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Vazeny a mily ¢tenaii.

V rukou drzi§ sbornik studentskych piispévkia Sesté Studentské
védecké konference fyziky pevnych latek (SVK FPL 6) kazdo-
rocné poradané Katedrou inzenyrstvi pevnych latek Fakulty jaderné
a fyzikalné inzenyrské Ceského vysokého uceni technického v Praze s
podporou Studentského grantového systému.

Sestym roénikem konference jsme zah4jili druhou ,,pétiletku, piicemz
jiz. poctvrté doslo ke zméné mista konani: letosnim udtocistém SVK
FPL byl penzion Zahradka v obci Sedlisté, vzdaleny ca 5 km od
Nepomuku. (Pro pouceni mladsich a osvézeni paméti starsich si do-
voluji uvést predchozi mista: Tetfevi boudy, Dvorska bouda, pen-
zion Kaminek.) Po lonském zafijovém ro¢niku jsme se opét vratili
k osvédéenému terminu na pirelomu cervna a Cervence.

Na letosni SVK FPL 6 bylo presentovédno celkem 31 pifspévku (19
studentskych, 12 lektorskych). Kromé toho probéhl i krétky workshop
vénovany tvodu do texturniho SW MTEX moderovany Bc. Martinem
Dudrem. Piispévky pokryly pestré spektrum ndmétu zahrnujicich fy-
ziku biomateralu, polymeru, termoelektrik, kovovych slitin a funkénich
materidlu a dale rozmanité metody experimentalni a teoretické cha-
rakterizace jejich krystalové struktury, mechanickych, optickych, elek-
trickych a magnetickych vlastnosti. Formalni i vécné stranka pfednese-
nych piispévku byla na vysoké trovni, ktera je jiz pro nasi SVK tradici.
Toto konstatovani je zvlasté cenné ve vztahu k piispévkim studenti
nizsich roénika, ktefi na SVK FPL nacerpdvaji cenné zkuSenosti z
piikladu svych starsich kolegu i diskuzi, které presentace doprovazeji.
Plné texty nejlepsich vybranych piispévki SVK FPL 6 budou publi-
kovany v recenzovaném casopise Acta Polytechnica CTU Proceedings.

Zvolené misto konani konference téz umoznilo realizovat vyznamnou
vzpominkovou akci. Méstecko Nepomuk v Plzenském kraji je nejen
rodistém sv. Jana Nepomuckého, ale téZz mistem posledniho odpocinku
profesorky Adély Kochanovské, vyznamné osobnosti v historii ¢eské
védy i nasi katedry (v cele katedry stdla v letech 1968-1973) a prvé
zeny, kters dosahla profesorského titulu na CVUT v Praze. V ramci
volného stiedeéniho puldne podnikli i¢astnici konference pout k hrobu
pani profesorky a uctili jeji paméatku polozenim kvétu a minutou ticha.

Jako kazdoroéné konéim své uvodni slovo podékovanim a pozvé-
nim. Dékuji vSem ¢lentim organizac¢niho vyboru: Katce Dragounové,
Jarce Fojtikové, Honzovi Aubrechtovi, Martinu Drabovi a Tomé&si
Koubskému za perfektni zabezpeceni prubéhu konference, vsem tcast-
nikum z fad lektort i studentil za ¢as, ktery vénovali pripravé svych
zajimavych a inspirujicich pfispévku a dovoluji si v8echny srdeéné po-
zvat na SVK FPL 7 v roce 2017! ©®

Za kolektiv organizdtoru

Ladislav Kalvoda, vedouci KIPL FJFI CVUT v Praze






Optimalizace parametri zpracovani difrakénich dat oxidazy
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Abstrakt

Microdochium nivale je plisen napadajici travniky. Jeji karbohydrétova oxiddza ma
uplatnéni v riznych primyslovych odvétvich. Krystaly tohoto enzymu byly podrobeny
difrakénimu experimentu na synchrotronu Petra III. Naméfené snimky obsahovaly
rozstépené reflexe. Bylo pozorovano radiac¢ni poskozeni krystalu. Optimalni zpracovani
dat bylo provedeno pomoci softwaru XDS pii rozliseni 2,0 A.

Klicéova slova: Rentgenova strukturni analyza; Difrakce; Radiaéni poskozeni.

Uvod

Karbohydratové oxidézy jsou skupina enzymu katalyzujicich oxidaci primarnich ¢i se-
kundarnich alkoholt za soucasné redukce molekularniho kysliku na peroxid vodiku. Jedna
se o flavoenzymy nebo metaloenzymy. Tyto enzymy maji velky potencial pro vyuziti v
biotechnologiich. Jejich navrhované nebo jiz uskuteénéné aplikace jsou naptiklad vyroba
aditiv pro potravinaisky a papirensky prumysl, konstrukce biosenzoru na krevni cukr a
biosyntéza funkénich chirdlnich molekul ve farmakologii [1].

Oxidaza z Microdochium nivale (MnCO) je glykosylovany flavoenzym tvofeny fetézcem
473 aminokyselin s celkovou relativni molekulovou hmotnosti okolo 60 kDa s izoelek-
trickym bodem 9,0. Jeji nejvice preferované substraty jsou disacharidy, napt. celobidza
a laktéza. Prostetickd skupina flavinadenindinukleotid (FAD) je navizédna dvéma kova-
lentnimi vazbami na reziduich His70 a Cys132. Databédze proteinovych struktur PDB [2]
obsahuje strukturu MnCO (PDB kéd 3RJ8) a strukturu komplexu MnCO s inhibitorem
ABL (PDB kéd 3RJA) [3]. Pro plné pochopeni funkce tohoto enzymu jsou vsak potiebnd
dalsi data odhalujici mechanismus vazby ligandu do aktivniho mista enzymu.

Experiment

MnCO byla krystalizovdna metodou visici kapky. Protein o koncentraci 20 mg/ml
byl rozpustén v pufru obsahujicim 10 mM Tris-HCI, pH 7,5. Krystaliza¢ni kapky vznikly
smichanim 1 ul proteinu a 1 ul rezervodaru o celkovém objemu 1 ml o slozeni 0,01 M ZnSOy,
12 % (v/v) PEG550 MME, 0,1 M MES pH 6,5. Krystaliza¢ni desticky byly uchovavény pii
teploté 298 K. Pfed méfenim byly krystaly namoceny do roztoku rezervoaru s pfidanym li-
gandem a poté rychle zmrazeny v kapalném dusiku. Krystaly byly exponovany na synchro-
tronu Petra ITI v Hamburku (méfici stanovisté P 13) zafenim o vinové délce A = 0,9201 A.
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Obrazek 1: Difrakéni snimek krystalu MnCO poiizeny na synchrotronu Petra ITI (méfici
stanovisté P13) v Hamburku. Snimek zobrazen pomoci programu iMOSFLM [4].

Obrazek 2: Vlevo je ukazana rozstépend rada reflexi na snimku 3 prolozena pifimkou. Vpravo je
znazornéno oznaceni reflexi programem iMOSFLM [4] (Cerveny kiiz znaéi silné pozorované reflexe
pouzité pro indexaci, zluty kiiz znaci slabé pozorované reflexe nepouzité pro indexaci a ctverce
znézornuji predpoklddanou polohu dalsich reflexi).

Vzdalenost vzorku od detektoru byla 419,67 mm. Bylo naméfeno 2 000 snimku rota¢ni me-
todou, kazdy pii rotaci o ihel A¢ = 0,1°, celkem tedy byla provedena rotace o thel 200°.
Jeden z difrakénich snimki je pro ilustraci pfelozen na obrézku 1.

Reflexe byly pii vizudlni inspekei spatfeny pii rozliseni 2,25 A. Na snimcich byly pozo-
rovany fady rozstépenych reflexi, viz obr. 2. Vzorek je tedy tvoien dvéma krystaly, které
pravdépodobné vznikly nastépenim jednoho.

Vysledky a diskuze

Difrakéni data byla zpracovdna pomoci programu XDS [5]. Prostorova grupa krystalu
byla ve shodé s predchozimi strukturami stanovena jako C' 1 2 1 [3]. V prub¢hu méfeni
dochéazelo k radia¢nimu poskozeni krystalu a data z konce méreni jsou zatiZzena znatelnou
chybou. Pro vysledné zpracovani bylo vybrano pouze prvnich 1550 snimku. Vysledné
rozliseni difrakénich dat je 2,0 A. Souhrn charakteristik zpracovéni difrakénich dat je
uveden v Tabulce 1.



Tabulka 1: Statistické vysledky zpracovéni difrakénich snimku pomoci XDS. Hodnoty v
zavorkach odpovidaji hodnotam ve slupce s nejvyssim rozlisenim.

Pouzité snimky 1-1550
Difrakenf limit [A] 50,00-2,00 (2,12-2,00)
Prostorova grupa c121

a = 132,77

b= 56,99
Parametry elem. buiiky [A] c = 86,88

a =~ = 90,00°

8 = 95.,66°
Pocet reflexi 118941 (17525)
Pocet nezédvislych reflex{ 42072 (6477)
Kompletnost [%] 95 (91)
Redundance 2,8 (2,7)
Mozaicita [°] 0,3
CCls 0,995 (0,571)
Rinens 0,113 (0,898)
Rimerge 0,093 (0,738)
Wilsontiv B-faktor [A?] 36
/o 9,0 (2,0)

Analyza expozice dat

Difrakéni data byla podrobena analyze distribuce intenzit pomoci skriptu I7s.py [6].
Tento nastroj pouziva software XDS a umoziiuje odhadnout optiméalnost zvolené expo-
zice vzhledem k dosazitelnym hodnotdm I/o. Pieexponovand data se vyznacuji velkym
mnozstvim intenzivnich reflexi s hodnotou I/o velice blizké limitni hodnoté I.Sa. Naopak
u podexponovanych dat se hodnoty I/o intenzivnich reflexi k I.Sa neblizi.
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Obrézek 3: Graf zavislosti poméru difrakén{ intenzity k chybé méfeni /o na intenzité I. Limitn{
hodnota ISa je zndzornéna modfe.



Reflexe s vysokymi intenzitami tohoto méfeni se hodnotami I/o ve spousté piipadu
blizi limitni hodnoté I.Sa. Krystal tedy nebyl pii méfeni podexponovan. Takovych reflexi
v8ak neni vyrazné dominantni mnozstvi, takze krystal nebyl pii méreni ani preexponovan.
To znaci, ze ¢as expozice byl nastaven optimélné. Delsi expozice by nevedla k vysSsim
hodnotam I /o a navic by se stéle vice projevovalo nezddouci radia¢ni poskozeni krystalu.
Graf zavislosti pomeéru difrakéni intenzity k chybé méteni I/o na intenzité I pro zde
zpracovavana data je uveden na Obrazku 3.

XSCALE - interpolace dat

Jelikoz dochédzelo k radiaénimu poskozeni krystalu v prubéhu méfeni, byla uc¢inéna
korekce dat vzhledem k tomuto vlivu. Pomoci programu XSCALE [5] byla provedena
interpolace dat k hypotetické nulové absorbované davce zafeni pfi doporu¢eném snimku
350 [7]. Vylepseni indikdtoru kvality dat pomoci této interpolace je uvedeno v Tabulce 2.

Tabulka 2: Porovnéni statistik indikatoru kvality optimalizovaného zpracovani dat provedeného
programem XDS a jeho dodate¢né interpolace pomoci programu XSCALE. Pouzity difrakéni
limit je 50-2 A. Hodnoty v zavorkéch odpovidaji hodnotdm ve slupce s nejvyssim rozlisenim

(2,12-2,00 A).
Software XDS XDS & XSCALE
CCy)y 0,995 (0,571) 0,996 (0,613)
Rineas 0,113 (0,898) 0,099 (0,847)
Rinerge 0,093 (0,738) 0,082 (0,697)
I/o 9,0 (2,0) 11,3 (2,4)

Tabulka 3: Porovnéni statistik indikatoru kvality optimalizovaného zpracovani dat provedeného
programem XDS a jeho dodate¢né interpolace pomoci programu XSCALE. Pouzity difrakéni
limit je 50-2 A. Hodnoty v zavorkéch odpovidaji hodnotdm ve slupce s nejvyssim rozlisenim

(2,12-2,00 A).
Software XDS XDS & XSCALE
CCl /o 0,995 (0,571) 0,996 (0,613)
Rimeas 0,113 (0,898) 0,099 (0,847)
Runerge 0,093 (0,738) 0,082 (0,697)
I/o 9,0 (2,0 11,3 (2,4)

Zaveér

Difrakéni data karbohydratové oxidazy z Microdochium nivale s ligandem byla naméfena
a zpracovana s rozlisenim 2 A. Béhem méfeni dochézelo k radia¢nimu poskozeni krystalu.
Korekce dat pro zohlednéni tohoto vlivu byla provedena metodou interpolace na nulovou
davku. Zpétna analyza distribuce intenzit mérenych reflexi ukazala, ze radiaéni poskozeni
neslo pred experimentem relevantné odhadnout. Zpracovana data budou pouzita pro feseni
struktury oxidédzy a vyhodnoceni interakce enzymu s ligandem.
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Analyza vlivu expozice na difrakéni data a model struktury
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Abstrakt

Expoziéni ¢as je dulezitym parametrem pro uspésné feSeni, upiesnéni a analyzu
struktur bilkovin. Vysoka expozice zpusobuje radia¢ni poskozeni, nizka pak snizuje
rozliseni difrakénich dat, rozmyva detaily v mapach elektronové hustoty a v nékterych
piipadech muze tplné znemoznit feseni fazového problému experimentalnimi meto-
dami. V pfispévku z minulého roku bylo ukazano, ze graf zavislosti poméru intenzity
a chyby méfeni intenzity na intenzité muze byt pomocnym ndstrojem pii urcovani
spravné expozice jiz pred sbérem kompletnich difrakénich dat. V této piipadové stu-
dii je ukdzan vliv ruznych expozi¢nich ¢ast na difrakéni data a kvalitu krystalové
struktury bilkoviny.

Kliéova slova: Proteinova krystalografie; Expozice; Radia¢ni poskozeni; Zpracovani dat.

Uvod

Expozice je dulezity parametr difrakéniho experimentu a muZze rozhodovat o tspésnosti
¢i neuspésnosti teSeni struktury z nameérenych dat. Nové detektory zafeni vSak ztézuji
odhad optimalni expozice na zdkladé vizudlni inspekce snimki. Pomocnym néstrojem
pro odhad expozice muze byt graf zavislosti I/o(I) na I [1] a byl proto vyvinuty skript
pro rychlé vykresleni tohoto grafu [2]. Spravnost expozice lze pak odhadovat na zékladée
rozlozeni hodnot I/o(I) silnych reflexi vzhledem k limitn{ hodnoté ISa [3]. Graf lze vy-
kreslit jiz pro nékolik mélo snimki, které je zapotiebi nasbirat pro urceni strategie méfent,
a odhad expozice tak lze uéinit pred méfenim kompletni sady difrakénich snimki. Pro po-
rozumeéni vlivu ruznych expozic na difrakéni data a vysledny model struktury proteinu
byla naméfena data s ruznou expozici. Dédle byla naméfena data pro analyzu vlivu os-
cila¢niho thlu na graf zavislosti I/o(I) na I. Vliv tohoto parametru na difrakéni data byl
analyzovan diive [4].

Metody

Krystalizace

Protein (lysozym) v préasku byl rozpustén v demineralizované vodé na koncentraci 100 mg/ml.
Krystalizaéni experiment byl ptipraven krystalizaénim robotem Gryphon (Art Robbins Is-
truments) do 96 jamkovych desek v uspofadani sedici kapky. Pro krystalizaci byla pouzita
sada podminek Morpheus (Molecular Dimensions). Objem rezervoaru byl 70 ul, kapky byly
slozeny ze smési roztoku proteinu a krystaliza¢niho roztoku v pomérech 2:1, 1:1 a 1:2 pfi
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Obrazek 1: Grafy zdvislosti I/o(I) na I pro vybrané diléi méfeni. V prvnim fadku data pro
prvnich 10 snimku (7°), v druhém fddku pro kompletn{ sadu difrakénich dat dilétho méteni.
Modrou lini{ je vyznac¢ena hodnota ISa, limitni hodnota I/o(I) pro velké hodnoty I [3].

findlnim objemu kapek 0,3 ul. Deska byla nasledné ulozena do krystalizaéniho hotelu RI-
1000 (Formulatrix), kde probihalo automatické snimkovani. Krystal pouzity pro difrakéni
experiment vyrostl v podmince 0,2 M mravencanu sodného, 0,2 M octanu amonného, 0,2 M
citronanu sodného, 0,2 M vinnanu sodno-draselného, 0,2 M stavelanu sodného, 1 M smési
pufru Tris a BICINE pii pH 8,5, 40% (v/v) 1,2-ethandiol a 20% (w/v) PEG 8000.

Difrakéni experiment

Difrakéni data byla méfena na difraktometru D8 Venture (Bruker) se étyrkruhovym goni-
ometrem, zdrojem zéreni MetalJet (Excillum) a detektorem Photon 2 (Bruker). Data byla
méfena pii teploté 100 K. Pro sbér kompletnich dat byla zapotiebi 4 méfeni s riznym na-
stavenim goniometru a rotacni osou w, celkem 739° pii oscilaci 0,7° na snimek v bezzavérkovém
rezimu. Kompletni data byla naméfena pro expozi¢ni ¢asy 1s, 10s, 50s a 100s. Na jiném
krystalu byla naméfena data s rotacni osou ¢ s oscila¢nimi uhly na jeden snimek 0,1°,
0,25°, 0,5°, 0,75° a 1,0° pii konstantni expozici 10s na 1° rotace.

Zpracovani difrakénich dat a feSeni struktury

Difrakéni data byla zpracovédna programem XDS [5] prostfednictvim néstroje zdskappa.
Jednotlivé sady difrakénich dat byly seskdlovany dohromady programem XSCALE [5].
Byla zvolena prostorova grupa P432:2 s mfizkovymi parametry a = b = 77,0 A, c =
38,3 A. Fazovy problém byl vyfesen metodou SAD programy SHELX C/D/FE [6] na sadé
dat, kterd vznikla spojenim vSech namérenych snimkt. Ruéni stavéni modelu molekuly
v programu COOT [7] a upfesnovani v reciprokém prostoru programem REFMACS [8]
bylo provedeno oproti datim naméfenych pii expozici 50s. Na findlnim modelu pak bylo
provedeno upiesnéni v programu REFMACS oproti datim naméfenych s expozicemi 1s,
10s a 100 s. Pfi finalnim kroku upfesnovani v reciprokém prostoru byly pouzity anisotropni
B-faktory.
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Obrazek 2: Grafy zévislosti I/o(I) na I pro ruzné oscilaéni dhly jednoho snimku (A¢) pii stejné
expozici na 1° méfeni. Grafy jsou vykresleny pro kompletni diléi méfeni. Modrou linif je
vyzna¢ena hodnota I.Sa, limitni hodnota I /o (I) pro velké hodnoty I [3].

Vysledky a diskuze

Grafy zavislosti I /o(I) na I

Pro vsechny zmérené diléi sady difrakénich dat byly vykresleny grafy zavislosti I/o(I)
na I. Pro kompletni data (spojend ze 4 dilé¢ich méfeni) neni mozné graf vykreslit, protoze
chybovy model a vypocet o(I) je provadén pii zpracovani diléich méfeni. Pro vybranou
geometrii (tzn. méfeni se stejnym nastavenim goniometru, ale ruzné expozice) jsou grafy
zobrazeny na Obrazku 1, spoleéné s grafy vytvorenymi pro data z prvnich 10 snimku
(7° rotace podle w). V grafech pro expozici 1s se téméf zadné reflexe neptiblizuji limitni
hodnoté ISa, pro expozici 10s uz se nékteré reflexe této limité blizi. Pro hodnoty 50s
a 100s je pobliz limitni hodnoty jiz velké mnozstvi reflexi, se zvySujici se expozici pak
pribyva reflexi, které i pies zvysujici se intenzitu I nezvysuji I/o(I) a tedy nepfinasi nové
informace. P#i porovnani grafu pro prvnich 10 snimku a pro celé diléi méfeni se ukazuje,
ze celkovy charakter grafu se zachovava.

Pro rizné volby oscilaéniho hlu pfi zachovavajici se expozici na 1° se graf zavislosti
I/o(I) na I neméni (Obrazek 2).

Statistiky difrakénich dat a parametry struktury.

Kritériem pro stanoveni difrakéniho limitu dat pouzitych pro skalovani byl korelaéni faktor
mezi polovicnimi sadami (CC} ;) v nejvyssi slupce dosahujici hodnoty alespon 0,6. Sta-
tistiky jsou uvedeny v Tabulce 1, zavislost vybranych statistik na rozliSeni je vynesena do
Obrazku 3. Statistiky difrakénich dat se zlepsuji se zvysujici se expozici, mezi statistikami
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Obrazek 3: Zavislost statistik na rozliSeni po prumeérovani difrak¢nich dat. A - korelace
polovicnich sad (CC/2), B - Ruerge, C - I/o(I) a D - I/o(I) rozdili Friedlovych part (anomalni
signdl). Cérkované je vyznacen limit obvykle uznavany jako parametr divéryhodnych dat.

pro méreni pii expozicich 50s a 100s vsak jiz nejsou zddné vyznamné rozdily; vyjimkou
jsou hodnoty I/o(I), které se v nizkych rozlisenich pii zvySovéani expozice nad 10 s snizuji.
Podobnou zévislost 1ze pozorovat i pro I/o(I) anomélnich rozdilu.

Pro smysluplnéjsi porovnani shody modelu struktury s difrakénimi daty byly po findlnim
upfesnéni vypocteny strukturni statistiky (R-faktory, odchylky od geometrie, sttedni B-
faktor) i pro rozliseni 1,5 A, tedy na stejnych sadach reflexi. Velky rozdil mezi R a Rifee
pro expozici 1s ukazuje, ze na téchto datech jiz neni vhodné pouzivat upfesnovani anisot-
ropnich B-faktort. Rozdily v R-faktorech a odchylkich od geometrie jsou mezi méfrenimi
pii 10, 50 s a 100 s minimalni a mohou byt zptisobeny riznym nastavenim véhy difrakénich
dat pfi upfesnovani. Rozdily mezi 50s a 100 s (napt. zvysujici se B-faktor) mohou byt také
zpusobeny radia¢nim poskozenim, jelikoz méfeni s expozici 100 s probihalo jako posledni.

Zavér
Graf zéavislosti I/o(I) na I se ukazuje byt vhodnym pomocnikem pii odhadu expozi¢ni
doby pro méfreni difrakénich dat, protoze graf je mozné vykreslit jiz pro nékolik pocateénich

snimku a jeho charakter je podobny jako graf pro kompletni data. Volba oscilaé¢niho thlu
pfi konstantni expozici na 1° nema na podobu grafu vliv. Ruzné expoziéni doby pak
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Tabulka 1: Statistiky zpracovani difrakénich dat a parametry struktury

Expoziéni cas 1s 10s

Slupka rozliseni Celkem  Vngjsi Celkem 1,5 A Vnéjsi
Dolnf limit rozliseni [A] 10,9 1,53 10,9 1,53 1,22
Horn{ limit rozliseni [A] 1,5 1,5 1,2 1,5 1,2
Rinerge 0,161 2,512 0,085 0,339 1,992
Rieas 0,170 2,659 0,090 0,359 2,149
Rpim 0,052 0,869 0,030 0,117 0,803
Pocet pozorovani 382820 16479 645979 16454 24513
Pocet nezavislych reflexi | 18982 922 36572 925 1767
Stiedni (I)/a(I) 21,7 1,2 26,9 8,5 1,4
CC(1/2) 0,999 0,608 0,999 0,982 0,657
Kompletnost [%] 99,7 100 99,8 100 100
Multiplicita 20,2 17,9 17,7 17,8 13,9
Ruork 0,1157 0,1247 0,1137

Rfree 0,1938 0,1716 0,1583

s. s. 0.lvazeb [A] 0,0234 0,0223 0,0223

s. s. o.ihli [°] 1,9769 2,0080 2,0079

Stredni B-faktor [A2] 16,21 13,69 13,80
Expoziéni cas 50s 100s

Slupka rozliseni Celkem 1,5 A Vnéjsi | Celkem 1,5 A Vnéjsi
Dolni limit rozliseni [A] 10,9 1,53 1,16 10,9 1,53 1,16
Horn{ limit rozliseni [A] 1,14 1,5 1,14 1,14 1,5 1,14
Rinerge 0,069 0,167 1,906 | 0,080 0,157 1,842
Rieas 0,074 0,177 2,091 0,085 0,166 2,023
Rpim 0,025 0,059 0,853 | 0,029 0,055 0,831
Pocet pozorovani 689819 16070 23376 | 676460 15835 22767
Pocet nezavislych reflexi | 42491 925 2088 | 42538 924 2082
Stiedni (I)/a(I) 27,5 17 1.4 23,2 18,1 1,5
CC(1/2) 0,998 0,995 0,683 | 0,998 0,996 0,684
Kompletnost (%) 99,7 100 99,5 99,7 100 99,3
Multiplicita 16,2 17,4 11,2 15,9 17,1 10,9
Rork 0,1327 0,1242 0,1355 0,1274

Rfree 0,1698 0,1616 0,1723 0,1649

s. s. 0.'vazeb [A] 0,0207 0,0207 0,0212 0,0212

s. s. o.ihli [°] 1,9151 1,9156 1,9308 11,9310

Stredn{ B-faktor [A2] 13,58 13,70 14,21 14,32

1 Stfedni smérodatnd odchylka od idealnich hodnot
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maji vyznamny dopad na meéfend difrakéni data. Testovaci pripad ukazuje, ze se zvysujici
se dobou expozice se zvySuje rozsah pouzitelného rozliseni a zlepsuji se indikatory kvality
zpracovani dat. Pfi zvySovani expozice nad ur¢itou hodnotu (zde z 50 s na 100 s na snimek)
uz k zadnému zlepSeni nedochéazi. Pii zvySovani expozice naopak dochéazelo ke snizovani
odhadu I/o(I) pro nizké rozliseni, coz muze byt zpusobeno i radiaénim poskozenim, je-
likoz experiment probihal na jednom krystalu. ZvySovani expozice nad 10s také nemélo
vyznamny vliv na indikatory shody modelu struktury s méfenim. Méfeni pii expozici 1s
je podexponované a z krystalu je mozné ziskat vice informaci pfi spravném nastaveni ex-
pozice. Naproti tomu méreni pii 100s oproti niz§im expozicim jiz zadné nové informace
nepiinasi. Rozsah expozic pro optimalni méteni je Siroky a konkrétni volba by tedy méla
byt prizpusobena i dalsim pozadavkum s ohledem na radiac¢ni poskozeni a cile méfent.
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Abstrakt

Teoreticka ¢ast prace obsahuje matematicky popis akustickych povrchovych vin
véetné zpusobu FeSeni. Nésleduje predstaveni jejich praktického vyuziti pro méfeni
elastickych konstant. Jako modelové piiklady slouzi experimenty, realizované v Labo-
ratofi ultrazvukovych metod UT AVCR. Prvni z nich zkoum4 kubicky krystal InP
v rovnovazném stavu. Druhy se zabyva monokrystalem multiferoika Fe-Pd, podro-
benym ve sméru [001] pusobeni vnéjstho napéti. V obou z nich byl tispésné naméien
kompletni tenzor elastickych koeficienti dané latky.

