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Laser-wavelength dependence of the picosecond ultrasonic response of a NiFeÕNiOÕSi structure

C. A. C. Bosco, A. Azevedo, and L. H. Acioli
Departamento de Fı´sica—Universidade Federal de Pernambuco, 50670-901 Recife, Pernambuco, Brasil
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Ultrafast optical excitation and detection of acoustic phonons has been used to analyze ultrathin films
composed of NiFe/NiO/Si which are important for applications in magnetic storage and processing. Results are
presented on the wavelength dependence of the ultrasonic response of the thin NiO film and bulk Si. Signifi-
cant changes are observed between detection using the fundamental and the second harmonic of the femto-
second laser as the probe beam. Beatings between low order longitudinal phonons in the NiO layer are
observed and measurements of its refractive index and absorption coefficients are performed.
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I. INTRODUCTION

Ultrafast optical techniques have long been demonstra
to be a very powerful technique to excite and probe sh
pulses of sound waves in the hundreds of GHz domain
many different kinds of samples.1–5 As these pulses are o
very small spatial extent they have proven useful for de
mining the thickness of ultrathin samples. More recently
was shown to be possible to experimentally study the dis
sion relations of longitudinal phonons in period
structures,6–8 deviations from a linear dispersion relation
bulk samples,9 and the generation of acoustic soliton
pulses.10

The primary step of an ultrafast optical excitation of lo
gitudinal acoustic waves involves the absorption of a pu
pulse, usually through intraband or interband electronic tr
sitions in a metal where light has a small penetration de
The pump pulse creates a nonuniform spatial distribution
hot electrons determined by the absorption coefficient of
sample. As has been well established by transient pu
probe spectroscopy,11–14within a few picoseconds the exce
energy of the electron system is transferred to the lattice
electron-phonon coupling, at the same time that diffus
processes take place.15 The result is that strong temperatu
gradients are established, originating strain waves that pr
gate into the sample, producing changes in the real
imaginary parts of the dielectric constant to which the pro
pulse is sensitive. The signal is detected as a change in
reflectivity of the sample and, as shown recently, it may
pend strongly on the probe’s wavelength.16 Another param-
eter that plays an important role is the penetration depth
the probe pulse. In experiments with transparent materia
has been demonstrated that a thin metallic film may be u
as a transducer, in order to launch the strain wave into
underlying sample of interest.15 The oscillations detected in
the transparent medium depend primarily on the speed
soundvs , and the refractive index at the probe’s waveleng
n(lprobe).

If strain waves are excited in thin film structures wi
different acoustic impedances, secondary strain waves
created and reflected back and forth between these interfa
Interesting effects such as phonon confinement may be
served if the film thickness is small compared to the wa
length of the excited phonons.17 More importantly for the
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regime we study here, the thickness of a layer determines
spacing between the acoustic modes it supports.

Ultrafast reflectivity measurements in NiO and Si within
structered thin film sample of NiFe/NiO/Silicon substrate a
reported. The structures we study are important for appl
tions in magnetism,18 and NiO thin films are also of impor
tance for gas sensing applications.19–21 The samples for
which the measurements were performed are schematic
shown in Fig. 1, where a thin NiO layer is sandwiched b
tween a NiFe film and bulk Si. The NiFe plays the role o
transducer, where the pump pulse is absorbed. Although
NiO layer is not transparent, it is sufficiently thin to be im
portant to consider its mode structure, and the observatio
beatings between a small number of neighboring acou
modes in the NiO layer is reported. These modes are sele
by a thickness dependent filtering function, and we pres
results of calculations that support our interpretation of
data. We argue that in our experimental situation this is
herent to the detection process and has little influence of
shape of the strain pulse. The measurements involve eith
single- or dual-wavelength time-resolved pump-probe te
nique, with a femtosecond Ti:sapphire laser as the source
previously reported by other authors,16 we have also ob-
served wavelength dependent piezo-optic coupling of N
when the probe pulse photon energy is doubled. For sma
variations of the probe’s photon energy we have determi
the dependence of the central frequency of the observed
cillations with wavelength, obtaining the dispersion of t
refractive index of the NiO films.

