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Finite-size effects in ultrafast remagnetization dynamics of FePt
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We investigate the ultrafast magnetization dynamics of FePt in the L10 phase after an optical heating pulse, as
used in heat-assisted magnetic recording. We compare continuous and nano-granular thin films and emphasize
the impact of the finite size on the remagnetization dynamics. The remagnetization speeds up significantly
with increasing external magnetic field only for the continuous film, where domain-wall motion governs the
dynamics. The ultrafast remagnetization dynamics in the continuous film are only dominated by heat transport
in the regime of high magnetic fields, whereas the timescale required for cooling is prevalent in the granular film
for all magnetic field strengths. These findings highlight the necessary conditions for studying the intrinsic heat
transport properties in magnetic materials.
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I. INTRODUCTION

The fascinating field of ultrafast magnetization dynamics
has developed rapidly from the first demonstration of fem-
tosecond demagnetization [1] toward all-optical switching
[2,3], magnetization reversal by ultrashort electron pulses
[4], and heat-assisted magnetic recording (HAMR) [5–7].
Future light-based data-recording applications motivate an
understanding of the fundamental light-matter-interactions in
magnetic materials with nanoscale bit dimensions, which
are a key to satisfy the increasing demand for high-density
information storage technology.

Information storage devices using the HAMR scheme
have demonstrated that data densities beyond 1.4Tb/in2 are
feasible since long-term data stability of nanoscopic bits
can be achieved by using materials with large perpendicular
anisotropy [8,9]. FePt in the highly ordered L10 phase is a
promising material since it combines a large uniaxial magne-
tocrystalline anisotropy Ku

∼= 7 × 106 J/m3, with a relatively
low Curie temperature (TC � 750 K) and the possibility to
grow nanograins with diameters down to 3 nm by commer-
cially viable sputtering techniques [9].

Besides nanoscopic bit volumes for high information den-
sity, it is of the utmost importance to write and read infor-
mation at the fastest possible speed and with the highest effi-
ciency. This has triggered many research projects studying the
ultrafast magnetization response of thin films to rapid heating
via pulses of optical photons, photoinduced hot electrons, or
few-picosecond-long electrical currents [1,10–12]. Much of
the fundamental research has focused on the timescales and
mechanisms of the spin-angular momentum transfer during
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the demagnetization process [13–15]. The subsequent field-
assisted remagnetization has received less experimental atten-
tion despite its equal importance for future working devices
[16].

Magnetization switching in continuous thin films under
thermal equilibrium requires the nucleation, propagation, and,
finally, coalescence of reversed magnetic domains. The sub-
stantial laser heating used in the HAMR-scheme adds the
need for understanding nanoscale thermal transport and po-
tential changes of material properties such as the magnetic
anisotropy that occurs upon heating close to and above TC, as
in fascinating all-optical switching experiments, which report
toggle switching of the magnetization in the absence of an
external field [10].

Current modeling approaches for the remagnetization
dynamics [11,17–19] often employ a three-temperature
model for the equilibration of electron-, phonon-, and spin-
temperatures where the local spin temperature defines a
stochastic magnetic field that enters in an atomistic Landau-
Lifshitz-Gilbert (LLG) equation. Extending the atomistic
LLG model to micromagnetic simulations of the macrospin
evolution using the Landau Lifshitz-Bloch equation com-
putes the magnetization dynamics on the relevant picosecond
to nanosecond timescale even for macroscopic specimens
[11,18]. The incorporation of temperature-dependent mate-
rial parameters [19,20], quantized spin-states [18], and the
proper quantum-thermodynamics noise-distribution function
[21] further improve the comparison to experiments. How-
ever, spatial confinement effects and interfaces that alter the
domain propagation and the thermal transport are often not
implemented in the modeling.

Here we present an experimental comparison of the mag-
netization dynamics of equally thin continuous and nanogran-
ular FePt after medium- to high-fluence femtosecond laser
excitation. The observed remagnetization process speeds up
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FIG. 1. Static magnetic properties of the FePt samples and sketch
of the TR-MOKE setup. (a) Magnetization hysteresis loops and
(b) temperature dependence of the magnetization of the granular
(open symbols) and continuous (plain symbols) samples. For (b) a
stabilizing field of 65 mT was applied for the continuous film, while
the granular film was measured in remanence. The magnetic field in
(a) and (b) was applied perpendicular to the plane of the samples.
Sketch of (c) the continuous and (d) the granular FePt samples. (e)
Sketch of the TR-MOKE setup.

by a factor of three with increasing external field for the
continuous film. This effect is significantly reduced for the
nanogranular FePt and for medium fluences the timescale of
remagnetization is independent of the external field. We argue
that domain-wall propagation is irrelevant in the grains which
are magnetically decoupled by the surrounding amorphous
carbon matrix. In the continuous film, the remagnetization
rate saturates for high external fields of about 0.7 T and it
approaches the timescale observed in the granular film, where
the remagnetization speed is limited by the heat dissipation
rate. We discuss the influence of the carbon matrix, which
rapidly absorbs about 30% of the deposited energy and par-
tially stores it for about 1 ns.

