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We have grown a series §PbMgy;3Nb,/303]1-a/[PTiIOs]xA (PMN;_/PT,) superlattices for which the
composition varies, 0& x=<0.8, but the modulation period is kept constant at about 130 A. X-ray diffrac-
tion indicates that the polar axis of the PT layers lies in the plane of the films. The Raman spectra, which
reflect the sum of the spectra of PMN and the PT layers, confirma-dh@main orientation of the PT layers. A
downshift of theE(1TO) soft mode of the PT layers was attributed to tensile stress, estimated to be in the range
of 2.5-3.6 GPa, induced by the lattice mismatch of PMN/PT layers. We observe the splitting of the “silent”
mode in PT into distinct mode; andE and attribute this to the strains present in the layers.
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The relaxor ferroelectric PbMgNb,,s0; (PMN) can be Here we report the fabrication and structural characteris-
combined with the ferroelectric PbTiQPT) to form a solid-  tics of SL's of alternating layers of PMN and PT. Our long-
solution  PBH(Mg;,3Nby/3)14Ti ]JO3 (PMN;_,-PT,), which  term aim is to study the interactions between a relaxor and a
can have either relaxor or ferroelectric properties dependinggrroelectric, to investigate the effects of size and strain on
on x.12 Nominally cubic at all temperatures, relaxors are inrelaxor and ferroelectric layers, and to compare the physical
fact structurally inhomogeneous materials in which polarproperties of PMN/PT SL's with their solid-solution counter-
nanosized regions are randomly distributed in a nonpolaparts. We have grown six different SL's of the type
matrix2 PMN (apyn=4.048 A exhibits characteristic re- [PMN(1-9a/PTial10, Wwherex=0.1, 0.2, 0.35, 0.4, 0.5, 0.8,
laxor behavior characterized by a strong frequency deperis approximately 130 A, and the total number of periods for
dence of the peak in the permittivity as a function of each SL is 10. We chose the ratios of PMN to PT to corre-
temperaturé. In contrast, bulk PT undergoes a structuralspond to different regions of the PMN-PT solid-solution
phase transition at 763 K and is highly tetragortebr  phase diagram. This choice was motivated by the eventuality
=4.15 A andapr=3.898 A). The PMN_,-PT, solid solution ¢ constructing PMN/PT SL’s in the zero wavelength limit,

eVOlVﬁS from a rk(‘alaxor to a normal ferroelectric alnd Inear th&hus producing a SL more closely resembling a solid-solution
morphotropic phase boundarx~0.39, extremely large material. In this way we might artificially construct an epi-

electromechanical coupling constants have been measuregliai solid solution whose properties we could compare to

on single crystal$? Thus this material is a promising candi- those of bulk PMN-PT solutions. We present XRD and Ra-
date for actuator and transducer applications not only in bu”fnan results on these SL's groWn on single crystal MgO
but also in thin film form. (apgo=4.213 A buffered with the conducting oxide

Evidence for typical relaxor behavior in PMN films has o
been reported by several group&? Nevertheless, compared Lay ;Sn,C00; (LSCO, 3 sco=3.805 A. MgO was.chos.,en
gS a substrate because its Raman modes are inactive thus

