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Absence of low-temperature phase transitions in epitaxial BaTi@ thin films
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We have studied phase transitions in epitaxial BaTikin films by Raman spectroscopy. The films are
found to remain in a single ferroelectric phase over the temperature range from 5 to 325 K. The low-
temperature phase transitions characteristic of bulk BaTti€ragonal-orthorhombic-rhombohedrate absent
in the films. X-ray diffraction shows that the BaTj@Ims are under tensile strain due to the thermal expansion
mismatch with the buffer layer. A phase-field calculation of the phase diagram and domain structures in
BaTiO; thin films predicts, without anpriori assumption, that an orthorhombic phase with in-plane polariza-
tion is the thermodynamically stable phase for such values of tensile strain and temperature, consistent with the
experimental Raman results.
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I. INTRODUCTION phase transition from cubic to tetragonal phase above room
temperature. In the present paper we focus on the tempera-
Phase transitions in thin film ferroelectrics, which differ ture range 5-325 K.
substantially from those in corresponding bulk materials, are
of significant scientific and technological interé$tMuch
effort has been devoted in recent years to the thermodynam- IIl. EXPERIMENTAL RESULTS
ics of domain structures and phase diagrams in ferroelectric Tpe BaTiQ films studied in this work were grown by
thin films3-° Different approaches have been employed bYoulsed laser deposition on (001)SrEi@nd (001)LaAlQ
various groups. For example, Pertshal-” predicted a num- g cirates. Between the substrate and BaTii® a 0.3 um
ber of domain stability maps for BaTiand PbTiQ using  hick conducting layer of SrRupwas deposited to screen

thermodynamic calculations whereas ¢fial® proposed a Raman signal from the substréfeThe thickness of the
phase-field model to predict the dependence of domain Stru%aTiO3 films was 1um. The deposition conditions of the
tures on temperature and strain. Experimentally, enhanc%a-l-io3 and SrRuQ layers were the same as those described
ment of the paraelectric-ferroelectric phase transition tembreviously?‘r’ Both layers were deposited at the substrate tem-
perature, Tc, by strain has been reported in epitaxial no a4 re “ of 750°C. The structural properties of the

ferroelectric films'~° Recently, Streifferet al. observed BaTiOs/STRuG, samples were characterized by x-ray dif-
nanoscale 180° stripe domains in ferroelectric PRTifin fraction and transmission electron mMicroscogyEM).
films.** Strain-induced ferroelectricity in SrTiOthin films BaTiO, single crystal was obtained from MTI CorfRich-
has been reported by Fucksal!? and Tikhomirovet al®® CA. Raman spectra were recorded using.a SPEX
In this paper, we present a Raman scattering study of BATIOrjpiemate spectrometer equipped with a liquid-nitrogen-

films in the temperature range 5-320 K, which shows that,s1eq multichannel coupled-charge-device detector. The
the tetragonal-orthorhombic and orthorhombic-rhombohedrag; 4 5 nm line of an AF laser was used for excitation. and

phase transitions characteristic for the bulk Bafi@sap- 1o |aser power density was kept at a low level

pear completely in the thin films. Detailed structural charac- <30 W/cn?) to avoid heating of the sample. Raman spec-
terizations of the films suggest that a tensile strain locks th '

) . : ? _ . a from the films were measured in backscattering geometry
films in a single ferroelectric phase. A comparison with the —

phase-field model calculation confirms that the orthorhombi@Oth in parallelz(x,x)z and perpendiculaz(x,y)z polariza-

phase with in-plane polarization is the stable phase in thi§°" configurations £ direction is normal to the film plal_)e
strain and temperature range he measurements in the crystal were in backscattering ge-

In bulk BaTiO,, the crystal structure changes from cubic ometries both along the axis of the initial tetragonal phase

to tetragonal at 403 K, then to orthorhombic at 278 K, and td Z(x,x)Z and z(x,y)z geometrie$ and perpendicular to it
rhombohedral at 183 K The cubic phase is paraelectric and [x(z,z)x andx(z,y)x geometrie$

