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The lec ture will pro vide an in tro duc tion to the fun da men tal 
prin ci ples of small-an gle X-ray scat ter ing (SAXS), with
em pha sis on its the o ret i cal back ground, ex per i men tal
meth od ol ogy, and data in ter pre ta tion. Par tic u lar at ten tion
will be de voted to lab o ra tory-based SAXS in stru men ta tion
avail able at our de part ment, in clud ing its ca pa bil i ties, lim i -
ta tions, and prac ti cal im ple men ta tion in ma te ri als re search.

Se lected case stud ies will be pre sented to il lus trate the
ver sa til ity of SAXS in the char ac ter iza tion of nano -
structured and nanocrystalline sys tems. These will in clude
in ves ti ga tions of ori ented hexaferrite thin films, highly dis -
or dered car bon nanomaterials, and three- dimensionally or -
dered mi cro–mesoporous car bons. Fur ther ex am ples will
cover metal-or ganic phar ma ceu ti cal com pounds as well as
sil i con- and metal-based ma te ri als rel e vant for en ergy stor -
age and cat a lytic ap pli ca tions.

A ded i cated part of the lec ture will fo cus on ad vanced
in situ and in operando SAXS ex per i ments per formed us -
ing lab o ra tory equip ment equipped with microfocus X-ray

sources. The pos si bil i ties and in her ent lim i ta tions of such
set ups for high-tem per a ture and time-re solved stud ies will
be crit i cally dis cussed. Tem per a ture-in duced mor pho log i -
cal and struc tural evo lu tion will be dem on strated us ing
tung sten nanoparticle lay ers pre pared by gas ag gre ga tion
clus ter sources.

In ad di tion, in operando SAXS stud ies will be pre -
sented to il lus trate real-time mon i tor ing of microstructural
changes in func tional de vices. These ex am ples will in clude 
microstructural evo lu tion dur ing charge-dis charge cy cling
(lithiation/delithiation) in lith ium-based coin cell bat ter ies,
as well as struc tural trans for ma tions in wa ter electrolyzers
and fuel cells un der op er at ing con di tions.

Over all, the lec ture aims to high light the po ten tial of
lab o ra tory SAXS as a pow er ful and ac ces si ble tool for
prob ing nanoscale struc ture and its evo lu tion in a wide
range of ad vanced ma te ri als.
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Heusler com pounds con sti tute a broad fam ily of inte -
rmetallic ma te ri als, with more than 1500 pos si ble com po si -
tions re ported to date. Among them, the Rh–Mn–Sb sys tem 
has at tracted sci en tific in ter est for nearly half a century [1].
How ever, al though bulk Rh–Mn–Sb al loys were stud ied
sev eral de cades ago, ex per i men tal work on this sys tem has
since re mained very lim ited, and thin films have not been
ex plored. In this con text, Rh2MnSb full-Heusler thin films
were epitaxially grown for the first time on MgO(001) sub -
strates by DC mag ne tron sput ter ing at de po si tion tem per a -
tures of 600, 700, and 800 °C [2]. Films with a nom i nal
thick ness of 200 nm were sys tem at i cally char ac ter ized in

terms of their struc tural, mor pho log i cal, op ti cal, mag neto-
 op ti cal, and mag netic prop er ties. The sam ple de pos ited at
600 °C was close to stoichiometric and ex hib ited an al most
per fectly or dered L21 struc ture. All films ex hib ited a
tetragonal struc ture and a reg u lar twinned micro structure,
in which most twin do mains were ori ented with the c-axis
per pen dic u lar to the film sur face, pre sum ably as a re sult of
the con straint im posed by the sub strate. Mag netic mea sure -
ments for the film grown at 600 °C yielded a Cu rie tem per -
a ture of about 220–275 K and a sat u ra tion mag ne ti za tion of 
ap prox i mately 55 emu/g at 10 K, both close to bulk val ues,
while mag neto-op ti cal Kerr mea sure ments in di cated para -
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mag netic be hav ior at room tem per a ture. These re sults dem -
on strate the po ten tial of Rh2MnSb thin films and mo ti vate
fur ther work aimed at im prov ing compositional pre ci sion
and struc tural con trol.

