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Laser-wavelength dependence of the picosecond ultrasonic response of a MNi@©/Si structure
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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 regime we study here, the thickness of a layer determines the
spacing between the acoustic modes it supports.

Ultrafast optical techniques have long been demonstrated Ultrafast reflectivity measurements in NiO and Si within a
to be a very powerful technique to excite and probe shorstructered thin film sample of NiFe/NiO/Silicon substrate are
pulses of sound waves in the hundreds of GHz domain irieported. The structures we study are important for applica-
many different kinds of samplés® As these pulses are of tions in magnetism? and NiO thin films are also of impor-
very small spatial extent they have proven useful for detertance for gas sensing applicatiofis?* The samples for
mining the thickness of ultrathin samples. More recently itwhich the measurements were performed are schematically
was shown to be possible to experimentally study the dispeshown in Fig. 1, where a thin NiO layer is sandwiched be-
sion relations of longitudinal phonons in periodic tween a NiFe film and bulk Si. The NiFe plays the role of a
structure$~8 deviations from a linear dispersion relation in transducer, where the pump pulse is absorbed. Although the
bulk samples, and the generation of acoustic solitonic NiO layer is not transparent, it is sufficiently thin to be im-
pulses'© portant to consider its mode structure, and the observation of

The primary step of an ultrafast optical excitation of lon- beatings between a small number of neighboring acoustic
gitudinal acoustic waves involves the absorption of a pumpnodes in the NiO layer is reported. These modes are selected
pulse, usually through intraband or interband electronic tranby a thickness dependent filtering function, and we present
sitions in a metal where light has a small penetration depthiesults of calculations that support our interpretation of the
The pump pulse creates a nonuniform spatial distribution oflata. We argue that in our experimental situation this is in-
hot electrons determined by the absorption coefficient of théerent to the detection process and has little influence of the
sample. As has been well established by transient pumgshape of the strain pulse. The measurements involve either a
probe spectroscopy; *within a few picoseconds the excess single- or dual-wavelength time-resolved pump-probe tech-
energy of the electron system is transferred to the lattice vi&ique, with a femtosecond Ti:sapphire laser as the source. As
electron-phonon coupling, at the same time that diffusiorPreviously reported by other authdfswe have also ob-
processes take plat&The result is that strong temperature served wavelength dependent piezo-optic coupling of NiO
gradients are established, originating strain waves that propathen the probe pulse photon energy is doubled. For smaller
gate into the sample, producing changes in the real andariations of the probe’s photon energy we have determined
imaginary parts of the dielectric constant to which the probethe dependence of the central frequency of the observed os-
pulse is sensitive. The signal is detected as a change in tidlations with wavelength, obtaining the dispersion of the
reflectivity of the sample and, as shown recently, it may derefractive index of the NiO films.
pend strongly on the probe’s wavelend®nother param-
eter that plays an importz_int role i; the penetration dep_th o_f Il ACOUSTIC PULSE EXCITATION AND DETECTION
the probe pulse. In experiments with transparent materials it
has been demonstrated that a thin metallic film may be used To compute the reflectivity changes of the sample shown
as a transducer, in order to launch the strain wave into am Fig. 1, we recall that the NiFe works as a transducer that
underlying sample of intere$t. The oscillations detected in launches a strain pulse into the next layer. Its thickness is
the transparent medium depend primarily on the speed diypically 10 nm, and at a pump wavelength of approximately
soundvg, and the refractive index at the probe’s wavelength,800 nm, for which the experiments described here were per-
N(Xprobe) - formed, the penetration depth in this layer is of the same

