Research on Single Phase Multiferroic Hexagonal
Manganites by Electron Microscopy

AR bt

TSINGHUA UNIVERSITY PRESS



FEXZERFELZMCIAS

. Research on Single Phase Multiferroic Hexagonal
Manganites by Electron Microscopy

RERZ At

it =



nEE T

ABGEEAARRET L T RHEF PO E /T B, £ 5 8, 325 6 | ok i %5 1)
Y Hxt LI YMnO, AR B AL BN T i AW AT R T X MR S5
PP Ji 22 (8] £ IR, A8 T 4 1M 165 e B 4% #A0 o4%) JA L 38 L O EL 76 WS b kK R R L 2h i
Sl T AR SCBL T A B AR b B B - BRRERR A, T JE A% G S B B R R
B- RS M B HAMR SN RA SR L.

I .EN 4R, SMNEHREIE. 010-62782989 13701121933

B # RS B (CIP) ¥ 7

PHZEATREMY K BT BRCEDIT/BAOME, — b K% R, 2019
GEHERFRFE L=
ISBN 978-7-302-51320-9

L O 1. Of- 0. Ok — HIhE B TR — BT BHMA-#x
V. ®O614.81 @O614.7

o E R A B B CIP B 7 (2018) 5 227124 5

RERE. B "
HER: MEE
BRERX . &
BENMH . AT

HIRE 1T KR4
] Ht: http://www. tup. com. cn, http://www. wgbook. com
o Hb EREERFEFEHAE AE BB 4. 100084
&2 #l:010-62770175 BF M. 010-62786544
HRE5EERS: 010-62776969, c-service@ tup. tsinghua. edu. cn
FREBRM®: 010-62772015, zhiliang@ tup. tsinghua. edu. cn

B 3k &: =i IREN 5 A RA R

2 W 2EFERE

F & 155mmX235mm B . 9.25 F M. 153 FF

R k. 2019 4 3 A% 1R ED k. 2019 4F 3 A1 WEDRI
E #: 69.00 T

=4S 080938-01



—RETEHF
ER—RRXEZATEFNETE(RLAEF)"

AXFEFRRAFWUREE S, RAZEFH -—RALTHER, £ 4% R
AR —RAFE, ARAKTREFR -—AAFREEN X, E—RHA¥FH
FE . AATERNERPRE, BLEHTREFEANRTEXR KA
H-BARFATEFNGE REF - NEBROATHERAF., HA¥
EAEAER#ZERE  RUAAHFRE REA LR ENE LA BRE
FAH L AHRAE L EERRE.

FRABHNEFZEETEHETNRE

FARHWRAERANER AR B RFEFEFXERBUREFERE
FRFHNEREN . KEFERBHNER, RRT —IAEXFARANE
R NEBNAZFAAFRERNRF. BLAEBFEERALSTESR
FAREA,ERARAETERKEM AR

FwESHS  HEX - HREHRMEN FARERALE R, np
RERETMX. REWE L —RARET 2000 % 4F 57 0 8 2 w1, & — 7
FEAL. BITERLATREXREE GREFR . AP RHMEFAALER
FEHEBRT, ARFANHA(REMOF T HE . “HBH , BHEF4; L4, 8
TAREER ANBHERBEABRL AL TAA KA E L, HLHEN
—MEMREFAET L HA, RAUECEMARKFALH —FKEIESR,
19 2A, EEMAKRFEFR L, KT FRBMART UEWFREAF T
ML EXFERBENFELERFETHEFRBETHEFHLEM4,HFRT
THH*¥HITREANHEFAR, WREZERGd A EFLR, TEHELH
RAIGEFARE L AL TN AR B L UBEX AR I NEFRFR A
EREFHREANAREREHNERZ R LAH.

