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Concentration dependence of optical phonons in the TiQSnO, system
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The concentration dependence of optical phonons in thg-$iD), system whose phase diagram exhibits a
miscibility gap, has been studied by Raman scattering and Fourier-transform infrared spectroscopy. X-ray
diffraction confirmed that the mixed oxides TiSnO, with intervalsx=0.1 are a single uniform phase
(tetragongl except some’s; no phase separation by spinodal decomposition could be avoided-faB, 0.4,

0.5, and 0.6, characterizing x-ray-diffraction profiles by sidebands. The 449 éqy and 610 cm?t Eq

Raman modes for TiQnever changed linearly in frequency and linewidth withlt is stressed that the
dependence of optical phonons is predominated by the octahedral distortion iSO, where different/
anisotropic compressibilities and thermal expansivities of each end member play a crucial role. Infrared-
reflectance spectra consisting of the infrared-acfiyg and E, modes between 50-900 ¢t also changed
systematically withx in Ti;_,SnO,. The concentration dependence of optical phonons {n,Bn0O, is
discussed, from the viewpoint of the mode behavior of mixed crystals.

[. INTRODUCTION other because of their isostructyratile type, and that these
spectra of Tj_,Sn O, would show any concentration depen-
Both oxides TiQ and SnQ belong to the same crystal dence.
symmetry (tetragonal with the space group D3 The objective of the present work is to investigate the
(P4,/mnm) and two molecular units per primitive unit cell concentration dependence of the Raman- and infrared-active
(Z=2). Only lattice parameters are slightly different modes for Tj_,Sn0O, (0=<x=<1). A few models have been
[a=4.732 A andc=3.1871 A for SnQ;' a=4.594 A and proposed to account for the mode behavior in mixed
c=2.956 A for TiO, (Ref. 2], because of different ionic crystals’ Infrared-reflectance spectra of ,ZrHf,O,
radii (Sr**=0.71 A; Ti** =0.68 A).2 The isostructure of both (0=x<1) were measuret, and it is concluded that the con-
oxides but different lattice parameters provides thecentration dependence of the infrared-active modes with re-
TiO,-SnO, phase diagram, exhibiting a miscibility gap with spect to frequency, linewidth, and intensity can be reconciled
a critical temperatureT.=1430°C at about 50 mol % with two-mode behavior. It is another issue of interest to
TiO,.*® understand the concentration dependence of optical phonons
We have measured the infrared and Raman spectra @f the TiO,-SnO, system from the viewpoint of the mode
Ti, _,Zr,0,, in order to investigate the concentration depen-behavior of mixed crystals.
dence of optical phonons in the Tj@rO, system® How-
ever, the Zr substitution in TiQwas restricted to a low level
since the second pha$2rTi), sO, (orthorhombig emerges
for x=0.1 in Ti;_,Zr,0,. No doubt, it is important to study Mixed oxides of Tj{_,Sn0, (0<x<1) were prepared
with the mixed oxides over a wide concentration region, infrom TiO, and SnQ by the solid-state reaction technique.
which metal cations are replaced by any others with differenBoth end member oxide®9.99% were weighed out so as
radius and/or charge. The concentration dependence of opte give x’s with intervalsx=0.1 in Ti;_,Sn0,, and blended
cal phonons sheds light on the change in bond distancesforoughly in a mortar. Subsequently, the mixture was sub-
angles or force constants. In this context, the JBDO, sys-  jected to cold isostatic pressing at 1500 kgfcand precal-
tem is rather appealing because the substitutional solidined several times in air at 1450 °Crfd h toensure homo-
solution T, _,Sn,O, is formed between€x<1. geneity. Final sintering was carried out in air at 1500 °C for
Factor-group analysis predicts the following optical 5 h and followed by rapid cooling to room temperat(R);
phonons at the wave vectdr=0 for tetragonal Sn@and  the resultant products were cut into pellets with approxi-

