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Bismuth manganite: A multiferroic with a large nonlinear optical response
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We report evidence for ferroelectricity in bismuth manganite epitaxial films from optical second-harmonic
generatioSHG). The change in the polar symmetry of SHG signals under external electric fields is correlated
to specific changes in the ferroelectric domain microstructures. We also observe giant enhancement of SHG by
3 to 4 orders of magnitude with effectivlk~ 193 pm/V under electric fields of 707 V/mm. The material also
exhibits a large third-order nonlinear optical response with nonlinear absorption coeffieient
—0.08 cm/kW and nonlinear refractive index~ —0.53< 10" ° cn?/W.
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There is growing interest in multiferroic materitis dis- measurements of an epitaxial BiMg@ilm grown in the
playing simultaneous ferromagnetism, ferroelectricity, andsame way as the films in this study or(#0 SrTiO; sub-
ferroelasticity, due to potential applications as ferroelectrostrate reveal a ferromagnetic transitioriTat=97 K, slightly
magnets and in spintronics, in addition to the inherent interfower than theT .= 105 K value of bulk BiMnQ sampleﬁ
est in the underlying physics of the coexistence of ferroelec- Epitaxial BiMnO; thin films were synthesized by pulsed
tricity and ferromagnetism. Bismuth manganite (BiMj)Oa  |aser deposition o111) SrTiO; substrates using a bismuth-
material with the perovskite structure and predicted to bgich target with composition BiMnO,. The parameters
multiferroic? has been previously shown to be ysed to grow the samples studied were a substrate tempera-
ferromagnetié‘7 below a transition temperature 6f105 K ture of 755-758°C, an oxygen pressure of 150 mTorr, a
and a likely ferroelectrié. Ferroelectricity has been difficult |aser fluence of 1.5—2 J/&mand a laser repetition rate of 4
to prove because of the lack of single crystals and the lowqz using a 248 nm excimer laser. The Samp|es were
resistance of BiMn@ films, making it difficult to associate quenched at the completion of growth in 1 atm of oxygen
measured dielectric hysteresis loops to ferroelectricity into minimize bismuth desorption from the film during
stead of nonlinear dielectric losses. Bismuth manganite ishe cooling process. Additional details on the film deposi-
metastable at atmospheric pressure and has required pregn, structural and magnetic characterization are reported
sures of at least 40 000 atm to synthesize in bulk form. More|sewherd?® Just as detailed structural characterization of ep-
eira et al* have reported ferroelectric hysteresis loops forijtaxial BiMiO; films, grown on(100) SrTiO; is consistent
polycrystalline thin films and bulk powders of BiMRO  with the films being monoclini¢® our structural character-

which contained some unidentified impurities phases as wellzation of these epitaxial BiMn@films grown on (111)
A structural phase transition from monoclinic2 to an

orthorhombicPbnmhas been observed at a temperature of . —
~770°C8 which is presently postulated to bdibeIS ferro- B1Mn03 (11 1)
electric to paraelectric phase transition.

In this paper, we study phase pure, epitaxially grown thin
films of BiMnO; on SrTiO; (111) substrates. We correlate
observed permanent changes in the magnitude and symmetry
of optical second harmonic generation signals to changes in
the ferroelectric domain microstructure upon applying exter-
nal electric fields to the film. The large nonlinear optical
responses observed in this manuscript open up possibilities
for device applications exploiting all three features of ferro-
electricity, ferromagnetism, and optical nonlinearity.

