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Temperature dependence of infrared-active phonons in CaTi@ A combined spectroscopic
and first-principles study
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Spectroscopic studies involving dielectric, submillimeter, infrared, and Raman measurements were per-
formed on a CaTi@single crystal, covering a broad spectral rafgf@tic to 10 THz at temperatures from 6
to 300 K. The results show mode softening characteristic of an incipient ferroelectricTywith- 105 K. A
signature of the soft mode is seen in the Raman spectra, even though the soft modes are not Raman active to
first order. First-principles calculations were used to identify the phonons responsible for the spectral features.
Many of the major features are due to phonons in orthorhombic Gahi& are associated with zone-boundary
phonons of the cubic perovskite phase.
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l. INTRODUCTION along one axis 4%a’c™ in Glazer’s notatiot??9, the inter-
mediate orthorhombic phase by an additional, in-phase, tilt
Calcium titanate CaTiQ(CTO) is well known as the min-  along the second axisafb*c~), and the room temperature
eral perovskite that gave its name to the large and very imphase by an additional antiphase tilt, of equal magnitude,
portant family ofABO; compounds. These materials are im- along the third axis 4 b*a™ or a”a"c*, which corre-
portant not only for their technical applications but also forsponds to the space-group symbdbmn used throughout
fundamental research. Their simple crystal structure, and thihis pape). Because the last tilting angle jumps from zero to
variety of structural phase transitions which they display,a finite value, the transition at 1385 K is first ordeFrom a
make them suitable for experimental study and for testindattice-dynamical and group-theoretical point of view, the
theoretical models. room-temperature phase can be obtained by combining insta-
Great progress has been achieved during recent years filities at theR and M points of the cubic Brillouin zone
understanding the lattice dynamics, dielectric properties, angtorresponding to the anti-phage) and in-phased+) tilts,
phase transition phenomena of oxide perovskites using firstespectively,??>but no experimental data on these instabili-
principles calculations:’ The relatively simple sequences of ties are available.
phase transitions in PbTi) BaTiO;, KNbO;, and SrTiQ In technical application, CTO is an important constituent
have been reproduced using Monte Carlo simulationsys gifferent ceramic solid solutions, which serve as high-
whereas the complex sequences in CTO or Najlwdye not 4, 5jity microwave materials for dielectric resonatbre?®

yet been successfully repr oduckd. . . High permittivity, low dielectric loss, and temperature stabil-
The pr?totype perovskite structure is culfgpace group ity are required for this application. CTO must be mixed with
Pm3m,_ Op, Z=1), bu_t the_room temperature struc_:ture of other materials to compensate for the strong temperature de-
CTO i 1%”“”"0”1}3'1‘; with a quadrupled unit gell pendence of the permittivity of pure CTO. Its permittivity
(Pbnm D3;, Z=4).”"" The deviations from the cubic j,reages upon cooling from 170 at 300 K to approximately
structure are small, however, and the crystal keeps itg3g near 25 K, where it saturates, obeying the Barrett
pseudocubic  character  with  cell  parametersy, .y 1526275ych a behavior is typical of incipient ferroelec-
(a/+2,b/12,¢/2)~3.822 A down to low temperatures. The rics fike SITiO, and KTaQ, as pointed out recently by Le-
first evidence of a4h|gh-temperature phase transition waganovet al?® As in these materials, no appreciable dielectric
found in the 19408 but the problem of high-temperature ispersion was observed in CTO up to the microwave range.
structures has recently been the subject of intense $tatf.  The microwave permittivity above 80 K obeys a Curie-Weiss
It is now clear that CTO undergoes at least two, but probably, with a negative Curie temperature —82%Almost all
three, phase transitions at high temperatures. Increasing thee gata were obtained for ceramic polycrystalline samples.
temperature, the first transition appears near 1385 K, int@yjc|ectric measurements on a polydomain single crystal
another orthorhombic structur€mem Df, Zprim=4, OF  were carried out by Linz and HerringtéAbut the results did
Pmmn D3, Z=8), the second one near 1500 K into a not differ appreciably from those for ceramics.
tetragonal structurel 4¢/mcm D},ﬁ, Z,im=2), and the last It is natural to expect that a polar soft mode should be
one near 1580 K into the prototype cubic structure of theresponsible for the permittivity behavior in CTO. Using
Pm3m, Z=1 symmetry. All the high-temperature phasesdensity-functional theory, Cockayne and Burftaralculated
can be realized from the cubic phase by appropriate; TiOthe phonon frequencies for orthorhombic CTO, and found a
octahedra tilting: the tetragonal phase by an antiphase tilpseudotriplet of polar modes with~90 cm . Cockayné
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showed that these modes were strongly anharmonic, ani™ 1.0 L 11
concluded that their frequencies decreased with decreasin 1
temperature. The most suitable technique for investigating§
polar modes experimentally is infraréiR) reflectivity spec-  ©
troscopy, because the ac electric field directly couples to the §
polarization. Room-temperature reflectance data on ceramig
sample&®* revealed a low-frequency polar mode near 100 &€

1. Knyazyev et al3! measured the reflectance at 470,

cm -
300, and 110 K, and found that the lowest-frequency phonor g,
softened with decreasing temperature. As the CTO structur¢2
is centrosymmetric, the polar modes are not Raman active S

and indeed micro-Raman studies on small single cry¥tars §
detected no modes below 100 th On the other hand, a ;G:_J
Raman soft mode should be associated with the high-
temperature phase transitions. A partial softening ofAgn
mode from 150 cm! down to the value at which it dives 8
into the centralRayleigh line has been observ&dclose to S
the phase transition temperatufg=1385 K. The Raman ©
data on polycrystals were limited to the frequency range%

above 100 cm?.*®

In this work we want to remedy the gaps in the spectro-
scopic data on CaTi We present results of a comprehen-
sive spectroscopic study on polydomain single crystals. We 3
report detailed IR data based on reflectivity measurements irE
a temperature range from 300 K down to 6 K. They were §
complemented by submillimeté7-13 cmi' ') transmission %
measurements and Raman measurements performed on bc@ ‘ ‘ ' ' NP
single crystals and ceramics in the same temperature rangt 0 200 400 600 800 1000 1200