1. F.A. Hames, J. Crangle, “Fer ro mag ne tism in Heusler-Type
Al loys Based on Plat i num-Group or Pal la dium-Group Met -
als,” Jour nal of Ap plied Phys ics 42 (1971) 1336–1338.

2. Shamardin, A.; Cichoò, S.; de Prado, E.; Duchoò, J.;
Rameš, M.; Fekete, L.; Kopeèek, J.; Š•astný, Š.; Melzer,
A.; Hubert, M.; Veis, M.; Lanèok, J.; Heczko, O. Twinning 
in fer ro mag netic Heusler Rh2MnSb epitaxial thin films.
Jour nal of Al loys and Com pounds 1042 (2025) 184143.
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Ni2FeGa is a mag netic shape mem ory al loy with po ten tial
ap pli ca tions in microdevices such as ac tu a tors and
micropumps. The prep a ra tion of bulk sin gle crys tals of this
ma te rial is chal leng ing; how ever, the fab ri ca tion of
microwires con tain ing highly ori ented grains ap pears
prom is ing and eco nom i cally fea si ble, as large quan ti ties of
such wires can be pro duced [1]. Still, the char ac ter iza tion
of these microwires by con ven tional X-ray dif frac tion re -
mains dif fi cult due to their small di am e ter (typ i cally 10–50

mm), which re sults in a lim ited dif fract ing vol ume. An ad -
di tional chal lenge is the ma nip u la tion and mount ing of the
sam ple.

The Ni2FeGa microwires were placed and stretched in -
side own 3D-printed sam ple holder (Fig. 1) and ini tial mea -
sure ments were per formed us ing a SmartLab
diffractometer with a 2D pole fig ure method and a
Hypix3000 area de tec tor po si tioned as close to the sam ple
as pos si ble. This setup sig nif i cantly re duces the ac qui si tion 

Fig ure 1: (a) AFM to pog ra phy im age of a Rh2MnSb film de pos ited at 600 °C; (b) struc tural model of twin-re lated tetragonal Rh2MnSb
vari ants and cor re spond ing {220} pole fig ure; and (c) thermomagnetic curves mea sured at 0.01 T.

Fig ure 1. 3D-printed microwire holder. a) The first pro to type, b) the sec ond pro to type – the me tal lic parts are placed up side down in side 
the plas tic body to hide the screws.
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time for a sin gle pole fig ure. How ever, in di vid ual re con -
struc tion of pole fig ures is re quired to avoid the in te gra tion
of a large back ground con tri bu tion and dif frac tion peaks
orig i nat ing from the sam ple holder.

Sev eral con clu sions can be drawn from the pole fig -
ures: 1) the pres ence of both cu bic aus ten ite and tetragonal
martensite phases can be iden ti fied; 2) Ni2FeGa ex hib its a

strong pref er en tial ori en ta tion with the  <110> di rec tion
aligned along the wire axis; and 3) the pres ence of sin gle or
mul ti ple martensitic vari ants is clearly ob serv able.

These ini tial re sults open the way for fu ture in situ ex -
per i ments, such as in situ Joule heat ing by pass ing an elec -
tric cur rent through the microwire, or in situ me chan i cal
strain ing us ing a ded i cated sam ple holder with a geared
mech a nism.

[1]    Frolova, L., et al. Re vers ible struc tural tran si tion in
monocrystalline Ni2FeGa microwires for shape-mem ory
ap pli ca tions, Ma te ri als Sci ence and En gi neer ing B 263
(2021) 114891,
https://doi.org/10.1016/j.mseb.2020.114891.
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Strongly ori ented fer rite films were de pos ited on sev eral
sub strates by chem i cal so lu tion de po si tion, and dif fer ent
sub strate/seed ing layer/fer rite layer ar chi tec tures were de -
signed [e.g.1, 2]. In pre vi ous ex per i ments, the hexaferrite
films were de pos ited on STO (SrTiO3) sub strates with ori -
en ta tions (111), (110), (100), and ce ram ics. In all cases,
(00l) tex tures of Y-phases of dif fer ent de grees were ob -
served, but only for the (111) sub strate strong in-plane tex -
ture was found. For other used sub strates, usu ally some
in ter me di ate seed ing layer was nec es sary to ob tain good
ori en ta tion of Y-films. The most suc cess ful were LaAlO3