The magnetic point group of BIMnO has been _ o _ _
reported to be 2, with lattice parameters @f 9.5323 A, is defined z{sz<i=ch. Various a_ngles are defined, for ex_ample, as
b=5.6064 A, and c=9.8535 A, a=y=90°, and B 9,6;&=cos 1I,(;;&, wheree,é;L is the angle between unit vectors
=110.667°, at room temperatuf€ig. 1).° Symmetry dic- —C and X, . These angles aref3;=82.380°, 0,=73.240°,
tates that the ferroelectric polarizati®h if it exists, should — 0As=32.798°, 05z =62.695°, 053=48.132°, 6 gp=54.885",
be along the twofold rotation axis, since this axis will destroyf-s:=47.307°, gz =62.770°, 6c3=34.694°, fcp=72.798°,

>Q
FIG. 1. A unit cell of BiMnGQ; indicating the polarization direc-
tion (Pg) and the growth plane for the films studied. The veétor

any polarization vector componeRt, perpendicular to it, 6-cc, =80.512°, 0_cx, =19.790°, 0pa=30.460°,
by requiring an equal and opposite vectelP;, . Recent  0pp=59.538°, 0p;=72.288°, 0_pg =36.245°, Hg3=56.706°;
neutron diffraction studies indicate that the magnetic polardg=0°, 0z=53.96°, fs, =36.039°, Op=72.13°,

ization is also oriented along the twofold axis. Magnetic §3,=60.36°,6:=29.638°, antp, =90°.
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= 10 1 0 1 sectional view of one of the BiMngXilms used in this study grown

 (degrees) on a(111) SrTiO; substrate(b) and(c) The[101] zone axis SAED
10 -( ) pattern of BiMn@Q and the[101] zone axis SAED pattern of
L (C

SrTiO; taken with the incident electron beam along the same direc-
tion, respectively. Electron diffraction studies of the film and the
10 | ] substrate confirm the epitaxial orientation established by x-ray stud-
ies.(d) HRTEM image of the BiMn@/SrTiO; interface imaged by

the electron beam along tmao_l] zone axis of SrTi@Q. The HR-

Intensity (arbitrary units)

10' | 3 TEM image reveals a clean interface.
0 9% 180 270 360 (119 planes,d;; 13, deduced from the peak positions in
¢ (degrees) Fig. 2(@) and the standard correction for the sample height

FIG. 2. (a) (—26) x-ray diffraction scan of one of the BiMnO  €/Tor is d(117=4.604+0.001 A; This close to the
films used in this study grown on a Sr@L11) substrate. The scan d(11_1)24-_585 A spacing of bulk BiMnQ. . .
reveals a nearly phase-pure (1driented BiMnQ film. The ful The microstructure qf one of the same films whose opt'lcal
width at half maximum(FWHM) of 222 reflection of BiMnG, is propert_les_ were Investlga_lted was studied by cross-sectional
0.24° in 2. (b) Rocking curve of the 222peak of this same transm|§5|on_ electrqn MICrOSCORTEM). The resgl_ts are
BiMnO; film with a FWHM of 0.39° inw. (¢) ¢-scan of the 110 shown in .Flg' s Flg_ure @ shows a Iow-magnlflc_atlon

. — . . M cross-sectional TEM image of the film. The TEM images
%ezkoa;tx=167£.5 (chg(‘)f gi}%}g?ﬁgtf’?ﬁzggﬁ cgt\c,)vrlt?oab':evggxen revealed no evidence of impurity or amorphous phases. Fig-
G 01 .o he S0 5 ared 050 P Lo e e s e tcton
to the SrTiQ [121] in-plane orientation. spectively, with the incident electron beam along the same
direction. They are, respectively, identified to be fi€1]
SITiO; is also consistent with the films being monoclinic. zone axis SAED pattern of monoclinic BiMnQand the

