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Influence of magnetic on ferroelectric ordering in LUMNO4

Bas B. Van Akeh?* and Thomas T. M. Palstfa
IDepartment of Materials Science and Metallurgy, University of Cambridge, Cambridge, United Kingdom
2Solid State Chemistry Laboratory, Materials Science Centre, University of Groningen, 9747 AG, Groningen, The Netherlands
(Received 3 December 2003; published 23 April 2004

We have studied the influence of antiferromagnetic ordering on the local dielectric moments of tie MnO
and LuG polyhedra by measuring neutron powder-diffraction patterns of LuMaiQemperatures nedr .
We show that the coupling is weak, because the magnetic exchange coupling is predominantibimpdree
of the MnQ; trigonal bipyramids, and the electric dipole moments, originating in the,Lp@yhedra, are
oriented along the hexagonalaxis. Anomalies in the dielectric properties néay are thus caused by the
geometric constraints between the Mp@nd the Lu@ polyhedra.

DOI: 10.1103/PhysRevB.69.134113 PACS nuniber77.80.Bh, 61.10.Nz, 77.84.Bw, 61.12.Ld

Multiferroic magnetoelectrics are materials that combine The crystal structure of BMnO; has two major differ-
ferroelectric and magnetic ordering. These materials are adnces compared with the perovskite structure. First, the
fundamental and technological interest as coupling betweeRin®* ions (high spin 31*) are located at the center of a
different order parameters enables multiple ways to interackigonal bipyramid instead of an octahedron. The resulting
with these materials, such as pressure, electric, and magne@igystal field splits the & levels in three energy levels, in
fields. In most ionic materials the Coulomb repulsion be-grger of increasing energyxz andyz, xy andx2—y?, and
tween ions results in centeréde., nonpolar crystal struc-  g,2_ 2. Consequently, Mi* 3d* has no partially filled de-
tures. Conventionally, only for ions with lone pairs and non'generate levels and is therefaret Jahn-Teller activé? Den-

magnetic ions, sizable dipole moments can exiSor few sity of states calculations show some mixing between the Mn

extraordinary materials magnetic and electric dipolar orde 8 )
can coexist. The coupling between the magnetic and electri%d af‘d ~ Zp levels.” Secand, the Mn@polyhedra are cor
ner linked in sheets, separated by a layerAofons. This

order must originate either from magnetic ordering affecting ; : .
the electric dipoles via striction, or the displacements at th&ontrasts the Mn@3D network in perovskite manganites. As

dipolar ordering changing the magnetic order. These interac result, AMNOs; is pseudolayered, reflected for instance in
tions depend intimately on the coupling between the magthe Mn spin being in thety plane even abovéy .~
netic and electric building blocks of the three-dimensional T0 explain how the AFM and FE orders are linked, we
(3D) crystal structure. studied the temperature dependence of the crystal structure
Recently the distorted perovskites BiMp®® BiFeO;,*  of LUMnO; around the antiferromagnetic ordering tempera-
and also TbMn@ (Ref. 5 have been shown to combine ture Ty=88 K which is much lower than the FE ordering
magnetic and ferroelectric order. Another class of material$éemperatureT>573 K.}” Furthermore, we discuss the rela-
that combine magnetic and electric dipolar order are the hexion between the ionic radius of theion r 5 and the crystal
agonal manganites with general formula AMgQvhich are  structure.
antiferromagnetic and ferroelectric. HexagonaMnO,
(h-AMNQO3), in particularly YMnGQ;, has attracted interest
for applications, for instance in nonvolatile memory devices I. TEMPERATURE DEPENDENCE OF LuMnO 3
or as ferroelectric gate electrodeProgress has also been
made in the understanding of the origin of the ferroelectric LUMnO; has been prepared with standard solid-state syn-
propertied and the coupling between the ferroelectric andthesis. Neutron powder diffraction has been performed at the
antiferromagnetic ordér:° Fiebig et al. have shown that be- Polaris time-of-flight instrument at ISIS. The data have been
low the antiferromagnetic ordering temperatufg, the refined using thessAs packagée?® including isotropic tem-
ferroelectric domain walls, or twin boundaries, always act agerature factors. Sample quality has been checked by mea-
antiferromagnetic(AFM) domain walls as well. Further- suring a neutron powder-diffraction pattern at ambient tem-
more, AFM domain walls also exist in the bulk of the ferro- perature. No reflections from impurity phases could be
electric(FE) domains. This suggests not that the orientationgletected and the refined structure was in good agreement
of the FE order and the AFM order are linked, but that thewith single-crystal datd’ Temperature-dependent measure-
transition from one FE orientation to the other forces or acments, between 40 and 120 K, were performed at the same
commodates a transition in the AFM ordét: The coupling beam line, using a standard Orange cryostat. Typically qual-
between electric and magnetic ordering requires detailedy factors for the refinements arg®=2.963, R(F?)
knowledge of the crystal structure. Unfortunately, there are=4.79%, andR,=1.74% for 47 variables.
conflicting results in the literature on the atomic positions Figure Xa) shows the crystal structure of hexagonal man-
when comparing neutron powder diffractiofNPD) and  ganite. It consists of nonconnected layers of Mrigonal
single-crystal x-ray diffraction(SXD). Neutron-diffraction  bipyramids that are corner linked by in-plane oxygen ions
results show anomalous variations in the bond leftgthis O3 and O4. The apical oxygen ions O1 and O2 form two
with temperature. close-packed layers separated by a distorted layehdf
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FIG. 1. () View perpendicular to the axis of the crystal struc- Temperatre(k)

