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Electron diffraction studies of phonon and static disorder in SrTiO3
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Three kinds of diffuse scattering associated with phonon and static disorder in SrTiO3 were studied by
electron diffraction with a parallel beam.~1! Streaks of diffuse scattering along the reciprocal lines MRM were
found to originate from dynamically correlated rotations of oxygen-octahedra within the~0 0 1! layer and
uncorrelated rotation between the layers; when temperature is lowered to the transition temperatureTc

>103 K, the crystal structure condenses into thin plates of antiphase domains in every orientational variant.~2!
Diffuse scattering around theR point, due to theG25 phonon mode, becomes weaker and broader with an
increase in temperature and is even detectable at 700 K.~3! Sheets of diffuse scattering in the reciprocal
X-G-X-M-X plane result from the correlated movements of atomic chains along the@0 0 1# direction. Structural
models are proposed to interpret these diffuse scatterings.
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I. INTRODUCTION

The cubic-to-tetragonal phase transition in strontium
tanate, SrTiO3, has been studied extensively1–8 because of its
importance in understanding the fundamental physics ass
ated with phase transitions in materials. Cubic SrTiO3 pos-

sesses a typical perovskite structure of space group ofP m 3̄
m with a lattice constantap50.3905 nm at room temperatur
~RT!. Cubic perovskite may be described as consisting
corner-linked TiO6 octahedra forming a three-dimension
framework. The strontium ions lie at the center of the eig
neighboring octahedra. At the transition temperatureTc

>103 K, SrTiO3 undergoes a structural phase transformat
into a tetragonal low-temperature phase of space gr
I4/mcm with a50.5511 nm5A2ap and c50.7796 nm
52ap . The low-temperature structure reflects a structu
transition from the cubic perovskite by the rotation of all t
octahedra around the tetragonalc axis, which is one of the
^1 0 0& axes of the prototypic perovskite; successive octa
dra have opposite tilts.

Figure 1 shows a reciprocal unit-cell of the cubic SrTiO3.
Conventional symbols7 are used, whereG designates a recip
rocal lattice point, andX, M, and R designate particula
points at Brillouin zone boundaries along the^1 0 0&* ,
^1 1 0&* , and ^1 1 1&* directions, respectively, with theG
point being the zone origin.

Shirane and Yamada1 showed that diffuse scatterin
around theR point is due to theG25 phonon mode. Its insta
bility leads to the cubic-to-tetragonal phase transition
SrTiO3 at Tc>103 K. WhenT,Tc , the R points become
superlattice points of the tetragonal SrTiO3. Previous
investigations2–4 of diffuse scattering were carried out b
neutron and x-ray probes. In general, neutron scattering
PRB 610163-1829/2000/61~13!/8814~9!/$15.00
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periments explore bulk properties at high energy resoluti
and x rays confer high surface sensitivity and good mom
tum space resolution. Here, we report our investigations
ing an electron beam probing through the entire thicknes
thin SrTiO3 crystals, exploiting two advantages of electro
diffraction in transmission electron microscopes~TEM!: ~a!
The high sensitivity of electron diffraction in detecting wea
diffuse scattering and~b! the flat Ewald-sphere that allowe
us to record a large number of reflections simultaneou
with one exposure in selected-area electron diffraction mo
As a result, we observed some phenomena in the diff
scattering in SrTiO3, which may be related to different type
of soft phonons, static disorder, and domain structures in
crystal.

FIG. 1. The reciprocal unit cell of cubic SrTiO3, showing theX,
M, andR points at the Brillouin-zone boundaries along the^1 0 0&* ,
^1 1 0&* , and ^1 1 1&* directions, respectively, with theG point
being the zone origin. The observed diffuse scatterings are the
diffuse-scattering around theG point, diffuse scattering around th
R point, diffuse streaks along the MRM lines, and diffuse scatter
of the sheetsX-G-X-M-X, which are reciprocal$0 0 1%* planes pass-
ing through fundamental lattice points.
8814 ©2000 The American Physical Society



ls
on

ur
a

de

0°
i

m
ea
fo
nd
c

ta

iO
ic

e

ot

o

e

lit
-

ve
p

t-
g
es

e
t

ing

tes

ich

use
ng
ec-

2,
ined
per-

pots

-

pots

PRB 61 8815ELECTRON DIFFRACTION STUDIES OF PHONON AND . . .
II. EXPERIMENTAL

Single SrTiO3 crystals of 15 mm315 mm30.5 mm with a
shiny flat ~1 0 0! surface, supplied by Atomergic Chemeta
Co., were previously studied by x-ray and neutr
scattering.5 Both planar~1 0 0! and cross-section~0 1 1! foils
for TEM observation were prepared by a standard proced
i.e., thin slices were cut using an abrasive slurry wire s
and an ultrasonic disc cutter, grounded to about 90mm thick,
and mechanically dimpled to about 25mm at the center. The
samples were ion-milled to perforation using a Gatan Mo
600 Dual Ion Mill with 4 keV Ar ions and 1 mA beam
current at decreased glancing angles from 16°, 12°, to 1

TEM observations were made with a JEOL 2000 FX m
croscope operated at 200 kV, and a JEOL 3000F FEG
croscope operated at 300 kV; both are equipped with a h
ing or a cooling stage. The lowest nominal temperature
the cooling stage is about 20 and 89 K for liquid He a
liquid N2, respectively. For the quantitative analysis of ele
tron diffraction, a Fuji Imaging Plate System and a Ga
Energy Filter with a CCD camera were used.

