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of mesoscopic subsurface properties of a nickel single crystal
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Subnanosecond transient reflecting grating measurements were made for a mirror-galiShedrface of
a Ni single crystal under temperature control from 93—273 K and with a variety of grating spacings from 1-4
pm. The experimental responses were compared with theoretically calculated ones. Agreement was good for
large grating spacings and at room temperature, but larger deviations appeared as temperature was lower or
grating spacing was made smaller. The results suggested that the mesoscopic subsurface region of a submi-
crometer size had a different thermal diffusivity from the bulk material. The measured responses were analyzed
to deduce temperature dependence of thermal diffusivity as well as acoustic velocity in the subsurface region.
A depth profiling analysis of the thermal diffusivity was carried out to allow discussion of mechanisms of the
diffusivity decrease[S0163-182¢08)00836-4

I. INTRODUCTION or on a material. For a metal, the transient grating is gener-
ated only near the surface and it is observable as a TRG by
Photothermal and photoacousti®T/PA phenomena detecting the reflecting diffraction of another laser beam
have been widely applied to determine thermal and elasti¢probe beamfrom the transient grating on the surfét€he
properties of materials as well as to measure absorption spetRG signals are sensitive and selective to the surface or
tra and to detect ultratrace compouridBoth homogeneous interface’'! where the experimentally controllable condi-
and inhomogeneous material systems are welcome targetion of grating spacing is a measure of observation depth
Above all, the PT/PA measurements are powerful tools founder the surface. Since the relaxation dynamics of the TRG
the latter systems because of their own potentiality for nonseflects optical, thermal, and acoustic properties of the mate-
destructive depth profiling analysis of opaque materials andial, these properties can be quantitatively determined for the
of their own remote sensing capability. It is easily under-selected observation depth. Transient response of TRG sig-
standable for an opaque material illuminated by a pulsedals have been compared with analytical thelSrpr been
light generating heat just at the surface that higher timeanalyzed with an empirical equation to deduce surface-
resolved PT/PA measurements provide material properties apecific material properties.
a shallower surface region. This is because heat diffuses over In this paper, subnanosecond TRG measurements were
a finite distance in a given time interval. Recently, fast andcarried out for a mirror-polishedl10) surface of a Ni single
ultrafast PT/PA phenomena have become observable by usrystal under temperature control from 93—-273 K and with a
ing laser-based optical techniquidlith ps temporal resolu-  variety of grating spacings from 1—4m. The measured re-
tion, a region just tens of nanometers form a surfameso- sponses were compared with theoretical calculations. We
scopic subsurfageof a metal becomes accessible so thatfound good agreement between measured and calculated re-
surface-specific transport property can be investigated. It isponses at room temperature and with large grating spacings,
well known that a metal surface exhibits specific electricalbut there were substantial deviations at low temperatures or
conductivity due to electron scattering by the surface itself small grating spacings. The observation corresponded to a
and surface-specific structures. Since thermal conduction in @decrease of thermal diffusivity in the mesoscopic subsurface.
metal is dominated by electron transpothermal conduc- The measured TRG responses were analyzed to deduce ther-
tivity near the surface should be influenced by electron scatmal diffusivity and velocity of surface acoustic waves
tering by that surface. Additional influences on heat conduc¢SAW) by using a fitting procedure with the empirical equa-
tion can be produced by lattice damages localized near thigon. A depth profiling analysis of the thermal diffusivity was
surface, which are introduced during surface processing prazarried out to allow us to discuss mechanisms of the diffu-
cedures, as a matter of course, even for silicon wafers fabrsivity decrease in the mesoscopic subsurface.
cated by well-established technigifes. In Sec. Il, we explain our experimental setup and proce-
A subnanosecond time-resolved transient reflecting gratdures for data analysis. Section Il describes the theory we
ing (TRG) is one ultrafast optical technique for measuringuse, in which an isotropic and homogeneous metal is as-
fast PT/PA phenomena occurring at the subsurface or intesumed to solve coupled equations of heat diffusion and elas-
face of opaque materiafsA transient grating is formed tic wave propagation after pulsed and holographic light illu-
when two coherent optical pulsésxcitation pulsescross in  mination. We relate the theory to the empirical equation used
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FIG. 1 Two_ cross!ng _Iaser pulses excite a tr_anS|ent gr_atlng at Temperature Rippling deformation
the crossing point, which is detectable as a transient reflecting grat- controller
ing.

