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Strain induced anisotropy in liquid
phase epitaxy grown nickel ferrite
on magnesium gallate substrates
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Wei Zhang?, Michael R. Page®, Tianjin Zhang?, Arunava Gupta® & Gopalan Srinivasan®™*

This work focuses on the nature of magnetic anisotropy in 2.5-16 micron thick films of nickel ferrite
(NFO) grown by liquid phase epitaxy (LPE). The technique, ideal for rapid growth of epitaxial oxide
films, was utilized for films on (100) and (110) substrates of magnesium gallate (MGO). The motivation
was to investigate the dependence of the growth induced anisotropy field on film thickness since
submicron films of NFO were reported to show a very high anisotropy. The films grown at 850-875

C and subsequently annealed at 1000 C were found to be epitaxial, with the out-of-plane lattice
constant showing unanticipated decrease with increasing film thickness and the estimated in-plane
lattice constant increasing with the film thickness. The uniaxial anisotropy field H,, estimated from
X-ray diffraction data, ranged from 2.8-7.7 kOe with the films on (100) MGO having a higher H, value
than for the films on (110) MGO. Ferromagnetic resonance (FMR) measurements for in-plane and out-
of-plane static magnetic field were utilized to determine both the magnetocrystalline the anisotropy
field H, and the uniaxial anisotropy field H,. Values of H, range from -0.24 to -0.86 kOe. The uniaxial
anisotropy field H, was an order of magnitude smaller than H, and it decreased with increasing film
thickness for NFO films on (100) MGO, but H, increased with film thickness for films on (110) MGO
substrates. These observations indicate that the origin of the induced anisotropy could be attributed
to several factors including (i) strain due to mismatch in the film-substrate lattice constants, (ii)
possible variations in the bond lengths and bond angles in NFO during the growth process, and (iii) the
strain arising from mismatch in the thermal expansion coefficients of the film and the substrate due to
the high growth and annealing temperatures involved in the LPE technique. The LPE films of NFO on
MGO substrates studied in this work are of interest for use in high frequency devices.

Ferrites and garnets are an important class of materials for studies on the nature of magnetism and for applica-
tions in a variety of technologies' ™. Spinel and hexagonal ferrites and yttrium iron garnet (YIG) and rare-earth
iron garnets in general have ferrimagnetic ordering of magnetic moments with a large spontaneous magnetization
at room temperature and a Curie temperature well above the room temperature. The magnetic ordering in these
oxides with a large nonmagnetic substitution could be non-collinear, either canted or a spiral spin structure®.
Several spinel and hexagonal ferrites and YIG have attracted interests in recent years for studies on their multi-
ferroic properties, spin torque transfer phenomena and spintronics”®. Ferrites and YIG have very high electrical
resistivity and very low losses at high frequencies and are ideally suitable for use in microwave signal processing
devices such as resonators, filters and phase shifters>!°.

Ferrite based microwave devices need a biasing magnetic field that could be provided by a permanent magnet'.
Tuning the frequency of the devices, however, requires a source of variable magnetic field such as a solenoid or
an electromagnet which would make the devices bulky, requiring a large power for operation, and cannot be
miniaturized"'°. Yttrium iron garnet has one of the lowest losses at high frequencies amongst the ferrimagnetic
oxides and is used in devices for 5-10 GHz range that may require a biasing field as high as 3 kOe'"'%. Hexagonal
ferrites with a large uniaxial or planar anisotropy fields on the order of 10-33 kOe are of interest for use in devices
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for the frequency range 20-110 GHz since the anisotropy field acts as a built-in biasing field and eliminates the
need for very high biasing fields'*~'>. Recent reports on electric field tuning of ferrite devices through magneto-
electric (ME) effects in composites with a ferroelectric'®!® or non-linear ME effects in hexagonal ferrites'>*" are
significant for narrow band tuning and miniaturization of ferrite devices.

