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Abs tract

We study in cor po ra tion of Mn at oms into the lat tice of top -
o log i cal in su la tors Bi2Se3 and Bi2Te3 grown by MBE on
BaF2 sub strate. X-ray ab sorp tion fine struc ture around Mn
K edge was mea sured and first co or di na tion shell fits were
made in or der to in ves ti gate the near est neigh bours of Mn
at oms. While in Bi2Te3 Mn at oms oc cupy dis torted oc ta he -
dral po si tions be tween Te lay ers, in the case of Bi2Se3 none
of ex pected po si tions re sulted in a good fit.

In tro ducti on

Top o log i cal in su la tors at tracted a lot of at ten tion in re cent
years. While in the bulk they be have like or di nary in su la -
tors, their sur face states are quite ex traor di nary. The 2D
top o log i cal sur face states have a con i cal en ergy-mo men -
tum dis per sion and spins of elec trons are locked to their
mo men tum. Also due to time re ver sal sym me try the spins
are pro tected from flip ping. Such prop er ties prom ise many
ap pli ca tions in spintronics and quan tum com put ing. Dop -
ing top o log i cal in su la tors by mag netic ions opens a gap in
the en er getic struc ture and al lows for long-range mag netic
or der, thus fur ther in creas ing pos si bil i ties of ap pli ca tion
[1].

Among the most stud ied top o log i cal in su la tors are
Bi2Se3 and Bi2Te3. Both ma te ri als have hex ag o nal struc ture 
of R3m sym me try. The unit cell con sists of 15 atomic lay -
ers grouped in three quin tu plets with Se/Te–Bi–Se/Te–
Bi–Se/Te or der (see Fig. 1a). The quin tu plets are van der
Waals bonded to each other by a dou ble layer of Se/Te at -
oms – so-called van der Waals gap [1]. Be cause this gap is
big ger than other interlayer dis tances in the struc ture, it is
ex pected to host ex trin sic at oms in the case of dop ing.
There are two pos si ble sym met ric po si tions within the gap
– dis torted oc ta he dral and dis torted tet ra he dral site, in both
cases sur rounded by Se/Te at oms (see Fig. 1b). Other pos -
si bil ity is that ex trin sic at oms sub sti tute Bi.

Ex pe ri ment

The stud ied epitaxial lay ers of Bi2Se3 and Bi2Te3 were
grown by MBE on cleaved BaF2 sub strates at sub strate
tem per a ture 300–400 °C. The qual ity of the lay ers was
mon i tored in-situ by RHEED.

The X-ray ab sorp tion fine struc ture (XAFS) spec tra
were ob tained at beamline BM23 of ESRF, Grenoble at Mn 
K edge (6539 eV). Sam ples were mea sured with in ci dent
an gle 2.5°. The de tected sig nal was flu o res cence radiation.
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a)

b)

Fig ure 1. a) Hex ag o nal unit cell of Bi2Se3 and Bi2Te3 con sist ing
of three quin tu plets of atomic lay ers con nected by van der Waals 
gaps. Ba sis vec tors are in black, green ar rows form an al ter na tive 
rhombohedral ba sis. b) Pos si ble po si tions of Mn at oms within
the van der Waals gap – dis torted oc ta he dral (top) and dis torted
tet ra he dral (bot tom).



Re sults 

Mea sured data were pro cessed by Athena and fit ting was
per formed us ing Ar te mis [2]. The o ret i cal spec tra cal cu la -
tions were done by FEFF9 [3].

Bi2Se3

Mea sured data and the Fou rier trans forms for dif fer ent
Mn con cen tra tions fol low in Fig. 2.

Near est neigh bor dis tance can be es ti mated from the
po si tion of the first co or di na tion shell peak of the Fou rier
trans form; for Bi2Se3 they are sum ma rized in Tab. 1.