to single crystals, differences in the physical properties, suc . :
as lower permittivity and electromechanical coupling coeffi-allowing us better access to the film spectra. N _
cients, have been reportéd.The influence of the misfit be- ~ The samples were grown by pulsed laser deposition using
tween film and substrate, interfacial layers, and microstruc@ Spectra Physik 248-nm laser in a MECA 2000 UHV cham-
tural defects are invoked to explain the measured electricdler. A 1500 A LSCO buffer/electrode layer was deposited at
and electromechanical properties of thin films. a substrate temperatu(€;) of 700 °C and 0.2 mbar oxygen
PT films have been extensively studied experimentallypartial pressur¢Pg,). The temperature and oxygen pressure
and theoretically. Depending on the misfit between PT andor PMN and PT layers were, respectively=545 °C and
the substrate, different domain states can be expected in th&,=0.3 mbar, andTs=600 °C and P5,=0.3 mbar. The
ferroelectric phase. Theoretical wotks predict three do- deposition raté¢0.2 A/puls¢ was determined from the x-ray
main configurations: single axis, singlea axis, and twin  thickness oscillations observed on films of PMN and of PT.
domain c/a/c/a-type states. To date, onlg axis and The deposition system is equipped with a 15-kV reflection
c/alcl/a polydomains have been reported experimentally forhigh-energy electron diffractiotlRHEED) system, which en-
PT films14-1®However, when PT is a superlatti¢BL) con-  ables us to monitor the surface quality of the layers. The
stituent such as in PbTidBaTiO; (PT/BT) SL's,!” we have RHEED streaks we observe from the PMN and PT layers
conclusively shown by x-ray diffractiofXRD) and Raman indicate cube-on-cube epitaxial growth.
spectroscopy that the PT layers have their polar axis oriented Standardd—26 x-ray diffractometry was performed on all
in the plane of the film. samples using a two-circle Siemens D5000 diffractometer
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FIG. 1. 6-26 x-ray diffraction for PMN;_,/PTyy SL's for

0.1=x=<0.8 and for anx=0, 1500-A-thick PMN film. The inset W“ S 0'5
shows thex dependence of the SL average lattice parameter. M
with CuKe radiation. Figure 1 shows seven diffractograms 0.35
taken on PMN_,/PT, for 0<x=<0.8. No pyrochlore phase * *
is present within the detection limits of our instruments. The /\M
presence of satellite peaks implies chemically modulated M
structures and the angular distance between the peaks deter- . . : :
minesA. The evolution of the peaks positions and intensities 0 200 400 600 800 1000
reflect the change in the composition of the SL's from the
PMN-rich wavelengths to the PT-rich wavelengths. This is
also conveyed in the inset which is a plot of the average SL
lattice parameteag, as a function of the PT concentratin
ag, is a weighted average of the modulation wavelenyth

=Nyd; +N,d,, whereN, andN, are the number of unit cells 1¢ inset shows examples of the fits for the low-frequency band

in the modulation period and; andd, are the lattice param- ging three peaks, two of which correspond to PMN mdde<0)
eters of the constituents. Usim,=2A sin©, to calculate  and the third to theE(1TO) mode of PT forx=0.2.

the average lattice parametey; =A/n of the SL, where we
selectO, to be the most intense satellite peak. The out-of-strate,X//[100]y40, andZ//[010]y40. Studies on PT single
plane ag, decreases linearly from a value close to that ofcrystals have shown that selection rules are strictly respected
PMN when the proportion of PT is small, and extrapolates, afor both the ferroelectric and paraelectric phases. By moni-
x=1, to a value of 3.92 A, which is close to tleaxis pa- toring theE(1TO) soft mode, which is very sensitive to the
rameter of PT. Preliminary model calculations, following Pressure in PT bulk??Cit is possible to estimate the stress in
those of Ref. 17 of the experimental positions and ampliPT films*~3and in PT layers in PT-based SES.
tudes also support a structure in which thexis of the PT Figure 2 shows room-temperature Raman spectra re-
layers in PMN/PT SL's is perpendicular to the plane of thecorded inY(XX)Y(VV) and Y(X2)Y(VH) scattering geom-
film. We have previously reported tleeaxis PT layer orien- etries for the PMNL,/PT, SL's and for anx=0, 1500-A-
tation of PT/BT SL's!’ Since the bulk parameters of BT thick PMN film. The polarization-dependent spectra of the
(c=4.03 A,a=3.99 A) are slightly smaller than of PMN, our x=0 PMN film confirm its epitaxial quality. Unlike PT films
results, combined with those reported by Jiatgal!® on  and SLs, the Raman line frequencies and profiles ofxhe
c-axis PT layers in closely matched PbEiGrTiO; SL's, is =0 film are essentially the same as those measured for PMN
consistent with the idea that the orientation of PT layers issingle crystalg? This is interesting since we have reported a
strongly dependent on the relative mismatch of the SL contetragonal distortiorc/a in PMN films that increases with
stituents. However there has yet to be a theoretical treatmetite decreasing film thickned8.In spite of this distortion,
of SL systems that puts this orientational dependence on loth the Raman and electrical measurentesi®w that the
guantitative basis as has been done for films in Refs. 11-13ilms remain relaxors. As with PMN single crystals, the ratio
Raman measurements were performed in a backscattering,/ I,y of the 785-cm*-mode is much less than unity. This
geometry using the 514.5-nm-line from an argon ion lasercan be interpreted as a signature of relaxor PMN: the ratio
focused to a spot of fim in diameter. The scattered light was |y/lyw=1 signals the onset of the rhombohedral ferroelec-
analyzed using a Jobin Yvon T64000 spectrometer and colric order in PMN-PT crystal€® Since the mode frequencies
lected with a charge-coupled device. Polarized spectra hawef the PMN films are the same as those of single crystals, we
been recorded with respect to the crystallographic axes afan conclude that the Raman spectra are insensitive to biax-
a-domain PT layersY is perpendicular to the MgO sub- ially strained PMN films. Also in Fig. 2, the 785-chVV

