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Generation and propagation of coherent phonon beams
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Narrow coherent beams of longitudinal acoustic waves are injected into a single crystal of pPlavoO
gigahertz frequencies, and their properties are observed by means of Brillouin scattering. The waves are
generated via the thermoelastic strain that results from periodic surface heating of a thin metallic transducer by
interfering cw dye lasers. Frequency tuning is achieved simply by varying the optical difference frequency. A
theoretical description based on heat diffusion and thermoelastic expansion agrees with the observed frequency
dependence of the acoustic intensity, inclusive of acoustic resonances within the transducer, as well as its
guadratic dependence on the laser power. The propagation of the acoustic beams is found to be governed by
Fresnel diffraction provided due account is taken of phonon focusing. The beam furthermore is responsive to
the phase profile over the laser-illuminated area, which allows us to manipulate the beam in various ways, such
as modifying its divergence as if an acoustic lens were positioned just below the transducer or sweeping the
beam sideward by a moving grating. Combined with Brillouin detection, distinguishing between phase and
group velocities, this provides a direct measurement of phonon focusing. Finally, the decay of the acoustic
beam with the distance is measured at various frequencies, to find confirmation of Herring's asymptotic theory
for anharmonic phonon decay in anisotropic crystals.
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[. INTRODUCTION only good conductors can be effective as phonon generator
by thermomodulation, because the energy need be absorbed
In this paper we report on the generation and propagatiowithin a distance shorter than the acoustic wavelength. A thin
of narrow Fresnel-diffracted coherent phonon beams. Th&etallic transducer is therefore used to convert the laser-
beams are generated by periodic laser-induced thermomodinduced heating into the strain wave that is injected into the
lation of a thin metallic transducer. Following injection into a SPe€cIMen. . _ . _
single-crystalline material, they are detected at some distance Section Il provides experimental details concerning the
by Brillouin scattering, to observe their divergence due tolaser-induced heating and the detection by Brillouin scatter-
their finite wavelength, their decay by anharmonicity, anding. Section Il focuses on the thermoinduced generation
their direction of propagation as it depends on phonon focusechanism as such, i.e., an acoustic wave which via thermal
ing and the phase distribution in the “orifice” of generation. €xpansion is driven by oscillatory heat diffusing into a thin
Purely harmonic surface heating is particularly attractive, bemetallic transducer. Resonant standing waves within the
cause it generates a coherent wave synchronous with tHgansducer, much like in interferometers, enhance the strain
modulated heat, as was first pointed out by Whilthe re-  injected into the crystal. Section IV deals with the acoustic
alization of this notion has however been little successful ifPeam as it propagates through the crystal. The beam is found
comparison with the achievements of phonon sources deliio be Fresnel diffracted with a divergence on the order of a
ering a Planckian spectrum or a spectrum of limited width few degrees of arc. In a more precise treatment, the diver-
notably heat pulsés,superconducting tunnel junctiofd, —gence is shown to bear the effects of phonon fociisitigs
and optical techniqueésThe unfortunate fact is that the Well as nonuniformity in the phase profile of the laser heat-
acoustic intensity is quadratic in the heating power and, acind- This phase profile may be static and accountable by an
cordingly, very low for the power densities available from acoustic lens or dynamic in the form of sideward moving
conventional oscillatory heating. Pulsed thermoelastic exdrating, resulting in the acoustic beam being swept aside in
pansion, such as by heating with a high-power picosecongonsistency with phonon focusing. Section IV finally shows
pulsed lasef has on the other hand won its spurs in the timethat the beam is excellently suited to measure phonon decay

domain. as a function of the frequency.
The work has been motivated by the desire to have a
tunable source delivering a narrow coherent beam of Il EXPERIMENTAL DETAILS

phonons in the gigahertz rangeNot only makes such a

source true phonon spectroscopy possible, but it also brings Two cw actively stabilized single-frequency ring dye la-
within reach “physical optics” of phonons, such as diffrac- sers(Coherent 599 and 69%re used to produce thermo-
tion, and the frequency-resolved measurement of phonon deodulation in an approximately 500-nm-thick gold trans-
cay. The heating, achieved by two interfering single-ducer deposited onto the single-crystalline specimen. The
frequency lasers operating at slightly different frequencies, islye lasers are pumped by a single 15-W argon-ion laser and
sinusoidal, continuous, and of negligible spectral width, buoperate with Rhodamine 6G dye. Each of them delivers typi-
enhanced to workable proportions by focusing the opticatally 500 mW of light in the TEM, mode at a wavelength of
energy onto a tiny spot. At gigahertz frequencies and beyondpproximately 580 nm, with an essentially cylindrical Gauss-
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707 ' delimited to a typically 40Qxm-long section of the pencil by
the receiving optics, i.e., theétendue determined by the
or = vwwwy<|||llll

opening angle and active area of the interferometer. Note that
the detection volume completely traverses the phonon beam,
- so that integration of the Brillouin intensity along tkedi-
rection is implied.
5 i The scattered light is analyzed with a quintuple-pass
% Fabry-Perot interferometeBurleigh RC-110 acting as a
51 @{;_;9 f&%ﬁgggfter i fixed-frgqgency filter. Thg Fabry—Pgrot interferometer’s
g o transmission curve is actively optimized in finesse and
8 o locked to the center frequency of the anti-Stokes phonon line
g . (Burleigh DAS-10. Its width typically is +0.055 GHz at
gg S half maximum. The scattered light is subsequently passed
% 7 through a low-resolution monochromator to suppress para-
. sitic laser-plasma and Raman lines, and finally detected with
i ‘ i i a high-sensitivity photomultiplier followed by standard
37 38 39 40 41 42 4 photon-counting and averaging techniques. At room tem-
Difference frequency (GHz) perature, therefore, the generated monochromatic phonons

. r rv nt f kground of thermal phonon
FIG. 1. The Brillouin intensity vs the frequency difference be- are observed on top of a background of thermal phonons

tween the two ring dye lasers. The intensity is maximum at 4.00SatISfyIng the scattering condition. The photomultiplier,

GHz, where the optical difference frequency best matches th\eNhICh Is at the risk of overload by Rayleigh scattering, is

Bragg condition. The spread in the Brillouin condition is prOteCt(leld by a fast electronic circuit limiting the anode
+0.055 GHz at half maximum. The dwell time per data point is current. . . . .