O AXHEERFOLHBAR 2017412 H5H,



2 BHZHEAFTREUYVNBTERERR

MELEFIHERERFARHREENNE. B LLEFEEZ T H
WERNG  FREANNEFRFR A BRIRERFARX S EEFRFH K
MERXEMERT,EABANEARRSY. EERNR . BLABRERY
ARER,EXFRAARZBRANEAZIP RELRESE h R ARER, #H L
AER¥2WAEXRTRAER, ZEAHA . RELZHB NABERCES. 2K
BHRARKEPHABEENAFEEEW EFRERE A+ 4 K%
WERBLEXEE, B LA ARWRRBAAHE,

mEENMHAHEERLERELIEREENER

MIAFERERSFR AR EERE T EXRA HEAWHEE . R
REEHERREBAI Mo HHEE,

FREWE A CEFERBAAUFT. ML AENFARELHELS
B EUFTERBAKE, RARRER IS, AR IHM , EER
AR EMERE. 192946 ASH,EREA¥E¥R ST EE £
H_RAEZR BE¥RTANLZARMABNEL EXBE ‘BT EIRX
EELZAR B AR¥EFHNKALELRE THE XI5 .“%4
ZER RAMTAE; EAZF R . RART AR U BT 2 KM, 8 b
ZBRB . BTFR, ERETMRAR = ATARXREATF —fLEZFHR
Bith. PEFLWEFR X¥RAGTEAHANRRAZIR . BFSHX
B R —RLEFUREBEAEEGARBFYHRAC BRIV AE . H 5 0%
AFWEE. BLANZU“ BRI A EHZBEREXRE T, FHA
BHFEUFRARR.

EN RN BEFXRRERIRTELEC A0 L0 FRAUNE LAY
MIAFERLARE IO S LFE¥4 F¥HRE - “BEOBRMAFIEER
FEEWERMALAERBAROA - EA A WA B2 0 L #A
BIFREES. ERNBRORREANS R, FRAENBAMERRERAE,
LRMBFRFMEE, BLAERIBIRTANER  ERARETHX,
FTHRRAM AN FFE A,

BHAMBER - HHEFEEZEAN FTHREMRLHBET R, BAH#
HAMBENAT THRAD K FHRK. AMBERGEZ EHEBA
ARFEXARANFT I WRERNER IAEF T EFEN —N TR H
B, 2001 £, XE FRNEELLART —A“FREW L+ 4 K F € Fit
N, 4 LA HFHRTRAA ARG THAERE. ZREF L - EXER



—RETEHFRI-RAREZATEFNSE(RARF) 3

MM, ERFAGFHRATRAENBEALEFEC AR R T ONE B HE
¥AEG MARBENERLAER I E L AR KTRENLART L.

HTHEATE HAUBENAREN T TN BEF . H T &
Jih A RBEE AR BRI A ¥R E R, B I A PR A A F
A HEAFA0I3FRXRPEXNE", BF L TR FLFHAHELA
EREmMANFRANEREFAR G TE. ZEAFLASCEFAT 21
AR FE1ITHAENREIMERX IMERLERRHE S 5 XE,
IR FEREEEE « 338 (Barry Sharpless) 78 2013 45 11 A ¥ %
5w X ER G THREFANREE NN ZEZ ., EETERK
Kpe R EERNFALTREE, FRE RN, BN ENRARE
BEXRBTE NN ERFAN KT IIN BT ARN ZEEAXBENE K
s, BABHABBEERN - EREAFAAHECHC . A—AF
MR DM, ZEMER . “EELERARTE EMUARKE BEW
A SR ELFHEEFE G "XALENERNET —EANEEZARFARY
HMEtEWRE.

REFTEEFREARTHRE AN T EREER

— RN LTERTEN AWK TELS . FEMBL T AWHFTKRER,
EEAEQR LA L AR RN ENKT T,

ERTAEBRTE FRANEEA P2 ZR TREMNEFNFAZT AN
AHEH. PREMEREE, EXAXBIUFAAEXRE L0 T T
ARBRFANFREBR. FEA%¥EZSF X AR AN EH L, T 2016
FHAHLAELTRTARE T R-FH"H, AERNTHRE K0 KB U
TAEHKEAERTOFRD FLEFRERBR AL TRE FH.EHE
AWHER. (FRXEFHE-FHRHLEAEZIAK T 2k RES
BREMBEELEARAFRR AR T AR BRI EETER.

