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Abstract

Effects of cerium and praseodymium modifications on the ferroelectric distortion, defect structure, and polarization properties werednvestigate
for layered ferroelectric SrBiaOg (SBT). Neutron powder diffraction and X-ray photoelectron analyses showed that these rare-earth ions
(RE) are substituted at the Sr site as®RENd that Sr vacancies are created for compensating the charge difference bettemm Sr

RE®*. Oxygen vacancies were present in perovskite layers for Pr—SBT, but in both perovskite,@adaBers for Ce—SBT. Polarization
measurements using dense ceramics indicated that Pr modification led to an marked improvement of polarization properties while Ce-modified
SBT exhibited a lower remanent polarization caused by domain pinning and polarization-hysteresis shift. The oxygen vacancig®in the Bi
layers are suggested to induce the deterioration such as the domain pinning and hysteresis shift in the SBT system.

© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction defect structure is SBT is far from complete because of the
complexity of its layered structure.

Ferroelectric thin films have been intensively studied for In this study, the ferroelectric distortion and defect struc-
use in non-volatile random access memory (NVRAM). Fer- ture of Ce- and Pr-modified SBTs were investigated through
roelectric SrB}TapOg (SBT) has played a key role in the fer-  a high-resolution neutron diffraction combined with Rietveld
roelectric materials with high durability against a repeated analysis, and the polarization properties measured using
switching of polarization statés? In the crystal structure of ~ dense ceramics were discussed in view of structure distor-
SBT, perovskite layers, Srf@;, composed of double TaO  tion defect structure. It is suggested that oxygen vacancies
octahedra with Sr at the A site, are interleaved with@i in the BLO» layers play a crucial role in the polarization
layers. The BiO, layers act as insulating paraelectric layers properties in the SBT system.
and largely control the electronic response (electrical con-
ductivity, band gap, etcwhile the ferroelectricity arises in
the perovskite layers:® It is argued that the BO, layers
perform the primary function of preventing degradation of
the remanent chardeThe ferroelectricity is attributed to the
rotation and tilting of Ta@octahedra as well as the off-center

displéatéement of Taions in the octahe_&rlaecently, Noguchi and TaOs of 99.99% purity were thoroughly mixed and cal-
et al._‘ have reported that Sr.vac_anues as \{vell as OXygen va-qinaq at 1100C for 4 h for powder diffraction measurements.
cancies st.rongly affect polarization properties. In SP'te ofits To obtain dense samples for electrical measurements, excess
technological importance, however, the understanding of theBizO3 of 2 at.% of the stoichiometric composition was added
to the starting powder. Uniaxially pressed pellets using the
* Corresponding author. Tel.: +81 3 5452 5037 fax: +81 35452 5083.  powder calcined at 110@ for 4 h were subjected to a cold
E-mail addressmiyayama@rcast.u-tokyo.ac.jp (M. Miyayama). isostatic press (CIP) treatment at 300 MPa, and then sintered

2. Experiment

Ceramic samples of SBT, REsSn_xBioTapOg (RE—
SBT, RE=Ce, Prx=0.2) were prepared by a solid-state
reaction. Raw materials of CeQPrzO11, SrCQ;, BiyOg3,

