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First-principles study of ferroelectric and antiferrodistortive instabilities in tetragonal SrTiO ;
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We carry out first-principles density-functional calculations of the antiferrodistoii#®) and ferroelectric
(FE) soft-mode instabilities in tetragonal SrTjOwith the structural degrees of freedom treated in a classical,
zero-temperature framework. In particular, we use frozen-phonon calculations to make a careful study of the
anisotropy of the AFD and FE mode frequencies in the tetragonal ground state, in whepaamt AFD soft
phonon has condensed. Because of the anharmonic couplings, the presence of this AFD distortion substantially
affects both the AFD and FE mode frequencies. The AFD mode is found to be softer for rotations around a
perpendicular axisEy modeg than for rotations about the tetragonal axi,§ mode, in agreement with
experimental results. The FE mode, on the other hand, is found to be softer when polarized perpendicular to the
tetragonal axisi,, mode than parallel to it A,, mode. The sign of this frequency splitting is consistent with
the experimentally reported anisotropy of the dielectric susceptibility and other evidence. Finally, we present a
discussion of the influence of various types of structural distortions on the FE instability and its anisotropy.

[. INTRODUCTION —T,.) ! at temperatures above about 50 K, but the divergence
at a critical temperatur@.~36 K that would be expected

First-principles calculations are proving to be one of thefrom this formula is not observetf:” Instead, the suscepti-
most powerful tools for carrying out theoretical studies of thebility saturates at an enormous value 2% 10* as T ap-
electronic and structural properties of materials. A particufroaches zero. Because the system is so close to a ferroelec-
larly successful application of this technique has been its us#ic state, it is not surprising to find that it can be induced to
in understanding the perovskite ferroelectric compoundspecome ferroelectric, either by the application of electric
These materials have important technological application§eld,’ uniaxial stres$,or by the substitution of Ca ions on
because of their switchable macroscopic polarization anghe St sublatticé.Finally, the SrTiQ system also displays
their piezoelectric properties. They are also attractive objectBtzZling  phonon  anomali€s™ and  electrostrictive
of fundamental study because of the rich variety of phaséequnslé‘ in the low-temperature regime.
diagrams that they display as a function of temperature. At This peculiar behawor, especially the failure of the sys-
high temperature, thBO; perovskites retain full cubic tem to condense Into a FE phase at !d'whas been the
symmetry. However, various structural phase transitions takaUbJeCt of considerable theoretical study and

) . Speculationt®=2! Recently, efforts have focused on the so-
place as the temperature is reducetbr example, BaTiQ called “quantum paraelectric state” in which quantum fluc-

and KNbG, undergo phase transitions from the cubic Pard+,ations of the atomic positions suppress the FE transition

e!ectric(PI_E) phase to a succession of tetragonal, orthorhoménd lead to a stabilized paraelectric std@°222This hy-
bic, and finally rhombohedral ferroelectri€E) phases. In  yqihesis has received dramatic support from a recent experi-
contrast, PbTiQ displays only a single transition, from the ent showing that isotopically exchanged $f0i; appears
cubic PE phase to a tetragonal FE phase. In NaNa@l o become ferroelectric at 23 %, suggesting that normal
PbZrG;, nonpolar antiferrodistortiveAFD) or antiferroelec-  SrTil%0, must be very close indeed to the ferroelectric
tric (AFE) transitions take place, associated with differentthreshold.
types of tilts of the oxygen octahedra, in addition to the FE  First-principles calculations have already contributed sig-
transitions. It is understood that the two types of transitionsificantly to the understanding of the structural properties of
result from the condensation of soft phonon modes at th&rTiO;.202125-2"Calculations of two groups?®>?6confirmed
Brillouin zone boundary witlg#0 and at the zone center that SrTiQ,, in its high-symmetry cubic structure =0, is
with q=0 (Ref. 2. unstable to both FE and AFD distortions when the atomic
The low-temperature behavior of SrTij®as been an at- coordinates are treated classically. Using classical Monte
tractive subject for experimental and theoretical study.Carlo simulations on an effective Hamiltonfdritted to the
SrTiO; behaves as an incipient ferroelectritsimilar to  first-principles calculations, Zhong and Vandedilpre-
KTaG,) in the sense that it has a very large static dielectriadicted that SrTiQ would first undergo the AFD transition at
response and is only barely stabilized against the condensabout 130 K, and then a further transition into a state with
tion of the FE soft mode at low temperatdré® As the tem-  simultaneous AFD and FE character at 70 K. Anharmonic
perature is reduced, SrTidirst undergoes a transition from interactions between the AFD and FE modes were found to
the cubic to a tetragonal AFD phase at 105 Kut this be competitive, in the sense that the presence of the AFD
transition is of nonpolar character and has little influence ordistortion was found to reduce the FE transition temperature
the dielectric properties. The static dielectric responsdoy about 20%. The same authors later showed that, when a
closely obeys a Curie-Weiss law of the form ef-(T  quantum-mechanical treatment of the atomic positions was
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included via a quantum path-integral Monte Carlo simula-the complexity of the distortions that need to be studied. In
tion, the AFD transition temperature was shifted very closeorder to interpret the results in terms of a phenomenological
to the experimental one at 105 K, and the FE transition waslescription involving FE and AFD mode distortions and
suppressed down to the lowest temperatures that could lsérains, we use an approach similar to that underlying the
studied 5 K),?° consistent with the experimental absence€effective-Hamiltonian scheme first developed for the BgTiO
of a transition. On the other hand, LaSota and co-worker§ystem® and later applied to StTi¥° That is, we use the
have recently performed a first-principles calculation of thelDA calculations to compute the values of the Taylor expan-
ground-state structural properties and interactions betwee${on coefficients of the total energy with respect to these
the FE and AFD instabilities in SrTiQusing an LAPW Q|stort|ons, and compare with the experimental determina-
approact’2® These authors found, however, that the AFD tions of Uwe and Sakud%.. , _
tetragonal structure is stable against the FE distortions. The rest of the manuscript is organized as follows. In Sec.
An additional motivation for a detailed theoretical study !! We briefly describe the technique employed for the first-

