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X-ray Bragg diffraction of LINDO j; crystals excited by surface acoustic waves
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This paper presents an experimental study by x-ray Bragg diffraction of a Rayleigh surface acoustic wave
propagating in LiNbQ@ single crystals. Many parameters such as the acoustic wavelength, the acoustic ampli-
tude, the crystal cut, and the x-ray energy were varied, thereby providing an extensive view of this acousto-
optic interaction. It is shown that the diffraction spectra depend strongly on the ratio of the x-ray and acoustic
penetration depths. A simple kinematical model has been developed to analyze quantitatively the acoustic
fields. High-resolution x-ray diffraction seems to be a promising technique for the analysis of penetration
depths of acoustic waves.
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I. INTRODUCTION used various conventional cuts of LiNp@rystals:YX, YZ
[corresponding tq030 orientatior], Y Z+127° (104), and
The development of electronic devices based on surfacgn asymmetric cut. Acoustic wavelengths from 4 to 100
acoustic wave$SAW's) has been very active in the fields of were usedsee Table)l
filters, oscillators, real-time processing systems, and con- Rayleigh waves are elliptically polarized, but in specular
volvers, etc., which are widely used in new communicationBragg geometry, longitudinal displacemertparallel to the
systems(mobile phones, pagers, radio systems, TV, GPS acoustic wave vectoK yet perpendicular to the diffraction
This development is accompanied by an increasing need fafectop do not affect x-ray diffraction. Therefore a Rayleigh
precise characterization of the acoustic fields in these dayave can be approximated as a sinusoidal modulation nor-
vices. Interactions between x rays and SAW’s have alreadyhal to the diffracting atomic plangsee Fig. L
been investigated for many yedrs® The development of The propagation of a Rayleigh wave at the surface of a
intense third generation synchrotron sources has allowegrystal induces deformations in the bulk far below the sur-
highly parallel x-ray beams to be combined with high-face. Calculations have shown that the acoustic penetration
resolution diffraction techniques, thus improving the experi-should extend to a depth of the order of an acoustic
mental resolution. Recently, it has been possible to observgavelengtht®
at the ESRF SAW-induced diffraction satellites in a Bragg Since the phase velocity of the acoustic w&3@80 ms*
geometry setup in LiNb@ GaAs, and in silicort~*3 for an Y-X cut of LINbO;) is much lower than the speed of
One of the main interests of such an experiment is to uséhe x rays, the acoustic deformation can be considered as
X rays to probe acoustic fields in materials. For this purposeguasistatic and characterized by its wavelength and ampli-
models describing the x-ray/SAW interaction have to be detude. Assuming an exponential damping of the acoustic am-
veloped and compared to experimental data. We have thergtitude in the bulk, the vertical displacements of atoms of
fore carried out a systematic experimental study of X-raycoordinatesx,y,2 can be written approximated as
diffraction by a SAW propagating in a LiNbQOcrystal by
varying successively the acoustic amplitude, the acoustic fre- H(X,2) =Hqexp(— pa) exp(iKx), 1)
qguency, the crystal cut, and the x-ray energy. In a secon%{L

step, we propose a simple model based on the kinematic e acoustic wave vector. The acoustic amplittitieat the

approximation in order to derive. acoustic parameters s_uch Airface of the crystal could be varied from 0 to a few ang-
the amplitude and the penetration depth of the SAW Ir‘S'destroms(estimated from the number of diffraction satellites,

the crystal see belowby varying the voltage supplied to the transducer.
It should be noted that we assume that the atomic planes
Il. THE SAW DEVICES in the crystal are distorted by the SAW but that thepacing

) ) between them is not modified.
Acoustic waves of Rayleigh type were produced on SAW

delay lines Qf conventional geometry by photolithogrﬁlphi— lll. LINbO 5 CRYSTAL PROPERTIES

cally deposited IDT's upon perfect LiNbQOcrystals.

