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Subnanosecond transient-reflecting-grating measurements and depth-profiling analysis
of mesoscopic subsurface properties of a nickel single crystal
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Subnanosecond transient reflecting grating measurements were made for a mirror-polished~110! surface of
a Ni single crystal under temperature control from 93–273 K and with a variety of grating spacings from 1–4
mm. 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.@S0163-1829~98!00836-4#
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I. INTRODUCTION

Photothermal and photoacoustic~PT/PA! phenomena
have been widely applied to determine thermal and ela
properties of materials as well as to measure absorption s
tra and to detect ultratrace compounds.1,2 Both homogeneous
and inhomogeneous material systems are welcome tar
Above all, the PT/PA measurements are powerful tools
the latter systems because of their own potentiality for n
destructive depth profiling analysis of opaque materials
of their own remote sensing capability. It is easily und
standable for an opaque material illuminated by a pul
light generating heat just at the surface that higher tim
resolved PT/PA measurements provide material propertie
a shallower surface region. This is because heat diffuses
a finite distance in a given time interval. Recently, fast a
ultrafast PT/PA phenomena have become observable by
ing laser-based optical techniques.3 With ps temporal resolu-
tion, a region just tens of nanometers form a surface~meso-
scopic subsurface! of a metal becomes accessible so th
surface-specific transport property can be investigated.
well known that a metal surface exhibits specific electri
conductivity due to electron scattering by the surface its4

and surface-specific structures. Since thermal conduction
metal is dominated by electron transport,5 thermal conduc-
tivity near the surface should be influenced by electron s
tering by that surface. Additional influences on heat cond
tion can be produced by lattice damages localized near
surface, which are introduced during surface processing
cedures, as a matter of course, even for silicon wafers fa
cated by well-established techniques.6

A subnanosecond time-resolved transient reflecting g
ing ~TRG! is one ultrafast optical technique for measuri
fast PT/PA phenomena occurring at the subsurface or in
face of opaque materials.3 A transient grating is formed
when two coherent optical pulses~excitation pulses! cross in
PRB 580163-1829/98/58~11!/7319~9!/$15.00
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or on a material.7 For a metal, the transient grating is gene
ated only near the surface and it is observable as a TRG
detecting the reflecting diffraction of another laser be
~probe beam! from the transient grating on the surface.8 The
TRG signals are sensitive and selective to the surface
interface,9–11 where the experimentally controllable cond
tion of grating spacing is a measure of observation de
under the surface. Since the relaxation dynamics of the T
reflects optical, thermal, and acoustic properties of the m
rial, these properties can be quantitatively determined for
selected observation depth. Transient response of TRG
nals have been compared with analytical theory,12 or been
analyzed with an empirical equation to deduce surfa
specific material properties.13

In this paper, subnanosecond TRG measurements w
carried out for a mirror-polished~110! surface of a Ni single
crystal under temperature control from 93–273 K and wit
variety of grating spacings from 1–4mm. The measured re
sponses were compared with theoretical calculations.
found good agreement between measured and calculate
sponses at room temperature and with large grating spac
but there were substantial deviations at low temperature
small grating spacings. The observation corresponded
decrease of thermal diffusivity in the mesoscopic subsurfa
The measured TRG responses were analyzed to deduce
mal diffusivity and velocity of surface acoustic wave
~SAW! by using a fitting procedure with the empirical equ
tion. A depth profiling analysis of the thermal diffusivity wa
carried out to allow us to discuss mechanisms of the dif
sivity decrease in the mesoscopic subsurface.

In Sec. II, we explain our experimental setup and pro
dures for data analysis. Section III describes the theory
use, in which an isotropic and homogeneous metal is
sumed to solve coupled equations of heat diffusion and e
tic wave propagation after pulsed and holographic light il
mination. We relate the theory to the empirical equation u
7319 © 1998 The American Physical Society



. I
s
e
n

it
e
o
er
al
rd

s

le
-
T
u

ub
t

io
a
s
th

R
ed

a
ra
le

ua

he

ump
sity
The
was
e-

on
er-
an
on
of

in-

in-
val.

e.

g
gra

-

G
ustic
ted
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to analyze the TRG responses of a real sample. In Sec
we compare measured and calculated results and discus
pendence on temperature and grating spacings and a d
profiling analysis. Section V summarizes the conclusio
reached in the present work.

