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We study and de velop meth ods for pro duc ing dif frac tion
sur faces in X-ray crys tal mono chro ma tors us ing ad vanced
de ter min is tic nano-ma chin ing tech nique [1]. Nano-ma -
chin ing uses a sin gle point di a mond tool to re move ma te rial 
from the sur face. We have adopted two kinds of nano-ma -
chin ing tech niques: Sin gle point di a mond turn ing (SPDT)
and Fly cut ting (groov ing). The tech niques are well de vel -
oped for pro duc ing sur faces of in fra red or vis i ble light op -
tics [2], how ever, their im ple men ta tion for hard X-ray
op tics is a very chal leng ing task. In a so called duc tile
mode, this tech nol ogy is ap pli ca ble even to brit tle ma te ri als 
like ger ma nium or sil i con that are dif fi cult to be ma chined,
be ing only lit tle in va sive to crys tal lat tice be neath the sur -
face. In par tic u lar, high-res o lu tion TEM im ages have re -
vealed ab sence of any dis lo ca tions in the subsurface re gion
of the nano-ma chined Ge samples in the case of feed rate of 
0.125 mm/min (Fig. 1).

The cru cial pa ram e ter is the sur face rough ness. The di -
a mond tool pro duces pe ri od i cal  sur face rip ples, which can
cause e.g. unwished par a sitic in ter fer ence ef fects in the
case of hard X-ray ra di a tion. HRXRD mea sure ments
showed that the pe ri od ic ity of the rip ples can vary from 700 
to 40 nm de pend ing on the used feed rate of nano-ma chin -
ing. Fig ure 2 shows a setup for the re cip ro cal space map
(RSM) mea sure ment of the Ge ma chined sam ples and
chan nel-cut mono chro ma tor shown in Fig ure 3. The feed
rate of nanomachining was 1 mm/min and the sam ple ex -

hib its rip ples with 416 nm pe ri od ic ity (Fig ure 4). We have
ob tained very low sur face rough ness  by op ti miz ing of ma -
chin ing pa ram e ters and slow ing down the feed rate to
lower value of 0.125 mm/min. The trun ca tion rods in re cip -
ro cal map were sup pressed re main ing only dif fuse scat ter -
ing in di cat ing that the pe riod of rip ples af ter the tool is too
short to ob serve us ing this HRXRD setup (Fig ure 5). By
us ing of ad di tional chemo-me chan i cal post-pol ish ing pro -
cess we have achieved the sur face rough ness (RMS) in the
range of 1 - 0.3 nm ac cord ing to AFM mea sure ments. Ap -
ply ing SPDT nano-ma chin ing, it is pos si ble to pro duce not

Fig ure 1. HR TEM im age shows that the top sur face is not per -
fectly flat as some val leys and crests of a few atomic lay ers
depth/height with re spect to an av er age sur face oc cur. The per fect
con tact and stick ing of the glue to the Ge sam ple ex cludes that such 
a rough ness would be due to the re moval of the very top atomic Ge
lay ers by the Ar ion bom bard ment dur ing the sam ple prep a ra tion.
The Ge lat tice ter mi nates fully crys tal line with out any dis lo ca tions
in the subsurface re gion.
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Fig ure 2. RSM setup. High-res o lu tion Philips diffracto -
meter with a 3 bounce analyser crysta was used.

Fig ure 3. Ar ti fi cial Ge chan -
nel-cut mono chro ma tor (as -
sem bled, glued to gether). The
red ar row shows the ma chined
in ner side.



only flat but also curved or free-form sur faces with very
high ac cu racy. A high pla nar ity of the dif frac tion sur face
down to 3nm/50µm has been achieved. This is very im por -
tant due to a very small in ci dence or emer gence an gles of
the hard X-ray beam in highly asym met ric chan nel- cut
X-ray crys tal mono chro ma tors [3]. 
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Fig ure 4. The re cip ro cal space map shows ver ti cal lines with a

spac ing 1.51 ´ 10-3 C-1 cor re spond ing to a pla nar spac ing of 416
nm.

Fig ure 5. RSM shows sup pres sion of trun ca tion rods pres ent in
Fig. 4. The dif fuse scat ter ing is pres ent but limited.