and MgO sub strates.
In this work [3], highly ori ented M-phase films with

dif fer ent ori en ta tions were grown on Al2O3 ((1120)  -
a-cut, (0001) – c-cut, ((1010) - m-cut and ((1102)- r-cut
sin gle crys tal sub strates. A pro ce dure in volv ing thin and
the dif fer ence in lat tice pa ram e ters be tween the seed and
bulk lay ers. SrFe6Ga6O12 seed lay ers was adopted to mod -
ify the lat tice mis matched in ter face be tween film and sub -
strate and al low the growth of ori ented films. Usual
thick ness of the seed ing layer was about 100 nm ob tained
af ter sev eral de po si tion cy cles. M-phase, SrFe12O19, film
sam ples with 1600 nm thick ness were used for dif fer ent
anal y ses. The de po si tion of the bulk M layer al ways re -
duces the in-plane ori en ta tion (while main tain ing the
epitaxial re la tion ship) of the orig i nally well-ori ented M
seed layer. The de po si tion of the bulk layer M usu ally re -

sults in a broad en ing of the j and w scan peaks by about a
fac tor of two in most cases. The in crease in FWHM value

for the w scan ob served in the case of the M-bulk layer sug -
gests a slight in crease in misorientation of the layer and de -
te ri o ra tion of the OP ori en ta tion of the M phase due to the
in creas ing to tal layer thick ness the dif fer ence in lat tice pa -
ram e ters be tween the seed and bulk lay ers

The pseudo-epitaxial growth and ori en ta tion re la tion
were ver i fied by X-ray dif frac tion tex ture anal y sis and re -

cip ro cal space map ping.  j and w scans as well as se lected
pole fig ures were mea sured in low-res o lu tion par al lel beam 

setup with polycapillary in pri mary beam and par al lel plate
collimator (Panalytical MRD), mono chro ma tor and point
de tec tor in the sec ond ary beam. Sig nif i cant out-of-plane
tex tures of (h00), (00l), and (hh0) were found on the a-, c-
and m-cuts of sub strates, re spec tively. The FWHM of

w-scans were 0.8-1.2°. Sim i larly, sig nif i cant in-plane ori -
en ta tions were found for the a- and m-cuts of the sub strates, 
re spec tively while for the c-cut they were less good in di cat -
ing a quite large frac tion of unoriented crys tal lites. The sur -
face mor phol ogy at room tem per a ture us ing AFM in
tap ping mode. Ex cept for the c-cut sub strates, the sur face
struc ture is formed by par al lel aligned grains with high as -
pect ra tio and the short est di men sion along c-crys tal lo -

graphic axis. The FWHM of the w-scans de pends strongly

on j an gle be ing the high est along this small est crys tal lite
di men sion which could be caused by the size ef fect. How -

ever, to de cide this, the Wil liam son-Hall plots for w-scans
were mea sured for more dif frac tion or ders. They were also
con structed in clas si cal form, i.e. for the pro files mea sured

along the dif frac tion vec tor (q-2q). These mea sure ments
were per formed in higher-res o lu tion setup with hybride

Ka1 mono chro ma tor in the pri mary beam and Pixcel 3D
de tec tor in the sec ond ary beam.

For w-scans, it is clear, that crys tal lite misorientations
(slope) is still the dom i nat ing ef fect for broad en ing and it is
more sig nif i cant in the di rec tion per pen dic u lar to crys tal lite 
rod, i.e. along [0001]. The in ter cepts would give crys tal lite
size of 30 to 50 nm for m- and c-cut of subtrates, re spec -
tively (Fig ure 1). This cor re sponds quite well to AFM pic -
tures. Clas si cal WH plots along the dif frac tion vec tor gives 
small microstrains of about 0.06 to 0.1 % and crystallite
size above 100 nm.

For M lay ers on r-cuts of sub strates, the ori en ta tion is
more com plex and in orig i nal mea sure ments no in ten sity in 
sym met ri cal scans could be ob served. How ever, pole fig -
ure 114 showed that ac tu ally there is an in clined tex ture
with in cli na tion 3-5 ° de pend ing on the film (Fig ure 2) and
the case was studied in detail [4]. 