200 ms. The thermal background is about 200 counts. The inset The specimen is a cuboidal single Crysta_l of lead molyb-
shows the principle of the experiment. date (PbMoQ), as mineral known as wulfenite. It was cho-

sen for its transparency and its high acousto-optic constant

ian intensity distribution. A wave metefBurleigh WA-  [M,=50x10""° m?/W (Ref. 12], ensuring optimal Bril-
20VIS), an optical spectrum analyzer, and the beat voltagéouin efficiency. PoMoQ has the tetragonal Scheelite struc-
produced over a fast photodiode monitor the dye-laser freture (space grouC§,, or 14,/a), with a four-molecule unit
quencies with increasing frequency resolution and decreasell having edgesa,=5.47 A andc,=12.18 A. It has
ing frequency span. The desired phonon frequency of a fewnass density=6.95 g/cri, and is optically double refrac-
gigahertz, matching the frequency difference of the dye lative with refractive indicesn,=2.469 (ordinary wave and
sers, was thus found to be maintained to within 60 MHz ovem,=2.315 (extraordinary waveat 514.5 nm. The crystal,
periods of several hours. More importantly, coherencemeasuring 1811x9 mn? with finely polished faces, is cut
among the two lasers appears to be preserved over times agch that the fourfold symmetric axis is parallel to the
long as 300 ns, i.e., a short-term spectral purity of order kides. The gold transducer, deposited onto a face perpendicu-
MHz, which corresponds to a coherence length of severdhr to thec axis, is composed of four steps with thickness
millimeters for the generated acoustic waves. The two dyed=220, 330, 440, and 660 nm. A thin 4-nm intermediate
laser beams are aligned to coincidence and subsequently flayer of chromium was applied for better adhesion to the
cused onto the transducer by a single lens to form an inerystal. The sample was held at room temperature, unless
tensely illuminated spot, approximately 40m in diameter noted otherwise.
and intensity modulated to a depth of typically 80%. Usually To demonstrate that thermomodulation generates an
the free face of the transducer is illuminated, but effectiveacoustic wave of a specific frequency, the anti-Stokes Bril-
phonon generation may also be achieved by thermomoduldeuin intensity was measured versus the frequency difference
tion of the side facing the crystal. The thermomodulatedof the dye lasers. In Fig. 1, the Brillouin condition was set
transducer in turn injects a monochromatic strain wave intdor optimum detection of longitudinal 4.00-GHz phonons
the crystal with a cross section equal to the focal area. propagating along the axis. Indeed, a maximum in the in-

For the detection of the acoustic intensity we rely on Bril- tensity is observed at the point where the optical difference
louin spectroscopy, because of its preeminent selectivity fofrequency matches the Brillouin condition. Figure 1 also
wave vector, frequency, and location. The propagating acousnakes us realize that the frequency spread of the signal re-
tic wave reflects a small fraction of a narrow light beam,lates to the resolving power of the Brillouin detection rather
delivered by a separate single-mode argon-ion laser produthan the frequency spread of the generated acoustic beam
ing 200 mW of light at a wavelength of 514.5 nfimset to  (~1 MHz). In Fig. 1 the peak intensity is 30 times the
Fig. 1. The light frequency is shifted upward or downward thermal background, but ratios of several hundreds have
by the phonon frequency, while the phonon wave vectobeen observed, dependent on the frequency, the temperature,
closes the wave vectors of the incident and scattered lighthe specifications of the transducer, and, because of attenua-
The detection volume is in the first instance narrowed dowrtion, the distance. This number is confirmed by an estimate
by focusing the Brillouin argon-laser beam to a pencil as thirbased on Eq(11) derived below in combination with the
as 10 um in diameter. In length the detection volume is theoretical Brillouin-scattering cross sectibh. Self-
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evidently, in all subsequent experiments the optical differ- 40 | | |
ence frequency and the location of the joint dye laser focus
were tuned to maximum Brillouin response.

1.0 x 10° W/m?

IIl. THERMOMODULATION

We consider an energy fluky+ ® ,sinwt supplied to the
free surface of a metallic transducer by interfering dye lasers
of approximately equal intensity and operating at an angular
optical difference frequency. The laser radiation, absorbed
by conduction electrons at the surface and transferred to the
lattice by fast electron-phonon relaxation, is assumed to bal-
ance the inward heat flow. To find the resultant strain injected
into the crystal, therefore, we first calculate the oscillatory 0 100 200 300 400
part of the temperature distribution within the transducer by Distance z (nm)
solving the heat diffusion equation with appropriate bound-
ary conditions. The strain is subsequently derived from the FIG. 2. The amplituded,(z) of the oscillatory temperature in-
acoustic wave equation with the oscillatory temperature disside the 440-nm-thick gold transducer, as calculated from(&y.
tribution as source for thermoelastic expansion_ for various frequencies in the realistic limit of Vanishihg The
dashed curves apply to infinite conductivity into the depth of the
crystal (h— ).

Temperature amplitude ¥, (mK)

A. Oscillatory temperature distribution

At the frequencies of interest, the length scale character-

istic for diffusion of the oscillatory part of the heat, i.e., the . .
thermal skin depth a—lz(zK/ngjl/Z, is very small an energy fluxd ,=10° W/m?, such as provided by typi-

(=<0.2 uwm) in comparison with the diameter of the irradi- cally 100 mw of_dye-laser power spread over a focus of
ated disk (<40 um). Here,kx=K/C, is the diffusivity, K abguct 2_02“;?( {gg'gjﬁgglgg'_d at 3;0?hKK‘h318 ‘t’x’th
the thermal conductivity, an€, the specific heat of the and Ly =z. -~ rigure €n snows the tem-
transducer material. Unlike the inevitable steady-state heag
therefore, the problem of diffusion of the frequency- -
dependent heat may be treated as one-dimensional, so t ystal (=0). Near the surface of the transducer, the tem-

: g perature modulation is found to be of order 30 mK, only
tk]heeato(jﬁnlftztigzye%ztr;t%ritﬂe temperaturg(z,1), satisfies the weakly dependent on the thickness as longlaslO0 nm.

