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Over the past decades, a quick rise of flexible devices revolutionizes electronics
into a new era of applications, such as rollable displays (/-3), bendable solar cells (4),
wearable electronics (5), biotechnologies (6, 7), etc. They gradually change personal
habits in our daily life. In order to expand practical applications of flexible electronics,
the integration of more functional materials on flexible substrates are highly on
demand, especially the one with its properties coupled to a deformation. For example,
magnetostriction is a phenomenon that represents the relationship between the degree
of deformation (or strain state) and the magnetic state of a ferromagnet, which can be
quantified by a physical parameter called “magnetostrictive coefficient” (A). Namely,
the dimension of a ferromagnet can be varied when a magnetic field is applied, or the
magnetic anisotropy can be modulated by deforming the ferromagnet. Various
applications such as magnetic MEMs and magnetoelectric sensors are all built based
on this principle. Thus, the integration of magnetostrictive materials offers a good

opportunity of adding magnetic feature to expand the functionalities of flexible



electronics. In addition, in the path of achieving the miniaturization of devices, a
bimorph (film and substrate) form becomes inevitable. Conceptually, a bimorph
combining flexible substrates could exhibit more competitive advantages than the
traditional one using rigid substrates for magnetostrictive devices. For instances, the
dimensional change of bimorph would acquire a higher response to magnetic field and
the flexible devices are more convenient to carry and can fit any shape of object for
operation.

In order to make flexible magnetostrictive devices with the best performance, the
epitaxial growth of thin film is crucial since the magnetostriciton of magnetic
materials is strongly correlated with crystal orientation. In this study, spinel CoFe,O4
(CFO) is adopted as a model system because it possesses superior magnetic properties
with high Curie temperature (793K) (8), large magnetocrystalline and
magnetostrictive anisotropy (9-12). To achieve the integration of epitaxial CFO film
on a flexible substrate, the strong connection between CFO films and flexible
substrates are highly desired. To make these new coming technologies practical,
substrates with specific requirements such as pliancy, durability, thermal stability, and
compatibility of present fabrication processes are always the prime considerations.
Observing the commercially available flexible substrates, most of them are made of
polymer and amorphous materials. However, none of them can really satisfy all
requirements so far. In the pursuit of proper flexible substrates for the integration of
future electronics, muscovite sheets, a group of layered materials, has attracted
attention increasingly due to its great potential to overcome the technical difficulties
found in polymer substrates. For example, muscovite (or we can simplify it as “Mica”)
is flexible and transparent when the thickness is below 100 um and the melting point
(with the range of 1150 K to 1300 K) is high (/3) to be used in modern thin film
process. Moreover, compared to polymer substrates, Mica has a well ordered crystal
structure, on which many popular inorganic materials such as metal dichalcogenides
or oxides can be grown epitaxially (/4-17). These successful examples inspire us to
attempt the fabrication of epitaxial CFO films on Mica that could trigger more
possibilities of developing novel multifunctional electronics driven by
magnetostriction (/8).

The samples were prepared by using pulsed laser deposition (PLD). The growth
process was in situ monitored by reflective high energy electron diffraction (RHEED)
(Fig. 1A). Before the deposition, a clean and flat surface of Mica substrate was
prepared through a standard procedure: First, Mica sheets are taped on the smooth and
flat surface of a metal brick. Because Mica can be viewed as the assemblage of
numerous layered sheets that are piled up through van der Waals force. Hence, we can

use a sharp tweezer to cleave Mica easily. Finally, a very clean and atomic flat (001)



