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including alloys, semiconductors, dielectrics, and ferroelectric oxides.[3–6] These
defects can significantly influence their
physical properties. For example, APBs
can result in the reduction of piezoelectric
coefficient and incomplete polarization in
ferroelectrics.[5,7] The presence of APBs
has also been associated with degraded
static and dynamic magnetic properties in
spinel ferrites thin films.[1,8–17]
Spinel ferrite (e.g., NiFe2O4, CoFe2O4,
LiFe5O8) thin films have recently attracted
considerable attention as candidates for
microwave integrated devices,[18–20] magnetoelectric coupling heterostructures,[21]
and as active barrier materials for an
emerging class of spintronic devices such
as spin filters.[22–25] Unlike perovskitebased oxides, the choice of lattice-matched substrates for epitaxial growth of spinel ferrite films has thus far been limited.
The traditionally used substrates include cubic rock salt structured MgO, spinel MgAl2O4 (MAO), and perovskite SrTiO3
(STO). While MgO has a good lattice match (≈0.3% for twice
the lattice parameter), it has a different crystal symmetry than
the ferrites. MAO is isostructural but has a large mismatch
(≈3.1%). On the other hand, STO has both different crystal symmetry and a large lattice mismatch. Differences in the crystal
structure and/or large lattice mismatch between the film and
the substrate often result in structural defects. In particular,
epitaxial films of oxides consisting of ordered cations and large
unit cell volume, such as the spinels, are prone to formation of
APBs.[26–29]
The formation of APBs can be a consequence of either
higher symmetry of the substrate (e.g., MgO with a lattice constant roughly half of the ferrites) than the ferrite film leading to
a large number of nucleation sites for film growth, or accommodation of misfit dislocations arising due to a large lattice
mismatch (>3% lattice mismatch with MAO).[1,27] In the case of
the former, APBs are created from initial nucleation of islands
and their subsequent coalescence induces stacking defects of
the atomic planes in the domains translation of the cationic
sublattice.[27] The presence of APBs results in deviations in the
magnetic and transport properties of spinel ferrite thin films
as compared to their bulk single crystal counterparts.[1] For

