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Abstract: We obtain the through-thickness elastic stiffness coefficient (Cs3) in nominal 9 nm and 60 nm
BaFe,As; (Ba-122) thin films by using picosecond ultrasonics. Particularly, we reveal the increase
in elastic stiffness as film thickness decreases from bulk value down to 9 nm, which we attribute to
the increase in intrinsic strain near the film-substrate interface. Our density functional theory (DFT)
calculations reproduce the observed acoustic oscillation frequencies well. In addition, temperature
dependence of longitudinal acoustic (LA) phonon mode frequency for 9 nm Ba-122 thin film is
reported. The frequency change is attributed to the change in Ba-122 orthorhombicity (a — b)/(a + ).
This conclusion can be corroborated by our previous ultrafast ellipticity measurements in 9 nm Ba-122
thin film, which exhibit strong temperature dependence and indicate the structural phase transition
temperature T&.

Keywords: ultrathin film; BaFe; Asy; intrinsic strain; longitudinal acoustic phonon; through-thickness
elastic stiffness coefficient (Cs3)

1. Introduction

The elastic properties of thin films are of vital importance as they play key roles in
determining the performance and long-term stability of thin film devices such as thin
film superconductors, halide perovskites, and spintronics devices [1-6]. As film thickness
decreases, the lattice-substrate mismatch effect and interface strain are enhanced. As a
result, the electronic and elastic properties of thin films can significantly deviate from their
bulk counterparts.

Recent studies have shown that the critical temperature (T.) of thin film supercon-
ductors is susceptible to modulation through variations in film thickness and substrate
composition [7-11]. In this realm, the undoped Fe pnictide BaFepAs, (Ba-122) thin film
emerges as an ideal platform for studying the thickness-dependent superconductivity.
Bulk Ba-122 is non-superconducting and its superconductivity can be generated and greatly
enhanced by lowering the film thickness down to sub-10 nm [10,11]. For these thin film
superconductors, elastic properties are important as they not only influence the device func-
tionality but also pave the way for extracting other key information such as structural phase
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transition and electron-lattice coupling. Despite the extensive efforts devoted to investigat-
ing the electronic and superconducting properties of thin film superconductors [1,7,9,12],
pertinent studies on elastic properties are rare, which has motivated the present study on
Ba-122 thin films.

To extract elastic properties of sub-10 nm thin films, our methodology harnesses pi-
cosecond ultrasonics, specifically the generation and detection of high-frequency coherent
acoustic phonons via ultrashort laser pulses. After the pioneering work in 1984 by Thom-
sen et al. [13], enduring efforts have been dedicated to generating and studying phonon
modes using ultrafast lasers [14-24]. In this methodology, an intense ultrafast optical pulse
(pump) disturbs the thin film, resulting in the generation of a strain pulse. This pulse
then propagates through the film, eventually encountering the film-substrate interface.
Due to the acoustic mismatch between the thin film and the substrate, a fraction of this
strain pulse reflects, while the remainder either gets absorbed at the interface or continues
its propagation through the substrate. Both the reflected and transmitted strain pulse
may cause a periodic modulation of optical properties as will be subsequently measured
by a time-delayed light pulse (probe) at the sample’s surface. The detected modes are
usually LA waves in contrast to shear waves, i.e., transverse acoustic (TA) waves. The
generation of the latter is restricted to thermally anisotropic materials and arises from
anisotropic thermal expansion [25]. Picosecond ultrasonics is adept at examining thin films
and layered configurations. Compared to conventional methods such as nanoindentation
and atomic force microscopy whose thresholds are limited by probe radius and indentation
depth [26-29], picosecond ultrasonics offers a non-destructive approach combined with
unprecedented sensitivity, time resolution, and applicability in ultrathin films thinner than
10 nm.