Wave number (cm™)
FIG. 2. Room-temperature Raman spect® and VH for

PMN(3-9A/PTya SLs 0.1=x=<0.8 and for anx=0, 1500-A-thick
PMN film. The labeling corresponds to the PT mod¢ese Table)l
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TABLE I. Frequenciegin cm?) of the observed Raman modes br——7——7—7—7——7——7—— 77— 40
in a PbTiG; single crystal and th&=0.8 PMN/PT SL.
—— {35
Mode labeling Single crystal PT superlattice 80
E(1TO) 87.5 76 E . . {30F
A(1TO) 148.5 123 > 75f - o
— e
E(2TO) 2185 200 & C {253
B,+E 289 287E) g ° ° | &
= 701
296(By) - {20
A(2TO) 359.5 333 |
E(3TO) 505 500 65 1 1 1 1 1 1 1 1 1 '5
AL(3TO) 647 608 00 01 02 03 04 05 06 07 08 09

Concentration of PT

8or PT single crystal. Reference 28.
FIG. 3. Evolution of the frequency of soft mod&1TO) (H)
line for the SL's occurs at the same frequency as forxhe and stresgO) as a function ok for PMN(;,/PT, SLs.
P o e e e W o PMNIET SL e it the oy band o
y y " " spectra with the sum of three peaks: two PMN modes at 47

are of course aware of the work by Kreisalal?® on bulk and 62 cm?, and one PTE(1TO) mode (inset Fig. 2. We
single-crystal PMN that shows that the Raman specirum if‘ake advaniage, as mentioned above, of the fact that the

sensitive to hydrosta‘uc pressure. The_y have reported a.frepMN modes do not change with Thus we fixed the two
quency variation of _clertal_n 'mode.s with pressure includingopmN modes and tracked tH&1TO) mode. The results pre-
the mode at-785 cn1+. This is an interesting result and the_sented in Fig. 3 show that the soft mode frequency is con-
differences between spectra of the strained layers of PMN iQiant for 0.2<x<0.8 and then abruptly decreases for
film and SL's and that of PMN bulk under hydrostatic pres-=0.1. We assign stress to these frequencies by referring to
sure could provide additional clues as to the microscopiGanjuroet all® and Cerdeiraet al2’ who showed that the
origin of relaxors. soft-mode frequency decreases linearly with increasing pres-
The spectral profile for the SL rich in PT of Fig. 2 is sure up to 12 GPa. The stress, plotted in Fig. 3, is estimated
comparable to that of PT single crystal. Aglecreases, we to be 2.5 GPa fok=0.2—0.8(corresponding to PT layers of
observe spectra that reflect the sum of the spectra of PT arg6—-104-A thick. However, forx=0.1(13-A-thick PT layers
PMN. This is clearly apparent vV spectra where the the stress increases to 3.6 GPa. This abrupt change can be the
785 cm® mode, the most intense peak of the PMN film, is result of partial stress relaxation at a critical layer thickness
observed in all SL's except for=0.8. Since the Raman sig- | above which it is energetically more favorable for misfit
nal from PT is more intense than that from PMN, the PTdislocations to relax the strain in the SL. This effect has been
peaks are clearly visible even for small The weak PMN  observed in PJs/BT, 5 SL (Ref. 17, wherel, was observed
signal in thex=0.8 SL is also the result of a small scatteringto be >120 A. Given the larger mismatch of the PMN/PT

