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Anomalous enhancement of tetragonality in PbTiQ induced by negative pressure
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Using a first-principles approach based on density-functional theory, we find that a large tetragonal strain can
be induced in PbTiQ by application of anegativehydrostatic pressure. The structural parameters and the
dielectric and dynamical properties are found to change abruptly near a crossover pressure, displaying a
“kinky” behavior suggestive of proximity to a phase transition. Analogous calculations for Ba3how that
the same effect is also present there, but at much higher negative pressure. We investigate this unexpected
behavior of PbTiQ and discuss an interpretation involving a phenomenological description in terms of a
reduced set of relevant degrees of freedom.
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I. INTRODUCTION The paper is organized as follows. Section Il provides the
technical details of our first-principles calculations. Section

Recent work has shown that single-crystal solid-solutionlll gives the results of our computations for the tetragonal
ferroelectric perovskites can have dramatically improveddistortion, structural parameters, and lattice dynamical prop-
electromechanical properties compared to conventionadrties as a function of applied negative pressure. In Sec. IV
transducer materiafs® Representative materials include we introduce a phenomenological model that allows us to
PbZnsNb,s0;—PbTiO; and PbMg;sNb,z0;—PbTiO;, identify the relevant degrees of freedom responsible for this
which have ultrahigh piezoelectric coefficients and low di-behavior, and we conclude with a brief discussion in Sec. V.
electric loss. These materials have also been observed to ex-
h!blt elect.rlc—fleld—mduced phase transformations to “ultra- Il. COMPUTATIONAL DETAILS
high” strain stateg.

PbTiO; serves as the common parent compound for this All ab initio calculations were performed in the frame-
class of materials, and may be supposed to play an importamtork of the Hohenberg-Kohn-Sham density-functional
role in the observed behavior. Since the discovery of ferrotheory(DFT) within the local-density approximatiofi.DA ).
electricity in perovskite oxides in the 1950s, PbJiBas We use theaBINIT packag€, a plane-wave pseudopotential
been the focus of extensive experimental and theoreticalode that, in addition to ground-state total-energy and force
study. It has a single phase transitionTat=766 K from a  calculations, allows linear-response computations of phonon
paraelectric cubic phase to a ferroelectric tetragonal phas#equencies and Born effective charges. Our calculations use
and ac/a of 1.06 at low temperature. The structure andthe Perdew-Warl§ parametrization of the Ceperley-Aldér
properties of PbTi@ have been widely studied using first- exchange correlation, and the extended norm-conserving
principles calculation$® Nevertheless, we report here a pseudopotentials of Tetét. These pseudopotentials include
feature of the behavior of PbTithat had not previously the O Zand 2, the Ti 3s, 3p, 3d, and 4, the Ba %, 5p,
been noticed. Our calculations show that an enormous tetragnd 6, and the Pb 8, 6s, and & in the valence states. We
onal strain can be induced in PbTy application of a have used an energy cutoff of 60 Ha throughout. The inte-
negative hydrostatic pressure. The structural parametersgrals over the Brillouin zone have been replaced by a sum
such as cell volume and atomic displacements, are found tover a 6<6Xx6 k-point mesh. Convergence of the relax-
change abruptly near a crossover pressure, displaying a&fions requires the Hellmann-Feynman forces to be less than
“kinky” behavior suggestive of proximity to a phase transi- 0.003 eV/A . We have computed the eigenvalues and eigen-
tion. Analogous calculations for BaTi&show that the same vectors of zone-center force-constant matrices by using both
effect is also present there, but at much higher negative pre§nite-difference (frozen-phonop and linear-response ap-
sure. proachegwith typical displacements of 0.007 a.u. for the

In this paper, we investigate this unexpected behavior oformen, finding excellent agreement between the two
PbTiO;, and discuss its interpretation using a phenomenoschemes.
logical description in terms of a reduced set of relevant de-

grees of freedom. We make the notion of proximity to a

. . . Ill. RESULTS
phase transition more precise by demonstrating that small
changes in the parameters in this description can take the A. Structural response

system through a triple point, leading to first-order transition 14 observed crystal structure of ferroelectric PhyTi@s

