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The physics of thermal wavcs propagation crcatcd in i.1 !luid or sol id medium by a periodic heat genera(ion are ('.xamined from the theoretical
point of view, The temperature distribulion in the sample as a function of both. time and position. is obtained by solving the heat diffusion
equation with appropriatc houndary conditions. the time dependent hcat flux at the surfacc 01'(he sample and tixcd tempcrature at the opposite
surface are used as houndary conditio~lS. The auenuation and reflection 01'thermal waves in a the temperature fluctuation in a dissipationless
sample. is can be explained ;:lS a consequcnce of the pcriodic time variation of the inciden( rndiation converted into heat at the heat flux al the
surface ofthe sample which can he positive or negalive. The thermal waves spcctrum is nol precbcly Iike electromagnetic wave propagation.
features that appcar lo he shared hy aH pholOthermal models of thermal waves propagation. The response of lhe system to this external
pcrtubation in the I¡mil of high ilnd low modulalion frequency W of Ihe ¡ncident light respccl lo the characteristic time T of the sample is
analayzsed.

Ke)'word.~:Thermal waves; altenuation and reflection; char<lcteristic lime; longitudinal and tr;¡nsversal waves

En este lrab<ljo se analiza la propag;¡ci6n de ondas térmicas en un sólido generadas por la ahsorción de la radiación electromagnética en la
superficie de In mue~tra. La distribución de temperatura en la muestra se obtiene resolviendo la ecuación de difusión de calor con apropiadas
condiciones a la frontera consistentes con el experimento. La atenuación y reflexión de las ondas térmicas en un medio no disipativo se
explica como c(~nsecuencia de la variación periódica en el tiempo del flujo de calor en la superhcie de la muestra dehido a la radiación
incidente. Se hace referencia a la diferencia entre las ondas electromagnéticas y el espectro de las ondas térmicas. Finalmente. la respuesta
del sistema a esta pcrturhaci6n externa en el límite de alta y haja frecuencia respecto al tiempo característico de b muestra es anali7.ado.

De.H:rip/orC'.f: Ondas térmicas; atenuación y reflexión; tiempo característico; ondas longitudinales y transversales
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I. Introduction

whcre T is lhe tClllperalure, k is the heal conductivity, (J is
densiLy, and e is spccific heat, so thal (le is lhe heal capac-
iLy per uniL voll1lllc. The spacc coordinate is ;l" anJ t is time.
In Eq.( 1) Q is the amounl of heal llowing in lhe direclion
01";f incrcasing per unil lime lhrough unir arca of a scction
which is norlllal lo lhe direclion of ;f. Many aulhors [2} pro-

Diffusion is a process hy which maUer and/or heat is trans-
ported from one parl of lhe system lo anoLher as a result 01'
randol11 parlicle collisions. Transfer of heal was recognized
by Fick in 1855 11 J. who tirst pUl diffusion on a quantila-
Livc hasis hy adopting the mathcmatical cquation 01' heat con-
duction derived some yeaes earlier by foourier (1822). The
l11alhemmical lheory 01' diffusion in isotropic suhslances is
therefore hased on the hypotesis thal lhe rate 01' lransfer of
ditTusing suhstance through unil arCa 01"a secction is propor-
lional to lhe conccnlration gradienl measured normal to the
scct¡on. and energy conservation law. The lwo corresponding
one dilllension equalions in heat llow are

DTQ = -k-
D.l:

DT DQ
pc- =--
DI D:l:

(1)

(2)

pose an additionallerm T,D'T/DI' in Eq. (2) where T, is lhe
cnergy relaxalion limc. i.e.. is the elapscd time al which lhe
extra cnergy is dislrihulcd in the sample. This ncw equalion
rcally represents a wave equalion instead 01' a diffusion one
and it is valid when Te > w-1• whcre w heing lhe frequcncy
01' lhe modulation ¡¡ghl convcrled inlO heat in phololhermai
experilllcnts. However. it is well known lhat the lemperalure
T is a lhermodynamic paramctcr which descrihes lhe aver-
age cncrgy 01' the sysLcm; lhus if Te salisfies Te > W-1 T is
no! a well defined parameler and Eq. (2) loses its physical
meaning. It is a good rcason why it is nol convenicnt lo use
the temperature as a houndary condilion al the surfacc of fi.
nite samples in heal llux prohlems; heat conscrvalion used as
houndary conditions al the interfaces of lhe sample is always
a well dcfincd quantity. In lhis work, we shall rcstricl our-
selvcs to study conduction 01' heat in isotropic solids in which
Eqs. (1) and (2) are val id, i.e., T, "" 0, when comparcd wilh
Ihe lhesc lerms in lypical phololhcrmal cxperimenlal condi-
tiolls.

