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Neutron elastic diffuse scattering study of PiMgq,3Nb,3) O;
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We have performed elastic diffuse neutron-scattering studies on the relaxor PINDMgG) O;. The mea-
sured intensity distribution near @00 Bragg peak in thghkQ) scattering plane assumes the shape of a
butterfly with extended intensity in th&¢10) and (1_]0) directions. The temperature dependence of the diffuse
scattering shows that both the size of the polar nanoregions and the integrated diffuse intensity increase with
cooling even for temperatures below the Curie temperalgre 213 K.
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. INTRODUCTION been publishe83-° The room-temperature lattice param-
eter isa=4.04 A. At each of several temperatures, time-of-

Pb(Mg,;sNb,5) O3 (PMN) is a typical relaxor ferroelectric  flight spectra were collected for each of at least 51 successive
that has a broad and strongly frequency-dependent dielectrirystal orientations 0.5° apart using 325 detectors with active
constant. This system has attracted much attention in the ladimensions in and normal to the scattering plane~o31
few years, because of the discovery of an ultrahigh piezomm and 400 mm, respectively. The DCS detectors are lo-
electric response in solid solutions with PbTiQPT) near  cated 4000 mm from the sample at scattering angles from 5°
the morphotropic phase bounddiPB).! Pure PMN is con- to 140°. At an incident neutron wavelength of 5.5 A, the
sidered to be a prototype relaxor, and has been studied eRWHM (full width at half maximum of the elastic resolu-
tensively in recent yearsNevertheless, certain aspects of tion function was~0.085 meV, and the time between pulses
this system are not fully understood. Unlike one of its closeat the sample is 9 ms, effectively eliminating frame overlap.
analogues, REn 1,3Nb,3) O3 (PZN), PMN remains cubic be- Data were collected near (400) Bragg peak in the {k0)
low the (field-induced Curie temperatur@-~213 K>*and  scattering plane. The choice of a I&@weflection helps mini-
was believed to exhibit no macroscopic ferroelectric phasenize phonon and multiphonon contributions.
transition in zero field.

Efforts to understand the dynamical properties of relaxors
have focused on the polar nanoregioi®NR) present in
these compounds. Burns and D&cfdund that on cooling In Fig. 1, we show the neutron diffuse scattering around a
such systems, PNR start to form at temperatures a few hurf100) peak in the fk0) plane measured at different tempera-
dred degrees abovig- . This temperature was later called the tures. Compared with similar x-ray measurements, our
“Burns temperature” T4, T4~620 K for PMN. Neutron neutron-scattering measurements have much higher-energy
scattering measuremeffshave demonstrated that diffuse resolution, and almost all phonon contributions can be re-
scattering appears in PMN between 600 K and 650 K, conmoved by integrating the scattering over an appropriate en-
sistent with previous optical measurements by Burns and Daergy range, 0.075 meV either side of the elastic peak posi-
col. The diffuse intensity that develops in relaxors belbyv  tion. In fact, the energy spectra show that there is no
has been identified with the PNR. Various neutron and x-raignificant scattering intensity outside this integral range, i.e.,
measurements on diffuse scattering have been carried out phonon contributions are indeed very small around(if®)
order to investigate how PNR are formed, and to determind®ragg peak. The remaining low-energy phonon contributions
average sizes and polarizatiotsomic shiftg at different  included within this energy integrgbhonons with energy
temperature&-'! Phonon contributions have always been atransfer|#w|<0.075 meV) can also be estimated, because
potential source of contamination in diffuse scattering meaphonon intensity increases with temperature, while the elas-
surements. In this paper, we present, and attempt to interpréic diffuse scattering intensity decreases. Since no change in

IlI. RESULTS AND DISCUSSION

elastic diffuse scattering measurements on pure PMN. line shape with temperature was observed, we believe that
phonon contributions to the elastic diffuse scattering inten-
Il EXPERIMENT sity are negligible.

Comparing the data sets plotted in Fig. 1, one can clearly
The experiment was carried out using the disk choppesee that diffuse scattering develops around tt@0) peak
spectrometefDCS) (Ref. 12 at the NIST Center for Neu- with decreasing temperature. At650 K, the “butterfly”-
tron Research. The sample was a high quality single crystadhaped diffuse scattering intensity pattern observed at low
of PMN with ~0.1° mosaic, and a mass of 3.25 g, grown attemperatures is absent, and only a small trace of intensity
the Simon Fraser University in Canada. A number oftransverse to the wave vect@=(1,0,0) remains. An en-
neutron-scattering studies using this crystal have alreadlarged plot of the diffuse scattering intensity measured at 200
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FIG. 1. (Color) Logarithmic plots of the neutron elastic diffuse scattering intensity arou(id@ Bragg peak, at different tempera-
tures.

