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This report is on strain control of magnetic order parameters in 50 nm
epitaxial NiFe204 (NFO) films grown on (001), (110), and (111) SrTiO3 (STO)
single-crystal substrates by pulsed laser deposition. The related in-plane strains
for NFO films on (001), (110), and (111) STO substrates are found to be —1.36%,
1.35%, and 1.52%, respectively, where the lattice mismatch between film and
substrate is as high as 6.7%. Our analysis of magnetization and ferromagnetic
resonance on all the NFO films reveals the presence of a uniaxial anisotropy field,
which is perpendicular to the film plane. The anisotropy field decreases with the
increase of strain in NFO films. Specifically, NFO films on STO (111) and STO
(001) have the lowest and highest uniaxial anisotropy fileds of 1.4 kOe and 6.1
kOe, respectively. These experimental values of anisotropy field are a factor of 5
to 10 times smaller than those of the calculated ones due to the film defects
induced by the high lattice mismatch. The studies of magnetic anisotropy of

spinel ferrite films are of interest for spintronics and microwave devices.
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1. Introduction

Spinel ferrites attract extensively attentions with their unique magnetic
order parameters, and show promising applications in spintronics,
magnetoelectric sensors, and microwave devices.!"® The study of magnetic order
parameters in thin films of spinel ferrites induced by strain engineering has been
of particularly attractive among the variety of controlling approaches. Recently,
strain shows potential in inducing a large magnetic anisotropy in spinel ferrites,
the understanding and enhancement of magnetic anisotropy has salient impact
for the development and utilization of magnetic devices.”

Nickel ferrite (NiFe204, NFO), has an inverse spinel structure, with the two
ferromagnetic order ions Fe** and Ni** occupied the tetragonal A sites and
octahedral B sites of the spinel structure, respectively, shows high magnetic
moment and low damping at room temperature. Recently, the study on magnetic
property of NFO thin film in spintronics attracts lots of interests, such as the
observation of spin seebeck effect in NFO films attributed to the magnetic
anisotropy,!’ the tuning of spin hall magnetoresistance in NFO films by interface
effect,!! and the angle dependent of spin seebeck effect in NFO films provides a
new way to investigate the magnetic anisotropy.'> Furthermore, the strain
control of magnetic anisotropy also have a significant contribution to the
magnetic energy as a result of the large magnetostriction of NFO.!3 Several
reports have emphasized the importance of the strain effects on the anisotropic
properties of pure and substituted NFO thin films.!* !> Recent reports in this regard
include film-substrate lattice mismatch induced anisotropy field H, as high as 10 kOe
for films of NiZnAl-ferrite on (001) MgALOx substrates'® and H, ranging from 0.5 to
11.9 kOe for NFO films on (001) MgAl,04, MgGasO4, and CoGaO4.!” Some studies
reported a giant saturation magnetization Ms ~ 771 emu/cm?® for 2.6 nm NFO film on
(001) SrTiOs.'® and the cause of such variations in the magnetization was attributed to
the growth mechanisms and antiphase domains boundary in films.®!” Most studies of

magnetic anisotropy in epitaxial NFO thin film are focused mainly on films with a



particular crystallographic orientation, and there is a lack of study aimed at an
understanding of the magnetic anisotropy as a function of substrate/film orientation
for NFO thin films.

In this work, we report strain control of magnetic anisotropy for epitaxial
NFO thin films fabricated on (001)-, (110)-, and (111)-oriented SrTiO3 (STO)
single crystal substrates. The choosing of STO substrate is due to the large lattice
mismatch of 6.7% between STO and NFO. We are able to estimate both the
magnetization and the growth induced uniaxial anisotropy H, from the magnetization
and FMR measurements. We inferred from these measurements that a large
out-of-plane uniaxial anisotropy field H, is present with the smallest value of H, = 1.4
kOe for NFO/STO (111) and the highest value of 6.1 kOe for NFO/STO (001). The
anisotropy fields H, were compared with estimated values Hs based on strain in the
films and magnetostriction measured on a bulk NFO single crystal. Our results are of
importance for the control of the growth induced anisotropy field in thin ferrite films

for possible use in spintronic as well as microwave devices.