0955-2219/$ — see front matter © 2005 Elsevier Ltd. All rights reserved.
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Table 1
R factors and refined lattice parameters
Samples Rup (%) S(=Rwp/Re) a(nm) b (nm) c(nm) V (nnd)
SBT 5.74 1.11 0.552 30 (2) 0.552 44 (2) 2.503 66 (4) 0.763 89 (4)
Ce-SBT £=0.2) 4.87 1.70 0.551 78 (1) 0.551 96 (1) 2.501 29 (3) 0.761 79 (3)
Pr—SBT &=0.2) 4,02 1.35 0.55172 (2) 0.551 89 (2) 2.501 53 (5) 0.761 69 (3)
at 1250°C for 1-2h. This excess-BDs addition led to a po— Ce 13575 BiyTa, 0y
high relative density of over 95%. The sintered pellets were (Ce-SBT, x=0.2)
polished into thin sheets of 0.1-0.3 mm thickness for polar- - 8000
ization and dielectric measurements. The X-ray diffraction § N
(XRD) measurements on the polished surface of the dense £
samples revealed there was no preferred orientation. £ 4000}
Time-of-flight neutron powder diffraction data were col- § (T
lected at 25C using the Vega diffractometer at KENS. = 2000 Blila |
Structural parameters were refined by the Rietveld method us- 0 W““‘" WA N
ing the program RIETAN-TR based o\2;amorthorhom- [t it
bic symmetry. In the structure analysis, we carefully exam- (g 05 1.0 15 20 25 30 35 40 45 10"
ined the occupancies of oxide ions in crystals. The first anal- 10000
ysis was conducted under the condition that all sites were | Pr 5 51,4 Bi, Ta, 0,
occupied by oxide ions (occupation=1.0). Then, occupancy .. 8000 ! (Pr-SBT, x=0.2)
parameters of oxide ions were refined in the condition that %
thermal parameter®gg) were fixed at the values in the last ) 6000
analysis when oxygen vacancies were not considered. Fi- £ 4400 |
nally, the occupancy parameters of oxide ions were refined 3 -
simultaneously with th@eq = 2000t dil
We measured X-ray photoelectron spectroscopy (XPS) us- ! VAL L -
ing a Quantum-2000 (ULVAC-PHI) spectrometer (AdkKK- Pl
ray source). The XPS measurements were conducted on the

25 3.0 35 40 45 107

clean surface of the fractured ceramics, the spectra were ob- ® 05 1.0 15 20 o
(nm

tained without any disturbance of surface caused by a sputter
_beam and so _On' The blndmg e_nergy scale was calibrated us; ig. 1. Results of the Rietveld analysis for neutron powder diffraction of:
ing the C 1s line that appears in the spectra due to the usuaiy) ce,sSn_Bi,Ta0y [Ce-SBT &=0.2)] and (b) PigsSt_xBizTaxOg

carbon contamination. [Pr—SBT &=0.2)]; (A) indicates the difference between calculated and ob-
served values.

3. Results and discussion

dicated inFig. 1L The calculated pattern assuming that these

It has been demonstrated that Bi and rear-earth elementsRE ions occupy the A site with Sr vacancies fitted fairly well

(La and Nd, etc.) are substituted at the A site as trivalent ions to the observed data, and any impurity peak did not detected.
and that the charge neutrality is satisfied through the for- The finalRfactors and lattice parameters are listediable 1
mation of Sr vacancies @().5‘8 Neutron powder diffraction ~ The detailed structural parameters of Ce-SBT and Pr—-SBT
data of Ce—SBT and Pr—-SBX#£ 0.2) were analyzed by the are summarized iflables 2 and 3respectively. The crystal
Rietveld method in the same manner, and the results are in-structure and the detailed sites are depictdeign 2

Table 2
Structural refinement results for ££Sr gBi2TapOg(x=0.2) at 25 C, space group2;am

Atoms Position X y z Occupancy Beq x 1072 (nP)
Sr/Pr 4a 0 0.255 85 (75) 0 0.8/0.133 0.44 (4)

Bi 8b 0.467 12 (77) 0.771 74 (44) 0.200 42 (5) 1 1.37 (5)

Ta 8b 0.5142 (10) 0.748 59 (59) 0.414 99 (5) 1 0.27 3)
o) 4a 0.528 3 (12) 0.293 1 (10) 0 0.967 (9) 0.56 (9)

0() 8b 0.523 1 (11) 0.692 13 (66) 0.341 47 (8) 1.00 (1) 1.10 (6)
o@) 8b 0.7390 (11) 0.993 31 (63) 0.250 36 (12) 0.983 (6) 0.46 (5)
o) 8b 0.755 0 (12) 0.982 60 (70) 0.069 27 (8) 0.990 (9) 0.51 (6)
o(5) 8b 0.793 7 (11) 0.977 44 (69) 0.583 55 (9) 1.00 (1) 0.72 (6)

Numbers in parentheses indicate standard deviations of the last significant digits.
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Table 3

Structural refinement results fordABSrp gBio TapOg (x=0.2) at 25'C, space group2;am