Although spinel ferrites such as nickel ferrite and lithium ferrite have low losses, there is lack of interests for
their use in microwave devices due to the need for a large biasing field since they have a relatively small magneto-
crystalline anisotropy field compared to a large uniaxial or easy plane anisotropy field, as high as ~ 10 to 33 kOe
in hexagonal ferrites*'. Single crystal nickel ferrite NiFe,O, (NFO), for example, has a cubic magnetocrystalline
anisotropy field of 0.5 kOe?!. It is however possible to achieve a significant modification of magnetic parameters in
thin films. A variety of techniques were used in the past to synthesize films of NFO, including electrodeposition?,
chemical vapor deposition*’, microwave-assisted solvothermal process?, pulsed laser deposition (PLD) *>-%,
and liquid phase epitaxy (LPE)***!. The objective in most of the past studies was to take advantage of strain
due to film-substrate lattice mismatch to achieve a large growth induced anisotropy field. Recent reports of sig-
nificance in this regard are (i) Zn and Al substituted nickel ferrite film on MgAl,O, (MAO) substrate* and (ii)
nickel ferrite, NiFe,O, (NFO) on MgGa,0, (MGO), CoGa,0, (CGO), and ZnGa,0, (ZGO)substrates”’*. In
the case of 15-57 nm thick films of Al and Zn substituted NFO on MAO substrates, low losses characterized by
ferromagnetic resonance (FMR) line-widths of 5-40 Oe for the frequency range 5-35 GHz and a strain induced
anisotropy field on the order of 10 kOe were reported®. A subset of current authors investigated the magnetic
characteristics of 450 nm-1 wm thick NFO films prepared by pulsed laser deposition on MGO, CGO and ZGO
substrates with lattice mismatch of 0.8%, 0.2%, and 0.04%,respectively” . Growth induced in-plane anisotropy
fields as high as 11.9 kOe for films on MGO, 0.5 kOe for CGO, and 0.1 kOe for ZGO were measured. The FMR
line-widths increased from 25 Oe at 4 GHz to 75 Oe at 65 GHz”.

Although the very high anisotropy fields in some of these ultrathin films of NFO on MGO is of interest for
use in high frequency devices, one requires films that are at least several microns thick for practical microwave
devices. Techniques such as PLD or chemical vapor deposition techniques are therefore not appropriate for
deposition of films with thickness suitable for microwave device applications. Liquid phase epitaxy (LPE) with
growth rates as high as 1 um/(min) is ideally suitable for the deposition of thick ferrimagnetic spinel and garnet
films*'-**. We report here on the synthesis by LPE and structural and magnetic characterization of films 2.5-16
pum NFO films on MGO substrates. The films were grown using a PbO-based flux at 850-875 C and annealed at
1000 C. Structural characterization by X-ray diffraction and electron microscopy and scanning probe micros-
copy (SPM) revealed epitaxial, single phase, stoichiometric NFO films of thickness 2.5-16 m on (100) MGO
and 5-10 wm on (110) MGO.

Estimates of the out-of-plane and in-plane lattice constants, ¢ and a, respectively indicated a compressive
strain perpendicular to the film plane and a tensile strain in-plane. The variation in ¢ and a with film thick-
ness revealed an increase in the magnitude of both strains with increasing film thickness. The strain induced
anisotropy from XRD data predicted a uniaxial anisotropy H, ranging from 2.8 to 7.7 kOe, depending on the
film thickness and substrate orientation. Ferromagnetic resonance (FMR) measurements were carried out to
determine the magneto-crystalline anisotropy field H, and growth induced anisotropy fields H,, in the films. These
data indicate a switch from easy plane anisotropy field in the PLD films of thickness less than a micron?’-* to
a uniaxial anisotropy in the thicker LPE films. For films on (100) MGO substrates, H, decreased with increase
in film thickness whereas an increase in H, with increasing thickness was measured for films on (110) MGO.
From the results of this study one has to conclude that in addition to strain due to the mismatch in NFO-MGO
lattice constants, the strain produced by the mismatch in the thermal expansion coefficients of the film and the
substrate, and possible changes in the bond lengths and bond angles in the NFO films could also be contributing
factors to the induced anisotropy of NFO films..

