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Time-dependent elastic properties and lattice temperature of the photoexcited superparamagnetic iron oxide
(Fe;0,4) nanocrystals were investigated by pump/probe transient absorption measurements. Information on
the elastic property and lattice temperature of the photoexcited nanocrystals was obtained from the period of
coherent acoustic phonon. From the excitation fluence-dependent measurement of the coherent phonon period,
initial temperature rise due to the photoexcitation was estimated. From the two-pump/probe transient absorption
measurement, where the first pump heated the lattice and the time-delayed second pump generated coherent
phonon, time dependence of the lattice temperature was also investigated. Implication of knowledge on the
lattice heating and cooling on the study of the magnetization dynamics of the photoexcited magnetic

nanocrystals was discussed.

1. Introduction

Nanoscale magnetic materials have been attracting much
attention in recent years due to the wide range of technological
applications ranging from biomedical imaging to magnetic data
storage devices.!™ Chemically synthesized colloidal magnetic
nanocrystals are serving as a particularly useful material platform
in many studies for a variety of reasons. Easy control of the
size, morphology and stoichiometry, and facile chemical func-
tionalization enabled systematic studies of the magnetic proper-
ties in nanometer length scale in diverse chemical environments.>
Recently, optically induced dynamic magnetization in magnetic
nanocrystals has been gaining interest due to the potential
applications in high-density and high-speed magnetic data
storage devices.”!0 Optical manipulation of magnetization by
using femtosecond laser pulses on bulk surfaces has been
extensively investigated in the past decade. Various mechanisms
of thermal and nonthermal optical control of the magnetization
were proposed from these earlier studies.!!~!# The coupled nature
of the magnetization dynamics to the dynamics in electronic
and lattice degrees of freedom has also been investigated in
these studies. For instance, optically induced demagnetization
in ferromagnetic metals has often been explained phenomeno-
logically by using the three-temperature model.!> This model
described the time evolution of the magnetization in terms of
the equilibration of the electronic, lattice, and spin temperatures.
Modulation of the magnetization by coherent phonon on the
subpicosecond time scale was also observed, which demon-
strated the presence of the ultrafast coupling pathway between
the spin and lattice degrees of freedom.'®

The fundamental mechanisms of optical manipulation of
the magnetization and the nature of the coupling among the
electronic, lattice, and spin degrees of freedom should be
the same regardless of the dimension of the magnetic
materials. However, the dynamic magnetization in nano-
crystals can exhibit a dependence on the size unlike that in
the bulk phase. In principle, variation of the size of magnetic
nanocrystals can influence the dynamics in spin degrees of
freedom directly or indirectly through the coupling of the
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spin to the electronic and lattice degrees of freedom. For
instance, size dependent magnetization dynamics in iron oxide
nanocrystals discussed in our earlier work proposed the size-
dependent spin correlation as its origin.!” On the other hand,
size dependence of the lattice temperature due to different
lattice cooling rates may also result in size-dependent
magnetization, especially when the thermal excitation of spins
becomes important. Therefore, it will be important to obtain
an understanding of the energy dissipation in electronic and
lattice degrees of freedom to obtain an accurate picture of
the dynamic magnetization in photoexcited magnetic nanocrystals.

In this study, we investigated the elastic property and the
lattice temperature of the photoexcited iron oxide (Fe;O4)
nanocrystals as the prototypical magnetic ferrite nanocrystals.
Information on the elastic properties and lattice temperature
was obtained by measuring the period of coherent acoustic
phonon as a function of excitation fluence and delay time
after the excitation. The period of the radial breathing mode
of the coherent acoustic phonon in spherical nanocrystals is
determined by sound velocity and the radius of the nano-
crystal according to a simple model based on Lamb’s
theory.'® Therefore, information on the elastic property can
be obtained from the measurement of the period of coherent
acoustic phonon. A rough estimation of the lattice temperature
after the excitation was made from the knowledge of
temperature-dependent sound velocity in a closely related
ferrite material. The time-dependent period of coherent
acoustic phonon was also measured by employing the two-
pump/probe measurement, where the first pump pulse acted
as a heating pulse and the weaker second pump pulse created
coherent phonon at various delay times. From this measure-
ment, the time-dependent lattice temperature of the photo-
excited Fe3O4 nanocrystals was estimated.