ture of AMnO;. The trigonal bipyramids represent the Mn@nd FIG. 2. Temperature dependence of lattice parameters of
the circles theA ions. This sketch highlights the stacking of the LuMnOs.

MnQOs layers.(b) Sketch of thez=0 layer of LuMnGQ,, showing the

two inequivalent Mn-O bonds. Mn, O3, and O4 are shown as gray . . .

diamonds, closed and open circles, respectively. Mn-O3 and Mn-04'€ MnQ; bipyramids are rotated along an axis through the

bonds are indicated by solid and dashed lines, respectively. The thidin ion and parallel to the O4-O4 bond. This buckling moves
line outlines the unit cell. the O3(04) ions up(down) along thez axis and moves the

01 (02) ions at (~3, 0, =%) along thex axis. Figure 3
ions. In Fig. 1b) a cross section through the-0 plane is shows theT dependence of the apical oxygen positions O1

given. The oxygen positions O1 and O2 are similar to the Mnand. 02 of LuM_nQ, p_lgtted asl the absolute _difference with
positions, albeit withz~ = 2. The A site ionsAL (A2) are their paraelectric position at= 3. Thex coordinate of these

located exactly above the positions GB34). In the next Mn ~ 9XY9€n ions_ Is a measure for the k.JUCk”ng of the Mrn@go-
ions containing layerZ~1), the Mn, O1, and O2 positions nal bipyramid, but small changes %g; andxg, do not have
are located ax [Fig. 1(b)]. ' T a significant effect on the Mn-O1 and Mn-O2 bond lengths.

The linear fits suggest that the buckling might reduce with
tric phase isP6scm. The hexagonal unit cell contains six decreasing, but the slope and its error are the same order of

formula units; there are seven inequivalent positions with teﬁnagT'tUde'Jhe angfle of tgi I7|r3eat_th_rciuz%hKOt1 agg goz V\;'_It_h the
refinable parameters. Since all symmetry elements are para@;fg inewc angelsdror;: h . _h dl 0 h at’ h
lel to the c axis, all z coordinates are “free.” For practical - We conclude that there Is hardly any change in the

N : o buckling of the MnQ layers with temperature.

;erzsl?srgzav;/r? ?2&2 (;,.hosen to 2}y =0. The atomic positions The out?of—planefxl-OB andA2-04 bond lengths are cal-

In Fig. 2 the lattice parameters have been plotted versugulated using
the temperature. Tha axis decreases with decreasing tem-
perature at a rate of810~° K~ 1. The lattice parameteris A1-03=c(zp1~Z03) ey
nearly independent of, although a small discontinuity io
(~0.001 A) can be seen ne@y,. SXD data at 295 K? a and
=6.038(1) A, are in agreement with the extrapolation of
Fig. 2. Thermal expansion data have been reported on pow-