Il. EXPERIMENT

TiO, with D378 mately 10 mm¢ and 1 mm in thickness by a diamond saw,
and they were used for x-ray diffraction, Fourier-transform
T=A,,(R)+ A+ A, (IR)+B1y(R) + B, (R) + 2B infrared spectro_scopy, gnd Raman scattering.
19 297 19 29 l” X-ray-diffraction profiles were recorded at RT by an x-ray
+E4(R)+3E(IR). diffractometer(Rigaku Rint2500 with Cu Ka. Lattice pa-

rameters were determined by an iterative least-squares pro-
The three modeA,, and 2B, are neither Raman active nor cedure, using at least seven Bragg reflections withdues
infrared active; the modes of symmetfy, andE, are in-  in the range 25-70°. Infrared-reflectance spectra were mea-
frared active whereas the remainingg, By, Bog, andEy  sured in the wave-number region 50-4000 “¢mby a
modes are Raman active. We could expect that the Ramdrourier-transform infrared spectromet¢dEOR JIR10D
and infrared spectra of SpGnd TiO, are similar to each Resolution was 2 cmt in the far-infrared region 50-550
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- between 2=51-55°, to demonstrate a sideband flanked with the
S A A . (211) Bragg reflection that belongs to the tetragonal unit cell; this
g 05 sideband is originated from the phase separation by spinodal de-
= , A A ~ o4 composition.
-L—A A A ~ 03 by spinodal decomposition and the sidebands are observed in
L A . J \ A x-ray-diffraction profiles as shown in Fig. 2; we notice that
0.2 no rapid cooling from 1500 °C to RT was sufficient to pre-
L, I, o1 vent the decomposition of Ti,Sn O, with a fewx’s into a
T two-phase system.
N & ) h TiO, In Fig. 3, the lattice parameteesandc are plotted as a

B function ofx for Ti; _,Sn0,; the axial ratioc/a (tetragonal-
20 (deg) ity). and the unit-cell vo_Iumév=azc are s_howq as well. The
lattice parameters of Tigand SnQ coincide with the previ-
) . ] , _ ous dat&:® However, it seems difficult to connect the lattice
FIG. 1. The x-ray-diffraction profiles of Ti,SnO, with vari-  parameters of each end member by a linear relationship, even
ousx’s and the end member oxides i@nd SnQ, for comparison. i the errors inc anda (no more than 0.5%are taken into
consideration. Rather, there are some deviations from Veg-

71 71 . . . .
cm - and 4 cm™ in the mid-infrared region 400-4000 . 4 |a In fact, it has been found that there are positive

cm L. A different beam splitter, KBr or Mylar, was used with deviations from Vegard's law in the TiSnO, system

a _detector of t_riglycine sulfate for_ ea_ch infrared region; 3which can be predicted using a theory based on nonlinear
mirror of aluminum-evaporated thin film was used as thego.ng-order elasticify

reference, to express the infrared-reflectance spectra as tﬁe It is evident that the data for=0.3. 0.4. 0.5. and 0.6 are

sample to reference intensity ratio. Raman scattering wag,g : . o ,
ponsible for the noticeable deviations from Vegard’s law.
performed by a double monochromet@ASCO TRS66D It is likely that the phase separation by spinodal decomposi-

with a spectrometric multichannel analyz@trinceton Ing. tion affects the lattice paraemters at the&e The axial ratio
DRS700; the 514.5 nm Af laser was used for an exciting c/a also exhibits anomalies over the concentration region

source with approximately 20 mW power, and all Raman, _ 3_ g reflecting the scattered lattice parameters at these

spectra were recorded at RT in a backscattering geometry. .o

The unit-cell volume of Tj_,SnO, increases monoto-
IIl. RESULTS nously withx. The monotonous increase Wfindicates that
A. Lattice parameters the lattice of Tj_,SnO, would relax as Sh" with a larger

. _ _ _ ionic radius is substituted for 47 in TiO,.
Figure 1 shows the x-ray-diffraction profiles of