First cal cu la tions were made for three ex pected pos si -

ble po si tions of Mn – oc ta he dral and tet ra he dral in ter sti tial
po si tions in the van der Waals gap and substitutional po si -
tion at Bi site. Re sult ing spec tra are com pared with one of
the mea sure ments in Fig. 3. It is quite clear that none of the
sug gested po si tions matches the mea sure ment. Try ing to fit 
these mod els to the data pro duced no physically sound
results.

We have tried also com bi na tions of the var i ous Mn po -
si tions in the Bi2Se3 lat tice, but to no suc cess so far. A very
char ac ter is tic fea ture of the mea sured spec tra is the peak

trip let near the edge, which we could not suf fi ciently
reproduce.

Bi2Te3

Mea sured data and their Fou rier trans forms for dif fer -
ent Mn con cen tra tions fol low in Fig. 4, near est neigh bour
dis tances es ti mated from the first shell peak can be found in 
Tab. 2.

We started again by cal cu lat ing spec tra of the three ex -
pected po si tions (see Fig. 5). In this case the oc ta he dral po -
si tion matches the mea sure ment quite well. Data of the
sam ple with low est Mn con cen tra tion have a lim ited
k-range be cause of ar ti fact at about 6900 eV and the Fou -
rier trans form is there fore fea ture less and the fit ting pa ram -
e ters have too large er rors. Sam ple with 4% of Mn also
could n’t be fit ted, in this case due to many small glitches in
the data. How ever the other three sam ples were fit ted
nicely, see for ex am ple Fig. 6. The model used con tained
the near est six Te at oms and the two near est Bi at oms. Re -
sult ing nearest neighbor distances are in Tab. 2.

Conclu si on

We have suc cess fully de ter mined that in the case of Bi2Te3

Mn at oms are in cor po rated in oc ta he dral po si tions within
the van der Waals gap. In the case of Bi2Se3 none of the ex -
pected po si tions cor re sponds to the data and none of our at -
tempts with com bi na tions of the po si tions was suc cess ful.
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a)

b)

Fig ure 2. a) Mea sured XAFS spec tra of Mn-doped Bi2Se3 at Mn
K edge, b) Fou rier trans forms.

no mi nal Mn con cen t rati on
[%]

nearest ne ighbour distan ce
es ti ma te [C]

2.6 2.76 ± 0.03

6.4 2.58 ± 0.03

8.0 2.61 ± 0.03

10.3 2.67 ± 0.03

13.5 2.70 ± 0.03

Ta ble 1. Near est neigh bour dis tances in Mn-doped Bi2Se3

Fig ure 3. Com par i son of mea sured and cal cu lated spec tra of
Mn-doped Bi2Se3. Sam ple with Mn con cen tra tion 10.3%, cal cu -
la tion for three ex pected pos si ble positions of Mn.



We hope fur ther work will lead to suc cess ful de ter mi na tion 
also in this case.
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a)

b)

Fig ure 4. a) Mea sured XAFS spec tra of Mn-doped Bi2Te3 at Mn
K edge, b) Fou rier trans forms.

no mi nal Mn con -
cen t rati on [%]

n. n. distan ce es ti -
ma te [C]

n. n. distan ce from
fit [C]

3 3.04 ± 0.03 -

4 3.10 ± 0.03 -

6 2.98 ± 0.03 2.916 ± 0.008

9 3.01 ± 0.03 2.918 ± 0.008

13 2.98 ± 0.03 2.91 ± 0.01

Ta ble 2. Near est neigh bour dis tances in Mn-doped Bi2Te3

a)

b)

Fig ure 6. Best fit for sam ple with Mn con cen tra tion 9%. a)
k-space, b) R-space.
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Quan tum dot (QD) multilayers with amor phous ma trix are
in ten sively stud ied be cause of their phys i cal prop er ties.
Due to the size of QDs many quan tum ef fects are ob serv -
able for these sys tems, what can be used for many tech ni cal 
ap pli ca tions. Pos si ble ap pli ca tions of QD multilayers are
la sers, so lar cells, photodetectors or high-speed mem o ries.

