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The lattice of(001)-oriented BiFeQ epitaxial thin film has been identified by synchrotron x-ray
diffraction. By choosing proper scattering zones containing the fix®d) reflection, we have
shown that low-symmetry phases similar td/g phase exist in the thin film at room temperature.
These results demonstrate a change in phase stability from rhombohedral in bulk single crystals, to
a modified monoclinic structure in epitaxial thin films. @05 American Institute of Physics
[DOI: 10.1063/1.1924891

Bismuth ferrite (BiFeQ;) is a perovskite ferroelectric that contain the fixed002) reflection, and can therefore be
with antiferromagnetic ordéf at room temperature. It be- used to directly obtain the monoclinic angeof different
longs to a class of material known as multiferroidsyhich ~ domains. We will describe first the technique and then results
have great potentials in industrial applications. Bulk Bi%eo in details below.
single crystals have a Curie temperatureTgf=1103 K}~ Usually powder diffraction measurements are more de-
and a Néel temperature &f,~ 643 K.”® The average crystal finitive in determining atomic positions and crystal symme-
structure of BiFe@ bulk single crystals is a rhombohedrally try. It is nevertheless not applicable in this case. Single crys-
distorted perovskité;*"°** which belongs to the space tal diffraction results are very often hard to interpret because
group R3C(or C2). The rhombohedral unit cell parameters of domain effects. Low symmetry phases can have twins or
area=3.96 A ande=89.£. Along the[111] direction, there  domains with different orientations that lead to complicated
is a threefold rotation, about which the®8iand F&* cations  splitting patterns of Bragg peaks. The problem is greatly sim-
are displaced from their centrosymmetric positions. This displified if one crystallographic axis is fixed, and splittings of
tortion is polar and results in a polarization d?  Bragg reflections are only due to the change of axes orthogo-
~0.061 C/n# oriented alond111]. The magnetic momentis a3 to the fixed one.

provided by the transition metal cation¥eSpins in neigh- In practice, an electric field along ti@01] direction can
boring atoms are an;marallé?, resulting in an antiferromag- help to fix thec axis of a ferroelectric perovskite single crys-
netic order propagating along alofigfL1] direction. tal in space. Similarly, a epitaxial thin film grown on the

Recently, epitaxial thin films of BiFeQhave been —(ggy) supstrate will also have its axis fixed to the normal
grown on(001) SrTiOs;.™ Heteroepitaxy induces significant girection of the substrate surface. When measuring other re-
and |rr!p0r_tant §tru_ctura| changes. The Iatt!ce parameters CPIfections in a scattering zone containing the fix@01) re-
Lhelke[:r):taXIt?l hth:jn f:lms We_ﬁ] foun_d to IbF different than thefection, it is possible to determine not only the lengths, but

ulk rnombohearal ones. e_epltaX|a ayers were reportedq the orientations of other reflections and axes in different
to have different EUt'Of' and in-plane laftice parameters o omains/twins, with respect to the fixé@01) reflection, and

gr'%%s ggdtr?é?)?())i) e’ ri?as)ggf g\fgg'ql?h?nd::trfsqgtﬂécg ?r(;’r(;f”a herefore the crystal structure. Note that it is very important

ges, P to have the fixed reflection in the scattering zone to have a

matically increased spontaneous . polarization 61 fixed reference point. The scattering zone is the plane defined

~0.6 C/n?, which is about 20 times larger than that of a by the incident and out-uoind x-rav beams. For most x-ra

bulk crystal projected onto the same orientation. Preliminary.y d out-going y o . y
x-ray diffraction measuremerfshave been carried out to diffractometers, this is the plane where the diffraction angle
study the structural changes. Mesh scans were perform and ;ample rotation a_ngle(m some cases, also calle}
around the101), (202, and(111) Bragg peaks. These results arg_defmed. Most fou_r-c_lrcle x-ray diffractometers hgve the
were indicative of a monoclinic structure. But quantitative 2P1lity 10 go to any point in the reciprocal space permitted by

interpretations were difficult since the fix¢@0l) reflection ~ 9€0metry, with the combination of adjusting,2», x, and
was not in the scattering zone, and it was therefore hard tpthe last two are usually out-of-plane sample rotation angles.

determine the angles between different crystallographic axes!0Wever, the out-of-plane resolution is typically much worse
In this article, we report an improved x-ray diffraction study than the in-plane resolution. So most measurements are car-
on the room temperature structures of the Big¢@n film. ~ ried out in the scattering zone. For example, measuring the
It was found that the room temperature structure of the thirgPlitting of (100 or (110 Bragg peaks in théHOL) (scatter-

film is a slightly modifiedV , type monoclinic structure. The ing plane defined by thEL00] and[001] vectors or (HHL)

diffraction measurements were performed in scattering zone§cattering plane defined by tHé10] and [001] vectors
zones(see Fig. 1 is often used to obtain the monoclinic

. . 5
¥Electronic mail: gxu@bnl.gov angle and lattice parameters in th or M, phase™ Be-
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FIG. 1. Schematics oft00) and(110) reflections, in thgHOL) and (HHL)
scattering zones, respectivelg) and(b) show splittings for theM, phase;
(c) and(d) show splittings for theMi phase.

