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ABSTRACT: The strain modulation on the magnetic and electronic transport properties of
the ferromagnetic films is one of the hot topics due to the practical applications in flexible and
wearable spintronic devices. However, the large strain-induced saturation magnetization and
resistance change is not easy to achieve because most of the ferromagnetic films deposited on
flexible substrates are polycrystalline or amorphous. Here, the flexible epitaxial y’-Fe,N/mica
films are fabricated by facing-target reactive sputtering. At a tensile strain with a radius of
curvature (ROC) of 3 mm, the saturation magnetization (M,) of the y’-Fe,N/mica film is
tailored significantly with a maximal variation of 210%. Meanwhile, the magnetic anisotropy
was broadly tunable at different strains, where the out-of-plane M,/M; at a tensile strain of
ROC = 2 mm is six times larger than that at the unbent state. Besides, the strain-tailored
longitudinal resistance R, and anomalous Hall resistivity p,, appear where the drop of Ry, (p,,)
reaches 5% (22%) at a tensile strain of ROC = 3 mm. The shift of the nitrogen position in the
7'-Fe,N unit cell at different bending strains plays a key role in the strain-tailored magnetic and
electronic transport properties. The flexible epitaxial y’-Fe,N films have the potential
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applications in magneto- and electromechanical wearable spintronic devices.

KEYWORDS: epitaxial y'-Fe,N films, magnetic properties, electronic transport properties, nitrogen position, flexible spintronics

B INTRODUCTION

Flexible spintronics combines the conventional spintronics
with the advantages of mechanically flexible electronics due to
light weight, chemical inertness, thermal conductivity, multi-
function, and environmental friendliness.' > Lots of flexible
magnetic materials have been widely investigated for wearable
spintronic devices, such as the 6'giant magnetoresistance
sensors, magnetoelectric devices,"” and skin electronics.” ™"’
Many methods have been used to produce large strains, which
can exert significant effects on magnetic properties, such as
dual-ion-tuned electronic structures,'’ depositing films on
various substrates,'” and strain-mediated magnetoelectric
coupling effects.”” In flexible spintronics, the magnetic and
electronic transport properties of the ferromagnetic films are
mainly tailored via applying the bending strains (>1.0%),"*~"
which is larger than the piezoelectric strain (<0.2%) in
PbZr,Ti;,05.”"*" However, the integration of epitaxial films
on flexible organic substrates is quite difficult due to the lower
fabrication temperatures (<300 °C) and lattice mismatch.**~>*
Meanwhile, the large strain-induced magnetization and
resistance change are also not easy to achieve because most
of the ferromagnetic films deposited on flexible substrates are
polycrystalline or amorphous. The poor lattice symmetry, low
anisotropy, and complicated grain boundaries in the
polycrystalline or amorphous films, such as flexible polycrystal-
line Feg;Ga,y and amorphous CoFe B, films,"” 2% make
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them have a weaker response to the strains, which can result in
a smaller modulation on the magnetic and electronic transport
properties than that in the epitaxial films."” Since, the epitaxial
films can effectively transfer the strain from the substrate, the
epitaxial ferromagnetic films with a large magnetization,
anisotropy magnetoresistance (AMR), and anomalous Hall
resistivity are more desirable.”” ™' Meanwhile, the muscovite
simplified as “mica” [KALSi;AlO;,)(OH),] has been paid
much attention to achieve a large strain due to its large
stretchability.”** The melting point of mica is as high as
1300 °C, which is necessary to fabricate the epitaxial
ferromagnetic films.>' %%

It is noted that the magnetic and electronic transport
properties of the flexible epitaxial ferromagnetic films are
tightly associated with the applied tensile and compressive
strains. In the epitaxial CoFe,O,/mica heterostructure,'® the
robust magnetic properties at different strains were attributed
to randomly distributed upward and downward magnetic
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domains despite the existence of a large magnetostrictive
behavior of —104 ppm in CoFe,O,. In the epitaxial
Lag ¢;S1033MnO3/mica films,"> a slight enhancement of
saturation magnetization (M) at both the compressive and
tensile strains was caused by the magnetomechanical coupling
effects. In the epitaxial SrRuO;/mica films,”” the enhancement
of M, and the transformation of magnetic anisotropy from in-
plane magnetic anisotropy (IMA) to perpendicular magnetic
anisotropy (PMA) were ascribed to the spin state transition
induced by the bending strains. By considering the bending-
induced strain effects on electronic transport properties, Huang
et al. found that the enhanced MR of La4;Sr;33MnO;/mica
can be ascribed to more grain boundary- or phase boundary-
induced spin fluctuation under mechanically bending strains."
Moreover, Zheng et al. observed that the Verwey transition
temperature of Fe;O,/mica increases (decreases) under the
compressive (tensile) strains, which was attributed to the
charge reconstruction effect at different bending states.>®
Obviously, the bending-induced strain effects on the magnetic
and electronic transport properties are complicated in different
materials. Meanwhile, the underlying mechanisms of the
tailored magnetic properties by the bending-induced strains
are still in debate.