A com par i son of tex ture anal y sis re sults ob tained on
sap phire sub strates of dif fer ent cuts shows that the mu tual
ori en ta tions of the crys tal struc ture of the M film and the
sap phire sub strates in epitaxial struc tures are al ways the
same (ex cept for a small an gle de vi a tion for an r-cut). As a
re sult, there is a high prob a bil ity that thin films of the M
hexaferrite film with an easy axis of mag ne ti za tion at any
an gle with re spect to the sub strate can be at tained by mak -
ing an ap pro pri ate choice of the ori en ta tion of the Al2O3

substrate.

1. KW. Shin, M. Soroka, A. Shahee, KH Kim, J Buršík, R.
Kužel, M. Vronka, MH Aguirre: Ad vanced Elec tronic Ma -
te ri als. v. 8  (2022). 2101294.

2. M. Soroka, J. Buršík, R. Kužel, L. Horák, J. Prokleška, M.
Vronka & V. Laguta. J. Eur. Ceram. Soc. (2023). 43,
6916-6924.

3. D. Smržová, J. Buršík, L. Horák, R. Kužel, V. Laguta, J.
Vít, & O. Laguta.  J. Eur. Ceram. Soc., sub mit ted for pub -
li ca tion.

4. L Horák, R. Kužel, M. Dopita, J. Buršík, Ma te ri als Struc -
ture, vol 32 (2026), this is sue 

The au thors ap pre ci ate the sup port by the grant of the
Czech Grant Agency, no. 24-12710S.
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Fig ure 2. Pole fig ure 114 of the M-film on r-cut sub strate. The cir -

cle cor re sponds to the an gle c of 10°.

Fig ure 1. Wil liam son-Hall plot of the width of w-scans of hh0 and h00 dif frac tions for m-cut

and a-cut sub strates, re spec tively and for two ori en ta tions of the film, along (j = 0°) and per pen -

dic u lar (j = 90°) to crys tal lite rods. 
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In tro ducti on

Strongly ori ented polycrystalline thin films and epitaxial
lay ers typ i cally ex hibit a well-de fined crys tal lo graphic re -
la tion ship with their sub strates. De scrib ing and un der -
stand ing this re la tion ship is es sen tial for in ter pret ing the
struc tural, elec tronic, and func tional prop er ties of thin-film 
sys tems.

For epitaxial lay ers, the ori en ta tion re la tion ship is most
com monly in ves ti gated us ing high-res o lu tion re cip ro cal
space map ping (HR-RSM), which re lies on a lim ited set of
pre dicted unit-cell ori en ta tions de rived from lat tice match -
ing con sid er ations. In this case, the ex per i ment pri mar ily
serves to ver ify one of the an tic i pated con fig u ra tions. In
con trast, strongly tex tured polycrystalline films are usu ally 
char ac ter ized by pole-fig ure mea sure ments, which probe
all crys tal lo graphic ori en ta tions pres ent in the film. This
ap proach, how ever, re quires rea son ably well-known lat -
tice pa ram e ters in or der to se lect ap pro pri ate dif frac tion
con di tions, which are not al ways avail able.

In some sys tems, the film tex ture or epitaxial re la tion -
ship is nei ther ob vi ous nor in tu itive. In such non-triv ial
cases, no dif frac tion peaks from the layer ap pear at the ex -
pected po si tions, and no layer re flec tions are ob served in

sym met ric q-2q scans, in di cat ing the ab sence of any
low-in dex crys tal lo graphic plane par al lel to the sur face.
Pole-fig ure anal y sis may also be come im prac ti cal when
lat tice pa ram e ters are un cer tain or when the num ber of dif -
fracted peaks is large and over laps sig nif i cantly with
substrate re flec tions, mak ing re li able in ter pre ta tion ex -
tremely dif fi cult.

We de fine non-triv ial layer-sub strate ori en ta tion re la -
tion ships as con fig u ra tions in which the layer is both
in-plane and out-of-plane ori ented, yet no low-Miller-in -
dex plane of the layer is par al lel to the sub strate sur face (or
to a near-sur face crys tal lo graphic plane of the sub strate),
and where only a min i mal num ber of planes or di rec tions
are aligned in an unintuitive man ner rel a tive to the sub -
strate lat tice.