Also entered in Fig. 2, as the dashed curves, is the solution
for h—o, to show that differences ih only show up at
Fo(zt)  1ad(zt) greater depths, wher@,(z) has already diminished.
972 T e ot 0. (1) If the laser beams strike the transducer from the back side,
i.e., at the interface with the crystal instead of at the free
The oscillatory energy flux leaving the transducer is similarlysurface, Eq(2) should be appropriately modified. The oscil-
governed by the, in comparison with the transducer, smallatory temperature then reads as F4j, except for the re-
heat conductivity of the crystal, which can be modeled by arpjacement ofd—z by z From Eq.(4) and this result the
effective heat COﬂdUCtiVityH across the interface. The temperature modulation is seen to be approximate|y in-
boundary conditions at the free surface=(0) and the versely proportional to the square root of the modulation

For an estimate ofiy(z), we consider, as a case in point,

.5, 3.0, and 4.5 GHz for vanishing conductivity toward the

transducer-crystal interface<d) thus read frequency.
Inevitably, the dye-laser illumination also causes steady-
K9 (z,t)/9z|,—o=— P, Sinwt, 2) state heating. As thermal conduction is two orders of magni-
tude larger in gold than in the PbMQQubstrate[Kproo4
Kad(z,t)/9z| ,— = —HO(d,t). 3) =1.5 W/mK (Ref. 18], the steady-state temperature is vir-

tually uniform over the depth of the transducer. For an esti-
Equations(1)—(3) are amenable to rigorous analytic solu- mate, we therefore assume that the incident energy is sup-
tion, but the result is quite complicated. In the relevant fre-plied evenly over the focal area and carried away by
quency range, however, * does not exceed 200 nm, so that diffusive heat transport outward into the nonilluminated parts
h=H/K<a (cf. the estimate oh below) In the limit of  of the Au film. From the appropriate Poisson equatibthe
negligible thermal conductivity toward the crystdi<£0),  steady-state temperature then is found raised Ay
the solution simplifies to =®,w?/8dK averaged over the heated disk, wherés the
focal radiu(s;gancdj iszthe film thickness. For our case in point,
i.e., ®g=~10° W/m-, w~20 pum, andd=440 nm, we find
_ ®, [cosh2a(d—2z)]+cod2a(d—2z)]\? AT~40 K. The crystal, on the other hand, is not apprecia-
aK\2 cosh{2ad)—cog2ad) ' bly heated, as is borne out by the near absence of a rise in the
(4)  thermal Brillouin signal. If the steady-state heat were to dif-

Bo(2)
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fuse exclusively into the semi-infinite substrate, a similar cal- P=cosi2ad)+cog2ad)+2 cogq,d)[cogq,d)
culation would yieIdAT=8cD0w/37erbMoo4~ 1100 K. The

steady-state temperature rise so calculated is of course never
reached because of the predominantly lateral flow, but may
serve to quantify the thermal resistance across the interface. Q=2(1+4a*q; *)[C2g2sinA(q,d) + C2q2co(q;d)]
Balancing ®, to HAT gives H~10° W/m?K or h~6

xX10* m™ L X[coshH2ad)—cog2ad)], 9

with q;= w/v, andq,= w/v, representing the moduli of the
B. Acoustic wave wave vectors in the transducer and the substrate,¢add-

The temperature distributiofi(z,t) makes the transducer Noting a phase angle. For the geometry with the laser beam
expand and contract along talirection, thereby producing incident at the back of the transducer, the solution is slightly
a periodic thermal strai9(z,t), whereg is the linear ther- More complex. It reads as E(f) except that
mal expansion coefficient. The stress thus amounts to
a(z,t)=C[&(z,t)— B9(z1)],° in which C is the relevant P=2+cog(q,d)[cosl2ad) + cog2ad)]
elastic constantg(z,t)=4du(z,t)/dz is the elastic strain,

—2 cosliad)coq ad)], (8

u(zt) is the atomic displacement, and the indices distin- —4 cogq,d)coshad)cod ad) +4aq; 'sin(q,d)
guishing the components of, C, ¢, andu are omitted. Dis- X[ sinh( ad)cog ad) — cosh ad)sin(ad)]

placement and stress satisfy the equation of motion

p d°u(z,t)/9t>=do(z,t)/ 9z of an infinitesimal volume ele- —2aq; *cogq;d)sin(q,d)[ sinh(2ad)—sin(2ad)]
ment with mass density. Substitution ofo- and the relation 5 o

v=(Clp)*¥? for the sound velocity, then leads to the wave +2a%qy *sir’(q,d)[cosh{2ad) —cog2ad)].  (10)
equation

The amplitude of the elastic strain derived from Eg.is
€=0,Ug 2, With ug, the amplitude ofu,(zt). Given the
JFu(z,t) 1 dPu(zt) % (z,t) strain, the acoustic power emitted per unit illuminated area
PR R =B (5 of the transducer is finally derived from

In solving Eq.(5), we distinguish the transducez< d) Pac=3p2v3e?, (11)
and the crystald>d), the latter of which is assumed free of

thfermatl _Etr?m. As flsthse(?n rfrgm_gfﬂ?;tﬁ(zg)ﬂ']s _composled velocity v, pertain to the crystal. Note that the length scales
of contributions of the formoe “ e and their COMPIEX  cqniained inP,., viz., the acoustic wavelength=27v/w

conjugates, each of which adds two oppositely propagatingnd the thermal skin depth™ = (2K/wCy)Y2 have differ-
traveling waves and an evanescent wave decaying with th NN

depth to the solution of Eq5) within the transducer. Con- §?atltfi::e(iqnug)ncy ggf ?I)ndfqgsv\'/\}gf f;jrg:;noﬂﬁzfa?: gl:‘Zw
nected to these waves is a trz?\vellng wave propagating m.t9\//m2, i.e., a conversion efficiency of order 18 in accor-
the depth of crystal. The amplitudes of the three, Iong|tud|-dance with earlier estimaté®
nally polarized, traveling waves are related @& by the ’
boundary conditions, viz., the absence of stress at the free
surface g=0), and matching of displacements and stresses
at the transducer-crystal interface<{(d). That is, Experimental results of the Brillouin intensity versus the
transducer thickness are, for a selection of phonon frequen-
cies, shown in Fig. 3 for front-side and Fig. 4 for back-side
laser-induced thermomodulation. The Brillouin detection
was achieved at a distance close to the transducer
Uq|s=g=Us|s—g, (6)  (=0.1 mm). In between data points, the joint dye-laser fo-
cus was moved from one transducer thickness step to the
_ next by displacing the crystal transverse to the Brillouin-
C1(dUy /2] ,—q— BOE™ 7€) =Cpdu, /92 ,—g, scattering plane. The signal intensities are normalized to the

. . . - intensity of thermal Brillouin scattering, so that a comparison
in which quantities pertaining to transducer and crystal are . .