The space group of hexagonal LuMa@ the ferroelec-

&
. S 292 1 | | =
dered YMnQ samples at higher temperatuf@&he expan- 5 —A— x01
sion coefficient~7x10 7 K~ obtained from these data is = - ~=E=-x02 -
one order of magnitude smaller than the value we find. S oggl i
Compared to the paraelectric centrosymmetric structure, ‘8' il B
o - = o e ~
TABLE I. The atomic positions of hexagonal manganite ; ogal T--7177 e e L
AMNO;. mis the multiplicity of the site. £ g M
2 L 1
Atom x(-) y(-) () m g L ]
£ 28 h-LuMnO,
Al 0 0 Za~ 5 2 < | | | | |
A2 L z Zpg~ 4 = 40 e¥) 8(1 :(oo 120
Mn XMnN% 0 Zyn=0 6 emperature (K)
1 1
o1 Xo1~ 3 0 20176 6 FIG. 3. Temperature dependence of theoordinate of the api-
02 X02™~ 3 0 Zop™~~ % 6 cal oxygen positions of LuMng The absolute difference with the
o3 0 0 Zo3~0 2 paraelectric position a¢=% is plotted. Triangles and squares depict
(oY) % % Zos~0 4 01 and O2, respectively. The dashed lines are least-squares linear

fits.
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N Y DT i aroundTy=88 K.
. .
. due to a displacemerd of the Mn ion, is always accompa-

nied with a change in the length of the Mn-O4 bond of
opposite sign and half the magnitude- £ §a). These in-
plane Mn-O bond lengths are plotted against temperature in
Fig. 5. Local extrema nedafFy are observed with the maxi-

FIG. 4. Sketch of the relation of the length of the two inequiva-
lent in-plane Mn-O bonds, showing the effect of an in-plane Mn
displacement. Symbols are the same as in Fig). Irhin dashed
lines are lines parallel to the unit-cell axes%at intervals to guide

the eye. mum value for Mn-O3 smaller than the minimum for Mn-
O4. Below and abové y the difference increases between
_ _ the in-plane bond lengths. However the observed differ-
A2-04=C(2a2~ Z04)- @ ences are not large, at most 0.041 A.
Since the temperature dependence of lattice paraneiter The out-of-plane Mn-O bond lengths are given by
negligible, theT dependence of these bond lengths depend
only on theT dependence of the coordinates. We found in Mn-0i = \a?(xyn— X)) 2+ C?25~CZ  (i=12), (6)

our refinements that th& dependencies of thesecoordi-  \/here thex components are neglected in the approximation,
nates have strong positive correlations. Any changes in an

incexy,— X0 <2 (1=1,2). The out-of-plane bond lengths
of the z coordinates is mimicked closely by its companion. un—Xoi <20, (1=1,2) P g

also show local extrema nedy,, but the changes are less
Therefore, the Lu1-O3 and Lu2-O4 bond lengths show N%ronounced than for the in-plane bond lengths. The differ-
dependence on temperature.

Each Mn ion has two Mn-O4 bonds and one Mn-O3 bondleer:]ce bgtween the inequivalent out-of-plane Mn-O bond
: g . , gths is smaller than 0.02 A for all
as Is shown in Fig. (b). The in-plane Mn-O3 bond length is The out-of-plane bond lengths are much shorter than the
given by in-plane  bond lengths, respectively~1.87 A and
~2.02 A. This is related to the crystal-field splitting of the
Mn 3d orbitals, with the unoccupiedZ3—r? orbital in the
where in the approximation the effect pf;#0 can be ig- out-of-plane direction. The antibonding character of the Mn
nored, since the partial derivatives are proportional to théd—O 2p interaction elongates the in-plane bond lengdths.
magnitude oy, andzes. The other in-plane bond lengthis ~ We note that with SXO;?*~?*it is found that the Mn-O4
given by bond length is smaller than the Mn-O3 bond length, whereas
here we find that Mn-O4 is larger than Mn-O3. However, the
Mn-O4= \/aZ{(XMn_ 1/2)2+(\/§/6)2}+022é4_ (4) difference between the inequivalent in-plane bond lengths is
small (<0.05 A). The out-of-plane Mn-O bond lengths are
Mn-O3 and Mn-O4 depend both on lattice paramet@nd  in line with the SXD data, and the difference between the
on thex coordinate of the Mn ion. We can writey,=3  inequivalent out-of-plane bond lengths is smai@.02 A)
— &, whered is the displacement of the Mn ion along tke  in agreement with the SXD data. Other NPD experiments on
axis from its paraelectric position a 0,0), see Fig. 4. the crystal structure of hexagonal manganites in the literature
. _1_ ) 1 report larger differences between the in-plane or the out-of-
Mn-l-gin,et?t?;gmgxm 3~ 0. Mn-O3 equalsa(s — ) and plane Mn-O bond lengths. For instance, Katsugtjial. re-
port on Ij&uMnQ at 30215 and find out-of-plane bond lengths
- [a2 2 252 of 1.98 A and 1.78 A>> Munoz et al. find for YMnO; at
Mn-O4=a {(1/6+6)"+ 112+ 26, a(1/3+ 1/25)65) room temperature a difference between in-plane bond
lengthsA i, pjaneOf 0.1 A2 Also older structure reports using
where the effect ofq,#0 andé? is negligible. SXD show large differences between in-plane Mn-O bond
From these approximate formulas we can see that &ngths or out-of-plane Mn-O bond lengths. Yakel reports
change, of—da, in the length of the Mn-O3 bond length, Aj,pane=0.08 A and Agyeof.piane=0.09 A for LuMnG;.**

