
E14-94-99 

\ 

F.Prokert•, B.N.Savenko, A.M.Balagurov 

THERMAL DIFFUSE SCATTERING 

IN TIME-OF-FLIGHT NEUTRON DIFFRACTION 

STUDIED ON SBN SINGLE CRYSTALS 

*Research Center Rossendorf, IIM, Germany 



IlpoKe.PT <I>., CaueHKO B.H., Banarypou A.M. E14-94-99 
HCCJieAouaHHe TeWiouoro AH<lxl>Y3Horo pacce51HH51 B KPHCTaJIJiax 
SBN c n0Mo~10 p;uq>paKIJ;HH HeiiTJ)OHOB no upeMeHH nJ)OJieTa 

Ha HeiiTpoHHOM p;ucppaKTOMeTpe no upeMeHu nJ)OJieTa .D.H-2, ycraHoBJieH­
HOM Ha HMnyJil>CHOM peaKTope HBP-2 B ,lJ.y6He, HCCJieAOBaHhl cMemaHHhle 
MOHOKPHCTaJIJihl SRxBa1_xNb2O6 (SBN-x) pa3JIH'IHOro cocraua (0.50 < x < 
0. 7 5) u HHTepuane TeMnepaTyp OT 15 AO 773 K. O6Hapy:xceHO CHJibHOe BJIH5IHHe 
TeWIOBOI'O AH<lxl>Y3HOI'O pacce5IHH51 (T,lJ.P) Ha AHq>paKIJ;HOHHYIO KapTHHy. IIo-
5IBJieHHe T .D.P OT AJIHHHOBOJIHOBhlX BH6pau;HOHHhlX aKyCTH'ICCKHX MOA u MO­
HOKPHCTaJIJie xapaKTepH3YeTC51 OTHOWeHHeM CKOJ)OCTH 3ByKa K CKOJ)OCTH Heii­
TJ)OHa. BnaroAap51 npHpoAe AHq>paKIJ;HH Jlay3 no BpeMeHH nponeTa, HCnOJih3y­
eMoii Ha p;ucppaKTOMeTpe .D.H-2, T.D.P uoKpyr 6p3rroBCKHX nHKOB HMeeT 
AOBOJihHO CJIO:XCHhlii npoq>HJib. IloHHMaHHe npHJ)OAhl T.D.P BMH3H 6p3rroBCKHX 
nHKOB HMeeT 60Jihmoe 3Ha'leHHe, TaK KaK n03BOJI5IeT OT.ll;eJIHTb AH<lxl>Y3HOe 
pacce5IHHe, n05IBJI51IO~eec51 npu AH<lxl>Y3HOM cemeT03JieKTpH11CCKOM q>a30BOM 
nepexop;e B KPHCTaJIJiax SBN. 

Pa6oTa BhlnOJIHeHa B Jla6opaTopHu HeiiTpoHHoii q>H3HKH OH.SIM. 

Coo6~euue OObe'AHHeHHOl'O HHCTHyYTa ll'AepHblX HCCJle'AOBaHHH. ,lfy6ua, 1994 
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At the time-of-flight (TOP) diffractometer DN-2, installed at the pulsed 
reactor IBR-2 in Dubna, SrxBa1_xNb2O6 mixed single crystals (SBN-x) 
of different compositions (0.50 < x < 0. 7 5) were investigated between 15 and 
773 K. The diffraction patterns were found to be strongly influenced by the 
thermal diffuse scattering (TDS). The appearance of the TDS from the long­
wavelength acoustic modes of vibration in single crystals is characterized by the 
ratio of the velocity of sound to the velocity of neutron. Due to the nature of the 
TOP Laue diffraction technique used on DN-2, the TDS around Bragg peaks 
has a rather complex profile. An understanding of the TDS close to Bragg peaks 
is essential in allowing the extraction of the diffuse scattering occurring at the 
diffuse ferroelectric phase transition in SBN crystals. 

The investigation has been performed at the Laboratory of Neutron 
Physics, JINR. 
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1 Introduction 

In connection with the study of single crystals at pulsed neutron sources the 
questions concerning the separation of the components of diffuse scattering 
from the Bragg scattering have been subject of increased interest in the last 
time. In two basic papers (1),(2] the nature of thermal diffuse scattering 
(TDS) which occurs close to the Bragg reflections in time-of-flight (TOF) 
neutron diffraction was discussed in detail. 