Particular attention was paid to the low-frequency behavior. q
We have quantitatively established the picture of a polar soft Frequency (cm")

ghsvl%r:(emrog%hgffrgéféfcn; Sr?]fct)zgln]% I\g:; a:‘lrso%o?[rsérvgfb]icgr FIG. 1. Frequency dependence of the infrared reflectance for
L . CaTiO; at selected temperatures. The experimental data are given

Brllloum-zone boundary‘. Surprisingly, the soft-mode bghav-b solid lines. The dashed lines represent fits by the four-parameter

ior was also observable in the Raman spectra of ceramics. Bﬁ*odel assuming three infrared active modes.

using first-principles calculations, we can identify the sym- '

metries and eigenvalues of the phonons responsible for thg,n—l

were carried out using a Bruker IFS 113v Fourier
observed IR spectra.

transform spectrometer. The dielectric function in the fre-
quency range 7—15 cht was measured by a backward wave
Il. EXPERIMENT oscillator (BWO) spectrometer. This quasioptical technique
___measures not only the magnitude of the signal but also its
(See Ref. 36.In the past, most measurements on CaTiO phase and enables one to determine the complex response
were done on ceramic samples. In this work, we concentratg,ctions directly without using Kramers-KronigkK )
on CaTiQ single crystals and compare them with ceramics4na|ysis or model fitting. The Raman experiments were per-
Single crystals of CaTiQwere grown by the cold cru_C|bIe formed using a triple Z-24 Dilor spectrometer, and the
method(or so-called skull methgdusing CaC@ and TiQ,  514.5.nm line of an Ar laser as an excitation source. The
of high purity (i.e., 99.99% as starting materials. Ceramics samples were mounted in a continuous flow helium cryostat
samples were prepared with a conventional ceramic technojn which the temperature could be varied between 6 and 300

ogy using the same starting materials. The ceramics Werg for infrared and BWO measurements, and in a closed-

theoretical value. The samples were cut into rectangular
blocks of size 6¢4.5<3 mn?¥, and their surface was pol-
ished to optical quality. A routine examination of the crystal
under a polarizing microscope with crossed polarizers re- The temperature dependence of the infrared reflectance
vealed a rich domain structure. The domains occur in thepectra is shown in Fig. 1. The spectra were measured using
crystal as a consequence of the ferroelastic phase transitionspolarized radiatioriwithout polarizerg because the rich

at high temperatures. They can in principle be removed bylomain structure observed in the sample is randomly ori-
applying a mechanical stress, but this is practically imposented. In this case we can measure only an average value of
sible in this case of large bulk samples as in our case. Neathe reflectance over all domains. The randomness of the do-
normal reflectance measurements between 30 and 4000ain orientation was also checked by rotating the crystal in a

IIl. RESULTS
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polarized radiation beam, and no changes in the spectra werespectively. This generalization substantially improves the

found. We discuss the consequences of reflectance averagifigof the broad reflectivity bands. Neglecting damping, the

in greater detail in the Appendix. TO oscillator strength\ ¢; is given in terms of the TO-LO
The spectra in Fig. 1 display the characteristic patterns fosplitting via

perovskites and are in reasonable agreement with the early

data at room temperatuf&3! They consist of three broad T (20— 120

“reststrahlen” bands between the strongest transverse optic € ] Yito™ Yito

(TO) and longitudinal optidLO) modes which presumably Ag=— (4.3
correspond to the infrared-active vibrational modes~gf Vito H (vjoO— Viz-ro)

symmetry in the cubic phase. The first of these baidxl - 17

LO1) is located below 160 cnt, the second on€TO2 - The four-parameter model, however, may give an unphysical

LO2) at 170-500 cm?, and the third ondTO3 - LO3 at  npegativee,(») for certain frequencies>0. To avoid this
550-800 cm*. Other features, abundantly observed in thesjtyation, one must either enforce special relationships be-
spectra, must be due to the additional polar modes activatggeen the model parameters or else verify directly that)

in the orthorhombic crystal. The most significant feature isis positive for allv>0. The infrared reflectivity can be ob-
the band between 430 and 500 ¢t is quite pronounced tained from the complex dielectric responsér)= e;(v)

and isolated from the other bands, but a subsequent analysis; (1) via
of the data shows that it isot associated with a cubic per-

ovskiteF;, mode. As the temperature is reduced, a sharpen- Je(v)—1 2

ing of the spectral features and shifts in frequefmopstly to Rv)=|— . (4.9
higher frequency are observed. The first, low-frequency Ve(v)+1

band, however, shows an opposite shift, which is typi-

cal for soft modes above a phase transition or incipient phase A. Pseudocubic crystal

transition. : . . .
In this subsection we restrict ourselves to a pseudocubic

model, where only three infrared-actitq,, phonons are as-
IV. DISCUSSION sumed, as in the phonon spectrum of the cubic perovskite

We used three different ways to analyze our experimentaft'ucture. This approach ia priori justified by the small
data and evaluate important spectral parameters for undef€viations of the orthorhombic CaTiCstructure from the
standing the temperature-dependent behavior of CATi® |dea_l perovsklte. In this case, very r_easonable fits to the re-
the first approach we described the spectra by three infrardieCtivity spectra can be obtained using E¢&2) and (4.4).

active modes. Second, we tried to find a optimum number of "€ model parameters are obtained by minimizing the root-
modes for fitting the spectra. Finally, we used the KramersM&an-square deviation of the reflectivity over the range from