Carslaw and Jaeger's 12J and other books 131 conlain a
wealth 01' solulions o •. lhe heat-conduClion equalion. Qne of
Ihcm usually corresponu to so called thermal wavcs. Thc
mosl important faCI abou! therma! waves is thal they are
rapidly attenuated. Aplane lhermal wavc has lhe form
e'wt-"', wherea = (1 oIoi)(w/2a)'/' (see Sec!. 2).11 is Ihus
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dampcd hy a factor e~1 in a dbtance called Lhe thermal dif-
fusion Icngth L = (2(\ / ..•.•') 1/'1. Titen any thennal wave gen-
erated aL lhe salllpk' deplh grealer Ihan L will thus have lleg.
ligihle dfccIs 011 lhe surface 01' the s<lmple. Therefore from
Eq. (1). (he IR'at associaled with tltis thennal wave also dis-
sape¡¡rs at lhe sallle dilTusion length. However. in a dissipa.
¡ion les:'. media \\here there art..' noL any sources ami sinks of
!leat. a nalural qUl'sLion arises: \\'l1aLdoes hapren with lhe cn-
ergy conser\'<ILion'! In addilion Ihe extra terms. +i(~/2n) ti:.!
represenl a relkcll'd Ihennal wave in Ihe salllple. Ir heat is a
dilTlISioll process: ",hal is the physical interpretation of these
lenns'! It is worth mcntioning that the hOllndary eonditions
lIsed hy those t1l1lhors (l'.g, cOlltinllity of lhe temperalure al
Ihe surrace or al Ihe interface 01' two dilTerent media. aplane
periodic heal sourcc at Ihe surface ~QCiWI, cte.), do nol rep-
rcsenllhc usual e.xpl'rilllenlal conditions in the pholotherlllal
expcrimenls (ahsorption of chopped light produces a periotlie
heating allhe surface 01' Ihe solit\). Thcre is general a\vareness
illIlong scicntisls ami engineers Il1aL Ihe phenolllena of heat
no\\' and tlillllsioll ¡¡rc hasieally the same. Ne\'ertheless. mallY
physicisls e\j1erieIlCc dirticulty in making the difference he-
t\\.ccn heal flux as a diffusioll process ano heat transpon Iike
a "elcctromagne:.ic wavc".

A \"Cry ;Ictive arca of rescarch in applied physics Ihese
t1ays comes lInder Ihc general heading of phololhennal or
p!loloac(Hlstic phellolllena. Photolhcrmal techniques in solid
mall'rials are hel,.'"olllillg a valuahlc too! in measuring Iher-
lIlal par:ullelers as \\"ell in Ihe scmieonduetor inouslry ror
characlerizing proccss in Ihe manufacturing 01' elcctronic de-
\"ices I,t]. These lechniqllcs are versatile. nOlHJestructi\'e ami
can he employed lInder dilTercllI l'xperimcntal condilions ror
deterlllining Ihermal parallleters of solid and liquid materials.
Several phohlacollstic ccl!s with slighl modifkations, includ-
ing the derivalive pholopyrocleclric and photothennal dcllec-
lion Illelhods, have oeen llscd in so me spccial cases wilh
greal succcss 1;)1. Thc apparalllS fOl"all lechniques is basi4