the other phases are ferroelectric. Raman spectroscopy is a Figure 1 shows Raman spectra @ a BaTiO; single
powerful tool to study phase transitions as the structuratrystal and(b) a BaTiO; film grown on a SrTiQ substrate,
changes alter the vibrational spectra. Lattice dynamics andoth measured in the parallel polarization configuration, as a
Raman spectra of single crystal and polycrystalline BaTiO function of temperature. The spectra of the single crystal
have been studied in detd.?> Raman studies of thin show clear changes attributed to the phase transitions. At low
BaTiO; films* have mostly focused on the ferroelectric temperatures, in the rhombohedral phase, the most intensive
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FIG. 1. Temperature evolution of Raman spectra (af a
BaTiO; single crystal andb) a BaTiQ, film grown on SrTiQ sub- FIG. 2. Temperature dependence of fg(TO,) andA; (TOs)
strate with a SrRu@buffer layer, measured in parallel polarization phonon frequencies for BaTiGsingle crystal(solid symbols and

geometryz(X, x)z Dashed-dotted lines are guides to eye. Star in thefilm grown on SrTiQ substrate with SrRubuffer layer (open
spectra of the film indicates features due to SrRleyer symbols.

lines observed in the polarized Raman spectrum are at 178aTiO;.2°!8 The heavy overdamping of the soft mode in
187, 242, 485, 522, and 714 ¢ and are attributed to BaTiO; has been attributed to the order-disorder character of
TO;, LOy, TO,, LO,, TO;, LO3; modes ofA; symmetry, the phase transitiorfS. In the crystal overdamping is ob-
respectively’ The peak at 310 cit is due to mixed served in the orthorhombic and tetragonal phases and in-
LO,—TO; phonon of E symmetry’® The shoulder at creases with temperature, in agreement with earlier reported
261 cm ! was shown by micro-Raman experiments to beresults'”*8In thin films overdamping has also been observed
due to the near-domain-wall regions of Bagi@rystal®’>  to increase with temperature. However, no qualitative differ-
When the BaTiQ crystal was warmed te-185 K, the Ra- ence has been observed in the low-frequency Raman spectra
man spectra went through large changes, most noticeable of the films, as well as the crystals in the orthorhombic and
the frequency range 150-300 chm Sudden jumps to a tetragonal phases; there are no sharp changes in the over-
higher frequency, as large as 35 chtook place for theA;  damping behavior which would indicate the O-T phase tran-
(TO,) phonon line. A less dramatic, but still well pro- sitions. Therefore, the behavior of the overdamped soft mode
nounced jump {10 cm 1) occurred for theA; (TO,) line.  cannot be used to determine the phase transition temperature.
These changes are indicative of the rhombohedralSo we focus on two hard phonon modes,,Ténd TG,
orthorhombic phase transition. When the crystal was heatedhich exhibit most noticeable changes upon the
further to~ 280 K, another sudden jumps of thg TO, and  rhombohedral-orthorhombic and orthorhombic-tetragonal
TO; phonon frequencie®5 and 4 cm?, respectivelyand  phase transitions in BaTiOcrystals.
changes in the Raman spectra occurred, which indicates the The temperature dependence of the frequencies ohthe
orthorhombic-tetragonal phase transition. The observed fre-TO,) andA; (TO3z) phonon modes for both the crystal and
quency shifts are well detectable in Raman spectra despifdm shown in Fig. 2 clearly demonstrates the difference be-
large linewidths TQ and TG, phonons, and are in agreement tween the crystal and film behavior. Large jumps in fe
with the reported results for BaTiCrystalst®?122 (TO,) phonon frequency are clearly seen in the crystal, but it

The temperature dependence of the Raman spectra of tlie constant in the film. TheA; (TO3) phonon frequency
BaTiO; film, shown in Fig. 1b), is markedly different from shows smaller jumps in the crystal, whereas no such jumps
that of the single crystal. It does not show sharp changes iare visible in the film. This behavior indicates that the
the temperature range of 5-300 K. When temperature inBaTiO; film does not undergo any phase transition in the
creases, the phonon lines broaden, but their frequencies atemperature range 5-325 K. The same behavior was ob-
either almost constant (T or change only very slightly served for films grown both on SrTigand LaAlO; sub-
and gradually (T@). The two intensive sharp lines observed strates. The tetragonal-orthorhombic and orthorhombic-
at 173 and 187 cm' at low temperaturegrhombohedral rhombohedral phase transitions of the bulk Bafi@re
phase in the BaTiQ crystal are broader and their relative completely absent in the thin films.
intensity is much smaller in the films at all temperatures A quantitative determination of film strain is critical for
measured. In fact, the positions, relative intensities and linghe understanding of the complete disappearance of the low-
shapes of phonon modes in the spectra of the films are simiemperature phase transitions. Figure 3 shows the x-ray dif-
lar to those of the orthorhombic phase of the single crystalfraction results for a BaTigY SrRuG; film on LaAlO; sub-