Mn-03= \a?x{),+ c2z53~ aXun, 3

134113-3
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FIG. 7. Lattice parameters for hexago®VinO; as a function

FIG. 6. Temperature dependence of LuMn@ the local dipole
P P P of rp (A=Lu, Er, Yb, and ¥ at T=295 K.

moments from the Lul and the Lu2 polyhedra nEg+ 88 K. Note
that the right axis is reversed.
ments of LUMnQ@. However, we have shown in Fig. 5 that
_ _ the local environment around the Mn ions does change.
Isobe reportsiin.piane= 0'2%48 A and A oy.of.plane= 0-058 A Since the Mn spins are in plaf&even abovély, the mag-
for YbMnOz; at T=295 K.”> These SXD experiments, how- . ; o .
netic ordering transition aky, is expected to have the largest

ever, did .not'mclude reflections from all regions bkl .effect on the in-plane Mn-O bond lengths. The ferroelectric-
space, which is necessary for SXD on non-centrosymmetnﬁy on the other hand depends mostly on the out-of-plane
crystals. Lu-O bond length&.Although the oxygen ions involved are

In the preceding section, we have discussed the temper%e same, 03 and O4, the Mn-O bond lengths change mostly
ture dependence of the bond lengths. Now, we will investi—b a displ,acemenzb‘ of ihe Mn ion along the axis, whereas

gate whether the observed changes have any effect on the out-of-plane Lu-O bond lengths change because of an

local dipole moments and the macroscopic ferroelectric mo- . )
ment. In the remainder of this paper, we will define the IocalOppOSIte movement of the LuLu2) and O3(O4) ions along

dipole moment associated with a cation site as the distan tgec axis. We conclude that there is no significant coupling

b . . . Detween the ferroelectric moment of LuMg@nd the anti-
etween the center of gravity of the nearest-neighbor O Iong, oma . deri his is |
and the cation site. | gnetic ordering temperature. This is in agreement

In Fig. 5 we have shown that the in-plane Mn-O bondWlth the conclusions from Ref. 9.
lengths show local extrema negy, with the difference be-
tween them smallest dty. This means that also their con- Il. RARE-EARTH IONIC RADIUS
tribution to the local dipole moments on the Mn site is small-
est afTy . The space-group symmetry relates the local dipole In the second part of this paper we will discuss the influ-
moment created by the small in-plane displacement of th€nce of the rare-earth ions, by their ionic radiys on the
Mn ion to the local dipole moments originating from the local dipole moments. The data used in this analysis have
other two Mn ions on the same plane in the unit cell. Due tbeen taken from Refs. 21 (YMn® 22 (ErMnG), 23,
the sixfold screw axis, the local dipole moments are rotated YbMnOs), and 19 (LUMn@).
over an angle of 120° with respect to each other. As a result, In Fig. 7, the lattice parameteesandc at T=295 K are
there cannot be any contribution to the macroscopic ferroplotted against . The values of , have been taken from
electric moment by the in-plane displacements. Shannon and Prewitf. We observe that with increasing,

