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Microscopic theory of photoacoustic pulse generation. II. Solids
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The nonlinear-response theory of acoustic pulse generation by linear spectroscopy developed in an
earlier paper [Phys. Rev. A 29, 1453 (1984)] is extended to the case of solids. Viscoelastic equations
for the dynamics of the fluctuations are obtained by explicitly including the stress tensor into the
macroscopic description of the system, as well as correlation-function forms for the coupling con-
stants linking the incident optical pulse to the local stress relaxation. Since transverse waves
propagate in solids, absorption-driven transverse shear waves are obtained and their properties are

discussed.

I. INTRODUCTION

In the preceding paper in this series! (hereafter referred
to as I), the generation of the photoacoustic pressure pulse
in liquids was considered from a microscopic point of
view. Specifically, response theory to quadratic order in
an external electric field of the form

—KT)

o
e +c.c.,

B (F0)=8(F0e" (1.1)

was used (c.c. denotes the complex conjugate of the
preceding terms). The field amplitude was allowed to be
space and time dependent in order to account for any
modulation of the incident beam.

In addition to the usual expression for the sound gen-
erated by the adiabatic expansion of the fluid upon ab-
sorption of the light,2 several new terms were obtained. In
general the new terms have a different pulse time depen-
dence. Significantly, one of them has a dependence on the
polarization of the incident light which is totally absent in
the phenomenological theory. They arise from any
coherent aspect of the force being exerted on the fluid
molecules in the absorption process. In other words, if
upon absorption of light, the molecule polarizes or has
some other geometry change in a specific direction (relat-
ed to the incident optical polarization), then the resulting
sound field should reflect this direction to some extent. A
mechanism based solely on heating will not have any po-
larization dependence in an isotropic medium to quadratic
order in the applied field.

In this paper the analysis of I will be extended to the
case of solids. In solids there are two kinds of sound, i.e.,

(B(t))pe=(B)— f.iwdtl <w<1_;]ﬁ>,ﬁm]>

*E(T,t,)

([[B(t —t1), B(F)],E(Tots—11)])

transverse and longitudinal, with two different sound
speeds. Only the latter is present in fluids, the transverse
modes are diffusive. As will be shown, the possibility of
transverse sound leads to a new type of photoacoustic sig-
nal which is qualitatively different from that predicted by
the phenomenological theory or by the microscopic theory
presented in L

In Sec. II the method used in I is outlined and the
necessary results are summarized. In Sec. III the method
is extended to solids. In Sec. IV the elastic response of a
solid is discussed as it pertains to the photoacoustic pulse
generation. Section V contains an analysis of the pho-
toacoustic pulse and the last section summarizes and
discusses the results.

II. SUMMARY OF PREVIOUS RESULTS

In I and here, the system is taken to be governed by the
Hamiltonian

Hy=H — Z(T,t)%Eeu(T)1)

=H+H(), (2.1)

where i£(T,?) is the dipole moment density and H is the
Hamiltonian in the absence of the external electric field
_I:‘,ext. The symbol * is used to denote a dot product and
an integration over T. The evolution of the system is
governed by the quantum Liouville equation, which can
be solved perturbatively in _Eext, and the result used to
compute the average of any observable, e.g., B. To quad-
ratic order, this procedure yields

# E(T51,)E(T),t,)+O(E?) , (2.2)

t t
+f __dn I _‘w dt, i
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where the notation { ),. and { ) are used to denote a
nonequilibrium and equilibrium average, respectively. In
addition, it was assumed that the system was in equilibri-
um in the infinite past. Subsequently, use was made of
the existence of three very different time scales: the
fastest was the period of the incident light, next was the
time scale characterizing the “fast” processes in the fluid
(i.e., the collision or dipole moment relaxation times), and
finally there were the time scales which characterize the
“slow” (e.g., hydrodynamic) motions of the fluid as well
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as the modulation of the incident light (it is assumed that
the optical modulation is slower than the dipole moment
relaxation time). The large difference between the first
two and the third allows the nonlocality in time and space
in €(T,?) to be dropped. The fact that the measurements
are being carried out using a slow response-time detector
(e.g., a piezoelectric crystal) allows the term linear in the
external electric field to be dropped; it will oscillate at the
frequency of the incident light. Thus Eq. (2.2) was rewrit-
ten as

([[B(t—1),B(F'+5T)LE(T — 5T12,—1)])

(8B()oe= [ _dt, ["dt' [ dFydr”

it s, o=
X:[e ™ @*(T,t)E(T ) +c.c.],

where 8B=B —(B).