Ó Krystalografická spoleènost

Ma te ri als Struc ture, vol. 24,  no. 1 (2017)       27

L17

EVALUATION OF THREADING DISLOCATION DENSITY IN III-NITRIDE EPITAXIAL
LAYERS

E. Dobroèka

In sti tute of Elec tri cal En gi neer ing, Slo vak Acad emy of Sci ences, Dúbravská cesta 9,841 04 Bratislava, 
Slo vak Re pub lic

edmund.dobrocka@savba.sk

The III–nitride semi con duc tors of AlN, GaN, and InN and
their ter nary al loys have great po ten tial for use in op to el ec -
tronic and high-tem per a ture elec tronic de vices due to their
wide range of bandgaps and high-tem per a ture sta bil ity.
The in creas ing range of their ap pli ca tions such as light
emit ting di odes, la sers and high power tran sis tors re quires
the study of the in flu ence of ex tended de fects on the elec tri -
cal and op ti cal prop er ties of these ma te ri als [1, 2]. The
most im por tant de fects in the struc tures are thread ing dis lo -
ca tions (TDs). Their to tal den sity in the epitaxial lay ers
var ies in the range from 108 to 1010 cm-2. They are pre dom i -
nantly ori ented per pen dic u larly to the sam ple sur face as is
proved by trans mis sion elec tron mi cros copy (TEM) ob ser -
va tions. Three types of dis lo ca tions are gen er ally re ported
in these ma te ri als: a-type edge dis lo ca tions with the Bur -
gers vec tors 

r
be = 1 3 1120/ , c-type screw dis lo ca tions

with  
r
bs = 0001  and mixed (a + c)-type dis lo ca tions with 

r
bm = 1 3 1123/  . The den sity of edge dis lo ca tions, that are

re spon si ble for lat tice twist ing within the plane of the sam -
ple, ex ceeds the den sity of screw and mixed dis lo ca tions
caus ing the lat tice tilt out of the plane of the layer.

The dis lo ca tion den sity can be mea sured di rectly by
TEM, but the ac cu racy is rather poor due to the lim ited area 
cov ered by TEM mi cro graphs. The main sig nif i cance of
this tech nique is the pos si bil ity of de ter min ing the type of
the dis lo ca tions as well as the kind of their ar range ment.
Al ter na tively, X-ray dif frac tion can be used to de tect the
lat tice dis tor tions caused by the pres ence of dis lo ca tions
av er aged over a suf fi ciently large sam ple area. The ef fect
of lat tice dis tor tions on the dif frac tion peak broad en ing is
well known and there is a vast amount of lit er a ture deal ing
with this topic. While the widths of the peaks can be mea -
sured by var i ous X-ray dif frac tion tech niques and eval u -
ated by fit ting to dif fer ent types of model curves, their
in ter pre ta tion in terms of dis lo ca tion den sity is not straight -
for ward. As re gards the mea sur ing tech niques, there is an
im por tant dif fer ence be tween polycrystalline and sin gle
crys tal line (epitaxial) sam ples. While in the for mer case a
large num ber of dif frac tions can be mea sured within one
pow der dif frac tion pat tern re corded e. g. in Bragg-
 Brentano set-up, mea sur ing of (001) ori ented sin gle crys -
tals in sym met ric con fig u ra tion pro vides only dif frac tions 
that are sen si tive to lat tice tilt and can there fore re veal only
the pres ence of screw (even tu ally screw com po nent of
mixed) TDs. The edge dis lo ca tions in flu ence the lat tice
planes perpendicular to the surface and measuring the
corresponding diffractions  requires the grazing incidence
set-up. 

An al ter na tive skew ge om e try en abling to uti lize the
widths of dif frac tions  that are in clined by an an gle  with re -
spect to sur face nor mal was pro posed by Sun et al. [3] and
Lee et al. [4]. Their ap proach is based on the model that
sup poses a mo saic struc ture of epitaxial films hav ing a
large lat tice mis match [5]. The width  of the dif frac tion  is
given as

G G Ghkl
n n n n

hkl
nL K= + +( cos ) ( sin ) ( / ) /0 90 2y y p     (1)

where G0 and G90  are the FWHMs of the dif frac tions  and ,
re spec tively, L  is the lat eral do main size and Khkl is the
mag ni tude of the dif frac tion vec tor. The ex po nent n var ies
be tween 1 (Lorentzian in ten sity pro file) and 2 (Gaussi an
pro file). The third term in (1) cor re sponds to the size broad -
en ing ef fect that in some cases has to be taken into ac count. 