If strain waves are excited in thin film structures with order. A fraction of the incident pump pulse is therefore
different acoustic impedances, secondary strain waves ateansmitted into the next layers. As will be seen later from
created and reflected back and forth between these interfacesir experimental results, despite this possibility of leakage of
Interesting effects such as phonon confinement may be olthe pump pulse, the strain pulg€z,t) is indeed launched by
served if the film thickness is small compared to the wavethe NiFe transducer into the NiO film. The total transient
length of the excited phonor$.More importantly for the reflectivity variationAr is determined by a sum of several
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NiFe NiO Si Ar=Aryio+Arg, &)

whereAr yio is the contribution from the film andrg; rep-
resents reflection off the strain wave within the substrate. It
is important to note that in the contribution from the Si sub-
strate there is an optical phase factor due to the round trip
within the NiO layer. The contribution from the strain wave
in the NiFe layer will later be seen to have no influence on
the transient reflectivity.
We focus first on the contribution from the thin NiO layer,
NMnio (Z,H)  Mgi(z,1) that has the form of the second term in Ed), with the
o _ integration limited toL. As in the previous case the wave
FIG. 1. Schematic diagram of the samples used in our experigectorq= 2k is selected, this time out of a discrete spectrum.
ments. The pump pulse excites the strain pulses from the NiFe sidg;,o probe pulse absorption is not negligible, but does not
yvhich plays thg r_qle of the _transducer. All the constant and aCOUStiFmpede probing the underlying Si substrate. In both the NiO
induced reflectivities are displayed. film and the Si substrate, the transient reflectivity will be

I . _ determined by their respective refractive indexes and sound
contributions due to the presence of the strain pulse in all thgpeedsn—- “Norone! (2N05)
Tj~ Mprobe iUsj/-

layers, which must be added to the unperturbed reflectivity As the NiO thicknesd. is small. both the forward- and

ro- In the simplest case when the sample consibst;tgl of only thBack-propagating Fourier components of the strain field ex-
transducer and a transparent substrate, one obtains cited by the pump pulse must be considered,

Motal=FoTAr=ro+ (e, €2) fo Ae(z,t) €% dz, (z,t)= 20 {ngexd —i(wqt—a2)]
q>
(1)
+ g exfd —i(wqt+qz)]+cc}, (4)

where Ae=Ae;+iAe, are the changes in the real and
imaginary parts of the dielectric constant due to the compreswhere mf are the complex Fourier amplitudes, the frequen-
sion waven(z,t), B is a constant that depends on the unper<ies are given byv,=quvs, with vg being the speed of the
turbed dielectric constant, anm=0 at the transducer/film longitudinal sound waves. The variation of the dielectric
interface. For small changes of the dielectric constantonstants responsible for the reflectivity chart§é%are
Ae(z,t), the measured transient reflectivity is proportional to 5 5
Ae=Ae;+iAe,= &-l—iai;

s 7(Z,t), 5

|rtotal|2 ~|ro|2+2Re(r’5Ar), (2)

and therefore linear ihr. The optical phase factor in the Proportional to7(z,t). Introducing this expression into Eg.
integral of Eq. (1) is 2kz=(4mNyope/\prone)Z, Where (1) for the reflectivity gives

Nprobe @NdNpope are the probe wavelength and the complex ‘

refractive index, respectively. If the strain field is decom- Ar(t)x6(t) €'¢ > A(q) {F(k,q)—F(k,—q)}sin(wqt),
posed into its Fourier components this phase factor will se- q>0

lect the mode that fulfills the Bragg conditiok2 g, where (6)

g is a wave vector of the longitudinal phonon spectrum. Aswhereg is a phase that depends on the relative amplitudes of
for any radiating array, the width of the selection filter de-the induced Changes in real and imaginary parts of the di-
pends on the sample’s effective lengthtypically through a  glectric constantA e;, andAe,, respectively; and\(q) is an
sinc function whose width i space isAqyier~1/L. The  amplitude that depends og; . For strain pulses short com-
signal  oscillates  with a period given by 7T  nared to the round-trip time the amplitudéq) is a broad

— 3,22,24 H . . . . . .
=Nprobe/ (2Nprobd’s), ™" which allows one, for example, and smooth functionE(k,q) is the filtering function and is
to determine the refractive index if the speed of sound Igyiven by

known, or vice versa.