of SITIO; is the opportunity to make contact with the re- principles calculations. In Sec. lll we present and discuss the
markably systematic experimental study of Uwe andresults of the calculations. We begin with the determination

Sakudd These authors made careful measurements of th&f the theoretical tetragonal AFD structure, and then proceed

anisotropic dielectric susceptibilities and Raman mode fre!© Study the energies of AFD and FE distortions about this

quencies as a function of uniaxial stress applied along differreference structure, with special attention to the anisotropies

ent crystal orientations. They also fitted their results, plu! the AFD and FE mode frequencies. Finally, we conclude

those of previous experimental studies, to obtain a phenom? S€¢- V.

enological description of the couplings between the AFD,

FE, and strain degrees of freedom of the crystal. In particu- Il. THEORETICAL DETAILS
lar, their fit contains an anisotropic coupling which, in the
tetragonal AFD phase, tends to favor FE distortions that are ..

perpendicular to the tetragonal axis over those that are pa{ﬁeory(DFT) within the local-density approximatiof.DA ).

allel. However, previous theoretical work has given an UN-jitrasoft Vanderbilt pseudopotentidlsare used, with the
clear picture of this anisotropy. On the one hand, Vanderbilb(ZS) 0(2p), Ti(3s), Ti(3p), Ti(3d), Ti(4s) ' Sr(4s)
and Zhond® found that the interaction between the FE andSr(4p5 and ér(&) states included in the valence. The

'r:FI;)i modesl,inwhl\c,:vh V}lgst r:gur;ly fth\:O:JthEt?: gn-sne Iapisagexchange-correlation energy is of the Ceperley-Alder form

Or cn(cjioupl) r?, thouAFDet o 0 r? IO y ino esr(?(\)/vzi%[h ex_with Perdew-Zunger parameterizatitht> A conjugate-
perpendicufar to the elragonal axis, in acco EXgradient minimization scherfiéis used to minimize the
periment. On the other hand, the Monte Carlo calculation

reviously referred td indicated a sequence of transitions ohn-Sham energy, using a plane-wave cutoff of 30 Ry for
P y q all calculations. Unless otherwise stated, our calculations are

with decrea}smg temperature in which the FE order parametqly ried out at the theoretical equilibrium lattice constant of
of a z-polarized mode was found to develop before xher

polarized ones, indicating that thepolarized mode goes 7.303 a.u?® which is~1% less than the experimental value
y-pole Lo 9 o 9O€S ot 7.365 a.u., the discrepancy representing the inherent LDA
soft first. In view of these apparently conflicting theoretical

. . . ST rror.
results, we felt it worthwhile to clarify this situation by care- erro

. ) . . : Cubic SrTiQ; has a simple cubic five-atom unit cell with
fully studying the anisotropy of the FE distortion energy in a common lattice parameter along the[100], [010], and
the AFD ground state.

With these motivations, we have carried out a thorouglPOl] directions. We will briefly discuss some calculations

analysis of the ground-state structural and dynamical pro erqarried out for a doubled unit cell corresponding to the con-
thaly 9 ) . ' a dy PrOP€ensation of a soft AFD mode at the (1% or M point of
ties of tetragonal SrTi@ using first-principles density-

. . . ! ._the Brillouin zone(BZ) boundary. However, most of our
functional calculations. This approach is based on a Class'c%lttention will be focused on the around-state tetragonal
treatment of the nuclear motions, and so is obviously unabl 9 g

to take into account the quantum zero-point motion of th hase obtained by freezing in an AFD phonon mode at the

- " ) - ; (111)m/a or R point of the BZ boundary. This triply degen-

ionic positions which becomes critically important at low . .
; erate phonon mode corresponds to the rotation of the TiO
temperature. Nevertheless, from such a calculation one I3 . LT : :
. . : . __Octahedra in opposite directions from one cubic unit cell to
still able to compute interaction parameters for comparison
with experiment, to identify the effects which tend to sup-
press the FE instability in the presence of the AFD state, an
to obtain qualitatively a picture of the dielectric anisotropy

connected with the splitting of the differently polarized FE symmetry) Taking the rotation to be apout ”?EaX'S’ we
X adopt a ten-atom tetragonal unit cell with lattice vectors of
modes in the AFD state.