Experimental
Epitaxial Nickel ferrite (NFO) thin films were grown by LPE techniques®*~*. Films were grown on 5 x 5 mm?, one
side polished, (100) and (110) MgGa,O, substrates. The lattice constants for the bulk NFO and MGO are 8.345 A
and 8.280 A%, respectively, and the small film-substrate lattice mismatch of —0.78% is suitable for LPE growth.
We have employed the standard LPE technique to grow the films under isothermal conditions from super-cooled
melts consisting of PbO-B,0; flux and NiO and Fe,O; for the ferrite components. A vertical furnace with a con-
stant temperature zone of 6 cm was used for this purpose. The schematics of our LPE system are shown in Fig. 1.
The growth method employed for the NFO films is similar to the procedure used for nickel zinc ferrite films
reported previously in Ref.31. A melt consisting of 85.1Pb0O:8.75 B,05:8.5 Fe,05:0.85NiO mole percentages were
used for the NFO film growth. The melt was homogenized at 1050 °C for 8-10 h and then cooled slowly to the
growth temperature, T, ~850-875 °C at a rate of 1 °C/min. Substrates held on platinum wires, in the vertical
plane, were dipped into the melt at the growth temperature, under isothermal growth conditions, for a predeter-
mined period and then raised from the melt slowly. The sample was allowed to cool and the excess flux adhering
to the films was removed by cleaning in warm 20% acetic acid. The growth time varied from 5 to 30 min. The
thickness of NFO films is dependent on the growth temperature and time and the substrate orientation. Follow-
ing the growth, prior to structural and magnetic measurements, all the films were annealed in air at 1000 °C.
The structural characterization was performed by X-ray diffractometer (XRD) with a Cu K, target
(A=1.5406 A), and the out-of-plane lattice constant of NFO film was obtained from the XRD data. The surface
roughness and thickness of the film were measured using atomic force microscopy (AFM) and scanning electron
microscopy (SEM), respectively. For magnetic characterization films on the MGO substrates were cut into 1 x 3
mm? pieces after polishing off the films on the rough side. Magnetization measurements were done by vibrating
sample magnetometry (VSM) using a Quantum Design system. Ferromagnetic resonance (FMR) measurements
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Figure 1. Schematic diagram of liquid phase epitaxy (LPE) crystal growth system.

Sample/film Growth time | Thickness (um)
5 min 25
NFO/(100) MGO 15 min 10
30 min 16
5 min 5
NFO/(110) MGO 8 min 7.5
15 min 10

Table 1. Growth time and thickness of LPE grown NFO films on (100) and (110) MGO substrates.
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Figure 2. (a) 2D and (b) 3D AFM topography, and (c) SEM images of NFO film of thickness of 2.5 pm on (100)
MGO substrate. The arrows indicate a few fine nanometer wide cracks on the film surface.

were done with the sample placed in an S-shaped coplanar waveguide and with the applied magnetic field either
parallel or perpendicular to the sample plane.

Results

Nickel ferrite films on (100) and (110) MGO substrates were grown for 5 min to 30 min duration. Film growth
rate varied from a minimum of 0.5 um/min to a maximum of 1.25 um/min. The growth time and the correspond-
ing average film thickness measured by imaging the cross section with an SEM (Figs. S1-S4 in the Supplement),
are listed in Table 1. The thickness varied from 2.5 pm for a growth time of 5 min to a maximum of 16 um for
a film grown for 30 min. A deviation in the thickness by + 10% was inferred from SEM measurements and is
expected in LPE film growth by vertical dipping. This procedure involves withdrawal of the film from the melt,
after completion of the growth, over a period of several minutes. The film topography measured with an AFM
showed them to have a smooth surface. Representative AFM topography image for a 2.5 pm thick film on (100)
MGO in Fig. 2 indicate a very smooth surface with a root mean square roughness of ~27 nm. Similar surface
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Figure 3. XRD pattern of (a) NFO films with the thickness of 2.5, 10, and 16 um on (100) MGO, and (b) NFO
films with thickness of 5, 7.5, and 10 um on (110) MGO. The split peaks of substrates are from the K, and K, of
Cu radiation wavelength.

