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Femtosecond lasers are routinely used for inducing local modification, including nanostructuring, and
ultrafast laser spectroscopy in solids. However, these studies are often being performed separately making
the unveiling of exciting physical properties of laser-fabricated materials out of reach. Here, we present an
all-optical platform combining the fabrication of nano to micrometer size single-shot “femtosecond-laser-
delamination” membranes or cavities of ferromagnetic thin films and multilayers together with their quasi
in situ characterization using the Abbe-limited interferometric, ultrafast scanning photo-acoustic and
magneto-plasmonic microscopies. Ferromagnetic nickel and iron cavities display high-Q acoustic
resonances providing access to long-lived ultrahigh frequency coherent phonon modes in the above
100 GHz frequency range. Cavities in cobalt-gold bilayers allow for magnetically controlled surface
plasmon resonance experiments in the Otto configuration, which is otherwise very difficult to implement
experimentally. Quantitative experimental characterization of functional magnetic cavities, supported by
the numerical modeling of all experimental data, opens an avenue to design and fabricate tunable

nanoscaled femtosecond-laser-delamination architectures in thin films and multilayers.

DOI: 10.1103/99sl-xxb2

Experimental access to nano and micrometric cavities
enclosed by membranes with nanometer thickness is
crucial for fundamental studies of electronic materials with
curvilinear and 3D geometries [1]. They facilitate funda-
mental studies of ultrafast dynamics and applications in
ferromagnetic thin films targeting the GHz-to-THz fre-
quency range [2] and high-frequency spin dynamics based
on plasmonic metasurface resonators with locally enhanced
THz magnetic fields [3]. Understanding mechanisms of
high-frequency phonon attenuation [4] or resonantly
enhanced phonon-magnon interactions [5,6] is particularly
advantageous in such nanoscaled membranes. On the other
hand, a suspended film of an arbitrary thickness separated
by a micrometer large gap from a dielectric substrate
represents one of the basic, yet difficult to implement,
configurations in plasmonics known as the Otto geometry
[7-10]. Sample preparation for the aforementioned inves-
tigations represents a significant challenge, and it would be
highly desirable to develop faster, cost-efficient techno-
logies. In the past, femtosecond laser nanofabrication
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techniques demonstrated a fascinating flexibility in pro-
ducing functional micromechanical devices [11], an
approach that we develop in this Letter by exploring the
potential of femtosecond laser nanostructuring of thin film
materials in the single-shot regime.

Nanostructuring of absorbing thin films by femtosecond
laser pulses is accomplished through a sequence of tran-
sient phenomena mediated by the nonequilibrium electron
and phonon dynamics and triggering the laser-induced
melting and resolidification, the acoustic or hydrodynamic
motion of the material, or the irreversible removal (abla-
tion) of the irradiated film from the substrate [12,13].
Numerous damage or material modification phenomena
can be precisely controlled through their threshold laser
fluence (in J/cm?), focusing conditions [14], and film
thickness [15].

Through systematic studies [16,17] we managed to
control the key parameters governing the process and
eventually succeeded in achieving a deterministic separa-
tion (delamination) of the entire film or multilayer from the
dielectric substrate creating closed “femtosecond-laser-
delamination” (FLD) cavities [Fig. 1(a)]. The peak laser
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FIG. 1. (a) Irradiation of a metallic thin film or multilayer with a single ultrashort laser pulse (see Fig. 1S in SM [22]) may create a
closed FLD cavity within a certain range of applied laser fluence. (b) The delamination fluence strongly depends on the material and the
film thickness. (c)—(f) The Abbe-limited interferometric microscopy of irradiated samples delivers different surface morphology
depending on the material, thickness of the film and the substrate, and the pulse duration. (g) Femtosecond optical excitation of
delaminated thin films triggers the long-lived oscillations of coherent acoustic phonons therein probed by time-resolved reflectivity.
(h) FLD cavities with a sufficiently large separation gap d~ A constitute the Otto configuration for the angular-resolved