The calculations are carried out using a plane-wave bast§ngth V2a, \2a, andc along the[110], [110], and[001]
and ultrasoft pseudopotentidfsThe theoretical equilibrium ~ directions, respectively(That is, in our conventionc/a is
AFD structure is obtained by minimizing the energy with Close to 1, not 42.) The rotation of the oxygen atoms in the
respect to cell volumeg/a ratio, and internal parameters. Ti-O plane is shown in the inset of Fig. 1. Throughout this
Frozen-phonon calculations are then used to obtain the fre2aper, we will usex’ andy’ to denote the original cubic
quencies ofl-point andR-point phonon modes, including directions([100] and[010], respectively, while x andy are
FE soft modes, in the AFD ground state. For this purposetaken as parallel to the tetragonal lattice vectors aldrig)
we make use of a point-group symmetry analysis to reducand[110], respectively. That is, the-y frame is rotated by

Our ab initio plane-wave pseudopotential calculations are
sed on the Hohenberg-Kohn-Sham density-functional

he next, followed by a small tetragonal straiNote that it is
aonventional to label the phonon modes with respect to the
Simple-cubic BZ, even when they condense to lower the
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FIG. 1. Calculated valussymbolg and fits(curves of the total - force experienced by an oxygen atom as a function of octahedral
energy per ten-atom cell as a function of octahedral rotation anglegtation angles,, computed at the theoretical cubig+7.303 a.u.,
6,, computed at the frozen theoretical cubic lattice constant diamonds, the experimental =0 (a=7.365 a.u., circlés and the
=7.303 a.u,, for bottR-point (diamond$ andM-point (circles oc-  experimental room-temperatura+ 7.38 a.u., squargsubic lattice
tahedral rotation modes. The inset shows a sketch of thg [Bf2r  constants. Arrows indicate the theoretical and experimental equilib-
in the unit cell of the tetragonal AFD structure, illustrating rotation vj,m rotation angles of 5.5° and 2°, respectively.

of octahedra about the axis. x-y and x’-y’ are the coordinate
frames in the tetragonal cell and the original cubic cell, respec-

tively As can be seen from Figs. 1 and 2, the equilibrium octa-

hedral rotation angle is found to b&=5.5°, significantly
larger than the zero-temperature experimental value of
2.1°% Since the theoretical equilibrium lattice constant
(7.303 a.u. is somewhat smaller than the experimental one,
we also carried out similar total-energy calculations at the
extrapolated zero-temperatur€7.365 a.u. and room-
temperaturg7.38 a.u) experimental lattice constamt$The

45° relative to thex'-y’ frame (z axes are congruent

In all cases, we use le-point set that is equivalent to the
6X6x6 Monkhorst-pack mesh in the BZ of the simple
cubic cell, corresponding to 108points in the full BZ of the
tetragonal cell. The irreducible BZ then contain& @oints
for the undistorted cubic structure; kQpoints for the tetrag-  esylts shown in Fig. 2 confirm that increasing the lattice

onal ground-state structure, with or without additioAg) or  constant or crystal volume tends to suppress the AFD insta-
A,, mode displacements; and ROpoints for the tetragonal bility, as expected from previous wofk?® However, the

structure with additionaE, mode displacement. resulting variation of the equilibrium rotational angle is too
small to explain the experimental observation, changing only
[ll. RESULTS AND DISCUSSIONS marginally to 4.89° and 4.69° at the zero- and room-

temperature experimental lattice constants, respectively.