For mer stud ies were fo cused on sys tems with crys tal -
line ma trix [1, 2]. These sys tems are pre dom i nantly pre -
pared by Stranski-Krastanow growth. At first thin strained
wet ting layer is grown, un til it is en er get i cally pre ferred to
re lieve elas tic en ergy by cre at ing QDs. The cover layer is
then de pos ited onto the QD layer and the growth can con -
tinue with other wet ting layer.

QD multilayers with amor phous ma trix are mainly pre -
pared by de po si tion on sub strate via mag ne tron sput ter ing
[3-6]. Sam ples con sist of al ter ing lay ers of QDs and ma trix
ma te rial. QDs layer is de pos ited first (ma te rial of QDs can
be de pos ited in the same time as ma trix ma te rial). Then this 
de pos ited layer is over laid by cover layer con sist ing only
ma trix ma te rial.

Self-or der ing of QDs was ob served in both types of
sys tems [1-6]. The or der ing in multilayer orig i nates in
pref er en tial nu cle ation of QDs dur ing the growth in the
min ima of the chem i cal po ten tial (i.e. sur face en ergy) on
the sur face of the cover or wet ting layer. In the case of the
sys tems with crys tal line ma trix the driv ing force for
self-or der ing is elas tic strain field orig i nates from mis -
match of lat tices of ma te ri als in wet ting and cover lay ers.
How ever, there is no strain in multilayers with amor phous
ma trix. In such sys tems self-or der ing is caused only by sur -
face mor phol ogy of the cover lay ers. Two types of stack ing 
of neigh bour ing lay ers of QDs (ABC, ABA) were ob -
served in sys tems of Ge QDs in dif fer ent amor phous ma trix 
(SiO2, resp. Al2O3), see [4-6]. Find ing the con di tions which 
leads to these types of stack ing was tar get of per formed
sim u la tions.

Chem i cal po ten tial at point on sur face x = (x,y) is given
as [7]

m m gk( ) ( ) ( )x w V V= + +0 0 0x x                (1)

where  m  is a con stant ref er ence value of the chem i cal po -

ten tial, w is the vol ume den sity of elas tic en ergy,  g is the

sur face ten sion, k is the sur face cur va ture and V0 is the
atomic vol ume. Due to the amor phous ma trix there is no
strain in the multilayer and the sec ond term in equa tion (1)
is thus zero and chem i cal po ten tial de pends only on the cur -
va ture (i.e. mor phol ogy) of the sur face of cover layer.

We con sider that the sur face shape is orig i nated from
de po si tion of cover layer over the QDs when a hill of ma te -

rial is cre ated above each QD. Multilayer and dots can be
de scribed by three in dexes j1, j2, j3. In dex j3 de notes the po -
si tion of layer in the z axis di rec tion with zero at sub strate
and ori ented to sam ple sur face. This in dex is used for both
dot and cor re spond ing cover layer. In dexes j1 and j2 then la -
bel dots in x and y axes di rec tion in the given layer j3. For
the shape of these hills on the sur face of cover layer j3 we
use function [4]

[ ]h f Cfj j j j j j jj j3 1 2 3 1 2 31 2
1 2= - + -- -å ( ) ( )x X x X       (2)

where x = (x,y) is point on sur face, Xj1,j2,j3-1 and Xj1,j2,j3-2

are po si tions of QDs in lay ers j3-1 and j3-2, pa ram e ter C is
in her i tance fac tor which de ter mines the con tri bu tion of
height of interlayer sur face above QDs layer j3-2 and f(x) is
Gauss func tion

                      f x
x

( ) exp
| |
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ç
ç

ö

ø
÷
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2

22s
                  (3)

where s is a pa ram e ter de ter min ing full width at half max i -
mum. When in her i tance fac tor C is greater than 0, sur face
height is af fected not only by last layer but also by one
lower layer, which can cause or der ing of QDs in ver ti cal
di rec tion.