The investigated continuous and granular FePt films are
grown in the ordered L10 phase onto MgO (100)-oriented
substrates, which aligns the easy magnetic axis out of plane.
The interpretation of the magnetization dynamics is facilitated
by the fact that spin transport out of the thin films can be ex-
cluded. A more detailed description of the growth conditions
and the structural properties of the samples can be found in
Ref. [22]. In particular, we mention that the granular film con-
sists of segregated FePt nanograins embedded in amorphous
carbon with a size distribution of FePt particles centered at
approximately 8 ± 2 nm [see Fig. 1(d)]. The continuous film

of FePt is capped by a 1-nm Al layer, which is oxidized to
Al2O3 [see Fig. 1(c) ]. The static magnetic properties of the
samples were characterized using a superconducting quantum
interference device—vibrating sample magnetometer under
an external magnetic field (Bext) applied normal to the sample
plane. The measured hysteresis loops of the continuous and
granular films are shown in Fig. 1(a). Their square shape
shows that the magnetic easy axis is oriented perpendicular to
the plane of the films. The coercive field of the granular film
is around 5 T, which is very large compared to the coercive
field of the continuous film of approximately 0.4 T. This is due
to the different magnetization reversal mechanisms. Domain-
wall nucleation and propagation governs the continuous film,
whereas the magnetization dynamics in the nanoparticles are
dominated by quasicoherent magnetization reversal [23]. In
addition, we observed a reduction of the saturation magne-
tization (MS) by 30% in the granular film, which can be
related to the volume occupied by the nonmagnetic carbon
matrix in that film together with a small contribution related
to the well-known effect of finite size [24,25] on MS. The
temperature dependence of the saturation magnetization was
also measured in a wide range of temperatures between 300
and 850 K [see Fig. 1(b)]. The laser-induced ultrafast mag-
netization dynamics was investigated using the time-resolved
magneto-optical Kerr effect (TR-MOKE) setup sketched in
Fig. 1 (e). The pump and probe pulses were generated from
an amplified Ti:Sapphire laser system delivering 130-fs pulses
centered at 800 nm at the repetition rate of 1 kHz. The
pump beam is kept at the fundamental of the amplifier at
800 nm and excites the sample under a small angle from the
surface normal to the sample (∼=2◦), while the probe beam is
frequency doubled to 400 nm with a nonlinear beta-barium-
borate crystal and incident onto the sample at almost per-
pendicular incidence (∼=1◦). A chopper reduces the repetition
rate of the pump pulses to 500 Hz, enabling pulse-to-pulse
comparison of the pumped and unexcited states of the sample
at the full 1-kHz repetition rate. Both light pulses are linearly
polarized and focused through one of the pole shoes of an
electromagnet onto the sample on a spot of 1000 μm for
the pump and 300 μm for the probe. The reflected probe
pulses allow measuring the differential change of the polar
Kerr rotation (�θK ) using a polarization bridge consisting
of a λ/2 wave plate, a Wollaston prism, and a balanced
photodiode. The detected signal is analyzed via a Boxcar
integrator and a data acquisition (DAQ) card. The Bext of the
electromagnet is applied perpendicular to the surface of the
sample.

II. RESULTS AND DISCUSSION

Figure 2 shows the TR-MOKE measured for the con-
tinuous [Fig. 2(a)] and the granular [Fig. 2(b)] samples as
a function of Bext at a pump fluence of Fpump = 5 mJ/cm2.
To compare the field effect on the ultrafast magnetization
dynamics, �θK (t) signals were scaled by the �θK amplitude
corresponding to the maximum demagnetization. In both sam-
ples, the pump laser pulses induce a subpicoseond demagne-
tization process, which is independent of Bext. We focus on
the remagnetization process following this ultrafast demagne-
tization. Interestingly, a clear difference in the effect of Bext
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FIG. 2. Magnetic field dependence of laser induced magnetiza-
tion dynamics. (a), (b) Normalized Kerr rotation �θK measured in
the (a) continuous and (b) granular samples at different applied
magnetic fields for a fixed pump fluence of 5 mJ/cm2. The inset
(c) shows the magnetic-field dependence of the time t1/2 at which
half of the demagnetization amplitude has recovered for this pump
fluence of 5 mJ/cm2 and an approximately doubled fluence of 9
and 10 mJ/cm2 for the continuous and granular sample, respectively.
Solid lines are a guide to the eye.