These results demonstrate that the underestimatel$

To establish notation, we let the energy of an AFD pho-of the lattice constant by the LDA is not the primary factor
non mode per ten-atom cell of the cubic perovskite structureesponsible for the theoretical overestimate of the rotation
be expanded up to fourth order i, , angle. Moreover, we shall see in the next subsection that the
inclusion of strain relaxation effects only acts to increase
(slightly) the theoretical equilibrium rotation angle. Thus we
think that the smaller observed value of the AFD rotation
angle can most likely be attributed to the quantum fluctua-
where ¢,= (a/2)siné, is the magnitude of the oxygen-atom tions associated with the motion of the oxygen atoms. This
displacement associated with the rotation of the oxygen oceffect is not included in the theory, and should act to reduce
tahedra around thED01] axis. In Fig. 1 we show the com- the amplitude of symmetry-breaking distortions. While pre-
puted values of the total energy versus rotation angle fogious work has indicated that the quantum fluctuations
AFD modes at both thé and R points of the BZ(corre-  should have a weaker effect on the AFD modes than upon
sponding to in-phase or out-of-phase rotations in neighboringhe FE oneg? the effect on the AFD modes could still be
planes of octahedra alorg respectively. These were com- quite significant. An alternate possibility is simply that the
puted at zero strain, i.e., with the lattice vectors fixed to be nderestimate is a result of LDA error not associated with
those of the theoretical equilibrium cubic structure ( the lattice constant. In any case, we have chosen to complete
=7.303 a.u. As can be seen, the computed total energyour theoretical investigations by considering distortions
versus rotation angle can be fitted very well by the quarticabout our theoretical ground-state AFD structure, keeping in
Eq. (1). Defining the mode stiffnese=d’E/d$2, we find  mind that the results should be interpreted with the overesti-
thatx<<0 for bothM- andR-point modes as shown in Fig. 1. mate of the rotation angle in mind.
Nevertheless, the magnitude effor the M-point mode is
only ~10% that of theR-point mode, indicating that the
instability at theR point is much stronger than that at the
point. Consequently, for the remainder of this paper we will To study the ground-state tetragonal structure, the lattice
limit our discussion tdR-point distortions only. strains also need to be taken into account. We adopt the

A. AFD instability in cubic unit cell

T SR
E_EO+ 2 K¢Z+AX¢Z! (1)

B. AFD modes in the tetragonal structure
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usual Voigt notatiorx; for the strain tensor, but set=Xs TABLE I. Parameters in the effective Hamiltonian of SrEjO
=xg=0 because such off-diagonal shear strains will not ensee text.
ter into our considerations. We take 1, 2, 3 corresponding

to thex’, y’, andz pseudocubic axes for both straigsand Uwe and Sakud8 Present Units
rotations¢>_i. Expanding t_he energy up to quartic Qrder in —3.01x10°° 2 24%x10°5 Ha/BohP
AF? ampl!tudA?:s[,)quadrlgtlc otzder in strain, ahnd Iegldlng c_)k;dega\X 5.16x10°5 4.92x10°5 Ha/Bohf
1{_n the strain- coupling, the symmetry-allowed contri U-p, 4.44%10°5 4.14%10°5 Ha/Bohf
lons are A" 2.13x10°° 3.31x10°° Ha/Bohf
1 AR 1.30<10°° 2.30x10°° Ha/Bohr
E=Eot a2 of+A Si+AL D o7¢f biy 1.23¢10°* 16810  HalBohP
! ! =) bys —2.37x10°4 —2.70x10°4 Ha/BohP
1 cy 1.14x10°2 1.30x 10 2 Ha/BohP
2 2

+ 50112 X +Cpp IZ XiXj— buZ Xi i C1y 0.36x 102 0.33x 102 Ha/Boh?
' b0 2.0 5.5 degree

—b1p X X; d)jz. (2)  ®Reference 8.

i<

We choose the tetragonal ground state to be oriented alongubstituting into Eq(2),

the z axis, withx;=X,#0, ¢1=¢,=0, and¢p3#0. In this 1

g.rou.nd state, phonon modes correspc_:ndmg to additional os- E(¢,)=Eg+ —K¢§+Ax¢§, @)
cillations of ¢; belong either to th&, (i=1 or 2 or theA, 2

(i=3) representation of the tetragoral;, point group. For

. . ; e : where

symmetry-preservingA,4) distortions, it is convenient to
re-express the three strain components in terms of a volume IRV

inx i i Ag=A— —— —.
strainx and a shear strain according to =M a3 9

X1=Xp=X—v, Thus, when the strain relaxation is taken into account, the
_ (3)  equilibrium rotation angle is given by
X3=X+2v.

In terms of these variables, the second and third lines of Eq. S0 [ — L_ (10)
(2) can then be rewritten as 4Ax

We determine all the interaction parametersA,, A7,
Ci1, C12, by1, andb,, via a series of finite-difference calcu-
lations of total energies and forces within the LDA. Table |
and lists our results and compares them with the corresponding
values determined by Uwe and Sakudo by fitting to
ECOUPING % v, b)) = — ,7@ b2 — yu(2¢p3— p2— ¢2), experimerﬁ (all units have been converted to atomic units
i We find very good agreement overlThe fact thatAy
) <A, implies that the inclusion of strain relaxations strength-

— . 3
ES*x,0) =5 ax®+3Bv? 4)

where ens the AFD instabilities at anharmonic order. The equilib-
rium rotation angle increases to 6.@ompared with 5.5° for
a=Cq1+2Cqy, the cubic strain stajewhile the equilibrium values af and
v are found to be-0.10% and 0.23%, respectively.
B=C1~Ciz, In the tetragonal AFD ground state, the frequencies of the