Spinel ferrite NiFe2O4 thin films have been grown on three isostructural substrates, MgAl2O4, MgGa2O4, and CoGa2O4 using pulsed laser deposition. These
substrates have lattice mismatches of 3.1%, 0.8%, and 0.2%, respectively,
with NiFe2O4. As expected, the films grown on MgAl2O4 substrate show the
presence of the antiphase boundary defects. However, no antiphase boundaries (APBs) are observed for films grown on near-lattice-matched substrates
MgGa2O4 and CoGa2O4. This demonstrates that by using isostructural and
lattice-matched substrates, the formation of APBs can be avoided in NiFe2O4
thin films. Consequently, static and dynamic magnetic properties comparable
with the bulk can be realized. Initial results indicate similar improvements in
film quality and magnetic properties due to the elimination of APBs in other
members of the spinel ferrite family, such as Fe3O4 and CoFe2O4, which have
similar crystallographic structure and lattice constants as NiFe2O4.
Antiphase boundaries (APBs) are planar structural defects
in ordered crystals wherein the lattices on either side of a
boundary are translated by a shift vector other than the corresponding lattice vector.[1,2] The formation of APBs is commonly
observed in a wide variety of complex functional materials
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The surfaces of NFO films grown on all three substrates
example, Fe3O4 and MgFe2O4 thin films deposited on MgO
by pulsed laser deposition are free of any particulates and
substrate require extremely high applied magnetic fields (>5 T)
have roughness in the range 0.1–0.2 nm, similar to that of the
for saturation,[1,10,30] and the metal–insulator transition in Fe3O4
substrates, as determined from atomic force microscopy. We
(Verwey transition) broadens and eventually disappears with
deposit NFO films with thicknesses in the range of 20–450 nm
decreasing film thickness.[31] Similarly, NiFe2O4 (NFO) films
on all three substrates and in this report, unless noted othexhibit degraded magnetic properties, such as lower saturation
erwise, we discuss results on ≈450 nm NFO films. The exact
magnetization and about an order of magnitude larger ferrothicknesses for these films obtained by cross-sectional scanmagnetic resonance (FMR) linewidths than single crystals at
ning electron microscope (SEM) are 465, 445, and 450 (±5) nm
comparable frequencies.[11,14,15,32]
for MAO//NFO, MGO//NFO, and CGO//NFO, respectively.
The measured single crystal FMR linewidths are 40–50 Oe
NFO has an inverse spinel structure with bulk lattice conin a frequency range of 26.5–60 GHz.[16] In contrast, the lowest
stant of 0.8345 nm, resulting in lattice mismatches of 3.10%
reported linewidth values for NFO thin films are ≈550–750 Oe
with MAO (0.8086 nm), 0.78% with MGO (0.8280 nm), and
in the frequency range of 5–40 GHz, reported for stoichiometric
0.20% with CGO (0.8328 nm) substrates.[34–36] Normal Cu (Kα)
NFO films grown by direct liquid injection chemical vapor
[14]
deposition (DLI-CVD) on MAO substrates.
Slightly lower
θ − 2θ X-ray scans in the range of 20°–120° show only (h00)
linewidths have been obtained for off-stoichiometric Ni0.8Fe2.2O4
peaks corresponding to the respective substrates and NFO
film (see Figure S1, Supporting Information, for more details).
films using the same deposition technique.[33] Although both
Figure 1a–c shows partial θ − 2θ scans in the range of ≈42°–46°
these studies measured the FMR linewidths of the NFO thin
films over a broad range of frequencies, the Gilbert damping
for all three films displaying (400) diffraction peaks correparameter could not be extracted due to nonlinear variation of
sponding to substrate and NFO film. The NFO film shows a
FMR linewidth with the microwave frequency.[14,33]
single and broad (400) peak for MAO//NFO sample (Figure 1a)
whereas we observe well-separated (400) Kα1 and Kα2 peaks
We use single crystalline (100) oriented MgAl2O4 (MAO),
MgGa2O4 (MGO), and CoGa2O4 (CGO) substrates, all having
for MGO//NFO sample (Figure 1b) for the film, indicating that
the film quality is comparatively better on MGO than MAO
a spinel structure similar to that of NFO with respective latsubstrate. Due to a much smaller lattice mismatch (≈0.20%)
tice mismatches of 3.10%, 0.78%, and 0.20%.[34,35] The pulsed
between CGO and NFO (Figure 1c) we find that the film peak
laser deposition technique is used to grow the films. NFO
is nearly merged with the left shoulder of the substrate peak.
films grown on MAO (100) substrate (MAO//NFO) are parThe out-of-plane lattice constants (a⊥) obtained from the Kα1
tially relaxed as evidenced by transmission electron microscopy (TEM) diffraction patterns and show presence of APBs.
NFO (400) peak positions are 0.841 ± 0.001 nm for the MAO//
However, films on MGO (100) (MGO//NFO) and CGO (100)
NFO, 0.840 ± 0.001 nm for the MGO//NFO film, and 0.835 ±
(CGO//NFO) substrates do not show any relaxation or pres0.001 nm for CGO//NFO film. The values of a⊥ for all the films
ence of APBs. In a 450 nm MAO//NFO film we obtain in-plane
are larger than the bulk lattice constant (abulk = 0.8345 nm) of
FMR linewidths in the range of ≈580–1000 Oe for the freNFO. All of these substrates impart compressive stress on the
quency range of 10–46 GHz, comparable to
the lowest reported values for in-plane FMR
Bui~ NFO (400)
measurements in thin films.[14] However, in
(a)
similarly thick MGO//NFO and CGO//NFO
films we obtain FMR linewidths of about
one order of magnitude smaller at similar
frequencies; for example, for a frequency
.....
of 50 GHz we obtain a linewidth of ≈70 Oe
*
::::, (b)
'
in MGO//NFO and ≈50 Oe in CGO//NFO ~
films. These FMR linewidths are comparable ~
·u5
to that reported for bulk single crystal NFO
C
(≈40–80 Oe).[16] Additionally, in MGO//NFO 2C
and CGO//NFO films we observe a linear
variation of the linewidth with microwave
2.4
2.6
frequency, which enables us to experimen-1
1/d100 (nm )
tally determine the effective Gilbert damping
parameter. Improvements in NFO film
quality and magnetic properties due to use of
structurally similar and better lattice matched
43
44
45
substrates apply to other members of the fer20 (0 )
rite family, such as Fe3O4 and CoFe2O4. In
the Supporting Information, we present par- Figure 1. a–c) Normal θ − 2θ patterns around the (400) peak of the substrate and ≈ 450 nm
tial θ − 2θ scans and magnetization data for NFO film grown on MAO, MGO, and CGO substrates. (*) represents the corresponding substrate Kα1 and Kα2 peaks. The Kα1 and Kα2 split peaks observed for all three substrates are
a CoFe2O4 thin film deposited on MGO sub- also visible
for the NFO (400) peak in (b). The solid blue line in (c) corresponds to the θ − 2θ
strate and Fe3O4 films deposited on all three scan of the CGO substrate. d) Reciprocal space mapping of (206) plane for an ≈250 nm NFO
substrates used in this study.
film grown on MGO (100) substrate.
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films in the in-plane direction, resulting in an elongation of
the out-of-plane lattice constant. Full width at half maximum
(FWHM) values obtained from the ω scan of (400) peaks are
0.41° for MAO//NFO film and ≈0.03° for MGO//NFO and
CGO//NFO films, confirming a significantly improved epitaxy
on the latter two substrates. For comparison, under the same
measurement conditions the FWHM for the (400) peaks for all
the substrates are ≈0.02°.
In order to determine the in-plane lattice parameter of the
MAO//NFO and MGO//NFO films, we perform diffraction
scans of the (440) planes with appropriate tilting of the films
(Figure S1e, Supporting Information). Using the calculated
value of a⊥, we calculate the in-plane lattice constant (a||) for both
MAO//NFO and MGO//NFO films to be 0.829 ± 0.001 nm (see
the Supporting Information for details). For the MAO//NFO
film, the value of a|| suggests that the film is partially relaxed.
However, in the case of the MGO//NFO film a|| is equivalent to
that of the substrate and suggests a fully strained film. We obtain
a similar observation from reciprocal space mapping of an
≈250 nm MGO//NFO film in the (206) plane where we find that
the in-plane lattice constant of the film matches exactly with that
of the MGO substrate (Figure 1d). TEM studies on an ≈100 nm
MGO//NFO and an ≈250 nm CGO//NFO films further
confirm their coherent growth, as discussed in the next section.
Since the NFO film is compressed in the in-plane direction to