2. Experimental Section

Colloidal iron oxide nanocrystals (Fe3O4) were synthesized
by following the published procedure.’ Briefly, Fe;04 nano-
crystals were synthesized by reducing Fe(acetylacetonate)s
with a mixture of oleic acid, oleylamine, and 1,2-dodecandiol
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Figure 1. Pump/probe transient absorption data of colloidal Fe;O4
nanocrystals obtained with 780 nm pump and 550 nm probe at various
excitation fluences.

at 290 °C in benzyl ether. Nanocrystals of different sizes
were prepared by controlling the synthesis temperature and
reaction time. The size and structure of the resulting sample
were characterized by transmission electron microscopy
(TEM) and powder X-ray diffraction (XRD). According to
the analysis of vis—NIR absorption spectra of the sample,
the final samples used in the experiment were more oxidized
than the Fe;O4 nanocrystals initially synthesized. The nano-
crystal samples used in all the measurements were dispersed
in cyclohexane. The sample solutions were continuously
circulated through a flat nozzle to create a 400 um-thick jet
of the sample solutions. The free streaming jet of samples
with a linear flow speed of 2—3 m/s was used to prevent
potential sample damage from repeated exposure of the
sample on the same sample region. The concentrations of
the nanocrystal samples were adjusted such that total Fe ion
concentration was kept approximately at 1.8 mM. Inductively
coupled plasma atomic emission spectroscopy was employed
to measure the Fe ion concentration of the nanocrystal sample
solutions.

Pump/probe transient absorption traces of the nanocrystal
samples were recorded with an amplified Ti:Sapphire laser
system, which produced pulses of 60 fs centered at 780 nm
with a 3 kHz repetition rate. The laser beam was split to two
beams for the usual pump/probe measurement, where one was
used as the pump and the other was used to generate the white
light continuum probe. For the two-pump/probe experiment, the
intensity ratio of the two pump beams was set to 90:10 by using
a beam splitter. The white light continuum used as the probe
was generated by focusing ~2 uJ of 780 nm pulses on a 2 mm-
thick sapphire crystal. The probe beam passed through a prism
dispersion compensator, which was also used to preselect the
wavelength of the probe light before the sample. Typical pump/
probe cross correlation and time step were 70 and 5 fs,
respectively. Pump and probe beam diameters were 150 and
30 um, respectively. For the excitation fluence-dependence
experiment, the excitation fluence was varied up to 290 mJ/
cm?.

3. Results and Discussion

3.1. Excitation Fluence-Dependent Elastic Property and
the Lattice Temperature. Figure 1 shows the pump/probe
transient absorption (AOD) data of colloidal Fe;O4 nanocrystal
samples (4.8 nm in diameter) at various pump fluences obtained
with 780 nm pump and 550 nm probe light. With increasing
excitation fluence, the amplitudes of both the oscillatory and
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nonoscillatory components increased. The oscillatory component
is due to coherent acoustic phonon, which has been observed
in many nanocrystalline materials including semiconductor and
metal nanocrystals.!*2" In the case of Fe;0, nanocrystals excited
at 780 nm, coherent phonon is probably generated by the
displacive mechanism from intervalence charge transfer transi-
tion between Fe?t and Fe’' ions.

Nanocrystal samples of two different sizes (4.8 and 8.4 nm
in diameter) were used for the measurement of the excitation
fluence-dependent period and amplitude of coherent acoustic
phonon. For both samples, concentration of the total Fe ions in
nanocrystal solution was maintained approximately the same.
On the basis of the measurement of the pump beam absorption
by the sample solution, the average excitation density per
nanocrystal was also similar in both samples. To obtain the
amplitude (a,) and period () of the oscillation due to coherent
phonon, the transient absorption data (AOD) were fit to the sum
of multiexponential functions and an exponentially decaying
cosine function as shown in eq 1.

AOD() = Z a; exp(t/t;)) + a, cos(2mt/t + @) exp(—t/t,)
(D

The extracted period and amplitude of the oscillation as a
function of the excitation fluence for two nanocrystal samples
are shown in Figure 2a—c. The period (7) is shorter for the
smaller nanocrystal as predicted from a model based on Lamb’s
theory.!® In spherical nanocrystals, the period of coherent
acoustic phonon corresponding to the radial breathing mode is
related to the radius (r) and sound velocity of the nanocrystal
as shown in eq 2,

ney
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L

where cr, and ct are the longitudinal and transverse velocity

of sound, respectively, which are related to Young’s modulus

(C11 and Cy4) and density (p) through ¢ = (C11/p)"? and c
= (Caalp)'2.