II. ACOUSTIC PULSE EXCITATION AND DETECTION

To compute the reflectivity changes of the sample sho
in Fig. 1, we recall that the NiFe works as a transducer t
launches a strain pulse into the next layer. Its thicknes
typically 10 nm, and at a pump wavelength of approximat
800 nm, for which the experiments described here were
formed, the penetration depth in this layer is of the sa
order. A fraction of the incident pump pulse is therefo
transmitted into the next layers. As will be seen later fro
our experimental results, despite this possibility of leakage
the pump pulse, the strain pulseh(z,t) is indeed launched by
the NiFe transducer into the NiO film. The total transie
reflectivity variationDr is determined by a sum of sever
©2002 The American Physical Society06-1
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contributions due to the presence of the strain pulse in all
layers, which must be added to the unperturbed reflecti
r 0. In the simplest case when the sample consists of only
transducer and a transparent substrate, one obtains1,22

r total5r 01Dr 5r 01b~e1 ,e2! E
0

`

De~z,t ! e2ikz dz,

~1!

where De5De11 iDe2 are the changes in the real an
imaginary parts of the dielectric constant due to the comp
sion waveh(z,t), b is a constant that depends on the unp
turbed dielectric constant, andz50 at the transducer/film
interface. For small changes of the dielectric const
De(z,t), the measured transient reflectivity is proportional

ur totalu2 'ur 0u212Re~r 0* Dr !, ~2!

and therefore linear inDr . The optical phase factor in th
integral of Eq. ~1! is 2kz5(4pnprobe/lprobe)z, where
lprobe andnprobe are the probe wavelength and the comp
refractive index, respectively. If the strain field is deco
posed into its Fourier components this phase factor will
lect the mode that fulfills the Bragg condition 2k5q, where
q is a wave vector of the longitudinal phonon spectrum.
for any radiating array, the width of the selection filter d
pends on the sample’s effective lengthL, typically through a
sinc function whose width inq space isDqf ilter'1/L. The
signal oscillates with a period given by t
5lprobe/(2nprobevs),

3,22,24 which allows one, for example
to determine the refractive index if the speed of sound
known, or vice versa.

For a sample with more than one different layer after
transducer, both the excitation and detection processes
affected. Regarding the detection, the complete descrip
of this problem has been layed out by Wright,22 who consid-
ered the influence of the multiple reflections from all inte
faces and strain pulses, in all layers. The variation of
optical thickness in each layer was also taken into acco
In the treatment presented here the multiple reflections h
not been considered, the reason being that the absorptio
the NiO layer is not negligible, which reduces the contrib
tion of multiple reflections,

FIG. 1. Schematic diagram of the samples used in our exp
ments. The pump pulse excites the strain pulses from the NiFe
which plays the role of the transducer. All the constant and acou
induced reflectivities are displayed.
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Dr 5Dr NiO1Dr Si , ~3!

whereDr NiO is the contribution from the film andDr Si rep-
resents reflection off the strain wave within the substrate
is important to note that in the contribution from the Si su
strate there is an optical phase factor due to the round
within the NiO layer. The contribution from the strain wav
in the NiFe layer will later be seen to have no influence
the transient reflectivity.

We focus first on the contribution from the thin NiO laye
that has the form of the second term in Eq.~1!, with the
integration limited toL. As in the previous case the wav
vectorq52k is selected, this time out of a discrete spectru
The probe pulse absorption is not negligible, but does
impede probing the underlying Si substrate. In both the N
film and the Si substrate, the transient reflectivity will b
determined by their respective refractive indexes and so
speeds:t j5lprobe/(2njvs j).