on this remagnetization is observed for the continuous and
granular films. Indeed, the remagnetization of the continuous
film speeds up significantly when the external field increases
from 0.1 to 0.7 T [see Fig 2 (a)], while the remagnetization
of the granular one is independent of Bext [see Fig. 2 (b)].
To study this phenomenon in more detail, we measured the
TR-MOKE at high pump fluence of Fpump = 10 mJ/cm2 and
over a wide range of Bext up to 1.2 T. The results of this study
are summarized in Fig. 2(c). For both samples and at the two
Fpump values of 5 mJ/cm2 and 10 mJ/cm2, we show the field
dependence of the time t1/2 corresponding to the time in which
half of the demagnetization amplitude has recovered. Interest-
ingly, the effect of Bext on the remagnetization becomes more
pronounced in the continuous film at higher fluence and it
reaches a saturation around 0.6 and 0.7 T, while the remagne-
tization of the granular film remains weakly sensitive to Bext,
even though the range of applied fields is nearly twice as large.
It is straightforward to assign the large field dependence of
the continuous film to domain-wall propagation that is well-
known to govern the magnetization dynamics in continuous
thin films and very sensitive to the amplitude of Bext [26–28].
On the other hand, the domain-wall propagation is irrelevant
in nanosized magnets where the remagnetization should be
governed by the cooling of the grain. Furthermore, we show

FIG. 3. Hysteresis measured in the continuous (a) and granular
(b) samples at different pump fluence and delay between the pump
and the probe pulses. In all measurements, the applied Bext ranges
between ±0.75 T. The vertical scaling is fixed for all hysteresis
curves and the saturation magnetization is normalized as described
in the text (a) to the hysteresis loop without pump and (b) by the
signal observed at the highest fluence.

that t1/2 in the continuous film converges under high Bext

to a value of ∼=100 ps, similar to the one characterizing the
granular film at high fluence. Such saturation can be explained
by the fact that the remagnetization in the continuous film at
high fields is essentially governed by the dissipation of heat
which cools the FePt spin system. Indeed, when the external
field is large enough, it can keep the entire film essentially
in a monodomain state such that domain-wall propagation
does not play a role. Figure 2(a) clearly shows that in the
continuous film we can interpret the observed magnetiza-
tion change essentially by cooling of the spin system to the
phonons only if a high magnetic field is applied. For lower
fields, the remagnetization dynamics are considerably slowed
down because, despite the same cooling, the spin system
reorders in domains which lead to a reduced macroscopic
magnetization which should not be misinterpreted as a hot
spin system. Therefore, to study the intrinsic heat-transport
properties in magnetic materials, it is necessary to investigate
the magnetization dynamics in nanosized structures or under
a high external magnetic field.

To quantify the vertical axis of the TR-MOKE traces and
to study the ultrafast magnetization dynamics in more detail,
we performed hysteresis measurements on both samples using
a maximum field of 0.75 T at different pump fluences and
delays between the pump and the probe pulses (Fig. 3). The
two samples exhibit very different fluence and time-dependent
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hysteresis loops. Let us first focus on the continuous film for
which the amplitude of the hysteresis was normalized to the
one measured without excitation [Fig. 3(a)]. The excitation at
a low fluence of Fpump = 2.0 mJ/cm2 shows that the absorbed
energy of the pump pulse induces only a very small decrease
in the saturation magnetization at short timescales (t = 1 ps)
without any change of the coercive field. At a medium fluence
of Fpump = 5.0 mJ/cm2, the saturation magnetization is re-
duced significantly, and the coercive field is smaller compared
to the one measured without excitation. At high fluence of
Fpump = 8.5 mJ/cm2, the hysteresis is fully closed over a
significant amount of time of at least 25 ps. For the granular
sample, no hysteresis loop is observed at the low fluence of
Fpump = 2.5 mJ/cm2 [Fig. 3(b)], since the coercive field [cf.
Fig. 1 (a)] is larger than the maximum applied field of 0.75 T.
At this low fluence, the transient hysteresis at the time delay of
1 ps shows the same reduction of the magneto-optical signal
for the full Bext field range. This vertical shift indicates a
reduced transient magnetization. No grains are switched in
their magnetization when Bext is reversed and we only access
the upper hysteresis branch of the granular film. A clear open
hysteresis is observed at negative time delays for a medium
fluence of Fpump = 5.0 mJ/cm2 and, by further increasing
Fpump, its amplitude becomes more and more pronounced and
its coercivity is continuously reduced. The increasing hystere-
sis amplitude with increasing Fpump implies a larger fraction
of switched particles. This phenomenon is related to the size
distribution of the FePt grains, which leads to a large spread in
the temperature changes proportional to the inhomogeneous
light absorption that varies between 10 and 30% accord-
ing to finite element simulations of the field enhancement
effects in the optical absorption [29]. This inhomogeneous
distribution of heat cannot be washed out by electronic heat
transport through the insulating carbon matrix, which rapidly
cools down the FePt particles but does not transport the
heat efficiently from grain to grain. Only the grains which
experience a temperature rise close to the Curie temperature
TC participate in the switching. We estimate that more than
90% of the particles are switched at 8.5 mJ/cm2, since for
11 mJ/cm2 the demagnetization only increases marginally. As
a good approximation, we thus calibrate the vertical axis in
Fig. 3(b) by the amplitude of the hysteresis loop measured
at negative delay with high fluence since this value is the
saturation magnetization of the granular film. This calibration
in Fig. 3(b) emphasizes that more and more particles switch
with increasing Fpump. We mention that at the time delay of
1 ps and for Fpump = 8.5 mJ/cm2 the hysteresis measured in
both—continuous and granular—films are flat and have zero
amplitude, which indicates that for both films the temperature
exceeds TC and therefore they are in the paramagnetic phase.
On the other hand, we observe that for time delays larger than
∼=15 ps for the granular film and ∼=25 ps for the continuous one
the hysteresis amplitudes gradually increase (Fig. 3), nicely
visualizing the remagnetization dynamics of the films.