II. EXPERIMENT

A. Measurement of TRG responses

Two temporally coincident laser pulses~pump pulses!,
having the same wavelength and polarization, interfere w
each other to form a transient holographic pattern at th
crossing point. When we set an opaque sample at the cr
ing point, the sample surface is illuminated by the interf
ence fringes. The illumination makes the surface tempor
behave like a diffraction grating as shown in Fig. 1. A thi
laser pulse~probe pulse! will be diffracted off, if its incident
has an appropriate timing with respect to the pump pulse

When the pump pulses have incident angles ofu and2u,
respectively, so as to have a crossing angle of 2u, the inter-
ference fringes have a spacing ofL equal tol/2 sinu where
l is the pump light wavelength.7 It is experimentally impor-
tant thatL is controllable by changingu. Another point is
that detection of diffraction in reflection is not only suitab
for surface selective observation,9 but also essential for in
vestigating nontransparent materials such as metals.
pump-and-probe technique is often adopted for fast and
trafast investigation as in the present study.

With the experimental setup shown in Fig. 2, using a s
nanosecond laser, we can observe fast heat transport a
surface and GHz-SAW as shown in Fig. 3. Optical excitat
of the metal surface by the optical fringes results in form
tion of the same sinusoidal patterns of temperature, acou
strain, and so on. These patterns locally exist only near
surface to work as a TRG. Formation and decay of the T
carry information on material properties within a restrict
region near the surface, i.e., a subsurface.

A mode-locked Q-switched Nd:YAG~yttrium aluminum
garnet! laser ~Quantronix, model 416! was operated with a
single pulse selector and a potassium titanyl phosph
~KTP! doubling crystal. The output pulse had an 80 ps du
tion, 532 nm wavelength, and 1.13 kHz repetition. A sing
pulse was divided into three. Two of them, having an eq
intensity, excited the TRG in the 60mm spot and the third
pulse, with a weaker intensity, was used as a probe. T

FIG. 1. Two crossing laser pulses excite a transient gratin
the crossing point, which is detectable as a transient reflecting
ing.
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intensities were adjusted to less than 100 nJ for each p
pulse and 10 nJ for the probe pulse with two neutral den
filters set to prevent the sample surface from damage.
probe pulse passed though an optical delay line and
normally irradiated onto the TRG. Diffracted light was d
tected with a photomultiplier tube~PMT! whose entrance
was placed at the position of one of the first order diffracti
spots. The output signal from the PMT was gated and av
aged over 1 ms with a boxcar integrator connected to
analog to digital converter. A TRG response was obtained
a computer by recording the signal intensity as a function
the delay time of the probe pulse. The maximum time w
dow of observation was limited to 13.3 ns by the 4 m length
of the optical delay line. Each response, with a 12.8 ns w
dow, consisted of 512 data points of the same time inter

The sample to be used was cut parallel to a~110! face
from a single crystalline Ni stick of 99.99% purity grad

at
t-

FIG. 2. Experimental setup of the TRG measurement.~HM!,
half mirror; ~HV!, high voltage power supply;~ND!, neutral density
filter; ~PMT!, photomultiplier tube;~PRM!, partly reflective mirror;
~PP!, polarizer; ~l/2!, half-wave plate; and the other optical ele
ments are mirrors.

FIG. 3. Typical TRG response of the Ni single crystal. A TR
response is considered as a superposition of thermal and aco
contributions. Observation depth for each contribution is indica
at the bottom for grating spacingL of 1 to 5 mm.
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The sample surface, with an area of 10 mm310 mm, was
carefully mirror-polished with ultrafine alumina powder
The sample was cleaned and rinsed with methanol and d
before being placed in a cryostat having an optical wind
~80 mm diameter!. The cryostat could be evacuated by
rotary pump. The sample temperature was controlled wit
better precision than62 K at every temperature rangin
from 80–297 K.

TRG measurements were done for a variety of conditio
~a! at room temperature with grating spacings varied fr
1.05–3.59mm, and~b! with a fixed grating spacing of 1.84
mm under temperature control both in a cooling cycle at 2
243, 213, 183, 153, 123, and 93 K and in a heating cycle
123, 173, 223, and 273 K of the sample. For each gra
spacing in measurement~a!, more than 16 responses we
measured and separately analyzed in the way described
low to get averaged values and standard deviations of c
acteristic parameters describing the transient wave for
For each temperature in measurement~b!, more than 14 re-
sponses were measured at each temperature in the co
cycle, and four responses were measured at each temper
during the heating cycle. In all measurements, the gra
vector was set parallel to the@100# direction of the Ni crystal.

