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Dramatically enhanced polarization has been foundd6d), (101), and(111) films, relative to that

of BiFeQ; crystals. The easy axis of spontaneous polarization lies clogglth, for the various
oriented films. BiFe@ films grown on(111) have a rhombohedral structure, identical to that of
single crystals; whereas films grown @@01) or (001) are monoclinically distorted from the
rhombohedral structure, due to the epitaxial constrain@4 American Institute of Physics
[DOI: 10.1063/1.1764944

Ferromagnetoelectric materials have two ordercent electron spin resonance investigations of Bif-e@s-

parameteré‘.2 These are a spontaneous polarizafifarand a

tals under high-magnetic fielh have shown an induced

spontaneous magnetizatiokl,, Of particular interest is phase transition from cycloidal to homogeneous spin orders
BiFeO; (BF), which exhibits the coexistence of ferroelectric along(111)./(001),."" For variously oriented films, this let-

and antiferromagnetiqG-type) order up to quite high
temperatureé.ln bulk single crystals, BiFephas a ferro-
electric Curie temperatur&; of 850°C>*and an antiferro-
magnet Néel temperatuf®, of 310°C>® The lattice struc-

ter shows that epitaxial constraint induces dramatic changes
in ferroelectric polarization and in crystal lattice parameters.
We have grown phase-pure BiFg@BFO) thin films of

2000 A

thickness by pulsed

laser

deposition onto

ture of BiFeQ crystals is a rhombohedrally distorted (001, (110, and (111 single crystal SrTiQ substratgs.
perovskite> ! which belongs to the space gro@®3c (or  The conducting perovskite oxide electrode, SIRUSRO),
C2Y). The rhombohedral unit cell parameters afe 3.96 A

and «,=0.6°.

In this structure, the hexagonéd0l),, is equivalent to LT
the pseudocubi¢11l)., along which there is a three-fold
rotation, and about which the Biand Fé* cations are dis- — 100
placed from their centro-symmetric positions. This distortion £
is polar and results in &, of 0.061 C/nt oriented along 0.97 | BEE ST :
(1112).. Along (001),,/(111),, BiFeO, has antiferromagnetic @ (001)'10'2 -5x102 A(;{ 5x10% 102
order!® Microscopically, the antiferromagnetic spin order is 1.03 -
not homogeneod$®. An incommensurate spin cycloid with
a long wavelengthn of ~600 A2 is present, which is Y - = de10-=2.809 A
oriented along110),,. The 3 m magnetic point group allows & 100 " = daip-=2.783A
for a linear magnetoelectric effeetz, but for BiFeQ the ]
antiferromagnetic vector and linear magnetoelectric effect Gy ST e
are both averaged to zero over**® ® (101')1 gz SeleF O 10

Recently, dramatically increasde, and ag have been i AH
reported in epitaxial thin films of BiFeQOgrown on(001), T i _
SITiO,.*® For example, thé; of (001) BiFeO; thin films is = = o=t
~0.6 C/nf—which is~20x larger than that of a bulk crys- & 1.007 W=~ dawn22TA
tal. Clearly, hetero-epitaxy induces significant and important .':III:I 1 ¥
structural changes. The lattice parametersc,a) 097 +————————————
=(4.005,3.935 A, of thin films are not the rhombohedral © (111)'102 Sl Aﬁl >ul 10

ones of bulk single crystals and cerami¢s,=3.96 A). Re-

FIG. 1. Reciprocal space scans for BiRegingle crystals taken about vari-
ous zones about001). (a) (HOL) zone;(b) (HHL) zone; and(c) (HHH)
zone. The intensity is given on a log scale.

3Electronic mail: dviehlan@vt.edu
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TABLE I. Summary of interplanar spacing and lateral correlation lengths oriented from small area reciporcal
lattice scans for the variously oriented BiRefdms and crystal. Peak splitting was observed along(fte4)
and(111), the relative intensities are designatedlbynd the weaker peak is designated by brackets.

Lattice spacing Crystal (119 film (109 film (009 film
dios 3.958 A 3.959 A 3.984 A 4.001 A
diaon 2.783 A1=0.62 2.792 A1=0.72

[2.809 A1=0.38] 2.810 A 2.828 A [2.816 A1=0.28]
diaay 2.277 N1=0.87 2.306 A1=1.00 [2.278 A1=0.02] 2.278 A1=0.90
[2.306 A(1=0.13] 2.307 A1=0.98 [2.304 A1=0.10]

was chosen as the bottom electrode due to the closest lattifiéms were found to grow epitaxially ofl11) SrTiO; sub-
mismatch with the BFO structure. Films of SRO of 500 A strates with values of the interplanar spacing ®fo;

were deposited at 600°C in an oxygen ambient of_3 g5q A,d<10]>:2.810 A, andd,,;=2.306 A. These inter-

100 mTorr; and followed by the BFO film, deposited at | . lto th f the bulk sinal tal
670°C in an oxygen ambient of 200 mTorr at the growthpanar spacing are equal to those ol the bulk sing'e crystal, as

rate of 0.7 A/s. The BiFe@film thicknesses were all close N be seen by comparisons in Table . Apparently(11i)

to 2000 A, which is necessary to reduce the influence of filnBiFeG; films are in a single domain state with a rhombohe-
thickness® if the out-of-plane lattice parameters are to bedral structure.

