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Investigation of ultrafast electron dynamics of nickel film
and micro-nano-structure film
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The electron thermalization and relaxation processes in ferromagnetic nickel thin film and micro-nano-
structure film have been studied by measuring the transient change after excitation by a femtosecond laser
pulse. The measurements indicate that the electron thermalization time is between 18 and 47 fs. This is
somewhat faster than the value reported before. And the thermalization time of the micro-nano-structure
film is much longer than the nickel film. We deduce that it is caused by the discontinuity of the electron
band close to the Fermi level in the micro-nano-structure nickel film.
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Nickel, as a typical ferromagnetic 3d transition metal, is
widely used in the magnetic memory industry. The re-
search of ultrafast magnetization dynamics of nickle thin
film and film with micrometer and nanometer structure
becomes more necessary with the technology develop-
ment. The femtosecond optical pump-probe technique is
an ideal tool to investigate the ultrafast dynamics!!=7].
It has recently been used to study the demagnetization
dynamics[z_s]. In 1996, Beaurepaire et al. reported the
demagnetization time of 260 fs!2). And In 1997, Hohlfeld
et al. reported that the demagnetization time was
280 fs[3l. While Zhang et al. suggested an intrinsic time
scale for demagnetization of just 10 fs by theoretical
study!®). These reports imply that demagnetization oc-
curs within the time taken for the hot electrons to ther-
malize. It has been suggested that spin angular momen-
tum is removed from the electron system through the
combined action of electron-electron interactions, spin-
orbit coupling, and optical field supplied by the laser
pulse. So it is difficult to distinguish the real demagneti-
zation time. Besides, much less is known about the elec-
tron dynamics in ferromagnetic transition metals. And
a detailed study of the ultrafast electron dynamics in 3d
metals is considered a very relevant issue to understand
the dynamics in metal systems and nanometer metals.
It also means great to interpret the sub-picosecond mag-
netization dynamics. In this letter, we use the optical
pump-probe technique to investigate the electron ther-
malization dynamics of nickel film and the film with
micro-nano-structure.

The interaction of femtosecond laser with metal film
is a very complex process!?). Upon absorption of a short
laser pulse, electrons are excited from the occupied states
below Fermi level to the empty states above. The op-
tical excitation creates a non-equilibrium distribution of
highly energetic electrons, with energies ranging up to the
photon energy above the Fermi level. The lattice, on the
other hand, is initially undisturbed. In the subsequent
relaxation processes, the energetic electrons thermalizie
to a Fermi-Dirac distribution by electron-electron (e-e)
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scattering and the lattice is heated by electron-phonon
(e-p) scattering.

The ultrafast process after short laser excitation have
been investigated by theory!!®. Combined with two-
temperature model, the transient electron temperature
can be described by the empirical relation!*!-12]:

AT, (At) = ATy [1 — exp(~At/ru)Jexp(~ At /7)
+ATy[1 — exp(—At/m8)], (1)

where 7, is the characteristic thermalization time, 7y
is the characteristic relaxation time, AT is the tempera-
ture rise after e-p relaxation, and AT} describes the peak
temperature rise.

According to this, the electron reaches its maximum
value at the time[!

ATl(TE +7_th) (2)
(ATl — ATQ)Tth '

tex = Tenln|

Equation (2) shows the dependence of tox on 75 and 7gp,.

The samples used in the experiment were Ni films
and the micro-nano-structure Ni films. The Ni films
were prepared by magnetron sputtering technique in
the K575X Peltier cooled high resolution sputter coater.
The K575X coater can also monitor the thickness of
the film. So we prepared a series of samples: Si/Ni(20
nm), Si/Ni(190 nm), glass(K9)/Ni(20 nm), and Si/Ni
(100 nm)/Au(5 nm)/Ni(10 nm). After that, the Si/Ni
samples were etched by the ammonia etching technique in
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Fig. 1. Schematic diagram of experimental equipment for
amonia etching. MFM: mass flowmeter.
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SEM photéraphs for the two sampes.r (a) Si/Ni
(100 nm)/Au(5 nm)/Ni(10 nm) sample; (b) Si/Ni(20 nm)
sample.