B. Analysis of transient wave forms
with an empirical equation

An empirical formula representing the TRG response w
used for data analysis to deduce some characteristic ma
properties. It is given by3

STRG~ t !5RPI PI 0
2A2@exp~2t/tT!

2r exp~2t/tA!cos$2pF~ t1tD!%#2, ~1!

whereRP is reflectivity for the probe light andI P andI 0 are
probe and pump light intensities, respectively. This empiri
equation representsSTRG(t) as being proportional to the
square of a grating amplitude that is given as a linear co
bination of thermal and acoustic components. The equa
contains six adjustable parameters. The meaning of each
rameter is as follows:A is an intensity factor depending o
the amount of absorbed pump energy, etc.;tT , a thermal
relaxation time constant;r, a coupling constant between th
slowly decaying and oscillating components;tA , SAW at-
tenuation constant;F, SAW frequency; andtD , delay time in
SAW generation. These six parameters can be uniquely
fined for a given TRG response because their correlatio
not so close. Good fitting results have been gotten for vari
materials, which provide local material properti
quantitatively.13,14

We determined the thermal relaxation time constanttT
and SAW frequencyF for each of the TRG responses me
sured under the various experimental conditions. We use
nonlinear least square method to fit the measured resp
Smeasured(t) to Eq. ~1!. The fitting procedure was as follows
First, baseline levelSBG was determined from data points o
negative delay time. After it was subtracted from the
sponse, square roots were calculated asASmeasured(t)2SBG,
from which an oscillation frequencyF was roughly esti-
mated using fast Fourier transform. The square rooted
sponse was smoothed over a time-interval 1/F to eliminate
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the oscillation. From the smoothed response, we estim
an exponential decay constant 1/tT and a preexponential fac
tor A. From subtraction of theASmeasured(t)2SBG and its
smoothed response,r, tA , and tD were estimated. Setting
these roughly estimated parameters as initial values,
minimized the summation of squared errors betwe
Smeasured(t)2SBG and Eq.~1! by a step-by-step calculatio
during slight parameter changes. In the calculation, we u
more than 300 data points corresponding to delay times o
0.5 ns after the TRG signal was its maximum. After t
calculation for each response, averaged values and stan
deviations were obtained for 1/tT and F for each measure
ment condition.

C. Estimation of thermal diffusivity and SAW velocity,
and their observation depths

The relation 1/tT51/t01D(2p/L)2 approximately holds
whereD is thermal diffusivity for surface-parallel heat tran
port andt0 is a constant representing surface-normal h
transport.3,15 For an inhomogeneous system such as a la
system,D represents an effective thermal diffusivityDeff . It
means an averaged diffusivity from the top surface to a de
L/p. Since we cannot determineDeff and 1/t0 at the same
time for a fixed grating spacing measurement, a further
proximation neglecting 1/t0 is used in Sec. IV B, namely,

Deff5L2/4p2tT . ~2!

It is important to note thatDeff is likely to be overestimated
since this treatment means we ignore heat diffusion into
depth direction. SAW velocityVSAW was calculated as a
productFL. For a homogeneous isotropic material surfa
the SAW is in a Rayleigh mode8,12 so that its energy is
localized within one acoustic wavelength from the surface16

In the present TRG measurements, light is absorbed n
the sample surface and heat is generated there. The hea
fuses near the surface and the SAW propagates along
surface. Thus, all of the optical, thermal, and elastic energ
causing the TRG signal are localized near the surface.
indicated above, we can estimate observation depth, whic
a quantitative measure showing where we observe unde
surface. Here we use as observation depthsL/2p andL/2 for
thermal and elastic properties, respectively. Roughly, th
indicate the centers of thermal or acoustic energy.

III. THEORY

Theoretical treatments of TRG as well as the transi
grating have been reported in several studies.17–19 However,
some of them neglect heat diffusion, and the others are
somewhat complicated forms to describe multilayer syste
Here we take a simple form describing the TRG response
a homogeneous and isotropic solid surface within the limit
a weak perturbation. Our purpose is to acquire a good ins
into measured responses for analysis and depth profiling

A. Formation of a transient grating on a metal surface

When a crystalline metal is illuminated by an intense la
beam, anisotropic or nonlinear electronic or thermal effe
arise. However, for simplicity, we neglect anisotropic he
diffusion and assume magnitudes of temperature riseF and
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displacementsU induced by laser illumination are sma
enough to be treated with linear expressions. Two ela
constants are equivalently deduced for a certain directio
acoustic propagation from three elastic constants of the c
crystal.