caU)' Ihe s¡¡mc, Ihe lIlodilicalions heing mainly eoneentrateo
(1Il Ihe Iype of dete(,..lor and on ils location relalive lo Ihe
s:ullple inside Ihe cell. Recenl!y. a new Icchniquc has been
descrihcd in which a lransient thcrmoeleclric voltage of a
semiconductor is measureo afler a pulse ¡aser radiation. it
is gelleraled hy healing lile semiconduclor through ahsorp4
lion 01' an optical pulse. furthermorc of Ihe thermal charac-
leri¡;ation. il is also possihlc lo ohtain infornnalion ahoul the
electronic energy speclrum in semicol1duclOfS 101. In nll the
cases, the photothcflllal signal depends on Ihe mnlerial lhef4
mal pnlperlies. interaction hetween lhe quasiparticle SystCllls
as \\"ell as on the geol1lclry of the samplc. Thc fael Ihe pho-
tothermal signal Jepends upon ho\\' Ihe heal diffuses through
111(,.'s<lmple. allows us lo I'crl"OI"m111l'l"Inalt:haraclerizalion nf
Ihe samplc (i,('.. llle;JSllrlllents of its Ihermal conduetivity and
thl'nnal dilluslvily) antl carricr transport propierties IDJ. The
ahsorplioll of an incidenl cnergelic t:hopped ¡ighl bemn hy
the quasiparticlc syslellls ami !11l'suhsequelll relaxation pro-
cesscs gives ¡¡rise lo a periodic he al source in lhe samplc.
which may be dislrihuted throughout its volullle. This pcri-

odie heating of Ihe sample. causes both temperalure and/m
pressure lluctuations \\'ilhin the sample (thermal waves) prop-
agation inside Ihe sample, which are lhen detecleJ hy thennal
or acoustic, or even hotl1. sensing Je\'ices.

Inlhe present work. heal diffusion in soliJs or /luios cre-
alcd by a periotlic Iight heam is examined from Ihe physical
¡lOinI 01' \.iew fOl"a wide rangc of Illodulation frequency, \Ve
rc ...•lricl ou!" analysis by solving Ihe heaHliffusion equalioll
assllming t!lal Ihe sample is optically opaque to Ihe incidenl
lighl (i.c., alllhe incident lighl is ahsorbed al the surfaee) amI
¡he oplical carrier general ion nr recomhination is Ileglected
as wcll as quasipartil'le systems with diffcrent temperalurc
e.,~.clcclrtlns and phOllOllS in which Te ~ TI' [71. 11is elear
Iha! when the intensity nI"Ihe rat!ialion is lIxed. Ihe lighl.inlo-
heat conversion at lhe surface (.1'" = O) can he lIscd as houllo-
ary conditioll, The !leal Illlx in lhe limc-independent problelll
lIlusl he lIlainlained in addition to the plane heat source wilh
sinusoidal time dcpendcnce at lhe condition insleatl of Ihe
templ'ralure IIUclllation al surface. which in general it is an
unknown parametcr in the experimenlal contlitions [111. In
addilion, he(,..ause lhe spt:¡;imen is lIsually in eontacl \\'ith a
hcal reser\'oir al sOllle lemperaturc To. the conlinuity of Ihe
tcmperalure dislribulion is lIseJ as boundary condilion aL Ihe
opposile surface (.r = ti). It is important menlioning Lhat Ihe
solutions of Ihe 11l':ltdilfllsion equation ohtained in this work
are 110tnew. they wcrc lirsl ohlainetl b)' Rosenewaig ami Ger-
sho 1101 in the inlerpretalion of Ihe pholoaeoustic eflect in
solids un lhe hasis of Iherma! wn\'cs. Howc\.er. the physical
Ille<lning uf IllL' solulions amllhe houndary condilions useo in
lhis wOl'k are no! i..'"olllplell'ly clear.

2. \leal.no\\' eqllalions

1I is well known lhal heal Iransport in solids is earrico oul hy
variolls quasip"rlic!c sySIC'1llS(cleclrons, phonons. etc.). Fre-
quently the inlcracliolls bclwecn Il1ese quasiparticles are sllch
thal each 01' thcse syslcms can have its own temperalufe ami
Ihe physical condilions at the houndary of Ihe sample may
hc f(lI"llllllalcd sep;¡ralcly rOl'" eaeh quasiparticle system. It can
he shown Ihal lInder ccrlain eontlilions on the rclaxatiol1 frc-
qllcncy of lhe eleclron and phonon syslcms and the size 01'"
the sample, Ihe IOlal s)'slem can he dcscrihed hy thc same
lempcralUfl' T ami lhe IOtal heat flux salisties di\' Q = O in
lhe slalic approximation, ;,('., Ihe heat flux is indepcndent of
lime. ihl\\'C\'cr. in tIJe phololhcrrnal experiments, the incident
radial ion is lIlodulah.'L! on lime hy lhe choppcr ami in Ihis
case. il is Ilt'ccssary lo consider the dynamic contrihution in
lhe hcal transpon equalion Eq. (2), In the case 01"semicon-
duclors, the absorption 01' light is accompanied hy Ihe gencr-
atioll 01' elcl'lron ..ho!l' excitatiolls which have a linite lilCtime
ami which travel ¡j fi!lile Jislance hcfore they transfer Ihciry
elle!"gy 10 Ihe samplc in Ihe fonn of heat. Consequelllly. the
pholOlherll1<11 signal is governed llol only hy the ahsorplion
coeflicicnl of light hUI also by lhe characteristics 01"lhe Lrans-
port proccsses sllch as thi,; carrier I¡retime, the Iransport lenglh
and surf;¡cc recolllbillalion, so tha! lile pllolUlherrnal response
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Il is clear that whcn lhe intcnsity nI' the radial ion is fixed, the
lighl-to-heat con\'ersion at lhe surface Illay be written as the
thermal diffusion equation in lhe solid taking intn account the
distrihuted heat souree

