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A first-principles-derived approach is used to study the properties of rocksalt-ordered and disordered
Ph(Sg sNby 505 (PSN alloys. The paraelectric-to-ferroelectric transition temperafigris strongly
dependent on the atomic configuration, while the piezoelectric response VEiBuss nearly
independent of the chemical order. Our calculations are consistent with the experimental finding of
Chu et al. [J. Appl. Phys.77, 1671 (1995] that, atT=T,., ordered PSN undergoes a normal
ferroelectric transition, while disordered PSN transforms from a relaxor state to a ferroelectric state.
© 2000 American Institute of Physids$S0003-695(00)02148-3

The heterovalent perovskite alloys (Blo;;)Nb;,)O;  shows signs of a relaxor behavior aboVg and a normal
(PSN and PKSc;,Tay,)O5 (PST) feature B-site cations ferroelectric behavior belovl.; (3) the piezoelectric re-
from columns IIl and V of the periodic table. These alloys sponses versub/T. of disordered and ordered materials are
adopt a macroscopic rhombohedral ferroelectric groundhearly identical. ltemg1) and (2) are consistent with the
state. They can be grown with different degrees of chemicagxperimental observations in Refs. 2 and 3. l{@ncalls for
order, from a completely ordered rocksalt-type structure to &xperimental confirmation.
completely disordered orfe® While the interactions respon- Here, we use the numerical scheme proposed in Ref. 10,
sible for the existence of compositional long-range atomidvhich consists of constructing an alloy effective Hamiltonian
ordering (LRO) in PSN and PST are now better from first-principles calculations. The total eneryis thus
understood;® the precise effect of atomic arrangement onWritten as a sum of two energies:
their properties is not very clear. First, on one hand, Ref. 1
indicates that the paraelectric-to-ferroelectric transition tem-  E({ui},{Vi}, 74 .{0j}) = Eaud {Ui}.{Vi}, 71)
peratureT .. is independent of the atomic ordering in PST. On
the other hand, Chet al? reported arincreaseof this tem-  Eioc{uib Vil {o}), @
perature by more than 30 K, when going from the disordered . . )
to the rocksalt-ordered PST alloy, while Malibezt al? ~ Whereu; is the local soft mode in unit cell; {v} are the

found that the rocksalt long-range order in PSN leads to gimensionless local displacements which are related to the
significantdecreaseof T, by 50 K with respect to the ran- inhomogeneous strain variables inside each e}, is the

dom case. Second, the relaxdielectrig behavior was first homogeneous strain tensor; and the} characterize the

linked to B-site atomic disordér? while recent measure- atomic configuration of the alloy. That ig;=+1 or —1

ments in PSN and PST suggest that positional disorder alonceorresponds to the presence of a Nb or Sc atom, respectively,

is not sufficient for the relaxor behavior to persistEinally, at lattice sitej of the PI§Sc,,Nb,,)O; alloy. The{o;} pa-

we are not aware of any study pointing out the effect of LROrameters are incorporated into the second' energy B85
: . : which thus accounts for the charge and size differences be-
on the piezoelectric response in PSN or PST. tween Sc and Nb atoms. F& we generalize the analyti-
The thrust of this letter is to investigate theoretically the e WE D y

. . . .—cal expression of Ref. 11—proposed for simple
effect of LRO on structural, dielectric, and piezoelectric .
. R ' compounds—to the study of the &, ,,Nb,,,)O; alloy. This
properties of PSN. For this purpose, we choose to comparé. Pou ucy 2Nby2)Og alloy. Thi

- . rSeneralization consists in using the virtual crystal approxi-
the finite-temperature properties of the completely Iong'mation(VCA) i.e., in creating a RB)O, simple system in
range rocksalt-ordered alloy with those of the fully disor- o

dered ial. our findi foll ksal which the(B) atom is a virtual atom involving a kind of
ere matena. urfindings are as o OV@ Roc sat.or- potential average between Sc and Nb atdfale then de-
dering in PSN does lead to a significant increasd@ ofvith

i ) _ rived E,o by treating the alloy configuratiofo;} as a per-
respect to the random case€?) the dielectric response b-iion of the VCA system. Here, unlike in
strongly suggests that the ordered material exhibits a ”Ormﬂb(Zrl,xTix)O3 (Ref. 10—we adopted an expression that
ferroelectric transition aT., while the disordered material only includesintersite contributions, since thensite alloy
parameters were found to be negligible in PSN. As a result,
3E|ectronic mail: laurent@comp.uark.edu we have

0003-6951/2000/77(22)/3642/3/$17.00 3642 © 2000 American Institute of Physics



Appl. Phys. Lett., Vol. 77, No. 22, 27 November 2000 Hemphill et al. 3643

0.08 . ; w (Ref. 3 may appear disappointing. However, we have found
in previous work with effective Hamiltoniaf%'® that a lin-

ear rescaling of the simulation temperature often leads to
surprisingly good agreement with experiment. Adopting this
approach again here, we rescale the temperature in Fig. 1 so
that the theoretical; in disordered PSN is forced to match
the experimental value. We then predicaof 500 K for
ordered PSN. Thus, the atomic ordering is found to enhance
T, strongly, in qualitative agreement with Ref. 2. The pre-
dicted room-temperature value for the angle between the
primitive lattice vectors of the rhombohedral phaselisor-