III. RESULTS

The standard space group of the low-temperature SrT3
is I4/mcm. To conveniently compare the reflections of cub
and tetragonal SrTiO3, a unit-cell of 2ap32ap32ap was
taken6 for low-temperature SrTiO3. In this case, the spac
group isF4/mmc ~see Ref. 9!. Reflections~h k l! with h, k,
and l all even are fundamental reflections common to b
the cubic and tetragonal SrTiO3, while reflections~h k l! with
h, k, andl all odd are superlattice reflections, characteristic
tetragonal SrTiO3. Moreover, the structure factors of the~h k
k! type reflections for orientational domainVa , whosec axis
is parallel to the@ 1 0 0# direction of the prototypic cubic
perovskite, should be zero because of thec-glide plane. In
the following, we designate all the~h k l! superreflections
with h, k, and l all odd as (h k l)/2 using the coordinate
system of prototypic cubic perovskite.1

A. Diffuse scattering of Š1 0 0‹* reciprocal rods passing
through R points and superreflections

Figure 2 shows electron diffraction patterns~EDPs! along
the @1 5 4# zone axis which deviates by 11° from the@0 1 1#
towards the@1 2 1# axis. Figure 2~a! taken at 20 K, clearly
shows streaking and splitting of the superreflections. For
ample, the superreflections (5 3¯3)/2, (7̄1 1)/2, (1̄5̄ 7)/2,
(71̄ 1̄)/2, and (9 1̄1̄)/2 designated in the figure are sp
along the@0 1 1̄#* direction. We note that the splitting dis
tance of (7 1̄1̄)/2 is larger than that of (9 1¯1̄)/2, while
(11 1̄1̄)/2 does not split. In some cases, we only obser
one of the split spots; for example, the upper spot of the s
(3 3 5̄)/2, and the lower spot of the split (3¯3̄ 5)/2. In Fig.
2~a!, streaks along@1 0 0#* direction, e.g., the streak connec
ing (5 3 5̄)/2 and (7 3 5̄)/2, and the streak connectin
(3̄ 5̄ 7)/2 and (1̄5̄ 7)/2 are rather sharp and their intensiti
are quite strong. The inset of Fig. 2~a! is an enlarged region
of the boxed area, showing the details of the streak conn
ing spots (3̄5̄ 7)/2 and (1̄5̄ 7)/2, and the splitting of the spo
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(1̄ 5̄ 7)/2. However, there is neither a streak connect
(7 1̄ 1̄)/2, (9 1̄1̄)/2, and (11 1̄1̄)/2, nor one connecting
(9̄ 1 1)/2 and (7̄1 1)/2.

The EDP shown in Fig. 3 was taken at 20 K and devia
by 2° from the@1 2 1# axis towards the@1 1 1# axis. In Fig.
3, streaks along the@1 0 0#* and@0 0 1#* direction are clearly
visible, e.g., the streak from (1¯3 5̄)/2 pointing to (135̄)/2,
and the streak from (1¯3 5̄)/2 pointing to (1̄3 3̄)/2. A por-
tion of Fig. 3 is shown in the inset.

Figure 4 is a set of EDPs with the same orientation, wh
deviate by 4°–5° from the@0 1 1# zone axis towards the@0 0
1# axis, showing the temperature-dependence of the diff
scattering. In Fig. 4~a!, taken at 24 K, there are streaks alo
the @1 0 0#* direction, e.g., the streak connecting superrefl
tions (1̄9 7̄)/2 and (1 9 7̄)/2.

All the splitting and streaking behaviors shown in Figs.
3, and 4 and those observed in other EDPs may be expla
by considering a reciprocal rod passing through each su
lattice point along the tetragonal@0 0 1#T direction. The
axial ratio c/A2a for tetragonal SrTiO3 is very close to
unity1,8 ~c/A2a51.0003 at 87 K andc/A2a51.0006 at 78
K!. Hence, we cannot simultaneously observe all three s

FIG. 2. EDPs of the@154# zone axis at two different tempera
tures.~a! 20 K, showing sharp streaking along the@1 0 0#* direction

and splitting of the superreflections along the@0 1 1̄#* direction.
Inset is a boxed area showing details of the streak connecting s

