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Ultrafast laser generated strain in granular and continuous FePt thin films
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We employ ultrafast X-ray diffraction to compare the lattice dynamics of laser-excited continuous
and granular FePt films on MgO (100) substrates. Contrary to recent results on free-standing granular
films, we observe in both cases a pronounced and long-lasting out-of-plane expansion. We attribute
this discrepancy to the in-plane expansion, which is suppressed by symmetry in continuous films.
Granular films on substrates are less constrained and already show a reduced out-of-plane contrac-
tion. Via the Poisson effect, out-of-plane contractions drive in-plane expansion and vice versa.
Consistently, the granular film exhibits a short-lived out-of-plane contraction driven by ultrafast
demagnetization which is followed by a reduced and delayed expansion. From the acoustic reflec-
tions of the observed strain waves at the film-substrate interface, we extract a 13% reduction of the
elastic constants in thin 10nm FePt films compared to bulk-like samples. © 2018 Author(s). All
article content, except where otherwise noted, is licensed under a Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5050234

The L1, ordered phase of FePt is a prominent example
of a highly anisotropic material with a simple unit cell,
which can be easily stabilized in nanoscale thin films." Its
technological relevance originates from the large uniaxial
magnetic anisotropy (K,),>> which makes FePt the material
of choice for heat-assisted magnetic recording (HAMR)
schemes.*” Established bulk characterization methods for
thermophysical properties, i.e., elastic constants (C;), heat
capacity (C,), thermal conductivity (x), and thermal expan-
sion coefficients (o), are mostly inapplicable in such nano-
scale thin film materials. The envisioned applications
nevertheless substantiate the need for a thorough characteri-
zation of all involved properties.

Ideally, the inaccessible properties of the material could
be calculated on an ab-initio basis. The so far simulated
properties relevant to the HAMR process range from the
Curie temperature variation in granular films®’ over ab-ini-
tio models for mode specific electron phonon coupling con-
stants® up to full multiscale models for the magnetization
dynamics.” Apart from recent mode specific calculations of
the phonon Griineisen constants'® (I') and extensive work on
the elastic constalnts,“*13 predictions for C),, k, and o are
lacking, which hints at the complexity of full ab-initio theo-
retical approaches.

Experimental methods tailored to be applicable in the
thin-film regime have been developed alongside the
improved thin film growth techniques. Specifically, for
FePt, time-domain thermoreflectance in combination with
1D thermal transport models has been used to extract the
heat conductivity and thermal boundary resistances.'®'3
Even an estimate for the diverging magnetic specific heat
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has been obtained.'® The out-of-plane elastic constant Cs;
has been determined by picosecond ultrasonics from the
coherent phonon propagation monitored by an all-optical
pump-probe method'” and electromagnetic-acoustic reso-
nance.'® Diffraction studies on L1, FePt compounds report
a strong anisotropy in the thermal expansion upon equilib-
rium heating where the dominant in-plane expansion her-
alds anisotropic stresses.'*2°

A recent time-resolved investigation has combined the
direct access to the structural dynamics of FePt nanograins via
ultrafast electron diffraction (UED) with direct measurements
of the Fe magnetization by resonant soft X-ray diffraction.'®
This study connected the obtained experimental interpretation
with the insight of ab-initio theory to study the complex cou-
pled dynamics initiated by the simultaneous action of elec-
tronic, magnetic, and phononic stress contributions.'” The
ultrafast demagnetization and potentially anisotropic electron
and phonon stresses were found to drive a pronounced out-of-
plane contraction that decays to zero within 20 ps. For this
experiment, the FePt nanograins embedded in a carbon matrix
were transferred from the substrate to an ultrathin metal grid
suitable for UED and the out-of-plane lattice motion was
derived from asymmetric diffraction peaks. Ultrafast X-ray
diffraction (UXRD) in the symmetric Bragg reflection geome-
try is an established method for measurements of the lattice
expansion of thin films and heterostructures that are supported
by a substrate.’’*> A synchrotron-based UXRD study® on
continuous FePt films has reported an out-of-plane expansion
upon photo-excitation; however, the time resolution was
insufficient to observe the acoustic vibrations.'”

