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Bu raporda 2. alt1 aylik donemde yiiriitiilen bilimsel ¢aligsmalara ait ¢iktilar verilmistir.
Rapor son 6 ila aylik siirecte odaklanilan ii¢ ¢alisma ve bunlarin sonuglarina
odaklanmistir. Ilk olarak katkilandirilmis BiFeOs; filmlerinde kacak akim davranisini
inceleyen deneysel calismayr SrTiO; ince filmlerin yiiksek elektrik alanlar altinda
elektrokalorik 6zelliklerine yonelik hesaplamali diger bir ¢alismanin sonuglar1 verilmistir.
Uciincii ¢alismamiz ise diizlem boyunca paternlenmis bir BaTiO; filmin domen
yapilarinin benzetim yolu ile eldesine yonelik olmustur. Her ii¢ ¢alisma da makaleye
doniisen ¢aligmalar olup basilmis ve basilmakta olan ham halleri ek olarak sunulmustur.
Bunlarin yaninda onceki raporda heniiz hakem degerlendirmesinde olan ve gegtigimiz 6
ay icinde kabul edilip basilmis bir makale de ektedir.

1. Giris

Son dénemde ferroelektrik ve manyetik i¢ diizenlenme gdsteren malzemelere yonelik
biliyiik bir ilgi olusmustur. Burada temel olarak giidiillen amag¢ birbiriyle kristal latis
vasitasi ile esli elektriksel ve manyetik dipollerin konfigiirasyonlarni elektrik veya
manyetik alanlar sayesinde degistirmek ve bu yolla ¢oklu-islevsel malzemeleri 6zellikle
entegre devrelerde kullanabilmek olmustur. Bu sekilde “cok durumlu” dijital hafizalarin
gelistirilmesinin  miimkiin olabilecegi tezi ortaya atilmistir. Manyetoelektrik diye
adlandirilan bu malzemelerde manyetik dipoller ile elektrik dipoller arasinda latis
deformasyonlar1 araciligi ile bir eslesme s6z konusudur ve bu eslesmenin mekanizmasi
ilk defa kuramsal olarak Dzyaloshinkii ve Moriya tarafindan yaklasik 50 yil kadar 6nce
ortaya konmustur [1, 2]. Bu ¢aligmalar1 sonradan belirtilen tiirden malzeme sistemlerinin
kesfi takip etmistir. Genellikle perovskit oksit olan bu malzemeler helisel veya sprial
tiirden bir manyetik i¢ diizenlenmeye sahiptir ve manyetik atomlar arasindaki etkilesimin
anisotropisi latiste ¢ok hafif asimetrik atomsal yerdegistirmelere sebep olmaktadir [3-4].
Iyonik veya kovalen bagl atomlar arasinda ¢ok kiiciik de olsa belirtilen tiirden asimetrik
yer degistirmeler elektrik dipollerinin olugmasini saglamaktadir. Boylece manyetizmaya
bagl gelisen bir ferroelektrik davranis ortaya ¢ikmaktadir.

Manyetoelektrik ozellik gosteren birgok oksit malzeme i¢inde BiFeOs son onyil
icinde en cok ilgiyi goren sistemlerden biri olmustur [5-14]. Bunun nedeni BiFeO;
kristalinin, yukarida bahsedilen mekanizmanin yerine ilk olarak yaklasik 830°C civarinda
paraelektrik-ferroelektrik gecisini yapmasi ve sogutma esnasinda yaklasik 280°C



civarinda da Fe konumlarinda antiferromanyetik diizenlenmeye ugramasidir.
Ferroelektrik ve antiferromanyetik durum arasinda bir eslesme oldugu farkli ¢alismalarda
dile getirilmistir ve ¢ok islevli bilesen kullanimi olarak BiFeO; birgok arastirma
grubunun giindemine girmistir [5-14]. Ancak bu malzeme sisteminde hem toz halde hem
de ince film halinde iken kabul edilemez miktarlarda kagak akim problemi vardir [14-20].
Cok ideal sartlarda yiiriitiilmiis baz1 calismalarda BiFeO3’in manyetoelektrik ve faz gegisi
ozellikleri dile getirilmistir fakat uygulamaya yonelik iiretim ve film biiyilitme
proseslerinde bu tiirden ¢alismalarin fazla bir anlam1 olmadigi bilinmektedir. Dolayisi ile
BiFeO; sisteminde kacak akimin diigiiriilmesi bazi gruplarin {izerinde c¢alistig1 bir konu
haline gelmistir. Sabanci Universitesi'ndeki grubumuzun Romanya’nin Magurele
sehrindeki National Institute of Materials Physics yari-iletken arastirma grubu ile
ortaklaga yiiriittiigii ¢alismada BiFeOs; ince filmlerin kagak akim miktarmin Gd
katkilandirilmasi ile bir nebze kontrol edilebileceginin gosterildigi bir deneysel
caligmamiz bu raporun girdilerinden birini olusturmaktadir. Bu ¢aligmanin ¢iktilarinin bir
kismi1 2012 Nisan ay1 i¢inde makale olarak Applied Physics Letters dergisine gonderilmis
ve kisa slirede hakem degerlendirmesinde olumlu not almistir, bazi diizeltmelerin
ardindan basilmasi beklenmektedir.

Gegtigimiz rapor doneminde (1. rapor donemi) hakem degerlendirmesinde olan bir
hesaplamal1 ¢alismamiz 2012 Subat ayinda Journal of Applied Physics dergisinde basima
kabul edilmistir. Bu ¢aligmanin detaylar1 yine 6nceki rapor déoneminde verilmisti ve bu
rapor doneminde makalenin basilmis hali eke konmustur.

Kismi zamanli olarak danmismanligini yaptigim ve 2006 yilinda doktorami aldigim
grupta calisan Jialan Zhang isimli doktora 6grencisi ile kendisinin 2011 yazinda Sabanci
Universitesi’nde, Prof. G. A. Rosetti ve Prof. S. P. Alpay’m damsmanliginda yaptigi
calisma da Applied Physics Letters dergisinde basima kabul edilmistir. Bu caligma
SrTiO; ince filmlerin elektrokalorik etkisinin i¢gerilmelere bagliligini incelemektedir ve
makalenin ham hali raporun ekindedir. Jialan Zhang 2012 yazini da Tiibitak bursu ile
Sabanct  Universitesi’nde gegirecek, ferroelektrik-paraelektrik siiperlatislerde 1s1
kapasitesi ve elektrokalorik etkiyi i¢eren hesaplamali ¢aligmalarini devam ettirecektir.

Son olarak Moskova’daki Moscow Institute of Radioengineering, Electronics and
Automation’dan arastirma grubu ve Prof. Arkadi P. Levanyuk ile gerceklestirilen bir
benzetim c¢alismasindan da Ozetle bahsedilmistir. Bu c¢alisma “Diizlem boyunca
paternlenmis ferroelektrik bir filmde domen yapilar1” baglig altinda kisaca 6zetlenmistir.
Bu ¢alismada paternlenmis ferroelektrik filmin karmasik domen yapilar1 incelenmistir ve
bazi egilimler tespit edilmistir.

2. Yontem: Deneysel ve Hesaplamali Calismalar:
2.1. BiFeOj; Ince filmlerde ikincil element katkilandirmasinin elektriksel ozelliklere etkisi

Bu calismada ilk raporda detaylar1 verilen doner tabla metodu ile Nb-SrTiOs
iletken tek kristal altliklar {izerine biiyiitiillen Bi;xAxFeOs (A: Gd, Sm, La) filmlerin
yapisal ve elektriksel 6zellikleri karakterize edilmistir. Yapisal karakterizasyon deneyleri
X-1ginlart kinmmimi  (XRD) ile gerceklestirilmistir ve filmlerin altliklar {izerinde
epitaksiyele yakin sekilde biiyiidiikleri tespit edilmistir. Nb-SrTiOs altliklar filmlerin
elektriksel karakterizasyonu igin alt elektrotlar1 teskil etmistir, bu filmler Romanya’ya



yollanmis ve orada Pt iist elektrotlar kaplanmis ve paternlenmistir. Elektriksel
karakterizasyona uygun hale getirilen numuneler iizerinde kapasitans-voltaj (C-V),
kutuplagsma-voltaj (P-V) ve akim-voltaj (I-V) ol¢iimleri yapilmistir. P-V ve C-V
Olctimlerinde yliksek kacak akimin varligimin tespiti iizerine I-V Ol¢limleri iizerine
egilinmis ve sicakliga bagh I-V olgiimleri sayesinde limit proseslerin tespiti yoluna
gidilmistir. Bu ¢aligmanin detaylar1 Applied Physics Letters dergisine yollanan makalede
(Bkz. Ek) verilmis olup Sonuglar ve Tartisma kisminda da kisaca 6zetlenmistir.

Filmler i¢in hazirlanan (Metot i¢in Bkz. Rapor 1) ¢ozeltilerden ayn1 zamanda toz
numuneler de elde edilmistir. Halihazirda toz numunelerin XRD ¢iktilart ile DTA
analizleri yapilmistir. Burada amaglanan katkilandirmaya ve katki elementine bagl
olarak tozlarin yapilarindaki degisimlerin faz gecis sicakliklar1 ile kiyaslanmasi ve latis
yapisi-gecis sicakligi arasindaki iliskinin anlasilmasi olmustur. Gd ve La katkili BiFeO;
tozlar i¢in yapilan XRD oOlclimler, ve DTA analizleri Sonuglar ve Tartisma kisminda
Ozetlenmistir.

2.2. Diizlem boyunca paternlenmis ferroelektrik bir filmde domen yapilart

Bu calisma esasen Moscow Institute of Radioengineering, Electronics and
Automation’dan Prof. Mishina’nin grubunun dielektrik sabiti ayarlanabilir fotonik kristal
bliyiitme c¢aligmalarinin bir {iriinli olarak kooperatif olarak ortaya ¢ikmistir. Tarafimdan
yapilan sayisal benzetimlerde delikli paternlenmis ve MgO tek kristal altliklar iizerinde
biiyiitiilmiis BaTiOs ince filmlerin tek bir polarizasyon yonlenmesine sahip olamayacagi
ve filmlerin ¢cok karmasik domen yapilarina ayrisacagi ortaya konmustur. Bu sebep ile
diistintilen “ayarlanabilir dielektrik 6zellikler” hedefinin tutturulmasinin bir nevi gii¢ bir
hedef oldugu anlagilmistir. Benzetimlerde takip edilen metot ekte Journal of Applied
Physics makalesinde tanimlanan sayisal metot ile aynidir, sadece filmin geometrisi, altlik
tirii ve film icinde paternlenmis delikler de hesaba alinmistir. Caligilan geometri Sekil
I’de wverilmistir. Film kalinligi yaklastk 100 nm olup delik c¢aplart mikron
mertebesindedir.
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Sekil 1. Delikli paternlenmis, MgO {izerinde biiyiitiilmiis BaTiO; film.
2.3. SrTiO; ince filmlerde elektrokalorik etki

Bu calismada Landau-Ginzburg faz gecisleri teorisi kullanilarak SrTiO;
kristalinin farkli iggerilmeler ve sicakliklarda gostermesi beklenen elektrokalorik tepkisi
hesaplamal1 olarak incelenmistir. SrTiO; yaklasik -180°C’de yapisal bir faz gecisi, -



250°C civarinda da paraelektrik-ferroelektrik bir faz gegisine ugramaktadir ve bu faz
gecis sicakliklar i¢gerilmelere giiclii sekilde baglidir. Bu calismada takip edilen metot
asagidaki gibidir:

(001) atom diizlemleri (001) kiibik bir tek kristal altlik tizerine biiyiitiilmiis SrTiOs film
hesaba alimmistir. Film diizleminde iki yonde esit olan uyumsuzluk gerilmeleri u,, ve
disaridan uygulanan elektrik alan E;, varliginda filmin diizenlenme parametresine bagh
kisminin serbest enerjisi su sekilde yazilabilir [21]:
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Burada G paraelektrik kiibik fazin serbest enerjisi, P; kutuplagsma vektoriiniin bilesenleri,
qi TiOg oktahedrasinin doéniislerini karakterize eden parametre, ve C;; Voigt gésteriminde

sabit P; ve g; altinda elastic sabtilerdir. (1)’de renormalize edilmis a,ve g, b, ve by, ve
7 1se su sekildedir [21]:
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Bu iliskilerde sirasi ile a; ve ay, b; ve by, ve t; gerilimsiz ve tek domen halindeki
dielektrik sikilik sabitleri, yapisal diizenlenme parametersi, permitivite sabitleri, ve P; ile
g; arasindaki eslesme sabitleridir. Voigt gosteriminde g;; elektrostriktif sabitleri ve 4 ise
sekil degisimi ile ¢; arasindaki eslesme sabitleridir. (1) ve (2) numarali iligkiler
kullanilarak 0G /0P, =0ve 0G/0g, =0 durum denklemleri E£/=0 altinda elde edilmistir.

STO i¢in fenomenolojik degerler 21 numarali kaynaktan alinmigtir. Yapilan c¢alisma
sonunda tek domen epitaksiyel STO i¢in u, —7T faz diyagrami elde edilmistir (Bkz.
Pertsev’in caligmasi, Kaynak 21). Bu faz diyagraminda mimkiin olan fazlar ve
diizenlenme parametreleri su sekildedir: HT (High temperature phase/Yiiksek sicaklik
faz1): P1=P,=P3=0, q1=¢>=¢3=0; ST (Structural order only/Sadece yapisal diizenlenme):
P\=P,=P3=0, qi=¢>=0, ¢3#0; FTI (Ferroelectric tetragonal phase 1/Ferroelektrik
tetragonal faz 1): P,=P,=0, P3#0, q1=¢>=¢5=0; FTII (Ferroelectric tetragonal phase
2/Ferroelektrik tetragonal faz 2): Pi=P,=0, P3#0, ¢1=¢,=0, ¢5#0; FOI (Ferroelectric
orthorhombic phase/Ferroelektrik ortorombik faz): |Pi|=|P,| #0, P3s=0, ¢1=¢,=q3=0.
Sonrasinda adyabatik sinirda ferroelektrik faz icin AT olan sicaklik degisimi su sekilde
hesaplanabilir [22] (Detaylar i¢in Bkz. Ek):
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ve burada P°(T,E,,u,) denge kutuplasma, ile denge yapisal diizenlenme parametresi

¢ (T,E,,u,) durum denklemlerinden elde edilmistir. E, ve Ej elektrik alan araligmni
vermektedir ve AE =E~,1-Eb_ (3) numarali denklemde verilen hacimsel 06zgiil 1s1,
yani Cy(T,E,,u, ) latisten olan katkmin deneysel Slgiimlerinden alinmustir ve arka plan

latis 1s1 kapasitesi datasin1 da icermektedir. Bu bilgi de 23 numarali kaynaktan
edinilmistir ve hesaplara alinmistir. Yukarida tanimlar1 verilen fazlarin 1 ve 2 numaral
denklemler wvasitasi ile hesaplanmis kararlilik diyagrami Sekil 2’dedir. Burada
icgerilmelerin esasen film kalinligina bagl olarak degismekte oldugu diisiiniildiigiinde
Kaynak 24’te verilen “efektif i¢ gerilme” parametresi olarak da diisiiniilebilir.
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Sekil 2. (a) Diizlemle bask1 gerilmeleri igin ve (b) ¢ekme gerilmeleri i¢in hesaplanmig
sicaklik-i¢ gerilme faz kararlilik diyagrami. En yiiksek elektrokalorik etki HT-FT, yani
kiibik-polar faz gegislerinde gozlemlenmektedir.