FIG. 2. Experimental setup of the TRG measureméHdiv),
to analyze the TRG responses of a real sample. In Sec. IMalf mirror; (HV), high voltage power supplyND), neutral density
we compare measured and calculated results and discuss dier; (PMT), photomultiplier tube(PRM), partly reflective mirror;
pendence on temperature and grating spacings and a ded®#pP, polarizer; (\/2), half-wave plate; and the other optical ele-
profiling analysis. Section V summarizes the conclusionsnents are mirrors.
reached in the present work.
intensities were adjusted to less than 100 nJ for each pump

pulse and 10 nJ for the probe pulse with two neutral density
filters set to prevent the sample surface from damage. The
A. Measurement of TRG responses probe pulse passed though an optical delay line and was
normally irradiated onto the TRG. Diffracted light was de-
ﬁected with a photomultiplier tubéPMT) whose entrance

Il. EXPERIMENT

Two temporally coincident laser pulsépump pulses

having the same wavelength and polarization, interfere witl " ) . i
each other to form a transient holographic pattern at theilVas placed at the position of one of the first order diffraction

crossing point. When we set an opaque sample at the crosgpgf'o-\r/g? (iu;ggt;;?hnzl Eg%;?ﬁnfgﬂra\;\ssc%itﬁgc?e%d t?)vgrr;
ing point, the sample surface is illuminated by the interfer- 9 9

ence fringes. The illumination makes the surface temporall;? - . - - X
behave like a diffraction grating as shown in Fig. 1. A third a Comp“‘ef by recording the signal mtensny.as a fqnctlon of
laser puls€probe pulsgwill be diffracted off, if its incident the delay time of the probe pulse. The maximum time win-

: e - dow of observation was limited to 13.3 ns byt m length
hazvilr?gﬁéogl:ﬁts ;mel,gg \év;\?erﬁscﬁgg;:c;;g?egugg Elgses'of the optical delay line. Each response, with a 12.8 ns win-
respectively, so as to have a crossing angle ftie inter7- dow, consisted of 512 data points of the same time interval.

ference fringes have a spacingdfequal to\/2 sin # where f The ngfle to be”.used was kCUtf paralkil t@laQ) faced
\ is the pump light wavelengthlt is experimentally impor- fom a single crystalline Ni stick of 99.99% purity grade.
tant thatA is controllable by changing. Another point is

that detection of diffraction in reflection is not only suitable
for surface selective observatidmut also essential for in-
vestigating nontransparent materials such as metals. The
pump-and-probe technique is often adopted for fast and ul-
trafast investigation as in the present study.

With the experimental setup shown in Fig. 2, using a sub-
nanosecond laser, we can observe fast heat transport at the
surface and GHz-SAW as shown in Fig. 3. Optical excitation o 2 4 & 8 10 1
of the metal surface by the optical fringes results in forma- Delay time (ns)
tion of the same sinusoidal patterns of temperature, acoustic T
strain, and so on. These patterns locally exist only near the
surface to work as a TRG. Formation and decay of the TRG
carry information on material properties within a restricted +
region near the surface, i.e., a subsurface.

A mode-locked Q-switched Nd:YAGyttrium aluminum
garnej laser (Quantronix, model 416was operated with a
single pulse selector and a potassium titanyl phosphate
(KTP) doubling crystal. The output pulse had an 80 ps dura-
tion, 532 nm wavelength, and 1.13 kHz repetition. A single  FIG. 3. Typical TRG response of the Ni single crystal. A TRG
pulse was divided into three. Two of them, having an equatesponse is considered as a superposition of thermal and acoustic
intensity, excited the TRG in the 6@m spot and the third contributions. Observation depth for each contribution is indicated
pulse, with a weaker intensity, was used as a probe. Thekit the bottom for grating spacing of 1 to 5um.
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The sample surface, with an area of 10 mit® mm, was the oscillation. From the smoothed response, we estimated
carefully mirror-polished with ultrafine alumina powders. an exponential decay constantLand a preexponential fac-
The sample was cleaned and rinsed with methanol and drigdr A. From subtraction of the/Syeasureft) — See and its
before being placed in a cryostat having an optical windowsmoothed response, 7,, andtp were estimated. Setting
(80 mm diameter The cryostat could be evacuated by athese roughly estimated parameters as initial values, we
rotary pump. The sample temperature was controlled with aninimized the summation of squared errors between
better precision thant2 K at every temperature ranging Spmeasurelit) — Ssg and Eq.(1) by a step-by-step calculation
from 80-297 K. during slight parameter changes. In the calculation, we used
TRG measurements were done for a variety of conditionsmore than 300 data points corresponding to delay times over
(a) at room temperature with grating spacings varied from0.5 ns after the TRG signal was its maximum. After the
1.05-3.59um, and(b) with a fixed grating spacing of 1.84 calculation for each response, averaged values and standard
um under temperature control both in a cooling cycle at 273deviations were obtained for 4/ and F for each measure-
243, 213, 183, 153, 123, and 93 K and in a heating cycle ament condition.
123, 173, 223, and 273 K of the sample. For each grating
spacing in measuremef@&), more than 16 responses were C. Estimation of thermal diffusivity and SAW velocity,
measured and separately analyzed in the way described be- and their observation depths
low to get averaged values and standard deviations of char- . .
acteristic parameters describing the transient wave forms, | 1e relation U= 1/ro+D(27/A)? approximately holds
For each temperature in measuremént more than 14 re- whereD is thermal diffusivity for surfgce—parallel heat trans-
sponses were measured at each temperature in the coolifg"t and o is a constant representing surface-normal heat

