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Hccnenosanue Temwnoporo audy3Horo paccessHud B KPHCTaLIAX
SBN ¢ noMompsio audpakuuu HEATPOHOB MO BPEMEHH NMPOJIETA

Ha neiitponHOM audpakromeTpe no speMenn nponera JIH-2, ycranossien-
HOM HA mMnyJascHOM peaktope UBP-2 B [ly6He, HCCIEROBAHH CMEIIAHHHE
MmoHokpucraanu SR,Ba; ,Nb,O¢ (SBN-x) pasnmunoro cocrasa (0.50 < x <
0.75) B uurepsane remneparyp or 13 1o 773 K. O6HapyXeHO CHABHOE BIAHIHHE
temwosoro auddysHoro paccesund (TIP) Ha qudpakuHoHHYI0 KapTHHY. [To-
ssnenne TP oT AIMHHOBOJHOBHX BMOPALMOHHEX aKYCTHUECKHX MOJ B MO-
HOKPHCTaJLIE XapaKTEPH3yETCS OTHOMEHMEM CKOPOCTH 3BYKa K CKOPOCTH HEi -
TpoHa. Bnaropaps npupone audpakuuu Jlays no BpeMeHHU MPOJIETa, HCIOIb3Y-
emoif Ha audpaxromerpe [H-2, TIP BOKpyr OparrOBCKHX NHKOB HMEET
AOBOJILHO CAOXHE npodnas. [Tonnmanue npupons TP B6au3u 6p3rroBcKux
NMUKOB MMeeT GonblIoe 3HayeHHe, TaK KaK MO3BOJAdeT oTAeauTh audibysHoe
paccesiHue, nosisomeecs npu augy3HOM CErHETOIEKTPpHYECKOM (ha30BOM
nepexofe B Kpucraiax SBN.

Pabota sunosineHa B Jlaboparopun HeirrponHoi ¢pusuku OUSH.
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Thermal Diffuse Scattering in Time-of-Flight Neutron
Diffraction Studied on SBN Single Crystals

At the time-of-flight (TOF) diffractometer DN-2, installed at the pulsed
reactor IBR-2 in Dubna, Sr,Ba; ,Nb,O¢ mixed single crystals (SBN-x)
of different compositions (0.50 < x < 0.75) 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
TOF 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 crysta.ls 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 obtainedon 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
SrzBa,_-Nb06 (SBN-100x) [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 more 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 ¢, to the
velocity of the neutron v,

B = c;[vn. )
Due to variation of f-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 ¢rystal, TDS from
the acoustic modes of vibration occur in the neighbourhood of the Bragg
peaks. - There are three regions of neutron velocity v, to be considered in
calculatmg the nature of this scattering. :

e Ifg<1
Un > (2)

the TDS rises to a maximum at the Bragg peak and scattering is allowed
at all points in the reciprocal space (Fig.1a).

e If 3> 1> Bcosl ,
Cs > Uy > cycosl (3)

where 0 is half the scattering angle, the TDS rises to a steep maximum
on either side of the Bragg peak at 0p,and scattering between these
maxima is forbidden (Fig.1b).

o If Bcos > 1
¢scosb > vy, , (4)

there is one mazimum only, and this is associated with phonon creation
for 6 > 0 and phonon annihilation for 0 < 0p (Fig.1c).

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 (phonon absorptlon) (¢ = —1) and creation (phonon emission)
(e=+1)1is separated
do\™ _ kN = n5(@) o oy g - |
— =—-— 3y —=|Gj Je ™ 5
( dg)m BT D@ o

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. :

ni(a) = {eaplhos(@)/KsT] ~ 1}, (6)

where k}; is Boltzmann’s constant and T the‘absovl‘ute temperature. From (5) it
follows that the scattering cross section for annihilation and creation differ
only by the Jacobian term

Wel™ = 1+ (eh/2E) k-gradyw;(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 noncubic, 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 1] : by replacing
B = c,/v, by B, containing the group velocity in the characteristic quotient.
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Figure 1: Drawings are taken from [1] to illustrate the change in the one-
phonon scattering surface with increasing 3.

(a) B<1,(b) 8>1>Bcosh, and (c) Bcosf > 1.

The reciprocal-lattice point P is reached in elastic scattering at the Bragg conditions
26 = 20p, |k| = |ko| = kp. The diagrams are drawn for isotropic sound velocities and
for § = 40°, A8 = +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

DN-2 pos. sens. detector

Ly =23.75m
20 = 90°
L,
A20 = 23°
moderator
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Figure 2: Sketch of the experimental setup used at the TOF diffractometer
DN-2.

For Lz = 1.05 m between the 32 detection positions of the full (half) length of the PSD
angular steps A20 of 46’ (23’) are given . The full detector array covers a A20-range of
+11.9° . ’ .