LiNbO; is one of the piezoelectric materials with the highest Lithium niobate belongs to thB3c space group, with a
electromechanical coupling and is therefore largely used asl@exagonal unit cella=0.51494 nm;c=1.3862 nn). Thed
substrate in SAW-based industrial applications. We havespacing of the(030 reflection (used mostly in our experi-

ith o' the penetration depth of the acoustic wave &nd

0163-1829/2001/64.3)/1341089)/$20.00 64 134108-1 ©2001 The American Physical Society



TUCOULOU, de BERGEVIN, MATHON, AND ROSHCHUPKIN PHYSICAL REVIEW B4 134108

TABLE |. Experimental parameters of the samples used for this experindentangle between two
adjacent satellites in rocking curves, is calculated from the relation . '~1.3A.

Acoustic Acoustic Diffraction

wavelength  frequency planes Sa Energy

Sample  (um) (MHz) (hk) (wrad  (keV)  pt(um)  pug
a 30 116 (030 5 13 14.5 0.37
b 12 292 (030 12.3 8 6.0 0.38
b 12 292 (030 12.3 10 9.0 0.58
b 12 292 (030 12.3 13 14.5 0.93
b 12 292 (030 12.3 15 18.5 1.19
b 12 292 (030 12.3 18 25.6 1.64
b 12 292 (030 12.3 20 4.6 0.29
c 12 292 (030)-20.2° 131 10 3.2 0.20
d 4 952 (104 68.2 12 6.7 1.29
d 4 952 (208 136.5 12 13.4 2.58

mend for LINbO; is d=1.487 A. Based on kinematic dif- N

fraction theory, the profile of the x-ray penetration depth due A(Q)= X, Fru(Q)expiQ-ry), (©)

to absorption in LiNb@ as a function of energny‘l(E) =t

=sin(0g(E))/2u (E) is plotted in Fig. 2(u is the linear  with N the number of unit cells,; the depth from the surface

absorption coefficientfg is the incident Bragg anglelt has  of cell i,Q the momentum transfer vector, aRg,, the struc-

to be noted that it varies roughly between 10 and 30, ture factor.

which is comparable to the acoustic penetration depth. The Due to the very large acoustic period with respect to the

presence of th& edge of Nb at 18.99 keV introduces a sharpunit cell, one can assume that the variations of the structure

variation (80%) of ,u,;l in this region. factor are negligible when a SAW propagates. Unit cells
Considering that LiNb@is a nearly perfect crystal when move but are barely distorted\@i/d~10%). The position

not excited, dynamical theory should then be taken into acef the unit celli can be writterr;=r;o+u(r;o) with r;q the

count and gives an extinction length varying between 2 and #osition of the unit cell in the non excited crystal. E8)

um for the (030 reflection in the 8—25 keV energy range. becomes

N
IV. THE X-RAY /SAW INTERACTION A(Q)x >, expliQ-[rio+u(rip)]). 4
i=1

Coherent x-ray diffraction on the modulated atomic . ) ] )
planes leads to the formation of satellites on both sides of th&c¢cording to Eq.(1), and introducing the x-ray absorption
Bragg peak along which constructive interferences induce§oefficientu, ,A(Q) can be written
by the SAW occur. In the symmetric Bragg case, these an-

. . . X Ny N,
gular directions can be deduced from the grating equation: A(Q)= E E o~ mxedgilaxa+ a,zd+ H(xazd)] 5)
x=1z=1
cosem=m£+coseo, 2) vv_ith I_\IX and N, the number_ of un?t ce_IIs in the and z
A direction, a the unit cell size in thedirection, (@,,0,,) the
coordinates of vectoD.
with \ the x-ray wavelength) the acoustic wavelengttt, Using the mathematical relation
the incident anglem the diffraction order, and,,, the exit
angle of themth order satellite. m=+] M=
In absence of any lattice perturbation, dynamical theory is
required for quantitatively analyzing the diffraction spectrum m=-1
in a perfect crystal. The deformations induced by an acoustic
excitation may strongly disturb the crystal, involving a pro- N
gressive evolution of the dynamic behavior into a kinematic vKév o
one. Since the excited acoustic field can be quite strong in MQC-II e & e J =
our case, we have developed a very simple kinematic model _——————————
predicting the diffraction satellite intensities as a function of
the acoustic amplitud®. FIG. 1. Scheme of the atomic planes distorted by the acoustic
The amplitudeA(Q) of the x-ray diffracted wave is pro- wave. Thez scale is multiplied by a factor f@with respect to thex

portional to one. Only a few planes are represented.
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30

u (E)=sin(6,(E)}2u, (E)