Monoclin_ic indices are thus used throughout this manuscripElOT] zone axis SAED pattern of SrTiO The electron dif-

to describe the crystallography of these BiMn@Ims.  f5ction patterns observed were consistent with the film hav-
The films studied here are phase-pure filmSjyg the same monoclinic structure as bulk BiMpamples
with the following epitaxial orientation relationship: anq the orientation relationship determined from TEM cor-
BiMnO; (111)//SrTiO; (111), with in-plane orientations of roborated that deduced from the four-circle x-ray diffraction
[110] BiMnO4//[101]SrTiO; (exact relation and [112]  measurements. Figure(d shows a high-resolution TEM
BiMnO;//[121] SrTiO; (approximate relation Figure Za) (HRTEM) image of the film/substrate interface. The HRTEM

shows a(6-26) x-ray diffraction scan of one of the BiMnO Image reveals that the interface is clean. _ _
films studied. The scan reveals a phase-pure BiMfilin Figure 4 shows the 12 types of ferroelectric domain vari-

with its (1ﬁ) plane parallel to thé111) plane of the SITIQ ants that can exist in these films. Both ferroelectricity and

) . electric-dipole second harmonic generati®®HG) occur
substrate. The full width at half maximufWHM) of the only in noncentrosymmetric media. Since the monoclinic

222 reflection of BiMnQ, is 0.24° and 0.39° in 2and @ gpace group €2) of BiMnOs is noncentrosymmetric, one

[Fig. 2(b)], respectively. Figure () shows a¢ scan of the \yoyld expect SHG signals. However, to establish ferroelec-
110 peak of the (11)toriented BiMnQ film with a FWHM tricity one has to see the changes in the ferroelectric polar-
in ¢ of ~1.7°. The interplanar spacing between the BiMnO ization direction with applied external fields. The consequent

214109-2



BISMUTH MANGANITE: A MULTIFERROIC WITHA . .. PHYSICAL REVIEW B 69, 214109 (2004

[I_ZT], y g1s 0 _ef* 15
510 . 10

_ Sos ’ 05

[101], x .%o.o 0.0

. 05 05
SFTIO3 £ 10 10
% 15 15

1.2
0.8
04
0.0
04
0.8
1.2

SHG Intensity (arb.units.)
WON =20 =NW

FIG. 5. Polar plots at 82 K of the SHG intensity polarized along
either the SrTiQ [101] [denoted as the axis; intensityl, (b) and
(d)] or[121] [denoted as thg axis, intensityl, (a) and(c)] as a
function of the input polarization direction of the fundamental beam
at an angled to the x axis. Plots(a) and (b) correspond to before
application of any voltage, and plots) and(d) correspond to after
application and removal of a voltage ef2 kV. Circles are experi-

FIG. 4. Plan view of the growth plane with 12 different possible mental points and solid lines are theoretical fits based on(Hq.
domain variants in an epitaxial thin film of BiMnQO The broken  Double-headed arrows ife) indicate the projection of possible
lines are the projection of the, b, and ¢ unit-cell axes on the ferroelectric polarization directionB, shown in Fig. 1 on to the
growth plane. Arrows indicate the projection Bf on the growth  film growth plane, also the plane of the plots.
plane. At room temperature, the ferroelectric polarizatiwaxis) is

tilt:;j 8a0toan ang":‘. ofr5;1.88°t,handa atnhd CI axes at~34.69° and  rigs gp) 5(d)]) or the SrTiQ [121] direction(denoted as
-00", respectively, from the growth plane. they axis, intensityl, in [Figs. §a), 5(c)]) as a function of

; ; ; : the input polarization direction of the fundamental beam (
changes in the magnitude, and in particulsymmetryof . )
d g P m y =900 nm) at an angl® to the x axis. The local nonlinear

second harmonic response with applied external fields can

. . 2 . . .
provide unique signatures of the presence and rearrangemdiftlarization P (i denoteslocal unit-cell coordinatesare
of ferroelectric domain&l-13 calculated for each domain variant in Fig. 4, and summed,

