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Diffraction of coherent phonons emitted by a grating
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Coherent acoustic phonons emitted by a grating are observed in the gigahertz range, and found to show
well-resolved interference maxima on either side of the forward direction. The phonons are generated by
laser-induced periodic heating of a thin Au transducer, consisting of an array of narrow strips deposited onto
a (001 face of a single crystal of PbMoOThe phase and group velocities, which are noncollinear due to the
elastic anisotropy, are distinguished with reliance on Brillouin scattering. The results are in accord with optical
diffraction theory in the Fraunhofer limit, provided phonon defocusing is taken into account.
[S0163-182699)01541-§

I. INTRODUCTION II. EXPERIMENTS

The two interfering dye-laser beams, injecting longitudi-

Diffraction by gratings, starting with Young’s original nal acoustic phonons into the crystal at their difference fre-
two-pinhole arrangement, is one of the decisive experimentguency, each delivered typically 400 mW of light in the red
in establishing the wave character of light. The incident(A~590 nm). Their beams were jointly focused onto the
wave front is split over an array of parallel slits, each slitgrating-shaped transducer by a single 80-mm lens, to form a
acting as a new light sourceThe resulting intensity distri- temperature-modulated spot approximately:2@ in radius.
bution measured at some distance shows crests and troughAs the generated strain scales with the optical intensity
due to interference, provided the light is sufficiently mono-squared, the resultant acoustic beam is slightly more narrow,
chromatic and sufficiently spatially coherent. The present pareaching a minimum & radius of 15um. Somewhat larger
per is intended to demonstrate that similar experiments caradii were obtained by shifting the focusing lens along the
be conducted with acoustic waves in the gigahertz rangegptical axis.
thus advancing the relatively new field of “phonon optics.”  The specimen is a cuboid-shaped single crystal of
Monochromatic acoustic waves coherently emitted by an arPbMoQ,, approximately 1& 10X 5 mnt in size. Thec axis
ray of strip-shaped sources are shown to engage in construis parallel to the larger sides. To fabricate a transducer in the
tive and destructive interference. As distinct from standardorm of a grating, first a uniform 600-nm thick Au film was
optics, however, the phase and group velocities are noncofieposited onto a crystal face perpendicular todthagis, with
linear as a result of the elastic anisotropy of the crystallinga thin (5 nm) intermediate layer of Cr for better adhesion.
material. The experiment is therefore set up such that th&ubsequent photoetching left a periodic array of Au strips
direction in which the energy is transported can be distin-3.2=0.1 um in width with a grating period of 8.080.02
guished from the acoustic wave vector. pum. The grating period was verified by diffraction of light

The present experiment has become feasible after the d&0m a He-Ne laser. The sample was held at room tempera-

velopment of the technique of generation of coherent acoudure. ) o )
tic waves by cw laser-induced thermomodulation of a thin The acoustic waves injected into the crystal were detected

metallic transducer evaporated onto the sarifiao single- with Brillouin scattering. The primary Brillouin laser beam

: : was provided by an argon-ion laser operating in the single-
e oo o et erce e mode, and Glvering 200 mW of gt t & wavelenlh
q y dg'9 ge. y of 514.5 nm. It was focused down to a waist approximately

the transd_ucer, to p_roduce a periodic_heating of its surface_[s pm in diameter, which, along with the optics receiving
The resulting periodic thermal expansion generates a COh.e{ﬁe scattered light, delimits the detection volume to a 400-

ent strain wave at the difference frequency, which is ulti- 1, \ohq pencil The scattered light was frequency analyzed
mately injected into the crystal as a longitudinally polanzedby the use of a quintuple-pass Fabry-Perot interferometer,
acoustic wave. To form a grating, the transducer consists g§jowed by a monochromator to remove residual Raman

parallel metallic strips of a width comparable to the acousticypq |aser-plasma lines, a cooled photomultiplier, and stan-
wavelength rather than a uniform metallic film. The strips,gard photon-counting and data-accumulation techniques. The
serving as the slits of the grating, are coherently excited bynterferometer was actively stabilized to the frequency of the