Antiperovskite-type cubic y'-Fe,N exhibits a high degree of
ductility since its bulk modulus B to elastic constant C,,
(namely B/C,,) can reach to 3.4—4.2.°*" Specifically, y'-Fe,N
has a high Curie temperature of 767 K and a large M; of 1440
emu cm >, which make it have the wide applications in the
magnetic sensing and storage.””~** In this work, y’-Fe,N with
high ductility and mica with good flexibility are selected as the
ferromagnetic and flexible layers, respectively. The epitaxial y'-
Fe,N(00 L) films were directly grown on mica(00 L)
substrates by facing-target reactive sputtering. The magnetic
and electronic transport properties in flexible y’-Fe,N/mica
films were investigated systematically at the bending or
released states. It is found that the M,, magnetic anisotropy,
longitudinal resistance, and anomalous Hall resistivity of the y'-
Fe,N film can be effectively tailored by the bending-induced
strains. At a tensile strain with a radius of curvature (ROC) of
3 mm, the M, change can reach up to 210%. At a tensile strain
of ROC = 2 mm, the out-of-plane M,/M; is six times larger
than that of unbent y’-Fe,N films. Moreover, the longitudinal
resistance R, and anomalous Hall resistivity p,, were tunable
by different tensile or compressive strains, where the strain-
tailored multiresistance states appear. The large strain-tailored
magnetic and electronic transport properties can be mainly
attributed to the shift of the nitrogen position at different
bending strains besides the magneto-/electromechanical
coupling and misorientation effects. The flexible epitaxial y'-
Fe,N films have the potential applications in the magneto-/
electromechanical wearable devices with the strain tunable
characteristics.

B EXPERIMENTAL DETAILS

Sample Preparation. Based on the layered mica substrates
stacked by van der Waals forces, the mica substrates were cleaved to
obtain a smooth and clean surface before depositing the y’-Fe,N films.
The mica substrate was placed and fixed on a clean and flat weighing
paper. Meanwhile, a sharp surgical blade-assisted sharp tweezer was
used to lightly cleave the substrate. Finally, a fresh and smooth surface
can be obtained in the separated mica. Epitaxial y’-Fe,N films with
different thicknesses (t = 3, 6, 18, 30, and 48 nm) were directly
deposited on the mica substrate at 450 °C by a DC reactive facing-
target sputtering from a pair of Fe targets (99.95%). The Ar

(99.999%) and N, (99.999%) gas mixture was introduced into the
chamber with a mixing ratio of Ar:N, = S5:1, where the sputtering
pressure was 1.0 Pa. The sputtering power on the targets was 37.5 W.
The deposition rate was 2.1 nm/min.>"* The film thickness was
measured by a Dektak 6 M surface profiler and calibrated by
transmission electron microscopy (TEM).

Structure Analysis. The surface morphology was analyzed by
Bruker MultiMode 8 atomic force microscopy (AFM). Meanwhile,
the magnetic domain was characterized by magnetic force microscopy
(MFM). The microstructures of the films was observed by X-ray
diffraction (XRD) with Cu Ka radiation (4 = 1.5406 A), high
resolution synchrotron X-ray diffraction (SXRD) with beamline
IWIA and 1 = 1.5491 A, and high resolution transmission electron
microscopy (HRTEM). Meanwhile, the quantitative map (Qmap)
was obtained. The atomic resolution scanning transmission electron
microscopy (STEM) analyses in the high-angle annular dark field
(STEM-HAADF) mode were also conducted to investigate the
microstructure of y’-Fe,N/mica films by an aberration-corrected
Titan Themis G2 microscope at 300 kV with a beam current of 50 pA.
TEM samples were prepared using a focused ion beam (FIB)
followed by FEI STRATA DB235.

Magnetic Characterization. The magnetic properties of y'-
Fe,N/mica films at tensile or compressive strains of different ROCs
were measured by a Quantum Design magnetic properties measure-
ment system. The magnetic field was along the y’-Fe,N [100] or
[001] direction. Meanwhile, the bending strain of y’-Fe,N films was
along the y’-Fe,N [010] direction. A series of molds with the ROCs of
2, 3, and 5 mm were used to apply the tensile or compressive strain by
attaching a y’-Fe,N/mica film on the molds. Especially, to ensure the
accuracy of the measured data, the tests of the tensile or compressive
strain were conducted on the same sample, where the compressive
strain tests were processed right after the tensile strain tests.

Electronic Transport Property Characterization. The elec-
tronic transport properties of y’-Fe,N/mica films with different ROCs
were conducted by a Quantum Design physical property measure-
ment system. The epitaxial y’-Fe,N/mica films with the five-terminal
Hall bar were prepared to measure the temperature- and magnetic
field-dependent transverse resistivity p(T) and po(H) (namely,
MR), anomalous Hall resistivity p,, (H), anisotropy magnetoresistance
(AMR), and planar Hall resistivity (PHR) at different tensile or
compressive strains. The real pxy(H) was obtained by

pxy(H) = M, where p, (+H) and p, (—H) are the Hall
resistivities at the positive and negative magnetic field at the same
values, respectively.

First Principles Calculations. The first principles calculations
were performed in a Vienna Ab initio Simulation Package based on
the projector-augmented wave method.***” The generalized gradient
approximation (GGA) of the Perdew-Burke-Ernzerhof (PBE) form
was used for the exchange correlation function.* The energy cutoff
for the plane-wave basis set was 500 eV. The convergence criteria of
the energy and atomic forces were, respectively, set to 107 eV and
0.01 eV A™". The Brillouin zone is sampled with a I'-centered 9 X 9 X
9 k-mesh for bulk y’-Fe,N. Based on the magnetic force theorem, the
magnetic anisotropy energy (MAE) was calculated by considering
spin-orbit-coupling (SOC),**” where the charge density was read for
both the in- and out-of-plane magnetization orientations. In order to
obtain orbital resolved-MAE, the MAE on the orbital A of the atom i
Bt —EY
axbxc
constants of the strained y’-Fe,N. A positive or negative value of MAE
represented the IMA or PMA, respectively. The total MAE was
obtained by calculating the sum of MAE; for all atoms, where the
MAE,; of the single atom i was calculated by MAE, = >, MAE;of all
orbitals.