surface can be obtained in the cleaved side of the separated Mica. The RHEED
patterns of air-cleaved bare Mica substrate recorded with the electron beam along
[100] and [010] directions show the 2D Laue diffraction dots accompanying with
sharp streaks. Such a characteristic confirms that the surface of Mica is extremely flat
and could be adopted for sequential deposition of the CFO film. When the deposition
started, the RHEED patterns of Mica substrate quickly disappeared in a short time.
Instead, a new streaky pattern of CFO emerged as shown in Fig. 1B. Interestingly,
while we traced the variation of the intensity around the central diffraction spots in
RHEED, it showed regular oscillations, suggesting a layer-by-layer growth mode of
CFO on Mica substrate (Fig. 1C). Based on the atomic force microscopic (AFM)
images (Fig. 1D), we found the topography of both Mica substrate and CFO thin film
show a very smooth surface with the root-mean-square roughness (Ryys) of 0.18 nm
and 0.55 nm, respectively. Based on the distance between streaks in the RHEED
patterns, the in-plane epitaxial relation of the CFO film and Mica substrate can be
identified as CFO[1 1 0]||[Mica[010] and CFO[ 11 2]||Mica[100]. Therefore, the
out-of-plane epitaxy of CFO[111]||Mica[001] can also be determined. Moreover, the
atomic structures of surface and simulated reciprocal lattices along Mica [001] and
CFO [111] zone axes are compared as shown in Fig. 1D. Generally, monoclinic Mica
simultaneously possesses a pseudo-hexagonal lattice on its layered plane (14, 15). It
leads to a repetition of the RHEED patterns of Mica either along [010] or [100] every
60° intervals in the azimuth rotation (left panel in Fig. 1E). The (111) oriented CFO
film also exhibits the resembling phenomena in the RHEED patterns of CFO[110]
and CFO[112]. It can be easily realized from the simulated in-plane reciprocal lattice
with the zone axis of CFO [111], where both {220} and {224} of CFO naturally
present six variants (right panel in Fig. 1E). Such an in-plane structural similarity
between Mica and CFO provide a good opportunity for the development of high
quality heteroepitaxy.

The detailed crystal structure of CFO/Mica bimorph was then investigated by a
combination of x-ray diffraction (XRD), Raman spectra, and transmission electron
microscopy (TEM). First, the out-of-plane (OOP) XRD shows only the diffraction
peaks of Mica (00OL) and CFO (HHH) reflections (Fig. 2A), suggesting that highly
crystalline CFO film was grown without any other orientations or secondary phases.
A magnified section of the XRD curve around Mica(004),, shown in the inset of Fig.
2A displays clear thickness fringes, indicating sharp interface and smooth surface.
The estimation of film thickness is ~50 nm based on the spacing of thickness fringes.
According to the peak positions of the CFO film in the x-ray normal scan and the
reciprocal space map (Fig. 2B), the d-spacings of CFO (111) and (311) are calculated
as 4.910A and 2.555 A. Compared to the respective bulk d-spacings of 4.846 A and



2.531 A, the CFO film shows an increase in both OOP (+1.3%) and IP (+0.95%)
lattice parameters, which is probably due to the cation redistribution in the spinel
structure or the oxygen vacancies induced in the environment of low oxygen pressure
during the deposition. The ¢-scans of CFO (004) and Mica (202) reflections were also
conducted to confirm the IP structural relation, as shown in Fig. 2C. The intensity of
three peaks is not equivalent (one is very strong and the other two are very weak) in
the azimuth scan of Mica (202) suggesting a nearly perfect single-domain feature
because Mica (202) plane originally presents no symmetry due to its monoclinic
tilting angle between a- and c- axis (f=100°). On the other hand, the azimuthal scan
of CFO (004) shows a three-fold symmetry, consistent with the typical single-domain
feature with the rotation pole along [111] in cubic CFO. The well alignment of Mica
(202) and CFO (004) peaks at 0°, 120°, and 240° azimuthal angles suggests the
in-plane epitaxial relationship as CFO[112]||Mica[100], which agrees with the results
of RHEED excellently.

The symmetry of the CFO film on Mica was investigated by Raman
spectroscopy. A standard CFO film grown on (111) oriented STO substrate was
adopted as a reference sample. As shown in Fig. 2D, the Raman spectra of both CFO
films grown on Mica and STO (111) show six phonon modes. In general, ideal CFO
is an inverse spinel with the space group of Fd3m, which possesses five active
Raman modes: 693 cm™ (Ag), 566 cm™ (Tyg), 471 cm™ (Tag), 309 cm™ (E,), and 183
cm’ (T2g). However, this ideal inverse spinel structure is usually not stable under the
influence of strain and defects. Such a result easily causes the cation redistribution in
the tetrahedral (7,;) and octahedral sites (O;) (/9-21) or a short-range ordering of
cation (22), leading to an additional A;, phonon mode observed at ~626 cm™.
Moreover, the intensity variation and the frequency shift of phonon modes of the
films on both substrates indicate a slight distortion of CFO crystal structure.

In order to further investigate the interface of CFO/mica bimorph,
high-resolution transmission electron microscopy (HR-TEM) was employed. A
cross-sectional HR-TEM image unveils a superior heteroepitaxy of highly crystalline
CFO film without detectable defects and grain boundaries on Mica as shown in Fig.
2E. A negligible variation of the contrast in the HR-TEM image implies a nearly
uniform strain state of the CFO film. Two insets of the electron diffraction patterns
from the selected areas of the CFO film and Mica substrate are clearly indexed in Fig.
2E, confirming the epitaxial relation observed in the results of RHEED and XRD. The
interface between CFO and Mica displays an ultra-thin interdiffused layer within 1nm
(<1 u.c. c-axis of Mica). Such an interdiffusion could cause a stronger atomic bonding
between CFO and Mica, and then behave as a seeding layer for further coherent

growth. This speculation is supported by the intensity profile of RHEED, where



several irregular oscillations are typically observed in the initial stage that implies a
dramatic change of the surface structure.

