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Picosecond acoustic phonon pulse generation in nickel and chromium
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The generation mechanisms for picosecond acoustic phonon pulses excited by ultrashort optical pulses in
metals with strong electron-phonon coupling are elucidated. By means of an interferometric probing technique
to extract changes in optical phase and amplitude, the acoustic pulse shapes in the transition metals Ni and Cr
are shown to be governed by both thermal and nonequilibrium electron diffusion. Quantitative comparison of
the results with a model that takes into account the nonequilibrium electron dynamics and ultrasonic attenua-
tion gives excellent agreement.
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. INTRODUCTION because the relatively short diffusion depths1(0—20 nm)

Applying sonar techniques to thin films and nanostruc-allow the excitation of much higher frequency acoustic
tures has become possible using ultrashort optical pﬁlTé’es. pulses, and so such metals have potential for use as ultra-
Acoustic pulses of a few picoseconds in duration, with fre-sonic transducers at frequenciesl00 GHz8° This high
quencies typically in the 100 GHz region, can be generateg¢tequency generation has been experimentally demonstrated
and detected by optical pulse trains focused to areas of a feit picosecond pulse-echo studies in thin films of*R¢’
microns in diameter, allowing the noncontact measurementr2° Mo,2* Ti,? Ta 12 Hf,® and W*®>~"Acoustic echoes are
of internal interfaces or defects. Although research into genoptically detected through reflectivity chande's,’ by probe
eration and detection of picosecond acoustic pulses in crysseam deflectiofl, by probe beam diffractiof’? or by
talline semiconductors is still in its infanéf,such research interferometry>?° Interferometric methods have the advan-
on metals is much more advanced: practical applications ifage of allowing the simultaneous measurement of optical
the field of multilayer metal thin film evaluation are already reflectance and phase changes, giving better experimental ac-
well established*** cess to the actual strain profile of the acoustic pulses.

For a metal at room temperature the process for the gen- Such studies present several challengiésPhotoelastic
eration of a longitudinal phonon pulse with visible ultrashorteffects distort the acoustic echo signals, and the strain pulse
light pulses is as follows: the light pulse is absorbed near thehape can only be inferred by self-consistent fitting of strain
metal surface within the optical absorption depth pulse shapes to the observed echo sign@ps.Ultrasonic
~10 nm. The electrons within the photon energy of theattenuation at high frequencies in the 10—100 GHz range can
Fermi surface are excited to higher available states. Whilge strongly frequency dependent, and so its effective filtering
these hot nonequilibrium electrons diffuse into the samplexffect on the acoustic signals must be considered in any ac-
they transfer their energy to the lattice, a process mediatecurate analysis in the 100 GHz rang8) Optical constants
by the electron-phonon interaction. The final spatiotemporabf metal films are strongly dependent on sample preparation,
strain profile of the longitudinal acoustic phonon pulse trav-and so reference to standard data tables is not necessarily
eling directly away from the surface is determined by bothreliable when comparing theory and experiment. For these
thermal and electron diffusion. For metals with a relativelyreasons there has not been, to our knowledge, any rigorous
small electron-phononetp) coupling constant +20—-60 test up to now of the mechanisms governing the optical gen-
X 10" Wm~3K™1), such as the case of the noble metals oreration of picosecond acoustic phonon pulses in such strong
aluminum, the nonequilibrium electrons can diffuse rela-e-p coupling metals. In this paper, we elucidate the genera-
tively deep into the solid, to distances 6f100 nm, before tion mechanisms in such metals by ultrashort-optical-pulse
the electrons deposit their energy to the latfité®Thermal  excitation and interferometric probing of carefully character-
expansion over this distance determines the dominant wavézed thin films of the transition metals Ni and Cr. By accurate
length ~100 nm of the acoustic pulses that propagate intaqquantitative comparison of the results with a theoretical
the metal, with a corresponding central frequenrc}0 GHz.  model of the nonequilibrium coupling of the electrons and
In these metals the final profile of the longitudinal acousticthe lattice, both thermal diffusion and nonequilibrium elec-
strain and the resulting phonon frequency spectrum can bion diffusion processes are shown to influence the observed
explained accurately by theories accounting for electron difphonon pulse profiles.
fusion alone-*~'® For metals with a large-p coupling con-
stant (~200-500 Wm?3K™1) this is no longer the case:
during the phonon generation heat can diffuse to a depth of
the same order as that of the nonequilibrium electrons, and We use ultrashort pump and probe light pulses emitted
one would therefore expect that both nonequilibrium electrorfrom a mode-locked Ti:sapphire laser operating at central
diffusion and thermal diffusioiithat is, equilibrium electron wavelength 830 nm and repetition rate 82 MHz. Picosecond
diffusion) play a role in determining the acoustic pulse acoustic phonon pulses are excited by frequency-doubled
shape. Such “strong-p coupling” metals are of interest pump light pulses of wavelength=415 nm(corresponding