K is given in Fig. 2. The diffuse scattering intensity has a I,T
butterfly shape and extends from the Bragg peak al@fhg lgifs=

and (110) directions. Previous x-ray diffuse scattering
measurement§ show that the polarizations of the PNR are
along {111} directions in PMN, and the local symmetry is Where I, is the integrated diffuse scattering intensity,
rhombohedral. Thi§111} type polarization gives the butter- =1/¢ is the inverse of the real-space correlation length
fly shaped diffuse intensity pattern in theK0) plane. The andq is the Ien_g_th of .the wave vector measured _from the
present elastic diffuse scattering results are in good agreé100 Bragg position. Figure 3 shows the results of fits to the

ment with the x-ray results. Recent neutron diffuse scatterin%oremZian’ plus a Gaussian that describes the central Bragg
measurements in therhk) scattering plane by Leet all” eak, and a flat background. We have been able to obtain

; I, . good fits using this model. The fitting parameters are the
iF)zr;t\i/(;ieir?idhﬁﬁnal evidence to support i1} type polar- integrated intensity, and the half width at half maximumi

_ ' — of the Lorentzian, the intensity and width of the central

Figure 3 shows cuts through the data along theQ)l1 Gaussian, and a flat backgroumgiand&= 1/ are plotted in

direction at three selected temperatures. At 400 K, which igig. 4.
well above T¢, the diffuse scattering intensity is already |n Table I, we list the integrated diffuse scattering inten-
measurable. At higher temperatures, the diffuse scattering isity |,, correlation length¢, and the intensity at a selected
tensity becomes even weaker and harder to measure. We ugave vectorQ=(1.05,0.05,0) vs temperatufie The elastic
a simple Lorentzian function to describe the spatial correladiffuse scattering starts to be noticeable arodne400 K,
tion of the atomic displacements contributing to the diffusemuch below T ~620 K. The “correlation length”¢ is a
scattering direct measure of the length scale of the static PNR. Accord-

w(q?+T?)’
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FIG. 2. (Colorn A smoothed logarithmic plot of the neutron elastic diffuse scattering intensity at 200 K.

ing to our results, the PNR are small when they first appeawhich the PNR start to appear. We believe that the over-
at high temperatures, with average sizes around 1Gek  damping of the soft TO mode phonon is directly associated
Fig. 4). Both the spatial correlation length of the atomic dis-with the formation of the PNR. In other words, the PNR may
placements and the integrated intensity of the diffuse scattegriginate from the condensation of the soft TO mode. Reex-
ing increase on cooling, even at temperatures bdlguWFig.  amining the neutron diffuse data on PMN by Vakhruskeev
4). At low temperatures the length scale of the PNR reacheg].,'® Hirota et al® have proposed a new interpretation of the
~65 A atomic displacements derived from the data. The atomic dis-
From T=300 K to 100 K, the volume of a single PNR placements can be decomposed into the sum of two terms
(V< &%) increases by a factor of 60, yet the integrated with comparable magnitudes o+ Sspirt- Ssor Values sat-
intensity only increases by a factor 6f10. Writingl, as the  isfy the center-of-mass condition and are consistent with the
productN£%| Q- 8|2, whereN is the total number of PNR and values derived from inelastic scattering intensities from the
¢ is the average displacement of atoms within the PNR, w&oft TO mode. The other terdy,;;; shows that the PNR are
conclude thatN|Q- 8|? increases on cooling from high shifted along their polar directions relative to the surround-
temperatures and then drops dramatically at aroligd  ing lattices. This “uniform phase shift” has established con-
remaining roughly constant beloW. . This is illustrated in  vincing connections between the diffuse scattering from the
Fig. 5 which showsl,/& as a function ofT. A likely PNR and the condensation of soft TO mode phonons. It is
scenario is that on cooling beloW., 6 remains relatively important to note that the magnitude &fj,;; is comparable
constant wherea®l decreases as the smaller PNR mergeto 5.+, Which can be estimated to be around 1/10 of the
together. lattice spacing. This large phase shift creates a huge energy
Previous inelastic neutron-scattering measurements obarrier, preventing these polar regions from merging into the
PMN (Ref. 149 have shown that the transverse opfi®®)  surrounding lattices.
mode phonon become overdamped near the zone center, Note thatdgyir; and 850 are only one of the many pos-
starting atT4~600 K, which is roughly the temperature at sible interpretations of the atomic shift$g,=1.0, dugnb
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FIG. 3. (Color Diffuse scattering intensities along t#L0) direction near th€100) Bragg peak, measured at 10, 200, and 400 K. The
intensity profiles are fitted using a broad Lorentzian funcfisolid lineg, a narrow Gaussiafdashed linesthat describes the resolution-
broadened Bragg peak, and a flat background.