The experimental data obtained on pyrolytic graphite (3], and on sin­
gle crystals of barium fluoride (4] and calcium fluoride (5] were found to 
agree with the theoretical predictions. These experiments were performed 
at the ISIS Pulsed Neutron Facility on the high-resolution powder diffrac­
tometer (HRPD) nearly in back scattering ((3] with 20=174°) as well as on 
the single-crystal diffractometer (SXD) using smaller scattering angles ((4] 
around 20=90° and 20=125.5°). 

In our studies of diffuse phase transition (PT) of mixed single crystal of 
Sr.,Ba1_,,,Nb20s (SBN-lOOx) (6], (7] the peak shape of some Bragg reflections 
indicates that the obtained intensities around the peak position are clearly 
influenced by phonon scattering. Especially in this case the latter must be 



separated from Il\Ore specific diffuse ( quasi-) elastic component which occurs 
at the diffuse ferroelectric PT. For that reason we intended to study 
the effects of TDS in SBN explicitly. In the present paper some typical 
experimental results from different SBN compositions are given in comparison 
with the theoretical predictions. 

2 Theoretical aspects 

As shown in [1, 2], the white beam case, dealing with pulsed neutrons scat­
tered at a fixed angle, has unusual features which do not occur in the 
monochromatic case. The appearance of the TDS from the long-wavelength 
acoustic modes of vibration in single crystals in the Laue TOF diffraction 
technique is characterized by the ratio of the velocity of sound c8 to the 
velocity of the neutron Vn 

/3 = C8 /Vn. (1) 

Due to variation of /3-ratio with the lattice spacing the TDS around the Bragg 
peaks may change their profile for different reflections very drastically. 

Following [4], in TOF neutron diffraction from a single crystal, TDS from 
the acoustic modes of vibration occur in the neighbourhood of the Bragg 
peaks. .There are three regions of neutron velocity Vn to be considered in 
calculating the nature of this scattering. 

• If/3<1 
Vn >Cs, {2) 

the TDS rises to a maximum at the Bragg peak and scattering is allowed 
at all points in the reciprocal space (Fig.la). 

• If /3 > 1 > f3cos0 
C8 > Vn > C8 COS O , (3) 

where O is half the scattering angle, the TDS rises to a steep maximum 
on either side of the Bragg peak at OB, and scattering between these 
maxima is forbidden (Fig.lb). 

• If f3cos0 > 1 
C8 Cos0 > Vn, (4) 
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there is one maximum only, and this is associated with phonon creation 
for O > OB and phonon annihilation for O < OB {Fig.le). 

The third region, already studied in barium fluoride [4] on SXD at ISIS, 
is investigated in present paper. The theoretical predictions can been exam­
ined now using SBN crystals for which the elastic constants are known rather 
completely. 

In this case the phonon intensity.(Eq. 5) (taken from Eq. 26 of [1]) for 
annihilation (ph.onon absorption) { f = -1) and creation {phonon emission) 
( f = + 1) is separated. 

(
da)inel =!_NL n;(q) IG;{Q)l2jJ,j-t. 
d!l h k0 2 . w;(q) co ,c J 

(5) 

Here (with the same notation and definitions as used in [1]) n;( q) are 
quantum number of phonon modes, given in Eq. 6 and G;{Q) the one­
phonon scattering structure factor. 

n;(q) = {exp[fiw;(q)/k~T] - 1}-1 
, (6) 

where k8 is Boltzmann's constant and T the absolute temperature. From (5) it 

follows that the scattering cross section for annihilation and creation differ 
only by the Jacobian term 

IJ,i-1 = 1 + (tfi/2E)k•gradq[w;(q)]. (7) 

At the observation of acoustic phonon scattering in the diffraction pattern one 
has to consider the elastic anisotropy of the crystals. The elastic constants 
of a crystal are represented by a fourth-rank tensor,· so that cubic, as well 
as non cubic, crystals are elastically. anisotropic. Only for isotropic sound 
propagation, the group velocity and phase velocity are the same. As shown 
in [2] the anisotropy enters into the basic formulae of [I] : by replacing 
/3 = c,,/vn by (39 containing the group velocity in the characteristic quotient. 