(3̄ 5̄ 7)/2 and (1̄5̄ 7)/2, and splitting of the spot (1¯5̄ 7)/2; ~b! 422
K, showing the intensity distribution of diffuse streaks~marked by
vertical broad arrows! which are perpendicular to the@1 0 0# direc-
tion and pass through fundamental reflections.
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belonging to the three orientational domainsVa , Vb , andVc
that are transformed from the same reciprocal point of
cubic SrTiO3. Therefore, the three reciprocal rods along t
cubic @1 0 0#p* , @0 1 0#p* , and @0 0 1#p* directions, corre-
sponding to the tetragonal@0 0 1#T directions of the orienta-
tional domainsVa , Vb , and Vc , respectively, will pass
through a single (h k l)/2 superlattice point ifh, k, and l are
not equal. If a reciprocal rod is tangential to the Ewa

FIG. 3. EDP taken at 20 K, which deviates 2° from the@1 2 1#
axis towards the@1 1 1# direction, showing streaks along@1 0 0#*
and @0 0 1#* . The inset is the enlarged pattern of the boxed are

FIG. 4. A set of EDPs from the same crystal orientation wh
deviate by about 4°–5° from the@0 1 1# zone axis towards the
@0 0 1# direction, showing the change of intensity of diffuse sc
tering with temperature.~a! 24 K; ~b! 90 K; ~c! 297 K; ~d! 500 K;
and ~e! 700 K.
e

sphere, a streak is observed. This situation is schematic
shown in Fig. 5~a! where the reciprocal rod along th
@1 0 0#p* direction passing through the superreflectio

(5 3 5̄)/2 and (7 3 5̄)/2, is tangential to the Ewald spher
~ES!. If two rods originated from a same superlattice po
intersect with the Ewald sphere, we would observe two
tersection spots whose separation is proportional to the
viation of the superlattice point from the Ewald sphere. Su
a situation is schematically shown in Fig. 5~b!. Here, two
reciprocal rods along the@0 1 0#p* and @0 0 1#p* directions

pass through each of the superreflections (7 1¯1̄)/2,
(9 1̄ 1̄)/2, and (11 1̄1̄)/2. The deviation from the Ewald
sphere of the superlattice point (7 1¯1̄)/2 is larger than that of
point (9 1̄1̄)/2. Moreover, there is an extinction conditio
for these rods. For the point (h k k)/2, only two reciprocal
rods pass through it, along the@0 1 0#p* and @0 0 1#p* direc-
tions, belonging to the orientational domainsVb and Vc ,
respectively, because the structure factor of the correspo
ing superreflection for the domainVa is equal to zero. Such
a situation is depicted in Figs. 5~a!–5~c!, where the extinct
reciprocal rods are denoted by dashed lines. The recipr
rod along the@1 0 0#p* direction passing through the poin

(11 1̄1̄)/2 is extinct @ Fig. 5~b!#. Hence, no streak was ob
served, even though this rod is tangential to the Ew

-

FIG. 5. Schematic diagrams showing the origin of the streak
and splitting of superreflections due to the diffuse scattering al
the MRM lines.~a! A reciprocal rod connecting superlattice poin

(5 3 5̄)/2 and (7 3 5̄)/2 is tangential to the Ewald sphere~ES!,
forming a sharp streak.~b! Two reciprocal rods intersect with th
Ewald sphere, forming two splitting spots. Note, the splitting d
tance is proportional to the deviation of the superlattice point fr
the Ewald sphere.~c! One reciprocal rod is extinct, and only on
spot is visible.
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FIG. 6. EDPs at 420 K along different direc
tions between@0 1 0# and @0 1 1# axes, showing
diffuse scattering, originated from reciprocal$0 0
1%* sheets, as marked by horizontal and vertic
broad arrows.~a! Along the @0 6 1# axis, which
deviates by 8.3° from the@0 1 0# axis towards the
@0 1 1# direction. ~b! Along the @0 3 1# axis,
which deviates by 18.5° from the@0 1 0# axis
towards the@0 1 1# direction.
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sphere. The rods along the@0 0 1#p* direction, passing

through the points (3 35)̄/2 and (3̄3̄ 5)/2 as shown in Figs
5~a! and 5~c!, respectively, have vanished. Hence, we o
served only the upper spot of the split (3 3 5)̄/2 reflection,
and the lower spot of the split (3¯3̄ 5)/2 reflection.

The intensity of thê1 0 0&* streaks also depends on th
geometry of the sample. Usually, streaks are stronger
thin, buckled area than in a thick, flat area, probably due
local strain. For cubic SrTiO3, the intensity and sharpness
the^1 0 0&* streaks decrease with increasing temperature,
are still visible at 500 K. This can be seen by comparing
streak connectingR points (3̄5̄ 7)/2 and (1̄5̄ 7)/2 in Fig.
2~a! ~taken at 20 K!, with that in Fig. 2~b! ~taken at 422 K!,
and also comparing the streaks connectingR points (1̄9 7̄)/2
and (1 9 7̄)/2 in Figs. 4~a! ~taken at 24 K!, and 4~b! ~taken at
90 K! with those in Fig. 4~c! ~297 K!, 4~d! ~500 K!, and 4~e!
~700 K!. For tetragonal SrTiO3, these streaks are along th
@0 0 1#T* direction and pass through superlattice points. F
cubic SrTiO3, these streaks are along the MRM lines sho
in Fig. 1, as described by Shirane,7 using the conventiona
notation for reciprocal space of a simple cubic lattice. Su
diffuse scattering can be due to the correlated- a
uncorrelated-rotation of the TiO6 octahedra in the~001! lay-
ers. We discuss this further in Sec. IV.