Atoms Position X y z Occupancy Beg x 1072 (nnP)
Sr/Pr 4a 0 0.253 05 (63) 0 0.8/0.133 0.50 (4)
Bi 8b 0.467 64 (68) 0.772 82 (37) 0.200 30 (4) 1 1.42 (4)
Ta 8b 0.511 97 (92) 0.747 95 (51) 0.414 96 (4) 1 0.21(2)
0(1) 4a 0.5253 (11) 0.295 24 (85) 0 0.961 (7) 0.52 (8)
0(2) 8b 0.520 17 (94) 0.693 85 (58) 0.34171(7) 1.00 (1) 1.18 (5)
0o®3) 8b 0.736 5 (10) 0.994 03 (52) 0.250 57 (10) 1.00 (1) 0.55 (3)
0o(4) 8b 0.751 7 (11) 0.983 81 (62) 0.069 06 (7) 6906 (7) 0.52 (5)
0(5) 8b 0.791 3 (10) 0.976 67 (59) 0.583 78 (8) 0.988 (7) 0.72 (6)

Numbers in parentheses indicate standard deviations of the last significant digits.

Fig. 3shows the lattice parameters and volume of RE-SBT The results of neutron diffraction and XPS analyses lead to
(x=0.2) as a function of ionic radius of RE at the 12- the conclusion that RE cations are substituted at the A site
coordinated site. Since we could not find the ionic radius of with trivalent cations and that the formation of;Vcom-
Ce**, the ionic radius is assumed to be the average of thosepensates the charge deference betweéh@rd RE*. The
of La®* and P?* for convenience. La—SBT showed almost substitution of RE at the A site is expressed by the formula:
the same lattice volume as Ce—SBT, however the polariza- . N y
tion properties were quite different, as described below. For RE203 — 2REs" + 300" + Vs, @)
the Samples of Pr-SBT, Nd—SBT, and Sm-SBT, the lattice where RE* indicates RE"‘ atthe S%" site (A Site)’ and @*
volume ) decreased with decreasing ionic radius. Except denotes & at the oxygen site.

for Sm—SBT having a longex thanb, the parametelp was The detailed structural analysis revealed the presence of
larger thana (the polar axis). Furthermore, the relation be- oxygen vacancies (*) as well as \,, in Ce-SBT and
tween lattice parameters and Nd contedtfas examined.  pr_SBT (sedfables 2 and B The occupancy at the O1 site

With increasing Nd contenk], lattice volume and parameter  was about 0.96—0.97 for both samples, which was lower than

¢ monotonically decreased due to its smaller ionic radius of the other sites. A significant difference between Ce- and
Nd®* than SF*.

XPS measurements were performed for several RE-SBTSs. Sm Nd Pr Ce La
0.5522 — > ; : ’
For Pr—SBT, the spectra of Pr—SBTx=0.2) powder, 105008
and those of RIO3 and PgO11 powders were carefully 0.5520 ; Ts
. 112 . E E h - 2.5024 ,E
examined:112 For PpOs, the peak attributed to Pr ap- E os518) E
peared at around 935 and 955 eV. In the spectrumgDRr T ossiel - 2s0eE
that contains both of Bf and Pf* (the molar ratio of F¥* to B el ) < 725020 &
Pr** is 2:1), the apparent peaks originating it Pwere de- g ' 12,5018 g
tected at the lower binding energy offPpeaks. For Pr-SBT, 3 0.581ar 12016 2
only the P#* peaks were detected butPwas not present £ 05510f 2sora 2
= 0.5508 =
- 2.5012
0.5506
: ‘ ' ] 2.5010
0131 0132 0133 0134  0.185
(a) Ionic radius (nm)
0.7625 —— ; ; ;
0.7620}
o
£
£ o07615}F
-
£ v
=
2 o0.7610f
2
£ 0.7605
[ ' i 1
Fig. 2. Schematic representations of Fa@rtahedral revolution in per-
ovskite blocks: (a) tilt from the-axis (the component along tleeaxis is 0.7600 : ! ‘ : .
referred to asty) and (b) average rotation in tleeandb plane (angles). 0131 0132 0138 0134 0135
0O(1) and O(2) are apex oxygen atoms. O(1) is shared by twg Fa@hedra, (b) Ionic radius (nm)

while O(2) bonds to the Bi in BO; layers. The BiO; layers contain a plane
composed of O(3). Dashed circles show the oxygen atoms in a paraelectricFig. 3. Lattice parameters and volumé @s a function of the ionic radius
state. at the 12-coordinated site of RE
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Fig. 4. Temperature dependence of dielectric permittivity of dense ceramics.