. ; . “¢an be made from one thickness to the next. Also shown in
when necessary, labeled with subscripts 1 and 2. By solvin

X : : %igs. 3 and 4, as the solid curves, are the theoretical results
for the wave amplitudes and summing ov@r we find for f derived f h | ical |
the atomic displacement in the crystal for P4 derived from Eqs(7)—(11), where only vertical scal-
ing has been applied. While each individual panel in Figs. 3
and 4 to some extent suffers from a scarcity of data points,

in which the mass density, and the longitudinal sound

C. Experiments on thermomodulation

AUy /92| ,-o— BOE =0,

BC, D, [ P\V? an impressive agreement is found when combining the re-
U (z)=—— (é) sin(wt =02+ ¢), (7)) sults for all frequencies and the two geometries.
According to Eqs(7)—(11) the acoustic intensity depends
in which on the thickness of the transducer. The intensity is in the first
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FIG. 5. The Brillouin intensity aw/27=2.5 GHz vs the inci-

FIG. 3. The Brillouin intensity arising from longitudinal dentlaser power. The solid line represents the quadratic dependence
phonons generated by thermomodulation of the front surface of af the acoustic power on the incident laser poyer Egs.(7) and
gold transducer deposited on@01) surface of a PbMo@crystal.  (11)].
The six panels differ in phonon frequency. The solid lines represent
the intensity calculated from Eq€7), (8), (9), and(11), with verti- crystal side(Fig. 4), on the other hand, the acoustic intensity
cal scaling according to &. Experimental data for a particular peaks at a significantly lower thickness, while at the same
frequency are adjusted vertically to fit the theory. time the form of the resonance has become asymmetric.
Equations(7)—(11) furthermore predict that the acoustic
instance maximal fod equal to a multiple of half the phonon power is proportional to the square of the incident laser
wavelength\. For longitudinal 2.5-GHz phonons in Aw (  Power. This is confirmed by a separate experiment in which
=3.24 km/s), we haver/2=650 nm, close to thed the Brillouin intensity is measured versus the incident laser
=660 nm used in the experiments. Similarly/2  Ppower. The results are displayed in Fig. 5. In summary, the
=410 nm at 4.0 GHz, comparable de=440 nm. For front results in Figs. 3 and 4 for the thickness dependence com-
heating(Fig. 3, the strongest signals are indeed measured dtined with those in Fig. 5 for the laser-power dependence
these values. The transducer thus acts as a “phonon interfe¢onfirm the adequacy of the above theoretical description for
ometer” with one totally and one partly reflecting mirror. In Phonon generation by thermomodulation of a thin metallic
the time domain, a related experiment has been performed Bjansducer.
Thomsenet al,® who used a picosecond laser to generate a FOr an assessment, in retrospect, of which material to
pu|sed strain. A series of equa”y Spaced pu|ses was ob:hoose as tranSducer, it is helpful to CalCUB&@in the limit
served, corresponding to successive round trips of the acougd>1 and to rewrite the result in terms of the material
tic pulse in the film. If the transducer is illuminated at the Propertie$® and the frequency by the substitutions
=(wCy/2K)*?, q,=wlv,, andg,= w/v,. Here, we have to
— —T— — distinguish between, on the one hand, the gage<p,v,
| 5.0 GHz l | 45 GHz | | 40 GHz i or C,q,<C,q; and the casp,v,>p,v, on the other. In the
former case, applicable to this paper, the condition of a node
at the interfaceq,;d=n, gives the best signal, whereas in
- 1 F 1F . the latter case an antinodg,d=(n+ 3), is to be favored
I 1L 11l ] [cf. Eq. (9)]. For g;d=nm we find thatP,—= 7®2/8p,v>,
where w and the material constants of the transducer are
collected into

B P8 Ko
CH1+K2w?Co%’

i L 1L | N (12

Brillouin intensity (arb. units)

so that# is a measure of the generation efficiency. Equation
{ (12) holds for both front- and back-side excitation. The
1 1 1 1 1 | ) ) 1 . 2522 2 _ 2
0 200400 6008000 200400 6008000 200 400 600800 maximum = p18°v1/2Cy, is reached fowmg,=Cyv1/K or
. 0:= ay2. Gold, for whichw,5,/27m=13 GHz, turns out to
Thickness (nm) . . . .
be an excellent choice for the frequencies accessible by Bril-
FIG. 4. Same as Fig. 3, but excitation at the back side of thdouin detection. Fog;d= (n+ 3) 7 and front-side excitation,
transducer. In calculating the solid lines Eg0) is used in lieu of 7 is modified from Eq.(12) by a factor pov2/piv4)?. For
Eq. (8). g,d=(n+ 3)m and back-side excitatiory should be multi-
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plied by (wmaxd ®)(pav2/p1v41)? [cf. EQ.(10)], which makes In.comp.arison with a uniformly iIIum?natgd ci.rcular aper-
back-side excitation preferable below,,,, in casep,v, ture in optics, however, the present situation is more com-
>povy. plex. First, the acoustic intensity profile leaving the trans-

As to the temperature dependence of the generation effflucer, which is proportional to the Gaussian-shaped optical
ciency, » changes only moderately when the sample isintensity distribution square€tf. Fig. 5), likewise is Gauss-
cooled despite the decline ¢ and C, toward cryogenic ian, yet with a\/2 times smaller width. Second, the phase of
temperatures. The effects of cooling are apparently mitigatethe acoustic wave leaving the transducer is not necessarily
by the fact that thermal expansion scales with the latticainiform over the illuminated area. It depends on the local
energy'® whencep follows the temperature dependence of phase of the optical modulation, which in turn depends on
Cy . Afurther circumstance reducing the temperature deperthe phase profiles of the dye-laser wave fronts. Third, the
dence is that the steady-state temperature prevailing belo@roup velocity generally deviates in direction from the wave
the illuminated spot remains at some 4Qd{. Sec. lll A), so  Vector as a result of elastic crystalline anisotropy. This effect
that3, Cy, andK do not attain their low-temperature limits. iS commonly known as phonon focusing. Prior to working
Furthermore K is likely to be governed by impurity and out Eg. (13), we need to consider these complications in
boundary scattering, differently from pure bulk metals, some detail.
where dwindling anharmonic phonon processes first cKuse The optical electric field in the focal waist of a laser beam
to increase according 62 before impurity scattering takes has been treated in terms of standard diffraction th&bif
over!® The weak sensitivity ofy on the sample temperature K is the wave vector of the laser light, propagating in the
all the way down to the cryogenic regime considerably sim-Positive z direction, and ifw, is its angular frequency, then
p||f|es matters when app|y|ng the present technique to théhe amplitude of the OptiCEl' electric field near the waist is
measurement of phonon decay versus the tempergture. ~ given by

IV. PROPAGATION E(X,Y,2) %e*fZ’er‘(“"t*kZ*'“z’ZL’*”), (14)

A. Fresnel diffraction

= itative d . f the di f th which depends o andy only through the distance= (x>
or a quantitative description of the divergence Of the , y2y1/2 4 the optical axiszis the distance along this axis

acoustic beam by diffraction, we consider a coherent wave ' ihe focal center. We further have
emitted by the thermomodulated spot on the transducer anJ, '

by analogy, resort to the physical optics of light passing W(Z, R gp) =Wo[ 1 +(z/720pt)2]1’2, (15)
through a circular aperture. Wishing to calculate the dif-

fracted strain in the Fresnel as well as the Fraunhofer L(Z,Rop) =2Z[ 1+ (Rop!2)?], (16)
regimes®2 we choose as starting point the generalized Kirch- P P

hoff integral for Dirichlet boundary conditions andy=arctan@/Rqpy) , With Rgp= 1kW3 the Rayleigh range.