B. Diffuse scattering around theR points
and around the Bragg reflections

In Figs. 2, 3, and 4, all (h k l)/2 reflections withh, k and
l being all odd are theR points, as shown in Fig. 1, of th
cubic SrTiO3 whenT.Tc @Figs. 2~b!, 4~c!, 4~d!, and 4~e!#.
They are superreflections of the tetragonal SrTiO3 when T
,Tc @Figs. 2~a!, 3, 4~a!, and 4~b!#. These spots are sharp an
strong in Fig. 2~a! ~taken at 20 K!, Fig. 3 ~at 20 K!, Fig. 4~a!
~at 24 K!, and Fig. 4~b! ~at 90 K!, but become weaker an
broader when the temperature is increased@Figs. 2~b!, 4~c!,
4~d!, and 4~e!#. However, they remain visible@ Fig. 4~e!# at
T5700 K.

The intensity of thermal diffuse-scattering around a Bra
reflection is nearly proportional to the integrated intensity
the Bragg reflection, and inversely proportional to the squ
of the modulus of the wave vector of the relevant phono
Due to thermal diffuse scattering, we observe broad diff
spots at the positions where the relevant reflections do
fulfill the Bragg condition, for example, the broad diffus
-
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spots at the~2 0 0! and (3 0 1̄) reflection positions in Fig.

2~b!, and those at the (0 3 3)̄ and (1 3 2̄) reflection positions
in Fig. 4~e!.

Figures 6~a! and 6~b! are EDPs taken at 420 K. The ED
in Fig. 6~a! deviates by 8.3° from the@0 1 0# axis towards the
@0 1 1# direction, and the one in Fig. 6~b! is along the@0 3 1#
axis and deviates by 18.5° from the@0 1 0# axis towards the
@0 1 1# direction. The three types of diffuse scattering d
cussed above are evident: Diffuse scattering around thR

points, such as (1¯1 7̄)/2 and (1 1 7̄)/2 in Fig. 6~a!, and

(1̄ 1 3̄)/2 and (1 1 3̄)/2 in Fig. 6~b!; Thermal diffuse-

scattering around Bragg reflections, such as spots (0 1)̄,

(1 1 4̄), and (0 2 5̄); and Diffuse scattering along the MRM
line, that is, the@1 0 0#* streaks passing through theR points
marked by horizontal thin arrows. The third type of diffus
scattering was described in detail in Sec. III A. The diffu
scattering around theR point is due to theG25 mode, as
reported in the neutron diffraction study1 ~also see Sec. IV!.

C. Diffuse scattering of ˆ0 0 1‰* reciprocal sheets passing
through fundamental reflections

We observe another type of diffuse scattering that ru
through fundamental reflections and is perpendicular
^1 0 0& directions, as denoted by broad arrows in Fig. 6. F
example, strong horizontal lines of diffuse scattering p

through fundamental reflections (0 1 5)̄, (1 1 4̄), and

(0 2 5̄), which deviate from the Bragg condition, as ind
cated by the horizontal broad arrows in Figs. 6~a! and 6~b!.
However, there are no discernible horizontal lines of diffu

scattering passing through fundamental reflections (1 1)̄

and (0 2 6̄), which nearly fulfill Bragg condition. In addi-
tion, we observed strong vertical lines of diffuse scatter

passing through fundamental reflections, e.g., (6¯1̄ 3) and

(5̄ 1̄ 3), which also deviate from Bragg condition, as ind
cated by the vertical broad arrows in Fig. 6~b!. The intensity
of the vertical lines of diffuse scattering decreases with
perpendicular distance of the lines to the~0 0 0! spot of the
EDP, and no vertical line passes through the origin of
EDP. Such diffuse scattering also were observed when
crystal was tilted away from thê0 1 0& axis. For the EDP at
the exact̂ 0 1 0& orientation, such diffuse scattering was n
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observed in the zeroth-order Laue zone~ZOLZ! of the EDP,
but was visible in the region between ZOZL and FOL
~first-order Laue zone!.

In Fig. 4~e!, a line of diffuse scattering perpendicular
the @2 0 0# direction and passes through fundamental refl
tions, as pointed by a vertical broad arrow, and then pa
through the (5 1̄1) spot. Such diffuse scattering was se
readily when the crystal was tilted away from the^0 1 1&
axis, as pointed by the broad arrows in Fig. 2~b!.