Sim u la tion of the growth can be per formed by Ki netic
Monte Carlo (KMC) method. Sim u la tion model was based
on sev eral pro cesses which can oc cur [2]. The adatoms can
be de pos ited onto the sur face, adatoms can dif fuse on it,
adatoms can join into the QD or can es cape it. Adatoms are
mov ing by ther mally ac ti vated hop ping be tween neigh bor -
ing sites of square dis crete sim u la tion lat tice. The size of
the whole lat tice has to be big enough to not be af fected by
edge ef fects of fi nite-size sim u la tion lat tice. Pe ri odic
bound ary con di tions are con sid ered dur ing sim u la tion, so
if some adatom leaves the sim u la tion area, it re ap pears on
the op po site side. Af ter the com pleted growth of ac tual
layer the sur face of cover layer was com puted as hills (de -
fined by an a lyt i cal func tions) over bur ied dots. This sur -
face shape was used to de ter mine the cur va ture chem i cal
po ten tial which serves as driven force for sim u la tion of
next layer [4].

To an a lyze the cor re la tion of dis tances be tween QDs in
lat eral di rec tion we used the ra dial dis tri bu tion func tion
(RDF). It de scribes the prob a bil ity of find ing the cen ter of a 
par ti cle at given lat eral dis tance from the cen ter of an other
par ti cle. This func tion can be eval u ated for QDs in one
layer to de ter mine the lat eral or der ing in one layer or be -
tween cho sen layer l and next three lay ers j + 1,2,3 to de ter -
mine the or der ing of the dots in ver ti cal di rec tion (type of
lay ers stack ing, ABC or ABA). 
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In the case of par tially or dered layer of QDs the RDF
should have the first high est max i mum at the po si tion rm,
which cor re spond with the dis tance of the first shell of dots
around the cen ter dot and can be con sid ered as the most
prob a ble dis tance be tween all neigh bour ing dots. In de -
pend ence of the de gree of or der ing, we can seed other
lower max i mums, which cor re spond with next shells of
dots.

In the case of ABA stack ing QDs in layer j+2 is aligned
above dots in layer j, for ABC type stacked lay ers j + 1,2
are off set and layer j + 3 is aligned above dots in layer j. So
the ABC stack ing cor re spond with the first max i mum of
RDF for layer j + 1,2 at about one half of dis tance rm. The
max i mums of RDF for layer j + 3 are at 0 and at rm again. In
the case of ABA stack ing the first max i mum of RDF for
layer j + 1 is at about one half of rm and max i mums for layer 
j + 2 are at 0 and rm.

 In per formed sim u la tions we ob served the short-range
lat eral self-or der ing in par tic u lar lay ers. This or der ing
(with size of the dots and dis tance be tween them) can be in -
flu enced by pa ram e ters of de po si tion, like tem per a ture, de -
po si tion flux or vol ume of de pos ited ma te rial. The or der ing 
in ver ti cal di rec tion can be tuned by chang ing of prop er ties
of sur face mor phol ogy, e.g. the pa ram e ters of func tions de -
scrib ing the hills over dots like width or in her i tance fac tor.

The dif fer ent types of stack ing or der of quan tum dot
lay ers (ABC or ABA) were ob served, see Fig. 1. RDF cor -
re spond ing with ABC stack ing is in Fig. 1(a). As was men -
tioned above we see max i mum in RDF of po si tions of dots

in layer j = 20 at dis tance ap prox i mately rm = 12 nm. For
RDF for dots be tween lay ers j and j + 1,2 we see maxim at
ap prox i mately 7 nm. And for RDF for dots be tween lay ers j
and j+3 we see max ima at 0 and 12 nm. RDF cor re spond ing 
with ABA stack ing is in Fig. 1(b). Max i mum in RDF of po -
si tions of dots in layer j = 20 at dis tance ap prox i mately rm =
18 nm. Max i mum at the same po si tion is also in part of
RDF for layer j + 2 (he we see max i mum at 0 too). Max ima
at ap prox i mately 10 nm are vis i ble at RDF for lay ers j +
1,2.
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a) b)