The quantityW represents half the & waist diameter, with

1 V'O e 1R 14 W, half the 1€ diameter at the narrowest point. The radius
sy, 2)=57] ) gy 0—p—d grR of curvatureL of the wave front intersecting the optical axis
at z attains its minimum value R,y for z=Ryy. In Eq.
nR (14), it is assumed thatV<TR,, whenceE(x,y,z) varies
X—gdxdy’, 13 only slowly with z.

) ) ) - Starting from Eq.(14) for a single laser beam, we make
where, in the present contex(x,y,z) is to be identified 5 the intensity distributiom(x’,y’,0) at the transducer as a

with the strain in lieu of the optical electric field, is the  yesylt of the two interfering Gaussian beams. Positioning
modulus of the acoustic wave vectar,is the normal unit  the transducer az=0, we allow shifts of the two waists

vector, and the vectoR connects the surface element giong the optical axis to distances; and d, from the
dx’dy" at position &’,y’,0) on the transducer with the point transducer. We thus havé op(X",y’,0)=|Ey(x’,y’,dy)
of observation X,y,z) in the crystal. Note that is con- +E,(x’,y’,d,)|%. Upon omitting terms leading to steady-

nected to the acoustic angular frequeneythrough the an-  state heating or a uniform phase shift, the optical intensity at
isotropic dispersion relatiom(q). The Kirchhoff integral, the transducer amounts to

Eqg. (13), indeed enables us to evaluate the strain at any po-

sition (x,y,z) in the crystal from a given distribution [,(x",y’,0)

e(x’,y’,0) in the planeO of the transducerz=0). As no

sources are present inside the crystal, it is considered justi- WO,lWO,Zef(w;%w;Z)r’Zei[wtf(klllefkz/sz)r'2]
fied to apply Eq.(13) to the individual components of a W, W, '
tensor such as the strain, although Ecg) has strictly speak- (17)
ing been derived for a scalar field. Also, Dirichlet boundary

conditions are more convenient than the more commonmvhereky, Wg 1, Wi =W(d;,Ropt1), L1=L(d1,Rept,1), and
Kirchhoff boundary conditions or, for that matter, Neumanntheir counterparts indexed by 2 refer to the two laser beams,
boundary conditions, because no knowledg&efx’,y’,0)  r’'=(x"?+y’?)¥2 and adding the complex conjugate is im-
is required in addition te(x’,y’,0). plied. We henceforth drop the index tg noting thatk;
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=k, for all practical purposes. Also note that the optical an-=+0.176, i.e., defocusing. Equatidg0) is adequate up to

gular difference frequency=w;—w, may be of either several tens of degrees from thexis. At 6,=20°, for ex-

sign, but for convenience we adopt > w,. ample, the true decrease @ffrom q. is 1.9%, compared to
The phase factor occurring in EGL7) has a circularly 2.1% according to Eq20).

symmetric radial dependence identical to the transmission At this stage, we combine diffraction with phonon focus-

function €9 *2f of a lens of focal lengttf, where in the ing and the acoustic lens representing the laser irradiance

present contexy is to be identified with the acoustic wave Profile by inserting Eqs(18) and (20) into Eq. (13), using

vector?® Accordingly, we may rewrite E(17) as the identity 6,=arctarf(x—x')*+(y—y')’]*%z} to express
04 in the planar coordinates=(x,y) within the “screen” of
s(xf,y/,o):soe—r’Z/WSei(wt+qr’2/2f), (18  Observation and’=(x",y") within the transducer. We sub-
sequently expand all phase angles up to second ordelyin
placing an acoustic lens of focal length x’, andy’, but retain the remainder of the integrand in Eq.
(13) to lowest order only. Introducing the abbreviatigh
f— qLiL, (19) =g.(1—2p)/2z, we then find for the diffracted strain in the
k(L;—L>) Fresnel approximation

at z=0 and collecting into the constamt, all prefactors Ueo

; i ; ; _ c®0 i(wt—q.z—Qr?) —r'2w?
occurring in Eq.(17) as well as the proportionality constant e(X,y,2)= 5z e c e 0
connectinge(x’,y’,0) to Iogt(x’,y’,O) [cf. Eq. (7)]. The ©
quantity w,, defined byw, “=W; ?+W, ?, represents the < gilder 2121 ~QUr 2= 200 29y g1y
initial 1/e radius of the acoustic beam. Note thialepends '
linearly on w throughg. Only in caselL;=L, do we have (22)

f—co and are the laser wave fronts of equal phase over thghe experiments below only sense the modulus of the strain,

entire irradiated spot. In case the optical waists are equallyor which integration of Eq(22) yields the simple expres-
narrow, f reaches its smallest valugR,/k for d;=—d;,  gjon

=TRopt [Cf. Eq. (16)].
We next turn to the effects of phonon focusing on Fresnel Wo _,
diffraction. Phonon focusing, or in the present case defocus- 2(x.y,2)] BT

ing, is caused by the elastic anisotropy. Extensive experi-
2 2711/2
z z
1-—| +|— , (24
f! R

212

e (23

ments have been carried out, all confirming théofy,in  Here, the quantities
particular with phonon imagintf, using bolometeré’ tunnel
junctions?® and scanning electron microscépyas phonon
detectors. Phonon focusing is best visualized in terms of the
slowness surface, i.e., the locusdnspace of the slowness

w(z)=wg

vector S(q) =g/ w(q). Anisotropy makes the group velocity R = %chg(l—Zp), (25)
Vy4(q) =V4w(q), which points along the surface normal, dif-
fer in direction from the phase velocity,=[ w(q)/q]e,. f'=f(1-2p) (26)