(um)

FIG. 2. X-ray penetration depth in a LINRO
crystal vs energy. The black circles show the en-
ergies chosen for the experiment. The dotted line
shows the theoretical value ofi,. for a A
=12 um Rayleigh wave.
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[

energy (KeV)

m= +oo V. EXPERIMENTAL SETUP

iq,Hge ™ #ad sin(Kx) — — ) @lMKX
e m;m In(Hode "e%)e © The experiment described in this paper was carried out on

_ the triple axis diffractometer of the optics beamlif&MO05)
(Jm are the Bessel functionswe have at the ESRF. The theoretical mechanical resolution is 0.5
urad for each rotation of the goniometers. Both the mono-

N N .
L z _ chromator and the analyzer were @33 crystals AN/\
NQ)Z% ;1 e'(qX+mk)XaZZl e~ 2 dgldz2d ~107%). We used a Cyberstar Nal scintillation counter for
the detection. The beam was collimated by slits of 50
X Jn(Hoq,e~ #add). (7) X 100um (horizontal gapvertical gap).

For N,>1, the first term is equal to O except fgr+mK
=0 which is the grating equation. Finally, thmath order
satellite intensity is proportional to The first parameter which has been varied is the acoustic
amplitude. Figure 3 shows several rocking curves of the
LiNbO3 (030 reflection from aYX-cut crystal recorded for
(8) various acoustic amplitudes for a wavelength of i and
at a fixed energy of 13 keV.
Each satellite intensity can be therefore easily calculated It can be seen that the number of visible diffraction satel-
from the acoustic amplitude at the surface and from thdites increases with the acoustic amplitude. The acoustic am-

VI. EXPERIMENTAL RESULTS

f e M) (Hog,e Ha)dz .
0

I >

acoustic and x-ray penetration depths. plitude H, at the surface is estimated from the numbleof

oo - Hy=1.0 A Hy=3.0 A
D 50000
£ a0
& ]
B 20007 FIG. 3. Rocking curves mea-
g 20000 - ’, . sured(solid circleg and calculated
*2 10000 Y b : 7L AAh (open circles for 4 different
— ol ‘ ' 1 /ii ' by ‘!ﬁ acoustic amplitudesE=13keV;

