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The existing controversy about the room temperature structure of multiferroic Pb(Fe;,,Nb;,,)O5 is
settled using synchrotron powder x-ray diffraction data. Results of Rietveld refinements in the
temperature range of 300—12 K reveal that the structure remains monoclinic in the Cm space group
down to 12 K, but the lattice parameters show anomalies at the magnetic transition temperature (7)
due to spin-lattice coupling. The lattice volume exhibits negative thermal expansion behavior, with
a=—-4.64X 107K, below Ty. © 2007 American Institute of Physics. [DOI: 10.1063/1.2748856]

Recent years have witnessed enormous interest in multi-
ferroic materials due to their potential applications in
memory, sensor, and actuator devices.! Lead iron niobate,
Pb(Fe,;NDb, ;)O3 (PFN), is a multiferroic material exhibiting
paraelectric to ferroelectric’ and paramagnetic to G-type
antiferromagnetic3’4 transitions at 385 and 143 K, respec-
tively. It is an attractive material for use in multilayer ce-
ramic capacitors and other electronic devices due to its high
dielectric constant (>10000), diffuse phase transition
behavior,5 and low sintering temperature.6 However, there
exist controversies about the structure of PFN at room tem-
perature until now. Both rhombohedral” and monoclinic®’
structures in the R3m and Cm space groups, respectively,
have been proposed, but more careful investigation is still
needed to obtain a clear picture about the correct crystal
structure of PFN.

In a recent temperature dependent dielectric study, a
jump in the dielectric constant near the Néel temperature
Ty=143 K has been reported.4 Using earlier Landau theory
results,' Yang et al. have shown that the change in the di-
electric constant at Néel temperature may be associated with
the magnetoelectric coupling term 'yP2M2, where P, M, and
7y are polarization, magnetization, and magnetoelectric cou-
pling coefficient, respectively. A similar change in the dielec-
tric constant at Néel temperature has been reported in other
magnetoelectric materials such as RMn,0Os; and RMnO;
(R=Tb, Ho, and Dy)."'*"* In the RMn,O5 family of magne-
toelectrics, changes in the cell parameters at the Néel tem-
perature have also been reported and it has been interpreted
as a signature of spin-lattice coupling in such
m'clgnetoelectrics.12’13 No attempt has been made so far to
look for the anomalies in the unit cell parameters as a result
of magnetoelectric coupling in PFN.

In this letter, we present the results of Rietveld analysis
of high resolution synchrotron x-ray diffraction (XRD) data
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to resolve the existing controversies about the structure of
PFN at room temperature. After settling the room tempera-
ture structure of PFN, we have also carried out Rietveld
analysis of powder XRD data, collected at different tempera-
tures in the range of 300—12 K, to see if there is any lattice
parameter anomaly associated with the magnetic transition.
It is shown that the structure of PFN is monoclinic in the Cm
space group in the entire temperature range of 300—12 K of
our study. It is also shown that the lattice parameters and unit
cell volume show distinct anomaly at 7y, with unambiguous
evidence of negative thermal expansion below Ty.
Pyrochlore free PFN samples were prepared by solid-
state route, the details of which are described elsewhere.'*
For x-ray characterization, the sintered pellets were crushed
to fine powders and then annealed at 500 °C for 10 h to
remove the strains introduced during crushing. XRD mea-
surements were carried out using an 18 kW rotating anode
(Cu Ka) based Rigaku powder diffractometer operating in
the Bragg-Brentano geometry and fitted with a graphite
monochromator in the diffracted beam and attached with a
close cycle He-refrigerator for varying the sample tempera-
ture continuously in the temperature range of 300—12 K. The
data weere collected in the 26 range of 20°-120° at a step
length of 0.02° during heating after cooling the sample to
12 K. Synchrotron powder XRD experiments were carried
out at 8C2 HRPD beamline at Pohang Light Source (PLS).
The incident x-rays were monochromatized to the wave-
length of 1.543 A by a double bounce Si (111) monochro-
mator. The diffraction pattern was scanned in the 26 range of
20°-130° at a step length of 0.01°. Rietveld refinements were
carried out using FULLPROF program.15 In the refinements,
pseudo-Voigt function and a fifth order polynomial were
used to define the profile shape and the background, respec-
tively. Except for the occupancy parameters of the ions,
which were fixed at the nominal composition, all other pa-
rameters, such as scale factor, zero correction, background,
half-width parameters, the mixing parameters, lattice param-
eters, positional coordinates, and thermal parameters, were
varied in the course of refinement. It was found necessary to