SHG experiments were performed using a tunable Titaking their rezlative phases into account. Th&l nonlinear
sapphire laser with 65 fs pulses bf=900 nm fundamental PolarizationPi™ (j=x or y, which areglobal coordinates
light. The laser pulses were incident from the substrate sidd the film created by the fundamental beam can thus be
at a repetition rate of 82 MHz with an average power ofderived as
~400 mW over a probed beam with a 126n diameter
beam incident on the film. The SHG signal was detected

szw: (Aj+ Au,jeir”’j +Au, ieirm' 1)cos’ 0

uging a line fi[ter a.round 45_0_ nm, and usi.ng a lock-in tech- +(By;+ B, J_eir”,jJrI_;.)m jeil“m )sir? 6
nique. Under identical conditionso SHG signals were ob- ' o v
served from a bare SrTi0111) substrate with or without +(Cyj+Cy e i+ Cy T mi)sin(20), (1)

applied fields. Electric fields were appliedsitu while SHG . .

measurements were performed. Since the film exhibited larg here, referring to Fig. 4, the termg ;, By j, andCy; are

dielectric losses at room temperature and above, Au eledl'® Net contributions from the domains sét(=1,ILII).

trode pads were applied to the backside of the S§TGb- They are I|stgd in Table I. The terms, | andl'y,; are.rela—

strate, with a spacing of 2 mm, and voltages of up-@ kv tive phas_e shifts of the SHG contribution from (_:io_maln sets |l

were applied as shown in the inset of Fig. 7. Using a relativé?d !l with respect teset I. The second harmonic intensify

dielectric constant of 448 for the 0.87-mm-thick Srfi€ub- 'S obtained as

strate at room temperature, and not accounting for the pres-

ence of the film, the actual fields at the interface between the|jo<2 (Amj co< 6+ Bm,j sir? 0+ Cm,j Sin20)(Ap | cos 6

film and the substrate were estimated to be of the order of = mn ' ’ ' '

707 VImm parallel to the interface. We have not attempted to . .

apply Au pads on the film side for measurement at lower +Bn i 6+ Cp 5in 26)c08 L'~ T'n ), )

temperature$82 K) where dielectric losses may be lower. wherem, n=1, I, Il refer to the three domain sets I, II, and
Figure 5 shows the polar plots at a temperature of 82 K{|, respectively, and we are free to choose the arbitrary

of the SHG intensity X =450 nm) polarized along either the phasel’, ;=0 according to Eq(1). If we assume, for simpli-

SrTiO; [101] direction(denoted as the axis; intensityl, in  fication, that alll", ;= 0, then Eq.(2) simplifies to
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TABLE I. The parameters in Eq3) as a function of domain fractiorfg(k=1-12) shown in Fig. 4. The
functionsF and G are listed below in Tables Il and I, respectively. Subscripts and superscripts accompa-
nying F and G refer to the specific parameters they are associated with in column 1.

Parameters j=x, SITiO, [101] j=y, SITiO, [121]

A f1+4—2—3fo+f1+2—3—4Gfx f1+3—2—4Fﬁy+ f1+2+3+4Gﬁy

Aunj f5+6—7—86ﬁ,x f5+7—6—8Fﬁ,y+f5+6+7+86ﬁ,y

AIII,j fZLO+1ZL—9—12FﬁI,>< f9+ 11—10—12Fﬁl,y

Bix f1+4—2—3FEx+f1+2—3—4GEx f1+3—2—4FEy+ f1+2+3+4Gﬁy

B fsis-6-7Fixt fsr6-7-8Gi fs+7-6-8Fiy T fsr6+7+8Gity

BIII,j f10+1179712Fﬁl,>(+fll+1279710GﬁI,x f9+11710712':ﬁ|,y+f9+10+11+12GﬁI,y

Cij fria 2 aFixtf1i2:314Gi fiva—a-sFiy T fiio-3-4GF,

Cll,j f5+7—6—8F|(|:,x+f5+6+7+8G|(|:,x f5+s—6—7F|(|:,y+f5+6—7—sG|C|,y

Cuj for11-10-12F 1, x T Fo+ 10+ 11+ 12517, x f10+11—9—12F|C||,y+f11+12—9—1oG|C||,y
e (A co< 9+ B; Siné 6+ C; sin 26)?, ©) We emphasize the qualitative physical implications of fit-