. )
directly obtain the angle betwean, [along (100 for M,

(110 for M,] andc’. FIG. 2. (Color onling Schematics of the x-ray scattering measurements of

We have grown phase-pure BiF@(Din films of 2000 A different reflections in different scattering zones. The red solid lingb)in
(f) are the incident and out-going x-ray beams. The purple linés-itf) are

thickness by pUIsed laser deposmon O(ﬂOl) smgle CryStal the normal direction of th€001) surface(c”). (a) The original state of the

SrTiG, SUbStr%‘eS- The conducting perovskite oxide eleCsample without any rotatiorb) Measuring th€002) reflection in the(HOL)
trodes SrRu@™ were chosen as the bottom electrode due taone.(c) Measuring the&101) reflection in the(HOL) zone. Here the incident

the closest lattice mismatch with the BiFgSructure. Films ~ x-ray beam is blocked by the samplé)) Measuring the(011) reflection in-
of SrRuQ, of 500 A were deposited at 873 K in an oxygen the (HKK) zone, defined by100] (a") and[011] vectors. Here the sample is

. . . rotated 45° around tha axis first to put thg011] vector in the scattering
ambient of 100 mTorr; and followed by the BIF@(ﬂlm' zone.(e) Measuring(103) peak in the(HOL) zone.(f) Measuring(113) peak

deposited at 943 K in an oxygen ambient of 20 mTorr at an the (HHL) zone, defined by thg110] and[001] (c*) vectors. Here the
growth rate of 0.7 A/s. Chemical analysis was carried out bysample is rotated 45° around tieaxis first to put thd110] vector in the

scanning electron microscopy x-ray microanalysis, indicatscattering plane.
ing a cation stoichiometry in the BiFg@ims of ~1:1. The
Ec:r?gl dslgﬁcr;tlr(;?mrgeﬁz%rtegggrtzévl\ﬁirﬁgpgg;;mﬁgea;(;gi.Na((?ll) reflections from_different domains, but nothing conclu-
The x-ray energy was 10.2 keV, which cannot penetrate tha've on the ”.‘9".‘°°"”'C angle. . :
substrate. Therefore only reflective geometry can be usecg. More definitive re_sults_can be obtained by measuring the
The out-of-plane lattice parameter of the Bikefin film (103 or (113 reflections in the(HOL) or (HHL) zone, as
was measured before to be-3.997 A at room temperature. Shown in Figs. ) and 2f). First, by going to reflections
We have used a pseudo-cubic lattice coordinate system witf{OSer {0 thec axis, we have been able to move the substrate
one reciprocal lattice unia®=27/3.997=1.572 Al to de- out of the way of both the incident and out-going x-ray
scribe our results in this article. beams. In addition, both scattering zones contain the fixed
Our measurements are described schematically in Fig. 2002 reflection(c” axis), making it possible for us to deter-
With the assumption that the thin film has a possible monoMine the monoclinic anglegangles between different crys-
clinic structure, we would like to determine the monoclinic tallographic axesfrom splittings of Bragg reflections in the
angle by measuring the splitting 600 (for M¢ structurg¢ ~ Z0ne. _
or (110 (for M, structurg reflection in the(HOL) or (HHL) In Fig. 3(@), a mesh scan around th@02 Bragg peak in
zone. However, these reflections cannot be reached directife (HOL) zone is plotted. The¢002) reflection is a single
since the substrate will be blocking the x-ray beam. An al-Peak at the center of the plot, confirming that theaxis is
ternative is to measure other Bragg peaks that are combin&xed in both orientation and length. The weak vertical trail
tions of (100)/(110 with the fixed (001), for example, the and the small bright spot above the main peak are tails from

(101 reflection. Unfortunately, neither can t#01) reflec-
tion be reached considering our sample geomiétiy. 2(c)].

The (011) reflection, on the other hand, can be reached by

rotating the sample by 45° with respect to traxis. Figure
2(d) shows the measurement of t@l1) reflection in the
(HKK) zone, which is defined by thgl00] and[011] vec-
tors. This is the scattering zone used
measurement¥, and probably commonly used for studying
diffractions from thin films since many Bragg peaks can b

probed in this zone. However, the results obtained in thi

zone are indefinite, because the fix@d1) reflection is not
in the zone. Splittings of th€011) peak measured in this
zone can only give information on differedtspacings of

e
dnapped to splittings of th€l10) and (110 reflections, i.e.,

the (002 reflection of the substrate, which has a smaller
lattice parameter and therefore a lar@®r L

In Figs. 3b) and 3c), mesh scans around tl&13) and
(113 reflections in thHHL) zone are plotted. Both reflec-
tions split into two peaks,(—1.023,-1.023,3.0 and

(—1.006—1.006, 2.98 around(113); (1.023,1.023,3)0and

in - previous y gog 1.006,2.98around(113. Sincec’ is fixed and there

can be no splittings of00L) peaks, these splittings can be

(110) reflection splits into (—1.023,-1.023,0 and
(—1.006,-1.006,-0.02; (110 reflection splits into
(1.023,1.023,pand(1.006,1.00650.02. We can now try to
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Bil'eO, phase close to thil, type monoclinic structure. Our results
demonstrate a change in phase stability from rhombohedral
in bulk single crystals, to a modified monoclinic structure in
epitaxial thin films. When comparing the in-plane lattice pa-
rameter to that of the bulk, it is more useful to compdyg,

t0 ap,K=3.96 A.djg0= i/a§AA+ bﬁAA/2:3.94o A, smaller than
Auuie but larger thaerTi03:3.89 A, indicating a clamping
effect from the substrate to force the growth of the film to
match the substrate lattice. The out-of-plane lattice parameter
¢=3.997 A is unique to the film. In addition, the monoclinic
angle remains quite close to the rhombohedral angle of the
bulk crystal. This structural difference may play a significant
role in enhancing the saturation magnetizatio0arl) films,
relative to the oriented crystals, as recently obsered.
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Ocko, and Z. Zhong for stimulating discussions. Financial
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MURI N0000140110761 is also gratefully acknowledged.
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