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Cold neutron study on the diffuse scattering and phonon excitations in the relaxor
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Cold neutron scattering experiments have been performed to explore the energy, temperature, and wave-
vector dependence of the diffuse scattering and the transverse ac@&jicphonons in the relaxor
Pb(Mg4/3Nb,3)O3. We have observed a weak diffuse scattering cross section above the Burns temperature
T4~ 600 K. This cross section, which is most likely caused by chemical short-range order, persists down to
100 K, and coexists with the much stronger diffuse scattering that is attributed to the polar nanoregions. A
systematic study of the TA phonon arou¢ld 1, O has also been carried out. The phonon is well defined for
small wave-vectors|, but broadens markedly arougg=(0.1,-0.1,0.
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I. INTRODUCTION observed at low temperaturgs%17-1°These contours persist
to lower temperatures, remaining unchanged even after the
The lead-oxide perovskite Mg, sNb,/5)O3, or PMN, is  much stronger low-temperature diffuse scattering sets in. The
one of the most interesting and well-studied relaxor com-high-temperature contours are therefore very likely related to
pounds to date, primarily because of its exceptional piezothe atomic displacements produced by the underlying chemi-
electric properties and enormous potential in industrialcal short-range order intrinsic to PMN.
applicationst? Neutron scattering has played a particularly ~ The use of cold-neutron wavelengths limits our measure-
important role in the study of the unusual lattice dynamicsments to thgl, 0, 0 and(1, 1, O zones. Moreover, the TA
and diffuse scattering observed in single crystals of PMN. phonon measurements are only possible in(fhel, O zone
Because of th@z dependence of the phonon and diffuse because the dynamical structure factor of the TA phonon is
scattering cross sections, most studies to date have made uarly zero a1, 0, O (see Table ). A well-defined low-
of thermal neutrong\~2 A) in order to access Brillouin €nergy TA phonon mode is observed at the smalgsor
zones corresponding to large momentum tran§fetHow- ~ £=0.035, neax1, 1, O over a wide range of temperatures,
ever, Xuet al. have performed recent experiments on PMNWhereg=(£,~{,0). During the course of our experiments,
using cold neutrofA =4 A) time-of-flight (TOF) techniques ~ Stocket al. reporteq a dramatic line broadening of TA pho-
that have succeeded in observing the diffuse scattering in tH&on for Tc<T<Tjy in the same(1, 1, O zone at{=0.1 or
low-Q (1, 0, O Brillouin zone® Other cold neutron studies higher?® Therefore, we have extended our cold-neutron mea-

have also reported diffuse and low-energy TA phonon measSurements up tg=0.1 for temperatures arourig as well as
surements made at lo@-11-13 below T¢. Our results overlap and agree with their thermal

In this paper we report cold neutron scattering experieutron data.

ments on PMN using triple-axis spectroscopic techniques. tag| g |. calculated structure factorgelative) for PMN. The

Our goal was to explore the static and dynamic relaxor propyajues are normalized by the strongest one in each column. For
erties of PMN through measurements of the diffuse scattenir_ |2, the paramete8,/S, is fixed to be 1.5 according to Ref. 9.

ing and the transverse-acoustitA) phonons at small re- see the text fofF |2
duced wave-vectay in the (1, 0, 9 and(1, 1, O zones. The
diffuse scattering in PMN is believed to be directly associ- miller indices Bragg TA phonon Soft phonon  Diffuse

ated with the formation of polar nanoregioBNR) at the (h,k,1) |Fgl2 Q3Fg2 QYFeoil?  QFgire|2
Burns temperatur¢Ty~600 K (Ref. 14], and it increases

rapidly with cooling®® This diffuse scattering keeps increas-  (1.0.0 1 0.2 1 1
ing through the ferroelectric transition temperature  (1,1,0 9 5 9 32
[Tc=210 K(Refs. 5, 15, and 1)§. Careful examination con- (1,1, 37 28 37 2
firms the presence of a very weak, but definitive, diffuse (20,0 100 100 91 0.1
scattering cross section aboVg The high-temperature con- (3,0,0 1 2 100 100