2. Experiment

NFO epitaxial thin films were deposited on (001)-, (110)- and (111)-oriented
STO substrates by pulsed laser deposition.?’ The fabrication was carried out at
700 °C under an oxygen partial pressure of 15 Pa, the distance between target
and substrate is 60 mm. The three oriented NFO thin films were simultaneously
deposited on 0.5 mm thick 3x3 mm? STO substrates with a laser energy of 300
mJ at repetition rate of 5 Hz. After the fabrication, all the samples were annealed
in air at 800 °C for 4 hrs.

The structural properties were measured by high-resolution X-ray diffraction
(XRD) using a Bruker D8 Discover four-circle diffraction system (Cu Kqi1, 4 = 1.5406
A) and a transmission electron microscope (TEM, Tecnai G20). Reciprocal Space
Mappings (RSMs) were measured by high-resolution XRD using a PANalytical
Empyrean four-circle diffraction system (CuKq, 4 = 1.5406 A) with hybrid
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monochromator and PIXcel3D detector. Magnetic properties were examined using a
Superconducting Quantum Interference Device (SQUID-Quantum Design).
Magnetization was measured for static magnetic field H either parallel or
perpendicular to the film plane. A Varian Century Series X-band (9.3 GHz) ESR
spectrometer with an E-4531 dual cavity, 9-inch magnet, and a 200 mW Klystron is
used for FMR measurement. We employed the single cavity option, a TEo2-reflection
type cavity with Q ~ 1000 was used. All ESR/FMR spectra were recorded at room

temperature and at very low microwave power (6.3 uW) to avoid sample heating.

3. Results and discussion

The XRD 6#-26 patterns of NFO thin films grown on (001)-, (110)-, and
(111)-oriented STO substrates are shown in Figure 1. Only the (00L), (LLO), and
(LLL) diffraction peaks of NFO films can be detected, indicating the purity phase and
epitaxial growth of NFO films. The epitaxial relationship between NFO thin films and
STO substrates can be revealed by RSM, as shown in Figure 2. The RSMs were
collected around the (004), (440), and (444) crystallographic planes for (001)-, (110)-
and (111)-oriented films, respectively, and the NFO diffraction spots were lined up
with STO spots along Qy axis. The broadened RSM peaks for NFO films along Ox
direction indicate the presence of mosaic domain structure, and the peak of (111) STO
substrate shows multiple diffraction spots, which could result in microstructural
defects in NFO thin film. 2!

Figure 3 shows the TEM cross-sectional images and selected area electron
diffraction (SAED) patterns for (001)-, (110)-, and (111)-oriented NFO thin film.
The thickness of the film was determined to be ~50 nm. The SAED and high
resolution TEM results reveal that the NFO films was epitaxially grown on the three
oriented STO substrates. The orientation relations between the thin film and the
substrate are (001)NFO//(001)STO and [010]NFO//[010]STO, NFO(110)||STO(110)
and NFO[110]||STO[110], (111)NFO//(111)STO and [121]NFO//[121]STO which

are in agreement with the results of the RSMs. There is no separation of the spots
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in diffraction patterns indicating the NFO films are under the strain states.

The lattice constants for NFO and the STO substrate are 8.339 A and 3.905 A,
respectively. The lattice mismatch defined as |anro—astol/asto.!® where anro is the
bulk lattice constant of NFO and asto is the lattice constant of STO substrate in the
direction relevant for the strain. So, the lattice mismatch between NFO film and STO
substrate is 6.7%, calculated for two-unit cells of STO. From the XRD and RSM
results, the out-of-plane lattice parameters for the three oriented-NFO films can be
obtained using the Bragg equation, then the interplanar distances for (001), (110), and
(111) orientations can be calculated. Both the NFO bulk and thin film values are
discussed later. The atomic force microscopy topography of all the NFO films
display a smooth surface, which is not shown here but the root mean square
roughness is less 2 nm at area of 5 x 5 pm? for the films.