,15 ;
cycle, and four responses were measured at each temperat risporgf For antlnhomfc;getneoiji;s systia(rjnﬁsuph as altlayer
during the heating cycle. In all measurements, the gratin ystemD represents an effective thermal diffusivie.

vector was set parallel to th&00] direction of the Ni crystal. eans an averaged diffusivity from the top surface to a depth
P 1200) 4 Alm. Since we cannot determif®ys and 1/, at the same

time for a fixed grating spacing measurement, a further ap-

B. Analysis of transient wave forms proximation neglecting & is used in Sec. IV B, namely,

with an empirical equation

An empirical formula representing the TRG response was Der=A%/Am T 2
used folr data_ana_llysis to deduce some characteristic materiglig important to note thab . is likely to be overestimated
properties. It is given by since this treatment means we ignore heat diffusion into the
2r2 depth direction. SAW velocitygay Was calculated as a
Stro(t) =RplplgAT exp( —t/7r) productFA. For a homogeneoudgéizsotropic material surface,
2 the SAW is in a Rayleigh mo so that its energy is
rexp(—tmycog2mF(t+ip)il% (D) localized within one a)éougstic wavelength from the su%)fngce.
whereRy is reflectivity for the probe light antk and!, are In the present TRG measurements, light is absorbed near
probe and pump light intensities, respectively. This empiricathe sample surface and heat is generated there. The heat dif-
equation representS;rg(t) as being proportional to the fuses near the surface and the SAW propagates along the
square of a grating amplitude that is given as a linear comsurface. Thus, all of the optical, thermal, and elastic energies
bination of thermal and acoustic components. The equatiofausing the TRG signal are localized near the surface. As
contains six adjustable parameters. The meaning of each pédicated above, we can estimate observation depth, which is
rameter is as followsA is an intensity factor depending on a quantitative measure ShOWing where we observe under the
the amount of absorbed pump energy, ete.; a thermal surface. Here we use as observation deﬂm andA/2 for
relaxation time constant; a coupling constant between the thermal and elastic properties, respectively. Roughly, they
Siowiy decaying and Osci”ating Component&;' SAW at- indicate the centers Of thermal or aCOUStiC energy.
tenuation constang, SAW frequency; antl, , delay time in
SAW generation. These six parameters can be uniquely de- . THEORY
fined for a given TRG response because their correlation is

not so close. Good fitting results have been gotten for various T_heoretlcal treatments Of. TRG as We:}iiég% the transient
materials, which provide local material properties grating have been reported in several studies’ However,

uantitativelyt314 some of them neglect heat diffusion, and the others are in

d We detern.wined the thermal relaxation time constapt somewhat complicated forms to describe multilayer systems.

Here we take a simple form describing the TRG response for

:Sijegﬁ\r/]\(ljgre&ueecgﬁoijosr (aefcgri?rigﬂ(taair?o?ujrfﬂz%zn?/?lz Tﬁ:{i a homogeneous and isotropic solid surface within the limit of

. P : ' & weak perturbation. Our purpose is to acquire a good insight
nonlinear least square method to fit the measured response = casured responses for analysis and depth profiling
Smeasurefit) to Eq.(1). The fitting procedure was as follows: '

First, baseline levebz; was determined from data points of
negative delay time. After it was subtracted from the re-
sponse, square roots were calculated)8scasurefit) — Sge: When a crystalline metal is illuminated by an intense laser
from which an oscillation frequenc¥ was roughly esti- beam, anisotropic or nonlinear electronic or thermal effects
mated using fast Fourier transform. The square rooted rearise. However, for simplicity, we neglect anisotropic heat
sponse was smoothed over a time-intervéd 16 eliminate  diffusion and assume magnitudes of temperaturedisnd

A. Formation of a transient grating on a metal surface
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displacementdJ induced by laser illumination are small 60
enough to be treated with linear expressions. Two elastic < 5 @
constants are equivalently deduced for a certain direction of o
acoustic propagation from three elastic constants of the cubic b 40 1
crystal. Sa30 |
The model treated here is as follows. When the pump g
! . 20 |
pulses produce the transient holographic pattern on the me- g
tallic surface atz=0 in the xy-plane,® and U made from 2 10 |
heat generation succeeded by thermal expansion in the ma- 0 . < )
terial are governed by equations, 2 0 2 4 6 8 10 12
Delay time (ns)
P pyegp 2ITRIA 1+cosAy)g(t e u
e TEXP( Bz)(1+cosAy)g(t), 2 (b) x
®) £ 01
E
[}
E 00
oU E 9
- = V2U+ K
ot 2p(l+vw) 2p(1+v)(1-2v) S 01
v(v.uy— 4 i
XV(V-U)- 2p(1=2v)" 4 02

