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Streszczenie

Granat itrowo-zelazowy (YsFesOi2, YIG) nalezy do intensywnie
badanych zwigzkow ze wzgledu na wiclorakie zastosowania w urzadzeniach
mikrofalowych oraz, od niedawna, w urzagdzeniach magnonicznych. Materiat ten
wyrdznia niskie tlumienie precesji namagnesowania umozliwiajace
dalekozasiggowa propagacje fal spinowych. Obecnie przewiduje si¢, ze urzadzenia
przetwarzajace informacje w oparciu o fale spinowe bgda charakteryzowac sie¢
Znaczaco nizszym poborem energii w porownaniu do tych opartych wylacznie
o transport elektronowy. Gléwng motywacja podejmowanych badan sg zatem

potencjalne zastosowania.

W niniejszej rozprawie zaprezentowano wyniki badan wlasciwosci
strukturalnych i magnetycznych cienkich warstw granatu itrowo-zelazowego.
Szczegdlng uwage poswigcono zagadnieniu dynamiki namagnesowania oraz jej
wzajemne] relacji ze strukturalnymi wlasno§ciami wytworzonych warstw.
W pierwszych rozdziatach pracy przedstawiono wprowadzenie do rezonansu
ferromagnetycznego, fal spinowych oraz podstaw teoretycznych wykorzystanych
metod badawczych. W ramach rozprawy przedstawiono pi¢¢ publikacji, w ktorych
omoéwiono charakterystyke propagacji powierzchniowych fal spinowych oraz
paczek falowych, wptyw naprezen epitaksjalnych na dynamik¢ namagnesowania,
a takze wilasciwosci epitaksjalnych, strukturyzowanych i1 nanokrystalicznych
warstw YIG. W ostatnim rozdziale zawarto podsumowanie i sformutowano

najistotniejsze wnioski ptyngce z uzyskanych rezultatow badan.




Abstract

Yttrium iron garnet (YsFesO12, YIG) is one of the compounds intensively
investigated in terms of microwave and magnonic applications. This material is
distinguished by its low damping of the magnetization precession enabling long-
range propagation of spin waves. At the moment, it is predicted that information
processing devices based on spin waves will have significantly lower energy
consumption compared to those based solely on electronic transport. Potential

applications are therefore the main motivation for the undertaken research.

This dissertation presents the results of research on structural and magnetic
properties of thin yttrium iron garnet films. Particular attention was paid to the
magnetization dynamics and its mutual relationship with the structural properties
of the developed layers. The first chapters of this thesis present an introduction to
ferromagnetic resonance, spin waves and theoretical basis of the employed
research methods. The dissertation presents five publications that discuss the
propagation characteristics of the surface spin waves and wave packets, the impact
of epitaxial strain on the magnetization dynamics, as well as properties of epitaxial,
structured and nanocrystalline YIG layers. The last chapter contains a summary

and main conclusions from the obtained results.
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1  Wstep

Obecnie przewiduje si¢, ze urzadzenia, ktorych zasada dziatania opiera si¢
na falach spinowych, pozwolg w wydajny sposob przetwarza¢ informacje oraz
rozwigza¢ problem miniaturyzacji. W stosunku do konwencjonalnych uktadoéw
elektronicznych wykorzystujacych technologi¢ potprzewodnikowa CMOS,
prototypy urzadzen magnonicznych wykazujg szereg zalet. Najwazniejszg z nich
jest obnizenie zuzycia energii. Wspdlczesne komputery wytwarzaja znaczne ilosci
ciepta, poniewaz bazujg na wykorzystaniu translacyjnego ruchu fadunkow
elektrycznych. W technologiach opartych o fale spinowe straty energii sg
ograniczone, bowiem do przenoszenia informacji wykorzystywany jest transfer
magnetycznego momentu pedu. Inng, rdwnie wazng zaleta urzadzen magno-
nicznych jest mozliwos$¢ pracy w szerokim zakresie czestotliwosci. Jak wynika ze
zwigzkow dyspersyjnych fal spinowych, czestotliwosci te moga siggac kilku-

dziesieciu, a nawet kilkuset gigahercow.

Fale spinowe, aby mogty by¢ wykorzystane do przetwarzania informacji,
wymagaja odpowiedniego wzbudzenia, detekcji oraz sterowania w falowodach
magnetycznych. Niezwykle waznym parametrem jest zasi¢g propagacji fal, ktory
okreslajg straty magnetyczne danego materiatu. Niemal idealnym osrodkiem dla
efektywnej propagacji fal spinowych jest granat itrowo-zelazowy (Y3FesO12, YIG)
w postaci monokrystalicznej. Jest on izolatorem i charakteryzuje si¢ najmniej-
szymi znanymi do tej pory stratami magnetycznymi. Obie te wtasciwosci czynig

go atrakcyjnym z punktu widzenia przysztych zastosowan.

Niniejsza rozprawa doktorska podejmuje tematyke wzbudzen

magnetycznych w cienkich warstwach granatu itrowo-zelazowego wytwarzanych
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w celu uzyskania mozliwie najwigkszego zasiegu propagacji fal spinowych.
W zwigzku z tym, zagadnienia prezentowane w tej rozprawie tagczg ze sobg dwa
aspekty: aspekt technologiczny (zwigzany z technologia cienkich warstw YIG)
oraz aspekt badan podstawowych zwigzany ze wzajemng relacjg dynamiki

namagnesowania i strukturalnych wtasnosci wytworzonych warstw.

Pierwszym zagadnieniem badawczym postawionym w niniejszej pracy
jest eksperymentalna weryfikacja propagacji powierzchniowych fal spinowych
I odpowiedZz na pytanie, czy uzyskane metodg ablacji laserowej epitaksjalne
warstwy YIG wykazuja dostatecznie niskie tlumienie precesji namagne-
sowania[l]. Nalezy podkresli¢, ze w tym przypadku proces osadzania warstw
prowadzony byl w wysokiej temperaturze (650°C), a warstwy te charakteryzuje
tzw. anizotropia indukowana wzrostem, ktoéra zwigzana jest z tetragonalng
dystorsja komorki elementarnej. Sktonito to do postawienia réwniez pytan o
wplyw pol anizotropii na zalezno$¢ dyspersyjna, predkos¢ grupowa fal oraz na

doswiadczalne okreslenie wartosci wzbudzanych liczb falowych.

Problematyka strukturyzacji cienkich warstw stanowita drugie omawiane
w tej pracy zagadnienie[2]. Wczesniejsze doniesienia literaturowe wskazywaty, ze
trawienie jonowe warstw ciagtych wprowadza defekty krystaliczne, modyfikuje
powierzchni¢ otrzymywanych struktur oraz powoduje wzrost ttumienia precesji
namagnesowania. Alternatywne podej$cie wykorzystujace technike lift-off
pozwala unikng¢ tego problemu. Jednakze technika ta wymaga osadzania warstw
YIG w temperaturze pokojowej oraz ich pozniejszg krystalizacj¢. Podjete badania
miaty na celu okreslenie, czy i w jakim stopniu proponowana nowa procedura
strukturyzacji oraz otrzymywania warstw YIG wplywa na ich wlasciwosci

magnetyczne.

Trzecie zagadnienie poruszone w rozprawie dotyczy prob zastgpienia
standardowo stosowanych podlozy granatu gadolinowo-galowego (GdsGasOiz,
GGG) innym materiatem. Motywacj¢ podjecia tego kierunku badan wyraza cheé

integracji warstw YIG z technologiami opartymi na krzemie przy jednoczesnym
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utrzymaniu wyjatkowych wlasnosci warstw. W zwigzku z tym, w pierwszej
kolejnosci postanowiono zbada¢ wtasciwosci strukturalne i magnetyczne warstw
Y1G osadzanych na amorficznym tlenku krzemu[3]. Podobne badania byly juz
wczesnie] prowadzone, jednakze analiza literaturowa nie pozwolita zawezi¢
mechanizmow i przyczyn poszerzania linii rezonansowych obserwowanych w

przypadku wykorzystania tego podioza.

Réwnoczesnie uwage poswigcono zastgpieniu monokrysztatu GGG
granatem itrowo-glinowym (Y3AlsO12, YAG) 0 innym parametrze sieciowym[4].
Niedopasowanie parametru sieciowego pomi¢dzy YIG a YAG wynosi okoto 3%
i jest znacznie wigksze w poréwnaniu do niedopasowania YIG i GGG (=0.1%).
Pomiary dynamiki namagnesowania uktadu YIG/YAG doprowadzily do
poczynienia zaskakujacej obserwacji z punktu widzenia teorii rezonansu
ferromagnetycznego. Szeroko$¢ linii rezonansowej w funkcji czegstotliwosci
wykazuje nie tylko nieliniowg zalezno$¢, ale rowniez jej warto$¢ maleje wraz ze
wzrostem czestotliwosci mikrofalowej. Zjawisko to wyjasniono przy pomocy

autorskiego modelu poszerzenia linii rezonansowe;.

Prezentowane badania konczy analiza wtasciwos$ci strukturalnych i ma-
gnetycznych warstw Y1G osadzanych na polikrystalicznych warstwach metali[5].
Wybrano trzy kolejne w uktadzie okresowym metale przejsciowe wykazujace
odpornos¢ na utlenianie. Byty nimi iryd, platyna oraz ztoto. W szczegdlnosci
zbadano wplyw grubosci warstwy metalu na parametry opisujace tlumienie
precesji namagnesowania. Uzyskane rezultaty pozwolily na zaproponowanie

wykorzystania dwuwarstw YIG/metal do zakonczen falowodow magnonicznych.

Podstawe rozprawy stanowi cykl pigciu artykuldw opublikowanych w
recenzowanych czasopismach naukowych. Sa one poprzedzone krotkimi
rozdziatami opisujaCymi podstawy teoretyczne, preparatyke warstw, zastosowane
metody badawcze oraz metodyke analizy danych eksperymentalnych. Rozprawe

konczy podsumowanie badan oraz sformutowane na ich podstawie wnioski.
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2  Podstawy teoretyczne

2.1 Granat itrowo-zelazowy Y3FesO12

Niniejsza rozprawa oparta jest o cienkie warstwy granatu itrowo-
zelazowego YsFesO12 (YIG) o grubosciach rzedu dziesigtek nanometrow. YIG
krystalizuje w ukladzie regularnym i ma zlozong strukture krystalograficzng
(grupa przestrzenna Ia3d, nr 230). Parametr sieci dla materiatu objetoéciowego
wynosi 1.2376 nm[6]. Pojedyncza komorka elementarna zawiera osiem jednostek

chemicznych i sktada si¢ ze 160 jonow. W szczegOlno$ci wyrdzniamy[7]:

e 24 jony zelaza zajmujace polozenia tetraedryczne; kazdy jon Fe*
otoczony jest przez 4 jony tlenu O%;

e 16 jonow zelaza Fe** zajmujacych potozenia oktaedryczne; kazdy
jon Fe3* otoczony jest przez 6 jonéw tlenu O%;

e 24 jony itru zajmujace potozenia dodekaedryczne; kazdy jon Y**

otoczony jest przez 8 jonéw tlenu O?;

Ze wzgledu na znaczne odlegtos$ci pomiedzy jonami zelaza oddzialywanie
pomiedzy nimi jest przenoszone przez posredniczace elektrony tlenu (tzw.
nadwymiana), a sita oddziatywan zalezy od odlegtosci oraz od kata wigzania Fe-
O-Fe[8]. Dla YIGu prowadzi to antyrownolegtego uporzadkowania Spindw jonow
zelaza. Momenty magnetyczne pochodzace od Fe®* w  polozeniach
tetraedrycznych sg cze$ciowo skompensowane przez momenty Fe®* w pozycjach
oktaedrycznych (ferrimagnetyzm). W temperaturze zera bezwglednego wypad-
kowy moment magnetyczny jednostki chemicznej wynosi 5 uz. W temperaturze

pokojowej wilasno$ci magnetyczne YIGu charakteryzuje namagnesowanie
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nasycenia My = 140 KA/m, stala wymiany A., = 3.7 pJ/m[9]. Temperatura Curie
wynosi T, = 559 K.

Jony zelaza charakteryzuje sferyczny rozktad tadunku, przez co ich
oddziatywanie z fononami czy deformacjami sieci jest stabe. Ponadto YIG jest
izolatorem, dzigki czemu nie wystepuje sprzezenie typu magnon-elektron.
W rezultacie, YIG wykazuje niskie ttumienie precesji namagnesowania, a co za
tym idzie, wykazuje dlugie czasy relaksacji dla fal spinowych (rzedu setek
nanosekund), ktére przektadaja si¢ na odleglosci propagacji fal siegajace setek

mikrometrow[10].

Cienkie warstwy YIG otrzymuje si¢ wykorzystujac metode epitaksji
z fazy ciektej (LPE)[11], ablacj¢ laserowg (PLD)[12], rozpylanie jonowe[13], gdy
wzrost warstwy jest prowadzony na podtozu GdsGasO12 (GGG). Parametr sieci
GGG (1.2383 nm) jest bliski YIG, a male niedopasowanie parametru sieci
umozliwia wytworzenie epitaksjalnych warstw o wysokiej jakosci i niskiej liczbie

defektow strukturalnych.
2.2 Rezonans ferromagnetyczny

Spektroskopia rezonansu ferromagnetycznego jest technikg pozwalajaca
bada¢ dynamiczne wlasnosci magnetycznych cienkich warstw. W modelu
fenomenologicznym zaproponowanym przez Smita i Beljersa[14] warunek
rezonansu oblicza si¢ na podstawie rOwnania:

o\ 2
(_) = Mz ; (F99F¢¢> - F92¢>)’ (2.2.1)

y sin20
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oF d%F
Fg =

301 66 = 302,
oF 9%F
F¢ = m F¢¢ = m , (222)

9%F
F, —
06 = domodm

gdzie w = 2mf oznacza czesto$¢ kotowa, y wspotezynnik zyromagnetyczny, M
namagnesowanie nasycenia, F;; pochodne czastkowe energii swobodnej, 6y, i ¢y
kat biegunowy i azymutalny wektora magnetyzacji M. Nalezy podkresli¢, ze
rownanie 2.2.1 dla 8,, = 0° posiada osobliwos¢, ktdra podczas wyprowadzania
rownan szczegdlowych o postaci analitycznej powoduje niedogodnos$ci. Problem
ten zostal rozwigzany w pracy[15] poprzez modyfikacj¢ rownania 2.2.1 do postaci,
ktora jednoczesnie umozliwia obliczenia dla magnetyzacji lezacej w ptaszczyznie
warstwy oraz w kierunku prostopadtym do ptaszczyzny:

(2)2 _ MLSZ Fg@( Fpo n cos@MFg) _ ( Fop  cosby F¢ )2] (2.2.3)

Y sin20,;  sinfy sinfp  sinfy sinfy

Energia swobodna F zawiera szereg cztonow energetycznych. W ogélnym

przypadku, do opisu warstw granatu itrowo-zelazowego rozwazamy:

e cnergi¢ Zeemana Fy,. opisujaca oddzialywanie zewnetrznego pola

magnetycznego H z magnetyzacja M:
Free = —lo H M (sinBy, sinBy cos(¢py — ¢y) + cosby, cosby). (2.2.4)

e cnergi¢ magnetostatyczng F; wynikajaca z dalekozasiggowych
oddziatywan dipolowych, ktora zwigzana jest z ksztaltem ferromagnetyka. Dla

cienkiej warstwy lezacej w ptaszczyznie XY przyjmuje ona postac:
Fa =7 o MZ cos?8y,. (2.2.5)

e cnergi¢ anizotropii prostopadtej F,. Dla warstw YIG, posrod zrodet tego
czlonu energetycznego nalezy wymieni¢ napr¢zenia epitaksjalne, luki tlenowe, czy

proces porzadkowania jondw w krysztale poprzez warunki wzrostu warstw (tzw.
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anizotropia indukowana wzrostem)[16]. Czton zwigzany z polem anizotropii

prostopadtej H,, dla warstwy lezacej w ptaszczyznie XY wyrazamy jako:
E, = —% Uo Hy Mg cos?8,,. (2.2.6)

e cnergi¢ anizotropii magnetokrystalicznej F., ktora zalezy od kierunku
namagnesowania wzgledem kierunkow krystalograficznych. Za oddziatywanie
pomiedzy wektorem namagnesowania a siecig krystaliczna odpowiedzialne jest
sprzgzenie spin-orbita. Dla Y1Gu, oddziatywanie to jest bliskie zeru ze wzgledu na
zaniedbywalnie malty moment orbitalny jonow zelaza[17]. Stad, pole anizotropii
magnetokrystalicznej H, dla YIGu jest o rzad wielko$ci mniejsze w poréwnaniu
do metalicznych ferromagnetykow([18-22]. Energi¢ anizotropii magneto-

krystalicznej zapisujemy jako:
F. = uOH M (axay asa; + aja ), (2.2.7)

gdzie a,, a,,, a, oznaczajg kosinusy kierunkowe. Posta¢ kosinus6w kierunkowych

dla warstw o orientacji krystalograficznej (001) przyjmuje postac:

a, = sinf,, cosg,y, (2.2.8)
a, = sinfy sing,, (2.2.9)
a, = cosOy, (2.2.10)

natomiast dla warstw o orientacji (111)[23]:

a, = % (cosHM + /2 sinéy, cosq[JM), (2.2.11)
1 . 2
a, = E(COSQM + /2 siné,, cos (qu - gn)), (2.2.12)
a, =— (cos@ + /2 siné,, cos (qb — in) (2.2.13)
z V3 M M M 3 ' 1

Calkowita energia swobodna F jest zatem rowna:

22



F=Fp+F,+F,+F. (2.2.14)

Na podstawie rownan 2.2.2-2.2.14 mozna wyprowadzi¢ réwnania Kittla
opisujace warunek rezonansu. Postaci analityczne zaleznosci czestotliwosci od

pola magnetycznego wyprowadzane sg przy zatozeniu 6,, = 0y oraz ¢, = ¢y,

a wiec gdyﬁ I H.

Informacji na temat procesow relaksacji w pomiarach rezonansu
ferromagnetycznego dostarcza analiza szerokosci linii rezonansowej. Podstawowe
réwnie opisujace zalezno$¢ szerokosci linii rezonansowej AH od czestotliwosci f

ma posta¢ liniowg[24,25]:

HoAH = 4”7“ f + uoAH,. (2.2.15)
Rownanie 2.2.15 dostarcza informacji na temat wewnetrznych procesow ttumienia
precesji namagnesowania wyrazonych poprzez parametr Gilberta « oraz proceséw
zewnetrznych poprzez parametr AH,, zwigzany z niejednorodnosciami magnety-
cznymi w badanych prébkach. Rownanie 2.2.15 pozwala zatem na rozrdznienie
pomigdzy dwoma mechanizmami relaksacji: zwigzanym z wtasciwo$ciami danego
materialu oraz zwigzanym z obecnoscig defektéw. Zalezno$¢ 2.2.15 bada sig, gdy
pomiary rezonansu ferromagnetycznego wykonywane sag W tzw. trybie przemia-
tania polem. Przy ustalonej, statej czestotliwosci mikrofal zmienia si¢ nat¢zenie
pola magnetycznego 1 w warunkach rezonansu rejestrowana jest linia

rezonansowa, ktorej szeroko$¢ wyrazona jest w jednostkach pola.

Innym sposobem pomiar6w rezonansu jest tryb przemiatania
czestotliwoscig. Wtedy to, szerokos¢ potowkowa linii rezonansowej Af mierzona
jest w jednostkach czgstotliwo$ci. Zaletag tego podejscia jest mozliwosé
oszacowania efektywnego parametru ttumienia a.¢, ktory bezposrednio wigze si¢

z czasem relaksacji t badanego materiatu:

o _Af_ 1
eff = o T 2nfr

(2.2.16)
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Dla warstw YIGu, czasy relaksacji si¢gaja setek nanosekund, co umozliwia
znaczacy zasieg propagacji fal spinowych[10]. Zaniedbujgc przyczynek od pola
anizotropii magnetokrystalicznej, mozna wykaza¢ zwigzek pomiedzy efektywnym
parametrem thumienia @ a czynnikami a oraz AH,. Dla warstw namagne-

sowanych w ptaszczyznie a ¢ przyjmuje postac:

alf ~ (o +1E22%) \/ 1+ (”‘—Mff)2 (2.2.17)

inf 4nf
gdzie My = M, — H,,, za$ dla warstw namagesowanych w kierunku prosto-
padtym do plaszczyzny:

a%f ~ a + ”‘#Af”‘) (2.2.18)

Rownania 2.2.17 i 2.2.18 pokazuja istotne znaczenie parametru AH, na efektywne
tlumienie precesji namagnesowania oraz, jak zostanie to przedstawione

w kolejnym rozdziale, na zasi¢g propagacji koherentnych fal spinowych.
2.3 Fale spinowe

Fale spinowe sg kolektywnymi wzbudzeniami uktadu spindw, ktore moga
propagowa¢ w uporzadkowanych magnetycznie materialach. Ich czgstotliwosci
mieszczg si¢ w zakresie od kilkuset megahercéw do teraherzow, a odpowiadajace
tym czestotliwosciom dtugosci fal siegajg dziesigtek nanometréw. Zalezno$¢
pomiedzy czestotliwosciag a dlugoscig fal spinowych okreslaja tzw. relacje
dyspersji, ktore znaczaco roéznig si¢ od dobrze znanej dyspersji swiatta czy fali
dzwigkowej w osrodkach jednorodnych. Zwiazki dyspersyjne dla fal spinowych
sg silnie anizotropowe. Dzigki znacznie bogatszym i bardziej zlozonym
zaleznosciom dyspersyjnym fale spinowe propagujace w materiatach
magnetycznych moga zosta¢ wykorzystane jako nosniki informacji w urzadze-

niach o rozmiarach mikro- i nanoskopowych.
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Ze wzgledu na wzajemng orientacje wektora falowego k i wektora
magnetyzacji M, ktorego utozenie wynika z kierunku przylozonego pola
magnetycznego, wyrozniamy trzy charakterystyczne mody propagacji fal
spinowych[26,27]:

o fale powierzchniowe (z ang. surface spin waves lub Damon-Eshbach

modes), gdy wektor magnetyzacji lezy w plaszczyznie warstwy oraz kIM:

2
f(k) = %\/(‘uOH + Deyk?)(oH + Deyk? + poMs) + G.UOMs) (1 — e—2kd),
(2.3.1)

o fale typu backward volume spin waves, gdy wektor magnetyzacji lezy

W plaszczyznie warstwy oraz k || M:

_po—kd
FOO =2 [GaoH + Dexk?) (ol + Dek? + oM, =), (232)

o fale typu forward volume spin waves, gdy kierunek wektora magnetyzacji

jest prostopadty do ptaszczyzny warstwy oraz k| M:

1—e—kd
f(k) = %\[(ﬂOH + Dexk2 - MOMS) (.uOH + Dexk2 - .uOMs :d )i

(2.3.3)

gdzie f oznacza czgstotliwos¢, k liczbe falowa, y wspdtczynnik zyromagnetyczny,
H natgzenie pola magnetycznego, M, namagnesowanie nasycenia, D., Stala
sztywnosci fal spinowych zwigzang ze stalg wymiany Ay (Dex = 2404/ M), Oraz

d grubos¢ warstwy.

