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Effect of quantum fluctuations on structural phase transitions in SrTiO; and BaTiO 5

W. Zhong and David Vanderbilt
Department of Physics and Astronomy, Rutgers University, Piscataway, New Jersey 08855-0849
(Received 20 September 1995

Using path-integral Monte Carlo simulations andaminitio effective Hamiltonian, we study the effects of
quantum fluctuations on structural phase transitions in the cubic perovskite compounds; $nTdO
BaTiO3;. We find quantum fluctuations affect ferroelectfi€E) transitions more strongly than antiferrodistor-
tive (AFD) ones, even though the effective mass of a single FE local mode is larger. For;Sv&iénd that
the quantum fluctuations suppress the FE transition completely, and reduce the AFD transition temperature
from 130 to 110 K. For BaTi@, quantum fluctuations do not affect the order of the transition, but do reduce
the transition temperature by 35—-50 K. The implications of the calculations are discussed.

Quantum fluctuations typically have a very important ef-BaTiO; (Refs. 10 and 1land SrTi0;,*>! giving good
fect on the structural and thermodynamic properties of maagreement with experimental observations. Treating atomic
terials consisting of light atoms like hydrogen and helium.motion classically, it predicted FE phase transitions for
For example, quantum effects introduce large corrections t&rTiO; at low temperature, thus giving indirect support for
the calculated hydrogen density distribution in the Nb:Hthe notion that quantum fluctuatiorgot included in the
system' For materials with heavier atoms, however, thetheory must be responsible for the observed absence of a
quantum fluctuation can have only a small effect on the distow-temperature FE phase.
tribution of atomic displacements, and thus typically do not |n the present work, we have extended the previous treat-
have a noticeable effect on the structural and thermodynamigent of the first-principles based effective Hamiltonian to
properties of the material. However, exceptions may 0CCUfincjyde quantum fluctuations. In particular, we use path-
As we shall see, the cubic perovskites can exhibit dec's'v?ntegral(Pl) quantum Monte Carlo simulations to study the

quantum-fluctuation effects, despite the fact that the lighteste ot of guantum fluctuations on the structural phase transi-
constituent is oxygen. This can occur because these materi Sns in SITiO; and BaTiO;. For SrTiOs, we find that the
have several competing structures with very small structur% ' '

. uantum fluctuations have only a modest effect on the AFD
and energetic differencés. o . o
) , L . . transition temperature, while the FE transition is suppressed
A good example is SrTig. While it has the simple cubic entirely. We discuss the relative importance of AFD and FE
perovskite structure at high temperature, SrJi@oes y: b