tours of this scattering are quite different in shape from those
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< around(1, 1, 0 along the intensity “ridge” directiorithick line,
l insey.
. tering around both of thél, 0, 0 and(1, 1, O Bragg peaks.
0 o 200 200 The temperature dependence of the diffuse scattering inten-

sity is plotted in Fig. 1 at several differe@=G+q posi-
T {K) tions, whereG represents either thel, 1, O or (1, 0, 0
reciprocal lattice vector angl=(¢,-¢,0). All intensities have
FIG. 1. Temperature dependence of the elastic diffuse scatteringeen normalized to 100 at 100 K. The open-symbol data
intensity measured af=0.05 and 0.1. Data are normalized at \yere measured at the sanje0.05. We first note that the
100 K. The solid and broken lines are guides to the eyes. Opefhermal evolution of the diffuse scattering intensity is very
diamonds show the results from TOF measuremgRés. 10. similar around different Bragg peaks. Another interesting
Il. EXPERIMENTAL DETAILS point is that while the diffuse scattering intensity is visible

just belowTy, it grows rapidly below~400 K. This result is

Our experiments were carried out on the cold neutror{n : ; ; ;
. - good agreement with previous high-resolution TOF
triple-axis spectrometdiSPINS located at the NIST Center measurement$, which are shown by the open diamonds in

for Neutron Research(Gaithersburg, M. The PMN 0% 5y ihe TOF study the instrumental energy resolution
sample, grown at Simon Fraser University in Canada, has =27 meV and Z,.=0.085 meyf was about three times
e res— ¥

mass of 4.8 g and is the same high-quality single crystal that X .
was studied in previous repof€.The sample has a room- Fetter than that of the SPINS experiment. The consistency

temperature lattice parameter of 4.04 A, so thatP€tween these independent measurements is significant be-

1 rlu (reciprocal lattice unj=1.56 A, The crystal [00]]  Cause it show_s that the data do not change with improving
axis was mounted vertically so that data were collected in th€N€rgy resolution. Thus our data render an accurate portrayal
(h,k,0) scattering plane. The initigfinal) neutron energy; of the mtrmsm temperature dependenqe of the elastic diffuse
(E) was fixed at 4.5 me\\=4.26 A andk=1.47 A %) dur- scattering. At. Iargeq, such as;’=0.1, wh|ch.|s s.hown _by the
ing elastic(inelastio neutron measurements, and a Be filterSOlid circles in Fig. 1, the diffuse scattering intensity takes
was placed beforeafter the sample to remove higher order Off at a slightly higher temperature, so the whole cuitve-
neutrons. The&0, 0, 2 reflection of highly-oriented pyrolytic ken line) is shifted toward higher temperatures. However the
graphite Crysta|s was used to monochromate and ana|yze tmera" behavior is still the same, i.e., the diffuse Scattering
incident and scattered neutron energies, respectively. THatensity is always first detected at or just beldy, and
beam collimations employed were guide-80'-80"-open. Theincreases monotonically with cooling.
measured instrumental energy resolution for this configura- Typical q profiles of the elastic diffuse intensity measured
tion is 2I",.=0.24 meV as shown in the inset of Fig. 1, and around thg1, 1, O peak are shown in a semilog plot in Fig.
the background level is about four counts per minute. 2. The intensity profiles are well described by a Gaussian
function (Bragg peak plus a Lorentzian functior{diffuse
lll. ELASTIC DIFFUSE SCATTERING scattering and a flat background. The fits are shown as the

Motivated by recent TOF measurements on PMNve  solid lines in Fig. 2. With increasing temperature, the inten-

have performed a systematic investigation of the diffuse scasity of the diffuse scattering decreases, and the width of the
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FIG. 3. Intensity contours of the elastic diffuse scattering well  FIG. 4. (Color) Temperature variation of diffuse scattering con-
belowTy (left column) and just abovdy (right column), around the  tours near(1, 1, 0. The background level is-20 counts per 10 s.
(1,0, 0 and(1, 1, O Bragg peaks. Tuned high-temperature contours measured at 650 ()iti, 1, 0

