ac ter iza tion of Ma te ri als,
Sec ond Edi tion. New York: Springer. 2009.

4. J. Rodríguez-Carvajal, FullProf Suite Man ual, Ver sion
8.20. Grenoble: Institut Laue-Langevin. 2025.

5. A. van der Lee, D. G. Dumitrescu, Chem. Sci., 12, (2021),
8537.

CzechNanoLab Re search In fra struc ture (ID 90251),
funded by MEYS CR, is grate fully ac knowl edged for the fi -
nan cial sup port of the mea sure ments/sam ple fab ri ca tion.

Sam ple Fit ting method aa  [10-5 K-1] ac [10-5 K-1] Mean c2

HMTP- film - - 12.68 ± 0.16 -

HMTP-pow der Co hen -0.5 ± 0.9 11.3 ± 1.0 -

Ri et vield 0.3 ± 9.2 11.8 ± 1.0 23.82

Le Bail 0.3 ± 0.5 11.8 ± 0.5 10.73

HATCN- pow der Co hen 3.8 ± 2.4 4.9 ± 2.5 -

Ri et vield 3.7 ± 0.4 5.8 ± 0.3 4.74

Le Bail 4.0 ± 0.2 5.9 ± 0.2 2.04

HATCN- film Ri et vield 5.5 ± 1.9 5.7 ± 1.7 2.49

Le Bail 6.1 ± 0.7 6.9 ± 0.9 1.51

Ta ble 1. Ta ble of cal cu lated CLTE in a and c crys tal di rec tions for HMTP and HATCN films and pow ders ob tained by dif fer ent fit
meth ods.
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SUBSTRATE-CONTROLLED CRYSTALLIZATION AND CRYSTAL ORIENTATION OF
HMTP ORGANIC SEMICONDUCTOR THIN FILMS ON GRAPHENE/SiC
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We in ves ti gate thin films of the p-con ju gated elec tron-do -
nor or ganic semi con duc tor mol e cule 2,3,6,7,10,11 -hexa -
metho xytriphenylene (HMTP) on two struc tur ally sim i lar
sur faces: sin gle-layer graphene (SLG) on SiC(0001) and
the buffer layer on SiC(0001) [1]. Epitaxial graphene on
SiC con sists of an sp2-hy brid ized sin gle-layer graphene
above a car bon buffer layer. Al though the buffer layer re -
tains a graphene-like lat tice, it is par tially sp3-bonded to the 
un der ly ing Si at oms of the SiC sub strate, cre at ing a locally
inhomogeneous sur face at the nanoscale [2]. In this talk, I
will show how these two struc tur ally sim i lar sur faces con -
trol both the crys tal li za tion and the crys tal ori en ta tion of
HMTP or ganic semi con duc tor thin films from the ear li est
stages of growth.

We com bine low-en ergy elec tron mi cros copy and dif -
frac tion (LEEM/LEED), which probe the ini tial growth,
with a set of X-ray dif frac tion tech niques,  pole fig ure mea -

sure ments, az i muthal scans, sym met ric w/2q scans, and
rock ing curve mea sure ments,  to char ac ter ize the crys tal lo -
graphic tex ture and crys tal qual ity of films up to ap prox i -
mately 30 nm thick ness on both sur faces. On SLG, pole
fig ures mea sured for HMTP {1011} re flec tions re veal two
sets of six sharp dif frac tion spots, con firm ing highly or -
dered epitaxial growth with two mir ror do mains ro tated by
±19.1° rel a tive to the graphene lat tice (Fig.1(a)). Az i -
muthal scans show nar row peaks with a full width at half

max i mum of 0.5°, close to the in stru men tal res o lu tion,
dem on strat ing ex cep tional in-plane orientational or der.
Sym met ric scans fur ther re veal that the HMTP {0001} lat -
tice planes are par al lel to the sam ple sur face, while the
pres ence of Laue os cil la tions con firms uni form film thick -
ness and high crys tal line co her ence.

In con trast, HMTP films grown on the buffer layer ex -
hibit a ring-shaped band of en hanced in ten sity with slight
az i muthal mod u la tion in the pole fig ure mea sured for the
HMTP {1011} re flec tions (fig.1(b)). The cor re spond ing
az i muthal scans show max ima that are ap prox i mately 20
times weaker and sig nif i cantly broader than those ob served 
on SLG, ac com pa nied by a higher con tin u ous in ten sity
pro file be tween the max ima. This in di cates a large frac tion
of ran domly ori ented crys tal line do mains. Dur ing the ini -
tial growth stages, HMTP grows amor phously; how ever,
with in creas ing film thick ness, it evolves into a
polycrystalline film with only weak orientational or der
with re spect to the sub strate. Fur ther more, sym met ric scans 
show that the HMTP {0001} lat tice planes are par al lel to
the sam ple sur face, as ob served for HMTP on SLG. How -
ever, the ab sence of Laue os cil la tions and the lower peak
in ten sity sig nify re duced crys tal line qual ity.

