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Results are reported of a theroetical and experimental study of a new type of Pendellosung 
beats produced in Bragg diffraction under conditions of ultrasonic excitation. The dependences 
of the thermal-neutron scattering intensity 1 on the sound amplitude w are measured in a 
silicon single crystal. Oscillations of I (w)  due to formation of additional gaps on the dispersion 
surface are observed, as are oscillations of the average slope of the I (w)  plots when the sample 
is rotated around the reciprocal-lattice vector. It is shown that near the threshold frequency 
the contrast of the oscillations and the average slope of I (w)  are determined mainly by the 
parameter cos(SqT), where Sq is the shift of the neutron dispersion surface when the 
ultrasound is turned on and T is the crystal thickness. The experimental data agree with the 
theoretical calculations. 

1. INTRODUCTION 

Ultrasonic (US) oscillations influence substantially the 
intensity of x-ray and thermal-neutron scattering in perfect 
single crystals. Depending on the ultrasound frequency v, , a 
distinction can be made between two different mechanisms. 
At v, 4vrh (vrh is a certain threshold value connected with 
the extinction length 7)  " the US strains simply expand the 
Bragg-scattering angle interval, so that when the sound am- 
plitude w is increased the diffraction intensity rises up to the 
kinematic limit.'~2 A transition to higher frequencies alters 
the situation qualitatively. Ultrasound with Y, > v,, mixes 
the states that correspond to different sheets of the disper- 
sion surface, and this leads to a number of experimentally 
observed phenomena, e.g., resonant suppression of the Borr- 
mann e f f e~ t ,~  additional reflection in the Bragg ge~me t ry ,~  
and others. Certain new aspects of the interaction between 
high-frequency ultrasound and radiation was recently ob- 
served.' It was shown in particular that in neutron diffrac- 
tion (in contrast to that of x rays), an important role is 
played by exchange, with the US wave, of not only momen- 
tum but also a rather small amount of energy ( - lop7 eV). 
It was found that the presence of an US lattice in the crystal 
leads to the onset of Pendellosung beats that depend on the 
US oscillation amplitude w. These beats were observed in 
measurements of neutron-diffraction intensity within the 
Borrmann delta at v, > v,, (Ref. 6) and in measurement of 
the integrated intensity of x-ray scattering (v, =:vrh ).7 

We report here the results of further theoretical and 
experimental investigation of US Pendellosung beats as ap- 
plied to neutron diffraction. 

2. THEORY 

The general procedure of calculating the intensity of 
neutron diffraction in the presence of high-frequency 
(v, zv ,  ) US oscillations is given in Ref. (5) .  We pay prin- 
cipal attention here to a more detailed analysis of the thresh- 
old situation (v, =vth ). 

When a neutron interacts with an US wave character- 
ized by a wave vector k,, the dispersion surface of the neu- 
tron is shifted in the crystal by a vector Sq, (the _+ signs 
corresponds to absorption and emission of a US p h ~ n o n ) ~  

where 
6q=2nv,/vn cos OD, 

e=2-"*(eo+eI,), 
k, cos cp is the projection of k, on the scattering plane, v ,  is 
the neutron velocity, 8, is the Bragg angle, and e, and e, are 
unit vectors in the propagation directions of the incident and 
refracted waves. (There is no second term in ( 1 ) in the case 
of x rays.) 

If Y, > Y,,, , a displacement of the dispersion surface by 
Sq , causes crossing of certain modes (see Fig. 1 ) . Interac- 

0 H 
FIG. 1. Dispersion surface of a neutron in a crystal, modified by interac- 
tion with ultrasound. 
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tion with ultrasound lifts the degeneracy of the states at the 
crossing points and leads to the appearance of additional 
gaps Ak, = Ak,(H*wl on the dispersion surface (Ak, is the 
usual "soundless" gap and H is the reciprocal-lattice vec- 
tor), and hence to Pendellosung beats governed by the ultra- 
sound. 