Mea sur ing of at least one sym met ric (at y = 0° ) and one 

skew dif frac tion at y en ables one to ob tain the ex trap o lated 

value of G90  cor re spond ing to twist of the mo saic blocks
due to the pres ence of edge TDs. 

In the vast ma jor ity of anal y ses of the qual ity of
epitaxial lay ers the for mu las orig i nally de rived for
polycrystalline me tal lic sam ples are used for eval u a tion of
the TDs den si ties from the dif frac tion peak widths [6-8].
Two lim it ing cases are dis tin guished: (i) ran dom dis tri bu -

tion of TDs, in which the dis lo ca tion den sity r is re lated to

peak width b as

r
b

p

rand

b
=

2

22 2ln
                (2)

and (ii) cor re lated dis tri bu tion when the dis lo ca tions are lo -
cal ized at the bound aries of mo saic blocks

r
b

p

corr

bL
=

2 2ln
                (3)

where b  is the mag ni tude of Bur gers vec tor and L  is the av -
er age size of the blocks. It is worth not ing that for
polycrystalline sam ples the for mu las (2) and (3) do not pro -
vide the pos si bil ity to dis tin guish be tween screw and edge
dis lo ca tions. In or der to solve this prob lem more so phis ti -
cated ap proaches are re quired [9, 10] that take into con sid -
er ation the mu tual ori en ta tion of the dis lo ca tion line,
pos si ble Bur gers vec tors and dif frac tion vec tors and even -
tu ally the crys tal ani so tropy. These com pli ca tions are con -
sid er ably re duced for epitaxial lay ers, where only one
di rec tion of TDs and, in prin ci ple, only two types of Bur -

gers vec tors have to be con sid ered. Set ting the val ues of  G0
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and  G90 for the peak widths b  in (2) or (3) and us ing the ap -
pro pri ate mag ni tudes of Bur gers vec tors bs and be , one can
eas ily cal cu late the den sity of screw and edge dis lo ca tions.
The re sults ev i dently de pend on the sup posed dis lo ca tion
ar range ment that has to be ver i fied e. g. by TEM ob ser va -
tion along with the es ti ma tion of the pa ram e ter L.

More pre cise ap proach based on the anal y sis of the
shape of the rock ing curves was pro posed by Kaganer and
co-work ers [11, 12]. They fit the mea sured in ten si ties by
the nu mer i cal Fou rier trans for ma tion of the cor re la tion
func tion pro posed by Krivoglaz [9] in the whole range of
rock ing curves in clud ing the peak tails. In ad di tion to dis lo -
ca tion den sity, the model al lows to ex tract also the so called 
cut-off ra dius Rc. This pa ram e ter was in tro duced by
Wilkens [12] in or der to char ac ter ize the cor re la tion of dis -
lo ca tions within the frame work of “re stricted ran dom dis -
tri bu tion” model. Its value gives the size of the do mains
within which the dis lo ca tion dis tri bu tion is ran dom (the
sum of all Bur gers vec tors in the do main is zero). How ever, 
the ap pli ca tion of this model is rather la bo ri ous and not
suit able for ev ery day use by tech nol o gists. For prac ti cal
pur poses ap prox i mate for mu las were de rived on the ba sis
of this model [11] in the forms

r
q

e
B

eM b
=

+

18

28

90
2 2

2 2

G cos

( . ln )
                (4)

for edge dis lo ca tion and

r =s

sM b

36

24

0
2

2 2

G

( . ln )+
                (5)

for screw ones.  qB is the Bragg an gle of the mea sured dif -

frac tion and the dimensionless pa ram e ter M = Rc Öri  de -

pend ing on the cor re spond ing TDs den si ties ri var ies
be tween 1 and 2. Sur pris ingly, com pared to (2), these equa -
tions re sult in four times higher edge dis lo ca tion den sity
and an or der higher screw dis lo ca tion den sity [11].