For a sample with more than one different layer after the exdi(2k=q)L]—1
transducer, both the excitation and detection processes are F(k,=q)= i(2k=q) : (7)
affected. Regarding the detection, the complete description -
of this problem has been layed out by Wrightyho consid-  and the filter's bandwidth is inversely proportional the sam-
ered the influence of the multiple reflections from all inter- ple’s length:Aqec1/L. The laser’s bandwidth is of little in-
faces and strain pulses, in all layers. The variation of thdluence sinceAk<Aq, which means that the peak of the
optical thickness in each layer was also taken into accounfilter is at a well defined position.
In the treatment presented here the multiple reflections have The Fourier analysis presented above can be easily ap-
not been considered, the reason being that the absorption pilied to the detection of the strain pulses in an absorbing
the NiO layer is not negligible, which reduces the contribu-sample, the difference being that the wave vector must now
tion of multiple reflections, be considered as a complex quantity, the effective optical

125406-2



LASER-WAVELENGTH DEPENDENCE OF TH . .. PHYSICAL REVIEW B 66, 125406 (2002

length is smaller, and the filter function is broadened. The [
reflectivity signal is more localized in time because more —_ nm
frequencies are detected by the probe pulse. ’JJ\ = 7\'probe 800 (a)

For a transparent sample the number of modes that are==—
detected M, is given by the width of the filter function di-

vided by the mode spacing, and is independerit,of

Aq|mode spacing
M= ————=const, (8)
Adfitter

but the spacing between these modes in the frequency dofY”
main increases for thin samples, and the beating between th¢ «]
different modes may be observed. This is a different regime
compared to most experiments previously reported on trans-
parent films, where the samples are usually long, and opens
the possibility to detect relative phases and determine rela-

tions between the changes induced by the strain pulse in the 0 10 20 30 40 50 60
dielectric constantd e; andAe,.

(arb. un

Delay (ps)

FIG. 2. (a) Transient reflectivity for a sample with a 10-nm NiFe

The experimental setup consists of a time-resolved pumptansducer on a 274-nm-thick layer of NiO grown on #081)
probe system based on a femtosecond Ti:sapphire laser thiPstrate, with both pump and probe wavelengths 2800 nm.
generates pulses of 100 fs, at a repetition rate of 76 MHZP) Pump athpn,=800 nm and probe at, ope=400 nm.
and a wavelength tunable withi#®50 nm of 800 nm. The
excitation and probe pulses are focused by & 2fdicro- the (111 direction, as determined from x-ray analysis. The
scope objective at the sample and the relative delay betwedtpminal thickness of the NiO layer varied between 43.5 and
them is controlled by a stepping motor with Quin resolu- 120 nm, while those of the NiFe layer varied between 10 and
tion. The pump pulse is mechanically chopped and the re30 nm.
flectivity changes are detected with a lock-in amplifier. The
time-resolved reflectivity could be measured in eitligra
single wavelength scheme where the probe beam is at the
same wavelength of the pump beamy, (), or (i) a dual This section describes our experimental results, starting
wavelength scheme, where the probe is the second harmoniith the differences in the observed signal when the probe
(Apumd2) of the pump beam. The probe pulses were roughlyvavelength is changed from the fundamental of the Ti:sap-
1/10 of the pump pulses ~0.1nJ) for the single- phire lase(800 nm to its second harmoni@00 nmn). Figure
wavelength experiments and smaller than 1/100 for the dua displays the transient reflectivity in a sample where the
wavelength experiments. Typically, changes of one part irNiFe layer has 10 nm, the NiO layer is nominally 120 nm
10* of the reflectivity are measured. thick and the probe wavelengths is eitlfar 800 nm or(b)

