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 X-RAY DIFFRACTION SYSTEMS – TECHNICAL ADVANTAGES AND APPLICATION
RELATED BENEFITS

 Lukasz Sadowski

STOE & Cie GmbH, info@stoe.com

Ex per i men tal fac tors such as crys tal char ac ter is tics, avail -
able ex per i ment time and the prop er ties of the X-ray
sources and de tec tors have a strong im pact on data qual ity
and can make the dif fer ence be tween suc cess and fail ure in
phas ing at tempts or re sult in a more or less ac cu rate atomic
model. The talk fo cuses on the XRD equip ment and is in -
tended as an over view on re cent de vel op ments of X-ray
dif frac tion sys tems and the fields where STOE XRD in -
stru ments are most ben e fi cial. 

A va ri ety of mea sure ment set ups with re spect to
goniometers, dif frac tion ge om e tries, de tec tors, X-ray

sources and sam ple en vi ron ments will be pre sented, and
both Pow der XRD  and Sin gle Crys tal XRD ap pli ca tions
will be ex em pli fied.  Ad di tion ally, re cent ad vances in de -
tec tor tech nol ogy, novel in situ cam era and im ple men ta tion 
of MetalJet X-ray source will be high lighted and the tan gi -
ble ben e fits for the sci en tists will be made trans par ent, e.g.
gain ing mea sure ment speed, im prov ing data qual ity and
ac cep tance of sam ples with com plex crystallinity.
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Ti ta nium al loys have plenty of ap pli ca tions in in dus try and
med i cine due to unique com bi na tion of high strength, low
den sity, and ex cel lent biocompatibility [1]. Ti-15Mo (in

wt.%) is called b-sta bi lized bi nary al loy, it con tains mostly

b-phase (bcc) and also en closes metastable pre cip i tates of

w (hex ag o nal) and a (hcp) phases [2]. Microstructure of
the pre cip i tates has great im pact on me chan i cal prop er ties
and ther mal sta bil ity of the al loy. Thanks to nano metres
size of the pre cip i tates and par ti tion ing of mo lyb de num
con tent in dif fer ent phases small-an gle neu tron scat ter ing
(SANS) in stru ment can be ef fec tively used for the in-situ
in ves ti ga tion of this microstructure.

In the pres ent stud ies SANS data were mea sured at
three ori en ta tions of the sin gle crys tal sam ple – (111)b,

(110)b and (100)b of b-phase with cor re spon dent plane per -
pen dic u lar to in ci dent neu tron beam di rec tion. Sam ples

were in stalled in vac uum high tem per a ture fur nace and
heated with heat ing rates of 1 K/min from room tem per a -
ture up to 600 0C. SANS data were re corded in so-called
list-mode and af ter wards binned by time frames of 5 min -
utes, which cor re sponds to tem per a ture range of 5 K. The
mea sured data were cal i brated us ing wa ter and cor rected
by stan dard mea sure ments of cad mium back ground. Scat -
ter ing of the sam ple in high tem per a ture fur nace was used
as “buffer” back ground. 

2D pat tern of SANS for sam ple ori en ta tion [100]b par -

al lel to in ci dent neu tron beam at tem per a ture range 410 °C

÷ 415 °C taken at sam ple-to-de tec tor dis tance SD = 12 m
with collimated neu tron beam of 5 C (± 0.5 C) wave length
is shown in Fig ure 1. The ob served reflexions are formed
by interparticles struc ture fac tor, due to high or der ing of

w-pre cip i tates. This or dered microstructure ex ists in wide



tem per a tures range (up to about 560 °C), how ever the
reflexions were ob served in lim ited Q-range due to fixed
SD and wave length of the in stru ment. With in creas ing of
tem per a ture po si tions of the peaks de crease. Mean
interparticle dis tances ob tained from peak po si tions and in -
ten si ties for [110]b at SD = 16 m is shown in Fig ure 2.

Ob served spots at SANS pat terns at tem per a tures lower 

than about 560 °C were formed by so-called iso ther mal wiso

pre cip i tates. Sym me try of the interpaticles peaks cor re -
sponded to sim ple cu bic or der ing of the par ti cles and ba sis

axis are par al lel to bcc axis of b-phase. In creas ing of tem -
per a ture leads to ex po nen tial growth of vol ume frac tion of

the w pre cip i tates and in creas ing of interparticle dis tance
due to co ales cence of smaller precipiates into larger ones. 