This full cqualion is sotllewhat difficull to solvc. HO\vcvcr,
physical insighl may he gained hy examining lhe special
case according lo lhe aptical opaqueness 01' lhe solids as
determined hy lhe oplical absorption cocfflcient. Assum-
ing thal the sample is optically opaque to Ihe incidenl Iighl
(fJ d» 1, d is lhe lhickness of lhe sample) so Ihal, all Ihe
incident Iighl is ahsorhed at the surface and converted into
heat. Then, il is possihle to eliminate the right hand side term
in Eq. (4) and write lhe general boundary condition at the
surface 01' the solid as

dcpcnds on all these quantitics which can he dcduced from
lhe experimental data hy analyzing lhe <Implitudc ami rhase
nI' lhe photothcrmal signal as a funclion 01' lhe Illodu\;ltion
frcqucncy [12). Strong surfacc recombination \ViII he consid-
cred in this work such Ihat, lhe heal sourcc is quite conflncd
al lhe surfacc 01' lhe samplc, in olher words, the inciden! ra-
diation is tolal1y ahsorbed al lhe surcare and convertcd inlo
heat, thcrcforc, in Ihis approximation lhe clectron-holc exci-
tatians are I1cglcctcd. In lhe heal diflusion cquation, \Ve are
considcring tha! lhe thermal conductivity k is ¡ndependen! 01'
time and coordinates tcmperalurc, this approximation is valid
when lhe inlensity of lhe incidenl radiation is not strong. The
solulion T(.l:, t) should he supplemenled hy houndary condi-
lions al the surface ;1' = O. In the photolhermal experimcnts,
the most common lTlechanism to produce thermal wa\'es is
thc ahsorption hy the samplc 01' an incident modulated light
heam, lo + ¡J,lé ...J1 \vhcrc 10 with is the incident ll1onocro-
matic Iigth 01' Illodulation frequcncy w. Let /3 denote the opli-
cal ahsortion coefficient 01' lhe solid sample. The heat density
produced at any poinl x due to the liglh ahsorhed al this rOinl
in the solid is gi\'en hy

(6)T(.r, t) = A + fl.r + (,)(.r, t).