II. EXPERIMENT AND RESULTS
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to a photon energy of 3 eV These pump light pulses are . ' ' ' (a)
chopped at 1 MHz by an acousto-optic modulator, and are - IEI —_EXPERIMENT
focused onto the metal films to a spot diamete20 um & Op—o TEATIVEAMPLITIDEP o FITTING
[full width at half maximum(FWHM) diameter for intensity —

at an incident angle of-20°. After passage through the
acousto-optic modulator the pump pulses have a duration of
500 fs(FWHM). An incident pump fluence-0.01 mJ cm?

is chosen to allow a linear theory of the generation process to

FLUENCE=F/2

FLUENCE=F

be valid (as discussed in Sec. JlIWeaker, delayed probe 2 . . . .

light pulses of wavelength’ =830 nm(photon energy 1.5 g 0 o) AY TIL(I)EU(ps) 150
eV), duration 200 fs, and a fluence10% of that of the & Q FIRST SECOND

pump are focused at normal incidence to the same area as th — PHASE 8¢  ECHO ECHO

pump beam to a similar spot size, and the transient change: - o

in reflectance and phase of this probe beam are monitorec -2t ' -

using a Sagnac interferometer setup, described in detail 0 50 100 150
elsewheré? Lock-in detection at the acousto-optic modula- ’ ' ; ’

tion frequency allows relative reflectance changet) © to I (b)]
be resolved. Both the reflectance and the phase are sensitiv TR MENT

to the acoustic strain in the near-surface region, and so with gt

the probe beam one can optically sample the return of the 9—

phonon pulses to the sample surface. F_’
Thin films of polycrystalline Ni and Cr, of thickness 200 0

and 190 nm, respectively, were prepared on sili¢b80

substrates of thickness 0.5 mm by electron beam deposition

at a pressure of 1x10 3 Pa at a rate-0.1 nm s * for Ni,

FLUENCE=F/2

and ~0.6 nm ! for Cr. The film thicknesses were deter- 0 0 50 100
mined from the temporal separation of the phonon pulses andg- 5t FIRST DELAY TIME (ps)
verified to be accurate by needle profilifigFrom the back- ¥ PHASE 8¢  EcHo v
ground pressure and deposition rates used we estimate the e oL, _ : ,
the thin films contain a few atomic percent of oxydgénm- 0 40 80 120
purity concentrations of this order in Ni or Cr do not signifi-

cantly affect the mechanical or thermal properties at room DELAY TIME (ps)