The separation of time scales between the fast and slow
motions of the system was exploited by using the follow-
ing identity:*

A(K,0)=G(K,1)- A(K,t =0)
t — . —
+ [dra(Ke—1)-dp(K,1), 2.4)

where G(K,¢) is the propagator which describes the mac-
roscopic evolution of A(k,t) and 4 p(k,?) is referred to

(i#%)?

(2.3)

I

as the dissipative or microscopic part of the rate of charge
of A. In I only densities of conserved variables were con-
sidered and dissipative currents appeared instead of 4 p.
Equation (2.4) can be viewed as a definition of the dissipa-
tive variables. Alternately they can be defined in terms of
time correlation functions using projection-operator tech-
niques.® Physically, they represent the parts of the exact
microscopic equations of motion governing A( E,t) not
described by the macroscopic equations. Thus, providing
the correct macroscopic equations are known, the dissipa-
tive variables should evolve on fast time scales and corre-
lations involving them should decay quickly in time.
Specifically, using Eq. (2.4) in Eq. (2.2) for B =4 gave

a®,0= [ dtG(K,t —t)[QU(K;0m0) + DHK; — 01 IS7(K 1) , 2.5)
where repeated indices are henceforth summed, and
SHE,n=- [ dre’ ¥ T[el(T,n]*el(T,0) (2.6)
27
and
Qij( E;winc)zgZ(E;winc)‘*‘gg(l_{;winc) . 2.7)
The reversible and dissipative parts of () are defined by
e Y= 27 @ r {0t TN i 13 j 1 ’
W CTME o fo dt'e' ™ ([[A(K),p{( — 3 K)],pi(— 3K, —)]) 2.8)
and
ij1. _ 2 «© ® ., iopt 1 (1 i 13 J_ 137 ¢
2§ (Kom)=—" [ at [ dre ™™ ([ dp(K,0,pH(— 3101 — 7K, —10]) (2.9)

respectively (¥ is the system’s volume and c is the speed
of light). Note that the trace of S(F,?) is the incident opti-
cal intensity. The remainder of I was concerned with the
analysis of the specific forms of the propagators and
correlation functions for fluids.

III. SOLIDS

It must be stressed that the manipulations which lead to
Eq. (2.5) are not specific to fluids. Equation (2.5) will be
valid as long as the various separation of time-scale as-
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sumptions hold. Clearly the assumption which is not al-
ways under control is the separation between the system’s
fast and slow motions. In fluids the slow variables are
densities of conserved quantities. In particular, this
means that their characteristic time is inversely propor-
tional to the wave vector of the mode (which can be taken
to be as small as desired). On the other hand, in solids
there are slow nonconserved modes.

The solid is characterized by extremely slow stress re-
laxation rates. This is responsible for the observed elastic
behavior of solids. However, it is obvious that any
mechanical quantity whose evolution depends on large-
scale translational motion of the molecules comprising the
solid is apt to evolve on a slow time scale. In contrast,
quantities which depend on the velocities of the molecules
or on functions of their positions which change on micro-
scopic distances (e.g., the interatomic forces) should in
general evolve on faster time scales. This is not to say
that such quantities exhibit only fast motions; there will
always be some slow component. Here it is assumed that
all slow motions can be expressed as a linear combination
of the slow variables whose averages specify the macro-
scopic viscoelastic state of the system [at least for the pur-
poses of calculating the averages in Eq. (2.5)].

In the usual treatments of the elastic behavior of solids,
the elastic state of the system is assumed to be determined
in terms of the strain field.* Unfortunately, unless an
equilibrium lattice is assumed, strain is not easily defined
microscopically. On the other hand, in the linear regime
stress and strain are proportional (Hooke’s law) and the
well-defined stress tensor can be used in place of the
strain. As will be shown below, the addition of the stress
to the set of variables, 4(T,t), results in a correct macro-
scopic description of the elastic response of the solid.

The stress tensor is well-defined microscopically and
does not require the introduction of an equilibrium lattice,
harmonic forces, etc. In Fourier representation, the stress
tensor is defined as®

— "ig ?'?—o 1 277
. (Bi—~#K)e NP, + 1K)
K= i 2
j ™
—ii’-?jj.
+3 r;F e:— , (3.1
J'Ei ik'f}j'

where mj, B;, and ﬁjjr are the mass of the jth particle,
momentum, and force j' exerts on j, respectively. The
Fourier transform is defined by

fo= [dTF@e*T.