ERTARSHTABH AT O FRLAHE, ZEFEHTHER
BABRFARIEHAAE. BLARZFRENRAXBETHF, ELLE
Z ERFHETSEEREAKT PR, HEAFN 2009 FFHEEH
BEAERFFRENTREASL ¥ M IFELZRL, AFIH B2 R FE XK
BECHLALRF. AERFRERABZTAFHERETR Y, VHK
HAFIBBEHER T UM LHE S L £, L EACUBE N FFHITHE R
FOMEEFE, FAMERME R KK,



4 BHEZHEATREUYNBTEMERR

ERABTAXATE - EFARAFHARAORR  ZELRBEFH
WTeE, B¥RRXARMRAE LA FARUEINEERB B LA ESS
RAEXXEBRAEFRBA LN, HEKFET 2014 FE4 4T “%
VR FEBAFMNTUEARIMEFEMBAAFARER. FRERKE. 3
SR MEAESERER YD £712000 £ 47,5 5 + 4 % 38000 % A
Ko “WMPR"RATABFHRFAZAHERAE, X TRAFMNEER
XMl, HET2002 4404 THITARZ . REHRAFECAR, TALHR
B, BEAREFSEEHT 500 H,F BT 18000 £FFR| L, LR
ATHATLS H¥HK . FHXB.RAXANER. ¥SREREHE L+
AR -—AA¥HAEXASA AR . BT OB LERAESATFE
Fio BET 2011 SRITRARFERELATRE ZMFLAREFEX
¥A0RAAF ELRUERTARREFTERN A XA,

EW L FAITE T T ARA EI —F T8 % AR H W R b AR #
ERAR. REA_RFARELNZETFEH IR XIATFLERAES K
AR EARESHRE, FERAFN 2015 EFLEFMAB XK IFFRE
BEALEFATELZRS . FARX A ERMF AT T IR IELL ¥
RERLCH#AEXR . RFVUZACAFTFUEEERIE, A FHER RN
4UERLE.

AEARBAARARIRBER YR —RAFHES., HLAERRE
WRARASHDFRERANEERZ. RNEFEEN . LKA EHRL
AEHFHREM JAEER TRt R. FTHRMLEE RERKE, X
Wiis —RAFWAARFERFOEE,

)’v?@
FEXFRK
2017412 A5 H



MNEFZ

MERBAAEFAZNH I ART . AAERBFRRAAERRES A Y
HEREFRAUFAANEL, RERRRBRSNWEZHART L, RIKEKF
AAEFRHNEFZE,

EAERBIFARERN R, LK% E 20 #4280 FRWFH, X
REXRMUARFE . LOBRALHEHA . FH BB L EAHFTRE. HTH
BRETRLARKHERTE ER-—FTEAAHHRELRBENFRAE, —
FEAAARAEFRERXCUFRE. ARCSEFET R LER K LR
EZefRETE . HHELEBCER ARAF RABLENERNE,
EBREERARERR . FHRABLERFRE.

BEARRAANBENNERFREFENE BREFRK, RERL. 417
ERHWESTHARFABRA LA, ARAARRFTOFARERR . BEA
KW AR R FHRFAFHERR. XERFR L FARILAS , FRE
BEBLAFRIEAERRNEA, U RERE L EFRBHE AL
KA,

RELFNE -—RAXH R ERFAGE T RNBRARF R L 24
RWX. ATEBAF . MR FOE L EBRBTH, BT FECH
FORRFERRARFE LI ERLRXECAH 20545, FHHNRFE L EM
RXRXRTERBREERRRFNE L FMARXNAT. HTHBRFHHE
TFRRXRR EFHBDFRR KRG FHAR  REB L ERKRER
BEK EEAEFREREFEAFHRHE SRR BRF T L FMH