temperaturé?*ze In particular, the above comparison OT FIG. 1. (8 Experimental amplitudep and phased¢ (both
needlg profiling and phonon pulsg data allowed us to Ve”fyshown as solid curve®f the relative reflectance change as a func-
expe_rlmental_ly t_hat the longitudinal sound ve_IOCItles WerCion of delay time for a polycrystalline Ni film of thickness 200 nm
consistent with literature bulk valueg. The opt|_cal constants,, 4 silicon(100) substrate. The absorbed pump light fluefcier
of the films were carefully characterized by ellipsometry, asyj js ~0.006 mJ cm2. The first and second echoes in bgttand
described later. The grain size of the films was measured by are visible at delay times 70 and~140 ps, respectively. The
atomic force microscopy and ultrasonic force microscopy tjotted curves, displaced vertically for clarity, show fits to the ther-
be ~100 nm in both Ni and Cr. The $100 substrates were mal background using exponential decays. The inset shéws
chosen for their flatness: the root mean square surface rougheasured at half the incident pump fluence compared with that
nesses of the bare substrate and the film top surfaces wen@asured at the full pump fluence on the same s¢hjeCorre-
measured by atomic force microscopy to 6l nm and sponding graph and inset for a Cr film of thickness 190 nm. The
=2 nm, respectively. This level of roughness does not sigabsorbed pump light fluendefor Cr is ~0.006 mJ cm?. The first
nificantly affect the acoustic echo shaflein addition the —and second echoes in bgitand §¢ are visible at delay times 60
film surfaces were parallel to an accuracy of better than 2nd~120 ps, respectively.
urad, implying a negligible contribution to the broadening
of the echoe$? Moreover, for the film thicknesses and opti- mately reproduced by exponential functions, as shown by the
cal spot diameter used, acoustic diffraction effects are neglidotted curves in Figs.(&) and ib). These are empirical fits
gible. chosen to leave a flat baseline away from the echoes after
The solid curves of Figs.(& and Xb) show the experi- subtraction. Superimposed upon this thermal background we
mental results for the reap] and imaginary partsd¢) of  observe acoustic echoes caused by longitudinal acoustic pho-
the relative reflectance change/r (=p+id¢) for the Ni  non pulses reverberating inside the film.
and Cr films. The quantityp can also be expressed as The thin solid curves of Figs.(8) and 2Zb) show the
=6R/2R, where R=r*r is the reflectivity andd¢ is the  corresponding first echoes im and 8¢ with the thermal
optical phase change. Both metals show a sharp change lsdckgrounddotted curves in Figs.(4) and Xb)] subtracted.
delay timet=0 followed by a slow decay. This decay is The typical duration of these echoes~d0 ps. The differ-
caused by the near-surface temperature decreasing as heate in the first and second echoes is caused by the partial
diffuses into the filn?’ These decay curves can be approxi-acoustic transmission into the substrate and by ultrasonic at-

205421-2



PICOSECOND ACOUSTIC PHONON PULSE GENERATION. ..

N 4 | (a)

RELATIVE AMPLITUDE p

A

n

105p

~~~~~~~~~ EXPERIMENTAL ECHO

L — THEORETICAL ECHO
INCLUDING THERMAL

AND ELECTRON

DIFFUSION

--- THEORETICAL ECHO /2%
INCLUDING THERMAL AR
DIFFUSION il
~~~~~~~~ THEORETICAL ECHO §/
| IGNORING THERMAL  ff
AND ELECTRON
DIFFUSION

[o2)

()1

[+)]

_8¢1 E ]
mz E |

0 l 100 200
FREQUENCY (GHz)

AMPLITUDE (ArB. uNITS)

10566
D

o @0 i &

a 1 |
5 A
© E AMPLITUDE p
- QL @&
A
—— EXPERIMENTAL ECHO 2 ' d ]
—— THEORETICAL ECHO i (d)
| INCLUDING THERMAL b i
AND ELECTRON g
DIFFUSION Sl
3} -~ THEORETICAL ECHO at.
INCLUDING THERMAL 2t -30; 1
DIFFUSION 3
< | - THEORETICAL ECHO [ &0 36, 1
%S 2 IGNORING THERMAL | 2L ) 1
o AND ELECTRON o 100 200
- DIFFUSION FREQUENCY (GHz)
0
S
-1 o - 4

20 -0 0 0 20
DELAY TIME (ps)
FIG. 2. (a) First echoes for relative amplitugeand phase¢
for a 200 nm film of polycrystalline Ni on silicofl.00), plotted on

identical scales(b) First echoes for a 190 nm film of Cr on silicon
(100. The background thermal decaldotted curves in Figs.(4)
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sample response. The echoespirhave a strongly bipolar
shape, and this arises because of the nature of the coupling of
the acoustic strain in the near surface region to the real and
imaginary components of the refractive index, owing to the
photoelastic effect?® The magnitude of the acoustic strain is
~10"* in the present experiments. The echoesSih are
closer to a unipolar shape, and, as shown previously, are
dominated by a contribution from the out-of-plane transient
surface motiorf:® In our case the magnitude of the surface
displacement is-3 pm.