2 0 2 4 6 8 10 12
Delay time (ns)

whereD is thermal diffusivity (= «/pCp, « is thermal con-
ductivity; p is density;Cp is heat capacity |, is the time- FIG. 4. Calculated responses for the Ni single crystal: Ampli-
averaged light energy densitig,is the undisturbed reflectiv- tudes of surface-parallel spatial modulation(& temperature(b)
ity, and 3 is the effective absorption coefficient that is displacement to surface-parallel, and surface-normalug) di-
slightly dependent on the incident angleA is the wave rection. The grating spacing is 2&m.
number of the interference fringes given ky=2wx/A,

where A is the grating spacing and it is equal to the SAW 2lp(1-R)a(1+v) Y1

wavelength° g(t) represents temporal profile of the light Uz(0.8)= - KA2(1—v) v vat72)

pulse.E is Young’'s modulusy is the Poisson ratio, and is 4

the linear thermal expansion coefficient. In Eg), we ne- Y1t ¥2t Y3 Ya—1

glect a coupljng term bet.wgeth and_U _because our e>§peri- (v2+ v3)(yat7y1) (L+ %21)2_47374’
mental condition was within the limit of an acoustic fre-

quency of less than 10 GHz and small displacem@ior (50)

boundary conditions to be satisfied, we neglect heat flux an%here& 0y and (i, are Laplace transforms af, uy, and
use force valance at=0. At first, we assumg(t) being the , respectively.y; (i=1,2,3,4) are given by, =8/A, 7,
delta function and instantaneous heat generation just afterth§(1+S/A2D)1/2 ya=(1+ A2V 2 and v,=(1+s%
light illumination. Although it takes a few picoseconds for 73 Ly 4

2\/2\1/2 FRNT
photoexcited electrons in a metal to diffuse and relax to theA V7)™* where R¢y}=0, andV, andVy are longitudinal

local thermal equilibrium of the electron and lattfcethe i;dlj::?:aﬁg?éjrﬁ'ﬁsve:\?gg'f)s’th%?gL“}'ﬁ:&'%gr?gn of the
time is short enough for our experiment. P 9 y 9

In the transient grating experiment, only the spatially 1 o
modulated terms in thg direction are important. When the f(t)= =— f f(s)exp(st)ds, (6)
spatially nonmodulated parts are ignored, linearity and spa- 2m) Ji—je
tial symmetry of the problem require that the temperature ,
rise® and displacementd are represented ag(z,t)cos@ly)  Which provides values 0p(z,1), uy(z,1), anduz(z1). We
and  eyuy(z,t)sin(Ay)+esuy(z,t)cos@y) respectively numerically calculated inversion of the Laplace transform
where e, and’ez are unit vectors of the. system amg is  based on an integration method, where the exponential term

. . _25

parallel to the grating wave vector arglis perpendicular to 1N Ed- (6) was replaced by a well-characterized functidry
the surface. Laplace transform in time provides a set of anal N réplacement provides a good result for the integral by

lytically solvable differential equations with respectadrhe  taking a partial summation of its kernel before adding some
solutions forz=0 have simple forms given by compensation terms using the fifth Euler’s transformations.

Figure 4 represents calculated resultsggd t), uy(0t),
andu,(0,t) for grating spacing of 2..um. We took temporal
5(08) = 21o(1-R) Y1 (58 profile of the pump beams into account by calculating their
' KA Yoyt y2)’ convolution integrals with a Gaussian-type functigiit)
= (V2/ml 7,)exq—2(t/7)?], where 7, is a measure of the
2y puls_e width. Responses of the surface displacements shown
Oy(0,8)= — 2_4 {,(0,), (5p)  in Fig. 4b) have similar shapes to those calculated for a
Yatl n-TiO, crystal by Faran, Miller, and GracewsKiexcept for
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slowly decaying features representing thermal diffusion efa heat diffusion term,
fects, which were neglected in their work.
Y1

B. Transient reflecting grating response Yo(v1t72)

Light diffraction from a TRG on a metal surface is mainly & thermal deformation term,
caused by surface-normal deformation with a minor effect

h e . + 7yt
from reflectivity modulation induced by the temperature dis- NTYTY
tribution. For the Ni sample, we assume TRG sigBal(t) (72t v3)(vs+ 71)
is quadratically proportional taz(0t) as and a elastic deformation term,
— 2 ya—1
Stra(t) =K[uz(01)] (7 4