Figure 4 shows the measured magnetization as a function of H for the films.
Normalized magnetization M/M; vs H for the three films for H either parallel or
perpendicular to the film plane are shown for H-values up to 20 kOe at room
temperature. The applied field is along [100], [001], and [110] direction for (001)-,
(110)-, and (111)-oriented NFO films. The diamagnetic contributions from STO
substrates with different crystallographic orientation were subtracted.® The saturation
magnetization Ms = 241 emu/cc for (001)- and (111)-oriented NFO films, and 200
emu/cc for (110)-oriented NFO film, which are smaller than its bulk value.?*** The
S-shape in-plane and out-of-plane magnetic hysteresis loops are almost
overlapped for all three oriented NFO films, the large coercive field and
saturation magnetic field of all the NFO films indicate the defect of antiphase
boundaries in films.!> 17

In order to further investigate the nature of growth induced magnetic anisotropy
in the NFO films in detail, in-plane and out-of-plane FMR measurements were carried
out at microwave frequency of 9.3 GHz. For in-plane resonance, the applied
magnetic field H was parallel to (111) plane of NFO for the film on STO (111), and
along the [100] and [001] direction of NFO films on (001) and (110) substrates of

STO, respectively. For H perpendicular to the sample plane, H was applied parallel to
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[001], [110], or [111] direction of NFO films, respectively. The FMR profiles of the
first derivative of power absorbed vs H are shown in Fig.5. The profiles show
resonance with the line-width AH ranging from a minimum of 806 Oe to a maximum
of 1225 Oe for in-plane fields. For out-of-plane static field, AH varies in the range of
580 Oe ~ 1370 Oe. The linewidth for NFO films on STO is much high than NFO
films on MgGa,O4 and CoGa>04,% that can be attributed to the large film-substrate
mismatch of NFO and STO substrate. The larger mismatch could increase the density
of antiphase domain boundaries in the film and thus resulting in the broad FMR
pofiles,!7! The presence of mosaics domain in NFO thin films observed in the RSM
results in Fig. 2 could also contribute to broadening of FMR.

The resonance condition for in-plane FMR and the condition for equilibrium

relating the orientations of magnetization and applied fields are given by 222627

2
(%) = [H” . COS(LIJM - LIJH) + 4‘1'[Meff + % . (3 + cos 4,LIJM)] . [H" . COS(LPM _ lpH) _
(41'[MS - 41'[Meff) * COS Z(LIJM — 6) + H4 - COS 41PM)] (1)
H" . COS(qJM — LPH) + % - sin 4_lIJM =0 (2)

where yu and yy describe the orientation of applied field H and magnetization vector
M, respectively, as shown in the inset of Fig. 5(a), 6 = 45°, f; is the resonance
frequency, H; is the in-plane resonance field, and Hj is the cubic magnetocrystalline
anisotropy field. In Egs. (1) and (2), 4nMs is the saturation magnetization, 4nMefr is
the effective magnetization, yis the gyromagnetic ratio for NFO which is assumed to
be 3 GHz/kOe?. The resonance condition is the same for H along [100] for
NFO/STO (001) and along [001] for NFO/STO (110). Since (111) plane is
magnetically isotropic, the same resonance condition could be used for H parallel to
the plane of NFO/STO (111) assuming the same contribution from Hj in all the three
cases. The resonance fields are obtained from the FMR data and the saturation
magnetization 4ntMs can be obtained from M vs H data in Fig. 4. The value of Hs in
single crystals of NFO is —500 Oe,?® whereas Hs = —78 Oe to —320 Oe for NFO films
on substrates such as MgAl,Os and MgGa,O4'!. Here, we assume Hs = —0.5 kOe for
NFO films and yg is 0° for in-plane FMR, so that s can be estimated using Eq. (2)
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and then 4nM.r can be calculated from Eq. (1). Calculated values of yu and 4nMesr
from in-plane FMR data are given in Table 1.