The Ba-122 phase of iron pnictide materials hosts a series of layered intermetallics [30-32]
and their derivatives [33,34], subject to a tetragonal-orthorhombic transition and a phase
diagram involving magnetism and superconductivity [35]. The increase in Ba-122 thin film’s
interface strain, which manifests itself in elastic properties change, gives rise to the decrease in
its orthorhombicity. The orthorhombicity change can then be referred from the picosecond
ultrasonics measurement; it can also be corroborated by ellipticity measurement, which
measures the complex rotation angle of a linearly polarized light reflected off a material
with two-fold in-plane anisotropy, the quantity that changes with sample’s orthorhombicity.
A more detailed description of the ellipticity setup and measurement methods can be found
in ref. [31].

In this letter, we measure the elastic stiffness coefficient (C33) and sound speed of
Ba-122 thin films using picosecond ultrasonics. This is implemented by ultrafast two-color
transient reflectivity measurement utilizing a femtosecond 800 nm (1.55 eV) pump and
400 nm (3.10 eV) probe laser pulses. Nominal 9 nm and 60 nm Ba-122 thin films were
measured and compared (For convenience, the term “nominal” will be omitted in the
following discussion).

2. Materials and Methods

Epitaxial Ba-122 thin films were grown on single-crystal substrate (001) lithium fluo-
ride (LiF) by pulsed laser deposition using a custom-made deposition system with a 248 nm
KrF ultraviolet excimer laser (Coherent LPXpro 305, Santa Clara, CA, USA) at 650-700 °C.
Throughout the growth procedure, the repetition rate of the KrF laser was consistently
maintained at 40 Hz.

In the picosecond ultrasonics measurement, the output from a Ti:Sapphire amplifier
(Spectra-Physics Spitfire, Santa Clara, CA, USA) with 800 nm center wavelength, 40 fs pulse
duration, and 1 kHz repetition rate was split into two beams. As shown in Figure 1b, the
first pump beam, used for photoexcitation, was focused onto the sample with a 150 um
diameter and 0.7 pJ pulse energy, leading to a pump fluence of approximately 4 m]/cm?.
The second probe beam, frequency-doubled to 400 nm via a beta Barium Borate (-BBO)
crystal, was focused onto the sample with a diameter of 50 um. The pump-induced probe
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reflectivity change was measured as a function of pump-probe delay time, which was
controlled by an optical delay stage. Both the pump and probe beams were incident on the
thin films at a nearly normal incidence.

Figure 1a displays the crystal structures of both Ba-122 and LiF. Figure 1b illustrates
the technique used to generate LA phonons and detect them on the Ba-122 thin film’s
surface. Figure 1c depicts the arrangement of a—c over layers in the Ba-122 thin film.
At room temperature, the lattice constants for the Ba-122 single crystal are a = b = 0.3961
nm and ¢ = 1.3020 nm. These values correspond to a tetragonal structure, which is indexed
under the [4/mmm space group [36], and upon cooling, the structure undergoes a phase
transition to an orthorhombic phase, characterized by the space group Fmmm [37]. In
contrast, LiF adopts a face-centered cubic structure with the space group F m3m and has
lattice parameters a = b = ¢ = 0.40173 nm at room temperature [38]. Notably, LiF does not
undergo any phase transition upon cooling [39]. In the proximity of the LiF substrate,
the lattice constants of the Ba-122 thin film adjust significantly, aligning more with those
of LiF. This shift can be attributed to the lattice-substrate mismatch effect and interface
strain. However, the upper layers of Ba-122 films are much less influenced by the substrate,
retaining lattice constants that align closely with the bulk material’s values.

(b) (c)

BaFe,As,
C
800 nm pump %‘l
L]
N

=/ // Strain pulse

N B

LiF

400 nm probe

Figure 1. Scheme of ultrafast pump-probe measurement and information of sample: (a) Crystal
structures of Ba-122 and LiF at room temperature [40]. (b) Generation and detection of coherent
acoustic phonons in Ba-122 thin films. The coherent phonons generated by the 800 nm pump pulse
can be detected by the time-delayed 400 nm probe pulse through the photoelastic effect. (c) Schematics
of a—c over layers for Ba-122 thin film. Note the a’ and ¢’ denote the lattice parameters near the LiF
substrate.