It is seen that there is a large dis crep ancy be tween dif -
fer ent ap proaches to the eval u a tion of TDs den si ties. While 
the de pend ence r b» 2 2/ b   for ran dom dis tri bu tion is gen -
er ally ac cepted, the nu mer i cal fac tor can con sid er ably

vary, even tu ally de pends on dis lo ca tion den si ties. This
un cer tainty can be par tially ex cluded by com par i son of the
re sults with the TEM ob ser va tion, al though the pre ci sion
of dis lo ca tion den sity mea sure ment by TEM is rather low.

Once the ra tio rXRD/rTEM  is es tab lished for a given type of
epitaxial sys tem (and even tu ally lab o ra tory), the cal i bra -
tion can be used for fur ther XRD anal y ses. This pro ce dure
was ap plied for the eval u a tion of TDs in InN lay ers grown
on GaN [13]. The den si ties of both screw and edge TDs
were cal cu lated ac cord ing to

r
b

=
2

2188. b
                (6)

where 1.88 is the cal i bra tion con stant ob tained from the
com par i son with TEM. 

In this con tri bu tion the TDs den sity was eval u ated in
both lay ers of InN/GaN/sap phire(0001) sam ple. The InN

and GaN lay ers were 0.5 mm and 0.3 mm thick, re spec -
tively. The de tails of the growth pro ce dure are de scribed
else where [14]. High res o lu tion X-ray dif frac tion anal y sis
was car ried out us ing Bruker D8 DISCOVER diffracto -
meter equipped with X-ray tube with ro tat ing Cu an ode op -
er at ing at 12 kW. The mea sure ments were per formed with
par a bolic Goebel mir ror and four-bounce Ge 022 Bartels
mono chro ma tor in the pri mary beam. All dif frac tion
curves were re corded in an open de tec tor mode. The InN
layer on GaN was fully re laxed as con firmed by mea sur ing
of one asym met ric 1124 dif frac tion. The den sity of dis lo ca -
tions with screw and edge com po nents in both InN and
GaN lay ers was eval u ated from the X-ray rock ing curves.
FWHMs of two sym met ric dif frac tion – 0002, 0004  and
three skew ones – 10 1 2 1122 10 1 1, ,   were de ter mined.
Four of them are shown for InN layer in Fig. 1. Com par i son 
of the peak widths of the same dif frac tions for InN and
GaN are shown in Fig. 2. It is seen that for InN layer the
peak broad en ing sys tem at i cally in creases with the tilt ing

an gle y in di cat ing that the den sity of edge TDs ex ceeds the
den sity of screw ones. On the con trary, the peak widths
prac ti cally do not change for GaN layer.

The TDs den si ties rs and re  were cal cu lated ac cord ing

to (6), where the FWHMs of rock ing curves G0 and G90  at

the in cli na tion an gle y = 0°  and at the ex trap o lated value y

Fig ure 2. Nor mal ized X-ray rock ing curves of se lected dif frac -
tions of InN.

Fig ure 3. De pend ence of FWHMs of rock ing curves on the tilt -
ing an gle .
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= 90°  were set for the pa ram e ter b . Gaussi an type of rock -
ing curves was sup posed, hence the ex po nent n = 2 was

used in (1) for cal cu la tion of G90. The size ef fect (third term
in (1)) was ne glected in the cal cu la tion. The val ues of the
tilt ing an gle  for skew dif frac tions were cal cu lated from the 
lat tice pa ram e ters of InN (PDF 00-050-1239) and GaN
(PDF 00-050-0792). The mag ni tudes of Bur gers vec tors bs

and  be are equal to the lat tice pa ram e ters c and a, re spec -
tively,  for both hex ag o nal ma te ri als. 

The ob tained TDs den si ties are 
r rs

InN
e
InN= ´ = ´- -72 10 56 108 2 10 2. , . ,cm cm

r rs
GaN

e
GaN= ´ = ´- -54 10 19 108 2 9 2. .cm and cm . 

For both lay ers the same value 1.88 of the cal i bra tion
con stant was used in (6). Gen er ally, one should be cau tious
with the choice of cal i bra tion pro posed by dif fer ent au -

thors. The ra tio  rXRD/rTEM   may vary sig nif i cantly from
0.1 to 7 as sum ma rized in [4]. But in spite of this un cer -
tainty, the in crease of the den sity of edge TDs in the InN
layer in com par i son to GaN is ev i dent. While the den sity of 
screw dis lo ca tions is prac ti cally the same, new edge TDs
are gen er ated dur ing the growth of InN layer and their den -
sity ex ceeds the den sity of edge TDs “com ing” from GaN
layer by more than one or der of mag ni tude. This is prob a -
bly caused by large mis match be tween the GaN and InN
lat tices that is ~ 10% for fully re laxed InN layer.