(6)  soft phonon modes associated with additional rotations of the

n=bq+2b,, oxygen octahedra are given by evaluating
y=b11—byy. _(92E "
To find the equilibrium rotation angle in thé,, ground My @i gt (1)
state, we holdp,= ¢,=0 and minimizeE in Eq. (2) with ed
respect tox andv at a fixedg;= ¢,. The minimizing values wherem,=4mg is the mass factor associated with the oxy-
are gen rotational mode and the derivative is to be evaluated
under conditions of fixed strain_at the equilibrium structure
quld)z, (i:e., at the equilibr_ium values of, v, and¢,). Equation 11
3a? gives the frequencies of tHg; andA,;y modes to be, respec-
(7)  tively,
_ Y 2
V=352 wi=wi=— k(AY2m,Ay),

(12
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7]2

6a’AX

w5=—2kA,ImyAx 1. -1

Aeff= X

whereAy =AY+ 1%/ 8. The values of the two frequencies are
45 and 130.7 cm?, respectively, so that the frequencies Oflnserting;:0.849% leads tP= —5.26 GPa. The strains
the A,y and Eq modes are roughly in the ratio 3:1. This iS 5,00y the tetragonal and planar axes are found to be 1.135
consistent with observed ratios of2.5:1 in pressure- 5,40 7059, respectively. Relative to a cubic cell with the
dependent experimeris and ~3:1 in temperature- experimental lattice parameter 7.365 a.u., the tetragonal cell
dependent _expe_rlmerﬁ%. . we obtained is thus expanded aldii®1] while compressed

Up to this point, the analysis has been done at the thegiong the[100] and [010] directions. In this circumstance,

retical equilibrium lattice constant. However, it is well 4, equilibrium rotation angle is found to be 4.93°.
known that the LDA tends to underestimate the lattice con- jqer these conditions the,, and E,, soft-mode fre-
' g g

stants of perovskites_ by 1% 2> Moreover, past e_xperier_lce uencies of Eq(12) now become

has shown that the displacement patterns associated with soft

modes may depend critically on the lattice constant and 2= w2=— kor( AY2MAy)

strains?®*1 To take these effects into account, we adopted a v S

strategy of applying a negative hydrostatic pressure to the

lattice to restore the experimental lattice consfiritlsing

Eq. (2) and minimizing the Gibbs free energy From the coefficients in Table IA/Ax=1.187 and

2A3/Ax=1.11, so that clearlyw(Eg)|<|w(Ag)|. In fact,

the two frequencies are calculated to b¢Eg) =37 cmt

and  w(A;5)=109 cml. [For comparison, o(Aqg)

=124cm ! in Ref. 29, while the measured(Ey) and

7 p w(Ag) in Ref. 6 are 15 and 48 cit respectively]

s ds— —, (14 To summarize the results so far, we have found that the

AFD mode condenses at tiiepoint of the cubic BZ, asso-

while v indirectly depends on pressure via the equilibriumciated with a triply degenerate phononlofs symmetry. As

rotation angle,. Then a consequence of the transition from the cubic to the tetrag-
onal state, the degenera®epoint modes split strongly into

(19
w5= — 2KeAx /M 4A .

G=E+3xP (13)

with respect tox at fixed pressur®, we find

2

1 5 4 an Ay singlet and arg, doublet, the latter having a softer
G(¢,.P)= §Keﬁ¢z+AX¢z_ 2a (15) frequency than the former. This is in good qualitative agree-
_ _ S ment with experiment.
where the effective harmonic coefficient is The expansion approach used above for the AFD modes

makes an implicit assumption that the phonon eigenvectors
from the cubic structure are a good approximation to those in
the tetragonal AFD structure. For the AFD modes, where the
anisotropy is large, we do not expect this approximation to
be at all serious. However, our next task will be to analyze
P the FE mode anisotropy in the AFD state. As will be seen
S= /- Eﬁ_ (16) below, this turns out to be much more delicate than for the

4Ax AFD modes. Thus we have chosen to take a different ap-
proach for the FE modes, in which the normal modes in the

As one can see, the harmonic coefficienk: depends AFD ground state are directly computed. The symmetry

upon '_[he ‘?Xt‘?”‘a' pressure variable. .It would th_us be pos’émalysis needed to do this is given in the next subsection, and
sible, in principle, to adjusP so as to fit the resulting rota-

i : the FE mode analysis is then given in the concluding subsec-
tion angle to the experimental angle of 2.1°. However, th y g 9

pressure needed to achieve this14.4 GPa, would expand “tions.
the lattice constant to 7.48 a.u., which is much larger than the
experimental value. Instead, we adjisso as to fit the ex-

perimental lattice constant. That is, we adj&sso that the

volume strain is X=(8eyy— Athed/Atheq=0.849%, Where In this section, we present some details of the point-group
aexp= 7.365 a.u. andaye, are the zero-temperature experi- Symmetry analysis of the normal modes in the AFD tetrago-
mental and theoretical lattice constants, respectively. Substhal structure, needed for the calculation of the frequencies of

Keff= K+277;.