Systematic tilting experiments~from the @0 1 0# zone to
the @0 1 1# zone, to the@1 2 1# zone, and then to the@0 1 0#
zone! reveal that the diffuse scatterings originate from the~0
0 1!* reciprocal sheets passing through the reciprocal lat
points. Noticing10–12 that the intensity of the diffuse scatte
ing is proportional touF(g)u2(g•j)2, with F(g) being the
structure factor of the reflectiong andj the polarization vec-

FIG. 7. Schematic diagrams showing the formation of
diffuse intensity caused by the reciprocal$0 0 1%* sheets. The in-
tensity of the diffuse scattering is proportional to the value
(g•j)2 sinw. When the value is large, strong diffuse scattering
observed corresponding to the lines CD and EF in~a!, GM and HN
in ~b!, and QS in~c!, as pointed by broad arrows. No diffuse inte
sity along theGX line ~see Fig. 1!, i.e., the linesAB in ~a! andPQ
in ~c! becausej is zero. Wheng is nearly perpendicular toj, i.e.,
linesAE andBF in ~a!, KL in ~b!, andPR in ~c!, no diffuse intensity
is observed. A small glancing anglew decreases the diffuse inten
sity by a factor of sinw, as for the lineKL in ~b! andRSin ~c!.
-
es

e

tor of the related phonon, all the observed relative intensi
of such diffuse scatterings may be interpreted by assum
thatj is perpendicular to each sheet, except near theGX line
which is an intersection of two perpendicular~0 0 1!* sheets.
Along theGX line, j is zero. Figure 7 explains some of the
observations. In Fig. 7~a!, the Ewald sphere~ES! nearly in-
tersects the reciprocal points (0 1 6)̄ and (1 1 6̄); its inter-
sections with the$0 0 1%* sheets are linesAB, CD, EF, AE,
andBF. Among them, the polarization vectorjc relevant to
CD andEF is parallel to the@0 0 1# direction with a larger
value of (g•j)2, resulting in stronger diffuse scattering, a
indicated by two horizontal broad arrows in Figs. 6~a! and
7~a!. However, the polarization vectorj relevant toAB is
zero, and the polarization vectorja relevant toAE andBF is
parallel to the@1 0 0# direction with a nearly zero (g•j)2

value; hence, no diffuse scattering is observed. In Fig. 7~b!,
the intersections of the Ewald sphere with the$0 0 1%* sheets
are linesGH, KL, MN, GM, andHN. Among them the po-
larization vectorja relevant toGM andHN is parallel to the
@1 0 0# direction with a large value of (g•j)2, and hence,
stronger diffuse scatterings form, as indicated by two verti
broad arrows in Figs. 6~b! and 7~b!. The polarization vector
jc relevant toGH andMN is parallel to the@0 0 1# direction
with smaller value of (g•j)2, and hence, very weak diffus
scattering is observed. The polarization vectorjb relevant to
KL is parallel to the@0 1 0# direction with very small value of
(g•j)2. Moreover, the glancing angle,w, between the Ewald
sphere and the diffuse intensity sheet is small. Therefore,
width of the diffuse line is increased by a factor of 1/ sinw,
and its diffuse intensity is correspondingly decreased b
factor of sinw, and thus is invisible. In Fig. 7~c!, the inter-
sections of the Ewald sphere with the$0 0 1%* sheets are
lines PQ, RS, PR, and QS. Among them, the polarization
vector ja relevant toPR and QS is parallel to the@1 0 0#
direction. The strong intensity of lineQS is due to its large
value of (g•j)2, as marked by a vertical broad arrow in Fig
4~e! and 7~c! Line PR has a zero value of (g•j)2. The po-
larization vectorjc relevant to the lineRSis parallel to the@0
0 1# direction with small values of (g•j)2. The glancing
anglew relevant to the lineRSis about 45°, thereby spread
ing the intensity of diffuse scattering into a large area. T
polarization vectorj of the linePQ is nearly zero; thus, there
is no discernible diffuse scattering corresponding to linesPR,
PQ, and RS. The intensity of such diffuse scattering in
creases with temperature, and is even visible in its tetrago
form @Fig. 4~b!#. The origin of the$001%* diffuse sheet is
discussed in Sec. IV.

D. Correlation lengths of dynamic oscillations
of soft phonons at room temperature

To obtain the correlation lengths of the dynamic oscil
tions of the observed soft phonons, we measured the va
of the full width at half maximum~FWHM! of the line pro-
files of some diffuse scatterings. Figure 8~a! is an EDP near
the @001# axis atRT ~deviates from the@0 0 1# axis by 9°
towards the@ 1̄ 1̄ 1# direction!, showing the four types of
diffuse scattering discussed above:~a! Diffuse scattering
around theR points, such as~7 1 1!/2 and (7 1̄1)/2 boxed in
Fig. 8~a!, 8~b! diffuse scattering along theRM line, such as
the streak connecting theR points ~7 1 1!/2 (R1) and

f



n

PRB 61 8819ELECTRON DIFFRACTION STUDIES OF PHONON AND . . .
FIG. 8. ~a! EDP at RT, which deviates from

the @0 0 1# axis by 9° towards the@ 1̄ 1̄ 1# direc-
tion. ~b! the enlarged boxed area in~a!, show-
ing R points at the positions of~7 1 1!/2 and