Klicova slova: Elastické koeficienty; Christoffelova rovnice; povrchové viny; laserove-
ultrazvukové metody.

Uvod
Elastické konstanty c;;r; maji podle Hookova zdkona

Ti; = Cijki Sk (1)
ikl € {1,2,3),

vyznam koeficientu imeérnosti mezi tenzorem napéti T;; a tenzorem deformace Sy;. Piedstavuji
proto fundamentalni charakteristiku pevnych latek. Pro obecné kontinudlni anizotropni
materialy, ale tvofi tenzor étvrtého radu, se kterym se pomérné obtizné pracuje. Pro
zjednodus8eni se zavadi tzv. Voigtova notace, kterd umoznuje redukovat pocet indext na
polovinu. Pro indexaci plati pravidla zanesena v Tabulce 1. Po aplikaci této notace prejde
Hookuv zakon do kompaktnéjsiho tvaru

T[ = C[JSJ (2)
I,J € {1,2,3,4,5,6}.

Nasledujici ¢ast prace se zabyva problematikou ultrazvukového méfeni elastickych koe-
ficienti prostfednictvim akustickych povrchovych vin.

Tabulka 1: Voigtova notace pro indexaci elastickych koeficienti.

ij | 11 22 33 23,32 13,31 12,21

Ij1 2 3 4 5 6
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Teorie

Povrchové viny

Pro popis siteni akustickych povrchovych vin uvazujme materiadl majici volny povrch s
vnéjsi normélou m. Okrajovou podminku volného povrchu lze matematicky vyjadrit jako
auk
Tigmj = cijia g, mi = 0- (3)
i,7,k, 0 € {1,2,3}

7 elastodynamické rovnice
aQUi 0uk
—_— A e — 4
P — ik 0z ;0x @)

s okrajovou podminkou (3), 1ze ziskat hodnoty vektoru vychylek u(x,t). Pfedpokladané
feSeni je ve tvaru rovinné harmonické viny

u(x,t) = Uexp[—i (wt — k- x)], (5)

kde vlnovy vektor k € C3. Aby mohlo byt feseni prohlaseno za akustickou povrchovou vinu,
musi mit smér sifeni{ n kolmy k normale m a imaginarni ¢ast vlnového vektoru k naopak
rovnobéznou s m. K typickym vlastnostem povrchovych vin totiz patii to, ze se zvysujici
se hloubkou (vzdalenosti od povrchu) dochazi k exponencidlnimu utlumu vychylek. Déle
musi platit, ze projekce redlné ¢asti k do volného povrchu je nenulova a rovnobézna s n.
Pak lze vlnové &islo definovat jako k = Re(k) - n.

Po dosazeni (5) do (4) je patrné, ze az na okrajové podminky se vyslednd nelinedrni
sekularni rovnice nelisi od Christoffelovy rovnice

(T —pu21) U=0
I'ij = likekplr; (6)

K,Le{1,2,3,4,5,6},

jez slouzi k hledéni feseni tloh pro klasické objemové vlny. I';; se nazyva Christoffelova
matice a plati

i1 0 0

li 0 0 0 I3 Iy 8 lg ZO
k=10 1l 0 I3 0 Iy |, l;= 01 13 ; (7)

0 0 I3 Iy I3 0 3 2

s 0 [t

lo 7 O

pricemz 1 = (I1,l2,13) ma vyznam jednotkového vektoru.

Vypocet Christoffelovy rovnice

Christoffelova rovnice predstavuje tilohu na vypocet vlastnich ¢isel pv?p a vlastnich vektoru
U, fesitelnou sekularni rovnici

det (T — pv?o]l) =0. (8)
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Obecné je jeji vysledek mozné ziskat pouze numerickou cestou.

Resenfm problému povrchovych vln v anizotropnich latkéch se podrobné zabyvali
Royer a Dieulesaint v ¢lanku [1]. Odvodili, ze existuje pouze 16 kombinaci krystalogra-
fickych soustav, do kterych muze latka patfit, a konkrétnich sméra piipustnych pro siteni
vlny v této latce, které daji vzniknout povrchové viné fesitelné analyticky.

Je zfejmé, Ze pokud maji byt akustické povrchové viny pouzity jako univerzalni prostiedek
k méfeni elastickych koeficientu, je vhodné nejprve nalézt metodu schopnou fesit dany
problém numericky. Jednim z moznych pfistupt je pouziti metody koneénych prvka (FEM)[2].
Bohuzel ziskat feSeni touto cestou zabere mnoho vypocetniho ¢asu a vystupy budou i tak
zatizeny relativné velkou chybou.

Alternativni numerickd metoda se nazyvé Ritz-Rayleighova. Vyuziva diskretizaci pro-
storu funkci. Hlavni myslenka této metody spociva v rozlozeni vektoru vychylek u(x,t)
do fixni ortogonalni funkéni béze. To umozni transformovat puvodné nelinearni sekuldrni
rovnici na linearni, ktera je jiz snadno feSitelna.

Experiment

Elastické konstanty InP

Clanek [3] podrobné popisuje pritbéh experimentu, vyuzivajicitho akustické povrchové viny,
jako prostfedek k méfeni elastickych konstant kubického krystalu InP. Zdkladem je tak-
zvand inverzni procedura, kterd spo¢iva v minimalizaci funkce

HEMEDS (vfoior (Cijr) — vi’;p)z ; (9)
p

€ sz . s - vy , /.
kde vg,” uddvé experimentdlné zméfenou fézovou rychlost povrchovych vin. Funkee vfpepor

predstavuje fazovou rychlost jako funkci elastickych koeficientil, kterou lze ziskat prove-
denim takzvané piimé procedury.

Piima procedura slouzi v prvni fadé k vypoctu fazové rychlosti u materidlua, jejichz
elastické koeficienty jsou znamé. V tomto pripadé je ale ikolem koeficienty zmérit, pouzije
se proto pouze jejich hruby odhad ¢;;5,;. Nepiesnost odhadu by neméla minimalizaci F(c;j)
znatelnéji ovlivnit.

V ptfimé proceduie v souladu s Hamiltonovym varia¢nim principem hleddme takovou
uhlovou frekvenci povrchovych vin w, aby byla splnéna podminka

0 -
%A (u, Cij, w) =0, (10)
kde A (u, ¢k, w) je Lagrangeovskd energie vypocetni domény (viz Obrézek 1).

Aplikaci Ritz-Rayleighovy metody je tloha pfevedena na linedrni sekuldrni rovnici pro
vlastni ¢isla w (¢jjx). Fazovou rychlost 1ze poté jednoduse ziskat ze vzorce

~ 1 ~
v (Cgm) = 5—w (@gha) - (11)

Za tcelem experimentédlnfho zjistén{ fazové rychlosti v, akustickych povrchovych vin

byl krystal InP sefiznut tak, aby vznikly dvé pfiblizné kolmé roviny (volné povrchy).
K excitaci akustické viny byl pouzit laser, jehoz puvodné bodovy prufez paprsku byl
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Obréazek 1: Vypocetni doména s okrajovymi podminkami [3].

zfokusovan do usecky cylindrickymi ¢ockami. Dalsi laser byl nédsledné pouzit k detekci
postupujici povrchové viny v nékolika ruznych vzdalenostech od zdroje. Méfeny vzorek se
navic nachdzel na otacivé platformé, coz umoznilo skenovani v ruznych smérech s celkovym
rozsahem 180°(viz Obrézek 2). V nékterych z nich bylo mozné naméfit i kvazi-pticné, kvazi-

Interferometricky
detektor

Posuvny

PIN dioda

Detekeni
paprsek Atenudtor
Tepelné-absorpcni
sklo
Cylindrickd ¢ocka

Excitacni
paprsek

Otacivy podstavec Detekéni
paprsek
Rotace
Vzorek /
Excitacni
paprsek
Translace

Obrazek 2: Schéma uspotradéni experimentu. Horni ¢ast predstavuje pohled na aparaturu shora,
spodni ¢dst zobrazuje detailné zkoumany vzorek v boénim pohledu [3].

podélné nebo pseudo-povrchové viny. Amplituda povrchovych vin byla vsak v porovnani s
nimi vzdy vyrazné vyssi a umozinovala pfesné urceni fazovych rychlosti. Vysledky méfent
jsou zaznamenané na Obrazku 3.

Elastické konstanty FePd pod vnéjsim napétim

Dalsim prikladem vyuziti akustickych povrchovych vin je méreni elastickych konstant ma-
teridlu, na které pusobi vnéjsi pfilozené napéti. V élanku [4] je toto demonstrovano na krys-
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Vzdalenost
zdroj - detektor [mm)]

Obrazek 3: Piiklady vlnovych kiivek (qL - kvazi-podélné, T - kvazi-piicné, SAW - akustické
povrchové viny) ziskanych méfenim v pevné daném sméru pro 11 ruznych vzdélenosti zdroje od
detektoru (naznaceno prerusovanou ¢arou) [3].

talu slitiny Fe-31,2at.%Pd. Ten byl nejprve ofezén do pozadovaného tvaru (viz Obrazek
4(a)) a poté podroben silovému pusobeni ve sméru [001] (viz Obrézek 4(b)), spojenému
s méfenim elastickych konstant stejnym zpusobem jako v piedchozi sekci. Clanek [3] po-

kubicka tetragonalni
symetrie symetrie

[001]

(340] [430)
Laserovy paprsek Laserovy paprsek

(detektor) \/ (zdroj)
®| =] —
= —
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Obréazek 4: Vlevo: Zavislost hodnot elastickych konstant Fe-Pd na pusobicim napéti [4];
Vpravo: (a) geometrie vzorku; (b) experimentdlni usporddani pro méfeni SAW;
(c) experimentéln{ uspofddéni pro méfeni qL vin [4].

drobné rozebird fakt, Ze pii zjisfovani kompletniho tenzoru elastickych konstant miuze
byt méieni fazovych rychlosti povrchovych vin nedostateéné, nebot tyto viny jsou citlivé
spiSe na smykové konstanty. Podélné mohou vychéazet s relativné velkou chybou. Proto
je vhodné provést i méreni fazovych rychlosti qL vin se sméru rovnobézném a kolmém k
pusobicimu napéti. Tyto viny byly generovany a nasledné i detekovany piezoelektrickymi
snimaéi (viz Obrazek 4(c)).

Analogicky k experimentdlnimu postupu v piedchozi sekci byl minimalizaci funkce
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F(cijii) ziskan tenzor elastickych konstant pro nékolik hodnot napéti v intervalu od 0 do
210 MPa s krokem 25 MPa. Tento rozsah byl zvolen tak, aby bylo zajisténo, ze napéti
nedosdhne meze pevnosti materidlu a deformace zustane elasticka.

V celém intervalu hodnot napéti a ve vSech smérech §ifeni se fazové rychlosti vin,
ziskané pii zvySovani napéti, lisily od rychlosti ziskanych pii snizovéani o méné nez 0,07 mm /s,
coz odpovida presnosti méfeni. Diky tomu bylo mozné piredpokladat nehysterezni vyvoj
fazové rychlosti a tudiz i elastickych konstant. Za fazovou rychlost pro dané napéti byl
stanoven prumér z rychlosti ziskanych pii zvySovani a snizovani napéti. Vysledky méfeni
jsou zanesené na Obrazku 4.

Zavér

Akustické povrchové viny jsou feSenim Christoffelovy rovnice pro klasické objemové viny,
ovSem se specifickymi okrajovymi podminkami. Jejich odliSnost spo¢iva v exponencidlnim
utlumu amplitudy pfi pronikani do hloubky materidlu. Obecné je nelze Fesit analyticky.
Existuji ale numerické metody slouzici k hledani ptibliznych feSeni, napt.: FEM nebo
Ritz-Rayleighova metoda.

Povrchové viny lze vyuzit jako univerzalni prostiedek k ultrazvukovému meéfeni elas-
tickych koeficientli. Experimenty provedené v Laboratofi ultrazvukovych metod UT AVCR
ukazuji, ze je mozné zkoumat vSechny materialy bez jakychkoliv pozadavku na jejich sy-
metrii.

Nevyhoda akustickych povrchovych vin spo¢iva v tom, Ze hodnoty smykovych konstant
vychazi vyrazné presnéji nez hodnoty podélnych. Pokud je tedy nezbytné zjistit kompletni
tenzor elastickych konstant, doporucuje se zpfesnit vysledky jinymi metodami. Napiiklad
vyuzit kromé povrchovych i kvasi-podélné viny excitované ve dvou navzajem kolmych
smérech.

Dalsi vyzkum elastickych koeficientu muze sméfovat napiiklad k vypoctu koeficientt
tretiho a vyssiho fadu. Ziskané vysledky by mohly byt cenné napiiklad pro multiferoikum
FePd. Obrézek 4 totiz ukazuje, ze elastické koeficienty druhého fadu FePd jsou funkcemi
vnéjstho napéti.
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Abstract
This work focuses on the spin-Seebeck effect (SSE) of the structure consisting of
BaxZnoFe202 Y-type hexagonal ferrite with BaCosTisFesO19 M-type hexagonal ferrite,
which serves as a crystalization seeding layer. The observed SSE signal shows peculiar
behavior, where the SSE signal hysteresis strongly mismatches the magnetic hysteresis of the
structure. Magnetic hysteresis loop itself shows anomalous character for specified samples.

Keywor ds: Spin-Seebeck effect; Hexaferrite; Hysteresis.

I ntroduction

The content of this work is related to the novel field of spin caloritronics, which can be thought
of asanatural offspring of its two preceding fields of physics— spintronics and thermoel ectricity.
The first one of them, spintronics, is a multidisciplinary field which involves the study of active
mani pul ation of spin degrees of freedomin solid-state systems. The second one, thermoel ectricity,
concerns the ability of a given material to produce voltage when temperature gradient is present,
thus converting thermal energy to electric energy. The aforementioned emerging research field of
spin cal oritronics may then be regarded as an interconnection of spintronics and thermoel ectricity,
combining spin-dependent charge transport with energy transport or heat transport.

One of the core elements of spin caloritronics is the spin-Seebeck effect discovered in 2008
by Uchida et a. [1]. The spin-Seebeck effect (SSE) is a combination of two phenomena —
generation of a spin current by means of incoherent of coherent thermal excitation applied across
atypicaly ferromagnetic or ferrimagnetic material (F), and a conversion of said spin current to
electrical current by means of inverse spin Hal effect (ISHE) in a non-magnetic metal (N). We
shall use the abbreviations F and N throughout the text as they are the standard way to describe
the parts of the SSE component, where F describes the part which is responsible for generating
spin current and N describes the part which generates the electric voltage through ISHE. Let us,
however, note that this is only an operational terminology - the present knowledge of the
phenomenon includes observations of this effect in materials with paramagnetic [2], diamagnetic
[3] or antiferromagnetic [4] behavior and the N metal actually has to have a strong spin-orbit
interaction [6]. The effect can be demonstrated in various materials, the core underlying principle
isthe energy transport mediated by the magnetic interaction, which isagenera property of nearly
all solids (let us mention the observation of amagnon flux in a paramagnet [5]), even though only
in some of them the interaction is strong enough to produce spin currents of the desired energy
flux density, so the effect becomes observable. The scattering of the (quasi)particles carrying spin
or attenuation of magnons play a key role in realizing the observation of the effect, too.

As regards the magnetic material as a source of the spin current, it is more convenient to use
insulators rather than conductors, in order to avoid parasitic signals such as anomalous Nernst
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effect [7]. There are three main types of magnetic insulators possessing critical temperature Tc
above the room temperature: spinels, garnets, and hexagonal ferrites. So far, most of the SSE
experiments employed iron-based garnet, because of its very low Gilbert damping constant, i.e.
slow attenuation of spinwaves, sincethisdecay limitsthe active region of the FM layer. However,
SSE with comparable magnitude was also observed in other magnetic materials, and later it was
proposed, that thereis no clear correlation between the SSE magnitude and the damping constant
of the samples, in particular in the longitudinal SSE configuration. However, the underlying
physics, essential for a further progress, is yet to be fully clarified, even though the basic outline
of the theory is well established [8]. On the other hand, a positive correlation with the Curie
temperature and the saturation magnetization was observed [9].

In this paper we investigate thin films of hexagonal ferrite (hexaferrite) of Y-type
BapxZnyFe0,, as the magnetic material for spin Seebeck effect.

Hexaferrites represent a rich family of structural types with possibility of modifying their
magnetic and thermal properties by varying their crystal structure and cationic compositions. The
basic members of the hexagonal ferrites (hexaferrites) family are BaFe* 1,010 (M-type) and
BaMe?"2Fe* 1,02, (Y -type), where Me is a small 2+ ion such as Co, Zn, or Ni, and Ba can be
substituted by Sr.

The hexaferritesare al ferrimagnetic or antiferromagnetic materialswith Tc or Ty well above
Troom (130—450 °C), and their magnetic properties are intrinsically linked to their crystaline
structures. They all have a magnetocrystalline anisotropy, which means that the induced
magnetization has a preferred orientation within the crystal structure. In this regard, two main
groups may be distinguished - with an easy axis of magnetization in the c-direction and with an
easy plane (or cone) of magnetization perpendicular to c-direction [10]. Due to their direction of
easy grow lying in ab-plane, hexaferrites inherently tend to grow with their c-axis perpendicular
to the film plane when deposited as thin films. Since the magnetization vector in SSE element
should lie in parallel to the film surface, the hexaferrites with an easy plane of magnetization,
which are almost all Y-hexaferrites, are more suitable for LSSE configuration.

The crystal structure of Y-hexaferrites belongs to the trigonal space group R-3m and is
composed of aternating stacks of S (spinel MexFesOg) and T (BapFesO14) blocks along the
hexagonal c-axis. For a description of the magnetic structure of Ba,«SrxZnzFei2Oz, it is
convenient to divide the unit cell in the L, and Sm blocks, see Figure 1. Within these blocks the
Fe spins are collinear and the resulting magnetic structureis a collinear ferrimagnet.
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Figure 1: One formula unit of Ba.Zn:Fei.Oz structure. Alternating structural blocks Sand T, and magnetic
blocks Swand L Shown are Fe and Zn polyhedra and the sites of the large cations (black bullets). The
arrows indicate direction of spins corresponding of the collinear ferrimagnetic structure.

Theory

The present theoretical treatment of SSE is described in [8]. Additional insight by proposed
microscopic model is presented in [14]. From appendix to [8], we use following relation of the
SSE signal magnitude to the thin film thickness

(1 —1/cosh(L/A))(1 —1/cosh(l/1A))

Vsse ® Ceanh(L/A) + Fop) (anh(l/A) + Fs) — Gy Gs'

D

In thisrelation L stands for F thickness, A stands for thermal magnon mean free path in F, |
stands for N thickness, A stands for spin diffusion length in N. Fu,s and Gu,s are material
dependent corrections.

Experiment

Thin films deposition

Thin films of hexagonal ferrites will be prepared by means of sol-gel method using spin
coating deposition technique.

It was shown in [11] that is it difficult to grow higher (Y, Z, W-type) hexagonal ferrites
directly from amorphous films with Y, Z, W stoichiometries deposited on conventionally used
single crystalline substrates due to the need of high temperature annealing to crystallize these
hexaferrites. This difficulty was successfully meliorated using the strategy of two-step processing
described originally in [12]. In situation where the crystallization of desired phase is aggravated
because film and substrate have different structures or larger mismatches, the fabrication of
oriented films is still possible. In this case, successful growth is achieved through a two-step
process where a polycrystalline film of suitable thickness (usually several nm) isfirst deposited,
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and then hesated to cause it to break-up into isolated grains (seeds) that possess a low interfacial
energy. Subsequently, athicker layer is deposited onto this surface and the isolated islands act as
nucl eation sites (seeds) for the growth of ahighly oriented film.

M easurement

Spin Seebeck effect was measured in longitudinal configuration, in which a spin current flowing
paralel to atemperature gradient is measured, see Figure 2.

M B
B ISHE

QLA

\Y%

Figure 2: Geometric scheme of the longitudinal spin Seebeck effect (LSSE) configuration.

The directions of the spin current, magnetic moments and electrical current are mutually
perpendicular. The longitudina configuration is the simplest and most versatile structure for
measuring the SSE [13].

The hysteresis loops were measured within the range of magnetic field from —25 to 25 kOe
at room temperature and at 10 K using a SQUID magnetometer (MPM SXL; Quantum Design).

The phase purity and degree of preferred orientation of the thin films was checked by X-ray
diffraction over the angular range 10 — 100° 20 using the X-ray powder diffractometer Bruker D8
Advance (CuK a2 radiation, secondary graphite monochromator).

AFM (Explorer, Thermomicroscopes, USA) analyses were used to evaluate microstructure
of thin films.

Results and discussion

The purity was checked and all samples contain desired phases. XRR showed the thickness of
sensing Pt layer to be approximately 8 nm.

The magnetic moment measurement is compared on following images for sample with and
without seeding layer. AFM scans are attached.
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Figure 3: Magnetic measurement for Y -type sample with 210 nm thickness (left) compared to magnetic
measurement for Y -type sample with 350 nm thickness (right). The resulting hysteresis curves are
fundamentally different and can be linked to the incomplete orientation of the crystallinein the sample
with the seeding layer. The structure of the crystalsis slightly different (inset).

The sample seriesresponse can be model ed with the saturation function (1), but more samples
are needed for precise fitting of the series. The observed signal is comparable with the signal of
similar magnetic structures (Figure 4, |eft). The sample without the seeding layer gave an order
of magnitude weaker signal than the rest of the samples.

An interesting property is that the coercivity of spin Seebeck voltage measured is much
higher than the coercivity of the magnetization of the samples (Figure 4, right). This might be
linked to the presence of the CoFe.O4 spinel phase or a nontrivial spectral characteristic of the
magnon spectrum. The latter is rather unlikely, because for other materials it is accepted that the
most important part of the magnon spectrum for SSE isthe long wavelength subthermal part [15].
Observed behavior would favor the shorter wavel ength part of the spectrum as the moreimportant
one.

The shape of the hysteresis curve (Figure 3, left) can be explained by addition of two or more
hysteresis curves, perhaps highlighting the magnetic anisotropy and non-ideal orientation of the
Y -hexaferrite by the seeding layer.
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Figure 4: (left) Thickness dependency of the SSE voltage for Y -type hexaferrite series. (right) The
hysteresis of the SSE signal (black open boxes) compared to the hysteresis of the magnetization (red full
boxes).
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Conclusion

Series of samples of Y-type hexaferrite was prepared. Samples were characterized by means of
XRD, XRR, AFM, SQUID magnetometer and SSE measurement. The SSE signal shows
saturation behavior. The results are however preliminary; a quantitatively greater series of
samples needs to be produced and measured in order to refine fitting parameters with greater
confidence. The observed SSE voltage mismatches the magnetic hysteresis curves for some
samples, which is unusua. This is possibly explainable by presence of spinel CoFe;O, phase,
which has not been observed in XRD, however. The work on reproduction of the experiment and
enlarging the sample seriesis under way.
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Abstract

In this work we present the investigation of highly mobile twin boundaries that
appear in 10M modulated martensite of Ni-Mn-Ga alloy. Thanks to the highly mobile
twin boundaries the material exhibits the Magnetically induced reorientation phe-
nomenon. The effect describes reorientation of microstructure which leads to macro-
scopic pseudoplastic deformation. The deformation of several percent which can be
obtained by magnetic field is unique. The crucial parameter for the effect is high
mobility of twin boundaries. We study mobility of single twin boundary and here is
presented a short introduction of our work in this field.

Keywords: Magnetic shape memory effect; Magnetically induced reorientation; Twin
boundary mobility; Ni-Mn-Ga.

Introduction

Ni-Mn-Ga alloy in martensitic phase exhibits a unique phenomenon called Magnetically in-
duced reorientation (MIR) or also Magnetic-field-induced strain (MFIS). This phenomenon
allows the material to be pseudoplastically deformed up to 12 % of strain by 1 T of mag-
netic field or equivalently by 1 MPa of mechanical stress [1]. Such properties can be used
in plenty applications, e.g. as actuator, sensor or generator of electric power from me-
chanical vibrations known as energy harvesting [2]. Another application which represents
shape forming ability of the material is a micropump [3].

The effect is classed as a sub-effect of Magnetic shape memory effect [4]. The Mag-
netic shape memory effect, same as regular Shape memory effect, exists thanks to the
thermoelastic martensitic transformation which is diffusionless and displacive [5, 6, 7]. It
is the first order transition between cubic high-temperature phase called austenite and
low-temperature lower-symmetry phase called martensite.

Tetragonal martensite can be obtained in three orthogonal orientations of lattice result-
ing in three variants. The variants are also called feroelastic domains [4]. The connection
of two variants can be done by various ways and one elastically compatible example is a
diagonal cutting of tetragonal lattice. This interface between two variants is called twin-
ning boundary/interface or shortly twin boundary (TB). Twin boundary is a mirror plane
that connects two tetragonal variants directly with no need of dislocations. Although the
twin boundary usually represents a mirror plane between variants, in general, it is not
precise. Twin boundary can connect mirrored variants as well as variants that are rotated
against each other.
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The pseudoplastic deformation of martensite appears due to motion of highly mobile
twin boundaries. The mobility of twin boundaries is denoted by twinning stress. The
smaller twinning stress is the more mobile the twin boundary is and smaller external
stress (mechanical or magnetic) is needed to get the deformation. Therefore easiness of
twin boundary motion is crucial parameter for all possible utilizations. The reason why are
twin boundaries in Ni-Mn-Ga so mobile is still not clear and even the mechanism of twin
boundaries motion is not fully understood. The pseudoplastic deformation of material
usually occurs by many of twin boundaries whereas we were able to study mobility of
single twin boundary in order to achieve the maximal simplification.