through an antiferrodistortiveAFD) transition at 105 K to a q.“af‘t“”? flu.ctuatlons in some detail, and examine the poten-
tetragonal phase in which the oxygen octahedra have rotatd{f! implications of our results for understanding the low-
in opposite senses in neighboring unit cells. The observelfMperature behavior of the material. For BagiGn which
softening of the ferroelectriGFE) polar phonons with further the FE transitions occur at higher te_mperature, we find that
reduction of temperature in the range 50—100 K would apthe quantum effects are less dramatic.
pear to extrapolate to a FE transition close to 20 K, but We start by reviewing the effective Hamiltonian and its
instead the softening saturates and no such transition gENstruction. Two approximations are involved. First, since
observed. The absence of a true FE transition is suggested tdoth the FE and AFD transitions involve only small struc-
be suppressed by guantum fluctuations, giving rise to #ural distortions, we represent the energy surface by a Taylor
“quantum paraelectric” phase at very low temperattire. expansion around the high-symmetry cubic perovskite struc-
Some experiments appear to suggest a sharp transition to thige, including up to fourth-order anharmonic terms. Second,
low-temperature phase at about 40 K, perhaps indicating theecause only low-energy distortions are important to the
formation of some kind quantum coherent statédowever,  structural properties, we include only three such distortions
until a plausible candidate for the order parameter of thén our expansion: the soft FE mode, the AFD mode, and an
low-temperature phase is put forward, these ideas must relastic mode. These are represented, respectively, by local-
main highly speculative. mode amplitude$ , a, andu;, wherei is a cell index. The
These developments have stimulated many theoretical efecal modes are constructed in such a way that a unifemn
forts to understand the quantum effects in SrJi¥ °How-  for AFD, a uniformly staggeredarrangement of the mode
ever, the previous work has all been qualitative or empiricalectors represents the desired low-energy excitafidius,
in approach. Although it was shown that quantum zero-pointve work with local-mode vectors instead of atomic displace-
motion is capable of suppressing phase transitioasgde- ments. This reduces the number of degrees of freedom from
tailed microscopic approach is needed to gain a quantitativé5 to 9 per cell and greatly reduces the complexity of the
and detailed understanding of the quantum effects at finitdaylor expansion. The Hamiltonian is specified by a set of
temperature. Recently, aab initio effective-Hamiltonian expansion parameters determined using highly accurate first-
scheme has been developed to study structural phase tranprinciples  calculations  with ~ Vanderbilt  ultrasoft
tions of cubic perovskites. It has been successfully applied tpseudopotential& The details of the Hamiltonian, the first-
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principles calculations, and the values of the expansion pa-lere,i andj are the cell indices, whilex and 8 denote
rameters have been reported elsewH&r&> Cartesian componentg(i«) is the eigenvector describing
In our previous work, we have used this effective Hamil- atomic displacements associated with local mge andM
tonian by applying Monte Carlo simulation techniques tojs a(diagona) mass matrix in the 15*-dimensional space of
study the thermodynamics of the system in the classicahtomic displacements of ourx L x L supercell. Similarly,
limit. Assuming the ionic motions are classical is usually amass matrix elements connecting different kinds of local
good approximation for systems such as cubic perovskitegectors, such as those betweeranda;, are also included.
containing atoms no less massive than oxygen. However, thene entire mass matrix can be calculated once and for all,
structural differences and energy barriers between the cubignd the extension of the PI technique to handle a nondiago-
structure and the possiblehombohedral or tetragonallis-  nal mass matrix is straightforward.
torted structures are very small. A rough estimate of the im- The study of the thermodynamic properties of the classi-
portance of quantum fluctuations can be obtained from thegg system is performed using Monte CarlVC)
Heisenberg uncertainty principlap-Ag=%/2, or equiva-  simulations'® The original simulation cell is a. XL XL
lently, cube, with three vectorfs, a,, andu; at each lattice poirit.
Periodic boundary conditions are used, and homogeneous
AE=4%/(8MAQ?). (1) strains of the entire supercell are included. Each local vector
Here,Aq denotes the uncertainty in the structural coordinateis converted to a string oP beads, so that we haveP@?
which is related to the structural difference between phaseslegrees of freedom per simulation supercell. We use a
AE is the energy uncertainty’ or Zero_point energy, Wh|chS|ng|e-ﬂlp algorithm, making trial moves of the vectors at
may prevent the occurrence of the distorted phase if it igach site in turn and testing acceptance after each move. We
larger than the classical free-energy reduction. So if théay that one Monte Carlo swe€iCS) has been completed
structural and energetic differences between phases are sm@lnen all vectors on all sites have been tried once. Because of
enough, quantum suppression may occur even for fairly maghe 1% lattice-constant error in our local-density approxima-
sive ions. For a quantitative understanding, we need to pefion (LDA) calculations and the strong sensitivity of the
form statistical simulations that treat the ionic motion quan-structural transitions to the lattice constant, all our simula-
tum mechanically. tions are performed at a negative pressure to restore the ex-
Here, we adopt the path-integi@l) techniqué® of quan-  Periment lattice constant, as in our previous witk:?
tum simulations, which has proven to be a very successful The Trotter numbeP should be large enough to ensure
method for studying H- and He-related system$.The that the quantum effects are correctly accounted for. On the
method is based on Feynman’'s Pl formulation of quantunfther hand, the computational load increases rapidly with
mechanics’ This formulation states that the partition func- increasingP, because of both larger system size and longer
tion of the original quantum-statistical systems of particlescorrelation time with largeP. In our simulation, the proper
can be approximated by the partition function Bfsub-  Trotter number for each temperature is chosen empirically.
systems of classical particles with each quantum particle reEor a certain temperature, we simulate systems with increas-
placed by a cyclic chain oP beads coupled by harmonic ing Trotter numbeP=1, 2, 4, 8, 16, .... Weequilibrate
springs. Each subsystefecomprising one bead from each Systems with eacR and monitor their order parameters. We
chain has internal interactions identical to the reference clasdetermine that th@ is large enough if the monitored quan-
sical system, except for a reduction in strength by a factofities converge. If a certain quantity is sensitive R its
1/P. The spring constant of the harmonic springs couplingvalue atP=c can be extrapolated following the formula
the beads inside a certain cyclic chaimi®/%22, wherem  @o+a;/P+a,/P? (Ref. 19.
is the mass of the quantum particle a@dhe inverse tem- We concentrate on SrTiPand study the effect of quan-
perature kBT)il- This approximation becomes exact whentum fluctuation on both FE and AFD phase transitions. In
the number of bead®—o, but in practice almost exact Fig. 1, we show the FE and AFD order paramet¢f$) and
results can be obtained with a fini®e depending on the &(R) as a function of temperature for a’422x12 simula-
system of interest. This way, thermodynamic properties ofion cell. The classical dat@reviously published in Ref. 32
the N-particle quantum system can be obtained from theare produced by a cooling-down simulation, starting at 250
study of a @ X N)-particle classical system. K and cooling down gradually, equilibrating and then simu-
The only extra inputs we need are the masses of all théting to obtain the order parametéfsThe quantum simula-
“particles” in our system. The degrees of freedom in our tions are performed witf® =4, which is found to give con-
Hamiltonian are the three local-mode amplitude vecfors Verged results foif >60 K and qualitatively correct results
a,, andu; associated with each unit céll Each local mode for T>20 K. We use the equilibrium configuration from the
involves displacements of several ions. If we regard eacl§lassical simulationsR=1) as the starting configuration. We
local vector as representing the displacement of som#nd the system reaches equilibrium faster this way than it
“pseudoparticle,” the mass of each such pseudoparticle cafloes if gradually cooled and the results are less affected by
be determined from all the ionic displacements involved.hysteresis. The system is equilibrated for 10 000 MCS's, and
Since two local-mode vectors may involve the same ion, wéhen another 30 000—70 000 MCS's are used to obtain the
actually have a nondiagonal mass matrix. For example, theeported thermodynamic averages.
mass matrix elements between local modesnd f;, or Figure 1 shows that the quantum fluctuations do affect
equivalently,f;, andf;;, can be constructed through bp}h the AFD and FE phase transitions. The AFD phase tran-
sition temperature decreases from 130 K to 110 K when the
M, jp=&(la)-M-&(jB). (2 qguantum fluctuations are turned on, bringing the results into
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guantum state in which small FE domains propagate through
the crystal. Because the size of our simulation cell is much
FIG. 1. AFD and FE order parametetR) andf(I') as a func- smaller than the domain size suggested, we expect that such