3. Results and Discussion
3.1. Low Temperature Transient Reflectivity Change

Figure 2a,b show the transient reflectivity AR/R of 9 and 60 nm Ba-122 thin films at
T = 160 K, respectively. Besides the exponential decay of the AR/R signal, periodic
oscillations in AR/ R were observed in both samples. The acoustic pulse generated at the
surface propagates through the oscillations of the thin film’s sensitivity function, which
gives rise to the observed oscillations. Through the fitting analysis of the AR/R data, we
observed that a single exponential decay model fails to adequately match the experimental
results. However, a biexponential decay model works pretty well. The decay can be
described as AR/R = Ry + Ajexp~(t:=10)/T1 4 Ay exp~(:=1)/72, where ¢ is the starting
time for exponential decay, Ry is a time-independent constant, A; and A; are the amplitudes
of each exponential term, f is the time delay, and 71 and 7, are the decay time for the first
and second exponential terms, respectively. The fitted 71 and 7; are 14 ps (7 ps) and 78 ps
(177 ps) for 9 nm (60 nm) thin film. Following the subtraction of the biexponential decay
background, we conducted a fast Fourier transform (FFT) analysis on the residual transient
reflectivity. There are two peaks for 9 nm thin film. The first dominant peak is located
at ~46.6 GHz and the second peak is observed at ~182.6 GHz (Figure 2c). In the FFT
spectrum of the 60 nm thin film, only a singular peak at ~25.0 GHz is observed (Figure 2d),
and the oscillation undergoes gradual damping (Figure 2b). The signal generated within
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the LiF substrate should be long-lived as LiF is almost transparent for a 400 nm probe.
However, the signals generated within Ba-122 thin films should be short-lived as part of
the strain pulse transmits into the substrate each time it reaches the film-substrate interface.
Through comparison with the documented longitudinal sound velocity of LiF (which will
be presented subsequently), the 46.6 GHz peak in 9 nm thin film is attributed to the LA
phonon transmitted into the LiF substrate. Accordingly, the 182.6 GHz (25.0 GHz) peak
is ascribed to the generation of the LA phonon within the 9 nm (60 nm) thin film. The
rationale behind the absence of the 46.6 GHz peak in the 60 nm thin film will be elucidated
in a subsequent discussion.
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Figure 2. Transient reflectivity change AR/ R with corresponding biexponential fitting and residuals
of (a) 9 nm and (b) 60 nm Ba-122 thin film at 160 K. Data are offset for clarity. Fourier spectra for the
residuals of (c¢) 9 nm and (d) 60 nm Ba-122 thin film transient reflectivity, insets show the zoom-in
data with frequency ranges from 170 to 195 GHz. Clearly, the peak at 182.6 GHz in (c) is absent in (d).
(e) 9 nm Ba-122 thin film temperature-dependent transient reflectivity AR/ R change (with offset) and
acoustic phonon frequency change for the (f) first dominant peak and (g) second peak (blue triangles)
plotted together with temperature-dependent photoinduced ellipticity amplitude (red squares) [11].
The transition temperature has a range of ~110-160 K.

The signals are generated through two mechanisms. For the signal generated within a
sufficiently thick LiF substrate, the detected oscillation is due to the interference between the
light reflected from both sides (mainly the front surface) of thin films and the light reflected
from the strain pulse propagating through the substrate along one direction (Brillouin
scattering). The acoustic phonon frequency f, can be determined by the constructive
interference conditions: 2n-(u/ f;)- cos(#) = g-Ap, where n is the refractive index of the
substrate, u is the sound speed, 6 is the incidence angle of the probe beam (in our experiment
the 0 is close to zero), A, is the probe wavelength 400 nm, and ¢ = 0,1, 2.... Thus, for the
first order ¢ = 1, the resonance phonon frequency is expressed f; = 2n-u-cos(8) /A, [18].
The refractive index n for LiF at 400 nm (25,000 cm 1) is 1.4 [41]. We can calculate the sound
velocity of the substrate u = 6657 m /s, which is in good agreement with the reported value
(6750 m/s at 160 K) [42].