Note the appearance of the terms explicitly depending on
# in the kinetic part of the stress. In addition, note that
some care must be taken when considering the Hermitian
conjugate of the Fourier transform of an operator. The
Fourier-transform variable ik should not be included
when the I_-}ermiti_gn conjugate is taken. This is equivalent
to letting k — — k after Hermitian conjugation.

The other slow variables are the mass density, energy
density, and momentum density, hereafter denoted as
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N(T,t), H(T,1), and P(F,?), respectively. They have their
usual definitions. The set of slow variables will be denot-
ed collectively by

A(T,0)=[N(F,t),H (T,0),B(T,0),1I(F,1)] ,

where Ti(T,?) is the nonhydrostatic part of the stress [cf.
Eq. (3.3) below]. Note that, unlike theories of harmonic
solids, the density is an independent variable, due to the
existence of (extremely slow) defect diffusion processes.

In order to use Egs. (2.5)—(2.9) the microscopic equa-
tions of motion for the elastic variables must be given.
For the conserved variables these are

N(T,t)=—V -P(T,1), (3.2a)

P(T,t)=—V AT, (3.2b)
and

H(T0)=—V T 4,0, (3.2¢)

where J g(T,t) is the energy current, defined in the usual
way. The stress tensor is nonconserved and has a micro-
scopic form for its time derivative which is complicated
and not particularly illuminating.

The inclusion of the stress tensor into the set of macro-
scopic variables has been performed in many situations
and a variety of techniques have been used to derive the
macroscopic equations of motion.® It is convenient to
decompose the stress into the hydrostatic part B, and the
viscoelastic part il G. e., 7=p; +II). The hydrostatic pres-
sure is defined by its Fourier transform,

Bukn=(7pd_)(dpd ) Ak, (I
where the tilde on 4 is used to denote the subset of A4 cor-
responding to the conserved densities. Note that for small
wave vectors

aPh
oh

and the coefficients in Eq. (3.3) can be expressed as partial
derivatives of the hydrostatic pressure with respect to den-
sity and energy density. This definition has the conse-
quence that the viscoelastic part of the stress is orthogonal
to the slow variables in the sense that (H-.A 7 )=0.

The equations of motion for the mass and momentum
densities follow trivially upon averaging Egs. (3.2a) and
(3.2b). Those for the viscoelastic part of the stress and the
energy density need a constitutive law to relate the energy
current and stress rate of change to the slow variables.
This can be obtained from projection-operator techniques
or by using response theory. For example, in Ref. 6(c),
the following equations of motion (isotropy or cubic sym-
metry was assumed) were obtained:

Br~1 H(K,0) [+0(k?)

3
5”" ]N(k 0+

ki =
> axl
and
h(F,t)=—V -[ph,V(T,0 - K-V T(F,1)] (3.4b)
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where repeated indices are summed. The fields V(T,?)
and T'(T,t) are the velocity and temperature, respectively,
and are defined in terms of the densities of the conserved
variables in the same way as in an equilibrium system.
The parameters kg, A, @, and C are the specific enthalpy,
thermal conductivity, stress relaxation rates, and elastic
constants, respectively. They have their usual microscop-
ic definitions,®’ e.g.,

0 dt - —
A= ——— (I () Iy (0)), (3.5a)
I} e Tt on :
and
oo (I
= - " 3.5b
C VigT ( )

etc., where the subscript 7 is used to denote the total or
k=0 value of the subscripted quantity. Note that com-
ponents of the various tensors are not all independent;
time-reversal symmetry and the rotational symmetry of
the solid relates them. For example, in isotropic systems
or in systems with cubic symmetry®

CM=C\ (881 +8y8jx — 58,8k1)+C28;811 , (3.6a)

w‘j"’=w1(8ik8j, +8i18jk —_ %8,-1-8,(1 )+6025,-j8kl ’ (36b)

and
Al =A8;; ,

where §;; is a Kronecker delta. In writing Egs. (3.4a) and
(3.4b), terms containing more than first gradients have
been omitted and these should be unimportant for acous-
tic phenomena. Equations (3.4a) and (3.4b) are sometimes
referred to as the Maxwell relaxation equations for a
viscoelastic medium.>

The most important consequence of adding the stress
tensor to the set of slow variables is the appearance of two
propagating transverse modes, in addition to the usual
longitudinal ones. Fortunately, the dynamics of the longi-
tudinal and transverse modes decouple, thereby greatly
simplifying the calculation.