3. Sonuglar ve Tartisma
3.1. BiFeOj; Ince filmlerde ikincil element katkilandirmasinin elektriksel ozelliklere etkisi

Bu calismada yogun bir deneysel gayretin varolmasi sonuglarin diger ¢alismalara gore
daha detayli sunumunu gerektirmistir. C-V egrileri verilen filmlerde baskin bir kagak
akim davranist oldugunun kesinlesmesi iizerine ayni filmler iizerinde akim-voltaj (I-V)
Olgtimleri gerceklestirilmistir. Bu dl¢limler ayrica sicakliga bagl olarak da yapilmistir.
Bunun sebebi ise kagak akim mekanizmasinin aktivasyon enerjisi hakkinda fikir
edinmektir. Nb-SrTiO; altlikla tizerinde biyiitiilmiis saf filmlerin temsili I-V dl¢limii
sonuglart Sekil 2°de verilmistir. Saf ve katkilandirilmis filmler {izerinde sicakliga bagl
olarak yapilan dl¢limlerin film i¢indeki kacak akim olusum mekanizmalarina 151k tutmasi
beklenmistir ve bu konuda literatiirde bilinmezlikler géze ¢arpmustir. Ornegin filmlerde
Schottky tiirii kacak akim ile uzay yiikii kontrollii akimlarin (Space charge limited
currents) aktivasyon enerjileri farklidir: Schottky tiiri kagcak akim mekanizmalar
sicaklikla iistel bir degisim gosterirken uzay yiikii kontrollii akimlarda sicakliga bagli cok
belirgin bir degisim olmamaktadir. Ikinci durumda kagak akim 6zellikle kalinliga baglh
hale gelmektedir. Safsizliklarin oldugu yalitkan kristallerde bir diger “iletkenlik”
mekanizmasi da Poole-Frenkel mekanizmasidir. Bu tiirden bir iletkenlik olusumunda
sicakliga giiclii sekilde baglilik yoktur ve iletkenlik daha ziyade uygulanan elektrik alan
ve yiik tastyicilarin safsizlik atomlarindaki “bos durumlar (empty states)”1 kullanarak
kristal icinde ilerlemesi ile ortaya c¢ikar. Gd katkili filmler iizerinde yapilan I-V
Olclimlerinin sonuglar ilerleyen kisimlarda verilmistir.
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Sekil 3. Nb-SrTiOs altliklar iizerine biiyiitiilmiis BiFeOs filmin oda sicakliginda 1-V
davranigi. Farkli D degerleri (6rnegin D1, D2 vb.) farkli kontak noktalarinda yapilmis
Olglimlere isaret etmektedir.

I-V o6l¢timlerinde 6zellikle Gd katkili filmlere ayr1 bir 6nem verilmistir. Bunun sebebi
ise Gd’un latis i¢inde ¢ozilindiigii andan itibaren 7/2 toplam spin sayisina sahip olmasidir
ki bu gayet biiylik bir atomik manyetik momente denk gelmektedir. Yani Gd iyonu
BiFeO; icinde manyetik bir iyondur ve spin-spin sagilmasinin kagak akima karsi bir
direng olusturabilecegi diisiiniilmiistiir. Eger latis i¢cinde La, Gd ve Sm gibi Bi iyonu ile
yakin boyutlara sahip atomlarin valans enerji seviyelerine ve elektron dizilimlerine
bakacak olursak:

La: [Xe] 5d' 65
Gd: [Xe] 4f’ 5d" 65
Sm: [Xe] 6s* 4f°

Gd iyonunun 7/2 spinine bagli manyetik momenti Hund kuralina gére ayr1 ayri paralel
sekilde yonlenen 4f bandi elektronlarindan gelmektedir. Bilindigi lizere, kristaller i¢inde
iletkenligi zorlastiran etkenlerden en iyi bilinenleri latisteki deformasyonlar, yapisal
hatalar, yiiklii iyonlar, rasgele atom dizilimi ve manyetik safsizliklar olarak siralanabilir.
Yukarida Gd i¢in olan manyetik momentin kacak akima belirli bir engel olusturacagi
diisiiniilmiistiir ancak oda sicaklig1 dl¢limlerinden net bir kanit elde edilememistir. Bunun
iizerine Gd elementinin sicaklifa bagli I-V dlgiimleri yapilmistir. Yine oOzellikle Gd
tizerinde durulmasinin sebebi bu iyonun manyetik yapisinin kagak akima bir etkisi olup
olmadiginin anlasilmasi olmustur. Bu Olgiimleri La ve Sm katkili filmler iizerindeki
Ol¢timlerin takip etmesi planlanmaktadir. Bu katki elementlerinin kagak akimi diistirdiigii
iizerine raporlarla karsilasiimistir.



I-V olgiimlerinde sicakliga bagli davramig genellikle farkli aktivasyon enerjilerinin
belirlenmesine yonelik kullanish veriler saglar. Ugiincii alt1 ayda bu yénde girisimler
yapilmistir ve katkilandirmanin elektrot-film arayilizeyindeki “bariyer” yiiksekligini
bulmak ana motivasyon olmustur. Sicakliga bagh I-V Ol¢timleri Gd katkili filmlerden
once saf BiFeOs filmleri i¢in yapilmistir. Saf BiFeO; i¢in sicaklipa bagh yapilmis I-V
Olctimlerine giizel bir 6rnek Sekil 4’tedir.
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Sekil 4. Saf BiFeOs filmi iizerinde yapilan sicakliga bagl I-V dl¢timleri. Her iki voltaj
polaritesinde de 330K’den 180K’ e inildiginde kacak akimda yaklasik 10 kat azalma
gozlemlenmistir. Pozitif polaritede kagak akim miktar1 negatife gore daha ytiksektir.

Saf BiFeO; filmleri i¢in olgiilen kacak akim miktarlart olduk¢a yliksektir. Ferroelektrik
dipollerin kutuplagmasinin o6lgiilebilmesi i¢in kacak akima bagli yiik miktarinin dipol
kutuplasmasina bagh yiikk yogunlugundan ¢ok daha az olmasi beklenir. Bunun da
otesinde kacak akimin yliksek olmasi film i¢inde veya araylizeylerde etkili bir iletkenlik
mekanizmasinin varligina isaret etmektedir. Pozitif voltaj polaritesinde akimin ¢ok daha
yiiksek olmasi bir diyot (diode) davranisi gibi goziikse de eldeki aktivasyon enerjisi
verileri Schottky tiirii bir iletkenlige uymamaktadir. Bu konu halen iizerinde ¢alisilan bir
noktadir.



%5 ve %10 Gd katkili BiFeOs filmlerin I-V 6l¢iim sonuglart asagida (Sekil 5-6)
verilmistir.
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Sekil 5. %5 Gd katkili BiFeOs film igin sicakliga bagl I-V egrileri. Olgiimler 160K ile
330K arasinda yapilmistir.

Sekil 4 ile 5 kiyaslandiginda Gd katkili BiFeO; filmin kagak akim miktarinin, 6zellikle
diistik sicakliklarda, belirgin sekilde azaldig1 goriilmektedir. Fakat Gd katkili filmlerde de
negatif ve pozitif polarite iletkenliginde bir asimetri géze carpmaktadir ki bunun yine {ist-
alt elektrot asimetrisinden kaynaklandig: yiliksek ihtimaldir. Gd katkisinin artirtlmasi ile
[-V davranisinda sicakliga bagli muhtemel degisimi gormek icin yapilan %10 Gd katkili
filmin sonuclar1 Sekil 5’tedir.
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Sekil 6. %10 Gd katkili BiFeOs filmin sicakliga bagli I-V davranisi.

%10 Gd katkili1 BiFeOs; filminde %35’e gore cok belirgin bir kacak akim azalmasi tespit
edilmemistir, bunun icin yeni dlgiimler ile bu egilimin teyit edilmesi gerekmektedir. Saf
ve katkili filmlerin pozitif ve negatif polaritelerdeki sicakliga bagli akim degerlerinden
muhtemel iletkenlik mekanizmasinin aktivasyon enerjisi i¢in hesaplamalar raporun teslim
etme tarihinden kisa siire i¢inde baslamistir. Bunun yaninda arastirmalarimiz sirasinda
bulunan bir makalede Nb-SrTiO; altliklar iizerine biiyiitiilmiis ve Pt iiste elektrodu ile
temaslanmis saf BiFeO; filmlerin proses esnasinda Bi kaybina ugradigir (Bi ugucu bir
elementtir) ve buna bagli olarak da bir nevi diyot gibi davranabilecegi rapor edilmistir
[14-20]. Bu yayinlardaki bulgulara gore BiFeO; Bi kaybini takiben p-tipi bir genis-bant
yariiletken gibi davranmaktadir. Benzer bir calismayr farkli Gd katkilandirmasi
oranlarinda grubumuz da yiirlitmiis ve sonucunda Applied Physics Letters dergisine
yollanan bir makale ¢cikmistir (Bkz Ek). Makale olumlu tepki gormiistiir ve istenen
diizeltmeler yapildiktan sonra yeniden degerlendirmeye yollanmistir.
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3.2. Diizlem boyunca paternlenmis ferroelektrik bir filmde domen yapilart

Ferroelektrik ve manyetik yapilarda Maxwell denklemlerinin saglanmasi onemli
noktalardan birini teskil etmektedir ve malzemenin makroskopik davranigini belirleyici
olmaktadir. Bu ¢alismada esas olarak ortaya konan sonu¢ paternlenmis bir ferroelektrik
kristalin son derece karmasik ancak kararli bir elektriksel domen yapisina erisecegi ve
ferroelektrik dipollerin film diizlemi boyunca peryodik olarak agilmis deliklere paralel bir
konfigiirasyona gitmek isteyecegidir. Kutuplagsmay1 bastirici alanin siddeti nedeni ile
benzetimlerde elde edilen dipol konfigiirasyonlarinin disaridan uygulanan bir elektrik
alan vasitasi ile bozulmasi ¢ok zor goziikmektedir. Caligma bu agidan paternlenmis
ferroelektrik kristallerin muhtemel fotonik kristal uygulamalarinda son derece “tahmin
edilemeyen veya kontrol edilemeyen” Ozelliklere sahip olacagina dair bir gayret olarak
kalmistir. Bu caligma fiziksel ag¢idan domen yapilarinin nasil karmasik sekillerde
olabilecegini ve paternlenmis delik sayisi ile film boyutlarina nasil kuvvetle bagh
oldugunu gostermistir. Bu calismanin detaylar1 Physics of the Solid State dergisine
yollanmis makalemizde anlatilmistir (Bkz. Ek).

3.3. SrTiOs ince filmlerde elektrokalorik etki

Bu calismada 6zet olarak SrTiO; ince filmlerin uyumsuzluk gerilmeleri altinda
sicakliga ve wuygulanan elektrik alanin siddetine gore elektrokalorik tepkileri
hesaplanmistir. Detaylar1 onceki kisimda verilen bir Landau-Ginzburg-Devonshire
potansiyelinden elde edilen durum denklemleri sicakliga, uyumsuzluk gerilmelerine ve
farkli kristal oryantasyonlarinda uygulanan elektrik alan degerlerine bagli olarak
cozlimlenmistir. Film diizlemi boyunca baski iggerilmelerinin valiginda elektrokalorik
etkinin sandvi¢ kapasitdr geometrisinde metal-dielektrik-metal bir sistemde Sekil xx’de
haritada belirtilen HT-FTII faz gegisi civarinda en yiiksek degere ulastig1 tespit edilmistir.
Yaklasik 1000 kV/cm elektrik alan degerlerinde 5K kadar sicaklik degisimlerinin
olusabilecegi hesaplanmistir. Diizlem boyunca ¢cekme gerilmelerine sahip filmlerde de
parmak elektrot geometrisi altinda HT-FOI gecisi civarinda, yani kiibik fazdan polar
ortorombik faza gegiste yiiksek elektrokalorik etki edle edilebilecegi ongoriilmiistiir.
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Abstract

Pure and doped Bi;.xAxFeO; (A: La, Sm, Gd) powders have been prepared following a
metalorganic precursor method at various dopant concentrations. Dopants with smaller
ionic radii that go to A-sites in the perovskite structure of BiFeO3; have a dramatic impact
on the phase transition temperatures determined by differential thermal analysis. There is
a direct correlation between the ionic radius and the extent of reduction in the transition
temperature for a given dopant concentration. While our Scanning Electron Microscope
observations indicate that the dopants with smaller radius than Bi (Sm and Gd) inhibit
grain growth even at small concentrations (<5%), the grain size for all doped powders is
still well above the limits where apparent size effect in powders are reported by prior
works for similar systems. Thus we rule out the size effect in doped BiFeOs powders as
the driving force behind the reduction in the phase transition temperatures. The room
temperature X-ray diffraction patterns indicate a shift of the rhombohedral BiFeOs lattice
towards a cubic state with slight peak broadening for samples doped with Sm and Gd
while this effect is minimal in powders doped with La, concurrent with the thermal
analysis results. We explain the dramatic reduction in the transition temperatures of
doped BiFeO; with local lattice strains around unitcells containing dopants that create
gradients in polarization. It is quantiatively well understood that polarization gradients
are the source of depolarizing fields, which can drastically suppress the paraelectric-
ferroelectric transition temperature even in grains much above the reported critical sizes.
We conclude that even small concentrations of dopants in BiFeOs; can apparently
suppress ferroelectricity through the long-range Coulomb interactions especially when
the dopant ionic radius is less than that of Bi, capable of creating local lattice strains.
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4. Gelecek Donemde Planlanan AKktiviteler

Aralik 2011-Mayis 2012 donemi iginde bir adet Tiibitak 1001 projesi ve bir adet
de Tiirkiye-Romanya ikili isbirligi projesi sunulmustur. Bunun yaninda kollaborasyon
yaptigim Profesdr Arkadi P. Levanyuk’un Sabanci Universitesi’nde yaklasik 2 aylik
bir aragtirma kalis1 i¢in Tiibitak 2221 Konuk Bilim Insan1 destekleme programina
bagvurulmustur ve bu basvuru basar1 ile sonuclanmistir. Oniimiizdeki dénemde
bilimsel aktivitelerin bir kisminin, kabul edilmesi halinde, bahsedilen projelerin
icerigine yonelik olmasi beklenmektedir. Bunun yaninda heniiz baglamis olan ve
asagida belirtilen aktiviteler de devam edecektir. Bu aktiviteler sunlardir:

- Katkilandirilmis ve sol-jel metodu ile sentezlenmis BiFeO; tozlarinin faz gegisi
sicakliklarinin katkilandirma tiiriine ve miktarina gore tespiti ve degisimlere sebep
olan mekanizmalarin anlasilmasi. Bu konuda eldeki veriler yadimi ile bir adet
makalenin yazimina baslanmistir (Ozet igin Bkz. Ek).

- Katkilandirilmis BiFeO; taneciklerinde katki elementi dagiliminin gegirimli
elektron mikroskobu (TEM) yardimi ile incelenmesi (Max Planck Institute of
Microstructure Physics Halle’de Prof. Dietrich Hesse’nin grubu ile kollaborasyon
icinde gerceklestirilmesi dngoriilmiistiir).

- Cok ince ferroelektrik filmlerde dinamik uzay yliklerinin histerisiz egrileri ve
dielektrik sabiti tizerindeki etkilerinin hesaplamali olarak incelenmesi.

- Cok katmanli ferroelektrik-dielektrik yapilarda dielektrik sabitinin tabaka sayisina
bagli olarak davraniginin hesaplamali olarak incelenmesi.