ti f t t fi 2212x12 SrTi imulati I. - - .
lon of temperature for a SITIO; simulation ce a state would appear as a real FE phase in our simulation.

Squares, circles, and triangles indicate the largest, intermediate, a%i is not observed. However r simulation d reveal
smallest components of the order parameter, respectively. Fille S IS not observed. HOWEVer, our simufation does revea

symbols are from classical simulations, while open symbols areome changes in t_he character O_f the FE fluctuations at low
from path-integral simulations witR =4 (the latter for the FE case teMperature. A typical FE fluctuation at high temperature re-
are nearly zero and are thus not very visiblesets indicate sche- Sembles the soft eigenvector of the force-constant matrix,
matically the nature of the AFD and FE distortions. which is independent of the masses, since the classical ther-
modynamic properties are related only to the potential en-
better agreement with the experimental result of 105 K. Orrgy. However, the quantum fluctuations are quite sensitive
the other hand, the quantum fluctuations can be seen to ha{@ the ionic masses, and at low temperature the fluctuations
completely suppressed the FE phase transitions, at leagf light (primarily oxygen-relateidegrees of freedom are
down to 40 K. Further simulations going as highRs 20  accentuated. This crossover in the character of the fluctua-
place an upper bound of abidsiK on anypossible FE phase tions occurs gradually below 100 K, and we suspect that it
transition temperature. Thus, we conclude that quantum flucnight possibly be responsible for the experimentally ob-
tuations almost certainly suppress the FE phase transitiori@rved anomalies which were interpreted in terms of a phase
completely, resulting in a paraelectric phase dowiT 0. transition. If this is the case, _the “guantum paraelectric”
Since the effect of quantum fluctuations is more dramatid®hase at very low temperature is probably not separated by a
on the FE transitions, we analyze this case in more detail. IffU€ phase transition from the classical paraelectric phase at
the paraelectric phase, the fluctuation of the FE local-mod®igher temperature. _
vector f has both quantum and thermal contributions. We TO better characterize the impact of the quantum effects
identify the thermal fluctuations as those associated with th@" FE transitions, we also apply the Pl simulations to
fluctuations of the center of gravity of the cyclic chain. More BaTiOs. The regults are summarized in 'Table . The simula-
specifically, lettingf(i,s,t) represent on lattice sitei, Trot-  tion procedure is the same as for SrgiOexcept that the
ter slices, and MCSt, the thermal fluctuation can be ob- AFD degrees of freedom are neglected in BaJi@cause of

tained from our simulation using their high energy. Experimentally, BaTihas four phases in
the sequence cubidcC), tetragonal T), orthorhombic Q),
(Aftherma52:<<f>§>it, (3) and rhombohedral ) with decreasing temperature. Our
’ classical simulations correctly reproduce this transition se-
while the total fluctuation is guence, and give transition temperatures that are in reason-
able agreement with~ 15-30% below the experimental
(AfoR)2=(f2), . (4 ones. We have argued previously that the quantitative dis-