accommodate the in-plane strain of the MGO//NFO film, the
out-of-plane lattice constant is expected to elongate as per its
Poisson’s ratio. In case of an epitaxial film under 2D stress, the
value of apparent Poisson ratio[37] ν′ = −εoop/εip = 2ν/(1 − ν),
where εi is the strain in the ith direction and ν is the Poisson
ratio.[37] The ν′ values for 450 nm MAO//NFO and MGO//NFO
films are calculated to be 1.18 (±0.28) and 0.85 (±0.20), respectively. For thinner NFO films (≈50 nm) on these two substrates
we obtain ν′ to be 0.92 (±0.11) and 0.72 (±0.19), respectively.
Within their uncertainties these values are comparable to those
theoretically calculated for NFO.[38] However, other spinel ferrite
systems such as CoFe2O4 and Fe3O4 have experimentally shown
deviations from their theoretically calculated values due to formation of plastic defects leading to an inhomogeneous distribution of strain.[37,39] We also determine ν from the values of ν′
using the above equation. The values of ν obtained for the thin
and thick MAO//NFO films are 0.31 (±0.04) and 0.37 (±0.09),
respectively. The corresponding values for the MGO//NFO
films are 0.27 (±0.07) and 0.31 (±0.07). The value of the Poisson
ratio for bulk NFO (ν = 0.26).[40]
Figure 2a–f shows the bright field (BF) strain contrast
TEM images along with diffraction pattern comparison for
MAO//NFO (≈250 nm), MGO//NFO (≈100 nm), and CGO//
NFO (≈450 nm). The diffraction patterns are taken from
the film and substrate area together. Both MGO//NFO and