As the NiO thicknessL is small, both the forward- and
back-propagating Fourier components of the strain field
cited by the pump pulse must be considered,

h~z,t !5 (
q.0

$hq
1exp@2 i ~vqt2qz!#

1hq
2exp@2 i ~vqt1qz!#1cc%, ~4!

wherehq
6 are the complex Fourier amplitudes, the freque

cies are given byvq5qvs , with vs being the speed of the
longitudinal sound waves. The variation of the dielect
constants responsible for the reflectivity changes16,22 are

De5De11 iDe25F]e1

]h
1 i

]e2

]h Gh~z,t !, ~5!

proportional toh(z,t). Introducing this expression into Eq
~1! for the reflectivity gives

Dr ~ t !}u~ t ! eiw (
q.0

A~q! $F~k,q!2F~k,2q!%sin~vqt !,

~6!

wherew is a phase that depends on the relative amplitude
the induced changes in real and imaginary parts of the
electric constant,De1, andDe2, respectively; andA(q) is an
amplitude that depends onhq

6 . For strain pulses short com
pared to the round-trip time the amplitudeA(q) is a broad
and smooth function.F(k,q) is the filtering function and is
given by

F~k,6q!5
exp@ i ~2k6q!L#21

i ~2k6q!
, ~7!

and the filter’s bandwidth is inversely proportional the sa
ple’s length:Dq}1/L. The laser’s bandwidth is of little in-
fluence sinceDk!Dq, which means that the peak of th
filter is at a well defined position.

The Fourier analysis presented above can be easily
plied to the detection of the strain pulses in an absorb
sample, the difference being that the wave vector must n
be considered as a complex quantity, the effective opt
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length is smaller, and the filter function is broadened. T
reflectivity signal is more localized in time because mo
frequencies are detected by the probe pulse.

For a transparent sample the number of modes that
detected,M, is given by the width of the filter function di
vided by the mode spacing, and is independent ofL,

M5
Dqumode spacing

Dqu f i l ter
'const, ~8!

but the spacing between these modes in the frequency
main increases for thin samples, and the beating between
different modes may be observed. This is a different reg
compared to most experiments previously reported on tra
parent films, where the samples are usually long, and op
the possibility to detect relative phases and determine r
tions between the changes induced by the strain pulse in
dielectric constantsDe1 andDe2.

III. EXPERIMENT

The experimental setup consists of a time-resolved pu
probe system based on a femtosecond Ti:sapphire laser
generates pulses of 100 fs, at a repetition rate of 76 M
and a wavelength tunable within'50 nm of 800 nm. The
excitation and probe pulses are focused by a 203 micro-
scope objective at the sample and the relative delay betw
them is controlled by a stepping motor with 0.1-mm resolu-
tion. The pump pulse is mechanically chopped and the
flectivity changes are detected with a lock-in amplifier. T
time-resolved reflectivity could be measured in either~i! a
single wavelength scheme where the probe beam is at
same wavelength of the pump beam (lpump), or ~ii ! a dual
wavelength scheme, where the probe is the second harm
(lpump/2) of the pump beam. The probe pulses were roug
1/10 of the pump pulses ('0.1 nJ) for the single-
wavelength experiments and smaller than 1/100 for the d
wavelength experiments. Typically, changes of one par
104 of the reflectivity are measured.

The samples used in the measurements were origin
designed for studying the magnetic exchange bias coup
between a ferromagnetic NiFe layer and an antiferrom
netic NiO layer,18 and were prepared by dc magnetron sp
tering in a Balzers/Pfeiffer PLS500 system. The nickel ox
layer was deposited on commercially available Si~001! after
cleaning in ultrasound baths of acetone and ethanol for
min and drying in nitrogen flow. Above the NiO layer wa
deposited a film of Ni80Fe20, and no cover layer on the mag
netic film was used. The base pressure of the system prio
deposition was 2.031027 torr. The films were deposited in
3.431023-torr argon atmosphere in the sputter-up config
ration, with the substrate at a distance of 9 cm from
target. The purity of the NiO and NiFe target is 99.9%, a
that of the argon gas is 99.999%. The films were depos
on the substrate at a temperature of 130 °C and the dep
tion rate was 0.7 /s. This rate was calibrated by measu
the frequencies of volume spin-wave modes in thicker fil
using Brillouin light scattering and confirmed by measu
ments in a surface profiler. The NiO film is oriented alo
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the ~111! direction, as determined from x-ray analysis. T
nominal thickness of the NiO layer varied between 43.5 a
120 nm, while those of the NiFe layer varied between 10 a
30 nm.