- KNbO; filmlerinin yapisal ve elektriksel 6zelliklerini incelemeyi konu alan bir
adet Tiibitak 1001 projesi gonderilmistir (Mart 2012). Bu projenin kabul edilmesi
halinde bu yonde aktivitelerin baglamasi1 beklenmektedir.

- Prof. Arkadi P. Levanyuk’un Sabanci Universitesi’nde 2 ay siire ile kalig1 icin
Tiibitak’tan 2221 Konuk Bilim Insanm1 Agirlama Programi’ndan destek almmistir
ve bu kalis sirasinda ferroelektrik-paraelektrik stiperlatislerin diigiik sicaklik
domen yapilar1 ve faz gecisi anomalileri {izerine ¢aligmalar 6ngoriilmektedir.
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Potential barrier engineering via Gd doping of BiFeOs layersin Nb:SrTiOs-
BiFeOs-Pt structures displaying diode-like behavior
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Abstract
The rectifying properties of Nb:SrTi03-Bi; xGdxFeO;-Pt structures (x=0, 0.05, 0.1) displaying diode-
like behavior were investigated via current-voltage characteristics at different temperatures. The
potential barrier was estimated for negative polarity assuming a Schottky-like thermionic emission with
injection controlled by the interface and the drift controlled by the bulk. The height of the potential
barrier at the Nb:SrTi03-B1,<GdyFeO; interface increases with Gd doping. The results are explained by
the partial compensation of the p-type conduction due to Bi vacancies with Gd doping in addition to the

shift of the Fermi level towards the middle of the bandgap with increasing dopant concentration.



Owing to its multiferroic behavior at room temperature (RT), BiFeO; (BFO) has attracted a
considerable interest for application in microelectronics, especially for non-volatile memories with
electric writing and magnetic reading or utilization of multiple memory states resulting from different
orientation of polarization and magnetization in the crystal lattice. '™ It has also been considered as a
candidate to replace lead-based piezoelectric ceramics. ~'° Despite all these attractive functionalities,
one major problem hindering the applications based on BFO thin films is the presence of high leakage
currents that screen the applied field in addition to obscuring the current peaks associated with
polarization reversal in this system. '''* Among the methods to reduce leakage was doping with iso- or
heterovalent atoms replacing Bi or Fe in the BFO lattice, such as La, Nb, Ca, Mn, Cr, Gd or alloying
with other perovskites. '>! Particularly Gd is of interest due to the fact that, owing to its high valence
spin state, it may induce some ferromagnetic activity which is more attractive for applications
compared to the antiferromagnetic order specific for pure BFO. Reduction in leakage was reported for
Gd doped BFO films deposited by metal organic decomposition on platinized Si wafers.”> On the other
hand it was demonstrated that the leakage current in epitaxial BFO layers deposited by pulsed laser
deposition (PLD) on single crystal SrTiOs substrates with StTRuO; electrodes can be manipulated by via
control of the orientation of the BFO layer. > BFO deposited directly on Nb doped conducting SrTiOs
single crystal substrates (Nb:SrTiOs, or shortly STON) with Pt top electrode also leads to a structure
with diode-like behavior. ** Despite the very recent interest in such structures, to our knowledge, there
are no studies reporting neither on the height of the potential barrier at the STON-BFO interface nor the
dopant dependence of the potential barrier and whether this barrier could be engineered by doping the
BFO layer.

In the present study we report on control of the barrier height by Gd doping of the BFO layer in
a Nb:SrTiOs3-Bi(1xGdFeOs-Pt  (STON-BFGO-Pt) structure with [001] direction of STON
perpendicular to the plane (x=0, 0.05, 0.1). The BFGO layer was prepared by sol-gel deposition on

(001) STON substrates having 0.7 % Nb doping. X-ray diffraction analysis showed that the layer grows
2



quasi-epitaxially on the single crystal substrate at a thickness of around 100 nm with the (001) and
(002) film peaks appearing right on the left side of (001) and (002) STON peaks respectively with other
bulk BFO peaks being absent. The top Pt contacts of 0.1x0.1 mm® were deposited by magnetron RF-
sputtering through a shadow mask. The electric measurements were performed at different
temperatures by inserting the samples in a cryogenic probe station from LakeShore (model CPX-VF).
The capacitance of the samples were measured with a Hioki LRC bridge, the leakage current with a
Keithely 6517 electrometer and the hysteresis loop with a TF2000 ferroelectric tester from AixAcct.

Polarization-applied field measurements showed that the hysteresis loops both in pure and
doped BFO were severely distorted by the leakage current even at temperatures lower than RT. The
ferroelectric behavior of the BFO layers could be confirmed only by capacitance-voltage (C-V)
characteristics as shown in Figure 1. The C-V characteristic in Figure 1 presents the butterfly shape
specific for ferroelectrics. The shift between the sweep-up and sweep-down characteristics is small,
suggesting a small coercive field. Moreover, the fact that the switching takes place only in one polarity
indicates the presence of a considerable internal electric field, probably due to highly asymmetric
charge accumulations at each interface, *° similar to the one reported recently for StRuOs-Pb(Zr,Ti)O;-
Ta Schottky like diodes.”® Following the C-V measurements, we focused on the current-voltage (I-V)
characteristics with the aim to obtain information about the dominant conduction mechanism and to
evaluate the potential barrier(s) in the STOM-BFGO-Pt structure. The RT I-V characteristics are
presented in the Figure 2 for pure and doped BFO (5 and 10%).

The heavy asymmetry in the RT I-V curve in Figure 2 shows that the STON-BFO-Pt structure
has a diode like behavior, being forward biased for positive voltages applied on the top Pt contact and
reverse biased for negative voltages applied on Pt. Apparently the current magnitude does not vary
much with the Gd doping. The rectification ratio is not very large for this case, being around 40 at +/- 1
V. In order to gain further insight, the I-V characteristics at different temperatures were performed on

pure and doped BFO layers. The results are given in Figure 3.
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From Figure 3, it is clear that, for the negative polarity there is a great temperature dependence
of the leakage current, of about 2 orders of magnitude or more at a voltage of -1 V. On the positive
polarity side, the temperature dependence is more evident at low voltages, below 0.6 V. At higher
voltages the temperature dependence diminishes, and the steps occurring in the I-V characteristics at
certain voltages support the hypothesis that the leakage current for forward bias at high voltages is
dominated by space charge limited currents (SCLC) possibly with an exponential distribution of
traps.”” In the following paragraphs, only the negative part of the I-V characteristics will be analyzed in
detail in order to extract information regarding the dominant conduction mechanism for reverse bias.
The rectifying behavior of the STON-BFO-Pt structure suggests that thermionic emission over a
potential barrier may be responsible for the leakage current in reverse bias. The question is the
following: Is the potential barrier located at the STON-BFO interface or at the BFO-Pt interface? It
could be that potential barriers exist at both interfaces but one of them is more permeable to charge
injection than the other, thus leading to the diode-like I-V behavior. Another unknown is the
conduction type of BFO in bulk of the film. Previous reports suggest p-type conduction due to Bi
losses during PLD deposition or during crystallization annealing in the case of sol-gel deposited films.
2428 Work of Guo et. al. on a similar pseudocubic perovksite (LiNbOs) shows that LINbO; exhibits a p-
type conductivity due to Li losses during fabrication. ** Therefore, assuming that the BFO films in the
present study are also p-type, the reverse bias occurs when the negative voltage is applied on the top Pt
electrode, meaning positive polarity on the bottom single crystal STON substrate. Therefore, it can be
concluded that the reverse biased Schottky contact is located at the bottom STON-BFO interface while
the top BFO-Pt interface behaves as a quasi-ohmic contact.

With the above proposition in mind, the temperature dependence of the negative part of the [-V
characteristics in Figure 3 was analyzed considering a conduction mechanism in which the injection of

charge is controlled by the potential barrier existing at the STON-BFO interface while the drift



throughout the ferroelectric film is controlled by the bulk. The Schottky-Simmons equation was used

2mn kT’ E
J=2gl " ex _ 49 Do — _9En 1
C]( 2 ] MHE 1{ kT[ B 47[80801, (D)

q 1is the electron charge, / is the Planck’s constant, my is the effective mass, k£ is the Boltzmann’s

30,

constant, u is the mobility of electrons in the conduction band of BFO, E is the electric field in the bulk
of BFO, T is the temperature, d)BO is the potential barrier at zero bias, E,, is the maximum field at the

interface if a Schottky-like contact is present (with a depletion region having a voltage dependent

width), g, is the vacuum permittivity and &,, is the dielectric constant at optical frequencies. E,, is

given by *:

2

2N,V +V,,
E, = q eﬁ( bz) + P
gogst gogst
Here Ny i1s the effective density of charge in the depleted region of the Schottky type contact, P is the
ferroelectric polarization, Vp; is the built-in potential (including the contribution of ferroelectric

polarization), and ¢ is the static dielectric constant. Depending on the term dominating the value of E,,

the current density J from Eqn. 1 will be a function of either the square root or "4th power of applied

voltage. If the polarization term is dominant (\/ZqN oV V) €€, <<Plgs,,) then logJ o V'

and the potential barrier at zero volt ®g’ is drastically reduced by the ferroelectric polarization. If the
polarization term is negligible in Eqn. 2 then log.J o V'*. It must be noted that Eqn. 2 applies if the

ferroelectric film is only partially depleted in the voltage range employed for electrical measurements.
Referring to the samples studied in this work, it is clear that pure and doped BFO layers are partially
depleted in the voltage range used for C-V measurements (See Figure 1) as the capacitance varies
continuously with the applied voltage. In the case of a fully depleted film the capacitance should

converge towards a constant value with increasing the voltage, which is definitely not the case.
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Moreover, considering the difficulty to record a polarization hysteresis and small voltage difference
between the maxima of the sweep-up and sweep-down curves in C-V measurements, it can be assumed
that remnant polarization is small in the BFO layer and that the P term in Eqn. 2 is negligible. Another

contribution comes from the possibly large value of &, in our films which is often reported to be large

in sol-gel films due to texturing and N,y is also usually larger than in epitaxial films. Therefore, it is
reasonable to consider the case logJ~V1/ *. The data were analyzed in the following way: 1) the
log(J/T*”%) was plotted as a function of 1000/T (Arrhenius plot) for a certain applied voltage, and from
the slope the potential barrier at the relevant bias voltage was estimated (including the Schottky effect);
the potential barriers at several applied voltages were then plotted as a function of V" and the potential
barrier at zero volt was estimated from the intercept at the origin. Here, the better is the linear fit the
more accurate is the estimate of ®g’. However, an error up to 0.1 eV is possible while applying this
method. The V'* dependence of the potential barrier is presented in Figure 4 for the BFO samples with
different Gd content.

The intercept at the origin yields the following values for the potential barrier at zero volt: 0.32
eV at zero doping; 0.45 eV for 5 % Gd doping; 0.60 eV for 10 % Gd doping. The results show that the
height of the potential barrier increases with increasing the Gd content in the BFO film. This is a very
interesting result which can be explained assuming a compensation mechanism of the holes, introduced
by the presence of Bi vacancies, by the electrons introduced via Gd doping. In the undoped BFO films
the conduction is predominantly p-type, the Fermi level is closer to the valance band, thus the potential
barrier for holes is not very high. The Gd doping can compensate the p-type conduction, thus the Fermi
level moves towards the middle of the forbidden band leading to an increase of the potential barrier for
holes. However, despite the significant increase of the potential barrier, the magnitude of the leakage
current on the negative side of the I-V characteristics does not vary significantly with the Gd doping.
Referring to the equation (1) it can be seen that a quantity which may impact significantly the apparent

potential barrier and the carrier injection into the ferroelectric layer is the maximum field at the
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interface E,,. There are several quantities which can vary with the Gd content, such as N, P, V3 and
ey Therefore, it is hard to decide which of these quantities is contributing the most to the partial
compensation of the increased barrier height.

Some useful information can be extracted from the C-V characteristics, assuming that the BFO
film behaves as a wide gap semiconductor. The 1/C*-V representation can be used to extract
information about the density of the free carriers. Figure 5 shows the above representation for the case
of pure BFO film. Similar results were obtained for the films doped with 5 % and 10 % Gd. In Figure 5
one has to notice that the intercept at origin on the voltage axis, giving the built in potential V3, is not
the same for sweep up and sweep down. This fact is a finger print for the presence of the ferroelectric
polarization, which is changing the band-bending at the interface depending on the sign of the
polarization charge.’' The slope of the 1/C*~V dependence was used to estimate the density of the free
carriers n, and the intercept was used to extract the built-in potential V},;. The results are presented in
the Table 1. It can be seen that the density of the free carriers is slightly decreasing with increasing Gd
doping, supporting the hypothesis of the compensation of the p-type conduction by introducing
electrons from the doping. However, it has to be underlined that N,y is not the same with n, as Ngy
accounts for the density of the fixed charge, namely ionized impurities, in the depletion region of the
Schottky contact. N can be larger than n because of the trapped charges in the depleted region. The
difference in n for sweep up and sweep down can give an estimate for 2P, considering that this is the
charge compensating the polarization. The obtained value for 2P is between 6 and 11 pCl/em?,
confirming that the “measurable” polarization is very low because of the screening produced by the
high density of free carriers.

In conclusion it was shown that the potential barrier at the STON-BFO interface can be
engineered by Gd doping. The height of the potential barrier and the built-in bias increases with Gd
doping. While the concentration of the free carriers in the BFO layer decreases, the leakage current

remains still too large to record a hysteresis loop. This is because the reduction of the barrier height and
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the increase of the built-in potential have opposite effects on the current density according to the
equations (1) and (2). Further studies are needed to fully elucidate the origin of the high conductivity in
pure BFO films. Only in this way the compensation mechanism by doping can be effective in the

reduction of the leakage current.
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Table and Figure Captions

Table 1. The estimated values for the density of free carriers n and for the built-in potential Vy; for
different values of the Gd doping. The estimates were performed considering a thickness of about 200
nm for the BFO films and a value of 800 for the static dielectric constant. The last value is based on the
fact that the capacitance value at -1 V is about the same for all samples.

Figure 1. C-V characteristic at RT for single phase BFO layer. Measurement performed at 100 kHz
with an amplitude of 0.1 V for the a.c. signal.

Figure 2. I-V characteristics at RT for different Gd doping of the BFO layer.

Figure 3. I-V characteristics at different temperatures for BFO films with no Gd doping (a), with 5 %
Gd doping (b) and with 10 % Gd doping (c).

Figure 4. The voltage dependence of the potential barrier in the case of BFO films with different Gd
doping, on STON substrates. The confidence factor for the linear fit is in all cases higher than 0.99.

Figure5. The 1/C? vs. voltage representation for the pure BFO film.

Table 1.
Gd doping 0% 5% 10 %

n(em>) | Vi (V) n(cm>) | Vi (V) n(cm>) | Vi (V)
Sweep up 1.44x10"” | 0.26 1.43x10° | 0.4 1.13x10"” | 0.46
Sweep down 1.23x10° | 0.06 1.08x10” | 0.015 8.9x10" |0.026
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Abstract

The electrocaloric (EC) response of strontium titanate thin films is computed as a function of
misfit strain, temperature, electric field strength, and electrode configuration using a nonlinear
thermodynamic theory. For films in a capacitor configuration on compressive substrates, the
transition between paraelectric and strain-induced ferroelectric tetragonal phases produces a
large adiabatic temperature change, AT = 5K, at room temperature for electric field changes AE
=1200 kV/cm. For films on tensile substrates, the transition between the paraelectric and strain-
induced ferroelectric orthorhombic phases can also be accessed using inter-digitated electrodes

(IDEs). The maximum EC response occurs for IDEs with a [110] orientation.
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The pyroelectric and electrocaloric (EC) effects in polar dielectric solids result from the
coupling between the electrical and thermal properties. In the EC effect, an adiabatic change in
temperature (AT) is produced in response to a change in the applied electric field (AE)."” Recent
research shows that several thin film ferroelectric (FE) systems [including Pb(Zr,T1)Os (PZT),**
PbMg,/3Nby303 — PbTiO; (PMN-PT),*® co-polymers,” and SrBi,Ta,0,'"] may yield very large
adiabatic temperature changes (AT >10 K), one to two orders of magnitude greater than in
monolithic FEs."" Thermodynamic models combining the Maxwell relations and the Landau

12-15

theory of phase transformations, molecular dynamics,'® phase-field approaches,'” Monte

Carlo simulations,18

and first-principles calculations " have all been used to understand the
origins of the EC effect in different types of FE materials and to model their EC properties under
different choices of electrical, thermal and mechanical boundary conditions.