3. Temperalllre dislrihlllion in lile sample

Ihe specimen, while Ihe dynamie eontribulion par! in Eq. (3)
represents a heal source \Vith sinusoidal lime dcpcndcncc at
the surface.1' = O and it produces a Ihermal wave propaga-
lion inlo lhe samplc. The lempcraturc is nol used as boundary
condition because it is usually an unknown pararneler in the
pholothermal experiments and hesides thal it is neccssary to
knmv the lemperalUre on the hack. It is ol1ly important in thcr-
Illoelectric phenomena in semiconductors whcre lhe spccifi-
cation of lhe telllperature on the surfaces 01"the sample must
he kllow. Al this poi nI, il is impartanllo compare Ihe hound-
ary conditiolls used in this work wilh Ihe other ones used in
prcvious thcories; Rosencwaig [10] and many scientisls con-
sider lhe temperaturc ami heal no\\' conlinuity al the surface
01' lhe salllple .1: = O in arder to descrihe thermal waves in
lhe photoacOUslic expcriments. In this work, we only cnn-
sider Ihe lighl-Io-heat-conversion al the surface since this is
a well-known parameter while, the temperature is usually an
unknown parameter in all the phnlothermal experimenls. Op-
sal ami Roesencwaig [1,-1], on the olher hand, used aplane
periodic heat source Qeic.;t at Ihe surface 01' a semi-infinite
elastic hody as houndary condition lo study the thennal-wavc
depth profiling. However, in order to ohserve the phothother-
mal efrect, lhe sample must to he illuminaled wilh lighl which
is inlensitY-lllodulated by a Illechanical chopper to generate
thermal wavcs inside the solid hy absorption 01' radiatiol1.
The inlensily radiation is usually must to he descrihed as
1= 10 + ¡J,1e""'-", \vherc in general l(t), lo > O and ¡J,lé...-.t
can he posilive or negative ami ¡J,I < lo. Thus according
to lhe Opsal and Rosencwaig model lhe plane periodic heat
source is solely determinalcd hy the dynl1lllic parl ol' Ihe inci-
dent radiatioll into heat conversion neglecting the static COI1-
lrihution in the houndary condition at lhe surface 01' the sam-
pie i.e., Qo = {l, and lhe average 011lime 01' lhe heat source
at lhe surfacc vanishes, i.e., {(Jeiv,d)t = O. This moJel, how-
cvcr has not ph.ysically JIleaning because the amplitude oflhe
moliulalion heal is grcatcr lhan (Q) = (Jo ¡.e., ¡J,Q > O.

The general solUlion oí' the heal diffusion equation for this
system is givcn as

(5)

(4 )

(3)

DT l. (1 (3 -~X(I 'I i~l)(JC- + ( l\' (= e o + ~ e .Dt

Q(:r, t)I.=n = (00 + ó-Qeiwl) - ,)(T - To)lx=o,

whcre '/ is detined as the thermal surface conductivity [13],
To Ihc amhient tcmperalure and T the distrihulion tcmpcra-
lure inlo lhe sample. Physically lhe seeond ICfln in Eq. (5)
represenls lhe heat l1ux fmm lhe surfacc 01' the sample lo lhe
surrounding media. In the Iimit when 11vanishes (adiahatic
approxirnation), the heat houndary condition is only given
hy Ihe f1rst tefln. (We shall usc thesc eonditions in Ihis \vork).
Here 00 is Ihe average oveflime of lhe 10lal healllux q(l', t)
al lhe surfacc 01"Ihe sample and it is proportional to the inten-
sily of the inciuenl light (jt is frequency-indcpcndent only if
the incident radial ion is choppcd in cquallime-inlcrvals, oth-
erwise il is frequency-dependent). Physically, lhis static heat
flux at lhe surfnce givcs r¡se to a de tempernture distrihulion in

In arder lo ohtain the constants A, n and Ihe dynalllic contri-
hution lo the tempcrature distribution (-)(.1~,t), it is also nec-
essary lo specify the boundary condilioll al so me poinl in
lhe samplc :1: = d. Because lhe lcmperature is a Ihermody-
namic parameler, the all syslem has to be in contact with
a heal reservoir at sOllle temperature To, e.g., in lhe slan-
dard photoacouslic cell conflguralioll the systcm consists 01'a
solid sample in a slTIall, gas-lilled cell, a lransparent window
through which a modulated radiation heam is incident and
a condenser microphone mounted on the cell walls to dctcct
lhc acoustic signal produccd in the gas chamber, see Fig. l,
<111the system is at room tcmperaturc. So that, again, il is
natural to choose the follO\ving general bOllndary condition
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FIGURE 1. Schcmatic pholoacOuslic cell configuration.

T(;¡:, 1) = 7" + Qo (d - .¡:)
lo

tiQ sinh a(d - x) iw1+-----e . (11)
ka rosh ad

Once we know lhe tcmpcralure distrihution in lhe sample. wc
can assutlle some mollel in order lo calculale the photothcr-
mal signal (e.g .• photoacollstic signal, photolhermal dellec-
lion. elc.) [51,

As can be seen from Eq. (11), the dynamic contribution
to the lemperalure distribution has a sinusoidal dependence
through the imaginary part 01' lhe exponential lerms, ¡.e..
exl' [ oi iJ2o/w.¡:J. Nevertheless, Ihe propagation of lher-
mal waves in Ihe samplc are not similar to the propagation al'
elcclolllagnelic waves, Ihe heal llux is a difTusive process and
il is describetl by the heat diffusion equalion Eq. (2), wbilc tbe
propagation of eleclromagnetic radiation satisf1es the wave
cqualion.