For the signals generated within the Ba-122 thin film, the oscillations are caused by
the interference of light reflected from the front surface and from the strain pulse which
bounces back and forth within the thin film, i.e., local resonances. Hence, one period of
the oscillation corresponds to a round trip time of the strain pulse, and the sound speed
is given by f; = mu/2d when the acoustic impedance of thin film is larger than that of
the substrate, where d is the thin film thickness, m is the mode index number and u is the
sound speed. Otherwise, if the substrate has a greater impedance, f, = (2m — 1)u/4d.
Because we could only see the first order and, as will be seen in a later discussion, the
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thin films indeed have greater acoustic impedance, we use f; = u/2d. To accurately de-
termine the calculated sound speed, we used X-ray reflectivity (XRR) and transmission
electron microscopy (TEM) to measure the thickness of the two films, respectively, which
yielded d = 9.1 £ 0.1 nm and d = 62.4 £ 1.2 nm (see Supplementary Materials for detailed
thickness measurements). With f, =182.6 GHz (f, = 25.0 GHz) and precisely determined
film thicknesses, we find u = 3323 4+ 37 m/s (u = 3120 + 60 m/s) for 9 nm (60 nm) thin
film. Note that the skin depth of Ba-122 at 400 nm is given by: 6 = /1/7tfuo [43], where
f is the frequency of probe beam (400 nm), p is the permeability of Ba-122 (~p, which
is 471 x 1077 N/A?), and ¢ is the optical conductivity of Ba-122 at 400 nm. With ¢ =
233,440 O~ 1/m~! [44] we find 6 = 38 nm, which elucidates the reason for the absence
of the 46.6 GHz peak in the 60 nm thin film. The sound velocity is related to through-
thickness coefficient Cs3 through the equation u = |/Cs3/p, with p being the sample density.
By comparing the obtained sound velocities with Figure 3d, the overall lattice parame-
ter a for 9 nm (60 nm) thin films is ~0.4015 (0.3980) nm and the corresponding unit
cell volume is 0.2065 (0.2062) nm3 (Figure 3b). Thus, two thin films differ by ~0.14% in
their densities, which is insignificant compared to the difference in their sound velocities
(~6.5%) and the main difference in calculated sound velocities is from the difference in
Cs3. Considering the density values p= 6.48 (2.64) g/ cm? for Ba-122 (LiF), the correspond-
ing acoustic impedance Z = pu for the 9 nm (60 nm) Ba-122 thin film is calculated as
21.53 (19.59) MPa- s/m, which is higher than the acoustic impedance of LiF (17.57 MPa.-
s/m). Here, Z represents the acoustic impedance and u denotes the sound speed. The acous-
tic amplitude reflection coefficient I' at the interface between the thin film and substrate is
determined by the formula: I' = (Zgim —Zeup) / (Zsub + Zgiim)- For the 60 nm Ba-122 thin film,
I' is ~0.05. This indicates that only around 5% of the strain pulse will be reflected from the
interface during each occurrence, resulting in an overdamped oscillation. However, in the
experimental observations, the oscillations within the 60 nm thin film only display slight
damping, characterized by a gradual decrease in amplitude. One potential explanation
for this discrepancy is that the sound speed values obtained represent average values for
the entire thin film. However, at the interface, the lattice-substrate effect and interface
strain are more pronounced compared to other regions, resulting in an elevated acoustic
impedance within the Ba-122 thin film and a larger reflection coefficient. Additionally, the
slow damping characteristics indicate a high-quality surface and interlayer condition, as
supported by the TEM measurements (see Supplementary Materials). A poor interface or
surface roughness would usually shorten the oscillation duration. Moreover, the narrow
bandwidth of the 183 GHz peak (~4.9 GHz) suggests strong coherence in the LA generated
within the film, showing the film’s uniformity and minimal surface/interface roughness.
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Figure 3. Calculated DFT results with different parameters: (a) Lattice parameter c as a function of
lattice parameter a. (b) Cell volumes as a function of lattice parameter a. (c) Cs3 dependence of a.
(d) Sound speeds as a function of lattice parameter a. (e) Strain energy function E for 9 nm thin film
(red dots, solid blue line is fitting) and bulk (red dots, solid red line is fitting). (f) Energy as a function
of strain € when a = 0.399 nm (red dots, solid black line is fitting).