One interesting class of materials with EC properties that have so far not been explored is

incipient FEs such as SrTiO; (STO). STO undergoes a ferroelastic phase transition from the

prototypical cubic perovskite [Pm3 m] to a tetragonal [[4/mcm] structure at 105 K due to the
rotations of TiOg octahedra about the pseudo-cube axes. Although STO crystals or
polycrystalline ceramics remain paraelectric down to 0 K, the FE phase can be induced by
uniaxial stress,”’ an external electrical field,”' or by doping.”” A thermodynamic analysis by
Pertsev et al. 2** has shown that it is possible to induce a variety of different FE phases in
epitaxial thin films of STO that are not stable in monolithic single-crystal or polycrystalline
forms. Following this work, ferroelectricity at room temperature (RT = 300 K) in epitaxial (001)
STO thin films was observed experimentally by carefully adjusting the equi-biaxial in-plane
misfit strain. >> One of the important features of the Pertsev phase diagram is that it shows that

the misfit strain can be used to access two or three different FE phases depending on the
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temperature (between ~150 K < T <~350 K). By adjusting the sign and magnitude of the misfit
strain, it was predicted that FE states with out-of-plane or in-plane spontaneous polarizations
(along [001] and [100]/[010] of the STO film, respectively) can be generated.zz'23 Because the
derivative of the FE polarization with respect to temperature typically shows a sharp maximum
near a paraelectric to FE phase transitions, an enhancement in the EC response can be expected.
Here we show that the RT adiabatic temperature change AT of epitaxial (001) STO films can be
controlled by the misfit strain and by varying the thermal and electrical boundary conditions.
Depending on the electrode configuration [uniform metal-insulator-metal (MIM) or inter-
digitated electrodes (IDE)] and on the field strength, the results demonstrate that a RT AT of 1 —
5 K can be achieved in STO films on both tensile and compressive substrates.

We consider here a (001) monodomain epitaxial STO film on a thick (001) cubic
substrate. Taking into account the equi-biaxial in-plane misfit strain Uy and an applied electrical

field E;, the free energy density of the film by can be expressed as: >

G(P,q.u,,E,T)=G,+&a (P’ +P})+a,P’+3,(P*+P})+3a,P' +3,P’P;
+3,(P7 + PP} +b (g +a3)+b,a; +b, (' +a7)
+b,0f +b,a7a} +b, (a7 +a))al - §,(R’a’ + Pya)) 0
-t,Pla 1, (R’a; + Plg)) -t (R + P)a;
-t,P (o +9;)-t,,PP,a,0, - T, (RRqq, + P,Rq,0q,)
+(C, +C,, —2C2 /C,)u’, —E,P —E,P, - E,P,

where Gg is the free energy density of the paraelectric cubic phase, P; are the components of the
polarization vector, g are the structural order parameters describing the rotation of the TiOg
octahedra, and Cj are the elastic moduli at constant P; and ¢ in Voigt notation. The re-

normalized coefficients & and 3, b and 5” , and f, entering Eq. (1) are given by: 23.24

~ C - C
a, =a _(gll + 0 _20_12 912Juma a; =q +2(C_12 9 — gl2lum’ (2a)

11 11
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i, =a, C, 13 12 C, 2C., (2¢)
~ C ~ C
b|:b1_£/l|1+/112_2_12/112Juma Q:b1+2(i/111_ﬂ12Juma (2d)
C, C,
~ 112 ~ 2
=p, -2 =p - 2e
T L o)
61 :b1 _i 61 :bl _/111}‘12_ /14214 (21)
’ ’ C, ’ ’ ’ C, 2C,, ’
=~ 912212 ing 911/1”
=t +=—==, t,=t,+———, (2g)
11— Y1 C11 3~ 41 C11
fl'2 :t12 + 912/112 , f;} :t12 + 912/111 , (2h)
11 11
e 911212 ind 944/144 .
=t,+——=, t, =t,+——, 21
t, =1, C11 44 = Ly C44 (21)

where & and &;j, b and byjj, and t;j are the stress-free, monodomain dielectric stiffness coefficients,
structural order parameter susceptibility coefficients, and coupling coefficients between the
polarization P; and the structural order parameter @, respectively. In Voigt notation, g are the

electrostrictive constants and A4jj are the coupling coefficients between the strain and ;.

Using Egs. (1) and (2), the equations of state dG/dP =0 and dG/dqg =0 at E=0, and

the values of the property coefficients for STO given in Ref. [23], we obtain the identical misfit
Un— T phase diagram of epitaxial monodomain STO films as given by Pertsev et al.. ** Figure 1
shows the stability regions of various phases for 150 K < T <400 K and —0.02 < un< 0.02. The

possible phases and their corresponding order parameters that appear in Fig. 1a and b are: HT:
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P.=P,=P;=0, qi=0,=0=0; ST: P,=P,=Ps=0, q,=0=0, 0:#0; FTI: P,=P,=0, Ps#0, q;=0,=0;=0;
FTIIL: P=P,=0, Ps#0, 0,=0,=0, q;#0; FOI: |P;|=|P,| #0, Ps=0, ¢,=0,=0:=0. We limit ourselves to
these ranges of T and Uy since lower operating temperatures are not of great interest for EC
cooling devices and misfit strains larger than 2% in magnitude (depending on the substrate
material and film thickness) would be partially or completely relaxed via the formation of two-
dimensional periodic arrays of interfacial dislocations.”® The effect of misfit dislocations can
certainly be incorporated into the model using an "effective" substrate lattice parameter,”’ but
this would unnecessarily complicate the physical interpretation of the results and would obscure
the effect of U,

Figure 1 shows that, depending on Uy and T, three FE phases (FTI, FTII, and FOI) can be
stabilized by the lattice mismatch between the film and the substrate. For example, at T=225 K
and 0.0127 < un< 0.0106, the HT phase is stable. The HT phase is a tetragonally distorted but
non-polar variation of the parent cubic (Pm3 m) phase. The tetragonality [i.e., (c-a)/a where c, a
are the lattice parameters of the HT phase] is positive (negative) for Un<0 (U>0) and is zero for
U,=0 for which c=a=ay where & is the lattice parameter of unconstrained STO. For tensile misfit
strains Un>0.0106, the FE FOI phase (which has an equi-biaxial in-plane spontaneous
polarization) stabilizes, while for compressive misfit strains Un<— 0.0127, the FE FTI phase is
stabilized with an out-of-plane spontaneous polarization along the [001] direction. At this
temperature, a transition to the FTII phase occurs for compressive misfit strains Up<— 0.0144.
This transformation involves the rotation of the TiOg octahedra characterized by the structural
order parameter ¢; and produces a change in the magnitude of polarization along the [001]

direction. Hence, the magnitude of the polarization in any of the three FE phases depends on

both Uy and T.
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The adiabatic temperature change AT for the FE phases can be explicitly calculated from

the relation: '

> F T (®Rd.Ewuy
AT(T9 Ei’l"lm) - ; !CE(T, Ei,um)k oT JE dEI (3)

where the equilibrium polarization P°(T,E,u. ) and the equilibrium structural
parameter ¢ (T, E ,U, ) are obtained from the equations of state for P; and . The integration
limits E; and E, define the magnitude of the field change, AE =E,—E;,. Here, the volumetric

specific heat C2 (T, E,,u_) was estimated by adding the computed zero-field values of the excess

specific heat to the lattice contributions taken from experimental data.”®

A MIM construct having a (001) epitaxial STO film sandwiched between uniform
metallic electrodes is considered first. For this configuration, E=[0,0,E;] and it is assumed that
the bottom electrode is grown pseudomorphically onto the substrate so that both the sign and
magnitude of Un, are entirely controlled by the mismatch between the film and the substrate. As
can be appreciated from Figure 1, compressive misfit strains favor the FE phases FTI and FTII
while tensile misfit strains favor the FE phase FOI. Because both the HT and ST phases are non-
polar, and because the component of polarization Ps= 0 is parallel to the field direction E;, the
region of interest is restricted to compressive misfit strains Uy<—0.01. This is illustrated in Figure
2(a), which shows a two-dimensional pseudo-color plot of the adiabatic temperature change AT
as a function of Uy and T for a particular choice of bias field E;= 50 kV/cm and field change
AE=120 kV/cm. As expected for conventional FE materials such as BaTiO; and PbTiO3,14 the
largest EC response occurs near the paraelectric to FE (HT-FTII) phase transition (T = 350 K)

where the P;(T) curve experiences an inflection point and the derivative 0P5/0T passes through a
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steep minimum. However, at the comparatively low field level of 120 kV/cm, the maximum
adiabatic temperature change is modest, AT< 1 K. The reason for this can be understood from
Figure 2(b) where it is seen that the polarization induced along [001] by a field E;=120 kV/cm is
quite small. It is further apparent that the EC response is not significantly enhanced near the FTI-
FTII phase boundary, because at this transition P3(T) shows only a small change in slope that is
accompanied by comparatively small but discontinuous change in 0Ps/0T. It is evident from

Figure 2 that to obtain a larger AT, the field strength and/or bias field must be increased. Figure

3 shows how AT varies as a function of field change AE at RT. It is seen in this figure that for
field changes AE=1200 kV/cm, a large AT of ~5 K can be achieved in STO films at RT. As a
point of reference, at these field levels, the EC response for [001] STO in a MIM configuration is
closely comparable to that observed in high-quality relaxor PMN-PT films ’ near the temperature
of the Curie maximum (~350 K). From this it can be concluded that, as shown for BaTiOs,"* a
relatively small bias field (~50 kV/cm) is sufficient to destroy the discontinuity in polarization at
the HT-FTII transition.

Finally, we show that by using an IDE configuration, it is possible to apply in-plane
electric fields * and by so doing access the HT-FOI phase transformation that occurs under

tensile misfit strains. Two IDE configurations are considered, one for which E=[E;,0,0] (or

[0,E>,0]) oriented along [100] (or [010]) and a second for which E=[E,/ V2 B2 ,0] oriented
along [110]. Pseudo-color plots of the adiabatic temperature change as functions of misfit strain
and temperature are shown in Figures 4 and 5 under the same conditions as the MIM
configuration shown in Figure 2 (bias field Ea = 50 kV/cm and field change AE= 120 kV/cm). As
seen in Figure 4, the largest EC response (AT = 0.9 K) for the configuration with E=[E,;,0,0]

occurs near the HT-FOI phase transformation, due to the strong coupling between the in-plane
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electrical field and the in-plane spontaneous polarization P; or (P,) of the FOI phase. For an IDE
configuration with E=[E;/ V2 Ei/+2 0], the largest EC response (AT = 1.2 K) is about 30%
higher than for the configuration with E=[E;,0,0]. This can be explained by the fact that for the
FOI phase with [100] or [010] IDEs, the electric field only induces polarization along one of the

components (P; or P,), while for [110] IDEs, the applied field induces polarization in both
components P; and P, with a magnitude of |P| =./P?+ P} . Comparing the results presented in

Figures 2, 4, and 5 it is seen that, under equivalent electrical boundary conditions, both MIM and
IDE configurations have comparable EC responses (AT ~ 1 K) at RT if the misfit strain is
adjusted such this temperature lies near either the HT-FTI or the HT-FOI phase transformation.
The EC response as a function AE for the two IDE geometries is compared with that of the MIM
configuration in Figure 3. As seen in the figure, all three configurations can produce a large AT
(~ 5 K) at fields greater than 1000 kV/cm. As expected, the response is slightly larger for the
[110] configuration compared with the [100] IDE or MIM.

In summary, we have computed the EC response of STO films as a function of the misfit
strain, temperature, applied electric field strength, and electrode configuration. It was shown that
for STO films on compressive substrates the EC response can be enhanced in a MIM
configuration with uniform electrodes by exploiting the HT-FTI transition. At fields of ~ 1000
kV/cm the computed temperature change AT = 5 K is comparable to FE films near the Curie
point. Alternatively, for STO films on tensile substrates the EC response can be enhanced by
using an IDE configuration that exploits the HT-FOI transition, with the maximum response
occurring for a [110] IDE orientation. Compared with MIM configurations, STO films utilizing

an IDE configuration may offer possibilities to increase the EC response while minimizing the

Zhang et al., APL page 8



dead volume of electrodes. These results show that the strain-induced EC properties of incipient
FEs are closely comparable to the measured EC response of conventional or relaxor FEs.

J. Z. would like to thank the Scientific and Technological Research Foundation of Turkey
(TUBITAK) for the Research Fellowship Award for Foreign Citizens that supported her stay at
the Sabanci University in Istanbul, Turkey. I. B. M. thanks Turkish Academy of Sciences-GEBIP

program for financial support.
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Figure Captions

Figure1:

Figure 2:

Figure 3:

Figure 4:

Figure5:

Misfit strain vS. temperature phase diagram of epitaxial monodomain (001)
SrTiO; films. The order parameters of the phases appearing in this map are: HT:
Pi=P,=Ps=0, qi=0,=0:=0; ST: P=P,=P5=0, q;=0,=0, 0:#0; FTI: P,=P,=0, Ps#0,
01=0,=0s=0; FTIL: P,=P,=0, Ps#0, qi=0p=0, s#0; FOI: |Pi|=|P,] #0, P;=0,
01=0x=0=0.

(a) The adiabatic temperature change AT of an epitaxial (001) SrTiO; film in a
MIM configuration as a function of un and T for Ez=50 kV/cm and
AE=120kV/cm; (b) the out-of plane polarization P; as a function of temperature at
Un= —0.02 for Ez=0 kV/cm and Ez=50 kV/cm.

The room-temperature adiabatic temperature change AT of epitaxial (001) SrTiO;
films with MIM (u= —0.020, open squares) and [100]/[010] and [110] IDE
configurations (U,~=0.015, open circles and triangles, respectively) as a function of
AE for Ez= 50 kV/cm.

The adiabatic temperature change AT of an epitaxial (001) SrTiOs film in a [100]
IDE configuration as a function of Uy, and T for E;=50 kV/cm and AE=120 kV/cm.
The adiabatic temperature change AT of an epitaxial (001) SrTiOs film in a [110]

IDE configuration as a function of Uy, and T for E;=50 kV/cm and AE=120 kV/cm.
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Effects of depolarizing field in perforated film of two-axial ferroelectric
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Numerical simulations based on phenomenological theory of ferroelectricity together with
the electrostatic equations within the frameworks of Gauss-Seidel iteration method are used
to study domain structure in a film of two-axial ferroelectric perforated by air holes. The
both polar axes are in the film plane as it is expected in sufficiently thin epitaxial films of
BaTiOs and (Ba;Sry)TiO3 on MgO. The parameters of BaTiO; are used in the simulations
what is of no importance taking into account the qualitative character of the results: the
electrostatic problem is considered as two-dimensional, i.e., it refers formally to infinitely
thick and not to very thin layers. The main attention is paid to systems systems containing
16 channels. We study two different orientations of the polar axes with respect to the lattice
of channels. It is shown that the character of the domain structure is different for the two
orientations. In particular, when the line with the minimum distance between the channels is
perpendicular to the bisector of angle between the polar axes this structure contains in the
repeating motif one channel and one vortex of the polarization. When one of the polar axes
is perpendicular is perpendicular to the line of minimal distance between the channels the
situation is less clear. There are indications that the repeating motif in a system of many
channels contains two channels and no vortices. There are also indications on a strong

influence of the electrodes on the domain structure in this case.