Pr-SBTs was found on ¢** at the O3 site in the BO: observed for La-substituted PbTH®* However, we could
layers. While Ce—-SBT had about 1.7% vacancies, Pr—SBT not find any relation betweéF: and the ionic radius of RE
had no vacancies at the O3 site in the@®i layers. It has for RE=SBTSs.

been reported for SBT thin films that oxygen vacancies are  Fig. 5 shows the polarization hysteresis loops measured

preferentially present near the Bi ions in the® layers!® using dense ceramics at 25. The P, and & values at
The relation between thed’* distribution and polarization 3 maximum applied fieldHy,) of 200 kV/cm are listed in
properties will be discussed later. Table 4 Pr—SBT §=0.2) exhibited a B; of 21nClcn?,

Fig. 4 indicates the temperature dependence of dielec- which was much larger than that of SBTR2= 13.C/cnf).
tric permittivity at a frequency of 10kMHz, 100kMHz, and  Ce—SBT =0.2) had a smaller® of 18u.C/cn?, and a
1 MHz. While Ce—SBT did not show a frequency dependence higher E. (92 kV/cm) compared with Pr-SBT (61 kV/cm).
of dielectric permittivity (as observed in SBT)Pr-SBT  Fig. 6illustrates ®; as a function o, Not only the satu-
showed a frequency dispersion of permittivity. The Curie ration value of ®; of Pr-SBT was larger, but also Pr—SBT
temperature Tc) estimated from the peak temperature of exhibited an excellent polarization property (a larg%)2
SBT was 295C.” The substitution of Ce did not affedt, in the lowerE, region. At anEn, of 30kV/cm, although
while Pr substitution led to a slightly lowd@g of 260°C. Di- the 2P, of Ce—SBT was almost zero, Pr—SBT indicated a
electric measurements for La-SB&nd Nd-SBT revealed  2p, of 11.C/cn?. Furthermore, Pr—SBT showed almost the
that the introduction of ¥, at the A site decreasd@, as was same saturated® as Bi-modified SBT (SygBi2.15Tax00),

30— . : ; . 30 i
Pr-SBT : ool Ce-SBT
o 0 (=02 : ] (=0 3
S : :
Q 10+ 4 10r -
3
S Olveevverererererefecsefecerceeerrerrene] O[Trresesseneeanee
£
£ -0+ ; 1 -10F - 1
£ : :
200 i 2P, =21pClem? | 20t : 2P, = 18 uClem? |
: ZE(.,: 61 kv/iecm 2 2E. =92 kviem
- L 1 i 1 i _30 1 L L 1 !
e -200 -100 0 100 200 -200 -100 0 100 200
(a) Drive field (kV/em) (b) Drive field (kV/cm)

Fig. 5. Polarization properties measured using dense ceramics @tfa6Ce—SBT x=0.2) and Pr—-SBTx=0.2).

Table 4

Polarization properties and spontaneous polarizatighgstimated from the structural data

Samples P (nClent)d 2E. (kV/cm)? Ps (nClcrR)P ay (°) ay (°) B
SBT’ 13 57 16.7 04 7.9 4.3
Ce-SBT k=0.2) 18 92 16.5 0.4 8.0 4.4
Pr—SBT &=0.2) 21 61 15.0 0.4 8.0 45

a At the applied field of around 200 kV/cm.
b Calculated using the formal charges (see text).
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25 ——— : . : - wheremy is the site multiplicity,Ax; is the atomic displace-
R ment along thea-axis from the corresponding position in
201 | the parent tetragonal4/mmmn) structure,Qje is the ionic

charge for theth constituent ion, and? is the volume of

unit cell. The value ofPs for SBT was estimated to be
16.7u.Clen?.” Pr—SBT &=0.2) indicated a slightly smaller
Ps of 15.0n.C/en? (seeTable 4. The Ce substitution did not
change the®s value (16.5.C/cn?). These results dPs are

consistent with the tendency o that the ferroelectrics with
higherT¢ have largePs.1” TheP; observed for Ce—-SBT was
lower than that of Pr—SBT, whereas Ce—SBT has a |IBger
Itis strongly suggested that the lowyris caused by pinning

2P, (uClem?)