Ti, _,Sn O, with variousx’s and the end members Tj@nd
SnG,, for comparison. It is evident that all Bragg reflections
assigned to tetragonal TjGshift to lower 29 values with Figure 4 displays the infrared-reflectance spectra of
increasingx in Ti;_,Sn0O,, indicating the lattice expansion; Ti;_,Sn0O, in the two wave-number regions that partly
this is evidenced by a down shift of tH@11) reflection at  overlap. The infrared-reflectance spectrum of Ji@hich is
about #=54° for TiO,, for example. In addition, it should characterized by the twi, modes at 398/516 cnt and the
be noted that the x-ray-diffraction profiles far=0.3, 0.4, A,, mode(broad over 200—300 cri', is in close agreement
0.5, and 0.6 reveal the sidebands flanked with Bragg reflecwith the literature"*~*°the remainingg,, mode coexists with
tions that belong to the tetragonal unit cell. the A,, mode over 200—300 cnt. Numerous spiky features
Figure 2 depicts an example of x-ray-diffraction profile of over 50—300 cm' are due to water vapor and a sharp band
Ti,_,SnO, with x=0.6, where the sideband is flanked with at 668 cm* is attributed to C@in ambient atmosphere. As
the (211 reflection at about 2=54°. It is most probable that for the infrared-reflectance spectrum of Sn&hich is com-
this extra peak is originated from the phase separation bparable to the literatur®a small band around 450 crhis
spinodal decomposition in the TiEBNO, system***2In gen-  identified with theA,, mode. A hump at about 600 crhcan
eral, thermodynamically unstable solutions phase separatdi assigned to the infrared-active modeéegfsymmetry. The

B. Infrared-reflectance spectra
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FIG. 3. The lattice parametees and ¢ as a function ofx for
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volume V=a?c are shown as well; note that the lines connecting
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more than 0.5%approximately correspond to three times the size
of symbols.
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polarized infrared-reflectance spectra of single so@stals
allow to reveal theA,, mode with the electric vector of the
radiation parallel to thec axis (Eyqa) and the threek,
modes with the electric vector perpendicular to thexis
(Eperpend- In fact, the imaginary pa” of the dielectric pa-
rameters, which were obtained from a Kramers-Kronig
analysis of the polarized infrared-reflectance spectra of
single SnQ crystals® show three resonances at 244, 293, and
618 cm ! for Eperpend@nd a strong resonance at A77 Crfor
Eparan- In view of these results, it seems that the remaining
two E, modes appear around 200 and 300 ¢nrespec-

tively, in our infrared-reflectance spectrum of Sn@oly-
crystalline. FIG. 4. The infrared-reflectance spectra of TijSnO, with

The striking band at 770 crt in the infrared-reflectance Variousx's in two wave-number regions that partly overlap; 380
spectrum of Sn@is regarded as the longitudinal infrared 980 cm * (@ and 60550 cm" (b).
mode ofE, symmetry. Another spectral feature of interest is
that the two dips between thE, modes at 516 and 398 No attempt has been made to extract dispersion param-
cm™?, and the 398 cm' E, mode and thé,, mode for TiQ,  eters such as the oscillator strength, the damping factor and
become invisible and shift downwards within Ti;_,SnO,.  the frequency of each infrared-active mode, by a Kramers-
Besides, the spectral weight totally shifts to low wave num-Kronig analysis of our infrared-reflectance spectra. It might
bers with increasing since the lattice of Ti_,SnO, ex- be expected that these dispersion parameters depemxd on
pands withx, hence the bond strength lessens. However, the systematic spectral changes of J$n0O,
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by fitting the data to Lorenzian curve
L(w)=hy+h,/[(w—wp)?>+T?], whereh, is the background
intensity, h; the intensity scale factow, is the mode fre-
quency, and’ is the linewidth. It should be emphasized that
fitting was nicely achieved, implying that thedependence
of the Raman-active modes with respect to frequency and
linewidth is of great significance.