Introduction

Photonic crystals on the base of ferroelectric materials attract now a lot of attention. One of
the possibilities of creation of a switchable two-dimensional photonic crystal implies in
using of a ferroelectric with the spontaneous polarization laying in the plane of the film as
the main optic material. Obtaining of a photonic crystal is achieved, e.g., by the film
perforation to get a two-dimensional lattice of holes. Papers 1,2 report about works of this
type. Specifically, the authors studied epitaxial films of (BaygSro,)TiO3 on MgO perforated
by ionic beam to obtain a two-dimensional lattice of holes with 300nm diameter and 450nm
period. The properties of thus obtained photonic crystal were promising but not well
understood at the same time. This motivates us to begin a theoretical analysis of phenomena
which can be expected in such systems. In this paper we study domain structures which can
be expected in perforated thin films of two-axial ferroelectrics with the both polar axes
laying in the film plane. According to Ref.3 in films of (BaggSro,)TiOs on MgO this
situation takes place for thicknesses less than 20nm. We are not aware of experimental data
for such films because in Ref. 1,2 films of 70nm thickness have been studied. It is a part of
the reasons why do not try to interpret experimental data using the results of the present

work.

Emphasize that even if such data were available any direct comparison of them with the
presented theoretical results would be imprudent because of complexity of the expected
domain structure and its dependence on many factors including those beyond a control at
present. The complexity of the domain structure is due to that the discontinuities at the hole
surfaces of the polarization lying in the film plane lead to strong depolarizing fields. Being
long-range these depolarizing fields influence the polarization in broad regions. Even for

inhomogeneous polarization directed strictly parallel to the plane the electric field is three-
2



dimensional what strongly complicates the calculations and we have to neglect this
circumstance. As a result our “two-dimensional” calculations are relevant not to very thin
but to very thick layers perforated by very long cylindrical channels. This perforation is the
common feature which exists both in thick and in thin films. The perforation effects are
much simpler in very thick films and, to the best of our knowledge, they were not studied
before what forces us to begin with this case. One can hope that the qualitative character of
the results will be the same for thin films though, of course, this is not evident and is worth a

separate study.

Note that turning to the case of thin films would premature at present because there are a
number of questions which remained unanswered even in the more simple case of thick
layers. We mean, e.g., the question about sensitivity of the depolarizing field to conditions
of its screening at the surface of the channels. The effectiveness of screening of the
depolarizing field by ion absorption at the surfaces of ferroelectric films has been
convincingly demonstrated recently (see, e.g., ref.4). Noting is known about presence of
such a screening, not to mention its specific features, at the surfaces produced by ion beams.
Before studies of this question it would be useful to understand, at least qualitatively,
specific features of this influence for very thick layers. One more important question is
about the effects of the solid state elasticity which often define the possible orientations of
the domain walls. Also of interest is the evolution of the domain structure under application
of the external electric field including the polarization switching. All these questions which

are important, at the end, for thin films are reasonable to study first for very thick layers.

Even for 2-D case the effects of influence of the depolarizing fields due to several channels
prove to be complicated and not treatable analytically. That is why the main method used in

this paper is to resolve numerically the system of the constituent equation of the ferroelectric
3



together with the electrostatic equations. Application of this method to large systems is very
costly computationally and overcoming of these difficulties is hardly reasonable at present
because of the said above. That is why we study systems with channels whose diameter is
much less than in the experiments mentioned above. Turning to systems with larger channel

diameter is another possible direction of further investigations.

In the works similar to the presented it is natural to begin with the simplest systems in which
the factors defining formation of the domain structures reveal themselves the most clearly.
We begin with consideration of square tablets (columns) with one hole (channel) and
already for these systems by introducing artificially periodic boundary conditions we try to
reveal the domain structures which are expected in large systems. Next we study the
domain structures in systems with 16 channels. We are interested in the effects of the
depolarizing fields due to the channels and not due to external surface of the prismatic
column and that is why we restrict ourselves by two types of electrostatic boundary
conditions: a fixed electrical potential at its lateral surface what physically corresponds to
metallization of the surface or periodic boundary conditions in order to try to understand the
behavior of large systems. Since we take into account the gradients of the polarization in the
equations of state we have to define non-electrostatic (“additional’’) boundary conditions for
the polarization. Since we are interested in the electrostatic phenomena we suppose that the
surface is neutral with respect to the polarization what corresponds to zero of the normal
components of gradients of the polarization components at the surface (infinity of the so-
called extrapolation length) and to neglecting of the internal polarity of the surface. In the

numerical calculations we use the parameters of ideal epitaxial films of BaTiO3; on MgO.



Preliminary considerations and method

Consider a column of cylindrical form in vacuum. The material is two-axial
ferroelectric with the polar axes perpendicular to the axis of the cylinder. A phase transition
into a single domain state in this system is impossible because of a huge depolarizing field.

For an infinite cylinder polarized perpendicular to the axis this field is:

P
E.,

deg _E'

Substituting into the equation of state for the ferroelectric

AP 4+BP? =E,
where it is sufficient, at the moment, to take into account one polarization component only
we obtain

1 .
(ﬂ+—)P+ BEP* =0.
25,

This equation gives always P =0  because the second term in the parentheses is huge.

As a result it is natural to expect that the polarization distribution arising in such a disk at
phase transition will have a form of a vortex. No field arises here what is well known for the
analogous case of ferromagnetic. There is vast literature devoted to magnetic vortices and
other field-free domain structures (“structures with closed magnetic flux”), see, e.g. ref.5.
Here it is important to mention that the magnetic vortices are observed mainly in circular
tablets whose height is much smaller than their diameter what is valid also for the
polarization vortices, see, e.g., ref.6. This underlines ones more similarity of phenomena in
real systems of small size and in “mathematically 2-D” systems are studied in the present

work.



A specific feature of magnetic systems is the constancy of the length of the magnetization
vector practically at all temperatures below the Curie temperatures. This is far from being
so for the polarization in ferroelectric. Because of this some questions which are not very
important for ferromagnetics become important for ferroelectrics, in particular, distribution
of the polarization in the vortex just after the phase transition which has been found in ref.7.
A specific feature of this distribution which is worth mentioning here is zero of the
polarization at the vortex center. If the phase transition occurs not in a solid cylinder but in
a cylinder with a cylindrical channel at the center the zero of the polarization does not have
place but, of course, the value of the polarization is smaller near the internal surface than
near the external one. This will be seen which has in the results of our simulations but we
shall pay no attention to this because the difference between the two polarizations is the
smaller the more are the radius of the hole which quite large experimentally, about 300nm,

in the photonic crystals.

If the external surface of the cylinder is metallized the depolarizing field can be exited due to
the internal channel only and the simplest way to avoid this is, once more, to create a vortex.
If the radius of the internal channel is sufficiently small this does not occur and something
similar to a single domain state is formed. However, it is not a state with homogeneous
polarization because the latter, anyway, tends to have zero component perpendicular to the
channel surface at the surface. As a result the rotation of the polarization vector around the
channel axis takes place in one direction, e.g. clockwise, near one of the semicircles of the
channel contour and in the opposite direction, anticlockwise, close to the other semicircle.
To distinguish from vortex we shall call this distribution “bypassing”. A smooth distribution
of the polarization near the transition converts into a domain structure with clearly visible

domain walls when we move away from the phase transition since only four directions of



the spontaneous polarization are the most profitable energetically and the energetic loss due
to other directions of the polarization increases with lowering of the temperature. It is
exactly these domain structures in systems with lattices of the channels which we are
interested in in this paper. That is why we are interested in the phenomena in small systems

as far they can help us to understand what happens in large systems.

We begin our study with an “elementary brick” of a large system, i.e. a square prism with a
central channel. Ratio of the channel radius to square side is the same as for the photonic
crystals mentioned before though the sizes are much smaller because of computational
limitations and our intention to consider the simplest systems at this stage. We shall see that
the character of the polarization distribution in the simplest system at different temperatures
and for different boundary conditions sheds some light on what will be observed in systems
with 16 channels. It seems that such systems are sufficiently large to illustrate to a certain

extent the properties of lattices of experimental interest.

Two-axial ferroelectric which we are considering are described by the constitutive equations

and the second equation with the interchange
of x and y. For the values of the coefficients we assume those of Ba TiO3 on MgO (Ref. 7):

A=A40-T) =7x10° CFmiNx (T -T.)

mS3 m3 10718m 3
B, = 20 x 10% — By = —1x10°— 6 = 6x m

FC3’ 3 Frz’ F but, of course, we use the

coefficients for the sake of illustration and nothing more. That is why no higher order terms

are taken into account in the equations. Together with the constitutive equations we use

electrostatic equations: divD =0 and rotE = 0.



To perform the numerical calculations we discretize the differential equations using a grid

with the unit cell 0.5nm x 0.5n1m. Since the constitutive equations are nonlinear we use

point-by-point Gauss-Seidel iterative procedure starting with “guessed” or “initial” values of
PP and the electric potential @ at all nodes of the grid. Then successively considering in

an elementary operation one site or two sites near the boundary we find corrections to the
initial values. Typical number of the iterations was 10000 and the difference of the
polarization values at final successive iteration was typically of order of 10™ times the
polarization itself. We indicate the cases where the number of the iterations was different.
The boundary conditions for the differential equations have been already mentioned. We
perform the numerical simulations for two cases: ‘“close to the transition”, i.e.
(T. =T)=10°C, and far from the transition”, i.e., (T —T.) =150°C. As an initial state
close to the transition we assumed homogeneously polarized state. The found distribution
was then used as initial configuration for the simulations far from the transition. We tried to
reveal the domain structures for short-circuited electrodes with different orientations with
respect to the polar axes. The analysis of behavior of the domain structure under external

field has remained beyond the scope of this research.
Square prism with one channel

Recall that we consider two types of the boundary conditions: metallized lateral surface of
the prism, i.e. zero potential at all the surfaces and the periodic boundary conditions for all
the quantities what has no direct physical meaning for an isolated prism. As it was already
mentioned the surfaces with zero potential are assumed to be neutral with respect to
polarization, i.e. the normal derivatives of the both components of polarization are zero at

the surface. Assuming periodic boundary conditions we try to guess polarization distribution



in such a square forming part of a lattice and surrounded by other identical squares. We

shall analyze two variants of orientation of the polar axes with respect to the square sides.

Consider first the case of the polar axes parallel/perpendicular to the square diagonals. The
distribution of polarization near the transition in the case of metallized lateral surface is
shown at Fig.la. A distribution of the bypassing type arises here with the dominating
direction coinciding with one of the directions of the spontaneous polarization. Far from the
transition the general character of the distribution becomes non-trivial with 8 domain walls
originating from the hole. Even a more complicated situation appears for periodic boundary
conditions. Near the phase transition the distribution is similar to the previous case (Fig.2a)
which is quite natural since the crystalline anisotropy, which is presented by the nonlinear
terms in the equations of state, has little influence on the polarization distribution close to the
transition point. However, it becomes important far from the transition and as a result there
appears a distribution presented in Fig.2b. Pay attention to a polarization vortex in the upper
left corner of the figure. It is easy to see that it is possible to obtain another variant of the
same structure by reflection in the plane perpendicular to the figure plane and containing the
diagonal of the square containing lower left and upper right vertices of the square. Instead of
situating up and to the left of the hole the vortex will be situated below and to the right and
the mean polarization remains the same. We shall below that in a large system (with 16
channels in our case) the both structures can be realized. Another specific feature of the
discussed case is that for smaller number of iterations (1000) another structure arises which
is also regular but without a vortex and which is also realized in a system with 16 channels.
This structure is shown in Fig.2c. It is tempting to interpret this structure as long living no

equilibrium one though such a conclusion does not have sufficient base within our approach.



Now we shall consider the case where the polar axes parallel/perpendicular to the square
sides. The distribution of polarization near the transition in the square for metallized lateral
surface of the prism is shown in Fig.3a. It is seen that the distribution of polarization near the
hole is of the bypassing type. The same type of the polarization distribution takes place also
far from the transition with a smaller part of regions with non-profitable polarization
(Fig.3b). For periodic boundary conditions the polarization distribution close (far) to the
transition point is shown in Fig. 4a(b). Here, as well in the case of other orientation, one can
obtain another, equivalent variant of structure by reflection in a plane perpendicular to the
plane and containing the square diagonal. We shall see similar distributions in the system
with 16 channels but this will be not all the story, the domain structure for this orientation of
the polar axes seems to be fairly complicated and the chosen system of 16 channels proves

insufficient to reveal it unlike to what is possible to do for other orientation of polar axes.

Square prism with 16 channels

We approach now to systems studied experimentally, i.e., to films with regular lattice of
holes. Specifically, we studied system of 4x4 channels in a square infinite prism. We fix two
types of the boundary conditions at the prism surface, i.e. at the boundaries of the square. To
model systems with short-circuited electrodes we fix zero potential and neutrality with
respect to polarization at the horizontal sides of the square and periodic boundary conditions
at its vertical sides. We shall refer to these conditions as to the mixed ones. Also, we use
periodic conditions both for vertical and horizontal sides to try to understand the character of

the polarization distribution when the studied system forms part of a much larger system.

Consider first the case of the polar axes parallel/perpendicular to the square diagonals. For

the periodic boundary conditions the polarization distribution near the phase transition point

10



is also periodic (Fig.5). Far from the transition the structure is also periodic with the
repeating motif containing one hole (Fig.6). The polarization distribution in the repeating
square is the same as in Fig.2b. For smaller iteration number (1000) we obtain another
periodic structure with the polarization distribution within every square shown in Fig.2c. For
mixed boundary conditions the polarization distribution close to the transition is almost the
same as in the previous case (not shown). In our numerical experiment this modification
proved to be somewhat different for upper and lower electrodes. It seems that this
modification has led to different (than for the case of periodic boundary conditions) domain
structure far from the transition (Fig.7). It is natural to interpret this structure as containing
two “domains of the domain structure” with the boundary between the “domains” coinciding
with second upper row of the holes. The structure of one of the “domains” (the upper row)
corresponds to repeating of the distribution shown in Fig. 2b while that of the other domain
corresponds to repeating of the second variant of this distribution with the vortex in the right

lower part of the repeating square as we discussed in the previous Section.

In the case of the polar axes parallel/perpendicular to the square sides the simplest situation is
observed for the mixed boundary conditions. That is why we discuss this case first. Close to
the transition the polarization distribution is quite close to that shown in Fig.5 for the other
orientation of the polar axes. This is quite natural; see our comments in the previous Section.
Far from the transition we obtain almost periodic structure with violation of the periodicity
close to the lower electrode (Fig.8 a,b). The polarization distribution “in the bulk” is shown
in Fig.8c. It is seen that the distribution does not contain vortices. The same is valid for the

vicinity of holes neighboring to electrodes.