Réwnania 2.3.1-2.3.3 stanowig podstawowe zaleznosci dyspersyjne

charakteryzujace propagacje fal spinowych. Nalezy zaznaczy¢, ze W powyzej
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wymienionych zwigzkach zaniedbano pole anizotropii prostopadtej i pole
anizotropii magnetokrystalicznej[1,28]. Niemniej jednak, relacje te pozwalaja
przewidzie¢ zasieg propagacji fal odgrywajacy wazng rol¢ podczas projektowania
eksperymentu fizycznego. Charakterystyczna droga L, (z ang. decay length), po

ktorej amplituda fali zmniejsza si¢ e-krotnie, dana jest przez:

Ly=v,T= m}i’fx - (2.3.4)
gdzie v, = 2m Z—i oznacza predkos¢ grupowa fali, T czas relaksacji i a¢ efektywny
parametr ttumienia. Wykorzystanie falowodéw koplanarnych czy pojedynczych
linii mikrofalowych zintegrowanych z probka pozwala na wzbudzenie i detekcje
fal spinowych o k = 0-10 rad/um[10]. Spo$rod wymienionych wyzej modow
propagacji, najwyzsze predkosci grupowe W tym zakresie liczb falowych
wykazujg fale powierzchniowe. Stad, w przedstawionej rozprawie badania objety

ten wybrany mod propagaciji.
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3  Otrzymywanie warstw I metodyka

badawcza

3.1 Impulsowa ablacja laserowa (PLD)

Impulsowa ablacja laserowa (ang. Pulsed Laser Deposition) jest
powszechnie stosowang technika wykorzystywang do osadzania cienkich warstw
tlenkdéw. Pozwala ona odtwarza¢ stechiometri¢ chemicznie ztozonych materiatow
z duza wiernoscig oczekiwanego sktadu[29]. W tej metodzie wigzka lasera
skupiana jest na masywnej tarczy, z ktorej kazdy impuls lasera odparowuje
niewielka 1lo$¢ materiatu. Rozproszone jony w postaci plazmy osiadaja nastepnie
na oddalonym o kilka centymetrow podtozu. W celu zapewnienia rownomiernego
usuwania odparowywanego materiatu tarcza obraca sig, podczas gdy wigzka lasera
jest odchylana przez soczewke skupiajaca poruszajaca si¢ horyzontalnie. Proces
nanoszenia warstw moze by¢ prowadzony w warunkach ultra wysokiej prozni
(~ 1078 mbar). Jednakze, w przypadku osadzania warstw tlenkowych najczesciej

odbywa si¢ on przy parcjalnym cis$nieniu tlenu rzedu 10™* - 1072 mbar.

Do osadzania cienkich warstw YIG postuzono si¢ laserem Nd:YAG
wybierajgc trzecig harmoniczng 0 dlugosci fali A = 355 nm. Odlegtos¢ pomiedzy
podtozem a tarczg wynosila = 5 cm, czestotliwo$¢ impulsow 5 Hz, a gestosc
energii promieniowania okoto 3 J/cm?. Przy parcjalnym ci$nieniu tlenu 2.4-107*

mbar warunki te pozwalaja uzyskac predko$¢ osadzania warstw rzedu = 1 nm/min.
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3.2 Magnetronowe rozpylanie jonowe

Technika magnetronowego rozpylania jonowego zostata wykorzystana do
osadzania warstw metali takich jak ztoto, platyna oraz iryd. Proces nanoszenia
prowadzony byl w atmosferze argonu o ci$nieniu parcjalnym okoto 1073 mbar
i prozni bazowej ponizej 2x10°8 mbar. Technika magnetronowego rozpylania
jonowego polega na rozpraszaniu atomow tarczy przy uzyciu jonéw argonu, ktore
przyspieszane sa w polu elektrycznym w kierunku tarczy, i w ten sposob rozpylany
material osadzany jest na podlozu. Znaczne nate¢zenie pola elektrycznego
przyspiesza jony oraz elektrony powodujac zderzenia z obojetnymi czasteczkami
gazu 1 ich jonizacje. Liczba jonéw moze dzigki temu rosnagé lawinowo.
Aby zwigkszy¢ prawdopodobienstwo jonizacji przez elektrony wtorne, uzywa si¢
dodatkowo magneséw trwatych. Pole magnetyczne umozliwia utrzymanie plazmy
w poblizu tarczy, zwigkszenie predkosci nanoszenia, oraz utrzymanie niskiego
ciSnienia argonu, a przez to obniZenie zanieczyszczenia warstw gazami
resztkowymi[30]. Otrzymane warstwy, ktorych wzrost prowadzony byt w temp-

eraturze pokojowej, sg na ogot polikrystaliczne.
3.3 Bezmaskowa litografia optyczna

Technika bezmaskowej litografii optycznej zostala wykorzystana do
planarnego strukturyzowania warstw YIG oraz warstw ztota w celu wytworzenia
zintegrowanych z probka falowodow koplanarnych i1 anten mikrofalowych.
W metodzie tej wykorzystuje si¢ emulsja $wiattoczulg (rezyst) oraz uktad
optyczny umozliwiajacy selektywng zmiang jej wlasnoSci fizyko-chemicznych

poprzez naswietlanie wybranych obszarow.
Na etapy procesu strukturyzowania uktadow warstwowych sktadaja sie:

1)  Przygotowanie powierzchni podtoza: czyszczenie probki ze sladowych ilosci

zwigzkéw organicznych 1 zanieczyszczen nieorganicznych w myjce
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2)

3)

4)

5)

6)

7)

ultradzwickowej stosujac np. aceton, trichloroetylen, izopropanol oraz

wygrzewanie na ptycie grzewczej w celu odparowania wody.

Natozenie fotorezystu za pomoca techniki nazywanej z ang. spin-coating:
nakropienie roztworu polimeru na powierzchni¢ podtoza i roGwnomierne
rozprowadzenie rezystu podczas wirowania z szybko$ciami sig¢gajacymi
kilku tysiecy obrotdow na minute. Dzigki sitom od$rodkowym nadmiar
rezystu usuwany jest z powierzchni probki. Otrzymywana grubos$¢ rezystu

zalezy od lepkosci roztworu rezystu 1 szybkosci wirowania.

Wygrzanie fotorezystu na plycie grzewczej w celu poprawienia jego
przyczepnosci do podloza, odparowania nadmiaru rozpuszczalnika i

utwardzenia rezystu.

Naswietlenie struktur wigzka $wiatla z lasera. Na tym etapie wykonuje si¢
centrowanie powierzchni probki i przygotowanego projektu wzoru.
Naswietlenie rezystu powoduje zmiang jego struktury chemicznej, jak i jego

rozpuszczalno$ci w roztworach zasad.

Wywotanie rezystu — czg§ciowe usuniecie rezystu w roztworze zasadowym.
Dla rezystu pozytywowego nastgpuje usuni¢cie poprzednio naswietlonych
obszaréw. W celu poprawy czystosci odstonigtych czes$ci podtoza mozna

stosowa¢ dodatkowo czyszczenie powierzchni plazmg niskoci$nieniows.
Naniesienie warstw

Usunigcie pozostalego fotorezystu z powierzchni probki za pomoca

rozpuszczalnika organicznego np. acetonu.
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3.4 Dyfrakcja rentgenowska (XRD)

Metoda dyfrakcji rentgenowskiej (ang. X-Ray Diffraction) pozwala bada¢
struktur¢ krystalograficzng[31]. Technika zasadza si¢ na ugieciu i interferencji
skolimowanej; wigzki promieniowania o dlugosci fali okoto 0.1 nm.
Promieniowanie padajgce na probke ulega rozproszeniu na rownolegtych do siebie
plaszczyznach  atomowych  oddalonych od siebie na  odleglos¢
migdzyplaszczyznowa dpi;. Wzmocnienie fal odbitych nastepuje, gdy rdznica
drog, ktore pokonuja, jest roOwna catkowitej wielokrotnosci dtugosci fali.
Naktadajace si¢ fale sg wtedy zgodne w fazie. Warunek wzmocnienia fal opisuje

rownanie Bragga:
Zdhleine = nﬂ., (341)

gdzie 8 oznacza kat, jaki tworzy wigzka padajaca z ptaszczyzng atomowa, n rzad
ugiecia, i A dlugo$¢ fali promieniowania. Analiza zaleznos$ci intensywnosci
promieniowania od kata 6 wumozliwia wyznaczenie odleglosci miedzy-
plaszczyznowej dpy, | Wyznaczenie parametru sieci komorki elementarnej. Dla

uktadu regularnego parametr sieci a dany jest:

a = dp/ (R? + k2 + 12), (3.4.2)
gdzie h, k, | to wskazniki Millera ptaszczyzn krystalograficznych.

Typowy dyfraktometr rentgenowski sktada si¢ z lampy rentgenowskiej,
uktadu szczelin oraz szczelin Sollera kolimujacych promieniowanie, stolika
pomiarowego, na ktérym umieszczana jest probka, detektora oraz komputera
stuzacego do sterowania praca dyfraktometru i akwizycji danych. Ponadto,
wykorzystuje si¢ monochromator grafitowy w celu obnizenia intensywnos$ci
promieniowania charakterystycznego Kz lub monochromator Bartelsa (ukfad czte-
rech ptytek germanowych), ktory umozliwia zarejestrowanie dyfraktogramu o wy-

sokiej rozdzielczosci poprzez zredukowanie intensywnosci promieniowania Kp
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oraz K,,. W niniejszej pracy jako zrédto rentgenowskie wykorzystano lampe z
anodg miedziang o mocy 2 KW generujgca promieniowanie o dtugosci fali Agyq =

0.15418 nm.
3.5 Reflektometria rentgenowska (XRR)

Reflektometria rentgenowska (ang. X-Ray Reflectometry) pozwala
scharakteryzowac grubos¢, gestos¢ oraz szorstkos$¢ uktadéw cienkowarstwowych.
Pomiary przy uzyciu tej techniki prowadzone sg w konfiguracji 6-26 w zakresie
niskokatowym (260 = 0-10°). Ponizej kata krytycznego 6., wigzka promie-
niowania rentgenowskiego ulega catkowitemu odbiciu od powierzchni badanej
prébki. Kat krytyczny przyjmuje zazwyczaj warto$ci ponizej 0.5° ze wzgledu na
bliski jedno$ci wspotczynnik zatamanian = 1 — §, gdzie § jest tzw. dekrymentem
wspOlczynnika zalamania o warto$ciach rzedu 107° [32]. Dla katéw wigkszych od
0., promieniowanie rentgenowskie wnika w struktur¢ materialu, a intensywno$¢
promieniowania odbitego maleje wraz ze wzrostem kata padania. Ponadto, na
granicy osrodkdw o rdznej gestosci, np. miedzywierzchni podtoze-warstwa,
promieniowanie ulega zalamaniu oraz odbiciu. Dochodzi wtedy do interferencji
promieniowania odbitego od podiloza z tym bezposrednio rozproszonym na
powierzchni warstwy. Badajac zalezno$¢ intensywnos$ci od kata padania,
interferencje obserwuje si¢ w postaci oscylacji intensywno$ci. Analiza uzyskanych
wynikéw eksperymentalnych prowadzona jest przy uzyciu oprogramowania
pozwalajacego okres$li¢ wyzej wymienione parametry charakteryzujace cienkie
warstwy. W niniejszej pracy korzystano z oprogramowania Reflectivity (firmy

Malvern Panalytical), a takze programu Relfex[33].
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3.6 Dyfrakcja rentgenowska pod katem slizgowym
(GIXRD)

Dyfrakcja rentgenowska pod katem $lizgowym (ang. Grazing Incidence
X-ray Diffraction) jest technika pokrewng konwencjonalnej dyfrakcji
wykonywanej w geometrii 6-26. Zaleta metody GIXRD jest ograniczenie
intensywnego sygnatu od podloza i jednoczesne uzyskanie silniejszego sygnatu
pochodzacego od cienkiej warstwy[34]. Pomiary wykonywane sg pod stalym
katem padania wigzki promieniowania, tzw. katem Slizgowym. Kat §lizgowy jest
zwykle dobierany tak, aby byl nieco wyzszy od kata krytycznego 6. dla
catkowitego zewnetrznego odbicia. Dzigki temu glgboko$¢ wnikania
promieniowania rentgenowskiego utrzymywana jest na poziomie Kilku-,
kilkunastu nanometrow. Pozwala to na badanie struktury krystalicznej cienkich

warstw w obszarze przypowierzchniowym.
3.7 Skaningowa mikroskopia elektronowa (SEM)

Skaningowa mikroskopia elektronowa (ang. Scanning Electron Micro-
scopy) jest narzedziem dostarczajacym informacji o topografii powierzchni i skta-
dzie prébki[35]. Podobnie jak w kazdym mikroskopie, podstawowg funkcjg
skaningowego mikroskopu elektronowego jest powigkszanie obiektéw niewido-
cznych dla ludzkiego wzroku. Duze powickszenia (siggajace setek tysiecy razy)
oraz wysoka zdolno$¢ rozdzielcza (teoretycznie az 0.0037 nm przy napieciu
przyspieszajacym 100 kV) umozliwia wykorzystanie wigzki elektronéw do
obrazowania. Zgodnie z teorig de Broglie'a, elektrony traktujemy jako fale o okre-
Slonej dtugosci 1 stosujemy dla niej prawa optyki. Ze wzgledu na mniejsza dtugos¢
fali de Broglie'a elektronéw mozliwe jest uzyskanie wyzszej zdolnosci

rozdzielczej w poréwnaniu z mikroskopig optyczna.
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Zrédlem elektronow w skaningowej mikroskopii elektronowej sa katody.
Wyrdzniamy trzy rodzaje katod: gorace, w ktorych przeptywajacy prad wywotuje
emisj¢ termiczng elektrondw oraz zimne, w ktorych przylozone pole elektryczne
powoduje emisj¢ polowa elektronow. Trzecim typem katody jest tzw. zrdodlo
Schottkiego wykorzystujace zarowno emisj¢ termiczna, jak i polowa. Wytworzona
W ten sposob pierwotna wigzka elektrondéw jest nastgpnie w kolejnych czgéciach
mikroskopu kolimowana, skupiana i1 odchylana podczas skanowania. Posrod
parametrow wigzki elektronéw nalezy wymieni¢: srednice wigzki na probcee, prad
elektronowy docierajagcy do probki, kat konwergencji wigzki 1 napigcie

przyspieszajace.

Zasada dziatania soczewek elektromagnetycznych ksztaltujacych wigzke
opiera si¢ o wykorzystanie sity Lorentza dzialajacej na elektrony. Na elektrony
poruszajace si¢ w niejednorodnym polu magnetycznym dziataja dwie sktadowe
indukcji pola magnetycznego. Jedynie dla elektronow poruszajacych si¢ wzdluz
osi radialnej odchylanie jest zerowe. Tory pozostatych elektronow pod wptywem
pola magnetycznego wykazuja malejace oscylacje wzgledem osi ukiadu.
Soczewki elektromagnetyczne wykazuja podobne wady jak te znane z uktadow

optycznych. Wyrdzniamy tuta;j:

e aberracj¢ chromatyczng — elektrony o roznych energiach sg ogniskowane
w roznych potozeniach; jej przyczyng sa niestabilnosci napigcia
przyspieszajacego;

e aberracj¢ sferyczng — elektrony blizej brzegow soczewki sg odchylane
silniej niz te w poblizu centrum; przyczyng jest niejednorodny rozkiad pola
magnetycznego;

e astygmatyzm — soczewka nie ma idealnej symetrii osiowej i w dwadch

prostopadtych kierunkach ma r6zng ogniskowa;

Padajaca na probke pierwotna wigzka elektronéw jest rozpraszana na
prébce. Wynikiem tego rozpraszania jest katodoluminescencja (promieniowanie

Swiatla), promieniowanie rentgenowskie, elektrony Augera, elektrony wstecznie
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rozproszone oraz elektrony wtdérne. Dwa ostatnie typy elektronéw sg wykorzy-
stywane do obrazowania w technice SEM. Elektrony wtdrne charakteryzuja sie
niskg energig, a uzyskiwany w mikroskopii kontrast przy ich obserwacji
odzwierciedla topografi¢ powierzchni. Natomiast elektrony wstecznie

rozproszone, pozwalaja na uzyskanie kontrastu atomowego.

3.8 Mikroskopia sit atomowych (AFM)

Mikroskopia sit atomowych (ang. Atomic Force Microscopy) jest technika
pozwalajaca na obrazowanie topografii powierzchni z rozdzielczoscig siggajaca
utamkow nanometra[36]. W przeciwienstwie do skaningowej mikroskopii
tunelowej, w ktorej wielko$cig mierzong jest prad tunelowania, mikroskop AFM
znajduje zastosowanie w pomiarach powierzchni probek izolatorow 1 pdiprze-
wodnikéw. Wielko$cia mierzong jest bowiem sita oddziatywania pomiedzy
probka a koncowka sondy w postaci ostro zakonczonej igly. Detekcje sygnatu
umozliwia wigzka lasera, ktora docierajac do czterosekcyjnej fotodiody, ulega
odchyleniu w zalezno$ci od potozenia sondy. Ze wzgledu na odlegtos¢ ostrze-

probka wyrdzniamy trzy tryby pracy mikroskopu:

e tryb bezkontaktowy — kiedy ostrze znajduje si¢ stosunkowo blisko
powierzchni (= 1-10 nm) dominujg sity przyciagajace, w szczegdlnosci sita
wynikajaca z oddzialywan van der Waalsa, jak rowniez sity elektrostatyczne.

e tryb kontaktowy — przy bardzo matych odleglosciach migdzy ostrzem a
probka wystepuje silna sita odpychajgca zwigzana z przykrywaniem si¢ rozktadow
tadunkow.

e tryb kontaktu przerywanego — belka, na ktorej umieszczona jest igla
wprowadzana w drgania blisko swojej czestotliwosci rezonansowej w poblizu
powierzchni probki. W trybie tym unika si¢ uszkodzen zwigzanych z tarciem
powierzchni. Poza dalekozasiggowymi sitami przyciggajacymi znaczenie maja

réwniez krotkozasiggowe sity odpychajace. Gdy ostrze zbliza si¢ do powierzchni,
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interakcja miedzy nim a probka zmienia czgstotliwo$¢ rezonansowa belki oraz
amplitude drgan. Zmiany w amplitudzie mogg z kolei by¢ nastepnie wykorzystane
jako sygnal zwrotny do regulacji odleglosci ostrze-probka. Tryb kontaktu
przerywanego umozliwia ponadto uzyskanie obrazu fazowego. Gdy ostrze
napotyka obszar o istotnie innym skladzie chemicznym, zmiana sity

oddziatywania prowadzi takze do zmiany fazy rejestrowanego sygnatu.

W przypadku pomiaru cienkich warstw obrazowanie AFM pozwala na
okreslenie szorstko$ci powierzchni, lateralnego rozmiaru ziaren dla warstw
polikrystalicznych, czy szerokos$ci tarasow, gdy obrazowane s3a warstwy

epitaksjalne.

3.9 Magnetometria VSM i SQUID

Magnetometr z wibrujaca probka (ang. Vibrating Sample Magnetometer)
oraz magnetometr SQUID (ang. Superconducting Quantum Interference Device)
pozwalaja bada¢ proces przemagnesowania. W przypadku pomiaréw
ferromagnetykéw obie metody dostarczajg informacji o warto§ci momentu
magnetycznego, polu koercji, namagnesowaniu remanencji czy polu anizotropii
magnetokrystalicznej (gdy pole magnetyczne przytozone jest w plaszczyznie

warstwy w tzw. trudnym kierunku magnesowania badanego monokrysztatu).

Zasada dziatania magnetometru VSM opiera si¢ na prawie
Faradaya[37,38]. Drgajaca w jednorodnym polu magnetycznym probka wytwarza
zmienny w czasie strumien magnetyczny, ktory indukuje sit¢ elektromotoryczng
w cewkach odbiorczych. Warto$§¢ indukowanej sity elektromotorycznej € jest

proporcjonalna do momentu magnetycznego mi zgodnie z zaleznoscia:
€ = Uobw M - g cos(wt) (3.9.1)

gdzie p, oznacza przenikalno$¢ magnetyczng prozni, 6 amplitude drgan, w

czestos¢ drgan, g wektorowy czynnik geometryczny charakteryzujacy zalezno$é
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indukowanego sygnatu od geometrii cewek odbiorczych, t o0znacza czas.
Czestotliwos¢ drgan wynosi zazwyczaj kilka-, kilkadziesigt hercow, a amplituda
drgan jest rzedu Kilku-, kilkunastu milimetréw. Przektada si¢ to na czutosé
magnetometru pozwalajacg na detekcje momentéw rzedu 1078-10° A-m?. Aby
wyznaczy¢ moment badanej probki wykorzystuje si¢ probke wzorcowa o znanym
momencie magnetycznym oraz zblizonym ksztalcie. W celu o0szacowania
namagnesowania nasycenia wymagana jest dodatkowo informacja o objetosci

ferromagnetyka, ktéra stanowi znaczny przyczynek do niepewnosci pomiarowe;j.

Istotnie wyzsza czulo$¢ pomiarowg uzyskuje si¢ w magnetometrze
SQUID[39,40]. Magnetometr ten ztozony jest z trzech zasadniczych elementow:
cewki detekcyjnej nawinigtej w konfiguracji gradiometru drugiego rzedu,
urzadzenia SQUID oraz magnesu nadprzewodzacego bedacego zrddlem pola
magnetycznego. Podobnie jak w magnetometrii VSM, poruszajaca si¢ wewnatrz
cewek detekcyjnych probka jest zrodlem strumienia indukcji magnetycznej
wytwarzajagcego prad. Budowa cewek detekcyjnych jest jednak odmienna w
poréwnaniu do VSM. Skladaja si¢ na nie dwie cewki boczne oraz cewka
srodkowa, ktora ma dwa razy wigcej zwojow 1 jest nawinigta w kierunku
przeciwnym anizeli cewki boczne. W tym przypadku, generowana sita
elektromotoryczna réwna jest drugiej pochodnej przestrzennej strumienia indukcji
w funkcji czasu. Wartos¢ sily elektromotorycznej zalezy zatem od polozenia
probki. Otrzymany sygnat przekazywany jest dalej do urzadzenia SQUID, dzigki
ktoremu magnetometr zawdzigcza wysoka czutos¢. Urzadzenie SQUID
umieszczone jest w specjalnej ostonie izolujacej od pol magnetycznych 1 sktada
si¢ z pary ztaczy Josephsona umieszczonych w nadprzewodzacej petli. Nastgpuje
w nim konwersja strumienia pola magnetycznego (wyindukowanego przez
zmienny prad z cewek detekcyjnych) na napigcie. Otrzymana w wyniku pomiaréw
zalezno$¢ polozenie probki — napigcie wykorzystywana jest do wyznaczenia

momentu magnetycznego badanego materiatu.
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3.10 Szerokopasmowy rezonans ferromagnetyczny
(VNA-FMR)

Spektroskopia szerokopasmowego rezonansu ferromagnetycznego poz-
wala bada¢ dynamiczne wlasnosci magnetyczne cienkich warstw. Jak przed-
stawiono w rozdziale drugim, umozliwia ona wyznaczenie szeregu parametrow,
np. namagnesowania efektywnego, pola anizotropii magnetokrystalicznej, wspot-

czynnika zyromagnetycznego czy wspotczynnika thumienia Gilberta.