The an a lyzed sam ples were rather thick and the cor re -
spond ing dif frac tions of InN and GaN were well sep a rated
even in the skew ge om e try used in the ex per i ment. This is
due to the large dif fer ence be tween the lat tice pa ram e ters
of these ma te ri als. How ever, one can en coun ter some dif fi -
cul ties when at tempt ing to mea sure the TDs den si ties in
mul ti lay ered ter nary com pounds hav ing sim i lar lat tice pa -
ram e ters. The use of analyser crys tal in stead of open de tec -
tor sys tem can im prove the res o lu tion, how ever, this
mod i fi ca tion can se ri ously de crease the in ten sity. This is
par tic u larly im por tant if the mea sure ment should be per -
formed on sam ples with the layer thick nesses in the range
of tens of nanometers. These val ues are typ i cal for
up-to-date tech nol o gies. As re gards the cal cu lated TDs
den si ties, one should rec on cile one self to the fact that the
pre ci sion of den sity eval u a tion is se ri ously lim ited. This is
not caused by the pos si ble er ror of mea sure ment but is

rather a con se quence of the fact that each model intended to 
describe the dislocation distribution is too far from reality. 
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Wide band gap semi con duc tors are widely used for blue
LEDs in a mod ern light pro duc tion. They are also of grow -
ing in ter est for high volt age power ap pli ca tions where high
charge car rier mo bil ity and elec tric field strength al lows
better high fre quency per for mance of elec tronic de vices
than stan dard sil i con tech nol ogy. LED tech nol ogy of ten

use sap phire (0001) sub strates. Our goal is to de velop GaN
growth tech nol ogy us ing cheaper and eas ier avail able sil i -
con (111) sub strates.

As a part of those stud ies we have grown se ries of sam -
ples (Al,Ga)N/AlN ter nary al loy lay ers on sil i con (111)
sub strate within a full con cen tra tion range, i.e from pure



AlN to GaN. Such se ries al lowed a sys tem atic study of the
con cen tra tion de pend ence of the wurt zite lat tice pa ram e -
ters, band gap, and phonon frequencies.

The mea sure ment were per formed in a cou ple of dif -
frac tions, typ i cally 0004 and 1124 as a sym met ric and
asym met ric dif frac tion. A rep re sen ta tive re cip ro cal space
map in the vi cin ity of  1124 re cip ro cal lat tice point is
plotted in figure 1.

The con cen tra tion de pend ence of the lat tice pa ram e ter
was de ter mined as sum ing lin ear Vegard’s law in both a
and c hex ag o nal lat tice pa ram e ters [1].

a x x x nm( ) . ( ) . [ ]= - +031862 1 031106              (1)
c x x x nm( ) . ( ) . [ ]= - +051855 1 04979              (2)

We have tested the lin ear de pend ence of the (Al,Ga)N
al loy us ing en ergy dispersive X- ray spec tros copy (EDXS)
in scan ning elec tron mi cro scope with elec tron beam volt -
age of 4 keV, which does not pen e trate be low the (Al,Ga)N 

layer. The re sults are are shown in fig ure 2 and shows a
good agree ment within pre ci sion of 0.015 in chem i cal
composition.

The x-ray dif frac tion al lows us to de cou ple chem i cal
com po si tion with a rea son able pre ci sion of 0.01 and strain
of all the lay ers in the struc ture. There fore, X-ray dif frac -
tion was used as a pri mary ref er ence method to de ter mine
(Al,Ga)N al loy com po si tion. The lay ers were stud ied also
us ing a cou ple of op ti cal spec tro scopic meth ods, es pe cially 
VIS-UV reflectometry and Raman scat ter ing. The ad van -
tage of the op ti cal meth ods is speed and pos si bil ity of wa fer 
map ping. On the other hand those meth ods lacked proper
cal i bra tion and the con cen tra tion in for ma tion is also af -
fected by a strain. The cal i bra tion curves of optical band
gap and Raman phonon frequencies are reported [2].