_1 .
Kronig analysis to calculate and & ande, simultaneously. 30 10 1200 cm ™ The fitted spectra are shown and compared
The most commonly used fit to dielectric dispersion inWith the experimental data in Fig. 1. The Iow_est-frelquency
ordinary crystals is the “three-parameter model,” where the™0de behaves as a soft mode. Its frequency is 110" can

dielectric function is modeled by the sum for independent©om temperature, and decreases to 7_73‘3”“ 6 K. The
damped harmonic oscillators, fitted model parameters are presented in Table I. This very

rough approximation gives a good description of the fre-
quency dependence of reflectivity and its temperature depen-
e(v)=€ (V) +iexv)=€rt 2 5 o , dence. It overestimates the static permittivity calculated from
I Vito— v H1vitov the model parametefs(0)==;A¢,+ €..], however, giving
4.1 a value that increases from 217 at room temperature to 512 at
6 K, compared with the measured low-frequency permittivity
values of 170 and 330, respectively. To address this short-
coming a more complex approach is used in Secs. IVB

2
A€ivito

where €., is the high-frequencyelectronig dielectric con-
stant,A¢; the oscillator strength of thigh transverse vibra-
tional mode,v;1¢ its frequency, andy,;q its damping coef-

ficient. It has been showH:3® however, that in the case of 2d IVC.
broad reflection bandflarge LO-TO splitting, it is more . o
accurate to use a “four-parameter fit” B. Optimum fit with the four-parameter model
The fit of the CTO reflectance can be improved, when the
Vi2LO_ V2 +iyiov orthorhombic symmetry of the material is taken into account

)= +ie =]l 5

o ' and the number of the terms in the factorized dielectric func-
I Vito— ¥+ 1vitov

4.2 tion is_ increased. The number a_nd the symmetries.of the
IR-active phonons in orthorhombic CTO can be easily ob-

which explicitly includes the longitudinalLO) vibrational  tained from a factor group analysis. Following the site sym-

frequencies and introduces longitudinal damping parametersnetry of atoms in the room-temperature unit cgur Ti

The four-parameter model implicitly contains a frequency-atoms at 4 sites, four Ca atoms atsites, four Q atoms at

dependent damping coefficient(r) for each mode, as re- 4c sites, and eight Qatoms at & sites,'° the vibrational

flected by the valueg;to andy; o for v=v;70 andv; o, representation for thel’-point vyields I',;,, =7A4+8A,
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TABLE |. CaTiO; phonon parameters at various temperaturesphase of CTO yields onE,, acoustic triplet, thre€,, IR-
using the pseudocubic approximatitthree modesand fitting to a  active triplets, and onE,, silent triplet. Figure 2 and Table
four-parameter modet.. is 5.6, 5.6, 5.7, and 5.7 for 300, 200, 100, || show the relationship between the symmetries of the cubic
and 6 K, respectively. Al frequencies and dampings are intm 504 the orthorhombic IR-active modes. Figure 2 interpolates
between first-principles phonon frequency resuits cubic

T® T Al n n Ae CTO and orthorhombic CTO. Nine IR-active modes of
300 111.5 50.0 155.8 6.0 207.1 orthorhombic CTO are grouped intoB{,+B,,+Bs,)
156.9 10.4 496.7 39.3 2.9 pseudotriplets emanating from IR-acti¥e, cubic triplets. A
549 .4 256 793.9 26.5 11 pseudodoublet of orthorhombic IR-active modes arise from
the cubicF,, triplet: F,,— (silentA,+B,,+Bs,). The fi-
200 102.4 46.5 155.7 5.12 267.3  nal 14 orthorhombic IR modes have their progenitors in the
156.5 9.2 498.3 3r.7 19 X, M, andR points of the cubic Brillouin zone, and become
547.9 46.7 794.2 5.1 11 active due to Brillouin-zone folding in the orthorhombic
100 855 521 156.7 16 400.9 phase. To the _extent that thg orthorhombic structure is a
157 6 8.1 5013 37.0 12 small per.tu.rbatlon of the cuplc one, one expects the nine
modes arising from thE,, cubic triplets to be strong and the
S4r.4 7.9 7936 22.5 1.0 other 16 to be weak. All 24 orthorhombic Raman modes
6 76.9 42.5 157.1 4.6 504.5 Stem from theX, M, andR points of the cubic Brillouin zone
157.6 8.0 501.2 34.6 1.0  (Table I.
546.8 16.7 793.5 217 1.0 We have found that the minimum number of oscillators

required to obtain a good fit of our spectra is 14. Adding
further modes does not improve the quality of the fit. The
+7B1g+ 8By +5By+10B,, + 5B3q+ 10B3, . By, By, and  experimental CTO reflectance and the associated fits at room
B,, representations are IR active which gives 25 IR-activelemperature andt® K are shown in Fig. 3. The correspond-
optic modegplus three acoustic mode#\q, B4, Byg, and  ing parameters used in the fit for both temperatures are given
By representations are Raman active, giving 24 Ramain Table Ill. Note that the number of oscillators used in the fit
modes. is less than the number of IR-active modes determined from
A similar factor group analysis of the zone-centergroup theory. There are several reasons why it is difficult to
phonons of the high-temperature prototype cubic perovskitebserve the full spectrum. Some phonons, especially those
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FIG. 2. First-principles frequencies for infrared-active phonons in CaTilhe parameteh interpolates between results for cubic
CaTiO; (A=0) and orthorhombic CaTiQ(A=1). Although the frequencies are system dependent, the symmetry relationships between the
cubic and orthorhombic modes are general f&?ra3m to Pbnmtransition(also see Table )i
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TABLE Il. Symmetry relationships between phonons for a cubic 1.0 —

perovskite structure and fara~b™ tilted Pbmnorthorhombic per-
ovskites. Symmetry labels in Bouckaet al’s notation are given N
for comparison with recent first-principles literature. All orthorhom-
bic modes are zone center. g 300 K