The samples used in the measurements were originall#00 nm. In the first case, the signal is dominated by an initial
designed for studying the magnetic exchange bias couplingltrafast decay, which is related to an electronic cooling
between a ferromagnetic NiFe layer and an antiferromagprocess? plus a slower decay possibly related to heat and
netic NiO layer'® and were prepared by dc magnetron sput-electronic diffusion® Figure 2b) shows that when the probe
tering in a Balzers/Pfeiffer PLS500 system. The nickel oxidewavelength is changed to 400 nm the detected signal is quite
layer was deposited on commercially availabl€081) after  different: there are two distinct oscillations clearly observ-
cleaning in ultrasound baths of acetone and ethanol for 1@ble. The fact that these oscillations are detected only when
min and drying in nitrogen flow. Above the NiO layer was the second harmonic is used as a probe is due to the differ-
deposited a film of NjjFe,p, and no cover layer on the mag- ence in the piezo-optic coupling: the second harmonic pulse
netic film was used. The base pressure of the system prior tig closer to the NiO gap, and also to the direct valence-to-
deposition was 2,810 torr. The films were deposited in a conduction band transition in &i.
3.4x 10 3-torr argon atmosphere in the sputter-up configu- The fast oscillation has a period 4.4 ps, and it begins
ration, with the substrate at a distance of 9 cm from theat a probe delay of 44 ps. The slow oscillation has a period of
target. The purity of the NiO and NiFe target is 99.9%, and~11 ps, and initiates immediately after the pump pulse
that of the argon gas is 99.999%. The films were depositedtrikes the sample. As will be shown later we have identified
on the substrate at a temperature of 130 °C and the depoghat (a) the longer oscillation is related to the strain wave in
tion rate was 0.7 /s. This rate was calibrated by measurinthe NiO layer, andb) the faster oscillation is related to the
the frequencies of volume spin-wave modes in thicker filmssilicon substrate. To substantiate this claim, measurements
using Brillouin light scattering and confirmed by measure-where the NiO thickness is varied have also been performed,
ments in a surface profiler. The NiO film is oriented alongkeeping the probe wavelengtd00 nm and the transducer

Ill. EXPERIMENT

IV. RESULTS
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. . _ FIG. 4. (a) Transient reflectivity in a sample with no NiO layer,
_ FIG. 3. Trar_15|ent reflectivity f0|7\pro_be—4_00 nm for samples probing the strain pulses in Si, fonayope=388 nm, with its Fou-
with a 10-nm NiFe transducer, and a NiO thickness equal to 0, 99rier transform shown in the inset. The peak isfat0.26 THz. (b)
199, and 251 nm. The de_lay at which the fast o_sc_lllatlon peg'n%ame as irfa) but for A ope=413 nm, with the peak of the Fourier
depends linearly on the NiO layer, and occurs within the Si SUb'transform atf~0.21 THz

strate. ' '

10*AR /R

AR (arb. units)

thickness(10 nm fixed. The results are shown in Fig. 3, that both the oscillation frequency and the decay time of the
where it is clear that the periods of neither the slow or thesignal depend on the probe wavelength: both the peaks and
fast oscillations change, but that the position at which thewidths of the Fourier transforms vary with wavelength. The
fast oscillations begins varies linearly with NiO thickness.probe pulse is sensitive to the strain wave excited in the
Also, the relative amplitude of the fast oscillations increasesilicon layer, with the oscillation period determined by the
with decreasing NiO thickness. This is due to the fact thatreal part of the refractive index and the decay time is deter-
despite the absorption of light in this layer is much smallermined by the imaginary part through the width of the filter
than for the NiFe layer, it is still enough to change the am-function described by Ed7). Due to the strong absorption
plitude of the probe wavelength that penetrates into the Sin Si for the range of wavelengths considered, the imaginary
substrate. part of the photon wave vector, k, is quite large. From this
If the thickness of the NiO layer is known, the sound data it is possible to obtain the dispersion of the real part of
velocity in the NiO layer can be obtained agio=L/Td the refractive index, once the speed of sound for (0@
~2.7 nm/ps, which is quite different from the predicted bulk orientation of Si is known. Assumings;go1)=8.48 nm/ps
velocity in NiO, vniopuik=5-7 nm/ps, depending on the we obtain the dispersion curve shown in Fig. 5. These results
crystalline orientation. We believe this discrepancy comesire in good agreement with the known parameters for
from the thickness calibration of our sample and thereforesilicon?®
recalibrate the nominal thickness of our sample by assuming Figure 6 shows the results of measurements varying the
that the sound velocity in the NiO film is that of the bulk in probe wavelength for a sample with an 199-nm NiO layer
the (111) direction, which has been measutédo be 6.2 and a 10-nm NiFe transducer, after subtraction of a double
nm/ps. This results in a recalibration of all NiO film thick- exponential decaying background, due to the contribution
nesses by a factor of 2.28, and it is these values that afeom the dynamics of electronic coolitttand heat and elec-
quoted from this point on. tronic diffusion?® Again the filter function selects the fre-
For the sample without the NiO layer we have varied thequency of the detected oscillation, and there is a measurable
probe wavelengths around 400 nm. Despite both pump anchange in the oscillation frequency with probe wavelength,
probe wavelengths change in these measurements, we expast expected from predictions based on &). We also no-
that the acoustic excitation process to be unchanged: it ddgice that there is a small change in the phase of the oscilla-
pends on the penetration depth in the NiFe layer, which igions around a delay of 67 psndependent of the probe
basically the same for the range of pump wavelengths useavavelength This phase change is related to the round-trip
Figure 4 presents the results for samples without the NiGime of the strain pulse in the NiO layer, and should also be
layer, and for a 10-nm NiFe transducer. Figufe)4displays present at half this delay, but cannot be seen here due to the
the transient reflectivity wheR,p.=387.5 nm, and the in- fast oscillations from the Si substrate. From these data the
sert shows its Fourier transform. For this sample only the fastomplex refractive index in the NiO layer may be extracted,
oscillation is present, with essentially no delay, indicatingwith the result for the real part of the refraction index dis-
that this oscillation occurs in the Si substrate. Figue).4 persion displayed in Fig. 7, which is in reasonable agreement
shows the measurement for\g,ope=412.5 nm. It is clear ~with bulk refractive index measurements for Ni©Another
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FIG. 7. Dispersion of the refractive index change for the NiO