With the increasing excitation fluence, the period of
coherent phonon increased as shown in Figure 2a,b. This is
most likely due to the heating of the lattice by photoexcitation
resulting in the softening of the lattice. A similar fluence
dependence of the coherent phonon period was observed
previously in metallic nanocrystals, where the increase of
the coherent phonon period was attributed to the lattice
heating.?! Nonthermal softening of the lattice is not likely
to play a significant role, since the effect of the excitation
on the period of coherent acoustic phonon persists much
longer (>100 ps) than would be expected from a purely
electronic origin.??> More detailed discussion on the time
dependence of coherent phonon will be made in the following
section. The amplitude of oscillation also increases with
increasing excitation fluence as shown in Figure 2c. The
amplitude of oscillation increases linearly to the excitation
fluence up to 100 mJ/cm? and saturated at higher fluences.
A similar increase of the amplitude with the excitation fluence
was observed in semiconductor nanocrystals as well.?? The
increase of the oscillation amplitude with the excitation
fluence can be interpreted as the increasing magnitude of
lattice displacement, although there is not a simple and
quantitative relationship between the oscillation amplitude
of AOD and lattice displacement.

The fractional change of the period at fluence F with respect
to the period extrapolated to zero fluence, [7(F) — 7(0)]/z(0), is
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Figure 2. Excitation fluence dependence of coherent phonon period for 4.8 (a) and 8.4 nm (b) nanocrystals. A typical error bar is shown on each
panel. On the right y-axes of panels a and b, A7/t represents the fractional change of period [t(F) — 7(0)]/7(0) described in the text. (c) Excitation
fluence dependence of the amplitude of oscillation in transient absorption data. The amplitudes are normalized to the maximum value for the

nanocrystals of both sizes.
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Figure 3. Excitation fluence dependence of the lattice temperature
estimated from the period of coherent phonon. The error bar shown in
the figure is a typical value.

indicated on the right y-axes of panels a and b of Figure 2.
Both samples exhibit a very similar fluence dependence of the
fractional change of period, indicating that the effect of
excitation on the elastic constants is comparable in both samples.
This may not be surprising since approximately the same
excitation densities in both samples will result in the lattice
heating to a comparable level if the cooling of the lattice at
early delay time is ignored.

The excitation fluence-dependent period of coherent acous-
tic phonon is due to the temperature dependence of longi-
tudinal and transverse sound velocities according to eq 2.
For a majority of the materials, sound velocity can be
approximated as a linearly decreasing function of tempera-
ture.?* Therefore, the data shown in Figure 2 can be used to
estimate the average lattice temperature if temperature-
dependent sound velocity is known. Unfortunately, the data
for temperature-dependent sound velocity are not available
for Fe;O4 above 300 K, making the direct determination of
the lattice temperature from the present experimental data
difficult. Nevertheless, a rough estimate of the lattice
temperature has been made by using the temperature-
dependent sound velocity of MgFe,;04, which has the same
cubic spinel structure as Fe;O4 with only 0.3% difference in
the lattice parameter. The temperature dependence of the
coherent phonon period calculated for MgFe,O4 was decreas-
ing almost linearly to the temperature. From the comparison
of the calculated fractional changes of the coherent phonon
period at temperature 7, [7(T) — 7(294K)]/7(294K), with [t(F)
— 7(0)]/7(0) displayed in Figure 2, a rough estimate of the
average lattice temperature was made. Figure 3 shows the
excitation fluence dependence of the lattice temperature
estimated as described above for both nanocrystal samples.

This analysis indicates that the temperature rise (AT) of the
lattice can be 300 K after the excitation at the highest
excitation fluence of this study. The theoretical maximum
AT, if the energy of all the absorbed photons is released as
heat, is calculated to be 800 K under the same excitation
fluence.” Actual temperature rise will be less than 800 K
due to the finite time scale of the electronic relaxation and
heat dissipation from the lattice to the surroundings. Con-
sidering the uncertainty in the temperature-dependent sound
velocity used, AT of 300 K seems a reasonable estimate for
the temperature rise by the photoexcitation. Since the
intervalence charge transfer transition centered at 1.5 um was
excited with a 780 nm pump pulse, such a temperature rise
in the lattice may be possible from the rapid energy relaxation
in the excited state.