(magneto-)plasmonic studies. The dashed area within the cavity displays the calculated electromagnetic field |H,(z)|* at the resonance
angle 6 = 34° in a sapphire substrate and evidences the plasmon excitation at the cobalt-gap interface; see Fig. 5S in SM [22].

fluence must be carefully tuned to exceed the delamination
threshold but remain below the thin-film ablation threshold
[Fig. 1(b)]. We eventually demonstrated that the deposition
of a thin Au layer sandwiched between Ni thin film and
glass substrate allowed to achieve significantly smaller
ablation and delamination thresholds [17]. Energy balance
arguments have been proposed to advocate the dependence
of both thresholds on the film thickness L, suggesting that
at least a fraction of a femtosecond-laser-excited thin film
becomes laser-melted [15,17]. More complex multipara-
meter models have been developed to evaluate the velocity
of the ablating layer [18,19] in the context of the so-called
laser-induced forward transfer laser technology, where
the ablating material is deposited on a closely spaced
substrate [20,21].

The simplistic concept in Fig. 1(a) assumes that the
Gaussian distribution of the incident laser fluence is not
altered by optical propagation effects in the substrate.
However, intense ultrashort laser pulses with a peak power
exceeding the critical power of self-focusing are known to
suffer from nonlinear (Kerr-type) self-focusing effects
resulting in the decay of the Gaussian laser beam in
multiple filaments [30,31], creating a complex, spatially
inhomogeneous distribution of incident laser fluence at a

substrate-film interface. An example of a 300 nm thin film
on 2 mm glass substrate fingerprints an irregular surface
landscape excited by 300 fs laser pulses in Fig. 1(c).
Peak power can be lowered and filamentation effects
suppressed by using longer (600 fs) laser pulses resulting
in formation of deterministic FLD cavities on the same
sample [Fig. 1(d)]. FLD cavities produced with 100 fs
laser pulses in metallic thin film and multilayer samples
deposited on sub-mm thin substrates were deterministic
[Figs. 1(e), 1(f)]. However, even in such thin substrates
irradiation with sub-100 fs laser pulses generated filaments
and white light continuum, advocating the necessity of
using longer laser pulses (smaller peak powers) to produce
deterministic cavities sketched in Fig. 1(a).

In this Letter we show that such quasifreestanding
deterministic FLD membranes host a reach physics that
can be conveniently addressed via nanophotonic experi-
ments. To characterize these optically produced FLD
cavities and their physical properties we have implemented
three distinct all-optical microscopic techniques. The
Abbe-limited interferometric microscopy [Fig. 2S in
Supplemental Material (SM) [22]] has been applied to
identify and classify different FLD formation regimes
[Figs. 1(c)-1(f)]. Femtosecond time-resolved scanning
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FIG. 2. (a),(b) Acoustic dynamics across FLD cavities as a

function of the pump-probe delay time on Ni/glass and Fe(100)/
MgO(100) samples. (c),(d) The acoustic dynamics on cavities
(bubbles) are compared with those on unperturbed film and fitted
with a superposition of damped acoustic eigenmodes. (e),(f) Fou-
rier spectra of the dynamics in panels (c),(d). (g),(h) Quality
factors of individual phonon modes are fitted with the phenom-
enological Eq. (2) to extract the phonon damping constant G and
the acoustic reflectivity r,. of the delaminated interface. Exper-
imental details are given in Sec. IV in SM [22].

photo-acoustic microscopy [Fig. 1(g) and Fig. 3S] was
developed to investigate the dynamics of long-lived acous-
tic phonon modes generated and confined in FLD cavities.
The magneto-plasmonic microscopy in Fig. 1(h) and
Fig. 45 has been developed to demonstrate the performance
of FLD cavities with larger gaps in the plasmonic Otto
configuration [7]. This all-optical platform for single-shot
laser nanofabrication and nondestructive quasi in situ
optical characterization of FLD cavities provides access
to upscalable acousto-magneto-plasmonic architectures,
including at ultrafast timescales [32].