To better illustrate the remagnetization dynamics as a
function of the pump fluence, TR-MOKE measurements at
selected Fpump are shown for the continuous and the granu-
lar film in Figs. 4(a) and 4(b), respectively. The data were
recorded for an applied field of 0.75 T. In both cases, an
increasing pump fluence causes the remagnetization to slow

FIG. 4. Pump fluence dependence of laser-induced ultrafast mag-
netization dynamics. (a), (b) �θK measured in the (a) continuous
and (b) granular samples as a function of the pump fluence at high
external magnetic field of Bext = 0.75 T. The dashed dotted and
dashed lines in (b) are the �θK signal induced in continuous film
by Fpump of 4.5 and 8.5 mJ/cm2, respectively. The inset (c) shows
the pump fluence dependence of the time t1/2 at which half of the
demagnetization amplitude has recovered for 0.75 T with the solid
lines as guide to the eye.

down. In addition, with the exception of the lowest fluence
measurement of both samples, the granular film recovers
significantly faster than the continuous film at equal incident
fluence values. To illustrate this feature, Fig. 4(c) shows
the pump fluence dependencies of the time t1/2 of the con-
tinuous and granular film. To directly visualize the faster
recovery of the granular film, we plot by a dash-dotted line
in Fig. 4(b) the �θK(t) measured for the continuous film
at Fpump = 4.5 mJ/cm2. The early dynamics of the granu-
lar film are similar to this dash-dotted line when excited
at almost twice the fluence. For 8.5 mJ/cm2 excitation of
the continuous film the dynamics are much slower (dashed
line), suggesting a significantly reduced light absorption in
the granular film. However, for both fluences the continuous
film approaches the saturation magnetization faster than the
granular one beyond 300-ps time delay [see Fig. 4(b)]. The
similarity between the initial remagnetization of the contin-
uous film and the granular one when exposed to twice the
incident fluence suggests that a difference in the absorption
for two films plays a role on the observed behavior. To
examine the validity of this hypothesis, we have employed
a transfer matrix calculation to estimate the optical absorp-
tion profile for the two samples [30]. We have used in our
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numerical calculation experimental values for the optical
constants of the continuous (n= 3.30 +2.63i) and granular
(n= 2.98 +1.78i) FePt films [29,31], which are measured
in samples with comparable thickness, size of particles, and
carbon matrix. We note that the smaller extinction coefficient
of the granular film (i.e., the imaginary part) not only indicates
that it absorbs less energy compared to the continuous FePt
layer. It also reveals that the absorption in the FePt grains is
considerably larger than in the carbon, since otherwise the
effective medium should have an increased imaginary part.
The continuous FePt layer absorbs approximately Acont

∼=
33% of the incident fluence Fpump, while the granular one
absorbs approximately Agran

∼= 27% in the effective medium
that consists of FePt immersed in amorphous carbon. Thus,
the absorbed light energy heating the electron system of the
granular FePt is only about Agran/Acont = 81% of the contin-
uous film. Instead of scaling the incident fluence values by
this relative absorption factor, we describe the second factor
of similar magnitude which changes the dynamics in the
continuous and granular film.

Heat conduction to the surrounding carbon matrix is a
second factor which reduces the energy density in the FePt
grains. A four-temperature model was recently proposed to
capture this energy transfer for the nanogranular FePt-carbon
composite [32]. Due to the comparable specific heat per vol-
ume of both materials, we estimate that the fraction of energy
that will flow from FePt grains (cV = 3.8 × 106 J/m3K) to the
carbon matrix is roughly proportional to its volume fraction
of 0.3. Since the Debye temperature of amorphous carbon
is considerably above room temperature [33], cV increases
from cV = 2 to 3.5 × 106 J/m3K between room temperature
and 800 K and thus becomes comparable to the FePt value
for our strong excitation regime. Hence, combining the two
arguments, after heat flow to the carbon matrix, the average
FePt unit cell of the granular film contains only a fraction
∼=70% of the absorbed energy, which is, moreover only ∼=81%
of the absorbed energy in the continuous film. This reconciles
that about only half (57%) of the incident fluence is needed
in the continuous film to trigger the same magnetization
dynamics as in the granular one.