For periodic boundary conditions the situation proves qualitatively different from the

recently described. Even after 30000 iterations we failed to obtain a regular distribution with
11



clearly visible periodicity. The distribution of polarization near the holes neighboring to the
upper boundary of the system contains vortices (Fig.9). Pay attention to the polarization

distribution near four internal holes (Fig.10). It suggests that the large system tends to order

with a periodicity ¥2 larger than the minimum distance between the channels. This
hypothetical structure does not contain vortices, supposedly they are present at Fig.9 because
of unfortunate way of “cutting out” of the part with 16 channels from the large system. For
another way of the cutting out, i.e. for another orientation of the cutting line with respect to
the line with the minimal distance between the holes, our numerical experiment could be
more successful. However, we were unable to continue our simulations. It seems significant
that there is a big difference in the results for the mixed and purely periodical boundary
conditions. This indicates to a region of influence of the short-circuited electrodes on the
domain structure which is considerably larger than for the case of the other orientation of the

polar axes which has been considered in the present work.
Concluding remarks

We consider as the most remarkable result of the present work is essential difference in the
domain structures for two studied orientations of the polar axes with respect to the lattice of
channels. Also, some results indicate to influence of orientation of electrodes with respect to
the lattice of channels, however, this question is not studied, in fact. One can expect large
difference in switching and other characteristics for different orientations of polar axes and
the electrodes with respect to the lattice but these expectations should be confirmed by
further studies. Theoretical problem of the domain structure in two-axial ferroelectrics with
channels perpendicular to the polar plane proves to be fairly complicated and multi-aspect

and the way to its solution seems to be fairly long. From the other side no possibility is seen

12



to avoid thins long journey if we want to understand the properties of switchable phonon
crystals on the base of two-axial ferroelectrics. The present work is no more than the first
step along this way. Of course, experimental investigations, in particular, study of influence
of orientation of electrodes and of polar axes with respect to the polar axes on properties of
phonon crystals is of considerable interest. However, at present it would be difficult to
interpret univocally the results of such investigations. For example, the absence of the
orientation dependence in the experiment mean both inapplicability of the results of this
work to large systems with large number of channels in thin films and the effectiveness of
compensation of the depolarizing field due to absorption of ions from air or other processes

at the surfaces of channels.

References

1. E. Mishina, A.Zaitsev, N.Ilyin, N.Sherstyuk, A.Sigov, Yu.Golovko, V.Muhortov,

A Kolesnikov, Yu.Lozovik, M.Yemtsova, Th. Rasing, Appl. Phys. Lett. 91, 041107 (2007).

2. EJI. Mummna, H.D. Ilepctiok, A.A.3aiinieB, B.M.MyxoptoB, A.C.Curos, W13Bectus

PAH, Cepus ®uzuxa T.71, N 10, 1424 (2007).

3. B.M.Myxopros, I0.1.T'onosko, B.B.Konecuukos u C.B.buptokos, ITucema B XKTD 1.31,

B.23, cTp.75 (2005).

4. . D.D.Fong, A.M.Kolpak, J.A.Eastman, S.K. Streifer, P.H.Fuoss, G.B.Stephenson, Carol
Thomson, D.M.Kim, K.J.Choi, C.B.Eom, [.Grinberg, and A.M.Rappe, Phys. Rev.Lett. T1.96,

ctp. 127601 (2006).

5. A.Hubert and R.Schafer, Magnetic domains: the analysis of magnetic microstructures,

Springer, Berlin, 2009.

13



6. .LNaumov, L.Bellaiche, and H.Fu, Nature (London) 432, 737 (2004).

7. A.P.Levanyuk, R.Blinc, and R.Pirc, unpublished

8. N.A.Pertsev, A.G.Zembilgotov, and A.K.Tagantsev, Phys.Rev.Lett. 80, 1988 (1998).

9.A.M.Bratkovsky and A.P.Levanyuk, J. Comput. Theor. Nanosci., 1.6, ctp.465 (2009).

14



Figure captions

Figure 1. Vectorial map of polarization in infinite square prism with a central channel and
metallized surface (a) near the phase transition (b) far from the transition. The polar axes are
parallel/perpendicular to the square diagonals. Here and at other figures the origins of the
vectors are at a small part of the sites of lattice which discretizes the numerical problem. The
maximum magnitude of the plotted vectors is 0.01 C/m* for near the transition and 0.17

C/m? for far from the transition.

Figure 2. Vectorial map of polarization in infinite square prism with a central channel for
periodic boundary conditions at the prism latteral surface (a) near the phase transition (b) far
from the transition (c) the same but for a less number of iterations (see text). The polar axes
are parallel/perpendicular to the square diagonals. The maximum magnitude of the plotted

vectors is 0.01 C/m? for near the transition and 0.17 C/m? for far from the transition.

Figure 3. Vectorial map of polarization in infinite square prism with a central channel and
metallized surface (a) near the phase transition (b) far from the transition. The polar axes are
parallel/perpendicular to the square sides. The maximum magnitude of the plotted vectors is

0.01 C/m? for near the transition and 0.17 C/m? for far from the transition.

Figure 4. Vectorial map of polarization in infinite square prism with a central channel for
periodic boundary conditions at the prism latteral surface (a) near the phase transition (b) far
from the transition. The polar axes are parallel/perpendicular to the square diagonals. The
maximum magnitude of the plotted vectors is 0.01 C/m? for near the transition and 0.17

C/m? for far from the transition.
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Figure 5. Map of polarization in infinite square prism with 16 channels near the phase
transition. The boundary conditions are periodic. The polar axes are parallel/perpendicular
to the square diagonals; (a) map of the component of polarization along the vertical axis of
the figure (b) map of the component of polarization along the horizontal axis of the figure.

The unit of the colorbar is C/m>.

Figure 6. Map of polarization in infinite square prism with 16 channels far from the phase
transition. The boundary conditions are periodic. The polar axes are parallel/perpendicular
to the square diagonals; (a) map of the component of polarization along the vertical axis of
the figure (b) map of the component of polarization along the horizontal axis of the figure.

The unit of the colorbar is C/m?>..

Figure 7. Map of polarization in infinite square prism with 16 channels far from the phase
transition. The boundary conditions are mixed, the horizontal square sides are at zero
potential. The polar axes are parallel/perpendicular to the square diagonals; (a) map of the
component of polarization along the vertical axis of the figure (b) map of the component of

polarization along the horizontal axis of the figure. The unit of the colorbar is C/m?..

Figure 8. Map of polarization in infinite square prism with 16 channels far from the phase
transition. The boundary conditions are mixed, the horizontal square sides are at zero
potential. The polar axes are parallel/perpendicular to the square sides; (a) map of the
component of polarization along the vertical axis of the figure (b) map of the component of
polarization along the horizontal axis of the figure (c) vectorial map of polarization near of

one of the internal channel. The unit of the colorbar is C/m>..

Figure 9. Vectorial map of polarization near the channels neighboring the upper side of the
square. The boundary conditions are periodic, the iteration number is 30000. The polar axes

16



are parallel/perpendicular to the square sides. The maximum magnitude of the plotted 0.17

C/m>.

Figure 10. Vectorial map of polarization near the internal channels. The boundary
conditions are periodic, the iteration number is 30000. The polar axes are

parallel/perpendicular to the square sides. The maximum magnitude of the plotted 0.17

C/m’.
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Tonized impurities have nearly always been neglected in discussing the limit of functionality of
ferroelectric thin films. One would certainly expect that the thickness limit for functionality would
be altered in the presence of ionized impurities, but how this would occur remains unclear. In this
article, we analyze the domain structures as well as the phase transition temperatures in films with
depletion charges for various film thicknesses. Depletion charges induce a position-dependent
built-in field that leads to an inhomogeneous distribution of ferroelectric polarization. Such an
inhomogeneity in the polarization results in strong depolarizing fields in films. We show that
formation of saw-tooth—type domains is a way to circumvent the depolarizing fields, even in films
with ideal electrodes. There is a critical film thickness above which the saw-tooth domains
develop. On the other hand, the phase transition of the ultrathin structures with electrodes having a
finite screening length, namely real electrodes, is always into the multidomain state during cooling
from the paraelectric state, regardless of the presence of depletion charges. An important finding
we have is that the transition temperature in films with real electrodes does not depend nearly at all
on the depletion charge density unless it is very high (>10%° ionized impurities/m’). Relatively
thick films (>8 nm in this work) with real electrodes that have very high depletion charge densities
have transition temperatures very similar to those with the same charge density, but with ideal
electrodes, making us conclude that thick films with high depletion charge densities will hardly
feel the finite screening effects. The results are provided for (001) BaTiO; films grown on (001)
SrTiO; substrates with pseudomorphic top and bottom metallic electrodes. © 2012 American

Institute of Physics. [http://dx.doi.org/10.1063/1.3691938]

. INTRODUCTION

The intrinsic limit of ferroelectricity in thin films has
been a topic of extensive discussions in many reports. A
strained, planarly confined, thin ferroelectric (FE) structure
exhibits dramatic changes in the dipole configurations com-
mensurate with strong deviations from bulk states. One fact
is that the formation of defects, such as ionic vacancies,
interstitials, and dislocation networks, are inevitable, owing
to both the process conditions and the developing strains in
the film on misfitting substrates during fabrication. The
defect fields and their impact on the physical properties of
FEs both in bulk and film form have been the focus of
numerous studies, including dedicated book chapters.'™'* It
has been well understood that the vacancy or impurity-type
point defects lead to a depletion zone upon formation of the
metal-film contact during electroding. The motivation to
study such material systems has been to understand the limit
of existence of ferroelectricity as a function of thickness and
electrode-interface conditions, particularly focusing on depo-
larizing field effects.’” ™ A recent study, for example, based
on a first principles approach, reports that a possible asym-
metry in the material type for the top-bottom film electrode
contacts could compete with the depolarizing effects through
an internal bias field and reduce the critical thickness of a

YAuthor to whom correspondence should be addressed. Electronic mail:
burc@sabanciuniv.edu.

0021-8979/2012/111(6)/064105/10/$30.00
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switchable ferroelectric polarization’s existence to about two
unit cells.?® Besides applications in nano-scale memory devi-
ces, field effect transistors, and tunable layers in integrated
circuits,***?’ these materials have also become a test bed in
the past few decades for studying phase transitions and criti-
cal behavior in the solid state, probably only second to mag-
netic materials.

Fabrication of these systems in capacitor geometries nat-
urally results in the equilibration of the chemical potential at
the metal-ferroelectric interfaces in ferroelectric films that
often have impurity states, and the formation of a charged
region on the film side is nearly inevitable. This has been
mostly analyzed experimentally in addition to a few theoreti-
cal studies,'"**! including attempts in artificially graded
structures.”” As will be shown, the depletion charge itself
acts as a source of inhomogeneity and the situation is not
very different from introducing compositional gradients to
the system. Recently, several works have been devoted to
especially understand the evolution of these charges under
limited lattice diffusivities, but how such phenomena will be
impacted by size effects remain an important aspect to be
understood.**** Furthermore, it is well known that charged
defects, such as impurities and vacancies, will be quite
immobile at temperatures near room temperature (RT) and
might get populated at interfaces and defect sites probably
only after several thousands of applied field cycles.”?

In a real ultrathin ferroelectric film, due to the very short
distances at which potential drops occur, it becomes very

© 2012 American Institute of Physics
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crucial to elaborate the interaction between depletion charges
and the consequences of the extent of screening at the film-
electrode interface. Film thicknesses at the order of a few
tens of nanometers are comparable to the depletion zone
widths expected in ferroelectric films, with metallic electro-
des inducing a depletion potential of around 1 V. For typical
densities of impurities (between 10%* and 2 x 10?®) we con-
sider in this paper, we estimate depletion widths of around
100 nm to around 8 nm at each electrode interface. As the
total of these depletion width values at each interface are
quite close to the film thickness ranges of interest in our
work, we assume fully depleted films when stated, particu-
larly when finding the phase transition temperatures. The dis-
cussion on the effect of partial depletion on the domain
structures is an exception to the full depletion assumption,
but we show that the two situations are not very different for
films not thicker than 28-30 nm. Depletion widths of around
30 nm and ionized impurity densities of around 10%~*"/m?
have been reported by Pintilie et al. using interfacial capaci-
tance measurements for PbZrq ,Tig gO3 films.>®%’

The attempts to clarify the depletion charge effects have
mostly been confined to very simple charge distributions as
analysis of realistic distributions, even when depletion
charge density is homogeneous, via analytical approaches
can become a formidable problem. Only a few studies exist
that try to analyze the effects of continuous depletion charge
distributions on the observable properties in relatively thick
films’~**! but these studies have considered the single do-
main states. The possibility that, due to the inhomogeneous
nature of the system owing to depletion charges, the transi-
tion could be into multidomain states even in structures with
ideal electrodes would make a prominent difference in the
calculated transition temperatures, which is one of the main
emphases given in this paper. The way in which phase transi-
tion characteristics would be altered is discussed rigorously
by Bratkovsky and Levanyuk®’ in the absence of dead layers.
Reduction in the critical temperature commensurate with
smaller coercivities in the ferroelectric state was demon-
strated along with a qualitative discussion on the possibility
of domain formation. One could easily foresee that the con-
clusions withdrawn for systems with ideal electrodes will
have to be modified, for instance, for systems that have
imperfect film-electrode interfaces, namely real electrodes.
The real electrodes with finite Thomas-Fermi screening can
be modeled as a thin dead layer between the electrode and
the FE film, as demonstrated by Bratkovsky and Levanyuk
in their 2009 paper (See Ref. 29). This latter statement is
indeed a very important one when discussing experimental
results on ferroelectric stability in the light of electrostatic
considerations.

In this article, we address the question as to whether or
not depletion charge effects could compete and overwhelm
dead layer effects due to conditions at the film-electrode
interfaces. To probe the competing energies, we use the
Landau-Ginzburg-Devonshire (LGD) formalism for ferro-
electric materials coupled with the interface conditions and
presence of depletion charges. Firstly, films of various thick-
nesses with perfect film-electrode interfaces, namely ideal
electrodes, but with depletion charges, are analyzed. A
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saw-tooth—type domain structure forms in relatively thick
films due to the inhomogeneous internal field. At the transi-
tion temperature, thick films with ideal electrodes, but high
depletion charge density always exhibit the saw-tooth
domains. The period of this domain structure grows with
increasing film thickness. Following this analysis, we intro-
duce thin dead layers at the film-electrode interfaces to find
out the possible alterations to the domain configurations and
sensitivity of the domains to thickness effects. We found out
that the domain period in a film having dead layers is altered
upon introduction of a homogeneous depletion charge
density to the system. At high depletion charge densities,
domains with a saw-tooth type structure develop regardless
of the presence of the dead layers. We also show that the
transition temperatures are significantly lowered in rela-
tively thick films with high depletion charge densities and
dead layers, while this lowering is minimal in the thinner
films and remain nearly unchanged with respect to charge-
free films with dead layers. This behavior is a direct conse-
quence of the dead layer effects dominating at low thick-
nesses, while thicker films are under a heavier influence of
depletion charges. Our results reveal the magnitudes of
changes that can be expected in the transition temperatures
for films with depletion charges, considering, especially, the
transition into multidomain states.