In the calculation of the diffraction intensity, we con- 
fine ourselves for the sake of argument to symmetric Laue 
reflection in a plane-parallel plate. We assume further that a 
transverse US wave with polarization directed along the vec- 
tor H propagates perpendicular to the scattering plane. Note 
that in this geometry ultrasound does not influence x-ray 
diffraction at all (a pure "energy" situation in the terminol- 
ogy of Ref. 5).  Using the wave function of the neutron in the 
crystal from Ref. 5, we obtain after some transformations the 
scattering-intensity increment A1 connected with the ultra- 
sound ( (Haw ( < 1 ) : 

where 

sin y=Ako/6q, z=]Hw] Ak,T, 1(0) =llbnAk0/Q sin 0,, 

J , ( x )  is a Bessel function, Tis the plate thickness, I ( 0 )  is the - 
scattering intensity in the absence of ultrasound, I (0 )  is the 
value if I ( 0 )  averaged over the usual extinction beats, and Q 
is the neutron momentum. Let us analyze expression (2)  at 
T < T ~  = 2?r/Ak, = r1H*wl-', i.e.,z<l, we have 

FIG. 2,Increment AI/Z(O) to thediffraction intensity vssoundamplitude 
in Si(220). Points--experiment, solid curves-alculated from Eq. ( 2 )  
for various values of the parameterp = cos(6qT) : 1-p = - 1;  2-p = 0; 
3-p = 0.37; 4--p = 1 .  

andat T > ~ , ( z ) l )  

AI/I(o) =2lHw cos 71 tg2 7 cos (6qT) 
- (2/2)" [i+'/% tgZ 7 cos (64T) ] cos (z+n/4)). (4) 

Averaging over the sample thickness leads to vanishing of 
terms containing cos (SqT), and then expression (4) coin- 
cides with Eq. (22) of Ref. 5 for the "sound" increment to 
the diffraction intensity. Note that no account was taken in 
the calculations of Ref. 5 of the so-called interband interfer- 
ence of states (the points 1,2 and 5,6 and also 3,4 and 7,s of 
Fig. 1 ) . We shall show that this interference is quite appre- 
ciable near the threshold. [The explicit forms of the func- - 
tions AI(z)/ I ( 0 )  are shown in Fig. 2 below.] 

If the frequency vs approaches the threshold value 
v, (Sq + Ak,), the oscillation contrast [the coefficient of 
cos(z + n/4) in (4) 1 increases. The qualitative cause of the 
increased contrast is that as y-?r/2 the branches of the dis- 
persion surface no longer intersect but are tangent. As a re- 
sult, the US perturbation restructures the wave function of 
the neutron in a much larger phase-space volume. At the 
threshold, formally, the intensity increment hl-+ a, which 
is obviously wrong. To describe the threshold case we need a 
more detailed analysis, whose results are presented below. 

It can be shown that the expression obtained in Ref. 5 
for the neutron wave function is valid also for the threshold 

situation. Some specific features appear as Sq- Ak, because 
of the pairwise mutual approach of the points 1,2 and 3,4 or 
5,6 and 7,s on the dispersion surface (Fig. 1 ) . For example, 
the intensity of elastic scattering of a neutron accompanied 
by absorption (emission) of an US quantum at threshold is 
equal to 

ctg b=(l-Usin $) IHwl-'. 

At T> .r, we have 

A similar calculation for the elastic-scattering intensity 
leads to 

The total scattering intensity at T> T~ is equal to 

IHwl- r (l/') Z=Z(0)- -2-Z(O)~~~(AkoT) [ 1  +-cos (Z + F)] . 
nz"* 

(8) 
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The depth of the scattering-oscillation intensity in the 
threshold situation is - /H*w1 'I4, i.e., much larger than at 
Sq > Ak,, where the oscillation contrast is - (Haw 1 ' I2 [see 
(4)  1. The increase of the contrast near the threshold can be 
illustrated by using the following arguments. 

In the absence of diffraction, the curvature of the free- 
neutron dispersion surface in momentum space is equal to 
rlf = Q -'. In the usual two-wave diffraction the curvature 
gd at the extremal points 9 and 10. (Fig. 1 ) is already 

or larger than Q, by five or six orders. Interaction with high- 
frequency ultrasound (v, > v,, ) leads to an even larger cur- 
vature of the dispersion surface near the points 1-8 (Fig. l ) : 

This is due to the small value of the US gap at Ak, 4 Ak,. As 
the threshold is approached, the dispersion branches inter- 
sect the dispersion surface at ever decreasing angle 28: 

The curvature exactly at the threshold is 7, = 0: planar sec- 
tions of the dispersion surface are produced and correspond 
to neutron propagation along the reflection planes. The pres- 
ence of such sections leads to an increase of the contrast of 
the scattering-intensity  oscillation^.^' 

Let us formulate a criterion for the proximity of Sq to 
the threshold Ak,. The difference I - I ( 0 )  in (8)  is trans- 
formed into h l ( 4 )  by acoustic displacements w, such that 

If IH-wl is smaller (larger) than IH*w,l, expression (2)  or 
(8 ) must be used respectively. 