3.2. Time-Dependent Elastic Property and Lattice Tem-
perature. To obtain information on the time-dependent elastic
property and the lattice temperature after the excitation,
pump/probe transient absorption was measured employing
two pump pulses. The first pump pulse with fluence of 265
mJ/cm? was used as the heating pulse. The second, weak
pump pulse was used as the excitation pulse generating
coherent phonon at various delay times with respect to the
first pump pulse. The combined energy of both pump pulses
was 290 mJ/cm.? The probe pulse with a variable time delay
with respect to the second pump pulse recorded the transient
absorption data. Typical two-pump/probe transient absorption
data from 8.4 nm samples are shown in Figure 4a. The period
of the oscillation following the second pump pulse was
extracted from the fitting of the data as described in the
previous section. Figure 4b shows the period of coherent
acoustic phonon at various time delays between the two pump
pulses. The increased coherent phonon period due to the
heating pulse recovered continuously as the time delay
between the two pump pulses increased.

The recovery of the coherent phonon period with time
represents the cooling of the lattice via dissipation of the
heat to the surrounding solvent medium. The time-dependent
temperature of the lattice was estimated from the time-
dependent period of coherent phonon as described in the
previous section. The temperature scale is indicated on the
right y-axis of Figure 4b. Although the number of data points
is limited to reliably extract the time scale of lattice cooling,
the lattice temperature recovered by about 40% after 100 ps.
According to the earlier studies on the time-dependent lattice
temperature of the photoexcited metal colloidal nanocrystals,
the time scale of the temperature decay was relatively well
described by a simple heat dissipation model: a sphere im-
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Figure 4. (a) Transient absorption data from the two-pump/probe
measurement. (b) Time dependence of the coherent phonon period and
the estimated lattice temperature obtained from the two-pump/probe
measurement.

mersed in an infinite bath.?%-2¢ The following simple expres-
sion has been used to estimate the characteristic time scale
for the heat dissipation (74) in the limit of no interface effect
on thermal conductance:?’

r2C 2
T=—
17 9CA,

where r and C;, are the radius and heat capacity per unit volume
of the particle, respectively. Crand Ar are the heat capacity per
unit volume and thermal conductivity of the fluid respectively.
Although the temperature of the lattice in a real situation does
not decay exponentially and 74 sets only a lower limit to the
time scale the temperature decay, eq 3 can still give useful
insight into the rate of heat dissipation in the nanocrystals. By
using the literature value of C, = 3.22 J/(ecm?+K), C; = 1.44
J/(cm3+K), and Ay = 0.123 W/(m*K),232% 74 is calculated to be
110 ps for 8.4 nm Fe3;04 nanocrystals dispersed in cyclohexane.
Considering the neglected effect of the finite interfacial heat
conductance, the experimentally measured time scale of the
lattice temperature decay is in reasonable agreement with the
calculation, using a crude model.

The result from this study can be applied, for instance, to
assist the interpretation of the data from our earlier studies
on the size-dependent magnetization dynamics in optically
excited Fe3O4 nanocrystals.!” A strongly size-dependent
amplitude of the optically induced demagnetization in
Figure 5 of ref 17 was obtained at the excitation fluence of
50 mJ/cm?. On the basis of the result from this study, the
temperature rise (AT) in the nanocrystal at 100 ps is estimated
to be about 50 K for 8.4 nm nanocrystals. Such a temperature
rise in the lattice is too small to explain the observed size-
dependent demagnetization amplitude on ~100 ps time scale
in terms of thermal excitation of spins by the heated lattice
with the size-dependent cooling rate.3 Therefore, the pos-

3
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sibility of the heated lattice with the size-dependent cooling
rate being the origin of the size-dependent magnetization
dynamics can be eliminated.

4. Conclusion

Excitation fluence and the time-dependent elastic property
and lattice temperature of the photoexcited colloidal magnetic
nanocrystals were investigated by employing transient ab-
sorption spectroscopy. The period of coherent acoustic
phonon was extracted by fitting the oscillatory feature of the
transient absorption data to an exponentially decaying cosine
function. Since the period of the coherent acoustic phonon
is determined by the elastic constants, the lattice temperature
was estimated from the temperature dependence of the elastic
constants. Time-dependent lattice temperature was also
estimated by employing the two-pump/probe technique,
where the first pump pulse acted as a heating pulse and the
weaker second pump pulse created coherent phonon at
various delay times. Information on the excitation fluence
and time-dependent lattice temperature obtained in this study
will be important in the investigation of optically induced
dynamic magnetization and thermal transport in magnetic
nanocrystals.
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