Experiment

Single crystal sample of Nigg sMnag 4Gagg g (at. %) transforms from martensite to austenite
at 336 K and at room temperature it is in stable 10M modulated martensitic phase. The
martensitic phase is ferromagnetic with Curie temperature at about 370 K. Dimensions
of the sample are 21x2x0.9 mm?3.

The micrographs were taken by optical microscope Zeiss using Nomarski contrast (Dif-
ferential Interference Contrast — DIC) which visualizes tilt of surface planes by different
colors.

For studying mechanically induced reorientation, we used a small custom-made stress-
strain machine with a step motor. The motor with a linear transmission produces contin-
uous movement with a constant velocity. The sample was put between two parallel flat
heads without further fixing to accommodate the large deformation due to twin boundary
motion. The force is measured by sensor which can be loaded up to +10 N. The deforma-
tion strain (€) is calculated from linear shift of the motor (Al = v - t) and initial sample
dimension (1) as e = Al/I.

The vibrating sample magnetometer (VSM) is a method for measuring magnetization.
In this method the sample is vibrating in a homogeneous magnetic field and the moving
magnetic moment of the sample induces an electric current in pick-up coils. There are
always at least two pick-up coils to compensate the external noise and magnetic field.
A magnitude of the induced current in pick-up coils is proportional to the sample magne-
tization.

Results and Discussion

In tetragonal martensite the twin boundary forms a mirror plane between two variants
and it lies at exact positions of {101} plane which is derived from the parent phase. Such
twin boundary is called Type I [8, 9, 10].

In contrast to Type I which is mirroring one variant to another, the Type II twin
boundary connects two variants that are related by 180° rotation about the twinning
axis [8, 9, 11]. In tetragonal structure it is equivalent to mirror plane, i.e. Type I twin
boundary [10]. For monoclinic structure the rotation produces different type of twin
boundary.

It was found that for Ni-Mn-Ga 10M martensite the Type II TB lies approximately
in crystallographic plane {10110} and the Miller indices are irrational [12]. That makes
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Figure 1: Optical micrographs of Type I and Type II twin boundaries. Each variant is marked by
c-axis which determines orientation of microstructure. Different colours are caused by Nomarski
contrast. The picture is taken from [13]. The original picture contains parts that were cut off
because it exceeds range of this work. In addition, marking of w angle in (b) is added.

the Type II TB inclined from the (101) plane for about four degrees. This can be seen in
Figure 1 and the inclination angle is marked w.

Figure 1 shows a Type I (a) and Type II (b) twin boundary from (100) face. Two
variants (microstructures) are indicated by false colours produced by Nomarski contrast
and each orientation of microstructure is marked in. The connection of two microstructures
produces a tilt which is caused by a different dimension of a and c lattice parameters of low-
symmetry martensite. The surface angle (not seen from (100) face) between two variants
connected by a/c twin boundary is given approximately by o = 90 — 2 - arctg(c/a) which
is derived from geometry [14]. The angle « is usually about 3 degrees.
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Figure 2: Stress-strain curves showing a single a/c twin boundary motion of Type I and Type II.
The picture is taken from [15].

Type I and Type II twin boundaries differ strongly in their mobility. Figure 2 shows
the typical compression test for both twin boundaries. The both TB went in the same
direction through the approximately same part of the sample, but it was impossible to
locate the initial position of the boundary on the exactly same place. Although both Types
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of TB moved across the same sample, the stress needed to move the boundary sharply
differed and the character of the dependency varied. It is about ten times easier to move
Type II TB than Type I, i.e. twinning stress of Type II is about ten times smaller than
twinning stress of Type I. The twinning stress of Type II is in the range of tenths of MPa
which nicely corresponds to the literature [12, 16]. Peaks in the plateau, particularly for
Type I TB, seems to be connected to surface scratches [17]. The observed fluctuations can
be also caused by some internal inhomogeneities. For Type II the connections to defects
seem to be somehow weaker as the stress-strain curve is mostly flat. Direct matching of
surface defects with peaks in the plateau is in a schedule of the future work.
Magnetization curve of sample comprising single twin boundary in its initial state is
shown in Figure 3 for Type I and Type II TB, respectively [18]. The sudden change in
the slope, or a jump, of the magnetization curve will also occur in the case, if the material
does not comprise a twin boundary, i.e. when twin boundary nucleates. The jump in
magnetization curve denotes a magnitude of magnetic field in which the boundary starts
to move. That point is called switching field Hg, because it begins the “switching” from
one to another microstructural orientation. The switching field is marked in the Figure 3
for Type I and in the inset for Type II. Magnitude of Hg, of Type II is about ten times
smaller than for Type I which is consistent with the magnitudes of mechanical stress.
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Figure 3: Magnetization curves of Type I (black) and Type II (red) twin boundary with marked
switching field, i.e. magnetic field in which the twin boundary moves. Same graph with
differently scaled x-axis is provided in the inset. Graph taken from [18].

It is necessary to mention that magnitude of switching field also depends on magni-
tude of demagnetization field. Demagnetization field is determined by dimensions of the
sample. In general, the biggest contribution to magnetization comes from the variant
with easy axis of magnetization along the external magnetic field. Therefore magnitude of
demagnetization field and also switching field depends on the position of twin boundary
in the sample [19].

Relation between mobility of twin boundary under mechanical stress and in magnetic
field was studied for single twin boundary in our previous work [15]. We used model which
allows to calculate twinning stress from magnitude of switching field [20, 21] and then we
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compared it with mechanical stress calculated from stress-strain curve.

As martensite of Ni-Mn-Ga is a ferromagnet, magnetic domains have to be taken into
account if any microscopic theory of twin boundaries mobility is to be formulated. We
study influence of twin boundary motion on magnetic domains of the crystal. Thanks to
the easy reorientation of microstructure we can study all three orientations of magnetic
domains on the same sample and additionally on the same face of the sample [22]. Af-
ter passage of twin boundary, induced by mechanical stress, the reoriented area exhibits
unusual magnetic domain pattern called rake and granular domains as shown in [23]. It
indicates that twin boundary passage disrupts well-defined magnetic domain structure.

Microscopic mechanism of mobility of twin boundaries is not well known. It is caused
by quite complicated structure of martensite which is modulated and also seems to be
twinned at several levels [24]. Motion of single twin boundary is the simplest case which
can be studied and that is our approach.

Conclusions

We study a single twin boundary mobility in 10M modulated Ni-Mn-Ga alloy. The mo-
bility is crucial parameter for Magnetic shape memory effect and also for its sub-effect
Magnetically induced reorientation effect which is quite unique and very promising for
applications. In this work we introduce two types of highly mobile twin boundaries in the
Ni-Mn-Ga Heusler alloy.
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Abstrakt

V této praci jsou predstaveny vysledky méfeni emisnich luminiscenénich spekter
GaN a heterostruktur InGaN/GaN v zdvislosti na intenzité excitace 1°*. Cilem méfen{
je prispét k optimalizaci piipravy téchto materidla s ohledem na vyuzit{ InGaN/GaN
jako scintilaéniho krystalu. Spektrum InGaN/GaN obsahuje dva pédsy. Vznik méné
energetického pésu je ziejmeé spjat s kvantovymi teCkami InGaN a pozice jeho maxima
zavisi na 1°*¢. Druhy péas pochézi z kvantové jamy. GaN vykazuje zluty pas nezavisle
na I°*€.

Kli¢ova slova: Fotoluminiscence; Kvantové jamy; I1I-V polovodice; Emisni spektra.

Uvod

Nitrid galia a jeho slitiny s InN a AIN jsou vyznamné polovodic¢e s vyuzitim pii vyrobé
LED (pfedevsim v zelené a modré ¢&sti viditelného spektra), lasert ¢i vysokoteplotni elek-
troniky [1]. Tyto nitridy mohou krystalizovat ve struktute sfaleritu, NaCl nebo wurtzitu.
Z hlediska aplikaci jsou dulezité predevsim nitridy s wurtzitovou strukturou [2]. Jejich
krystaly vykazuji silny piezoelektricky efekt [3].

Znaénym problémem pro jejich vyuziti je vysoka koncentrace defektii. Ta je zpusobena
predevsim tim, ze stale neni k dispozici vhodny substrat pro komeréni vyrobu. Nejcastéji
pouzivané substraty jsou Si, SiC a safir. Kvuli zna¢nému rozdilu miizkovych konstant
(napt. 16 % u safiru) je koncentrace dislokaci v téchto nitridech ~ 10 cm=2 [4]. Defekty
maji negativni vliv na kvantovou u¢innost LED a lasert, u vysokoteplotni elektroniky jsou
pti¢inou parazitnich proudu [5]. Pro uréovéni typu defektu v takovychto materidlech jsou
¢asto pouzivany metody luminiscenéni spektroskopie [5].

Emisni spektrum galia nitridu se vyznacuje Sirokym zlutym pasem s maximem pii asi
2.20 eV [5]. Jeho puvod stdle neni s jistotou urcen. Diive se predpokladalo, ze za vznik
zlutého pasu mohou vakance galia Vg, [5]. Postupné vsak byla tato predstava vyvracena,
nebot sluc¢ovaci energie Vg, je piili§ vysokd na to, aby se Vg, mohlo vyskytovat ve vy-
sokych koncentracich. V praci [6] je vSak dobfe oduvodnéno, ze za vznik tohoto pdsu
mohou byt zodpovédné ziejmé bud atomy uhliku obsazujici misto dusiku Cyn nebo jejich
komplexy s kyslikem na misté dusiku CnyOn. Oba tyto prvky jsou piitomny pfi péstovani
GaN. Ke vzniku tohoto zlutého pdsu vsak mohou prispivat i dalsi defekty. Nizsi koncen-
trace defektu bude znamenat nizsi intenzitu zlutého pédsu [7]. Opa¢né implikace bohuzel
neplati, vybuzené ¢dstice mohou rekombinovat nezafivé. Presto pro optické vyuziti GaN
a jeho heterostruktur ma snizeni intenzity zlutého pasu velky vyznam (zvlasté pro scin-
tilacni detektory). Kvalitni GaN je zdkladem pro vyrobu slitin a heterostruktur.

Slitiny GaN s InN a AIN lze vyuzit pro vyrobu heterostruktur (napf. In,GaN;_, /GaN)
s ruznymi hloubkami kvantovych jam (QW) v zdvislosti na koncentraci jednotlivych slozek
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a sitce QW [8]. Spektrum In,GaN;_,/GaN se skldda ze dvou vyraznych pasa — jeden lze
s jistotou pritknout rekombinacim v QW [9]. Puvod druhého se budeme snazit vysvétlit.
Tato prace predstavuje vysledky méfeni emisnich fotoluminiscen¢nich spekter GaN
a heterostruktur InGaN/GaN v zdvislosti na intenzité excitace I°*¢ u vzorku vyrobenych
ve Fyzikdlnim tstavu Akademie véd CR (FZU) Je ukézan posun kvality a diskutovany
mozné pii¢iny past v luminiscenénich spektrech. Dlouhodobym cilem je dosdhnout takové
kvality In,GaN;_,/GaN, aby bylo mozné jej pouzit jako scintila¢ni krystaly, tzn. aby
intenzita pasu z QW byla daleko vyssi nez intenzita druhého pasu. Tento pozadavek by mél
byt splnén, aby obnovovaci frekvence scintilatoru byla dostatecné vysoka (doba doznivéni
luminiscence pésu z kvantové jamy se predpoklada fadové nizsi (ns) [10] nez u druhého
pasu).

Detaily experimentu

Vzorky GaN (GaN015 — GaN021) nejsou zdmérné dotované. Jejich pofadi je chronologické
dle data pripravy. Byly péstovany pomoci metody Metal Organic Vapour Phase Epitaxy
(MOVPE), kde jako prekurzor Ga bylo pouzito trimethylgalium a jako zdroj N se vyuzil
NHjs. Za substrat byl zvolen safir. Heterostruktury In,GaN;_,/GaN byly péstovény stej-
nou metodou, jen jako prekurzor Ga na bariéru a kvantovou jamu bylo uzito triethylgalium
kvuli nizsi teploté péstovani. Charakteristiky In,GaN;_,/GaN jsou v Tabulce 1.

Tabulka 1: Charakteristiky heterostruktur InGaN/GaN.

Vzorek Pocet kvantovych Tloustka objemového Dotovani Rychlost ristu

jam GaN [pm]
029 4 x5 7 — standardni
031 2 x5 7 — standardni
033 6 X5 7 — standardni
038 2 x5 2.5 Si nizka
039 2 x5 2.5 Si nizka
040 2 x5 2.5 — nizka

U v8ech vzorku byla snaha, aby hmotnostni zlomek x byl stejny = = 0.13. Toho v8ak
ztejmé nebylo dosazeno kvuli difundovani In do vyssich vrstev (viz. diskuze). SniZeni
tloustky objemového GaN u novéjsich vzorki bylo uéinéno kvili zjisténi, ze vétsi tloustka
GaN nema vliv na kvalitu QW péstovanych na této vrstvé. U vzorka 038 a 039 byly bariéry
GaN dotovany kiremikem.

Pro méreni emisnich spekter jsme vyuzili usporadani sestavajici se z polovodi¢ového
laseru LD375 s vlnovou délkou 375 nm, monochrométoru s miizkou 600 vrypu/mm, fo-
tondsobice GaAs s pracovnim napétim 1000 V a synchronného detektoru PAR 5205. Méfeni
spekter InGaN/GaN byla provadéna za pokojové teploty v zavislosti na intenzité excitace,
jez byla postupné snizovdna pomoci neutralnich filtri. Nejvyssi intenzita excitace byla

piiblizné I§*° ~ 10 Wem ™2 a pro snfzené intenzity plati I{*¢ = {18, I§x¢ = I8,

= 10 100
Igexc — ﬁ ngc.
Emisni spektra GaN byla méfena v rozmezi 1.709 — 3.099 eV (~ 400 — 725 nm).

Intenzita I(\) byla ziskédna z detektoru v zdvislosti na vinovych délkéch A a byla nésledné
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prepoctena na intenzitu I(FE) v zavislosti na energii E:

12395

I(hv) = N2I()), EleV] N (1)

Spektra InGaN/GaN byla méfena pro energie 1.836 — 3.099 (~ 400 — 675 nm). Pro
snadné urceni pripadného posuvu pasu pii ménici se 1°*¢ byla spektra znormovana.

Spektra GaN jsou na rozdil od InGaN/GaN méfena ze strany substratu a ve spektru
tak nejsou patrné oscilace intenzity, které jsou zpusobeny interferenci laserového zareni
odrazeného od substratu. InGaN/GaN je nevyhodné méfit ze strany substratu, protoze
pred vrstvou QW se nachézi silnd vrstva objemového GaN.

Vysledky

Vsechny vzorky GaN vyrobené ve FzZU vykazuji ocekavany zluty pas s maximem pii 2.18
eV (Obrézek 1). Maximum tohoto pdsu se s ménici se intenzitou excitace neposouva (tato
méfeni nejsou na Obrézku 1 pro lepsi prehlednost zaznamendna). Vsechna spektra byla
méfena za stejného nastaveni aparatury tak, aby bylo mozné provést srovnani relativni
intenzity zlutého pasu. Spektra vsech vzorku obsahuji téZ rtizné intenzivni ostré cervené
maximum pii 1.78 eV. U heterostruktur nebyl zluty pas pozorovan, protoze jeho intenzita

— GaNo015
— GaN016
— GaNo017
— GaN018
— GaN019
— GaNO020
— GaN021

.,

Intenzita [r. j.]

18 20 22 24 26 28 30
Energie [eV]

Obrézek 1: GaN a heterostruktura InGaN/GaN, luminiscenéni spektra vzorku GaN.

je podstatné mensi nez intenzita luminiscenénich pasu spojenych s kvantovymi jamami.
Dulezité charakteristiky spekter heterostruktur InGaN/GaN jsou zaznamendny v Tabulce
2. Heterostruktury InGaN/GaN maji spektrum zdvislé na sitce a hloubce kvantovych jam
[11]. Hloubka QW je ddna koncentraci InN, zdvisi tedy na teploté péstovéni a rychlosti
rustu. Obecné se spektrum sklada ze dvou pasu A a B (viz. spektra na Obrazcich 2, 3, 4),
pricemz pas A pochézi z rekombinaci na hladindch kvantové jamy [11]. Pfi zméné sitky
a hloubky QW se maximum tohoto pasu posouvé, stejné jako maximum pédsu B (jak je
patrné z Obrazku 2, 3, 4). Pri snizovani intenzity excitace z I§*° na I§*° se posouvalo pouze
maximum pdasu B. Pozice maxima pédsu A zustdvala beze zmény, pouze klesala relativni
intenzita luminiscence tohoto pasu vuéi pasu B.
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Tabulka 2: Charakteristiky emisnich spekter heterostruktur InGaN/GaN

Vzorek Pozice maxima pasu Pozice maxima pasu B Pozice maxima pasu B

A [eV] pii I§¢ [eV] pii I§¥¢ [eV]
029 3.02 2.54 2.32
031 2.75 2.30 2.18
033 3.01 2.54 2.46
038 2.87 2.46 2.36
039 2.89 2.46 2.43
040 2.84 2.38 2.32
109 vzorek 029 — 1> 104 Vzorek 031 — 1,7
o |1exc - |1exc
: o Izexc r: _|29XC
E 051 o I:XC E 051 7|3exc
5 5
£ =
0,0+ 0,0
20 22 24 26 28 30 18 20 22 24 26 28 30 32
Energie [eV] Energie [eV]
Obrazek 2: Luminiscenéni spektra vzorku 029 a 031 InGaN/GaN.
1,41
—1 Vzorek 033 109 Vzorek 038 4 | — 1,
7'19)(0
': _|2exc :
E 0,7 7|3exc ?
S =
g 5
£ 2
0,0
20 22 24 26 28 30 20 22 24 26 28 30
Energie [eV] Energie [eV]
Obrézek 3: Luminiscenéni spektra vzorku 033 a 038 InGaN/GaN.
Diskuze

U vzorku GaN je vidét, ze vyssi poradové ¢islo znamend pokrocilejsi technologii vyroby,
nebot doslo ke zlepSeni pifpravy tohoto materidlu s ohledem na jeho luminiscenéni vlast-
nosti. Zlepseni bylo dosazeno optimalizovanim teploty rustu, poméru NHs ku trimethylga-
liu, nuklea¢niho tlaku, doby nukleace a prutoku NHj. Ostré ¢ervené maximum ve spektru
Ize prisoudit chromu, ktery se netimyslné dostal do substratu (safir), nebot ve stejné apa-
ratufe byl péstovan téz rubin [12].

U heterostruktur InGaN/GaN je velmi obtizné uréeni defektu, které se mohou podilet
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Vzorek 040

Intenzita [r. j.]
Intenzita [r. j.]

0,0

20 22 24 26 28 30 20 22 24 26 28 30
Energie [eV] Energie [eV]

Obrazek 4: Luminiscenéni spektra vzorku 039 a 040 InGaN/GaN.

na pasech ve spektru, protoze chybi teoretické vypocty slucovacich energii moznych de-
fektu, hodnot jejich energetickych hladin a celkové nejsou urceny mozné rekombinacéni
procesy. Domnivdme se stejné jako autofi [9], Ze pads B ma puvod v kvantovych teckach
tvofenych InGaN s vyssim obsahem In. Pfi vyrobé je mozné, ze indium snadno prodifun-
duje do vyssich vrstev, kde se pak vytvori kvantové tecky s riiznou hloubkou potenciadlové
jamy. Kvuli tomu je luminiscenéni pas B siroky. S vySsi excita¢ni intenzitou (a tim vétsim
poctem vybuzenych elektront) se pak maximum tohoto pasu posouva k vysSsim energiim,
protoze v kvantovych teckdch mohou rekombinovat elektrony z vyssich hladin energe-
tického pésu, na které se dostanou kviuli zaplnénosti hladin nizsich. Polositka i tvar tohoto
pasu se zachovavaji, coz je zfejmé zpusobeno nehomogenitou hloubky kvantovych tecek.U
vSech vzorku se snizila relativni intenzita pasu B mnohondsobné oproti intenzité pasu A z
QW. To lze vysvétlit tak, ze kvantové tecky jsou saturované — je jich jen koneény pocet a
na rozdil od QW jejich hladiny muze obsazovat jen zna¢né omezené mnozstvi elektronu.
Velmi zajimavym faktem je, ze posuv péasu je synchronni, tj. ze zméni-li se hloubka kvan-
tové jamy a tim se posune maximum ji odpovidajiciho pasu, posune se i pas B. Pficina
tohoto chovani je zfejmeé ta, ze s ménici se koncentraci india pouzitého na kvantovou jamu
muze odpovidajici mnozstvi prodifundovat a tim vytvorit kvantovou tecku hloubky, ktera
odpovida koncentraci india v InGaN. Rozdil mezi pozicemi maxim se nezachovava (lisf se
od 0.41 po 0.53 eV), jelikoz kvantové tecky se mohou vytvorit s ruznou distribuci danou
prostorovym rozlozenim india.

Je vidét nejednoznacény chronologicky vyvoj intenzity pasu A z QW ku péasu B. Te-
oreticky by se zvySujicim se pottem QW meéla zvySovat intenzita jejich pasu, coz vSak
na uvedenych vzorcich neni patrné. Nizka rychlost ristu méla také pomoci ke zvyseni
intenzity tohoto pasu, aby indium meélo vice ¢asu na zabudovani se do heterostruktury.

Relativné nizkd luminiscence z kvantové jamy u vzorku 038 a 039 je ziejmé zpusobena
legovénim bariér kiemikem a néslednymi nezafivymi pfechody. Mechanismus téchto pfechodu
zustava vsak zatim neznamy.

Zaveér
Byly zkouméany vzorky GaN a heterostruktur InGaN/GaN pomoci méfeni fotoluminis-

cence v zavislosti na intenzité excitace. Prvnim cilem byla snaha snizit intenzitu luminis-
cence zlutého pasu GalN s maximem pii 2.18 eV, ¢ehoz bylo ¢astecné dosazeno. Druhym
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cilem bylo pfispét ke zvySeni poméru intenzity pésu z kvantové jamy InGaN/GaN ku
pasu, ktery ziejmé pochdzi od kvantovych tecek vznikajicich ve vyssich vrstvach GalN di-
fundovanim india béhem piipravy vzorku. Pfedpoklady, Ze zvySenim poctu kvantovych
jam a snizenim rychlosti rustu dojde ke zlepSeni tohoto poméru, se plné nepotvrdili
a budou potieba dalsi ristové experimenty. Déale bude vhodné pouzit metody casové
rozliitelné luminiscence a urcit dobu vyhasinani luminiscence jednotlivych past k urceni
vliva nezéafivych prechodu.
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Abstract
The paper outlines the capability of X-ray diffraction (XRD) for evaluation of rea
structure changes and residual stresses (RS) on cross-section of advanced thick welds due
to the welding of ferromagnetic plates. The results of neutron diffraction describe a three-
dimensiona state of RS and also verify previous assumptions of RS redistribution as a
result of the surface preparation for determination 2D maps measured by XRD.

Keywords: Residual stresses; Laser and MAG welding; XRD; Neutron diffraction.

I ntroduction

High local residual stresses existing in components could have vital influence on its properties.
When awelded part with high local RS is machined the significant distortion may occur, due to
the disruption of the equilibrium state of RS. On the other hand high tensile RS due to welding
have a strong negative effect on the strength properties, especially under fatigue loading.
Therefore, the determination of the RS distribution in complex welded components is
accentuated.

Recent practical approaches distinguish between loca and global welding RS[1]. Thelocal
RS are resulting from the local heating and cooling processes in the weld metal and adjacent
heat affected zone (HAZ). Globa RS exist in the entire component and they are resulting from
shrinkage processes which occur in the whole component [1]. These global RS are affected by
the stiffness of the component and the local shrinkage processes in the direction of black arrows
in Figure 1. Tensile RS around a single pass weld in a plane sample are expected due to the
restraint which is generated by the cool adjacent zones in the base material of the plate [1].
Therefore, the main direction of tensile RS due to shrinkage is applied along the weld. And in
the perpendicular direction, the tensile RS should reach lower values according to this model.
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Figure 1: Shrinkage tendency and constraint conditions in a single pass weld (schematically) [1].

For a complete description of the austenite phase, the transformation associated
with achange in volume must be taken into consideration as a significant source of RS
especialy in high strength steels. The local compressive RS, which arise in the weld zone as a
consequence of the restrained volume expansion during the transformation of austenite in
martensite, bainite or ferrite, are superimposed to the global tensile RS explained according to
the model described above (Figure 1) [1]. The increase in the cooling rate of the welded plates
will lead to quenching and formation of local compressive RS. Laser welding supplies into the
weld lower heat input so that cooling of the weld is faster compared to the MAG technology.
The resulting distribution of residual stresses is a combined effect of hindered shrinkage and
phase transformations.

Developed laser welding methods using high power diode lasers (HPDL) took over the
capability to fill groove with cold or hot wire metal from metal active gas (MAG) welding and
thus to change mechanical properties of welds reducing their hardness due to the quenching [2].
Profitable changes of real crystallographic structure and RS in comparison with conventional
laser welds improve the results during impact and tensile test and mainly enhance fatigue life as
aresult of afavourable distribution of RS and its relaxation during welding in the weld zone and
HAZ [3].

To verify the results obtained by XRD, where the samples were cut in two pieces, it is
preferable to use the neutron diffraction. It has distinguished benefits such as the unique deep-
penetration, three-dimensional mapping capability, and volume-averaged bulk measurements
characterigtic of the scattering neutron beam for steel sample thickness up to 50 mm without
cutting [4].