was determined by MAE,;, = , where a, b, and c are the lattice

B RESULTS AND DISCUSSION

The schematic diagrams of bending configurations to produce
the tensile or compressive strains in the magnetic and
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Figure 1. Microstructure characterizations of y’-Fe,N/mica: (a) XRD 6—26 patterns, (b) XRD ¢-scans, (c) XRD pole figure. (d) Cross-sectional
HRTEM, (e) fast Fourier transform image of the red areas in (d), () inverse fast Fourier transform pattern of (e), (g) HAADF-STEM image of the
7'-Fe,N layer. (h) HAADF-STEM image the whole sample, (i—1) EDS elemental mappings of (i) Si, (j) O, (k) Al, and (1) Fe corresponding to (h).

electronic transport measurements are shown in Figure Sla—h
of the Supporting Information. As shown in Figure Sla,c, when
the y’-Fe,N film is located above the mica with an outward
bending direction, the tensile strain will be generated along the
7'-Fe,N [010] direction. In contrast, as the y’-Fe,N film sits
under the mica with an inward bending direction (Figure S1b,d
in the Supporting Information), a compressive strain along the
y'-Fe,N [010] direction can be induced. A series of molds with
ROC =2, 3, and S mm were used to apply different tensile or
compressive strains by attaching the y’-Fe,N/mica films on the
molds. In the text, o0, +2 mm, +3 mm, +5 mm, +00, —2 mm,
—3 mm, —5 mm, and —oo represent the unbent, tensile strain
of ROC = 2 mm, tensile strain of ROC = 3 mm, tensile strain
of ROC = 5 mm, tensile released, compressive strain of ROC =
2 mm, compressive strain of ROC = 3 mm, compressive strain
of ROC = § mm, and compressive released. In order to briefly
describe the four states by considering the magnetic field and
the bending strain direction, the states are labeled as “IP-
Tensile”, “OP-Tensile”, “IP-Compressive”, and “OP-Compres-
sive”, which represent the cases with the in-plane magnetic
field along the y’-Fe,N [100] direction at a tensile strain, the
out-of-plane magnetic field along the y’-Fe,N [001] direction
at a tensile strain, the in-plane magnetic field along the Fe,N
[100] direction at a compressive strain, and the out-of-plane
magnetic field along the y’-Fe,N [001] direction at a
compressive strain, respectively. Figure S2a shows the
morphology of the cleaved surface on the separated mica by
atomic force microscopy (AFM). The root-mean-square
surface roughness R, of the cleaved mica is only 0.05 nm,
which is an order of magnitude smaller than 0.18 nm as
obtained by Liu et al."® This result confirms that an extremely

clean and smooth surface of the mica substrate has been
obtained, which is helpful to deposit the high-quality epitaxial
films. In order to observe the quality of the film bent 50 times
at a tensile or compressive strain of ROC = 2 mm, the AFM
images of the bent films are shown in Figure S2¢,d. One can
see that R, increases from 0.73 nm for the unbent y’-Fe,N(18
nm)/mica to 0.84 nm for the tensile-released one, then
decreases to 0.64 nm for the compressive-released one. The
small R, fluctuation indicates that the y’-Fe,N film keeps well
after applying the tensile or compressive strains. Meanwhile,
Figure S2e—i shows the schematic diagrams of y’-Fe,N films
with 4 X 6 mm?® size at five tensile states, which further
suggests the good flexibility of y’-Fe,N films. In addition, the
surface morphography of y’-Fe,N/mica films with different
thicknesses shows the smooth surface of the films, as shown in
Figure S3 of the Supporting Information.

Figure 1a shows the X-ray diffraction (XRD) 6—26 patterns
of the mica and y’-Fe,N/mica films. Only the mica(00 L) and
y'-Fe,N(002) diffraction peaks can be detected, which suggests
the prefered orientation of y’-Fe,N films. Based on Bragg’s law,
the calculated lattice constant of the y’-Fe,N film is 3.799 +
0.006 A, which is in well agreement with 3.795 A of bulk y’-
Fe,N (JCPDS card No. 06-0627). Moreover, XRD ¢-scans of
y'-Fe,N(111) and mica(202) peaks at 90° intervals are shown
in Figure 1b, where 260 and a were fixed at 41.22 and 35.26° for
the y’-Fe,N(111) peak and 42.84 and 54.13° for the mica(202)
peak, respectively. The ¢-scan results reveal that y'-Fe,N films
with an in-plane fourfold symmetry may epitaxially grow on
mica substrates. In order to further confirm the epitaxial
growth of y’-Fe,N films on mica, Figure lc shows the XRD
pole figure of the y’-Fe,N(111) peak, where the periodic
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intensity variation of the cubic lattice can be observed in the y’-
Fe,N film. The XRD pole figure confirms the epitaxial
relationship between the y’-Fe,N film and the mica substrate
as [OOl]Fe4N//[001]mica'

It can be noted that the lattice mismatch is as high as ~27%
between y’-Fe,N[100] and mica[100], where the lattice
constants of y’-Fe,N (cubic) are a=b=c=3795A a=p
=y = 90° and those of mica (monoclinic) are a = 5.208 A, b =
8.995 A, ¢ = 10275 A, @ = 90°, f = 101.6° y = 90°. Generally,
the large lattice mismatch will lead to the formation of a rough
interface caused by a number of misfit dislocations. However, a
sharp and clear interface between y'-Fe,N and mica can be
observed from the cross-sectional high resolution transmission
electron microscopy (HRTEM) image, as shown in Figure 1d.
Meanwhile, the cross-sectional TEM image and the selected
area electron diffraction (SAED) pattern of mica(001) are
shown in Figure S4 of the Supporting Information, which
suggests a layer structure of mica. Figure le,f displays the fast
Fourier transform and inverse fast Fourier transform patterns
from the red square region shown in Figure 1d. As shown in
Figure le/f, one can clearly see the diffraction spots from y’'-
Fe,N and the orderly arranged Fe; (blue dots) and Fey; (yellow
dots) atoms of the y’-Fe,N layer. Additionally, Figure 1g shows
the cross-sectional STEM-HAADF image of y’-Fe,N lattices.
Some distortions appear in the face-centered cubic y’-Fe,N
[001] lattice on the mica [001] substrate, which is tightly
related to the flexible strains from the mica substrate. As shown
in Figure 1g, no intermixing or defects appear, which further
confirms the epitaxial growth of y’-Fe,N by the fast Fourier
transform and XRD pole figure. Therefore, the y'-Fe,N film
can be epitaxially grown on flexible mica even though a large
lattice mismatch exists, which should be attributed to the misfit
dislocation.”"*" Misfit dislocation is the distortion of the lattice
of the y’-Fe,N films near the interface, which can release the
large strain induced by the lattice of the substrate. Normally,
the misfit dislocation appears in the heterogeneous systems
with a large lattice mismatch between the film and the
substrate, such as a —9.92% lattice mismatch of y’-Fe,N/
MgO.31 Furthermore, the Qmaps of Si, O, Al, and Fe elements
from the mica substrate and y’-Fe,N films can be observed in
Figure 1i—1, which are selected by a red box as shown in Figure
1h. It is clear that the Fe elements are uniformly distributed in
the y’-Fe,N layer. The uniform distribution of each element
also suggests that the y’-Fe,N/mica has a sharp interface
without the serious interdiffusion.