After the establishment on the structural feature of CFO/Mica bimorph, the
attention is paid to its functionalities. Through applying superconducting quantum
interference device (SQUID) magnetometer, the magnetic hysteresis loops along the
OOP and IP directions (Fig. 3A) were obtained to reveal the magnetic properties and
the corresponding magnetic anisotropy of CFO/Mica bimorph. Both loops show a
typical ferromagnetic characteristic with a saturation magnetization (Ms) of ~150
emu/cm’. Noting that no significant magnetic anisotropy is observed in the either
OOP or IP hysteresis loop, implying a small strain in the CFO film. According to the
ref. (23), the effective anisotropy constants along the OOP and IP directions (Kesr, oop
and Ko 1p) estimated form the loops are ~ 4.31x10 erg/cm’ and 4.44x10°° erg/cm’,
respectively. Besides, it is also known that the CFO single crystal possesses a large
magnetocrystalline anisotropy constant (K;~2x10° erg/cm’) (24), and therefore the
effective anisotropy constants of the respective projections along [111] (OOP) and
[110] (IP) can be obtained as ~1.15x10° erg/cm’ and 1.414x10° erg/cm’. The
enhancement of anisotropy constants experimentally compared to the theoretical
estimation can be ascribed to the slightly distorted CFO lattice observed in the Raman
measurement. However, both results show a small difference between Kegr oop and
Kefr, 1p, suggesting that the magnetocrystalline anisotropy should still dominate the
magnetic behavior of the CFO film. Moreover, the variation of CFO magnetic
anisotropy under various bending states has also been revealed in Fig. 3B. In each
bending case, the radius of curvature of the CFO film was controlled approximate
1.77 mm. Interestingly, the IP magnetic hysteresis loops measured at the unbending
condition and the inward bending conditions along both long edge and short edge,
have exhibited no significant difference. It implies that this flexible CFO/Mica
bimorph shows solid magnetic performance no matter how it is bent. Such a result can
be strongly supported by the micromagnetic behaviors of the CFO film obtained from
magnetic force microscopy (MFM). Figs. 3 C-F illustrate the evolution of magnetic
domains in the CFO film during the bending process. Before the measurement, the
CFO film was magnetized at 5 Tesla along IP direction (along long edge). In the
free-state case (Fig. 3C), only one edge of the CFO film was fixed. Its MFM image
presents that a ratio of two opposite OOP components is nearly equal to one (the red
and blue contrasts are around 51.5% and 48.5%, respectively). This implies that the
CFO film prefers to stay in its demagnetization state. According to the magnetic
hysteresis loops from both IP and OOP directions, a very small magnetic anisotropy
in the CFO/Mica bimorph was found, which is consistent with these randomly

distributed upward and downward magnetic domains observed in the MFM image.



Afterwards, the CFO/Mica bimorph was bended up to 26 pm and then down to 8§ um
(Fig. 3D-F). The red circles marked in these MFM images are used to indicate the
same region of the measurement for all bending conditions. Here it clearly shows that
the distribution of the magnetic domains in the CFO film still remains as the free-state
case, which can perfectly support the results of magnetic hysteresis measurements.
Based on these results, the robust magnetic properties of the CFO/Mica bimorph is
revealed, deliver a new pathway to flexible electronics with magnetic feature.

The controllable deformation by a magnetic field is the most important feature of
magnetostrictive effect. The digital holographic microscope (DHM) was adopted to
measure the magnetostrictive performance of the CFO/Mica bimorph (25). This
technique allows us to quantify the magnetostriction coefficient of the CFO film on
Mica by mapping out the altitude of the CFO/Mica bimorph under external either
longitudinal magnetic field (H;) along the length (L) (parallel to CFO [110]) or
transvers field (H.) along the width (W) (parallel to CFO [112]), as the schematics
shown in Fig. 4A. The deflection profile shows that the bimorph bends up 473 nm
under the longitudinal magnetic field of 2000 Oe, whereas it bends down about 172
nm under the same transverse field. The longitudinal and transverse magnetostritcion

coefficients (A and L. respectively) can be given by (26):