whereA; =2 A, ; and similarly forB; andC; . Theoretical

ting parameters in E43) and Table | from a domain micro-
structure perspective. Within a two-dimensional microstruc-

fits based on Eq(3) are shown in Fig. 5 as solid lines. As tyre assumption for the thin film, and within the probe area
shown in Figs. £c) and §d), one also observes that, at 82 K, of the beam, let us defirfg as the area fraction of any one of
these polar plots show permanent changes when an exterrigk 1—-12 domain variants in Fig. 4. Abbreviated notation

step voltage oft-2 kV is applied along the+y direction for

such asfq,3 o, 4=f;+f;—f,—f, is adopted. The con-

a period of 30 min and then shut off. These permanenstantsF in Table | are linear functions of nonlinear coeffi-

changes are discussed below.

cientsds,, dy;, dy,, dyg, dig and cosines of various geo-

TABLE Il. Explicit dependence of functioR (in Table )) on nonlinear coefficientds,, d,q, dop, dog dig

and cosines of various geometric angles. SubscKptd, II, 11l refer to three domain sets as shown in Fig.
4.
K j Fr.j
— — . n 2 2 2 2
K=l J=x Fiu= 55l dad pe T (a1t digl” 5 +dad o+ daodl ]

FP=dad bl el i+ 155(daal 55+ dod 35+ dodl 3) — didl - 53 1ol i,
FEe= 12~ daal 5l i+ el 55162 +166(201 i, |65, — 2020l 5l 25— 2029l el ic)
+did b3, (15l ax, ~ bl -53,)}
j=y Fiy= —dsdbel bl a1 ab(dail”
P =~ Ol gl (Ol 5, + 2y Ol ) — o 5 Ui
FEy=1/2{dad el bl 62+ 1 541 66) — 146(201al - b3, 145, — 202015l 36— 202d el ac)
+dad s, (166l ax, ~ a6l -53,)}

K=II j=x Fit =0

I, x

2 2 IO
+ ol o+ dad 5e) +didl ool -px 1A%,

Fitx= —dadzel gl aptdides | golas,
Fi= ~ U2(dad 2l g+ did -5l E; )
i=y Fity= fl_ég(leléiiernI 2
Fiy=—{dad gl go+1gildad g; +0ad” g+ dad ") +did s 1-5)
Fity=—1/2{1 g5(dad el ee— 2d2 £x, lBx, T 2024 sl ~ps—duel By, 15 )}
Fi =260l 25+ dod £0) + dad 2.1 25
Fﬁ,x:*[d34|f:é|—(A:éléff||56(d22|25+d21|2,(;;( +dzs'iée)]
F = 21— 205 £l e+ 209 el —ce)
+dag fo(— 7ol -+ 1ol o)}
=y Fiy= —16o(dod 25+ dod 22) + dad _ el el 7
Fhy= 01 ¢ 165~ 16b[dad 5+ (dost dagl ot il 5 ]
F|(|:|,y:1/2{d16|2_(‘;;&|ﬁB"éB(_ZdzﬂﬁB'éﬁ"‘ 2d,3 fel —¢e)

—dad _ca(—Irpl —cetlcolre)}

K=1Il j=x
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TABLE lIl. Explicit dependence of functioi (in Table ) on nonlinear coefficientelq, d,s, di4, and

cosines of various geometric angles. Subscriptsl, Il, IlI refer to three domain sets as shown in Fig. 4.
K j Gk,
K=I j=x Gﬁleﬁél—6§(l[_(d36+d25)|6f)_d14|—I3>‘<L:|