-0.004 -0 ' S S o 010 A=12um; YX (030 reflection.
To clarify the figure, the calcu-
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= 20000 4 .
< amplitudes. In these cases, only
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= 5000
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satellites using the formulel,~Nd/27 (the angle between (see Fig. 5. At 8 keV, the FWHM of a satellité11.3 urad) is
adjacent satellites id/A and the maximum angular defor- of the same order than the angular deviation between two of
mation of the crystal i$1,K).!* Acoustic amplitudes below them(12.4u rad). This explains why the satellites are not so
0.25 A can be detected through the rise of the-1 order nicely resolved as in the other cases. Above 20 keV, the
satellite. instrumental resolution of the triple-axis diffractometer was
The linearity of the response of the transducer can béot good enough to resolve well the shape of the satellites.
checked by this means. We obtain a good linearity with a One can also see in Fig. 5 that the envelope of the rocking
ratio of 0.02 A/mV (before a 33 dB amplifigrover a range  cyrves varies significantly with the, /. ! ratio. In case of
of more than 110 m_\/. : . . . small x-ray absorptiofitypically E~ 18 keV), there is a clear
The angulgr deviatiorsa: between adjacent satellites Is predominance of the zero order peak. In case of strong x-ray
12.5 prad which corresponds well to the caIcngteq valueabsorption(E< 13keV orE>20keV), the relative intensity
da=d/A=12.3urad. The FWHM of each satellite is the f the O order can be very small and two symmetric maxima
same as the one of the Bragg peak without ultrasonic exci o y sm T
tation. grow at the limits of thg rocking curve for high-order satel-
Figure 4 shows the variations of several successive satell'—tes (se_e below ff)[ th?llnter_pretatmn
lites as a function of the acoustic amplitude at the energy of Varying the u, “/pu,; ratio can also be performed by
10 keV. A particular satellite is observed only if the acousticchanging the acoustic wavelength,.'~1.3A for a Ray-
amplitude is above a threshold value, which increases witteigh waveg. We have therefore studied several acoustic de-
the diffraction order. Once the acoustic amplitude exceedyices of wavelengths 30, 12, 4m at the same x-ray energy
this threshold, the satellite intensity increases rapidly(13 keV). Results are presented in Fig(éxcept for 12um;
reaches a maximum and then decreases with smooth oscillaee Fig. 3. For the 30um casd YZ cut (030)], the satellites
tions down to an asymptotic valusee below for the inter- are not well separated since their FWHM3.6 prad is
pretation). equivalent to the angle between two of thend/A
Secondly, the same sampl¢Y XLiNbO5(030, A ~5 urad). The SAW penetrates deeper than the x rays
=12um, Hy~4.5A] has been studied by recording rocking (u, */ u..~0.37). Even if the satellites cannot be resolved,
curves at several x-ray energies from 8 to 20 keV to analyz¢he envelope shows clearly that low-order satellites are weak.
the influence of the rati(pe;l/,u;C1 on the diffraction curves In the opposite case of a large x-ray penetration depth
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FIG. 5. Rocking curves measured for different energles.12 um; YX (030 reflection;H,~4.5 A.

with respect to the acoustic one\=4 um, YZ+127°  profiles with the x-ray penetration depth, we have measured

(104), Fig. 6] (u, Y ual~1.5), the low-order satellites pre- rocking curves around thé&104) and (208 reflection of a

vail. In the intermediate case df=12um [YZ cut (030, LiNbO;3 crystal for an energy of 12 keV and an acoustic

Fig. 3] the zero order peak and the high-order satellites havevavelength of 4um and an amplitude of 4.3 Asee Fig. 7.

approximately the same intensity { 1/,u;Cle.Q). The x-ray penetration depth is the only parameter which var-
In order to confirm the dependence of the rocking curvees between these two cases: fun for the(104) and 13.4
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for the (208). As expected, there is a large predominance ofSAW and the x rays. A satellite exists at a certain incident
the zero order peak in th€08) case: The ratidg,o/lsar1  and exit angle only if there are regions of the excited crystal
varies from 2(104) to 13 (208). that stay in Bragg position and diffract in phase. For ex-
The last way of varying theu, "/ u . ratio is to use ample, the extrema of the sinusoide contribute to the zeroth
asymmetrically cut crystals to reduce the incident angle andrder satellite but only when the Bragg conditions are ful-
therefore the depth probed by x rays. The longitudinal disfilled for the atomic planes of these regiofis., for the
placemen.ts of atoms h_ave then to be takgn into account sinqaagg angle of the unperturbed cryst@imilarly, the region
they modify thed spacing between atomic planes. We havejocated inx= = A/2 contributes to the highest order satellite
studied a LiNbQ(030) crystal with an asymmetry angle of sjnce the slope is maximum here.
20.2° (b=-0.11). At 10 keV (incidentangle4.28°), the The volumes of these regions are correlated to the inten-
x-ray penetration depth limited by absorption is of the ordersities of the corresponding satellites. This qualitative model
of 3.2 um (uy Y/ pac~0.2). In this extreme case, the ampli- is therefore simply based on the approximate determination
tude of the acoustic field probed by x rays remains quiteof the volumes of these regions. It is clear that the position
homogenous and x rays do not interact with static regions oind the extension of the region indexed to a specific satellite
the crystal. Figure 8 shows that the oscillations in the satelpf the rocking curve vary with the acoustic amplitude.
lite intensities versus the acoustic amplitude are enhanced To approximate the volumes of these regions, it is neces-
with respect to the symmetric casEig. 4). It should be sary to take into account the x-ray penetration depth and
noted th.at the zeroth order peak nearly vanishes for an acougrore precisely the ratigu, */u.. If the x-ray penetration
tic amplitude of 0.7 A. depth is larger than the acoustic one, x rays can reach deep
regions where the crystal remains static and nondistorted as
Fig. 9 illustrates. In this case, the region contributing to the
zeroth order satellite can become very large compared to
We develop here a qualitative model allowing the globalregions of higher orders. When the zeroth order satellite be-
shape of a rocking curve to be understood. It does not takeomes predominant, it is the signature of a large x-ray pen-
into account multiple beam scattering. The reader is agaietration depth with respect to the acoustic ¢see 18 keV in
referred to Fig. 1 for a schematic of the damped sinusoidafFig. 5). On the other hand, iﬁ;l is small compared to the