The optical interferometric microscopy represents the
fastest, although extremely precise, approach to the non-
destructive quantitative identification of FLD cavities. In
case of double-side polished transparent substrates it can
be performed from both sides of irradiated thin film.
Observing the nearly identical surface landscapes from
both sides of the film assures that the delamination of the
entire film takes place, without the need to destroy the
cavities by performing FIB cross-sectioning and SEM
analysis. Throughout this investigation we have analyzed
numerous thin films and multilayers and found FLD
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FIG. 3. (a),(b) Two-sides interferometric microscopy on Ni and
Fe cavities. Whereas Ni cavities display measurable gaps
d ~30 nm, Fe cavities are hardly visible. (c),(d) Quantitative
analysis of the photo-acoustic microscopy: the normalized
frequencies w,/(2zp) of the first three acoustic harmonics
display only a slight variation across the cavity but their Q
factors increase within the cavity. (e),(f) The first four harmonics
are fitted with Eq. (1) to map the acoustic attenuation and
interface reflectivity, r,., across the cavity. For both samples the
reflectivity value drops below r,. < —0.9 getting close to the
value of a perfectly reflecting free interface r,. = —1 confirming
the delamination phenomenon. Acoustic attenuation G on FLD
shows slight increase as compared to the reference film.

cavities with separation gaps d ranging from the single
digit nanometer in Fe(100 nm)/MgO [see Fig. 1(e) and the
discussion of photo-acoustic microscopy in Figs. 2 and 3]
to a few hundreds of nanometers and more for much thicker
Co/Au bilayers enabling thorough magneto-plasmonic
investigations [Fig. 1(f)].

One striking example where FLD micro and nanocavities
can show their vast potential both for fundamental studies
and for applications is in the investigation of ultrafast
photo-acoustics. Thomsen et al. [33] demonstrated that the
absorption of ultrashort laser pulses by solid thin films and
multilayers generate pulses of coherent acoustic phonons,
which can be used to study phonon attenuation [34],
electron-phonon coupling [35], nonlinear acoustics [36]
and nanoscale heat transport [37]. The dominant decay
channel of the optically excited oscillations of coherent
acoustic phonons in films deposited on a substrate was
proven to stem from the acoustic reflection at film-substrate
interface. This led to an increasing interest toward experi-
ments in freestanding membranes, which are expected to
show a high acoustic reflection coefficient, r,, (r,, = —1
for a perfect solid-vacuum interface). Here, we have
developed and applied a scanning photo-acoustic micros-
copy approach to study the acoustic properties of free-
standing membranes as a result of the FLD process.
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FLD cavities in 100 nm thin Ni and Fe, identified through
optical (interferometric) microscopy, were scanned through
tightly focused micrometer-sized laser beam to record
the dynamics of acoustically induced reflectivity with
femtosecond temporal and micrometer spatial resolution
[Fig. 1(c)]. Such photo-acoustic microscopy is presented in
Figs. 2(a), 2(b) for FLD cavities produced by polycrystal-
line Ni/glass and crystalline Fe(100)/MgO(100) samples.
In both materials femtosecond-laser-induced reflectivity
dynamics in a cavity (denoted as a bubble) are charac-
terized by exceptionally long-lived acoustic signals as
compared to the reference measurements on the substrate
(denoted as a film); see Figs. 2(c)-2(f). All signals can be
accurately fitted in the time domain by superposition of a
few damped eigenmodes of acoustic membranes of thick-
ness L with frequencies w, = c,(zp/L) [6], which can be
best seen in their Fourier spectra. Jumping ahead to conclu-
sions we found that all observed photo-acoustic dynamics
can be fitted with a simple phenomenological model for
effective phonon damping, y,, for each phonon mode,