The low-frequency range of Raman spectfaelow  strate. Thed-26 scan[Fig. 3(a)] shows that both the BaTiO
100 cmi'Y) both in the crystals and thin films contains a and SrRuQ layers grow withc axis normal to the substrate.
feature of overdamped soft mode characteristic forThe full width at half maximumFWHM) values in & are
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FIG. 3. X-ray diffraction patterns of BaTgISrRuQ film on ~ BaTiO;. Then from the measured lattice constants of our
LaAlO; substrate(a) 6—26 scan; LaAIQ and SrRuQ peaks are  BaTiO; films the strain in the thin filmg—a)/a, is calcu-
marked by stars and down triangles, respectidy.¢ scan of the lated to be a tensile strain of 0.58%. Although the lattice
BaTiO; 202 peak;¢=0° is aligned to be parallel to thgl00] ~ constants of both LaAl® and SrTiQ substrates and of
in-plane direction of the LaAl@substrate. SrRuG, buffer layer are smaller than that of BaEiOthe

misfit strain in our BaTiQ film is fully relaxed at the growth

R . temperatures because the film thickness far exceeds the criti-
small (0.48° for the 003 peakThe ¢ scan of the BaTi@ cal thickness for strain relaxation. The tensile strain arises

202 peakFig. 3(b)] shows that the layers are also in-planéfom the mismatch between the thermal expansions of
aligned with the substrate lattice wiftl00] BaTiOy[[100]  syruq, and BaTiQ. The thermal expansion coefficient of
SrRuQy[100] LaAIO;. The FWHM value for the 202 peak grruq, (Ref. 27 is smaller than that of BaTig?® Conse-
is 0.8°. From these scans, the lattice parameters of SjRquuemW, when a BaTi@film is cooled to room temperature
buffer layers are determined to be=3.93 A for the jfter the deposition, it contracts more than the SrRbGHfer
pseudocubic lattice, equal to the bulk values. For BaTIO ayer and a tensile stress is imposed on it. It is difficult to
films the measured lattice constants ae=b=4.01  cajcylate the strain between 5-300 K because the thermal
*+0.01 A (in plang, andc=4.004-0.001 A. Similar x-ray  expansion coefficients of SrRyGnd BaTiQ are tempera-
diffraction data were obtained for films grown on Sr%iO tyre dependent. It is, however, expected to increase when the
substrates, with the same epitaxial orientation, the samgmperature is lowered, which is schematically indicated by
SrRuQ and BaTiQ lattice constants, and even smaller the dotted line in Fig. 4. The end point at 5(B.78% was
FWHM values (0.38° for 003 and 0.7° for 202 pepks estimated by assuming the average thermal mismatch be-
TEM studies showed that the films consist of columnaryyeen SrRu@ and BaTiQ to be temperature independent.
grains with in-plane grain size of100 nm. Electron dif-
fraction results indicated the BaTiQrains are oriented in Il PHASE-FIELD MODELING AND DOMAIN STABILITY
same direction and confirmed the epitaxial relationship be- MAP
tween the substrate, SrRy@nd BaTiQ layers described
above. High crystalline quality of the films allows to pre- We compare the film strain with the calculated phase dia-
sume the structural defects are unlikely to cause so drastgram of BaTiQ films under biaxial substrate constraint and
changes in the phase transition behavior. Although we cannalver the temperature range from room temperature to 0 K.
completely exclude other factors which can affect the fimThe widely quoted phase diagram of Perts¢wal® assumes
properties, such as composition fluctuations or grain size efa simple domain structure with a particular domain wall ori-
fect, we believe the strain in the thin films is the most prob-entation as priori for the thermodynamic calculations. As a
able cause of suppressing the low-temperature phase transmatter of fact, for BaTiQ films, three different domain sta-
tions characteristic for bulk BaTiQ bility maps have been presented, which depend on the as-
From the material parameters of BakiOthe same as sumptions of possible domain states and domain-wall
used by Koukhaet al. in Ref. 5, we calculated the lattice orientations. In this work, we used a phase-field approach in
constants of the unstrained BaTi@m to be a,=3.987 A which no priori assumption on the occurrence of certain
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phases and domain structures is madebrief description of  cannot absolutely rule out the possibility of existing mixed
the technique is as follows. phases in the films at room temperature, if the lower uncer-
A ferroelectric domain structure is represented by the spatainty limit is taken into account. In the case of mixed
tial distribution of the polarization fiel@=(P,,P,,P3), and  orthorhombic-tetragonal phases there would be 90° domain
its temporal evolution is described by the time dependenwalls at the boundaries between the orthorhombic phase with