First, the magnetic force microscopy (MFM) images of
unbent y'-Fe,N/mica films with different thicknesses have
been measured, which shows a good ferromagnetic state
(Figure SS of the Supporting Information). Next, the room-
temperature in-plane and out-of-plane M—H curves of y'-
Fe,N/mica films with different thicknesses were measured at
different tensile or compressive strains. Figure 2a shows the in-
plane M—H curves of the 3 nm-thick y’-Fe,N film at a tensile
strain. It is found that M increases and H,_ decreases as ROC
decreases from unbent to ROC = 3 mm. At ROC<3 mm, M;
decreases and H_ increases. Moreover, as the tensile strain
increases, M, and H, gradually recover, but are slightly lower
than the initial unbent state, which indicate the excellent
ductility and flexibility of y’-Fe,N films. The in-plane M—H
curves of y’-Fe,N films with thicknesses of 6, 18, 30, and 48
nm are also measured at different tensile strains, as shown in
Figure 2b—e. At different film thicknesses, the M, and H, of y'-
Fe,N films show a similar strain-dependent behavior to that of

3.0

T T
§ 15 S
g g
vg 00 ng J < Unbent
% 15 X ZRoGs mm
= 3.0 s 1--Re\:ased )
H (kOe)
& 5 6
§ 5 N
E 2 FEn,
- 6nm
,g ,g - Unbent E 800 igi <= 18 nm
e e J--rocssmm [ N
x X Mgmmmroesm| Q400 Ny
s s 2 X = Released ° 0 W
2 -1 0 1 2 © 5 3 2 40
H (kOe) ROC (mm)
5 §
] E]
: :
2 fZo- Unbent @ & - Unbent
=4 & ~~ROC=5mm (=4 ) ~-ROC=5 mm
x -1 ~~ROC=3 mm| 3 [T <-ROC=3 mm
= 2 . —~Rejpased = ) ~=Released
2 4 0 1 2 2 1 0 1 2
H (kOe) H (kOe) H (kOe)
2 2 % 2000
o ; o : 7
e o [ % “fe $ T AN,
S 1t g S 1t 2 v
=] 3 o 1000 < 3nm
£ £ 0 ~ < 6nm
o 0 [ 3 Fram =18 nm———"—]
> - Unbent o = 800 (@) Somm
=) —rocssmm|  Q I -8
x -1 ——— ~~ROC=3 mm X 1k - O 400 i
s 2 ) | ~=Released s 2 o ) = Released \I_; O bt
2 1 0 1 2 2 1 0 1 2 © 5 3 2+

H (kOe) H (kOe) ROC (mm)

Figure 2. In-plane M—H loops of y’-Fe,N films with the different
thicknesses at (a—g) tensile and (a'—g’) compressive strains at 300 K:
(a,a’) 3nm, (b,b’) 6 nm, (¢, ¢’) 18 nm, (d, d’) 30 nm, and (e, e’) 48
nm Fe,N film. The dependence of (f, f') saturation magnetization and
(g g') coercivity of y'-Fe,N films with different thicknesses at
different (f—g) tensile or (f'—g’) compressive strains.

the 3 nm-thick one, as shown in Figure 2f,g. It is found that the
smaller the film thickness is, the larger the tunability of
magnetic properties in flexible epitaxial y’-Fe,N/mica films,
which suggests that a thinner y’-Fe,N film is more sensitive to
the bending strain. Meanwhile, in the thickness-dependent
magnetization of y’-Fe,N films at different bending strains, one
can find that the M; in a thinner y’-Fe,N film is larger,
especially at a tensile or compressive strain of ROC = 3 mm.
The larger M; in a thinner film (like the 3 nm-thick y’-Fe,N
film) may be associated with the formation of a magnetic FeN-
dominant phase with a large magnetization.*>>* As shown in
Figure 2f,g, the maximum M, and minimum H, of the y’-Fe,N
film with different thicknesses appear at a tensile strain of ROC
= 3 mm. Moreover, the in-plane M—H curves of the y’-Fe,N
film with different thicknesses at a compressive strain are
shown in Figure 2a’—g’. The M, and H, change trend of y’-
Fe,N films at the compressive strain is similar to that at the
tensile strains. Additionally, the out-of-plane M, and H, of y’-
Fe,N films with different thicknesses at the tensile or
compressive strains are shown in Figure S6 of the Supporting
Information. The strain-dependent out-of-plane M, and H,
shows the same tendency with the in-plane cases at the tensile
or compressive strains. Therefore, in y’-Fe,N/mica films, the
tensile strain influence on the in-plane or out-of-plane M, and
H_ is the same as that of the compressive strain. Namely, the
change trend of M, and H, is similar at IP-tensile, OP-tensile,
IP-compressive, and OP-compressive states. It is noted that the
magnetic response of y'-Fe,N films to bending strain is
distinguished with that of other ferromagnetic materials. For
example, in CoFe,0,, Feg Gaj, and CoyFe 0By, films, the
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Figure 3. M—H loops of the y’-Fe,N(30 nm) film at (a) unbent, (b—e) tensile strains at different radius of curvatures (ROCs), (b'—e’)
compressive strains at different ROCs. (f) M—H loops with the in-plane magnetic field at tensile strains, (g) M—H loops with the in-plane magnetic
field at compressive strains, (h) M—H loops with the out-of-plane magnetic field at tensile strains and (i) M—H loops with the out-of-plane
magnetic field at compressive strains. (j) In-plane and (k) out-of-plane M,/M; at different strain ROCs.