Gléwnym komponentem uktadu pomiarowego jest wektorowy analizator
obwoddéw (ang. Vector Network Analyzer). Pelni on jednocze$nie role zrodta i
detektora pradu mikrofalowego w szerokim zakresie czestotliwosci od 10 MHz do
40 GHz z rozdzielczoscig 1 Hz. Rejestrowane wielkosci wyraza w postaci tzw.
parametréw S macierzy rozproszenia. W przypadku analizatora od dwdch portach
jest to macierz 2x2. Elementy Si1 oraz Sz2, nazywane rowniez parametrami
odbicia, okreslaja stosunek sygnatu powracajacego do sygnatu wychodzacego
odpowiednio dla portu 1 oraz 2. Natomiast elementy Si» oraz Sx1 wyrazaja
transmisj¢ sygnatu mikrofalowego pomigdzy portami. Ze wzgledu na symetri¢
typowego uktadu eksperymentalnego, parametr S11 rowny jest Szz, jak i S12 rowny
jest S»1. Elementy macierzy rozproszenia sg wielkoSciami zespolonymi, a zatem

wyrazaja amplitude oraz fazg¢ pradu mikrofalowego.

W warunkach rezonansu dochodzi do absorpcji czesci promieniowania
mikrofalowego przez warstwe ferromagnetyczng, co prowadzi do obnizonej
transmisji sygnatu mikrofalowego. W szerokopasmowych pomiarach rezonansu
badang probke umieszcza si¢ na falowodzie koplanarnym, ktoéry podiaczony do
portow VNA przy pomocy kabli koncentrycznych petni rolg czujnika. Falowod
koplanarny sklada si¢ z centralnej linii sygnalowej oraz dwoch poélptaszezyzn
uziemiajacych umieszczonych na dielektrycznym laminacie. Dodatkowo posiada
ptaszczyzne uziemiajaca pod laminatem, jak 1 metalizowane otwory wzdtuz linii

sygnalowej w celu ograniczenia strat przypadajacych na jednostke dtugosci linii

37



sygnatowej. Rozmiary geometryczne falowodu koplanarnego, tj. szerokos$¢ linii
sygnatowej (okoto 500 pum), odlegtos¢ pomiedzy linig sygnatowsg a potplasz-
Czyznami uziemiajacymi i grubo$¢ metalizacji, sg w $cisty sposob dobrane tak, by
impedancja falowodu byta bliska 50 Q. Ma to na celu zredukowanie odbi¢ sygnatu

na potaczeniach z kablami koncentrycznymi.

Przeptywajacy przez falowod koplanarny prad mikrofalowy indukuje
zmienne pole magnetyczne wokot linii sygnatowej zgodnie z prawem Biota-
Savarta. Falowod koplanarny wraz z probka umieszczony jest pomi¢dzy nabie-
gunnikami elektromagnesu w taki sposob, aby skladowa zmiennego pola magne-
tycznego wzbudzajgcego precesj¢ namagnesowania byta ortogonalna do kierunku
zewnetrznego pola magnetycznego. Przedstawione w niniejszej pracy pomiary
rezonansu prowadzone byly przede wszystkim w trybie przemiatania polem, tzn.
przy stalej czestotliwosci pradu mikrofalowego zmianie ulegato natezenie

Zewngetrznego pola magnetycznego.

3.11 Spektroskopia fal spinowych z wykorzystaniem

wektorowego analizatora obwodow

Do wzbudzenia i detekcji koherentnych fal spinowych wykorzystuje sie
pary falowodéw koplanarnych lub anten mikrofalowych w postaci pojedynczej
linii sygnatowej. Ukltady te sg zintegrowane z probka i1 wykonuje si¢ je przy
pomocy technik litografii oraz osadzania warstw. Podlaczenie do wektorowego
analizatora obwodoéw odbywa si¢ przy pomocy sond mikrofalowych. Takie
rozwigzanie pozwala bada¢ szereg ukladéw mikrofalowych wytworzonych w
ramach jednej probki. Szeroko$¢ linii sygnalowej jest znaczaco mniejsza w
poréwnaniu do falowodéw uzywanych w pomiarach rezonansu ferromagne-
tycznego. Wynika to z faktu, ze zakres liczb falowych mozliwych do wzbudzenia

jest odwrotnie proporcjonalny do szerokosci linii sygnatowej. Wynosi ona
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zazwyczaj kilka-, kilkanascie mikrometréw i pozwala badaé¢ fale spinowe o

liczbach falowych si¢gajacych nawet 10 rad/pm.

Szczegdétowe  widmo  wzbudzen  wykorzystywanych  uktadow
mikrofalowych obliczamy wykonujac transformat¢ Fouriera rozktadu pola
magnetycznego indukowanego przez prad mikrofalowy. Rozklad pola
magnetycznego mozna otrzymac na rozne sposoby. Jednym z nich sg symulacje w
module RF Module pakietu COMSOL Multiphysics. Oprogramowanie to pozwala
na rozwigzywanie rownan Maxwella metoda elementow skonczonych.
Definiowane konfiguracje przestrzenne uwzglgdniaja wtasciwosci materiatowe,
potozenie zrodel wzbudzajacych prad mikrofalowy, a takze warunki brzegowe.
Implementacja modelowanej geometrii jest w znacznej mierze zautomatyzowana.
W tym programie rozktad pola magnetycznego jest bezposrednio otrzymywany z

symulacji.

Pomiary spektroskopowe propagacji fal spinowych z wykorzystaniem
wektorowego analizatora obwodow prowadzone sg zwykle w trybie przemiatania
czestotliwoscig. Podczas pomiaru rejestrowany jest parametr So1 lub Si2 macierzy
rozpraszania w funkcji czestotliwosci, podczas gdy nat¢zenie zewnetrznego pola
magnetycznego utrzymywane jest na statym poziomie. Procedura jest powtarzana
dla szeregu wartosci pola magnetycznego. Aby poprawi¢ stosunek sygnatu do
szumu, wykonuje si¢ pomiar referencyjny w polu magnetycznym o dostatecznie
duzym natezeniu. Sygnal referencyjny jest nastgpnie odejmowany od sygnatu

transmisji zmierzonego dla poszczegdlnych wartosci pola magnetycznego.
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3.12 Symulacje mikromagnetyczne w oprogramowaniu

Mumax3

Obliczenia mikromagnetyczne w MuMax3 pozwalajg na teoretyczne
badanie dynamiki namagnesowania z przestrzenng i czasowa rozdzielczoscig[41].
Program umozliwia symulacje uktadow o rozmiarach nano- i mikrometrowych
wykorzystujac metod¢ roznic skonczonych do rozwigzywania rownania Landau-
Lifshitza-Gilberta. W podejsciu  mikromagnetycznym przyjmuje sie, ze
namagnesowanie reprezentuje warto§¢ usredniong z pewnej objetosci
elementarnej, w ktorej uporzadkowanie momentdéw magnetycznych jest
jednorodne i kolinearne[42]. Pomija si¢ zatem szczego6ly struktury atomowej
materialdw. Badana  geometria dzielona jest na uklad komorek
prostopadio$ciennych. Dla kazdej komorki mozna okresli¢c parametry
magnetyczne takie jak namagnesowanie nasycenia czy state anizotropii.
Sprzezenie wymienne jest natomiast definiowane na granicy migdzy dwiema

komorkami. Rozmiar komoérek nie powinien zatem przekracza¢ dlugosci wymiany

Néela Loy = /24ex/ (oM2), dla ktorej oddziatywania wymienne dominuja nad
oddziatywaniami dipolowymi. Dla granatu itrowo-zelazowego L., wynosi okoto
17 nm. W ramach symulacji przedstawionych w tej pracy rozmiar komorek

wynosit 10 nm x 10 nm x d, gdzie d jest gruboscig badanej warstwy.

Wzbudzenie dynamiki namagnesowania w programie MuMax3 odbywa
si¢ poprzez wprowadzenie zmiennego w czasie pola magnetycznego, ktore jest
ortogonalne do kierunku zewngtrznego pola magnetycznego. Zmienne pole moze
by¢ zadane dowolng funkcja czasu oraz zdefiniowane w wybranych komorkach
lub w catej modelowane;j strukturze. Pozwala to symulowaé¢ wzbudzenia zalezne
od czasu 1 przestrzeni. Dla kazdej komorki trzy skladowe namagnesowania
(my(t), m,(t), m,(t)) sa rozwigzywane numerycznie i ich wartosci sa

zapisywane w plikach wyj$ciowych.
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3.13 Obliczenia i analiza danych w oprogramowaniu

Mathematica

Oprogramowanie Mathematica to wszechstronne $rodowisko realizacji
obliczen symbolicznych 1 numerycznych cechujace si¢ wysokg wydajnoscia oraz
szerokimi mozliwo$ciami wizualizacji. W ramach prowadzonych badan stanowito
ono niezwykle wazne narze¢dzie do analizy wynikdéw eksperymentalnych (w tym
np. XRD, VNA-FMR, VSM), wynikow symulacji mikromagnetycznych,
rachunkow teoretycznych oraz prezentacji uzyskanych rezultatdw zaréwno w
postaci wykresow, jak i wideo. Wraz z upowszechnieniem procesorow
wielordzeniowych obliczenia rownolegte pozwolity na przetwarzanie danych o
znacznej objetosci. W przypadku symulacji mikromagnetycznych objetosci te
siegaty nawet kilku gigabajtoéw. Liczne pomiary rezonansu ferromagnetycznego
wymagaty rOwniez opracowania autorskiego kodu umozliwiajacego analizg linii
rezonansowych w spos6b W znacznej mierze zautomatyzowany. Przygotowane
programy pozwalaly na analiz¢ wynikow VNA-FMR uzyskanych zaréwno w
trybie przemiatania polem, jak 1 czgstotliwo$cig z mozliwo$cig symultanicznego
dopasowania do czgsci rzeczywistej i urojonej rejestrowanego sygnatu, korekty
fazy sygnatu oraz pozniejsze dopasowania wyznaczonych wielkosci do rownan

Kittla czy zalezno$ci szerokosci linii rezonansowych.
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4 Wyniki badan

4.1 Characterization of Spin Wave Propagation in (111)
YIG Thin Films with Large Anisotropy

Publikacja przedstawia wyniki badan propagacji powierzchniowych fal
spinowych przy uzyciu wektorowego analizatora obwodow. Szczegdlowej
analizie poddane jest eksperymentalne okreslenie liczb falowych wzbudzanych
przez falowdd koplanarny 1 poréwnanie wyznaczonych wartosci z przewidy-
waniami teoretycznymi. W  zaproponowanej geometrii do$wiadczalnej
zaobserwowano propagacje fal spinowych na odlegtos¢ 150 pm w warstwie
granatu itrowo-zelazowego o grubosci 82 nm. Uzyskane rezultaty pozwolity
wskaza¢ na konieczno$¢ uwzglednienia pol anizotropii w zaleznosci dyspersyjne;j
(w szczegdlno$ci indukowanej wzrostem anizotropii prostopadiej) w celu

poprawnej interpretacji wynikow eksperymentalnych.

Indywidualny wktad autora w powstanie tej publikacji obejmuje: napisanie
pierwszej wersji manuskryptu, analiz¢ danych eksperymentalnych i teore-
tycznych, analize literaturowg, naniesienie warstw metoda PLD, wykonanie
pomiarow VNA-FMR, VSM, pomiarow katowych rezonansu ferromagne-
tycznego, spektroskopii fal spinowych z wykorzystaniem VNA, oraz czesci
symulacji w programie Comsol Multiphysics (rys. 7), wizualizacj¢ uzyskanych

rezultatow i przygotowanie odpowiedzi na pytania recenzentow.
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Abstract

CrossMark

We report on long-range spin wave (SW) propagation in nanometer-thick yttrium iron garnet

(YIG) film with an ultralow Gilbert damping. The knowledge of a wavenumber value |E‘ is

essential for designing SW devices. Although determining the wavenumber ‘E | in experiments

like Brillouin light scattering spectroscopy is straightforward, quantifying the wavenumber in
all-electrical experiments has not been widely commented upon so far. We analyze magnetostatic

spin wave (SW) propagation in YIG films in order to determine the SW wavenumber ‘IE | excited

by the coplanar waveguide. We show that it is crucial to consider the influence of magnetic

anisotropy fields present in YIG thin films for precise determination of SW wavenumber. With

the proposed methods we find that experimentally derived values of ‘.@ ‘ are in perfect agreement

with that obtained from electromagnetic simulation only if anisotropy fields are included.

Keywords: spin waves, ferromagnetic resonance, low damping materials

(Some figures may appear in colour only in the online journal)

1. Introduction

Spin wave (SW) propagation in magnetic thin film structures
has become an intensively investigated topic in recent years,
due to promising applications in modern electronics [ 1-4]. The
wavenumber (or equivalently—the wavelength A = 27T/|E ‘) is
an important parameter to account for propagation character-
istics. For example, it is essential to choose a SW wavenumber
and correlate it to a certain device dimension in order to ensure
observation of the expected phenomena in SW devices e.g.
in magnonic crystals [5, 6] or devices based on wave inter-
ference, such as SW transistors [2], SW logic gates [2] and
Mach—Zehnder type interferometers [7]. The knowledge of

1361-6463/17/235004+7$33.00

the SW wavenumber is also very important in the assessment
of the effective magnitude of the Dzyaloshinskii-Moriya
interaction using collective spin-wave dynamics [8].

In propagating SW spectroscopy experiments, two shorted
coplanar waveguides (CPWs) are commonly used as a trans-
mitter and a receiver [9]. Each CPW, integrated within the
film, consists of a signal line and two ground lines connected
at one end. When an rf-current flows through the transmitter,
it induces an oscillating magnetic field around the lines that
exerts a torque and causes spin precession in the magnetic
material beneath. The inverse effect is then used for SW
detection by the receiver. Since the generated magnetic field
is not homogenous with reference to the film plane and solely

© 2017 IOP Publishing Ltd  Printed in the UK
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depends on CPW geometry, it determines the distribution of
the SW wavenumber that can be excited.

It is assumed that the transmitter excites a broad spectrum
of SW wavevectors of wavenumber k extending to kpax ~ /W
(W is a width of CPW line) with a maximum of excitation
amplitude approximately around kmaxamp = 7/2W [10]. The
question now is: what is the actual wavenumber of the SW
with the largest amplitude detected by the receiver situated
at a certain distance from the transmitter. While in Brillouin
light scattering spectroscopy k is easily accessible, in all elec-
trical spin wave spectroscopic experiments the determination
of the SW wavenumber is rather challenging [11].

We aim to answer this question by analyzing our exper-
imental results of SW propagation in yttrium iron garnet
(Y3FesOy2, YIG) thin films. YIG films are known for pos-
sessing the lowest Gilbert damping parameter, enabling the SW
transmission over distances of several hundred micrometers [2,
12]. However, YIG films synthesized by pulsed laser deposi-
tion (PLD) exhibit substantially disparate values of anisotropy
fields and saturation magnetization, depending on the growth
process parameters and, consequently, the stoichiometry of the
obtained film [13-15]. It has already been theoretically pre-
dicted that anisotropy may significantly affect SW propagation
and the transmission characteristics [16, 17]. Therefore, for
such YIG films, SW spectra analysis requires careful consid-
eration of the anisotropic properties of a given film.

Here, we compare two methods of experimental deter-
mination of the SW wavenumber which include anisotropy
fields. The experimental results are then compared with the
electromagnetic simulations.

2. Results and discussion

YIG film was grown on a monocrystalline, 11 I-oriented
gadolinium gallium garnet substrate (GdzGasO;,, GGG) by
means of the PLD technique. The substrate temperature was
set to 650 °C and under the 1.2 x 10~*mbar oxygen pressure
(8 x 10~% mbar base pressure) the thin film was deposited at
the 0.8 nm min~! growth rate using the third harmonic of a
Nd:YAG laser (A = 355 nm). After the growth, the sample was
additionally annealed ex situ at 800 °C for 5 min. X-ray diffrac-
tion and reflection measurements showed that the YIG film was
single-phase epitaxial with the GGG substrate with the thickness
of 82 nm and RMS roughness of 0.8 nm. The XRD 620 scan,
presented in figure 1, clearly shows the high crystallinity of the
YIG film, displaying well defined Laue oscillations, typical for
highly epitaxial films, which clearly points to the high quality
and well textured YIG (111) film [18]. Subsequently, a system
of two CPWs made of 100 nm thick aluminum was integrated
onto the YIG film (figure 2) using a maskless photolithography
technique. The width W of the signal and ground lines was equal
t0 9.8 pm and the gaps between them were 4 m wide. The dis-
tance between the centers of the signal lines was 150 pm.

To investigate SW propagation, we followed the approach
presented in [9] and [12]. Using a vector network analyzer,
the transmission signal S>; was measured for Damon-Eshbach
surface modes with wavevector k perpendicular to the mag-
netization for magnetic fields ranging from —310 Oe to
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Figure 1. A 6-26 XRD scan of epitaxial YIG film on GGG (111)
substrate near the GGG (444) reflection.
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Figure 2. SEM image of the integrated CPWs on the YIG film.
The distance d between the transmitter and the receiver is equal to
150 pm. The depicted Cartesian and crystallographic coordinate
system is used throughout this paper. The widths of the signal and
ground lines are marked with W. G denoting the gap width between
the lines.

+310 Oe (figure 3(a)). Exemplary S, signals (imaginary
part), which are shown in figures 3(b) and (c), reveal a series
of oscillations as a function of frequency with a Gaussian-
like envelope corresponding to the excited SW wavenumber
distribution. Figure 3(c) shows that the frequency separation
Af between the two oscillation maxima differs noticeably in
value depending on the magnetic field. The decrease in signal
amplitude is also observed since SW decay length is inversely
proportional to the frequency, so that the low-frequency SWs
propagate further away [12, 19].

For the frequencies of the highest signal amplitude, the
wavenumber Kpaxamp €an be determined according to the
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Figure 3. (a) Color-coded SW propagation data S»; measured at different magnetic fields. With a red line, the f(H) dependence of the
uniform excitation (k = 0) is depicted. The red line corresponds to the maximum in the Sj; signal in (b). The blue dashed line represents a
dispersion relation with H, = H, = 0. (b) Reflection (S}, K = 0) and transmission (S, k = 0) signals. The plot illustrates a magnified cross-
section of (a) at H = —67.5 Oe. (c) SW spectra measured at different magnetic fields. Color-coding in (b) and (c) corresponds to the one

defined in (a).

dispersion relation derived for the (111) crystalline orienta-
tion of the YIG film [16, 17]:

f= :—;g (H+ 27rMStk)(H - %Ha — Hy+ 47M, — 27rMstk) i
Yig

- %(H,, sin(3¢))? (D
where f is the microwave frequency, jtg—the Bohr magneton
constant, i—the reduced Planck constant, g—the spectro-
scopic splitting factor, H—the external magnetic field, M
—the saturation magnetization, t—the film thickness, k—the
wavenumber, H,—the cubic anisotropy field and H,—the

21‘2" and H, = 2;;“,
where K, and K, are anisotropy constants. It should be high-
lighted that when H, = H, = 0, equation (1) becomes equiva-
lent to the one originally obtained by Damon and Eshbach
[20]. The azimuthal angle ¢ defines the in-plane orientation of
the magnetization direction with respect to the (1 12) axis of
the YIG film. In our study, the term —%(Ha sin(3¢))? in equa-
tion (1) vanishes since the magnetic field H is parallel to the
(112)axisand ¢ = 0°.

As can be seen from equation (1), in order to determine
wavenumber k one needs to evaluate many material constants,

out-of-plane uniaxial anisotropy field. H, =
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namely g, M, ¢, H,, H, in the first instance. This problem
can be partially solved with a broadband ferromagnetic reso-
nance measurement of the film. For k = 0 equation (1) sim-
plifies to the formula, which allows for the determination of
the spectroscopic factor g and the effective magnetization

My = f%Ha — H, 4 daM:
1 :
Jeeo = ﬁg H(H+ 4mMzy) . (2)

Therefore, within this approach, the film thickness and the
saturation magnetization should be determined using other
experimental methods.

To investigate the ferromagnetic resonance of the YIG
film, the reflection signal §;; was measured. In order to
avoid an extrinsic contribution to the resonance linewidth
caused by non-monochromatic excitation of the CPW
2T Afr = veAk) [21] and, consequently, possible ambi-
guities in the interpretation of resonance peak position, it is
recommended to perform this measurement with the use of
a wide CPW. Note that the full width at half maximum of a
CPW excitation spectra Ak = kpaxamp [21]. In our study we
used a CPW with signal and ground lines of the width equal
to 450 ym and with the 20 pm wide gaps between them.
For such a CPW, the simulated value of kmaxamp 18 equal to
49 cm ™' and, therefore, yields negligible broadening that is of
the order of a few MHz.

The measured S;; signal (imaginary part) is depicted in
figure 3(a) with the red line. It appears to lie just below the Sy,
signal. Fitting to the experimental data with equation (2) gave
following value of the spectroscopic factor g = 2.010 £ 0.001

and the effective magnetization Mg = 169+ 7 emucm ™, A

comparison of 4w M with 47M, (M; = 120 + 19 emu cm ™

was measured using vibrating sample magnetometry) gives
—éH,,—Hu of 616 Oe, showing the substantial difference
between the obtained values of M and M;. The determined
value of f%Ha — H, remains in the midst of the range reported
for PLD-grown YIG thin films, from 229 Oe up to 999 Oe

[14, 22]. It is worth mentioning that for fully stoichiometric,
micrometer-thick YIG films made by means of liquid phase

epitaxy (LPE) technique f%Ha — H, =101 Qe [14].