The model treated here is as follows. When the pu
pulses produce the transient holographic pattern on the
tallic surface atz50 in the xy-plane,F and U made from
heat generation succeeded by thermal expansion in the
terial are governed20 by equations,

]F

]t
5D¹2F1

2I 0~12R!b

rCP
exp~2bz!~11cosDy!g~ t !,

~3!

]U

]t
5

E

2r~11n!
¹2U1

E

2r~11n!~122n!

3¹~¹•U!2
Ea¹F

2r~122n!
, ~4!

whereD is thermal diffusivity (5k/rCP , k is thermal con-
ductivity; r is density;CP is heat capacity!, I 0 is the time-
averaged light energy density,R is the undisturbed reflectiv
ity, and b is the effective absorption coefficient that
slightly dependent on the incident angle.21 D is the wave
number of the interference fringes given byD52p/L,
whereL is the grating spacing and it is equal to the SA
wavelength.7,10 g(t) represents temporal profile of the ligh
pulse.E is Young’s modulus,n is the Poisson ratio, anda is
the linear thermal expansion coefficient. In Eq.~3!, we ne-
glect a coupling term betweenF andU because our experi
mental condition was within the limit of an acoustic fr
quency of less than 10 GHz and small displacement.20 For
boundary conditions to be satisfied, we neglect heat flux
use force valance atz50. At first, we assumeg(t) being the
delta function and instantaneous heat generation just afte
light illumination. Although it takes a few picoseconds f
photoexcited electrons in a metal to diffuse and relax to
local thermal equilibrium of the electron and lattice,22 the
time is short enough for our experiment.

In the transient grating experiment, only the spatia
modulated terms in they direction are important. When th
spatially nonmodulated parts are ignored, linearity and s
tial symmetry of the problem require that the temperat
riseF and displacementsU are represented asw(z,t)cos(Dy)
and eYuY(z,t)sin(Dy)1eZuZ(z,t)cos(Dy), respectively,
where eY and eZ are unit vectors of the system andeY is
parallel to the grating wave vector andeZ is perpendicular to
the surface. Laplace transform in time provides a set of a
lytically solvable differential equations with respect toz. The
solutions forz50 have simple forms given by

w& ~0,s!5
2I 0~12R!

kD

g1

g2~g11g2!
, ~5a!

u&Y~0,s!52
2g4

g4
211

ûZ~0,s!, ~5b!
ic
of
ic
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u&Z~0,s!52
2I 0~12R!a~11n!

kD2~12n!

g1

g2~g11g2!

3
g11g21g3

~g21g3!~g31g1!

g4
421

~11g4
2!224g3g4

,

~5c!

wherew& , u&Y and ûZ are Laplace transforms ofw, uY , and
uZ , respectively.g i ( i 51,2,3,4) are given byg15b/D, g2

5(11s/D2D)1/2, g35(11s2/D2VL
2)1/2, and g45(11s2/

D2VT
2)1/2 where Re$gi%>0, andVL and VT are longitudinal

and shear acoustic velocities, respectively. Inversion of
Laplace transform is given by the Bromwich integral

f ~ t !5
1

2p j Er 2 j `

r 1 j `

f&~s!exp~st!ds, ~6!

which provides values ofw(z,t), uY(z,t), anduZ(z,t). We
numerically calculated inversion of the Laplace transfo
based on an integration method, where the exponential t
in Eq. ~6! was replaced by a well-characterized function.23–25

The replacement provides a good result for the integral
taking a partial summation of its kernel before adding so
compensation terms using the fifth Euler’s transformation

Figure 4 represents calculated results ofw(0,t), uY(0,t),
anduZ(0,t) for grating spacing of 2.5mm. We took temporal
profile of the pump beams into account by calculating th
convolution integrals with a Gaussian-type functiong(t)
5(A2/p/tp)expb22(t/tp)

2c, where tp is a measure of the
pulse width. Responses of the surface displacements sh
in Fig. 4~b! have similar shapes to those calculated for
n-TiO2 crystal by Faran, Miller, and Gracewski,26 except for

FIG. 4. Calculated responses for the Ni single crystal: Amp
tudes of surface-parallel spatial modulation in~a! temperature;~b!
displacement to surface-parallel (ux) and surface-normal (uz) di-
rection. The grating spacing is 2.5mm.
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slowly decaying features representing thermal diffusion
fects, which were neglected in their work.