] - deredPSN is 89.49°, in very good agreement with the ex-
0 100 200 300 400 500 600 7oo  Perimental result of 89.46% This confirms the high accuracy

of our scheme once the temperature is rescalédte also
compared direct first-principles calculations with the low-
FIG. 1. Largest, middle, and smallest average Cartesian coordingtes , temperature predictions of our effective Hamiltonian ap-

andus of the local-mode vector and as a function of temperature in single . . - : :
crystals of PESG, Nb, )05, Filled symbols refer to disordered PSN, while proach for the internal ferroelectric atomic displacements in

open symbols refer to rocksalt-ordered PSN. The temperature has bedfderedPSN, further confirming this high accuragy.
rescaled to fit the experimental value B in disordered PSN. We now use our effective Hamiltonian approach to in-

vestigate the effects of LRO on the piezoelectric and dielec-
tric response of PSN. At room temperature and when repre-
E|oc({ui},{vi},{aj})=z [Qji(o)egi-ui+R;i(opfji-vi)], senting the piezoelectric tensor in the orthonormal basis
4 2 formed by a,=[110]/v2, a,=[112],6, and a,
@ =[111]/v3, we find that the four independent piezoelectric
where the sum over runs over all the unit cells, while the

coefficientsds;, da3, dyy, andd;s are, respectively;- 80,
sum overj runs over the mixed sublattice sites. is a unit
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vector joining the sité to the center of the soft mode, and 110, and 941 pC/N for ordered PSN. These values yielgsa
f; is a unit vector joining the sit¢ to the origin ofv;. All along the pseudocubi®01] direction of 554 pC/N for the
the parameters entering the analytical expressions of(&ys. disordered alloy and of 439 pC/N for the ordered solid solu-
and (2) are derived by performing local-density tion. An enhanf:ement of p|ezoelectr|c.|ty is thus predicted to
approximatioh®  plane-wave ultrasoft-pseudopotentials 9ccur when going from thEL11] polar direction to th¢001]
calculation$? on small cells. direction for both PSN materials. This enhancement is con-
Once our effective Hamiltonian is fully specified, the sistent with the findings of Refs. 17 and 18, and is mainly
total energy of Eq(1) is used in Monte Carlo simulations to due to the huge value af;s.
compute finite-temperature properties of PSN alloys. We use Interestingly, Fig. 2a) demonstrates that the piezoelec-
12x 12x 12 supercells to obtain converged restftwo  tric coefficients of disordered PSN are very similar to those
different atomic configurations are generated. First of all, thedf ordered PSN when plotting them as a function of the ratio
{0} variables are chosen randomly in order to mimic maxi-between the rescaled temperatdreand their own rescaled
mal compositional disorder. Second, Sc and Nb atoms suctc. This is consistent with the fact that the piezoelectric
cessively alternate along the pseudocubic directions in ordefoefficients of ordered PSN are smaller than those in disor-
to reproduce the fully rocksalt-ordered structure. For eactélered PSN at room temperature, siriceis larger and fur-
configuration, the{o;} variables are kept fixed during the ther away from 300 K in ordered PSN than in the disordered
Monte Carlo simulations. We also use the correlation-sample.
function approach of Ref. 16 to derive the piezoelectric and ~ On the other hand, Fig.(B) indicates that the dielectric
dielectric responses from these Monte Carlo simulations. response versub/T is quite different in disordered and or-
Figure 1 shows the predicted largest, middle, and smalldered PSN. The rocksalt-ordered PSN sample exhibits a nor-
est Cartesian coordinatés,, u,, andug) of the supercell mal ferroelectric transition, as demonstrated by the peak in
average of the local mode vectors in disordered and ordereitie dielectric susceptibility ;3 nearT., and as experimen-
PSN as a function of the temperature. Each coordinate itally observed in ordered P$T and PSN: In disordered
close to zero at high temperature. As each of the two systenf3SN, (i) the curve ofys3 vs T/T, is much broader than in the
is cooled downyu,, u,, andug increase and remain nearly ordered material, angi) the maximum of the dielectric sus-
equal to each other. This characterizes a transition from aeptibility occurs at a temperature higher thign These two
paraelectric cubic phase to a ferroelectric rhombohedrafleatures are consistent with the relaxor behaysee Fig. 1
structure, consistent with experimefts.The theoretical in Ref. 19 that has been observed in disordered PSN for
value of the paraelectric-to-ferroelectric transition temperatemperature abové, .2 Furthermore, disordered PSN exhib-
ture T is determined with good precision by identifying the its a sharp decrease gf;; upon cooling just belowT,
temperature yielding a maximum of the piezoelectric coeffi-which is consistent with a first-order transition from a relaxor
cients; we findT,=944 and 1265 K in disordered and or- state to a normal ferroelectric state observed in disordered
dered PSN, respectively. A comparison of the theorefigal PSN atT=T,.% These results provide tantalizing evidence
of disordered PSN with the experimental value of 373 Kthat at least some features of the relaxor behavior are cor-
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fective d;; coefficient along the pseudoculi@01] direction
that is significantly larger than along the poldrl1] direc-
tion.

1000F

5000 , . strongly dependent on the atomic orderifig); the piezoelec-
= (a) tric responses versus T, of disordered and ordered materi-
c\& 4000 ‘ | als are nearly identicaljii ) the die_lectric response strongly
g suggests that the ordered material exhibits a normal ferro-
& electric transition af ¢, while the disordered material trans-
2 3000 ) forms atT=T,. from a relaxor state to a normal ferroelectric
§ state. Furthermore, both PSN alloys have a large value of the
o 2000 . d,5 piezoelectric coefficient. This large value leads to an ef-
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