Finally, we address the observation that for long timescales
beyond 300 ps, the continuous film always approaches the
saturation magnetization faster than the granular film, al-

though it has absorbed twice the energy. The relatively weak
van-der-Waals bonds of carbon was shown to exhibit a signif-
icantly reduced interface conductance as compared to metal-
oxide interfaces with strong binding [34]. Therefore, the
carbon matrix should store the heat energy longer than the
FePt and it can serve as an additional heat bath, which heats
the FePt grains on long timescales up to 1 ns and beyond. The
temperature gradient across the interface has then reversed
compared to the initial situation, where carbon cools the FePt
particles after they have been optically heated to very high
temperatures.

III. CONCLUSION

We have compared the laser-induced magnetization dy-
namics of a continuous and a granular FePt thin film with a
similar thickness of about 10 nm under various excitation flu-
ences and external magnetic fields. Our experimental results
show that the granular nature of the film influences the ob-
served dynamics in several ways. First of all, the laser energy
absorbed by the grains shows a broad distribution, where the
average FePt unit cell in the continuous sample absorbs about
twice the energy compared to the granular sample. Moreover,
the carbon matrix changes the dynamics in three ways: (i) It
rapidly takes up approximately 30% of the absorbed energy
and thus initially speeds up the remagnetization; (ii) it gives
heat back to FePt after cooling and therefore slows down the
remagnetization at later times; and (iii) the grain boundaries
prevent domain-wall motion and therefore strongly reduce the
impact of an external field on the remagnetization dynamics.
We believe that this, thorough comparison of the two mor-
phologies of the L10 phase of FePt, is useful as a reference for
the laser-induced magnetization dynamics, especially on the
timescale of remagnetization and cooling.

ACKNOWLEDGMENTS

We acknowledge the BMBF for the financial support via
05K16IPA and the DFG via BA 2281/11-1. M.D. thanks the
Alexander von Humboldt foundation for financial support. We
thank Gabriel Sellge for the static M(T) characterization of the
samples.

[1] Beaurepaire, Merle, Daunois, and Bigot, Ultrafast Spin Dynam-
ics in Ferromagnetic Nickel, Phys. Rev. Lett. 76, 4250 (1996).

[2] C. D. Stanciu, F. Hansteen, A. V. Kimel, A. Kirilyuk, A.
Tsukamoto, A. Itoh, and Th. Rasing, All-Optical Magnetic
Recording with Circularly Polarized Light, Phys. Rev. Lett. 99,
047601 (2007).

[3] C-H. Lambert, S. Mangin, B. S. D. Ch. S. Varaprasad, Y. K.
Takahashi, M. Hehn, M. Cinchetti, G. Malinowski, K. Hono,
Y. Fainman, M. Aeschlimann, and E. E. Fullerton, All-optical
control of ferromagnetic thin films and nanostructures, Science
(New York) 345, 1337 (2014).

[4] Y. Yang, R. B. Wilson, J. Gorchon, C.-H. Lambert, S.
Salahuddin, and J. Bokor, Ultrafast magnetization reversal by
picosecond electrical pulses, Sci. Adv. 3, e1603117 (2017).

[5] W. A. Challener, C. Peng, A. V. Itagi, D. Karns, W. Peng, Y.
Peng, X. Yang, X. Zhu, N. J. Gokemeijer, Y.-T. Hsia, G. Ju,
R. E. Rottmayer, M. A. Seigler, and E. C. Gage, Heat-assisted
magnetic recording by a near-field transducer with efficient
optical energy transfer, Nat. Photonics 3, 303 (2009).

[6] D. Weller, G. Parker, O. Mosendz, A. Lyberatos, D. Mitin,
N. Y. Safonova, and M. Albrecht, FePt heat assisted mag-
netic recording media, J. Vac. Sci. Technol., B: Nanotechnol.
Microelectron.: Mater., Process., Meas., Phenom. 34, 060801
(2016).

[7] G. Varvaro, A. Maria Testa, D. Peddis, and S. Laureti, in
Ultrahigh-Density Magnetic Recording. Storage Materials and
Media Designs, 1st ed., edited by F. Casoli and G. Varvaro (Pan
Stanford Publishing, Singapore, 2016), Chap. 8, pp. 385–456.