RMFEEAFHRE BRI BAEAREL L HEWEHEREKR
HR EXEMEIRIULEFTAEAEEA TN R TRBEHFNRS
FRRENRAE ZHE. HERELS BTN B H 4 &4 %58
EXXPBENEZHREMBAARRBHBENSS, hHXEHARY
ARFMEFERFERNECRIABR GRS A,



6 BHEKAFTRELYNETFEHMFHR

R A FH R I, X0, A& E KB &
X BAFFHEROER. ERRFHFAERFER, RRT —FAGKSF
WHRABRR BB T —ARFEFEE WEARTHENERFR. R
MAERRXKOREFE W E4 EFHEML X,

RO B EFAT. MATR T oy F AR R, F F 8 0B AR
MOTENERCBAR THERFRAEREMLTEH. NAFRE
KA AR X BT THEINER T E I AEREMFE AR
Flot, ERLRGMRMTHEME,

REAFRBEHFRERASFR AR XNEARSRZAEZNRRS
SEXREAES H2REFE FXFLAFENFREAN, RSR T2
EENWEFRATMAXER. HEXBERELENT TAEFRUHFE
EHHSRHERRGR RO T I RRRA S B L AN AR XFFTAEHAE
W oAH k.

RELAFHEEN EENFARNEFERFRNRAATNERK N E
BEERRAFR, EHAR! ERFERX EREL 2T ERBALNEL & LB
A Fr » BT B R B 5] A

MR — A WX — R AREARF N R, R ARG H K
RFZFRZXMNFAH SR LTHBESHAFEEES 0 EREZRHME
Gk 2l &K E

1%

FRERKFRELERK K
201841 A5 H



FIhFE

WA LR, L SREEIVRELRE, w FLEGERKTRE
R, ERMAERXR TR BF RN EHEA A 50 ER Rhe B4
EA G AN BADKERE, FEYH TR TEGNERASE, ERAEER
Bl ak, WA EHMEBNED AN KBASENFAHE FREGELAS
ADERTERE. RREERD RATEGE s FTEENG L, BH
CERTY ST VLSS PN S ST F T AL T
Ul +ER-—ERBRANBRMBHFTARNEEFEF 0, X%
MEFREE SHERNE W IAHHE ERE REE RyR
E THARKM B ER AL AFENERBERSY BT ELBEREANE
B KRESLHNBANE AR ERTFRENER, ZEYAH
B, S4MHBEET AT ENNEAL - RERE R TR HLEHE,
FREEXAMEME HLIEH LAY NS AN aRBAERN.
MARE - HEAANAN TR, TURRAHEETEEE S REFR
R AREREREREFHARANHA AARBE T AL Y. £
AEG EHAALTFERENSATR. ELZA . FEZAFBESN
A YMnO, AR EW AT R M S S EEMWETT REARANF X,
EATHHEMB G BEANE, BT HEMPRRZANER.
AEWHEFRLERASBUR A ML ABAEENE LB ANHE.
AHPBAMAFAFRAELT: ONRALTNBI N EER . RET
—RERKBEHRAGCTHLAF K EEROFT O T % QRAT AN
GEAMTRAGRHUT KW EABELE W 2L REAXAAL
FERTHEHBEROAATA T WATH, TA 46406k 16 2 1 09 40 T
AR AMEABERCHHI AN EABAHETT 4 TN T 24
WTHES; QELRTRNEMBE AT EENY B R H A Z A R
B AR, B AL A E, S YMnO, MR K ARG E R R
L EAEEA A TR A REN RS, AT RS MG, LT 8



8 BHEZEAFTREUYVNETFEMERR

SHMRTHKE-SGHBES; OEEFRELAHXMAH NS4 UBL
MHHTTRANRR  ARRAEFRETENRREHELL A%
HHHBENF N TERUAREN B EBR T AR TH.