Thus, at fixed pressure, the equilibrium rotation angle is

C. Symmetry analysis of normal modes in AFD tetragonal
phase

tuting Eq.(16) into Eq. (14), we obtain transverse opticalFE) modes at the Brillouin-zone center.
To harmonic order, the displacement energy can be ex-
— P pressed as
X(P)=Xg— —, 17
Aeff 1
where E=3. Jz;ﬁ o uftuf, (20)
= — K7 where u{* is the displacement of sublattidein Cartesian
O 120Ay direction«, and the force constant matrik obeys the sym-

(18)
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metry conditionsbi‘fjﬁzd)f;“ andqu)ij =0. The dynamical TABLE Il. Symmetry analysis of the normal modes in tetrago-
matrix is just related to the force constant matrix by a diag-"al AFD structure.
onal mass tensor.

It is well known that the vibrational modes at a givien
point in the BZ of a crystal transform according to the cor-

Irreducible
representations dim. Sr Ti 0, (0X

responding irreducible representations of the symmetmlg 1 R@

group for thatk point. Such an analysis, which has previ- A, 1 R 37R
ously been used to construct the force-constant matrices fgg ¢ 1 SzR R

the FE modes in the cubic perovskite structi@nd for all 10 1 Ra

modes in the tetragonal FE structure of Pb3f®is applied 29 2 S(xy)R (E,0)zR 3(x.y)R
here to the zone-center modes in the AFD tetragonal strucp-‘g 1 ' TR ’ '
ture of SITiIGQ. When SrTiQ condenses from the cubic into Alu 1 S T £ -
the tetragonal AFD phase, the point group lowers flogto 82“ 1

D,,. The AFD soft modes originating from the cubic _* 1 O

I',5(R) phonons now belong either to tig or E, irreduc- 2u 2 ST Ty EGyT 3(cy)T

ible representations, depending on whether the octahedrdrt
rotation axis is parallel or perpendicular to the tetragonal TOGY)(R) O(x.y)I
axis, respectively. Similarly, the modes originating from cu-ac decomposition off,0)(x,y)R.
bic I'y5 FE modes are now eithéx,, or E,, depending on
whether the polarization is parallel or perpendicular to théyhere F is the force that results from a sufficiently small
AFD axis. _ . _displacement. We can use the symmetry analysis to iden-
To label all of the displacement patterns associated withify the set of sublattice displacements that may participate in
the ten-atom cel(30 degrees of freedomwe use the nota- 4 given normal mode, and to calculate the forces that arise at
tion TaK to denote a displacement associated with atomirst order with each such displacement. For example, for the
type T in pseudocubic Cartesian direction and having A, FE mode, we find the four displacements of tySe,
“phase relation”K. The five atoms types are abbreviated ast " EzI", and ZI" may participate. For each, a displace-
“ S for Sr, * T for Ti, “3" for oxygen atoms making Ti-O  ment amplitude of 0.2% of the lattice constant is chosen so
chains in the direction, and “1" and “2” for oxygen atoms  that the harmonic approximation is still well satisfied. From
in TiO; x-y planes. The “phase relationK is either “I'” or  each such calculation, the resulting force vector is projected
“R” depending on whether the two atoms of the same typeynto the same set of four displacements, thus building up the
in the ten-atom cell move in phase or out of phaat is, 44 force-constant matrix. This matrix is then symmetrized
whether they originate frori-point orR-point modes of the  and diagonalized. In a similar way, the B, mode is rep-
parent cubic structujeNote, however, that some individual yesented in a 6 subspace with basiSX", TxI', TyR
displacements contribute to more than one irreducible represy Ex° andOyT'.
sentation(e.g., IzI' and ZI" contribute to both thé\,, and
B,, irreducible representationsThus for the two in-plane

oxygens we introduce alternative “type” designatiofs _
(“even”) andO (“odd"” ) in place of “1” and “2,” where Previous work of Zhong and VanderBfitand LaSota

et al?® has indicated that cubic SrTiQin the absence of any
AFD distortion, shows a FE instability. We have confirmed
this result here by performing frozen-phonon calculations
and building up the %4 force-constant matrix fod ;5

(22) modes polarized along(essentially the same procedure out-
lined for the A,, modes at the end of the last subsection,
except performed for the cubic five-atom ¢elThe nonzero
eigenvalues of the corresponding dynamical matrix are given
in Table Il for both the theoretical equilibriur¥.303 a.u.

D. FE instability in the AFD tetragonal phase

1
uEaK:E(ulaK+ Uzak)

Uoak :E(UzaK_ Ugak)

(six degrees of freedom for each atom tymdassifying them
according to the irreducible representations to which they TABLE Ill. Zone-center transverse optical phonon frequencies
belong. Note that the fourH,0)(x,y)R modes do not have In the cubic structure(All units in cm™*.)

a simple one-to-one correspondence with #hg, Ay,

B.g, andB,, modes to which they give rise; these are indj- 1" point TO1 T02 TO3
cated in Table Il with just the notatioR. Current(7.303 a.u. 42 168 549
. Sinqe we 'ha\'/e access to the HeIImann—Feynman fﬁ}c_e.sCurrent(7.365 a.u. 94i 151 521
in our fl_rst-prlnmples ultrasoft-pseudopotential approach, itispyya (7.30 a.ul 41 165 546
conve_m_ent Fo compute the force-constant matrix eIementER b (7.412 a.. 100 151 522
from finite differences as Expt.© 90 K 42 175 545
=1 ®Reference 44: Plane-wave pseudopotential method.
(IJi“’iﬁ:—' (22 bReference 26: LAPW linear response method.