Substitution of the g My, M, and ¢ values into
equation (1) enabled the determination of wavenumber
Kmaxamp = 1980 £ 102 cm ", It should be noted that if aniso-
tropy fields were neglected in the equation (1) (H, = H, = 0),
yet only saturation magnetization was taken into account, a
fitting to the experimental data would not converge. The cal-
culated dispersion relation with the derived value of kmaxAmps
assuming H, = H, = 0 is depicted with a blue dashed line in
figure 3(a). Omission of anisotropy fields in magnetization
dynamic measurements may therefore lead to the significant
misinterpretation of the experimental results for the YIG thin
films.

Typical values of the cubic magnetocrystalline anisotropy
field H, range from —18 Oe to —64 Oe for PLD grown YIG
films [14, 15, 22], which indicates that resonance measure-
ments, as well as spin wave propagation, are governed by
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Figure 4. (a) VSM hysteresis loops measured in the film

plane for three different crystallographic directions. The
magnetization is normalized to the saturation magnetization

M, = 1204 19 emucm 3. A paramagnetic contribution of the GGG
substrate was subtracted for each loop. (b) Resonance frequency as
a function of azimuthal angle ¢ taken at H = 150 Oe. The red line
depicts the calculated values of resonance frequency according to
equation (1) for k = 0, H, = —30 Oe and H, = —600 Oe.

the out-of-plane uniaxial anisotropy. For the film employed
in our study, the H, value is of about —600 Oe, in agreement
with previous reports [14, 15, 22]. For any more complex
architecture of magnonic waveguides and circuits, it is like-
wise imperative to investigate the in-plane anisotropy prop-
erties [24]. As can be seen from equation (1), one would
expect a six fold anisotropy in the plane of (11 1)-oriented
single crystals, which is common among rare-earth sub-
stituted YIG garnets and LPE-YIG films [18, 25-27]. To
examine this issue, we performed VSM and angular resolved
ferromagnetic resonance measurements. Hysteresis loops for
all measured in-plane directions exhibit no substantial dif-
ferences regarding the coercive field (= 1.2 Oe), saturation
field and saturation magnetization (figure 4(a)). The angular
resolved resonance measurements confirm this result and
show that the (111) YIG film is isotropic in the film plane
(figure 4(b)). The main reason for this behavior is the low
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Figure 5. Spin wave group velocity as a function of the external
magnetic field. The red line represents a fit according to
equation (4).
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Figure 6. Excitation spectrum of the CPW with 9.8 ym wide signal
lines and 4 pzm gaps. The inset shows in-plane component of the
dynamic magnetic field excited by the CPW.

value of cubic anisotropy field, which causes the resonance
frequency modulation by a value of the fraction of MHz.
Such small differences do not surpass the experimental error,
nor would they significantly affect the coherent SW propaga-
tion. It is expected that the SW propagation characteristics,
measured for any other crystallographic orientation, would
therefore remain unaltered.

Another method of extracting the SW wavenumber
involves the analysis of the SW group velocity v Following
[21], v can be determined from the frequency difference Af
between two oscillation maxima in a S»; signal according to
the relation:

vy = dAf, 3)

where d is the distance between two CPWs. To determine Af
we chose two neighboring oscillation maxima of the highest
S»1 signal amplitude, as shown in figures 3(b) and (c).

In figure 5 the derived values of group velocity are shown
as a function of the magnetic field. It is found that v, reaches
the value of 7.6 kms~! for the field of 1.3 Oe (preferable in
magnonic information processing devices of high efficiency)
and 1.4 km s~ for the field of 285 Oe. It should be highlighted
that such big differences in v, values can be further utilized to
design tunable, impulse-response delay lines, as v, changes up
to five times with the magnetic field. At a distance of 150 ym
between CPWs, it would allow us to achieve 20-110 ns delay
times of an impulse.

With the red line in figure 5 a fitting is depicted according

to:
Vg = 27ra—f
ok
o ZWMSt(—%Ha — H, + 47M, — 47rMstk)
h

2\/(11 + ZTrMstk)(H — SH, — Hy + 47M, — 271'Mstlc)
4)

The main advantage of extracting the SW wavenumber from
ve(H) dependence is that it does not require additional mea-
surement of M, which is often notably influenced by an
error in the estimated film volume. Since the saturation mag-
netization M; can be treated as a fitting parameter in equa-
tion (4), the derivation of the SW wavenumber involves only
811, S and thickness measurements. The determined values
of kmaxamp = 1690£53 em™ ' and M, = 116 =2 emucm
remain in a good agreement with that obtained above—
(Kmaxamp = 1980 £ 102 em™!, My = 120 & 19 emu cm ).

As can be seen from figure 5, SW group velocity attains the
maximum value as the magnetic field approaches H = 0. The
maximum value of v, is given by:

-0y I'p WMSI( 1 ]
v ~ 2o |——| ——H, — H, + 4aM[1 — tk] |. 5
¢ p g\/ Y [ I (5)

The zero-field region may therefore become the subject of
interest for magnonic applications. Moreover, equation (5)
shows that the maximum value of v, depends on the aniso-
tropy fields. PLD-grown YIG films possessing a high aniso-
tropy would allow for faster information processing in SW

circuits than LPE films for which the value of f%Hﬂ — H, is

smaller (as was pointed out above).

To confront our experimental results with the expected,
theoretical value of kmaamp. We performed electromagnetic
simulations in Comsol Multiphysics. Here, CPW was mod-
eled according to the geometry of the performed CPW
(figure 2), assuming lossless conductor metallization, relative
permittivity of the substrate s, = 12 and 50 £ port imped-
ance. From the simulated in-plane distribution of the dynamic
magnetic field h, (inset of figure 6), an excitation spectra
of CPW was obtained using a discrete Fourier transforma-
tion of h,(x). The highest excitation strength is observed for
kmaxamp = 1838 cm~!, which corresponds well to the exper-
imentally obtained values within 7% accuracy. The second
observed maxima is at k, = 6770 cm~!. However, as its
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Figure 7. Wavenumber of the highest amplitude as a function of the
CPW signal line width. The solid lines represent a fit according to
equation (6).

amplitude is 20 times lower with respect to the amplitude of
kmaxamp: it is not observed in the measured S, signal.

To extend our study, we performed a series of further simula-
tions for the CPW dimensions, which are achievable with elec-
tron- and photolithography. We assumed equal widths of signal
and ground lines (W), as well as equal widths of gaps between
them (G). The results are presented in figure 7. It is found that
for the widths W ranging from 300 nm to 40 pm, the wave-
number Kmaamp vary between 70000 cm ' and 250 cm !,
respectively, revealing the CPW wavenumber probing limits.
We also note that the gap width significantly affects kpaxamp.
In order to accurately extrapolate its contribution to kmaxAmps
we developed empirical formula which incorporates width G:

2.27
W+06G
The fittings, according to the equation (6), are depicted
in figure 7 with solid lines. We found that equation (6) is
valid for gap width 0.1 W< G <2 W. For G = 0.74 W this

formula is equivalent to the one previously proposed in [10]
(kmaxAmp ~ ‘.TI'I'ZW)

(6)

krnuxAmp =

3. Conclusion

To conclude, we reported on long-range spin wave propagation
in a 82 nm thick YIG film over a distance as large as 150 pm.
In order to precisely determine the excited wavenumber by
the coplanar antenna, it is essential to take into account aniso-
tropy fields present in YIG films. We showed that anisotropy
significantly affects SW propagation characteristics; namely
it causes an increase in the SW frequency as well as in the
SW group velocity. The main contribution comes from the
out-of-plane uniaxial anisotropy field. The cubic anisotropy
field is negligibly small in the YIG (11 1) film and it does not
affect magnetization dynamics in the film plane. We explained
that the wavenumber determination from group velocity
versus magnetic field dependence requires only two types of

measurement, which are broadband SW spectroscopy and the
measurement of the film thickness.
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4.2 Ultra-low Damping in Lift-off Structured Yttrium

Iron Garnet Thin Films

Publikacja opisuje wiasno$ci warstw granatu itrowo-zelazowego, ktore
byly strukturyzowane metoda bezmaskowej litografii optycznej. Wykorzystujac
ciggla warstwe referencyjng, pokazano, ze proces strukturyzowania nie wpltywa
istotnie na wlasciwosci strukturalne i magnetyczne warstw. Wykazujg one niskie
tlumienie  precesji namagnesowania, niskg szorstkos¢  powierzchni,
namagnesowanie efektywne bliskie wartosciom objgtosciowego granatu YIG, a

takze dobrze okreslone, ostre krawedzie struktur.

Indywidualny wktad autora w powstanie tej publikacji obejmuje: napisanie
pierwszej wersji manuskryptu, analize danych eksperymentalnych i teore-
tycznych, analize literaturowa, naniesienie warstw metoda PLD, wykonanie
pomiarow VNA-FMR oraz pomiaré6w katowych rezonansu ferromagne-
tycznego, wizualizacje uzyskanych rezultatow i przygotowanie odpowiedzi na

pytania recenzentow.
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We show that using maskless photolithography and the lift-off technique, patterned yttrium iron
garnet thin films possessing ultra-low Gilbert damping can be accomplished. The films of 70 nm
thickness were grown on (001)-oriented gadolinium gallium garnet by means of pulsed laser depo-
sition, and they exhibit high crystalline quality, low surface roughness, and the effective magnetiza-
tion of 127emu/cm’. The Gilbert damping parameter is as low as 5 x 107%. The obtained
structures have well-defined sharp edges which along with good structural and magnetic film prop-
erties pave a path in the fabrication of high-quality magnonic circuits and oxide-based spintronic
devices. Published by AIP Publishing. https://doi.org/10.1063/1.5002004

Yttrium iron garnet (Y;FesOj,, YIG) has become an
intensively studied material in recent years due to exception-
ally low damping of magnetization precession and electrical
insulation, enabling its applications in research on spin-wave
propagation,'™ spin-wave based logic devices,™® spin
pumping,” and thermally driven spin caloritronics.® These
applications inevitably entail film structurization in order to
construct complex integrated devices. However, the fabrica-
tion of high-quality thin YIG films requires deposition
temperatures over 500°C (Refs. 6 and 9-18), leading to a
top-down lithographical approach that is ion-beam etching
of a previously deposited plain film, whereas a patterned
resist layer serves as a mask. Consequently, this method
introduces crystallographic defects and imperfections to the
surface structure, and in the case of YIG films, it causes a
significant increase in the damping parameter.'®™!
Moreover, it does not ensure well-defined structure edges for
insulators, which play a crucial role in devices utilizing edge
spin waves,”> Goos-Hinchen spin wave shifts,>*** or stand-
ing spin waves modes.”> On the contrary, the bottom-up
structurization deals with these issues since it allows for the
film growth in the selected, patterned areas followed by a
removal of the resist layer along with redundant films during
the lift-off process. Additionally, it reduces the patterning
procedure by one step, that is, ion etching, and imposes
room-temperature deposition, both of which are particularly
important whenever low fabrication budget is required.

In this letter, we report on ultra-low damping in the
bottom-up structured YIG film by means of a direct writing
photolithography technique. In our case, the method allows
for structure patterning with 0.6 um resolution across the full
writing area. In order to not preclude the lift-off process, the
pulsed laser deposition (PLD) was conducted at room
temperature, and since such as-deposited films are amor-
phous,'®? the ex-sifu annealing was performed for recrystal-
lization. Note that post-deposition, annealing of YIG films is
commonly carried out regardless the substrate temperature
during film deposition.®'*'*%2 As a reference, we
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investigated a plain film which was grown in the same depo-
sition process and underwent the same fabrication procedure
except for patterning. Henceforth, we will refer to the struc-
tured and the plain film as sample 1 and sample 2, respec-
tively. We anticipate that such a procedure may be of
potential for fabrication of other magnetic oxide structures
useful in spintronics.

Structural characterization of both samples was per-
formed by means of X-Ray Diffraction (XRD). Atomic force
microscopy (AFM) was applied to investigate the surface
morphology and the quality of structure edges. SQUID mag-
netometry provided information on the saturation magnetiza-
tion and magnetocrystalline anisotropy field. Using a
coplanar waveguide connected to a vector network analyzer,
broadband ferromagnetic resonance (VNA-FMR) was
performed to determine the Gilbert damping parameter and
anisotropy fields. All the experiments were conducted at
room temperature.

The procedure for sample preparation was as follows:
The (001)-oriented gadolinium gallium garnet substrates
were ultrasonicated in acetone, trichloroethylene, and isopro-
panol to remove surface impurities. After a 1 min of hot plate
baking for water evaporation, a positive photoresist was
spin-coated onto the substrate (sample 1). Using maskless
photolithography, an array of 500 pm x 500 pm squares sep-
arated over 500 um was patterned and the exposed areas
were developed. Detailed parameters of the photolithography
process can be found in Ref. 26. We chose rather large size
of the squares to provide a high signal-to-noise ratio in the
latter measurements. Thereafter, plasma etching was per-
formed to remove a residual resist. We would like to empha-
size the importance of this step in the fabrication procedure
as the resist residues may locally affect the crystalline struc-
ture of a YIG film, causing an undesirable increase in overall
magnetization damping. Both substrates were then placed in
a high vacuum chamber of 9 x 10~ mbar base pressure, and
a film was deposited from a stoichiometric ceramic YIG tar-
get under 2 x 10~* mbar partial pressure of oxygen. We used
a Nd:YAG laser (4A=2355nm) for the ablation with a pulse
rate of 2Hz, which yielded Inm/min growth rate. The

Published by AlP Publishing.
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target-to-substrate distance was approximately 50 mm. After
the deposition, the lift-off process for sample 1 was per-
formed using sonication in acetone to obtain the expected
structures. Subsequently, both samples were annealed in a
tube furnace under an oxygen atmosphere (p= 1bar) for
30 min at 850°C. The heating and cooling rates were about
50°C/min and 10 °C/min, respectively.

The structure of YIG films was determined by X-ray dif-
fraction. Although the as-deposited films were amorphous,
with the annealing treatment, they inherited the lattice orien-
tation of the GGG substrate and recrystallized along the
[001] direction. Figure 1(a) presents diffraction curves taken
in the vicinity of (004) Bragg reflection. The (004) reflection
position of structured YIG well coincides with the reflection
of the plain film. The 20 = 28.709° corresponds to the cubic
lattice constant of 12.428 A. A comparison of this value with
the lattice parameter of a bulk YIG (12.376 A) suggests dis-
tortion of unit cells due to slight nonstoichiometry.'®* Both
samples exhibit distinct Laue oscillations depicted by the
blue arrows, indicating film uniformity and high crystalline
order, although the structured film showed lower intensity
due to the lower mass of the film. From the oscillation
period, we estimated a film thickness of 73 nm, in agreement
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EF P 7,
Sample 2 : P LS LS,

Intensity Log (arb. unit)
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FIG. 1. (a) XRD @ — 20 plot near the (004) reflection of structured (sample
1) and plain (sample 2) YIG films. Blue arrows show clear Laue reflections
of the plain film, Insets show a schematic illustration of the structured and
plain films used in this study. (b) Height profile [z(x)] taken from the struc-
tured sample (left axis), and the right shows the differential of the profile,
clearly showing the slope change. The inset shows the 3D map of the struc-
ture’s edge.
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with the nominal thickness and the value determined using
AFM for sample 1 [Fig. 1(b)]. By measuring the diffraction
in the expanded angle range, we also confirmed that no addi-
tional phases such as Y,0; or Fe,O; appeared.

The surface morphology of the structured film was
investigated by means of AFM. In Fig. 1(b), the profile of a
square’s edge is shown. It should be highlighted that no edge
irregularities have formed during the lift-off process. The
horizontal distance between the GGG substrate and the sur-
face of the YIG film is equal to 170nm as marked in Fig.
1(b) by the shaded area. A fitting with a Gaussian function to
the derivative of the height profile yields the full width at
half maximum of 61 nm. This points to the well-defined
structure edges achieved with bottom-up structurization.
Both samples have smooth and uniform surfaces. The com-
parable values of root mean square (RMS) roughness
(0.306 nm for sample 1 and 0.310 nm for sample 2) indicate
that the bottom-up structurization process did not leave any
resist residues. Note that a roughness of a bare GGG sub-
strate before deposition was 0.281 nm, and therefore, the sur-
face roughness of YIG is increased merely by 10%.

Figure 2 shows magnetization reversal curves measured
along the [100] direction. For each hysteresis loop, a para-
magnetic contribution arising for the GGG substrates was
subtracted. The saturation magnetization M, was equal to
117emu/cm® and 118.5emu/ecm?® for samples 1 and 2,
respectively. Both hysteresis loops demonstrate in-plane
anisotropy. For the (001)-oriented YIG, the [100] direction is
a “hard” in-plane axis and the magnetization saturates at
H, =065 Oe. This value we identify as the magnetocrystalline
anisotropy field. The VNA-FMR measurements shown in
Fig. 3(a) confirm these results. Using the Kittel dispersion
relation, i.e., the frequency f dependence of the resonance
magnetic field H

ny 1
f= 2# \/(H + H,cosdo) (H + ZH”B + cosdo) + 471M,_,ﬁ)q
n

(D
1.0 —— Sample 1 5
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0.5 4
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=
-0.54
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FIG. 2. Hysteresis loops of structured (sample 1) and plain (sample 2) YIG
films measured by SQUID magnetometry along the [100] direction at room
temperature.
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FIG. 3. (a) Kittel dispersion relations of the structured (sample 1) and plain
(sample 2) YIG films. The inset shows the angular dependence of the reso-
nance field, revealing perfect fourfold anisotropy for both samples. (b)
Linewidth dependence on frequency fitted with Eq. (3). The inset shows res-
onance absorption peaks with very similar widths (5.3 Oe for sample 1 and
4.70e for sample 2 at 10 GHz). Small differences of the resonance field
originate from different values of 4nM .

AnM g = 4nM, — H,,, (2)
we derived H, and the effective magnetization M.z, both
comparable to the values determined using SQUID and

close to the values of a bulk YIG (see Table I). Here, the

TABLE I. Key parameters reported for PLD and LPE YIG films,
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azimuthal angle ¢ defines the in-plane orientation of the
magnetization direction with respect to the [100] axis of
YIG and 7y is the gyromagnetic ratio (1.77 x 10" G~ 's™1).
To better compare the values of H, between samples and
to determine if the results are influenced by additional
anisotropic contribution arising from the squares’ shape in
the structured film, we performed angular resolved reso-
nance measurements [inset in Fig. 3(a)]. The fitting accord-
ing to Eq. (1) gives |H,| equal to 69.5 = 0.6 for sample 1
and 69.74 = (0.28 for sample 2, in agreement with the val-
ues derived from the f(H) dependence and better accuracy.
Hence, we conclude that the structurization did not affect
the in-plane anisotropy. The deviations of the derived M,
and H, from bulk values can be explained in the frame-
work of the Fe vacancy model developed for YIG films as
a result of nonsmichiometry.'3'30 For the experimentally
determined M; and H,, the model yields the chemical unit
YsFe; 60114, which closely approximates to the composi-
tion of stoichiometric YIG Y;FesO,.

Although the saturation magnetization of the films is
decreased by 15% with respect to the bulk value, we can
expect similar spin wave dynamics since magnon propagation
does not solely depend on M; but on the effective magnetiza-
tion or equivalently on the uniaxial anisotropy field H,."
Substitution of M, into Eq. (2) gives average values of H,
equal to —1220e and —111 Oe for samples 1 and 2, respec-
tively (to determine H, from the out-of-plane FMR measure-
ments when H || [001], we used the f = 3= (H + H, — 47My)
dependence” to fit the data and assumed the value of H, from
angular measurements). As Mggrm”[" 12 Mg;”k, it follows that
the low value of M, in room-temperature deposited thin films
is “compensated” by the uniaxial anisotropy field. Note that
for bulk YIG saturation, magnetization is diminished by
H,/4n, giving a lower value of My, while for samples 1 and
2, M, is augmented by H,/4n, giving a higher value of M.
(Table I). The negative sign of the uniaxial anisotropy field is
typical for PLD-grown YIG films and originates from the pref-
erential distribution of Fe vacancies between different sites of
the YIG octahedral sublattice.™ This points to the growth-
induced anisotropy mechanism, while the stress-induced con-
tribution is of ~10 Oe (Ref. 29), and as it can be estimated
according to Ref. 32, the transition layer at the substrate-film
interface due to Gd, Ga, and Y ion diffusion is ca. 1.5 nm thick
for the 30min of annealing treatment. We argue that the
growth-induced anisotropy due to ordering of the magnetic

AFM SQUID

VNA-FMR

Film thickness RMS roughness (nm) M, (emu/cm“) H, (Oe) Field orientation M.y (emu,’cm") [H,| (Oe)

H,(0e) a(x10°% AH,(Oe)

Sample 1 70nm 0.306 117+ 1 65=*5
Sample 2 70nm 0.310 1185+2 65*5
LPE-YIG"! 106 nm 0.3 143

LPE-YIGY 120 ym 1392

(100): 125+ 1 64+1 —101=18 5.53=0.13 1.45+0.09
(110): 126+ 1 63+1 —113=18 524+0.12 2.86+0.09
(001): 129+2 ~151+28 5.19+0.64 2.61+0.34
(100): 124 + 1 62+1 —69+28 505+0.07 0.97*0.05
(110): 127+ 1 65+1 —107+28 509+0.09 1.28+0.06
(001): 131+2 ~157 %36 5.02+0.18 1.48+0.09
(112): 1.2 0.75
(111): 1332 856 76=1 0.3
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ions is related to the growth condition, which in our study is
specific. Namely, it is crystallization of an amorphous
material.

Gilbert damping parameter o was obtained by fitting the
dependence of the linewidth AH (full width at half maxi-
mum) on frequency f as shown in Fig. 3(b)

o

AH = —f + AHy, (3)

where AH, is a zero-frequency linewidth broadening.
The « parameter of both samples is nearly the same,
5.32 x 107 for sample 1 and 5.05 x 10~* for sample 2 on
average (see Table I). It proves that bottom-up patterning
does not compromise magnetization damping. The value of
AHy contribution is around 1.5 Oe although small variations
of AHj on ¢ can be noticed. Additional comments on angu-
lar dependencies of AH can be found in the supplementary
material. The derived values of o remain one order of magni-
tude smaller than for soft ferromagnets such as NiggFeoy,™
CoFeB,** or Finemet®” and are comparable to values
reported for YIG films deposited at high temperatures (from
1% 107* up to 9 x 1074 8HLILISITIE 1 chould be also
highlighted that the z constant is significantly increased in
comparison to the bulk YIG made by means of Liquid Phase
Epitaxy (LPE). However, recently reported LPE-YIG films
of nanometer thickness suffer from the increased damping as
well (Table I) due to impurity elements present in the high-
temperature solutions used in the LPE technique.’’ As the
PLD method allows for a good contamination control,
we attribute the increase as a result of slight nonstoichiome-
try determined above with the Fe vacancy model.*
Optimization of growth conditions, which further improve
the film composition, may resolve this issue and allow us to
cross the o = 1 x 107* limit. We also report that additional
annealing of the samples (for 2h) did not influence damping
nor it improved the value of H, or Mg (within 5%
accuracy).