behavior. Although the application of negative pressure is no, 4 ith Pb in the(1 "
feasible experimentally, our theoretical study provides usefuipaCe gr'o'uﬁ’ mmi Vl" 1 bin the(ly Wyckoﬁlptl)5|t|on(0,
insights into the structural instabilities of PbTjCand may 0 §1), Tiin (1b) (3,2,2+¢5), and O in(1b) (3,2.£5) and

ultimately help suggest other, more practical avenues leadin@0) (3,03 +£4) (0, 3,5+&,). The free structural param-
to enhanced tetragonality in PbTj@nd related compounds. eters are tha lattice constant, the/a ratio and the atomic
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displacements alonij, &, (expressed in units af). At zero
pressure, our LDA calculation yieldsTa= 0 equilibrium lat- o
tice constant ofa=7.301 a.u. andc/a=1.029, which are
~—1% and~ —3.4% less than the experimental values of
7.373 a.u. and 1.06%, respectively. Thus the degree of tet-
ragonality, as measured bg{ a)/a, is significantly under-
estimated by the theory. The fully relaxed internal coordi-
nates arefp,=0.0579,81;=0.0268,{o o,= —0.0335, and

§0,=—0.0177, where @ and Q are the “in-plane” oxy-

)

~
v
o

Volume (Bohr
N
o

378

gens(20) and G is the apicalalongz (1b)] oxygen of the 0.25
Ti-centered oxygen octahedron. We use the convention thal
2é=0. Throughout this work the reference state will be g
our theoretical minimum-energy ideal cubic structu, ( &
=7.331 a.u.), in terms of which the strains are defined as
71=(a—ao)/ap and 73=(c—ag)/ao.

We perform full, unconstrained optimization of the struc-
tural parameters of tetragonal PbTEi@s a function of exter-

0.15

nal pressure ranging from 0 te7 GPa. At a given pressure, 2

the set of parameters that minimizes the enthalpy is deter- g

mined. In practice, we do this by iterating until the

Hellmann-Feynman forces on the atoms are zero, and the g,

Hellmann-Feynman stress tensor matches the one corre =&

sponding to the imposed external pressure, within preset tol- .2

erances. In particular, the lattice vectors are considered opti- E

mized if the residual stress difference is withirl0~2 GPa. < . . . , Osl ,
The negative-pressure dependence of the optimized struc 015 2 -4 -6
tural parameters is shown in Fig. 1, where pan@ls-(c) Pressure (GPa)
display the unit-cell volume, straingy{ and »3), and inter-

nal atomic displacements in the direction, respectively. FIG. 1. Negative-pressure dependences (af volume (in

As can be seen from the figure, all of the structural paramBohr®); (b) tetragonal straim; and#,; (c) atomic displacements in
eters display an abrupt change around a crossover pressuhe z direction (in ¢ units) for tetragonal PbTiQ

p.=—4.8 GPa in a way that suggests proximity to a phase

traps;uon. The kr)apld gnlargement o;.tlhe_ ur;:t-c&llt;/olumedre-a??, —2.55,—5.50, similar to previously calculated values
sults from an abrupt increase g§, while it should be noted ot 3 95 g 71 2 56, — 5.5115 respectively. However, a di-

that the in-plane strainy, decreasesslightly n the SAME  yact comparison is not possible because the latter values were
pressure range. The net effect of the negative pressure is [0y ted at the experimental tetragonal lattice constants.
stretch the unit cell strongly alormjand slightly squeeze itin - The most important features are the anomalously large effec-
the plane. For example, just above the transitionpat  tive charges of Ti and §(oxygen along the bordompared

—5.3 GPa, we findy; = —0.02 andy3=0.186, and the re- jth their nominal charges{4 and—2, respectively and

sultingc/a is 1.21. Next, considering the relaxed atomic po-the anisotropy of the oxygen charge. These features persist
sitions, the most remarkable feature is the change in charagnroughout the negative-pressure range of interest, although
ter of the oxygen-displacement pattern. At pressures below| of the effective charges approach somewhat closer to the

pc the apical oxygen is displaced less than the in-plane oxynominal values abovp, . Most notably,Z%, andzg, change

gens, whereas at pressures abpyét is displaced more. At by ~25% while passing through., suggesting a weaken-

Pc both types of oxygens are displaced by nearly the sam%g of the Ti—O bond, wherea&}, and Z§ decrease less
amount, which means that the oxygen cage forms a tetrago- 1

nally strained octahedron. noticeably. This follows the same trend observed in other