observe lhal the heal wave can penetrate deep inlo the sample
in the Iimit 01"low frcqucncy and high thermal conduclivily.
however. lhe lhennal wave attenuates quickly ir the heal C3-
pacily is high ¡.l'. il is nccessary lo inlroduce a grcal amouot
01'heal cnergy into the sample lo elevate one degrce its tem-
peraturc. Al lhis poi nI. an important question arises: why
does the lempcrature atlenuates at a distan ce L from the sur-
face al' lhe sample in a dissipationless media? The answer is
the following: The 1lI0dulation 01'Iight-into-heal conversion
at ¡he surface given by tlqciwt can he positive or negative. Jt
is posilive during a halr period 01'lhe modulation incident ra-
dialion. i.e.. rOl"¡r/w, lhe tempcralure at lhe surface is higher
lhan insiue 01'the sample an<.fduring lhis time there is propa-
galion of heat "mm the surfaee 10 the bulk 01'the elastic body.
This cfreCl is assoeiatcd with lhe decreasing exponential term
in Eq. (9). On the olher hand, lhe growing exponential term
in Iiq. (9) represents the heall1ux from inside lO (he surface
01'lhe sample when ~Q(~iwt is negative. i.l'., now. during lhe
period of lime 1r /w lhe bulk of Ihe sample is hOller than its
surface. According lo Ihis brief discussion. il is important lo
note Ihal hOlh, lhe sinusoidal behavior 01' lhe source heat at
lhe surface and lhe lhennal parameters 01' lhe sample, give
lhe fundamcnlal characleristics 01'the propagation ol"lhermal
wavcs.

The temperature llislrihulion resulting fmm the modu-
laled light-lo-heal convcrsion in the sample is(7)

(8)

(9)

(t O)

INcmENT
L1GHT

n = _ Qo
k'

IoAICAOPHONE

GAS

-k 8(.1', t) I = tiQeiw1,
d.r x=o

f)(J., 1)lx=,' = [).

(-)(.r,I) = (JI e-ox + f,eox)eiwl.

eO" tiQ
JI = l'e"''' + c-O'( ka

Thc general Solulion for S(:!:, t) is

and the solulion 8(J., t) satisl;es Ibe beal dilTusion equation
similar to Eq. (2) wilh lhe following boundary eondilions:

The paramclcr a is Jclcrminaled by forcing Eq. (9) to 5a(-
isties Eq, (2) "",1 it is equal lo a = (1 + i)Jw/2a and
O' = k/ pe is Ihe thermal diflusivily. Using lhc boundary con-
dilions;:lt;r = O and:r = d , thc constants JI and h are givcn
by

Q(;I', t)lx=" = ,¡(T - To) which in Ihe limit 1} -¡ 00 (good
thermal contacts) givcs lhe continuity of lhe temperaturc dis-
tribulion in lhe s<lmplc al ;1'= d, ¡.e., T(x, t)lx=d = 1'0.

11is importanl Illcnlioning lhal lhe one-Iaycr modcluscd
in this work, aClually rcprcscnts an cffcctivc medium in lhe
photothcrmal cxpcrimcnts. e.g .• in photoacoustic expcriments
the layer I'epresents lhe sample lo be analayzsed, lhe gas
ehamher antl lhe substralc. Our thcory allows liS lo obtain
lhe cffcctivc thcnnal paramctcrs of the sample.

Using lhe boondary eonditions on Eq. (6) Ihe eonstanls
A, n may be wrillen by

BACl<:.ING
MATERIAL

As can he seen from Eq. (9) lhe decrcasing exponential lerm
of timc-dcpcndent parl of the the lemperature tluctualion into
the sample attellualCS rapidly lo zero wilh increasing distance
fmm Ihe surfacc slIch lhal al a distancc L :::::::J2a/w =
J2k/ prw. lhis cllntrihulion lo the temperalure flUCluation is
effectivcly damped out. Physically it rcprcscnts a propagalion
of lhe thermal wilves fmm the surface into lhe sample. while
the growing expollentiallerm is associaled wilh the propaga-
tion 01' Ihese wavcs from the sample towarus the surface of
the spccimen ("rel1ecled thermal wavc"). lt is also possihle to