In order to quantify the effects of ultrasonic attenuation
we follow the standard procedure of comparing the fre-
quency spectra of the echoes assuming negligible acoustic
velocity dispersior,taking into account the partial transmis-
sion at the substrate. The amplitude reflection coefficient for
the phonon strain pulses from the substrate is expected to be
given by ra.=(psvs—pov)/(pov + psvs), Where pq is the
density,v is the longitudinal sound velocity, and the sub-
script s refers to the substrate. The values foy. are
—0.42 and—0.43 for Ni and Cr, respectivelgsee Table ).
Figure Zc) shows the frequency spectrum of the echoes in
¢ for Ni calculated from Fig. @), and Fig. 2d) shows the
corresponding spectrum for Cr. Heéeb, refers to the first
echo andé¢, to the second echo. The spectra show fre-
quency components up to 100 GHz. The ratio of these spec-
tra for Cr indicate an ultrasonic attenuation rising with
frequency?® whereas the ratio for Ni was independent of
frequency over the range probédp to ~100 GHz). That
is, the second echo for Ni is the same shape as the first echo
to within the experimental resolution. This is consistent
with the relatively low value of the ultrasonic attenuation
previously measured in the GHz range in Ri.The
frequency dependence of the ratio for Cr is used in the
following analysis to correct for the effect of acoustic propa-
gation when comparing experiment and theory for the first
echo.

IIl. THEORY AND ANALYSIS BASED ON THE TWO-
TEMPERATURE MODEL

In metals thermoelasticity is the dominant mechanism for
picosecond acoustic phonon pulse generatitinA lattice
temperature distributiorT;(z,t) is induced by the incident

and 1b)] have been subtracted from all four experimental tracePump light pulse absorbed within a depth, the optical

(thin solid curves The thick solid curves are theoretical fits includ-

absorption depth. This generates a longitudinal stress distri-

ing both thermal and electron diffusion. The dashed-dotted curvebution o(z,t). Here o= 033, andz is the distance into the

correspond to theoretical fits including only thermal diffusian (

film, wherez=0 at the film surface. This one-dimensional

—) and the dotted curves to theoretical fits in the absence ofpproximation for the temperature distribution is reasonable
diffusion (g—o,x—0). The theoretical curves include the effect if / (~15 nm for Ni and Cyis much smaller than the laser

of ultrasonic attenuation, only significant for Gc) The frequency
spectra for Ni of the first echd¢, and second eché¢,, calcu-
lated from the experimental phase traces(@h (d) Similar fre-
quency spectra for Cr. The solid curveg@ and(d) are the spectra
of 8¢, and the dotted curves are those &b,.

spot size -20 um), a valid assumption here. The stress
pulse can be calculated from a knowledge of the impulsive
contributions ¢o) to the stress at points in space and time
for which the temperature is varying:

tenuation. Measurements made at half the incident pump flu- d0=—yCiéT;=—3BB4T,, (1)

ence showed identical pulse shapslsown for both Ni and
Cr in the insets of Figs. (&) and Ib) on the same scale

wherey is the Gruneisen parameteB is the bulk modulus,

demonstrating that the present pump fluences induce a line@ is the linear thermal expansion coefficient, addis the
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TABLE I. Physical constants for Ni and Cr. The refractive indioesndn’ are measured by ellipsometry.
dn’/dn anddk’'/d#n are chosen to give simultaneous best fits to the experimental varigtioasd 5¢,
corresponding to the first echo. The density and longitudinal sound velocity @08 are, respectively,

ps=2.331 gcm?3, v,=8433 ms?! (Ref. 31).