C
Cubic mode Cubic mode %
(point group [Bouckaertet al.'s Orthorhombic % K
notation notation(Ref. 49] modes) o
r Flu I‘15 Blu+ BZU+ B3u -
T Fy, Ty Ay+Boy+Bay p
XAlg Xl BZu
XAy, Xy Bag
XBlg XS BSu B
XEg Xs A,+tB, 6 K
XE, X Ag+Big 3 =
MA,, M, Big &
MA, M, Aq & L
MAZU M 2! Au E:_J
MBy4 Ms Aq R
MBy, Mg Ay 1 i
MByg My Big 0.0 +—————F——1— w”,/’
ME, Ms Bagt By 0 200 400 600 800 1000 1200
ME, M Bz Bau Frequency (cm™)
RA, Ra: Bag quency
RE, Riz BagtBag FIG. 3. Infrared reflectance of CaTi@t 6 and 300 K fitted by
RFy, Ris AgtBigtBsg the four-parameter model assuming 14 infrared active meajets
RFy Ras Ayt Byt Bay mum fit).
RF,, Rys Ag+Bigt+Byg

this way we obtain the reflectivity spectrum over a very
broad frequency range from 0 to 4000 ¢ The usual low-
and high-frequency extrapolations for dielectrics can be now

emanating from the Brillouin-zone boundary, have such IOWappIied, because the reflectivity on both sides of the spectra

oscillator strengths that they cannot be dete_cted in the Spe&' practically constant with no dispersion. In this case a
tra. The overlap of phonons which are close in frequency ang s mers-Kronig analysis gives very reliable results, which
which have significant damping also reduces the number of,nirm the rough estimate made from the reflectance spec-
modes which can be resolved. The effective averaging of thga The real and imaginary parts of the dielectric function
reflectance over different domain orientations compounds thee, (1) ande,(»)] are given in Fig. 4. The pseudocubic char-
above effectgsee the Appendjx Finally, the reflectance of acter of the sample is apparently demonstrated by three main
CTO is very high(close to 1 for »<400 cnT* and the  absorption bands ie,(») and the corresponding dispersion
strongly nonlinear relatiofEq. (4.4)] between the reflectiv- in e;,(v). e,(») shows three distinct maxima at 111, 157, and
ity and the dielectric functions;(v) ande,(v) reduces the 549 cmi 1. These are close to the values given by Perry and
accuracy of the fit. These are the most relevant reasons whyo-workers?>%® They interpreted their spectra in terms of
only 14 phonons can be distinguished in the spectra. two overlapped phonon triplets at 148 and 178 ¢nand

Using 14 oscillators, we obtaia(0)=195 atT=300 K  another split triplet at 549 cnt. As will be discussed in
ande(0)=361 at 10 K. These values are in very good agreemore detail in Sec. IV E, however, the modes near 157 tm
ment with experiment. actually arise from cubic zone-boundary modes; the true sec-
ond pseudocubic band is near 220 ¢mbut has an acciden-
tally low oscillator strength.

Above 224 cm* the spectra show only a very weak tem-

We can calculate the complex dielectric function from theperature dependence. Below 224 cimhowever, significant
reflectivity using a Kramers-Kronig analysis. For this pur- changes appear as the temperature changes. The behavior of
pose, we need to extend the spectral range of our infrared;(v) and e,(v) in the low-frequency region is shown in
data by including the complex dielectric function measureddetail in Fig. 5, where seven modes can be identified. An
by other techniques at submillimeter frequencies, as well asasy correctness check for the extrapolated optical functions
the static permittivity. A very good overlap of the infrared [e,(v), e,(v)] is to compare them with values measured
data and those obtained by the BWO spectroscafig- directly using the BWO. Figure 5 shows very good agree-
cussed in Sec. Jland low-frequency dielectric measurementsment between the calculated curves and the experimental
(100 Hz—1 MHz enables us to merge all these spectra. InBWO measurements.

C. Kramer-Kronig analysis
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TABLE Ill. CaTiO; phonon parameters at various temperatures, 1000 L L L L L

using 14 modes and fitting to a four-parameter moelglis 5.6 and 800 i

5.7 for 300 and 6 K, respectively. All frequencies and dampings are :

in cm L. 6004 r

400 . -

T (K) yo yr w . Ae 00 multiplied by 5

300 105.8 32.3 139.2 36.7 167.14 ¥
140.8 19.1 156.5 8.0 3.78
159.0 8.2 165.6 10.7 2.87
169.4 9.7 183.4 17.7 5.45
189.0 16.7 223.8 11.6 6.04
225.4 105 2615 15.1 0.95
263.1 14.0 300.9 8.2 0.47
302.0 8.5 315.9 13.7 0.16
318.5 12.4 368.4 10.9 0.39
368.8 11.0 426.8 32.2 0.03 """"
439.7 25.0 483.6 21.2 0.36 N s
495.3 23.0 503.7 17.0 0.08 ¢
548.6 25.9 644.4 54.6 1.38 multiplied by 10
644.9 56.3 795.1 27.1 0.01 i

6 67.7 13.6 107.1 79.9 295.05 -
124.3 39.2 159.1 3.6 42.20 ol VA
159.8 3.6 164.4 18.9 0.40 0 100 200 300 400 500 600
172.9 12.0 178.7 7.9 7.83 Frequency (cm™)
180.8 18.5 220.7 7.7 4.55
224.3 9.1 256.9 10.1 1.86 FIG. 4. €,(v) and e,(v) for CaTiO; at 6 and 300 K obtained
259.9 11.8 303.1 6.7 0.94 from the Kramers-Kronig analysis in the spectral region containing
304.9 6.8 318.1 8.5 0.25 all infrared-active phonons. Pseudocubic modes, as determined
321.7 9.1 374.8 123 0.55 from the fit to the pseudocubic oscillator model, are shown by dark
376.1 117 4221 11.4 0.09 arrows. As discussed in Sec. IV E, however, the modes near 157

cm ! actually arise from cubic zone-boundary modes; the 225- and

435.5 12.5 485.2 147 0.48 260-cni ! peaks show two components of the second pseudocubic
494.9 18.7 506.8 15.2 0.11 triplet as determined from first-principles calculations.

545.6 16.7 642.2 54.3 1.24

642.1 55.2 794.5 24.2 0.01 of the oscillator parameters in the soft-mode spectral range.