Here, we present laser-based UXRD experiments on
FePt in the L1, phase on MgO substrates with a time resolu-
tion of approximately 200 fs. We compare the lattice

© Author(s) 2018.
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response of a continuous crystalline FePt thin film to the
nano-granular FePt samples in a carbon matrix relevant for
magnetic recording. Both samples are investigated as-grown
onto the MgO (100) substrates. In contrast to the out-of-
plane contraction in free-standing granular FePt films,
observed by UED in the transmission geometry on a trans-
mission electron microscopy (TEM) grid,lo we observe an
ultrafast out-of-plane expansion within 2.5 ps limited by the
sound velocity. From the observed coherent phonon oscilla-
tions period of 4.6 ps and a precise measurement of the film
thickness d =9.7 nm by X-ray reflectivity (XRR), we derive
an out-of-plane longitudinal acoustic sound velocity of
4.2 nm/ps which is in line with the previously reported elas-
tic constants'’ and with the periods observed by UED.'® We
discuss that the out-of-plane structural dynamics strongly
varies for different film morphologies because out-of-plane
contractions are coupled to in-plane expansion by the
Poisson effect. Our study thus illustrates the capabilities of
laboratory-based UXRD for determining the elastic constants
in ultrathin samples. From a conceptually simple one-
dimensional linear chain (LC) model, we furthermore obtain
the different stresses that drive the out-of-plane response in
granular and thin-film media.

We compare granular and continuous FePt films that are
both in the L1, phase and grown onto MgO (100) oriented
substrates. The continuous film was prepared by magnetron-
sputtering Fe and Pt from a composite FePt target onto a sub-
strate preheated to 500 °C. The granular film was sputtered
from a FePt-carbon composite target with approximately
30vol. % C onto a substrate preheated to 650 °C. The c-axis
and magnetization are oriented out-of-plane. XRR was car-
ried out to characterize the film thicknesses at the KMC3-
XPP endstation®* at the BESSY II synchrotron radiation
facility. Using programs from the reflpak suite,”® the XRR
data in Figs. 1(a) and 1(c) were analyzed and fitted by the
resulting electron density depicted in Figs. 1(e) and 1(f).
The insets (b) and (d) depict the inferred sample structures.
The Kiessig fringes of the granular film decay quickly, con-
firming the increased surface roughness known from cross
sectional TEM images of comparable samples.z’26

Scanning electron microscopy (SEM) images of simi-
larly prepared samples (not shown) display that the granular
film consists of segregated FePt-nanograins with a size dis-
tribution centered at approximately 10nm embedded in
amorphous carbon that magnetically decouples the grains.
This is confirmed by the magnetic hysteresis measurements
shown in Fig. 1(g) carried out using a commercial SQUID-
vibrating sample magnetometer (Quantum Design). The
granular sample exhibits a large coercive field of approxi-
mately uoH =5 T, which is desirable for HAMR, whereas
the thin film switches at a considerably reduced field of
toH = 0.4 T via domain wall motion, which is inhibited in
granular samples.”’ The saturation magnetization for the
granular film is reduced by a factor of 0.7 as compared to
the continuous film, which agrees with the volume filling
factor of FePt in the non-magnetic carbon estimated from
SEM images.

Using UXRD, we monitor the Bragg peak shift in the
symmetric Bragg diffraction geometry and thus the out-of-
plane lattice expansion of the two different crystalline
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FIG. 1. Sample characterization: X-ray reflectivity data of the continuous (a)
and granular (c) film. Orange and cyan colored lines indicate the fit result
obtained by assuming the electron densities shown in (e) and (f). Sample
structures derived from the electron density without roughness [dashed lines
in (e) and (f)] are schematically shown in the insets (b) and (d). The magneti-
zation hysteresis in (g) shows a strongly enhanced coercivity and a reduced
saturation magnetization of the granular film compared to the continuous film.

