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In BiFeQ; films, it has been found that epitaxial constraint results in the destruction of a space
modulated spin structure. Fot11). films, relative to corresponding bulk crystals, it is shotn

that the induced magnetization is enhanced at low applied fi€¢idsthat the polarization is
dramatically enhanced; wheredsi) the lattice structure fof111). films and crystals is nearly
identical. Our results evidence that eptiaxial constraint induces a transition between cycloidal and
homogeneous antiferromagnetic spin states, releasing a latent antiferromagnetic component locked
within the cycloid. ©2005 American Institute of PhysidDOI: 10.1063/1.1851612

Multiferroic materials have more than one orderunderstood by the following Landau-Ginzbur.G)

parameter$? In magnetoelectric materials, they are a spon-theory**~*8

taneous polarizatiorP; and a spontaneous magnetization

. . o . L < Feveloids
M.} Of particular interest is BiFeQ(BFO), which exhibits homogeneous™ T cycloid
the coexistence of ferroelectric and antiferromagnetic 1 K (B-P)? K
(G-type orders up to quite high temperaturetThe average Foycioig= = —(y- P2+ 2 - AP T2 Dpert
structure of BiFe@ crystals is a distorted rhombohedral 4A 2 4 2
perovskite> ! which belongs to the space grolR8c (or )
C3Y). The rhombohedral unit cell parameters age = ko, BRI

7 . Homogenious~ \u ™ XL perts

=5.634 A anda,=59.348°/ The pseudo-cubic representa- 2

(1b)

tion of these rhombohedral cell parametersajs 3.963 .A wherep is the magnetoelectridVE) constant of the homog-
and a;=89.40°. In this structure, the pseudo-cubildl)cis  enous antiferromagnetic spin stat€; is the uniaxial mag-
equivalent to hexagondD01),. The Bf* and Fé" cations netic anisotropyP, is the spontaneous polarization along
are displaced from their centro-symmetric positions alongy is the inhomogeneous magnetoelectric constant,xanis
[111].. This distortion is polar and results inR, oriented the magnetic susceptibility in the direction the perpendicular
along (111)., of P(lll)czo-OGl C/m. BiFeQ; also has anti- to the antiferromagnetic vector. In E¢l) above, we have

ferromagnetic order along)Ol)h/(lll)c.lo’lz The antiferro-  @lso included a perturbation teri,,, which will be dis-

magnetic spin order is not homogenous, rather a spac%us'sed below.

modulated oné® It is manifested as an incommensurate cy-
cloid structure with a wavelengtih of ~620 A along
[110],.**"*3The antiferromagnetic vector is locked within the
cycloid, averaged to zero ovar
This latent magnetization can be released by applicatio'arientation. Clearly,

Recently, dramatically increased values of remanent po-
larization P, have been reported in epitaxial thin films of
BiFeO, grown on (001).SrTi0;.*° For example, theP, of
1415 (001) BiFeO; thin films is ~55 uC/cmP—which is ~10x
larger than that of a bulk crystal projected onto the same
epitaxial heterostructure can induce sig-

of high magnetic field$® Recent electron spin resonance in- nificant and important changedhis letter is focused on

vestigations have also shown an induced phase transition 11). films—we will show that eptiaxial constraint may de-
from cycloidal to homogeneous antiferromagnetic spin orstroy the spin cycloid, resulting in the release of the latent
ders forH>18 T' This induced phase transition can be magnetization. This is achieved without notable change in

crystal structure

dAuthor to whom correspondence should be addressed; electronic mail: Phase.pure BiFeQthin films have beer.‘ grown with a
fbai@vt.edu 2000 A thickness by pulsed laser deposition onid1),
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=~ o5} / / .
o .
% I o | {
§ 00 / " . typical of a ferroelectric, with a remanent polarizatiBp of
© - | = /L ~1 C/m?. Corresponding measurements of a bulk crystal
N o5t / 7/“ 1 are also shown in the figure for comparisons. In addition, we
% » “,_-__..' w"" —e—P(111) have measured th orientation dependende, oFigure 1b)
A0k a8 g —A—VBI2 P(101 3 , -
o -10F e 'W o P(o(m)) shows 3P o0y, V6/2P(10y_, and P11y as a function off
I . . . . . for variously oriented films. In this figure, the values of the
'1‘5.75 50 25 0 25 50 75 projected polarizations can be seen to be nearly equivalent.
Electric Field, E (MV/m) This confirms that the direction of spontaneous polarization

lies close to(111),, and that the values measured along
FIG. 1. Ferroelectric properties for BiFgfims. (@) P-E curve for  (101)c and(001) are simply projections onto these orienta-
(111);-oriented film, including corresponding data for bulk crystal; #od  tions. Clearly, similar to bulk crystals, the spontaneous po-
P-E curves for(001), (101, and (111 films projected ontd111).. larization is oriented close td.11).. However,P, is dramati-
cally increased!
Finally, the M-H properties of the films were also char-