(1+72)2—4y37,
where K is a time-independent constant, which can be
estimated for a given experimental condition with literature It should be noted that;, y,, y3, and y, represent
values of material optical propertiéslt may be possible for optical, thermal, longitudinal acoustic, and shear acoustic
the probe light penetrating into the metal to have some incontributions, respectively; the heat diffusion term has the
fluence on light diffraction because there is a photo-inducegames-dependence ag(0,s); the elastic deformation term
refractive index variation under the metal surface. Howeverhas no influence from thermal properties; and the dispersion
since the biggest change in the refractive index is at théelation of SAW is given by (& y5)2—4y37,=0.
surface, where direction of light propagation has the largest We can consider that the surface-normal deformation
influence, the refractive index modulation just at the surfacelz(0.t) is composed from two modes: one is the propagating
might cause the biggest influence on the TRG signal. ThiSAW mode and the other is the nonpropagating thermal de-
means thep(0t) term could couple tdSrrg(t). Although  formation mode. Such a mode separation of photothermal
such coupling has been observed for a gold film under &lisplacement has been reported on laser-induced bulk acous-
plasmon resonance conditi6hwe conclude that this cou- tic waves, and it provides a good approximation for a wide
pling is negligible for Ni when the probe beam almost nor-variety of materials at room temperat#feThe idea of the
mally illuminates the sample. To evaluaBgrg(t) theoreti- mode separation gives some theoretical background for
cally, we took into account the temporal profgét) for the — analysis using Eq1), in which time-dependent parts of ther-
probe beam as convolutions gft) with Eq. (7). We make a mal and acoustic contributions are given by exfiy) and

comparison of the calculateBrrg(t) with the experimental exp(—t/my)cog2nF(t+1tp)}, respectively. Since the dispersion
Sheasurelit) — Sg in Sec. IV A. relation of SAW for a given wave number has only one

single solution of real frequency value, the elastic deforma-
tion shows a monocyclic oscillation with time. By consider-
ing acoustic attenuation, the oscillation is expressed as
exp(—t/ry)co27F(t+tp)}. Since a smoothing operation can
Up to now we have discussed a homogeneous systergliminate the oscillation, next we should consider the time-
However, practically important materials are always inhomo-dependence, exptt/ ).
geneous, and even for materials homogeneous in appearance,If we neglect the elastic deformation term by replacing it
surfaces or interfaces lead to some inhomogeneity. As diswith unity in Eq. (5c), we get a responselz ema(0t) by
cussed in Sec. IV A, a metal surface is expected to have the thermal deformation mode. A calculateg yermqfO.t)
smaller thermal diffusivity when it is observed in a meso-for grating spacing of 2.5um is shown in Fig. &). For
scopic length scale, even if the surface is a well-preparedomparison, uz(0t) and its smoothed response
ideal surface. Since the TRG signal we observed is closelyz smootnefOt) are also shown. The smoothing was per-
concerned with heat diffusion in the mesoscopic length scaldprmed in the same way as in analyzing the measured re-
we should introduce a depth-dependent thermal diffusivitysponse described in Sec. Il B. We can see the exponentially
D(z). The problem is how to analyze a set of experimentaldecaying feature of the; response is owing t@iz emar
data Speasurelt, A) to evaluateD(z). In essence, this is a This is obvious when represented in a semilogarithmic plot
kind of inverse problem for which much research has beein Fig. 5b). As for the decay rate, it is clear tha smoothedS
reported in the last decade for PT/PA techniques of nondea good approximation fauz semar Further calculations con-
structive material evaluatiofi-3* The problem is solvable in firm that the elastic property has almost no influence on the
principle, but there are many practical difficulties. decay rate oliz jherma- Thus, we can expect to determine a
When we introduceD(z) in Eqg. (3), the corresponding decay rater; for the thermal deformation mode from a mea-
solution ofu,(0,t) has an extremely complicated form and sured response without substantial disturbances from elastic
substantial time-consuming calculations are required for th@roperties.
solution. Therefore, it is indispensable to establish the sim- When heat diffusion is disturbed by inhomogeneity, the
plest way to evaluat® (z) with experimentally determined heat diffusion term should be modified, but the other terms
values. We start from Eq5c) for homogeneous materials to are expected to experience little influence. If this is true, a
refine the relation between it and the empirical equation irgood approximation for the thermally inhomogeneous sys-
Eqg. (1). The form of Eq.(5¢) implies that time-dependence tem is to replace only the heat diffusion term by an appro-
of uz(0,t) can be expressed as a convolution of three termspriate form describing heat diffusion in the sample. Validity