VIl. QUALITATIVE INTERPRETATION
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acoustic penetration depth, each diffracting region contribut-
ing to a specific satellite reaches approximately the same
depth (u;l) in the bulk and their respective volumes are
roughly proportional to their size along thxedirection (see

20 keV in Fig. 5.

This size can be estimated by convoluting the acceptance
of the crystal wp with the local slope variations of the
sinusoidal shape of the atomic planes, as follows. The sinu-
soidal SAW has nodes a=0 and atx=A/2 where the
displacement is zero, the slope variation is maximum
[|d?z/dx?|=HyK? sin(Kx)], and the slope variation is close
to zero. Due to the large slope, these regions contribute to
high-order satellites. Due to the small slope variation, these
regions have a large area. This explains why some extrema
are visible for high-order satellites in case of small x-ray
absorption(see 8, 10, or 20 keV in Fig.)5

We have seen that in order to explain qualitatively the
rocking curve profiles, it is useful to identify local regions
which diffract both specularly and in phase for a specific
incident beam. For any incident angle betweefl {;q
—HgK) and (0gagqt HoK), €ach period provides two dif-
ferent regions that satisfy the criteria of specular reflection
(for example maxima and minima regions for the zeroth or-
den. Constructive interferences of the x rays are therefore
also possible: For the zeroth order beam for example, if the
acoustic amplitudéd, is equal tod/2, then the difference in

FIG. 7. Comparison between rocking curves recorded around€ight between maxima and minimadsand therefore these

circles. E=12keV; A=4 um.

regions diffract in phase, and the zero order intensity should
be enhanced. In addition, it induces a virtual periodicity of
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A/2 instead ofA. The +/—1 order satellites should therefore
appear at the usuat/—2 order positions. It can be seen on
Fig. 8 where the maximum of the 0 order corresponds to a
minimum of the+1 order(and to a maximum of the-2
ordep. This phenomenon can explain why some oscillations
are observed in Fig. 4 and Fig. 8. They are clearly stronger in
the asymmetric case where the whole diffracting volume par-
ticipates to this phenomenon since the acoustic absorption i
nearly negligible. In the symmetric case, this effect is attenu-
ated by contributions from deep regions in the crystal where
the acoustic amplitude is much lower thidlg at the surface. FIG. 9. Schematic visualization of regions of the excited crystal
diffracting into successive satellites in case of small x-ray absorp-
tion. The white regions diffract in antiphase and do not contribute to
any satellite. The scale is multiplied by a factor f@vith respect to
nthex one. Only a few planes are represented.