The results are given in Fig. 6 and Table V. Remarkably,
fitting to the KK analysis reveals an additional low-

A more detailed look at the spectrum shows that the softfrequency mode compared with the reflectivity fit by resolv-
ening process is started by a weak mode at 130'cwhose  ing two components of the split soft triplet emanating from a
softening has already begun at room temperature. The softubic F;,, mode. Another remarkable fact is that phonon fre-
ening of this mode stops at about 150 K, but triggers a simigquencies determined by the four-parameter fit and the KK
lar process in the lower-frequency modes. This behavior caanalysis are also somewhat different, as can be seen from
be understood based on a coupling between modes with thHég. 6. This is probably due to the nonlinear relation between
same symmetry. A crossing of modes with the same symmes and R, and the high sensitivity of the parametersRp
try is forbidden, so if a higher-frequency mode softens moravhenR approaches 1. When we conversely calculate reflec-
rapidly than a lower-frequency one, the higher mode mustivity from the parameters obtained by fitting the KK results,
eventually repel the lower one and transfer the softening tohe calculated and experimental reflectivity do not match per-
it. A slight softening of a mode at 180 cm can also be fectly, although all significant features in the spectrum are
observed. observed. The deviations are especially noticeable in the vi-

To obtain more quantitative information about what hap-cinity of the LO frequencies, and occur because the three-
pens with particular modes, we simultaneously fitted the reaparameter model does not take into account the frequency
and imaginary parts of the dielectric function by the sum ofdependence of the mode damping, as per the discussion fol-
damped harmonic oscillators using the three-parametdowing Eq.(4.2).
model[Eq. (4.1)]. We use the three-parameter model rather The static dielectric constant calculated from Kramers-
than the four-parameter one because the interpretation of th€ronig analysis is in good agreement with the one experi-
results in terms of oscillator parameters is simpler; furthermentally measured. This is not a trivial result, because it
more, the frequency dependence of the involved mode damghows that there is no other dispersion between the infrared
ings is less significant when one considers only a small rangeegion and zero frequency. This also means that no central
of frequencies. We easily obtain the temperature dependengeak excitations exist in CaTiCand that the static permit-

224303-6



TEMPERATURE DEPENDENCE OF INFRARED-ACTIK . . . PHYSICAL REVIEW B 66, 224303 (2002

800 35000 - ¥
% * * g * w
I * *
4004 30000 - o o o o
o o X3 . . $ %
W 01
25000 Y vV.ov v 9
-400 - ]
20000 -
o
1600 o °
4 o . A
15000  © a 4
1200 - A
L a .
10000
800
N
o ]
Jde
400 500045 open 4-param.
. solid 3-param.
0 = T T T 0 ' ) ' I ' I ' I ' ) v I !
0 150 0 50 100 150 200 250 300

Temperature (K)

Frequency (cm™)
FIG. 6. Temperature dependence of the low-frequency modes.

FIG. 5. Temperature dependenceegfr) ande,(v) for CaTiO; The open symbols were obtained fitting the reflectivity by the four-
in the spectral region of the soft modéselow 250 cm?). Lines  parameter model assuming 14 modes. The solid symbol results
are obtained from the Kramers-Kronig analysis. Crosses antvere obtained by simultaneously fitting(v) and e,(v) obtained
squares(visible nearv=10 cni'!) are experimental BWO mea- from the KK analysis. The solid line shows the ple=27x (T
surements at 6 and 300 K for real and imaginaryespectively. +105).

tivity is fully determined by the polar modes and its anoma-
lous behavior by the soft mode.
Time-dependent Landau theory predicts that the soft-

mode frequency should vary with temperaturevé& ACT TABLE IV. CaTiO3 phonon parameters at room temperature and

_TO). .(the Cochran lay WhereA IS 6.1 Co.nstant.and'o the 6 K obtained by simultaneously fitting the low-frequency parts of
transition temperature. This behavior is equivalent to the

) . . . and to a three-parameter model. All frequencies and
Curie-Weiss law[e(0)=C/(T—Tg)], which describes the ;i’;l(nl‘jl)pings Zgi)n ey P g

anomaly in the temperature dependence of the static dielec=

tric constant. The situation in CaTiOs more complicated T (K) - Ae y
because several modes take part in the softening process. The

softening of the lowest-frequency mode stops at 66 tnin 300 94.4 46.4 27.1
Fig. 6, we show the plot 0f2 vs T for several phonons. The 109.1 108.3 26.4
soft-mode frequency in this plot can be fit approximately by 132.2 18.6 16.5
a straight line given by the formulav?=27x(T 159.8 11 4.1
+105) cm 2, which intersects th& axis at a negative value 168.9 5.2 9.7
To~—105 K. The negative Curie temperature confirms that 187.6 3.9 13.4
CaTiO; behaves as an incipient ferroelectric, as previously 224.2 0.6 7.5
deduced from dielectric datd.The behavior of CTO, how- 6 66.2 131.1 17.0
ever, contrasts with that of the well-known incipient ferro- 73.4 2104 13.5
electric SrTiQ, where the extrapolated, is positive®® In 107.8 50.6 13.2
the case of SrTigQ quantum zero-point motion prevents a 161.2 1.4 5.0
phase transition; SrTiQis thus a quantum paraelectric. The 168.5 25 6.2
temperature dependence of the soft-mode frequency charac- 184.2 1.4 5.9
teristic of a quantum paraelectric phase was observed in the 2243 1.0 5.7

infrared® and hyper-Ramdh spectra of SrTiQ.
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50 in ceramics and single crystals. This work reports a Raman
iiglt(al b signature for the soft mode in CTO for the first time to our
knowledge.