C. Consideration on the surface-normal displacement response
for depth profiling analysis



7324 AKIRA HARATA, NAOYASU ADACHI, AND TSUGUO SAWADA PRB 58

0.20
_ (@) —u, 0 (a) A=321um —Measured
g 015 — U thermal S —Calculated
S’ u .
‘;C‘) 0.10 2, smoothed -t% 15 x 108
:
% 0.05 b
a kS
) &
= 0.00 7}
D c
2
_0.05 l L 1 i i 1 g
-2 0 2 4 6 8 10 12 E
Delay time (ns) )
9.6 2 o 2 _4 6 & 10 12
E 98 L (b) Uy el Delay time (ns)
S~ &
= -100 === Uz, smoothed 0 (c) A =151 um
s 102 + T —Measured
% 10'4 > —Calculated
8 g
E 106 ‘0; stm'a
T 108 c
o 0
) 110 é
112 ) ! ; ; ! 2
2 0 2 4 6 8 10 12 28
Delay time (ns) &
=
[a)]
FIG. 5. Calculated responses of surface-parallel spatial modula-

tion amplitudes in displacement to surface-normal direction plotted ] 2 4 6

in (a8 normal scale; andb) semilogarithmic scale. Tha, repre- Delay time (ns)

sents both thermal and elastic contributions;,emais the thermal

contribution only; andl, gmootniS @ Smoothed response 0f. The FIG. 6. TRG responses of the Ni single crystal at room tempera-

grating spacing is 2.jum. ture for grating spacingd of (a) 3.21 um; (b) 2.18 um; (c) 1.51
um; and(d) 1.12 um. All traces are normalized to a unit height, and

alculated diffraction efficiency is shown as double-ended arrows.

([))f thed.a'[[);')tZO?Imatlan ShOUId.tbe tested I(;rfva:;]ou;.typei ?ﬁ/leasured and calculated responses are shown for each grating
(2) distributions. However, it seems valid for the Ni crysta spacing for comparison. Their discrepancy is larger as grating spac-

where the response by the heat diffusion term is much slowqﬁg becomes smaller.
than responses by the deformation terms, even by the slowest
contribution from SAW.

We think of a further approximation in which only the
heat diffusion term is used to calculate. We confirmed A. TRG responses of the Ni single crystal

that calculatiqns ignoring the two deformation terms in Eq. Both experimental and theoretically calculated TRG re-
(50) systematically generated ca. 13% smallerrlfor the sponses of the Ni single crystal are shown in Figs. 6 and 7. In

case .Of a unlform.ther_mal property: Th.e-. most mportanteach figure, four sets of measured and calculated traces are
point is this approximation strongly simplifies analysis of a

resented where each set corresponds to different measure-

ther_mally mhomogeneous system. Thus,_ thg present depﬁlent conditions. The calculated traces are obtained as de-
profiling analysis is based on this approximation. As 0ne Ofg¢riheqd in Secs. IIl A and 1l B with materials properties ob-
the simplest cases of thB(z) distribution, we adopt the aineq from the literaturd33 Each trace is normalized to a
two-layer model where a layer with a finite thicknéss on  fixed height and numerical values by double-ended arrows in
a semi-infinite bulk substance. The sample is assumed tghese figures indicate theoretically estimated diffraction
have thermal diffusivities oD, for the layer andD, for the  efficiency!?

substrate. By assuming the density, heat capacity, and optical In Fig. 6, grating spacings are varied from 1.1-ar8 at
absorption coefficient have no depth-dependent variation, weoom temperature. For each grating spacing, the measured
can calculate TRG responses only from the heat diffusiorand calculated results have a similar shape. Since we neglect
term. After that,7; is calculated in the same manner as foracoustic attenuation in the theoretical calculation, it is rea-
experimental data. To get a depth profile, a set of experimersonably understood that acoustic dumping is weaker for the
tal 7(A) is compared with a calculated set, whérandD,;  theoretical curves than the measured curves. We find that the
are adjusted to minimize the summation of squared errorgitensity ratios among first, second, and third peaks show
between the data sets. A5, we use a reference value. The better agreement when the grating spacing is larger. A devia-
results are discussed in Sec. IV C. tion is apparent for data of 1.12m grating spacing.

IV. RESULTS AND DISCUSSION
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ductivity « and electrical conductivityr are described in a
T=273K — Measured linear relationship known as the Wiedemann-Franz3@n

— Calculated the other hand, a metal surface exhibits specific electrical
conductivity due to electron scattering by the surface. When
the diameted of a metallic sample is reduced to the size of
the mean-free-path of electrons in the bulk mégalthen the
electrical conductivity of the metal is found to decrease be-
low its value for bulk metalog. The equation for such a
decrease is derived from kinetic theory arguments and given
by an approximation formufa