B. Transient reflecting grating response

Light diffraction from a TRG on a metal surface is main
caused by surface-normal deformation with a minor eff
from reflectivity modulation induced by the temperature d
tribution. For the Ni sample, we assume TRG signalSTRG(t)
is quadratically proportional touZ(0,t) as

STRG~ t !5K@uZ~0,t !#2 ~7!

where K is a time-independent constant, which can
estimated13 for a given experimental condition with literatur
values of material optical properties.27 It may be possible for
the probe light penetrating into the metal to have some
fluence on light diffraction because there is a photo-indu
refractive index variation under the metal surface. Howev
since the biggest change in the refractive index is at
surface, where direction of light propagation has the larg
influence, the refractive index modulation just at the surfa
might cause the biggest influence on the TRG signal. T
means thew(0,t) term could couple toSTRG(t). Although
such coupling has been observed for a gold film unde
plasmon resonance condition,28 we conclude that this cou
pling is negligible for Ni when the probe beam almost no
mally illuminates the sample. To evaluateSTRG(t) theoreti-
cally, we took into account the temporal profileg(t) for the
probe beam as convolutions ofg(t) with Eq. ~7!. We make a
comparison of the calculatedSTRG(t) with the experimental
Smeasured(t)2SBG in Sec. IV A.

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

Up to now we have discussed a homogeneous sys
However, practically important materials are always inhom
geneous, and even for materials homogeneous in appear
surfaces or interfaces lead to some inhomogeneity. As
cussed in Sec. IV A, a metal surface is expected to hav
smaller thermal diffusivity when it is observed in a mes
scopic length scale, even if the surface is a well-prepa
ideal surface. Since the TRG signal we observed is clos
concerned with heat diffusion in the mesoscopic length sc
we should introduce a depth-dependent thermal diffusiv
D(z). The problem is how to analyze a set of experimen
data Smeasured(t,L) to evaluateD(z). In essence, this is a
kind of inverse problem for which much research has b
reported in the last decade for PT/PA techniques of non
structive material evaluation.29–31The problem is solvable in
principle, but there are many practical difficulties.

When we introduceD(z) in Eq. ~3!, the corresponding
solution of uZ(0,t) has an extremely complicated form an
substantial time-consuming calculations are required for
solution. Therefore, it is indispensable to establish the s
plest way to evaluateD(z) with experimentally determined
values. We start from Eq.~5c! for homogeneous materials t
refine the relation between it and the empirical equation
Eq. ~1!. The form of Eq.~5c! implies that time-dependenc
of uZ(0,t) can be expressed as a convolution of three ter
f-
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a heat diffusion term,

g1

g2~g11g2!
;

a thermal deformation term,

g11g21g3

~g21g3!~g31g1!
;

and a elastic deformation term,

g4
421

~11g4
2!224g3g4

.

It should be noted thatg1 , g2 , g3 , and g4 represent
optical, thermal, longitudinal acoustic, and shear acou
contributions, respectively; the heat diffusion term has
sames-dependence asw& (0,s); the elastic deformation term
has no influence from thermal properties; and the dispers
relation of SAW is given by (11g4

2)224g3g450.
We can consider that the surface-normal deformat

uZ(0,t) is composed from two modes: one is the propagat
SAW mode and the other is the nonpropagating thermal
formation mode. Such a mode separation of photother
displacement has been reported on laser-induced bulk ac
tic waves, and it provides a good approximation for a wi
variety of materials at room temperature.20 The idea of the
mode separation gives some theoretical background
analysis using Eq.~1!, in which time-dependent parts of the
mal and acoustic contributions are given by exp(2t/tT) and
exp(2t/tA)cos$2pF(t1tD)%, respectively. Since the dispersio
relation of SAW for a given wave number has only o
single solution of real frequency value, the elastic deform
tion shows a monocyclic oscillation with time. By conside
ing acoustic attenuation, the oscillation is expressed
exp(2t/tA)cos$2pF(t1tD)%. Since a smoothing operation ca
eliminate the oscillation, next we should consider the tim
dependence, exp(2t/tT).