3. EXPERIMENT 

The measurements were made with the IRT-M reactor 
of the Physics Institute of the Latvian Academy of Sciences. 
The neutron diffractometer was described in Ref. 8. We in- 
vestigated the dependence~ of the scattering intensity I (w)  
in a dislocation-free silicon single crystal of 70 mm diameter 
and T = 1730 + 5 pm thickness. The surfaces of the plate 
were electrochemically polished and were parallel to planes 
of (1 11) type. The quartz piezoconverter ( Y-cut) was fas- 
tened with epoxy resin without a hardener. A transverse US 
wave (wllH, v, = 19.250 MHz) propagated parallel to the 
reflecting planes [the reflection (220). Laue symmetric 
case, was used]. Since the frequency v, was relatively close 
to the threshold value v,, = 14.7 MHz, it was necessary to 
take into account in the analysis of the diffraction pattern the 
interband interference, i.e., the terms containing cos (SqT) - 
in expression (4) .  The theroetical AI/ I ( 0 )  , curves calcu- 
lated with the aid of (2)  are highly sensitive to changes of the 
phase SqT (see Fig. 2).3' It was already mentioned that an 
important role is played in neutron diffraction by energy 
exchange with the US wave; corresponding to this exchange 
is the second term of Eq. ( 1 ) for the dispersion-curve shift 
that depends on the neutron wavelength A - l/n, . In our 

experimental conditions (SqT-70) a change of A by 5% 
corresponds to a shift of the phase SqT by a .  To observe 
oscillations of I (w)  it is therefore necessary to make A rigid- 
ly steady. 

We used in the measurements a quasimonochromatic 
neutron beam from a Pb crystal monochromator with mosa- 
ic angle g -- 4' [reflection ( 1 1 1 1, ern, =: 1 lo, maximum of 
spectrum corresponding to A = 1 .O1 A]  .' Under conditions 
of rather tight angular collimation, a =: 5 ' ,  the ratio M /A is 
determined mainly by the parameter 7 and is equal to M / 
A =:7/8,, =: 1%. It is necessary also to take into account in 
the experiment also the inhomogeneous distribution of the 
sound field over the sample (see Ref. 6).  From this stand- 
point it is necessary to decrease to a minimum the geometric 
dimensions of the incident beam. We used for this purpose a 
2 X 1 mm slit on the entrance surface of the sample. 

To eliminate the influence of slow neutron-flux oscilla- 
tions and of the reactor background, which play a major role 
at low counting rate in the detector ( ~ 5  count/sec), the 
following automated measurement regime was used. The 
modules of the CAMAC apparatus were used to amplitude- 
modulate the US oscillations by a sawtooth voltage V- w 
with a period lop2  s. The "sawtooth" and the time mode of 
the AI-4096 multichannel analyzer were turned on simulta- 
neously. Each value of w, corresponded thus to a definite 
analyzer channel where the information I(w, ) from the neu- 
tron detector was accumulated by multiple cycling the entire 
range of w (w,,, ) corresponded to a voltage V = 0.18 V on 
the piezoconverter. 

The normalized experimental data [I(w ) - I ( 0 )  1 / 
I ( 0 )  = AI(w)/I(O) are shown in Fig. 2. The tie-in on the 
abscissa axis (the Vttw correspondence) was to the position 
of the first maximum. The growth of the diffraction intensity 
at small w agrees qualitatively with expression (3).  Oscilla- 
tions corresponding to extinction lengths r, - T=: 107 are 
described by the factor cos ( z  + a/4)  were next observed. 
Figure 2 shows two oscillations; at large w the contrast of the 
oscillations decreases, apparently because the sound field is 
not uniform. For multimode US oscillations excited in the 
sample, the intensity increments due to different modes is 
additive, and the oscillations themselves become "smeared 
out." On the whole, the experimental data reveal a behavior 
close to that expected from theory, although not in good 
agreement in some sections with curve 3 corresponding to 
the real conditions cos (SqT) = 0.37 [the dashed line shows 
the results of calculating curve 3 but with allowance for the 
changed width of the main gap,' 
Ak ' = J,(Hw)Ak,=:Ak,( 1 - H 'w2/4) for US excitation]. 
It can be stated at any rate that this experiment revealed 
anew Pendellosung beats over the extinction length r,, and 
the significant role of interband interference between the 
states near the threshold was confirmed. 