=0.18, o= —0.64) obtained by the analysis on previous On the other hand, the diffuse scattering intensity distri-
neutron diffuse scattering resuffSThe butterfly pattern dif- bution at different Bragg peaks depends on the magnitude of
fuse scattering is a result of the polarization, local symmetrythese atomic shifts. We have not gone into details on this part
of the entire atomic shifts, and the shape of the PNR. It doe® this paper. Indeed, because neutron-scattering lengths are
not come solely from eithebgpis; Or 55051 X-ray diffuse  different than x-ray scattering lengths, the diffuse scattering
scattering measuremetts®show good agreement on seeing intensities at different Bragg peaks are also different between
similar diffuse scattering patterns, confirming #id1} type  neutron and x-ray measurements. With neutrons, the diffuse
symmetry. scattering intensity isccidentallyvery small at(200), yet

TABLE I. Integrated diffuse scattering intensity, correlation length¢, and the intensity at a selected
wave vectorQ=(1.05,0.05,0) vs temperatuile

T (K) 10 100 150 200 250 300 400 500 600
Integrated Intensity,  504.9 437.6 3614 287.1 1450 593 562 3.06

£ (R 624 645 538 475 193 146 112 133

0= (1.05,005.0) 174.6 1637 1496 1370 1302 87.22 2063 7.90 2.03
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FIG. 4. Top frame: the correlation lengthas a function ofT.

3 .
Bottom frame: integrated intensity, as a function off. FIG. 5. Plot ofly/£&° vs T. Parameters were obtained from the

fits to the diffuse data.

our calculations show that this is not the case for x-ray meadisappears. A macroscopic ferroelectric polar phase without
surements. The scattering structure factors are of the samtice distortion is then established. Beld@w the size of the
order of magnitude around00), (110), and(200) for X-rays. ~ PNR can grow slowly with further cooling. However, if the
This is consistent with known x-ray diffuse scattering coupling between the PNR and the surrounding lattice is not
results!®1® sufficiently strong, as is the case in pure PMN, then the en-
Recently, Gehringet al. have performed measurements ergy barrier created by the uniform phase shift would prevent
that unambiguously established a true ferroelectric soft modghe PNR from merging further and forming macroscopic lat-
in PMN.*> Further inelastic neutron-scattering studies bytice distortions. The resulting phase will have a polar lattice
Wakimoto et al'* show that the soft mode extends to much of average cubic structure, but with embeddetbmbohe-
lower temperatures beloWc, and that the phonon energy drally) polarized PNR.
squared £ wo)?, which is inversely proportional to the di-  In addition to neutron and x-ray diffuse scattering mea-
electric constank, increases linearly with decreasing tem- surements, recent Raman studfesand specific-heat
perature. These results represent a dynamical signature ofr@easurement® have also provided useful information on
ferroelectric phase beloW. The phase below is now  PNR in PMN. We are planning to carry out further diffuse
believed to be the recently discovered phas® - which  scattering measurements on a series of relaxor systems in the
exhibits an average cubic structure. However, unlike convenaear future.
tional ferroelectric phase transitions, no macroscggiom- In summary, we have shown high resolution neutron elas-
bohedral lattice distortion has been observed. The decoutic diffuse scattering data from PMN in the temperature
pling of the lattice distortion from the ferroelectric range of 10—650 K. The formation and development of PNR
polarization is quite intriguing, and we believe that the inter-at temperatures above, around, and belBw have been
action between the PNR and the surrounding lattices is thearefully studied. A merging of smaller PNR into larger ones
key in solving this puzzle. occurs at the ferroelectric phase transition, while further
Our current understanding of PNR in relaxor systems camgrowth of the PNR into macroscopic rhombohedral domains
be described as follows: At the Burns temperatligg the  cannot be achieved beloW .
soft TO phonon mode becomes overdamped near the zone
center, and starts to condense into PNR. These regions form
with local polarizations alonfl11} directions and are shifted ACKNOWLEDGMENTS
uniformly along their individual polarization direction. The
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