Ujﬂ ‘Reference 45: Fitted from experimental infrared reflection spectra.



13948 NA SAI AND DAVID VANDERBILT PRB 62

TABLE IV. Calculated eigenfrequencies and displacement pat- TABLE V. Calculated eigenfrequencies and displacement pat-
terns for theA,, mode in tetragonal SrTip Columns are labeled terns for theE,, mode in tetragonal SrTiQ Columns are labeled by
by mode eigenfrequency; imaginary frequency indicates an unstablmode eigenfrequency.

mode.
96i cm™ ! 240cmt 419cm?
90i cm™?! 157cm?t 515cm
Sx° 0.217 0.028 0.013
saA —-0.172 —-0.700 —0.036 T 0.524 —-0.015 —-0.077
T2 —0.569 0.641 0.058 TyR 0.086 0.014 0.995
EzI' 0.636 0.285 —0.583 ExI —0.668 —0.518 0.055
3zI' 0.492 0.128 0.809 oyr’ —-0.034 0.497 —0.008
3xI —-0.472 0.694 0.024

and expanded experimentdl.365 a.u. lattice constants, to-

gether with other theoretical and experimental results folheen overlooked. In the stress-induced Raman scattering
comparison. Our results at the theoretical volume indicateneasurement of Uwe and Sakudo, ByeandA.,, soft-mode

that the FE soft phonon mode frequency remains real, alfrequencies were found to be 0.6 and 191 cnmi !
though it was imaginary according to the earlier linear-regpectively? Corresponding values from the hyper-Raman
response and plane-wave ai‘ICUIat'OnS which used slightl¥ectroscopy measurements of Refs. 49 and 50 are 7 and
different lattice qonstant@: However, at the zero- j1gcpyl respectively. Our calculation gives the difference
temperature experimental volume, the frequency is found tQatwveen the two frequencies to be 6¢chf® in order-of-

be imaginary, indicating that the FE instability is indeed verymagnitude agreement with the experimental splitting. On the
sensitive to the crystal volume. Increasing the crystal volumeihar hand, the theoretical differencessfuaredfrequencies

enhances fthe FE instabiliies, in agreement Withyelated to force constantsis calculated to be 10
_expenr_nenf‘. =77 This s in contrast to the AFD instabil- s 12 cm2, or roughly three times larger than the experi-
ity, which weakens with increasing volume as shown in SeCmental value of X 107 cm 2. This serious discrepancy can

[Il A. These results suggests that there is an inherent Comp?ﬂtimately be traced to our overestimate of the frequency

tition between AFD and FE modes. _ magnitudes, in view of which we cannot expect agreement
To understand the behavior of the FE modes in the ZE€T0¢r hoth thew and w? differences.

temperature AFD tetragonal structure, we next perform
frozen-phonon calculations for this structure. We use th
AFD state described at the end of Sec. Il B, i@,
=-5.26 GPa, V=798.989a.f, c/a=1.004, and ¢,

In summary, we found imaginary frequencies for both the

e E, and A,, soft modes in the AFD tetragonal phase.

There is an apparent splitting between the two modes,
2 2 :

e . w?(E,)<w?(A,,), suggesting that the FE structure Bf;

_4'r9]3 - BothE, af‘d Azy Modes ar? calculated using thi symmetry is more energetically favorable than g one.

method presented in Sec. Il C. Tables IV and V present therpis yeqt is consistent with the fact that thg, FE mode is

resulting eigenfrequencies and eigenvectors for the threfﬂess easily observed in neutron-scattering experirfiebts
lowest modes of each symmetry. It can be seen that both tnfause its energy is higher than that of tg phonor?
E, and A,, soft-mode frequencies are imaginary {%hd '

90i cm™ %, respectively. Total-energy calculations are then
performed with the Corresponding eigenmodes at different E. Influences of structural distortions on the stabilities

mode amplitudes. The double-well energy curves are as |n the previous subsection, we have calculated the FE
shown in Fig. 3. One can see that the well depth off)e  phonon frequencies for either a cubic structure in the absence
mode is substantially greater than that of thg mode, in-  of the AFD distortion, or for a tetragonal AFD phase as
dicative of a much stronger instability for a distortion®f  observed experimentally. To understand the interaction of
symmetry. different distortions and their roles in affecting the FE insta-