tensile strain effect on magnetic properties is opposite to that
of compressive strains. "> Meanwhile, the bending strain
influence on magnetic properties has been ascribed to the
magnetomechanical coupling effect, which is tightly associated
with a large magnetostrictive coeflicient, such as —590 ppm in
CoFe,0, films and 350 ppm in Feg Gag films.”*>> However,
the M, change trend of y’-Fe,N/mica films at different tensile
or compressive strains cannot be explained by the magneto-
strictive effect even though a magnetostrictive coefficient of
—143 ppm exists in y’-Fe,N.***” Therefore, the strain-tailored
magnetic properties of y’-Fe,N/mica films may be associated
with other factors induced by the magnetomechanical coupling
effect.

The diagram in Figure S7 shows the M (ROCs)/
M,(Unbent) and H.(ROCs)/H.(Unbent) of y’-Fe,N films
with different thicknesses at 300 K. As shown in Figure S7a—d,
a peak of M,(ROCs)/M,(Unbent) curves appears at ROC = 3
mm, where the M(ROCs)/M,(Unbent) is in the range from
1.17 to 2.10 at the IP-tensile state, 0.97 to 2.07 at the OP-
tensile state, 1.06 to 1.45 at the IP-compressive state, and 1.08
to 1.41 at the OP-compressive state. The M, change of y’-Fe,N
films can reach up to 210%. The largest value in the reported
ferromagnetic/mica systems is 267% (from 1.2 to 3.2 ug per
Ru) in SrRuO;/mica films at 10 K, which cannot be used in
the devices at room temperature.’” In CoFe,O, films, M,
change is less than 150% (from 100 to 150 emu/cm?).> In
Lag4;S1933MnO; films, no significant change of M, was
observed at both the tensile and compressive strains.'
Therefore, the large strain-tailored M, of y’-Fe,N/mica films
at room temperature is of great significance for the practical
applications in flexible spintronic devices. Figure S7e—h shows
the H.(ROCs)/H.(Unbent) of y’-Fe,N films with different
thicknesses, which shows the opposite trend with M;(ROCs)/
M,(Unbent). In a ferromagnetic film, the M, and H, will satisfy
the relation of
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k
Pret _ M, x H.
Hy (1)

where k. is the effective anisotropy constant, p is a
dimensionless factor that depends on the type of magnetic
anisotropy, and g, is the permeability in vacuum.’®>’
Reasonably, an inverse relationship exists between M, and
H_. Based on eq 1, k' g/k.g can be obtained by calculating (M’
X H'.)/(M, x H.), where M'; (M) and H’_ (H_) are obtained
under a bent (unbent) state, as shown in Figure S8. Moreover,
k' /k.g>1 (or <1) means that k. increases (or decreases) by
applying a strain. In 30 nm-thick y’-Fe,N films, a peak of the
in-plane k' g/k.s can be observed at a tensile or compressive
strain, as shown in Figure S8a,b. Meanwhile, as shown in
Figure S8¢,d, a valley of the out-of-plane k' g/k.g appears in the
30 nm-thick y’-Fe,N films in spite of a mixture of k’.g/k.g>1
and k' g/k.g<1. It implies that a larger magnetic anisotropy will
occur at a certain strain in 30 nm-thick y'-Fe,N films.

In order to clarify the mechanism of the strain-tailored
magnetic anisotropy of the y’-Fe,N film, Figure 3 shows the in-
plane and out-of-plane M—H curves of the 30 nm-thick y'-
Fe,N film at different tensile or compressive strains. For a
comparison of strain-tailored magnetic anisotropy, the in-plane
and out-of-plane M—H curves of the 3 nm-thick y’-Fe,N film
at different tensile or compressive strains are shown in Figure
S9 of the Supporting Information. The comparison reveals a
more significant strain-tailored magnetic anisotropy in the 30
nm-thick y’-Fe,N film. As shown in Figure 3a, the in-plane and
out-of-plane M—H curves of unbent y’-Fe,N films are analyzed
first. The in-plane M—H curve is relatively square with a M,/M;
of 0.74, while the out-of-plane M,/M; is only 0.08, which
indicates that an in-plane magnetic anisotropy (IMA) exists in
the unbent y’-Fe,N film. As shown in Figure 3b—d and b'—d’,
the in-plane M,/M; of the y’-Fe,N films is almost a constant of
0.80 + 0.05 at different tensile or compressive states, which
implies that the in-plane M,/M; is insensitive to the bending
strains. However, the out-of-plane M,/M; increases from 0.08
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Figure 4. Calculation results using the first principles calculations, (a) lattice constants and magnetic moments of y’-Fe,N at different strains, (b)
total magnetic anisotropy energy (MAE) of y’-Fe,N, (c) single atom MAE at —2%, —1%, unstrained, +1%, and + 2% strain. Schematic diagrams of
the mechanism in flexible epitaxial y’-Fe,N/mica films at (d—d”) bending strain, (e—e’’) stretching strain, (f—f'’) tensile-bending strain, and (g—

g’’) compressive-bending strain.