K #
HAERFHHFR
2018 4F 4 A



wm =

FHUMBELENTEXR-—BERBRAYERH R ETARGANTHAR
HE,XEKMBEA ZHN AN, AR FHR ERE FaH
K&, REAZXEMH B LA BONF, ARG AXH#E.
MFERACAEREZA YR EHA LR L AN F R LAY e ELZ
Bl B BER RBEZRFSANAEEAMBRTHEN, TUETRRE LR
BHHNEHMEE KRR ESHT AR TR ERARBREENAGE.

AR AETFEMFPHSHF R, R AU YMnO;, R %k
WATRMSGERANI BT TAR  BF TR EMBEN YR 2 A
AR MBETEHFLEHNRCNE, AR BT AAHLEE X,
TR AAEHETFERAT AL TFRENEE BB TARAGENRE
HERFE HFEXENETARGERN KL T EHEA. AH#EMR
SREFIABHCANE TR N FHBR ARET —HEXKRE TR
AUTHRAFRESFRAT AN T X, REBAARZRELTFEME
RARERRHEIN AR RARFREXMBU R REMT L TEH
HARE. RARNTEEMD TR FERKE KRBT — R EABEE
M XEREHTEAENFERORA AL LT AENTH AAEIEE 2 A4
ERERREAEAEEEOOEA. A Ea P A APEE LR
REHXRARNAAFNCHERSFEABRBNARFRTREL X, BRT
GERKRFNT LT HNEXARNEHEBLEANBLXA, FAT R
THES. RE ELBRFTRAEINBREAANFTERLD T AL K42 2t
HUEENREM, AR E M BEFETBANMLS 2T TREMMAF
MRBMBZEWER, FIARAEMNRE, § YMnO, ¥ ¥ 4 k£ # 4
ERNEHER L RSLAEGE A ATARFIALENRTA, AT AL HH#
JEM B PRk, TREM S RM R TR - KUBE TARELE
HEGMF TR E-RARBE A RS UMW BB AR TR,

XEBW: B TERE; ANTEAND S4B sH



Abstract

Multiferroic materials have been raised as the research hotspots for
decades since they have wide potential application capabilities in the field
of transducers, memories, sensors and so on. Depth research on magneto-
electric coupling mechanism will benefit the device application of this kind
of materials. Transmission electron microscopy ( TEM), which can be
treated as a bridge connecting nano-world and real world, is playing more
and more crucial role in the field of multiferric materials since it has the
ability to characterize samples in real space, momentum space and also
energy space.

Here, we have comprehensively studied the single phase multiferroic
hexagonal manganites materials with the help of multiple TEM techniques,
establishing the connections between properties and structures. Firstly,
we have characterized single phase multiferroic materials at micro-scale
with dark field images. We could uniquely justify the polarization
directions of each domains with dynamic electron diffraction knowledge.
Then, we use spherical aberration corrected TEM to characterize samples
down to atomic scale. We realize that different sites of oxygen vacancies
can be created under different external perturbations. Taking advantage of
this properties, we grow YMnO; thin film on sapphire substrate which
could provide large compressive strain and thus on-top oxygen vacancies
can be created. In this case, YMnQ,; material can realize ferroelectric-
ferromagnetic coupling instead of ferroelectric-antiferromagnetic coupling,
which will benefit the applications of single phase multiferroic materials.

Because of the symmetric regulations, hexagonal manganites always
have cloverleaf shaped domain configurations. However, using aforementioned

dark field technique, we have observed the existence of non-six fold
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domain cores. Probe corrected scanning transmission electron microscopy
(STEM) technique helps us to reveal the atomic arrangement at vortex
core areas. We find that partial edge dislocations are always pinning at
vortex cores and thus non-six fold domains have been created. We have
revealed the connections between topologically protected domains and
partial edge dislocations. Further Landau based thermaldynamic calculations

have been carried out to support our views.