compared. Chemical analysis was carried out by SEM x-ray ~ The lattice structure of th¢101) and (001 oriented
microanalysis, indicating a cation stoichiometry in the BFOBIiFeQ; thin films was found to be monoclinically distorted
films of ~1:1. Reciprocal lattice mapping was performed from the rhombohedral one. Mesh scans taken atodd),
using a Phillips MPD system. Ferroelectric measurementg]01), and(111) are shown in Figs.@)—2(f) for (102) films,
were performed using a RT 6000 test sysigtadiant Tech-  5nq Figs. pg)-2(i) for (001 films, respectively. The values

nologies. of the interplanar spacings are summarized in Table I. For

Mesh scans that were taken abd001), (101), and .
(111) for a BiFeQ bulk single crystal are shown in Figs. both the (101) and (003 films, the values ofty,, were

1(a)-1(c), respectively. A single peak was found along the€dua! to those of the rhombohedral phase, whedggg and
(00), with digo3=3.958 A. This is in agreement with previ- o Were split. The(10D) film is nearly single domain with
ous reports of rhombohedral phase !A peak splitting was ~ d(11,=2.307 A (relative intensity, RI=0.98 and d0y
found along the(101) with d(;0,,=2.783 and 2.809 A, and =2.828 A (RI=0.02, whereas thg001) film had a peak
along the(111) with d3;,=2.277 and 2.306 A. The values splitting about(111) and (101, with the dominant variant
of the interplanar spacing are summarized in Table I. Thes@aving values of d11=2.271RI=0.9 A and 101
results evidence a polydomain rhombohedral state. =2.792 ARI=0.72. The value ofd;15 is equal to that of

shov'\\jlr?Sirr: lficasL,n g)lg(nc) a}l(;)rng)(()l]ib(i?igﬁ t:c;]dBi(éé(]g) tﬁirrf one of the domain variants of the rehombohedral structure of
gs-. the bulk crystal; wheread;;o was notably different than

film. Both a sharp peak from the SrTiGubstratdillustrated i i N
by arrows and a borad peak from the filfgrey lines to that for the bulk single crystal. This splitting indicates do-
guide eyepcan be seen in each figure. The valuegkkL) ~ main formation, with two variants populated. For bétiD)

were determined by referencing to the interplanar spacing@nd(001) oriented films, pronounced deviations in the value
of the bulk single crystal (diy=3.958 Adyoy  Of digoy Were found from that of the bulk rhombohedral lat-

=2.809 A,andd;;11,=2.306 A). The (111) oriented BiFe@ tice. The value ofl,qg; increased from 3.959 A for the 11)

111 Film 110 Film 001 Film
1.03

= 1.00 | _d<001>=3.958 A

FIG. 2. Reciprocal lattice scans for
various oriented BiFe® films. (a)
G B B S 25 : : (001 scan for(111) film; (b) (102
- S5x108 0 5x10% 102 -1 5x105 0 5x103 102 -102  -5x103 0 02 scan for(119 film; (c) (112 scan for
@01 AL (@ (00) A & (001) AH (112 film; (d) (001 scan for(101)
103 Tae 2% = film; (e) (101 scan for(101) film; (f)
2 doq01>=2.809 A (112) scan for (101 film; (g) (002
1= scan for(002) film; (h) (101 scan for
(00Y) film; and(i) (001) scan for(111)
film. The values of HKL) are normal-
ized to those of BiFe@single crystals,
i.e., (H,K,L)eysa=(1,1, 7. Intensity

097
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FIG. 3. (202 Mesh scans for #001) oriented BiFeQ thin layer. The in-

1.99 2.01

tensity lines on the contour maps are shown on a logarithmic scale. Th

values of (HKL) are normalized to those of BiFgQ&ingle crystals, i.e.,
(Hval—)crystaIE (111,1)-

film, to 3.984 A for the(101) film, to 4.001 A for the(002)
film.

A mesh scan about théLH zone around001) is shown
in Fig. 3 for the(00)) oriented BiFeQ@ thin layer. This con-
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FIG. 4. P—E curve (001, (101), (111) BiFeO; films projected ontq111).

l§pontaneous polarization is oriented clos¢ltbl). However
P is dramatically increased!

In summary, BiFe@films grown on(111) have a rhom-
bohedral structure, identical to that of single crystals,
whereas films grown o1§101) or (001) are monoclinically
distorted from the rhombohedral by epitaxial constraint. The
easy axis of spontenous polarization lies closéltbl) for
the variously oriented films.

tour scan was taken only along the film peaks, avoiding those

of the substrate. The contour lines in Fig. 3 are given in a

logarithmic scale. Three peaks can be scan consistiig af
splitting of a domains alongHO00); and (ii) a splitting be-
tweena andc domains(HOL). These data give evidence that
the stable phase ¢001) oriented BiFe@ epitaxial thin lay-

ers is monoclinic. The monoclinic lattice parameters are

(@m=bm,Cm; 8-90°)=(4.001 A,3.935 A;0.6f. This is the
monoclinic M, structure. It should be noted that the mono-
clinic angle B of the thin layer is nearly equal to that of the
rhombohedral angle: of the bulk crystal. These results are
preliminary to a further study of this film by synchrotron
x-ray.® which is now being carried out.

On (111), BiFeG; films grow in an unconstrained single
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