Il. THEORY AND METHODOLOGY

In this section, we give the governing equations and
boundary conditions used to obtain field- and temperature-
dependent characteristics of the ferroelectric thin film
capacitors. The schematic of the geometry considered is
given in Fig. 1. A two-dimensional grid is constructed that
has 200n x kn cells, where k(n) is the number of cells along
the film thickness (width) and each cell has a dimension of
0.4 nm, nearly the lattice parameters of well-known pseudo-
cubic perovskites, such as BaTiO3 (BT), to imitate the order
of lengths at which P can vary in the system compared to
real systems. Polarization is obtained by solving the equa-
tions of state derived from the LGD free energy for all P in
our system for an epitaxial monodomain (001) BT

L/2
0 oo - | —
Ferroelectric film
-L/2

FIG. 1. (Color online) The schematic of the ferroelectric capacitor consid-
ered in this study.
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ferroelectric film on a (001) SrTiO3 cubic substrate along
with the Maxwell equation for dielectric displacement,
employing a finite difference discretization. The strain states
of the films determine the stable P components. We partition
the thin film capacitor system along the thickness axis, z, as
follows:

w=1 —h/2 < z<+h/2,
—h/2—d<z<—h/2 and +h/2 < z<d+h/2,

when w=0 when

J. Appl. Phys. 111, 064105 (2012)

where w is a step-wise function defining the interface
between the dead layer and the ferroelectric, d is the dead
layer thickness (taken as 1-unit cell-thick, ~0.4 nm in this
work), and |A| is the thickness of the ferroelectric layer. The
electrode-dead layer interfaces are at —h/2 — d and d+ h/2,
respectively. Note that d = 0 indicates the absence of a dead
layer, i.e., a perfect film-electrode contact interface. The
equations of state for the system to define the relation
between the fields in the layers and the P components
as well as ¢, of the dead layers using the definition of w in

M Eq. (1) are
2 3 5 4 352 4 *P;  9*Ps Ds
w| 208 P3 + 4osPs P + 4035 P3 + 60111 P3 + 0112(4P3 P + 8P3PYy) + 20123P3P] — G 52 ol +(1—-w e (2a)
r a
= wE; + (1 — w)EY,
d*P,

w [2057?1 +2(2000, 4oty )P} + 2055 P1 P + 600111 P} + 20112 [3P] +3P{P3 + P1 P3] + 2003P1P; — G (

=wEf +(1—w)EY,

where P; (i=1,3) are the components of P in the ferroelec-
tric state, off', oy, o35, off', o}, and o, are the renormalized
dielectric stiffness coefficients modified by the misfit strain
and the two-dimensional clamping of the film, while oy,
o112, and oqp3 are the dielectric stiffness coefficients in the
bulk,”” and G is the gradient energy coefficient and is
assumed to be isotropic for convenience with a value of
3x 107" m*/F. Ef, EY and EY, E{ are the fields along the z-
and x-axis in the ferroelectric layer and the dead layer,
respectively. The equality between the field and the dielec-
tric displacement in the dead layer (w = 0) reads

D5 = 8,.£0Egl and D, = 8,.80E‘11 3)
and, for w = 1 (ferroelectric layer),
D; = epeoEy +P3 and Dy = gpeoEt + Py (4)

The dead layer, when present, is assumed to be a high-k
dielectric, whose dielectric constant, ¢, is 20 to exemplify
its effects and ¢, is the background dielectric constant of the
ferroelectric (taken as 7 in this work®?). The electric fields in
both the ferroelectric layer and the dead layer are computed
from the gradients of the electrostatic potential from

EF = = 5
3 0z’ ! Ox ©)
for the ferroelectric and
¢ ¢’
Ed = 997 Ed = _99 (6)

0z’

+62P1)} 1w D,

02 Ox? &80

(2b)

in the dead layers, with ¢/ and ¢ being the electrostatic
potential in the ferroelectric and the dead layer, respectively.
The electrostatic potential in each layer can be found at each
point as a function of P and the dielectric constant of the
dead layer using the Maxwell relation in the absence of free
charges V - D=0and V-D = p when depletion charges
due to ionized impurities are present. p is the volumetric
charge density (O when no impurities are present). Thus, one
has

o N o S W ) 2 )
PR —.g,,so(aﬁax‘p) @
in the ferroelectric layer and
82 ¢D 82 (z)d p
072 + o2 ge ®)

for the dead layer. We assume that each impurity contribut-
ing to p has only one positive unit charge (the charge of one
electron) in all cases. The depletion charge density in this
work, both in full and partial depletion cases, is assumed to
be constant throughout the film volume, which is indeed re-
alistic enough, especially for thicknesses at the order of a
few tens of nanometers (See Refs. 30, 36, and 37), where full
depletion is possible. The boundary conditions we employed
for Py 3 are

R
0z — J—y)
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at the top and bottom electrode-film interface of the ferro-
electric, where the extrapolation length, 4, is taken as infi-
nite. Periodic boundary conditions are used along the x-axis,
i.e.,

P3(z,x =0) = P3(z,x =L),Py(z,x =0) = Py(z,x =L).
(10

We apply Dirichlet boundary conditions in the electrostatic
equations to solve P in the thin film capacitors. At the dead
layer-electrode interfaces, —h/2 — d and h/2 4 d (d = O corre-
sponds to ideal electrodes), ¢ =0 corresponds to short-
circuit boundary conditions between the electrodes. Figure 1
shows the geometry adopted. Note that the entire “capacitor
system” is neutral as the charges from ionized impurities,
whose density is p, accumulate on the electrodes, and, thus,
the number of positive and negative charges are equal.

Equations of state [Eqgs. (2a) and (2b)] along with the
equations of electrostatics in [Eqgs. (7) and (8)] using rela-
tions given in Eqgs. (3) and (6) are solved simultaneously for
P components employing a Gauss-Seidel iterative scheme
subject to boundary conditions mentioned above in Egs. (9)
and (10). The simulations always start with small fluctua-
tions of z and x components of P around zero that later on de-
velop into the domain structure, depending on dead layer and
film thickness. We limit ourselves to 10 000 iterations con-
verging to a difference of about 10~ between consecutive
iterative P solution steps when ferroelectricity exists. Owing
to the compressive in-plane misfit in (001) BaTiO5 on (001)
SrTiO3 (about 2.5%), only Pj5 is the spontaneous polarization
that, in addition to when depletion charge exists, also con-
tains the built-in polarization, Py. Thus, from here onwards,
the ferroelectric part of P; will be denoted as Py and the
built-in part as Py. Note that, when p =0, there is only one
solution and it is P53 = Py.

lll. RESULTS AND DISCUSSION

A. Room temperature domain structures when d=0
(ideal electrodes)

We start discussing our results for three different film
thicknesses, 12 nm, 16 nm, and 20 nm, with perfect film-
electrode interfaces obtained at room temperature (RT),
assuming that these films are fully depleted (Part of our
results are also given in Ref. 44). This assumption can be jus-
tified by noting that, for instance, in the case of impurity den-
sities around 10%°, one might expect depletion zone
thickness of around 8-10 nm, depending on the dielectric
constant attaining values around 100-200 in a typical ferro-
electric at room temperature, which indicates a total deple-
tion zone of 16 to 20 nm for a film with top and bottom
electrodes if the interfaces are symmetric. Structures with
depletion charge at the max density limit considered in our
work (2 x 10%° ionized impurities/m®) that are thinner than
10-nm thickness are nearly always found to exist in an
imprinted single domain state and are not of interest here.
The reason for this outcome is discussed in the proceeding
paragraphs. The films without any depletion charge also exist
in a homogeneous monodomain state and are not discussed
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here again for brevity. In general, throughout this work, we
chose to study two different depletion charge densities that
reflect moderate-high and very high impurity densities
reported for such structures. Depletion charge densities as
high as 10*7%" ionized impurities/m” were reported,>’ and
we remain around these (5 x 10%° jonized impurities/m?> for
the moderate-high limit and 2 x 10*° for the high limit) val-
ues in our simulations.

Figure 2 displays the domain structures that form in films
of various thicknesses that have a fixed volumetric depletion
charge density corresponding to 2 x 10* ionized impurities/m”.
Upon finding that low densities of depletion charge yield only a
unidirectional Py in thin films, we focus on the densities that do
trigger domains in thick structures (>10 nm). As a comparison,
for example, the 8-nm-thick film with the aforementioned deple-
tion charge density (2 x 10%° ionized impurities/m’) does not
undergo a domain stabilization, owing to the “insufficient extent
of inhomogeneity”, meaning it is not thick enough for the built-
in field to render a highly inhomogeneous structure considering
full depletion. By inhomogeneous, we mean here the depend-
ence of the local Curie temperature on the built-in electric
field at that location. Extremely high densities of depletion
charge (>10%" ionized impurities/m”) could perhaps stabilize
domains in thicker films (>28 nm) with ideal electrodes, but are
out of the main scope of our study.

In Fig. 2, we give the total polarization along with the
ferroelectric polarization, and the latter is obtained by sub-
tracting Py, from P53 for 12 nm, 16 nm, and 20 nm films. The
Py, is found by running our calculations above the Curie
point, as it is nearly temperature insensitive and is the only
corresponding solution satisfying Egs. (2a), (7), and (8)
[please see Fig. 3(a) for P, when full depletion is assumed
for a 20-nm film]. At 2 x 10?® jonized impurities/m>, a saw-
tooth—type domain pattern develops at RT, whose period is a
function of thickness. Relatively lower depletion charge den-
sities (<1026 ionized impurities/m3) do not tend to stabilize
domains and result in a uniaxial Py whose amplitude is less
in one half of the film than in the other half, concomitant
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[ e |
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FIG. 2. (Color online) The RT domain total polarization configurations of
the (a) 12-nm, (b) 16-nm, and (c) 20-nm-thick films with 2 x 10°® ionized
impurities/m> (on the left-hand side) and the extracted ferroelectric polariza-
tion given for (d) 12-, (e) 16-, and (f) 20-nm-thick films on the right-hand
side. Scales are given to display the range of P5 in C/m”.
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(b)

Partial
depletion

0 L

FIG. 3. (Color online) Schematic of the built-in field plotted as a function of
position along the thickness of the ferroelectric film for a 2 x 10%° impurity/m>
charge density in the case of (a) full depletion, (b) partial depletion, and
(c) comparison of the built-in polarization along the thickness of full and par-
tial depletion cases.

with the internal field distribution. Therefore, the formation
of domains in thicker films is due to the highly inhomogene-
ous nature of the built-in field renormalizing the linear term
in P3 in Eq. (2a). Here, the amplitude of the variation in the
local transition temperature naturally becomes more pro-
found toward the film boundaries, with increasing thickness
for a given constant charge density. The situation described
that applies to our analysis is also schematically depicted in
Figs. 3(a)-3(c) for clarity. Hence, thicker structures are
forced to undergo domain stabilization to minimize the depo-
larizing fields emanating from the gradient of the polariza-
tion induced by the inhomogeneous built-in field. The
domain period in such a high inhomogeneous system
becomes a function of position, somewhat similar to what
has been reported for discrete, artificially graded structures,*
where the authors calculated domain fractions.

Those results reveal that the domain structures forming
due to the depletion charge—induced fields in systems with
ideal electrodes is quite different from what occurs when
dead layers are present. For instance, in the latter, ferroelec-
tric polarization amplitude attains a maximum in the middle
section of the film, while saw-tooth—type domains have the
maximum amplitude of the ferroelectric polarization wave
near the electrode interfaces.

We find it important to add that, for depletion zone
widths smaller, but comparable to film thickness where a
charge-free region exists, we still see a similar behavior to a
fully depleted film. Py, in the case of partial depletion is pro-
vided in Figs. 3(a)-3(c) for a 20-nm film with 8 nm depletion
at each interface. If one carries out a more complete deple-
tion width, wy, calculation within the assumption that the
ionized impurities have a constant density in the depletion
zone using
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AVAVAV

FIG. 4. (Color online) Domain structures in the case of (a) 20-nm, (b)
24-nm, and (c) 28-nm-thick films for partial depletion consideration for a
2 % 10 impurity/m® charge density. The depleted layers are 8-nm-thick
into the film starting from the film-electrode interfaces.

_ 12
o {28087-(% %)} (11
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for a dielectric constant of the ferroelectric (¢,) being at the
order of 200 and for the number of ionized impurities around
2 % 10*%/m>, one finds that depletion width starting from the
electrode-film interface is about 8 nm in the film. In Eq. (11),
¢, and ¢, are the depletion potential (or barrier from the
metal side) and external applied potential, respectively, (zero
when discussing w, in this formulation). Domain structures
far below the transition (room temperature) for the afore-
mentioned partial depletion in the case of a 20-nm-thick film
is provided in Fig. 4. For the full-depletion assumption, we
had found that a saw-tooth—type domain configuration is sta-
bilized. For a 20-nm-thick film, this would mean that there is
a depleted region having a thickness of 2 x 8 nm = 16 nm at
the interfaces, with a charge free region in the middle sec-
tion. Our calculation shows that the saw-tooth domain struc-
ture is still present despite the charge-free region in the
middle of the film, as given in Fig. 4 for 20-nm, 24-nm, and
28-nm-thick films. This behavior is quite straightforward to
justify: The domains emanating at the interfaces where a
strong built-in field exists do now want to terminate in the
charge-free middle section with either a head-to-head or a
tail-to-tail domain configuration, which is energetically
costly. Moreover, the domain walls in the charge-free middle
section are perpendicular to the film plane to minimize the
total energy. In films with thickness being equal to or smaller
than 2 x wy, the situation converges to full depletion, already
analyzed in this work.

For sufficiently thick films with high impurity density,
the depletion zone in the film will be confined to a relatively
small volume near the electrodes and the entire film could be
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free from saw-tooth—type domains existing in a single do-
main state. Moreover, in the case of low impurity density
and thicker films (2 x wy = ¢, where ¢ is film thickness), a
domain-forming built-in field might not be expected, but the
built-in field will shift the hysteresis along the field axis and
smear the transition anomalies, as demonstrated in a previous
work,* as well as reducing the Curie temperature.

B. Room temperature domain structures when d=1
(dead layers present)

In the presence of dead layers (d=1 unit cell) and
depletion charge, a competition between the two formations,
each of which is a source of inhomogeneity, takes place.
Here, we focus on fully depleted films with dead layers. A
set of structures at RT for three different thicknesses and two
depletion charge densities are provided in Fig. 5. The left-
hand side gives the domain structure in the absence of deple-
tion charge, while the right-hand side is when depletion
charge is present. Subtracting the P}, at each site from P3, we
again get the Py, as we did in Subsection III A. Among the
analyzed structures, relatively moderate density of depletion
charge (5 x 10*° ionized impurities/m® in this work) slightly
alters the domain wall angles with respect to the film normal
along with a period change, as will be discussed next. A
charge density of 2 x 10%° stabilizes the saw-tooth domain
structure that has the prominent maxima in the Py profile at
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the domain tips, similar to the case when d=0. Such a for-
mation indicates that thick films with high depletion charge
densities are under “weaker influence” of the dead layers.
Another effective way to enable the comparison of the do-
main periods in films with and without depletion charge for a
given thickness would be to plot and discuss the wave vector
k of domains (k=2n/A, where A is domain period) as a func-
tion of thickness, as we do in the preceding paragraphs.
Before discussing the probable changes in domain pe-
riod when depletion charges are present in thin films, we
give the results for the domain wave vector, k, we obtained
both in our simulations and using the approach presented in
Ref. 46 to validate the trends of our simulations for charge-
free films in Fig. 6(a). A summary of the approach in Ref.
46 in a modified form (see also Ref. 47) is given in the
Appendix for convenience. Our numerical results are in
excellent agreement with the results obtained using the
methodology in the Appendix, confirming the reliability of
the method. Note the approach in the Appendix adopted
from Refs. 46 and 47 analyzes the phase transition point,
considering linear equation of state. We find that the do-
main period does not nearly change at all with further cool-
ing upon the transition from the paraelectric to the
multidomain FE state and transforms from a sinusoidal pat-
tern to a square-like one, making it feasible to compare k
values at and below the transition. In other words, even
when our simulation temperatures are not the same as the
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FIG. 5. (Color online) Domain structures for (a)
12-nm, (b) 16-nm, and (c) 20-nm-thick films with
dead layers. On the left-hand side are the domain
structures for O impurity density and d=1. The
right-hand side of each color map for a given thick-
ness are the domain structures for impurity densities
of 5% 10% (upper color map) and 2 x 10*® (lower
color map). Scales are given to display the range of
P5 in C/m>.
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temperatures at which the £ values were found using the
approaches in Refs. 46 and 47, the k’s in both their study
and our simulations are directly comparable.