IV. RESULTS

This section describes our experimental results, star
with the differences in the observed signal when the pro
wavelength is changed from the fundamental of the Ti:s
phire laser~800 nm! to its second harmonic~400 nm!. Figure
2 displays the transient reflectivity in a sample where
NiFe layer has 10 nm, the NiO layer is nominally 120 n
thick and the probe wavelengths is either~a! 800 nm or~b!
400 nm. In the first case, the signal is dominated by an ini
ultrafast decay, which is related to an electronic cooli
process,14 plus a slower decay possibly related to heat a
electronic diffusion.15 Figure 2~b! shows that when the prob
wavelength is changed to 400 nm the detected signal is q
different: there are two distinct oscillations clearly obse
able. The fact that these oscillations are detected only w
the second harmonic is used as a probe is due to the di
ence in the piezo-optic coupling: the second harmonic pu
is closer to the NiO gap, and also to the direct valence
conduction band transition in Si.25

The fast oscillation has a period of'4.4 ps, and it begins
at a probe delay of 44 ps. The slow oscillation has a period
'11 ps, and initiates immediately after the pump pu
strikes the sample. As will be shown later we have identifi
that ~a! the longer oscillation is related to the strain wave
the NiO layer, and~b! the faster oscillation is related to th
silicon substrate. To substantiate this claim, measurem
where the NiO thickness is varied have also been perform
keeping the probe wavelength~400 nm! and the transduce

FIG. 2. ~a! Transient reflectivity for a sample with a 10-nm NiF
transducer on a 274-nm-thick layer of NiO grown on a Si~001!
substrate, with both pump and probe wavelengths atl5800 nm.
~b! Pump atlpump5800 nm and probe atlprobe5400 nm.
6-3
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C. A. C. BOSCO, A. AZEVEDO, AND L. H. ACIOLI PHYSICAL REVIEW B66, 125406 ~2002!
thickness~10 nm! fixed. The results are shown in Fig. 3
where it is clear that the periods of neither the slow or
fast oscillations change, but that the position at which
fast oscillations begins varies linearly with NiO thicknes
Also, the relative amplitude of the fast oscillations increa
with decreasing NiO thickness. This is due to the fact th
despite the absorption of light in this layer is much sma
than for the NiFe layer, it is still enough to change the a
plitude of the probe wavelength that penetrates into the
substrate.

If the thickness of the NiO layer is known, the soun
velocity in the NiO layer can be obtained asvNiO5L/Td
'2.7 nm/ps, which is quite different from the predicted bu
velocity in NiO, vNiO(bulk)55 –7 nm/ps, depending on th
crystalline orientation. We believe this discrepancy com
from the thickness calibration of our sample and theref
recalibrate the nominal thickness of our sample by assum
that the sound velocity in the NiO film is that of the bulk
the ~111! direction, which has been measured23 to be 6.2
nm/ps. This results in a recalibration of all NiO film thick
nesses by a factor of 2.28, and it is these values that
quoted from this point on.

For the sample without the NiO layer we have varied
probe wavelengths around 400 nm. Despite both pump
probe wavelengths change in these measurements, we e
that the acoustic excitation process to be unchanged: it
pends on the penetration depth in the NiFe layer, which
basically the same for the range of pump wavelengths u
Figure 4 presents the results for samples without the N
layer, and for a 10-nm NiFe transducer. Figure 4~a!. displays
the transient reflectivity whenlprobe5387.5 nm, and the in-
sert shows its Fourier transform. For this sample only the
oscillation is present, with essentially no delay, indicati
that this oscillation occurs in the Si substrate. Figure 4~b!.
shows the measurement for alprobe5412.5 nm. It is clear