-

100nm

Figure 2. TEM BF images and corresponding diffraction pattern taken together for film and substrate with g = 400 for a,d) MAO//NFO, b,e) MGO//
NFO, and c,f) CGO//NFO thin films, respectively. MAO//NFO shows strain relaxation (splitting of intensities at high g vector diffractions shown by red
circle in (d)) whereas MGO//NFO and CGO//NFO do not show any relaxation. g) Plan-view diffraction contrast image of MAO//NFO shows presence
of APBs, whereas h) MGO//NFO and i) CGO//NFO do not show APBs.
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CGO//NFO show no separate spots, consistent with strained
growth, whereas separate spots are observed due to strain
relaxation for MAO//NFO specimen at higher g vector (marked
with the red circle). This establishes that the MGO//NFO and
CGO//NFO films are fully strained whereas the MAO//NFO
film is partially relaxed, which is consistent with the X-ray
diffraction results. The TEM bright field images for MGO//
NFO and CGO//NFO are essentially featureless except for
some faint dark patches, whereas for MAO//NFO film presence of threading dislocation and dark diffused contrast areas
can be observed. The dark diffused contrast areas may be due
to regions with A-site cation vacancy as discussed in previous
publications.[15,41] HRTEM images of MAO//NFO and MGO//
NFO taken at the interface between film and substrate and corresponding Fourier transform or diffractogram also provide
similar information regarding strain in these films (Figure S2,
Supporting Information). Figure 2g–i shows the plan-view TEM
images of MAO//NFO, MGO//NFO, and CGO//NFO films.
While high-density APBs are clearly observed in MAO//NFO,
they are absent in the MGO//NFO and CGO//NFO films.[15]
The dark contrast lines observed in Figure 2h,i correspond to
bend contours, typically observed in plan-view images due to
local buckling of the specimen.[42]
In Figure 3a–c, we show the in-plane and out-of-plane magnetic hysteresis loops for all the NFO films measured at 300 K.
The saturation magnetization (MS) values determined for
MAO//NFO, MGO//NFO, and CGO//NFO films are 249 (±6),
278 (±7), and 280 (±7) emu cm−3, respectively. The MS values
for MGO//NFO and CGO//NFO films are in excellent agreement with the reported literature value of ≈270 emu cm−3 at
300 K for the bulk. However, MAO//NFO film shows a lower
MS.[3,43] The MAO//NFO film also exhibits a slow approach to
saturation, consistent with previous reports, suggesting pinning of moments due to presence of defects in the film.[11,44]
In the case of spinel Fe3O4 films on MgO substrate, which
exhibit APBs, Margulies et al. concluded that individual magnetic domains separated by APBs are antiferromagnetically
coupled.[1] In NFO films, Venzke et al. observed an offset of
≈280 Oe in the magnetic hysteresis loop measured at 5 K after

cooling down in presence of 55 kOe applied field, again suggesting presence of antiferromagnetically coupled domains
formed due to APBs.[11] The absence of APBs in the MGO//
NFO and CGO//NFO films results in sharp magnetization
reversal plots with very low coercivity (≈20 Oe).
Bulk single crystal NFO has [111] direction as its magnetic
easy axis with a cubic magnetocrystalline anisotropy constant
K1 = −6.8 × 104 ergs cm−3.[45] However, all the three films
show a uniaxial perpendicular anisotropy due to tetragonal
distortion. The value of the saturation field (HS) in the out-ofplane [100] direction (magnetic hard axis) can be calculated as
HS = −2K1/MS + 4πMS + 3λ100σ/MS,[46] where MS is the saturation magnetization, λ100 is the magnetostriction coefficient in
the [100] direction (λ100 = −46 × 10−6 for NFO),[38,47] and σ is the
stress in the film. The first, second, and third terms of the above
equation are contributions from magnetocrystalline anisotropy,
shape anisotropy, and strain anisotropy (Hσ = 3λ100σ/MS),
respectively. From Figure 3b,c we obtain the out-of-plane saturation field (HS) for MGO//NFO and CGO//NFO films to be 16.4
(±1.0) and 4.8 (±1.0) kOe, respectively. The magnetocrystalline
and shape anisotropy contributions to HS for both these films
are 512 Oe and ≈3.5 kG, respectively.[47] The stress is calculated
a − a ⊥ 2E
where a|| and a⊥ are in-plane and
using σ =
a bulk 1 + ν
out-of-plane lattice constants, respectively,[48] and are obtained
from θ − 2θ scans, abulk is the bulk lattice constant for NFO,
E is Young’s modulus (1.22 × 1012 dyne cm−2)[40] and ν is Poisson’s ratio of the NFO film. The expression for σ can further be
simplified in terms of the measured values of lattice constants
2a − a ⊥ − a bulk
a∥ and a⊥ as σ = E
(please see Equations (S1)–
a bulk
(S3), Supporting Information, for details). Thereby, we obtain
Hσ  = 3λ100E 2a − a ⊥ − a bulk  to be 13.4 kOe (±1.7 kOe) for