1501 - ---200K

125+

100} E. Comparison with first-principles results

First-principles results provide a basis for a more detailed
, interpretation of the observed phonon spectra than has pre-
50+ i ; T viously been possible. Cockayne and Buftealculated the
WA phonon spectra for th&', X, M, and R points of cubic
CaTiO;, and for the zone center of orthorhombic CajiO
0 . - - - e They used density-functional theory and Vanderbilt-type ul-
0 200 400 600 80 0 2 50 75 100 125 trasoft pseudopotentiatd as coded in the packagesp.*~*7

Raman shift (cm™) The phonon calculations for cubic CTO were done via the
frozen phonon method on a 20-atom supercell equivalent to

FIG. 7. (a) Temperature-dependent Raman spectra of thehe primitive cell of the orthorhombic structure. This allows
CaTiO; ceramics sampléb) Low-frequency Raman spectra of the one 19 estimate the phonon frequencies of intermediate
CaTiO; ceramics sample at different temperatures as well as the ., rhombic structures via interpolation. Given the<@D
Raman spectrum of CaTi®rystal at room temperature_. For clarity, d ical trices for the cubic and orthorhombic calcula-
the spectrum marked “290 K crystal” is shifted vertically by ten .ynamlca ma L.
units with respect to all the other spectra. tions Dcubic anq D.Ortho, one obtains interpolated phonon fre-

guencies by finding the eigenvalues®{\)=(1—\)Dcypic
+ADgno- The infrared-active normal mode frequencies as a
function of A are shown in Fig. 2.

We also measured the unpolarized Raman scattering in a Figure 2 is useful for several reasons. It provides a clear
backscattering geometry of both Cagi€eramics and single graphical representation of the symmetry relationship be-
crystal samples. Figure(d shows the temperature depen- tween orthorhombic modes and corresponding cubic ones. It
dence of Raman spectra for ceramic samples in a broad speaiows a convenient description of orthorhombic phonon
tral range between 0 and 1000 ¢t The room-temperature eigenvectors in terms of the corresponding cubic ones. The
spectra are in good agreement with the data given imelatively large shifts of phonon frequencies between0
literature®2=34 They are dominated by two broad bandsand 1(and the significant mixing of eigenvector that we find
(150—600 and 650—850 cm). In addition, sharp features in some caséscalls into question the assumption that the
are superimposed on the lower-frequency band. The shamrthorhombic phase is a small perturbation of the cubic one.
peaks have been assigfigtb first-order Raman bands and Finally, the graph allows estimates of the temperature depen-
the broad ones to second-order scattering. This distinction idence of phonon frequencies of orthorhombic CTO.Ms
based on similarity of the spectra of CTO and Srlilh this  increases, the octahedral tilting and orthorhombic distortion
comparison, the broad bands of CTO correspond to thef the cell increases, mimicking the effect of decreasing tem-
second-order bands of the cubic phase of SgTithe sharp perature. In particular, the dependence of frequencies in
first-order Raman peaks of orthorhombic CTO are similar taFig. 2 can be used to identify the soft modes.
the first-order Raman peaks of tetragonal Sgli@hich ap- Table V compares the low-temperature experimental and
pear below 110 K. On cooling, the relative intensity of thefirst-principles (FP) results. The phonon frequencies agree
broad bands decreases and some additional sharp peaks apll, except that the FP frequencies are generally 10—-20
pear. The anomalous temperature softening of several oveem™ ! lower than the experimental ones, a discrepancy which
tones probably arises from th& dependence of the soft increases with increasing frequency. These differences are
mode. Among various phonon lines, here we focus on thenost likely a result of errors in the density-functional theory
low-frequency one at 112 cid, which is observed in the calculations arising from the local density approximation
Raman spectra of ceramics& 290 K [Fig. 7(b)]. The fre-  (LDA). (The LDA is well known to underestimate lattice
quency of this line softens to 80 crhat T=10 K, in rea- parameters. We used the experimental lattice parameters for
sonable agreement with the temperature-dependent fr&sTO here, based on previous calculations showing much
guency of the IR-active soft mode. In contrast to the Ramaretter results for the static dielectric constant of CTO if one
spectra of ceramics, this additional line can barely be seen inses the experimental lattice parameters rather than the LDA
the Raman spectrum of the high-quality crystal, as demonenes?) There is also good agreement between the relative
strated in Fig. (). oscillator strengths predicted from FP and those observed.

A symmetry analysis shows that the soft mode in ortho-The quantitative agreement of oscillator strengths is very
rhombic CTO is not Raman active to first order. This mode isgood for»> 400 cni' ! but only fair for lower frequencies.
nonetheless observable in the Raman spectra, probably di&e calculated mean of the electronic dielectric tensors
to perturbation of the perfect crystal symmetry by grain6.08. The fits to our experimental data give the practically
boundaries in ceramitsor to second-order processes bothtemperature-independent valeg=5.7. Our results are con-

75+

Intensity (arb.units)

25 [ \aih I N\t

D. Raman spectroscopy
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TABLE V. Comparison of experimental results for Cagifho-
non parameters at 6 K with first-principlésP) results. Frequencies
are in cm 2,

Expt.  Expt. FP FP FP
v Ae symmetry v Ae
67.7 29505  Bg,;1By, 85.3; 86.8 177.0
1:;2 %24200 Bz‘nglu 1031'2’9.1811'8 ;5526 FIG. 8. Schematic of how a zone-boundary phonon for cubic
1729 783 B u 161.0 464 CaT!Q (a) can become a pola_r ;one-center mode for orthorhombic
: : 2u ) : CaTiO; (b) due to octahedral tilting. The mode shown corresponds
1808 4.55 By, 171.0 3.48 to one component of the pseudodoublet observed vat
3B3, 199.2 0.46 ~436 cni L.
224.3 1.86 B,y 216.9 0.23
2509 0.94 B,,;4B,, 250.3; 250.7 0.53 small. The B,, and 4B,, components are resolved experi-
4Bg, 271.1 0.00003 Mentally at 224 and 260 cii, respectively. It is puzzling
3049 0.25 B,, 294.3 0.47 that no mode can be so clearly identified as thB;3 com-
3217 055 B, 310.8 0.31 ponent of this pseudotriplépredictedy~199 cni 1).
6By, 3321 0.02 495-549 cm : The mode observed at 549 cmis
376.1  0.09 B2, 361.6 0.05 clearly identified as a}Blu+ 882.u+ 9B3, pseudqtnplet re-
4355  0.48 B,,:7Ba, 422.7:423 8 0.48 lated to the 3'F 4, cublc_: perovsklteB-O-B_stretchlng mode.
6B, 468.1 0.0007 1he 8By, component is close enough in frequency to the
4949 011 By, 4796 0.07 7B,, comﬁlot[lent tOf th?h4'?5'_tCﬁJr pseudodoublet to transfer
some oscillator strength to it.
548.6  1.24 %:32?3;98% 504_51%27'_77;525_2 0'01935 _124—181 cr.nflz This is th.e most interesting region. De-
9B, 546.0 0.004 splte th_e relatively hlgh oscillator strengths of the modes in
6421 001 Y this region, they arise not from cuble;, modes, but from