In conclusion, the lift-off patterned YIG films pos-
sessing low damping have been presented. Although the
structurization procedure required deposition at room
temperature, the » parameter does not diverge from those
reported for YIG thin films grown at temperatures above
500°C. Using the plain, reference film fabricated along
with the structured one, we have shown that structuriza-
tion does not significantly affect the structural nor mag-
netic properties of the films, i.e., out-of-plane lattice
constant, surface roughness, saturation magnetization,
anisotropy fields, and damping. The structures obtained
with bottom-up structurization indeed possess sharp,
well-defined edges. In particular, our findings will help
in the development of magnonic and spintronic devices
utilizing film boundary effects and low damping of mag-
netization precession.

See supplementary material for the angular dependence
of resonance linewidth.
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Angular dependence of resonance linewidth

Following the observation of a small but noticeable AH,, increase in [110] direction with respect to [100]
of patterned and plain YIG film (see Table I. in the main text) we have investigated in-plane angular
dependences of resonance linewidth AH (¢) at 9.3 GHz with additional measurements in a resonance cavity.
@ is the azimuthal angle between the field direction and [100] direction. As can be seen in Fig. S1, both films
exhibit a clear fourfold symmetry (symbols). The continuous lines are the result of simulations with
A, cos 4 as the leading term and serve as a guide to the eye. A, corresponds to the amplitude of variations
in AH, which is of 0.5 Oe and | Oe for the plain and patterned film, respectively. The variation of AH for the
plain film can be explained as resulted from the cubic magnetocrystalline anisotropy' of YIG, while the
enhanced variation of AH for the patterned film might be tentatively related both to the magnetocrystalline
anisotropy and effect of inhomogeneous magnetization orientation at the edges of the patterned square
(quadratic in shape). Note that the edges of the patterned squares coincide with the [100], [010], [-100]
and [0-10] crystallographic directions. A detailed, quantitative analysis is beyond the scope of the study

and requires further investigations.

o Sample 1 90° (010)
Sample2 — [ T

Resonance Linewidth (Oe)

270°(010)

Figure S1. Angular dependence of resonance linewidth of patterned (Sample 1) and plain (Sample 2) film. The lines

serve as a guide to the eye.
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4.3 Magnetization Damping in Nanocrystalline Yttrium

Iron Garnet Thin Films Grown on Oxidized Silicon

Publikacja dotyczy wtasciwosci strukturalnych i magnetycznych cienkich
warstw granatu itrowo-zelazowego osadzanych na amorficznym tlenku krzemu.
Pomiary szerokopasmowego rezonansu ferromagnetycznego wykazaly, ze
parametr tlumienia Gilberta dla tych warstw jest porownywalny do
ferromagnetycznych warstw metali. Jednakze, ze wzgledu na liczne defekty
strukturalne parametr poszerzenia linii rezonansowej od niejednorodnosci
magnetycznych u,AH, przyjmuje warto$ci w przedziale 30-60 mT dla warstw o
grubosciach 25-125 nm. Ponadto zaobserwowano istotne obnizenie warto$ci

namagnesowania efektywnego w wyniku indukowanych termicznie naprezen.

Indywidualny wktad autora w powstanie tej publikacji obejmuje: napisanie
pierwszej wersji manuskryptu, analize danych eksperymentalnych, analize
literaturowa, naniesienie warstw metoda PLD, wykonanie pomiaréw XRD,
SEM, VSM, VNA-FMR, wizualizacj¢ uzyskanych rezultatow, przygotowanie

odpowiedzi na pytania recenzentdw i korespondencje z wydawnictwem.
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Abstract—In this letter, we report on the magnetic and structural properties of Y3;FesO42 (YIG) thin films deposited on a
thermally oxidized silicon substrate. Broadband ferromagnetic measurements allowed us to distinguish between intrinsic
and extrinsic linewidth contributions, revealing relatively low values of the Gilbert damping parameter that is in the range
of 10-20 x 10 for film thicknesses below 100 nm. However, the inhomogeneous linewidth broadening u, AH, remained
larger than 30 mT as a result of structural defects. This could guide further development of YIG films integrated with silicon

that exhibit low magnetic losses.

Index Terms—Soft magnetic materials, yttrium iron garnet films, pulsed laser deposition, ferromagnetic resonance, Gilbert damping.

I. INTRODUCTION

Yttrium iron garnet (YIG) thin films have been continuously studied
in recent years due to potential applications in spintronic devices [Coll
2019, Yang 2021], data processing systems utilizing spin waves as
an information carrier [Mohseni 2020, Sarker 2020, Trager 2020, Qin
2021], or microwave devices [Lutsev 2020, Zhao 2021]. The lowest
magnetic losses have already been experimentally confirmed for the
epitaxial films deposited on lattice-matched gadolinium gallium garnet
(GGG) substrate that exhibit both low Gilbert damping parameter as
well as small extrinsic contribution to the ferromagnetic resonance
(FMR) linewidth [Dubs 2020, Schmidt 2020]. Utilization of the GGG
substrates poses, however, attenuation of magnon and microwave
excitations in the field of cavity spintronics, especially at cryogenic
temperatures [Huebl 2013, Tabuchi 2014, 2015, Zhang 2014, Hou
2019, Li 2019, McKenzie-Sell 2019, Lachance-Quirion 2020].

Concurrently, it was recognized that the FMR linewidth is signifi-
cantly increased for YIG films grown on CMOS-compatible silicon or
silicon oxide substrates. By utilizing a variety of deposition techniques
such as pulsed laser deposition (PLD) [Popova 2001, Kumar 2004, Che
2016, Saroha 2016, Capku 2020, Bhoi 2021], sputtering [Kang 2005],
ion beam sputtering [Stognij 2015, 2017], sol-gel method [Delgado
2018], and co-precipitation with spin coating [Yamada 2020], films
with a wide span of thicknesses (12-590 nm) were investigated.
Although bulk saturation magnetization was achieved and the layers
on Si or SiO, exhibited a polycrystalline structure, the resonance
linewidths in the range of 11-66 mT were considerably elevated in
comparison to single-crystal YIG films (0.3-2 mT) [Schmidt 2020].
Since a majority of the FMR investigations reported the linewidth
values at a specific frequency, it is not entirely clear whether the
Gilbert damping parameter characterizing intrinsic properties of such
films was sustained, and the observed broadening was a result of other

Corresponding author: Adam Krysztofik (e-mail:adam.krysztofik@ifmpan.poznan.pl).
Digital Object Identifier 10.1109/LMAG.2021.3086454

accompanying effects contributing to the linewidth or rather broad
resonance lines aroused from a combination of both factors.

From among few studies where the distinction between the Gilbert
damping parameter ¢ and the inhomogeneous linewidth broadening
AH, was made, one should refer to the work of Yamada [2020], Bhoi
[2021], and Che [2016], showing that the determined parameters can
be substantially spread. For submicrometer-thick coatings obtained via
chemical wet synthesis or PLD, strongly increased o = 270 x 10
and @ = 160 x 10~ were found, respectively [Yamada 2020, Bhoi
2021]. On the other hand, the films deposited using sputtering were
characterized by @ = 19 x 10~ and ugAH, =0.2 mT [Che 2016].
However, the estimation for the sputtered layers was based on the
investigation of spin-wave reflection measurements utilizing highly
selective meander-type coplanar waveguide exciting wavenumbers of
6.25 rad/pm. The authors also pointed out that the linewidth measured
from an entire film is much higher than the linewidth measured via
local means, although without providing the magnitudes [Che 2016].

Therefore, the main aim of this letter is to address this subject and
investigate if the low Gilbert damping parameter can be maintained
for layers deposited on thermally oxidized silicon. By using the PLD
technique, we have grown YIG films with thicknesses ranging from 25
nm to 125 nm and show that itis achievable even in the nanocrystalline
layers. The saturation magnetization is close to the bulk value, and
the broadening of the FMR lines originates primarily from structural
defects.

II. EXPERIMENTAL DETAILS

YIG films were deposited at room temperature using the third
harmonic of the Nd:YAG laser (355 nm) with a pulse frequency of
2 Hz that yielded a growth rate of 0.65 nm/min. The target-to-substrate
distance was 5 cm. The PLD parameters in our setup were optimized
for achieving low-damping epitaxial films [Krysztofik 2017]. The base
pressure was 8 x 107 Pa, and the partial oxygen pressure was 2.4 x
1072 Pa (2.4 x 10~ mbar). The films were ex situ annealed after the

1949-307X © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.
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Fig. 1.

(a) XRD patterns of the films with different thicknesses and a reference measurement of the silicon substrate. Gray symbols and dashed

lines mark the expected position of YIG’s highest intensity reflections. (b) and (c) SEM surface images. (d)—(f) AFM topography maps. It should be
noted that the plain-film regions between crackings do not relate to grains with a particular crystallographic orientation.

deposition for 3 h in the air at 800 °C with a cooling/heating rate
of 6.5 °C/min. The size of the thermally oxidized Si substrates was
approximately 5 mm x 5 mm.

The structural properties were examined with Cu-K,, X-ray diffrac-
tion (XRD) in 620 configuration (Seifert XRD system 3003TT).
The surface morphology was investigated using scanning electron mi-
croscopy (FEI Nova NanoSEM 650) with a concentric back-scattered
detector and atomic force microscopy (AFM) (Bruker ICON micro-
scope). The film thicknesses were measured with a stylus profilometer
(Bruker Dektak XT). The magnetic measurements were conducted
with a vibrating sample magnetometer (VSM) and a broadband FMR
technique VNA-FMR with a vector network analyzer (Agilent Tech-
nologies, PNA Network Analyser E8363C) utilizing a coplanar waveg-
uide with a 500 pm wide signal line. The magnetic measurements
were conducted with an in-plane applied external magnetic field unless
otherwise noted. All experiments were performed at room temperature.
The determined uncertainties are one standard deviation.

Ill. RESULTS AND DISCUSSION

The as-deposited films have not exhibited any ferromagnetic re-
sponse during VSM or VNA-FMR experiments and, therefore, can
be regarded as amorphous [Hauser 2016]. After annealing and re-
crystallization, a clear magnetic signal has been found; however, no
substantive YIG reflections are visible in the XRD results, as shown in
Fig. 1(a). This indicates that the films have a nanocrystalline structure
where short-range lattice ordering gives rise to magnetic properties.
The expected, highest intensity reflections for coarse, polycrystalline

YIG are marked with gray symbols in Fig. 1(a). Although in the vicinity
of the YIG (024) reflection position a rather broad peak appears, the
reference measurement of the silicon substrate confirms that it can be
identified as a basis-forbidden (002) Si reflection [Zaumseil 2015].
The intensities of Si (002) peak are in the range of 2-6 counts per
second whereas the background noise is at the level of 1 count per
second. The diffractograms reveal also a lack of YFeOs, Fe,0s, or
Y,0; signatures.

Despite a slow cooling/heating rate, the postdeposition annealing
resulted in the formation of film cracking due to different expansion
coefficients of the film and the substrate [Fig. 1(b)—(f)]. Moreover,
regions with granular structure of the film are observed for films with
thicknesses of 125 nm and 60 nm, as shown in the right side of Fig. 1(d)
and the top part of Fig. 1(e). However, surface images taken with SEM
over the total area of 0.08 mm? showed that such regions comprise less
than 1% of the films and, therefore, have a negligible impact on the
magnetic film properties. Apart from thermal fracturing of the films,
a brush-like pattern is visible in the SEM contrast, suggesting the
occurrence of inhomogeneous stresses within continuous parts of YIG
films [Fig. 1 (b) and (c)]. To conclude, the general morphology of the
films suggests YIG crystallization and variations of surface topography
signaling early stages of crystalline reconstruction, as observed in other
complex stoichiometric oxides [Coy 2017].

The hysteresis loops presented in Fig. 2(a) display typically soft
ferromagnetic characteristics. The coercive field of ~4.5 mT is in-
creased in comparison to epitaxial YIG films (0.018 mT) [Ding 2020].
No noticeable dependence of coercivity on film thickness is found.
The saturation magnetization is comparable to the bulk YIG value
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Fig. 2.

(a) Magnetization reversal curves taken for the in-plane applied magnetic field. (b) Frequency dependence on the resonance magnetic

field fitted with the Kittel equation for the in-plane applied magnetic field. The inset displays an enlarged region near f =20 GHz. (c) Effective
magnetization M. and the saturation magnetization M, as a function of film thickness. Resonance linewidth ;.o AH (full width at half-maximum) as
a function of frequency. (e) and (f) Gilbert damping parameter & and inhomogeneous linewidth broadening .o AH, as a function of film thickness.
For a perception of scale and a comparison with other low-damping polycrystalline materials compatible with silicon, the values corresponding to
NigoFe2o [Zhao 2016], CosgFez0B2o [Conca 2014], CozsFers [Schoen 2016], and CoaMnSi [Guillemard 2019] are marked with dashed lines.

(140 kA/m) that also indicates a lack of the YFeOj; phase for which
M, =8 kA/m [Kumar 2004]. The values of M, (juxtaposed in Table 1)
are determined with ~11% error due to uncertainties in film volume
estimation.

By using the Kittel equation describing the frequency f dependence
on the resonance magnetic field H

f =L VH H + M)

where 11 is the vacuum permeability and y is the gyromagnetic ratio,
the effective magnetization M. has been evaluated [Fig. 2(b)]. The
values significantly deviate from the saturation magnetization showing
the impact of the perpendicular anisotropy field contribution H

(1

Meff — M_Y - Hi. (2)

Magnitudes of the poH, are found in the range of 44-152 mT,
in congruence with those reported previously for films deposited on
amorphous quartz substrates, suggesting that H, originates from ther-
mally induced stresses due to different thermal expansion coefficients
between the substrate and the film [Popova 2001].

The full width at half-maximum FMR linewidth dependences on
frequency are shown in Fig. 2(d). From fittings according to

4
moAH = 0’7f + roAH, 3)

the Gilbert damping parameter « and the inhomogeneous linewidth
broadening AH, have been evaluated [Fig. 2 (e) and (f)]. Whereas the

o parameter for the thickest studied sample is relatively large and close
to the value of NigyFeyo [Zhao 2016], the films with thicknesses below
100 nm are characterized by the intrinsic damping similar to Co,sFe;s
[Schoen 2016] or Co,MnSi [Guillemard 2019]. In comparison to
epitaxial YIG films on lattice-matched Gd;GasO,, substrate, the «
parameter is, however, increased by a factor of 1.3-30 depending
on the deposition method, film stoichiometry, and growth conditions
[Schmidt 2020].

Magnitudes of the inhomogeneous linewidth broadening parameter
are significantly increased up to 60 mT, and a clear dependence on the
film thickness is visible. Since the AH, parameter provides an insight
into extrinsic linewidth contributions, one can consider an impact
coming from boundary effects at the edges of cracking, dispersion
of shape anisotropy (nonnegligible in-plane demagnetization factors),
inhomogeneous stresses, magnetocrystalline anisotropy dispersion, or
two-magnon scattering processes. The increasing AH, as a function
of film thickness suggests, however, that the two-magnon scattering
gives a minor contribution to AH, and other effects are dominating.
To further strengthen this argument, we have additionally performed
a linewidth analysis for FMR measurements taken with the out-of-
plane applied magnetic field. As we have not observed a decrease
in the FMR linewidth for this configuration, we conclude that the
two-magnon scattering is negligible in our case.

The distinction between « and AH, allows us to conclude that the
FMR linewidth in the YIG/SiOy system is increased primarily due to
structural and magnetic inhomogeneities. The range of poAH), i.e.,

60



7101605

IEEE MAGNETICS LETTERS, Volume 12 (2021)

Table 1. Juxtaposed results of YIG magnetic properties for the films deposited on silicon or silicon oxide
Reference Method Substrate Ivig M, M M AH o HAH
(nm) (kA/m) (kA/m) (mT) (x10%) (mT)
[Yamada 2020]  Co-precipitation S1/S10x 590 160 - 66 (at 6.5 GHz) 270 50
[Bhoi 2021] PLD Si02 430 129 127 7.8 (at 8 GHz) 160 33
[Kumar 2004] PLD Si 250 40 - - - -
[Stognij 2017] 1BS Si/Si02 200 138 - 36 (at 9.5 GHz) - -
[Kang 2005] Sputtering Si/SiOx 150 138 - 6.8 (at 9.4 GHz) - —
[Delgado 2018] Sol-gel Si 134 - - 11 (at 9.5 GHz) - -
[Che 2016] PLD S1/Si02 100 130 - 0.4 (at 2.8 GHz) 19@ 0.2@
[Saroha 2016] PLD Si 73 - - - - —
[Stognij 2015] IBS Si/Si02 67 - 111 29 (at 9.4 GHz) - -
[Capku 2020] PLD Si 20 - 105 43 (at 9.1 GHz) - -
[Popova 2001] PLD Si02 12 75 —4 25 (at 9.2 GHz) - -
This study: PLD S1/Si0x« 125+5 117+13 81.7+28 64+3(at9.5GHz) 72413 59518
605 170+£19  524+09  46+2 (at 9.5 GHz) 19+6 444 £0.8
37+3 158+ 18  36.9x07 32 +2 (at 9.5 GHz) 10+4 31.8+05
25+2 138+16  27.6x09 29 +2 (at 9.5 GHz) 15+8 285+1.0

For the comparison, the values were converted to S| units, wherever necessary.
(@ Parameters estimated from spin-wave reflection measurements. The spin-wave wavenumber was k = 6.25 rad/um.

29-60 mT, well corresponds to previously reported FMR linewidths
poAH(0.4-66 mT) evaluated at specific frequencies (Table 1). In
comparison to the lowest reported value of pyAH, =0.2 mT [Che
20161, it should be noted that the measurements were conducted with
a coplanar waveguide probing the YIG magnetic properties from an
area of ~27 um?, whereas in this letter, the FMR signal is collected
from the area of 222.5 mm?. In the context of spin-wave propagation,
the effective damping or propagation distance in the YIG/SiOy system,
as studied here, may strongly depend on the spin-wave wavelength or
a ratio of defect size to the wavelength.

In conclusion, relatively low values of the Gilbert damping parame-
ter can be sustained even though nanocrystalline Y1G films experience
severe cracking and stress. The extrinsic effects are expressed giving
the contribution to the inhomogeneous linewidth broadening. Further
development of YIG processing may allow for the growth and en-
gineering of films that are compatible with the silicon substrate and
exhibit narrow FMR linewidths.
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4.4  Effect of Strain-Induced Anisotropy on
Magnetization Dynamics in YsFesO12 Films

Recrystallized on a Lattice-Mismatched Substrate

Publikacja przedstawia wtasciwosci strukturalne 1 magnetyczne cienkich
warstw granatu itrowo-zelazowego osadzanych na monokrystalicznym granacie
itrowo-glinowym. Pokazano, ze niedopasowanie parametru sieciowego pomiedzy
warstwg a podtozem indukuje naprezenia epitaksjalne, ktore istotnie wplywaja na
dynamike¢ namagnesowania. W szczegodlnosci proces krystalizacji warstw z fazy
amorficznej w badanym ukladzie powoduje pojawienie si¢ naprezen
rozciggajacych w plaszczyznie warstwy oraz zauwazalne zmiany w namagne-
sowaniu efektywnym. Szeroko$¢ linii rezonansowej w funkcji czestotliwosci
wykazuje ponadto nieliniowa zaleznos¢, ktora nie moze by¢ opisana rownaniem
Heinricha (wzor 2.2.15) ani wytlumaczona procesami rozpraszania dwumagno-
nowego. W celu wyjasnienia tego zjawiska 1 zinterpretowania danych
eksperymentalnych zaproponowano model teoretyczny wskazujacy, ze za
poszerzenie linii rezonansowej odpowiedzialna jest dyspersja anizotropii

indukowanej naprezeniami.

Indywidualny wktad autora w powstanie tej publikacji obejmuje: napisanie
pierwszej wersji manuskryptu, analize danych eksperymentalnych i teore-
tycznych, analize literaturowg, naniesienie warstw metoda PLD, wykonanie
pomiarow VSM, VNA-FMR, pomiaréw katowych rezonansu ferromagne-
tycznego oraz obliczen teoretycznych (rys. 3(e,f), rys. 4, rys. 5), wizualizacj¢
uzyskanych rezultatow, przygotowanie odpowiedzi na pytania recenzentow

I korespondencj¢ z wydawnictwem.
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Effect of strain-induced anisotropy
on magnetization dynamics
inY;Fe;0,, films recrystallized

on a lattice-mismatched substrate

Adam Krysztofik ®*, Sevgi Ozoglu©?%3, Robert D. McMichael ©* & Emerson Coy®°

We report on the correlation of structural and magnetic properties of Y;Fe;0,, (YIG) films deposited on
Y;Al;0,, substrates using pulsed laser deposition. The recrystallization process leads to an unexpected
formation of interfacial tensile strain and consequently strain-induced anisotropy contributing to

the perpendicular magnetic anisotropy. The ferromagnetic resonance linewidth of YIG is significantly
increased in comparison to a film on a lattice-matched Gd;Ga;0,, substrate. Notably, the linewidth
dependency on frequency has a negative slope. The linewidth behavior is explained with the proposed
anisotropy dispersion model.

In recent years, yttrium iron garnet (YIG) has been an intensively studied material for spintronic, photonic, and
magnonic applications, mainly due to the low damping of magnetization precession'™. Because of its potential
applications in modern electronic devices, the research interest has been dominated by the development and
processing of thin garnet films with perpendicular magnetic anisotropy®. Therefore, much scientific effort has
been put into tuning the magnetic anisotropy of YIG films on the atomic level. Typical approaches include the
tuning via yttrium sites substitution with other rare earth elements®!, inducing interfacial strain due to lattice
parameter mismatch'*""7, ion implantation'®, or reducing shape anisotropy by film patterning'**".

The intended general effect of these approaches on anisotropic film properties is essentially realized and its
impact on the magnetization dynamics is understood as well. For instance, in rare earth substituted or doped iron
garnets one can expect an increase in Gilbert damping due to enhancement of spin-orbit coupling’. However, the
mechanism of ferromagnetic resonance (FMR) linewidth broadening for YIG films is less understood. For the
layers deposited on any substrate other than lattice-matched GGG, the FMR linewidth is significantly increased
mainly due to strain, the polycrystalline structure of the films resulting in magnetocrystalline anisotropy field
dispersion or extrinsic effects caused by surface crackings®'~>°. The joint effect of these contributions makes the
linewidth analysis ambiguous and hinders further development of the material which is known for possessing the
lowest magnetization losses'>*®. Nonetheless, controlled growth of epitaxial and strained YIG films can provide
an opportunity to investigate the linewidth contribution coming only from epitaxial strain.