at the unbent state (ROC = 00) to 0.25 at a tensile strain of
ROC = 5 mm and 0.26 at a compressive strain of ROC = §
mm, 0.34 at a tensile strain of ROC = 3 mm and 0.33 at a
compressive strain of ROC = 3 mm, and 0.48 at a tensile strain
of ROC =2 mm and 0.42 at a compressive strain of ROC =2
mm, where the out-of-plane M,/M, magnitude at tensile or
compressive strain is 4.25—6 times larger than that of the
unbent y’-Fe,N film. In previously reported results, the M /M
change by the bending strains was less than 62% in
CoyoFe 0B, films and 198% in CoFe,0, nanopillar arrays.”'*
Therefore, the large variation of M,/M in the y'-Fe,N film is of
great significance for practical applications. As shown in Figure
3e,e’, as the tensile or compressive strain is released, the
magnetization gradually recovers to the initial state, which can
be seen in the above M results. Figure 3f—i shows the M—H
curves of the 30 nm-thick y’-Fe,N film at IP-tensile, IP-
compressive, OP-tensile, and OP-compressive states, where the
out-of-plane magnetization can be tailored more significantly
than the in-plane one at different tensile or compressive strains.
Additionally, the dependences of the in-plane and out-of-plane
M,/M, on ROC are shown in Figure 3j,k. At either tensile or
compressive strain, the M,/M, of y'-Fe,N film increases with
the increase (decrease) of strain (ROC). Meanwhile, the out-
of-plane M,/M; (Figure 3k) is more sensitive to the strain than
the in-plane one (Figure 3j) because the magnitude of the out-
of-plane strain-tailored M,/M, (425—600%) is much larger
than that of the in-plane strain-tailored M,/M; (almost a
constant).

Based on the magnetic properties of flexible epitaxial y'-
Fe,N/mica films, it can be demonstrated that the noticeable
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tunability of M, and magnetic anisotropy can be induced at a
certain bending strain. The strain effects can be derive from the
magnetomechanical coupling effect. The ordinary magneto-
mechanical coupling effect refers to a ‘breathing’ distortion of
the Ny octahedron around a given Fe atom.’>°*' Here, the
bending distortion means that both the proximate ‘breathing’
distortion and the shift of the nitrogen position in the unit cell
appear in the y’-Fe,N unit cell due to bending deformation.
Note the difference between the ‘breathing’ distortion and
bending distortion; the first principle calculations were
performed to illustrate the effect of ‘breathing’ distortion on
the magnetic moments and magnetic anisotropy energy
(MAE), as shown in Figure 4a—c. The magnitude of bending
strains in experiments can be expressed as € = (treany + tmica)/
ROC, where fp 4y and ¢, are the thickness of the Fe,N films
and mica substrates, respectively.62 At tpeantmics trean 1S
negligible. The thickness of mica used in the magnetic
measurement is 37.5 ym. Therefore, the five strain states &
can be recorded as o0, 0.75%, 1.25%, 1.88%, and + oo, which
corresponds to the unbent, ROC = 5, 3, 2 mm, and released
states. Meanwhile, ¢ or ROC is positive (negative) at the
tensile (compressive) strain. Based on the strains (—1.88,
—1.25, —0.75, 0, +0.75, +1.25, and +1.88%) in experiments, a
strain magnitude of —29%, —1%, 0, +1%, and +2% was used in
calculations to manifest the effect of stretching strains (namely,
‘breathing’ strains) on the magnetic moments and magnetic
anisotropy of y’-Fe,N films. Here, the stretching strain is
referred to the ‘breathing’ strains caused by ‘breathing’
distortion. In calculations, the magnitude of in-plane uniaxial
strain ¢ is defined as (b—b,)/b, X 100%, where b and b, (b, =
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3.795 A) are the lattice constants of the strained and
unstrained y’-Fe,N. Meanwhile, the in-plane uniaxial strain is
applied along the b-axis direction (namely, the y’-Fe,N [010]
direction). The in-plane (out-of-plane) magnetic field is along
the a-axis (c-axis) direction, namely, the y’-Fe,N [100] (y'-
Fe,N [001]) direction. As shown in Figure 4a, the magnetic
moments of y’-Fe,N increase from 9.933 to 9.971 ug, as the
tensile strain increases from 0 to +2%. Meanwhile, as the
compressive strain changes from 0 to —2%, the magnetic
moments of y'-Fe,N decrease from 9.933 to 9.857 pg.
Therefore, the magnetic moments of y'-Fe,N increases
(decreases) with the increase of tensile (compressive) strain,
which is similar to the M, change of CoFe,O, films.>
Meanwhile, M, change has been ascribed to the proximate
‘breathing’ distortion caused by the bending strain.”>
Specifically, the magnetic moment change (m(e)/m(0)) is
only 99.23—100.38% at stretching strains of € = +2% (see the
inset of Figure 4a), which is much smaller than the M, change
(141-210% at ROC = +3 mm) at the bending strain in
experiments. The magnetic moment results in calculations
further reveal that other factors like the shift of nitrogen
position in the y’-Fe,N unit cell caused by the bending strain
should be considered besides the proximate ‘breathing’
distortion, due to the role of the N position in the y’-Fe,N
unit cell.**7°