MS
a bulk
the MGO//NFO film. The precision in obtaining lattice constants (±0.001 nm) is the dominant contributor to the error in
estimating the value of strain anisotropy field. By addition of
all three contributions we calculate the value of HS as 17.3 kOe
(±1.7 kOe). Thus, within the error margins, the calculated value
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Figure 3. a–c) Plots of reduced magnetization (M/MS) versus applied magnetic field for ≈450 nm MAO//NFO, MGO//NFO, and CGO//NFO films
in the in-plane (IP, red) and out-of-plane (OOP, black) configurations. The values of MS for these film are 249 (±6), 278 (±7), and 280 (±7) emu cm−3,
respectively. The dashed lines in (b) and (c) show the corresponding saturation field (HS) positions in the out-of-plane orientation.
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of HS matches reasonably well with that obtained from the
hysteresis loop (16.4 (±1.0) kOe, Figure 3b). The CGO//NFO
film also shows slightly higher out-of-plane saturation field
(4.8 (±1.0) kOe, Figure 3c) as compared to its 4πMS = ≈ 3.5 kG,
which can again be attributed to the small compressive strain
present in the film. With a similar analysis for MAO//NFO film
assuming a homogeneous strain in the film with a⊥ and a|| of
0.841 and 0.829 nm, respectively, we calculate HS = 17.9 kOe.
It is difficult to estimate the value of HS from the hysteresis
loop of the MAO//NFO film due to the S-shaped slow approach
of the magnetization to its saturation value. A similar slow
approach to saturation has been reported in the literature for
both NFO and Fe3O4 films.[10,11] The presence of APBs, which
give rise to predominantly antiferromagnetically coupled magnetic domains, has been attributed to this type of behavior.[1,11]
In Figure 4a, we show representative FMR spectra obtained
at 30 GHz for all three films. Figure 4b,c shows the same on
expanded field axes for MGO//NFO and CGO//NFO films,
respectively. The FMR signal is considerably broader in the
case of MAO//NFO (Figure 4a) as compared to the other two
films (Figure 4b,c). By fitting the FMR spectra to the derivative

of a Lorentzian function having both absorptive and dispersive terms, we determine values of the resonance field (Hres)
and peak-to-peak linewidth (ΔH).[49] In the case of MGO//NFO
and CGO//NFO films, we obtain about an order of magnitude
smaller ΔH as compared to MAO//NFO film. For instance, the
values of ΔH for MAO//NFO, MGO//NFO, and CGO//NFO
at 30 GHz are ≈876, 57, and 46 Oe, respectively (Figure 4a).
We obtain slightly higher values of ΔH for thinner films. For
instance, at 30 GHz we obtain linewidths of ≈102 and ≈94 Oe
in 25 nm MGO//NFO and 65 nm CGO//NFO films, respectively. The values of ΔH for MGO//NFO and CGO//NFO samples are significantly smaller than the lowest reported literature
values for NFO films at comparable frequencies.[14,33]
In Figure 4d,e we show the variations of Hres and ΔH as a
function of the FMR frequency (f) measured along the [001]
direction. We fit f versus Hres plots obtained for the in-plane
easy ([011]) and in-plane hard ([001]) axes to Kittel equations
(Equations (S4) and (S5), Supporting Information) to obtain
parameters such as effective magnetization Meff, gyromagnetic
ratio γ′, and fourfold in-plane anisotropy H4 (see the Supporting
Information for the fit equations and additional details). For
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Figure 4. a) Plots of representative FMR signals at 30 GHz for MAO//NFO, MGO//NFO, and CGO//NFO films. The MAO//NFO signal has been
amplified 50 times for comparison. b,c) The MGO//NFO and CGO//NFO FMR signals are shown on expanded field axes. d) Plots of microwave frequency versus resonance field for all three samples. The black dashed lines are corresponding fits according to Equations (S4) and (S5) (Supporting
Information). e) Corresponding plots of variation of FMR linewidths with microwave frequency. The black dashed lines are corresponding fits according
to the Gilbert equations (see text for more details).
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Table 1. Values of out-of-plane saturation field HS obtained from hysteresis loops, effective magnetization Meff, gyromagnetic ratio γ′, and Gilbert
damping parameter αeff obtained from broadband FMR measurements. The quantities in parentheses are error margins except for sample thicknesses. The errors reported for all the FMR fit parameters (4πMeff, γ′, and αeff ) are the statistical error margins in fitting.
Sample