GPx=1ax [dsd apl 5z +1Ac(dadl pp+ dud 53 )]
GE,=1/2{[ — dad pel 56l ax, — 1361 -5 )1+ dasl (1 - 5% 1ae— Ak, 15¢)
+did o, (I-b% 1as—lax 162}
i=y Gﬁyz|—b%i[de,e'E)B'Aé"‘||56(d25|A6_d14|A>‘<i)]
GEyZIAEIAQL[_(dSG—F dag)l Ap+ didl g |
Gry=2{[dad ac(l 5 ax, —1Abl -55%,)]— dodl ab(1 - % 1As—1ax, 1 62)
+dudax, (1-px 1as—1ax 16e)}
K=l i=x Glh=—dudy lae
Gl =gz, (—dad _gpl et dud gx | -50)
Gl x=12{1g5 [dagleel 55— dra(les, | —ge—log, 12e) 1}
=y Gl y=lgx (dod —glze+didas 1£0)
Gl = —1-5c(dod -5l 55, + o 35155, +cid 55)
Giiy=12[dsd s, | 8¢l 8o+ dad 8o(lex, | -8e—zelex,)
+didax (lex 1 -se— e 0]}
K=1Il j=x Gii,x=0
Giix=1-cx, (dad 7el cb—dadl Fil o)
Gii,x=12{Izel ¢z, |£o(dast dag)}
i=y Ghi.y=0
Gh,y=—1-¢cx (dud —cg, | -cetdaslcol - ce+dad —celch)
Gii,y= U2 &5 (—did g5 Ire—dod cpl fet dadl el )}

metric angles. The constar@sin Table | are linear functions This discussion in conjunction with Table I, would sug-
of nonlinear-coefficientslsg, d.s, dq4, and cosines of vari- gest that for electric-field-induced microstructural bias, the
ous geometric angles. These dependencies are explicitly:rmsAﬁ and Bf, would dominatel,, and termsC2 would
shown in Tables Il and Ill. None of the nonlinear coeffi- dominatel,. This is indeed seen in Fig. 5 where %R2¥)
cients, and hencé and G, are known. However, as shown (associated withCZ) dominates the intensity patterns.
below, the explicit expressions fér andG are unimportant ~ Similarly, sirf # and cod ¢ terms (associated Witm)z, and
for the qualitative conclusions drawn here, except to note3§) dominate the SHG signa|, in Fig. 5.

that they are material constants and do not change with ex-" Let us now focus on the changes in the SHG sigpe°)
ternal fields. The external fields only change the area fracand!,(90°) due to electric fieldsfrom Figs. %a) and 5¢)].
tions fy, and hence the fitting parameteks, B;, andC; in From Eq.(3), for fundamental polarizations &=0° or 90°,
Table I. The following general conclusions can be drawn. the terms that contribute to the SHG sigm,alareAf, or Bg,