Figure 4d—d” and e—e’’ shows the schematic diagrams of
the bending distortion caused by bending strains in experi-
ments and ‘breathing’ distortion induced by stretching strain in
calculations, respectively. In order to explain the bending
strain-tailored M, of y’-Fe,N films, a simplified model is
established, as shown in Figure 4d—d”. Figure 4d’shows that
the position of the nitrogen atom is labeled as position “N0”,
“NS§”, “N3”, and “N2”, which represents the distortion of the
7'-Fe,N unit cell at tensile strain of ROC = o0, +5, +3, and +2
mm, respectively. First, in y’-Fe,N/mica films, M increases as
the ROC decreases from oo to 3 mm (see Figure 2f and f'),
where the nitrogen atom shifts from the NO to N3 position, as
shown in Figure 4d’. Moreover, the sudden change of M at a
tensile or compressive strain of ROC = 3 mm suggests that the
maximum of M, will appear in the process of ROC from 3 to 2
mm, corresponding to the shift of the nitrogen atom from the
N3 to N2 position, as shown in Figure 4d’. Besides, the M; at
tensile strain of ROC = 2 mm is slightly smaller than that at a
tensile strain of ROC = 5 mm, as shown in Figure 2ff’. In the
bending y’-Fe,N film, the film length L along the bending
direction is a constant, where the corresponding central angle
of the bending film can be labeled as . Thus, f will satisfy the
dependence of f = L/ROC, where f at ROC = §, 3, and 2 mm
is corresponding to 57.29, 95.48, and 143.22° respectively.
Normally, in body-centered cubic, as f increases, the atom
located at the body-centered position NO will move from NO
to NS, N3, and N2. M, can be considered as an N-shift-related
function at different ROCs. Based on all the experimental
results of ROC-dependent M, shown in Figure S7a—d, a sinf-
related function, ie., Mxsinf, may be considered as the
functions of M, and the position of the nitrogen atom under
different ROCs. The critical 3, makes the nitrogen atom shift
to position N3, which induces a maximum of M. At B < f3,
(namely, ROC > 3 mm), the nitrogen position moves from the
NO to N3 position. Meanwhile, at # > f, (namely, ROC < 3
mm), the nitrogen position moves from N3 to N2 position.
Reasonably, the similar magnetic behavior at tensile- and
compressive-bending strains also can be explained due to the

similar shift of the nitrogen position at two bending states.
Further, the large shift of the nitrogen position will result in the
decrement of nitrogen contribution to the y’-Fe,N unit cell,
which may form a new phase like a”-Fe 4N,. Therefore, the
large M, change of 210% in the bending y’-Fe,N should be
tightly associated with the large shift of the nitrogen position.
In the early 1970s, Kim and Takahashi reported that a”-Fe (N,
has a high M, of 2320 emu/cm>.” Meanwhile, the crystal
structure of a”-Fe4N, is body-centered tetragonal (bct, a =
572 A, ¢ = 629 A).5 1t implies that a”-Fe (N, can be
described as a bct arrangement with an ordered distribution of
nitrogen atoms in the deformed octahedral interstices.
Interestingly, in the bending y’-Fe,N unit cell, both the
proximate tetragonal distortion and the shift of nitrogen
position appear. Besides, the ferromagnetic structure of y'-
Fe,N is also of some interest, which is obtained from face-
centered cubic y-Fe with nitrogen placed at the body-center of
the unit cell. However, y-Fe is nonmag.;netic.66 Therefore, the
nitrogen position will have a significant influence on the
magnetic properties of y’-Fe,N. Therefore, the large strain-
tailored magnetic properties of y’-Fe,N films can be attributed
to the proximate tetragonal distortion and the shift of the
nitrogen position caused by the bending strains.

In addition, it is also necessary to notice the large
enhancement of the out-of-plane squareness. The first
principles calculations were conducted to investigate the effect
of stretching strain on MAE of y’-Fe,N films, as shown in
Figure 4b,c. A positive or negative value of MAE represents the
IMA or PMA, respectively. Figure 4b shows the total MAE of
bulk y’-Fe,N at a stretching strain from —2 to +2%. It is found
that the total MAE at a tensile (compressive) strain is positive
(negative), which means an IMA (PMA). Meanwhile, at a
tensile strain of +2%, the total MAE of y’-Fe,N is 72.44 times
larger than that of the unbent y’-Fe,N, as shown in the inset of
Figure 4b. At a compressive strain of —1 and —2%, PMA
appears, which is different from the above experimental results
(see Figure 3). Figure 4c shows the MAE of the single atom at
stretching strains from —2 to +29%. The location of each atom
in the y’-Fe,N unit cell is shown in Figure S10 of the
Supporting Information, where the Fe., Ferp, Fepp, and
Feyp represent the Fe atom located at the corner and three
face positions of cubic y'-Fe,N, respectively. The MAE
contribution of N p-orbitals can be negligible. Meanwhile,
MAEs of Fe d-orbitals contribute a lot at the tensile or
compressive strains. At the tensile strains, the IMA can be
mainly attributted to Fe;r and Fepy atoms, while the Fey g
atom has a great effect on the PMA at the compressive strain.
Meanwhile, the d-orbital MAE of Fe| and Fe  and the total
density of states (DOSs) of '-Fe,N at a strain of —2%, 0, and
+ 2% can be observed in Figures S11 and S12 of the
Supporting Information, respectively. Previous reports of
ferromagnet have confirmed that the tetragonal crystal field
can improve magnetic anisotropy.’”*”%® Therefore, both the
enhancement of M,/M; in experiments (Figure 3jk) and the
PMA in calculations can be attributed to the tetragonal crystal
field, which is resulted from the distortion of Fe,N octahedron
at different bending or stretching strains. Additionally, no PMA
appears in experiments, which may be associated with the
misorientation effect. As the bending film is applied on an in-
plane magnetic field along the y’-Fe,N [100] direction, no
other magnetic field component appears. However, at an out-
of-plane magnetic field, the effective magnetization of the
bending film no longer fully contributs to the [001] direction
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of the y’-Fe,N unit cell due to the misorientation effect caused
by the bending films.”” As shown in Figure 4f", g/, M is
decomposed into the M, = Mcosf and M, = Msind
components along the y’-Fe,N [001] and [OIOj, directions,
which results in a larger external magnetic field or energy to
satisfy the magnetization saturation. Therefore, in experiments,
the enhancement and tunability of magnetic properties
originate from the tetragonal distortion and misorientation
effect caused by bending strains.