L N . . and(e) (1, 0, 0 zones.
Lorentzian increases, indicating a decrease in the correlation ®( 0

length. This temperature variation agrees with that measured In Fig. 4, the intensity scale was tuned to better illustrate

in the(1, 0, 0 zone along the sanf@ 10] directiort® (broken  the contrast of the high-temperature diffuse contd4iFC).

line, in the inset of Fig. 2 Note that the diffuse intensity The intensity level of the HTC is much weaker than that of
becomes very weak even at 500 K, which is still 100 K be-he |o\-temperature diffuse peak associated with the PNR
IOV\IIn-trg.nsit contours of the diffuse scattering measured ormation as listed in Table II. However, because of the clean
300 and %/50 K are shown in Fig. 3. At 308 K. which is ir_1d0w a_md the efficiency of the spectrometer, the signal to
above T¢, but below Ty, the scattérir{g is strom::] in both No'Se ratio reaches about 4 even in the weak HTC. The HTC
zones, and in agreement with previous stui®3he scat- ?uasvee i?]lt?atg]s(i:ttilgsdEfr:etr)?)?rtqfhip%s ;?%n iheolozl)v tzi'::g‘ser"’}lfﬁge dif-
tering intensity forms a “butterfly” pattern around tfig O, i Kati C t ( ,'t' ' " : 0 y

0) Bragg peak, with ridges extending along tHet10] di- se(ejn(w) g %ea _aﬂ:nccimomensura e posll '10”1513@ “té 08
rections. The scattering ét, 1, 0 is ellipsoidal in shape, and 8”9 (Q. . thg("; 198 'zo,n% Z\;’/Eﬁéiﬂg o ténlwge?gtu(ré "

extend_s along the110] d_';g"“"”- These ereSUItS areé ConsiS- f,se scattering intensities always reach the maximum at the
tent with previous x-rayy~*?and neutrofr ' measurements. one centeq=0. The intense spots at the center of the con-
On the other hand, a weak pattern of diffuse scattering is stiI'IZ '

visible around both of these Bragg peaks at 650 K, just TaBLE II. Observed peak intensitycounts/min. The 100-K
aboveTy [Figs. 3c) and 3d)]. This high-temperature scat- giffuse intensities were measuredggt (0.05, -0.05, Daway from
tering exhibits a geometry that is quite different from thatthe Bragg peaks. The 650-K HTC intensities were measured around
observed at 300 K. The intensity of the high-temperature diftheir maximums.

fuse scattering at0.9, 0.9, 0 in Fig. 3c), for example, is

less than 0.1% of that of the low-temperature diffuse peak at - (1,0,0 (1,1,0
(1, 1,0.

The presence of a diffuse cross section abdyés very Bragg ~1.2x10° ~2.0x10°
surprising. Therefore, we did an extra background check us-  100-K diffuse ~0.7x10* ~2.2x10
ing a single crystal of SrTiQ(~2 cn?) and the identical 650-K HTC ~500 ~500
configuration as used with PMN. No meaningful signal was Incoherent ~130 ~130
observed neafl, 0, 0 and(1, 1, O within the experimental Background ~4 ~4
accuracy.
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tour plots are scattering intensities from the Bragg peak. On PMN (1.035,0.965, 0)
cooling, around 450 K, the HTC can be clearly seen, super- _ , \
imposed with the increasingly strong low temperature diffuse 200 — Ef: _ 4,'5 'f'ev, 80I -S-'Be-ISO :
cross sectiorjsee Figs. éa)—4(c)]. The weak HTC are fur- ]
ther seen down to even lower temperatures in Figs. &nd (@) T=600K |

3(b), and virtually unchanged below 650 K. Details on this
high temperature diffuse cross section will be further dis-
cussed in the discussion section.

600 I Incoherent i

300 ¢
IV. PHONON AND BROAD DIFFUSE SCATTERING

To date the transverse acoustitA) phonons in PMN
have mainly been studied using thermal neutrons. All mea-
surements are in good agreement inte0, 0 and(2, 2, 0
zone$-% where diffuse scattering is very wegkee Table)l
Naberezhnowet al2 discovered that the TA phonon starts to
broaden affy. Later on, Wakimotoet al® found this slight
broadening disappears &i.. However, pronounced TA-
phonon anomalies were observed(8) 0, O and (1, 2, 2
zones>®7” where the diffuse cross section is largee Table
). These anomalies were interpreted as the results of differ-
ent types of phonon interactions. Our current measurements
are limited in smallQ zones as a result of the scattering
geometry for cold neutrons, and are centered argindl, 0.