We begin by observing that in Fig. 4, for an applied elec-respectively. The changes ig(0°) and1,(90°) observed
tric field along the+y direction, as in our experiments, the here, therefore, corresponds tmet changen the area frac-
electric field would be expected to increase the fracfipn  tion of the domain set1,3,5,7,9,11 with respect to the do-
(k=2,4,6,8,1012) of variants with ferroelectric domain po- main set(2,4,6,8,10,12in Fig. 3, which is precisely what an
larization components pointingarallel to the field, and de- electric field along thery axis is expected to do.
crease the fractiori,, (k=1,3,5,79,11) of those variants Similarly, the change in the experimental intengitywith
with polarization components opposite to the field. The re-applied field[in Figs. 5b) and Jd)] is seen to increase the
verse would be true for a field along they direction. There-  contribution of the sin2 term, which in turn indicates an
fore electric fieldsty would systematically increase or de- increased contribution from th&, term. This again is pre-
crease terms of the sorfi,3-,-4, fs:7-s-g and cisely whatis expected when there is a net change in domain
fo+11-10-12- The changes to the remaining domain fractionset (1,3,5,7,9,11 with respect to the domain set
sums under electric field®e.g., 1,423, andfs,g_5_7, (2,4,6,8,10,12in Fig. 1, with an electric field along the'y
etc., in Table ), which we label here as “mixed terms” axis. Hence we conclude that these permanent changes in the
would, on the average be expected to be negligible. Th&HG signal with external electric fields are consistent with
termsfi o134, f5i6+7+8 @nd foi10+11110 @re precisely  the possible presence of ferroelectric domains in BiMnO
constants with no expected changes under fields, since thefiens at 82 K.
sums are conserved, and the electric fields cannot transform We note two more important aspects at 82 K. First, the
the structural domains I, I, and IIl into each other. absolute changes in the SHG signal with the application of
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209 1‘? FIG. 6. Hysteresis loops of the
1] SHG intensityl (90°) as a func-
=~ "9 = 10] tion of applied voltagéparallel to
= 1ol % o:s- the =y axis) at 23 °C(a) after ap-
5 5 061 plying a steady voltage of1 kV
e » 0.4 for 30 min and(b) following ex-
% % 0'2_ periments in(a), applying a volt-
9 o n ool age of—2 kV for 30 min and then
) performing voltage cycling ex-
05 T T : T r 027 . T T T T periments shown. Arrows indicate
45 40 0500 05 10 A5 0 05 00 05 10 the direction of voltage cycling.
Voltage (kV) Voltage (kV)
+2 kV appear to be of the order of 1. Second, when the P20\ [ pe T\ 2o [ ne\2n2e | Ze*afwlc,r
assumption of ,, ;=0 in Eq.(3) is lifted, the minima in the d?=d? %) (_L _rm) _f(_L> ;w (ﬂ A—
polar plots of Figs. &) and 5d) can be accurately fit. This ProJAPY TP Acing) ni®\let) eai”les

suggests that a phase change due to optical index differences (4)
between different variant classes is finite.

We now turn to field effects at room temperat(286 K). where the subscripts and f refer to the reference and the
Polar plots similar to Figs.(8) and 5b) are obtained at room film, respectivelyP>*(P“) are the second harmonifunda-
temperature as well. Figuréd shows an example of a hys- menta) signal powers measured,is the transmission coef-
teresis loop of the SHG intensity(90°) as a function of the  ficient of the fundamentak is the area of the probed beam
applied voltage(parallel to the+y axis) at room tempera- diametersn are the indices of refractiori; the coherence
ture, which corresponds to a net change in area fractionngths, andx the absorption coefficient of the film atw2
between the odd-numbered and the even-numbered domaifing spectroscopic ellipsometry, the refractive indices of
sets in Fig. 4, as discussed abovéctual SHG signals the film were determined a®{“=1.88+0.8 and n{
shown in Fig. 6 are nonzero at all fie)dslighly asymmetric  =2.217+0.56.* The beam areas werf;=m(63 um)?
hysteresis loops are observed, with giant enhancements and A, = (57 wm)? and the powers wer®{=580 mW,
one direction as compared to the other direction, indicating #°=27 mW. Since the calculated coherence length
strong internal microstructural bias in the film consistent~1.33,m for BiMnO; is much larger than the film thick-
with poled ferroelectric domain microstructures. This biasness (;~110+29 nm), we assumk, (=I¢=110 nm in the
can be reversed by the application of a steady electric field i@bove relation. Even without accounting for film absorption
the opposite direction, as shown in Figbg Figure 7 shows at 2w through the last ratio in Eq(4), the effective
the time evolution of the SHG signal after a step voltage ofg; exp[(af“'lc,,—afz“’lf)/2]~16.5 pm/V. Taking the absorption
—2 kV was applied to the sample, parallel to thg axis. Injnto account, the estimatetj~193 pm/V. As a comparison,
order to quantify the SHG enhancement, we compare thehe d., for well-known nonlinear material LiNbQis ~36
maximum signal with that for a-cut LiTaO; reference, us-  pm/v!® Such giant dc field £°) induced second harmonic
ing the d,=1.672 pm/V coefficient in the following equa- response can arise from ferroelectric domain alignment, as
tion: well as third order nonlinear optical process, where nonlinear
polarization Piz“‘ocxijk|(w,w,0)E“’E“’E° is created in the

4 —
18 m//— film, and the superscripts indicate the frequencies.