Ginzburg-LandayTDGL) equations, in-plane polarization and tetragonal phase polarized atong
axis. However, the TEM images of our films showed the

IPi(x,t) oF L existence of many antiphase boundaries, but no 90° domains
o Lapi(x,t) (i=1,23, @ were found. Therefore, the films are most likely to be in the

i L . ) orthorhombic phase with in-plane polarization. This is con-
whereL is the kinetic coefficient related to the domain-wall ¢, aq by the Raman spectroscopy resufigs. 1 and 2as
TOb'“ty' and F is the total free energy of the system. he form of the spectra, the phonon line positions and relative
=(X1,Xz,X3) is & rectangular coordinate system aagdis  jyiensities in the BaTiQfilm are close to those of the ortho-
normal to the _f|Im-substrate interface. The total free eNerg¥hombic phase of BaTiQsingle crystal. Because the tensile
of the system includes the bulk free energy, the domain wallyain in the film increases when the temperature decreases
energy, and the elastic energy. The TDGL equalibnwas  ¢om room temperature to 5 K, as schematically shown by

solved gumerica_lly using the semi-implicit Fourier-spectraly, o gotted line in Fig. 4, the film remains in the orthorhombic
method for the tlme—gtepplng and spatial dlscretlgat|qn. Thephase without undergoing any phase transitions.
macroscopic constraint of the substrate to the film is mea-
sured by the average straify= €,,= € ande;,=0. The con- IV. CONCLUSION
tinuities of the deformation and stresses on film-substrate . .
interface provide the local/microscopic constraint. By evolv- In summary, Ramar_1 .spectroscqpy in Bajims grown
ing Eg. (1) from an initial paraelectric state with small ran- by pulsed laser deposition on Sﬂ.g'@nd LaAlQ, substrates
dom perturbation, the thermodynamically stable domaincovereOI by SrRu@buffer layers in t_h_e temperature range
structure and phase at given temperature and substrate cofi- 522 K shows that the phase transitions between the differ-
straint strain were obtained at the end of a simulation. ~ €nt  ferroelectric  phases (tetragonal-orthorhombic-
The results of the phase-field calculation for BaJiims ~ ombohedral characteristic of bulk BaTi§) are com-
are plotted in a phase diagraitomain stability mapshown pletely absent in .the fllms._Thls beha_wor is explained by the
in Fig. 4. The phases represented by various symbols ar@'€sence of tensile strain in the Bati@im caused by ther-
solid squares—the tetragonal phases with polarization nofl'@ mismatch with the underlying SrRy@yer. This is con-
mal to the film/substrate interface, i.€=(0,0,=P,); solid f!rmed by a th.|n film phase d|ag_ram obt.amed from a phase-
diamonds—the distorted rhombohedral phase with field ca_IcuIauon, which predicts, . without anypriori
—(+Py,, =Py, ,+Ps); solid circles—the orthorhombic assumption, that the thermo_dynamlcally stat_)le phase be-
phase with polarization parallel to the film/substrate inter-t\’vee_n 5_3_25 _K for the e_xp_erlm_entally determlne_d value of
face, i.e.P=(*P,,+P,,0); and half-solid circles—the dis- te_nS|!e strain in thg BngQﬁlm is an orthorhombic phase
torted orthorhombic phase witR=(=P,,0,=P3,) or P with in-plane polarization.
=(0,£P4,,*tP3,). There are small regions, represented by
crossed diamonds, within which more than one ferroelectric
phases coexist. From this domain map, it is seen that a ten- This work was partially supported by DOE under Grant
sile strain of 0.58% places a BaTj@ilm in the orthorhom- Nos. DFFG02-84ER45098Xi) and DE-FG02-97ER45638
bic phase at room temperature. It should be noted that th€Schlom, by DARPA under Grant No. MDA972-01-1-0023
uncertainty in the in-plane lattice parameter determined proniXi) and by NSF under Grant Nos. DMR-01-226@8hen),
x-ray data(0.01 A) produces rather large uncertainty in the DMR-9875405 and DMR-9871177(Pan, and DMR-
value of strain'shown by error bars on Fig) 4Therefore, we 0103354(Schlom, Chen, Xi
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