1. H. Jiang, G. Y. Zhao, H. Ishikawa, T. Egawa, T. Jimbo, M. 
Umeno, Jour nal of Ap plied Phys ics 89, 1046 (2001).

2. C. Wang, O. Caha , F. Münz, P. Kostelník, T. Novák, J.
Humlíèek, Appl. Surf. Sci., in press.
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 Fig ure 1. Rep re sen ta tive re cip ro cal space map in the vi cin ity of 1124 re cip ro cal lat tice point. The line rep re sents po si -
tion of an un strained (Al,Ga)N al loy peaks with em pha sized points cor re spond ing pure AlN and GaN.

Fig ure 2. Chemica com po si tion of (Al,Ga)N al loy de ter mined us ing EDS plot ted with re spect to the chem i cal com po si tion de ter mined
us ing Vegard’s law from XRD data.
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Whereas NiMnGa fer ro mag netic shape mem ory al loys be -
came an icon of the field in the last two de cades, FeMnGa
al loys are still wait ing for ex plo ra tion. There are sev eral
ex pec ta tions. Heusler type al loy Fe2MnGa is one of the few 
com pounds ex hib it ing fer ro mag netic shape mem ory ef fect, 
i.e. re vers ible martensitic and fer ro mag netic trans for ma -
tion in re sponse to the mag netic field (be yond con ven tional 
re sponse to tem per a ture or me chan i cal stress) [1-2].
Multiferroic be hav ior in this sys tem is con nected with in -
ter est ing mag neto-trans port and mag neto-op tic prop er ties
[3-4]. Since cou ple of pre sen ta tion is ded i cated to NiMnGa 
sys tem - even from the same site, let switch our at ten tion in
this ar ti cle to “poor rel a tive” FeMnGa. It is known that the
mag netic mo ment strongly de pends on Fe con tent or
Fe/Mn ra tio, and the or der ing var ies from fer ro mag netic to
antiferromagnetic or para mag netic.

To open an in ves ti ga tion of this sys tem in our lab o ra -
tory, we pre pared a wide set of sam ples cov er ing a wide
sur round ings of the stoichiometric Heusler al loy
(Fe2MnGa).  All sam ples were metallographically pre pared 
and con ven tion ally stud ied us ing LOM, SEM and its hy -
phen ated an a lyt i cal tech niques en ergy-dispersive X-ray
spec trom e try (EDS) and elec tron back scat ter dif frac tion
(EBSD).  The crys tal lo graphic struc tures were ana lysed by
X-ray dif frac tion (XRD) to ob tain in for ma tion on the struc -
tures pres ent in the sam ples, be cause there are doubts about 
the high-tem per a ture phase struc ture, i.e., whether it is D03

[3] or L12 [5], see Fig. 1.
The struc tural stud ies were found to be com pli cated as

proper lat tice pa ram e ters are not known and good
polycrystals are not yet avail able. Thus only the rough es ti -
mate of the pre sented phases will be pre sented. Pe cu liar i -
ties of struc ture and microstructure found dur ing
in ves ti ga tion will be pre sented in the lec ture, e.g. as in 
Fe40Mn25Ga35 al loy in  Fig. 2,  where tetragonal L10 a cu bic
D03 structures are presented.

Apart from struc tural in ves ti ga tion, the func tional
prop er ties of the sam ples were mea sured: mag netic prop er -
ties by vi bra tion mag ne tom e ter, and mag neto-op tic prop er -
ties by ellipsometry. Sat u rated mag ne ti za tion sharply
grows, when iron con tent over comes approx. 30 at. %, and
nearly im me di ately drops above 50 at. % of iron in al loys
with 25 at.% man ga nese con tent. We can spec u late about
tran si tion from fer ro mag netic to antiferromagnetic state in
these sam ples. The in ves ti gated FeMnGa sam ples ex hibit
mag neto-op ti cal spec tra sim i lar to those of pure Fe or some 
Fe com pounds, sug gest ing higher con tri bu tion of free elec -
trons to their mag neto-op ti cal prop er ties com pared to
NiMnGa. The am pli tude of Kerr ef fect scales with com po -
si tion sim i larly as the sat u ra tion mag ne ti za tion. At room
tem per a ture the am pli tude of mag neto-op ti cal ef fect of fer -
ro mag netic al loys was ap prox i mately five times higher
than for off-stoichiometric Ni-Mn-Ga al low ing ob ser va -
tion of mag netic do mains by Kerr ef fect. The strik ing dif -
fer ence be tween mag neto-op ti cal spec tra of Fe-Mn-Ga and 
Ni-Mn-Ga sug gest that the mechanism of martensitic
transformation might be different in these systems [6]
despite the same Heusler type. 