HS [kOe] (Figure 3)

4πMS [kG]

4πMeff [kG]

γ′ [GHz kOe−1]

Hσ [kOe]

Hu [kOe]

αeff

MAO//NFO (465 nm)

–

3.13 (±0.13)

5.73 (±0.14)

3.44 (±0.18)

14.2 (±1.7)

2.6 (±0.2)

–

MGO//NFO (445 nm)

16.4 (±1.0)

3.49 (±0.13)

15.39 (±0.20)

2.97 (±0.01)

13.4 (±1.7)

11.9 (±0.2)

25 × 10 − 4 ( ± 9 × 10 − 5)

CGO//NFO (450 nm)

4.8 (±1.0)

3.52 (±0.13)

4.07 (±0.04)

3.07 (±0.01)

2.8 (±1.6)

0.5 (±0.1)

7 × 10 − 4 ( ± 5 × 10 − 5)

MAO//NFO and MGO//NFO films, we find considerable difference between the values of Meff obtained from FMR and
MS obtained from VSM, which implies the existence of a large
uniaxial perpendicular anisotropy field (Hu) defined by 4πMeff
= 4πMS + Hu. As discussed above, in-plane compressive stress
applied on the film from the substrate is the origin of Hu (≅Hσ).
Using the experimentally obtained values of Meff and MS, we
calculate Hu. The values of Hu for MAO//NFO, MGO//NFO
and CGO//NFO samples are 2.6 (±0.2), 11.9 (±0.2), and 0.5
(±0.1) kOe, respectively. We find that the values of Hu obtained
from FMR and Hσ calculated above match closely for MGO//
NFO (Hσ = 13.4 (± 1.7) kOe) and CGO//NFO (Hσ = 2.8 (± 1.6)
kOe) films. However, we do not observe such a close agreement
between the values of Hσ and Hu for MAO//NFO sample (Hσ =
14.2 (± 1.7) kOe). This discrepancy likely arises because of formation of APBs leading to (a) inhomogeneous strain relaxation
and (b) nonsaturation of the magnetization of MAO//NFO film
(Figure 3a). The fitting of the experimental FMR data using
Kittel equations assumes that the sample is saturated, which in
case of the MAO//NFO film is not true (Figure 3a). In addition,
the linewidths for this film are much larger in comparison to
the other two films, thus the magnetic properties such as Meff
and γ′ determined by fitting the experimental data to the Kittel
equations have significant systematic error margins. Perpendicular anisotropy induced in thin films due to strain has also
been reported previously for other thin film structures such
as CoFe2O4, Pr0.67Sr0.33MnO3, and La0.67Ca0.33MnO3 grown on
SrTiO3.[38,50–52]
We show plots of ΔH as a function of f in Figure 4e for all the
films. We find considerably larger values of ΔH for MAO//NFO
film as compared to MGO//NFO and CGO//NFO films. We
attribute this improvement in ΔH to the enhanced structural
qualities of the NFO films on MGO and CGO substrate due to
absence of APBs. The MGO//NFO and CGO//NFO films show
linear behaviors of ΔH with f, and we fit them with the Gilbert
2 α eff
phenomenological equation, that is, ∆H = ∆H0 + ✓f
3 γ′
to obtain the effective Gilbert damping parameter (αeff) of the
NFO films.[53] ΔH0 is the inhomogeneous linewidth broadening. We do not find a linear dependence of ΔH on f for the
MAO//NFO film and hence cannot determine αeff. In Table 1,
we summarize the values of the effective Gilbert damping
parameter determined from broadband FMR measurements
for the other two films. The damping parameter obtained for
the (450 nm) CGO//NFO film is of the same order of magnitude as those reported for YIG thin films (2.2 × 10−4).[54]
We also performed broadband FMR frequency measurements on thinner NFO films, 25 and 65 nm, deposited on
MGO and CGO substrates, respectively. For both of the thinner
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samples we obtain a higher αeff (81 × 10−4 for MGO//NFO
film and 56 × 10−4 for CGO//NFO film) as compared to their
thicker counterparts. We obtain a higher value of 4πMeff
(22.10 (±0.04) kG) for the thinner MGO//NFO film, consistent
with a larger strain present in the thinner film compared to its
thicker counterpart. However, in the thinner CGO//NFO film
we do not see any notable differences in the values of 4πMeff
(3.98 (±0.01) kG as compared to 4.07 (±0.04) kG in the thicker
film). We attribute this difference in the behaviors of Meff of
the two films with the variation of thickness to difference in
the degrees of strain present in these films. Even the thin
CGO//NFO film has minimal strain due to the small lattice
mismatch and thus its magnetic properties do not vary considerably with film thickness.
In summary, we have grown epitaxial NFO films on three
different spinel substrates (MAO, MGO, and CGO) with
0.2%–3.1% lattice mismatches with NFO. Our results demonstrate that it is possible to avoid formation of APBs and
obtain structural and magnetic properties similar to single
crystal of NFO by using isostructural substrates with small
lattice mismatch with NFO. From broadband FMR measurements we determine the Gilbert damping parameters for NFO
films to be 25 × 10−4 and 7 × 10−4 for ≈450 nm MGO//NFO
and CGO//NFO films, respectively. With an order of magnitude reduction in NFO film thickness we observe few times
increase in the values of Gilbert damping parameter for both
MGO//NFO and CGO//NFO systems. However, both systems
show dissimilar behavior in the values of effective magnetization depicting the different variation of strain with change in
film thickness in both systems.