Ni Cr
g(Wm3K™1) 440x 1052 420x 1052
k (Wm™ K™Y 91° 94°
v (ms 1) 5894° 66509
po (gcm3) 8.9° 7.2°
lac= (Psvs— pov)/ (pov + psvs) —0.42 —0.43
Ce/T (Im 3K ?) 1065° 194°©
C, (Im3K™h 3.95x10° P 3.24x10° P
N=n+ik atA=415 nm 1.50+2.0% 1.74+2.45
Nn'=n’+ik’ at\’=830 nm 2.14+3.75 3.27+2.85
I=NA4wk (nm) at A\=415 nm 16.0 135
I'=N\'l47k’ (nm) at\'=830 nm 17.6 23.2
Zo=(Dg7e) Y%= (x/g)*? (nm) 14.2 15.0
7e=Co/g (P9 0.73 0.14
D.=k/Cq (M?s™ 1) 2.42x10°4 6.89x10° 4
z,=(D7,0)*? (nm) 8.0 7.7
Tac= /v (P9 2.8 2.0
D=«/C; (m?s™ 1) 2.3x10°° 2.9x10°°
D/v¢ 0.24 0.32
dn’'/dn 1.3£0.1 6.50.5
dk'/d7y —1.2+0.1 —4.1+0.3
aReference 32.
PReference 33.
‘Reference 34.
YReference 35.
“Reference 36.
lattice heat capacity per unit volume. This stress drives a aT,
longitudinal strain pulse that eventually travels away from Ci—r =9(Te—Th), (4)
film surface!*1®
3Bp (= whereC, is the electron heat capgqity per unit volun_(ée(
n(z,t)=— f dt’sgriz—ov(t—t')] ~0.01C;), « the thermal conductivityg the e-p coupling
2pv? )= constant, andS(t) is the absorbed pump laser power
density>® Under the present experimental conditions of rea-
Xa_Ti|(|Z_ (=t - 2) sonably low pump fluenck, the. temperature dependgnces of
ot ’ ’ k*Te/T; and C,xT, can be ignored>® (The maximum

) ) ) o ) relative change i, is ~F/{C.Ty and inT; is ~F/{C;T.
This strain pulse includes contributions from the strain trav-rhese remain below 0.3 and 0.003, respectively, in the
eling towards and reflected from the film surface. present experiments, where the initial temperatitg

The transient variatiorTi(z,t) is affected in general by 300 k) The temperature dependence of other quantities in
both thermal and electron diffusion. For time scales greatefese equations is also negligible. According to this model,
than the internal electron thermalization fcr’fﬁahe tWO- \when an ultrashort laser pulse heating source is introduced
temperature model provides a good simplified descriptfon. through the termS(z,t), the relatively low-heat-capacity
This implies the separate existence of two temperaturegacirons initially absorb the photon energy, so thaf,
the electron temperaturé,, and lattice temperaturd; . >AT,, whereAT, andAT, refer to changes in temperature.

The temporal and spatial evolution ofe and T; are  The diffusion of these nonequilibrium electrons is character-
calculated according to two coupled partial differential ;o by diffusivity D,=«/C,. As the electrons relax the

equation®’ electron energy is transferred to the lattice, until eventually
T. becomes equal t®;. The energy relaxation time accord-
ITe _d [ dTe) T— T+ 1 fe-#¢ (3 ing tothis model is given by,=C./g (typically less than 1
gt gz\ "oz 9(Te=T) §S( e o ps for metaly and so the stronger tleep coupling the faster
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@]
— RESULTS INCLUDING

THERMAL AND ELECTRON |
4 DIFFUSION

the relaxationfIn the limit of g—«, T,=T; at all times, and IEI
Egs.(3) and (4) yield the standard equation of Fourier heat
diffusion, with heat capacitC=C.+ C;.] After this relax-
ation, Fourier thermal diffusion with thermal diffusivity
= k/(Ce+ C;)=~«/C; is the dominant diffusion process. The
large ratioD./D~C;/C,~100 implies that nonequilibrium
electron diffusion is the dominant transport mechanism for
times= 7. For brevity we shall henceforth refer to nonequi-
librium electron diffusion as simply electron diffusion in this
paper.

With the above linear approximation, Eq8) and(4) can
be solved analytically in the frequency domain and, by in-
corporating the strain generation according to &, the /8§ 7o~
frequency spectrum of the acoustic strain pulse can be™ Qf-==-==rmmmm=” .

o
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- 3BAS(w)w? expli wz/v) TIME (ps)
7(z,0)=——— ; - - - -
pokv}(1=iwCi/g)[1+ ({wlv)?] (c)
b, C (5) : | |
Pl p2+(wl/v)? 1+¢p| 5
<
w
This equation describes the acoustic pulse shape when it ha §
left the near-surface region. Hew@27 is the acoustic fre- 5
quency,S(w) is the Fourier transform of(t), andp is de- g
fined by <
: , 12 ] . . . .
p:{_ '_“’(H CilCe ” 0 100 200 300 400
De 1-iwCil/g FREQUENCY (GHz)