Fig. 2.
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Fig. 3. Experimental sketch of the pump-probe system.

thermal chemical vapor deposition (CVD). A schematic
diagram of the equipment is shown in Fig. 1.

The micro-nano-structure films were prepared through
the following process. The Si/Ni(20 nm) and Si/Ni
(100 nm)/Au(5 nm)/Ni(10 nm) samples were transferred
in air to the growth quartz tube. The tube was pumped
down to a base pressure of 1.33 Pa using a rotary pump,
and then 2.7—4.0 kPa of high purity hydrogen was in-
troduced via a leak valve. The substrates were heated to
600 °C and this temperature was kept for 15 min to
reduce the catalyst layer. Then the temperature was
raised to 800 °C and ammonia was introduced into the
chamber at 100 sccm (sccm denotes cubic centimeter per
minute at standard temperature and pressure) for 10 min
in order to etch the catalyst films to form nano-sructure.
After that, the two samples were observed by scanning
electron microscope (SEM). Figure 2 shows the SEM
photographs of the two samples.

As we can see from Fig. 2, the micro-nano-particles
appear on both samples. For the Si/Ni(100 nm)/Au(5
nm)/Ni(10 nm) sample, only the surface Ni layer (10
nm) was etched. The 100-nm Ni layer was not influ-
enced for the existence of Au film. For the Si/Ni(20 nm)
sample, some part of the Ni film was totally etched, so
the Si substrate emerged on that part. And the emerg-
ing Si substrate will influence the signal greatly in the
pump-probe experiment. So it is not proper to inves-
tigate the ultrafast electron dynamics on this sample.
We only chose the etched Si/Ni(100 nm)/Au(5 nm)/Ni
(10 nm) sample as the micro-nano-struture sample for
pump-probe experiments.

We used the optical pump-probe technique to inves-
tigate the ultrafast electron dynamics of the prepared
samples. The experiment sketch is shown in Fig. 3. The
Ti:sapphire laser supplied 30-fs pulses at a repetition
rate of 82 MHz. All measurements were performed at a
wavelength close to 790 nm. These pulses were divided
into two parts with the probe beam passing through an
optical delay line in order to control its arrival time at the

o
®

AR/R (% 10°)
[}
N

o
=)

Delay time (ps)

Fig. 4. Transient reflectivity changes for the glass(K9)/Ni
(20 nm) sample with the pump power of 128 mW and the
probe power of 8, 12, and 16 mW.
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Fig. 5. Transient reflectivity changes of sample of Si/Ni(190
nm) with the pump power of 128 mW and the probe power
of 8 mW.

sample. The minimum step size of the variable delay was
66.7 fs. The pump beam was modulated at 2000 Hz. The
two parts of pulses were both focused on the sample by
a convex lens. The spot diameter of pump beam was
100 pm. In order to keep the both beams fully over-
lapped, the spot diameter of the probe beam was about
50 um. Then the probe beam was properly explored the
homogeneity of electron dynamics.

Figure 4 shows the transient reflectivity for
glass(K9)/Ni (20 nm) which reaches the maximum at
66.7 fs after excitation. Considering the time resolution
in the experiment, we deduce that the time for the re-
flectivity to reach the maximum should be between 66.7
and 133.4 fs. This time is shorter than the 200420 fs
reported by van Kampen et al.l'%.

In Eq. (2), we use the values 75=0.32 ps and AT;=
150 K, AT5=82 K. Although these values were calculated
by van Kampen et al.l'%, we thought they were effective
in our experiments. Thus for ¢.,=66.7 fs, a thermaliza-
tion time 7y, =18 fs is found, and for tex = 133.4 fs, 7, =
47 fs is found. So we thought the thermalization time
was between 18 and 47 fs. This value was shorter than
those reported before. But it was not consistent with the
theoretical calculation. Further research is still needed
for the ultrafast electron dynamics of 3d metals.