Key words: Electron Microscopy; Hexagonal Manganites; Multiferroics;

Topological Defects; Magnetism



FEFSHERE

TEM
HRTEM

SAED
SEM
STEM
HAADF
ABF
FFT
GPA
EELS
EDS
EMCD
FIB
DFT
XRD
SQUID

SHG
ND
PLD
MBE
PFM
XPS

7% 51 L 7 B 8% (transmission electron microscope)

B4 83 Gt B F B 18 48% (high resolution transmission electron
microscope)

1 X B, 117 §f (selected area electron diffraction)

A 7 B 7 8% (scanning electron microscope)

443 5 H F B 7% B% (scanning transmission electron microscope)

& A} I K% 3% (high angle annular dark field)

A BH 3% (annular bright field)

3 {8 B A8 ¥t (fast Fourier transformation)

JU{] #8443 #7 (geometric phase analysis)

B, F BB B i1 52 i (electron energy loss spectroscopy)

fiEi (energy dispersive spectroscopy)

B, F B9 RE F M — ) 8,14 (energy-loss magnetic chiral dichroism)

REE FHRILFH (focused ion beam)

% B {7 PR B2 (density functional theory)

X B A7 5 (X-ray diffraction)

S & T T ¥ » 98 it (superconducting quantum interference
device)

TR & A (second harmonic generation)

747 8 (neutron diffraction)

Jok 6 U (pulsed laser deposition)

5 F AN EE A= K (molecular beam expitaxy)

FE |, 1 8548 (piezoelectric force microscopy)

X Btk 6 F it (X-ray photoelectron spectroscopy)



B =x

B A ME | B AD oo seves vimimes imions sasions vusss nenbiiisns SHalasn SHORER Sosies b NS Nabibnd
1.2 S8 HAGHRMEEL Z I P oo wemmnone aononn snssns sssenn samons
1.2,  BEHM ARG B ves conmms commrnsvmrrwass suvers sxsaes vamass

1.2.2 B8 MM BT F creeeeerrnesrmmiii i

1.4 B0 S BB RARIE soom snvsns svniins crosos sossns sos dannin sxesis
1.4.1 BiFeO, £ A0 24 M A BRI coooeeerrrrnmnne e
1.4.2 BARNFAEBADFF R BE e o vereerere e
14,3 # LR B S EAHA ARG oo
BE G A K T e e e e
AR B BT G B BB e e en e e e e
TR R SR R R e

—_ = = s
O 00 N o O

F25 EHFRFEFEAHIRAE -

AL .

2.4 wTRREMEAM -

2.4.2 EELS'L%%}Z)?]
2.5 X H&akig--

2.6 LFHHEFH_GERLELK

coO OO O A~ N - = =

—
-~

18
20
21
22
23

- 25
2.2 BERESEM BB ER I ocveerrrreerniireennniiinenenaeeans
D 8 SSEE R A B B cvevon v« e s sosian waim s s

26

- 29
sews sepmes s s 32

2.4.1 SFHFREBORKRBIE oovoerrerrnrrrnnesinnnann

- 34

- 35

- 35

32



16

BFHIHERATRENYNETFERERR

EIE YMnO, PIEXRREY SR E TRl v vre e eeerneeenreennneenens
3.3.2 PR CBTHDBEBEERMITI o

3.1
3.2
3.3

3.4

F4=E
4.1
4.2
4.3
4.4

4.5

£5E
5.1
5.2
5.3
5.4
5.5

E
6.1
6.2
6.3
6. 4
6.5

B8
7.1

& A

3.3.1 #aMegEi -

i

e T T .
4.4.1 POt a4k Howie-Whelan F 42 oooeeeeeeenennnn
4.4.2 FEF Ot GIARE Howie-Whelan A2 -oooeevenennen
. 58

'3I"‘

5%

AR R R RIE A RTBREE LR v vverrrreereeeiieeennnnns
B e § v e im0 i 08 AR KD 5SS ASRERS SR KO 44 b bmmn

F|ZAx YMnO, & 4 4540 F0 i F 45 4 59 % i

I 3 I TR TR T PR PP R PR PP PR PP PP

HNESAIES YMnO, BB oo

5E-

39

39
42

45

51

51
51
52
53
53

61
61
61
61
62
7

« 73

73

75
84

85