Finally, we decouple the buffer layer via hydrogen
intercalation, which breaks the Si–C bonds and converts
the buffer layer into quasi-freestanding graphene [3].
Subsequent growth of HMTP on this surface leads to

Fig ure 1.  XRD pole fig ures of the HMTP {1011} re flec tions mea sured for the fims grown on SLG (a) and on the buffer layer (b). The
sharp dif frac tion spots in (a) and the ring-shaped band of en hanced in ten sity in (b), in di cated by the ar row, are both lo cated at a po lar an -
gle of 31.7° with re spect to the HMTP [0001] di rec tion.



epitaxial films, demonstrating that the unevenly distributed 
covalent Si–C bonding between the buffer layer and the
SiC substrate is the decisive factor limiting organic
semiconductor thin-film crystallinity on graphene/SiC.

1. Varshney, D.; Procházka, P.; Stará, V.; et al. In ter fa cial
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Adv. 2018, 8, 045015.

SL7
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Over the past year, we have de vel oped XRDlicious, an in -
ter ac tive ap pli ca tion pri mar ily in tended for rapid cal cu la -
tion and com par i son of the o ret i cal pow der X-ray
dif frac tion (XRD) pat terns and par tial ra dial dis tri bu tion
func tions (see Fig. 1 for an il lus tra tion of the in ter face). We 
now re port on its de vel op ment, re cent im prove ments, and
us age met rics. Among the main ad di tional functionalities
are: (1) an in te grated search of the MP, MC3D, and COD
da ta bases via their pub lic APIs, al low ing us ers to eas ily re -
trieve and work with crys tal struc tures di rectly within the

in ter face; (2) struc ture vi su al iza tion and mod i fi ca tions
(e.g., atomic spe cies, oc cu pan cies, or lat tice pa ram e ters) to
ex plore their in flu ence on the re sult ing diffractograms; and 
(3) con ve nient con ver sion be tween com mon file types
(.xrdml, .ras, and .xy), im prov ing com pat i bil ity across var i -
ous data for mats. De vel oped us ing Streamlit, the ap pli ca -
tion is also avail able on line (https://xrdlicious.com) and is
de signed with an em pha sis on ac ces si bil ity and ease of use.
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Figure 1. XRDlicious in ter face for cal cu la tion and com par i son of pow der XRD pat terns.

https://xrdlicious.com
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Perovskites are ma te ri als with the crys tal struc ture ABX3

that can con tain many dif fer ent cat ions and an ions. This
flex i bil ity al lows their struc tural, elec tri cal, and op ti cal
prop er ties to be tuned and makes them im por tant for a wide 
range of ap pli ca tions.

Un der stand ing and im prov ing their prop er ties re lies on
com pu ta tional mod el ling. Den sity Func tional The ory
(DFT) is com monly used as a ref er ence method, but it is
computationally ex pen sive. There fore, sim pli fied ap -
proaches such as atomistic mod els, shell mod els, ef fec tive
Hamiltonians, and phase-field meth ods are of ten used to
study larger sys tems and pro cesses like do main evo lu tion
and phase tran si tions. These mod els need pa ram e ters ob -
tained ei ther from ex per i ments or from first-prin ci ples cal -
cu la tions. Re cently, ma chine-learn ing in ter atomic
po ten tials (MLIPs) have be come a use ful al ter na tive be -

cause they can reach near-DFT ac cu racy while al low ing
rel a tively large and longe sim u la tions of perovskite ox ides.

In this work we eval u ate sev eral vari ants of uni ver sal
ma chine- learn ing in ter atomic po ten tials (uMLIP) [1, 2, 3,
4]. We com pare their ac cu racy of en ergy and forces pre dic -
tions with DFT cal cu la tions. In this work we fo cused on
per for mance of MACE, PET-MAD uMLIP.

Ac knowl edge ments: The re search was sup ported by Czech
Sci ence Foun da tion Grant No. 24-11275S.
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Fig ure 1. Struc tures of sim u lated perovskites a) BaTiO3 b) CaTiO3 c) PbTiO3

Fig ure 2. En ergy dif fer ence be tween DFT and PET-MAD uMLIP per struc ture.
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In tro ducti on 

Cur rent crys tal struc ture val i da tion pro ce dures rely pri mar -
ily on dif frac tion data anal y sis, as im ple mented in tools
such as PLATON/checkCIF [1]. A com ple men tary ap -
proach – com par i son of the ge om e try of ex per i men tal
struc tures with their DFT-op ti mized ge om e tries – was in -
tro duced by van de Streek & Neumann [2, 3], but did not
gain wide spread adop tion due to high com pu ta tional de -
mands and re li ance on com mer cial soft ware. Re cent ad -
vances in com put ing power and DFT meth od ol ogy now
make this ap proach prac ti cally vi a ble for rou tine use on
stan dard desk top hard ware even for or ganic mo lec u lar
crys tals with large unit cells. 