specimens with sub-picosecond time resolution at a
laboratory-based diffraction setup.?® Figure 2(a) displays the
Bragg diffraction curve of the unexcited granular and contin-
uous film samples and the inset (b) schematically shows the
diffraction and pump-probe geometry. The MgO (002) sub-
strate peak is located at 6 = 21.45°, and the (002) FePt-
peaks appear approximately at 6 = 24.6°. We optically
excite the samples with p-polarized pump pulses with a cen-
tral wavelength of 800nm and a pulse duration of 100 fs.
From the 0.2 mJ pulse energy at a 1 kHz repetition rate with
a 1.4 mm x 1.5 mm (FWHM) beam profile incident under
[ = 45° relative to the surface normal, we calculate an inci-
dent fluence of 6 mJ cm 2. Using a transfer matrix algorithm
for the optical absorption calculation®® and literature values
for the optical properties,30 we find that a fraction of 25% of
the incident energy is absorbed in the continuous FePt mate-
rial. The hard X-ray probe-pulses with a duration of 200 fs
are generated by a laser driven X-ray source, monochromat-
ized, and focused onto the sample using a Montel optic®'
with a convergence of approximately 0.3°. This produces a
flux of approximately 10° photons/s at the sample in the
energy range of Cu-K o /o, X-ray characteristic line emis-
sion. To obtain the time-resolved strain from the diffracted
intensity /, the detector images are mapped to the out-of-
plane reciprocal space coordinate ¢, as described previ-
ously.** I(g.) is then fitted by a Gaussian line profile, in
order to extract the position of the (002) Bragg peaks g¢. i ()
for each delay ¢ between pump and probe pulses. Using
q.(t) = 4n/c(t), we obtain the evolution of the average FePt
lattice plane spacing c(f) in real space. The resulting strain
&(t) = (c(r) — co)/co, using c¢o = c(t < 0), is depicted in
Figs. 2(c) and 2(d).
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FIG. 2. X-ray diffraction and simulations: (a) Characterization of the sam-
ples using X-ray diffraction in the reflection geometry shown in the inset
(b). Data points in (c) and (d) show the strain extracted from the shift of the
FePt (002) Bragg peaks of the continuous and granular film in reciprocal
space. Solid lines in (c) and (d) represent the transient strains that result
from the applied time dependent stresses (dashed lines), in a linear chain
(LC) model. The lattice dynamics in the first 10 ps of the granular film differ
significantly from the strain observed in a continuous film. An initially con-
tractive stress is required to obtain a qualitative agreement between simula-
tion and measurement. (e)—(g) Schematic of clamping mechanisms that we
believe to affect the out-of-plane expansion for the three different growth
cases: (e) free-standing (f) granular film on a substrate and (g) continuous
film on a substrate.

We first discuss the transient strain of the continuous
FePt film [Fig. 2(c)]. An out-of-plane lattice expansion of up
to 0.7% rises to its maximum within 2.8 0.2 ps.
Subsequently, an oscillation with a period of T =4.6%0.2
ps superimposes the strain relaxation that originates from the
flow of thermal energy to the substrate. From the measured
T and d, we obtain the longitudinal acoustic sound velocity
vy = 2d/T = 4.2+0.2 nm/ps.>>~*