Scat ter ing from wiso phase be came in vis i ble at max i -
mum in stru men tal res o lu tion (SD = 16 m) af ter tem per a -

ture ex ceeded 560 °C due to strong in ten si ties from very

long a par ti cles. Time re solved SANS by cool ing from 600 

°C have showed that a pre cip i tates struc ture do not change

sig nif i cantly and wiso par ti cles were not ob served.

The pre sented in ves ti ga tions were sup ported by CSF pro -
ject 14-36566G: Multidisciplinary re search cen tre for ad -
vanced ma te ri als. Al lo ca tion of neu tron beamtime at SANS 
in stru ment V4 is ac knowl edged to HZB.

1. Lutjering G, Wil liams JC (2007) Ti ta nium. En gi neer ing
ma te ri als, pro cesses. Springer, Berlin, pp 1–39.
doi:10.1007/978-3-540-73036-1.

2. B.S. Hickman, The For ma tion of Omega Phase in Ti ta nium 
and Zir co nium Al loys: A Re view J. Ma ter. Sci. 4 (6) (1969) 
554.
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The re gion with ap prox i mate com po si tion Cu3+xSi of the
phase di a gram of Cu-Si un der goes two phase tran si tions

with in creas ing tem per a ture: h” at room tem per a ture, h’

and h at high tem per a ture [1]. Even though the phase di a -
gram is well es tab lished, re cent stud ies have re vealed new
as pects from both the phase tran si tions and the crys tal
struc tures [2,3]. In this work we pre pared sam ples by
arc-melt ing with nom i nal com po si tion Cu77Si23, Cu76Si24

and Cu75Si25. Sam ples were an nealed at 650 °C dur ing 24 h
for ho mog e ni za tion. Tem per a ture-de pend ent pow der

X-ray dif frac tion (TD-PXRD), tem per a ture-de pend ent
sin gle crys tal X-ray dif frac tion (TD-SCRXD), and DSC
be tween 30 °C and 700 °C were com bined for elu ci dat ing
the crys tal struc tures of the Cu3+xSi phases. Six phases

were ob served with in creas ing tem per a ture: h’’’, h’’, h’,

h3, h2 and h1. Five of the ob served phases are in com men -
su rately mod u lated. Sam ple Cu76Si24 was used dur ing the
tem per a ture-de pend ent SCXRD. The av er age struc ture at
room tem per a ture has unit cell pa ram e ters a = 4.0700(3) C,
c = 14.6848(7) C, it is sim i lar for the three com po si tions
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Fig ure 1. SANS pat tern of Ti-15Mo sam ple in [100]b ori en ta -

tion for tem per a ture range 410 °C ÷ 415°C dur ing in-situ mea -
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Fig ure 2. Interparticle dis tances (cir cles) and in ten si ties (tri an gles)

of peaks for [110]b sam ple ori en ta tion in de pend ence on sam ple
tem per a ture.



stud ied and for h’’’ and h’’. Al though the point group of the
com plete dif frac tion pat tern is 3, the av er age struc ture can
be de scribed in the space group P63/mmc. The av er age
struc ture can be de scribed by three rep e ti tions of hex ag o nal 
and hon ey comb shaped lay ers (Fig. 1a). The mod u la tion is
re vealed by large anisotropic dis tri bu tion of elec tron den -
sity around the Cu at oms of the layer B. Two mod u la tion
vec tors are nec es sary to in dex the com plete dif frac tion pat -

tern (Fig. 1b): q1 = (a, b, 1/3) and q2 = (-a - b, b, 1/3),

where a = b = 0.2509(10) (point group 3m) for h’’, and a =

0.23458(7), b = 0.28171(7) (point group 3)  for h’’’. Both
struc tures could be solved in (3+2)D superspace by

Superflip [4], superspace groups  P31c(a, a, 1/3)(-2a, a,

1/3)  and P3(a, b, 1/3)(-a - b, a, 1/3) for h’ and h’’’, re -
spec tively. The mod u la tion func tion of both structures
have am pli tudes com pa ra ble to the size of the unit cell, dis -
con ti nu ities and win dows. Given the com plex ity of the
mod u la tion and the small num ber of re flec tions mea sured,
the func tion could not be parametrized to be re fined us ing
the superspace for mal ism, and a supercell ap prox i ma tion

had to be used. Since a ~ 1/4  for h’’, a 4 ´ 4 ´ 3 supercell
could  be used, while the small est pos si ble ap prox i ma tion

for h’’’ was a 14 ´ 14 ´ 3 supercell. The re fine ment was
per formed in Jana2006 [5].