For small angles from a principal direction, the slowness ] ) )
surface may be approximated by a paraboloid of revolutiorfépresent the &/radius of the acoustic beam at distarze
and the focusing effect accommodated into a single materighe elasticity-modified acoustic Rayleigh range, and the

parameter changing the moduluscpivith the angle. Thatis, €lasticity-modified focal length, respectively. Phonon focus-
ing (p<<0) or defocusing p>0) thus turns out to stretch or

g=9.(1— peg), (20 shrink all length scales by a factor of-12p. It is a simple

. ) ] ] . task to derive the equivalents of Eq24)—(26) for phonon

the modulus ofg along this axis. The focusing parameter
may be expressed in the elastic constants by comparing Eq.
(20) with the relevant algebraic solution of the Christoffel
equation-2° For longitudinal acoustic phonons propagating  The divergence was measured at frequencies ranging from

B. Experiments on the divergence

in directions near a fourfold axis, this yield§1 1.2 to 4.0 GHz or acoustic wavelengths ranging from 3.0 to
0.9 um. These wavelengths are sufficiently large in relation

C2,+2C14Cas+2C34Cas— C3, to the generating spot to achieve diffraction angles of order

- 2C33(C33—Cya) : (21 1°—4° to either side. No precaution was taken to equalize

the phase distributions of the dye-laser beams, so that a finite
The elastic constants of PbMga@re, in units 1&' N/m*and  f is anticipated. Experiments in which, with the help of ad-
in the customary two-index notatidf, C;;=1.092, C3;  ditional optics, the phase difference is made uniform or
=0.917,C44=0.267,Cq=0.337,C,,=0.683,C,3=0.528, maximal acoustic focusing is achieved are deferred to Sec.
andCs= —0.136%32The constanCa; is related to the ve- IV C.
locity v. of longitudinal sound along the axis through The experiments entail measuring the lateral profile of the
ve=(Css/p)¥?=3.63 km/s!® These numbers vyieldp  phonon beam at various distan@gsom the generating spot.
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100 | | that p and q.= w/v, are known. In the fitsf was taken to
scale withw [cf. Eq. (19)], whereas a universal, was

%x adopted. Because the Brillouin spectrometer requires realign-
. ment from onew to the next, an independew; was chosen
for each set ofv,, versusz

The results fow as a function of, i.e., the divergence of
the acoustic power corrected for the finite Brillouin detection
volume, are shown in Fig. 6. The fitted parametersage
=19+1 umandf=1.94+0.20 mm at 4.0 GHz, whilevg
is in the range 2—7um. According to Eq.(19) the mini-
mum f amounts to 0.7 mm at 4.0 GHz, so that the acoustic
lens is relatively weak. The lower limit offg matches the
diffraction-limited 2.um radius of the Gaussian-shaped
20 = Brillouin laser beam in the detection volurfié?* The curves
in Fig. 6 represent Eq$24)—(26) with the fitted parameters
inserted. They faithfully track the data over a substantial

80

40 -

Radius w(z) (um)

0 | | ! | ! ! range of distances and frequencies for a unieygethereby
0 200 400 600 800 1000 1200 showing how well the divergence of the acoustic beam with
Distance z (um) due account of phonon focusing conforms to Fresnel diffrac-

tion from a circular spot.
FIG. 6. The 1¢ intensity radiusw(z) of the acoustic beam,
corrected for the finite detection volume with the help of Ey),
as a function of the distance from the transducer for various phonon
frequencies. The curves are fits w{z) according to Fresnel dif- We next vary the radial phase distribution of the thermo-
fraction. The inset depicts the Brillouin-scattering geometry. Themodulation. In Sec. IV A we have shaped this distribution
acoustic beam is viewed head-on, while the primary Brillouin beaminto the form of an acoustic lens positioned just below the
enters from the side. The detection volume is pencil shaped alongransducer. We first consider the case of a flat phase profile,
the x direction and scanned in thedirection to measure the acous- zchieved by making the waists of the dye-laser beams coin-
tic profile. cident with the transducerd{=d,=0). As these waists are
images of the intrinsic beam waists of the dye las&tagir
To derivew(z) from the measured Brillouin profiles, how- shifts can be effected by suitable modification of the optical
ever, corrections must be made for the finite detection volpath lengths. Representative data taken under these condi-
ume, an elongate pencil completely traversing the acoustifons atw/27=5.6 GHz are presented in Fig(af. Indeed,
beam(inset to Fig. 6 and possessing a Gaussian cross secng acoustic lens is found. The solid curve in Figa)frepre-
tion defined by the focused primary Brillouin laser light. sents a successful fit of E€R4) with f set to infinity. Fitting
Brillouin scattering scales withe(x,y,z)|?, which in the  fyrther yieldedwy=17+1 um, wg=<5 um, and a lower
present geometry drops as ex2(x*+y?)/w?] with increas-  pound of 8 mm forf.
ing distance from the acoustic axig @xis), while varying In further experiments, one optical path was lengthened
only slowly along the acoustic beafief. Eq. (23)]. Inte-  and the other one shortened, so that the imaged waists are
grated over the detection volume, the measured Brillouinshifted to either side of the transducer surface by about 1
profile thus is proportional to @wgw,e” ¥"m? in which  mm. The acoustic beam now narrows at first, only to diverge
wg is the 1£ intensity radius of the Brillouin laser beam and at larger distances. A representative example, in which the
Wy, is given by initial narrowing is about the strongest, is presented in Fig.
7(b). As in the lens-free case, Fig(dj, the solid curve rep-
W= (w2 +w2) 12 (27)  resents a fit of Eq(24), now yigldingfz 1.0+0.2 mm anq
Wwo=19+1 wum. Note thatw, is somewhat larger than in
Sets of lateral Brillouin profiles at various distances Fig. 7(8) because the waists have shifted. From &4) the
were measured for 1.2, 1.7, 2.5, 3.3, and 4.0 GHz. To leaviitial dependence ofv(z) on zreads
the Brillouin spectrometer undisturbed once tuned to a cer-
tain frequency, scanning along tlyeaxis was realized by w(z)=wgu(1—2z/f"), (28
raising or lowering the dye-laser focus above or below the
Brillouin-scattering plane via sideways shifts of the focusingwhich in Figs. 7a) and 7b) is indicated with thin straight
lens. In analyzing these data, first each profile is charactelines. Indeed, the short focal lengttiound in Fig. 7b) cor-
ized by its measured widthv,, through fits of a Gaussian responds, within the uncertainties, to the minimuim
augmented with a small background. These backgrounds tura qRqp/K achievable according to Eq19) for d;=—d,
out to compare with the Brillouin signal in the absence of=TR. In an independent experiment, thee Xadii of the
thermomodulation and, accordingly, are due to thermalmaged dye-laser waists were determined by measuring the
phonons only. Next, Eq27) with Eqgs.(24)—(26) substituted light intensity transmitted through pinholes. The results are
is fitted to allw,, so obtained, to findvy, f, andwg. Note ~ W ,=15+2 um andW,,=18%+2 um. Adopting the aver-

C. Experiments on the acoustic lens
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FIG. 7. The 1¢ intensity radiusw(z) of the acoustic beam, 0 |
corrected for the finite detection volume, as a function of the dis- 0 200 400 600 800 1000 1200

tance from the transducer at a phonon frequeat3m=5.6 GHz.