Let us analyze once more interesting manifestation of 
interference states that differ by Sq (i.e., are located on dif- 
ferent sheets of the dispersion surface. For zS 1 (but 
Hw 4 1 ) we find that the plot of the increment AI / I ( O )  of the 
scattering intensity is a straight line AI/I(O) = a 1H.w / with 
slope 
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FIG. 5. Oscillations of average tilt A , ( p )  of the function I ( w ) .  Points- 
normalized experimental data, solid curve--calculated from Eq. ( 13) for 
cos(6qT) = 0.37 with ultrasound. 

FIG. 3. Calculated a ( p )  curves for two values of p = cos(6qq,): 1-p 
= - 1;2-p= 1 .  

a=2lcos y 1 -sin" cos (GqT)/lcos yl, (13) 

that depends directly on cos(SqT). 
The phase SqTcan be easily varied in the experiment by 

tilting the crystal plate about the direction of the vector H. 
Starting from ( 1 ), we get in this case 

GqT--Gq+T=k, (cos cpf v,/v, cos 0,) To/cos rp 
= k , T O ( l S v F l v n  cos 0, cos c p ) ,  (14) 

where us = 2avs /ks is the speed of sound, p is the tilt angle 
and is equal to the angle between k, and the scattering plane, 
T = T,/cos p is the path traversed by the neutron in the 
tilted plate, and To is the initial real crystal thickness (at 
p = 0).  The a (p) plots calculated from ( 13) are shown in 
Fig. 3. (We call attention to the high sensitivity of the curves 
to the value of the initial phase SqT,. ) Note that this variant 
of the procedure cannot be used for x rays, since the shift 
Sq, of the dispersion surface is specified only by the first 
term of ( 1) and accordingly the phase 69, T = k, Tois inde- 
pendent of p .  

We used the tilt method to study the oscillations of 
- 

a ( p ) .  We measured the I(w) dependence at different val- 
ues ofp  in the automatic regime described above, but used in 
lieu of the AI-4096 analyzer the computer-based IVK com- 
putation unit. We averaged over the oscillations by partial 
summation of information in groups of 64 channels (in a 
total of 1024 channels). The cycling range was expanded for 
the same purpose ( V,,, = 0.5 V). To increase the counting 
rate, we also increased somewhat the geometric dimensions 

FIG. 4. A,(p) oscillations. The arrows show the positions of the maxima 
of the scattering intensity I ( 0 )  (without sound), measured in an indepen- 
dent "manual" experiment by the tilt method. 

of the incident beam (entrance slit 4 X 2 mm) . The equations 
were reduced by least squares (a  fit to the form I =A,, 
+ A,N + A,N', where N is the number of the group of 64 

channels and is proportional to w). 
Figure 4 shows the results for the coefficient A,. The 

A,(p) (w = 0)  oscillations are well known9: these are the 
usual extinction beats connected with T = 27r/Ak,. Their ap- 
pearance, when the plate is tilted, as a result of the phase 
change Ak,T = Ak,T,/cos p .  The period of the A,(p) oscil- 
lations agrees with the theoretical predictions (see, e.g., 
Ref. 9).  

Figure 5 shows a plot of A, ( p ) ,  obtained for the first 
time. The points correspond to the averaged values of 
[A,(p)  + A , (  -p) ] /2AI(0) .  The figure shows also for 
comparison the functions a ( p )  calculated from Eq. ( 13) 
with an initial phase (p = 0)  corresponding to the real ex- 
perimental conditions cos (SqT,) = 0.37. The position and 
depth of the first oscillations (which reflect the fact that the 
dispersion-surface branches intersect when high-frequency 
ultrasound is excited) agree well with the theory. The better 
data of Fig. 5 (compared with Fig. 2) can be readily ex- 
plained, since the average slope is a less sensitive parameter 
than the I (w)  oscillation curve. 