224408-5

https://doi.org/10.1103/PhysRevLett.76.4250
https://doi.org/10.1103/PhysRevLett.76.4250
https://doi.org/10.1103/PhysRevLett.76.4250
https://doi.org/10.1103/PhysRevLett.76.4250
https://doi.org/10.1103/PhysRevLett.99.047601
https://doi.org/10.1103/PhysRevLett.99.047601
https://doi.org/10.1103/PhysRevLett.99.047601
https://doi.org/10.1103/PhysRevLett.99.047601
https://doi.org/10.1126/science.1253493
https://doi.org/10.1126/science.1253493
https://doi.org/10.1126/science.1253493
https://doi.org/10.1126/science.1253493
https://doi.org/10.1126/sciadv.1603117
https://doi.org/10.1126/sciadv.1603117
https://doi.org/10.1126/sciadv.1603117
https://doi.org/10.1126/sciadv.1603117
https://doi.org/10.1038/nphoton.2009.71
https://doi.org/10.1038/nphoton.2009.71
https://doi.org/10.1038/nphoton.2009.71
https://doi.org/10.1038/nphoton.2009.71
https://doi.org/10.1116/1.4965980
https://doi.org/10.1116/1.4965980
https://doi.org/10.1116/1.4965980
https://doi.org/10.1116/1.4965980


L. WILLIG et al. PHYSICAL REVIEW B 100, 224408 (2019)

[8] K. Hono, Y. K. Takahashi, G. Ju, J.-U. Thiele, A. Ajan, X. Yang,
R. Ruiz, and L. Wan, Heat-assisted magnetic recording media
materials, MRS Bull. 43, 93 (2018).

[9] D. Weller, O. Mosendz, G. Parker, S. Pisana, and T. S. Santos,
L10 FePtX-Y media for heat-assisted magnetic recording, Phys.
Status Solidi A 210, 1245 (2013).

[10] J. Gorchon, C.-H. Lambert, Y. Yang, A. Pattabi, R. B. Wilson,
S. Salahuddin, and J. Bokor, Single shot ultrafast all optical
magnetization switching of ferromagnetic Co/Pt multilayers,
Appl. Phys. Lett. 111, 042401 (2017).

[11] J. Mendil, P. Nieves, O. Chubykalo-Fesenko, J. Walowski, T.
Santos, S. Pisana, and M. Münzenberg, Resolving the role of
femtosecond heated electrons in ultrafast spin dynamics, Sci.
Rep. 4, 3980 (2014).

[12] J. Zhao, B. Cui, Z. Zhang, B. Ma, and Q. Y. Jin, Ultrafast
heating effect on transient magnetic properties of L10-FePt
thin films with perpendicular anisotropy, Thin Solid Films 518,
2830 (2010).

[13] B. Koopmans, G. Malinowski, F. Dalla Longa, D. Steiauf, M.
Fähnle, T. Roth, M. Cinchetti, and M. Aeschlimann, Explaining
the paradoxical diversity of ultrafast laser-induced demagneti-
zation, Nat. Mater. 9, 259 (2009).

[14] J.-Y. Bigot, M. Vomir, and E. Beaurepaire, Coherent ultrafast
magnetism induced by femtosecond laser pulses, Nat. Phys. 5,
515 (2009).

[15] M. Battiato, K. Carva, and P. M. Oppeneer, Superdiffusive Spin
Transport as a Mechanism of Ultrafast Demagnetization, Phys.
Rev. Lett. 105, 027203 (2010).

[16] N. Kazantseva, U. Nowak, R. W. Chantrell, J. Hohlfeld, and
A. Rebei, Slow recovery of the magnetization after a sub-
picosecond heat pulse, Europhys. Lett. 81, 27004 (2008).

[17] R. Chimata, A. Bergman, L. Bergqvist, B. Sanyal, and O.
Eriksson, Microscopic Model for Ultrafast Remagnetization
Dynamics, Phys. Rev. Lett. 109, 157201 (2012).

[18] P. Nieves and O. Chubykalo-Fesenko, Modeling of Ultrafast
Heat- and Field-Assisted Magnetization Dynamics in FePt,
Phys. Rev. Appl. 5, 014006 (2016).

[19] A. Lyberatos and G. J. Parker, Model of ballistic-diffusive
thermal transport in HAMR media, Jpn. J. Appl. Phys. 58,
045002 (2019).

[20] P. Scheid, G. Malinowski, S. Mangin, and S. Lebègue, Ab initio
study of electronic temperature effects on magnetic materials
properties, Phys. Rev. B 99, 174415 (2019).

[21] J. Barker and G. E. W. Bauer, Quantum thermodynamics of
complex ferrimagnets, Phys. Rev. B 100, 140401(R) (2019).