The difference between the out-of-plane Mn-O1 andthe lattice parameters increase. From LuMmn®d YMnOj;
Mn-O2 bond lengths creates a small local dipole momentattice parametea increases linearly, with a total increase of
<0.02 A from the Mn coordination. These local dipole mo- ~1.7%. Lattice parameter has a smaller increase of about
ments are parallel to theaxis and they are not canceled by 0.5%. We can clearly see from these data that the influence
the crystal symmetry. However larger local dipole momentf r, is larger on the in-plane lattice parameter than on the
originate from the Lul and Lu2 coordinati8iThe local di-  out-of-plane lattice parameter.
pole moments from the Lu coordination are at least an order The crystal structure can be regarded as a stacking of
of magnitude larger than the ones from the Mn coordinationhexagonally packed oxygen layers aAdion layers. One

The local dipole moments associated with the Lu@ly-  expects that O-O bond lengths are.8 A (ro=14A) and
hedra are shown in Fig. 6. The calculation of the center oA-O bond lengths are-2.4 A, (r,~1.05 A). For instance,
gravity of the oxygen polyhedra includes the seven ions ain LaMnO; the average O-O and La-O bond lengih the
~2.4 A and the one ion at 3.2 A. Note that the local di- fcc-like close-packed OO andO layers is ~2.7 A (r ,
pole moments from the Lu2 coordination are antiparallel=1.2 A). The observed values for the interplakeD1 and
with the ones from the Lul coordination. A-O2 bond lengths in hexagonAMnO; (not shown herg

From Fig. 6 it is clear that cooling through the ®léran-  are consistent with the expected values. Likewise the ob-
sition has no significant influence on the local dipole mo-served increase with increasimg of the A-O1 andA-O2
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FIG. 8. Out-of-planeA-O bond lengths as a function of; . FIG. 9. Dipole moments of theAl and A2 polyhedra of

h-AMnOj3;. Note that theA2 dipole is plotted on a reverse scale.

bond lengths(on average 1.6%is in excellent agreement Both dipoles tend to increase with decreasing
with the increase o& with r 4. o ) )

We note that in hexagon®MnO; both the hexagonally that these atomic displacements consist of two modes. First,
packed O layers @~ +  and the MnO layers a~0 have there is aKz mode, which changes the symmetry but can
intraplane O-O distances 3.6 A. Similarly, the in-plane inherently not create a macroscopic ferroelectric moment.
A-A distances are alse 3.6 A. This is in contrast with the Second, there is B mode, which does not change the space-
intraplane bond lengths in pseudocubic perovskites. Thesgoup symmetry, but introduces the macroscopic
anomalously large “bond lengths” can be understood byferroelectrlcny.2 *“*To see which of these two modes is in-
considering the way the layers are stacked. Starting at thguenced more by chemical substitution, we have plotted in
MnO layer atz=0, the stacking order is MnO-O-A-O-MnO Fig. 10 thez coordinates of thé\1 and the O3 sites. Both
with layer spacings of abougc, &c, ¢, and 3¢, One  coordinates oAl and O3 are about 0.02away from their
can visualize that thé ion layer (at z~1) is clamped be- Ccentrosymmetric equilibrium position. Clearly, the changes
tween the close-packed O lay@tz~% andz~1). This will in the z coordinate of O3 site are much larger than the

enlarge the spacing of the O aAdons in those layers. The changes in the coordinate of theAl site. The data in Fig.
larger the radius of the ions, the more the O ions are 10 therefore show that upon chemical substitution of Ahe

pushed apart. However, the O-O bond length between th@lte the buckling increases with decreasing which results
1 1 in an increase of the deviation from the centrosymmetric

two neighboring O layers at~3 and z~3 is reduced to h : ! _
~2.8 A, which corresponds to the value one expectg,)2  POSItions. The displacement of thfeions from the mirror

In this simple model, changes i, can be accommodated plane is more or Ie_ss constant. This is supported by the
completely by a change in the in-plane bond lengths anghanges in the coordinates of the O1 and O2 sites. Both are
lattice parametea. about 0.028& off their symmetric position ak=3 and this