3 TOF study of TDS from Sr,Ba;_.NbyO;

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 L, (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 L, < L; . In the here discussed experiments
the scattering angle for the detector central position 26 was fixed at 90°.



Flgure 3: Observed region of the reciprocal space (z*, y* coordinates)
determined by the interval of the experimental. coordinates k and 20 :
kmm < k < kmu.x and 20mm < 20 < 20maz

SBN-100x mixed single crystals of different compositions (0.50<x<0.75)
were investigated between 15 K and 773 K in a refrigerator cryostat and a
furnace, respectively. ‘

3.2 The elastic pererties’ of SBN single crystals

At room temperature (RT) Sr;Ba,_.Nb,0¢ mixed single crystals are (pseudo-)
tetragonal in the composition range 0.75 > = > 0.25. (Tungsten bronze
structure with lattice parameters a ~ 12.43 A and ¢ ~ 3.91 A at RT.) In
analogy to the Cauchy relation for the elastic stiffness constants of cubic
crystals ; »
en—ci2—244=0, (8)

such a tetragonal crystal is elastically isotropfc if the relation .
g=cn—c12—2c66 =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. \
6

Table 1: Comparison of elastic stiffness constants of SBN measured piezo-
electrically (p) and by neutrons (n) '

c11/10'°N m‘2 c12/10°Nm =% | ¢66/10'°Nm=2 | g | Ref. | Method
241 134 52 0.3 (11 o
18.8 7.4 5.2 from (111 | 1.0 | [10],[9] p
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Figure 4: 3d- plot of (002) reflection of SBN-50 around 20 = 92 4°. (20-range
86.3° — 98. 5°, chy —64 ©s)

3.3 Results of B-parameter fitting

Especially some of the strong (00!) reflections of SBN recorded at the scatter-
ing plane (110) and (100), respectively, were found to be strongly influenced
by thermal dzﬁ'use 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 260 = 90° from a SBN-50 sample around the (002) re-
ciprocal lattice point. For a given A20 the TDS occurs only on one side of the
Bragg peak (tB, 20p). As expected from the theory for the case Bcosd > 1
the TDS appears at shorter times-of-flight than ¢ if 20 < 205 and at longer
times if 26 > 20p.
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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 26-range 86. 3° — 98.5°. Time channel
width ch, =64 ps.’ The curves A B,C, D, and E are calculated for ¢,= 2.5,
2.8, 2.9, 3.0, and 3.3 kms" giving the parameter values B: 1. 77, 1.98, 2.05,
2.13, and 2.35. The crossmg of these curves marks the posxtlon of the Bragg

peak: ¢, 20p '
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Figure 6: Plot of (002) Teflection of SBN-61 around 20 = 90°. (26-range
83.9° — 96.1°; ch,, =64 ,us) - , ' ‘

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

'At/A20=%ta(tana)/(ﬂzcoszé—l). - (10)

From the curve fitting (with curve C) a phbnoh velocity of ¢, = 2.90 kms~!
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
cc'e = 3.16 kms™' determined directly for the elastically isotropic case from
the elastic constant cyy = (5.2 £ 0.5) 10'° Nm~2 and the density p = 5.2 gem=2.

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-50 around 20 = 90°. Diffuse scat-
tering mainly due to other processes than TDS. (20-range 78.5° — 101.5%

ch,, =64 ps)

intensity comes from the temperature dependence of quantum number of the
phonon modes n;(g) (Eq. 6). For ¢ = 1072 ng) follows a phonon energy
hwj(q) = 0.5 meV and we get n¥® = 3, n?* ~ 60, and ni® = 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 [1] for elasticall}" isotropic material the Jacobian becomes

- O L=1+¢p ()
and gives the relation '
annihl
do , , o
‘(dn)c=—l — lJ—1|—l — ll _ ﬂl—l — ll + ﬂl ) (12)
(ig)creat ) |J+l|_l ll + ﬂl-—l Il - ﬂl .
aa
e=+1

- With SZaN ~ 2 we get a ratio of ~3.
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Figure 8: Plot of (002) reflections of SBN-50 around 20 = 90° at RT and
above (773, 673, 473, and 338 K). (20-range 78.5° — 101.5%; ch,, =64 us)
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Figure 9: Plot of (002) reflections of SBN-70 around 26 = 90° at RT and
below (20 K). (26-range 78.5° — 101.5°; ch,, =64 ps)

4 Discussion

The given results show that in Sr;Ba;_zNb;06 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 2/ calculated
form elastic stiffness constant c44. The existing small difference of - 8 % does
not exceed the error level of the constant cq4. However, the here used method
is more accurate (see,e.g., [1]) than the normaly used extrapolation of the
measured slope of the phonon branch to small ¢g-values.

12

For the analysis of the shape of the diffuse scattering at temperatures
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 bechanged. 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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