For data sefa), showing absence of focusing, the waists of the laser
beams coincide with the transducer surface. For datdbethe £ g The Brillouin intensity integrated over the cross section
waists are positioned such that maximum focusing of the acoustigs tha acoustic beam in PbMqCat room temperature vs the dis-
beam is achieveftf. Eq.(19)]. The solid lines represent Eq24)~  (3ncez The main plot gives, as representative example, the results
(26) with f as indicated, the thin straight lines the correspondingsor 5 45.GHz phonons. The solid curve is a single-exponential de-
initial dependence according te E@8), and the dashed lines the cay [cf. Eq. (30)], corrected for incomplete integration overat
asymptotic dependence according to E29). The sample tempera- pigherz The inset shows the relaxation rate® vs the frequency

ture is 2.1 K. w/27, the straight line representing E@®L).

Distance z (um)

age for Wy, we find Rop=1.4£0.3 mm, andf=1.2  acoustic beam from one position to the next, therefore, we
+0.3 mm for the strongest possible acoustic lens at 5.@ntegrate over vertical Brillouin intensity profiles such as the
GHz. ones measured in connection with Figs. 6 and 7. To eliminate
In comparing Fig. ) to Fig. 7b), it is of interest to note  drift in the detection sensitivity, the intensities were cali-
that the phase differences over the illuminated spot are quiterated with reference to the thermal background.
limited. At a distancew, from the center, for example, the Brillouin intensity profiles of the acoustic beam have been
phase is onlygw3/2f ~100° ahead, i.e., by less than half a measured versus the distarcior a set of frequencies in the
period. Second, the condition of uniform phase as in Figrangew/27m=1.2—-4.9 GHz. For the representative example
7(a) not only results in the smallesty, but also in minimum  of 2.45-GHz phonons, their integrated intensities are dis-
divergence of the acoustic beam at larger distances. From Eglayed in Fig. 8. As anticipated, the Brillouin intensity drops
(24) it is readily seen that the asymptotieeldcoustic radius exponentially withz. In the detailed data analysis, the Bril-
reads louin intensity is taken to depend on the tim& elapsed
since the phonons left the transducer according to the single-
exponential decay

w(Z) =W

(.I:rZ +R72 )1/2 z RIZ
, (29

R’ 2 4R2
whose slope is indeed minimum féf—occ. For a compari-
son, Eq.(29) has been entered as the dashed lines in Fig.

l=1ge" 7", (30)

fn which 7 is the relaxation time. With inclusion of a correc-
tion accounting for incomplete integration over the widened
acoustic beam at large Eq. (30) is indeed found to faith-
fully track the data pointgsolid curve in Fig. 8. In the inset
The decay of the Brillouin intensity with distance containsto Fig. 8, the fitted results for the relaxation rate® are
information on the damping of the acoustic wave or, in thedisplayed double logarithmically as a function of the phonon
terminology preferred in this context, the relaxation of thefrequency and seen to follow a power law.
phonons with time. The Brillouin intensity scales with the  As to the question of what frequency dependence to ex-
local density of phonons sharing the detection volume, so weect, Herring* has argued that in real crystals, which are
have to integrate the Brillouin intensity over the cross sectiorelastically anisotropic, the relaxation is quite different from
of the acoustic beam to find the total number of phonons leftsotropic approximations. Applying topological and group-
at distancez. Note that phonons escape Brillouin detectiontheoretical considerations to the slowness surfaces, he in par-
once they have engaged in scattering. The detection voluméular showed that the relaxation of longitudinal acoustic
being pencil shaped, integration is implied in the horizontalphonons is dominated by wave-vector and energy-conserving
direction. To compare the total number of phonons in thgrocesses in which the relaxing longitudinal phonon com-

D. Phonon decay
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bines with a thermal slow transverse phonon to form a fast 20
transverse phonon. In the limit of small wave vectors, the
associated relaxation rate should depend on the angular fre-

guencyw and the temperatur€ according to 10

7 1=Bw?T, (31

provided the majority of the phonon modes have become

thermally excited, i.e., at a sizable fraction of the Debye

temperature. For crystals havin@,, symmetry, such as

PbMoQ,, Herring finds the asymptotic valwe=2 for longi-

tudinal phonons traveling along the tetragonal axisakis).

Returning to the results for ! at T=295 K presented

in the inset to Fig. 8, we find Eq31) to conform with 20 , ,

experiment for a=2.05-0.10 and B=(5.1*+0.5) 10 3 0 5 10

x 1071 £71K~1 the latter value exclusive of the error A (degress)

propagated frona. The present experimental results there-

fore confirm Herrings's theory for phonon relaxation in an-  FIG. 9. The angled,, of the phase velocity as a function of the

isotropic media. angle A« between the dye-laser beams @27 =3.1+0.1 GHz.

The curve represents E(B3) without adjustable parameters. The

inset shows the geometry, with lying in the Brillouin-scattering
Another experiment demonstrating that the optical phasglane'

pattern is transferr_ed to the pho_non beam is to iIIuminate th%f the focusing lengfocal lengthF =80 mm), and its angle

transduce_r by a _S|deward moving grating, S_UCh as achleveqlf incidence«; therefore equals the angle over which the

when the interfering dye-laser beams are incident at a muw%rystal is tilted. The other beam is incident at an anyte

angle. The ”.‘0‘"?‘9 optical grating induces a moving tem-_ a— a, from the former, wheré\ « derives from the dis-
perature grating in the focal area. The associated transver§§ '

. nceD between the laser beams throulyly = arctanD/F),
wave vector translates into a lateral component of the Stra'ﬁpart from corrections up to 5% for longitudinal spherical

\éva:c\lle ,:aneCted |r]1to thf;] crys_taI,Ns? t?ﬁt tt'?he aCO,L[J.St'C be_am 'Aberration. Further, to allow for divergence of the group and
eflected away from the axis. Note that the grating, owing phase velocities, the joint dye-laser focus is shifted by a dis-

:ga;[ﬁn:n:s%'gakéﬁfgﬂ?h:'S:gtti)gt'cig’rrgz'(ljsbtoa?gﬁSZ':fetancey out of the Brillouin-scattering plane until the acoustic
' 9 9 y beam passes through the detection volume. In the experi-

made up of uniform strlpe‘g’.A complication over standard' ments,a, andy are repeatedly optimized to obtain maximum
optics is that phonon focusing makes the group velocity dlf-Brillouin signal for a givenAe. The optimuma, is to be

fer in dlreptlon from the ph_ase yeloqty when_the phononidentified with the angled, of the acoustic phase velocity.
beam deviates from the axis. Brillouin scattering allows N

independent measurement of these velocities, the phase Results ford, as a function oA, the primary variable of

\ . . X -
locity by tilting the crystal untilg lies in the Brillouin scat- t_%% 1ex(gﬁ|rz|ment, are presented in Fig. 9 fof2m=3.1
tering plane, and the group velocity by measuring the angle To expressd, in Aa, we equate the wave vector of the

for which maximum intensity is observed. : : .