[22] A. von Reppert, L. Willig, J.-E. Pudell, M. Rössle, W.
Leitenberger, M. Herzog, F. Ganss, O. Hellwig, and M.
Bargheer, Ultrafast laser generated strain in granular and con-
tinuous FePt thin films, Appl. Phys. Lett. 113, 123101 (2018).

[23] K. Hono and Y. K. Takahashi in Ultrahigh-Density Magnetic
Recording. Storage Materials and Media Designs, 1st ed.,
edited by F. Casoli and G. Varvaro (Pan Stanford Publishing,
Singapore, 2016) Chap. 5, pp. 245–277.

[24] A. Lyberatos, D. Weller, and G. J. Parker, Finite size ef-
fects in L10-FePt nanoparticles, J. Appl. Phys. 114, 233904
(2013).

[25] O. Hovorka, S. Devos, Q. Coopman, W. J. Fan, C. J. Aas,
R. F. L. Evans, X. Chen, G. Ju, and R. W. Chantrell, The Curie
temperature distribution of FePt granular magnetic recording
media, Appl. Phys. Lett. 101, 052406 (2012).

[26] R. P. Cowburn, J. Ferré, S. J. Gray, and J. A. C. Bland, Domain
wall mobility in ultrathin epitaxial Ag/Fe/Ag(001) films, Appl.
Phys. Lett. 74, 1018 (1999).

[27] P. J. Metaxas, J. P. Jamet, A. Mougin, M. Cormier, J. Ferré,
V. Baltz, B. Rodmacq, B. Dieny, and R. L. Stamps, Creep and
Flow Regimes of Magnetic Domain-Wall Motion in Ultrathin
Pt/Co/Pt Films with Perpendicular Anisotropy, Phys. Rev. Lett.
99, 217208 (2007).

[28] A. Hubert and R. Schäfer, Magnetic Domains: The Analysis of
Magnetic Microstructures, (Springer, Berlin, 2011).

[29] P. W. Granitzka, E. Jal, L. Le Guyader, M. Savoini, D. J. Higley,
T. Liu, Z. Chen, T. Chase, H. Ohldag, G. L. Dakovski, W. F.
Schlotter, S. Carron, M. C. Hoffman, A. X. Gray, P. Shafer,
E. Arenholz, O. Hellwig, V. Mehta, Y. K. Takahashi, J. Wang,
E. E. Fullerton, J. Stöhr, A. H. Reid, and H. A. Dürr, Magnetic
switching in granular FePt layers promoted by near-field laser
enhancement, Nano Lett. 17, 2426 (2017).

[30] L. Le Guyader, A. Kleibert, F. Nolting, L. Joly, P. M. Derlet,
R. V. Pisarev, A. Kirilyuk, Th. Rasing, and A. V. Kimel,
Dynamics of laser-induced spin reorientation in Co /SmFeO3

heterostructure, Phys. Rev. B 87, 054437 (2013).
[31] Z. H. Cen, B. X. Xu, J. F. Hu, J. M. Li, K. M. Cher, Y. T.

Toh, K. D. Ye, and J. Zhang, Optical property study of FePt-C
nanocomposite thin film for heat-assisted magnetic recording,
Opt. Express 21, 9906 (2013).

[32] A. H. Reid, X. Shen, P. Maldonado, T. Chase, E. Jal, P. W.
Granitzka, K. Carva, R. K. Li, J. Li, L. Wu, T. Vecchione, T.
Liu, Z. Chen, D. J. Higley, N. Hartmann, R. Coffee, J. Wu,
G. L. Dakovski, W. F. Schlotter, H. Ohldag, Y. K. Takahashi,
V. Mehta, O. Hellwig, A. Fry, Y. Zhu, J. Cao, E. E. Fullerton,
J. Stöhr, P. M. Oppeneer, X. J. Wang, and H. A. Dürr, Be-
yond a phenomenological description of magnetostriction, Nat.
Commun. 9, 388 (2018).

[33] J. Krumhansl and H. Brooks, The lattice vibration specific heat
of graphite, J. Chem. Phys. 21, 1663 (1953).

[34] W.-P. Hsieh, A. S. Lyons, E. Pop, P. Keblinski, and D. G. Cahill,
Pressure tuning of the thermal conductance of weak interfaces,
Phys. Rev. B 84, 184107 (2011).