the optical heating. As for the detection, use is made of Bril{ongitudinal acoustic anti-Stokes peak. The angular resolu-
louin scattering because of its selectivity for the wave vectortion of the detected acoustic wave vector is determined by
A single crystal of lead molybdate (PbMgJOwas chosen as the divergence of the primary Brillouin beam, the finite size

sample for reasons of its transparency and high Brillouirof the detection volume, and the divergence of the detected
efficiency. scattered light. In the present arrangement, it amounts to
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FIG. 1. (a) The geometry as seen from the side. The interfering
dye-laser beams are focused on a microscopic Au grating acting as
transducer. To achieve Brillouin scattering from a noncentral dif-
fraction maximum, the crystal is rotated over an angkuch thai L L
andvpy,selie in the Brillouin scattering plane. The illuminated spot 20 10 0 10 20 20 -10 0 10 20
at the transducer is subsequently shifted downward over a distance
y until Vgro,p Passes through the Brillouin detection voluifmpen
circle). (b) The grating, represented by white stripes, is limited to a  FIG. 2. Brillouin intensity profiles as a function of the rotation
circular area by the Gaussian intensity distribution of the dye lasersangle y for various displacements The frequency of the acoustic
The coordinates refer to Sec. lll. wave isw/27=2.2 GHz, and the detection volume is at a depth

=188 um below the transducer. The grating is irradiated with a

bout=0.5° i | h he di fab circular Gaussian intensity profile, withelividth w=21+2 pm.
about=0.5% i.e., less thar-2 um at the distance of about The solid curves are fits based on Ef). convoluted with the reso-

200 pm. lution.

The scattering geometry is depicted in Figa)l The grat-
ing strips are horizontal, and so is the scattering plane dedure outlined permits us to retrieve the directions of both the
fined by the incoming and outgoing Brillouin light. For non- Phase and group velocities.
central diffraction maxima, the phonon wave veaigpoints When measuring the diffraction profiles, the relevant de-
away from thec axis. Furthermore, the group velocity differs grees of freedom therefore are the rotation anglef the
in direction from the phase velocity beyond the angular resocrystallinec axis relative to the Brillouin scattering plane and
lution. It is necessary therefore to review the conditions forthe heighty of the Brillouin plane above or below the joint
optimal Brillouin signals in some detail. The conditions to bedye-laser focus. We have chosen to sgafor a series of
fulfilled are: (i) the acoustic wave vector, which closes thefixed values ofy centered about zero. Prior to these scans,
incoming and outgoing optical wave vectors, must lie in thethe position of the joint dye-laser focus was optimized by
scattering plane, andi) the acoustic intensity, which propa- maximizing the Brillouin intensity associated with the cen-
gates with the group velocity, must pass through the Briltral interference maximum. The angje was typically ad-
louin detection volume. Repositioning of the Brillouin scat- vanced from—20° to +20° in steps of 2°, whilgy ranged
tering plane and the detection volume is quite cumbersomdfom —30 to +30 um. The interference maxima were re-
so that it is best to leave the Brillouin setup fixed. To achievecorded at distances=73, 188, and 38@&m below the trans-
(i), therefore, the crystal was mounted on a rotation stagejucer, where, again to leave the Brillouin setup fixedias
which permitted to tilt the crystal about an axis parallel to thechanged by displacing the complete assembly of crystal, ro-
grating strips and to reorient the wave vector into the scattation stage, and focusing lens. A representative set of data
tering plane. The group velocity, however, may point in ameasured at a phonon frequency of 2.2 GHz is shown in
direction closer to the axis (phonon focusing or, as in the  Fig. 2.
present case, further away from(defocusing. Additional The actual geometry is slightly more complex than de-
upward or downward displacement of the acoustic beam igicted in Fig. 1a) in that the rotation axis lies at a short
necessary to ensure its passage through the Brillouin detedistancez, in front of the transducer. The angfe at which
tion volume, and to meet conditiofii). This was achieved the detection volume is seen from the center of the grating
by vertical displacement of the joint dye-laser focus untilthen reads, with reference to theaxis,
maximum signal was reached. In practice, the locus of the
focal spot was controlled by lateral displacement of the fo-
cusing lens. Note that the horizontal position is less criticalwhich for small angles reduces to the more transparent rela-
because the detection volume is pencil shaped. The procéen 9=[(z+zy) x+Yy]/z. A positivez, reduces thg neces-