In such sit u a tions, con ven tional tech niques-high-res o -

lu tion re cip ro cal space map ping, sym met ric q-2q scans,
and pole-fig ure mea sure ments are ei ther in suf fi cient or re -
quire la bo ri ous ex per i men tal ef fort. We there fore pro pose
the use of low-res o lu tion wide re cip ro cal space map ping as 
a fast, ro bust, and largely fool proof ex per i men tal ap proach. 
This method rap idly col lects com pre hen sive re cip ro -
cal-space in for ma tion, lim ited pri mar ily by in stru men tal
res o lu tion, with out re quir ing prior as sump tions about lat -
tice pa ram e ters or ori en ta tion re la tion ships.

In the fol low ing sec tions, we briefly de scribe the wide
re cip ro cal space map ping meth od ol ogy and pres ent re sults
from one rep re sen ta tive sys tems: strongly tex tured
polycrystalline M-type hexaferrite thin film grown on
R-cut sap phire (ALO) sub strate. Pre vi ous stud ies have
shown that M-type hexaferrites grown on Al2O3 or MgO
sub strates ex hibit sub strate-de pend ent crys tal lo graphic
ori en ta tions, with well-de fined low-in dex align ments on
C-cut sap phire and MgO(111), but in creas ingly com plex
and tilted con fig u ra tions on A-, M-, and es pe cially R-cut
sap phire [1-4]. How ever, across all these sub strate cuts, the 
ap prox i mate crys tal lo graphic re la tion ship ap pears to be
uni ver sal. Thus, even though there ex isted well-jus ti fied
ex pec ta tions for the layer ori en ta tion based on crys tal lo -
graphic con sid er ations, we dem on strate that the ac tual
growth re sults in non-triv ial ori en ta tion re la tion ships, with
no low-in dex planes par al lel to the sub strate sur face, aris -
ing from a small tilt of the sub strate lat tice along a spe cific
in-plane di rec tion.

Methods

The crys tal lo graphic ori en ta tion re la tion ships be tween the
thin films and their sub strates were in ves ti gated us ing wide 
re cip ro cal space map ping (WRSM), a low-res o lu tion
X-ray dif frac tion tech nique cur rently be ing de vel oped in
our lab o ra tory. WRSM is de signed to rap idly probe a large
vol ume of re cip ro cal space with out re quir ing any prior
knowl edge of lat tice pa ram e ters, ex pected tex ture com po -
nents, or pre ferred ori en ta tions. The method serves as a
com ple men tary ap proach to con ven tional pole-fig ure mea -
sure ments and pow der dif frac tion, en abling si mul ta neous
phase iden ti fi ca tion and tex ture anal y sis in strongly ori -
ented thin films.

WRSM mea sure ments were per formed us ing a lab o ra -
tory X-ray diffractometer equipped with a ro tat ing Cu an -
ode source. The pri mary X-ray beam was ver ti cally
parallelized us ing a par a bolic mir ror and fur ther de fined by 
a ver ti cal slit lim ited to 0.5 mm. Hor i zon tal collimation was 
achieved us ing two se quen tial slits, each with a width of
0.5 mm. The dif fracted in ten sity was col lected us ing an
area de tec tor with an ac tive area of 38.5 × 77.5 mm2 (ver ti -
cal × hor i zon tal) and a pixel size of 0.1 × 0.1 mm2. The de -
tector was po si tioned at a dis tance of ap prox i mately 15 cm
from the sam ple and op er ated with out sec ond ary op tics, al -
low ing the col lec tion of a broad an gu lar range of dif fracted
sig nals. Both the X-ray source and de tec tor arms moved in
the ver ti cal dif frac tion plane.

Re cip ro cal space maps were ac quired in sym met ric

skew ge om e try us ing ex tended q-2q scans. In this con fig u -
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ra tion, each q-2q scan cor re sponds to a straight ra dial tra -
jec tory in re cip ro cal space. By tilt ing the sam ple by an
an gle ÷, this tra jec tory be comes tilted ac cord ingly within
re cip ro cal space, en abling ac cess to a wide range of ori en -

ta tions. Dur ing each q-2q scan, the dif fracted in ten sity col -
lected by the area de tec tor was pro jected onto a two- 
di men sional stripe, ef fec tively re duc ing the dimensionality 
of the data.