(3.6¢)

IV. THE MACROSCOPIC DYNAMICS OF THE SOLID

As was mentioned above, the calculation of the Green’s
function is greatly simplified due to the fact that the lon-
gitudinal and transverse modes decouple. For what fol-
lows, an isotropic solid or cubic crystal is considered.
This simplifies the calculation without loosing any of the
physical content. In particular, the forms of the coeffi-
cients as given by Eqs. (3.6a)—(3.6c) will be used in all of
the subsequent manipulations.

The macroscopic dynamics of the solid is determined
by Egs. (3.2a) and (3.2b) and (3.4a) and (3.4b). In matrix
notation these can be written as

0a(T,?)
at

=M'g.(f:t) ’

where M is the differential operator corresponding to the
equations of motion. Fourier transforming the macro-
scopic equations of motion in time and space allows the
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defining equation for the Green’s function to be written as
(io—M)G(k,0)=1. @.1)

The calculation of the Green’s function is simplified by
decomposing the stress into its longitudinal and transverse
parts, i.e.,

pn
on

9ps

K,
n h(k,t)

7(k,0)=1 n(k,t)+

+ 1TrRK, ) | +FHK, 0 +F 4K, 1)

+FHE, D +F K, , 4.2)
where
FUK, =k k [F(K,)—+TrRK,n]kk, 4.3a)
UK, =1 -k k) [#(K,0)

—HTeK,n]-A-kk), (43b)
and
UK, D=k k-[F(K,0)— TTTeR(K,n]-(T—kK)
=[7Uk,n]7. (4.3c)

The symbol ~ is used to denote a unit vector. These defi-
nitions, when used in Egs. (3.4a) and (3.4b) together with
(3.6a) and (3.6b), show that the calculation of the Green’s
function [or matrix, cf. Eq. (4.1)] can be split into a num-
ber of blocks. These are the fully transverse block (1t),

which contains 7(k,?); the transverse blocks (It or tl),
which are made up of P (K, ?) and F(K,#) [P (K, ?) is the
transverse momentum]; and finally, the longitudinal block
(1), which comprises n(k,n, h(k,z), p’(E,t), TrA(K, ),
and Tr# 4k, 1) [pk K,?) is the longitudinal momentem].

The simplest block is the fully transverse one. From
Eqgs. (3.4a) and (3.6a) and (3.6b) it follows that
FUK, D= —207F"K,0)— 2T -k K)clikpiK,1), (4.4)
where the transverse sound speed is defined by ¢2=C, /p.
The general solution to Eq. (4.4) has two terms. The first
is exp(—w /7 *X,t=0). This represents a very slow
mode of the system (recall that w;—0 in solids ) and is
completely unimportant for acoustics. The second term
only involves the longitudinal momentum, which does not
depend on the # components of %#. Thus Fourier
transforming in time and setting w; to zero shows (for the
acoustic modes) that

G (K,0)~ — 31—k KNG, (K,0) /0. (45)

The next simplest contribution comes from the It block.
From Egs. (3.2b), (3.4a), and (3.6) it follows that
PUK,D=iKFUK,0) (4.6a)

and
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FHEK, )= —20F K, +cHK P UK, . (4.6b)

The associated Green’s function is easily shown to be

PaN

(io+20,)(T—KK) ik
iK(Q—kK)c?  iok(1-KRE

k%2 —0?+2iow,

GHK,w)=-

4.7
1
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As will become clear below, only the stress-stress element
of the It Green’s function is needed. By inverting all
Fourier transforms, dropping w; and going to the acoustic
far field, this element can be written as

AT —rP)F
4mr

where 6(x) is the 8 function.
Finally, the longitudinal variables must be considered.

These are defined as

8(r—ct)+0(r?), (4.8)

G‘;;It’?lt( rt)~—

ANK,D=[N(K,0),H (K,0),k-P(K,0), Te#(K, 1),k k:[#(K, 1) — +Tra(K, 1] .

There are five longitudinal modes. Two of them propagate and the rest are diffusive. The latter contain the heat mode,
as well as two which describe longitudinal stress relaxation [i.e., as related to the parameters w;, i=1,2 in Eq. (3.4a)]. On
the time scale of relevance to photoacoustic detection, these nonpropagating modes can be ignored.