We observe a considerable out-of-plane expansion of
approximately 0.4% at t =20 ps for the continuous thin film
after the coherent strain wave oscillations end due to
repeated partial transmission into the substrate. At such large
delays, the observed strain ¢ scales linearly with the quasi-
thermal stress ¢ according to Hooke’s law ¢ = Ee¢. In metal
films, the observed strain originates from a stress that is a
superposition of the contributions from energy deposition
into the electron and lattice system.’*>>=’ In the particular
case of magnetically ordered materials, additional stress
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originating from the excitation of the spin system has been
reported.'®*! Assuming thermal equilibration of these con-
tributing subsystems, the observed strain ¢ directly indicates
the transient temperature rise AT via ¢ = «AT. For such a
simplified analysis, we can extract an effective linear thermal
expansion coefficient o, which incorporates all contributing
stresses, e.g., electron and phonon pressure, magnetostric-
tion, and the coupling of in- and out-of-plane strain by the
Poisson effect by a very coarse estimation of the temperature
rise. Considering the dominant contribution of the phonons
to the specific heat of approximately'® C,=35x 109
JmK™!, we estimate from the absorbed laser fluence F a
and the film thickness d: AT = F,/(dC) ~ 147 K. This
yields an estimate for the effective linear thermal expansion
coefficient,®® which is applicable only on timescales where
the electron-spin-phonon system is in a quasi-equilibrium
while in-plane strain propagation is still negligible: «
=¢/AT ~ 2.7 x 107> K'. The observed decaying strain for
times ¢ > 20 ps is attributed to a cooling of the FePt film by
phonon heat transport to the insulating substrate, in agree-
ment with previous synchrotron studies.”” In our coarse
approximation, we refer to a quasi-equilibrium, since recent
theoretical developments in the modeling of time-resolved
experiments that go beyond two or three temperature models
indicate that such an equilibration process may take many
tens of picoseconds due to mode dependent electron phonon
couplings®'** or potentially weak spin-lattice coupling.?'
In order to further interpret the measurement on the epi-
taxial thin film, we simulate the results in a 1-dimensional
LC model of coupled masses and springs. The simulations
are carried out using the strain calculation module from the
udkm 1Dsim toolbox simulation package.’® We calculate the
response to a time-dependent expansive stress that is
assumed to be homogenous across the FePt thin films moti-
vated by the optical penetration depth®® for 800 nm light in
FePt of approximately 24.2 nm, which is large compared to
the 9.7 nm film thickness. The dashed-dotted line in Fig. 2(c)
shows the total time-dependent stress that leads to the
observed transient strain, with multiple acoustic reflections
shown as solid lines. It is rather close to a step function with
a rising edge given by the laser pulse duration. A slight addi-
tional rise and decay can be attributed to a conversion of
electronic to phononic stress and the onset of heat transport
to the substrate, respectively. For convenience, we have
added the simulated strain as solid lines to Fig. 2(c) assuming
different longitudinal acoustic sound velocities v, from which
we can obtain the elastic constant Ci3 = pv? ~ 267 GPa
using v, = 4.2 nm/ps. We use the density p = 15 113kg/m’
of FePt calculated from atomic weights and the known unit
cell dimensions of the conventional tetragonal unit cell of
parameters ¢ = 3.72 A and a =3.85 A of FePt.?’ The derived
C3;3 value lies just at the lower bound of the range of 242
— 371 GPa from theoretical considerations."'™ It agrees
well with the observed reduction of the elastic constant of
FePt specimen from 309 to about 250 GPa, when the thick-
ness is less than 40 nm.'” The temperature dependence of the
elastic constants observed under equilibrium heating'® sup-
ports an even further decrease in the transient bulk modulus
resulting from a laser-induced temperature increase. The sur-
prisingly small vy = 2.2 nm/ps reported for the free standing
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grains'® might be due to a missing factor of 2 since for
spheres, the expected period T = d/v, must be calculated
using the diameter d of the laser excited particles instead of
their radius.

Now, we discuss the dynamics in our nano-granular
film. The oscillation period is nearly identical to the continu-
ous film, as expected for the same layer thickness. The in-
plane dynamics of the granular film occur with a similar
period because the average grain size equals the thickness.
Its out-of-plane contraction within the first 2.5 ps [Fig. 2(d)]
confirms the ultrafast contractive stress contribution that was
reported for the free-standing granular film.'® The contrac-
tive stress component was shown to originate from the
release of magnetostriction due to the transient demagnetiza-
tion of the FePt.'” The timescale of the demagnetization
varies depending on the experimental conditions but is usu-
ally fitted by an exponential decay with time constants
smaller than 0.5 ps.'®?®?” The magnetization recovers
within several tens of picoseconds, depending on the excita-
tion fluence.'®*® For larger time delays (t > 2.5 ps), we defi-
nitely observe a long-lasting lattice expansion, which has
only about half the amplitude of the continuous film. The
contractive stress driven by spin-excitations is still operative
due to the slow remagnetization, but the phonon-driven heat
expansion prevails. As we argue below, the crossover from
compressive to tensile strain is due to partial constraints to
the in-plane motion of the nanograins. The contraction
observed in the free standing film is thus probably stopped as
soon as the in-plane grain expansion is inhibited by the epi-
taxial pinning to the MgO substrate and the surrounding car-
bon matrix, which is also pinned to the substrate. In the case
of the continuous epitaxial film, such in-plane constraints
completely inhibit the compressive strain at early delays.