Figure 7 shows the dependence of frequency and line-
width for the two Raman-active modes in question. No sig-

nificant change in frequency occurs upxte0.6 for theA,,

FIG. 5. The Raman spectra of;Ti,Sn O, with variousx’s in

the frequency region 100—820 ¢th 630.(2)
T T T T T T
with x are fairly informative concerning the concentration 6251
dependence of the infrared-active modes fqr_JT6n 0O, . E 620l A, )
C. Raman spectra 2 6151 1
Figure 5 shows the Raman spectra of TiSn O, in the § 610 : :
frequency region 100—-820 c¢rh The Raman spectrum of g 480 ‘ NG '
TiO, agrees with the literatutd'*1"~Zexcept that the 143 L 4701 -
cm ! B,y mode is not detected here. The broad band at 235 460
cm !, which is explained in terms of disorder-induced effect ] E, i
or second-order Raman scatterittg?~5is not well resolved 4503\‘\'_*//‘\.\' i
either; besides, the 826 crh B,y mode is invisible because 4401 . [ . | ‘
of its weak intensity. In the present work, the Raman-active 00 02 04 06 08 10
modes of symmetr, andA, 4 are observed at 449 and 610 X
cm L, respectively.
On the other hand, the Raman spectrum of Sefhibits 120
the 631 cm* A;; mode and the 800 cit B,, mode, in '
agreement with the literatufé; >’ whereas the 123 ci B, 100 |
mode is not observed and the 475‘(:"nEg mode is detected <
only slightly. The intensity of theB;4 model(B,,) is too g 80
low vis-a-vis the A;; mode intensity I(A,y), i.e., .: h
1(B14) <10 31 (Ay4),?° this makes its detection difficult. It is S
obvious that the Raman spectra of TjSn0, vary with x. z 60 T
The 800 cm*' B,, mode gets observable for>0.3 and =
increases in intensity witk. It also appears that the 610 40 .
cm™ A;, mode and the 449 ¢ E, mode for TiG change
20

in frequency and linewidth witk; another striking feature is
that the 420 cm' E, mode splits fox=0.7.
In order to demonstrate these spectral features, the

Raman-activé\;; andEy modes are blown up in Fig. 6. The

I I ] 1 ]
00 02 04 06 08 10

X

FIG. 7. The frequencya) and linewidth(b) of the two Raman-

frequency and linewidth of these modes were determinedctive E, andA;4 modes as a function of for Ti;_,Sn0,.
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TABLE I. Frequencies of the Raman- and infrared-active modes
for SnO, and TiQ,. The figures in parentheses represent the fre-
quencies of the longitudinal infrared modes. The data of the Raman-
and infrared-active modes are from Refs. 23 and 8 for SiRefs.

26 and 30 for TiQ, respectively; note the data in Refs. 30 and 15
are comparable to each other.

Big E; Ay By E, E, E, Ay

SnQ, 123 475 634 776 244 293 618 477
(276 (366 (770 (709
TiO, 143 447 612 826 183 388 500 167
(373 (458 (806) (811

mode, then it considerably increases toward Ag mode
frequency for Sn@ (628 cmi'Y). On the other hand, the,

mode somewhat softens upxe-0.4, whereupon it increases Y ‘ A3 =4

slightly and splits fox=0.7. In Fig. 7, each frequency of the O @‘O\ O‘@ © Q* O@ o

split E; modes is plotted as well. Q* O O O O ®‘Q O Q
The linewidth of both Raman-active modes increases up N ¢

to x=0.6, and it subsequently decreases through a maximum  Eu Eu Alg Bzg

at aboutx=0.5; note that the linewidth of thE,; mode is

represented as the sum of each linewidth of the dpjit IR-active modes Raman-active modos

modes forx=0.7. It was remarked that the phase separation

by spinodal decomposition takes place at saxisebefore

and afterx=0.5 (the spinodal region Interestingly enough, FIG. 8. Rutile structure and atom displacements when viewing
the linewidth vsx curve for both Raman-active modes is along thec axis for the Raman- and infrared-active modes in this
similar to the phase diagram, which exhibits a miscibility structure after Refs. 24 and 30.