Using Eq. (3.4a) it follows that the longitudinal modes satisfy

(io—M 3 )4'(k,0)=0,

where
[ o 0 ik 0 0
0 0 ikh, 0 0
ML =ik 3’4’:’ k [%’ 1313 ik
0 0 3ikCy/p —3w, O
0 0 iksCi/p O

where the thermal conductivity has been neglected, as was
discussed above.

For the problem at hand, the full longitudinal propaga-
tor is not needed. The various detectors respond to forces
exerted on their surfaces. These are equal to the normal
components of the stress tensor at the detector. By using
Eqgs. (4.2), (4.4), and (4.10), the propagating part of the
stress can be reexpressed as

HK,0)=1o[p(K,0)—p(K,r=0)]
+7 4K, 0)+7UK,0)

A o

2ckpl(K,0)
ML ALELLNG o A 0

(0]

(4.11)

Aside from the I/t components, only the longitudinal
momentum appears. Moreover, from Egs. (4.9) and

-—2le

(4.9)
, (4.10)
T
[io—M} )—l]pl,él
| | |01,
. on |’|oh |"k’3’ €12
=—j— , .
(@?*—k2c})
where the longitudinal sound speed is defined by
\ 172
opy, aps (37C1+C)
=||=£ —_— | — . 4.13
“=\1%n |7 | o p @19

The stress propagator can now be obtained simply by
substituting Eq. (4.12) for p/k,w) in Eq. (4.11). More-
over, only the couplings to the energy and 7 are needed.
For these, inverting the Fourier transforms in the far field
gives

(4.10),
|
ap, | 8'(r —cqt) | ¢ 2 -
Ge (Tyt)~ — | — | —————— —_ Fr—
7 m(TH1) y o 1+2 o (FF—-1) (4.14a)
and
. §(r—cit) |- e | - 8(r—ct) o
G-,-.:ﬁ(r,t)~———rl— [1 +2 [C—‘J (??—I)J??— 41"‘ (FIP+EF 6,7+ 6,776, +F 6,78, —AFFFF) , (4.14b)
1
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where &;, i=1,2,3, are the usual Cartesian unit vectors. In
obtaining this last result, Eq. (4.8) was used.

Thus once the forms for the various optical stress cou-
pling constants are known, it is a simple matter to use Eq.
(4.13) in (2.5) to compute the observed stress response.

V. THE PHOTOACOUSTIC PULSES

The coupling of the mechanical and optical processes is
contained in the Q  p coefficients defined in Sec. II. As
was the case in I, the reversible coefficients can all be cal-
culated explicitly. In fact the number, energy, and
momentum components are exactly equal to those dis-
cussed in I, i.e.,

QZ,N___O:
i (R )+ QF (K
QR,T"(k’w‘m)_}_QR,_}"(k’

(5.1)
—winc)'—_iﬁf(winc)a,’j +0 (k3) ,

(5.2)
and
Q1 (K3 0100+ O 51 (K; — 040 =0 030)835 + O (k)
(5.3)
where
41T mc
@i =2 [ dt sin(nt ([ Er, E7(1)])
4’77'(‘3inc © . -
=y f_wdt sin(@ipt){ L7 L7(2)) , (5.4a)
is the absorption coefficient and
J— 41r ® X X
elon)=—-"> [ | dt cos(oinet{ [pF(1),uF])  (5.4b)
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is the derivative of a(wj,.)/w;,.. As was the case in I, €
will be extremely small and will make a negligible contri-
bution; henceforth it is omitted. This is the reason why
couplings to the momentum were not needed in Sec. IV.

The coupling to the stress tensor is new. Using Egs.
(2.8) and (3.1) gives

[?T{ o l/2)k]/lﬁ 2'2

+57ik?) . (5.5)
The last term on the right-hand side of the equation is
nonclassical. As long as long-wavelength sound is con-
sidered, the stress component of Q% is at least O(k?),
since the average resulting from using Eq. (5.5) in (2.8)
can be written as K times the average of a third-rank ten-
sor function of X (in systems with inversion symmetry,
this must be at least proportional to one power of k). As
was the case in I, terms of this order are neglected, result-
ing in no new contribution at the reversible level.