To re con struct pla nar cuts of re cip ro cal space, q-2q

scans were re peated for a se quence of sam ple tilt an gles c.
The tilt step was cho sen to en sure min i mal over lap be tween 
ad ja cent stripes based on the solid an gle cov ered by the de -

tec tor; in our setup, an op ti mal c step of 15° was used. In di -
vid ual stripes ob tained at dif fer ent tilt an gles were
com bined to form a two-di men sional re cip ro cal space map
cor re spond ing to a sin gle sam ple az i muth.

To as sess in-plane ori en ta tion, the pla nar re cip ro cal
space re con struc tion was re peated for mul ti ple sam ple az i -

muthal ro ta tions j. An az i muthal step of 15° was suf fi cient
to cap ture sym me try-re lated fea tures for com mon sub strate 
ori en ta tions, while smaller steps could be em ployed when
smoother in ten sity re con struc tion was re quired. The com -
plete dataset thus pro vided a se ries of re cip ro cal-space sec -
tions con tain ing the out-of-plane di rec tion Qz , col lec tively
en abling qual i ta tive and quan ti ta tive as sess ment of both
out-of-plane and in-plane tex ture.

Ex per i men tal WRSM data were an a lyzed by di rect
com par i son with nu mer i cal sim u la tions of re cip ro -
cal-space in ten sity dis tri bu tions for the sub strate and pos si -
ble film phases. Sim u la tions in cluded con tri bu tions from
sin gle-crys tal line sub strate re flec tions, tex tured film com -
po nents, and ran domly ori ented crys tal lites, which man i -
fest as Debye-Scherrer rings. Sharp and in tense dif frac tion
spots were as so ci ated with dom i nant tex ture com po nents,
while con tin u ous rings in di cated polycrystalline frac tions.

The tex ture mod els were iteratively ad justed un til good
agree ment be tween ex per i men tal maps and sim u la tions
was achieved, yield ing an gu lar res o lu tion of the de ter -

mined ori en ta tions on the or der of 1°. This ap proach en -
abled re li able de ter mi na tion of com plex and non-triv ial
layer-sub strate ori en ta tion re la tion ships that could not be

re solved us ing con ven tional q-2q scans, high-res o lu tion
re cip ro cal space map ping, or pole-fig ure anal y sis.

Re sults

The crys tal lo graphic tex ture and ori en ta tion re la tion ship of 
M-type hexaferrite films grown on R-cut sap phire sub -
strates were pri mar ily in ves ti gated us ing wide re cip ro cal
space map ping (wRSM). The blindly col lected full 3D dif -
frac tion data shown in Fig ure 1 al lowed de ter min ing the
phase and the tex ture. In con trast, con ven tional sym met ric

q-2q scans did not re veal any in tense film dif frac tion peaks 
for this sys tem, in di cat ing only the ab sence of any low-in -
dex hexaferrite plane par al lel to the sub strate sur face.

Rep re sen ta tive wide re cip ro cal space map for the
M-seed and M-bulk hexaferrite lay ers de pos ited on Al2O3

(R-cut) sub strates are shown in Fig. 3. The ex per i men tally
mea sured dif fracted in ten sity dis tri bu tions (grey scale)
were suc cess fully re pro duced by nu mer i cal sim u la tions in -
clud ing con tri bu tions from the sap phire sub strate, the
hexaferrite layer, and a mi nor he ma tite phase. The agree -
ment con firms that wRSM pro vides re li able ac cess to the
full three-di men sional re cip ro cal-space in for ma tion in the
pres ence of com plex tex tures.

In the re con structed re cip ro cal-space sec tions, dif frac -
tion-spot chains cor re spond ing to the sap phire sub strate
(hh0l) and the hexaferrite layer (hh2hl) are clearly vis i ble.
The di rec tions of these chains di rectly re flect the ori en ta -
tions of the crys tal lo graphic c-axes of the sub strate and the
layer. From their rel a tive in cli na tion, a mu tual mis align -
ment of ap prox i mately 2° be tween the sub strate and layer
c-axes was de ter mined. This misorientation is not ob serv -

able in con ven tional q-2q ge om e try but is un am big u ously
re solved in wRSM.