4. Comparison with electromagnetic waves

We believe. at Ihis poi nI. that its imporlant to emphazise the
main dilTerenccs hetwcen lhe propagalion ol' eleclromagnctic
waves (can 'liso he sound waves) and thermal waves. In the
ahscnce 01"rigorous theoretical guidance fmm first principIes.
several workers lind it ncccesary to introduce arhitrary alge-
hraic factors into thcir calculations in ordcr to get a desirahle
lit lO the data. As a eonsequencc lhe conlroversial analogy
belweell thermal waves an elcctromagnetic waves arises. The
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main diferences are Ihe following: The propagalion of elec-
lromngnclic waves in onc dircction satisfy lhe wave cquation

5. Tcmpcratllrc freqllcncy dependencc

In conclusion, a theorelical analysis ol" heat diffusion in one
lemperature approximalion has heen sludied. Using the ap-
propiatc houmbry condilions. rcspcct lo the usual photother-
Illal expcrilllcnts, we ohtain Ihe tcmperaturc dislrihution in
the s:lmple. Thc Ihenn:ll waves gencrated into the specimen
by the incident Illotlulatctl radiation are analaysed in terms
of [he characteristic time 01"the systclll r = ([1 la. according
lo lhe rnodul:llioll frcquellcy. In the limil 01' high modulation
frcqucncy Ihe IClllpcraturc llUcluation in the sample is small
as cOlllparcd wiril thc Sl:llic contrihution while in the I¡mil of
the low frcqucllcy, lhe tcmperature dislrihution in lhe sample
lluctuates in a quasi-static varialion on time. anJ is intlepen-
dellt uf lIJe Ihcl"Inal diffllsivity, it only depcnds on lhe lhermal
conductivity.

6, Conc1l1sinllS

In this ¡imit the lelllperature distrihution is quasi-static and
independent 01" lhe dilTusivity 01' Ihe sample. l.e., from any
pholothennal experirncnts only information ahoul the ther-
mal eondllclivity can he ohtailled. Eq. (9) may he ohtained
fmm lhe slatic !leat dilTusioll eqllation D:!T(:-¡;, t)ID.-¡;:! = O
aJ1(1 [he houndary cOllditions used earlier, note that at low
lllooulalion fr('qlleney, lhe therlll:ll diffusion lenglh in the
samplc L = (2n'¡w)I/:!. is large as compared with d.

00 Ihe olher haod, in Ihe limil when WT » 1 (high mod-
ulalion frequency) or lulol» 1, Eq. (11) reads

C/O 6.Q '. ,_T(.r,t1=To+-(oI-,r)+-e'w o'. (16)
k hu

In this ¡¡mit lhe dynamic parl 01' the tempcralure lluctuation
in the s:unplc is smaller Ihan lile sl:uic temperaturc distrihu-
1;00 pan, ¡.c., t;C//ul .. « (Jotl/k and it alIenuates rapidly
lo zcro with iru.:rcasing disl:IIlCC from lhe surface such thal,
at a dislance L « d, the lcmperatUTe lluctualion is effec.
tively dalllpcd out. AnOlher JilTerent hut equivalenl manner
to anali/c Ihis temperature frcquency dependcnce is the fol.
lowing: fmm Eq. (11), the al11plilude of lhe heat modulation
is t;Q = -¡'d{-'J/d.r ex ~)/ L, in the high limil frequency
Illodlllation. L -+ O ami heC:lllSe 6.Q is finite then T -+ O.
The thermal t1ilTusioll 01":1 [\\lo-Iayer system for high mod-
ula[ion frcqucney has bcell al1:lly~ed in Ref. 11. At lhis fre-
qucncy. lhc sys[elll cannot respolld to ¡his external perturha-
tion and csst.'lllial1y the temperaturc distribulion into the sam-
pie is s[at ic.