- repan n probabl r he LDA lattice-constan
Here the brackets represent the indicated average. The part((:)fe pancy can probably be traced to the attice-constant

fluctuation due solely to the quantum effects can be obtained
from (AfOM)2=(AfoE)2_(Afthema)2 - The result for a TABLE I. The effect of quantum fluctuations on the FE transi-

10X 10x 10 lattice is shown in Fig. 2. The results are ob-ion temperatures in BaTig) for a 12<12x 12 supercellR, O, T,
tained from simulations at several small Trotter numbers angnd C indicate rhombohedral, orthorhombic, tetragonal, and cubic
then extrapolated to P=o using the formula PNases. respectively.

ag+a;/P+a,/P?. As expected, the thermal fluctuation de-

. . . Ph lassical Expt.
crease with decreasing temperature, while the quantum fluc- ase Classica Quantum Xpt
tuations increase. Below 70 K, the quantum fluctuation©o—-R 200+ 10 150+ 10 183
dominate. T-0 232+ 2 195+ 5 278

Recent experiments suggest there may be a weak signa—T 206+ 1 265+ 5 403

ture of a phase transition in SrTiCaround 40 K This was
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error’® Here, we find that, with quantum effects included, tion length estimated at 0™ we can roughly say that about
the calculated transition sequence is still the same, while theen local-mode vectors are “bound together” and the effec-
transition temperatures are reduced further by 35 to 50 Kiive mass becomes ten times larger. On the other hand, the
Although the absolute transition temperatures are thus iAFD modes, associated with rotation of the oxygen octahe-
slightly worse agreement with experiment, the spacing bedral, correlate strongly with each other because of the rigid-
tween phases is more reasonable. In any case, it is clear tHif of the octahedral unit. The correlation region is 2D disc-
the quantum effects can have a substantial effect on the Fike: a,(R;) correlates strongly witha,(R;*nax+may),
transition temperatures even up to several hundreds of détheremis again a small integer. The AFD correlation length
grees K, a result which was not obvious from the outset. 1S comparable with the FE orté,but now the 2D nature

It may appear counterintuitive that quantum effects on thdMPplies that roughly 100 mode vectors are tied together, for a
FE instability are much stronger than on the AFD instabilitymaSS enhancement of 100 instead of just 10. Thus, this effect

in SrTiO3. After all, the AFD instability involves only the weakens the quantum fluctuations much more for the AFD

motion of oxygen atoms, while the FE instability involves than for the FE case, and one should generally expect quan-

tum suppression of phase transitions to be stronger in the FE

mainly Ti atoms which are three times heavier than the oxy .,

gen atoms. A partial explanation can be drawn from the fact |, symmary, we have applied the PI technique to study the
that the structural change involved in the FE distortiorl  gffect of quantum fluctuations on FE and AFD phase transi-
a.u. for Ti in SrTiG;) is much smaller tzhan for the AFD  ions in SrTiO; and BaTiO;. We find that the quantum fluc-
distortion(0.3 a.u. for Q. As a resultmAq® tumns out to be  yations have a weaker effect on the AFD transition than on
three times larger for the AFD case, even though the effecqe FE one, because the AFD modes are more strongly cor-
tive mass is smaller. Thus, according to L), the effect of  rg|ated with each other. In the case of SrEiQwe find that

the quantum fluctuations will be less significant for the AFD e FE phase is suppressed entirely, thereby supporting the
case. . notion of “quantum paraelectric” behavigthough not nec-

~ We think a more fundamental explanation may be foundyggayily a distinct phasat very low temperature. The AFD

in the stronger spatial correle_mons betw_een AFD distortionsy,ansition temperature is found to be only slightly reduced.
In the cubic phase, the spatial correlations for the FE locaf, BaTiO;, we find that the quantum effects preserve the

vectors are chainlike or quasi-one-dimensiofi): fA(Ri)  transition sequence and reduce the transition temperatures
correlates strongly only withf,(R;=naz), wheren is a modestly.

small integer number and is the lattice constarff'*® This

correlation is due to the strong Coulomb interactions be-

tween FE local modes, which strongly suppress longitudi- This work was supported by ONR Grant No. NO0O014-91-
nal excitations relative to transverse ones. With the correlad-1184.
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