S N kN ®
T T
1
T
1

Brillouin intensity (10% counts)

=1

SN A2 O
T
o
o
1
E
1

Rotation angle x (degrees)

9= x+arcsii(y+zysiny)/z], (@)



PRB 60 DIFFRACTION OF COHERENT PHONONS EMITTED BY . .. 14721

sary to achieve the optimunt, and therefore helps to ob- From known values foC;; .2 this yieldsp=+0.174, i.e.,
serve the central and first-order diffraction maxima in adefocusing in PbMo@ Equation(3) is adequate up to angles
singlex scan. The value far, can be extracted by the use of ¥,~25°.
Eq. (1) from thez dependences of andy associated with a The experiments were conducted in the Fraunhofer re-
fixed well-definedd, such as the) associated with a first- gime, far away from the grating in measure of the acoustic
order maximum. The result &=40*=10 um. wavelength { ~1.7 um) and the grating dimensions, and up
to moderate angles from theaxis (=20°). At this point,
IIl. FRAUNHOFER DIFFRACTION AND PHONON therefore, we substitute E(B) into Eq. (2), expand the ex-
FOCUSING ponent ine™'9% up to first order ik’ andy’, take the zeroth-
order term, which contains the phase with reference to the
In this section, the interference pattern resulting from dif-origin, out of the integral, and subsequently expand the first-
fraction by multiple slits is calculated in the Fraunhofer ap-order term up to first-order in andy. The remainder of the
proximation with due account of the effects of phonon fo-integrand is to sufficient accuracy approximated by
cusing. The starting point is the generalized Kirchhoffe(x’,y’,0)q./z. Noting that the point of observatiom,y,z)
integral for Dirichlet boundary conditiors; which enables is at an angled=arctan(/z) and a distanc®,= (z2+r?)*?
us to evaluate the strai(x,y,z) at any position X,y,z) in  from the origin, we then find for the diffracted strain in the
the crystal from a given distribution of the straigx’,y’,0) Fraunhofer approximation
in the plane of the transducez= 0). Dropping the harmonic

i io(g)t . Ll
time dependence , we have e(X,y,2)= _qc_ e*lqc(lfpﬁz)Rof f e(x’,y’,0)
27T|Z — o0 — o0
1 + o0 + o0 )
e(X,y,z2)= ﬁﬁx fﬁm e(x",y",0) x ldc(1=2P) (X +yy)zg yr gy (5)
e iaR i \n-R The strain source(x’,y’,0) is determined by the grating
X R q( 1+ q_R ?dx’dy’. (2 geometry combined with the optical intensity and the phase

profiles of the interfering dye-laser beams. The optical inten-
o - sity profile is known to be essentially Gaussian. Previous
As inside the crystat(X,y,z) satisfies a homogeneous wave experiments with homogeneous transduemave estab-

equation, it is assumed that E@®) applies to each compo- ; Lo
nent of the strain tensor. The coordinate system adopted i'sShed that the intensity distribution and the coherence of the

. . AN ight modulation are passed onto the acoustic beam. Thermo-
shown in relation to the geometry of the grating in Figh)1 : . . . .
L modulation only occurs in the strips. Upon assuming a uni-
The vectorR connects the surface elemeix’dy’ of the form phase, the source term in B&) may thus be written
source with the point of observation,f/,z), while n is the P ' y

normal unit vector. The origin is, for convenience, chosen PR —(x'24+y'2) /w2 /

midway between two Au str?ps. This choice is inconsequen- s(xy".0)=eoe VIO, ©®

tial because the period of the grating is small in comparisorwhere ¢, is an overall amplitude, and the periodic block

with its size. function ©(y’) delimits the strips. We hav®(y’')=1 if
Phonon focusing, or defocusing, results from the fact tha{n—3)d— 3s<y’<(n—3)d+3s with n integer, and

the slowness surfaces, i.e., surfacesjispace of constant ©(y’')=0 elsewhereg is the grating parametes;is the strip

dispersionw(q), are anisotropic:’ In the present geometry, width. The parametew, which in the present experiments

the central direction of propagation, tizeaxis, coincides amounts to about 2@m, measures the spatial extent of the

with the fourfold crystallinec axis. The variation of the strain wave near the transducer.