If the optical wave vectors of the incident dye-lasermOVIng grating to the comppnent of t_he acou;tlc Wav_e_vector
beamsk, andk,, are at anglesr; and a, from the surface parallel.to th? trqn_sducer,_ L&y =qsinf. Th'.s cond_mon
normal, the strain at the transduedi’,y’ ,0) is specified by results in an_lmpllcn equ_atlon fo#, when s.ubstltuted in Eq.

' . D Y (32 along withq according phonon focusindeq. (20)] and
Eq. (18), yet multiplied by an additional phase fac®fy¥ . the optimized angles;= 6, and a,= f,+ Aa. Treating the

Ignoring the minute difference between the moduliand leading term rigorously and expanding the remaindek in

0, (degrees)

N
=
T

E. Measurement of phonon focusing

Kz, we have we arrive at

kyzk(sinal—sinaz). (32) HqZ—A[l‘F%(l-{-Zp)AZ]. (33)
Coincident beams thus produce no grating whatever their .
angle of incidence and, therefore, no sideward propagation A=arcta (kvc/w)sinAa (30
of the acoustic beam. Already fot, — a,|~1°, however, 1-2(kve/w)siiAa)

the grating period z/k, is smaller than the &/diameter of

the focus &40 um). Restricting Eq.(33) to the dominant linear term gives the
The experimental geometry is adapted to the experimermore transparent expressiafy= —(kv./w)A«a. Equation

by tilting the crystal away from the Brillouin-scattering plane (33) is more detailed in that it includes corrections for the

and running the dye-laser beams in parallel at some distangeometry and phonon focusing upon rotatmm@way from

prior to focusing to a joint focus on the transdu¢iiset to  the ¢ axis. Returning to the experimental results &, we

Fig. 9. One dye-laser beam propagates along the optical axisisert Eq.(33) into Fig. 9. The comparison turns out to be of
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| | 00F ] V. CONCLUDING REMARKS

200f ZTEE 150 4 Coherent longitudinally polarized acoustic beams of giga-
5 ool | hertz frequencies have been generated in a solid medium

= (PbMoGQ,) by the use of periodic laser-induced heating of a

150 50 - thin metallic transducer. The mechanism of generation is es-
0 L sentially based on the strain provided by thermoelastic ex-

0 200 400 600 800 pansion synchronous with the optical difference frequency,
100 z (um) | in accordance with the observed acoustic resonances within

the transducer and the quadratic dependence of the acoustic
intensity on the laser power, as well as the overall intensity.
An obvious advantage of the method is the simple tuning of
the acoustic frequency via the difference frequency of the
interfering lasers. The method is furthermore applicable at
cryogenic temperatures, despite the decline of thermal ex-
pansion.
0 50 100 150 200 For the detection we have relied on Brillouin scattering,
which, however, is limited to frequencies up to, say, 15 GHz.
The generation mechanism, on the other hand, seems limited

FIG. 10. Lateral intensity profiles of the acoustic beam for vari-by electron-phonon relaxation to several hundreds of giga-
ous distances below the transducer and a fixeMa=—5.7°  hertz, easily accessible by light modulation through
+0.5°. The phonon frequency is 3D.1 GHz. Thermal back- interferencé® The usage of other phonon detection tech-
ground has been subtracted. The lateral displacegnismneasured niques, such as bolometers or superconducting tunnel
with reference to the illuminated spot. The solid lines are leastjunctions>’~3° could therefore markedly extend the useful
squares-fitted Gaussians. The position of maximum intensity shiftfrequency range.
faster with increasing than predicted by the phase velocity, indi-  \We have further investigated some aspects related to the
cating phonon defocusing. The inset showws z vyielding 6;  propagation of the acoustic beam, in particular its divergence
=15.7°%0.4° for the group velocity. by diffraction, which appears governed by Fresnel diffraction

) ) provided phonon focusing is taken into account. In the

good quality despite the fact that all parameter values arga nhofer regime, the effects are to increase the divergence
known from other sourcesw/27=3.1 GHz, k=2m/\, by a factor 1/(1-2p).
with A=580.0:0.1 nm the optical wavelength, and ~ gy yirtue of its monochromaticity and directionality the
Uc:3-63_ km/s. ) o generated phonon beam is particularly suited to measure
~ Toarrive at an experimental value 6f, lateral Brillouin  phonon decay versus the frequency. The beam further is re-
intensity profiles have been collected at a series of d'StanCstbonsive to the phase distribution of the laser heating over
from the transducer. The results are displayed in Fig. 1_0 fofhe focal area. This allows one to manipulate the beam in
®/27=3.1*0.1 GHz, Aa=—-5.7°£0.5°, and an opti- yarious ways, such as by simulating acoustic lens just below
mized ;= 04=11.5°. The maxima of these profiles trace the emitting “orifice” or sweeping the beam by a sideward
the course the acoustic energy travels into the crystal, anﬁﬁoving grating. Combined with Brillouin detection, which
indeed the lateral displacement grows linearly with the disjstinguishes between phase and group velocities, the latter
tance(cf. inset to Fig. 10. We thus find63=15.7°+0.4°,  gption allows a direct measurement of phonon focusing. We
inclusive of the corrections noted in connection with Eq.finally note from further analysis of Fig. 10 that the acoustic
(33). The experimental result is to be compared with thegjvergence seems to slightly increase upon going away from

angle ¢y of the normal to the slowness surface at a gi¥gn  the high-symmetry axis, in keeping with the arguments by
[cf. Eq. (20)]. We find Maris *

50

Brillouin intensity (arb. units)

Lateral displacement y (um)

2pbq
0y= 0, +arcta . (35
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