Figure 1. Ra dial dis tri bu tion func tions for dots in layer j = 20 and dots in lay ers j, j+1, j+2, j+3 for sys tem with (a) in her i tance fac tor C =
0.5 and nar rower Gauss func tions of sur face shape and (b) C = 0.0 and broader Gauss func tions for de ter min ing the shape of cover layer
sur face. Value of 1 (value in the in fin ity dis tance) is marked by dashed line and po si tions of max ima de ter min ing the dis tance of near est
neigh bor dots by dot ted line. Po si tions of max ima re veal that in case (a) the stack ing or der of the lay ers is ABC and in the case (b) it is
ABA. For de tailed de scrip tion see the text.
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The fab ri ca tion of mod ern semi con duct ing op ti cal de vices
re quires com bin ing of dif fer ent ma te ri als. Heteroepitaxial
growth of lay ers with dif fer ent lat tice pa ram e ters and ther -
mal ex pan sion co ef fi cients gen er ates many ob sta cles dur -
ing fab ri ca tion, in par tic u lar, cre ation of mis fit and
thread ing dis lo ca tions in the de pos ited layer and cracks,
which det ri men tally af fect the fab ri cated de vice. One of the 
main ap pli ca tions of Ge/Si heteroepitaxial thick lay ers can
be a de vel op ment of new gen er a tion of x-ray de tec tors.

Suc cess ful method of fab ri cat ing de fect-free epitaxial
Ge/Si lay ers in volves pat tern ing of the Si sub strate into pe -
ri odic ar rays of pil lars by a con ven tional photo lith ogra phy
and deep re ac tive ion etch ing, on which ger ma nium layer is 
de pos ited by Low-En ergy Plasma-En hanced Chem i cal Va -
por De po si tion (LEPECVD) at high growth rate [1]. Sep a -
rated re laxed Ge microcrystals with de fects lo cal ized only
in a small area around Ge/Si in ter face, which does n’t af fect
bulk prop er ties, can be a so lu tion (Fig. 1). The crys tals can
be grown up to height of sev eral tens of mi crom e ters and
the ma te rial de pos ited can re sult in space fill ing even up to
96 % of sur face. 

Se ries of Ge microcrystal sam ples grown on Si sub -
strate with dif fer ent struc ture pa ram e ters were stud ied by
high-res o lu tion x-ray dif frac tion tech nique us ing re cip ro -
cal space map ping around sym met ri cal (004) and asym -
met ri cal (224) dif frac tions. We have used home as sem bled
diffractometer with a Cu x-ray tube equipped with a
4-bounce Ge(220) crys tal mono chro ma tor on the in ci dent
beam and an an a lyzer crys tal on the dif fracted beam, pro -

vid ing CuKa1 ra di a tion. 

Two sig nif i cant Ge dif frac tion peaks on the mea sured
maps are clearly ob served (Fig. 2). The first one re fers to
strained ger ma nium de pos ited in side the trenches be tween
the Si pil lars and the sec ond one re fers to ger ma nium de -
pos ited on the top of the Si pil lars, which is com pletely re -
laxed. The in ten sity of both kinds of peaks and also their
width strongly de pend on the struc ture of the sam ples, pat -
tern ing, height etc. 