0 25 50 75 100 125 150

E,, (kV/ . ;

(v/em of domain motion due to ¥**, as was often observed for
Fig. 6. Maximum applied field) dependence of for Ce—SBT £=0.2) BisgTi3zO12 cefram|csl. . Furthermore, the imprint behav!or
and Pr-SBTX=0.2). of Ce—SBT is also related tod’°®. In contrast, Pr—SBT did

not show the imprint and domain pinning behaviors in spite

which has been considered as the most promising candi-of having Vo*®. These suggest the difference in polarization

date material for memory applications, while Bi—-SBT exhib- Properties is attributed to the distribution 06%. In the per-

ited almost zero B, at anEp, of 30kV/cm?!! These results ~ ©Ovskite layers, the oxygen site are highly distorted due to the

clearly demonstrate that Pr—SBT has an advantage for a low-rotation and tilting of Ta@octahedra, leading to a lowg”*

voltage-operating ferroelectric-memory material, which has mobility. In contrast, O3 in the BO; layers consists of an

been verified by the investigation of Pr—SBT thin filAfdt oxygen layer in thea andb plane, and $** at the O3 site

is interesting to note for Ce—~SBX £ 0.2) shown inFig. 5b is likely to have a relatively high mobility. Although*

that a hysteresis shift toward positive field, so-called “im- Was present in the perovskite layers in Pr-SBT, thgOBi

print” was observed, and the hysteresis shape was asymmetlayers did not have ¥°*. Thus, the influence of §** on

ric. This behavior is often observed for another ferroelectric the polarization properties of Pr-SBT becomes small. For

thin films1® and is closely related to space charge such as €e—SBT having a large amount ob¥* in the BpO; lay-

oxygen vacancie¥ ers, \p** at the O3 site easily migrates and assembles near
Here, we consider structural distortion aRgoriginat- ~ domain walls, giving rise to the domain pinning and imprint

ing in ionic displacements. Compared with the paraelectric behaviors. It is suggested for the SBT system thgt*in

tetragonal phase witht/mmmsymmetry, TaQoctahedrain  the BkOz layers induces a deterioration of the polarization

the ferroelectric phase with2;amorthorhombic symmetry ~ Properties. It has been reported also foyB3O12, another

rotate in thea andb plane as well as tilt away from the bismuth layered ferroelectric material, that oxygen vacancies
axis*~% as depicted itFig. 2 The tilt angle from the-axis, could be induced both in the perovskite and@®i layers and
which can be estimated from the coordinates of O1 and 02, they cause fatigue failuré$.This supports above discussion
is defined a®, and the components along taeandb- axes ~ in the SBT system.

are referred to asy (in thea—cplane) andyy (in theb andc

plane), respectively. For SBd&x was as small as O:4while

ay (7.9°) was much largef.In thea andb plane parallel to 4. Summary

the BbO3 layers, Ta@ octahedra rotate greatly accompanied

by the whole shift of Ta@ octahedra along tha-axis. The The crystal structure and polarization properties of Ce-

rotation angle §) estimated from the coordinates of 04 and and Pr-modified SBTs were investigated. Neutron powder

05 was 4.3 for SBT? Ce—SBT and Pr—SBT showed almost diffraction and X-ray photoelectron analyses revealed that

the samexy, ay, and as SBT. These results indicate that the Ce and Pr were substituted at the Sr site as trivalent cations,

substitution of Ce and Pr did not change the overall structural @nd that the charge neutrality is satisfied through the for-

distortion related to ferroelectricity. mation of Sr vacancies to compensate the charge difference
Since glide and mirror planes are present alongkhe between RE* and Sf*. Polarization measurements using

andc-axes, respectively, the local dipole moments caused by dense ceramics indicated that the substitution of Pr markedly
the ionic displacements are cancelled out alongtthend ~ improvedP at low electric field as well as saturategl In
c-axes. Thus, the cooperate displacements occur only alongeontrast Ce—SBT had a low®¥, and exhibited a hysteresis
thea-axis, leading to ®s along thea-axis. Using the formal  Shift (imprint behavior). The Rietveld analysis of the neu-

charge (+2 for Sr, +3 for Ce, Pr and Bi, +5 for Fa2 for O), tron diffraction data showed that oxygen vacancies as well
we calculateds by the following equation: as Sr vacancies are present, and oxygen vacancies in the
Bi» Oy layers were observed only for Ce—SBT. Itis suggested
Po= Z mi Ax; Qje @) that the oxygen vacancies in the;Bp layers strongly af-
' 2 ’ fect polarization properties and induce the deterioration such
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as domain pinning and imprint behaviors observed for Ce- 8.

modified SBT.
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