©
5) 10: A related third-order optical nonlinearity ig;j (o,
0 101 s —w,w), giving rise to intensityl) dependent index change
% 100 J ]Im y An=n,l and absorption changea= «,1. These coefficients
w 10 BiMnO, were measured using the single beascan techniqué at

19 | J-srio, 900 nm with 140 fs pulses with peak intensity at focus of 1.3
< 00 —— +/- GWi/cnt.}* Both closed and open aperture scans were per-
=, 0 L, formed on BiMnQ films to extract the nonlinear optical co-
% -1.0 efficients. At room temperaturé96 K) the nonlinear ab-
= -15 sorption coefficient was measured to be~ —0.08 cm/kW
> -20 and nonlinear refractive index as n~-—0.53

X 10" % c?/W. These values did not change with the fre-
quency of the chopping of the incident beam from 97 Hz to
3.24 kHz, suggesting that the origin is not thermal in nature.

FIG. 7. Time evolution of the SHG signal after-& kV voltage 1 hese are large values as compared to films such as Rh:
step is applied at 23°C. The inset shows the geometry of SHAaTIO; deposited on SrTiQ(Ref. 13 and SrBTa,0q ON
measurement and of voltage application asras2 mmelectrode ~ quartz;”** but smaller than Bi films on glass.
gap. The peak enhancement of the SHG signal is around 35000 There are many plausible explanations for the observed
times. nonlinear optical behavior. Domains of different variants

0 1x10° 2x10° 3x10° 4x10° 5x10°
time (s)

214109-6



BISMUTH MANGANITE: A MULTIFERROIC WITHA . .. PHYSICAL REVIEW B 69, 214109 (2004

probed by the beam contribute to SHG sighiaUnder the dicted to result in giant second harmonic enhancement at
influence of external electric fields, the ferroelectric domainsspecific resonance frequencfés.

realign and the radiated SHG signals from these domains To conclude, we observe electric-field-induced permanent
interfere constructively to enhance the SHG sidﬁéﬂhis is changes in the second harmonic response from a BiMnO
one explanation for the pronounced dependence of SHG sighin film. These changes are shown to be consistent with the
nal on the applied electric field. Another mechanism for thegossible presence of ferroelectricity in BiMg@ilms using
SHG enhancement with applied fields may be a result ogyternal electric fields. Three-to-four orders of magnitude en-
competition between charge transfer and electron correlatiof,ncement in optical second harmonic response from a 900
similar to that discussed in Refs. 20—23. The large npnlmeaﬁm incident light was observed at room temperature under
response ob_servec_i at room temperature and above is acCol¥iernal fields of~707 V/mm. Large nonlinear refraction
panied by dielectric losses in the films. There could be a(n|) and absorption coefficientse() were measured as well.

]f:rcéréiztr'ﬁgr t;eg;v;egot:elrt]\Nsacvr\:ltz (szgsr)r;e gon;[;'fsljg?en cf[]%T Further investigations are presently underway in understand-
ption. anp qﬁg the origin of these nonlinear optical effects.

transfer mechanism may be betweenpadbital of Bi and a
3d orbital of Mn via a 2 orbital of O,.**"**A third possi- We would like to acknowledge valuable discussions with
bility is that the material may be aglectronicferroelectric;*  Dr. Nicola Spaldin, and the help of Dr. Isli An and Chi Chen

where polarization arises from a condensation of an excitoiith ellipsometry. This work was supported by a grant from

electron-hole paitplausibly an itinerant Bi-f electron and  the National Science Foundation through Grant Nos. DMR-
a localized Mn-3l hole). This third possibility has been pre- 9984691 and DMR-0103354.
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