Experimental Section
NFO films were deposited on (100) oriented MAO, MGO, and CGO
substrates using pulsed laser deposition (KrF, λ = 248 nm) with laser
fluence of 1.2–1.5 J cm−2 and a repetition rate of 10 Hz under oxygen
pressure of 10 mTorr and at substrate temperature of 700 °C. X-ray
diffraction was used for structural characterization (Phillips X’pert with
CuKα source). The out-of-plane lattice parameters of the films were
calculated using the NFO (400) peak position with substrate (400) peak
being used as calibration standard for all the samples. Film thicknesses
were obtained by cross-sectional scanning electron microscope
(JEOL 7000). Reciprocal space mapping was performed using a Scintag
XDS2000 X-ray diffractometer.
Bulk single crystals (1.5–2 cm diameter) of MGO (melting point
≈1930 °C) and CGO (melting point ≈1800 °C) were grown from the melt
by Czochralski method using an iridium crucible. MGO crystals were
grown under neutral or oxidizing atmosphere,[55] while CGO was grown
under a slightly reducing atmosphere. The MGO crystals were colorless
and showed full transparency in the range of 250–2500 nm, while CGO
crystals were black and opaque in the visible and near-infrared spectral
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range. Substrates of 5 × 5 × 0.5 mm3 dimension were prepared from
both MGO and CGO bulk crystals in (100) orientation, which were
then epi-polished by CrysTec GmbH, Berlin, Germany. The FWHM
of the rocking curve of the substrates was typically around 50 and 70
arcsec (0.13° and 0.19°) for MGO and CGO, respectively. The (100)
MAO substrates were purchased directly from CrysTec GmbH, Berlin,
Germany.
TEM specimens, both in cross-sectional and plan-view geometry,
were prepared first by mechanical polishing and then Ar ion milling
to perforation in order to obtain a large electron transparent thin
area. Strain contrast and high-resolution phase contrast imaging was
performed in a FEI-TITAN 80–300 keV double aberration corrected
TEM.[15]
Static magnetic properties at room temperature were determined
from magnetic hysteresis loops measured on a Quantum Design
Dynacool PPMS system. A custom-made broadband FMR setup was
used to investigate the dynamic magnetic properties of NFO thin
films. For the FMR measurements, the film was positioned on top of
a coplanar waveguide (CPW) and a microwave signal was transmitted
through the sample and measured using a lock-in technique.[56–58] All
the FMR measurements were carried out in the in-plane geometry with
the quasi-static magnetic field applied parallel to the plane of the film.
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