This work was sup ported in part by the MEYS CR FUNBIO 
CZ.2.16/3.1.00/21568 (SEM pur chase), LO1409 and
LM2015088 pro jects (SEM main te nance) and CSF pro ject
14-36566G (AdMat).
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Fig ure 1. Struc tures in the sys tem Fe – Mn – Ga. Fe - yel low (light), Mn, Ga - red (dark).
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Well known Ti-Al-N hard coat ings com mer cially used for
abra sive wear pro tec tion in ma chine in dus try ex ploit com -
bi na tion of ex treme hard ness with good ox i da tion re sis -
tance. But in her ent  brit tle ness lim its their ap pli ca tions. In
gen eral, hard coat ings have to show high tough ness, elas -
tic ity and good ad he sion to sub strate, while keep ing hard -
ness and ther mal sta bil ity at rea son able lev els. En hance-
ment of tough ness in terms of duc til ity in crease was pre -
dicted for TiAlN (cu bic B1) al loyed with tran si tion metal,
with best re sults for Ta, Mo and W [1]. Com pel ling im -
prove ments were pre dicted by nu mer i cal sim u la tions and
some ex per i ments by means of low tan ta lum  al loy ing  (y <
0.1)  of Ti1-x-yAlxTayN coat ing ma te rial [2,3]. Hard ness in -
creased up to 40 GPa and spinodal de com po si tion pro cess
shifted from 900 °C to 1200 °C. 

Here, we in ves ti gated this ma te rial with even higher Ta
con tent y. Our aim was the de tailed X-ray dif frac tion struc -
tural anal y sis of  Ti1-x-yAlxTayN (TATN) coat ings as-de pos -
ited on monocrystalline Si (001), Al2O3 (0001) and on
polycrystalline tung sten car bide sub strates with y = 0 - 0.6.
De po si tion was per formed us ing re ac tive un bal anced DC

mag ne tron co-sput ter ing from TiAl and Ta tilted tar gets in
a flow ing Ar + N2 mix ture at mo sphere at 0.5 Pa. Sam ples
were mounted on the heated holder at dif fer ent po si tions
with re spect to the tar gets, yield ing dif fer ent Ta con tent in
TATN thin films. The chem i cal el e men tal com po si tion de -
ter mined by en ergy dispersive spec tros copy showed
monotonic in crease of Ta content with the decrease of
(sample, Ta-target) distance.

The XRD anal y sis in volved microstructure de ter mi na -
tion, tex ture spec i fi ca tion by pole fig ures mea sure ment and 

re sid ual stress anal y sis us ing sin2y method. Fig ures 1a and

1b show mea sure ments of area maps with com bined 2q/q

-scans at vary ing y  tilt po si tions of sam ple with out Ta
(TiAlN) and sam ple with higher Ta con tent (y = 0.46), re -
spec tively. These pat terns show very clearly pres ence of
var i ous struc tural ef fects to gether. With in creas ing tan ta -
lum con tent, the phase re mains cu bic NaCl type, the lat tice
pa ram e ter in creases and co her ent do main size de creases.
Re gard less of sub strate type in all coat ings the tex ture
evolves from 111 (for y = 0) to 001 ori en ta tion with in -
creas ing y. Po lar fig ures in 111 re flec tion show pres ence of
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a)

b)

c)

d)

Fig ure 2. Fe40Mn25Ga35 al loy; a) op ti cal mi cros copy; EBSD ori en ta tion map,
vis i ble are cu bic L12 grain, whereas tetragonal L10 grains are black as eval u a -
tion qual ity was poor due to the mis fit in c/a ra tio; c) scale ori en ta tion in EBSD
map; d) sum ma rized dif frac tion pat tern from large grain ma te rial. The sum ma -
tion over ro tated and in clined sam ple was ap plied, but it was found in suf fi cient 
for find ing proper tetragonal lat tice pa ram e ters.