This is a good zone to study both TA phonon and diffuse
scattering, because interaction from the soft transverse-optic
phonon must be very weak due its small cross section.

The fine energy resolution intrinsic to cold neutron ex-
periments (E;~4 meV and Z~0.2 meV for typical
triple-axis measurementsas the great advantage of en-
abling the measurement of low-energy excitations at smqall

{(by400 K

600

Intensity (counts / ~2 min)

600

300

To clarify the relationship between the diffuse scattering and 0=z

the TA phonon in PMN, the dynamic scattering function -1 0 1 2 3 4

S(q,w) was studied along the strong diffuse intensity ridge #io (meV)

g=(¢,=¢,0) for 0.035<¢=<0.1. The TA-phonon structure

factor at(1, 1, 0 is much larger than that &, 0, 0, as FIG. 5. Temperature variation of consta@tscans measured at

demonstrated in Table I. The diffuse Scattering structure faCsma”q near(1, 1, 0. Fits are described in the text.
tor Q?|Fyi|? listed there is calculated from the atomic dis-
placements derived from neutron diffuse scattering measur

8
ments by Vakhrusheet al. . order to overlap with the thermal neutron measurements of
Energy spectra measured¢xt0.035 for several different Stock et al,?® we have carried out further measurements at

temperatures are shown in Fig. 5. A well-defined TA phonongzo_l for 600 K (~T,) as well as 100 K(<T.). Figure 7

mode is observed at the smallestover a wide range of traces the evolution of the TA phonon @1, 0.9, 0. The

temperatures in spite of the relatively small valueQpand broadening reaches a climax at the intermediate temperature

the small resolution volume. At 400 K the energy spectrum300 K. At T=100 K, which is well belowTc, the TA phonon
shows an interesting and definite overlap of the TA phononClt gzd 1 almost reéovers its original Iineoshape

with the central diffuse scatte_ring intensity. This overlap In the course of the current data analyses for energy spec-
could be the result of a softening of the TA phonon eNer9%ra typically shown in Figs. 5-7, we used the following scat-

and the prominent tail of thPT elastip ceptral peak. This Sugfering function to fit:
gests that extra spectral weight exists in the central peak in
addition to the resolution-limited elastic diffuse intensity. A
small portion of the diffuse tail still remains at 100 K, but S(g,0) =Sip + Syp + Sra- 1)
completely disappears at 600 K. From these data we con-
clude that no elastic diffuse scattering is present at 600 K atlere, S;p represents the resolution-limited elastic diffuse
this q. peak and it is expressed as a Gaussian function with the full
Energy spectra measured at 300 K and dpup to /  width of 2, as previously dong/12135 . is the broad
=0.1 are shown in Fig. 6. The overlap of the TA phonon withdiffuse scattering prominent for intermediate temperatures
the broad central peak is still evident in this region. It isTc<T<Ty. S;a describes the TA phonon scattering. We
interesting to note that the TA phonon broadens markedlynodel S,,; and Sy, in the following way:

Suith increasingg at 300 K, as is quite apparent&t0.1. In
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Er=4.5meV Ey= 4.5 meV

600 600 :

31,000 @ T=600K

400 {(a) (1.035, 0.965, 0) -

400 Ineoherent

200

E 0 'A ' F ' :.:A’.
E = T — 'l‘l.' == T
t? 15,000 'E 2,300
g or R () (1.065,0935,0) | ° (b} 300K
3 n
g L ] 2
Z w0 8
Z { B
_E g R §
0 ' - I S !
— 7300
400 © (1.1,09,0)
200

ho (meV)

FIG. 6. g variation of constan®@ scans measured at 300 K near
(1, 1,0.

FIG. 7. Constan®d scans at=0.1 for three temperatures. The
incoherent scattering is shown by a thin line only(@.