modulus ofq when moving along a slowness surface may The integral overy’ in Eq. (5) is amenable to rigorous

then be accommodated into a single paramptirougl? evaluation ifs(x’,y’,0) is independent of’ over the extent
of each individual strip. Without appreciable loss of accuracy
g=0.(1— pﬁg), (3) sinces<w, we therefore adopt for strip the midvaluel

=g(x’,(n—3%)d,0). Straightforward integration then yields
where i is the angle ofg from the ¢ axis, andq. is the
modulus ofq along this axis;9,=arctanfr —r’|/z), where WS 1o 1 2p)wi2z?
r=(x,y) andr’=(x’,y’) are two-dimensional vectors lying s(X,y,Z)=80i 1’2ze Geli P
in the “screen” of observation and the transducer, respec- 7
tively [cf. Fig. 1(b)]. For a given surface of constant disper- _ e SINB <&
sion w(q) = @, we haveq.=w/v., with v, the velocity of X e 191=POIR T N | cosa,, (7)
longitudinal sound along the axis. In PbMoQ, v.=3.63 S
km/s. The focusing parametpmay be related to the elastic \yhere the geometry is contained in the angles
constants C;; through an analysis of the Christoffel
equation$ For longitudinal acoustic phonons propagating in an=0(1—2p)(n—3)dsind, ©)]
directions near a fourfold axis,

B=30c(1—-2p)ssind. 9

2 A2
_ Ci3t2C13C 44+ 2C35C x4 C33_ (4 The summation runs over pairs of strips positioned sym-
2C33(C33—Cya) metrically about the origin. Quite similarly to optical diffrac-
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tion by multiple slits! these pairs contribute with weights 30

|, cosq,, While the factor siB/3 accounts for the diffraction

by an individual strip. Becausg/d~ 2.5, the summation can 01 i
[~ Ygroup

be restricted to the first few terms. The first exponential in
Eq. (7) confines the diffracted strain laterally with an angular

5
g
o0 L ]
1l/e spread *2/q.(1—2p)w~=*2.5° about the vertical < 10
plane. .
2 0
o0
IV. RESULTS AND DISCUSSION g
g y=+20 o
The profiles presented in Fig. 2 show the anti-Stokes Bril- § -10- 26um m
louin intensity, i.e., the strain squared, of the longitudinal B
. : a
acoustic wave versus the tilt angfeof the crystal for several 20 |
vertical shiftsy. As explained in Sec. lly is to be identified Vphase
with the angled, the detected wave vectgrmakes with the 30 | | ‘ ¢ ‘
c axis. The data in Fig. 2 have been measured at a phonon "30 20 -10 0 10 20 30

frequency w/27m=2.2 GHz, while the Brillouin detection
volume is located at a depth af=188 um. The intensity-
modulated optical spot had aelfadiusw=21+2 um. This FIG. 3. Contour plot of the Brillouin intensity as a function pf
radius, effected by slightly displacing the dye laser focusandd, i.e., the angles with which the experiment probes the phase
away from the grating, is sufficient to cover, say, six strips.and group velocities. The contours correspond to 17, 33, 50, 67, 83,
Each data point required only 10 s of accumulation time, theind 98% of the zeroth-order peak intensity. They are derived from
noise residing mainly in short-term variations of the laserthe data in Fig. 2 after subtracting the background and changing
intensities and the beam positions. over from (y,y) to (x,9) via Eq.(1). The first-order maxima occur
The salient result of Fig. 2 is that first-order maxima areat the cross points o, and J4 predicted from Eqst10) and(11),
observed on either side of the zeroth-order maximum. Thigharked by arrows. The straight lines correspond toytke- 20, O,
demonstrates a substantial degree of coherence of the 232d+20-um scans in Fig. 2.
GHz acoustic wave. In fact, its spectral puritgg{ MH2z) i L } i
would be sufficient for coherence to extend over several milthe contour diagram of the Brillouin intensity as a function
limeters, where it not that at room temperature the mean fre@f x @nd 9 presented in Fig. 3. The maximum first-order
path is shortened by anharmonic deddy! The first-order ~INtensities are seen to occur at anglgg~+18° on either
maxima occur atd,~+12°. Contrary to standard optics, side from the central maximum. This result is to be com-