For each of the optimized structures, we have also carrieRerovskites;® where theZ*’s decrease as the ions are dis-
out spontaneous polarization calculatioagper panel of placed away from their high-symmetry cubic sites. The large
Fig. 2 as a function of negative pressure using the Berrychanges irzZr; andzg_ reflect the change of the Ti environ-
phase theory of polarizatioif.It can be seen that the polar- ment along the Ti—O chains; the shortened Ti-HOnds re-
ization shows the same anomalous behaviopat To get  main almost constant in length while passing throymgh
some insight into the polarization, we compute the Born efwhile the elongated bonds lengthen abruptly there. Note that
fective chargesZ; ). The bottom panel of Fig. 2 shov&g ;3 even though th&*'s decrease, the enhancement of the ionic
in the relaxed tetragonal structure at different pressures, afisplacements is so strong that the overall effect is a marked
obtained by using density-functional perturbation theory. Theenhancement of the spontaneous polarization with negative
results at zero pressure fee= Pb, Ti, O, and Q are 3.84, pressure.
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0 . 1 . I . 1 . i
0 -2 -4 -6 , , ,
Pressure (GPa) 0 2 -4 -6
' ' ' ' ' ' Pressure (GPa)
4 . Ti _ o FIG. 4. Eigenvalues of the force-constant matrix in the cen-
v Pb Tt ee— trosymmetric tetragonal structure with lattice constants of the opti-
mized tetragonal structure at the specified pressure.
* < 0_.
N

0, .o in a pressure interval of width 1 GPa around, the volume
jump is ~15% in BaTiG,, to be compared with~5% in

A e 1 PoTio
)4 0)

5 Note that there is experimentaland theoreticaf evi-
. L . ! . ! . dence for a pressure-induced isostructural transition in
0 -2 -4 6 wurtzite InN that is reminiscent of the one predicted here. In
Pressure (GPa) the InN case, the hexagorala ratio is predicted to decrease

sharply under appliedositivepressure. However, the crystal
structure and chemistry of the wide-gap IlI-V nitrides are
quite different from those of the perovskite oxides. Still, it
. . ) . _ may be interesting to speculate on possible connections be-
We have also investigated BalyQinder negative pres tween them, and to consider whether the behavior observed

sure. In order to facilitate comparison with the results for, e o perovskites may have counterparts in other ma-
PbTiO;, we have imposed tetragonal symmetry, even thougtg

the ground state of BaTiQis rhombohedral. Interestingly, erials systems.
we find the same anomalous effect as in PiTiBut it oc-
curs at much higher pressure in BatiOrhe computed op-
timized volume of BaTiQ in the tetragonal phase is plotted  As a first step towards understanding the unexpected be-
as a function of negative pressure in Fig. 3, together with théavior of PbTiQ at negative pressures, we investigate the
corresponding results for PbTi@or comparison. As seen, in - zone-center lattice instabilities in a structure having the lat-
BaTiO; the jump of the volume occurs pt=—10.6 GPa, a tice constants of the optimized tetragonal structure at the
pressure that is approximately twice as large as for PRTiO corresponding pressure, but without internal distortigres,
Furthermore, the abrupt volume enhancement is even largeall atoms at centrosymmetric positiongor each structure,
we compute the force-constant matrix at thepoint using
' ' the frozen-phonon method.
520 4 The tetragonal ferroelectric phase of PbJielongs to
BaTiO, the C}, (P4mm) space group. At thd point, the vibra-
tional representation is spanned by two one-dimensional ir-
480k ] reducible representationsA; and B; and one two-
PbTiO, dimensional representatidfy of which there are 4, 1, and 5
copies, respectively, so that the force-constant matrix is
block diagonal. As we are interested in the modes producing

polarization anngE, we only have to diagonalize thex#
block of the A; subspace. The pure translational mode is
. . discarded, and the eigenvalueg (of the three remaining\;
0 4 -8 12 modes are plotted versus pressure in Fig. 4. Negative values
Pressure (GPa) correspond to unstable modes. As expected, the ferroelectric
soft mode is already unstable at zero pressure, and it be-

FIG. 3. Negative-pressure dependence of voliim&ohr) for ~ COmes even more so as the crossover negative pressure re-
tetragonal BaTi@ and PbTiQ. gion aroundp.= —4.8 GPa is crossed because of the cell-

. 2. ization(upper paneland Born effective charges
(Zy) (bottom panelfor PbTiO; as a function of negative pressure.