Experiment

The analysed samples were prepared by a HPDL laser with cold wire and MAG welding (Metal
Active Gas (MAG) welding subtype of gas metal arc welding) from two 20 mm thick sheets
made of S355J2 steel. The XRD measurements were performed by PROTO iXRD COMBO
diffractometer with m-goniometer and {211} diffraction line of a-Fe was measured by CrKa
radiation. Deformation of interplanar distances of varioudly rotated planes was converted to RS
using the generalized Hooke's law according to the sin? 1) method. The corresponding neutron
measurements were carried out on the diffractometer SPN-100 of the Nuclear Physics Institute
which is installed at the channel HC-4 of the research reactor LVR-15 and operates at the
neutron wavelength of 0.235 nm. The diffraction peak {110} of a-Fe was measured. The strain
was calculated using the Hooke’s law based on the angular deviation of the diffraction profile
position from the value related to the stress-free sample.
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Sample orientations during XRD and neutron diffraction are shown in Figure 2a, b.
Thedirection of the arrows always indicates the direction of the measured RS. The rotation
of measured planes during sin?y measurements is also shown in Figure 2a for XRD.
The measurements were performed in three lines perpendicular to the welds. One line passes
through the centre of the weld and the other two are located three millimetres below each
surface, see red lines in Figure 2c. Upper side of the plate is the site which was firstly welded.
To determine the rea structure and RS by XRD on the cross section, it was necessary to cut the
plate in two parts (solid lines and dashed lines in Figure 2c) and the affected surface layer
electrochemically etched.

Y=0P=0 P=0yP >0 P e
T - R Sty
Ly =
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a) b) c)
Figure 2: Sample orientations during XRD (@) and neutron diffraction (b) and measured lines (c).

Results

Gradients of RS measured by XRD in two directions on the surface of welded plates with
adepth of penetration of the used radiation into the sample approx. 4 um are plotted in Figure 3.
Dependences of three-dimensional state of RS determined by neutron diffraction technique
related to the middle line and two lines with depth of three millimetres below both surfaces
of laser and MAG samples can be seen in Figure 4. The comparison of RS obtained by XRD
in direction L’ and neutron diffraction in direction T is plotted in Figure 5. The parameter x is
the perpendicular distance from the axis of the weld in al graphs.
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Figure 3: Surface residual stresses measured by XRD.
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Figure 4: RS for laser and MAG sample along three measured lines obtained by neutron diffraction.

The most significant tensile RS on the surface are in the direction S according to
the predictions (see Figure 1 and 3) for both samples. Tensile RS of the laser weld in the
direction S exceed the yield strength of the used steel and for upper side even the tensile
strength. This would suggest that the rapid cooling of laser weld created nonequilibrium hard
phases with higher strength [5]. In L direction differently wide HAZ could be well observed.

According to Figure 4 tensile RS within all the three measured lines obtained by neutron
diffraction have the maximum in the longitudinal direction for both samples. RS in the laser
weld at middle line exceeding 300 MPa and for MAG in bottom line only 230 MPa. In the
middle of the laser and MAG weld, the distribution of RS in both remaining directionsN and T
is the same. Shrinkage and other effects caused that RS were created in both directions
homogeneously.
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Figure 5: Comparison of RS obtained by XRD in direction L’ and neutron diffraction in direction T along
three measured lines and two samples.

In the middle of the laser weld according to Figure 5, RS obtained by neutron diffraction
in the perpendicular direction to the weld reported more tension character than by XRD. Thisis
most probably due to a significant contraction in the direction parallel to the weld. On the other
hand in the case of the MAG weld, there are compressive stresses. This could suggest
apredominance of phase transformation during the formation of RS rather than shrinkage.
For both welds, RS obtained by XRD reported higher compressive results than obtained
by neutron diffraction. The only exception is the upper line for the MAG weld, see Figure 5.
Laser weld (according to the Figure 4) has a higher tensile residual stresses along the weld,
therefore, redistribution after cutting the sample probably produced the greatest compressive
stresses measured by XRD. After cutting the plate, the weld probably dightly dropped, and thus
it caused compressive RS in the plane perpendicul ar to the weld.
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Conclusion

It was found from the measured RS by neutron diffraction in three different sample orientations
and in three different depths under the surface that the greatest gradient of residual stresses is
in the direction paralel to the weld. According to the literature study and our results, greater
tensile RS exhibits the laser weld in amost all measured lines. Furthermore, the results
describing HAZ width (changes in values of RS) are very similar for both analytical methods
(XRD and neutron diffraction).

The resulting RS gradients obtained using both methods with a different approach are
incertain correlation. Each method describes the outcome of RS in different context.
Theredistribution of RS during the cutting has not yet been accurately described, so further
measurements and verification using mathematical modelling will be needed.
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Abstract

Currently, the extensive research in the field of oxide cutting ceramics is conducted and
there are efforts to replacement cemented carbides by these materials. The reason is better
availability of the source materials and lower production costs. In cooperation with the
Moscow State Technological University STANKIN that provides manufacturing
technology, the influence of machining technologies on the value of residual stresses in
samples of Al,Os + TiC oxide cutting ceramics were investigated by X-ray diffraction.
Measurement was done for the both phases, the influence of the parameters of machining
technology to residual stresses was studied and the resulting values were compared with
each other.

Keywaor ds: Oxide cutting ceramic; X-Ray diffraction; Residual stresses, Machining technology.

I ntroduction

Ceramic tools have been used by man since the Stone Age, when he used sandstone containing
large amounts of silica blades, for example for the sharpening of knives, razor blades or other
tools. This material was used henceforward as abrasive wheels during the ages of cutting
weapons for sharpening of swords, knives and other blades. Only recently these grinding tools
have been replaced by other modern materials for example SiC or diamond.

At the beginning of the 20th century, the first use of Al.Os ceramics as a cutting tool
occurred. Over the years, its development had moved to a level at which we were able to
replace, for example, sintered carbides using those ceramic materials. This effort has been
caused by the mechanical properties of aluminium oxide and the easy availability of the starting
materials.

Preparation of samples

The starting materials and their properties have been known for along time. The problem was to
make compact replaceable inserts with the desired mechanical properties and dimensions. The
current production process consists of three parts: first, grinding the starting material to a
powder with grain size of the order of 100 nm, second, sintering the powders into a compact
form and third, the surface treatment of the inserts to the desired dimensions.

An important technological aspect of the properties of cutting ceramics is the grain size of
the starting powders. If the individua grain size is approximately the same (if they have ideal
spherical shape), the uniform distribution and the pore size are gained more easily during
forming and thereby for uniform compaction throughout the volume and easier reorganization
of the particles during sintering. Preference is also to achieve the smallest grain size of the
sample, because it |eads to faster material transport [1].

The sintering process is very similar to that used with sintered carbides. The powder is
pressed below the melting point into a compact body. But the main difference is the absence of
a binder which during sintering formed a liquid phase, because it would cause degradation of
mechanical properties. Today, ceramic is most commonly sintered into rods of cross section of

46



finite inserts and then cut to the desired dimensions. Individual plates are then varioudly surface
treated and shaped [2].

Figure 1: Scheme of creation technology of cutting ceramic sample: refinement powders (wet grinding) —
evaporation — pressing — sintering [3]

Experiment

In cooperation with the Moscow State Technological University STANKIN that provides
manufacturing technology, the influence of machining technologies on the value of residual
stresses in samples of Al>Os + TiC oxide cutting ceramics were investigated in X-ray diffraction
laboratory of the Department of Solid State Engineering of FNSPE CTU Prague. Not al of
results are presented.

Grinding by diamond disc

After sintering, all samples were ground using a diamond wheel. An effect of displacement of
the the workpiece on the lift at constant cutting speed, feed rate of the workpiece in the cutting
direction and depth of cut was observed. Grinding parameters are given in Table 1.

Table 1: Parameters of grinding by diamond disc.

Ve, L displacemen %
Sample cutting speed feed rate 'Sﬁ mﬁn depth of cut
[m/q] [Mm/min] . [mm]
[mnV/dipl.]
1 30 12 0.5 0.04
2 30 12 1.0 0.04
3 30 12 1.5 0.04
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Figure 2: Scheme of grinding by diamont disc [3]

Table 2: The values of hormal and shear residual stresses after grinding by diamond disc

Al,Os TiC
L direction RS MnKa 0210 L direction RS CrKka 311
Sample  on [MPa] os[MPd] F‘E\ég']'\" Sample on [MPa] os[MPd] F‘[’gg']'\"
1 -216 33 0.787 1 -518 77 0.759
2 -182 39 0.693 2 -536 77 0.741
3 -165 37 0.859 3 -530 74 0.708
T direction RSMnKa 0210 T direction RS CrKa 311
Sample on [MPa] os[MPq] F\?g;]M Sample on [MPa os[MPq] F\E\?{g]M
1 -436 36 0.804 1 -776 67 0.668
2 -470 30 0.709 2 -805 93 0.759
3 -580 37 0.772 3 -938 89 0.679

Values of residua stresses were determined in two orthogonal directions L (direction of the
grinding wheel) and T (direction of displacement on the lift). Because of unidirectional grinding
anisotropy of values was observed in both directions. Different values are due to the different
structure of Al,Os (trigonal) and TiC (cubic) and the different number of dlip planes.

.\\. ’Q“ V' d -\\ "-\\
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Figure 3: Structure of Al>O; (left) and TiC (right)

Thermal annealing the samples after grinding by diamond disc

Next samples were ground by diamond disc with the same machining parameters and then
thermally annealed at 800°C for one hour. It is evident from Table 3 that the values of the
macroscopic residual stresses decreased considerably. In contrast, the value of microstrains and
grain size given by the parameter FWHM remained almost unchanged.
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Table 3: The values of residual stresses after thermal annealing

Al.Oz TiC
L direction RS MnKa 0210 L direction RS CrKka 311
Sample on [MPa os[MPq] F\g:]M Sample on [MPa] os[MPaq] F\{\élg]M
12 -185 19 0.666 12 -516 91 0.965
13 -203 16 0.888 13 -290 40 0.609
14 -199 30 0.889 14 -289 112 0.847
T direction RS MnKa 0210 T direction RS CrKa 311
Sample  on [MPa] os[MPd] F\gz']'\" Sample on [MPa] os[MPd] F‘["é'g]'\"
12 -303 20 0.781 12 -599 71 0.782
13 -359 6 0.802 13 -474 57 0.613
14 -342 27 0.769 14 -473 104 0.908

Machining by blasting with compressed air (air abrasive machining)

In this method of machining, air of high pressure with added cutting microparticles is jetted on
arotating sample. The effect of air pressure changes on the residua stress in the sample was

studied.
iy ﬂ

Figure 4: Scheme of air abrasive machining and a picture of machining chamber [3]

Table 4: Parameters of air abrasive machining

P, o T,
Sample air pressure b'[a;tJ'”g’ at one point RPM
[MPa] [s]
4 15 60 2 50
5 2.0 60 2 50
6 25 60 2 50

The obtained values (Table 5) show that when a pressure increases from 2 to 2.5 bars
adecrease of compressive residual stresses (stress relaxation) is observed. It is probably aresult
of overcoming the yield strength of the material. Perhaps machining process with higher
pressure values influences deeper sub-surface layers of material. The energy required for crack
propagation is therefore higher for these seemingly lower pressure residual stresses. To confirm
this assertion, a depth-profile analysis of residual stresses by sequentia force-free etching of
surface layersis needed.
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Table 5: Values of residual stresses after air abrasive machining

Al>,O3 TiC
L direction RS MnKa 0210 L direction RS CrKa 311
Sample on [MPa os[MPq] F\{\éI;]M Sample on [MPa] os[MPaq] F\gI;]M
4 -352 34 0.787 4 -799 117 0.723
5 -367 45 0.694 5 -928 111 0.864
6 -242 32 0.827 6 -278 83 0.593
T direction RS MnKa 0210 T direction RS Crka 311
Sample  on [MPa] os[MPd] F\gg']'\" Sample on [MPa] os[MPd] F‘[’gg']'\"
4 -295 42 0.660 4 -737 119 0.641
5 -389 44 0.768 5 -899 123 0.890
6 -284 36 0.765 6 -283 69 0.611

Rotational movement of the specimen during the machining leads to an isotropic stress
distribution i.e., the valuesin both the directionsL and T are similar

Laser Shock Peening

During machining by laser the samples are heated and it results in stress relaxation. Increased
power will lead to higher temperatures, and thus to higher stress relaxation. Furthermore, it is
possible to observe the influence of the laying of individual spots (overlapping) on the
anisotropy of residual stresses’ distribution.

Wl

Figure 5: Scheme of linear and surface laying of spots [3]
Table 6: Parameters of LSP

f, pulse =S, n,
Sample P, Power frequency displacements number
[W]
[kHZ] [um] of pulses
10.1 2 30 40 1
10.2 5 30 40 1
10.3 10 30 40 1
10.4 15 30 40 1
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Table 7: Values of residual stresses after Laser Shock Peening

Al>,O3 TiC
L direction RS MnKa 0210 L direction RS Crka 311
Sample on [MPa os[MPq] F\g:]M Sample on[MPa] os[MPa] F\{\élg]M
10.1 -53 31 0.731 10.1 -318 111 0.594
10.2 31 31 0.717 10.2 -259 96 0.657
10.3 -29 23 0.757 10.3 -200 106 0.637
104 -62 17 0.751 104 -220 95 0.568
T direction RS MnKa 0210 T direction RS CrKa 311
Sample  on [MPa] os[MPd] F\gg']'\" Sample on [MPa] os[MPd] F\[’g';]'\"
10.1 -155 9 0.856 10.1 -509 148 0.619
10.2 -125 9 0.868 10.2 -448 135 0.545
10.3 -71 42 0.737 10.3 -367 135 0.543
10.4 -48 39 0.704 104 -288 123 0.618
11.3 47 24 0.649 11.3 -240 66 0.446

Conclusions

Values of residual stresses of cutting ceramics Al.Os + TiC were analysed in two perpendicular
directions. The influence of machining technologies to residual stresses was studied in both the
phases.

Anisotropy and different values for the two phases during grinding by diamond disc were
obtained, and the thermal relaxation of macroscopic residua stresses after thermal annealing
was also measured.

For air abrasive cutting overcoming of the yield stress was found out with increasing the
pressure to 2.5 MPa. Due to rotational movement during air abrasive machining and water jet
machining the values of surface residual stresses are isotropic.

Samples machined by laser exhibit thermal relaxation of residual stresses. At the sametime,
the found anisotropy of state of residua stressesis due to overlapping of laser-processed aress.
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Abstract

The goal of this article was to describe the differences between residual stresses in the
austenite steel and austenite phase of duplex steel. Residual stresses were studied as a
function of tool geometry, namely side rake angle. Residual stresses were determined using
X-ray diffraction techniques.

Keywords: Duplex steel; Austenite stedl; X-ray diffraction; Side rake angle; Residual stresses.

I ntroduction

Duplex and austenite steels are usually used for their properties, primarily for high corrosion
resistance. Duplex steels combine properties of both phases and moreover, due to two-phase
microstructure, some properties are better than high-alloyed austenite steel, e.g. abrasion
resistance [1].

Both, austenite and duplex steels have relatively low therma conductivity
(approx. 16 W/mK) [2] which leads to insufficient heat distribution into chip and workpiece and
to excessive heat accumulation in cutting zone. This heat generation can result in microstructural
changes, local changes of chemical composition, surface discoloration or inducing undesirable
tensile residual stresses.

The residual stresses (RS) gradient is more important indicator of machined material than
surface RS. A situation may arise that there are the favourable compressive RS on the surface but
with a steep RS gradient which can result in very high unfavourable tensile RS in the subsurface
layers, and reversely [3]. For thisreason, it is very important to investigate the RS gradient.

Theanalysis of polycrystalline materials by X-ray diffraction methodsis suitable for gaining
information about state of RS of both the surface and subsurface layers. On the other hand, the
other methods as hole-drilling determine the RS gradient from total deformation of material after
disruption of RS balance.

Theory

Duplex stainless steels have high corrosion resistance in many environments, where the standard
austenite steel isconsumed, and where its properties significantly exceed austenite steel. Thereby,
smaller amount of material from duplex stedl is necessary to manufacture function components.
Austenite and duplex steels are susceptible to mechanical reinforcement, i.e. local changes in
mechanical properties of surface layers. Local changes, e.g. hardness, can lead to tools vibration
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during machining of the final component, which resultsin additional material inhomogeneity and
blunting tool [4].

Realising that austenite steel has face centred cubic (fcc) |attice with close-packing structure
of atoms, the primary slip systemis <110>{111}. The number of dlip systemsis 12, whichisthe
sufficient amount to plastic deformation. Moving dislocations form so called stair-rod
didocations which have small stacking fault energy, i.e. high energy is necessary to have for
intersect or cross dip of these didocations [5]. Therefore, the austenite steels are prone to work-
hardening, which cause mechanical modification and inhomogeneity on the machined surface,
and leadsto e.g. unstable chip formation. On the contrary, theferrite crystallizesin abody centred
cubic lattice (becc). The direction dip in bce materials is aways <111>. Since in the bece lattice
isnot close-packing structure of atoms, more dsip planes assert during the deformation, mostly
planes {110} and {211}.

Experiment

The tested samples of tube shape of 100/86 mm in diameter were made of AlSI 304 (austenite)
and AISI 2205 (duplex) type of stainless sted. The samples were annealed in air laboratory
furnace for 5 hours at 420°C in order to reduce bulk macroscopic residual stresses.

For machining of the surfaces, four types of side rake angle were used (-6°; -2°; +7° and
+12°). Side rake angles are considered in combination with particular insert holder, which has
negative rake angle (-6°). DCLNR/L R-clamp tool-holders with lead angle of 95° (side cutting
edge angle -5°) for four 80° negative rhombic inserts were used, namely F3M, SF, NF, and PP
chip breakers of Iscar Cutting Tools. All inserts had the same tip radius 0.4 mm. For eimination
of blunting tool effect, the cutting tool was always new for machining of each tube segment.

Cutting conditions were as followed: feed rate 0.14 mm/rev, cutting speed 140 m/min, and
depth of cut 2 mm. Direction of feed rate was parallel to axis of the sample (tube) A and
perpendicular to tangential direction T. According to the principles of design of experiments
(DOE) method, three 1cm tube segments were machined using the same cutting conditions.

Using MnKa and CrKa radiation, X'Pert PRO MPD diffractometer was used to measure
lattice deformations in austenite and ferrite, respectively. The average penetration depth of X-ray
radiationisapprox. 4 pmand 6 um for ferrite and austenite phase, respectively. Diffraction angles
26™ were determined from the pesks of the diffraction lines Ka; of planes {311} and {211} of
austenite and ferrite, respectively. Diffraction lines Ka1 were fitted by Pearson VI function and
Rachinger’s method was used for separation of the diffraction lines Ko1 and Kao. For residual
stress determination, Winholtz & Cohen method [6] and X-ray elastic constants /s> = 7.18 TPa
1 s =-1.20 TPa® and /s, = 5.75 TPa?, s; = — 1.25 TPa! were used for austenite and ferrite
phase, respectively.

Results and discussion

In Figures l1a-c, there are influences of surface macroscopic residual stresses <ca>; <o7>, MPa
on the side rake angle, °. These residual stresses were averaged from three values of RS of tube
segments machined the same side rake angle.

Generally, the increasing of the side rake angle in the positive direction leads to alowering
of cutting force and temperature in the cutting zone [3]. For prediction of RS dependence on the
side rake angle, the yield strength ratio Rm/Rpo. of the given materia is necessary to take into
account. Generally, the temperature influence causes the tensile RS and contrarily, the plastic
deformation leads to compressive RS. The type of the RS and their value deeply depend on the
mechanical and thermal properties of the machined material [3, 7].

53



For austenite stedl, the yield strength ratio is approx. 2.5, which is typical value for plastic
material. The tensile RS are created during machining using great load on the cutting tool,
i.e. using the negative side rake angle, and smaller load causes the compressive RS, i.e. using the
positive side rake angle [3]. For this reason, higher compressive (axia direction) and smaller
tensile (tangential direction) RS were determined with increasing of the side rake angle,
see Figure la

On the other hand, for ferrite stedl, the yield strength ratio is less than 1.25, which is typical
value for elastic materials. According to [3], the shear type chips should be created which should
cause the interruption of the connection between chips and the material. The additional effect
of strainfiled of chipsisnot transferred in the machined surface. For this reason, the greater force
causes that the plastic deformation influence is predominant and higher compressive or smaller
tensile RS may be determined with increasing of the side rake angle.

Furthermore, for duplex steel, which is consisted of both phases, it is possible to presume
that the dependence of RS on the side rake angle is generally not monotonic for both the phases
because of their mutual influence during plastic deformation, see Figures 1b-c.
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Figure 1: Axial and tangential residual stresses <ca>, <ot> as a function of side rake angle, °.

Conclusions

The present study showed:

e The surface RS distribution is dependent not only on the side rake angle but on the
material, too.

¢ For austenite (one phase stedl), the dependence of RS on the side rake angleis decreasing
whichisin line with theory.

e On the contrary, for austenite and ferrite (in the two phase steel), the dependence is not
monotonous. The reason isyield strength ratio which is different for austenite and ferrite,
in other words different mechanical properties.
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e Using these cutting conditions, the austenite steel has higher compressiveresidual stresses
in the comparison with both phases of duplex steel. For this reason, the austenite steel is
better material to produce of the dynamically loaded components.
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Abstrakt

Process integration is a method in chemical engineering which emphasizes the unity of
the process and considers the interactions between different unit operations, rather than
optimizing them separately. This can aso be called integrated process design or process
synthesis. Process integration can be defined as a holistic approach to process design and
optimization, which exploits the interactions between different units in order to employ
resources effectively and minimize costs. The main advantage of process integration is to
consider a system as a whole (i.e. integrated or holistic approach) in order to improve their
design and operation. In contrast, an analytical approach would attempt to improve or
optimize process units separately without necessarily taking advantage of potentia
interactions among them.

Keywords: Didocations; High temperature processes; L eakage current; Plasma damage; Power
VD MOSFET.

I ntroduction

A detailed description of the leakage mechanism, and determination of the root cause of the
leakage are essential for proper adjustment of the manufacturing process in order to eliminate
the leakage. The determination of the root cause of the leakage current is a complicated issue, as
there always is a large number of potential causes generating leakage. A failure analysisis the
first step in treating a leakage current. The aim of the failure analysis is to define the |eakage
current and determine the root cause [1]. Proper experiments in manufacturing process on
leakage current elimination can be proposed only when the leakage mechanism and root cause
are well understood. A combination of channel length and dislocation depth seemed to be the
main factor causing the leakage current. Dislocation induced channd shortening was assumed to
be the root cause of the leakage [2]. Manufacturing process experiments related to channel
lengthening and channel doping were performed to confirm the theory of dislocation induced
channel shortening.

Experiment

Two manufacturing process experiments were performed in order to confirm the theory that
drain leakage (IDSS leakage) was caused by didocation induced channel shortening. The first
experiment consisted in lengthening the transistor channel by prolonging the channel post
implant annealing. The second experiment consisted in increasing the eectric field in the
channdl (i.e. electric field of boron acceptors) by increasing the channel implantation dose. It
was predicted that the lengthened channel and increased boron concentration in the channel
region would suppress dislocation induced subsurface punchthrough [2].
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Suppressing IDSS leakage by prolonging the channel post implant annealing

The standard diffusion procedure of boron atoms forming a transistor channel is 35 min of
annealing at 1150 °C. One set of wafers with annealing time prolonged to 45 min was
processed. A comparison of IDSS leakage distribution (represented by box plots) for wafers
with channel annealed for 35 min and 45 min respectively can be seen in Figure 1. The group of
wafers with prolonged annealing time showed significant suppression of IDSS leakage.
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Figure 1: P Box plot represented distributions of IDSS leakage for wafers, where boron implanted layer
(i.e. channel) was annealed for 35 min and for 45 min respectively at atemperature of 1150 °C. The IDSS
|eakage was significantly suppressed for wafers with longer annealing time.

Suppressing IDSS leakage by increasing the channel implantation dose

The standard implantation dose of boron aoms forming a channel region is
4.2 x 10 atoms/cm?. Two sets of wafers with higher implantation doses were processed. The
first group had an implantation dose of 4.6 x 10 atoms/cm? and the second group had an
implantation dose of 5.0 x 10¥ atoms/cm?. A comparison of IDSS leakage distribution
(represented by box plots) for wafers with various channel implantation doses can be seen in
Figure 2. Both groups of wafers with higher channel implantation doses showed significant
suppression of IDSS leakage.
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Figure 2: Box plot represented distributions of IDSS leakage for wafers, where boron implanted layer
(i.e. channel) was annealed for 35 min and for 45 min respectively at a temperature of 1150 °C. The IDSS
leakage was significantly suppressed for wafers with longer annealing time.

Discussion

When didocations are located within the depletion region of the PN junction, anomalous
junction leakage current can flow [3]. The leakage is caused by enhanced dopant diffusion along
didocations, as didocations act as tubes of easy diffusion paths [4-8]. The didocations cause
diffusion pipes or diffusion spikes, which then become a leakage path between the source and
the drain [9], [10]. It is estimated that the leakage current occurred as a result of the diffusion
spikes of phosphorus atoms lengthening the N+ source layer, which means that the interface of
N+ and P- layer was shifted into the transistor channel at the site of the didocation. The
transistor channel was shortened at the site of the dislocation and punchthrough causing the
IDSS leakage occurred for Vps > 10 V. The mechanism is described in Figure 3.

Leakage caused by punchthrough should be suppressed by lengthening the channel and by
increasing the channel implantation dose (increasing threshold voltage) [11]. Both these
assumptions were verified by manufacturing process experiments (Figure 1 and Figure 2) and
punchthrough was confirmed as the IDSS |eakage mechanism. In addition, GIDL was excluded
as the leakage mechanism in an experiment with increasing the channel implantation dose, as
GIDL should be increasing for increasing channel doping (increasing threshold voltage) [11],
[12]; however, an opposite trend was observed (Figure 2).
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Figure 3: Mechanism of dislocation induced punchthrough causing IDSS leakage in power VD MOSFET
structure.

The formation of didocations in the N+ source area is often attributed to phosphorus
implantation damage [6-8]. If dislocations were caused by implantation damage, we would
expect random placement of didocations in the N+ source area. But didocations were aways
located in the corners of transistor cells near the edge of the polycrystalline silicon gate. For this
reason, implantation damage does not seem to be the cause of the diglocations.