Im por tantly, the tilt be tween the nom i nally cor re spond -
ing planes (1102) ALO and (1124)M is di rectly ac ces si ble
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Fig ure 1. Top view of the dif fracted in ten sity dis tri bu tion in
three-di men sional re cip ro cal space ac quired by wide re cip ro cal
space map ping (wRSM). The out-of-plane re cip ro cal-space co -
or di nate Qz is en coded by the color scale. Each wide RSM rep re -
sents a ver ti cal re cip ro cal-space sec tion con tain ing the Qz axis.
By re peat ing the map ping for dif fer ent az i muthal an gles with a
fine az i muthal step, the com plete three-di men sional re cip ro cal
space can be re con structed.

Fig ure 2. Rep re sen ta tive wRSM (ver ti cal cut through re cip ro cal
space). Ex per i men tal data (grey scale) are over laid with nu mer i -
cal sim u la tions for the Al2O3 sub strate (cyan spots), the M-type
layer (red), and a mi nor he ma tite phase (yel low). Con cen tric
Debye rings in di cate the pres ence of ran domly ori ented crys tal -
lites within the film, whereas sharp, in tense dif frac tion spots cor -
re spond to the dom i nant tex ture com po nent.



in a re cip ro cal-space sec tion cho sen per pen dic u lar to the
in-plane di rec tions [1120]ALO||[1100]M, which were
iden ti fied as ex actly par al lel from the com plete wRSM
dataset. The ob served an gu lar sep a ra tion be tween the re -
spec tive dif frac tion-spot chains cor re sponds to the true
out-of-plane tilt of the hexaferrite lat tice with re spect to the
sub strate.

Anal y sis of maps re corded at dif fer ent sam ple az i muths 
dem on strates that this tilt is azimuthally de pend ent and fol -
lows a well-de fined in-plane crys tal lo graphic di rec tion of
the sub strate. Mag ni fied re gions around se lected layer and
sub strate re flec tions (see Fig ure 3) fur ther re veal that the
tilt dis tri bu tion is rel a tively broad, with an an gu lar spread
on the or der of sev eral de grees, con sis tent with strong but
non-ideal tex ture.

Pole-fig ure mea sure ments car ried out for the hexa -
ferrite 1124 re flec tion qual i ta tively sup port the con clu -
sions drawn from wRSM. The pole fig ure ex hib its
well-de fined in ten sity max ima dis trib uted along a cir cle
cor re spond ing to a tilt an gle of ap prox i mately 5° with re -
spect to the sur face nor mal. This re sult con firms that the
hexaferrite layer is si mul ta neously ori ented both in-plane
and out-of-plane, yet with out any low-in dex plane par al lel
to the sub strate sur face.

How ever, due to the high num ber of ac ces si ble re flec -
tions and par tial over lap with sap phire peaks, the pole-fig -
ure data alone are in suf fi cient to uniquely de ter mine the
full ori en ta tion re la tion ship. In con trast, wRSM di rectly

pro vides the mu tual align ment of crys tal lo graphic di rec -
tions and planes with out re quir ing prior as sump tions about
lat tice pa ram e ters or ex pected tex ture com po nents.

The com bined wRSM and pole-fig ure re sults dem on -
strate that, for R-cut sap phire sub strates, the hexaferrite
layer adopts a non-triv ial layer-sub strate ori en ta tion. Un -
like growth on A-, C-, or M-cut sap phire, the hexaferrite
c-axis does not align par al lel to the sub strate c-axis, nor
does the layer grow with any low-Miller-in dex plane
strictly par al lel to the sub strate sur face. These two re quire -
ments are geo met ri cally in com pat i ble in this sys tem be -
cause of lat tice-pa ram e ter mis match and dif fer ing ax ial
ra tios, lead ing to com pet ing ten den cies.

In stead, the sys tem adopts a com pro mise con fig u ra tion
char ac ter ized by a dis tri bu tion of tilts rang ing from 0° to
6°, where all ori en ta tion pos si bil i ties shown in Figure4a-c
are pop u lated. This tilt is ro ta tion of the hexaferrite lat tice
about a spe cific in-plane axis ([1100] di rec tion) that re -
mains par al lel to a cor re spond ing sub strate di rec tion ALO
[1120], see Fig ure 4d. On the other hand, this re la tion ship
od the inplane di rec tion seems to be fixed with
misorientation bel low sen si tiv ity limit.