— | K

(1
E,

i) (1+vf )
1o\ 1+,

where the s and f subscripts stand for the substrate and film respectively, E is the

Young’s modulus, ¢ means the thickness factor, and v is the Poisson’s ratio. The
sample size for the measurement is 6 mm by 2 mm with the thickness of the film and
the substrate being approximately 100 nm and 60 pm, respectively. The Young’s
moduli of muscovite and CFO are 60 GPa (27) and 141.6 GPa (28), respectively. The
values of Poisson’s ratio of are 0.25 (29) and 0.26 (30) respectively for muscovite and
CFO. Therefore, the difference of magnetostrction coefficient (AA) of the CFO film

can be derived by the following equation,
Ad=(Jp-2,) @)

Fig. 4B is the variation of AL verse the sample length. It has been found that AA

would be overestimated due to the length factor (L) in the denominator of the



equation (1) when the measurement moves toward the fixed end (L=0 mm). Hence, a
fitting curve in the flatter region (L > 3mm) is performed and extrapolated to L=0 mm
for obtaining more accurate AL of the CFO film, which is ~-104 ppm. In comparison
with the experimental result, we also use the following equation to derive the
magnetostrictive coefficient of CFO single crystal along its [110] and [112] direction
(31):

2 1
A= E/‘]'IOO (0512/3)12 + a§ﬁ22 + a32/3)32 _5 +34,, (0{10!2/51/)’2 +a,0 5, + a1a3/3)1/3)3) (3)

where the magnetostrictive coefficient A;q is -590x10° and Ay is 120x10° (9), and
the a; and B; are the magnetization and cosine angle of the strain measurement
respectively to the cubic axis. The calculated value of A7, of ideal single crystal
form is -57.2x107°, which is in good agreement with the experimental value (k) of
-64x107°. However, the calculated value of Ayg, is 117.5x107, significantly different
from the experimental value (A.) of 40x10°. Therefore, A of the CFO film is smaller
than that of the ideal CFO single crystal (-175 ppm). Such a discrepancy between
experimental value and theoretical value can be attributed to two reasons. First,
recalling that the sample is fabricated as a cantilever form so that the preference of
magnetization is along the longitudinal edge of sample ([110] direction of this CFO
film) due to the shape induced demagnetization state. Additionally, because of the
limitation of the instrument setup, the maximum magnetic field can only reach 2 kOe
during the measurement, which is far from the saturation magnetic field (~30 kOe). It
leads to an underestimation of A\ in the CFO film. Based on these results, the
superior magnetostrictive properties of the CFO/Mica bimorph are delivered for
practical applications.

To sum up, we have fabricated a new magnetostrictive bimorph composed by a
heteroepitaxy of the CFO film and a flexible Mica. This system shows a
layer-by-layer growth mode, indicating a strong bonding between the film and
substrate. Such a compact connection provides a wonderful platform for the operation
of the magnetostrictive material. The robust magnetic properties as well as the
controllable deformation of the CFO/Mica heterostructure utilizing the magnetic force
have been demonstrated. This study highlights the great potential of flexible

magnetostrictive films for future soft technologies.
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Fig. 1. (A) Schematic of deposition process for flexible magnetic film monitored by
RHEED in real time. (B) Two top panels are typical RHEED patterns of pure Mica
(before deposition) along its [100] and [010] directions, whereas the other two bottom
panels are patterns of the CFO film (after deposition) along its [112] and [110]
directions. (C) The intensity profile of RHEED during deposition of CFO presents
clear oscillations, indicating the film follows the layer-by-layer growth mode. (D)
AFM topography images of both the Mica substrate and the CFO film show a very
smooth surface, where the corresponding root-mean-square roughness is ~0.18nm for
Mica and ~0.548nm for the CFO thin film. (E) The surface structures of both Mica
and CFO show a quasi-hexagonal lattice, leading to the presence of six-fold symmetry

in their corresponding reciprocal spaces.
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illustrating the in-plane heteroepitaxy between CFO and Mica.
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Fig. 3. (A) The hysteresis loops measured by applying the magnetic field along
out-of-plane (red) and in-plane (blue) directions. (B) The magnetic hysteresis loops
measured with long-axis (orange), short-axis (olive) and without (blue) the bending
state. (C) The upper panel is the morphology of the CFO film from AFM image, and
lower panel is the corresponding MFM image. The upper panels are the schematics of
the bending CFO film (D) upward to 9 um, (E) 26 um, and then (F) downward to 8

um, and the lower panels are the corresponding MFM of each bending state.
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