Tem per a ture-de pend ent pow der X-ray dif frac tion of
the sam ples Cu74Si26 and Cu78Si22 was mea sured ev ery
30 °, from 30 °C to 700 °C with heat ing rate of 5 °C/min.
Two cy cles of heat ing and cool ing were mea sured to ver ify
the re vers ibil ity of the tran si tions. Three ad di tional phases,
which were not pres ent in the phase di a gram, were ob -
served, the tran si tions were re vers ible and re pro duc ible

with small hys ter esis in the tran si tion tem per a tures. Le Bail 
fit ting of the pow der pat ters was per formed in Jana2006 us -
ing the mod els ob tained by SCXRD, pseudo-Voigt pro file,
man ual back ground com bined with fif teen terms of
Legendre poly no mi als. Ini tially the main re flec tions were
in dexed us ing cy clic re fine ment, and the mod u la tion vec -
tors were re fined sep a rately for each tem per a ture, af ter the

cy clic re fine ment. Ex cept for the phase h3, pow der pat -
terns of the sam ple Cu78Si22 pre sented the same tran si tions
as for the sam ple Cu74Si26 and only this sam ple will be
shown. From the six phases ob served in the sam ple
Cu74Si26, five were com pletely in dexed. Our study shows
that the phase di a gram might be more com plex than that re -
ported in the lit er a ture.
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Fig ure 1. (a) Cu3Si struc ture viewed along a - Cu - black, Si - grey. Strongly mod u lated hon ey comb layer filled with cop per causes

two vari ants of the struc ture shown in (b) above, mod u la tion vec tors for h’’ q1 = (a, b, 1/3) and q2=(-a-b, b, 1/3), where a = b  =

0.2509(10), and be low, for h’’’ a = 0.23458(7), b = 0.28171(7).
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The MonoPhosphate Tung sten Bronzes (MPTB) fam ily,
(PO2)4(WO3)2m, can be de scribed by a reg u lar inter growth
of (PO4) tet ra he dra lay ers and of slabs con sti tuted by cor -
ner-shar ing-(WO6) octahedra, with a thick ness de pend ing
on the m pa ram e ter. These low-di men sional ox ides are
known to ex hibit suc ces sive tran si tions to ward Charge
Den sity Wave (CDW) states. These tran si tions are as so ci -
ated to lat tice dis tor tions lead ing to the ap pear ance of in -
com men su rate or com men su rate struc tural mod u la tions
[1]. In this fam ily, the elec tronic ani so tropy and the den sity
of car ri ers of the sys tem can be tuned by mod i fy ing the
thick ness of the WO3 slabs i.e. chang ing m. MPTB fam ily
is thus a rel e vant sys tem to ana lyse the ef fect of the
dimensionality on the CDW elec tronic in sta bil i ties. Tem -
per a ture-de pend ant X-ray diffraction (XRD) [1] and trans -
port mea sure ments re ported in the lit er a ture, for dif fer ent
terms of the fam ily, re veal a sig nif i cant change of be hav -
iour be tween the terms with a low and high value of m, m <
7 and m > 7 re spec tively. Clas si cal CDW tran si tions are re -
ported for the low terms, char ac ter ized by a smooth re sis -
tiv ity jump and by the for ma tion of clus ters of tung sten in
the cen tre of the WO3 slabs [2]. For the high terms [3], a
struc tural tran si tion is ob served in XRD but the elec tronic
trans port stud ies do not show the usual sig na ture at trib uted
to a CDW. More over, the only struc tural study per formed
on a high term in the mod u lated state (m = 10) [3] ev i dences 

anti-ferro elec tric-type (AFE) atomic dis place ments for the
tung sten at oms with out re port ing of the for ma tion of clus -
ters of tung sten. 

We will pres ent both the trans port prop er ties and the
anal y sis of the struc tural mod u la tions for the m = 8 term.
Three first-or der tran si tions as so ci ated with large thermic
hys ter esis were iden ti fied. The anal y sis of the struc tural
mod u la tions char ac ter iz ing the dif fer ent states, via the use
of the super-space for mal ism, re veals the ex is tence of
AFE-type dis place ments and the for ma tion of clus ters for
the tung sten at oms. These sig na tures can be as signed to the
co ex is tence of AFE and CDW prop er ties in the ma te rial.
These two prop er ties are a pri ori in com pat i ble, but an ex -
ten sive study of the trans port prop er ties ver sus tem per a ture 
sup ports this hy poth e sis. This re sult en light ens the very in -
ter est ing po si tion of P4W16O56 (m  = 8) in the bor der area
be tween the low and the high m val ues in the MPTB fam ily
to dis cuss the com pe ti tion re gime be tween CDW and ferro -
elec tric in sta bil i ties.
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