VIIl. KINEMATICAL SIMULATIONS

Since Rayleigh waves are well known, simulations cal
test the validity of the kinematic model. Most of the rocking
curves presented in the experimental results are simulatethe nonhomogeneity of the acoustic amplitude induced by
The position(Q, direction of the satellites is deduced from acoustic diffraction or crystal defects. These effects could not

the grating equatior{first part of Eq.(7)], the satellite pe captured by the simulation model.
FWHM is deduced from the static Bragg peak and the satel-

lite peak intensity is calculated from E). H, is preevalu-
ated from the _equatiohlo_mNd/27r.13 o _ IX. CONCLUSION
For the clarity of the figures, a satellite is sometimes only
represented as its peak intensity at the calculated angular A Rayleigh wave propagating at the surface of a crystal
position. The only parameters which were varied are thenduces satellites in the diffraction pattern which can be re-
acoustic amplitudeH, and the acoustic penetration depth solved using high-resolution x-ray diffraction techniques. It
,u;cl. has been shown experimentally that the profile of the rocking
It can be seen in Fig. @pen circles that the number of curves depends essentially on the ratio'/ .- of the x-ray
satellites and the global shape of the envelope are correctiynd acoustic penetration depths. A simple kinematical model
predicted in case ofu; /uy~1 (E=13keV; A=12um;  has been developed to simulate the measured diffraction pat-
px M pag~0.95,m). Calculations give an acoustic penetra- tern and to retrieve acoustic parameters from the diffraction
tion depth of u,'~13um (+0.5 um), ie., ui~1.1A patterns. It provides some correct results if X rays do not
which is consistent with the theoretical val(le3 A). penetrate to the deep undistorted regions inside the crystal.
The results are even better whag */u, <1 as for the  For the(030) reflection in LiNbQ,, and an acoustic wave-
asymmetric crystal casesee Fig. 8, A=12um, E length of 12um, the x-ray energy should be lower than 13
=10keV, MX_ 1/Ma_01~02) These kinematic simulations pre- keV. But below 10 keV, the FWHM of satellites becomes too
dict in both cases the period and the position of the oscillalarge and they cannot be separated.
tions in the intensity of the satellites versus the acoustic The development of a dynamical model is under progress
amplitude. and should provide better results than the kinematical one,
In case ofA=4 um and E=13keV [(104) reflectiorj, ~ especially in case of small acoustic amplitudes and/or large
uy Yut~15, the simulation is not too bagee Fig. §  X'ray penetration depths. _
predicting ;. ~4.64m (+1 um). The theoretical value 10 our knowledge, x rays are the only probe allowing a
is 5.2 um. d_|rect measurement of the acoustlc.ﬁelds in cwstal_s. This
As soon as x rays meet some nondistorted regions insid nd of.experlment. could be helpfullln the con_flrmatlon of
the crystal @;l//i;cl>1), the kinematical model does not theoretical calcglatlons of the acoustic penetratlon depth; for
give good results because it often overestimates the Zero{,ahxample. Rayleigh waves are well described by theoretical

= ) — models but there exists many others types of acoustic waves
order Q?ik[see E=18keV, (030 reflection, A=12.m, (high velocity pseudo surface acoustic waves for example

M /_Mac 1'7]1 This is not surprising since static regIoNS il under study today and which could be characterized with
require dynamic theory. In case of silicon crystsishe ki- X rays.

nematic model is useless. If x rays are used to probe the
acoustic field in a material, kinematical simulations can be
used as long as the x-ray energy is set to satisfy the criteria
wy M ua<1. It has to be noted that the shape of the enve-
lope of a rocking curve provides nevertheless a good estima- We thank K. F. Peters for a critical reading of the manu-
tion of the,u;l/,u;‘:l ratio. script. This work has been supported by a joint program

We have experimentally observed that many parasitic efbetween the CNRS and the IMT in Chernogolovka. One of
fects may influence the diffraction spectra such as the bulkis (D.V.R.) is indebted to the Russian Foundation for basic
acoustic wave simultaneously emitted by the transducer angsearchContract No. 00-02-16045
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