L it
S~ 2412 " (2 )
o+ L i the smallesg peaks around 400 K, reaching about 10% of
the low-temperature resolution-limited elastic valsbaded
_ I'ta 3 region in Fig. 8. Below 400 K, which is far belowly, the
Sra (- wTA)2+F12'A. ) sharp elastic component grows quickly and becomes domi-

nant [see Fig. 8)]. As reported in previous papets,the
In this model we regard the broad diffuse scattering as a paiffuse scattering intensity, corresponding to the formation of
of intrinsic cross section for PNR. PNR, begins to develop arourig when observed with ther-

These functional forms in Eq$l)—(3) fit the data quite

well as shown by the solid lines in Figs. 5-7, where the TABLE Ill. Representative fitting parameters without resolution
phonon and the broad central diffuse component are depictasbrrections| 4 and|Fra| are related to the scale factors in E(.
by the chained and dotted lines, respectively. Fitting paramand(3), respectively.
eters atf=0.035 and 0.1 for three temperatures are listed in

Table lII. |[F1,| is derived from the scale factor for E(R) ¢ T w1 [Fral  2Ita ) [P
after removing the prefactor of phonon intens(fy/w$A). (rlu) (K)  (meV) - (meV)  (meV) -
The peculiar broadening of the TA phonon is supported nu-
merically inT't5 at {=0.1 for Tc<T<Ty. In contrast, the 0035 100 16 100 0.6 03 3
TA-phonon mode at=0.035 is well behaved for a wide 0035 300 12 80 0.6 0.4 8
range of temperatures with the nearly temperature-0.035 600 1.3 90 0.5 - 0
independent linewidth and the dynamical structure factor. 0.1 100 2.7 150 1.6 0.3 7
The temperature dependence of the energy-integrated in- g.1 300 23 110 24 05 19
tensity of the diffuse scattering §&0.035(1 4 in Table Il 01 600 23 110 12 28 6

is shown in Fig. 8. The broad central component measured at
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placements, wherd«|Q-€? This effect appears signifi-
Broad diffuse (a) cantly in the smalles® zone of (1, 0, 0. Theoretical
& 1 studieg!?? have suggested that short-range chemical order
<O, between Mg+ and NB™ ions at the perovskitB sites should
\ generate local electric field that leads to shifts of Aisite
PE?* ions. This short-range chemical order is believed to be
: - temperature insensitive up @~ 1000 K. We speculate that
this broad incommensurate cross section in the HTC corre-
(b) sponds to longitudinal modulations of atomic displacements,
i caused by the underlying short-range chemical order. These
PMN atomic displacements are also short-range correlated, result-
Fr=4.5meV ing in the diffuse-type scattering pattern around the incom-
(1.035, 0,965, 0) mensurate positions. The length scale of such a correlation is
estimated to be asymptotically equal to nanometers from the
HTC, much shorter than typical crystallographic domain
. sizes(~ um).
50 | W\ In the diffuse-phonon-profile analysis of ttig 1, 0-zone
| ?é data, the additional broad diffuse cross sectiorSgf was
2

Integrated Intensity (arb. unit)

interpreted as the part of intrinsic dynamics of PNR. It is the
same approach employed by Gvasalkyaal %13 This broad
limited 1 Lorentzian cross section may contain intensity transferred
elastic diffuse »\\* from the TA phonon by coupling to the resolution-limited
8

Resolution- | |

elastic peak® So far we could not obtain a unique set of
\ parameters by such a mode coupling. The cold neutron re-

N

0 . - sults reported here and by oth®& appear to provide a
0 200 400 600 complete picture of the low-scattering neagl, 1, 0 and(1,
0, 0. However, previous thermal-neutron measurements
T (K) around(3, 0, 0 and(1, 2, 2 reported complex cross sections
with conflicting interpretationd®724 Thus, further neutron

FIG. 8. The energy-integrated intensity of the diffuse scattering . . _
as a function of temperature. The shaded region represents the co leasurements, W'.th high resolution in bf@ﬂh 0,0 and(3,
, 0) zones, are vital for the understanding of the PNR dy-

tribution from the broad central component. The resolution-limited e
elastic component is shown by the solid line. All curves are guide§1amICS in PMN.
to the eye.
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