224408-6

https://doi.org/10.1557/mrs.2018.5
https://doi.org/10.1557/mrs.2018.5
https://doi.org/10.1557/mrs.2018.5
https://doi.org/10.1557/mrs.2018.5
https://doi.org/10.1002/pssa.201329106
https://doi.org/10.1002/pssa.201329106
https://doi.org/10.1002/pssa.201329106
https://doi.org/10.1002/pssa.201329106
https://doi.org/10.1063/1.4994802
https://doi.org/10.1063/1.4994802
https://doi.org/10.1063/1.4994802
https://doi.org/10.1063/1.4994802
https://doi.org/10.1038/srep03980
https://doi.org/10.1038/srep03980
https://doi.org/10.1038/srep03980
https://doi.org/10.1038/srep03980
https://doi.org/10.1016/j.tsf.2010.01.010
https://doi.org/10.1016/j.tsf.2010.01.010
https://doi.org/10.1016/j.tsf.2010.01.010
https://doi.org/10.1016/j.tsf.2010.01.010
https://doi.org/10.1038/nmat2593
https://doi.org/10.1038/nmat2593
https://doi.org/10.1038/nmat2593
https://doi.org/10.1038/nmat2593
https://doi.org/10.1038/nphys1285
https://doi.org/10.1038/nphys1285
https://doi.org/10.1038/nphys1285
https://doi.org/10.1038/nphys1285
https://doi.org/10.1103/PhysRevLett.105.027203
https://doi.org/10.1103/PhysRevLett.105.027203
https://doi.org/10.1103/PhysRevLett.105.027203
https://doi.org/10.1103/PhysRevLett.105.027203
https://doi.org/10.1209/0295-5075/81/27004
https://doi.org/10.1209/0295-5075/81/27004
https://doi.org/10.1209/0295-5075/81/27004
https://doi.org/10.1209/0295-5075/81/27004
https://doi.org/10.1103/PhysRevLett.109.157201
https://doi.org/10.1103/PhysRevLett.109.157201
https://doi.org/10.1103/PhysRevLett.109.157201
https://doi.org/10.1103/PhysRevLett.109.157201
https://doi.org/10.1103/PhysRevApplied.5.014006
https://doi.org/10.1103/PhysRevApplied.5.014006
https://doi.org/10.1103/PhysRevApplied.5.014006
https://doi.org/10.1103/PhysRevApplied.5.014006
https://doi.org/10.7567/1347-4065/ab0743
https://doi.org/10.7567/1347-4065/ab0743
https://doi.org/10.7567/1347-4065/ab0743
https://doi.org/10.7567/1347-4065/ab0743
https://doi.org/10.1103/PhysRevB.99.174415
https://doi.org/10.1103/PhysRevB.99.174415
https://doi.org/10.1103/PhysRevB.99.174415
https://doi.org/10.1103/PhysRevB.99.174415
https://doi.org/10.1103/PhysRevB.100.140401
https://doi.org/10.1103/PhysRevB.100.140401
https://doi.org/10.1103/PhysRevB.100.140401
https://doi.org/10.1103/PhysRevB.100.140401
https://doi.org/10.1063/1.5050234
https://doi.org/10.1063/1.5050234
https://doi.org/10.1063/1.5050234
https://doi.org/10.1063/1.5050234
https://doi.org/10.1063/1.4839875
https://doi.org/10.1063/1.4839875
https://doi.org/10.1063/1.4839875
https://doi.org/10.1063/1.4839875
https://doi.org/10.1063/1.4740075
https://doi.org/10.1063/1.4740075
https://doi.org/10.1063/1.4740075
https://doi.org/10.1063/1.4740075
https://doi.org/10.1063/1.123441
https://doi.org/10.1063/1.123441
https://doi.org/10.1063/1.123441
https://doi.org/10.1063/1.123441
https://doi.org/10.1103/PhysRevLett.99.217208
https://doi.org/10.1103/PhysRevLett.99.217208
https://doi.org/10.1103/PhysRevLett.99.217208
https://doi.org/10.1103/PhysRevLett.99.217208
https://doi.org/10.1021/acs.nanolett.7b00052
https://doi.org/10.1021/acs.nanolett.7b00052
https://doi.org/10.1021/acs.nanolett.7b00052
https://doi.org/10.1021/acs.nanolett.7b00052
https://doi.org/10.1103/PhysRevB.87.054437
https://doi.org/10.1103/PhysRevB.87.054437
https://doi.org/10.1103/PhysRevB.87.054437
https://doi.org/10.1103/PhysRevB.87.054437
https://doi.org/10.1364/OE.21.009906
https://doi.org/10.1364/OE.21.009906
https://doi.org/10.1364/OE.21.009906
https://doi.org/10.1364/OE.21.009906
https://doi.org/10.1038/s41467-017-02730-7
https://doi.org/10.1038/s41467-017-02730-7
https://doi.org/10.1038/s41467-017-02730-7
https://doi.org/10.1038/s41467-017-02730-7
https://doi.org/10.1063/1.1698641
https://doi.org/10.1063/1.1698641
https://doi.org/10.1063/1.1698641
https://doi.org/10.1063/1.1698641
https://doi.org/10.1103/PhysRevB.84.184107
https://doi.org/10.1103/PhysRevB.84.184107
https://doi.org/10.1103/PhysRevB.84.184107
https://doi.org/10.1103/PhysRevB.84.184107