B. Lattice instabilities

Volume (Bohr3)

440 .

400
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TABLE I. Comparison of eigenvalues<f and eigenvectors of the original and second soft modes for
different pressures. EigenvectdRb, Ti, O, =0,, O;) are normalized to unity.

p (GPa x (a.u) Eigenvector
Original
0 -0.187 0.520 0.573 —0.388 -0.317
—4.56 —0.308 0.217 0.752 -0.211 —0.546
—6.48 —-0.383 0.093 0.755 —-0.108 -0.631
Second
0 0.190 0.713 —0.682 -0.076 0.121
—4.56 0.056 0.824 -0.321 -0.317 0.130
—6.48 —0.116 0.814 —0.128 —0.394 0.102

volume enhancement that takes place there. However, weters are plotted foexpansive(positive) isotropic stress
also find that a second mode becomes soft and that its frénegative pressuyeand for compressivegnegative in-plane
quency crosses through zero at a pressure that is close to tbgess. This is the appropriate comparison since both have the
samep, . At first sight, this concurrence might be taken as aeffect of enlarging the lattice constant and thus potentially
hint of some connection between the second mode crossingiggering the abrupt structural change. Indeed, we find that
and the anomalous crossover behaviors. However, as will b@]e biaxial Stresdoesgenerate the same kind of anomalous
eXplained in Sec. IV, we think that if there is such a ConneC'C_axiS behavior. The en'argementdmccurs at a somewhat
tion, it is more likely that the rapid expansion of toéattice  |arger magnitudes of the stress, and produces a somewhat

constant causes the second mode crossing, and not Vi?ﬁ’ore modestc-axis expansion, than for the isotropic-

veqf,ﬁ. e t I iy Qressure case.
€ corresponding €1genvectors are aiso very Sensiive 10 1 ho1g pe emphasized, however, that the abrupt varia-

pressure changes. Table I_sgmmanzes the_elgenvallaesi dtion only appears wheaanda are plotted vs applied biaxial
the eigenvectors of the original ferroelectric soft mode an 4 . . o
stress simply plotting c vs in-planestrain (i.e., vsa) does

the second soft mode at three different external pressureﬁ:ot reveal anomalous behavior. Moreover, in order to obtain
zero,p., and a pressure higher thap. As can be seen, the ' '

original soft mode shows the displacement pattern that i%he same larges value_s t.hat result near the_klnk in the
typical of ferroelectric perovskites, with the cations moving Nedative-pressure casindicated byp. in the figurg, we

in opposition to the oxygen octahedra. As the negative predind that the in-plane lattice parameters would have to be
sure increases, the character of the mode evolves to orf@mpressed by~ —3.2%, which is much larger than the
dominated by the long-short alternation of the bonds in thdypical compression that can be attained by QFOV\étOh of
Ti-O bonds alongz. On the other hand, the pattern of the PPTIO; on typical substrates such as Sr3iG-—1.4%),
second soft mode consists mainly of the Pa-plane mov-  ©F NdGaQ (~—1%).”" Thus it does not appear that the
ing against the Ti—Qplane. At zero pressure the opposing predicted behavior can be observed in epitaxially strained

cation displacements are dominant; negative pressure leafi"s- Perhaps it may be possible to find some other way to
to an increase in the Q displacements and a decrease in the

Ti displacement. [ ' ' ' ' ' '

= &—o Isotropic

EN] o DD

C. Applied biaxial stress 2 Biaxial
As mentioned in Sec. Il A, the effect of negative isotro- B 8.5 7

pic pressure on the cell shape is to stretch the unit cell along g
z and slightly squeeze it in plane. Here we consider what g 8 -
happens if instead we apply an in-plane stress oty ( =%
=0y, and o,,=0). In the calculation, we constrain tte § 75 4
lattice parameter and allowand all the ionic positions in the b= d a |
[001] direction to relax while preserving the tetragonal = 7L fa&% f ©
space-group symmetry; the biaxial stress needed to support ! ! !
this structure is then computed directly withasiNnIT. This 0 2 4 6

procedure allows us to map out the properties as a function Stress (GPa)
of either in-plane stress or in-plane strain, whichever is de-

sired. The focus here will be on the former, but we note in  F|G. 5. Comparison of lattice parameteranda, in a.u., as a
passing that latter corresponds to the case of epitaxial growtfinction of absolute value of stress obtained for tetragonal PpTiO

on a substrate of slightly different lattice constaht. by applying negative biaxial stress or positive isotropic stress
The results are shown in Fig. 5, where the lattice param¢negative pressuye
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generate a sufficiently large biaxial compressive stress so 0.2 - T - T : T
that this effect can be observed.