cubic zone-boundary features. Two distiBgf, modes which
are cubicX Eg-like appear in this region and are predicted to
sistent with the well-known tendency of density-functional show significant softenin¢fig. 2). For this reason, we iden-
calculations within the local density approximation to tify the mode that softens from 140 to 110 cfas the B,
slightly overestimate,, .*8 mode and the mode that softens from 180 to 170 tas the
In the following, we interpret the observed phonon spec-3B;, mode. These modes are primarily O-Ti-O bending
tra of CTO. First, we identify the bands most closely associmodes, except that the Ti in alternating planes move largely
ated with cubicF,, modes, then we identify the interband out of phase. Octahedral tilting makes these modes polar in
features. We give the experimental frequencies at 6 K, anthe orthorhombic phase. Note that all modes that show sig-
label modes according to the FP resi(ftable V and Fig. 2 nificant softening involve O-Ti-O bending; thus the soft-
68-124 cm 1. In this frequency range, there is 84, mode behavior in CaTiQis mainly due to changes in Ti-O
+1B,,+ 1B3, pseudotriplet of modes with very high oscil- bonding as octahedra tilting angles and Ti-O distances
lator strengths. The eigenvectors are cubitH,,-like, and  change with temperature. In addition to tkée,-like modes,
are a superposition of a Ca-TjQattice mode and O-Ti-O computations show aB,,+2B3, pseudodoublet at around
bending, with Ca and Ti moving in the same direction. Thesel60 cm ! to 170 cm * which arises from the cubicM E,
modes are difficult to individually resolve by reflectivity data doublet. This pseudodoublet is primarily a Ca mode, in
becauseR~1, and because of the directional averaging ofwhich different Ca move largely out of phase. The assign-
reflectance. The strong softening as temperature decreasesgngnt in Table V of this doublet to two distinguishable modes
consistent with the decreasesunvith increasing\ in Fig. 2. is uncertain. Remarkably, since the modes in this region have
Is is possible that the B,, mode contributes to the high higher oscillator strengths than those in the sedepdband,
oscillator strength of the 124 cm feature at 6 K, although one obtains their frequencies=(L60 cm 1) in fitting to a
Fig. 6 shows that this mode hardensute-140 cni'! at at  pseudocubic model, rather than the the average frequency of
T=300 K, where its oscillator strength is much too small forthe real 2I'F,,, band (220 cm ).
it to be the B,, mode. 261-495 cm *: The phonons in this region are easily and
224 cmi ! to 260 cm'i: As seen in Fig. 2, the cubicl2  clearly identified in the first-principles calculations. Most
F,, triplet splits to an orthorhombic By, +3B,,+3B3,  significant is a B,,+ 7B3, pseudodoublet at 435.5 crh
pseudotriplet in the 200—260-ch range in the orthorhom-  which arises from & F,, phonon that becomes polar under
bic phase. Calculations show significant mixing with otheroctahedral tilting as shown in Fig. 8. Note that this feature
modes. As with the first pseudotriplet, the eigenvectors are was misidentified as a component of ther, ,-like pseudot-
mix of the Ca-TiQ lattice mode and O-Ti-O bending, but riplet in an early study on CT& The next strongest modes,
now Ca and Ti move out of phase. The effective charges ot 305 and 322 cm', have eigenvectors similar to cubic
the cations moving in opposite directions largely cancelmodes with most ionic motion in the direction, and with
leading to phonons whose oscillator strengths are relativelppposite motions of atoms in successive layers inzti
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rection. The 532EJ mgde at 305 crfll is.domi.na.ted by oxy- . 3Aei(ﬁ- E))Z,,?LO
gen and Ti moving in the same direction within a layer. The e(v,nN)=n-€,- n+z 2 _ 2.
5B5, mode at 322 cm! has a torsional oxygen vibration ' VitoT VT lYiTo
attern within a layer. Both these modes become polar due to A . o N .
gctahedral tilting Y P wherep is the electric polarization direction of théh pho-
Above 549 cm': The 645-cri* feature seen clearly in 0" Likewise, in the four-parameter model,
the reflectivity data is a puzzle since no TO phonons are A - -
calculated to have such high frequencies. It is possible that (nh)=(R-€ 'ﬁ)H ViLo(N) = v +iyo(n)v
this feature corresponds to a localized mode arising from v € i V'ZTO_VZ‘H')’iToV
tilting domain boundaries. ' (A2)

. (AD

where the LO frequencies and damping terms are now direc-
V. CONCLUSION tion dependent.

) ) The above expressions allow one to fit the dielectric func-
We have used spectroscopic techniques to study the Mon of a single crystal as a function of andn, and thus
perature dependence of infrared and Raman spectra 819 '

X . ) erive the full dielectric tensor, as was done for trigonal rare-
CaTiO,;. We have analyzed the infrared spectra by d'ﬁere_ntearth chlorides by Berreman and UnterwZidUnfortunately,

fitting procedures, thereby determining phonon frequencieg,e 56 ynaple to do this for the CTO samples in the present
and dielectric dispersion. Three modes soften significantly, - o the ceramic samples, different grains have differ-