© 2007 American Institute of Physics
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FIG. 1. Synchrotron x-ray powder diffraction pattern of Pb(Fe,,,Nb,,,)O; at
room temperature. Insets (a) and (b) show the zoomed profiles of the
pseudocubic 200 and 222 reflections, respectively.

use anisotropic peak broadening for the synchrotron data,
whereas the laboratory data could be analyzed using isotro-
pic peak broadening function only. The isotropic thermal
parameter for Pb was found to be considerably large
(~2.216) indicating Pb-site disorder, as reported by earlier
workers’ and the use of anisotropic thermal parameters in the
refinements resulted in lower y? values. For the thombohe-
dral phase with R3m space group, we have used hexagonal
axes with lattice parameters ay=by=2ap and cy=3ag,
where ap corresponds to the thombohedral cell parameter.

Synthesis of phase pure perovskite PFN is a major
challenge, as the pyrochlore }lahases such as Pb,Nb,0O, and
Pb,Nb,O,; get easily formed. 6 Using a modified solid state
route, ~ we were able to synthesize pyrochlore free PFN
samples. Figure 1 depicts the synchrotron powder XRD
pattern of PFN at room temperature. There are no peaks near
20~128.84° or 29.25°, which are the strongest XRD peaks
for the Pb,Nb,0O, and Pb,Nb,O,3, confirming the absence of
the pyrochlore phase. All the peaks in this figure correspond
to the perovskite PFN phase. The inset depicts the zoomed
profiles of the pseudocubic 200 and 222 reflections which
are singlet and doublet, respectively, indicating a rhom-
bohedral structure at first sight. However, if 200 peak is truly
singlet, as expected for the rhombohedral structure, its width
should have been less than that of the pseudocubic
222 peak following Caglioti relationship for the 26
dependence of the peak width."” The width of 200 peak is
about 1.6 times that of the 222 pseudocubic peak and it sug-
gests that 200 peak is not singlet, and hence the true structure
may not be rhombohedral. A similar anomalous broadening
of the 200 peak in Pb(Zr,Ti,_)O; (PZT) and
(1=x)[Pb(Mg,/3Nb,,3)O5]-xPbTiO5 (PMN-xPT) has been at-
tributed to a short range ordered monoclinic phase in the Cm
space glroup.18 A choice between the R3m and Cm space
groups in these materials was made unambiguously using
profile refinement techniques.

Figure 2 presents the Rietveld fits for 200, 220, and 222
pseudocubic profiles obtained after full pattern refinements
using rhombohedral and monoclinic structural models for
PFN. For the rhombohedral model, if we try to account for
the large broadening of the 200 reflection, the fit for the 222
reflection becomes very poor, as is evident from Fig. 2(a).
On the other hand, if we try to force good fit for the 222
reflection, the fit for 200 and other reflections becomes poor,
as shown in Fig. 2(b). Very good fit, however, is obtained for
all the other reflections if one uses the monoclinic structure
in the Cm space group, as shown in Fig. 2(c). The agreement
factors, the Durbin-Watson statistics,1 and Prince’s
criterion' favor the Cm space group. Table I lists the refined
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FIG. 2. Observed (dots), calculated (continuous line), and difference (bot-
tom line) profiles of the 200, 220, and 222 pseudocubic reflections obtained
after full pattern Rietveld refinements using the room temperature synchro-
tron powder diffraction data of Pb(Fe;,Nb;,,)O5 in the 26 range of 20°-
130°: (a) and (b) rhombohedral R3m space group and (c) monoclinic Cm
space group. The tick marks above the difference plot show the position of
the Bragg peaks.

structural parameters for the monoclinic Cm space group.
The equivalent elementary perovskite cell parameters of the
monoclinic Cm of PFN bear the relationship
a,lJ2=b,/|2<c,, and hence this phase is of M, type in
the notation of Vanderbilt and Cohen.”