3 



ko 
kB 

(a) 

.. 
£:-1 Q~ 

I 
\ 
I 
I 
I 
I 

~ 

£1: ♦ 1 

k 

E•-1-

4 k 

l 

"' 

I 
I 

allowed~l+forbidd 

.--I 

----- ks 

Q~I 
8 

28 

.i 

I WAVELENGTH 
WINDOW 

(b) 

\ ,~~-- I , forbi_dden 

I.. k A .. , 
(c) 

[:+1 

Figure 1: Drawings are taken from [1) to illustrate the change in the one­
phonon scattering surface with increasing /3. 
(a) /3 < 1, (b) /3 > 1 > /3 cos 0, and ( c) /3 cos 0 > 1. 
The reciprocal-lattice point P is reached in elastic scattering at the Bragg conditions 

20 = 20n, !kl= lko I= kn. The diagrams are drawn for isotropic sound velocities and 
for 0 = 40°, AO = +6°. The broken lines· are vectors parallel to the scattered beam; TDS 
takes place when these vectors intersect the scattering surfaces, indicated by heavy lines 

4 

DN-2 

L1 = 23.75m 

L2 = 1.05m 

20 = 90° 

t:J.20 = 23° 
moderator 
--- n.-guide 

IBR-2 

·L1 

pos. sens. detector 

Figure 2: Sketch of the experimental setup used at the TOF diffractometer 
DN-2. 
For L2 = 1.05 m between the 32 detection positions of the full (half) length of the PSD 

angular steps A.20 of 46' (23') are given . The full detector array covers a A.20-range of 

±11.9° 

3 TOF study of TDS from SrxBa1-xNb206 

3.1 TOF spectrometer setup 

The experiments were done on the single crystal TOF spectrometer DN-2 
(Fig.2) installed at the pulsed reactor IBR-2 of the JINR in Dubna [8). 

The instrument has a long primary flight path L1 (partly within a neutron 
guide). Using a one-dimensional position sensitive detector (PSD) diffraction 
patterns are taken from a sectorial area of the reciprocal space around the 
chosen direction (Fig.3). In consequence of the short distance from sample to 
PSD the secondary flight path £ 2 ~ £ 1 • In the here discussed experiments 
the scattering angle for the detector central position 20 was fixed at 90°. 

5 
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Figure 3: Observed region of the reciprocal space (x*, y* coordinates) 
determined by the interval of the experimental coordinates k and 20 
kmin '.S k '.S kmax and 20min '.S 20 '.S 20max . 

SBN-lOOx mixed single crystals of different compositions (0.50'.Sx'.SO. 75) 
were investigated between 15 K and 773 K in a refrigerator cryostat and a 
furnace, respectively. 

3.2 ~he elastic properties of SBN single crystals 

At room temperature (RT) Sr xBa1_xNb20 6 mixed single crystals are (pseudo-) 
tetragonal in the composition range 0. 75 :2: x 2:'. 0.25. (Tungsten bronze 
structure with lattice parameters a ~ 12.43 A and c ~ 3.91. A at RT.) In 
analogy to the Cauchy relation for the elastic stiffness constants of cubic 
crystals 

C11 - C12 - 2c44 = 0 1 (8) 

such a tetragonal crystal is elastically isotropic if the relation 

g = Cu - C12 - 2Ct,6 = 0 (9) 

is fulfilled. 

The relevant stiffness constants are known. They have been determined 
by piezoelectric resonance methods (10), [9) and by phonon dispersion mea­
surements by means of inelastic neutron scattering [11 ). Despite the fact that 
there are considerable differences between the two sets of the elastic constants 
(see Table 1), the isotropy relation is nearly fulfilled for both. 
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Table 1: Comparison of elastic stiffness constants of SBN measured piezo­
electrically (p) and by neutrons (n) 

c11 /1010 Nm-2 

24.1 
18.8 

,p 
,8-

i­
~ 

VO 

c12/1010 Nm-2 C66/1010 Nm-2 
13.4 5.2 
7.4 5.2 from (11) 

SBN-50 

292 31!5 338 

TIME QWlt-EL NJ1EER 

g Ref. Method 
0.3 [11) n 
1.0 [10],[9) p 

293K 

,.. 

Figure 4: 3d-plot of (002) reflection of SBN-50 around 20 = 92.4°. (20-range 
86.3° - 98.5°, chw =64 µs) 

3.3 Results of ,B-parameter fitting 

Especially some of the strong {001} reflections of SBN recorded at the scatter­
ing plane (110) and (100), respectively, were found to be strongly influenced 
by thermal diffuse scattering (TDS) (Fig. 4). Fig.4 gives a picture of the 
'TDS-wings' around the strong (002) peak of SBN-50 in a 3d-plot. 