volume. system and the asymmetric SL construction it is not surpris-
Since the point group symmetry of the tetragonal ferro-ing that the PMN/PT; occurs at this lower value.
electric phase of PT bulk i€,,, cross polarizatiorixz and Finally we present a result which also reflects the effect of

y2) will detect only E modes, parallel polarizatiofxx) and  stress on the PT modes. From t¥ spectra of Fig. 2 for
(yy) will detect bothA; andB; phonons, while théz2 po- r
larization is needed to isolate th#§ modes. For thex=0.8
PT-rich SL, there is a one-to-one correspondence betweer
the Raman peaks and those of PT single cry$tal$A, and

B; modes are observed MV geometry andE modes inVH
geometry, which prove that thepolar axis of the PT layers
is parallel to the film and thus confirms the x-ray results.
Table | gives the mode assignments and frequencies for th
x=0.8 SL, and a PT single crystal. We note a significant
downshift for the SL modes compared with those for the
bulk, especially the E(1TO), A;(1TO), A(2TO) and
A,(3TO) modes that are most sensitive to presséré We
attribute the downshift, also observed in PT fifité3and in . . P . .
the PT layers of Ref. 17, to internal stresses induced by the 150 200 250 300 350 400 450

E(2TO) {E(silent)

100 K

E(silent) 531 A(2T0)

leak N\

Ramanr?ntensity

mismatch between PMN and PT layers. Wave number (cm™)
We estimate the stress in the PT layers by following the
dependence of th&(1TO) soft mode as a function of. FIG. 4. Polarized Raman spect?/ andVH for SL x=0.8 and

Since the PMN and PT layers contribute to the Raman sped#V for SL x=0.5 measured at 100 K.
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x>0.3, the band near 290 ¢fcan be decomposed into two mated stress of 2.1 GPa while in tke 0.5 and 0.8 SLs the
peaks located at284 and~293 cmi*. We also took th&/V  mode splitting of 9 ¢ corresponds to 2.6 GPa. Thus there
spectra at 100 K so as to better resolve the peaks. In Fig. 45 a correlation between the size of tBeE mode splitting

we note the appearance of a new peak at 296'@nd a  and the magnitude of the stress in PT films and in our PT SL
weak mode located at 287 ctnIn PT, theT,, silent mode layers.

of paraelectricO, symmetry should be split intd3;+E To conclude, we grew a series of PMN,,/PT,, SL's

modes in ferroelectri€,, symmetry. TheB; mode is Raman ) . . K .
active and appears IMV. Such splitting hasiot been ob- for which the strains resulting from the lattice mismatch be-

Served in PT Crysta's and tm+E peak |Ocated at 289 C‘r!h tween the ConStituentS iS responsible f0r ﬂ%eXiS Orienta'

is called a silent mod&.28 For x=0.5 and 0.8, the splitting tion of the PT layers and produces both a frequency decrease
of the silent mode is evident. The new mode at 296'%cm of the PT vibrational modes and a splitting of the “silent
corresponds to thB, mode and the peak at 287 thtorre-  mode” that does not take place in single crystal PT. We ob-
sponds to the leakeH silent mode that appears at the sameserve no indications of stress dependence of the Raman spec-
frequency in thevVH seen in Fig. 2 foix=0.8. This leakage tra in the PMN layers in contrast with pressure studies on
phenomena, observed also ®yandA;(2TO) in VH geom-  PMN single crystals.

etry, into forbidden configurations has been attributed to the

presence of domain walls in PT films. The 5-¢aB;-E This work was supported by the Region of Picardy and
mode splitting reported in Ref. 23 corresponds to an estithe Regional European Development Funds.
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