The corners of transistor cells are subjected to the following surface stressing operations:
1. plasma etching of the polycrystalline silicon gate, 2. growth of P+ implantation screen oxide
(surface oxidation), 3. plasma etching of this oxide, 4. growth of N+ implantation screen oxide
(surface oxidation). Surface stress caused by these manufacturing steps can generate
didocationsin the corners of transistor cells. It is especialy the didocations under the edge of a
plasma etched pattern (edge of the polycrystalline silicon gate in our case) which can be
attributed to surface stress caused by plasma etching process[9], [13].

Conclusion

Transistor channel shortening caused by dislocations was determined to be the root cause of the
leakage. Manufacturing process experiments related to channel lengthening and channel doping
confirmed the theory of dislocation induced channel shortening.

The occurrence of dislocations in the corners of transistor cells was attributed to surface
stress induced by plasma etching and oxide growing. Our future work will be focused on
suppression of the leakage. Plasma etching process steps and high temperature process steps
will be optimized in order to eliminate the leakage.
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Abstrakt

V tomto pfispévku je provedena studie teplotni zavislosti fotoluminiscence center
ktemik-vakance v tenké nanokrystalické diamantové vrstvé ptipravené MWPE CVD
technikou. Spektra byla potizena v teplotnim rozsahu 11 K — 300 K a analyzovéana pro
stanoveni teplotni zavislosti parametrti nulfononové linie- polohy a polositky. Ziskané
zavislosti jsou srovndny s témi predpoveézenymi teoretickym modelem a nésledné jsou
diskutovany jevy, které za teplotni chovani zodpovidaji.

Kli€ova slova: Centra kiemik-vakance; Fotoluminiscence; CVD diamant.

Uvod

Zaporné nabita centra kiemiku a uhlikové vakance (SiV) v diamantu nalezi do skupiny
barevnych center, které jsou perspektivni pro optoelektrické aplikace jako naptiklad zdroje
jednotlivych fotond a fluorescenéni znacky pro biozobrazovani. Fotoluminiscenci (PL) SV
center tvoii ostra nulfononova linie (ZPL) v blizkosti 738 nm pievladajici v emisnim spektru i
pii pokojové teploté a nevyrazné fononové pasmo. Typicky tvar této luminiscence V blizké
infracervené oblasti spektra je disledkem specialni struktury SiV center (konfigurace rozstépené
vakance) [1]. Mimoto, je zkoumani SiV center v CVD diamantech dilezité také proto, nebot’ je
Znamo, ze kiemik bézné kontaminuje vSechny typy diamantd péstovanych metodami chemické
depozice z plynné faze (CVD) kvili leptani S substrata, kiemennych okének a stén reakénich
nadob [2].

V souCasné¢ dobé je luminiscencni vlastnostem SiV center v diamantovych vrstvach
i nanoc¢asticich vénovana velka pozornost, zejména vlivim parametric depozice na aktivitu
luminiscence SIV [3 — 6]. Bylo zjisténo Zze PL nezavisi na volbé substratu [3], je velmi citliva na
zmény slozeni plynné smési [4] a na teplotu substratu [5]. Navic autofi [6] stanovili optimalni
slozeni plynné smési a teplotu substratu odpovidajici maximalni PL aktivité. Studiu ptavodu
elektronovych piechodd v SIV centru, jeho struktute a geometrii byly vénovany prace uvadéjici
ab initio vypocty [ 7], EPR méfeni a studie jejich optickych vlastnosti v polarizovaném svétle [1,
2, 8]. Na zakladé toho byl navrzen model energetickych hladin SIV centra v pasu zakazanych
energii diamantu. Krom¢ toho je v soucasnosti velmi zajimavym tématem diskuzi teplotni
chovani PL SiV center v diamantovych vrstvach a nanocasticich, zejména poloha ZPL
apolositka (Sitka v poloviné vysky, FWHM). Autoti [9] pfipisuji teplotni zavislost téchto
parametri sledovanych v homoepitaxni CVD diamantové vrstvé s nizkym pnutim kontrakci
miizky a elektron-fononovému vazani v porusené miizce. Toto tvrzeni bylo ¢aste¢né podpofeno
praci [10], ktera navic uvazuje vliv spin-orbitalni interakce.

V tomto pfispévku je provedena studie teplotni zavislosti fotoluminiscence SiV center
v tenké nanokrystalické diamantové (NCD) vrstvé ptipravené MWPE CVD technikou. Je
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zkouman teplotni pribéh polohy a polositky a diskutovany mozné zodpovidajici mechanismy
S ohledem na dfive uvedené teoretické modely.

Experiment

Diamantové vrstvy byly deponovény na kfemenném substratu o rozmérech 10 x 10 mm?. Pied
samotnym rustem byl substrat ultrazvukové oSetfen v suspenzi deionizované vody
aultradisperzniho prasku detona¢niho diamantu. CVD depozice diamantu byla provedena
vVMWPE CVD reaktoru s elipsoidalnim rezondtorem vyuzivajicim fukusovanou na vodik
bohatou plazmu s metanem [11] (1 % vici proudu Hz). Béhem depozice nebyly pouzity zadné
plynné smeési obsahujici kiemik, takze atomy Si se musely zaclenit do diamantové vrstvy jako
dasledek leptani kifemenného substratu a komponent CVD komory reaktoru (kfemenny zvon),
jak bylo jiz sledovano diive [12].

PL emisni spektra za riznych teplot excitovana linii v 442 nm He-Cd laseru byla méfena
Vv usporadani na odraz v rozsahu teplot 11 — 300 K. Aparatura se skladala z monochromatoru
Carl Zeiss SPM2 (mtizka 650 vrypt/1 mm, spektralni rozsah 193-1022 nm). PL intenzita byla
snimana chlazenym fotonasobicem RCA31034 (GaAs fotokatoda, spektralni rozsah
200-930 nm) operujici v modu ¢itani jednotlivych fotonu. Intenzita excitaéniho svétla byla
zaznamendvana pomoci fotonasobite 67 PK511 (fotokatoda S20) a kyvety s roztokem
rhodaminu B v etylenglykolu. Nasledné byla vSechna spektra zkorigovana na spektralni odezvu
aparatury.

Vysledky a diskuze

Obrazek 1 ukazuje PL emisni spektra NCD vrstvy pro nizkou a pokojovou teplotu v rozsahu
vinovych délek od 710 do 780 nm. Kromé¢ ostré ZPL v 738,5 nm lze ve fononovém pasu spektra
potizeného pii nizké teploté vidét maxima v 757 nm a 767 nm, viz Obrazek 1. Tyto maxima
jsou piipisovana po fad¢ delokalizovanému fononovému miizky a lokalnimu fononovému modu
substitu¢niho Si atomu [10, 13]. Pfi pokojové teploté tyto maxima splyvaji mezi piispévky
dalsich fononovych mdda a jiz ve fononovém pasmu nejsou patrna. Z Obrazku 1 si lze také
povsimnout, Ze s rostouci teplotou klesa intenzita ZPL oproti fononovému pasmu.

| 738,2 nm Teplota
— 11K

—— 300 K

757 nm 767 nm

Intenzita luminiscence (rel. j.)

710 720

730

740 750

VInova délka (nm)

760

770 780

Obrazek 1: Emisni spektra fotoluminiscence SIV center v nanokrystalické tenké vrstvé diamantu piti nizké
a pokojové teploté. Luminiscence byla excitovana 442-nm linii He-Cd laseru.
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Vysledna teplotni zavislost polohy a FWHM ziskané pro nulfononovou emisi v blizkosti
738 nm je uvedena na Obrazku 2. Jak |ze vidét z obrazku 2a, poloha ZPL vykazuje modry
posun sklesajici teplotou pfiblizné o 20 cm™ (1,2 nm), zatimco na Obrazku 2b lze vidét
zuzovani linie s ochlazenim z hodnoty 130 cm™ (pfiblizné 7 nm) na asi 65 cm™ (pfiblizné 3,5
nm). Vyrazné zmény se odehravaji piedevsim v oblasti vyssich teplot az do teploty 100 K, poté
jiz hodnoty polohy a FWHM ziistavaji témet beze zmén.
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Obrazek 2: Teplotni zavislost (8) posunu linie a (b) polositky (FWHM) ziskané pro nulfononovou linii
emise fotoluminiscence SiV centrav NCD tenké vrstvé. Luminiscence byla buzena vlnovou délkou
442 nm He-Cd laseru. Pro odecet posunu linie byla jako referen¢ni hodnota zvolena poloha pfi
teploté 11 K.

Podle [9, 10] mizZe byt chovani ZPL polohy s teplotou vysvétleno ve smyslu dvou vzajemné
pusobicich procesi, kontrakce mfizky a kvadratické elektron-fononového vazani, pro né€z byla
odvozena zavislost aT? + bT* kde a a b jsou konstanty. Druhy ¢len bT* vyjadiuje efekt
vzajemné neoddélitelnych prispévkl kontrakce miizky a elektron-fononového vazani s tvrdymi
fononovymi mody, zatimco &len aT? se vyskytuje ve vyrazu dodateéné, pokud bereme v ivahu
meknuti vazeb v excitovaném stavu centra. Srovnanim této ptredpovézené zavislosti s nasimi
experimentalnimi pribehy na Obrazku 2a dochazime k velmi dobré shodé¢.

Pro popis teplotniho prubéhu polositky dospéla Neu et a. [9] ke kombinaci 3 ¢lent
umérnych T7, T2 aT?5. Prvni z nich odpovid4 zavislosti fonont porusené krystalové miizky na
prechodu mezi nedegenerovanymi elektronovymi stavy v Debyeové aproximaci. Soucet prvniho
a druhého vyrazu odpovida puisobeni elektron-fononovému vazani v ptipadé¢ degenerovanych
elektronovych stavil, ktery v sob€ zahrnuje také efekt meknuti vazeb v excitovaném stavu
barevného centra. Soucasné byla oveéfena dominantni role druhého ¢lenu pro ptipad N-V centra.
Tteti ¢len je typicky pro teplotni zavislost Sitky ZPL pii ptisobeni dynamického Jahn-Tellerova
efektu v daném degenerovaném elektronovém stavu. Zavislost imérna T3 byla také pfisouzena
vlivu fluktuujicich poli zptisobenych modulaci vzdalenosti mezi SiV centrem a dalsimi defekty
ve vrstve kvuli interakci s fonony. Bylo zjisténo, ze dominantnim ¢lenem zavislosti, ktery urcuje
hlavni mechanismus rozsifovani linie, je T3 Ke stejnému zavéru lze dospét i pro naSe vzorky,
prolozime-li experimentalni data touto zavislosti, viz Obrazek 2b. Pifedpokladame, ze ziskany
vysledek je predev$im dasledkem defektni struktury studované diamantové vrstvy, coz je
v souladu s pozorovanim autort [9].
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Zavér

Byly studovany a analyzovany emisni spektra fotoluminiscence v teplotnim rozsahu od 11 K do
300 K. Sledované zuzovani nulfononové linie Sochlazovanim lze dobie popsat zavislosti T3
vyjadiujici homogenni rozSifovani uréené predev§im fluktuujicimi poli mezi SIV centrem a
jinymi defekty ve vrstvé v dusledku jejich interakce s fonony. Byl sledovan modry posun linie,
ktery nastdva pii poklesu teploty z pokojové na 11K a lze ho popsat zavislosti aT? + bT?,
vyjadiujici vlivy kontrakce miizky a slabnuti sily kvadratického elektron-fononového vazani.
Tyto zavéry odpovidaji teoretickym modeltim a vysledkiim studii jinych autord.
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Abstrakt

Tento piispévek je struénym piehledem pouZivanych senzoru k detekci NHs a Hs.
Zabyva se hlavné §iroce pouzivanymi optickymi senzory s ndvaznosti na SPR metodu
a soucasnym trendem miniaturizace téchto zafizeni. Dale jsou zde shrnuty vypocetni
moznosti Laboratofe materidlového modelovani na KIPL, kterymi mize pfispét do
vznikajiciho projektu ,,Highly sensitive Detection of technically relevant gases with
Organometallic Nanostructures - HiDeON* ve spolupréci s Leibniz Institute of Pho-
tonic Technology v Jené.

Kli¢ova slova: Amoniak; Vodik; Senzory; Nanocastice; HR-LSPR.

Uvod

Ackoli o tom t¥eba ani nevime, senzory jsou pfedmétem nasi kazdodenni potfeby. Vétsinou
se jednd o velmi diskrétni zafizeni zajistujici nasi bezpe¢nost. MiZzeme se s nimi setkat v
letadlech, zabezpecovacich systémech, lednic¢kach apod. Existuje mnoho druht senzort od
kovovych, polovodicovych az po optické nebo akustické. Nelze ptimo fict, jaky typ senzoru
je nejlepsi, jelikoz vidy zélezi, za jakym tcéelem je konstruovan.

Prikladem mitze byt vyfukové potrubi aut s dieselovym motorem, kde je potieba senzor
s vysokou citlivosti (desitky ppm), ktery dokaze pracovat za relativné vysokych teplot
(100° - 200°C) a s kratkou obnovovaci dobu (kolem 1 minuty). Naproti tomu, p¥i sledovani
koncentrace amoniaku nebo jinych plynt ve vzduchu miize byt pouzit senzor pracujici za
niz&i teploty, ale disponujici vysokou citlivosti a selektivitou, jelikoZ mnozstvi amoniaku ve
vzduchu se pohybuje kolem jednotek ppb. [1]

Nejdulezitéjsi parametry charakterizujici vlastnosti senzord jsou méfici rozsah, citlivost,
selektivita a cas odezvy.

Velmi rozgifené je pouzivani optickych senzori, jelikoZ nejsou ovlivnitelné elektrickym
polem a lze je pouzit i ve vybusném prostiedi. Navic, v pfipadé distribuovanych vlaknovych
senzoru lze monitorovat plyn v prostorové rozsahlé oblasti (nap¥. podél ropovodi).

Nejvice se pro detekci plynt vyviji a pouzivaji elektrické senzory (rezistory, diody,
tranzistory), az 40% vSech senzort. Druhou nejpocetnéjsi skupinou jsou senzory optickée
(15%). V poslednich dvou dekddéch je velmi popularni miniaturizace téchto zafizeni a tim
padem se i vyzkum pfesouvé do nanooblasti. Jen na detekci Ho pomoci nanostruktur bylo
do roku 2009 publikovano 25 ¢lankt a mnozstvi samoziejmeé od té doby roste exponencialné.
2]

Nage katedra se dlouhodobé zabyva detekci plynid pomoci optickych méricich metod.
Zde se zamérujeme hlavné na detekci amoniaku a vodiku.
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Amoniak

Amoniak je plyn, ktery se piirozené vyskytuje v ovzdusi, ale ¢lovék svou ¢innosti umeéle
navy$uje jeho koncentraci (vyroba hnojiv a chladiv, automobilovy primysl, hospodéafska
¢innost). Lidsky nos je schopen detekovat NH3 p¥i 50 ppm (cca 40 pg/m3), coz je mnozstvi,
které uz je drazdivé pro respira¢ni systém, oci a ktzi. Maximéalni koncentrace, pii které
mohou lidé dlouhodobé pracovat je 20 ppm. Samoziejmé i lidské télo samo vytvaii amoniak
a vylucuje ho ve formé modi nebo pomoci potnich zlaz. Ur¢ité mnozstvi amoniaku v téle
muze také indikovat onemocnéni. Napfiklad jeho zvySend koncentrace v dechu pacienta
miiZe znacit onemocnéni ledvin nebo viedy zptisobené bakteridlnim onemocnénim zaludku,
kde jisty druh bakterie produkuje NHj. Pro takovou lékafskou analyzu by bylo potieba
jen nékolik ml vydechnutého vzduchu pacienta. Podobné vyuziti by mély takto kvalitni
dechové senzory i pro jiné plyny, jako jsou Hy nebo COa,. [1]

V soucasné dobé€ se pro velmi citlivou detekci pouziva nékolik druhti senzori na NHs.
Piikladem jsou senzory z kovovych oxidu (nejc¢astéji SnOs nebo WO3), které funguji na
zékladé chemisorpce plynu na povrchu kovové vrstvy. Vlivem chemisorpce dojde k snizeni
Schottkyho bariéry na hranici zrn materidlu a tim padem zméné jeho vodivosti.

Dalgim typem jsou senzory z katalytickych kovi, které se vyuzivaji i pfi detekci jinych
plynti. Nejvetsi nevyhodou je jejich nizka selektivita, kterou se snazi védci a inZenyfi zlep-
Sovat, naptiklad dpravou detekéni vrstvy nebo pouZzitim membran pro predvybér plynu
(zvygeni jeho koncentrace) k dalsi detekci.

Existuji i rizné druhy senzorii z vodivych polymeri (polypyrol, polyanilin) ¢i fotome-
trické analyzatory, které detekuji pritomnost NHg jen na zakladé zmény barvy urcéitého
analytu (Nesslertiv reagent, Berthelotova reakce). [1]

Zaroven nezapomenme zminit dalsi optické metody jako pfimé méreni optické absorpce
pomoci vysokovykonnych laserti nebo levnéjsi variantu detekce NH3 pomoci optickych
vldknovych senzori. Zde dochézi ke zméné méieného spektra na zékladé reakce prevodniku
s amoniakem v polymernim obalu optického senzoru. [3]

Vodik

Vodik je silné redukéni ¢inidlo a mé schopnost prochazet mnoha druhy materialt. Jelikoz
je bezbarvy, bez zdpachu a bez chuti, nelze tento plyn detekovat lidskymi smysly. Historie
detekce vodiku zacala pred vice nez sto lety spolu s konstrukcemi vzducholodi. Hlavnim
ticelem senzori je sledovat nejen pritomnost vodiku, ale velmi pfesné urcit jeho koncentraci.
Dtlezité je to hlavné v oblastech, kde se mtze Ho volné misit se kyslikem a zpiusobit tak v
uréitém poméru explozi.

Ve srovnani s ostatnimi nehoflavymi plyny ma vodik nékolik neobvyklych vlastnosti:
nizkou hustotu a bod varu v kombinaci s vysokou difuzivitou a vztlakem (schopnosti vzna-
Set se na hladiné vody a ve vzduchu). Co se tyka hoflavosti potiebuje vodik k vzplanuti
velmi méalo energie. Teplota vzniceni je pfiblizné 560°C. [2]

Vyvoj detekce Ha je stalym trendem jiz nékolik dlouhych let a to hlavné diky rozvoji
priumyslu, kde se plyn p¥imo pouzivi nebo vzniki jako vedlej$i produkt. Pitkladem jsou:
metalurgicky primysl (vyroba hliniku), jaderné elektrarny (pfepracovani plutonia nebo
nechténé reakce vody s jadrem reaktoru a kiehnuti obalovych materiali), vyroba vybojek
(Hy kontaminuje vzacné plyny Kr, Xe, ...). Detekce Ho hraje roli i v biomedicing, kde mize
byt opét indikatorem urcéité nemoci; pripadné znaci znecisténi zivotniho prostiedi.
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Senzory pro Hs skryvaji vysoky potencidl i do budoucna, jelikoz se ¢im dal vice diskutuje
vyuziti tohoto plynu v automobilovém priamyslu. S tim by také souvisel rozvoj palivovych
stanic, plynovodi, tloznych kontejnerd atd. Nejnovéjsi vyzkum se tedy zaméfuje na zlep-
Senf citlivosti, selektivity, ¢asu odezvy a navic vhodné zmenseni velikosti senzortl, snizen{
ceny a spotfeby energie.

Podobné jako u NHj i senzory Hsy se daji rozdélit do nékolika skupin podle principu,
na zakladé kterého funguji. Pokud pomineme laboratorn{ metody méreni koncentrace Ho
jako jsou hmotnostni spektroskopie nebo plynova chromatografie, které jsou velmi drahé a
nefektivni pro prumyslové ucely, spojuje vétsinu senzori pouzity material, citlivy na Ho.
Muze se jednat bud o Pd nebo Pt, které funguji jako katalyzatory nebo absorbanty Ho.
Diky reakci s Hg ale zarovenn dochéazi k degradaci téchto kovii. Mimo katalytické aktivity na
povrchu, dochazi k absorpci Ho do objemu materidlu. Velkd zména objemu je zapfi¢inéna
opakovanou absorpci a desorpci, které zeslabuje kovovou strukturu a mtze byt pfic¢inou
praskani, vytvareni puchyit a delaminaci kovovych filmta. Takzvany efekt kfehnuti ma
samoziejmé negativni vliv na stabilitu He-senzortl zaloZzenych na vzacnych kovech.

Mizeme tedy najit nékolik publikaci zaméiujicich se na stabilizaci téchto citlivych
vrstev: pomoci oxidi (VO,, V205) nebo polymeri (PVDF), popfipadé vytvarenim slitin
(Pd+Ni, Pd+Au, Pd+Ag), které vydrzi vyssi koncentraci Ho. Dalsimi druhy detekénich
materiali citlivych na Hy jsou kovové oxidy: ZnO, TiOg, SnOg, VOq, atd. [2]

Kromé hledani nejefektivnéjsich materialt reagujicich na vyse uvedené plyny, dochézi
také k miniaturizaci detekénich zafizeni a tedy k pfesunu do nanooblasti. V dnesn{ dobé
se muzeme casto setkat s vyvojem rtiznych druhti nanoc¢éstic nebo vyuzitim uhltkovych
nanotrubic¢ek a nanotycek.

Miniaturizace se tyka v8ech typu senzori. Zatim nejpropracovanéjsSim se jevi MEMS
(Micro-Electro-Mechanical Systems). [2]

Experiment

Co se tyka optickych senzort, shriime nékolik nejpouzivanéjsich druhi.

Bud se jedna o optickd vlakna (a jiné vlnovody), které maji na svém povrchu ma-
terial citlivy na uréity typ latky. Po absorpci plynu dojde k zméné rozméri této vrstvy
nebo zméné jejiho indexu lomu a my pak detekujeme fazové zmény svételného paprsku
prochézejiciho vldknem.

Dalgf typ optického senzoru vyuzivi existence evanescentniho pole. Jedna se o elek-
tromagnetické pole, které se vytvoii na hranici ur¢itého typu svétlovodného média, jako
je napftiklad jadro optického vldkna. Toto pole exponencialné klesé se vzdalenosti od ja-
dra. Senzory zaloZené na tomto principu maji v detekéni{ ¢asti vlakna specidlné upraveny
obal. Interakce obalu s plynem zplisobuje zménu indexu lomu, coz vede k zméné dtlumu
evanescentniho pole. Toto mtze byt detekovano jako zména v transmisnim spektru.

Vyuziva se takeé strukturnich Gprav samotného jadra vlnovodu, optické vldkno s miizkou
(FBG - Fibre Bragg Gratings). Miizka je vyryta do jadra optického vldkna a umoziuje
periodickou modulaci indexu lomu ve vlakné. Miizka odrazi svétlo o specifické vinové délce
a po vystaveni vlakna plynu dochazi ke zméné Braggovské vinové délky. Vinova délka je
takeé silné zavisla na teploté, coz musi byt zohlednéno pii interpretaci signélu.

V dnesnim dobé je jednou z hojné pouzivanych senzorickych optickych metod rezo-
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nance povrchovych plazmoni (SPR - Surface Plasmon Resonance). Jedna se o jev, kdy
je na rozhranf dielektrického a kovového materidlu vybuzena rezonanéni oscilace vodivost-
nich elektronu (tj. elektromagneticka vina o specifickych vlastnostech). Tato vlna se §iFi
rovnobézné s rozhranim kov-dielektrikum, a je citlivd na zmény v kovové vrstvé. Plazmon
jednoznacné charakterizuji dvé veli¢iny; konstanta §ifeni 5 a jeho fazové rychlost v(ngie)-
Konstanta §ifeni je navic zavisla na realné ¢asti dielektrické konstanty kovu (egoy) a indexu
lomu dielektrika (ngie)-

S oblibou se tato metoda pouziva v biomediciné. Pied vice nez 20 lety se SPR biosenzory
staly hlavnim néstrojem na charakterizaci a vyhodnocovani biomolekularnich interakci.
Vlivem adsorpce/zachyceni néjaké molekuly (napfiklad proteinu, DNA) na kovové vrstvé
dochazi ke zméné indexu lomu materidlu a méfime bud zménu rezonanéni frekvence nebo
rezonan¢niho thlu dopadajiciho svétla (svétlo, které budi plazmony) nebo uréime zménu
intenzity odraZeného svétla.

I v pfipadé téchto biosenzort je detekce trochu zesloziténa, jelikoz k SPR jsou vhodné
jen nékteré kovy (Au, Ag, Pd...) a povrch, na ktery muze biomolekula dosednout je velmi
maly. Ke zvySeni efektivity jsou na kovovou vrstvu pridavany dalsi detekéni slozky jako
napiiklad polymery, které imobilizuji biomolekuly - nachytajf jich vic, udrz{ je u povrchu
a zaroven je v nékterych pfipadech mohou tc¢elné rovnat v prostoru detekéni plochy. [4]

S vyvojem nanocastic se dostavdi tato senzoricka oblast jesté dal, tzv. LSPR - Locali-
zed Surface Plasmon Resonance. Princip excitace plazmonti je stejny, nicméné s mnohem
lepsim vysledkem. Excitované elektromagnetické pole (mnohem vyssi amplituda, tj. inten-
zita plazmonické rezonance) je lokalizované na nano¢astici a smérem od rozhrani nanocas-
tice/dielektrikum jeho amplituda velmi strmé klesa. Diky tomu jsou tyto senzorické ¢astice
velmi dobte rozligitelné v prostoru a dalsf rozliSeni zalezi jen na jejich velikosti. Druhou
vyhodou je mnohem vyssi citlivost.

Dalsim posunem v této oblasti je HR-LSPR (High Resolution - Localized Surface Plas-
mon Resonance). Nanoc¢ésticova detekce latek z roztoku (z kapalné faze) se presouvé k
detekci z plynné faze s velmi nizkou koncentraci hledaného plynu. Je napf¥iklad zndmo,
ze pouzitim Au a Ag nanodéstic pro detekci helia a argonu v dusikové atmosfére bylo
dosazeno obrovské citlivosti, jelikoz naméfené zmény objemového indexu lomu byly mensi
nez 3-10~*. Nutno dodat, 7e extinkéni spektra pii méfeni HR-LSPR jsou silné zavisla na
velikosti a tvaru nanocastic. [5]

Diky témto slibnym vysledkiim (mé&feni koncentrace He a Ar pomoci HR-LSPR) jsme
se rozhodli pouzit tuto metodu k zdokonaleni nasi senzorové metody - detekce amoniaku,
vodiku a kysliku pomoci chemicky upraveného obalu optického vlakna.