Fig.5 shows the TDS at a· contour plot of intensity recorded at room 
temperature (RT) for 20 = 90° from a SBN~50 sample around the (002) re­
ciprocal lattice point. For a given !:120 the TDS occurs only on one side of the 
Bragg peak (tB, 20B). As expected from the theory for the case /Jcos0 > l 
the TDS appears at shorter times-of-flight than tB if 20 < 20B and at longer 
times if 20 > 20B. 
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Figure 5: Contour plot of (002) reflection,of SBN-50 around 20 = 92.4°. The 
detector positions 1 - 32 cover the 20-range 86.3° -:- 98.5°. Time channel 
width chw =6~ µs . . The curves A, B, C, D, and E are calculated for c.= 2.5, 
2.8, 2.9, 3.0~ and 3.3 kms-1 giving the parameter values ,8: 1. 77, 1.98, 2.05, 
2.13, and 2.35~ The crossing of these curves marks the position of the Bragg 
peak: tB, 20B . 
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Figure 6: Plot of (002) ·reflection of SBN-61 around 20 = 90°. (20-range 
83:9° - 96.1°; chw = 64 µs) 

By a variation of the .fl-parameter different curves were calculated for the 
central position of the TDS, using the relation of Eq. 12 from [5] 

. 1 
l1t/6.20= 2tB(tan0)/(,82 cos2 0-1). (10) 

From the 'curve fitting (with curve C) a phonon velocity of c. = 2.90 kms-1 

was approximated. This value also fits the TDS pattern measured at RT on 
a SBN-61 single crystal around (002) (Fig.6). 

This fitted value of the phonon phase velocity is not far from the value 
c;"1

c = 3.16 kms-1 determined directly for the elastically isotropic case from 
the elastic constant c44 = (5.2 ± 0.5) 1010 Nm-2 and the density p = 5.2 gcm-3 • 

Around the (001) Bragg reflection in SBN the contributions of phonon 
scattering were found to be quite small. In the pattern (Fig. 7) the TDS at 
RT is covered by other kinds of diffuse scattering. 

The dependence of the TDS on temperatures higher than room tem­
perature (RT) is demonstrated in Fig.8. Fig.9 shows the reducing of the 
TDS at low temperature (20 K) beside a clear change of intensity contour 
shape , which could be caused by structural transitions. The variation of 
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Figure 7: Plot of (001) reflection of SBN-5O around 20 = go0
• Diffuse scat­

tering mainly due to other processes than TDS. (20-range 78.5° - 101.5°; 
chw =64 µs) 

intensity comes from the temperature dependence of quantum number of the 
phonon modes n;(q) (Eq .. 6). For q ~ 10-2 • Qk002

> follows a phonon energy 
liw;( q) ~ 0.5 me V and we get nj0 ~ 3, nj93 ~ 60, and nJ00 ~ 120. Com­
paring the intensities for phonon annihilation and phonon creation in SBN 
around (002) one sees higher values for annihilation in.accordance with the 
theory (Eq. 7) . 

As shown in [I] for elastically isotropic material the Jacobian becomes 

J, =I+ E{J (11) 

and gives the relation 

( fci) ::::
1 

IJ_1I-1 II - Pi-1 II+ f31 

(

~) crecit = IJ+I 1-1 = II + {31-l = II - fJ1 • 

<=+1 

(12) 

With f3f~I{ ~ 2 we get a ratio of ~3. 
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Figure 8: Plot of (002) reflections of SBN-5O around 20 = goo at RT and 
above (773, 673, 473, and 338 K). (20-range 78.5° -101.5°; chw =64 µs) 
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Figure 9: Plot of (002) reflections of SBN-70 around 20 = 90° at RT and 
below (20 K). (20-range 78.5° - 101.5°; chw =64 µs) 

4 Discussion 

The given results show that in Sr:z:Ba1_:z:Nb20 6 single crystals at the here 
selected scans around the Bragg reflections the features of the diffuse scat­
tering pattern are dominated by the contributions of the long-wave length 
acoustic phonons. This follows from the characteristic distribution of the 
TDS which shows an excellent accordance with the theory. Further it fol­
lows qualitatively from the occurrence of the theoretically expected changes of 
TDS intensity with temperature and from the proof of the expected intensity 
differences between emission and absorption of phonons. 

Supposing SBN to be nearly elastically isotropic, the measured phonon 
velocity may be compared directly with the phase velocity c~alc calculated 
form elastic stiffness.constant c44 • The existing small difference of - 8 % does 
not exceed the error level of the constant C44 • However, the here used method 
is more accurate (see,e.g., [11) than the ·normaly used extrapolation of the 
measured slope of the phonon branch to small q-values. 

12 

For the analysis of the shape of the diffuse scattering at temperatur~s 
higher as well as at lower than RT one should take into account that phonon 
contribution itself and the other parts of diffuse scattering resulting from 
structrual disorder may be changed: by the occurrence of structural phase 
transitions of different types ([6],[7]). For these reasons only rough 
estimations were used for interpretation. 
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