The form of Q¥(K,w) coefficients is easily obtained.
Unlike the case in I, the dissipative part of the momentum
current vanishes, since the exact stress tensor has been in-
cluded in the set of variables. (For a similar reason, the
dissipative mass current vanishes.) Moreover, while the
dissipative energy current is nonzero, the resulting cou-
pling coefficient can be written as K times a third-rank
tensor. In systems with inversion symmetry, averages of
third-rank tensor functions of kK must be proportional to
at least one power of K, thereby making the energy contri-
bution O(k?). Note that this sort of argument implicitly
assumes that the correlations are nonsingular as k—0.

Hence only the coupling to the dissipative stress needs
to be considered. From Eq. (2.9) this becomes

QY K a)mc)+_Dnm,,(k;—a)inc)=;—(%/— fo dtf dt'cos(@inet ) [T (0,1 L (—t)]) +0(k?)  (5.62)
=£1(@ine)(8im S +8in8jm — 5 8118 mn )+ E2(@inc)8:;8pmn » (5.6b)

where the last equality holds for systems with cubic or isotropic rotational symmetry and with a symmetric microscopic
stress tensor. Note that, should the system not possess inversion symmetry, then the correction to Eq. (5.6a) can be
O (k), although in this event many other new couplings must be considered.

It is now straightforward to combine Egs. (2.5) (in the coordinate representation), (4.14a), (4.14b), (5.3), and (5.6b) to

obtain the far-field stress response. The result is

P — 2
) —> t > 8 17| — t_tl - -
HED = [ dr [ —T ‘ Ur=T—at =) g o 1% [z _%)
—e 4| T—T" | p o
9pn ~n 1
X EY? U @ine) +E2(@ine) l+2§1(winc)(ﬁﬁ—‘3’l)

" —e(t —12")

+ 2'é‘l(c‘)inc)a( I r—r7

(5.7)
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where # denotes the unit vector T— T’ and the derivative on the & function was transferred to S by integrating by parts
in time (S is the time derivative of S). If the measurements are carried out at distances large compared with all dimen-
sions of the incident beam (e.g., a point source), then Eq. (5.7) can be simplified further by dropping »’ with respect to r
and using the § function to eliminate the time integration. Equation (5.7) thus becomes

opy

oh

<>

1+2 1

AU @ine) +E2(@inc)

2
C; -
—] (r"‘r’-\—l)]
<

1
(AT, ) ) pe=—75
Ine 4arctr

+2§,(wi,,c)(??~ﬂ’)}: f dr'S(t',t — | T—T"| /1)

2 (Cl) )C2 > Pa
2ol Oncler L (FLP+EPEP+EFPE +PEFE—4FPFF): [dTR(E— |F=F" | /e) |.  (5.8)

C
Note that there are now two different retardation times due to the fact that the transverse and longitudinal sound speeds

are different. From Eq. (4.13), it follows that ¢/ > %c,z
Unfortunately, most experiments are carried out using extended sources. In order to see the experimental ramifica-

tions more clearly, assume that the incident light beam is a uniform cylinder of radius R with Gaussian temporal profile

and linear polarization, i.e.,

N Io(t)
"S’(f.’t)____ n nm, r; <R
0, otherwise (5.9a)
where
— (/7,2
Io()=——7—, (5.9b)
T o7,

1 is the polarization direction of the incident light (it of course must lie in the x-y plane), the subscript L denotes the
projection onto the x-y plane, Ey(t) is the energy in the incident pulse, and 7, is the pulse time. As long as the measure-
ments are carried out far from the beam soon after the pulse arrives [specifically, 7, >>R, 7,¢;; and 7, /c;; —t~O(7,)],

Eq. (5.9a) can be used in (5.8) to rewrite the latter as

2
<> —> 1 Reg C -
FHE))f=———— (142 [ | (P F —
" 2meyept +r)12 + c (PP —1)
aph A2 1
X E‘ U Oine) +Ex(@ine) | +2E (i) [ (FL 1) — 5] 1Fi(r.,t)
§l(winc)ﬁ\i‘\l
—————————— (P A AP =27 F)F,(r 1), 5.10
me eyt +r, )12 L HRPL 2R PR (LD (5.10
where
dt! 1= |T,=T'|/c In(t’
F(fn= [, [ M ol£) : (5.11)
ri<R gR* ¥ —= [er (t—t)— |7 —T1 ]| 1172

[

This integral has the same form as those considered for =~ where x =(t—r, /c)/7, and D, is the parabolic

fluids. It can be simplified in two limits. The first is the  cylinder function. This function will result in a compres-
thin beam limit, i.e., R <<7,c;,. As was shown in I, in  sion pulse followed by a rarefaction pulse at the detector.