FIG. 3. Calculated profiles in the time domain f@ the strain

Equation (5) is fairly complex, but it represents a rela- pulse  and (b) the inward surface displacementsz for Ni at a
tively straightforward process. Before comparing theory ancposition far from the surface in the absence of ultrasonic attenuation
experiment it is useful to make some rough estimates of thélotted relative to the center of the strain pylse) The strain
length scales involved in electron and thermal diffusion. Af-pulse spectrum for Ni. The solid curve is the strain profile including
ter the pump pulse arrival and during a time of the order ofooth thermal and electron diffusion. The dashed-dotted curve is the
the energy relaxation time of the electroms=C./g the strain profile including only the effect of thermal diffusiég— ).
nonequilibrium electrons diffuse and transport their energy tgrhe dotted curve is the strain profile in the absence of diffusion
a depth~z,= (D 7o) 12 (x/g) 12 1416 This results in a spa- (gfoo, KH.O.) The gffect of the finite pump and probe pul_se du-_
tially distributed collection of acoustic sources, giving acouys-rations are |ncludgd in these cgrveg. The scales are n(.)rmallz.ed. with
tic pulse broadeningto a temporal duration of-z,/v for respect tp the heights fo_r no diffusion processes and in the limit of
z.= ). The relative values df, and{ therefore determine SNO't optical pulse durations.
the importance of electron diffusion on the picosecond
acoustic phonon generation. For both Ni and ¢ Quantitative calculations of the strain pulse shape are now
~15 nm, as shown in Table |, and so electron diffusion sig-given. We show the calculated strain pulse and inward sur-
nificantly affects the generation of acoustic phonon pulses ifiace displacemenit— §z=— [ 7(z,t)dz] variations for Ni
these metals. Once the electrons have relaxed, the latti¢e Figs. 3a) and 3b). Similar strain and displacement curves
temperaturel; continues to vary because of thermal diffu- were also found for Cr, and are not shown here. The three
sion. Provided that the thermal diffusivity is reasonablystrain profiles are evaluated numerically by an inverse Fou-
small’® the broadening effect of thermal diffusion on the rier transform of Eq(5). We have used the relevant physical
acoustic pulses is roughly determined by thermal diffusiorconstants from the literaturérable ). In particular, bulk
during a timer,.~¢/v, equal to the acoustic propagation values for the thermal conductivity are used because the
time across the optical absorption depth. The thermagrain size of the films is large compared to the diffusion
diffusion length corresponding to this time is given by lengthsz, andz . The solid curves correspond to the strain
zi=(D7,0)Y?=(D¢/v)Y2* For both Ni and Cr,D/{v  pulses including both thermal and electron diffusion, the
~0.3, andz~8 nm~{¢/2. This distance is smaller than dashed-dotted curves are the profiles taking into account
the corresponding length, for electron diffusion. only thermal diffusion §— ),%? and the dotted curves are
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the profiles when diffusion is abserg-{«,k—0). The spa- ~-—1.2 for Ni, anddn’/d»~6.5 anddk’/dn~—4.1 for
tial extent of the picosecond acoustic phonon pulse is broadzr. These values are, in general, strong functions of the
ened by a factor of about 2 by diffusion processes, as segfrobe wavelength(The errors indn’/dy and dk'/dy
from the half-width of the displacement pulseéBecause of quoted in Table | refers to an increase of the least-squares

the effect of the integration to obtain the displacement fronyesiduals by 5% The absolute magnitude of the echoegin
the strain, the effect of thermal diffusion on the displacemengnq in 5¢ are in agreement to within-50% of those pre-

profiles is more marked than its effect on the strain profiles. yicted. This agreement is reasonable in view of the uncer-

In the frequency domain this corresponds to a peakginties in the laser spot size diameters and the incident
frequency for the acoustic strain of40 GHz compared power of the pump laser light.