FIG. 3. Transient reflectivity forlprobe5400 nm for samples
with a 10-nm NiFe transducer, and a NiO thickness equal to 0,
199, and 251 nm. The delay at which the fast oscillation beg
depends linearly on the NiO layer, and occurs within the Si s
strate.
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that both the oscillation frequency and the decay time of
signal depend on the probe wavelength: both the peaks
widths of the Fourier transforms vary with wavelength. T
probe pulse is sensitive to the strain wave excited in
silicon layer, with the oscillation period determined by th
real part of the refractive index and the decay time is de
mined by the imaginary part through the width of the filt
function described by Eq.~7!. Due to the strong absorptio
in Si for the range of wavelengths considered, the imagin
part of the photon wave vector, k, is quite large. From t
data it is possible to obtain the dispersion of the real par
the refractive index, once the speed of sound for the~001!
orientation of Si is known. AssumingvSi(001)58.48 nm/ps,9

we obtain the dispersion curve shown in Fig. 5. These res
are in good agreement with the known parameters
silicon.25

Figure 6 shows the results of measurements varying
probe wavelength for a sample with an 199-nm NiO lay
and a 10-nm NiFe transducer, after subtraction of a dou
exponential decaying background, due to the contribut
from the dynamics of electronic cooling14 and heat and elec
tronic diffusion.15 Again the filter function selects the fre
quency of the detected oscillation, and there is a measur
change in the oscillation frequency with probe waveleng
as expected from predictions based on Eq.~5!. We also no-
tice that there is a small change in the phase of the osc
tions around a delay of 67 ps,independent of the probe
wavelength. This phase change is related to the round-t
time of the strain pulse in the NiO layer, and should also
present at half this delay, but cannot be seen here due to
fast oscillations from the Si substrate. From these data
complex refractive index in the NiO layer may be extracte
with the result for the real part of the refraction index d
persion displayed in Fig. 7, which is in reasonable agreem
with bulk refractive index measurements for NiO.26 Another

9,
s
-

FIG. 4. ~a! Transient reflectivity in a sample with no NiO laye
probing the strain pulses in Si, for alprobe5388 nm, with its Fou-
rier transform shown in the inset. The peak is atf '0.26 THz. ~b!
Same as in~a! but for lprobe5413 nm, with the peak of the Fourie
transform atf '0.21 THz.
6-4
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point worth noting is that there is a phase change in the
oscillations forlprobe5417.5 nm, as indicated by the sol
line in Fig. 6, located at the position where the fast osci
tions begin. This wavelength dependent phase is not pre
in the measurements performed for the sample without
NiO layer, and therefore not related to changes in the pie
optic coupling in Si.

FIG. 5. Refractive index dispersion of Si obtained from the p
riod of the fast oscillations with no NiO layer. The onset for dire
valence to conduction-band transitions in silicon lies
'3.4 eV (364 nm).

FIG. 6. Transient reflectivity for a sample with a 10-nm NiF
transducer, and a 199-nm NiO layer on a Si~001! substrate. The
probe wavelengths varies between 386 and 418 nm. The dashe
indicates the begining of the fast oscillations, where a wavelen
dependent phase is observed. The solid line illustrates the p
change that occurs at a probe delay of 67 ps,that does not vary with
probe wavelength.
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V. DISCUSSION

The results presented in the previous section are discu
in the light of Eq. ~5!. The transient reflectivity signal is
proportional to the real part ofr 0* Dr , wherer 0 is the unper-
turbed reflectivity due to all interfaces, including the per
nent optical phases of the back and forth travel to each
terface, reminding that multiple reflections are n
considered in our calculations. For the results presente
Fig. 6, for example, the fast oscillations occur in the su
strate and the slow ones are due to the NiO film. The f
oscillations start when the strain pulse created in the N
transducer arrives at the NiO/Si interface. The penetra
depth in the NiO film is of the same order of the layer
thickness and the probe pulse ‘‘sees’’ the strain wave over
whole film. The filter function is therefore determine
mainly by the sample’s length. Figure 8~a! shows the results
for the numerical fit together with the experimental resu
for the 199-nm NiO layer, forl5400 nm. We have included
an empirical exponential decay time of 70 ps in Eq.~5! in
order to account for the transmission losses of the st
pulse at the NiO/Si interface. A good comparison to the
perimental data is also achieved if the amplitude of the
cillations are reduced by a constant factor after each refl
tion at the NiO/Si interface. Typically this reduction is o
' 40%. The fast oscillating contribution from Si has be
omitted in the numerical fit in order to have a better view
the whole process, and a beating is clearly seen, involv
the 5–6 different modes selected by the filter. In the cal
lations the penetration depth in the NiO layer is of the ord
of 50 nm, which is comparable to the sample’s thickne
The effective sample length, due to absorption, isLe f f5(1
2e2aL)/a'60 nm, which does not change the filterin
function much. An interesting aspect is that the position
the phase change observed in the slow oscillations aroun
ps, and reproduced in the simulation, depends only on
speed of sound and sample thickness.