4. CONCLUSION 

Noticeable progress was made in the last few years in 
the technique of inelastic scattering of neutrons. Spin echo 
spectrometers and backward-scatter spectrometers deal reli- 
ably with an energy-transfer range of order lop6 eV. Even so 
high a resolution, however, is insufficient for a number of 
problems. In our case, for example, the energy transfer in 
inelastic scattering by an US phonon (v, ~ 2 0  MHz) is 
8. lo-' eV. It is all the more interesting that exchange of so 
low an energy with an US wave is revealed in experiment 
without an energy analysis of the scattered beam. In fact, 
since the velocities of the thermal neutrons and of the sound 
waves in the crystal are of the same order, absorption of the 
phonon energy upon diffraction shifts additionally the neu- 
tron dispersion surface by an amount comparable with 
k, - Ak,. In view of the importance of energy exchange, the 
neutron diffraction pattern in the presence of US oscillation 
is somewhat richer and the possibility of controlling it is 
somewhat better than in the case of x rays. For neutrons, in 
particular, there are two threshold frequencies correspond- 
ing to traveling waves with momenta + k, . The diffraction 
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is strongly influenced by US oscillations propagating per- 
pendicular to the scattering plane. By tilting the crystal 
around the reciprocal-lattice vector it is possible to observe 
the oscillations of the average slope of I ( w )  . The principal 
effect, however, namely the appearance of a new large ex- 
tinction length T, )T in the crystal, is independent of the 
type of radiation. Additional gaps Ak, = 2a/rs on the dis- 
persion surface lead to scattering-intensity oscillations when 
the US oscillation amplitude is varied. The presence of 
strong bending of the dispersion curve near the branch inter- 
section points gives grounds for hoping the diffraction to be 
more sensitive in the presence of ultrasound to distortions of 
the crystal lattice, compared with ordinary topography. 

The authors thank I. R. Entin for helpful discussions, 
and A. Yu. Astapkovich, E. N. Kozlov, A. K. Krigers, and 
V. 0. Nikolaev for great help with the automation of the 
experiment and with the reduction of the experimental data. 

"In the case of x rays the threshold situation is realized when the ultra- 
sound wavelength 2,  is equal to the extinction length 7. 

"The geometry of the extremal points in the vicinity of the extremal points 
can be described with the aid of the reciprocal-effective-mass tensor. 

"Although expression (2)  was derived for the purely energetic situation, 
it can be used also to describe our experiments, but with Sq replaced by 
Sq, corresponding to the lower threshold frequency v,, = 14.7 MHz, 
near which the measurements were made. 

'W. J. Spencer and G. T. Pearman, Adv. X-ray Analysis 13,507 ( 1970). 
2B. Buras, T. Giebultowicz, W. Minor, and A. Rajca, Phys. Stat. Sol. ( a )  
9,423 (1972). 

31. R. Entin, Pis'ma Zh. Eksp. Teor. Fiz. 26, 392 (1977) [JETP Lett 26, 
368 (1977)]. 

4K. P. Assur and I. R. Entin, Fiz. Tverd. Tela (Leningrad) 24, 2122 
(1982) [Sov. Phys. Sol. State 24, 1209 (1982). 

%. M. Iolin and I. R. Entin, Zh. Eksp. Teor. Fiz. 85, 1692 (1983) [Sov. 
Phys. JETP 58,985 ( 1983)l. 

6E. V. Zolotoyabko, E. M. Iolin, B. V. Kuvaldin, et al, Preprint LAFI- 
064, Phys. Inst. Latv. Acad. Sci., Salaspils, 1983. 

'I. R. Entin and I. A. Puchkova, Fiz. Tverd. Tela (Leningrad) 26, 3320 
(1984) [Sov. Phys. Solid State 26, 1995 (1984)l. 

RE. V. Zolotoyabko, E. M. Iolin, B. V. Kuvaldin, et al.  Preprint LAFI- 
055, Phys. Inst. Latv. Acad. Sci., Salaspils, 1983. 

9A. V. Somenkov, S. Sh. Shilstein, N. E. Belova, and K. Utemisov, Sol. St. 
Commun. 25, 593 ( 1978). 

Translated by J.  G. Adashko 

1271 Sov. Phys. JETP 64 (6), December 1986 lolin etal. 1271 