(Jo 6.Q . t
T(.r, t) - To + y(tl- ,rl + --[-«1- x)e'W . (15)

1I is \\'orlh Illelllioning that OUTmodel is valid for a wide range
of modulated frequenciesy orthe incident I¡ght on the sample.
In Ihe ¡¡mit when WT « 1 where T = ([l.lo is the characler.
istic lime al which the systern responds to an external pertur.
hatioll (lhis cOIH.lilion is also equivalenl lo assumc lald « 1).
Eq. (11) reduces lo

(12)
D'<p
D '.r

where epi,:! are constanls ami)' and k are real nurnhers. This
solution 01' eourse simply refleClS lhe faet that a linile medium
wilh cncrgy loses will nOllransmil and rcflcellhe wave with-
out attcnuation. The fields dic within the sample oycr a dis.
tance ). -1, in lIletals this distanee is caBed the classical skin
dcpth. ror ex:unplc. On lhe olhcr hand, lhe time-dcpcndcnlce
solulion of the heat diffusion equation. Eq. (11), is given by

'\i'hich is a hypcroolic cquation (sccond-order derivativc 00

coordinatcs and time), whilc lhe temperaturc distribution sal-
ifics a parabolic cquation [diffusion cquation with flrsl-order
dcrvativc 011 time antl sccontl une on coordinates Eq. (2)]. e is
a constanl, '-P in lhe wave cquation represents a component of
Ihe a vector ficld whilc in the hcat flux cquation Ihe tcmpcr-
~lIurc lIislrihution is a scalar f1cld. Thc clcctric or magnctic
f¡cld associalcd with the clcclromagnctic W<l\'C can he lon-
gitudinal 01" transversal, lhe tcmpcraturc cannol hc. In gen-
Cf¿¡J, lhe limc-dcpcnJent solutioll of lhe wave cquation may
he wrilten as

where TI,2 arc complcx numhcrs and r' = VW 120 = L -1.
Allhough, Eqs. (13) and (14) are malhemalical1y similar, Ihe
physical meaning helween lhem are different; Ihe electro-
magnetic wave is dampcd. This mcans Ihal the energy as-
sociatcd wilh il is ahsorhed hy a quasiparticle syslcm in lhc
IllcJium; while in a difTusion proccss. lhe lhennal wavc gen-
eraled by lhe chopped he<J1ll light convertcd into heat at lhe
surface of the solid is also dalllped. However it ¡s, of cnurse.
duc 10 lhe pcriodic time yari:llion nI' lhe heat at the surface
around Qo. sce Eq. (5), any energy dissipation is involved
in the diffusive processes. Anolher important differel1ce is
lhe change 011 sign in lhe solution of lhe diffusion equation,
Eq. (13) as compared wilh Eq. (14); in Ihe \Vave prohlem Ihe
lotal llux dcnsil)' 01' encrgy in the s:llllple is the difference of
lhe flux densily cllcrgy 01' hoth. the lransmitcd and reflccled
wavcs ano il is proporlional lo 1<p1:! (Poynling veClor). whilc
in Ihe heat diffllsion process is the sumo it corresponds lo the
rale at which heat is generaled or absorhed at variolls places
in Ihe sample and hecause C/(.r, t) = -kDt/D.r the el1ergy
heat Ilux can he posilive or negative al differenl points in
space al differcnt times. Finally. ilS importanl to remark thal
lhe following incquality k> ). is nlways fulfilled in the solu-
tion 01' the wave prohlcm; in lhe dilTusion 01"heat they have
lhe same value. see Eq. (14). Alllhese diffcrcnces mentioned
in the texl show that lhe :lIlalogy hctwecn lhcnnal "waves"
:lIld clectrol1lagnclic waves are nol corree!.
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Final1)' it is imporlant Illcnlioning that lhe one-Iaye!"
moJel lIscd in Ihis \\'ork. actually rcprcscnts an cfrccli\'C
IllcdiuJ11 in (he rhotothcrmal cxpcrilllcnts, c.g.. in pholoa-
couslic c.\pcrimcnls Ihe layer rcprcscnls lhe samplc to he
analayscd. Ihe gas chamocr and the subslratc. Our thcory al-
lo\\'s liS lo ohlain lhe cffccti\'c thermal paramctcrs DI'lhe salll-
plc. Finally. (jirect comparison of lhe diffusion ami lile \\'a\'e
cqualion ha\'l= heen made ami Ihe main diffcrcnccs oct\\'ccn
!leal tlux in solids and lhe propagalion 01' clcclromagnclic
waves hayc heell dcscriocl! herc. Each physical situation must
lo he dcsL'rir.cd and intcrprctcd indcpcndcntly according 10 if
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