In any case, we think it is interesting that the application
of compressive biaxial stress can generate the same kind of
anomalous structural behavior as the application of negative
isotropic pressure, at least for PbTEiOThis result tends to
support the speculation that some other kinds of variation
(e.g., chemical substitutipmight also be capable of driving
a similar anomalous behavior.

o
—_
(%]

Projection of atomic displ.
o
) <
w —_

D. Applied electric field

Another means of producing an effective tensile stress Ob

alongi is the application of an electric field in the same
direction. The induced polarization should couple strongly to
the tetragonal strain. Therefore we made a preliminary inves-
tigation of \_Nheth_er a s_tro_ng applied electric field might beat the specified pressurég() onto the three zone-center modes of
capable of inducing a similar anomalous enhancement of tefg, o zero-pressure cubic structute(), |,), and|ey)), given in
ragonality. The structural parameters in applied electric fieldg,its of . ’

can be estimated using an approximate scheme in which the

ab initio force on each atorfcomputed in zero electric field .
is augmented by the product of the dynamical effectiverecuy couples to the pressu(ie should be noted that the cell

charge tensor for that atom and the applied electric field”‘t glvetEVV\]/c'” mfgener:t/l biltet:agonal agdtlti_vgluemand
vector®?Based on our preliminary results, but more specifi-2 &€ thus functions o¥). Next, we need to find an appro-

cally on the results plotted in Fig. 8 of Ref. 8, it appears thatpriate basis able to capture the important inte_rnal strains at
7. and 5, do not show any abrupt cha,nge up to 6 all relevant pressures. We first consider the entire set of zone-
3 1

X 10° kV/cm. Thus it seems unlikely that the application of center modes of the cubic structure at zero pressure, and then

an electric field can cause the same kind of anomalous be@ttempt to determine which of these are most relevant for

havior as the application of negative pressure. A more careftﬁpanning the observed configurations in the pressure range of

study would be desirable, checking whether the above a 'ptere.s.t' Since the structure remains tgtragongl, .the three

proximations might be oversimplifying the treatment of nontnwal A1 modes form the starting p_omt for this investi-

some nonlinearities, but this is left for a future investigation.gat'on' Lgtu, w, andv denote the amplitudes of the softest,.

intermediate, and hardest mode of the force-constant matrix,
with eigenvectors|¢,)=|0.66,0.39;-0.43,-0.43-0.21),

IV. PHENOMENOLOGICAL MODEL DESCRIPTION |ow)=10.60,-0.79,0.10,0.16; 0.01), and |®0)

In order to explore the origins of the anomalous behavior_ [0.06,0.15,0.33,0.33,0.87, respectively. Then for each
that has emerged from our calculations in the vicinity of thepressure, the optimized displacements shown in Rig). dre

. projected onto these three modes to obtain the amplitudes
Crossover negative pressyrg, we turn now to an attempt to plotted in Fig. 6. As can be seen from the figure, the largest
model this behavior phenomenologically in terms .Of a "€ ontribution at all pressures is clearly given by the soft mode
ducepl set of relevant degrees O.f freedom. We consm_ier MOG \while the other two appear less important. The contribu-
els similar to those that underlie the effective-Hamiltonian

hemé 23 in which the total is Tavl ded. i tion of the second mode is almost independent of pressure
scheme,—in which the total energy IS Taylor expanded, N 4,4 can therefore be neglected. On the contrary, the highest-

scr)]ft—mo?% an;:if sttra]lcnthvarlai)les, | ?}b%m Zti t_reference. CUb'ﬁwode contribution is quite sensitive to pressure, increasing
phase. fhe efiect of the external nydrostalic presgure notably atp.. The need to include at least one additional

included by minimizing an enthalpy that includep¥ term mode in the model subspace is clear from Fi¢r)las a

n ?_?]d't;pnttotth? e?r:argy. fructi fth del is to det single mode cannot capture the change in character above
_'he first step In the construction of the modet s o aeter: - The figure suggests that the highest-mode contribution

mine an appropriate set of degrees of freedom to be include next in importance after the soft mode the fact that