If we neglect the elastic deformation term by replacing
with unity in Eq. ~5c!, we get a response,uZ,thermal(0,t) by
the thermal deformation mode. A calculateduZ,thermal(0,t)
for grating spacing of 2.5mm is shown in Fig. 5~a!. For
comparison, uZ(0,t) and its smoothed respons
uZ,smoothed(0,t) are also shown. The smoothing was pe
formed in the same way as in analyzing the measured
sponse described in Sec. II B. We can see the exponent
decaying feature of theuZ response is owing touZ,thermal.
This is obvious when represented in a semilogarithmic p
in Fig. 5~b!. As for the decay rate, it is clear thatuZ,smoothedis
a good approximation foruZ,thermal. Further calculations con
firm that the elastic property has almost no influence on
decay rate ofuZ,thermal. Thus, we can expect to determine
decay ratetT for the thermal deformation mode from a me
sured response without substantial disturbances from ela
properties.

When heat diffusion is disturbed by inhomogeneity, t
heat diffusion term should be modified, but the other ter
are expected to experience little influence. If this is true
good approximation for the thermally inhomogeneous s
tem is to replace only the heat diffusion term by an app
priate form describing heat diffusion in the sample. Valid
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of the approximation should be tested for various types
D(z) distributions. However, it seems valid for the Ni cryst
where the response by the heat diffusion term is much slo
than responses by the deformation terms, even by the slo
contribution from SAW.

We think of a further approximation in which only th
heat diffusion term is used to calculatetT . We confirmed
that calculations ignoring the two deformation terms in E
~5c! systematically generated ca. 13% smaller 1/tT for the
case of a uniform thermal property. The most importa
point is this approximation strongly simplifies analysis of
thermally inhomogeneous system. Thus, the present d
profiling analysis is based on this approximation. As one
the simplest cases of theD(z) distribution, we adopt the
two-layer model where a layer with a finite thicknessL is on
a semi-infinite bulk substance. The sample is assume
have thermal diffusivities ofD1 for the layer andD2 for the
substrate. By assuming the density, heat capacity, and op
absorption coefficient have no depth-dependent variation
can calculate TRG responses only from the heat diffus
term. After that,tT is calculated in the same manner as
experimental data. To get a depth profile, a set of experim
tal tT(L) is compared with a calculated set, whereL andD1
are adjusted to minimize the summation of squared er
between the data sets. ForD2 , we use a reference value. Th
results are discussed in Sec. IV C.

FIG. 5. Calculated responses of surface-parallel spatial mod
tion amplitudes in displacement to surface-normal direction plo
in ~a! normal scale; and~b! semilogarithmic scale. Theuz repre-
sents both thermal and elastic contributions;uz,thermal is the thermal
contribution only; anduz,smooth is a smoothed response ofuz . The
grating spacing is 2.5mm.
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IV. RESULTS AND DISCUSSION

A. TRG responses of the Ni single crystal

Both experimental and theoretically calculated TRG
sponses of the Ni single crystal are shown in Figs. 6 and 7
each figure, four sets of measured and calculated traces
presented where each set corresponds to different mea
ment conditions. The calculated traces are obtained as
scribed in Secs. III A and III B with materials properties o
tained from the literature.32,33 Each trace is normalized to
fixed height and numerical values by double-ended arrow
these figures indicate theoretically estimated diffract
efficiency.13

In Fig. 6, grating spacings are varied from 1.1–3.2mm at
room temperature. For each grating spacing, the meas
and calculated results have a similar shape. Since we ne
acoustic attenuation in the theoretical calculation, it is r
sonably understood that acoustic dumping is weaker for
theoretical curves than the measured curves. We find tha
intensity ratios among first, second, and third peaks sh
better agreement when the grating spacing is larger. A de
tion is apparent for data of 1.12mm grating spacing.

a-
d

FIG. 6. TRG responses of the Ni single crystal at room tempe
ture for grating spacingsL of ~a! 3.21 mm; ~b! 2.18 mm; ~c! 1.51
mm; and~d! 1.12mm. All traces are normalized to a unit height, an
calculated diffraction efficiency is shown as double-ended arro
Measured and calculated responses are shown for each gr
spacing for comparison. Their discrepancy is larger as grating s
ing becomes smaller.
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Traces in Fig. 7 are obtained when the sample temp
ture is set at four different values between 93–273 K wh
the grating spacing is kept at 1.84mm. Roughly, the mea-
sured and calculated results have a similar shape for e
sample temperature. Discrepancies between measured
calculated data at a larger delay time are due to our neg
ing acoustic attenuation in the calculation. In addition
those points, we find deviations are more enhanced at lo
temperature as is apparent from the initial part of traces~c!
and ~d! in Fig. 7.