. _acterized, as shown in Fig. 2. In this figure, it can be seen
grown on (001, and (110.SrTIO, for supplementary stud that the induced magnetization is on an order of 0.6 emu/qg.

ies. A conducting perovskite oxide, SrRyYCBRO,% was - . :
chosen as the bottom electrode due to the slight lattice mis-l—-hIS is much higher than that ¢1.11), bulk crystal, which

match with the BFO structure. A SRO layer of 500 A was" 2> measured over the same magnetic field rangel,ef
deposited at 600 °C in an ox Ien ambientyof 100 mTorr and_'z T, as shown in the figure for comparisons. However, it is
foII%wed by the BEO film deygsited at 670 °C in an ox ’ enclose to the expected value bf induced in bulk crystals at

. y » dep A Y9€N e cycloidal to homogenous antiferromagnetic spin transi-
amb'ef.“ of 20 mTqrr at a growth rate of 0.7 Als. Qhemlcaltion field of H=18 T® For our films, it is also important to
analysis was carried out by scanning electron microscopy. . (i) the lack of hysteresis in thel-H response(ii) the
x-ray microanalysis, indicating a cation stoichiometry of

. : ; : . low magnetic field at which spin rearrangement occiis,
~1:1 in BFO films?* X-ray diffraction studies were per- 5 29! o WhICh Sl g S

. o . <10° Oe; and(iii) the relatively high magnetic susceptibil-
formed using a Philips MPD system. Ferroelectric measureg, (it) Vely hig gnetic susceptivl

mer;]ts vlver_e perLorn:jed using a RT6000 test sysf@auiant Our results showi) that the structure of111). BiFeO;
Tec nr? ogies .T S ¢ n;agn(_atlzgflom.e.: M-H responsg thin films is essentially identical to that of bulk crysta(s)
was characterized as a functionieiat various temperatures y,; ihe polarization is dramatically increased relative to the

using a superconductmg quantum interference device magy;;;c crystal: andiii) the presence of an induced magnetiza-
netometer(Quantum Design, model XU7 tion at low magnetic fields, which is somewhat close to that
. _Flrst,_ the values of the interplanar spacmg(ibl])F €P-  of a homogeneous antiferromagnetic spin stateis impor-
itaxial thin layers were measured by x-ray diffraction, andant to note that no structural phase changes were found to
compared to those of @11); oriented bulk crystal; 2theta- 4ccompany the changes in the polarization and magnetiza-
omega mesh scans @f11), (110), and(100) films were ob- tjon.
tained(data not shown Calculations revealed that the films For (111)BiFeQ; thin layers, these results indicate that
have a rhombohedral structure, with a lattice spacing ofhe cycloidal spin structure is destroyed by a critical pertur-
di00y=3.959 A. This is very close to that of the bulk single bation provided by the elastic constraint of the film and that
crystal. a homogenous antiferromagnetic spin state is stablized. We
Next, we investigated the effect of the constrained crysattempt to understand the influence of epitaxy on the LG
tallographic film state on the ferroelectric properties offormalism by adding a rhombic perturbation K. to the
BiFeQ;. The ferroelectric properties were characterized by auniaxial magnetic anisotropi(,, which we had originally
polarization hysteresis method. Figuré)lshows theP-E  included in Eq.(1) above. A phase transition from the cyc-
response for thé111), film. We observed hysteresis loops Ioidal to the homogeneous anitferromagnetic spin states will

single crystal SrTiQ substrates. Additional films have been
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occur in Eq.(1) at a critical value of the perturbatidf,, a transition between cycloidal and homogeneous antiferro-
when the energy of the cycloidal state is equal to that of thenagnetic spin states, releasing a latent antiferromagnetic
homogeneous one. This will occur when the anisotropy coneomponent locked within the cycloid, via magnetoelectric

stant fulfills the critical perturbation condition of exchange.
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