FIG. 5. Refractive index dispersion of Si obtained from the pe-gim obtained from Fig. 6.

riod of the fast oscillations with no NiO layer. The onset for direct
valence to conduction-band transitions in silicon lies at

V. DISCUSSION
~3.4 eV (364 nm).

The results presented in the previous section are discussed

point worth noting is that there is a phase change in the fadp the I_ight of Eq.(5). The transient reflect_ivity signal is
oscillations for\ ,,ope=417.5 nm, as indicated by the solid Proportional to the real part of; Ar, wherer, is the unper-
P turbed reflectivity due to all interfaces, including the perti-

line in Fig. 6, located at the position where the fast oscilla- + optical oh f the back and forth t 1 hi
tions begin. This wavelength dependent phase is not prese gnt optical pnases ol the back and forth travel to each in-
reminding that multiple reflections are not

in the measurements performed for the sample without th erface,

: . . _ considered in our calculations. For the results presented in
NiO layer, and therefore not related to changes in the plezoI':ig. 6, for example, the fast oscillations occur in the sub-
optic coupling in Si. ' ‘

strate and the slow ones are due to the NiO film. The fast
oscillations start when the strain pulse created in the NiFe
transducer arrives at the NiO/Si interface. The penetration

) 386 depth in the NiO film is of the same order of the layer’s
—_ nm thickness and the probe pulse “sees” the strain wave over the
(7)) ! 90 nm whole film. The filter function is therefore determined
= mainly by the sample’s length. Figuréa8 shows the results
c ] 95 nm for the numerical fit together with the experimental results
S for the 199-nm NiO layer, fok =400 nm. We have included
_Q' | 400 nm an empirical exponential decay time of 70 ps in E5). in
— order to account for the transmission losses of the strain
© ! 405 nm pulse at the NiO/Si interface. A good comparison to the ex-
~ | perimental data is also achieved if the amplitude of the os-
oC ] 410 nm cillations are reduced by a constant factor after each reflec-
< ' tion at the NiO/Si interface. Typically this reduction is of
418 nm ~ {10%._ The fast ospillati_ng contribution from Si has_ been
| | |: \ | | . omitted in the numerical fit in order to have a better view of

the whole process, and a beating is clearly seen, involving
the 5-6 different modes selected by the filter. In the calcu-
lations the penetration depth in the NiO layer is of the order
of 50 nm, which is comparable to the sample’s thickness.
The effective sample length, due to absorptionl_is;= (1

FIG. 6. Transient reflectivity for a sample with a 10-nm NiFe — € ‘.XL)/“%‘SO nm, which does not change the filtering
transducer, and a 199-nm NiO layer on 408l substrate. The function much. An interesting aspect is thqt the position of
probe wavelengths varies between 386 and 418 nm. The dashed lite€ phase change observed in the slow oscillations around 67
indicates the begining of the fast oscillations, where a wavelengti®S, and reproduced in the simulation, depends only on the
dependent phase is observed. The solid line illustrates the phas@eed of sound and sample thickness.