K detekci Ho byly vybrany nanocastice Pd, jelikoz Pd vybérové interaguje s Ho. V pfi-
padé detekce NHg se pfedpoklada pouziti podobného postupu jako u vlaknovych senzori.
Do obalu z PDMS (polydimetylsiloxan) bude imobilizovan pievodnik — latka reagujici s
NH3 za vzniku organometalického komplexu, ktery zméni vlnové vlastnosti evanescentniho
pole na rozhrani jadro-obal. Zde by byla polymerem pokryta nanoc¢astice, pravdépodobné
Au, a méfila by se zména vinové délky v extinkénim spektru, pf¥i adsorpci NHs.

Pred redlnou pripravou téchto nanocasticovych senzori je nejprve nutné predpovédét,
v jaké skale se budou pohybovat jejich ur¢ité vlastnosti, méfené pii kvalitativni charakte-
rizaci téchto senzori. Za timto ucelem bude vyuZzito riznych metod podéitacovych simulaci.
Ptedbézné osnova simulaci je diskutovana nize.
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Diskuse

Simulace vyse uvedenych nanostruktur budou provadény ve tfech fazich. V prvni by mély
byt prostudovany optické vlastnosti reagentu v PDMS a reakéni kinetika pfi navazani NHgs
(kvantové mechanické metody, poptipadé kombinace QM a molekuléarni mechaniky).

Druhé vypocetni ¢4st se bude zabyvat charakterizaci pfipravenych nanostruktur po-
moci molekuldrni dynamiky, tj. sledovani difuze plynu v zavislosti na mife zesitovani po-
lymeru a pfitomnosti reagentu v polymeru (PDMS) a koncentraci NHs.

V piipadé samotnych Pd nanocastic budeme ¥egit opét difuzni parametry Hs v Pd a
zaroveh bychom méli predpovédét strukturni vlastnosti vzniklych PdH,. Méli bychom tak
ovérit, zda dochézi ke kiehnuti Pd stejné jako se to déje u makroskopickych senzori.

Poslednim zptisobem charakterizace budoucich senzorti by mél byt vypocet optické
odezvy pfipravenych nanostruktur pomoci programu COMSOL.

Zavér

Clanek velice strucné shrnuje dosavadni trendy v oblasti aplikované senzoriky, ktera je
zaméfena na detekci plynného amoniaku a vodiku. Podstatna ¢ast je vénovana optickym
metodam, hlavné povrchové plazmonové rezonanci, jejiz experimentalné dolozené zdoko-
nalenf nas motivuje k vylepSeni citlivosti naSich vlastnich optickych senzori. Pied reidlnou
pripravou téchto nanosenzori, budeme provadét jejich charakterizaci pomoci poéitacovych
simulaci.
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Abstrakt
Zeolites are stable microporous aluminosilicates with numerous applications in
chemical technology such as separation of species and catalytic transformations. Our
study is focused on aweakly explored zeolite SSZ-16 with pore constrictions defined by
8-membered rings. The key results are: preparation of appropriate SDA and finding
optimum synthesis conditions with respect to the phase purity. The location of SDA
moleculesin zeolite structure is under progress.

Keywords: Zeolite; Hydrothermal Synthesis; SSZ-16; AFX; Structure-directing Agent.

I ntroduction

Zeolites are crystalline aluminosilicates with regular microporous structure. The framework
consists of tetrahedral building units of TO4 (T=Si, Al) that are interconnected through oxygen
atoms. The intracrystaline pores of molecular dimensions form a regular network of channels
and/or cavities. The surface of intracrystalline pores is formed by oxygen atoms. The critical
pore width is thus frequently determined by oxygen rings (containing usually 6, 8, 10 or 12
atoms). The pores can accommaodate spherical molecules typically with the diameter of  0.3-
1.0 nm or cylindrical molecules with cylinder diameter in the above range. Zeolites are called
the molecular sieves due to possible exclusion of molecules with size exceeding some critical
value. Therefore, zeolites are perspective materias for industrial applications due to their high
adsorption capacity, and frequently to the presence of cataytic sites or to their ion exchange
capability.

A relatively novel zeolite SSZ-16 shows high thermal, chemical and mechanical stability,
offering potentially protracted lifetimes in apparatuses of chemical technology and therefore
reduced maintenance cost. The main field of its application is believed to be in gas separation of
various hydrocarbons and mixtures containing molecules such as CO,, H,, CH4 and other gases
[1-3]. Furthermore, zeolite SSZ-16 can be used as microporous layers and particles to develop
composite and mixed matrix materials.

Small-pore zeolite SSZ-16 belongs to high silica eight-membered ring zeolites that are
attractive for membrane gas separation [4-6] and catalysis (for example Cu-SSZ-16) [7, 8.
Zeolite H-SSZ-16 was found to be highly selective to dimethylamine in the catalytic reaction of
ammonia and methanol [9].

The principal aim of this work is to optimize zeolite SSZ-16 hydrothermal synthesis and
contribute to answering questions concerning limits to phase purity, yield and posibility to
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control morphology and size of crystals. Moreover, the research could clarify the role of
diquaternary ammonium moleculesin the synthesis.

Theory

Zeolite SSZ-16 and its structure

Zeolite SSZ-16 is isotypic with its zeolite analogue SAPO-56 [7, 10, 11]. Both these
microporous materias exhibit the framework of AFX. This framework shows the hexagonal
symmetry, the corresponding space group of symmetry is P6s/mmc and the unit cell idealized
parameters are a = 13.7 A, ¢ = 19.7 A. Fundamenta articles on SSZ-16 present the AFX
framework type in terms of composite building units: gmelinite (gme) and aft cages, and dér
(double six-ring) unit [10, 12, 13], see Figure 1.

&

Figure 1: AFX framework type composite building units and their arrangement (adapted from www. i za-
onl i ne. orQg).

Zeolites SSZ-16 and SAPO-56 belong to small-pore zeolites with 3D pore system. The
narrowest passages through these pores (also called bottlenecks or constrictions) are formed by
8-membered oxygen rings. Dimensions of these rings in A were published for SAPO-56 [11],

see Figure 2.
3.6
! 3.4

Figure 2: 8-membered oxygen ring in SAPO-56 viewed normal to [001], large spheres — oxygen atoms,
small spheres— T-atoms (adapted fromwww. i za- onl i ne. or g).

Role of SDA moleculesin synthesis of SSZ-16

Essential components for zeolite synthesis are silica, alumina, source of alkali, SDA and water.
Theoretical approaches offer a great number of hypothetical zeolite structures. However, only a
small fraction of them can be synthesized. Besides, a considerable number of zeolite phases can
be formed only in the presence of particular organic species termed as structure-directing agents
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(SDA). A mechanism of SDA action in synthesis mixtures is still an open question. Attempts
were made to explain SDA effect on the basis of SDA molecule size and shape, its rigidity,
hydrophabicity/hydrophilicity and SDA molecule interactions with solution components.
Diquaternary ammonium species were proposed in the nineties as a novel group of SDA
molecules for the synthesis of zeolites. The research in our laboratory showed that
hexaethylpentane diammonium cation (CzHs)sN*(CH.)sN*(CzHs)s (also called as Ets-diquat-5),
appears to be, among diquaternary ammonium species, the most efficient SDA for the synthesis
of zeolite SSZ-16 [14]. The model of this SDA molecule is shown in Figure 3.

Figure 3: Structure of SDA — hexaethyl pentane diammonium cation (blue spheres — nitrogen, grey —
carbon, white — hydrogen).

Experimental

Synthesis of SDA

In view of the fact that the price of this species containing Ets-diquat-5 cation appeared to be
prohibitive, we also developed a protocol for its synthesis. The reactants used for this purpose
were 1,5-dibromopentane and triethylamine. The reaction proceeded in ethanol solvent.

Synthesis of SSZ-16 particles

The research was directed to the development of a static in-situ hydrothermal crystallization
procedure of SSZ-16 zeolite [14]. The synthesis was performed in three steps. Preparation of
starting synthesis mixture, ageing of synthesis mixture (formation of viable nuclei), and
crystallization of aged mixture.

The starting mixture composed of silica (various sources), aluminum nitrate nonahydrate,
sodium hydroxide, organic template Ete-diquat-5 and deionized water [14]. Three different types
of silica were tested: monomeric silica tetraethoxysilicate TEOS (99% Sigma-Aldrich), fumed
silicaAerosil 380 (Degussa), and colloida silicaLUDOX AS 30 (30% Sigma-Aldrich).

The synthesis process was adapted by changing of synthesis solution composition, ageing
period, temperature and duration of crystallization [15]. The composition of synthesis solution
was varied and optimized to obtain pure phase of SSZ-16 particles. The ageing period was
performed within several days to promote nucleation of precursor particles (formation of viable
nuclei). The ageing process of SSZ-16 was promoted at elevated temperature with the synthesis
solutions heated up to 80 °C inside an oil bath, continuous stirring was ensured by a magnetic
gtirrer inside Teflon vessels. The crystalization process was performed for several days,
temperature adjusted between 140-160 °C. The hydrotherma in-situ synthesis of SSZ-16
crystalline particles performed inside Teflon-lined stainless steel stationary autoclaves from the
pre-aged solutions under autogenous pressure. The crystalline SSZ-16 products were purified
inside an ultrasonic bath, washed and dried in a pre-heated oven overnight. After the synthesis,
the SDA was removed by the two-cycle thermal calcination process under nitrogen/air
atmosphere to open pores inside the aft cage.
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Characterization

Zeolite SSZ-16 particles were characterized by Scanning Electron Microscopy (SEM) technique
using JEOL JSM 5500LV to examine crystal morphology and particle size.

Powder X-ray diffraction (XRD) technique was used to determine crystallinity and phase
purity of zeolite SSZ-16 particles. X-ray diffraction was performed on PANalytical X’Pert PRO
diffractometer with Co anode (wavelength A=0.1789 nm) and spectra were collected in the 20
range of 0-40 °.

The micropore volume of calcined zeolite SSZ-16 particles was evaluated from nitrogen
adsorption-desorption isotherms. The isotherms were measured on ASAP 2020 (Micromeritics,
USA) volumetric instrument at -196 °C. The sample was degassed under a vacuum at 350 °C for
8 h prior to the analysis. The micropore volume was evaluated by the t-plot method.

Results and Discussion

TEOS-based synthesis procedures, in spite of better hydrogel processability, did not currently
lead to the crystallization of zeolite SSZ-16 phase. A hindernis for nucleation is the necessity of
TEOS hydrolysis and evaporation of produced ethanol. In the synthesis mixtures based on fumed
silica source, dense hydrogels were formed leading to more difficult manipulation during the
whole synthesis. LUDOX-based synthesis mixtures had the best properties both from the point
of view of hydrogel density and capacity of crystallization.

Optimum synthesis batch composition to eliminate unwanted phases in product was
determined as 3 SDA: 15 N&aO: 0.5 Al>0s: 30 SIO2: 1200 H:O. Deviation from this composition
causes considerable changes in phase composition and formation of different zeolitic phases.

Usage of fumed silica led to the formation of large spherical SSZ-16 particles (~ 50 pm)
with core-shell internal morphology. The core consisted of amorphous gel phase and the shell of
polycrystalline SSZ-16 (Figure 4 A). A dramatic positive change in the size of particles was
observed for colloidal silica. The size of particles decreased to approximately 2 um (Figure 4 B)
and well-devel oped polycrystalline particles formed (Figure 4 C).

G ' % ’,-‘ ]

Figure 4: A — core-shell morphology (2000 x), B — selected calcined sample (1000 x), C — well developed
polycrystalline particles (10 000 x).

Figure 5 represents the X-ray diffraction spectra of seven selected calcined samples (S1-S7)
compared to the theoretical diffraction spectrum for the zeolite SSZ-16. The samples $4-S7,
synthesized using colloidal silica, were confirmed to be crystaline and pure phase SSZ-16
particles. The samples S1-S3, synthesized using fumed silica, contained impurities or amorphous
cores presented by additional peaks.
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Figure 5: XRD spectra of selected samples (S1-S7) and theoretical spectrum of SSZ-16.

M easurements of N adsorption-desorption isotherm at -196 °C were performed on selected
calcined sample $4 (Figure 6). The isotherm shows a sharp rise in N2 adsorption at low relative
pressure. Its shape shows that the material is microporous with negligible effect of mesopores.
The sample showed the micropore volume of 0.24 cm3/g.
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Figure 6: N, adsorption-desorption isotherm. Full circles— adsorption, empty circles — desorption.

Conclusions

The principal contribution of this work is the feasibility of zeolite SSZ-16 synthesis. The
selected SDA hexaethylpentane diammonium cation turned out to be appropriate and the
synthesis route to this species was elaborated. By variation of synthesis parameters of aging and
crystalization, the particle size was reduced from cca 50 um to approximately 2 um. Also we
found the conditions to attain purity of SSZ-16 higher than 98 %. Moreover, polycrystalline
samples with well developed morphology were obtained. Using N. adsorption and desorption at
-196 °C, volume of micropores V micro = 0.24 cm?/g was eval uated.
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Chameleon coatings
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Abstract

The Chameleon coating changes its tribological properties according to the external
conditions, like chameleon changes color of his skin. The main parameters we are
interested in are withstanding high loads without fracture, high wear resistance and
low friction coefficient This coating consist from amorphous and polycrystalline phases.
Deposition of this thin film is very complex problem and the ideal method for creating
this coating could be IJD (Ion Jet Deposition).

Keywords: Ion Jet Deposition; Chameleon coating; Raman spectroscopy; Scanning
electron microscopy.

Introduction

The idea is to prepare coating which changes its properties according to the external
conditions, like chameleon changes color of his skin. The tribological attributes we will
be interested in are withstand high loads without fracture, high wear resistance and low
friction coefficient [1].

Theory

To obtain the best attributes is often necessary to use combination of different materials.
For example in humid conditions is possible to combine DLC (diamond like carbon) from
which is created amorphous matrix. To this matrix then implement small grains of hard
material for example tungsten carbide (WC). The grains should have the diameter in
tens of nm and distance between them in nm for the best mechanical properties. The
diamond like matrix provides the high hardness and low friction of deposited thin film,
while the grains of carbide prevent the film from brittle fracturing. Unfortunately the low
friction of this film occurs only in humid environment, because the DLC under the friction
became graphite. The graphite does not have good wear resistance however it could
be compensated by the grains of hard material. Graphite has low frictions coeflicient
only in humid environment. To provide low friction of the film in dry environment or in
vacuum it is necessary to add another material. This material could be MoSs which has
hexagonal structure like graphite, but is good lubricant for dry environment or vacuum.
For providing the low friction the MoS, has to have the hexagonal planes parallel with
surface. Fortunately the MoSo under friction oriented in the structure which provides the
lowest friction coefficient. This ability allows only to add the MoSs in the DLC matrix with
carbide and greatly lower the friction coefficient in dry environment. Film MoSy/DLC/WC
could be called chameleon because in adjust its mechanical properties to the environment
in which it is. In humid environment the amorphous DLC provides low friction, the MoSq
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and WC are scratch from surface like debris. In dry environment the low friction provides
MoSs, the graphitized DLC and WC are scratch from surface [1] (Figure 1).

In humid air: In dry nitrogen or vacuum:

Graphite-like transfer film

Ballmetal oxide and  ormed by frction induced Srphtc-)e pmophiou;

praphitic carbon debris 7" phase tranition s M{j Uyt Hexagonal WS,
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\ WS, crystallization

WS, is scaled
from oxidation

W Gradien W, layer
on substrate interface
Nanoerystalline WC o Nanocrystalline

@ in amorphous DLC matrix WS, grains
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Figure 1: Chameleon coating [1].

We assume that the IJD could be good choice for preparing this film. There are two
options how the IJD could be used. First option uses two electron guns (IJDs) with own
targets. Then the substrate must be placed in position where both plasma plume overlap.
The second options use only one electron gun but need rotary target holder. The rotary
target holder provides opportunity to deposit form multiple targets only with one electron
gun (IJD). It was prepared only a part of the chameleon coating, respectively only the
hard films for improvement of the mechanical properties, namely SiC and TiN films. These
films were prepared only by one IJD system without rotating target.

Experiment

It was prepared two types of hard material for increasing resistance against fracturing. The
prepared thin films by IJD were SiC on aluminum alloy and TiN on stainless steel and
monocrystalline silicon. The Kuba samples and the K samples were prepared separately.
The sample K2 is representative sample from K series. The K samples are all thin film of
SiC on aluminium alloy. The films were analyzed by Raman spectroscopy and SEM.

Important parameters for deposited samples are Time of deposition, Pressure during
deposition and distance between target and substrate see table 1.

Table 1: Deposition parameters.

Name  Substrate Film Time [min] Pressure [mbar] Distance [mm]
Kuba7 Silicon wafer TiN 15 1.6 105
Kuba9 Stainless-steel TiN 14 1.4 105
K2 aluminium alloy  SiC 30 0.6 180
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Results and Discussion

Raman spectroscopy

The measurement was performed using the laser source with the wavelength of 488 nm,
objective 50 short, filter edge and at room temperature. The exact positions of the peaks
(bands) in the Raman spectrum were found by using a function findpeaks in matlab
R2008b. The Raman spectrum of the sample K2 is referred in the Figure 2:
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Figure 2: Raman spectrum for K2 sample.

The measured Raman band at 478 cm™! (black arrow) is coresponding with Si-Si
amorphous bond and 1448 cm™! (red arrow) is coresponding with C-C amourphous bond.
The Raman band at 829 cm~! (green arrow) coresponds with Si-C bond. The low intesity
of Si-C peak is not due to the number of the bonds, but to small Raman transition
probability. The bands at 1005 cm™!, 2283 cm™! and 2889 cm~! (blue arrows) are from
Si-H and C-H bond [2].

The Raman spectrum of the sample Kuba 7 and Kuba 9 is referred in the Figure 3:
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Figure 3: Raman spectrum for Kuba9 and Kuba7 sample.
According to [3] the peaks for TiN are found at 250;330-360 and 560 cm~! and are

marked by blue arrows. Observed peak could be induced by the presence of TiN in the
deposited layer, however, the intensity of the peaks is too weak to be a decisive prove for
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TiN compound existence. The peaks marked by black arrows are from monocrystalline
silicon [6]

Some shifts in the positions of characteristic Raman bands compare to literature are
observed for all studied samples. This fact could be caused by some small variations of
the stoichiometry of deposited films. For supposed applications it is necessary to obtain
well-defined grains of SiC or TiN. Unfortunately for this aim the thin films of SiC are
probably amorphous. To be able to grow the polycrystalline SiC layers it is, probably,
necessary to heat the substrate during the deposition process, which was not performed
during the present depositions [6]. It is not possible to categorically determine if the
thin films of TiN are really composed of pure TiN only or of some mixture of metallic
Ti, TiN and titanium oxide. All these materials exhibit rather similar Raman spectra
[4] and because of small intensity of the spectra obtained from present measurement it is
impossible to be sure about the nature of grown material.

SEM

In all images we will focused on the particles as was mention before. In Figure 4 is visible
roughness of surface. The roughness is from the aluminium alloy and the thin film only
follows the surface structure. In the Figure 4 sample K2 is possible to see particles with
size under 500 nm. The film is homogenous despite of fact that SiC is very hard material
and was expected to be consisted from separated particles

Parformance in nanospace

Figure 4: Film K2 of SiC on aluminum alloy.

The TiN was deposited on the stainless steel, monocrystalline silicon and glass. In the
Figure 5 sample Kuba 7 are particles with size under 150 nm. The film is very homogenous
and from the measurement done in [5] the film is also probably amorphous. In the Figure6
sample Kuba 9 are particles under 250 nm. The film is probably polycrystalline. This fact
could be deduced from grain boundaries, which are marked by red lines in the figure6 and
from measurements done in [5].
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Figure 5: Film Kuba7 TiN on monocrystalline silicon.

In the Figure 6 sample Kuba 9 are particles under 250 nm. The film is probably
polycrystalline. This fact could be deduced from grain boundaries, which are marked by
red lines in the figure 6 and from measurements done in [5].
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Figure 6: Film Kuba 9 TiN on stainless steel with and without marked grain boundaries.

All samples exhibit some type of well pronounced particles on their surface. The
particles different from each other mostly in the size. The size of the particles is important
factor for mechanical improvement of the chameleon coating. The particles cannot be too
large that the cracks of the coating could occur inside them and not too small that the
crack can go around them without problem. The smallest particles are on the film TiN
on monocrystalline silicon. The ideal size of the particles is between tens and hundreds of
nanometer [1]. Only the seperated particals are needed for preparation of the chameleon
coating.

Conclusions

The SiC and TiN film prove themself as possible part of chameleon coating. The deposition
of particles from these materials were successfull, but the size of particles must be improved.
For the SiC film is necessary to create crystalline phases which will improve its mechanical
properties. The Next step will be to try to deposit MoSs thin film by IJD and analyzed
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it if it will be possible to its use for chameleon coating.
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Abstrakt

Iontovd implantace je moderni metodou tupravy povrchii mnohych materiali.
Pramyslové uzivana titanova slitina Ti—6Al-4V a tzv. komercné cisty Ti grade 2 byly
charakterizovany pomoci metod rentgenové difrakce. Pfed procesem implantace byla
zkoumana textura materidlu a zavislost vlastnosti jeho mikrostruktury na technice upravy
povrchu vzorkd za ucelem stanoveni vhodné metody pfipravy vzorkd pro implantacni
proces. Dale je diskutovana struktura povrchu slitiny Ti—6Al-4V pied a po iontové
implantaci dusiku a pomoci této je vysvétleno pozorované zpevnéni povrchu.

Kli¢ova slova: Ti—-6A1-4V; Ti grade 2; Tontova implantace; Rentgenova difrakce.

Uvod

Titanova slitina Ti—6Al—4V (nazyvana téz Ti grade 5) a tzv. komercné cisty Ti grade 2 jsou
materialy hojné uzivané v prumyslu a biomediciné pro svou nizkou hustotu, vysokou pevnost
v tahu, dobrou biokompatibilitu a odolnost vi¢i korozi v bé€znych prostiedich. Nevyhodou
titanu a titanovych slitin pro nékteré aplikace je vSak jejich hors$i odolnost pii otéru,
nedostatecnd povrchova tvrdost a Spatna odolnost viici nekterym chemickym prostredim.
Z tohoto duivodu je nutno pro mnohé aplikace povrch titanovych materialt modifikovat.

Jednou z nejvyhodnéjsich v soucasné dobé uvazovanych metod modifikace povrchu téchto
latek se jevi byt iontova implantace dusiku do povrchu vzorku. Ukazuje se, ze tato metoda
znacné zlepSuje mechanické vlastnosti a zatézovou a korozni odolnost velké skupiny materiali
(kovu, polymerd a keramik). U titanu a jeho ditin ocekavame v dusledku implantace dusiku
tvorbu pevnych TiNy fazi [1] ¢i stabilizaci a—Ti faze [2] vedouci ke zvySeni tvrdosti povrchu.

Mezi vyhody iontové implantace ve srovnani s dal§imi bézné¢ uzivanymi metodami
modifikace povrchi pevnych latek patii moznost presného fizeni celého procesu (zejména
davky implantovanych iontl, jejich energie a tim hloubky vnikani) a tedy i moznost
automatizace procesu pro prumyslové aplikace, rychlost celého procesu (je-li kyZend) a moznost
provedeni za nizkych teplot, ¢imz lze v procesu vyloucit deformace, ke kterym muze dojit pii
uziti jinych technologii.

Experiment

Pro tcely charakterizace vlivu pfipravy vzorkd a samotné iontové implantace na vlastnosti
povrchu byla zkoumadna slitina Ti—6Al—4V (Ti grade 5) s mikrostrukturou slozenou z a + 3 fazi
a s chemickym sloZzenim (wt% 0.1% C, 5.50-6.75% Al, 3.50-4.50% V, 0.2% O, 0.05% N,
0.0125% H, 0.3% Fe a Ti zbytek) a Ti grade 2 tvofeny zejména o fazi Ti, chemické sloZeni
(max. wt% 0.08% C, 0.25% O, 0.03% N, 0.015% H, 0.3% Fe a zbytek Ti).
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Vzorky ve tvaru valeckli byly ufiznuty zkomerc¢né dostupnych ty¢i a opracovany
brouSenim a leSténim diamantovou pastou za ucelem vytvoteni hladkého rovného povrchu
vhodného pro iontovou implantaci.

Fazové slozeni polykrystalickych vzorkl, velikost krystaliti a textura byly uréovany
pomoci rentgenové difrakce. Data byla méfena na horizontalnim praskovém difraktometru
PANalytical X’Pert PRO s kobaltovou anodou (4x.1 = 0.1789 nm) za uziti Braggova-Brentanova
usporadani. Pro méfeni polovych obrazci byla uzita texturni kolébka ATC-3 umoznujici otaceni
vzorku v thlu ¢, naklon vzorku v Ghlu y a vodorovny posun. Pro teplotni méfeni bylo uzito
HTK 2000 teplotni komtrky umoznujici plynulou regulaci teploty od pokojové do 2000 °C.
Vysledky méteni byly zpracovany pomoci Rietveldovy metody programem TOPAS 3, texturni
méfeni byla zpracovana programem X’ Pert Texture.

Za ucelem ovéteni efektu iontoveé implantace na vlastnosti povrchu vzorku Ti—6Al—4V a za
ucelem jeho vysvétleni bylo piikroceno k implantaci dusikovych iontd do povrchu vzorku
v konvenénim uspoiadani v mnozstvi 610 cm? pfi urychlujicim napéti 90 keV a za teploty
nepiesahujici 80°C.

Vysledky a diskuse

Charakterizace vzorkll pfed iontovou implantaci dusiku

Opracované vzorky Ti—6Al—4V a Ti grade 2 byly zkoumany metodou difrakéni fazové analyzy.
Meéteni vzorku Ti—6Al-4V (Obrazek 1) ukazuji pfitomnost dvou titanovych struktur:
hexagonalni faze a—Ti (76%) a kubické faze p—Ti (24%). Ve vzorku Ti grade 2 byla odhalena
pouze pritomnost faze o—Ti.
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Obrazek 1: Difrakéni zdznam slitiny Ti—6Al—4V s vyzna&enim obou nalezenych fazi Ti, ¢isla nad
difrakénimi maximy znac¢i Millerovy indexy pfislusnych rovin.