For practical reasons, this set should be as small as possib ; ; - L

and the definition of the degrees of freedom should not de-ﬂbIUdIng thev mode yields a qualitatively correct descrip

- . _tion of the distortions at all relevant pressures will be con-
pend explicitly on pressure. Starting from a reference CUb'?irmed below.

structure, the fully relaxed structure at a given pressure can To develop the model, we consider the configuration sub-

'?he setparated (;’.“f t;/vg ?arts: tﬁ homogeneous ts(tamnrjt)g space defined by three independent variables: the unit-cell
€ atoms undistorted trom their high-symmetry posilons volumeV, the soft-mode amplitude, and the hardest-mode

and an |r_1ternal strain li.e., internal atomic d!splacememts_ amplitudev . At each volumeV, we start by considering only
To describe the first part, we make the simplest possml?he modeu (settingy =0), and Taylor-expand i as

choice. As the unit-cell volumé& increases monotonically
with negative pressure, it specifies the strain state uniquely.
This choice has the added convenience that ¥ ithat di- E(V,u)=Eq+co(V)+cy(V)ul+cy(V)ut, (D)

2 4 %
Pressure (GPa)

FIG. 6. Projection of the relaxed atomic displacements afong
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TABLE Il. Parameters of the model total-energy expansion. All parameters are in atomic units.

v Ao 4.4668 A -0.0124 A, —5.69<10°°
Ag 2.37x10°7 A, —2.17x10°1°

u Cou 0.9264 Chy —0.0042 Cyy 4.65x10°°
Cau 0.7095 Chu —0.0030 Ch, 3.18x10°°

v B, 0.6700 B1, —1.64x10°3
B, —0.0851 B, 5.16x10*

whereE, is the total energy a¥ =V, andu=v=0, so that Note also that in Eq948)—(11), the coefficients of the terms
co(Vo) =0, and terms of orden® and higher are dropped. of linear and quadratic order Mrepresent the electrostictive
The coefficientcy, c,,, andc,, are obtained by fitting to  couplings, which are essential to describe the underlying
ab initio total energies computed for configurations corre-physics in the ferroelectric perovskites. The expansion pa-
sponding to various values ef and the equilibrium value rameters were determined by fitting to the results of total-
for v=0 and fixedV is obtained by minimizing Eq(1),  energy calculations in the interval of volumes from 400 to

leading to 480 a.l?, nearV,=2393.99 a.l’. The resulting parameters
1 coy(V) of the model are reported in Table II.
Uzq(V)=— 2 Ca(V) 2 We then explored the behavior of this model by determin-
4u

ing the equilibrium structural parameters as a function of

and pressurep, minimizing the enthalpyH=E+ pV. The result
1 c3,(V) is shown by the solid line in Fig. 7. We find that there is a
E(V,Ueq(V))=Eotco(V)— 5 V)’ (3)  pressure interval from about4.6 to —6 GPa in which two
u

local minima compete, with a first-order isostructural transi-
Then, starting at the configqra_lt_ion corresponding Wov]  tion between minima gb.= —5.4 GPa. The locations of the
= (Ueg(V),0), we computeab initio total energies for con-  secondary minimum and the saddle point are indicated by the
figurations corresponding to various valuesvofholdingV  gotted line in Fig. 7, obtained by evaluating the thermody-
andu=ueq(V) fixed, and fit the result to quadratic orderin o mic relationp= — 9E(V)/4V as a function oW.
as Comparing the behavior of the model with the first-
E(V,ueq(V),v)=E(V,ueq(V))+blU(V)v+b2v(V)v2. (4) principles results, shown as solid circles in F.ig. 7, we see
that the model correctly reproduces the existence of an
Minimizing the total energy with respect to(at fixedV and  aprypt variation of structural parameters with negative pres-
U=Ueg), the equilibrium amplitude of this mode is obtained gyre. In fact, the model even goes too far, exhibiting a true