(@)

szm'ﬁ

o=0g/[1+(Ig/d)(1-p)/(1+p)], ®

© | T=153K

wherep is a fraction of the electrons scattered specularly,
i.e., conserving the component of crystal momentum parallel
to the scattering surface. As in most cases in measuring size-
szm-& effects of conductivity, completely diffuse scattering (
=0) is assumed. For Nig/og at 300 K are reported as
3.5, 3.8, and 3.2 10 ** Q cn?. These values correspond to
(d T=93K lg of 57, 61, and 60 nm for g of 6.2 u) cm?
These lengths could cause substantial effects for our
present observation. As mentioned in Sec. Il thermal obser-
I1 x10% vation depth is varied with the grating spacings. Typical ob-
servation depths are 170-570 nm, corresponding to grating
P 5 . : . PR spac_ings of 1.05—3.59Lm used in this study. The shortest
i one is only three times larger than the electron mean-free-
Delay time (ns) path in Ni at 300 K. Since the electron mean-free-path is
FIG. 7. TRG responses of the Ni single crystal for sample tem-longe.r at.lower temperature, we can expect an increas.e in the
peratureT of (a) 273 K: (b) 213 K; () 153 K; and(d) 93 K. The contribution of the surface effect to heat conductivity at
grating spacing is 1.84m. All traces are normalized to a unit lower temperatures.
height, and calculated diffraction efficiency is shown as double-
ended arrows. Measured and calculated responses are shown for B. Temperature dependencies of thermal diffusivity
each temperature. Their discrepancy is larger as temperature be- and SAW velocity
comes lower.

Diffraction efficiency (arb. units)

Next we present details of the analysis of the decrease in
thermal diffusivity at the Ni surface. From a set of TRG
Traces in Fig. 7 are obtained when the sample tempergesponses measured with a grating spacing of L&4and
ture is set at four different values between 93-273 K Wh||edur|ng temperature control, we deduced temperature depen_
the grating spacing is kept at 1.§4m. Roughly, the mea- dencies of thermal diffusivityd o and SAW velocityVgay -
sured and calculated results have a similar shape for eacthe results are shown in Fig. 8. Error bars in Fig. 8 indicate
sample temperature. Discrepancies between measured afib standard deviations. Since the observation depths are 290
calculated data at a larger delay time are due to our neglecimm for the thermal diffusivity and 920 nm for SAW velocity
ing acoustic attenuation in the calculation. In addition tOCorresponding to the grating Spacing of 1_ﬁm, measured
those points, we find deviations are more enhanced at lowgfata are referred to as surface values. On the other hand,
temperature as is apparent from the initial part of traegs smooth curves are referred to as bulk values because they are
and(d) in Fig. 7. interpolated using literature values for bulk crystals ofNi.
Theoretically-calculated and experimentally-measured There is no reduction in SAW velocity showing acoustic
data show better agreement when measurements are dopgonons are important for reduction in thermal diffusivity.
with larger grating spacings and at room temperature. W\t a lower temperature, a substantial decrease in thermal
think deviations at low temperature or small grating spacingiffusivity, which is overestimated as discussed in Sec. Il C
come from the same physical origin. Decrease in thermals obvious. Some parts of the decrease may be due to restric-
diffusivity at a near-surface region is the most probable cantion of electron mean-free-path by the surface itself, but it

didate. The fact that measured responses decrease M@gems the decrease is much larger at a low temperature than
slowly with time than calculated responses corresponds to hat expected from only the restriction.

smaller thermal diffusivity of the measured sample than the
reference value used in the calculation. The observed devia-
tion is probably caused by some surface effects because a
smaller grating spacing results in a larger deviation. To quantitatively analyze the surface effects, we per-
We can easily expect an intrinsic surface effect of thermaformed a depth profiling analysis of thermal diffusivity. We

diffusivity although there are no reports in the literature tocorrected TRG responses at room temperature for a set of
our knowledge that directly describe it. Heat conduction ingrating spacings and calculated a decay rate of for each
metal is mainly dominated by free electrons. Thermal contesponse. The results are summarized in Fig. 9. Observation

C. Depth profiling analysis of thermal diffusivity D(z)
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Model 1 assumes a homogeneous distribution of thermal

,0?1'0 (a) — Bulk diffusivity whose magnitude is the same as the literature
NE 0.8 1 o Me?fsured value, 0.22 crffs. Shown as the thin line in Fig. 9, this model
Soef (surface) fails to express the experimental data well. Considering the
0.4 - approx_im_ation we used, th_e discrepanc_y between the model
a* 1 prediction and the experimental data is much larger. If we
0.2 1 ignore that, we need to assume a thermal diffusivity of 0.14
0.0 . . . cnf/s to get good agreement for the uniform model. This
o 100 200 300 value is 36% smaller than the literature value and is outside
Temperature (K) the order for the Ni crystal.
302 Even if we take a photo-induced temperature increase at
‘ (b) the surface into account, we cannot explain the experimental
data. Maximum value of the temperature increase just after
gz o - pump laser irradiation is less than 50 K at the interference
=2 maxima as shown in Fig.(d). The 50 K temperature rise
3 —Bulk from 300 K makes less than a 12% decrease in thermal dif-
= ? Measured fusivity. The experimental data require much lower thermal
290" (surface) diffusivity.
1 . : In model 2, we assume a material system consisted of one
0 100 200 300 layer with a finite thickness existing on an infinite substrate
Temperature (K) where thermal diffusivities of the layer and substrate are dif-