10 20 30 40 50 60 70 80 90
Delay (ps)

change that occurs at a probe delay of 67ipat does not vary with
probe wavelength

Figure 8b) displays the results for the numerical fit of the
experimental data obtainedth the same parametetsed to
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199 nm for 5¢. As the NiO layer thickness is close to one optical
NiO — (a) wavelength in this medium, this result serves as a double
. check for its refraction index measurements.

When the probe wavelength is changed from the funda-
mental to the second harmonic the magnitude of the piezo-
optic coupling observed in both the NiO film and in the Si
substrate varies quite dramatically. This must come from the
detuning relative to absorption edges: in both materials the
gap is around 3.4 €V (in Si this is obviously thedirect
gap and the second harmonic is closer to this value than the
fundamental beam. One possibility is that due to electron-
phonon coupling, the band edge of both these materials are
displaced in the presence of a strain waveE,,,= 7D
whereD is the optical deformation potenti&l.Variations in
the band gap results in changes of the dielectric constants
and there is expected to be a strong probe wavelength depen-
0 20 40 60 80 100 dence in the coefficientge; /dn and de,/dn that appear in

DELAY (pS) Eq. (5), for photon energies close to the band elge
check this possiblity it would be necessary to be able to tune
o I - the probe laser further higher into these transitions. There
FIG. 8. (a) Numerical fit of the slow oscillation within a 199- should be an observable change in the phase of the observed

nm-thick NiO film and\ =400 nm.(b) Same as ina) but for N e . .
probe m m -
an 251-nm-thick NiO film, using the same parameters for the nu_oscﬂlatlons, if this is the mechanism responsible for the ob

merical fit. In the calculations we useak:50 nm for the penetra- served signal. Unfortunately, that is out the tuning range of
tion depth. our laser.

|
—
|

(arb. units)

AR

VI. SUMMARY

obtain Fig. 8a): only the sample length is changed to 251 ) . . )
nm in the simulation. Again, the agreement is quite good and _ Ultr'afast transient reflectivity measurements in a NiFe/
the phase shift of the detected transient reflectivity is nowNIO/Si structure have been performed. Significant changes
observed for a greater delay time. From the numerical calcu@® observed when changing the probe wavelength from
lations it is clear that this phase shift is sensitive to the overprobe=800 t0 400 nm, which are attributed to the greater
all phase of the reflectivity, determined mainly by the ratioProximity, in the second case, of the probe photon’s energy
A€, /A€,, opening the possibility of measuring the real andt© absortion ed_ges in both NiO and Si. The mf_luence of the
imaginary contributions to the piezo-optic coupling. probe penetratlon_ depth has been dlscus_sed in terms of the

Another interesting point is the wavelength dependenf‘”mber .of acoustic modes that are ef_fect_wely detected, and
phase shift seen in the fast oscillations from the Si substratdhe beating between the modes of a NiO film were observed,
As the wavelength is varied from;=386 nm to \, because of the small thickness of this film.

=418 nm, the delay of the first peak changes by akbut _The refractive inqlex dispersion curves for both S_i anq
~2.5ps, which corresponds to a phase shif NiO have been obtained. The use of thin transparent films in

~2787/Ts~3.56 rad or 8¢~2m(1— 67/Tg)~2.71 rad, picqsse_cond ult_rasonics opens the possipility to obtgin quan-
whereTg~4.4 ps is theaverage period of the fast oscilla- titative |r_n‘orm_at|on on the real and imaginary contr_|but|ons
tions. The origin of this phase is the propagation back an®f the dieletric constant to the coupling between light and
forth through the NiO layer, before the Si substrate, whichSound waves.
introduces a wavelength dependent phase faatgy,
=2(2mnNio/N)Lnio- The calculated phase difference be-

tween the two wavelengths above, using the previously ob- We acknowledge several discussions and suggestions
tained refractive indexes, s d¢op=2(Ki—kz)Lnio from Professor J. R. Rios Leite. This work was supported by
~2.3 rad, which is reasonably close to the second estimat€eNPg-PRONEX(Brazilian Agency.
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