(7 1̄ 1)/2, and the streak connecting them.~c!
Line profilesCR1C andR1MR2 . CR1C crosses
the spotR1 and R1MR2 crosses spots~7 1 1!/2

(R1) and (7 1̄1)/2 (R2). FWHM denotes the full
width at half maximum of the intensity peak.~d!
A surface plot of the diffuse scatterings from a

area near the (3¯3̄ 0) reflection, showing the in-
tensity distribution of all four types of diffuse
scatterings.
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(7 1̄ 1)/2 (R2) @Fig. 8~b!, enlarged boxed area in~a!#, ~c!
Thermal diffuse scattering around the Bragg reflections, s
as the spot (3̄3̄ 0), ~d! Diffuse scattering originating from
reciprocal$0 0 1%* sheets passing through fundamental spo
such as those indicated by broad arrows. A surface plo
the diffuse scatterings, as shown in Fig. 8~d! from an area
near (3̄3̄ 0) reflection in Fig. 8~a!, clearly visualizes the in-
tensity distribution with streaks of diffuse scattering of t
four types. The four closed squares are formed by the$001%*
sheets with aR point sitting in the middle of each squar
The intensities connecting theR points are the@001#* rods.
We note the fall off of the intensity from left to right due t
the unsubtracted background. Figure 8~c! shows two line-
profiles crossing the spot (711)/2 (R1), and crossing the
spots~711!/2 and (7 1̄1)/2 (R2), as marked in Fig. 8~b!. The
points C and M denote the intersection positions of th
$001%* sheets and@001#* rods. Measurements showed th
values of the FWHM of the peaksR1 andR2 were equal to
0.222a* , wherea* is the length of the reciprocal vector o
the cubic SrTiO3. This corresponds to an inverse correlati
length of k@001#/2pa* 50.111, and suggests a correlatio
length of about nine perovskite unit-cells (zR59ap) for the
dynamic rotation of the octahedra around^1 0 0& axis of the
G25 soft phonon at RT.

Figure 9~a! shows an EDP at RT recorded with a digit
slow-scan CCD camera. The zone axis deviates from
@0 1 0# axis by 11° towards the@0 1 1# direction. The strong
diffuse scattering of the projected$001%* sheets perpendicu
h

s,
of

e

lar to @1 0 0#* direction are indicated by vertical broad a
rows, and those perpendicular to@0 0 1# direction by hori-
zontal broad arrows. Line profilesNN8 andEE8 are shown
in Fig. 9~b!, whereNN8 crosses two vertical diffuse shee
passing through spots (6¯0 0) and (4̄0 0), andEE8 crosses
two horizontal diffuse sheets passing through spots~0 0 4!
and~0 0 2!. The values of the FWHM of the peaks are equ
to 0.36a* , suggesting a correlation length ofzS55.5ap for

FIG. 9. ~a! EDP at RT, which deviates from the@0 1 0# axis by
11° towards the@0 1 1# direction.~b! Line profilesNN8 andEE8.

NN8 crosses two diffuse sheets which pass through spots (6¯0 0)

and (4̄0 0). EE8 crosses two diffuse sheets which pass throu
spots~0 0 4! and ~0 0 2!. FWHM, denoted the full-width-at-half-
maximum of each peak, is about 0.36a* for both peaks. Note, the
EE8 line passes anR point.



o

er
el
g
e-
re

he
s
t

-

o

-
e
ci
e-

as
na
ed

rin
th
y

o-
ss
p
re

a-

a

a
t
s
e
he

a-
d
o

th
a
o-

ri-

-
as

the

the
f

g a
ted
dif-
our

g

in
a

ne
as

in
ry
g
s is

the
ces

-

8820 PRB 61RENHUI WANG, YIMEI ZHU, AND S. M. SHAPIRO
the dynamic movement of the atoms of the relevant s
phonon at RT.

IV. DISCUSSION

Among the diffuse scatterings described in Sec. III, th
mal diffuse scattering around Bragg reflections is w
known. Our observations are~1! streaks of diffuse scatterin
along the MRM lines. Their intensity is very strong for t
tragonal SrTiO3 and decreases with increasing temperatu
especially atT.103 K ~cubic SrTiO3!. ~2! Diffuse scattering
around theR point, which becomes a superlattice point of t
tetragonal SrTiO3 when T,Tc . Its intensity also decrease
with the increase of temperature, but it is visible even aT
5700 K. ~3! Diffuse scattering of theX-G-X-M-X sheets,
which are reciprocal$001%* planes passing through funda
mental lattice points. The polarization vectorj of the related
phonon is perpendicular to the sheet, except in the vicinity
the GX line wherej is zero.