Metodou texturni analyzy byly méfeny ¢asti pfimych polovych obrazci difrakénich rovin
002, 010, 011 a 110 vzorku Ti grade 2.

Jelikoz v uzité reflexni geometrii neni mozné nameéfit obrazce kompletni, postupovali jsme
cestou vypoctu ODF z naméfenych dat a napocitani kompletnich pélovych obrazcii. Pii tomto
vyhodnocovani byla provedena korekce na pozadi a defokusaci. Kompletni korigované piimé
polové obrazce danych rovin ukazuje Obrazek 2. Méfené difrakce vykazuji symetrii se sttedem
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soumeérnosti v poc¢atku soufadnic. Zejména u pdlového obrazce roviny 002 pozorujeme maxima
intenzity na okrgjich.
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Obrazek 2: Kompletni polové obrazce rovin 002, 010, 011 a 110 vzorku Ti grade 2.

Dale byl u Ti grade 2 zkouman vliv pfipravy vzorki na jejich mikrostrukturu. Pfi detailnim
pohledu na difrakéni profily vzorku upraveného pouze brouSenim a leSténim diamantovou
pastou (za Gcelem docileni rovného hladkého povrchu vhodného pro iontovou implantaci)
pozorujeme rozsifeni difrakénich linii, ukazujici na mensi velikost krystalith a vyssi
mikronapéti, a zna¢nou asymetrii znaéici hloubkovy gradient vlastnosti (Obrazek 3). Ve snaze
odstranit tyto efekty vzniklé potiebnou piipravou vzorku byl zkouman vliv elektrolytického
lesténi a zihani na mikrostrukturu. Pfislusné namétené profily po téchto procedurach rovnéz
ukazuje Obrazek 3. Rozdil intenzit difrakénich maxim je zplGsoben zminénou texturou
materialu.

Naméteny vliv zihani pifi riznych teplotach (300 °C, 400 °C a 500 °C) na velikost
krystalitt ukazuje Obrazek 4 ptredstavujici ¢asovou zavislost této veliciny.

Vysledek ukazuje dostateény narust velikosti krystalith (nad 100 nm) ve srovnani
Spocatenim stavem vzorku po jejich piipravé brousenim a lesténim diamantovou pastou. VIiv
samotné pfipavy vzorki vSak neni odstranén zcela.
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Stav nejbliz§i pGvodni mikrostrukuré objemového vzorku odhauje dle Obrazku 3
elektrolytické lesténi. Za b&éznych podminek Ize tedy tento zpusob tpravy vzorkt povazovat za
nejvhodnéjsi. U dlitiny Ti—6Al-4V piedpokladame chovani analogické.
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Obrazek 3: Detailni pohled na difrakéni profil vzorku Ti grade 2 pii rizném opracovani.
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Obrazek 4: Casova zavislost velikosti krystaliti pii zihani vzorku Ti grade 2 opracovaného brousenim a
lesténim diamantovou pastou. Barevné jsou odliseny rizné teploty Zihani, rovnéz je zobrazena podateéni
hodnota velikosti krystaliti za pokojové teploty.

Charakterizace vzorkd po iontové implantaci dusiku

Po iontové implantaci dusiku do vzorkd Ti—6Al—4V pti vhodnych parametrech metody dochazi
ke kyzenému zpevnéni povrchu, coz dokazuje typicky hloubkovy profil nanoindenta¢ni tvrdosti
(Obrazek 5) [3].

U vzorkli po implantaci s parametry popsanymi v sekci 2 bylo charakterizovano fazové
sloZzeni. Krom¢ hexagonalni faze o—Ti a kubické faze B-Ti, které byly pfitomny pted
implantaci, byly detekovany dvé faze nové vzniklé: malé procento tuhého roztoku a—Ti(+N) a
majoritni pevnd faze TiN. Vznik téchto dvou fazi dobfe vysvétluje mechanismus pozorovaného
zpevnéni povrchu.
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Vliv riznych parametrii implantace na konkrétni fazové slozeni a mechanické vlastnosti
téchto titanovych materiald jSou nyni objektem dal$iho vyzkumu.
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Obrazek 5: Hloubkovy profil indentac¢ni tvrdosti povrchu Ti—6Al-4V pted a po implantaci dusikovych
iontl [3].

Zaver

Metodou rentgenové difrakce byly charakterizovany vzorky Ti—6Al1-4V (Ti grade 5)
aTi grade 2. Diskutovana byla problematika textury ve vzorcich bézn¢ dostupnych materiala
azlepseni jejich mikrostrukturnich vlastnosti zihanim za rGznych teplot a elektrolytickym
leSté€nim.

Ovéfeni zminénych kroki dava ptredpoklad pro dal$i vyzkum v oblasti funkcionalizace
povrchu Ti—6Al1-4V a Ti grade 2, ktery se ubird zejména smérem charakterizace vlivu
jednotlivych parametri implantace na fazové sloZeni a vlastnosti t€chto materiald, ¢imz cili na
optimalizaci dané metody pro jeji aplikaci v primyslu a biomediciné.
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Abstract

Recently, tetrahedrites, naturally occurring sulfosalt minerals with the chemical
formula (Cu,AQ)10(Fe,Zn,Cu,...)2(Sh,AS)2S13, have been proposed for direct use in
manufacturing moderate temperature thermoelectric devices. It has been shown that
mechanical alloying can be used for their rapid synthesis. We report on the microstructure
and thermoelectric properties of mixtures of natural and synthetic tetrahedrite prepared via
two routes: grinding in an agate mortar and high energetic ball milling.

Keywords: Thermoelectric properties; Ball milling; Natural minerals; Tetrahedrite.

I ntroduction

Materials with poor ability to conduct heat are attracting attention due to their potential use as
thermal barriers or in thermoelectric modules for either electrical generation or cooling. In the
|atter area of research, several families of semiconductors have been identified over the last
years, al of them demonstrating very low thermal conductivity values whose temperature
dependence mimics that of amorphous alloys. Among others, these include Zintl phases, Mo-
based cluster compounds, chalcogenide-based compounds or cage-like structures such as
clathrates. Combined with semiconducting-like properties, the extremely low thermal
conductivity enables achieving high dimensionless thermoelectric figures of merit ZT defined as
ZT==(px) T where T is the absolute temperature, Sis the Seebeck coefficient or thermopower, p
is the electrical resistivity and « is the total thermal conductivity, which is the sum of a lattice
contribution x and an electronic contribution xe.

Naturally occurring sulfosalt minerals belonging to the tetrahedrite series
Cu10TM2(Sh,AS9)4S13 (TM = transition metal) represent another family of compounds behaving
like the above-mentioned classes of materials with x values on the order of 0.5 W.m1.K"! above
300 K. These compounds have been recently proposed for direct use in manufacturing
thermoelectric devices operating at moderate temperatures [1-2]. Their high thermoelectric
potential relies on abundant occurrence of raw sulfosalt minerals and, simultaneously, on their
extremely low lattice thermal conductivity, which originates from the peculiar environment of
some of the Cu atoms giving rise to strong anharmonicity of the associated lattice. While their
chemistry and crystal structure have been studied extensively for many decades [3], their
thermoel ectric properties are still not yet well explored and understood.

Natural tetrahedrites cannot be used directly for the fabrication of thermoelectric modules
since they are eectricaly insulating [4]. They can, however, be mixed with synthetic
tetrahedrite to obtain a material with suitable thermoelectric properties. In this paper we
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investigate the microstructure and thermoelectric properties of samples fabricated by mixing
equal parts of a natural mineral with its synthetic counterpart. The two are mixed by simple
grinding in an agate mortar or by high energetic ball milling.

Experimental

The samples were prepared by mixing two components. a natural mineral and synthetic
Cu12Sb4S13. The minera originated from a mine in Peru and was obtained from a mineral
collector. Its crystal structure was verified with by means of powder X-ray diffraction (XRD)
carried out with a Bruker D8 Advance X-ray diffractometer using Cu K, radiation. Quantitative
chemical analysis was performed by electron probe micro-analysis (EPMA) on mirror-polished
graphite-coated sample using a Cameca SX 100 microprobe and yielded the following minera
composition: Cug.gzAgo.0sZN1.8aF€0.0701.37AS2.61S13.11.

The synthetic component was fabricated via solid-state synthesis. The elements used (Cu
powder 99.99 %, ChemPur; Sb shots 99.999 %, 5N Plus, S granules 99.999 %, Strem
Chemicals) were mixed in stoichiometric amounts under Ar atmosphere, loaded into degassed
quartz tubes, evacuated to <10°® mbar, and sealed. These were then slowly heated to 650 °Cin a
rocking furnace and kept at that temperature for 12 h. Following slow cool down, the resulting
ingots were ground in an agate mortar, pressed into pellets, sealed in evacuated quartz tubes,
annealed at 450 °C for one week, and quenched in room-temperature water.

Two samples were prepared by mixing equal parts of the two components 1) by grinding in
an agate mortar and 2) by high energetic ball milling. The latter was performed in 20 ml ZrO,
grinding bowls with six 10 mm ZrO. balls and a ball-to-powder ration of 9. The bowl was
placed in a Fritsch Pulverisette 7 planetary ball mill and milled at 600 RPM for 90 minutes.
Every 10 minutes a small amount of powder was taken for subsequent analyses with XRD and
SEM (FEI Quanta 650 FEG microscope equipped with a Bruker XFlash silicon drift detector).

To alow thermoelectric measurements, the samples were then sintered under 80 MPa of
pressure at 450 °C for 4 minutes using the Dr. Sinter 515S spark plasma sintering (SPS)
apparatus. The obtained pellets, 10 mm in diameter, approximately 4 mm in height and over
97 % reative density, were cut for further measurements. Measurements of the Seebeck
coefficient and the eectrical resigtivity were performed simultaneously between 300 and 700 K
with afour-point method using a ZEM-3 (Ulvac-Riko) apparatus. The thermal diffusivity o was
determined in a similar temperature range with a laser flash Netzsch LFA 427 equipment.
Thermal conductivity « was calculated from the relation k=acpp, where ¢, is the specific heat
and p is the density. The specific heat was evaluated using the Dulong-Petit relation; density
was considered temperature independent.

Results and discussion

Figure 2 shows the evolution of XRD patterns for the ball milled sample throughout the process.
Since the cell parameters of the two phases are very close (10.32 A for the synthetic and
10.29 A for the natural) we only show the spectrum between 47° < 20 < 62° for better
readability. During the first 10 minutes there is little change and we see a simple superposition
of two diffraction patterns of the two phases. With on-going ball milling we notice significant
broadening of the diffraction peaks caused by the decreasing size of crystallites. This is
supported by a SEM analysis (see Fig. 2 left) which shows that the size of individual grains after
90 min of ball milling is on the order of 50 nm. The positions of the diffraction maxima stay
constant throughout the process implying that no change of structure takes place. This is more
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evident for the ‘natural’ peaks while those belonging to the synthetic phase hide within them.
This can be seen from their |eft-heavy asymmetry. After the 60 minute mark ho more change is
evident.
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Figure 1: Evolution of XRD spectra of the tetrahedrite mixture during various phases of the process.
Left: during ball milling. Right: before ball milling, after 90 minutes of ball milling, after sintering.

Right part of Figure 1 shows a detail of the diffractions centred on 20 < 59.5° where the
difference between the beginning and end of the ball milling process is more evident. The third
curve corresponds to the ball milled powder after sintering. The diffraction maximum of the
resulting material is located halfway between the two maxima of the initial phases indicating
that a solid solution has formed during sintering. The crystallite size has also increased judging
from the width of the peak.

Contrary to the ball milled sample, the hand ground one does not form a solid solution
during sintering. The diffraction patterns both before and after sintering are identical and
correspond to the spectrum of the ball-milled sample after 2 minutes of milling, i.e. with two
digtinct phases. Back-scattered electron image of the sintered sample (Figure 2 right) clearly
shows the coexistence of the two phases at a scale of approximately 10 um.

5.00kv | ETD | 11.0mm | 40000 x | 4.0 BSED | 30.00kV | 4.5 | 500x | 123 mm | 3:56:30 PM | 9.64e-4 Pa

Figure 2: Electron microscope images of the samples. Left: powder after 90 min of ball milling. Right:
sintered hand ground sample (back-scattered electron image, dark and light areas represent the natural and
synthetic phases, respectively).

Figure 3 shows the thermoelectric properties of the two samples as well as the initial
components. Given the fact that equal parts of initial components were mixed, the behaviour of
both samples is much closer to the synthetic Cu12ShsS13. The values of the Seebeck coefficient
S virtualy identical for both samples, vary between 100 uV.K™* a room temperature and
150 uV.K* at 600 K. These values are only 10 % higher than that of the synthetic sample while

89



being one fourth that of the natural one. This is due to the fact that the natural sample is rather
insulating, giving rise to very large values of S while the analysed samples are metallic.

Resistivity p is influenced more; the hand ground sample is twice as resistive as the ball
milled one which isin turn twice as resistive as the pure synthetic one. The difference between
the synthetic and ball milled samples can be explained simply as a different level of doping —
adding the insulating natural mineral to the metallic p-type Cu12ShsS:3 adds divalent Zn and Fe
ions whose electrons fill holes which originally served as carriers. This hypothesis, however,
cannot explain the difference between the hand ground and ball milled samples since their
average chemical composition is identical. Instead we may understand this difference by
picturing (with the help of Figure 2 right) the conduction paths through the metallic zones trying
to avoid the semiconducting ones. This would also explain the dightly semiconductor-like
temperature dependence of p which is influenced more by the semiconducting phase than the
metallic one.

The variation of total thermal conductivity x between the samples is influenced mainly by
its varying electronic part xe. The lattice part x is comparable for al four samples.
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Figure 3: Electrical resistivity and Seebeck coefficient (Ieft) and thermal conductivity (right) for the two
sintered samples (hand ground and ball milled), as well asthe initial components (natural and synthetic).

Conclusions

Two samples made of equal parts synthetic (Cu12ShsSi3) and natural (origin: Peru) tetrahedrite
were prepared via two different routes: grinding in an agate mortar and high energetic ball
milling. X-ray diffraction and scanning electron micrascopy showed that ball milling lasting
several tens of minutes reduces the crystallite size to <100 nm while allowing the two phases to
co-exist. Short SPS sintering at 450 °C transforms this system into a single-phase solid solution.
This is in contrast with hand grinding for which the crystallite size is on the order of 10 um and
the double-phase composition is not influenced by sintering. Electrical properties reflect the
phase composition with the hand ground sample being twice as resistive as the ball milled one
due to the existence of rather insulating regions impeding electrical transport. The ball milled
sample is twice as resistive as Cu12ShsS;3 due to lower carrier concentration caused by the
introduction of mainly Zn?* ions from the natural mineral.
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Abstract

The paper deals with effects of domain boundaries on the THz—frequency range
dispersion of the complex dielectric permitivity tensor of lead zirconate. In the case
of a sufficiently narrow domain widths (in comparison to the wave—length of the light
used in the experiment), the effective-medium average permittivity shows additional
peaks identified as geometric resonances, i.e. extraneous excitations created by the
material interface. Features of the far—infrared reflectivity spectra of the twinned lead
zirconate crystal in the limit of narrow and wide domains are estimated with the
help of the damped harmonic oscillator model with paramaters fully determined from
recent experiments.

Keywords: Lead zirconate; Infrared spectroscopy; Geometric resonances.

Introduction

Being the first compound identified as antiferroelectric (AFE), lead zirconate (PbZrOs,
PZO) serves as a model material for this group of substances and it is frequently dis-
cussed when dealing with issues concerning antiferroelectricity [1-4]. The paraelectric—
antiferroelectric (PE-AFE) phase transition is located at T, ~ 505 K. The high-temperatu-
re PE phase has a perovskite—type structure, i.e. simple cubic lattice and 1 formula unit
(5 atoms) in the unit cell, the low—temperature AFE phase is derived from the former one
by small atomic displacements and oxygen octahedra tilting. While the former structure
is the representant of the Pm3m space group, the latter belongs to the centrosymmetric
orthorhombic Pbam space group with 8 formula units (40 atoms) in the unit cell [5]. For
the relation between these two structures see Figure la.

Despite the fact that new features were brought from the phenomenological consi-
derations and ab-initio calculations as well as from the experimental studies [3,4, 6], the
mechanism of the transition still remains a matter of debate. From the macroscopic point
of view, the antiferroelectric phase transition in PZO belongs to the ferroelastic species
m3m > m\mm, listed as species # 199 in [7].

Not only ceramics and polycrystalline materials, but also single—crystals and thin films
naturally contain twin boundaries. Unless removed by an appropriate detwinning proce-
dure, they may influence results of the intrinsic—property measurements. This paper refers
to one of the possible effects on the IR reflectivity spectra, extra peaks that do not corre-
spond to any optic phonon mode and that appear as a result of implementation of a domain
wall interface into the structure together with the assumption of the narrow domain limit.
These extraneous excitations are called geometric resonances [8]. Geometric resonances in

92



Figure 1: a) Relation between the cubic and the orthorhombic PZO structures (lead — violet and
pink, zircon — green, oxygen — blue); b) scheme of the twinned—crystal with assignment of the
directions parallel (r) and perpendicular (s) to the twinned—crystal interface. The bold
double—arrows are parallel to the antiferroelectric lead—ion displacements (local z axis).

PZO reflectivity spectra for the certain arrangement have already been predicted theoret-
ically in the framework of a shell-model based description of the polar phonon modes [9].
Here we derive geometric resonances directly from experimental description of the polar
phonon modes of PZO.

Theory

From the classical theory of lattice vibrations we expect 3 acoustic modes and 3ZN — 3
distinct optic modes in a crystal with Z formula units per unit cell and N atoms per
formula unit. In the case of orthorhombic PZO we have Z = 8 and N = 5, that gives 117
optic modes in total. According to the factor group analysis, the zone—centre modes include
the following irreducible representations: 16 x Ay, 16 X Big, 14 X Bag, 14 X B3g, 12 X A,
11 x By, 17 X Boy, 17 x B3y. Nevertheless, only modes with symmetry representations
Biu(2), Bau(y) and Bs,y(x) — 45 optic normal modes in total — are polar and thus IR-
active and observed in IR spectra.

There are two main parts that contribute to the complex dielectric function e(w) of
a dielectric material: high—frequency electronic polarization part e,, and polar phonon
contribution &,,. In order to express the frequency dependence of the i~th principal com-
ponent of the dielectric tensor in the IR polar—phonon region, a simple damped oscillator
model as introduced in [10] can be used in its product form:

2 2 s
w —w” +1WwyLo,
e(w) = oo [ [ 22" om (1)
2 2
m WTO’ — w* +1WYTO,m

Each oscillator represents a polar optic mode m with eigenfrequency w,,, and damping fac-
tor 7, where abbreviations LO and TO assign longitudinal and transversal optic phonon
modes, respectively, and the mode index m serves also as a product index when going over
all modes of respective symmetry. Then, the shape of the normal incidence reflectivity
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spectra is given by the usual relation

R(w) = Vew) —1
Velw) +1

Lets now consider a regular arrangement of ferroelastic domains in the form of infinite
layers of thickness di = ds as depicted in the Figure 1b and the reflectivity measurements
in the twinned sample carried out with polarizers parallel to the principal axes of the single
domain (along the top bold double-arrow of Figure 1b). Then assuming that the domains
are wide and employing the superposition principle for the linearly polarized light, it is
easy to derive that the total reflectivity reads

2

(2)

1
Rwide domains = Rab = i(Ra + Rb) . (3)

If the layer width is small with respect to the wavelength of the IR radiation (limit of
narrow domains), the twinned material can be considered as a medium with an effective
homogeneous permittivity. Expression for the effective homogeneous permittivity of such
laminate structure has been considered for example in [11]. In our case, the principal axes
of the effective homogeneous permittivity tensor are parallel to the rotated cartesian r, s
axes (see Figure 1). In this reference frame such effective homogeneous permittivity tensor
reads

2,

i 2200 e 0 0

et = 0 =f o |=[0 & O (4)
0 0 ¢ 0 0 e

and the corresponding reflectivity is

1
Rnarrow domains — Rsr = §(Rr + Rs) . (5)

Results and Discussion

In order to plot reflectivity spectra, LO— and TO—frequencies together with their damping
factors and high—frequency permitivity have been used as presented in [13]. These data
have been obtained by fitting the simple damped oscillator model to the low—temperature
IR reflectivity experimental results. Note that authors of [13] have tabeled more mode
parameters than the factor group analysis predicts and some modes have been marked as
consequences of a possible leakage of a mode of another symmetry. In our computations we
have excluded modes with dielectric strenght lower than 0.2, so that we obtained proper
numbers of modes of each symmetry.

Resulting reflectivity spectra together with the z— and y—longitudial loss functions

defined as .
m_ 1 ot 6
€ m ( 6) (6)

and the marks for the TO—mode frequencies can be seen in Figure 2. Positions of the
maxima of the longitudial loss functions correspond to the LO—phonon frequencies and
within one symmetry representation the LO— and TO-frequencies alternate regularly.
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Figure 2: Longitudinal loss functions €)', €}/’ for the principal component of single domain PZO

permittivity along its x and y directions (left scales) and the macroscopic IR reflectivity Rap, R

spectra of the twinned crystal, assuming IR light polarized along the y axis of the d; domain, in

the limit of wide and narrow domain layers (right scales). Several sharp minima that do not have

their counterparts in the peaks of the longitudinal loss function spectra, are so—called geometric
resonances (highlighted by the black arrows) [8,12].

Reflectivity spectra resulting from equation (3), i.e. the bright green full line of Figure
2, and equation (5), i.e. the dark green dashed line of Figure 2, are quite similar, apart
from some distinct frequency regions, for example around 65 cm ™! or 95 cm ™! (highlighted
in Figure 2). At these frequencies, special negative peaks appear and these minima do
not have their counterparts in the peak of the longitudinal loss function spectra. There-
fore, they do not correspond to the single-domain Bs, and Bsy, LO-mode frequencies.
Rather, they can be interpreted as hybrid excitations associated with the domain bound-
aries, known as the geometric resonances as we have introduced above. These resonances
originate from the r—direction part of the dielectric function (see equation (4)).

The existence and the position of the geometric resonance can be predicted from the
theory. It is expected within a pair of nearest neighbor Bo, and Bjs, TO-frequencies,
provided that they are separated at least by 27 and that there is no intrinsic LO mode
(in other words, maximum of the longitudial loss function £”’) in between them. This is
the case of the geometric resonances highlighted in Figure 2). There are two more such
regions (at approximately 80 cm~! and 125 cm™!), but these TO phonons are too close to
each other in frequencies that a proper geometric resonance does not appear and it results
in only a weak modulation of the reflectivity function.
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Conclusions

The calculation of the Ry arrow domains SPectrum assumes that the electric field is homoge-
neous across the domain width, so that the presence of geometric resonance is sensitive
to the domain sizes in the sample in comparison to its wavelength. Such small domains
are typical for thin films [14]. Therefore, comparison of thin—film and single—crystal re-
flectivity spectra might provide an interesting opportunity to test the conditions for the
effective medium approximation.

The analysis performed here suggests that in a PZO sample narrow domains arranged
as in Figure 1 one can expect to observe quite clear geometric resonances at 65 cm™! and
95 cm 1.
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Abstract

Z-type hexaferrite (BaxSrix)3Co2Fex40a1 becomes in external magnetic field a spin-
induced ferroelectric via inverse Dzyaloshinskii-Moriya interaction. Static magnetic and
magnetoel ectric properties of ceramic sample were measured to compare the results with
those of single crystal. THz, infrared, microwave, Raman and inelastic neutron scattering
spectra were investigated in a broad range of temperatures and magnetic fields. A sharp
electromagnon is observed near 37 cnr? in magnetic fields and temperatures corresponding
to the transverse-conical magnetic structure. Above 2 T the magnetic structure changes and
the electromagnon vanishes. Surprisingly, the electromagnon is not seen in inelastic neutron
scattering spectra unlike similar electromagnon in relative Y -type hexaferrite.

Keywords: Multiferroics; Hexaferrites, Magnetoel ectric Effect; Terahertz Spectroscopy;
Electromagnon.

I ntroduction

Maxwell’s equations couple the electric and magnetic fields to each other. Therefore, it would be
natural to expect a coupling between magnetic and charge ordering in any substance.
Nevertheless, the pathway from Maxwell’s description towards finding mechanisms of
magnetoelectric (ME) coupling was remarkably tortuous.

The main reason preventing us to observe pronounce ME effect is, that electrons contributing
to the charge and magnetic ordering are distinct: While charge ordering (e. g. ferroelectricity) is
caused by the electronsin sand p atomic shells, magnetic ordering is driven by the el ectrons from
d and f orbitals.

Disregarding microscopic nature, one can first find a help in symmetry arguments to predict
the materials where ME coupling could occur. Actually this was the way of Pierre Currie[1] who
firstly proposed the possibility of the ME effect. Asamatter of fact, only time-reversal symmetry
should be broken to expect a linear ME coupling. In multiferroics, where magnetic and
ferroelectric orders coexist and the linear ME effect is expected to be the highest, spaceinversion
symmetry is broken too. Next, thermodynamics gives us even quantitative estimate of the linear
ME coupling, whichislimited by the product of dielectric permittivity and magnetic permeability.
In experimental point of view with regards to finding new materials, such symmetry restriction
and limitation are very useful, since those quantities are easy to predict or known from older
measurements.

The possible application of the ME effect ismore or less clear: Thusfar, electronic memories
are based on energy-consuming charge transfer (most of flash memories), and/or, poling the
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materia requires electric current, heating a device (magnetic memories — e.g. hard discs). In
desired ME multiferroics, it would be possible to control magnetic ordering via voltage or
optically, which are much smarter ways. Neverthel ess, the effect isusually weak and present often
only at low temperatures. In this regard, materials with hexaferrite structure are promising ones,
since some of them exhibit relatively strong ME effect at room temperature.

The ME effect is caused by electrically-active magnetic excitation called electromagnons,
occurring usually in GHz-THz range. Therefore, we investigated thisregion by infrared, THz and
inelastic neutron spectroscopies and revealed the electromagnon near 1 THz.