(shift to lower frequencywith decreasing temperature. Their . Lo~ . .
temperature behavior accounts for characteristics of an jrENt orientationsh with respect to the electric-field polariza-

cipient ferroelectric, in agreement with earlier dielectric stud-ton O.f trlle |nC|de|nt I|ght|, eveﬁ if polanz.le.d I'gdht IS .US?dh In
ies. Using first-principles calculations, we identified the sym-Our sing e-crystal samples, there are tiling domains; there-

metries and phonon eigenvectors of near|y all of thefore, n is different for different domains. Given that direc-

observed modes, including those associated with zondional information of the dielectric function is already lost,
boundary phonons of the cubic perovskite phase. We havénpolarized light was used in this work. To properly analyze

observed a soft mode in the Raman spectra of Ceramithe reflectivity results, one must derive the proper reflectivity
samples. expressions for a multigrain and/or multidomain anisotropic

crystal. This result will depend on the details of the micro-
structure. In the case of CTO, we assume that inhomogene-
ities due to domain boundaries are small, and that we can
neglect depolarizing fields. This is justified when one has a
This work was supported by the Grant Agency of thesingle-phase sample with small anisotropy of the dielectric
Czech Republic under Contract Nos. 202/02/0238 andunction. In the following, we analyze in terms of two sim-
202/01/0612. We would like to thank B.T. MelekA.F. loffe  plified models: first an effective permittivity model and sec-
Institute) for the growth of the CaTi@ single crystals. At ond an average reflectivity model.
A.F. loffe Institute this work was partly supported by a NWO  In the effective permittivity model, the inhomogeneities
grant. are averaged out such that the incident light “sees” a homo-
geneous medium whose dielectric function is the the
direction-averaged dielectric function of the underlying crys-

APPENDIX tal. Thuseqs(v) = (1/(4m))fdne(v,n). In this model,

ACKNOWLEDGMENTS

In this appendix, we give expressions for the directional

— 2
dependence of the dielectric function in an anisotropic crys- Ref(v) = L”)_l (A3)
tal, and discuss the implications of directional averaging on eff Veer(v)+1|

model fitting. The dielectric function for an anisotropic crys-
tal is actually a second rank tenséfv). In principle, one  Becauser is a second rank tensad,(v) = Tr{ €(v)]/3. For
can determine the complete tensor by a set of reflectivitthe three-parameter oscillator modEly. (A1)], we reobtain
measurements on a single crystal, using polarized lighEg. (4.1), with e,,=Tr(€..)/3. In other words, fittinge ()
whose electric field has different orientatiamselative to the ~ Via a three-parameter model gives the correct physical values
crystal axes. For each polarization direction, one measuré§' €=, vtoi, A€, and yro;, even though the crystal is
the dielectric function for that directione(v,n)=n-€(») anijsottropi_c. fj)nlsy thle lphono? ptt_)larigatior_l dif?ﬁti%@lsaft? I
- _ - _ o undetermined. Similarly, neglecting damping, the directiona
_n;a:?sr}zefajﬁlz(y)el(;'a) and eq4(v) = (v, (a+B)/\2)) averaging of the four-parameter modéq. (A2)] can be
The above expressions are exact. In the remainder of thl%xprgssed in the form of E@4.2), which yields the CO"?CI
appendix, we assume that the dielectric function can b hysical values fok.., vro;, andAe;, [the LO frequencies
physically described by a damped oscillator model, and genQetermlned are the zeros efs¢(») and do not erresent the
eralize Eqs(4.1) and (4.2 to properly include direction de- Set of LO frequencies for any particular directish Assum-
pendence. In the three-parameter model, ing that the directional dependence gf o(n) is small, the
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four-parameter model will yield physically meaningful pa- 1 - . - - -
rameters even in the presence of damping. ——effective permittivity

Things are more complicated, however, if one averages -~ - Raveraging
reflectances rather than dielectric functions. Suppose that dif 0.8
ferent regions of the surface reflect incident radiation accord-
ing to the localn, without constructive or destructive inter-
ference. Then the total reflectivity is the average of 06
reflectance over directionB,,.(»)=[1/(4w)]fdnR(»,n). R
Given the nonlinear relationship betwe&nhand e(v) [Eq.
(4.4)], howeverR,,«(») is notequal toR.¢( ). In this case, 0.4 -
the physical validity of the parameters obtained by model
fitting comes into question.

It is difficult to derive analytical results for the relation- 02 r
ship between the oscillator parameters determined from fit-
ting R,,e(v) to a particular model and those of the original
oscillator model. To gain insight into the issues involved, we 0
selected a specific model for CTO and compared the reflec
tivities derived under effective permittivity theory with the
average reflectivity. For simplicity, we used a three- F|G. 9. Comparison of simulatei(») for a CaTiQ, oscillator
parameter model, with.. , v1o;, andAe; taken from Ref. 2,  model under unpolarized light, based on two different averaging
and with the same damping parameter 20 ¢nfor all schemes. Note the extreme closeness of the two spectra except in
modes. Results are shown in Fig. 9. Fortunately, the twahe regions of the sharpest minima.
results are very similar for most frequencies. The largest dif-
ferences are in the sharp minimaRfespecially those near
410 cm 't and 470 cmt.

Least-squares fits tB,, Using the original oscillator pa-
rameters as a starting point gives correct to within 0.1%
and TO- and LO-phonon frequencies that are correct t .
within 1 cm 1, excgpt in the 4?0—470-c‘rﬁ region, where single-crystal CTO is betweeRe; andRy,e, but closer to
errors as large as 3 ¢ occur. On the other hand, some Rave..We con_clude that the frequer_1C|es determined in the fits
damping terms in the highly dispersive region have error&'® highly reliable and_ that the.oscnlator strengths of isolated
that are greater than a factor of 2. The oscillator strengths fo'ﬂmdes and the combln_eq oscillator Strengths of pseudomul-
isolated modes with strengths greater than 0.1 are correct #PIets are reliable to within 30%. The damping terms, how-
within 30%: the weakest modes and individual modes in€Ver, are not reliable. An accurate partitioning of oscillator
pseudomultiplets have larger relative errors, though the comparameters between components of multiplets, and an accu-
bined oscillator strength of each pseudomultiplet is correct téate determination of damping parameters, will require ex-

600, 800 1000 1200
viem )

0 200 400

This appendix shows the significance of directional aver-
aging for a ceramic or multidomain single crystal in inter-
preting the parameters obtained in a reflectivity fit. We sus-
(g)ect that the observed reflectance in our experiments on

within 30%. periments on single-domain single crystals.
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