As Glazer11 pointed out, successive TiO6 octahedra in the
a-b plane are constrained to rotate around the@0 0 1# axis in
an opposite sense~correlated rotations!, while successive oc
tahedra along the rotation axis can have either the sam
the opposite sense of rotation. Noticing the observed re
rocal rods alonĝ1 0 0&* direction passing through superr
flections of the tetragonal SrTiO3 and their extinction condi-
tions, we propose a structural model of the anti-ph
domains within each orientational variant of the tetrago
SrTiO3. In our model, each orientational variant is stack
by very thin plates of domains parallel to the tetragonala-b
plane, and the translation vector between two neighbou
plates iŝ 1/2 0 0& when a tetragonal cell with an edge leng
of 2ap is used~Fig. 10~a!!. This translation vector is exactl
the same as the one lost when the cubic SrTiO3 of the space
groupPm3̄m is transformed into the tetragonal SrTiO3 of the
space groupF4/mmc. Such a model of the anti-phase d
mains can also be described as one in which the succe
TiO6 octahedra in a same anti-phase domain rotate in op
site sense, while the successive octahedra lying at diffe
sides of the anti-phase domain boundary~APB! rotate in the
same sense.

Similarly, the streaks of diffuse scattering along theMRM
lines in cubic SrTiO3 may be interpreted as a dynamic rot
tion of oxygen-octahedra, with the rotations about the@0 0 1#
axis of octahedra in each~0 0 1! layer correlated, while they
are uncorrelated between layers. This configuration me
that successive TiO6 octahedra in thea-b plane are con-
strained to rotate in opposite sense, while successive oct
dra along the rotation axis can have either the same or
opposite sense of rotation. When temperature decreases,
dynamic rotation becomes intensified relative to other th
mal vibrations. This interpretation is consistent with t
Stirling’s neutron inelastic scattering study12 in which the
frequency of the entireMR branch decreased with temper
ture ~from 297 K to 78 K!. When the temperature is lowere
to Tc , such a dynamic rotation condenses into thin plates
anti-phase domains. Hence, the present work reveals
condensations of soft phonons may lead not only to ph
transition, but also to the formation of a localized micr
structure.

Fig. 10~a! is a sketch of the model along with an expe
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mental HREM image of the SrTiO3 on its right. The image is
viewed along the@010# direction with Sr and O atom col
umns appearing black dots, while Ti and O atom columns
white dots. The white-black band-contrast running along
@100# direction results from the rotation of the TiO6 octahe-
dra; the interfaces between the black-white bands are
antiphase boundaries. Figure 10~b! shows a larger area o
antiphase domains and domain boundaries. Figure 10~c! is
the diffuse scattering of the corresponding area, showin
streak of diffuse scattering perpendicular to the elonga
anti-phase domain and their interfaces. The experimental
fraction and high-resolution images are consistent with
structural model.

Comes et al.13 observed x-ray diffuse scattering alon
@1 0 0#* reciprocal rods, passing throughR points, in cubic
KMnF3 single crystal. They explained their observations
terms of correlated rotations of the fluorine octahedra in
same ~1 0 0! plane, and uncorrelated rotations from o
~1 0 0! layer to another. This interpretation is the same
that we have suggested above, for cubic SrTiO3. Gesiet al.14

measured the dispersion curves of KMnF3 by neutron inelas-
tic scattering and found a soft, nearly flat branch fromR to M

FIG. 10. ~a! Left: structural model of the antiphase domains
the tetragonal SrTiO3. Each orientational variant consists of ve
thin plates of domains, parallel to thea-b plane, and stacked alon
thec axis. The translation vector between two neighboring plate
^1/2 0 0&, using 2ap as the edge length of the unit cell. Right:@010#
projection of a high-resolution image of SrTiO3, showing black
dots as Sr/O columns and white dots as Ti/O columns. Note,
black and white bands are antiphase domains with their interfa
as antiphase boundaries running parallel to thea axis. ~b! High-
resolution image from a larger area similar to that in~a!. ~c! Cor-
responding diffraction pattern of~b!, showing a diffuse streak per
pendicular to the antiphase boundaries.
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at RT. This suggests that the observed x-ray diffuse sca
ing alongRM rods in cubic KMnF3 crystal is caused by sof
phonons, and hence, the correlated and uncorrelated rota
of the fluorine octahedra in cubic KMnF3 are dynamic. Re-
cently, using high-energy monochromatic Laue x-ray scat
ing with imaging plates, Gibaudet al.15 observed some in
tensity along the entire length of theRM line of the cubic
KMnF3. However, with decreasing temperature, such s
phonons in cubic SrTiO3 condense into thin plates of an
tiphase domains of tetragonal SrTiO3. Such a microstructure
exists when temperature falls to 20 K. For KMnF3, such soft
phonon condensation occurs first at theR point at 186.5 K,
then at theM point at 90 K; the diffuse intensity along th
RM line suddenly disappears when the temperature f
further.15

Diffuse scattering around theR point is known to be due
to the G25 phonon mode; its instability causes the cubic-
tetragonal phase transition of SrTiO3 at Tc.103 K. Due to
the high sensitivity of electron diffraction in detecting a ve
weak diffraction intensities, we observed diffuse scatter
around theR point at very high temperature (T5700 K).
Otnes et al.3 studied the high-temperature behavior~300–
900 K! of the G25 soft mode by inelastic neutron scatterin
They found that the energy of theG25 mode increases with
the temperature nearly according to the Curie-Weiss law,
the energy value at 900 K~;12 meV! is still lower than the
maximum value~;15 meV! of the lowest phonon branc
along theGR line, as measured by Shirane and Yamad1

This implies that the diffuse scattering around theR point at
high temperature, observed in the present work, is cause
soft phonons.