In the FMR and spin pumping experiments of Wang et al.'?, YIG films deposited on YAG exhibited excep-
tional crystalline quality, small surface roughness, and high spin mixing conductance of the interface with Pt.
Nevertheless, the FMR linewidth of a bare, 73 nm thick YIG film on YAG was increased up to 8.4 mT when
compared with YIG/GGG system. The authors suggested that the increase was likely related to the strain-induced
defects in the films, although without further discussion. It was also reported that the films underwent a compres-
sive strain which resulted in the easy-plane anisotropy contribution. The studies of YIG deposited on Sm;GasO,,
(Gdy 63Y.37)(5¢,Ga;) 0,5, Gdy(Sc,Gas)O,, revealed, on the other hand, that tensile strain leads to the emergence
of the perpendicular magnetic anisotropy (with easy out-of-plane axis), however, the magnetization damping
of such strained films remained to be investigated and explained'*'.

Another important question concerns the effect of YIG thermal reconstruction on a lattice-mismatched
substrate and its influence on the film properties. The deposition of amorphous material and subsequent recrys-
tallization via annealing can provide technological advantages in terms of applicability of the lift-off technique
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Figure 1. (a) X-ray w-20 diffraction patterns. (004) reflections of YIG are marked with arrows. The sharp peaks
at 29.77° correspond to YAG (004) reflection, while the peak at 28.84° corresponds to GGG (004) reflection.
(b) Thickness dependence of the determined out-of-plane lattice parameters ¢ and calculated in-plane lattice
parameters a. The dashed line corresponds to the value of a bulk, cubic YIG. Error bars represent one standard
deviation uncertainty. (c) Thickness dependence of the x-ray coherence length determined via Scherrer
equation. The dashed line serves as a guide to the eye showing a one-to-one correlation of the values. (d) and
(e) display surface morphologies of YIG films grown on YAG and GGG substrate. (f) Box-whisker plot of the
grain size distributions. For each film thickness, the statistics are based on at least 300 grain measurements.
The ® marker corresponds to the median value, the bottom and the top box edges to 25th and 75th percentile,
respectively, and the black lines to the upper and lower fence, illustrating extreme values in the tails of the
distributions.

for film patterning'**”?%. For YIG films deposited on GGG substrate using the pulsed laser deposition (PLD)
technique, it was shown that the recrystallization does not significantly affect the structural or magnetic proper-
ties of the films, which can be the result of the rather low lattice mismatch of the YIG/GGG system?”. It is however
not clear if the same result can be accomplished for a strained YIG film on a lattice-mismatched substrate and
if so, to which extent the functional properties of the films can be sustained.

Therefore, the aim of this study can be divided into two general objectives: to investigate the impact of the
recrystallization process on structural properties of YIG deposited on YAG substrate and examine FMR linewidth
broadening mechanisms for such a system. In this article, we will show that the recrystallization process of YIG
films on YAG substrates is possible and that the lattice-mismatch of the substrates poses no impediment for its
reconstruction. Moreover, we will show that the epitaxial strain follows unexpected tensile values, providing a
unique opportunity for examining the perpendicular magnetic anisotropy. Finally, we provide a comprehensive
interpretation for the linewidth broadening of the samples, based on the anisotropy dispersion model, with
excellent agreement with our experimental results.

Results and discussion

Structural properties. X-ray diffraction results point to an occurrence of a tensile strain in the films. As
shown in Fig. 1a, a gradual shift in the position of YIG (004) reflection is observed when the thickness of the
layer changes. For the thickest YIG film (56 nm) on YAG, the (004) reflection nearly coincides with one of the
reference film deposited on the GGG substrate. As the film thickness decreases, the films experience a strain and
the YIG out-of-plane (OP) lattice parameter ¢ approaches the lattice parameter of YAG substrate (1.2006 nm)%.
Assuming that the volume of a unit cell is conserved, one can estimate in-plane (IP) lattice parameters according
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f(am) |RMS(nm) |c(nm) |a(nm) |5(%) | Mc(kA/m) | poHe (mT) | Moy (kA/m) | poHy (mT) | pols (mT)
9.6 0.4 12223 | 1.2453 |- 1.85 - - - - -

17 1.0 1.2284 | 1.2422 |- 1.11 127+6 46+0.3 68+3 71.6+3.8 0.27+0.22
28 1.1 1.2300 | 12414 | -092 1198 5.1+0.2 79+1 57.8+1.3 1.01+0.08
37 0.3 12311 | 1.2409 | -0.79 123+6 59£03 95+2 377£25 1.33£0.08
56 0.3 1.2334 | 1.2397 | -0.51 12246 57+0.2 1011 302+1.3 1.27 £0.04
37 02 1.2349 | 1.2390 | -0.33 13145 95+0.3 103+1 27.6%13 0.01£0.03

Table 1. Structural and magnetic properties of YIG films deposited on YAG and GGG (italic) substrate.

toa = /Vpunc/c, where Ve = 1.2376° nm? is a volume of a bulk, cubic YIG unit cell. The comparison of the
determined IP and OP lattice parameters shown in Fig. 1b, indicates the IP stretching of a unit cell.

The observed dependence of OP lattice parameter versus film thickness is reversed in comparison to YIG films
deposited on YAG at high temperatures'>*". The recrystallization process of YIG from an amorphous phase on a
lattice-mismatched substrate may therefore result in different epitaxial relations which are subsequently reflected
in the magnetic properties. The correlation with magnetic properties is discussed in the Magnetic properties sec-
tion. The dynamical aspect of the crystal lattice formation during post-deposition annealing remains, however,
an open question still to be addressed since one would expect a compressive strain based on a comparison of
the lattice parameters of YIG and YAG (ayag < avig). Nonetheless, the study of Popova et al. showed, that the
strain relaxation for lattice-mismatched garnets can be realized via coexistence of the so-called Vernier of misfit
and the tilted growth mechanisms®'. The first type of relaxation occurs when the bond strength within the film
or the substrate is larger than the bonding between them. Such a mechanism alone can result in a relatively small
residual strain®'. The second type, however, leads to a tensile strain which is accommodated via rotation (tilting)
of the film unit cells with respect to the substrate as well as via dislocations in close vicinity to the interface®.,

Analysis of the Bragg reflection width for the investigated films indicates that the recrystallization occurred
throughout the film thickness, although not many Laue oscillations are observed in the XRD spectra. The vertical

size of a coherently scattering volume is evaluated by using Scherrer formula®*:

&1 = 4/(Ta cosh), (1)

where &) is the x-ray coherence length, 1 = 0.15406 nm is the Cu K, radiation wavelength, I'54 is the full width
at half maximum intensity in the 20 direction. The determined values of £ | are in exact correspondence with
film thicknesses and point to a high crystallinity of the films (Fig. 1c).

AFM surface topography maps show a distinct difference between YIG films grown on YAG and GGG sub-
strate (Fig. 1d, ). While the film deposited on GGG exhibits terraces of the length ~ 120 nm and height ~ 0.4 nm,
for the films deposited on YAG the recrystallization resulted in the formation of grains of different lateral sizes.
The area A of each distinguishable grain was measured and the grain diameter d was estimated (d = 2/A/m).
The statistics of grain size distribution are presented in Fig. 1f with the use of a box-whisker plot. No significant
dependence on film thickness is observed and the median value of the grain size is = 60 nm. It should be concur-
rently noted that the root-mean-square surface roughness (RMS) of the films is around 1 nm or less (Table 1).
One can tentatively interpret the observed grains as corresponding to regions characterized by different growth
mechanisms (Vernier of misfit and/or the tilted growth).

Magnetic properties. The saturation magnetization M; of the films has been found consistent across the
set of samples (Table 1). The values at around 125 kA/m are congruent with previously reported 118 kA/m for
the recrystallized YIG grown by us?, although slightly decreased in comparison to a bulk YIG at 140 kA/m. The
small deviation from the bulk value can be understood as a result of subtle oxygen and cation nonstoichiometry™.
Contrary to the YIG/GGG sample exhibiting coercivity of j1oH = 0.4 mT and rectangular hysteresis loop meas-
ured along IP easy axis [110], the hysteresis loop for YIG film deposited on YAG, reveals increased coercivity
of pH = 4.5 mT and remanent to saturation magnetization ratio of M, /M; = 0.4 (Fig. 2d). Additionally, a
rounded saturation of the magnetization reversal curve for OP measurement is visible. The observed magneto-
static response has been found typical for the strained films!2-14353%,

Angle-resolved FMR measurements indicate that the YIG unit cells are well-ordered in-plane. The results
displayed in Fig. 2e clearly show that the films possess magnetocrystalline anisotropy with IP fourfold symmetry.
By using the Kittel equation (see derivation in the Supplementary Information)”:

1
f= %\/(H—f- H, cos 465)(H+ JHeB+ cos 461 +Meﬂf), @)

Mg = Mg — Hy, (3)

the magnetocrystalline anisotropy field H, was evaluated from the dependence of resonance magnetic field H
versus IP angle 87 at a constant frequency f = 20.000 GHz. In Eq. (2), y is the gyromagnetic ratio and H,, is the
uniaxial, out-of-plane anisotropy field. The obtained values of oH, (juxtaposed in Table 1), range from 4.6 to
9.5 mT, in agreement with the data reported for bulk and thin YIG films (1.2-8.7 mT)'>*7**#-3,
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Figure 2. (a) and (b) show frequency versus resonance field dependencies for magnetic field applied along
in-plane [110] and out-of-plane [001] directions, respectively. The insets display enlarged regions near f =

20 GHz. (c) Fit residuals obtained from a fitting with Eq. (4) for the out-of-plane measurement configuration.
Due to larger linewidth and lower signal-to-noise ratio, the residuals for the 17 nm thick film varied randomly
in the range of —45 to 60 MHz, and therefore, have been omitted. (d) Hysteresis loops of 37 nm thick film
deposited on YAG. Diamagnetic contribution from the substrate was subtracted from the raw data. Inset
shows the enlarged view at the low fields for H || [110]. (e) In-plane angular dependence of the resonance field
recorded at a constant frequency f =20 GHz. (f) Out-of-plane uniaxial anisotropy field as a function of the
tetragonal distortion of YIG unit cell.

To investigate the influence of strain on magnetic anisotropy, we use broadband FMR measurements. Fre-
quency versus resonance magnetic field dependence is analyzed for the data taken along easy IP direction [110]
(Fig. 2a). The values of Mg are determined from the fitting to Eq. (2) with 6 = 45°. Subsequently, by using
Eq. (3), uniaxial OP anisotropy field Hy, is calculated assuming constant M; = 125 kA/m following the results
obtained with VSM magnetometry.

The strain-induced anisotropy field H, scales linearly with the tetragonal distortion of the YIG unit cell
(c — a)/a, and the observed tensile strain results in positive values of the anisotropy field H, (Fig. 2f). In compari-
son to YIG films deposited on YAG at high temperatures, which experienced a compressive strain, the negative
values of H,, were reported, that corresponds to the easy-plane anisotropy contribution'?. This shows that the
strain tunability of the YIG anisotropy dezpencls not only on the film thickness but also on the crystal growth
conditions, From the slope of uoH, = by - <° dependence®'?, the magnetoelastic constant is evaluated b =
—(38+5) % 10* J/m?, which is within the range —(26 to 47) x 10* ]/m reported for bulk and thin-film YIG'>16.
Regardless of the exact type of the unit cell distortion, the anisotropy response due to strain engineering appears
to be governed by the magnetoelastic constant as shown in Fig. 2f.

The frequency versus resonance field dependence for a perpendicularly applied magnetic field (Fig. 2b), yields
the equivalent values of M, as for the IP applied field within 8% margin of error. However, the fitting according
to the Kittel equation for the OP oriented magnetic field:

Mn}/
f =

reveals an unexpected, U-shaped dependency in the fitting residuals provided by the high accuracy of the FMR
technique (Fig. 2¢). It should be highlighted that the measurements were carried out at the magnetic fields
H > M.g, which are sufficient enough to saturate the magnetization following Stoner-Wohlfarth free energy
model and we estimate that the precision of the magnetic field alignment with the film normal is better than

(H + H, — Mg, (4)
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Figure 3. (a)-(c) Linewidth dependence on frequency for different orientations of the magnetic field with
respect to crystallographic directions. The inset in (a) shows a comparison of linewidth changes for the field-
and frequency-swept measurements of 37 nm thick film. (d) In-plane angular dependence of linewidth recorded
at a constant frequency f =20 GHz. (e) and (f) Two-magnon contribution to the linewidth as a function

of frequency calculated for finite damping (e) and large defect limit (f). The color lines correspond to films with
a saturation magnetization of M; = 120 kA/m, while the black line denoted as “Py’, corresponds to a film with
M, =800 kA/m.

1°. The U-shaped dependency is not observed for the film deposited on GGG substrate, therefore, it might
be ascribed as a resultant of a strain inhomogeneity.

The FMR linewidths (FWHM) for the films deposited on YAG are significantly increased compared to the
reference film deposited on GGG, and the data vaguely suggests the two-magnon scattering (TMS) contribu-
tion. As shown in Fig. 3a-c, the linewidth AH noticeably reduces for OP measurement configuration (H|[[001])
with respect to the IP measurements carried out for H|[[100] or H||[110]. Although this can be seen for the two
thickest films, it is however not observed for the 28 and 17 nm thick layers for which one can expect the effect
to be more expressed**!. Another indication of TMS presence (usually considered as a characteristic) are the
apparent variations in the IP angular analysis of the linewidth exhibiting fourfold symmetry (Fig. 3d). The TMS
contribution is given by:

f

NS

where fy = oy Mg and 64 =45° is the angle of the maximum scattering rate**~"". The TMS strength coefficients
I'y for YIG/YAG films are of the order of = 1.0 mT and relatively low in comparison to the magnitude of the
linewidths = 10 mT (Table 1). No systematic dependence of 'y on thickness is observed, yet the magnitude of T'y
for the thinnest film is the lowest, contrary to the expectations provided by the TMS model.

For YIG/YAG films we observe an increase in linewidth broadening at low magnetic fields for all measured
crystallographic directions, i.e., [100], [110], and [001] (Fig. 3a-c). The AH (f) dependencies are not linear and
the slope of AH (f)) is negative even at the highest frequencies, although the measurements were carried out at
magnetic fields H > M. Evaluation of the Gilbert damping parameter « is therefore not feasible according to:

AHZ,Mg ox 'y cos 4(fy — 64) arcsin

(5)

4
oAH =« 7f + poAHy. (6)
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Clearly, an extrinsic contribution dominates over the intrinsic Gilbert term in Eq. (6) up to frequencies of 30 GHz.
To investigate if this behavior can be attributed to the so-called field dragging effect®, we have additionally per-
formed frequency swept measurements. The result presented in the inset in Fig. 3a, shows that that frequency
swept linewidth also increases at the low magnetic fields. Therefore, the broadening increase cannot be correlated
with this kind of response, congruently with IP magnetization reversal curves from which we find magnetization
saturation above 130 mT. For the reference film deposited on GGG, we determine & = (5.4+0.6) x 10~* and the
inhomogeneous linewidth broadening 1o AHy =0.72+0.19 mT.

The abovementioned TMS contribution may suggest that the increase in linewidth broadening at low mag-
netic fields is also a result of TMS processes. The classical model of extrinsic FMR linewidth predicts such an
increase for a 5 nm thick film with the saturation magnetization of 800 kA/m, exchange length of 5 nm, and the
defect size of 100 nm*!. In Fig. 3e,f, the linewidth broadening for such a case is displayed with a black line for finite
damping ¢ = 1 x 10™* and large defect limit, respectively. The calculations were based on the Eq. 28 and 42 in
Ref."!. However, for much smaller saturation magnetization (120 kA/m) and exchange length of 17 nm for YIG,
the model predicts qualitatively opposite changes in linewidth for film thicknesses ranging from 25 to 60 nm
(Fig. 3e,f). For magnetic parameters of YIG, the linewidth increases for frequencies above 3 GHz. This suggests
that another extrinsic effect is responsible for the linewidth broadening at low magnetic fields. The modeling for
such contribution is proposed in the following section.

Anisotropy dispersion model of FMR linewidth. We consider a thin film that is comprised of a set
of non-interacting regions and assume that the inhomogeneous strain leads to the dispersion of uniaxial out-
of-plane anisotropy, i.e., the magnitude of the anisotropy field vary in different regions and the anisotropy axis
is tilted from the film normal. The cubic magnetocrystalline anisotropy is neglected to investigate the effect
coming only from the uniaxial anisotropy. The analysis aims to examine resonant frequency distributions aris-
ing from the dispersion of uniaxial anisotropy for such sectioned thin film and to investigate if it can provide a
qualitative agreement with the experiment.
For each region of the film, the total free energy F,

F =Fzee + F4 + F}, (7)

includes the Zeeman energy Fy.., the demagnetizing energy Fy and the uniaxial anisotropy energy F;, which
axis orientation is defined by the angles @, and ¢, as shown in Fig. 4a. For certain values of H,, 6, and ¢,,, the
magnetization orientation (expressed by the angles 8,, and ¢,,), is numerically calculated from the minimum of
free energy: dF /06)y = 0and dF /d¢p = 0. An example illustrating a solution for these conditions is shown in
Fig. 4b. Subsequently, a resonant frequency f; for a single film region is derived from the Smit-Beljers equation
(see Eq. S6 in the Supplementary Information).

The resonant frequency distribution P(f;) with FWHM linewidth Af;, as shown in Fig. 4d, is obtained by
taking into account the dispersion of uniaxial anisotropy:

1. H,varying according to Gaussian distribution with a mean value of f, = 50 mT and standard deviation
oy, =10 mT (inset in Fig. 4c);

2. tilting of uniaxial anisotropy axis that is described with Gaussian distribution of angle 8 with a mean value
B and standard deviation og (Fig. 4c), since experimental results have not indicated any induced in-plane
anisotropy, other than magnetocrystalline, cubic anisotropy.

The angle 8 is related to 8, and ¢, by cos B = sin 8, sin ¢,.. To probe the distributions of H,, and B, we use 10°
sampling points and exclude the values that are larger or smaller than three standard deviations from the mean
value. For the calculations, we have taken the magnetization saturation M; =120 kA/m.

A resonant line £(f) for a film comprised of non-interacting regions can be derived from:

£l = [ P LG5 4 ®

where
2
(5 2f)
L~ f) z ; ©
(f=f)"+ (3 &)
is the Lorentz function, in which Af is the FWHM linewidth related to the Gilbert damping parameter o:
4 of

Af=a——fF—. 10
/ moy” 9H (10)

In the limiting case of Af — 0, the FWHM of £(f) tends to Af;, and vice versa, when Af, — 0, the FWHM of
L (f)tends to Af. As we have not experimentally observed Gilbert damping contribution in resonance linewidth
dependence on frequency for YIG/YAG films, we conclude that the FWHM linewidth is described primarily
by Af;.

_ The Af; dependency on frequency obtained within this model agree well with our experimental results, For
B = 20° and ag > 0° the increase in linewidth at low magnetic fields is found for both in-plane and out-of-
plane applied magnetic fields (Fig. 4e). This strongly suggests that the axis of the strain-induced anisotropy for
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Figure 4. (a) Coordinate system used to describe the orientation of uniaxial anisotropy axis, the magnetization,
and the applied field. Film lies in the x-z plane, normal to the film is along the y-direction. Inset schematically
shows a film comprised of noninteracting regions with different orientations of uniaxial anisotropy axis.

(b) Equilibrium orientation of magnetization determined from the condition of the free energy minimum

with a tilted axis of uniaxial anisotropy. The example is given for the OP applied magnetic field oH = 200

mT. (c) Gaussian distribution of the uniaxial anisotropy axis orientation. Inset shows the Gaussian distribution
of the uniaxial anisotropy field and the arrows mark three standard deviations from the mean value (3 op,). (d)
Exemplary distribution of the calculated resonance frequencies for the out-of-plane magnetic field o H = 400
mT. (e) FWHM linewidth Af; as a function of frequency for the in-plane applied magnetic field and the out-of-
plane applied magnetic field (see the insets). All dependencies were calculated assuming H,, =50 mT and oy, =
10 mT. The plot legend on the right side is valid for both IP and OP applied magnetic field. For 8 =0° and o =
0° (red line), a constant broadening of the linewidth for OP magnetic field orientation and decreasing linewidth
at low magnetic fields for IP orientation is observed. The tilting of the uniaxial anisotropy axis specified by

B =20° (green line) results in constant broadening and decreasing linewidth for IP and OP magnetic field,
respectively. The decreasing linewidth as a function of frequency is found for both IP and OP magnetic field
whenog >0°.

YIG/YAG films is tilted from the perpendicular direction and dispersed. Moreover, the linewidth broadening
due to the dispersion of the anisotropy has a semiquantitative agreement with the experiment. The values of
Afy = 0.3-0.7 GHz are of the same range of magnitude as the determined linewidth for YIG/YAG samples =
0.34-0.52 GHz (see inset in Fig. 3a). Furthermore, the model predicts a similar type of discrepancy between
calculated f(H) dependence and the Kittel equation for OP resonance measurements (Fig. 5a,b). The fit residu-
als obtained from a fitting with Eq. (4), exhibit a comparable U-shaped dependency as found experimentally
(Fig. 2¢). At the same time, the OP magnetization component M,, (mean over the film regions) displays only a
minuscule decrease with decreasing magnetic field (Fig. 5¢). This suggests that the tilting of magnetization can
be hardly observed in the magnetization reversal curves at magnetic fields H > M.

The main limitation of the proposed model comes from the assumption of non-interacting regions. Therefore,
it does not provide accurate predictions at the magnetic fields close to the magnetization reversal, which in the
FMR experiment, were not accessible due to large linewidth and consequently lack of FMR signal. Accordingly,
the modeling was carried out at the field range from 0.2 to 1.2 T. Exchange and dipole interactions within and
between the grains*®*’, the distribution of uniaxial anisotropy at a certain correlation length would be crucial
for quantitative estimation of remanent magnetization M, as well as for theoretical investigation of the mag-
netization reversal process. The proposed model can thus provide overestimated values of M, and coercive
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Figure 5. (a) Calculated Kittel relation for the out-of-plane magnetic field. Gaussian distributions of uniaxial
anisotropy field H,, and angle 8 are specified inside the plot. (b) Fit residuals obtained from a fitting of
dependency shown in (a) with Eq. (4). (c) Out-of-plane magnetization component as a function of the magnetic
field.

field. Notwithstanding the foregoing, in hysteresis loops of YIG films deposited on YAG, we clearly observe the
decreased remanence and increased coercivity.