For the epitaxial continuous film, the 1D LC model is an
excellent approximation for the first 20 ps, since in-plane
motion is prohibited by symmetry. In the nano-granular sam-
ple, this symmetry is broken and various anisotropic driving
stresses can occur so that a modeling of the three-
dimensional response of particles with anisotropic elastic
properties embedded in a carbon matrix would be required.
The inhomogeneous size distribution with unknown coupling
strength to the substrate further challenges ab-initio treat-
ment. Here, we analyze the strain response of the FePt granu-
lar sample grown on a substrate, because it connects the
previous research on free-standing nanograins'® and epitax-
ial thin films®* and since it is the relevant geometry used in
HAMR media. For a simplified simulation of the observed
out-of-plane strain, we assume the effective out-of-plane
stress shown in Fig. 2(d) as a dashed-dotted line, which
includes contributions from an in-plane expansion that leads
to an out-of-plane contractive stress via Poisson’s ratio. We
speculate that the crossover from a contractive to an expan-
sive out-of-plane stress within about 1 ps is due to the fact
that the in-plane expansion concomitant with the out-of-
plane contraction is hindered by epitaxial clamping to the
substrate and the carbon matrix. This contribution of the
Poisson effect adds to the out-of-plane contraction driven by
ultrafast spin disordering. 10

Figures 2(e)-2(g) schematically show our current under-
standing of the pronounced differences for free-standing
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grains vs. continuous epitaxial films of FePt, with nano-
granular films on a substrate as an intermediate case. While
the nearly free-standing grains, which are more loosely
embedded in a carbon matrix on a TEM grid, can contract
out-of-plane because they can expand in-plane, the continu-
ous film cannot expand in-plane. This suppresses the con-
traction out-of-plane and an expansion due to electron and
phonon stresses prevails. For the nano-granular film on the
substrate, the in-plane expansion is still somewhat sup-
pressed due to the carbon matrix and due to epitaxial strain
resulting from the pinning to the substrate.

In conclusion, we have shown that laser-excited FePt in
the L1, phase essentially expands out-of-plane, if the contin-
uous film or the nano-grains are epitaxially attached to a sub-
strate. From the observed strain-wave oscillations, we obtain
the out-of-plane sound velocity and thus the elastic constant
(3, well in line with the reported decrease for films of few
nm thickness.'” Our experiments showcase the capabilities
of table-top UXRD to monitor transient stresses via the
resulting coherent strain waves. The subpicosecond time-
resolution of the experiments reveal a markedly different
response of the granular sample compared to the continuous
film. This proves the relevance of different balances of the
in-plane stresses for the out-of-plane lattice dynamics. Few
previous experimental studies assume that the related
Poisson effect enhances the amplitude of ultrafast generated
strain in continuous films;>!384° however, an unambiguous
general proof for this enhancement is so far missing.

The complexity of the anisotropic nanogranular samples
calls for modeling approaches that go beyond harmonic
oscillator models®'® or the 1D approximation that is fre-
quently applied in laser-excited bulk materials or continuous
thin films since the seminal work of Thomson ez al.*' We
envision that time-resolved studies of various properties of
nanoparticles could be cross-fertilized by the development of
three-dimensional model calculations since they are often
intricately linked to the lattice via changes in their band
structure.

We acknowledge the BMBF for the financial support via
05K 16IPA and the DFG via BA 2281/8-1 and BA 2281/11-1.
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