3.2. Temperature Dependent Transient Reflectivity Change

In order to investigate the structural phase transition of the 9 nm Ba-122 thin film, we
conducted temperature-dependent measurements of the LA phonon frequency.
Prior studies [45,46] have already examined this behavior across the phase transition
in Ba-122 single crystals. Figure 2e shows the transient reflectivity AR/ R of the 9 nm film
at temperatures ranging from 4 to 294 K. The temperature-dependent LA phonon mode
frequency for the first and second peaks extracted from Figure 2e are shown in Figure 2f,g.
Figure 2f illustrates that the frequency of the predominant LA phonon generated within
the LiF substrate exhibits a linear increase from 294 to 50 K, followed by a nearly constant
behavior from 50 to 4 K. This observed trend aligns well with the temperature-dependent
behavior of Cs3 in LiF [42]. In Figure 2g, it can be observed that the LA phonon mode
frequency and the photoinduced ellipticity amplitude of the 9 nm thin film exhibit a state
of relative stability from 294 K to 160 K, followed by an increase commencing at ~160 K.
Notably, a significant and rapid change is observed in the temperature range of 110 to 80 K,
with subsequent cooling resulting in a diminishing rate of change. Based on Figure 2g,
Ts should be in between 110 K and 160 K. Note that 136 K [45] and 134 K [46] T are
reported for bulk Ba-122. The photoinduced ellipticity amplitude is directly proportional
to the two-fold in-plane anisotropy in Ba-122 thin film and the change of ellipticity am-
plitude is consistent with the change of sample’s orthorhombicity as reported in detail
in our prior study [11], which means that the change of LA phonon mode frequency is
well correlated to the change of the orthorhombicity of Ba-122 thin film. Therefore, we
ascribe the reduction in the frequency of the LA mode generated within the Ba-122 thin
film to the corresponding decrease in C33, which can be traced back to the diminishing
orthorhombicity of the material.

4. Theory and Calculation

To understand u at different film thicknesses, we performed density functional theory
(DFT) calculations [47] with a set of tested parameters. Note that the sound propagates
perpendicular to the film surface and thus mainly depends on the elastic properties along the
c-axis. On the other hand, the strain caused by the mismatch of substrate LiF (2 = 0.40173 nm)
and Ba-122 (2 = 0.3961 nm) mainly affects the a-b plane, i.e., the tetragonal unit cell tends to
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be more expanded as it gets closer to the substrate, which is subject to intense distortion. The
9 nm film corresponds to 6 layers of the unit cell (Figure 1b); while the 60 nm film corresponds
to 40 layers, which is close to a bulk state. With this insight, we model the influence of film
thickness by the extension of distortion in the 4-b plane (with tetragonal symmetry). In other
words, we try to address the drastic change in # by an elastic effect. Our purpose is to examine
whether the elastic distortion can possibly give rise to the significant changes observed
in experiments.