5 G 1

yp(@,) —Ga),,+2Lln|rac|, (1)
where the first term accounts for the intrinsic phonon
damping in the material and the second term accounts for
the effective phonon damping due to the presence of an
imperfect interface with a reflection coefficient |r,.| < I.
The latter may be due to diffuse phonon scattering at a
rough interface [37] or finite acoustic transmission from the
film to the substrate [38]. The final quantity of interest is the
quality Q factor,

[0

_ P @ 2
0y 2y, 2Gw; + %lnﬁ 2)

for all acoustic harmonics compared in Figs. 2(g), 2(h). The
maximum Q factors, ~40 for Ni and ~30 for Fe, exceed the
respective magnon quality factors [= 1/(2a), where «a
denotes Gilbert damping] making these structures suitable
for studying resonantly enhanced phonon-magnon inter-
actions [6,39].

Using the methodology illustrated in Fig. 2 on two
representative pump-probe traces (i.e., film and bubble), we
have fitted all signals in Figs. 2(a), 2(b) to obtain the
acoustic reflectivity r,. and attenuation G across FLD
cavities. These results are shown in Fig. 3. Interferometric
measurements for Ni [Fig. 3(a)] and Fe [Fig. 3(b)] from the
air and glass sides demonstrate that Ni cavities possess a
well-defined gap d ~30 nm, but in Fe they are hardly
measurable. A detailed analysis of interferometric mea-
surements on laser-irradiated surfaces [23] show that tiny
phase shifts equivalent to below ~10 nm surface displace-
ment are very difficult to discriminate due to the laser-
induced modification of the refractive index. However, the
formation of FLD cavities in Fe cannot be unequivocally

and precisely determined by scanning photo-acoustic
microscopy. The frequencies of the first three acoustic
eigenmodes in Figs. 3(c), 3(d) show minor variations across
the cavity suggesting that the film thickness remained
approximately constant. Acoustic quality factors in the
same panels demonstrate the pronounced jump with much
larger values within FLD cavities in both materials. Fitting
the Q factors of the first few acoustic modes with Eq. (2)
results in the mapping of acoustic reflectivity r,, and
damping G shown in Figs. 3(e), 3(f). A dramatic decrease
in surface acoustic reflectivity was observed in both
samples—down to the perfect value of r,, = —1 for Ni
and r,. = —0.9... — 0.95 for Fe. This result demonstrates
that photo-acoustic microscopy allows for the quantitative
identification of FLD formation even in the case of a
negligibly small gap d when the vertical resolution of
optical interferometry is not sufficient to evidence the
delamination phenomenon. A slight increase in the acoustic
attenuation parameter G is observed in both materials; its
value is consistent with the longitudinal phonon attenuation
measured at 9.3 GHz using high-frequency electronic
techniques [40]. Our photo-acoustic microscopy on FLD
membranes extends the frequency limit to study acoustic
phenomena in metals up to 200 GHz, which otherwise
requires sophisticated preparation techniques for ultrathin
freestanding membranes [4]. Therefore, beyond enabling
ultraprecise identification and metrology of FLD micro and
nano membranes our results demonstrate their performance
in ultrafast quantitative photo-acoustics.

Micron-sized FLD cavities with a gap size of the order of
a few hundreds of nanometers offer new opportunities for
plasmonics and magneto-plasmonics. We have produced
FLD cavities using a Au(100 nm)/Co(250 nm)/sapphire
bilayer structure. Interferometric microscopy demonstrates
the maximum gap size of 550 nm in the center of the cavity,
making the cavity an ideal candidate to implement plas-
monics and magneto-plasmonics in the Otto configuration
[7,10]. We have mounted the sample on a glass prism and
performed spatially resolved reflectivity measurements
at different angles of incidence using a tightly focused
p-polarized beam of a He:Ne laser at 632.8 nm. As
expected, we observe a strong variation of the reflectivity
in the center of the bubble; see Figs. 4(a)-4(c).