To visualize the impact of depletion charge on the do-
main structures in films with dead layers, we now discuss
behavior of the wave vector, k, of the Py wave plotted as a
function of film thickness for ionized impurity densities of
5% 10* and 2 x 10%® /m>. Our results for films at RT with-
out and with depletion charge are in Fig. 6(b). The presence
of electrical domains in films with depletion charge has per-
sisted for the entire thickness range of interest in our study.
Domain period for films thinner than 12 nm with 5 x 10%°
ionized impuri‘[ies/m3 is smaller than the charge-free film,
while 2 x 10%° ionized impurities/m® follows more or less
the charge-free film, but with slightly larger & values (i.e.,
smaller domain period). The general trend of the increase
in k values for films thinner than 12 nm in our work might
be perceived as an indication that the depletion charge
amplifies the depolarizing field for a given set of material
parameters (domain wall energy, fixed dead layer thickness,
dielectric constant, etc.). But this trend changes with

09 | - (a)
08 | u
0.7 ¢
06 |
05 ¢
04 ¢ "
03 ¢
0.2 ¢t
01 V>
0 5 10 15 20 25

Film Thickness (hm)

(b)

06
04

02

o||||I|x|l|1|||l||||l||l|
0 $ 10 15 20 25

Polarization wave vector (10° m*) Polarization wave vector (10° m™)

Film Thickness (nm)

FIG. 6. (Color online) (a) Wave vector of the polarization along the film
plane as a function of film thickness at the transition derived from solving
Eq. (A16) for the point of loss of stability of the paraelectric phase summar-
ized in the Appendix (solid curve) and the wave vector we found in our sim-
ulations (solid squares) for d=1 unit cell. (b) Wave vector of the
polarization along the film plane as a function of thickness for films without
charge (curve with diamonds), films having 5 x 10** ionized impurities/m®
charge density (curve with squares), and films having 2 x 10°° ionized
impurities/m” charge density (curve with triangles) for d =1 unit cell. The
curves in (b) passing through the data points are guides for the eyes.
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increasing film thickness for the films having 5 x 10*° ion-
ized impurities/m® with respect to the charge-free case.
Around 15 nm, a crossover occurs, after which the thicker
films with 5 x 10*° jonized impurities/m’ carrier density
develop a coarser domain structure. Here, from the data of
our simulations, we can see that the domain period is
altered in a way the depolarizing field appears to be ampli-
fied, leading to a finer domain period, hence, a larger k.
Still, we cannot arrive at general conclusions for the entire
thickness regime we considered, as thicker films (>16 nm)
with moderate-high depletion charge density have a dis-
tinctly different domain period. Despite the thought that
any formation giving rise to or amplifying depolarizing
fields will reduce the transition temperature, comparing the
k values for a given thickness does not lead us to conclude
so. To analyze the effect of depletion charge effects on the
transition temperature, we carry out cooling runs in our
simulations and extract and discuss the transition tempera-
tures in Subsection III C.

C. Phase transition temperatures

This section considers the case of films where the
entire volume is depleted, as we note that a further detailed
discussion might be necessary to compare partial depletion
and full depletion effects for various impurity densities.
Furthermore, for asymmetrical film-electrode interfaces, it
is clear that such effects might be altered significantly. We
had already mentioned, for symmetrical film-electrode
interfaces, that films with high impurity densities, where
the depletion zones are confined to the near-electrode
region, can exist in a single domain state and the transition
temperatures will set accordingly. We leave this compari-
son for future work and focus on films with depletion zones
being at the order of the film thickness, i.e., full depletion.
The paraelectric-ferroelectric transition temperatures for
films with full depletion are expected to be lowered in the
presence of depletion charges, dead layers, or when both
coexist. Film thickness importantly comes into play in all
of the cases above (See Figure 7). Here, we emphasize the
situation when dead layers and depletion charges are both
present, but also run a case where the films at a thickness
range of 3.2 nm to 24 nm have ideal electrodes for compari-
son. For reference, we first computed the transition temper-
ature as a function of film thickness for a fixed dead layer
thickness (d=1) and dielectric constant (¢. = 20) and our
results are in Fig. 7(a) along with the results we obtained
using the method prescribed in the Appendix. We find the
transition temperatures by tracking (|P3|) in our simula-
tions. The transition temperatures computed from the nu-
merical solution of Eq. (16a) in the Appendix have a very
good match with the simulation results presented in this
work, again confirming the validity of the prescribed
method in Sec. II (Figure 7(a)). It must be borne in mind
that the approach of Ref. 45 excludes the gradient of P;
(total polarization) along the thickness of the film, which
we do include in our study. This can be the possible cause
of the slight deviation between the two results at small
thicknesses. As expected, decreasing film thickness results
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FIG. 7. (Color online) (a) Phase transition temperatures in films with dead
layers as a function of thickness when (a) no charge is present. The curve
with diamonds is the results of our simulations, and the curve with squares is
the results obtained by solving Eq. (A16) in the Appendix after Ref. 43. (b)
Comparison of the results for charge-free (curve with diamonds) films having
5% 10* ionized impurities/m® depletion charge (curve with squares) and
films having 2 x 10?® jonized impurities/m” depletion charge (curve with tri-
angles), and the curve with triangles is the case for d =0 (no dead layer) and
2 x 10% ionized impurities/m” depletion charge given for comparison. Note
that, in (b), the curve with squares and the curve with the solid dark diamonds
have a strong overlap, where the latter is just partially visible.

in a reduction of the transition temperature, with domain
period subsequently becoming comparable or larger than
the film thickness. Note that we do not go down to very low
temperatures, where ultrathin films (<3.2 nm in this work)
might be in a single domain state upon transition from the
paraelectric phase and that this takes place at quite low
temperatures.

Computing the phase transition temperatures in films
with dead layers, but now with two different depletion
charge densities, we note that films with a charge density of
5 x 10** ionized impurities/m” have nearly the same transi-
tion temperature compared to the charge free ones for a
given thickness [see Fig. 7(b)]. Note that a homogeneous
charge distribution does not lead to any net bias fields
between the electrodes, and no smearing of the transition
exists, meaning the transition temperature is sharp. We then
carried out the cooling runs for films having a depletion
charge density of 2 x 10?® ionized impurities/m® both in the
presence and absence of dead layers to detect the transition.

J. Appl. Phys. 111, 064105 (2012)

As mentioned previously, tracking (|Ps|) and comparing it
with (P3) allows us to detect the phase transition, if it is into
a multidomain state. These films with 2 x 10*® ionized
impurities/m” and dead layers have a similar trend with the
charge-free films at small thickness, but then the transition
temperature is significantly reduced for thicker films. More-
over, the transition temperatures in thicker films with and
without dead layers are nearly the same. This scenario is
certainly different for thinner films (<12 nm), and it is seen
that the dead layers entirely dominate the transition charac-
teristics [compare the curves for the films having 2 x 10%°
jonized impurities/m> with and without dead layers in Fig.
7(b)]. This is solely due to the “degree of induced
inhomogeneity” in the thicker films, where the built-in elec-
tric field due to depletion charges induce a strong gradient of
the transition temperature via normalization of o3 in Eq.
(2a), causing a larger amplitude variation of Py, possibly
overriding dead layer effects. Therefore, we provide quanti-
tative evidence that the thicker films will be under a stronger
influence of the depletion charge effects compared to thinner
ones. One must remember here, however, that we discuss the
case of rather high densities of depletion charge. For moder-
ate-to-low densities (<10*° ionized impurities/m’ in this
work), the above discussion on transition temperatures
merely converges to discussion of dead layer effects on the
transition temperature as a function of film thickness.

IV. CONCLUSIONS

We have analyzed the phase transition characteristics of
ferroelectric thin films with and without depletion charge,
considering ideal electrodes and film-electrode interface
with dead layers. Using the non-linear Landau-Ginzburg-
Devonshire equation of state, simulations were carried out
for films with different thicknesses at different temperatures
to find the domain periodicities and transition temperatures
as a function of depletion charge density at various thick-
nesses. The approach adopted from Refs. 46 and 47 has been
used as a guide to check the validity of our simulation
results. (001)BaTiO3 grown on (001)SrTiO5 with pseudo-
morphic electrodes was used as an example system. Films
with high depletion charges split into saw-tooth—type
domains, even when ideal electrodes are present. This hap-
pens when the film is above a critical thickness, below which
a single domain, imprinted state is stabilized. Increase in
film thickness naturally creates larger variations in the elec-
tric field, hence, in local transition temperatures, due to a
constant density of depletion charge, and a saw-tooth—type
domain structure is favored, even in films with ideal electro-
des to minimize the depolarizing fields. Partially depleted
films, when the depleted volume is comparable to the film
volume, could still develop saw-tooth-type domains. The lat-
ter happens with the exception that the domain walls are par-
allel to the film normal to reduce domain wall energy.
Presence of dead layers when depletion charge densities are
not very high (<10?® ionized impurities/m”) determine the
transition temperature both for thin (<10 nm) and thick films
(>10 nm). At charge densities not very high, domain periods
are slightly altered, subsequent with tilted domain walls with
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respect to domain configurations in charge-free films.
Although high charge densities in films with dead layers sta-
bilize saw-tooth—type domains, regardless of the presence of
the dead layers, the fact that very thin films (<10 nm) exist
in a fine period multidomain state as opposed to what hap-
pens in films with ideal electrodes reveals the domination of
the dead layer effects in thin films. While transition tempera-
tures of ultrathin films having depletion charge are set by the
dead layers, high depletion charge densities (2 x 10 ionized
impurities/m’ in this work) dominate over dead layer effects
in thicker films. This can be judged by comparing the very
similar results for these films with and without dead layers,
i.e., the relatively thicker films with high depletion charge
densities and dead layers have identical transition tempera-
tures as those with the same depletion charge density, but
ideal electrodes.
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APPENDIX: ANALYTICAL TREATMENT OF THE
SYSTEM NEAR THE TRANSITION TEMPERATURE

The system analyzed in Ref. 46 is already given in Fig. 1.
The approach in Ref. 46 is based on finding the point of loss of
stability of the paraelectric phase for a ferroelectric slab with
dead layers. While the system in Ref. 46 is treated in one half
of the film with dead layers as being vacuum and the film
being very thick compared to the dead layers, this approach
was generalized in Ref. 47, and we follow this general
approach by full treatment of the film with high-k dead layers.
Going back to the system in Fig. 1, for a given dead layer
thickness, d (1 BaTiO; unit cell thick, ~0.4 nm, in this work),
the boundary conditions of the system can be written as

Dz —D;=0Qz==*L/2, (Al)
where Dy = 8;,80EZF +P and D = sfsoEf are the dielectric
displacements in the FE and dead layers, respectively, with
& being the permittivity of vacuum in International system
of units (SI) units, e‘zj is the dielectric constant of the dead
layer, ¢, is the background dielectric constant of the FE, P is
the ferroelectric polarization in the FE along the film thick-
ness, and L is the FE film thickness (see Fig. 1). The bound-
ary conditions for the potential are as follows:

bp = ¢,Qz = *L/2, (A2a)
¢, =00z =L/2+d, (A2b)
¢, =00z =—LJ2 —d, (A2¢)

where ¢, are the potentials in the FE and the dead layer,
respectively. The electric fields in the layers can then be found
from the gradient of the potentials. From Eq. (1), one gets
0 7]
—8;,80% +P - soe‘fﬂ =0Qz =L/2.
. 2

% (A3)
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In the absence of free charges, divD = 0 both in the FE and
the dead layers. Writing these conditions in terms of the
potential and polarization in the FE film, we get

Pop o P01 0P
022 & Ox2 ey Oz

(A4)

where ¢, is the dielectric constant of the FE along the plane
of the film (calculated as approximately 40 from the simula-
tions, and this value is used) and

2 2
&<ga¢¢H{8m>:0

022 Ox? (A3)

for the dead layer. For convenience, it is assumed that the
dead layer is isotropic and &/ = &/, with ¢! being the dielec-
tric constant of the dead layer along the film plane. The lin-
ear equation of state of the FE that is obtained by
minimization of the Landau-Ginzburg free energy with its
lowest order terms is

o*p Odp
AP —g o 9z’ (A6)
where the gradient of P along z has been neglected, as men-
tioned above, A = (T — T¢)/&C + M, where T is tempera-
ture, Tc is the transition temperature in bulk form, C is the
Curie constant, M represents any contribution of strain in the
case of a FE on a substrate (see the modified coefficient of
the lowest order term in P in the free energy in Ref. 36), and
g is the gradient energy coefficient. Note that the energy due
to gradients along z is much less than the gradients of P
along x, allowing one to safely neglect gradients along z. To
solve the polarization and the potential using the differential
equations above together with the equation of state in the
FE, one can use the Fourier transform to express the polar-
ization and the potentials in the layers in terms of harmonics,

P=D P gr =D dre du=3_ 91", (AD

where Py, q.’)é, and d)i} are the z-amplitudes of each harmonic
in k. Inserting these Fourier transforms for a given £ into
Egs. (A4), (AS), and (A6), we get

aZk
et ik =o, (A8)
2 1k
%?fﬁﬁza (A9)

where ¢ = (&, epe0k*|A + gk*[)'/*. The solutions of Egs.
(A8) and (A9) that satisfy the boundary conditions (BCs)
given in Eq. (A2) are

¢k = Acosqz + Bsingz, (A10)

¢! = Csinhk(z — L — d) + Dcoshk(z — L),  (All)
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where A, B, C, and the D are the amplitudes in the general
solution. Using the BCs given in Egs. (Al) and (A2c), we
get two equations with two unknowns, B and C from Egs.
(A10) and (A11),

L L kd
B |gcos il + %cos =) _ silkCcosh ——=0,
2 gpeg(A + gk?) 2 :
(Al12a)
L kd
Bsin % — Csinh ——- =0, (A12b)

For a non-trivial solution to exist, the determinants of the
coefficients in Egs. (A12a) and (A12b) have to be zero, giv-
ing us

. kd qL q qL>
B|sinh — [ gcos — + —————cos —
[ 2 <q 2 gpeg(A gk 2

kd L
+ elkcosh — —sin a=| - 0, (A13)
: 2 2
meaning that
. kd qL q qL)
sinh — | gcos — + ————-cos —
2 (q 2 epeo(A + gk%) 2
kd L
+ e?kcosh — —sin = = 0. (Al4)
: 2 2
After some algebra on Eq. (14), one gets
L /e kd
tan - _ Mtanh —, (Al5a)
2 &d 2
where
lex| = ( ! + 1> (A15b)
S \eo(Aa + g2) 7

which was previously obtained by the authors of Ref. 46
through a similar route. Their approach is somewhat repeated
here for tractability of results in our paper. We solve Eq.
(15) using a numerical approach and seek the k value that
yields the highest transition temperature from the paraelec-
tric state into the ferroelectric state for a given d (1-unit cell-
thick in this work). We do not carry out the calculations in
the single domain state regime, which correspond to thick-
nesses smaller than 3 nm and are outside the scope of our
analysis. Also note that the described method is applied for
the validation of the simulation results and do not reflect any
depletion charge—related effects, which are separately given
only by the numerical simulation presented in this paper.
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