We examine 4 in a range from 0.3925 nm (note, for bulk Ba-122, a is 0.3961 nm) to
0.40173 nm (the lattice parameter of LiF substrate). Figure 3a illustrates the lattice parameter
c decreases with parameter a. Meanwhile, the cell volume V is not constant but will increase
with a (Figure 3b). That suggests the bottom layer generally has a larger unit cell than the
top (bulk). Elastic property, like C33, can be examined, which is expressed as [48]

1 9%E

G =y52

@
V is the unit cell volume of the given distorted lattice a; E is the total strain energy, ¢ is
the strain, which especially refers to €. in this scenario (the diagonal term along c-axis).
With DFT and unit cell method, we can evaluate 9°E/d¢? by a fixed a (maintain symmetry)
and a slightly varied c around the equilibrium c, at given a.

gcc = Ac/d, Ac = ¢ — ceq(a) ()

where d is the thickness of the thin film. The results are shown in Figure 3c,d. Notably, with
increased a and V, C33 undergoes a four-time-increase (Figure 3c). Combined with

u=+/C3/p=+/Cs3V/m, 3)

we find that for bulk sample (a2 = 0.3961 nm), the sound speed is around 2400 m/s and
when the strain is imposed, the sound speed keeps increasing to >3000 m/s (Figure 3d).
DFT presents a correct trend for sound speeds at varied lattice distortions: sound speeds
increase with strains, consistent with our observations. On the other hand, the lower end
of theoretical values is noticeably lower than measured speeds, which could either indicate
that both films significantly deviate from bulk situations or that the discrepancy is partially
due to DFT’s underestimates. Which is the case required for further investigations.

Note that ¢ is evaluated for the whole film, rather than for different locations within a
film. Thus, the evaluated Cz3 physically means the average value for the whole thin film.
It is important to realize one fitting curve (parabolic) in Figure 3e will only correspond
to one point in Figure 3c. For example, in Figure 3e, the red fitting curve corresponds to
the bulk limit (red dashed line in Figure 3c), and the points represent a series of small
deviations around bulk; while the blue curve corresponds to the highly distorted limit
(blue dashed lines in Figure 3c).

Noteworthy, discontinuity is observed when the lattice parameters are varied
(Figure 3a—c,e). This discontinuity corresponds to a phase transition, which is relevant to
the double (or multiple) energy valleys [49], which have been observed in layer-stacking
structures, e.g., Ba-122/Fe-based 1144-phase [30]. It occurs when the ¢ parameter decreases,
either for an applied pressure or for an extended a—b plane as performed in this case. The
c lattice parameter will undergo a drastic change at a critical value, and it is called the
collapse phase [30]. Consequently, from Figure 3f, the strain energy function near the
discontinuity is obviously deviant from the parabolic line. That means C33 will exhibit
quite different values on the two sides. It is interesting to check such abnormality using
nano-scales imaging [50,51] and other THz spectroscopy techniques [52-55].
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5. Conclusions

To summarize, we discovered propagating coherent LA phonon wavepackets in
Ba-122 thin films using picosecond ultrasonics. We revealed a clear difference in the excited
LA mode frequency between 9 nm and 60 nm Ba-122 thin films. The stiffness coefficient C33
of the 9 nm thin film is notably higher than its 60 nm counterpart. Temperature-dependent
LA mode frequency and temperature-dependent ellipticity of 9 nm thin film correlate with
the change of the sample’s orthorhombicity. We attribute the change in mode frequency to
the change in orthorhombicity, which leads to the change in Cs3, consistent with our calcula-
tions. Our results show that picosecond ultrasonics represents a powerful and sensitive tool
for studying the elastic and structural properties of Ba-122 thin films. Furthermore, given
known sound speeds, the technique facilitates non-destructive thickness measurements
for ultrathin films. Such an approach can be extended to investigate various elastic and
structural properties, including Young’s modulus, Poisson’s ratio, thermal diffusivity [56],
and structural phase transitions, in a plethora of intricate thin films, encompassing su-
perconductors [57,58], magnetics [59,60], and photovoltaics [61]. Moreover, the method’s
acute sensitivity to elasticity changes allows for the detection of embedded features and
anomalies in thin films [62,63].

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ma16217031/s1. Figure S1: Thickness determinations of Ba-122
thin films. Reference [64] is cited in supplementary materials.
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