The growth induced uniaxial anisotropic field H, is defined by 4nMesr = 4nMs —
H, and the calculated values H, for (001), (110) and (111)-oriented NFO films are
6.128, 5.823 and 1.463 kOe, respectively. All the NFO thin films have the
growth-induced out-of-plane anisotropy field H, with the (111)-oriented NFO film
having the lowest H, and (00l)-oriented film has the highest H,. A similar
determination of equilibrium orientation for magnetization 6 and anisotropy fields
could be determined from the resonance and equilibrium conditions for H
perpendicular to the sample plane.?? Estimated values of @ from the equilibrium
condition and magnetic parameters are given in Table 1.

For comparison with H,, we estimated the strain anisotropy Hs = 3A0/M; using
the bulk magnetostriction values, the stress ¢ and saturation magnetization Ms of thin
films.!”>?° Figure 6 shows the magnetostriction we measured for a disk of NFO (110)
single crystal. A strain gage and a strain indicator were used for measurements of A
with H along the 3 principal directions [001], [1, 1,0] and [l, 1,1]. The
magnetostriction values are Aoo1 = 40 ppm, 41 10= 18 ppm, and 41 11= 15 ppm. The Hs
values of NFO thin films are 26.2 kOe, 14.1 kOe and 10.9 kOe, for films on (001),
(110) and (111) substrates, respectively. The estimated Hs values for bulk single
crystal values of A are much higher than our experiment values of H,. This
discrepancy could be attributed to the large film-substrate lattice mismatch of NFO
films and STO substrate. The anticipated substrate clamping effect could therefore
result in a reduction in A compared to the bulk values.>*3! Also, the strain relaxation
and microstructure defects in NFO films could cause the decrease of H,..

To understand the residual strain effect on the anisotropic magnetic properties,
the strain states of the NFO films have been analysis based on the XRD data. The
strain states induced by different oriented substrates can be calculated using the

following formula®:



d, —d
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822 d
bulk

3)
where dfjim and dpur are the interplanar distances of the thin film and bulk NFO,
respectively. Based on the RSM data, we calculated the out-of-plane lattice
parameters of the three oriented NFO films and the corresponding out-of-plane strain
(&:2), respectively, as shown in Table 2. The in-plane strain can be calculated based on

the following formula®? 33

£.==2ve. [ (1-v) 4)

&:1s the out-of-plane strain; & is the in-plane strain; v is Poisson’s ratio (estimated
for films to be 0.369)'4, assuming an approximate volume preserving distortion.
According to Eq. (4), the in-plane strain &, for the three oriented thin films is also
shown in Table 2. Even though the lattice mismatch between bulk NFO and the
substrate is approximately 6.7%, the thin films are partially relaxed. Furthermore, the
strain also has a significant influence on the strength of the magnetic anisotropy,
which can be attributed to the unquenched orbital momentum of the B-sublattice Ni**
ground state in the inverse spinel material >* 3°

Finally, we compare the growth induced anisotropy field H, in NFO films on
STO to reported values for NFO films deposited by PLD techniques on spinel
substrates such as MgAl>,O4, MgGaxO4, and CoGaxO4 with a film-lattice mismatch of
3.1%, 0.8% and 0.2%, respectively!’. The anisotropy field attributed to a compressive
strain in the film due to substrate-film lattice mismatch for these systems had in-plane
anisotropy field with H, of 0.5 to 11.9 kOe!’”. Similarly, very thin PLD films of
NiZnAl-ferrite on MgAl,O4 were found to have a strain induced easy-plane
magnetoelastic anisotropy H, of 10 kOe'®. In another recent study on epitaxial
NiZn-ferrite films with thickness of 2-30 pum were grown by liquid phase epitaxy on
(100) and (111) MgO substrates>®. The films were characterized in terms of magnetic
order parameters and were found to have growth induced in-plane anisotropy filed
that was larger in films on (100) MgO than for films on (111) MgO. The NFO films
fabricated on MgAl2O4 (100) with thickness of 47 nm have the similar S-shape
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magnetization behavior as our work, but the film doesn’t show FMR signal while
the MgFe204 film with Mg?* replaced Ni?* has an in-plane uniaxial anisotropy of
2.15 kOe."? In our work, all three strained NFO films on STO show growth induced
out-of-plane uniaxial anisotropy field, in the range of 1.4 ~ 6.1 kOe. The various
magnetic strain anisotropy of NFO films on CoGa:04 (001) and (110), can
strongly impact the magnetic field induced spin seebeck voltage.!® And the NFO
film grown on MgGa204 (001) shows the temperature dependence out-of-plane
uniaxial magnetic anisotropy field, and the tuning of spin Hall magnetoresistance
effect due to the interface quality.!! The key finding in our study is one could
control the growth induced anisotropy with proper choice of crystallographic
orientation for the substrate and is of importance for potential use of NFO films in

spintronic devices.