gap with the maximum at about 50 mol % THOn the _ .
TiO,-SnG, system?*® increasing pressure for SpObut decreases for TiO

Straightforwardly, this means that the ions move easily along
the ¢ axis than thea axis for TiO, whereas the situation is
IV. DISCUSSION quite reverse in Sno Based on these facts, it is considered

Setting aside a question whether theependence of the that the oc_:tahedron fairly distorts so as to reproduce the re-
Raman-active modes for jTi,SnO, is linear or nonlinear Versed ratiog,/ B.(«./ k) between Sngand TiG,, as Sn is
from the viewpoint of the mode behavior of mixed crystals, Substituted for Ti to form T%i_,Sn0,. We would incline to
it is first surprising that thed,, mode for Sn@ shows its rega_lrd that the _octahedr_al dl_stort|0n of ilS closely re_zlated
higher frequency as compared with iOn spite of SnQ to glther softer.ung. or stiffening of the Raman- and infrared-
being less compact than TjOnotice that the same situation active modes in i, SnO,. o
applies to theE, mode too. This is at variance with the The bulk: modulus of the octahedron is given by
conception that the bond strength lessens and opticafocta= 7-55"ZcZ4/(d)”, whereZ; andZ, are cation and an-
phonons softeR? if the lattice becomes more loose. In ac- ion formal %h_arge(d) is the mean cation-anion bond dis-
cordance to this conception, the Raman-active modes dfar_]ce,é'—_lmcs is an empirical ionicity term equal to 0.5 for
symmetriesB, , andB,, for SnQ, are actually softer than the ©OXides™ The data of the bond distanééyield 4.0 and 4.9
corresponding modes for TiF"? Table | compares the fre- i o
quencies of the Raman- and infrared-active modes for,SnO , JABLE Il Compressibilitiesc, ¢ and thermal expansivitie, ¢
and TiO. It obviously depends on the Raman- and infrared->" S" and TiC; after Ref. 26; the ratiox,/ «(Ba/ Bc) are given
active modes whether optical phonons soften or stiffen. as well. The volume expansiofcompressibility is equal to

. ) . =2Ba(2k5) + Bc(Ke). : T=296 K; : T>350 K.
Figure 8 shows the rutile structure, and atom dlsplace-B“(K”) Pa(2Ka)  Belko).- Kac Pac

ments when viewing along the axis for the Raman- and Sno, @ Ti0,?
infrared-active modes in this structure. This figure demon-

strates the significant role of the Ti©@ctahedron, which is a «, (10~ *kban 1.3 1.93
building unit of the rutile structure. Here, it should be re- «, (10~ %kban 1.9 0.8

called that the compressibilities and thermal expansivities «,/«, 0.68 241
B of SnG, and TiG, are different and anisotropic, and that g, (10" %/K) 4.0 8.5

the ratiosB,/ B.(«a/ k) for SnG, are reversed from those for g, (1079/K) 3.7 11.0

TiO,,**?°as compiled in Table II. This implies that the struc- g_/a. 1.08 0.77
tures of Sn@ and TiG, deform in opposite directions with . " (10~4kban 4.5 4.73
changes in either temperature or pressure. In other words, the (1976 11.0 28.0

c/a ratio decreases with increasing temperature for .SnO
whereas it increases for TiQthe c/a ratio increases with °Reference 26.
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tional dependence such thé(x)=f;;(0)[1+06x], where
fi;(0) is the force constant at=0 and® is a constant which
describes the effect of lattice parameter change on the force
constants. The lattice parameters change nonlinearly xvith
for Ti;_,SnO,, supporting positive deviations from Veg-
ard’s law in the TiQ-SnG, systent: This urges us to consider
that the constan® depends orx,***” and consequently the
nonlinear x dependence of optical phonons is predicted
through thex-dependent constaréd, ruling out one-mode
behavior for T{ _,SnO,; we have already commented that
the nonlinear change in lattice parameters is due to the phase
separation by spinodal decomposition.