With respect to the FE mode frequencies, the comparisoBijlities, we performed frozen-phonon calculations for the cu-
with experiment is problematic because the theoretical val-

ues are imaginargindicating an instabilitywhile the experi- 0.10 — : : —
mental values are n@tonsistent with a non-FE=0 ground
statg. As indicated in the Introduction, the experimental sta- 5 0051 1
bilization of the non-FE AFD structure is understood to re- £ & é

sult from quantum fluctuations of the atomic coordinates. It 5 000 v
should be emphasized that the purpose of the present calcu- e 005 L Yol o |
lations is to study the low-temperature structural instabilities s

in a classical framework, i.e., in the absence of quantum C o0l ]
fluctuations. Thus the existence of the FE instabilities in our

DFT-LDA ground-state calculations, taken together with ear- —0.15 . . . :
lier quantum Monte Carlo simulatiodStend to corroborate -025 -015 -005 005 015 025
. . . Mode Amplitude (a.u.)
the hypothesis that the quantum fluctuations are responsible
for the experimental absence of a real FE phase. FIG. 3. Total energy vs the FE distortion amplitude at AFD
Nevertheless, we can make the following comparisons retetragonal phase. Circles and solid curve areEjpmode; diamonds
garding theE,—A,, mode splitting, which has frequently and dashed curve are féy, mode.
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TABLE VI. CalculatedE, andA,, phonon frequencies at dif- ropy is so small, it is quite sensitive to the tetragonal lattice
ferent distorted structures for SITjOx, v and 6, denote uniform  strain associated with the AFD rotation distortion. This sug-
volume strain, shear strain, and rotation angle aboutztisis, gests a possible explanation for the fact that the classical MC

respectively. simulations of Ref. 20, which are based on use of a cubic

mode eigenvector, predicted the anisotropy incorrectly—i.e.,

Distortions FE symmetry the A,, mode was found to go soft before tEg one.
; v 0, Azy Ey
IV. CONCLUSION

0 0 0 42 42
0.00849 0 0 o 93 In this work, we have investigated both the AFD and FE
0.00849 0.00143 0 112 83i structural instabilities in the tetragonal phase of Skli@
0.00849 0.00143 4.9° 90 96i unique aspect of this work is that we have studied the FE
0.00849 0 4.9° 63 107 frequencies carefully using the exact eigenmode distortion

obtained from the ground-state tetragonal structure, whereas
previous studies have made the approximation of using the
ubic eigenmode distortion instead. We show that the insta-
ilities have a sensitive dependence on the crystal volume.

bic reference structure at the experimental lattice consta
both with and without the tetragonal strain, and with and . .
without the AFD rotation. In Table VI we present the results W& also found that the existence of the FE instabilities are
for the FE phonon frequencies for each of these scenarios &fected by the coupling to the shear strain and the rotational
Observe that the two FE modes instabilities with differentdistortion. Both types of distortion contribute, but with op-
symmetries depend on the strain distortion and AFD distorPSite Sign, so that it is a subtle cancellation between them
tion in an opposite sense. For thg, mode, a nonzero shear that determines the splitting qf frequencies betweenBpe
strain increases the FE instability while an AFD rotation dis-2"dA2u modes. TheE, mode is found to be the more un-
tortion reduces it. The&, mode, however, depends on the Stable of the two in the ground-state AFD phase.
two distortions in the opposite way. Thus the final sign of the 1 he degree of tilt of the oxygen octahedra is still overes-
frequency splitting(i.e., the sign of the anisotropyulti- timated in our _calculat!ons, compared to the ex_perlmental
mately depends sensitively on a delicate partial cancellatiofFSUlts- We attribute this to the quantum fluctuations of the
of the two contributions. The final result is that thg mode oxygen coordln_ates, ‘.Nh'Ch tend {0 suppress the average AFD
is energetically slightly more unstable than thg, mode. F]"Sto”_"?ﬂ amplitude in t.he experiments. The AFD and FE
Finally, we have tested whether the use of the cubidnstabilities show opposite trends with an increase of crystal

eigen-mode distortion in place of the true tetragonal one is Yolume (weakening and strengthening, respectiyetjow-

good approximation for understanding the coupling of theEVer, despite t_his_ competitive behavior, the FE instability is
FE and AFD instabilities. We calculated the expectationfour?d to coexist in the zero-temperature AFD ph_ase. Once
again, quantum zero-point fluctuations must be invoked to

value (&, , where®d is the dynamical matrix in the ; . . )
tetraggiclll Ej'rgocgnd-state stTructum)u)r/th row of Table V} explain thg expenm'ental' observation that the AFD phase is
stable against FE distortions.

and & is the cubic eigenmode distortion vector. The result-
ing imaginary frequencies are 85.4nd 86.9cm ™ for the
A,, andE, modes respectively, compared with values af 90
and 96 cm™ 1 in Table VI. Thus the splitting is much smaller ~ Support for this work was provided by ONR Grant No.
when the expectation value is used. Because this FE anisdi#00014-97-1-0048.
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