Method 

To fa cil i tate prac ti cal ap pli ca tion of this ap proach, we im -
ple mented the val i da tion workflow in the pro gram
checkCIF-DFT, a freely avail able pro gram that au to mates
pars ing CIF files, man age ment of DFT ge om e try
optimizations via the use of ex ter nal DFT pro grams and
eval u a tion of struc tural dis crep an cies us ing a set of com -
par i son descriptors. In our test ing so far, ge om e try
optimizations were per formed us ing CASTEP [4] with the
r2SCAN [5] meta-GGA func tional and Many-Body Dis -
per sion (MBD) cor rec tion [6]. Our descriptor set ex tends
the pre vi ously pro posed r.m.s. Car te sian dis place ment
(RMSCD) [2, 3] with max i mum changes in bond lengths,
bond an gles and tor sion an gles, max i mum Car te sian dis -
place ment and a tem per a ture-cor rected vol ume dif fer ence
– the lat ter ac count ing for the for mal 0 K con di tions of DFT 
op ti mi za tion us ing ther mal ex pan sion co ef fi cients de rived
from Cam bridge Struc tural Da ta base (CSD) [7] data [8]. 

Re sults 

To set ref er ence val ues of com par i son descriptors, the
method was benchmarked against two ref er ence sets: five
struc tures de ter mined by neu tron dif frac tion, rep re sent ing
cor rect high-qual ity ex per i men tal de ter mi na tions, and five
in cor rect struc tures known to be ob tained by data ma nip u -
la tion and fraud [9]. The use of our ex tended com par i son
descriptor set is jus ti fied as the use of the orig i nal RMSCD
cri te rion fails to flag three of the five fraud u lent struc tures

as prob lem atic, which was al ready noted by van de Streek
& Neumann in their work. How ever, the ex tended com par -
i son descriptor set – par tic u larly max i mum bond length dif -
fer ence and max i mum bond an gle dif fer ence – clearly
sep a rated all five fraud u lent struc tures from the neu tron
struc tures sup port ing the idea of the need for a multi-pa -
ram e ter val i da tion ap proach. 

The val i da tion pro ce dure was next ap plied to a rep re -
sen ta tive set of 100 or ganic crys tal struc tures drawn from
the CSD. Of these, 90 cal cu la tions com pleted and the large
ma jor ity showed de vi a tions con sis tent with cor rect ex per i -
men tal de ter mi na tions (see Fig. 1). How ever, a sub set
showed el e vated de vi a tions re veal ing sev eral re cur ring
cat e go ries of struc tural prob lems: unmodelled sol vent-ac -
ces si ble voids, miss ing at oms, in cor rect space group as -
sign ment etc. No ta bly, sev eral cal cu la tion fail ures were
also as so ci ated with struc tures show ing some of these
prob lems, which of fers a pos si ble ex pla na tion to the cal cu -
la tion dif fi cul ties. 

Conclu si ons 

Our re sults sug gest that DFT-based crys tal struc ture val i -
da tion may serve as a phys i cally grounded com ple men tary
val i da tion method to con ven tional val i da tion checks. This
in de pend ent val i da tion is of great use es pe cially in cases
where de ter mi na tion er rors were made but are dif fi cult to
spot or in cases where de ter mi na tion de tails are poorly doc -
u mented. Fur ther more, the re sults sug gest that the CSD is
not free of struc tures with se ri ous struc tural is sues, even
among those that have passed con ven tional val i da tion fil -
ters. Our im ple men ta tion of the method – the pro gram
checkCIF-DFT – is planned to be made freely avail able
and is in tended to make this DFT val i da tion workflow ac -
ces si ble to the broad crys tal lo graphic com mu nity. Ad di -
tion ally, it is planned to ex tend checkCIF-DFT with
pre-cal cu la tion checks to re veal most com mon struc tural
is sues that are iden ti fi able prior to DFT op ti mi za tion cal cu -
la tions. Fur ther more, sup port for the use of Ma chine
Learn ing In ter atomic Po ten tials (MLIPs) is be ing de vel -
oped as a sig nif i cantly faster al ter na tive to DFT cal cu la -
tions. 
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