Conclusions

In summary, the recrystallization of YIG on the lattice-mismatched substrate can result in different structural
and magnetic properties when compared to the high-temperature deposition. As a consequence of the tensile
strain, the positive values of the out-of-plane anisotropy field have been determined paving a path toward the
attainment of the much-desired perpendicular anisotropy. We anticipate that, as shown here, the film growth
conditions and strain control may play a significant role in the anisotropy tuning of other garnets as well. The
mechanisms of the strain relaxation can lead to unexpected unit cell distortions, especially when inferred solely
from a direct comparison of film and substrate lattice parameters. Moreover, the strain has a significant impact
on FMR linewidth. For YIG/YAG films, the linewidth has been found noticeably increased, and the AH(f)
dependency is characterized by an unusual negative slope across the entire frequency range from 5 to 30 GHz.
The linewidth behavior was explained within the anisotropy dispersion model. Finally, good agreement of experi-
mental findings with theoretical predictions suggests that the anisotropy axis is tilted from the film normal and
dispersed. Therefore, we conclude that the strain homogeneity plays a crucial role in the attainment of narrow
FMR linewidths reflecting low magnetization damping of the films.

Methods
YIG films with thicknesses ranging from 9.6 nm to 56 nm were deposited at room temperature onto (001)-ori-
ented Y;Al;0,, (YAG) substrates using the pulsed laser ablation technique (Nd:YAG laser, 355 nm). The pulse
frequency of 2 Hz yielded a growth rate of = 0.65 nm/min. The base pressure of the vacuum chamber was
8x107° Pa (8 x 107® mbar) and the partial pressure of oxygen was set to 2.4x 1072 Pa (2.4 x 10~* mbar). After
the deposition, the films were annealed ex-situ in air for 3 h at 800 °C. All samples were treated in a single anneal-
ing process for proper comparison. For reference, a 37 nm film was simultaneously deposited on a YAG substrate
and a (001)-oriented Gd;Ga;0,, (GGG) substrate and reconstructed in the same process.

The structural properties of the films were investigated using high-resolution X-ray diffraction (XRD) with
a four-crystal Ge (220) monochromator. The 2Theta/Omega scans allowed for a direct determination of the
out-of-plane lattice parameters. The nominal values of film thicknesses were confirmed with X-ray reflectivity
measurements. The surface morphology was examined with atomic force microscopy (AFM). The magnetic prop-
erties were investigated with a vibrating sample magnetometer (VSM) and broadband ferromagnetic resonance
(VNA-FMR). All measurements were performed at room temperature and all uncertainties are one standard
deviation unless otherwise noted.
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Derivation of Kittel equations

Free energy density for (001) oriented films with lattice distortion is defined as:

F = Fyee + Fy + F, + F., (S1
Froe = —lo H M, (sinfy,; sinfg cos(g@y — ¢yy) + cosB), cosby) , (S2)
F,= § Ly M2 sin?8,, sin®¢,,, (S3)

Fu = =3 fto Hy M, sin®6y sin®ey, (S4)

F. = i o He M (aZal + aZa? + aZa?). (S5)

where Fy.. is Zeeman energy term, F, is the demagnetization energy term, F, is the
uniaxial out-of-plane anisotropy term, F. is the magnetocrystalline cubic anisotropy
term and @y, @, a;, are the direction cosines. Expressions of F; and F, are defined for
a film placed in the x-z plane. To derive Kittel equations, one can use the Smit-Beljers

equation:

2
()" = sz, (FooFso = Fi): (S6)

however, to avoid an angular-dependent mixing it is more convenient to use the

expression with Baselgia correction ':

(9)2 = MLSZ[Fea ( Too + %Fg) - ( 00 _ cosfu 9 )2], (S7)

¥ sinZ20py  sinfy sin@y  sinfy; sinfy
where

aF aF
Fﬁ’_aeM F‘g@_aej@,
aF a%F

Fp=— Fpp = — S8

® T apy P T a9}, (58)
a%F

Foo = Sormatm

and w = 2xf is the angular frequency, y is the gyromagnetic ratio.
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For the in-plane applied magnetic field (¢4 = 0°), Eq. S7 takes the form:

f= “ZL;’\/(H + H, cos 48,) (H +2H.(3 + cos 46,) + M), (S9)
while for the out-of-plane applied magnetic field (8y = 90°, ¢, = 90°) it yields:
f =22 (H + He = Meg), (S10)

where My = Mg — H,, is the effective magnetization.
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X-ray diffraction pattern of 9.6 nm thick YIG film on YAG
substrate
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Fig. 1. X-ray diffraction pattern of 9.6 nm thick YIG film.
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Typical FMR spectra of YIG/YAG and YIG/GGG films

(a)

FMR absorption (arb. units)

YIG (56 nm) / YAG

H |l [001]

H 1l [100]

FMR absorption (arb. units)

f=9GHz
-20 -10 0 10 20
Ho(H-Hies) (mT)
YIG (28 nm) / YAG
-
H || [001]

FMR absorption (arb. units)

H 1 1100]

f=9GHz
-20 -10 0 10 20
UO(H‘Hres) (mT)
YIG (37 nm) / GGG
p
H || [001]

f=10 GHz

Fi 1l (100]

-1 0 1
Ho(H-Hies) (mT)

-3 -2

(®) | vic 37 nm)/YAG
0
=2
= ]
o =
g Rl 001]
c
o
s
o
[72]
Q
©
x H |l [100]
<
w
f=10 GHz
20 -10 0 10 20
UO(H'Hres) (mT)
(d) | vic (17 nm)/ YAG
—_ 5
i)
e
5 ©
g -
§ A 1l 001]
=
5
g
5]
[72]
Q
@
x H |l [100]
s
w
f=11GHz

-10 0 10
Ho (H'Hres) (mT)

-20

Fig. 2. (a)-(e) Typical FMR spectra taken at f =~ 10 GHz.

20

78



4.5 Tuning of Magnetic Damping in YsFesO1, / Metal

Bilayers for Spin-Wave Conduit Termination

Publikacja przedstawia wlasciwosci strukturalne i magnetyczne cienkich
warstw granatu itrowo-zelazowego (YIG) osadzanych na klinowych warstwach
irydu, platyny 1 zlota o maksymalnej grubosci 7 nm. Oddzielenie warstw YIG od
podtoza GdzGasO1, warstwg metalu powoduje znaczacy wzrost efektywnego
thumienia magnetyzacji. W przypadku warstw osadzanych na zlocie, pomimo
stosunkowo niskiej warto$ci parametru ttumienia Gilberta a =~ 8:-107* , parametr
poszerzenia linii rezonansowej u,AH, miesci si¢ w zakresie 8-15 mT. Pomiary
propagacji fal spinowych pozwolily pokazaé, ze w tym uktadzie fale spinowe sa
silnie tlumione i1 nie dochodzi do ich propagacji. Przeprowadzone symulacje
mikromagnetyczne wskazuja, ze dwuwarstwy Y1G/metal moga by¢ wykorzystane
do skutecznego rozpraszania pakietow fal spinowych w falowodach magno-

nicznych.

Indywidualny wktad autora w powstanie tej publikacji obejmuje: napisanie
pierwszej wersji manuskryptu, analize danych eksperymentalnych i teore-
tycznych, analize literaturowg, naniesienie warstw metoda PLD, wykonanie
pomiarbw XRD, XRR, GIXRD, SEM, VNA-FMR, czesci pomiardw
spektroskopii fal spinowych z wykorzystaniem VNA, obliczen teoretycznych
oraz symulacji mikromagnetycznych, wizualizacj¢ uzyskanych rezultatow,
przygotowanie odpowiedzi na pytania recenzentow i korespondencje z

wydawnictwem.
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Abstract: In this work, we investigate the structural and dynamic magnetic properties of yttrium
iron garnet (YIG) films grown onto gadolinium gallium garnet (GGG) substrates with thin platinum,
iridium, and gold spacer layers. Separation of the YIG film from the GGG substrate by a metal film
strongly affects the crystalline structure of YIG and its magnetic damping. Despite the presence of
structural defects, however, the YIG films exhibit a clear ferromagnetic resonance response. The
ability to tune the magnetic damping without substantial changes to magnetization offers attractive
prospects for the design of complex spin-wave conduits. We show that the insertion of a 1-nm-thick
metal layer between YIG and GGG already increases the effective damping parameter enough to
efficiently absorb spin waves. This bilayer structure can therefore be utilized for magnonic waveguide
termination. Investigating the dispersionless propagation of spin-wave packets, we demonstrate that
a damping unit consisting of the YIG/metal bilayers can dissipate incident spin-wave signals with
reflection coefficient R < 0.1 at a distance comparable to the spatial width of the wave packet.

Keywords: yttrium iron garnet; YIG; ferromagnetic resonance; effective damping parameter;
spin-waves; spin wave packet

1. Introduction

The employment of spin-waves (SW) for performing logic operations is considered to
be an innovative concept competing with the standard CMOS paradigm [1-7]. A material of
choice for complex SW conduits is yttrium iron garnet (YIG) in the single-crystal phase [8].
The growth of ultra-low damping YIG films has been optimized in the last decade [9-12]
and the development of garnet layers is ongoing [13-26]. Hitherto, state-of-art YIG films
provide high relaxation times of hundreds of nanoseconds corresponding to millimeter-
scale SW decay length [27-29]. These long propagation distances pose questions on how
to attenuate SWs when waveguides terminate without causing back reflection and signal
interference. In micromagnetic simulations, this problem is solved by applying parabolic or
exponential damping conditions near the edges of magnetic structures [30-34]. However,
the experimental realization of this approach is not trivial. Up to now, the standard
experimental approach has involved the use of elongated SW waveguides, usually with
canted ends [27,28,35,36]. Moreover, a recent study showed that the SW intensity is well
maintained in nanoscopic, tapered waveguides [37]. Following further miniaturization
and an increased packing of SW devices, controlled SW damping will become important in
limiting back reflection at open-ended or unused waveguide ports.

In the current paper, we propose the utilization of YIG/metal bilayers for SW conduit
termination. We systematically investigate the magnetic properties of crystallized YIG
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films on GGG substrates with wedge-shaped metal films. For this study, three consecutive
metals in the periodic table were chosen, namely Ir, Pt, and Au, which are resistant to
oxidation. This article is organized as follows. In Section 2, we describe the growth methods,
sample preparation, and the used experimental apparatus. In Sections 3.1 and 3.2, we
present the structural and magnetic properties of the YIG films. In Section 3.3, we analyze
the propagation of SW packets in continuous YIG films. In Section 3.4, we investigate
SW packet reflection from a damping unit using micromagnetic simulations. Section 4
summarizes the study.

2. Materials and Methods

We use the pulsed laser deposition (PLD) technique to grow 40-nm-thick YIG films
(Nd:YAG laser, 355 nm) and magnetron sputtering to deposit thin metal layers. The growth
processes were conducted at room temperature for both methods. The GGG substrates
were ultrasonicated in acetone and isopropanol before loading into the deposition chamber.
Wedge-shaped layers of Pt, Ir, and Au were deposited with a thickness increase of 0.5 nm
per millimeter by moving a shutter plate at a constant speed over the sample surface
(2 em x 0.5 ecm) during the deposition process. This resulted in 0-7 nm wedge films and an
uncovered substrate area (6 mm in length), which we used as a reference. Subsequently,
the samples were transferred to the PLD chamber without breaking the vacuum. The
target-to-substrate distance was 5 cm. The pulse frequency of 2 Hz yielded a growth rate
of 220.65 nm /min at the partial oxygen pressure of 2.4 x 1072 Pa (2.4 x 10~* mbar) [38].
After the deposition, the bilayers were annealed ex-situ in air for 5 min at 800 °C. For VNA
spectroscopy measurements, 150-nm-thick Au microwave antennas with a width of 2 pm
were fabricated using direct laser-writing lithography (Laserwriter LW 405), magnetron
sputtering, and lift-off.

The structural properties of the films were investigated using X-ray diffraction and
grazing incidence X-ray diffraction (Seifert system 3003TT) as well as high-resolution XRD
utilizing a four-crystal Ge (220) monochromator (Malvern Panalytical, Malvern, UK, X'pert
Pro3 system). The scans provided the out-of-plane lattice parameters. Nominal values of
film thicknesses were confirmed with X-ray reflectivity (XRR) measurements (Seifert system
3003TT). The surface topography was investigated with atomic force microscopy (AFM)
using a Bruker ICON microscope and scanning electron microscopy (SEM) using FEI Nova
NanoSEM 650 with a concentric back-scattered (CBS) detector. From the contrast changes in
SEM images, the height-height correlation function (HHCF) was evaluated to estimate the
lateral correlation length of a defect [39]. The dynamic magnetic properties were studied
with a broadband ferromagnetic resonance setup in field-sweep mode (VNA-FMR), with
VNA spectroscopy in frequency-sweep mode utilizing a set of microwave antennas, as well
as with super-Nyquist-sampling magneto-optical Kerr effect microscopy (SNS-MOKE) [40].
All measurements were performed at room temperature with an in-plane applied magnetic
field. The determined uncertainties are one standard deviation unless noted otherwise.
To investigate SW packet propagation, micromagnetic simulations were performed using
open-source GPU-accelerated MuMax3 software [41].

3. Results and Discussions
3.1. Structural Properties

X-ray diffraction patterns (Figure 1a) display a lack of YIG reflections if the YIG film
is grown onto Pt, Ir, or Au. For coarse, polycrystalline YIG samples, XRD reflections are
expected at 32.326° ((024), 100%), 35.510° ((224), 43%), or 28.835° ((004), 32%) [42].
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Figure 1. Structural properties of 40-nm-thick YIG films grown on GGG substrates with thin metal
layers. (a) X-ray diffraction patterns recorded on samples with 5-7 nm metal underlayers. Note
that the (222) peaks of the GGG substrate are so-called basis-forbidden reflections due to multiple
diffraction [43]. Insets denoted as HR-XRD show high-resolution scans utilizing a four-crystal
monochromator. The inset showing the Ir (111) reflection comes from a separate scan with a long
statistical exposure. (b) SEM surface images. Insets show height-height correlation function (HHCF)
as a function of lateral distance r calculated on the basis of SEM contrast changes to evaluate the
defect correlation length &. (c) AFM topography maps.

High-resolution scans around the main reflection of the single-crystal GGG substrate
(insets in Figure 1a) further show that the YIG films are not characterized by a strong
texture. Similarly to YIG layers deposited on silicon [44], this suggests that the films are
nanocrystalline. The large intensity of Pt (111) and Au (111) reflections for 5-nm-thick
layers as well as the absence of peaks from other family planes indicate that these metal
films are textured. The much smaller intensity of the Ir (111) reflection, being nearly at the
level of the background noise, demonstrates polycrystalline film growth of this metal on
the GGG substrate. The determined lattice parameters of 0.392 nm for Pt on both GGG (111)
and GGG (001), 0.384 nm for Ir, and 0.407 nm for Au are in agreement with the bulk values
within a 1% error [45]. To further investigate the structural properties of YIG, we performed
GI-XRD scans (see supplementary materials). Despite the small peak-to-background ratio,
YIG reflections are clearly measured. From this, we estimated a mean crystallite size
of 16.9 + 2.7 nm corresponding to ~13 YIG lattice constants. Additionally, XRR results
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confirm a nominal YIG film thickness of 40.2 + 1.3 nm, point to a consistent film density in
different samples, but with increased roughness.

SEM and AFM measurements show significant structural defects in the YIG films
grown onto the metal layers. In SEM images of the samples (Figure 1b), clear variations are
visible in mixed topographic and compositional contrast as recorded using a CBS detector.
Differences in defect length scales and size dispersion are also noticeable as inferred by the
height-height correlation function (insets in Figure 1b). More thorough information about
the surface morphology of YIG is provided by AFM imaging (Figure 1c). For all samples,
nanoscale cracking is present, which can be understood as resulting from different thermal
expansion coefficients of the metals and the garnets. Interestingly, fracturing of the YIG
film is more severe for the Au layer than for Ir or Pt layers of similar thickness. This can be
attributed to the early stages of Au shrinking towards the formation of Au nanoparticles or
nanorods during the 5 min thermal annealing step [46,47]. This interpretation is congruent
with the island-like pattern seen in the SEM images, corresponding to a defect correlation
length of 800 nm. The YIG films on Pt exhibit larger flat areas between cracks when
compared to Ir or Au. However, we observe additional height variations of ~5 nm that are
most likely caused by inhomogeneous stress in the YIG/Pt system (see bright and dark
contrast in Figure 1c). The origin of these deformations is tentatively attributed to the
high ductility and malleability of Pt as well as a lower thermal expansion coefficient when
compared to Au [48]. Both these factors play a role during the post-annealing of the YIG
film for crystallization.

3.2. Magnetization Dynamics

The insertion of a metal layer between a YIG film and a GGG drastically impacts the
magnetization dynamics as found by broadband ferromagnetic resonance measurements.
First, we analyze the relation between frequency f and resonance magnetic field H using

the Kittel equation:
f o (H + Met), (1)

where Mg is the effective magnetization, -y is the gyromagnetic ratio, and pq is the vacuum
permeability. Fitting experimental data to Equation (1) (see supplementary materials), we
determine M':f’]f in the range of 115-190 kA /m for reference YIG films on GGG in agreement
with the previous reports [8]. With an increasing metal layer thickness dy,, the value of
Mg decreases and it is reduced to 0.7 M;‘;lf for d;; = 67 nm (Figure 2a). For very thin
metal layers (d,;, = 0.5-2.5 nm), however, no significant changes in M are observed for
Au, while for Pt/GGG (111) the decrease of Mg is small (~=0.92 M;%]f). The Mg of the YIG
film deposited on Ir, on the other hand, diminishes rapidly at the onset of the metal wedge.
The parameters characterizing SW damping (Figure 2b,c), i.e., the Gilbert damping
parameter & and the inhomogeneous linewidth broadening AHj of the YIG films, were
evaluated by measuring the dependence of the FMR linewidth AH on frequency f:

4
HoAH = an + poAHy. 2

At the onset of the Pt or Ir wedge layer, we observe a significant increase of the a
parameter, which saturates for metal thicknesses d;;, > 2.5 nm at a ~ (150-180)-10~* for
Ptand & = (50-70)-10~* for Ir. Considering the spin pumping effect, typical values of the
spin mixing conductance vary between 5.10Y7 m~2 and 7-10'® m 2, which corresponds
to an increase in the a parameter of Ax ~ (1-19)-10~* for 40 nm thick YIG [49-51]. This
shows that the damping-like torque arising from a nonequilibrium spin accumulation at
the metal /YIG interface [52] contributes only weakly to the overall intrinsic damping in
the samples [53,54].
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Figure 2. Broadband ferromagnetic resonance results for 40-nm-thick YIG films deposited on different
metal underlayers with a nominal thickness d;,. (a) Effective magnetization Mg normalized to Mff“f
of a reference YIG film. (b) Gilbert damping parameter . (c) Inhomogeneous linewidth broadening
HoAHp. The inset shows calculated values of the effective damping parameter with Equation (3) for
a 1-nm-thick metal layer. The color legend depicted in (a) also applies to (b,c). Values marked as
reference YIG (shaded section) derive from measurements of the epitaxial film taken at the positions
outside the metal wedge. (d—f) VNA spectroscopy results measured with lithographically patterned
antennas for YIG (40 nm)/Au (3.0 nm)/GGG (111). (d) Color-coded reflection parameter Sy, showing
the FMR absorption. (e) Color-coded transmission parameter Sy, for the magnetic field aligned
parallel to the antennas (¢ = 90°). (f) Color-coded angular dependence of S, spectrum. Inset
depicts in-plane magnetic field orientation with respect to the antenna geometry (¢ = 0° for the
magnetic field aligned perpendicular to the antenna edge). In figures (d-f), the real part of the
scattering parameter Spq is plotted. (g,h) SNS-MOKE microscopy maps and line profiles recorded at
uoH =20 mT for YIG (40 nm)/Au (3.0 nm)/GGG (111).
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Considering the excitation of microwave eddy currents in metal layers, we find this
damping contribution to the a parameter to be less than 1-10~* for 5-nm-thick metal films,
and thus negligible [53,55,560]. Therefore, we attribute the increase of & to a deterioration
of the structural properties when YIG is grown onto Pt or Ir. Surprisingly, the Au layer
does not deteriorate the a parameter (28-10~*) for the entire thickness range. Moreover,
as shown in Figure 2c, the inhomogeneous linewidth broadening pugAHy of ~8-15 mT for
day > 2.5 nm is more than two times smaller when compared to recently reported values
for YIG deposited on oxidized silicon (uoAHp = 31.8 mT) [44].

The obtained SW damping parameters for YIG/Au may enable coherent SW prop-
agation in this system, which could be used to absorb SWs. To address this issue, we
performed VNA spectroscopy measurements of SW transmission signals. Pairs of single-
wire microwave antennas with a width of 2 pm were fabricated by photolithography and
VNA spectroscopy measurements were conducted on YIG films with da,, = 3, 3.5, and
4 nm, corresponding to ppAHp = 8.1, 8.0, and 10.7 mT, respectively. The distance between
the exciting and detecting antennae was 20 um.

Figure 2e shows the spectra for YIG/Au (3 nm) bilayer taken in the Damon-Eshbach
geometry. First, we observe an absence of phase oscillations in the Sy, signal indicating
no SW propagation between excitation and detection antennas [28,57,58]. Instead, we see
broad FMR spectra, similar to the Sy, absorption displayed in Figure 2d. The detected
signal can be interpreted as a distant induction of FMR via long-range stray fields [59].
The r.f. currents inductively generated in the receiving antenna further interact with the
bilayer and produce changes in the S, transmission signal. The effect is reproducible for
Au thicknesses d, = 3.5 and 4 nm and correlates with the FMR intensity and linewidth
(see additional data in the supplementary material). Angular dependence of the 515 spectra
(Figure 2f) further points to the lack of SW propagation and additionally shows a small
uniaxial anisotropy field of 2.0 & 0.5 mT for the YIG/Au bilayer.