4. Conclusions

In summary, epitaxial NFO thin films fabricated on (001)-, (110)- and
(111)-oriented STO substrates have various strain states due to a large lattice
mismatch of 6.7%. Magnetic and FMR measurements were carried out to
determine the magnetization and growth induced out-of-plane uniaxial
anisotropy field. The NFO film on STO (111) with highest strain shows the
smallest perpendicular uniaxial anisotropy field, and the value of the
perpendicular uniaxial anisotropy increases with the decrease of strain. The
strain control of uniaxial anisotropy significantly impacts the further investment
of spin seebeck and spin magnetoresistance effect in NFO thin films, also provide
a new way to study the performance of strain engineering on magnetic

anisotropy for ferromagnetic thin films.
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Figure captions

Figure 1. 6-26 scans of NFO thin films by X-ray diffraction with different orientations,
where the top panel, middle panel, and bottom panel denote (111)-oriented,
(110)-oriented, and (001)-oriented samples, respectively.

Figure 2. X-ray diffraction RSMs around STO (002) and NFO (004) crystallographic
planes, STO (220) and NFO (440) crystallographic planes, and STO (222) and NFO
(444) crystallographic planes, for (001)-, (110)-, and (111)-oriented samples,
respectively.

Figure 3. TEM images of NFO thin films grown on (001)-, (110)-, and
(111)-oriented STO substrates. (a) Cross-sectional TEM image of NFO/STO,
SAED patterns obtained from (b) film-substrate interface and (¢) NFO film, (d)
HRTEM image from the film-substrate interface.

Figure 4. The curves M/Ms versus H of (a) (001)-, (b) (110)-, and (c) (111)-oriented
NFO thin films. The corresponding insets show the M-H on expanded field axes.

Figure 5. In-plane and out-of-plane FMR spectrum at 9.3 GHz for (a) (001)-, (b)
(110)-, and (c) (111)-oriented NFO thin films on STO. Inset in (a) shows the magnetic
field configuration.

Figure 6. The magnetostriction versus H for (001), (110), and (111) orientations of
NFO single crystal.

Table 1. The gyromagnetic ratio y = 3 GHz/kOe, the in-plane orientation s and
out-of-plane orientation @ of magnetization vector M, the effective magnetization
4nM s, saturation magnetic field 4ntMs, cubic magnetocrystalline anisotropic field Ha,
growth induced uniaxial anisotropy field H, and estimated strain anisotropy Hs of
NFO film with different orientation can be obtained from M-H and FMR according to
equation (1) and (2).

Table 2. The lattice parameter of NFO film with different orientation can be calculated

from the RSM in Fig. 2. The out-of-plane and in-plane strain of three oriented NFO
film are calculated according to equation (3) and (4).
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Figure 3
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Figure 4
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Figure 5
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Figure 6
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Table 1.
Structure 0 4TCMeff 475Ms H4 Hu Ho‘
wm (kOe)  (kOe) (kOe) (kOe) (kOe)
NFO/STO
63° -19° -3.101 3.02 -0.5 6.128 26.2

(001) ? !

NFO/STO 63° -23° -3.311 2.512 -0.5 5.823 14.1

(110)

NFO/STO -11° 0° -1.564 3.027 -0.5 1.463 10.9

(111)

Table 2.

Structure Film douk () drim (A) £,, Exx
NFO/STO (001) NFO (004) 8.339 8.472 1.59% -1.36%
NFO/STO (110) NFO (440) 5.897 5.804 -1.58% 1.35%
NFO/STO (111) NFO (444) 4815 4.729 -1.78% 1.52%
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