ferent. The substrate is assumed to have the same magnitude

FIG. 8. Temperature dependence(af thermal diffusivity D of thermal diffusivity as the literature value, 0.22 ¥m We

and(b) surface acoustic wave veloci®sayy for the Ni single crys- . . . L
tal, Grating spacing is 1.84m corres;gvrvnding o the observation OPtimize thickness and thermal diffusivity of the upper layer

depth of 290 nm. Open circles and error bars represent averagéa minimize the summation of th? sqggred errors. As the best
values determined by TRG measurements and their standard deviifing result, 0.11 crffs thermal diffusivity and 270 nm layer

tions, respectively. Smoothed curves are calculated by interpolatinglickness are obtained. Calculated values af With these
literature values. values are plotted as the thick line in Fig. 9. The theoretical

curve of model 2 agrees well with experimental data. The
thickness 270 nm is 4.5 times larger than the electron mean-

depth is indicated on the upper horizontal axis. This figurefree- ath. Electron scattering by the surface can explain onl
shows the depth profile of the diffusivity because+lis a a poftion.of the decrease, gSE/)’;l—ll(lJrGO/Z?O)].pWe y

function of thermal diffusivity. Shaded circles and error barsthink there must be lattice disorders in the mesoscopic sub-

atta_ch_ed to them are the averaged values and_ th? standasr&,face region, which seem to be introduced during cutting
deviations, respectively. Two smoothed curves in Fig. 9 ares +he crystal or polishing its surface

theoretically calculated based on two different models. When we compare the results of model 2 with those of

model 1 with 0.14 crfis thermal diffusivity, it is difficult to
Observation depth (nm) decide which is better only from magnitudes of the summa-
400 300 200 tion of the squared errors. The magnitude is slightly smaller
T ' for model 2, but the approximation used here is too rough for
a final judgment. We often met such a kind of problem when

—

¢ Measured Calculated

@ 0.8 (Model 1) carrying out depth profiling. For an inverse problem like this,
£ o6t it seems essential to get some additional information such as
Z thermal diffusivity of the bulk, with which we can make a
Soat judgment.
= C&'Cg'ﬁtgd This is a first example of supm level depth profiling of
02k (Model 2) a thermal property. Evaluation and control of the thermal
property for mesoscopic size will be important in fabrication
0.0 . ' . of micromachines and large-scale integrated circuits of next
0 10 20 30 40 generation.
(2n/A)? (um?)
FIG. 9. Grating spacingA) dependence of thermal relaxation V. CONCLUSION

rate (1/1) of the Ni single crystal. Observation depth correspond- . - .
ing to a grating spacing is shown on the upper axis. Shaded circles TRG responses can reflect slight changes in interactions at

and error bars represent averaged values determined by TRG me@Surface and interface. We have measured and theoretically
surements and their standard deviations, respectively. Smoothédiculated TRG responses for a Ni single crystal under tem-
curves are theoretically calculated for two models. Model 1 as{erature control from 80-293 K and with a variety of grating
sumes a uniform distribution of thermal diffusivity of 0.22 #m  spacings from 1—-4m. Comparing results, we found larger
Model 2 assumes one layer with thickness of 270 nm and thermagrating spacing and higher sample temperature provided bet-
diffusivity of 0.11 cnf/s over a substrate with infinite thickness and ter agreement. Deviations between them at lower tempera-
thermal diffusivity of 0.22 crfis. ture or smaller grating spacings were attributed to a decrease
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of thermal diffusivity at the sample surface. By introducing asurfaces experience unexpected influences due to surface
simplified method for calculating the thermal relaxation ratepreparation procedures. For fast heat transport from solid to
constant 1#; for inhomogeneous materials, we demonstratediquid, some recent experimehtdhave suggested a contribu-
subum level depth profiling of thermal diffusivity. Surface tion from atomic scale thermal barriers, which are caused by
properties are not the same as bulk properties. For thermaldsorption of molecules at the interface. Mesoscopic obser-
properties, a mesoscopic size of less than gobis crucial.  vations proceeding from macroscopic ones will help us to
This level of size will be coming into the realm of investi- link a microscopic understanding of heat transport when
gation. It seems important to measure and determine charaaided by molecular dynamic simulations or computational

teristic surface properties for practical materials since reatalculations.
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