Besides, the effects of bending strain on the electronic
transport properties of y'-Fe,N/mica films are also inves-
tigated, as shown in Figure 5. The schematic diagrams of
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Rxx(oo)
Pxy curves, and (c) magnetoresistance MR of the y'-Fe,N(30 nm)/
mica film at different bending strains. (d—h) Anisotropy magneto-
resistance AMR of the y’-Fe,N(30 nm)/mica film measured at
different temperatures of S—300 K by applying different strains, (d)
unbent, (e) tensile strain of ROC = 3 mm, (f) tensile released, (g)
compressive strain of ROC = 3 mm, and (h) compressive released
states.

bending configurations in the electronic transport measure-
ments are shown in Figure Sle—h of the Supporting
Information. Figure S13 in the Supporting Information
shows the p(T)/p(305 K) curves of the y'-Fe,N(30 nm)/
mica film at different strains. Anomalous Hall resistivity p,, and
magnetoresistance of y’-Fe,N films with different thicknesses
of 9—48 nm at 300 K at various bending strains are shown in
Figure S14 of the Supporting Information. As shown in Figure
S13, p, of the bent y’-Fe,N films continuously increases with
increasing temperature, which indicates a robust metallic
character for the strained y’-Fe,N films. Meanwhile, Figure Sa
shows the resistance rate defined as
AR = 28922 5 100, where Ry(ROC) and Ry (o),
respectively, represent the longitudinal resistance at different
ROCs and unbent states. The resistance change of the y’-Fe,N
film reaches 5% at a tensile strain of ROC = 3 mm. As the

tensile strain is released (namely, ROC = +o0), R,, almost
retains the resistance states “2”. At a compressive strain of
ROC = 3 mm, the R, change is smaller than that at the tensile-
released state. Finally, R, gradually recovers to the initial state
“0” after releasing the compressive strain. Thus, strain-tailored
multiresistance states are achieved in the bending y'-Fe,N
films. Moreover, the strain-tailored anomalous Hall resistivity
Pxy appears where the drop of p,, reaches 22% at a tensile strain
of ROC = 3 mm, as shown in Figure Sb. It can be found that a
Py change of 22% is larger than an R,, change of 5%, which
should be ascribed to the weak longitudinal stress and strong
transverse stress. Additionally, the magnetoresistance MR of
the y'-Fe,N(30 nm)/mica film was measured at 300 K at
various bending strains, as shown in Figure Sc, where MR is

_ RE) -R(0)
defined as MR = MOBERS 100. Compared to p,, and MR

at the compressive strain, they are more sensitive to the tensile
strain.

Figure Sd—h show the anisotropy magnetoresistance (AMR)
of the y’-Fe,N(30 nm)/mica film measured at temperatures of
5—300 K by applying different tensile or compressive strains.
AMR is defined as AMR = 7[)""(9: ;OI;"‘(O) X 100. In Figure 5d—
h, AMRs at different bending strains show negative values,
which should be attributed to the spin-down conduction
electrons in y'-Fe,N films.”””" At § K, the AMR phase shifts
from 105° at a tensile strain of ROC = 3 mm, to 85° at the
tensile-released state, 85° at a compressive strain of ROC = 3
mm, 95° at the compressive released state. AMR of y’-Fe,N
films is intimately related to the magnetocrystalline aniso-
tropy.”® Therefore, the shift of the AMR phase indicates that
the magnetocrystalline anisotropy of the y-Fe,N film is
changed. The shift of the AMR phase at different strains should
be associated with the shift of the nitrogen position in the y'-
Fe,N unit cell induced by the bending film. Therefore, the
strain-tailored electronic transport properties can be ascribed
to the electromechanical coupling effect induced by the
proximate tetragonal distortion and the nitrogen position shift
in the bending y’-Fe,N unit cell. In previously reported results,
the changes of the resistance, p,,, MR, AMR, or R,, at the
bending strains are not significant in some ferromagnetic/mica
systems, such as Fe;0,/mica and VO,/mica,”>”* which retain
the superior performance of the epitaxial counterparts on rigid
substrates and enrich the applications in spintronic devices. It
can be noted that the electronic transport properties of -
Fe,N/mica films remain well in spite of the bending
deformation. Therefore, the flexible epitaxial y’-Fe,N films
have the potential applications in the electromechanical
wearable devices with the strain tunable properties. Meanwhile,
the planar Hall resistance R,, of the y'-Fe,N(30 nm)/mica film
are also measured at various bending strains, as shown in
Figure S15 of the Supporting Information.

B CONCLUSIONS

In summary, the flexible epitaxial y’-Fe,N films were directly
deposited on mica by reactive facing-target sputtering. Strain-
tailored M,, magnetic anisotropy, and electronic transport
properties can be achieved at room temperature by changing
the ROCs. M; of y’-Fe,N films at a tensile strain of ROC = 3
mm is significantly tailored with a maximal variation of 210%.
Moreover, the out-of-plane M,/M; at a tensile strain of ROC =
2 mm is six times larger than that at the unbent state.
Meanwhile, the out-of-plane M,/M; is more sensitive to the
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strains than the in-plane one. In addition, the strain-tailored R,
and p,, appear, where the R, (p,,) change reaches 5% (22%)
at a tensile strain of ROC = 3 mm. Furthermore, the shift of
AMR and PHR phases also appear in the bending y’-Fe,N
films. This work reports the bending strain manipulation on
the M, magnetic anisotropy and electronic transport properties
of ferromagnetic films effectively. The flexible epitaxial y’-Fe,N
films have the potential applications in the magneto-/
electromechanical wearable spintronic devices.
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