to ~|80 ?HZ (;”/ZT’O Ihn thethab?ence of dlf’fUSIton. This ™ The dotted curves in Figs(& and 2b) correspond to the

is clear from Fig. &) where the frequency spectra corre- calculated echoes without including electron and thermal dif-

sponding to the strain in Fig.(B) are shown. Although fusi
R fusion ©, 0), and the dashed-dotted curves corre-
diffusion processes reduce the peak frequency of the straify ond g[Q(])—{he :aEuI)Eited echoes including thermal diffusion

pulses, this reduction is much less severe than in the cassf ) .
of the noble metals: for Au, Ag, and Cu the typical peakaone @— ), again calculated using the least-squares tech-

frequency is~ 10 GHz4637The electron-phonon coupling nique and incl_uding the.effect of the experi.mentally mea-
constant in the case of noble metals is typically 10Sured u'Itraso.nlc attenuatigfor Cr). For both N|_and.Cr, _the
times smaller than in Ni or Cr, and this accounts for thetheory including both electron and thermal diffusisolid
difference. curveg gives the best agreement with the experimental
results*

In this paper we have only considered diffusion effects.
On very short time scales-10-30 fs characteristic of

In order to relate the calculated strain and displacement téhe electron-electron scattering time._, for the excited
quantities measured in experiment it is necessary to calculatgiectrons, ballistic electron propagation affects the penetra-
the relative variations in optical reflectanée/r for a given  tion of the nonequilibrium electrons into the metaf® In
7(z,t). This can be done by a knowledge of the outwardNj and Cr excited by 3 eV photong] electrons above
surface displacemerdiz(t) = [ 7(z,t)dz and the photoelas- the Fermi level are predominantly involv8t;*® and it
tic constantsin’/d», dk'/dz, wheren’=n’+ik’ is the re- is their initial transport at velocities at a substantial fractfon

IV. COMPARISON OF THEORY AND EXPERIMENT

fractive index at the probe light wavelength: 22 of the Fermi velocity ¢ that is ballistic. Such ballistic propa-
gation velocities lead to electron transport distances

or _ AT ~ 8wn’ dn ~vgTee~10 Nm. A calculation of such corrections to our
T=p+l5¢=—lv52+lma simpler theoretical approach proposed here is beyond the

scope of this paper. However, the present work has shown
w A’ that in Ni and Cr the two-temperature model, in spite of its
Xf n(z,t)exp( [ TZ)dZ- (6) simplicity, is successful in quantitatively accounting for the
observed echo shapes and hence for the phonon strain pulse
shapes.

0

The theoretical predictions fgr and 8¢, calculated from
Egs.(5) and(6), are shown by the solid curves in FiggaR
and 2b) for Ni and Cr, respectively. For the case of Cr,
where the frequency dependence of the ultrasonic attenuation V. CONCLUSIONS
is Signiﬁcant, its effect is included in these predictions by In Conclusion, we have investigated the generation
multiplying the frequency spectrum of the strain in B8  mechanisms for picosecond acoustic phonon pulses excited
by the frequency-dependent experimental ultrasonic attenugy ultrashort optical pulses in Ni and Cr, metals with strong
tion factor. The photoelastic constamts’/d» anddk’/dn  electron-phonon coupling. We have analyzed quantitatively
are calculated by least-squares fitting, and the refractive inthe shapes of the acoustic phonon pulses using the linearized
dicesn andn’ are taken directly from measurements bytwo temperature model. Comparison with the experimental
spectroscopic ellipsometry on our thin film samples; othemptical reflectance and phase changes leads to excellent
physical constants are taken from the literatisee Table)l agreement with this model, taking into consideration the
We also assume that the temporal intensity variation of théroadening effect of the ultrasonic attenuat{erinere neces-
pump and probe pulses are approximated by Gaussian preary calculated from the experimental results. We conclude
files. The ratio of the heights of the echoespirand ind¢  that both nonequilibrium electron diffusion and thermal dif-
are not adjusted relative to one another. Rather, a single aflasion affect the optical generation of picosecond acoustic
justable scale factor is used to fit both variations. A variablegphonon pulses excited in Ni and Cr. In the future it would be
vertical offset is also included as a fitting parameter to avoidnteresting to extend this work to measurements of other
any bias in the choice of a zero level. The zero of the timdransition metals, and to investigate the effect of changing
scale is fixed as the average position of the peaks of ththe excitation photon energy on the acoustic strain profiles in
experimental amplitude and phase echtieBhe agreement order to explore in detail the effect of band structure on
with experiment is optimal witldn’/d%»~1.3 anddk’/dn»  phonon generation.
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