The Sy transmission spectra for YIG/Au bilayer allowed us to rule out the possibility
of coherent SW propagation with large SW wavenumbers, i.e., corresponding to frequencies
above the induced FMR signal. However, depending on the relative interplay between
SW and inducted FMR signals, the oscillatory character of the SW phase on propagation
may be hidden for long SWs [59]. To further verify this phenomenon, we have conducted
SNS-MOKE measurements to investigate low-k excitations. As shown in Figure 2g, the
intensity of SNS-MOKE signal quickly drops to zero over a distance of 2 um. In addi-
tion, the line scans in Figure 2h show no oscillations for the out-of-plane magnetization
component, proving that coherent SWs are not propagating in the bilayer. According
to the measurements, we conclude that although the determined intrinsic damping for
YIG/Au is relatively low (x = 8-10%), the SW decay length is very short. This can be better
understood by considering the effective damping «. parameter encompassing both & and

AHj parameters:
_Af L THoAHo YoMt \?
it = 2f (&Jr drf ) 1+ ( anf ’ ®)

Equation (3) is derived for an in-plane applied magnetic field (see the supplementary
material) and highlights the importance of the inhomogeneous linewidth broadening AH,
on SW damping. For a 3-nm-thick Au layer, the YIG film exhibits ygAHp ~ 8 mT. This
gives the effective damping parameter ag of 0.09 at 2 GHz, which is large and leads to
strong SW damping. Furthermore, the insertion of a 1-nm-thick Pt or Au layer between
YIG and GGG already increases the . parameter to ~0.02-0.03 at 2 GHz (see inset in
Figure 2c). Based on these results, we infer that thin metal underlayers could be used to
absorb SWs in YIG waveguides without detrimental back reflection.
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3.3. SW Packet Propagution Characteristics

Before we discuss micromagnetic simulations, we introduce the basic properties of
SW packet propagation. The envelope |¢(x, t)| of a SW packet can be described with:

2

1 XX —w’(k} t

(x, D) o« Atk ) e 1 e ) “)

in which, the amplitude A(k, t) is given by

Ty _
Ak, t) = e et W) 1 5
(et \/-\/Uz(f)+%ffw”(k)f ©
and the SW packet broadening yields
2
200y _ 2 w” (k)

a(t)—ax—l—(zgx t) . (6)

Here, ag is the effective damping parameter, o is the spatial width of the packet,
w(k) is the angular frequency depending on the wavenumber k, and «’(k) and w” (k) are
the first and the second derivative of w(k), respectively. The derivation of Equation (4) is
presented in the supplementary material. From the exponent in Equation (4), we can see
that the pulse peak travels at the group velocity w’(k) and the packet broadens in time as
described by o (t).

The decay length L; of the propagating SW packet can thus be calculated from

A@ﬂ:é )

with relaxation time T = L/’ (k). In the limiting cases of Equation (7), when w” (k) = 0
or oy — oo, the amplitude A(k, 7) = e~ "eff @(k) T 5o that the attenuation length yields:

oyoe _ W'(K)
b teff w (k) ®

If the spatial pulse width oy — 0 and w” (k) # 0, the amplitude of the wave packet
approaches zero. From an application point of view, it is, therefore, crucial to design SW
devices so that the second derivative of the dispersion relation w” (k) is minimized or,
ideally, equal to zero to avoid amplitude loss and the SW packet broadening over time.

Analyzing the SW dispersion relations with an exchange term [60,61] for typical
parameters of epitaxial YIG film (Figure 3a), we find that the condition w” (k) = 0 can
be met for surface spin-waves (S5SW, or Damon-Eshbach modes) as well as for forward
volume spin-waves (FVSW). However, the condition is not met for the backward volume
spin-waves (BVSW) propagating in a continuous film when the external magnetic field
is greater than zero. Moreover, the wavenumber k for which w” (k) = 0 can be tuned by
the external magnetic field for SSW and FVSW, as shown in Figure 3a. An increase of the
magnetic field shifts the solution of w” (k) = 0 toward lower wavenumbers k.

Following Equation (7), the decay length of SW packets is significantly decreased
when w" (k) # 0 (Figure 3b,c). To counteract this effect, one could consider the use of
longer excitation pulses at the expense of a decreasing density of information that can be
encoded and the speed of computation. Therefore, a careful choice of k (or equivalently,
excitation frequency at a given bias field) is vital for the design of SW conduits to closely
match the w” (k) = 0 condition.
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Figure 3. (a) Second derivative of the dispersion relation w” (k) for the surface and backward volume,
and the forward volume SWs. In (b, c), the ratio of the decay length L; to the wavelength A is shown
for SSW and FVSW, respectively, for different values of the SW packet spatial width ¢y. In figures
(a—c), the dependencies are calculated for typical parameters of a 50-nm-thick epitaxial YIG film with
saturation magnetization Ms = 140 kA /m, exchange stiffness Dex = 5.3:10717 T-m2, and effective
damping aggs = 1-107%. (d) Reflection coefficient as a function of the effective damping parameter
eff in the damping unit. The inset illustrates the simulation geometry. In (e,f), the time evolution of
SW packet is shown for a damping unit with aeg = 0 and aegr = 0.02, respectively. The insets show
time dependences of the SW amplitude taken at x = 5 um (marked with grey dashed lines). Figures
(e,f) are also visualized in supplementary Videos S1 and S2.

3.4. SW Packet Reflection from a Damping Unit

To validate the application of the bilayers as an SW absorber, we performed micro-
magnetic simulations in MuMax3 [41] to study the reflection of a SW packet from an area
with different values of the effective damping parameter a.¢. For the modeling, we treat
YIG/metal bilayer as an effective medium described with e, and therefore, neglect the
microstructural properties of the bilayer. The simulation geometry is schematically shown
in the inset in Figure 3d. It consists of an antenna excitation region at x = 3 um, an area
with enhanced effective magnetic damping at 8 um < x < 10 um, and an artificial damping
region at 0 um < x < 2 pm, where parabolic damping conditions are defined to avoid SW
reflection from the left edge. The YIG film is discretized into 1024 x 32 x 1 cells with a size
of 10 x 10 x 10 nm® and one-dimensional periodic boundary conditions are applied along
the y-axis to mimic a continuous film. The parameters for the YIG layer are: saturation
magnetization Ms = 140 kA/m, exchange stiffness [62] Dex = 5.3-10717 T-m?, and YIG
film thickness dyjg = 10 nm. The Gilbert damping parameter for 2 um < x < 8 um is
set to zero and a. is varied for the damping area. To excite the wave packet, we used a
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Gaussian-enveloped sinusoidal magnetic pulse. A frequency of 1.7 GHz at the external
bias field poH = 10 mT was optimized in order to minimize wave packet dispersion for
the surface waves, as discussed above. For these conditions, the spatial width of the pulse
is ox = 0.41 um, which is comparable to the SW wavelength A = 0.69 um and the width
of the damping area. We recorded the time evolution of the out-of-plane component of
magnetization m; for 40 ns.

To evaluate the SW reflection, we compared the amplitude of the reflected wave packet
to the incident one:

R=— (9)

where the amplitudes A, and A; are obtained by the Fourier transform of the reflected and
incident signal at x =5 pm. As shown in Figure 3e, when . for the damping unit is equal
to zero as for the rest of the film, the SW packet is fully reflected from the right edge so that
R = 1. One can also clearly see that the propagating wave packet does not disperse in time,
i.e., the SW packet broadening and the associated amplitude loss is not observed over time.
For an increasing ao¢s parameter, we find that R decreases gradually (Figure 3d). At aep =
0.02 (also visualized in Figure 3f), the reflection coefficient yields R = 0.086, and for a5 =
0.03, R = 0.065. The decrease in amplitude of the reflected signal, which is more than an
order of magnitude, substantiates the potential application of the YIG/metal bilayers as an
efficient SW absorber. Moreover, . =~ 0.02-0.03 can already be met for a very thin metal
underlayer of ~1 nm for Pt or Au as calculated with Equation (3) (see inset in Figure 2c).
Additionally, the insertion of such a thin metal layer does not deteriorate the effective
magnetization significantly which further strongly supports the low reflection coefficients.

4. Summary

In conclusion, we investigated the structural and magnetic properties of YIG films
grown onto GGG substrates with thin metal layers. The insertion of nanometer-thick
platinum, iridium, or gold films at the YIG/GGG interface enables accurate tuning of
the effective magnetic damping through material selection and variation of the metal
underlayer thickness. Micromagnetic simulations based on parameters derived from
experiments show that YIG/Au or YIG/Pt bilayers can be used as effective SW absorbers
that can limit the reflection coefficient of SWs to R < 0.1. Applications of such absorbers
are envisioned in integrated magnonic circuits.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/ma15082814/s1, X-ray reflectometry results; Gi-XRD measurements
of YIG/Ir/GGG (111); AFM additional data; VNA-FMR basic data; VNA spectroscopy results for
YIG/Au/GGG (111); Derivation of spin-wave packet evolution in a dispersive medium; Calculation
of the effective damping parameter; Spin wave dispersion relations; Fourier transform of the magnetic
pulse and the spin-wave packet; Basic material properties of bulk Ir, Pt, Au, YIG and GGG [48,63-66];
Video S1: Total spin-wave packet reflection from the film edge; Video 52: Spin-wave packet absorption
by the damping unit.
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X-ray reflectometry results

YIG/ Pt/ GGG (111)

YIG / Pt/ GGG (001)

Log intensity (a.u.)

YIG/Au/ GGG (111)

YIG / GGG (111)
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The XRR measurements were performed using an additional vertical slit limiting incident
X-ray radiation to 1.5 mm across the metal wedge which corresponds to a change in metal
thickness by 0.75 nm. The determined thickness of YIG films ranges between 38.9 and 42.4
nm pointing to good stability of deposition conditions. The roughness of YIG layers grown on
metal spacers is increased to 1.0-1.5 nm in comparison to the roughness of the YIG layer grown
directly on the GGG substrate (0.7 nm). The determined critical angle of YIG films on top of
metal spacers ranges from 0.602° to 0.640°, in congruence with 0.618° for a YIG/GGG

reference measurement, and therefore suggests a consistent density of YIG layers.
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Gi-XRD measurements of YIG /Ir / GGG (111)
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Grazing incident X-ray diffraction for YIG / Ir / GGG (111) sample. The measurements
were taken for incident angles w; between 0.35-1.00° and show the polycrystalline structure of
both films. Dashed lines mark reflection positions for bulk YIG and Ir [42, 45]. Analyzing the
width of the highest intensity reflection (024) for YIG with the Scherrer formula, the estimated
crystallite size yields 16.9 + 2.7 nm as averaged from these four scans. The determined lattice

parameter of YIG is equal to 1.235 + 0.004 nm in agreement with the bulk value (1.2375 nm)
[42].
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AFM additional data
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Estimation of crack width based on AFM surface imaging indicating a maximal separation distance between parts of the YIG
film. Error bars denote the standard deviation of the mean represented by points. The statistics is based on 30 crack

measurements for each sample.
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VNA-FMR basic data
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Kittel relation and linewidth dependence on frequency for: (a) YIG/Pt/GGG (111), (b) YIG/PYGGG (001), (c) YIG/Ir/GGG
(111), and (d) YIG/Au/GGG (111) samples.
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(a) Kittel relation and (b) linewidth dependence on frequency for the epitaxial YIG grown on GGG substrate. The sample was
prepared directly in the pulsed laser deposition chamber and have not been in any contact with the magnetron plasma. From
the fittings we estimate the effective magnetization Mg =137.5 £ 0.1 kA/m, the Gilbert damping parameter a =(4.8 +

0.4)-107%, and the inhomogeneous linewidth broadening poAH, =0.41 + 0.05 mT.
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VNA spectroscopy results for YIG / Au/ GGG (111)
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VNA spectroscopy results measured with lithographically patterned antennas for (a-¢) YIG (40 nm)/ Au (3.5 nm)/ GGG (111),
and (d-f) YIG (40 nm) / Au (4 nm) / GGG (111). (a,d) Color-coded reflection parameter S22 showing the FMR absorption.
(b,e) Color-coded transmission parameter Si2 for the magnetic field aligned parallel to the antennas (¢ = 90°). (c,f) Color-
coded angular dependence of Si2 spectrum at poH = 25 mT. Inset depicts in-plane magnetic field orientation with respect to

the antenna geometry. In all figures, the real part of the scattering parameter Spq is plotted.
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Spin-wave packet evolution in a dispersive medium

The wavefunction can be calculated using the inverse Fourier transformation:
Y(x,t) o [O Pk)eltr—e®ngk, (S1)
where (k) is derived from
(k) o« [7 lx,t = 0)e~**dx, (S2)

and the pulse at time t = 0 with carrier wavenumber k. and the spatial width o, has a form:

(x—x9)?

Y(x,t=0)oce 9% eikex, (S3)

Here, we truncate the dispersion relation to the second-order term (k —k.)? in Taylor

expansion
(k) = w(ke) + (e = ko' e) +5 (k — k2o (ke), (S4)

and find that the integral in Eq. (S1) yields

x—xg-w' k)t z
P(x,t) o 1 e_(—oza(t) ) eidCxt). (S5)
J1+im”(kc)t/(2cr§)
B(x,0) = kex = w(ko)E + ;7 (x — 2o — 0 (kKD (S6)

20" (ke)t2+802

n 2
¥ (t) = af + (S 22e) . (S7)

The i@ component of the solution describes only wave oscillations. It is however worth

noting that w’' (k) # 0in Eq. S6 is responsible for an additional modulation of the oscillations.

By taking the absolute value [1)(x, t)| we can identify the signal envelope and better read

off the temporal evolution of the wave packet:

o 1 (x—xu—w’{kc)t)z
|1,[)(x, t)l [ed Ee 2 a(t) . (S8)

The exponent in Eq. (S8) shows that the wave packet travels at the group velocity w'(k.) and
it broadens in time. Concurrently, the amplitude /g, /a(t) of the signal decreases. As can be
inferred from o(t) (Eq. (S7)), both the pulse broadening and the amplitude drop result from

w" (k) # 0. Hence, it is important to extend the analysis to account for intrinsic magnetic

losses related to the choice of a spin-wave medium.
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By introducing a decay term e~ %etf@()t jnio Eq. (S1), where ¢ is the effective damping

parameter and repeating the calculations, we find:

x-xg—w' (ke)t

2
1
[p(x, t)] oc\/ Ix e—z%ffw(kc)te_?( a(t) ) . (S9)

Jo2 (D) +aepr o' (ko)t

Hence, we can calculate the decay length of propagating spin-wave packet by numerically

solving the following equation:

1_ Ix —tegr w(ke)T
. J = e o, (S10)

eff ' (k)T

with relaxation time 7 = L;/w'(k;). The decay length L, is defined here as the distance at

which the amplitude of the wave packet has been reduced by a factor of e.

Calculation of the effective damping parameter

The relation between the relaxation time T and the spectral width Aw can be found using

the Fourier transform of a damped oscillator:

Aw) = [ A()e it dt, (S11)

t
A(t) = e 7 e'®ot, (S12)

Calculating integral in Eq. S11, one obtains the real part of A(w) as a Lorentz function:

1

—— (S13)

RelA(@)] = O +—ao?

so that the relation between T and Aw is given by:
1 [ J——
= (S14)

Hence, the relaxation term in Eq. S12 can be written in terms of an effective damping parameter

Aeff
_t
e T = g eff® (S15)
by using
A
Hofr = 5 (S16)
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As can be seen from Eq. S16, the frequency-swept FMR experiment, in which Aw = 2rAf,
provides, therefore, direct information on relaxation process and can be used for evaluation of
the effective damping straightforwardly. However, in the field-swept ferromagnetic resonance,

the FWHM linewidth AH is described with the Heinrich formula:
2a
lu.oAH = ?(U +HOAHO5 (517)

where « is the intrinsic Gilbert damping parameter, and AH,, is the inhomogeneous linewidth

broadening. The required transition to the frequency domain can be well approximated with:
dw
Aw = P AH. (S18)
Combining equations S16-S18, the effective damping parameter now yields:

_ YioAHe) 1 dw
Aot = (a + Lot )WO =3 (S19)

An explicit form of Eq. S19 can be found calculating the derivative g—i from Kittel equations.

For an in-plane applied magnetic field Hp, for which

w = oy~ Hip(Hip + Meg), (S20)
and w = 27f, one obtains:
2
alfe=(a+ %) 1+ (”‘:T“;ff) , (S21)

which provides accurate numerical estimates for f > 1 GHz. For the out-of-plane applied field

HOP, when
w = poy(Hop — Megr), (S22)
one finds:
alf = a+1R (523)

Both equations S21 and S23 clearly show the relevance of AH, parameter on magnetization

relaxation.
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Spin wave dispersion relations

For the calculations presented in Fig. 3 (a-c) the following spin-wave dispersion relations

have been used [60, 61]:

+ surface spin-waves (SSW), film magnetized in-plane, ELJW :

2
(U(k) == y\/(ﬂoH + Dexkz)(‘uoH + Dexkz + luOMS) + (%#OMS) (1 - E_de), (824)

¢ backward volume spin-waves (BVSW), film magnetized in-plane, K || M:

—e—kd
(k) = y GtoHl + Dexk?) (sl + Dexk? + toMs =), (825)

+ forward volume spin-waves (FVSW), film magnetized out-of-plane, k| M:

_p—kd
w(k) = V\/(HOH + Dex‘k2 - “()Ms) (JuOH + Dexkz — HoM; - :d )s (S26)

where w = 2nf is the angular frequency, y is the gyromagnetic ratio, yy is the vacuum
permeability, k is the wavenumber, H is the bias magnetic field, My is the saturation

magnetization, D, is the exchange stiffness, d is the film thickness. Within Eq. S24-S26, the

2
group velocity w' (k) = (;—L: and the second derivative w'' (k) = 276: have been calculated.
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Fourier transform of the magnetic pulse and the spin-wave packet
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(a) Gaussian-enveloped sinusoidal magnetic pulse (z-component, h,) used for spin-wave packet excitation and (b) its Fourier

transform FT [h,]. (c) Propagating spin-wave packet (z-component, m,) and (d) its Fourier transform FT [m,].

Basic material properties of bulk Ir, Pt, Au, YIG and GGG

Material Atomic Melting point Thermal Tensile Plasticity
number (°C) expansion strength
coefficient (MPa)
(x107% K1)
Iridium 77 2450 6.4 500-1000 Brittle
Platinum 78 1770 8.8 117 Ductile
Gold 79 1060 14.2 138 Ductile
YIG - 1555 9.9-11.4 - Brittle
GGG - 1800 8.3-8.7 - Brittle

Data was taken from Ref. [48, 63-66].
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Selected frames from Video S1 and Video S2

Video S1: Total spin-wave packet reflection from the film edge Video S2: Spin-wave packet absorption by the damping unit
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Commentary to the publication Tuning of Magnetic Damping in Y3FesO12 /

Metal Bilayers for Spin-Wave Conduit Termination

Spin-wave (SW) packet propagation simulations, which are presented in
the article, were conducted assuming the thickness of the YIG film equal to
dyic = 10 nm. Simulations were additionally performed for dy;; = 50 nm and the
results are attached below considering the same magnetic parameters of YIG and
the same investigated geometry. At the external magnetic field of ygH = 10 mT
and dy;c =50 nm, minimal dispersion of SW packet during propagation is
observed at the frequency f = 3.0 GHz. For those conditions, the SW wavelength
is equal to A = 0.32 um and the SW packet spatial width was set to o, = 0.3 um.
It can be seen that for a ¢ = 0, the SW packet is fully reflected from the right edge
so that the reflection coefficient R = 1, and the SW packet broadening and the
associated amplitude loss are not observed over time (Fig. S1(a)). For an increasing
a.¢r parameter of the damping unit (considered as Y1G/metal bilayer), we find that
R decreases gradually (Fig. S1(c)). At a.s = 0.02 (also visualized in Fig. S1(b)),
the reflection coefficient yields R = 0.051, and for a.¢ = 0.03, R = 0.035. Note
that for 10-nm-thick YIG as presented in the article, the obtained reflection
coefficients are of the same order of magnitude: for a s = 0.02, R = 0.086; and
for a.s = 0.03, R = 0.065.

To conclude, the dispersionless propagation of the spin-wave packet can
be optimized for both 10- and 50-nm-thick Y1G. For both cases of YIG thickness,
the reflection coefficient R decreases in the same way as a.¢ of the damping unit
increases. Thus, the efficiency of the damping unit does not change when either
10- or 50-nm-thick YIG are considered.
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Fig. S1. Micromagnetic simulations of spin-wave packet propagation in 50-nm-thick YIG with
M, = 140 kA/m and Dg, = 5.3-10°Y T-m?2. In a and b, the time evolution of SW packet is shown
for a damping unit with a.s = 0 and ae¢ = 0.02, respectively. (c) Reflection coefficient as a
function of the effective damping parameter a.¢ in the damping unit. The inset illustrates the
simulation geometry. (d) Gaussian-enveloped sinusoidal magnetic pulse (z-component, h;) used

for spin-wave packet excitation and (e) its Fourier transform FT [h,]. (f) Propagating spin-wave
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5 Podsumowanie

W ramach rozprawy doktorskiej zbadano wlasciwosci strukturalne i
magnetyczne warstw granatu itrowo-zelazowego (Y3FesO12, YIG) o grubosciach
kilkudziesigciu nanometréw. Wykorzystujac metode ablacji laserowej, warstwy
YIG osadzano na podlozach monokrystalicznych (Gds:GasO1, Y3Als012),
amorficznych (SiOx) oraz polikrystalicznych warstwach metali (Ir, Pt, Au).
Glowny przedmiot zainteresowan stanowily badania dynamiki namagnesowania.
Pomiary szerokopasmowego rezonansu ferromagnetycznego umozliwily
okreslenie parametrow opisujacych ttumienie precesji namagnesowania — Kluczo-
wych wielkos$ci w kontekscie projektowania przysztych urzadzen, ktérych zasada

dziatania opiera si¢ o propagacje fal spinowych. W szczegolnosci wykazano, ze:

e W osadzanych na podlozu GdsGasOi1» epitaksjalnych warstwach YIG
koherentne fale spinowe propaguja na odlegtosci siegajace 150-ciu mikrometrow
dzieki niskiemu thumieniu precesji namagnesowania.

e W cienkich warstwach YIG zalezno$¢ dyspersyjna, jak rowniez predkos¢
grupowa fal spinowych, w istotnym stopniu zalezg od indukowanej wzrostem
anizotropii prostopadie;.

e Proces strukturyzowania warstw z wykorzystaniem techniki lift-off nie
wplywa na wlasnosci strukturalne 1 magnetyczne cienkich warstw YIG.

e Niejednorodno$¢ naprezen epitaksjalnych prowadzi do poszerzenia linii
rezonansowej.

e Odmienna warto$¢ wspotczynnika rozszerzalno$ci termicznej podtoza
prowadzi do szeregu defektow strukturalnych w warstwie YI1G, a przez to, do

wzrostu wartosci efektywnego parametru thumienia magnetyzacji.
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e Dwuwarstwy YIG/metal moga by¢ wykorzystane jako zakonczenie

falowodow magnonicznych o niskim wspoétczynniku odbicia.

Podsumowujac, podloze granatu gadolinowo-galowego wydaje si¢
pozostawa¢ jedynym, powszechnie dostepnym materiatem umozliwiajgcym
wytworzenie warstw YIG o wysokiej jako$ci krystalicznej oraz niskim ttumieniu
precesji namagnesowania. Zaproponowanie bufora pozwalajacego na potaczenie
warstw granatow z technologiami CMOS wymaga spelienia rygorystycznych
parametréw materialowych. Badania przedstawione w niniejszej rozprawie
wskazuja na dwie zasadnicze wielkosci: bliski rownosci  wspodtczynnik
rozszerzalno$ci termicznej warstwy i podloza oraz dopasowanie parametru

sieciowego na poziomie ponizej 3%.
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