as first-order transition where there is none in the first-
1by,(V) principles results. The model also slightly overestimates, by
veq(v):—E blU(V) (5 about 10-15%, the magnitude of the negative pressure at
2v
and the total energy is
. , 480 — T
1c3(V)  1bg,(V) i
= —+ —_ — - .
A TNV (Y R .
w4601 .
Note that the previous procedure was repeated for several %’
values of the volume. Then, to facilitate the modeling of the &
dependence of these results on volwheve fit the functions E 440r
Co, Coys Cay, by, , andb,, as polynomials irV: %
Co(V)=Ag+AV+AN2+AVE+ A,V 7 > a0p
CZu(V) =Cy+ Céuv_" CZUVZ, (8) 400 |
) 0 2 -4 -6 -8 -10
Cau(V)=Cy,+Cy V+Ch V7, 9
(V) =Caut Cay 4u © Pressure (GPa)
blv(V):Blv+BivV' (10) FIG. 7. Pressure computed at different volumes by using the
, phenomenological modelfull line) compared with the first-
b, (V) =By, + B3, V. (12) principles resultgcircles.
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Pressure (GPa) Thus Fig. 8 demonstrates that with increasing negative
0 2 4 6 8 10 12 pressure, PbTiQpasses very close to a triple point. In fact, it

480 ————— , .
passes so close that the errors introduced by the truncations

and simplifications of our model, described earlier in this
section, are sufficient to cause the model system to exhibit a
true first-order phase transition. Indeed, to shift the model
system into the transition-free region of parameter space, it
suffices to chang€, by only ~0.15%. A more accurate
model containing additional fitting parametéesg., an inde-
pendent treatment of lattice constact&ind a, inclusion of
modew, and/or a more careful treatment of cross terms be-
tween modess and v) would presumably be sufficient to
reproduce the observed crossover behavior without the spu-
rious first-order transition.

. T . . . We now turn to an examination of the role of the addi-
3.194 @ tional modev in the anomalous negative-pressure behavior
B 4 of PbTiO;. The effects of holdingy=0 can be easily ob-
tained by minimizing the enthalpl+ pV with E from Eqg.

(3). TheV vs p curve still exhibits the anomalous negative-
1189 > pressure behavior, although the transition region is consider-
) / ably shifted(to around—12 GPa) and there is no first-order

460 |-

440}

Volume (Boh1'3)

4201

400

3.1915 3) critical point

" -6
c',,(10 "au)

transition in this casésimilar to the first-principles result

3.1865 @ Thus inclusion of the additional mode is not absolutely
B / 1 necessary to produce the anomalous negative-pressure be-
0 %) ) "y 3 T havior. On the other hand, neglecting this mode leads to a
substantial quantitative error in the transition pressure. More-
p,(GPa) e :
over, as we have already seen in Figc)land Fig. 6, the
FIG. 8. CalculatedP—V phase diagram for differer€’, pa- inclusion of the mode is needed to correctly capture the

rametersupper pandl The original model is marked as ca. ~ Variation of the_ atomic _dlsplacements with pressure._Th|s
C}, parameter—critical pressur@ ) diagram(bottom panel For ~ Pointis emphasized in Fig. 9. In the upper panel, the ratios of

values bigger tharCj, at the critical point there is no phase the displacements are fixed with an overall amplitude propor-
transition. tional tou (shown with symbolg so that it is impossible to

_ ) reproduce the crossing in the oxygen displacement pattern
sure dependence of the volume at the highest negative pregis|ds a qualitative improvement, with a crossing close to

sures. ; :
: . . . . . The discrepancy between the model and the first-
Even with these minor discrepancies, the model is ver%\C pancy

. ; , rinciples results(shown with dotted lin rows much
useful in generating a clearer picture of the observed behav- ciples results(sho dotted lines grows mu

ior. In particular, the fact that a first-order transition occurs in ore noticeable above, . This most likely reflects the con-

the model supports the idea that the anomalous enhanceméHPUt'on O(]; the ndeglecte% mOdei.a?]d. cou;()jllngst_to tr:edstbrong
of tetragonality in the first-principles calculations results PreSSUré dependence abqys which Is underestimated by

. I . the model.
from proximity to a phase transition. To make this idea more . .
P Y P Finally, we analyze the relation between the modes of the

precise, we consider small variations of one of the model A tric tet | structitependent
paramerrs i, keeping all other parameers foed, and 7SV SO0 Sucutenenaenon pessne
study the transition behavior as a function of pressure. Thé ' U '