Par tic u larly in this study we com pare sam ples which
dif fer from each other in Ge crys tal height, size of the Si
pil lars and dis tances be tween them. The Ge crys tal height

var ies in the range from 1 to 30 mm. The Si pil lars on a sub -
strate have square cross-sec tion and they are ar ranged in a

square grid. The Si pil lars are 8 mm tall on all sam ples, their

widths are in the range from 2 to15 mm and they are spaced

with the gaps vary ing from 1 to 50 mm. The crys tal lat tice
prop er ties such as lat tice pa ram e ter, tilt, strain and de gree
of re lax ation and their de pend ence on the sam ple pat tern -
ing were stud ied us ing in ten sity, FWHM and po si tion of
dif frac tion peaks. 
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Fig ure 2. Re cip ro cal space maps around 224 (left) and 004 (right) 

dif frac tions for sam ple of 3 mm tall Ge microcrystals grown on Si

sub strate with 8 mm tall and 2 mm wide pil lars, spaced by 3 mm
gaps. Peak I-strained Ge be tween pil lars; peak II-re laxed Ge tow -
ers.

Fig ure 1. Per spec tive view SEM mi cro graph of 8 ìm tall Ge
microcrystals grown on Si sub strate with 8 ìm tall and 2
ìm wide pil lars, spaced by 2 ìm gaps.
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Ti ta nia (TiO2)-based sys tems have been very in ten sively
stud ied in last de cades be cause of their photocatalytic ac -
tiv ity, which found broad com mer cial ap pli ca tions [1].
Functionalized ti ta nia com pos ites, es pe cially Fe2O3/TiO2

sys tems at tracted a lot of at ten tion re cently, since they
make it pos si ble to im prove the photocatalytic per for mance 

of ti ta nia [2]. The e-phase of Fe2O3 ex hib its a very large
mag netic coercivity at room tem per a ture so that
Fe2O3/TiO2 in so lu tions can eas ily be ma nip u lated by ex -
ter nal mag netic field. Fe2O3/TiO2 com pact thin layer com -
pos ites as a photocatalyst can re spond to vis i ble light due to 
the nar row band-gap of Fe2O3. The op ti cal and elec tronic
pa ram e ters of Fe2O3/TiO2 nanoparticles sub stan tially de -
pend on the width of their size dis tri bu tion.

In our pre vi ous work [3] we dealt with semi con duc tor
nanoparticles in amor phous sil ica ma trix and we dem on -
strated that a self-or der ing mech a nism of the nanoparticles
oc curs dur ing the de po si tion of multilayers. A spon ta ne ous 
or der ing of nanoparticles re sulted in nar row ing of the par ti -
cle size dis tri bu tion. In this work we use this ap proach for
the im prove ment of the struc ture of Fe2O3/TiO2 nano -
particle sys tems, namely we study the growth of
(Fe2O3+TiO2)/SiO2 multilayers and the crys tal li za tion of
the men tioned nanoparticles dur ing post-growth an neal ing. 
We in ves ti gated the or der ing and the size dis tri bu tion of
the par ti cles us ing graz ing-in ci dence small-an gle X-ray
scat ter ing (GISAXS) and the in ner crys tal line struc ture by
X-ray dif frac tion (XRD) and x-ray ab sorp tion spec tros -
copy (EXAFS).

The stud ied (Fe2O3 + SiO2)/(TiO2 + SiO2)/SiO2 sam ples 
were grown by a se quen tial de po si tion, in which 10-pe riod
multilayers (with a lay ers thick ness 0.6, 1 or 2 nm and the
SiO2 spacer thick ness of 10 nm) were de pos ited by elec tron 
beam evap o ra tion onto ro tat ing Si sub strates at room tem -
per a ture. The de po si tion rates were 10 C/s for SiO2 and 1
C/s for both Fe2O3 and TiO2. The sam ples have been sub se -
quently an nealed for 1 h at var i ous tem per a tures in vac -
uum, air or form ing gas (FG - Ar + 4% H2). The par tial
re sults have al ready been pub lished [4].