Angular-dependent reflectivity in the center of the
bubble [Fig. 4(d)] displays a clear minimum corresponding
to the condition of surface plasmon (polariton) resonance
(SPR), i.e., 34° angle of incidence in the sapphire substrate.
Being in agreement with the results of transfer-matrix
calculations, this behavior contrasts to a smooth featureless
angular dependence of reflectivity from the Co-sapphire
interface. For detailed investigation of the magneto-
plasmonic properties of FLD cavities, we have imple-
mented the magneto-plasmonic microscopy setup with a
kHz-frequency magnetic field that switches the magneti-
zation in the sample plane [24]. The recorded transverse
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(a)—(c) Reflectivity maps on a Au/Co/gap/sapphire FLD cavity in Figs. 1(f), 1(h) with a large gap d = 550 nm display the

strong angular dependence of optical signal in the center of the cavity; the angle of incidence @ is in sapphire. (d) The angular
dependence of the reflectivity displays a pronounced dip at & = 34°, which corresponds to the surface plasmon polariton (SPP)
resonance for the Otto configuration (sapphire-gap-cobalt) and is accurately reproduced by the transfer-matrix calculations. The
excitation of the SPP resonance at this angle is evident when comparing with a smooth featureless dependence at the unperturbed
Co-sapphire interface (d = 0, denoted as film). (e)—(g) The transverse magneto-optical Kerr effect (T-MOKE) maps for the same three
angles @ also show a strong angular dependence. (h) Angular dependence of the T-MOKE in the cavity and in the film clearly showing
the strong modulation across the SPP resonance, in a good agreement with the magneto-optical transfer-matrix calculations [41].

Experimental details are given in Sec. V in SM [22].

magneto-optical Kerr (T-MOKE) signal across the FLD
cavity with a d =550 nm gap shown in Figs. 4(e)—4(g)
results in a pronounced modulation due to the excitation of
the SPP resonance [Fig. 4(h)], in a good agreement with
transfer matrix simulations. Extended transfer matrix
simulations showed that a tiny modulation of the gap size
Ad ~1 nm (Ad/d ~107) would result in a pronounced
reflectivity modulation in the vicinity of the SPR with a
comparable magnitude as in Fig. 4(h).

Discussion and outlook—Beyond the examples readily
discussed, the potential of freestanding membranes for
nonlinear acoustics at the nanoscale [42,43], including the
use of complex materials with structural phase transitions
[44], curvilinear magnetism [45,46], and 3D magnonics
[47,48], can be further explored. As the fabrication method
is not limited to magnetic materials only, it can be applied
to different families of electronic materials with nanoscale
curved geometries [1], e.g., can act as curvature templates
for modifying transport properties in 2D materials [49].

Plasmonic and magneto-plasmonic properties of FLD
cavities can open new opportunities for sensing, with an
evident idea of using the high sensitivity of the SPR in the
Otto configuration to the gap size d for pressure sensing.
The combination of our all-optical manufacturing and
interrogation approach would allow the development of

individual or array nano and micro sensors on a chip
capable of detecting minute local changes of pressure in
various environments. Being affected by the magnetic field,
magneto-plasmonic FLD cavities or their arrays could
also offer interesting prospects for precise magnetic field
detection. When combined with magneto-elastic excitation
mechanisms [39,50], these structures could help exploit
extended functionalities offered by ultrafast acousto-
magneto-plasmonics [32]. Although the experimental tech-
niques in this Letter were tested on planar 1D structures
with D > d, they are of particular importance to character-
ize the performance of miniaturized curved architectures
with D ~1~1...10d, provided by tight focusing condi-
tions. Indeed, the dynamic modulation of the gap size d in
the MHz-to-GHz frequency range can be achieved through
excitation of flexural acoustic lateral eigenmodes of free-
standing membranes with D ~ A [16]. Exploring function-
ality of FLD structures in terms of optical cavities could be
also a quite interesting candidate to control quantum-optical
properties of light emitters integrated therein [51-54], thin
film photovoltaics [55], and ceramic materials [56].
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