Finally, we must give any probable cause for splitting of

FIG. 9. The dip's positior(~450 cni* for TiO,) between the  the E, mode forx=0.7. Inspection of Fig. 6 reveals that the
two E, modes in _the infrared-reflectance spectra qf JBn 0O, is 470 cm L mode of the Sp|iEg modes corresponds to tlﬁgj
plotted as a function of. mode for SnQ (subtly visible in Fig. 6. This assures that
TiO,- and Sn@-rich phases, which may exist microscopi-
cally in Ti;_,Sn O, with higherx’s, can be detected by Ra-
jnan scattering.

Position (cm’ 1)

asKas of TiO, and SnQ, respectively. This indicates that
the octahedron of SnQs stiffer than TiQ, which may ac-
count for the higher frequency of some optical phonons fo

SnG, in reference to TiQ.
. . . V. CONCLUSIONS
However, the change in the six-bond distances and/or
bond angles for TiQwith x in Ti;_,Sn O, is anisotropic or The concentration dependence of optical phonons in the

complex, reflecting the reversed ratigh/B.(x./k;) be-  TiO,-SnG, system has been studied by Raman scattering and
tween SnQ and TiO, such that either softening or stiffening Fourier-transform infrared spectroscopy. The GlU&mlg
of optical phonons can be induced. Simply from a massnode and the 449 cnt E4 mode for TiQ exhibited a non-
change of the metal-O bonds upon substitution, opticalinearx dependence with respect to frequency and linewidth.
phonons are expected to soften because the frequepy It is stressed that the octahedral distortion of Jpedomi-
is given by v(x)=[f(x)/u(x)]1Y? wheref(x) is the force nates thex dependence of optical phonons in TjSn,0O,,
constant, u(x) is the reduced mass defined by whose end members deform in opposite directions with
w(x) " t=(1—x)/my+x/mg,; note my<mg, with Mrsn  changes in either pressure or temperature because of their
being the atomic mass of Ti or Sn. different/anisotropic compressibilities and thermal expansivi-
As for thex dependence of the infrared-active modes forties. The infrared-reflectance spectra of,_TiSnO, also
Ti;_,Sn0,, the dip’s position(~450 cm ! for TiO,) be-  changed systematically witk. The concentration depen-
tween the twde,, modes is plotted as a function »fin Fig.  dence of optical phonons is discussed from the viewpoint of
9. It can be seen that the dip’s position changes only slightlthe mode behavior of mixed crystals, ruling out one-mode
up tox=0.6, whereupon its significant reduction follows ex- behavior for T{ _,Sn0,. It is concluded that the nonlinear
hibiting a clear nonlinear dependence; the positional changdependence of optical phonons is predicted through the
of this dip can be regarded as tBg mode shift in frequency x-dependent term which describes the effect of lattice param-
with x. eter change on the force constants. Actually, x-ray diffraction
As far as we are concerned with Figs. 7 and 9, xhe showed the nonlinear change in lattice parameters, support-
dependence of optical phonons in the F8nO, system is  ing positive deviations from Vegard's law in the TH3n0,
not linear with respect to frequency or linewidth, ruling out system. It was also found that;Ti,.Sn O, with somex’s
one-mode behavior, in which we should predict a linear re{x=0.3, 0.4, 0.5, and 0)6could phase separate by spinodal
lationship between the mode frequencies of each end mendecomposition, as evidenced by the sidebands flanked with
ber. In the random-element-isodisplacement motfef&it is Bragg reflections in x-ray-diffraction profiles. The present
assumed that the three force constdii) in a mixed crys-  work somewhat highlights the effect of the phase separation
tal AB,_,C, (ij=AB,AC,BC) have the same composi- on thex dependence of optical phonons for TiSnO,.
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