The decreasing distances in tab plane with decreasing deviation becomes larger by 10% fromR=Y to R=Lu.
r, should also be reflected in the in-plane Mn-O bong'e conclude that the change in the local dipole moment is

lengths. The change of1.6% is in good agreement with the caysed by atomic rearrangement and not by expansion of the
observed change af with decreasing 5. Possible changes unit cell.

in the out-of-plane Mn-O bonds are too small to be resolved 0277

within the scatter and error bars of the experiments. How- ety | G |

ever, we observe a distinct relation between AieO3 and 02761~ -M--203 —> 002

A2-04 bond lengths and,, as shown in Fig. 8. ) %_ 0.022
The shortA1-O3 andA2-04 bonds increase by 3.6% and ~0.275 _(7 . -

2.3% with increasing 5 . Therefore, the “extra long” out-of- ""_ ’ i o LT A -0.024 >

plane A-O bond lengths should decrease with increasing ”<0 - : : 3 N

sincec is almost constant. Consequently, the dipoles ofAhe N --0.026

polyhedra decrease with increasing. The increase in di- +’

pole moment from Y (,=1.075 A) to Lu (,=1.032 A) is 0.273 - h-AMNO_ | e

about 10% as shown in Fig. 9. ® 1003
The transition from the paraelectric centrosymmetric to 0272 1_63 1.04 1_'05 1_'06 1_57 1.08

the ferroelectric noncentrosymmetric structure consists of r (R)

two atomic displacements. The first is the buckling of the A

MnOs network, displacing O1 and O2 in they plane and FIG. 10. Fractionat coordinates of thé1 and O3 positior(0,

O3 and O4 along the axis. The second is the alternate 0, z) vs r,. Clearly thez coordinates deviate more from their
displacement of thé1 andA2 ions along thez axis away  equilibrium positions, respectively= 3 andz=0, with decreasing

from the z=} mirror plane® Formally, it has been shown r,.
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The ferroelectric transition temperatures for these materipole moments at thé1 and theA2 site prevents a clear
als have been reported, but different authors report comeffect on the total dipole moment.
pletely different values or only “higher than” values. Fur-  In conclusion, the hexagon&AMnO; compounds exhibit
thermore, there are indications that the ferroelectric orderingoth antiferromagnetic order and ferroelectric order. The
temperature and the non-centrosymmetric to centrosymmefnagnetic exchange and spins are confined in the basal plane,
ric phase transition temperature are different by several hunyhereas the dielectric moments originate predominantly
dred degree&’* It is therefore not possible to relate the from displacements parallel to theaxis. Consequently, the

magnitude of the local dipole moments or the total dipolegjstortions due to magnetostrictive effects and dipolar order-
moment to the ferroelectric ordering temperature. ing are only weakly coupled.

The effect of changing, can be summarized as follows.
A decrease inr, will reduce the “normal” A-O bond
lengths. This will change the in-plane Mn-O bond lengths
too. These changes are accompanied by an increased buck-
ling of the MnQ; bipyramids, parametrized b¥o1, Xo2, We thank Ron Smith, Anne Dros, and Auke Meetsma for
Zoz, andzg,. The changes in the oxygencoordinates in-  experimental assistance. This work was supported by the
duce an increase in the difference between the short and lorigtichting voor Fundamenteel Onderzoek der Materie
A1-O3 andA2-04 bond lengths. This increases the dipole(FOM)” and “Nederlandse Organisatie voor Wetenschap-
moments from théA1 andA2 coordinations with decreasing pelijk Onderzoek(NWO).” BBVA acknowledges funding
r». However, the antiparallel coupling between the local di-from the European Union under the Marie Curie Program.