The temperature dependence of the inverse correla
length k follows a power lawk@110#/2pa* 50.0849t0.83,
wheret is the reduced temperature,t5(T2Tc)/Tc .4 Extend-
ing this power law to RT5293 K, we obtaink@110#/2pa*
50.1413 for the@1 1 0# direction. Since McMorrowet al.5

and Hirotaet al.5 found thatk@110# is ;36% larger than
k@001#, we calculatedk@001#/2pa* 50.104. Considering
the value ofk@001#/2pa* 50.111, as discussed in Sec. III D
is the experimental measurement of raw data without dec
volution of the instrumental widening, the agreement w
the power law is good.

The cubic-tetragonal phase transition is induced by c
densation of theG25 phonon mode. At high temperatur
k@100# is large, i.e., the correlation lengthz is small. Here,z
is a direct measure of the size of domains in which the lo
structure is instantaneously tetragonal. The domain size
creases as the temperature is reduced. When the tempe
T reaches the transition temperatureTc , the domain sizez
becomes infinite. The wntire crystal transforms into a n
tetragonal phase.

As Honjo et al.16 and Comes and Shirane17 reported
BaTiO3, KNbO3, and KTaO3 all show strong diffuse scatter
ing of the$0 0 1%* reciprocal sheets. Our electron diffractio
study revealed a weak diffuse scattering of the recipro
$0 0 1%* sheets in SrTiO3, which we attributed to the corre
lated movements along the@0 0 1# direction of the atoms
which form atomic chains along the@0 0 1# direction, similar
to that proposed by Comes and Shirane for KTaO3.

17 As
shown in Fig. 11, the successive Ti14-O2-Ti14 chain of
positive and negative ions and the shortest Ti14-Ti14 bond-
r-
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ing distance along the@0 0 1# direction favor the correlated
displacements of the ions along thec axis.

The behavior of the soft phonons and the associated p
transitions inABX3 perovskites seems to be related to t
tolerance factort5(r A1r X)/&(r B1r X) wherer A , r B , and
r X are the ion radii of theA, B, andX ions, respectively, as
summarized by Shannon.18 The tolerance factort describes
the size of the octahedra consisting of theX ions relative to
that of theB ions. We calculated the values oft for BaTiO3,
KNbO3, KTaO3, SrTiO3, KMnF3, KCaF3, and CsPbCl3 ;
they are 1.058, 1.050, 1.050, 0.999, 0.978, 0.905, and 0.
respectively. Whent51.000, all the ions touch each othe
and the cubic perovskite is stable. As pointed out by Giba
et al.19 perovskites that have a smallt factor, for example,
KCaF3 and CsPbCl3, seem to display theM-point transition
first at relatively high temperatures, and then theR-point
transition. For KMnF3, whoset value (t50.978) is close to
but less than 1, theR-point transition occurs first and then th
M-point transition. Thet factor for SrTiO3 is nearly equal to
1 and hence theM-point transition is further suppresse
Therefore, SrTiO3 perovskite displays strong diffuse inten
sity along theMRM line down to a very low temperature~20
K!. On the other hand, perovskites having at factor larger
than 1, e.g., BaTiO3 and KNbO3, display ferroelectric
transition20 and strong diffuse intensity in the$0 0 1%*
sheets.16,17Furthermore, the larger the space available for
B ions, the stronger are the correlated movements of
^0 0 1& atomic chains, and hence, the more diffuse scatte
in the reciprocal$0 0 1%* sheets. SrTiO3 has a smallert
factor than BaTiO3, KNbO3, and KTaO3, and accordingly,
weaker diffuse intensity in$0 0 1%* sheets.

In summary, we observed three types of diffuse scatter
associated with phonon and static disorder in SrTiO3 using
selected-area electron diffraction. The diffuse scatter
around theR point originated from theG25 phonon mode, the
@001#* streaks of diffuse scattering are due to dynamic c

FIG. 11. Correlated movements of the ions forming success
Ti14-O22-Ti14 chains along the@0 0 1# direction. A one-
dimensional correlation leads to the diffuse scattering of
$0 0 1%* reciprocal sheets in SrTiO3.
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related rotations of oxygen-octahedra within thea-b plane,
while the ~001!* sheets of diffuse scattering are due to t
correlated movements of atomic chains along thec-direction.
The correlation length of the dynamic oscillations of the s
phonons at room temperature was also discussed.
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