Theoretically-calculated and experimentally-measu
data show better agreement when measurements are
with larger grating spacings and at room temperature.
think deviations at low temperature or small grating spac
come from the same physical origin. Decrease in ther
diffusivity at a near-surface region is the most probable c
didate. The fact that measured responses decrease
slowly with time than calculated responses corresponds
smaller thermal diffusivity of the measured sample than
reference value used in the calculation. The observed de
tion is probably caused by some surface effects becau
smaller grating spacing results in a larger deviation.

We can easily expect an intrinsic surface effect of therm
diffusivity although there are no reports in the literature
our knowledge that directly describe it. Heat conduction
metal is mainly dominated by free electrons. Thermal c

FIG. 7. TRG responses of the Ni single crystal for sample te
peratureT of ~a! 273 K; ~b! 213 K; ~c! 153 K; and~d! 93 K. The
grating spacing is 1.84mm. All traces are normalized to a un
height, and calculated diffraction efficiency is shown as doub
ended arrows. Measured and calculated responses are show
each temperature. Their discrepancy is larger as temperature
comes lower.
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ductivity k and electrical conductivitys are described in a
linear relationship known as the Wiedemann-Franz law.5 On
the other hand, a metal surface exhibits specific electr
conductivity due to electron scattering by the surface. Wh
the diameterd of a metallic sample is reduced to the size
the mean-free-path of electrons in the bulk metall B , then the
electrical conductivity of the metal is found to decrease
low its value for bulk metalsB . The equation for such a
decrease is derived from kinetic theory arguments and gi
by an approximation formula4

s5sB /@11~ l B /d!~12p!/~11p!#, ~8!

where p is a fraction of the electrons scattered specula
i.e., conserving the component of crystal momentum para
to the scattering surface. As in most cases in measuring s
effects of conductivity, completely diffuse scattering (p
50) is assumed. For Ni,l B /sB at 300 K are reported33 as
3.5, 3.8, and 3.7310211 V cm2. These values correspond t
l B of 57, 61, and 60 nm for 1/sB of 6.2 mV cm.4

These lengths could cause substantial effects for
present observation. As mentioned in Sec. II thermal ob
vation depth is varied with the grating spacings. Typical o
servation depths are 170–570 nm, corresponding to gra
spacings of 1.05–3.59mm used in this study. The shorte
one is only three times larger than the electron mean-fr
path in Ni at 300 K. Since the electron mean-free-path
longer at lower temperature, we can expect an increase in
contribution of the surface effect to heat conductivity
lower temperatures.

B. Temperature dependencies of thermal diffusivity
and SAW velocity

Next we present details of the analysis of the decreas
thermal diffusivity at the Ni surface. From a set of TR
responses measured with a grating spacing of 1.84mm and
during temperature control, we deduced temperature de
dencies of thermal diffusivityDeff and SAW velocityVSAW.
The results are shown in Fig. 8. Error bars in Fig. 8 indic
the standard deviations. Since the observation depths are
nm for the thermal diffusivity and 920 nm for SAW velocit
corresponding to the grating spacing of 1.84mm, measured
data are referred to as surface values. On the other h
smooth curves are referred to as bulk values because the
interpolated using literature values for bulk crystals of Ni32

There is no reduction in SAW velocity showing acous
phonons are important for reduction in thermal diffusivit
At a lower temperature, a substantial decrease in ther
diffusivity, which is overestimated as discussed in Sec. I
is obvious. Some parts of the decrease may be due to res
tion of electron mean-free-path by the surface itself, bu
seems the decrease is much larger at a low temperature
that expected from only the restriction.

C. Depth profiling analysis of thermal diffusivity D„z…

To quantitatively analyze the surface effects, we p
formed a depth profiling analysis of thermal diffusivity. W
corrected TRG responses at room temperature for a se
grating spacings and calculated a decay rate of 1/tT for each
response. The results are summarized in Fig. 9. Observa
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depth is indicated on the upper horizontal axis. This fig
shows the depth profile of the diffusivity because 1/tT is a
function of thermal diffusivity. Shaded circles and error ba
attached to them are the averaged values and the stan
deviations, respectively. Two smoothed curves in Fig. 9
theoretically calculated based on two different models.

FIG. 8. Temperature dependence of~a! thermal diffusivityDeff

and~b! surface acoustic wave velocityVSAW for the Ni single crys-
tal. Grating spacing is 1.84mm corresponding to the observatio
depth of 290 nm. Open circles and error bars represent aver
values determined by TRG measurements and their standard d
tions, respectively. Smoothed curves are calculated by interpola
literature values.