Having settled the room temperature structure of PFN
unambiguously, we carried out Rietveld refinements with the
monoclinic structure in the Cm space group for the low tem-
perature XRD data in order to investigate the effect of mag-
netoelectric coupling on the structure of PFN near T,. We
find that the monoclinic structure remains unchanged below
Ty. Figure 3 shows lattice parameters, unit cell volume, and
the monoclinic distortion angle (8) of PEN as a function of
temperature. All the three lattice parameters (a, b, and c)
show anomalies around 150 K, which is close to the mag-
netic transition temperature reported in the literature.”' The
monoclinic distortion angle (8), however, does not show any
anomaly and increases continuously as the temperature de-
creases. The lattice parameter b becomes nearly temperature
independent below 150 K whereas lattice parameters a and ¢

TABLE 1. Refined structural parameters of Pb(Fe;,Nb,,,)O; using mono-
clinic structure in the Cm space group.

a,,=5.6787(1) A; b,,=5.67310(9) A; ¢,,=4.01520(9) A;
a=y=90.00° and 3=90.098(7)°

Tons X y z B (A%
Pb*2 0.0000 0.0000 0.0000  B,,=0.015(2)
B2,=0.022(2)
B33=0.029(4)
B13=0.008(1)
Fe**/Nb* 0.5103)  0.0000 0.478(3)  B=0.23(7)
072 0.53(1) 0.0000 -0.04(1)  B=0.6(3)
07 0.273(8)  0.254(8) 0.44(1)  B=0.4(2)

R,=8.69; R,,=11.9; R,,,=9.53; x*=1.56
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FIG. 3. Temperature dependent variation of (a) lattice parameters (a, b, and
¢), (b) unit cell volume, and (c) the monoclinic distortion angle (3) obtained
from Rietveld refinements using powder x-ray diffraction data. The equiva-
lent elementary perovskite cell parameters are calculated as a=a,,/ 2,
b=a,/ |2, and c=c,),.

exhibit negative thermal expansion. The volume of the unit
cell first decreases on cooling up to 150 K and then starts to
increase below 150 K, showing a negative volume thermal
expansion at 7<<Ty. The linear negative thermal expansion
coefficient (a) obtained from the fit in Fig. 3(b) at
T<150 K is —4.64X 1076 K~!.

The observation of anomalies in the temperature depen-
dence of dielectric constant'™"" and ferroelectric polarization
at magnetic transition temperatures are taken as evidence for
magnetoelectric effect due to spin-lattice coupling.n’22 Such
a coupling is also expected to lead to anomalies in the lattice
parameters. However, the earlier studies for resolving such
lattice parameter anomalies using scattering techniques in
materials such as HoMn,O5 and DyMn,Os (Ref. 13) have
failed to provide any evidence. Very weak anomalies at Ty
have been reported in Tan205.12 In DyMn,Os; this
anomaly is somewhat more pronounced and there is a sign of
negative thermal expansion also below TN.13 In comparison,
the lattice parameter and the unit cell volume anomalies are
well pronounced in PFN. The existence of negative thermal
expansion below Ty clearly suggests that the thermal con-
traction below Ty due to anharmonicity is being more than
offset by the magnetic ordering. We believe that the ferro-
magnetic component of the G-type antiferromagnetic state
below Ty is responsible for the negative thermal expansion
due to the spin-lattice coupling. In SrRuOs, there is also
competition between the lattice and the magnetic contribu-
tions to the overall thermal exgansion behavior below the
magnetic transition temperature. 3 This has been attributed to
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a magnetovolume effect arising from itinerant electron mag-
netism. It remains to be seen whether this mechanism is re-
sponsible for the negative thermal expansion in PFN. We
hope that our results will encourage some ab initio first prin-
ciples calculations to understand the role of magnetic order-
ing on the thermal expansion behavior, which may in turn
throw light on the magnetoelectric coupling.
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