Theory

General description of the ME effect

The ME effect, by definition, describes electric polarization induced by magnetic field or vice
versa, magnetization induced by electric field. These effects are proportional to each other,
nonetheless, the original microscopic mechanism is the polarization activated by spin ordering;
the reverse effect can be understood as a feedback. Taking the model of two magnetic ions (Fe**
in our case) and nonmagnetic one in between them (0% in our case), the polarization is given by
three contributions:

Here S;, S; are spins of magnetic ions, e;; isthe unity vector connecting them and other symbols
are parameters of the model. Thefirst term coming from the Hei senberg Hamiltonian is attributed
to the magnetostriction. In this mechanism, spin-Peierls distortion can lead to a generation of
electric polarization [2]. The second term represents inverse Dzyal oshinskii-Moriya interaction
(also called spin-current model), which is the spin-orbit interaction of the first order [3]. Such
mechanism can induce finite polarization in cycloidal or transverse-conical spin structures. The
third term in Eg. (1) is ascribed to the variation in the spin-dependent metal-ligand d-p
hybridization, and it isthe spin-orbit interaction of the second order [4]. By contrast to the second
termin Eq. (1), resulting macroscopic nonzero polarization is allowed in case of proper-screw or
longitudinal-conical spin structures.

There are few remarks to emphasize owing to Eqg. (1): First, polarization in origina
microscopic derivation is purely electronic. However, entirely naturally, atomic cores move
together with electrons, giving theionic polarization, usually comparable with the electronic one.
For that reason, we can expect excitations causing such effects of similar energies as phonons.
These excitations, called electromagnons, should be both el ectric- and magnetic-dipol e active; we
can roughly imagine them as spin waves accompanied by ionic movements. We can then take Eq.
(1) either in static limit or dynamically. In one material, one or more terms can contribute and
dynamic contributions can differ from the static ones.

One more feature of e ectromagnons should be noted here: When both space-inversion and
time-reversal symmetries are broken, the complex refractive index, according to Maxwell’s
equations, has generally four solutions depending on polarization and, interestingly, also on the
wave vector of propagating light. Such an effect is enhanced at the frequencies of €l ectromagnon
excitations. Experimentally, one can observe changes in transmission of unpolarised light (or
linearly polarized light, in contrast to circular dichroism or magnetic circular dichroism,
where difference in transmission is observed for left and right circularly polarized light)
observed when propagating in opposite directions.
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Properties of (BacSr1-x)3C02Fe240m

Hexaferrites are iron oxides with hexagonal crystal structures. In point of magnetic structures,
hexaferrites are ferrimagnets with Curie temperatures far above room temperature. In some cases,
magnetic frustration can establish noncollinear magnetic structure, crucial for the ME effect. The
description of amagnetic structure by every single spin direction isimpossible, since positions of
metallicionswith different spins are not determined uniquely. Instead, it isconvenient to consider
only spins of “magnetic blocks” L, S (Figure 1c) stacked along hexagonal axis. The blocks L, S
hold large and small spins, respectively.
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Figure 1 (Taken from [5]): (a) Sequence of crystalline blocks along c-axis. * denotes a 180°-rotation of a
corresponding block around c axis. (b) Crystal structure of Z-type hexaferrite. (c) Possible magnetic
structures: Transverse-conical structure at zero and small magnetic fields below ~ 2 T and collinear

ferrimagnetic structure in high fields.

(BaySr1-x)3C02Fe24041 (high-temperature space group P6s/mmc) transformsat Tc~ 700 K into
collinear ferrimagnetic state with spins parallel with hexagonal axis. At Tco = 500 K, spins start
to rotate towards hexagona plane, ended up in transverse-conical magnetic structure with
magnetic modulation vector Q = [0,0,1] a Tcon = 400 K [6][7]. As Dzyaloshinskii-Moriya
interaction (2" termin Eq. (1)) isresponsible for the ME effect in the material, applying magnetic
fieddd H = 10 — 50 mT in ab plane (which determines the direction of spin cone axis) induces
polarization perpendicular both to Q and H. The polarization direction is uniquely determined
only if poling electric and magnetic fields are applied as the cross product Ep X Hp defines the
spin helicity. Note that without magnetic field, the directions of spin cones are randomly oriented
and macroscopic polarization is then zero. On the other hand, magnetic field H > 2 T destroys
transverse-conical structure and polarization disappears[7].

Experiment

Static magnetic and magnetoel ectric properties were measured using conventional devices VSM,
SQUID and PPMS. The far infrared reflectivity spectra (30 — 3000 cm?) were measured using
commercial FTIR spectrometer Bruker |FS 113v. THz spectra were measured by custom made
THz spectrometer (590 cm?), allowing to apply magnetic field up to 7 T using split coil magnet
in both Voigt (BLkrz) and Faraday (B||krxz) configurations, k2 being the wave vector of THz
radiation.
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Results and discussion

Static magnetic and ME properties of (Bao.2Sro.s)sCo2Fex40a1 ceramics

First we carried out magnetic and magnetoelectric measurements of (Bao2Sro.s)3sCo2F€240a1
ceramicsfor comparison with previously published resultson single crystal. Magnetization curves
show that the material is magnetically soft. The magnetization measurements are consistent with
the known phase diagram, when, at low temperatures and in B = 2 T, saturated magnetization
corresponding collinear magnetic structure is reached. In detailed view, severa kinks pointing
out metamagnetic phase transitions can be found below Tcon = 400 T. With increasing
temperature, this threshold decreases when approaching Tcon, and above Tcon, No kinks in
magneti zation curves are observed.

Magnetoelectric measurements revealed qualitatively the same shape of magnetic field
induced polarization, athough the absolute values were two orders lower than that of single
crystal. This can be ascribed to the strict directional dependence of the effect with respect to
crystallographic axes — note that there are conditions both on eectric and magnetic field
directions. Furthermore, in repeated measurements we found qualitatively different shapes of
curves, pointing out to the fact that the spin hdicity in polycrystalline is fragile and history-
dependent quantity, hardly controllable by outer fields.

Dynamic properties of (BaSri-x)zCoFe24Oa1 ceramics and single crystal

To investigate dynamic properties depending on crystallographic directions, we measured
(Bao.2Sr0.8)3C02F€24041 ceramics and (BaosSros)3Co2Fe24041 single crystal. The crystal was grown
as aplate with hexagonal axis normal to aplate plane. Therefore, for both IR reflectivity and THz
transmission measurements, light direction was paralel to hexagonal axis, while the light
polarization laid in hexagonal plane, which is assumed to be isotropic. For that reason, all
excitations seeninsingle crystal have E-symmetry, while excitations seen in ceramics but missing
insinglecrystal have A-symmetry. It isnow important to point out that with such setup, we cannot
distinguish whether an excitation is electric- or magnetic-dipole active.
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Figure 2: Temperature dependence of THz spectra of the (a) real and (b) imaginary part of the complex
refractive index of (Bap2Sro.s)3Co2Fe24041 CEFramics.

Far infrared spectra (50 — 600 cm?) of both ceramics and single crystal do not change on
cooling when the magnetic structure changes remarkably, thus al observed excitations are
assumed to be phonons. We resolved 21 phonons in single crystal and 22 in ceramics, which is
much less than is alowed by crystal symmetry. Such discrepancy is obviously caused by
weakness and overlapping of severa phonons. For compl eteness, we must admit that determining
phonon number and their parameters is ambiguous task affected by remarkable statistical error.

More interestingly, THz spectra of ceramics (Figure 2) revealed a sharp excitation at
37 cm? at low temperatures, which softens and becomes heavily damped on heating toward the
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phase transition at Tcon =~ 400 K, when the transverse-conical state transforms into the collinear
one. This confirms us that the observed excitation is of magnetic origin and is linked to the
transverse-conical state. As we did not observe such excitation in the single crystal, it must be
active in H®||c or E®[|c. In the meanwhile, Chun observed an excitation with very similar
behaviour in BaysSr25Co2Fex4041 Single crysta cut in ac-plane, active only in E||c [8]. As that
excitation is of magnetic origin, but excited only by electric field, it must be an electromagnon;
for that reason, we assume that our excitation is also an electromagnon.

To further investigate features of the electromagnon, we measured THz spectra of
(Bao2Sro.8)3C0o2Fex041 ceramics in external magnetic field up to 7 T (Figure 3). Similarly as
heating, magnetic field damps the electromagnon; critical fieldis~ 2 T, which again corresponds
to the disappearance of the transverse-conical magnetic structure. The low frequency peak with
the frequency proportional to the magnetic field can be assigned to a ferromagnetic resonance
coming from Zeeman splitting, sinceit is seen only when external magnetic field isparalel to the
H®. In addition, the proportionality constant — gyromagnetic ratio y = 0.028 THz/T — roughly
corresponds to the value for a free electron (0.032 THzZ/T). The remaining excitation, seen near
47 et is a phonon, because it is not influenced by magnetic field and it remains in the spectra
also in paramagnetic phase above 700 K (not shown).
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Figure 3: Magnetic-field dependence (in Voigt configuration) of THz spectra of the (a) real and (b)
imaginary part of the complex refractive index of (Bap2Sros)sCozFex0a; ceramics at 50 K.

An electromagnon can be induced by any of three mechanisms introduced in Eq. 1. In our
case, the electromagnon represents dynamic electric polarization along c-axis, which cannot be
explained by Dzya oshinskii-Moriya term (2™ term in Eq. 1) inducing € ectric polarization in
hexagonal plane. Next, since the electromagnon is seen in optical (THz) spectra, it must be a
Brillouin zone center excitation. It could be also an excitation with the wave-vector equa to the
modulation vector Q, but for our sample, Q=[0,0,1] which is equivalent point to the Brillouin
zone center.

In agreement with that, similar electromagnon in Y -hexaferrite BaaMg.FeO» was
interpreted as the Brillouin zone center resonance caused by the exchange-striction model (1%
term in Eqg. 1) [9], where the terms containing tempora changes — §; - S, S; - 8S; — are the
leading ones. Moreover, even the electromagnon observed in BagsSr2sCoFe24041 Was interpreted
as the zone center mode [8]. Asthe density of states usually diverges at such a symmetric point,
the electromagnon was recently observed in the inelastic neutron scattering (INS) spectra [10].
We performed time-of -flight INS experiment on powder (Bay.2Sro.s)3sCo2Fe24041, but we did not
see amaximum at the electromagnon frequency, which isasurprising fact that must be confirmed
by further experiments.

There are several possibilities to explain such an absence of the electromagnon in INS
spectra. Fird, the electromagnon in Z-hexaferrite is much weaker than that of Y-hexaferrite
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BaMgoFen0x, therefore, it can be hidden in the background of the INS spectra. We then propose
to perform INS experiments on single crystal, where all magnon dispersion branches should be
seen. The other way is to concede that the origin of the electromagnon is different than those of
reported so far [8], [9], [10]. It can be caused by higher order terms employing Taylor expansion
intimein the Eq. (1), or by a multimagnon scattering.

Conclusions

We performed the static magnetic and magnetoel ectric measurements of (Bao.2Sro.g)3C02Fe24041,
ceramics, which are with agreement with the results previously published on single crystal. In the
FIR spectra, we observed much less phonons than is allowed by symmetry, which is obvioudy
caused by their overlapping.

In the THz spectra, we observed a sharp electromagnon active in E°|lc. Similar
electromagnons observed in Y -hexaferrites were interpreted as the Brillouin-zone center modes
caused by the exchange-striction mechanism. However, in that case, it should be seen as
maximum in the inelastic neutron spectra, which is not our case. We propose new experiments
confirming/denying our results; and other possible explanations of our results.
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Abstrakt

Tato préace se zabyva zjednodusenou fadzovou analyzou 2D difrakénich zdznamu z
transmisnich difrakénich experimenti na synchrotronu ESRF v Grenoblu na nitinolové
pruziné. V MATLABu byl vytvoren program, ktery je schopny integrovat 2D difrakéni
zaznam v deviti sektorech a ve vSech najednou urcovat parametry linii ve vztahu k
relevantnim fyzikdlnim parametrum. Vysledné poméry austenitu a martenzitu jsou
hrubymi odhady, zejména kvuli aproximativnimu predpokladu vlaknité textury a kvuli
zanedbani R faze ve fitovani.

Kliéova slova: Superelasticita; Nitinol; PXRD; Kvantitativni fazova analyza.

Uvod

Na synchrotronu ESRF v Grenoblu probéhly transmisni difrakéni experimenty s mikrofo-
kusovanym svazkem na dratu ze superelastické slitiny NiTi. Vzorek byl vystaven kombi-
novanému namahéni.

Tato préce se zabyva pouze zjednodusenou fazovou analyzou téchto snimku. Byly vy-
tvofeny rutiny v MATLABu umoznujici automatizované nac¢itani vybranych snimk, jejich
integraci v ruznych sektorech snimku a nésledné fitovani 1D zdznamu ve v8ech sektorech
nardz. Dale byla provedena zjednodusend fazova analyza, ve které byla zanedbana R-faze
a byly zavedeny aproximativni pfedpoklady o textufe.

Smyslem této prace je zejména vytvoreni skupiny programtu v MATLABu, kterd by
umoznila automatizované zpracovavani vétsiho mnozstvi 2D difrakénich snimku z textu-
rovaného vzorku, a ndsledné ovéfeni jejich funkénosti.

NiTi - nitinol

Témeér ekviatomarni slitina NiTi (nitinol) je zndma jako zdstupce slitin s tvarovou paméti.
Ta je u NiTi zaloZena na martenzitické transformaci (MT), kterd muze byt jak teplotné,
tak mechanicky indukovatelnd. O chovani konkrétni slitiny v danych podminkach (teplota,
mechanické zatizeni, rychlost zmény teploty nebo zatizeni) rozhoduje zejména chemické
slozeni a predchozi termomechanické zpracovani.

U NiTi byly pozorovany tii riizné faze: austenit, martenzit a tzv. R-faze. Austenit mé
kubickou symetrii Pm3m ve struktuie CsCl (dva atomy v primitivn{ zdkladn{ bunce).[1]
Martenzit je monoklinicky s grupou symetrie P2;/m, struktura B19’ (4 atomy v zékladni
burice). [1] R-fdze je romboedricky (trigondln{) martenzit nitinolu s grupou symetrie P3 a
strukturou B2’. [1] Jednd se o jakousi mezifdzi mezi austenitem a martenzitem, kterou je
obtizné piipravit ve vzorku samostatné, samotnd je zpravidla nestabilni. [2]
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Obrézek 1: Vizualizace téch méfeni, kdy primédrni svazek v proskenované oblasti zasahl vzorek.
Jeden pixel odpovidé jednomu méfeni, obé osy maji stejné méiitko.

Teorie a Experiment

Kvantitativni rentgenova difrakéni fazovéa analyza

Integralni intenzitu difrakéni linie I je mozné vyjadrit obecné nédsledujicim zpusobem:
3 2
Ihiw =K -prwr- Lo - Py - Ag - Thia - Engr - | Frial” (1)

Pro kvantitativni fazovou analyzu je klicovy skdlovaci faktor K, protoze je pfimo imérny
objemu dané fdze, ktery se podili na difrakci. Déle je ppx; multiplicitni faktor, Ly Lorentzuv
faktor, Py polarizacni faktor, Ag absorpéni faktor, Tjs; texturni faktor, Eps extinkéni
faktor, |Fhkl]2 je kvadrat strukturniho faktoru.

Difrakéni zaznam, ktery vznikne difrakci na smési fazi, bude superpozici difrakénich

zéznamu téchto fazi. Pak pomér gkdlovacich faktoru jednotlivych fazi bude piimo od-
povidat pomeéru objemu fazi v difraktujicim objemu vzorku.
Pro dukladnou fazovou analyzu je ziejmé zapotiebi popsat texturu, v tomto ¢lanku se
vS8ak pohybujeme pouze v prvnim priblizeni - byly navrzeny dvé aproximace. Za prvé byla
navrzena vldknitd tertura (radidlné symetrickd; zpravidla piitomna v dratech tazenych
za studena) a za druhé pak byla predpoklddéna absence textury (tj. dokonale ndhodna
orientace krystalki).

Experiment

Zkoumanym vzorkem byla natazena pruzina z dratu o praméru 0,2 mm ze slitiny NiTi#1.
Pruzina byla tedy pod kombinovanym naméhanim, nebot byla jak v krutu tak v tahu.
Predpoklddame, Ze rozlozeni fazi na prufezu pruziny je ve vSech mistech stejné, z duvodu
symetrie vzorku v8ak vué¢i sobé pootocené. Mikrofokusovanym svazkem o priuméru 10um
synchrotronového rtg zareni o vinové délce A = 0, 0268128 nm byla proskenovana obdélnikova
oblast o rozmérech 10 mm X 1,1 mm s krokem 100 pm a cca 9,1 ym. Bylo tedy provedeno
100 méfeni ve sméru osy « a 120 méfeni ve sméru osy y, dohromady 12 000 méfeni, ze
kterych vsak pouze cca 2200 zaznamenalo difrakci na vzorku. Predpoklada se, ze tento
postup je ekvivalentni snimani jednotlivych snimkt na jednom konkrétnim prufezu dratu
rotujictho kolem vlastni osy.

Na Obrazku 1 je vidét proskenovand oblast (kazdy pixel odpovidéd jednomu méfeni) se
zvyraznénim téch méteni, kde byla zaznamendna vétsi celkovd intenzita na snimku (pfi
difrakci na vzorku se intenzita primarniho svazku rozptylovala mimo beamstop a proto na
téchto snimcich byla celkova intenzita vétsi). Je ziejmé vidét obrys drétu.
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Obrazek 2: Naznageni deviti sektort, ve kterych byly zdznamy zvlast integrovany. Kazdy sektor
mél thlovou sitku 20°.

Vysledky

Zpracovani dat

V tomto oddile bude predvedeno jen stru¢né shrnuti zpracovani dat, podrobny popis
provedenych tikontu a pouzité vzorce se nachazeji ve vyzkumném tikolu Martina Dudra. [4]

Pfed samotnym zpracovanim dat byla s pouzitim dvou kalibrac¢nich snimku urcéena
vzdalenost vzorek-detektor a také vinova délka pouzitého zaieni. Déle byla provedena
korekce na vytoceni detektoru z roviny kolmé na primérni svazek (tilting).

Pak bylo zapotiebi provést integraci v polarnim 1ihlu. Protoze byl vzorek silné textu-
rovany a je otekdvana makrodeformace, byla integrace provedena v deviti sektorech, jak
je naznaceno na Obrazku 2.

Struktura austenitu a martenzitu NiTi je znama [5] a je tedy mozné odhadnout polohy
difrakénich linii. Byl navrzen algoritmus, ktery se na misto kazdé linie snazi nafitovat
analytickou funkci Pearson VII, kterou je mozno vyjadiit takto: [6]

1
[1+ (z — Ag)2A3)™

P (z) = A4 (2)

Parametry Ay, As, Az a Ay definuji vysku linie, jeji pozici, §itku a tvar. V préci bylo
pouzito jiné vyjadreni PV!(z), nicméné pro ticely tohoto ¢lanku postaci se znovu odkézat
na vyzkumny kol [4]. Jakym zpusobem byly tyto analytické parametry vztazeny k ruznym
fyzikdlnim parametrim jako jsou napt. miizkové parametry nebo makrodeformace je po-
drobné popsano tamtéz.

Nésledné byla vytvofena funkce v MATLABu provadéjici fitovani metodou nejmensich
¢tvercu ve vsech sektorech najednou. Jelikoz jsou kromé vysek linii A; vSechny parametry
ve funkci PV!(z) nelinedrni, bylo zapotiebi pouzit nelinedrni metodu nejmensich étverci,
konkrétné byl pouzit Levenberg-Marquardtuv algoritmus.

Vstupem pro tuto funkci jsou nédsledujici idaje: cesta k difrakénimu zdznamu, pocatecni
miizkové parametry, po¢ateéni hodnoty fitovanych nelinearnich parametru pro kazdou fazi
a pak sekvence jednic¢ek a nul, které urcuji, jaké nelinedrni parametry se budou pfi tomto
spusténi upfesnovat. Vystupem jsou nafitované hodnoty parametru, vyslednd suma ¢tvercu
a R, faktor.

Je tedy mozné napted fitovat jen nékteré z nelinedrnich parametri a nasledné provést
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Obrazek 3: Naznaceni Ctyf scant napii¢ pruzinou. Na oséch x a y je stejné métitko, velikostn{
poméry by tedy mély odpovidat skutecnosti. U kazdého scanu je uvedeno jeho pofadové ¢islo
(scant bylo dohromady 100).

fit znovu s pouzitim novych hodnot a s dal§imi parametry. Toto postupné ,,pousténi” parametru
je béznou praxi. Fitovani jednoho zaznamu tak probihd v nékolika cyklech.

Je dulezité zduraznit, Ze tento program upfesnuje pouze linie austenitu a martenzitu,
nikoliv R-faze.

Pro ucel fazové analyzy je nezbytné urcit integralni intenzity jednotlivych linii ve vSech
sektorech. Obsah plochy pod funkei Pearson VII je mozné analyticky vyjadfit z fitovanych
parametru.

Takto ziskand intenzita byla vydélena Lorentzovym a polariza¢nim faktorem, byla pro-
vedena korekce na vlaknovou texturu, dale byla intenzita kazdé linie vydélena kvadratem
strukturniho faktoru roviny a jeji multiplicitou (podle 1). Vysledny difraktujici objem pro
danou fazi byl ziskdn srovanim zbylych intenzit nejintenzivnéjsi austenitické linie a Ctyt
martenzitickych linif v jejim okoli (z téchto byl vypoc¢itdn vézeny prumeér, kde byly jako
véhy pouzity strukturni faktory).

Slo tedy o postup, kdy byl fitovén cely zdznam (tak se stabilizovaly polohy vsech
linif), ale k vlastnimu uréeni fazi byla pak pouzita jen jedna linie austenitu (110) a ¢tyfi
martenzitické line z ni odvozené. Tato skupina linii se vzdjemné piekryvala a proto bylo
zasadni fitovat cely zdznam, aby byly jejich polohy pfesné definované a fit mohl dale
upfestiovat jen intenzity. Na Obrazku 5 je zminovana skupina lini{ vidét.

Vysledky

Byly vybrany 4 scany napfi¢ dratem (viz Obrézek 3), kazdy cca o 22 zdznamech, tak, aby
mezi sebou mély cca ¢tvrt periody ohybu dratu. Grafy zndzornujici urcéené difraktujici
objemy fazi se nachdzi na Obrazku 4. Na tomto obrizku se nachdzi také soucty téchto
difraktujicich objemu - ty by mély nabyt formu pulelipsy, protoze v pii¢ném fezu mé
drat na krajich méné hmoty nez uprostied. Na obrazcich je vyznacena referen¢ni pulelipsa
¢ernou linif - ta mé slouzit pouze jako pomucka k vizualizaci prubéhu souc¢tu difraktujicich
objemu v ruznych mistech prufezu vzorku.

Podle nagich vysledku je ve vzorku jednozna¢nd pievaha martenzitu nad austenitem.

Diskuze vysledku

Na Obréazku 4 je vidét, ze scany 1 a 3 splnuji ten predpoklad, ze na souctu difraktujicich
objemu obou fazi je vidét puloblouk. Ve scanech 2 a 4 tuto vlastnost souc¢tu difraktujicich
objemu austenitu a martenzitu nepozorujeme. To, co chybi k doplnéni této kiivky na
puloblouk je pravdépodobné R-faze. R-faze se zpravidla vyskytuje na rozhrani austenitu
a martenzitu, a je pravdépodobné, ze u scanu 2 a 4 se na nékterych snimcich vyskytovala
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Obrazek 4: Vysledky fazové analyzy pro ¢tyii scany. Na ose y se nachazi difraktujici objemy, na
ose x jsou poradovéa ¢isla snimkit v daném scanu. Modré barva zndroziuje difraktujici objem
austenitu, Gervend martenzitu a zelend kfivka je sou¢tem predchozich dvou. Cernd linie je
ilustrativni ptlelipsa.

pomeérné podstatné vice, nez ve scanech 1 a 3, kde svazek pravdépodobné prochéazel vrstvou
R-faze kolmo a jeji podil v difraktujicim objemu byl tedy zanedbatelny.

Na Obréazku 5 je skupina linii z nichz byly urcovany objemy fazi a je vidét, ze v okoli
austenitické linie (110) jsou pfitomny 2 linie, které se nachézi na jinych pozicich, nez by
odpovidalo martenzitu. Austenitickd linie (110) se pti pfechodu do R-féze $tépi pravé na
dvé linie a proto nize uvedeny obrézek povazujeme za dikaz piitomnosti R-faze.

Zavér

Byla provedena zjednodusend fazova analyza 2D difrakénich zédznamt z transmisnich
difrakénich experimentii na synchrotronu ESRF v Grenoblu na nitinolové pruziné. Pro
tento tcel byl vytvoren v MATLABu fitovaci program, ktery nelinedrni metodou nejmensich
¢tvercu rozlisil obé faze ve smési a po zjednodusujicim predpokladu vldknité textury bylo
mozné piiblizné odhadnout pomér fazi. Jelikoz v tomto modelu nebyla uvazovana R-faze
(kterd je redlné pfitomna), u téch zdznami, kde se R-faze zaznamenatelné vyskytovala, fit
hute konvergoval.

Pro demonstraci byly vybrany ¢tyii scany napii¢ dratem a poméry fazi na nich byly
zanalyzovany. U scant v mistech, které byly nato¢eny vrstvou R-fédze kolmo k primarnimu
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Obrézek 5: Skupina linii, ze které byly ur¢ovany difraktujici objemy austenitu a martenzitu (scan
2, snimek 13). Polohy lini{ jsou oznaceny kiizky stejné barvy jako m4 fit linie dané féze (austenit
modré, martenzit éervend). Soucet je vyznacen zelenou barvou, naméiené hodnoty jsou Gerné
tecky

svazku (scany 1 a 3 viz Obrézek 3) je mozné pozorovat ocekdvany puloblouc¢ek u souctové
kiivky objemu fazi (Obrézek 4). Ovsem scany 2 a 4, u kterych u souctové kiivky dochézi
k propadu, by potiebovaly difraktujici objem do ptuloblou¢ku doplnit - bylo navrzeno
vysvétleni, ze jde o oblasti ve kterych znatelné difraktuje také R-faze, ktera je tim chybéjicim
objemem.
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