Conclu si on

We dem on strate that non-triv ial layer–sub strate orienta -
tional re la tion ships, in which nei ther low-Miller-in dex
planes nor prin ci pal crys tal lo graphic axes are par al lel to
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Fig ure 3. X-ray dif frac tion wide re cip ro cal space maps for M-seed and M-bulk lay ers grown on a sap phire (R-cut)
sin gle crys tal sub strate. The ex per i men tal data in gray color scheme are over layed by nu mer i cal cal cu la tions for the
ALO sub strate (cyan spots), M-bulk layer (red), M-seed layer (green), and mi nor phase of he ma tite (yel low).



the sub strate sur face, can be re li ably re solved us ing wide
re cip ro cal space map ping (wRSM). Strongly tex tured
M-type hexaferrite thin films grown on R-cut sap phire
serve as a rep re sen ta tive ex am ple.

The wRSM anal y sis re veals that the hexaferrite layer
adopts a com pro mise ori en ta tion char ac ter ized by a small,
well-de fined lat tice tilt about a spe cific in-plane di rec tion
that re mains par al lel to the sub strate lat tice. This con fig u ra -
tion sat is fies com pet ing geo met ric con straints im posed by
lat tice mis match and ax ial-ra tio dif fer ences be tween film
and sub strate, re sult ing in a non-triv ial orientational re la -
tion ship that is nei ther ob vi ous nor pre dict able from con -
ven tional epitaxial con sid er ations. While pole-fig ure
mea sure ments qual i ta tively con firm the pres ence and mag -
ni tude of the tilt, only wide re cip ro cal space map ping pro -
vides an un am big u ous and com pre hen sive de scrip tion of
the full crys tal lo graphic re la tion ship.

The method is par tic u larly well suited for strongly tex -
tured or pseudo-epitaxial thin films with com plex, coun -

ter-in tu itive ori en ta tion re la tion ships. As such, wRSM
rep re sents a pow er ful and broadly ap pli ca ble tool for struc -
tural anal y sis of ad vanced thin-film ma te ri als.
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Fig ure 4. Vi su al iza tion of the crys tal lo graphic re la tion ship be tween the M-bulk layer and the sub strate for dif fer -
ent tilts of the M-phase (1124) planes: (a) zero tilt, with M-layer M-layer (1124) || ALO (1102); (b) in ter me di ate
tilt, where nei ther the sur face planes nor the basal planes are par al lel; and (c) large tilt, with M-layer (0001) ||
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MAGNETIC PROPERTIES OF Sc-DOPED M-TYPE HEXAFERRITE THIN FILMS
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Hexaferrites, mag netic iron-con tain ing ox ides, are su pe rior 
ma te ri als with re spect to the large magnetoelectric ef fect at
el e vated tem per a tures, com ing from their frus trated
noncollinear mag netic struc tures. Com mon in forms of ce -
ram ics, hexaferrites are only rarely de vel oped in forms of
crys tals or thin lay ers. Lat ter suc cess fully grown pre dom i -
nantly with c-axis ori ented along the film nor mal, which is
in con ve nient for ap pli ca tions. Their magnetoelectric prop -
er ties can be stilted or fur ther en hanced by sub sti tu tions
within their crys tal lo graphic struc ture, sub se quently al ter -
ing their mag netic struc ture and ani so tropy. In the pre -
sented study this en hance ment of mag netic struc ture was
ex plored by prep a ra tion of po ten tially magnetoelectric

M-type hexaferrite in thin film form with var i ous Sc dop -
ing and dif fer ent ori en ta tions and the en su ing mea sure -
ments of mag netic prop er ties. The Fe po si tions in the
M-type SrFe12O19 are par tially sub sti tuted by Sc at oms
caus ing a noncollinear con i cal mag netic struc ture to form
in place of the orig i nal col lin ear mag netic struc ture. The
thin film sam ples of SrFe12-xScxO19 were pre pared by
chem i cal so lu tion de po si tion method on Al2O3 sin gle-crys -
tal sub strate. The mea sured tem per a ture-de pend ent mag -
netic ani so tropy is sim i lar to that of magnetoelectric
ce ram ics with x(Sc) = 1.5, which sug gests a pos si bil ity to
ob serve a magnetoelectric ef fect in the pre pared films.