The pow der xrd curves have been mea sured by a lab o -

ra tory diffractometer with a stan dard X-ray tube (CuKa,
1.4 kW). We used a par al lel-beam setup with a par a bolic
multilayer mir ror in the pri mary beam and a par al lel-plate
collimator and a flat graph ite mono chro ma tor (to re duce
the flu o res cence sig nal from Fe at oms) in the dif fracted
beam. The an gle of in ci dence of the pri mary beam was kept 
con stant at 0.5 deg to sup press the sub strate sig nal. Small
an gle graz ing in ci dence X-ray scat ter ing has been car ried

out at ELETTRA syn chro tron at the SAXS beamline with
the pho ton en ergy of 8 keV. The in ci dence an gle was a few
tenths deg above the crit i cal an gle of to tal ex ter nal re flec -
tion. The scat tered ra di a tion was re corded by MAR im age

plate (2000 ´ 2000 pix els). The nec es sary an gu lar res o lu -
tion was achieved by a large sam ple-de tec tor dis tance of
about 1.9 m; the air scat ter ing was sup pressed by an evac u -
ated flight-tube. The X-ray ab sorp tion spec tros copy has
been per formed at XAS beamline at ANKA syn chro tron.
We mea sured the spec tra in the range 150 eV be low and
650 eV above the ab sorp tion edge of both Fe and Ti in the
flu o res cence mode. The mea sured data have been pro -
cessed and an a lyzed by the stan dard soft ware pack age of
the pro grams Athena and Ar te mis.

The xrd data show clearly vis i ble peaks cor re spond ing
to the rutile-TiO2. An ex am ple of the evo lu tion of the
crystallinity with an neal ing tem per a ture of the sam ples
with the layer thick ness of 2 nm an nealed in the air is dis -
played in the Fig. 1(a). The crys tal lite size ob tained by the
Sherrer equa tion ap plied to the 110 rutile peak ex hib its a
sys tem atic growth with an neal ing tem per a ture rang ing

from 4 nm at 700 °C to 13 nm at 1000 °C. For the sam ple
an nealed at the high est tem per a ture, ad di tional peak, which 
may cor re spond to he ma tite-Fe2O3, arises.

The find ings from the xrd data have been val i dated by
the EXAFS mea sure ments. The ab sorp tion spec tra around
Ti edge re vealed the pres ence of rutile-TiO2 as ex pected.
From the mea sure ments around Fe edge we sup posed to get 
in for ma tion on the lo cal struc ture around Fe at oms that we
did not ob tain form the xrd. The data were sim u lated with a
model as sum ing that the sam ple con sists of two com po -
nents. The first com po nent is one shell of octahedrally co -
or di nated ox y gen at oms around an iron atom and the
sec ond one is two-shell he ma tite struc ture. We ob served a
sys tem atic in crease of the two-shell com po nent at the ex -
pense of sim ple oc ta he drons.

The mea sured GISAXS maps have been com pared to
the sim u la tions car ried out by our soft ware us ing a model
of dis or dered par ti cles in a hex ag o nal two-di men sional ar -
ray in clud ing in ter face rough ness. In di vid ual lay ers are ex -
pected to be lat er ally fully dis or dered due to the fact that
the par ti cles grow dur ing an neal ing af ter multilayer
growth. An ex am ple of nicely or dered par ti cles (ex pressed
by well-de fined lat eral max ima in the GISAXS map) is dis -
played in the Fig ure 1(b). The re sults from the GISAXS
maps sim u la tions show that with in creas ing an neal ing tem -
per a ture par ti cle size in creases as well as the de gree of or -

der ing. At the tem per a ture of 1000 °C the par ti cle



ar range ment as well as inter-layer struc ture is bro ken,
prob a bly due to co ales cence of par ti cles from dif fer ent lay -
ers. The par ti cle sizes ob tained from GISAXS are in the
agree ment with those ob tained from xrd.