however, their intensities become unbalanced upon introdud@réd with the first-order extrema of the acoustic intensity
ing a lateral displacement Already fory as small ast 10 derived fr20m Eq.(7). As the intensity d|rectl_y scales with
um, corresponding ta= 3° in 9, the y scans in Fig. 2 by- 18(%Y,2)|% these maxima are expectedif given by

pass one of the first-order maxima. It is noted that a similar _ . B
set of data, not reproduced here, for which the grating is dc(1=2p)dsindq=2, (1D

diminished in size by a more precise focusing of the las€kqm which we find d.= - 18.4° upon inserting the appro-
beams {vy=15t2 um), exhibits the same features, exceptpriate values fox, dgandp.
that, as expected for a smaller grating, the diffraction peaks Figyre 3 also shows to better advantage why the scans of

are broader by approximately 200df. Eq. (7)]. In this con- he Brillouin intensity versus the rotation angfeare asym-
text, it is furthermore noted that second and third-order dif-qtric for y#0. The three virtually linear trajectories in-

fraction maxima have been observed in a less complete set @f(ioq in Fig. 3, which are calculated with the aid of Eq

datahtaken at 4.4 GHz. iated with the fi d .__correspond to the scans in Fig. 2 wigk= — 20, 0, and+ 20
The wave vectors associated with the first-order maxima, 1 The trajectories foy= = 20 um are indeed seen to pass
and the corresponding phase velocitigs,s, appear to point

N ) _ . . over the top of one first-order maximum, but to go wide of
in directions that are in agreement with standard diffraction,o maximum on the other side.

theory, which predicts them to be at angkg given by

Rotation angle x (degrees)

We conclude this section with a calculation of the profiles
(10 in Fig. 2, starting from Eq(7). The Brillouin scattering in-

tensity scales withe(x,y,z)|? integrated over the Brillouin
i.e., the paths departing from successive strips diffeiby detection volume with due account of the acceptance angle
Note that this elementary interference condition is not modi-of the wave vector. The primary Brillouin beam has a Gauss-
fied by the elastic anisotropy, except for the directional deian profile with a half 1¢ width of 7 um, which at a depth of
pendence ofj=2=/\. With Eq. (3) inserted, Eq(10) yields 188 wm corresponds with a broadening of approximately 2°
¥4==*12.0°, which equals the experimental value. Thein xy and . The angular resolution for the wave vector is
phase fronts are, however, not spherical, and as a consalso assumed to be Gaussian, but adds to the angular broad-
quence the maximum intensities, or the group velocitiesning by only 0.5°. The finite resolution therefore accounts
Vgroup: @re found in a different direction. To make this more for about half of the linewidth in the scans of Fig. 2. The
tangible, we convert the data of Fig. 2 to a form that, inmeasured Brillouin intensity furthermore scales with the in-
addition to the rotation anglg, explicitly shows the anglé  tensity of the primary Brillouin beam within the crystal,
at which the maximum intensity is observed. Such a plot isvhich varies with cosy due to the optical anisotropy of

qdsind,=2m,
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PbMoQ,. The curves plotted in Fig. 2 are fits of E({) slits of an optical grating. As distinct from regular optics,
convoluted with the finite resolution and augmented with thehowever, the first-order interference maxima were observed
thermal background, which is assumed to scale with the inat angles further out than the wave vector due to phonon
tensity of the primary Brillouin beam. All parameters were defocusing associated with the elastic anisotropy. Fraunhofer
taken from experiment, except for an overall vertical scalingdiffraction theory with inclusion of the elastic anisotropy ad-
factor. The calculated intensities generally trace the experiequately accounts for the experimental findings.

mental data points. In particular, they reproduce the widths

of the maxima and the asymmetry of the intensity for non-
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