the thin beam limit [cf. Eq. (4.11a) and Fig. 1 in I] In the thick-beam limit, the observed pulse shape is

/4 —x2/2 determined by the acoustic propagation times across the

Eo2""e [23/%xD (—2172x) beam (i.e., R /c,;) and not by the optical pulse time. It is

172 —i2 not too difficult to approximately evaluate the integrals

2 appearing in Eq. (5.11). For the purpose of this discus-

—D_3,(—=2"X)], (5.12)  sion, suffice it to note that Fj, < Eoc;,/R/ and is in-

Fym—
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dependent of 7,. Further discussion of Eq. (5.10) is de-
ferred to the next section.

VI. DISCUSSION

In this paper, the methods of I were used to examine
photoacoustic pulse generation in solids. While the gen-
eral expressions should be valid for solids of arbitrary
symmetry, the discussion here has been restricted to iso-
tropic or cubic systems. This greatly simplifies the alge-
braic manipulations without losing any important physi-
cal consequences.

As was the case in fluids, terms other than those gen-
erated by the adiabatic expansion of the solid were ob-
tained, although as in I, only two new coefficients were
obtained in isotropic systems. From Egs. (5.10)—(5.12) it
is easy to imagine a number of experimental configura-
tions which can measure §;(w;,.) since use can be made of
the propagating nature of the transverse modes. They will
arrive at the detector after the longitudinal ones and will
exert forces perpendicular to the propagation direction.
In contrast to what was obtained in I, the temporal profile
of the pulses will all be the same. This will complicate
any measurement of &,(w;c).

Unlike the case in fluids, there are some experiments on
photoacoustic pulse generation in solids,” although ab-
sorption measurements have not been carried out. These
measurements have been analyzed in terms of the
phenomenological theory of Ref. 10 and in terms of an
adiabatic expansion model similar to that used in Ref. 2.
The expressions obtained here can be used to write micro-
scopic expressions for the parameters used in the
phenomenological approaches. From Eq. (2.5) it follows
that the macroscopic fields satisfy

da(k,1) N L
T=Mk‘ﬂ(k,t)+[ﬂ"( K;winc)

+O(K; —0)187(K,0) . (6.1)
Using the explicit forms of the equations for motion [cf.
Eqs. (3.4a) and (3.4b)] and for the Q coefficients [cf. Egs.
(5.3) and (5.6a) and (5.6b)] in Eq. (6.1) gives

7'7,:'1'( Tt)= _wijklﬂ_kl(f» t) _C,'jkI av"( f:t)
’ ’ ax!
+EM 01 VST, 1) (6.22)
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and
h(E,t)=— V- [phV(F,)+ A -V T(T,1)]
+a(winc)sﬁ( ?,t) . (62b)

These equations are correct to first order in gradients. If
the stress relaxation coefficients are set to zero and the re-
sult used in Eq. (3.2b), then macroscopic equations
equivalent to those discussed in Refs. 9 and 10 are ob-
tained, along with microscopic forms for the £/ parame-
ters (sometimes referred to as Pockel’s elasto-optic coeffi-
cients). It must be stressed, however, that the nature of
the phenomena for absorption measurements is potentially
quite different.

Keeping the w; coefficients results in equations which
are applicable to viscoelastic continua and in the limit of
large w;, these will yield expressions equivalent to those
obtained in I. For intermediate values of the stress relaxa-
tion constants, the resulting expressions can be applied to
viscoelastic media (e.g., supercooled liquids) where absorp-
tion spectroscopy should yield information concerning the
local stress relaxation and dynamics.

The usual elasto-optical effect usually refers to the cou-
pling between the collective dielectric and elastic
responses of a solid. On the other hand, in absorption
spectroscopy a single particle is involved and thus any ob-
served sound (especially the transverse modes) is a mea-
sure of the interaction between the absorber and its local
environment. It is clear that this is not restricted to single
component crystals. Any probe molecule could be used.

In summary, as was the case in I, the pressure pulse can
be generated by nonthermal means, resulting in a response
which depends on the polarization of the incident light.
Unfortunately, an estimate for the magnitude of the coef-
ficients in these new terms for absorption spectroscopy is
not yet available, although work which should remedy
this is in progress. Nonetheless, the sound associated with
the new terms lends itself to a variety of sensitive detec-
tion schemes and should be observable.
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