Figure 8~b! displays the results for the numerical fit of th
experimental data obtainedwith the same parametersused to

-

t

line
th
se

FIG. 7. Dispersion of the refractive index change for the N
film, obtained from Fig. 6.
6-5
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obtain Fig. 8~a!: only the sample lengthL is changed to 251
nm in the simulation. Again, the agreement is quite good
the phase shift of the detected transient reflectivity is n
observed for a greater delay time. From the numerical ca
lations it is clear that this phase shift is sensitive to the ov
all phase of the reflectivity, determined mainly by the ra
De1 /De2, opening the possibility of measuring the real a
imaginary contributions to the piezo-optic coupling.

Another interesting point is the wavelength depend
phase shift seen in the fast oscillations from the Si substr
As the wavelength is varied froml15386 nm to l2
5418 nm, the delay of the first peak changes by aboutdt
'2.5 ps, which corresponds to a phase shiftdf
'2pdt/TSi'3.56 rad or df'2p(12dt/TSi)'2.71 rad,
whereTSi'4.4 ps is the~average! period of the fast oscilla-
tions. The origin of this phase is the propagation back a
forth through the NiO layer, before the Si substrate, wh
introduces a wavelength dependent phase factorfopt
52(2pnNiO /l)LNiO . The calculated phase difference b
tween the two wavelengths above, using the previously
tained refractive indexes, is dfopt52(k12k2)LNiO
'2.3 rad, which is reasonably close to the second estim

FIG. 8. ~a! Numerical fit of the slow oscillation within a 199
nm-thick NiO film andlprobe5400 nm.~b! Same as in~a! but for
an 251-nm-thick NiO film, using the same parameters for the
merical fit. In the calculations we use 1/a'50 nm for the penetra-
tion depth.
v.

ys
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on
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for df. As the NiO layer thickness is close to one optic
wavelength in this medium, this result serves as a dou
check for its refraction index measurements.

When the probe wavelength is changed from the fun
mental to the second harmonic the magnitude of the pie
optic coupling observed in both the NiO film and in the
substrate varies quite dramatically. This must come from
detuning relative to absorption edges: in both materials
gap is around 3.4 eV25 ~in Si this is obviously thedirect
gap! and the second harmonic is closer to this value than
fundamental beam. One possibility is that due to electr
phonon coupling, the band edge of both these materials
displaced in the presence of a strain wave:DEgap5hD
whereD is the optical deformation potential.27 Variations in
the band gap results in changes of the dielectric const
and there is expected to be a strong probe wavelength de
dence in the coefficients]e1 /]n and]e2 /]n that appear in
Eq. ~5!, for photon energies close to the band edge.1 To
check this possiblity it would be necessary to be able to t
the probe laser further higher into these transitions. Th
should be an observable change in the phase of the obse
oscillations, if this is the mechanism responsible for the o
served signal. Unfortunately, that is out the tuning range
our laser.

VI. SUMMARY

Ultrafast transient reflectivity measurements in a NiF
NiO/Si structure have been performed. Significant chan
are observed when changing the probe wavelength f
lprobe5800 to 400 nm, which are attributed to the grea
proximity, in the second case, of the probe photon’s ene
to absortion edges in both NiO and Si. The influence of
probe penetration depth has been discussed in terms o
number of acoustic modes that are effectively detected,
the beating between the modes of a NiO film were observ
because of the small thickness of this film.

The refractive index dispersion curves for both Si a
NiO have been obtained. The use of thin transparent film
picossecond ultrasonics opens the possibility to obtain qu
titative information on the real and imaginary contributio
of the dieletric constant to the coupling between light a
sound waves.
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