Besides, we can see the influence of the probe beam
power from Fig. 4. The amplitude increases with the
power of the probe beam when the power of pump beam
keeps constant. Figure 5 shows the transient relfectivity
of Si/Ni(190 nm) sample. Combining Fig. 4. and 5, we
can see that the substrate of the film also influences the
shape of the transient reflectivity signal. The substrate
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Fig. 6. Transient reflectivity signal for the micro-nano-
structure sample with the pump power of 128 mW and the
probe power of 8 mW.

influences the thermal transmission between the film and
itself. So the thermal conductivities for different sub-
strates are different. Different substrates have different
temperature distributions, so the reflectivity is different.
But all the factors in the experiment did not influence
the time that the change happened.

The transient reflectivity signal for the sample with
micro-nano-structure is shown in Fig. 6. As we can see,
the reflectivity reaches the maximum at 800 fs. This
value is much longer than that got from the Ni film. It
means that the thermalization time of the micro-nano-
structure film is longer according to the theory analysis
before. We deduced that it was caused by the character
istic of the nano-structure: the discontinuity of the elec-
tron band close to the Fermi level.

Considering only e-e scattering, the lifetime of highly
excited electron in a free electron metal is given byl

1
Koo(E — Ep)?’

where K is the e-e scattering constant, Er is the en-
ergy of the Fermi level. Then the discontinuity of the
electron band makes the value of (E — Er)? increase. So
the thermalization time of the micro-nano-structure film
becomes longer than the value of the Ni film.

In summary, we have investigated the ultrafast
thermalization dynamics of Ni films and micro-nano-
structure film.  The micro-nano-structure film was

Tee(E) =

formed by ammonia etching technique. We found that
the thermalization time was between 18 and 47 fs for the
Ni film sample, while for the micro-nano-structure film
it was much longer. We deduced that it was caused by
the discontinuity of the electron band close to the Fermi
level in the micro-nano-structure film.

This work was supported by the National Natural Sci-
ence Foundation of China under Grant Nos. 50575100
and 50775104.

References

1. X. Wang, T. Jia, X. Li, C. Li, D. Feng, H. Sun, S. Xu,
and Z. Xu, Chin. Opt. Lett. 3, 615 (2005).

2. E. Beaurepaire, J.-C. Merle, A. Daunois, and J.-Y. Bigot,
Phys. Rev. Lett. 76, 4250 (1996).

3. J. Hohlfeld, E. Matthias, R. Knorren, and K. H. Benne-
mann, Phys. Rev. Lett. 78, 4861 (1997).

4. K. S. Buchanan, X. Zhu, A. Meldrum, and M. R. Free-
man, Nano Lett. 5, 383 (2005).

5. R. Wilks, R. J. Hicken, M. Ali, B. J. Hickey, J. D. R.
Buchanan, A. T. G. Pym, and B. K. Tanner, J. Appl.
Phys. 95, 7441 (2004).

6. D. Yuan, M. Zhou, Q. Dai, and L. Liu, Laser Optoelec-
tron. Prog. (in Chinese) 43, (1) 36 (2006).

7. G. Liu, G. Wang, B. Fu, J. Jiang, W. Wang, and F. Luo,
Chinese J. Lasers (in Chinese) 35, 1365 (2008).

8. G. P. Zhang and W. Hiibner, Phys. Rev. Lett. 85, 3025
(2000).

9. D. Guan, Z. Chen, K. Jin, and G. Yang, Chin. Opt.
Lett. 4, 370 (2006).

10. M. van Kampen, J. T. Kohlhepp, W. J. M. de Jonge, B.
Koopmans, and R. Coehoorn, J. Phys. Condens. Matter
17, 6823 (2005).

11. N. Del Fatti, C. Voisin, M. Achermann, S. Tzortzakis,
D. Christofilos, and F. Vallée, Phys. Rev. B 61, 16956
(2000).

12. L. Guidoni, E. Beaurepaire, and J.-Y. Bigot, Phys. Rev.
Lett. 89, 017401 (2002).

13. R. H. M. Groeneveld, R. Sprik, and A. Lagendijk, Phys.
Rev. B 51, 11433 (1995).