FIG. 9. Grating spacing~L! dependence of thermal relaxatio
rate (1/tT) of the Ni single crystal. Observation depth correspon
ing to a grating spacing is shown on the upper axis. Shaded cir
and error bars represent averaged values determined by TRG
surements and their standard deviations, respectively. Smoo
curves are theoretically calculated for two models. Model 1
sumes a uniform distribution of thermal diffusivity of 0.22 cm2/s.
Model 2 assumes one layer with thickness of 270 nm and ther
diffusivity of 0.11 cm2/s over a substrate with infinite thickness a
thermal diffusivity of 0.22 cm2/s.
e

s
ard
e

Model 1 assumes a homogeneous distribution of ther
diffusivity whose magnitude is the same as the literat
value, 0.22 cm2/s. Shown as the thin line in Fig. 9, this mod
fails to express the experimental data well. Considering
approximation we used, the discrepancy between the m
1 prediction and the experimental data is much larger. If
ignore that, we need to assume a thermal diffusivity of 0
cm2/s to get good agreement for the uniform model. Th
value is 36% smaller than the literature value and is outs
the order for the Ni crystal.

Even if we take a photo-induced temperature increas
the surface into account, we cannot explain the experime
data. Maximum value of the temperature increase just a
pump laser irradiation is less than 50 K at the interferen
maxima as shown in Fig. 4~a!. The 50 K temperature rise
from 300 K makes less than a 12% decrease in thermal
fusivity. The experimental data require much lower therm
diffusivity.

In model 2, we assume a material system consisted of
layer with a finite thickness existing on an infinite substra
where thermal diffusivities of the layer and substrate are
ferent. The substrate is assumed to have the same magn
of thermal diffusivity as the literature value, 0.22 cm2/s. We
optimize thickness and thermal diffusivity of the upper lay
to minimize the summation of the squared errors. As the b
fitting result, 0.11 cm2/s thermal diffusivity and 270 nm laye
thickness are obtained. Calculated values of 1/tT with these
values are plotted as the thick line in Fig. 9. The theoreti
curve of model 2 agrees well with experimental data. T
thickness 270 nm is 4.5 times larger than the electron me
free-path. Electron scattering by the surface can explain o
a portion of the decrease, 18%@5121/(1160/270)#. We
think there must be lattice disorders in the mesoscopic s
surface region, which seem to be introduced during cutt
of the crystal or polishing its surface.

When we compare the results of model 2 with those
model 1 with 0.14 cm2/s thermal diffusivity, it is difficult to
decide which is better only from magnitudes of the summ
tion of the squared errors. The magnitude is slightly sma
for model 2, but the approximation used here is too rough
a final judgment. We often met such a kind of problem wh
carrying out depth profiling. For an inverse problem like th
it seems essential to get some additional information suc
thermal diffusivity of the bulk, with which we can make
judgment.

This is a first example of sub-mm level depth profiling of
a thermal property. Evaluation and control of the therm
property for mesoscopic size will be important in fabricati
of micromachines and large-scale integrated circuits of n
generation.

V. CONCLUSION

TRG responses can reflect slight changes in interaction
a surface and interface. We have measured and theoreti
calculated TRG responses for a Ni single crystal under te
perature control from 80–293 K and with a variety of grati
spacings from 1–4mm. Comparing results, we found large
grating spacing and higher sample temperature provided
ter agreement. Deviations between them at lower temp
ture or smaller grating spacings were attributed to a decre
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of thermal diffusivity at the sample surface. By introducing
simplified method for calculating the thermal relaxation ra
constant 1/tT for inhomogeneous materials, we demonstra
sub-mm level depth profiling of thermal diffusivity. Surfac
properties are not the same as bulk properties. For the
properties, a mesoscopic size of less than sub-mm is crucial.
This level of size will be coming into the realm of invest
gation. It seems important to measure and determine cha
teristic surface properties for practical materials since r
to

to
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ta

pp

a

d

al

c-
al

surfaces experience unexpected influences due to su
preparation procedures. For fast heat transport from soli
liquid, some recent experiments11 have suggested a contribu
tion from atomic scale thermal barriers, which are caused
adsorption of molecules at the interface. Mesoscopic ob
vations proceeding from macroscopic ones will help us
link a microscopic understanding of heat transport wh
aided by molecular dynamic simulations or computatio
calculations.
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