From the anal y sis of all the data from all ex per i ments
we found out that ti ta nium ox ide tends to form or dered

rutile par ti cles from the an neal ing tem per a ture of 700 °C
with in creas ing crystallinity and better or der ing for higher
tem per a tures. The par ti cles are smaller and closer to gether
for thin ner sam ples and vice versa. The multilayer struc ture 

is pre served up to tem per a tures around 900 °C. On the
other hand, iron at oms form only very small par ti cles that
are not rec og niz able by xrd and most of the at oms is sur -
rounded only by octehdrally co or di nated ox y gen at oms.

The best ar range ment of (rutile) par ti cles has been

achieved for the sam ple an nealed at 900 °C in the air.

1. M. Hoffmann, S. Mar tin, W. Choi, D. Bahnemann, Chem i -

cal Re views, 95, (1995), 69.

2. H. Cui, W. Ren, W. Wang, Jour nal of Sol-Gel Sci ence and

Tech nol ogy, 58, (2011), 476.

3. M. Buljan, U. Desnica, M. Ivanda, N. Radi�, P. Dubèek, G. 
Draži�, K. Salamon, S. Bernstorff, V. Holý, Phys i cal Re -

view B, 79, (2009), 035310.

4. V. Valeš, V. Holý, M. Buljan, V. Janicki, 
S. Bernstorff, Thin Solid Films, 520, (2012), 4800.Re view

B, 79, (2009), 035310.

Ó Krystalografická spoleènost

Ma te ri als Struc ture, vol. 20,  no. 2 (2013)       103

Fig ure 1. The evo lu tion of dif frac tion pro files of sam ples an nealed in the air (a) with dif frac tion peaks cor re spond ing to rutile (the
dashed lines, the grey scale cor re sponds to the rel a tive peak in ten sity). The ar row de notes an ad di tional peak cor re spond ing to he ma -
tite-Fe2O3. In the panel (b) the GISAXS map in the log a rith mic scale with the con tour step of 100.15 from sam ple an nealed in the air at

900 °C is dis played.
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Ti tan ate nanotubes (Ti-NT)  are very prom is ing ma te rial
with many pos si ble ap pli ca tions in bionedicine, in so lar
cells, lith ium bat ter ies, fuel cells etc [1]. Their struc ture is
not fully undertood and there ex ists sev eral pos si ble
stuctures of Ti-NT [1]. The study of tem per a ture sta bil ity
of Ti-NT is im por tant be cause some of pos si ble ap pli ca -
tions of Ti-NT re quire heat ing [1]. By heat ing of Ti-NT ti -
tan ate nanowires are ob tained. Sim i larly to Ti-NT sev eral
pos si ble phases of ti tan ate nanowires can be dis cov ered as
for ex am ple: Na2Ti6O13 [2], Na2Ti3O7 [2], rutile phase of
TiO2 [2-4], ana tase phase of TiO2 [2], [3], beta TiO2 [4].
The fi nal struc ture de pends also on the amount of so dium
ions if some are pres ent in orig i nal Ti-NT sam ple.

In this con tri bu tion, the struc ture of Ti-NT the struc ture
will be briefly in tro duced and mainly the struc ture of ti tan -
ate nanowires will be discused. The study of ti tan ate
nanowires was done by com bi na tion of pow der X-ray dif -
frac tion and 3D ro ta tion elec tron dif frac tion. The ti tan ate
nanowires were pre pared by heat ing of ti tan ate nanotubes

up to 850 °C. The struc ture of fi nal prod uct at 850 °C de -
pends on heat ing con di tions and time of heat ing. We stud -
ied four sam ples - heated in air for 105 min utes, in air for
1000 min utes, in vac uum for 105 min utes and in vac uum

for 1000 min utes. The trans for ma tion from ana tase to rutile 
is ob served in air and vac uum with in creas ing time of heat -
ing. Dif fer ences be tween sam ples heated in air and vac uum 
are that in air is ob served so dium hexatitanate, ana tase and
rutile but sam ple heated in vac uum has only vis i ble dif frac -
tion lines from ana tase at the beganing of heat ing.
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