ACKNOWLEDGMENTS

*Electronic address: bbv20@cam.ac.uk Phys. Rev. B63, 125127(2002.
IN.A. Hill, J. Phys. Chem. BLO4 6694 (2000. 15T, Lottermoser, M. Fiebig, D. Fiiwh, S. Leute, and K. Kohn, J.
2A. Moreira dos Santos, A.K. Cheetham, T. Atou, Y. Syono, Y.  Magn. Magn. Mater226-230 1131(2001).
Yamaguchi, K. Ohoyama, H. Chiba, and C.N.R. Rao, Phys. ReV'®T. Lottermoser, Ph.D. thesis, Universi@aortmund, 2002.
B 66, 064425(2002. 17E.F. Bertaut, E.F. Forrat, and P. Fang, C. R. Hebd. Seances Acad.
3R. Seshadri and N.A. Hill, Chem. Matek3, 2892 (2003. Sci. 256, 1958(1963.
4. Wang, J.B. Neaton, H. Zheng, V. Nagarajan, S.B. Ogale, B. Liul8A. C. Larson and R. B. Von Dreel&eneral Structure Analysis
D. Viehland, V. Vaithyanathan, D. Schlom, U.V. Waghmare, System(GsAs), Los Alamos National Laboratory Report No.
N.A. Spaldin, K.M. Rabe, M. Wuttig, and R. Ramesh, Science LAUR 86-748, 1994(unpublished

299, 1719(2003. 19B.B. Van Aken, A. Meetsma, and T.T.M. Palstra, Acta Crystal-
5T. Kimura, T. Goto, H. Shintani, K. Ishizaka, T. Arima, and Y. logr., Sect. E: Struct. Rep. Onlirkg, i101 (2002.

Tokura, NaturglLondon 426, 55 (2003. 20G. Lescano, F.M. Figueiredo, F.M.B. Marques, and J. Schmidt, J.
6N. Fujimura, T. Ishida, T. Yoshimura, and T. Ito, Appl. Phys. Lett. Eur. Ceram. Soc21, 2037(2001).

69, 1011(1996. 21B.B. Van Aken, A. Meetsma, and T.T.M. Palstra, Acta Crystal-
D. Ito, N. Fujimura, T. Yoshimura, and T. Ito, J. Appl. Phgs, logr., Sect. C: Cryst. Struct. Commu@57, 230 (2001).

5563(2003. 22B B. Van Aken, A. Meetsma, and T.T.M. Palstra, Acta Crystal-
8B.B. Van Aken, T.T.M. Palstra, A. Filippetti, and N.A. Spaldin, logr., Sect. E: Struct. Rep. Onlirk?, i38 (200J).

Nat. Mater.3, 164 (2004). 2B B. Van Aken, A. Meetsma, and T.T.M. Palstra, Acta Crystal-
9M. Fiebig, T. Lottermoser, D. Fidich, A.V. Goltsev, and R.V. logr., Sect. E: Struct. Rep. Onlir&?, i87 (2001).

Pisarev, NaturéLondon 419 818 (2002. 24H.L. Yakel, W.C. Koehler, E.F. Bertaut, and E.F. Forrat, Acta
10, Hanamura, K. Hagita, and Y. Tanabe, J. Phys.: Condens. Mat- Crystallogr.16, 957 (1963.

ter 15, L103 (2003. 25\. Isobe, N. Kimizuka, M. Nakamura, and T. Mohri, Acta Crys-
1AV, Goltsev, R.V. Pisarev, T. Lottermoser, and M. Fiebig, Phys. tallogr., Sect. C: Cryst. Struct. Commu@47, 423 (1991.

Rev. Lett.90, 177204(2003. 26R.D. Shannon and C.T. Prewitt, Acta Crystallogr., Sect. A: Cryst.
27, Munoz, J.A. Alonso, M.J. Mathez-Lope, M.T. Cass, J.L. Phys., Diffr., Theor. Gen. Crystallogh32, 751(1976.

Martinez, and M.T. Fermadez-Daz, Phys. Rev. B62, 9498  27Th. Lonkai, D.G. Tomuta, U. Amann, J. lhringer, R.W.A. Hen-

(2000. drikx, D.M. Tobbens, and J.A. Mydosh, Phys. Rev. @,

13T, Katsufuji, M. Masaki, A. Machida, Y. Moritomo, K. Kato, E. 134108(2004.
Nishibori, M. Takata, M. Sakata, K. Ohoyama, K. Kitazawa, and?®T. Lonkai, Ph.D. thesis, University of ‘hingen, 2003.

H. Takagi, Phys. Rev. B6, 134434(2002. 29K. tukaszewicz and J. Karut-Kalicinska, Ferroelectrits 81
14B.B. Van Aken, J.-W.G. Bos, R.A. De Groot, and T.T.M. Palstra,  (1974.

134113-6