; . . fmodel. In our discussion of Fig. 4 in Sec. Il B, we noted that
upper panel of F'g;,8 shows tfe-V diagram for four dif- the tetragonal mode of intermediate hardness crosses from

ferent values ofCy,, -Startlng frgm the original model positive to negativex (i.e., from stable to unstable behavior
marked as casél) and increasingC, incrementally to case 4 5 yressure very close to that at which the anomalous struc-
(4). As can be seen, for the smaller valuesQff, there is a | response occurs. Projecting the pressure-dependent te-
first-order phase transition from a los¥a to a highe/a  tragonal modes on the cubic modes, we find that the tetrag-
phase at a transition pressupg [cases(1) and (2)]. The  opal soft mode is mainly described by the modet all
volume discontinuity decreases with increas@if and van-  pressures, with a significant contribution of the moate
ishes at a triple poinfcase(3)]. In other words, a critical abovep,, whereas the tetragonal mode of intermediate hard-
value of theC},, parameter exists above which there is noness is mainly described at lower pressures by the mode
distinction between two phasgsee, e.g., cas@l)]. The re- and then abovep, by the modev. Since the anomalous
lation betweerC},, and the transition pressure is presented inbehavior occurs even when both cubic-structure modasd

the bottom panel of Fig. 8; the phase boundary dew are frozen to zero amplitude, we think that it is unlikely
fined in this way terminates at the triple point identified by that the zero crossing of the second tetragonal-structure
pressurep; . mode has @ausalrole in the anomalous structural behavior.
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PbTiO;. Specifically, in a window of pressure centered
around a particular valup;, c/a abruptly increases, and all
structural parameters exhibit a corresponding “jump” that
suggests proximity to a phase transition. We have not man-
aged to identify any definite microscopic origin for this
anomalous behavior, although we suspect it may be related
to the breaking of one of the Ti-O bonds along the tetragonal
axis.
To describe this unexpected behavior in Phli@e have
generated a phenomenological model from ahrinitio re-
0.15 : 5 : ) . v . sults, based on an expansion of the total energy with respect
to a carefully selected subset of the structural degrees of
Pressure (GPa) freedom. This has led to the identification of a phase bound-
T y T y T y ary, analogous to the liquid-gas phase boundary, in the model
parameter space. With the parameters obtained from fitting to
first-principles total energies of PbTiDthe model predicts
not just a crossover behavior, but a true first-order transition
at a critical pressur, close to the pressure at which the
anomaly occurs in the first-principles calculations. We found
that a tiny variation of one parameter is sufficient to drive the
model through a triple point and bring it to a transition-free
portion of parameter space where the crossover behavior is
qualitatively well reproduced. It might become possible to
realize such variations of effective model parameters by
some combination of “external fields” such as chemical sub-
Pressure (GPa) stitution, temperature, epitaxial stress, or homogeneous elec-
_ _ _ tric field. If so, one might develop experimental techniques
FIG. 9. Configurational space described iy, (upper panel  for turning the transition off or on, tuning the associated
and byUeq andveq (bottom panel compared with the minimum- - yansition properties, and perhaps even exploring the region
energy structure&otted line$. of the triple point itself.
. . o Finally, we speculate that this “anomalous” behavior of
Instead, it Seems more “kely that it simpigsultsfrom the the structural parameters of tetragonal PhTi€duld be a
abrupt expansion of the-axis lattice parameter. . _more general feature in perovskite oxides. For example, we
Thus we believe that the model developeq in this Sectionyave found that the same anomalous behavior is also present
based on an expansion of the total energy with respect to tr’\ﬁ BaTiO; with imposed tetragonal symmetrighough at
volume and tvyo zone-center qug amplitudes, is a reasonsch higher negative pressiireso that a similar phase
able compromise between S|m_pI|C|ty _anc_j accuracy. .It gives %oundary could be explored in this portion of perovskite pa-
good quall'Fat!ve and even semiquantitative description of th(?ameter space. The possibility of analogous transitions in
abrupt variation of the structural parameters npar The other ABO; perovskites is under investigation. This could

fact that it predicts a true first-order transitionpgt, instead present tantalizing opportunities for designing perovskite-

of a smaoth but k.|nl.<y crossover, should be taken more 3Shased materials with large and controllable strain variations.
a sign of the proximity of the real system to a phase transi-

tion than. as a failure of .the m_ode_l. We are hop_eful th_at _this ACKNOWLEDGMENTS

model will be useful for investigating and describing similar
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