Sample Thickness (um) | Lattice constant ¢ (A) | Lattice constant a (A) | H, (kOe)

2.5 8.301 8.367 -6.4
NFO/(100) MGO 10 8.297 8.369 -7.0

16 8.292 8.372 -7.7

5 8.313 8.361 -2.8
NFO/(110) MGO 7.5 8.310 8.363 -2.9

10 8.309 8.364 -3.0

Table 2. Out of plane lattice constant ¢ determined from XRD data, estimated in-plane lattice constant a, and
the strain induced anisotropy field H,.

roughness was measured for other films (shown in Fig. S5 in the Supplement). Figure 2 also shows an SEM image
of the film surface with a few nm wide surface cracks that could be due mismatch in the thermal expansion coef-
ficients of NFO and MGO as discussed later in this section. The ferrite film chemical composition, measured by
energy dispersive X-diffraction, was Ni, g.0,0; Fe; 00,04 O4 (Figs. S1, S3 and S$4 in the Supplement).

The crystalline structure of the LPE films was analyzed by X-ray diffraction measurements. Figure 3 shows
the XRD data of 8-26 scans for annealed NFO films of thickness 2.5, 10 and 16 pm on (100) MGO and 5, 7.5 and
10 pum thick films on (110) MGO substrates. The films structures are spinels showing either (,0,0) or (h, k,0)
planes parallel to the film surface. Only the (4,0,0) and (4,4,0) diffraction peaks of NFO films on (100) and (110)
MGO substrates, respectively, are shown in the figure and are indicative of the epitaxial nature of the films. The
NFO peaks are close to the substrate peaks K, and K, of MGO and confirm good crystal growth along the c-axis.

The peaks of NFO film shift to the right toward the peaks of the substrate, i.e., to a higher angle with increase
in film thickness, i.e., a decrease in the out of plane lattice constant ¢ with increasing film thickness. The c-values
estimated from data in Fig. 3 are listed in Table 2. The in-plane lattice constants a for the Nl\:/O_ﬁl?'ms can be
estimated from the unit cell volume for bulk NFO and c-values in Table 2 and are given by a = Y8345 & Values
of a are also listed in Table 2.

The ¢ values for all the six films in Table 2 are smaller than the lattice constant for bulk NFO and it decreases
with increasing film thickness for films on both (100) and (110) MGO substrates. Similarly, the a-values for the
films are higher than for bulk NFO and it increases with increasing film thickness. The most significant inference
from the c and a value in Table 2 is the increase in both the out-of-plane compressive strain and in-plane tensile
strain with increasing films thickness. These variations in a and ¢ are contrary to the anticipated decrease in
both strains with increasing film thickness due to relaxation of any growth induced strain due to the mismatch
in the lattice constants of film and substrate.

The variations in the lattice constants with the film thickness in Table 2 is similar to the findings reported in
Ref. 35 for films of yttrium iron garnet (YIG) on (100) yttrium aluminum garnet (YAG) with a lattice mismatch
of —3%. In that study YIG films were deposited on YAG substrates by PLD techniques and then annealed at
800 C to obtain crystalline films. As in the present study, a similar increase in the in-plane tensile strain with
increasing film thickness was attributed to the difference in the linear thermal expansion coeflicient « for the
film and the substrate. For YIG ar=10x 10/C which is a factor 4 greater than that of YAG, ¢ =2.7 x 107%/C3>.
In another study, the in-plane tensile strain in a 4 pm thick YIG film on 1 mm thick YAG substrate grown by
CVD techniques at 1250 C was also accounted for by the mismatch in o*”. In this study NFO films were grown
on MGO at ~850C and annealed at 1000 C. The thermal expansion coeflicient &= 13.4x 10%/C for NFO is 40%
higher than «=9.5x107%/C for MGO****. The mismatch in a-values, therefore, appears to be the cause of an

c
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Figure 4. The normalized magnetization (M/M) vs magnetic field H for NFO/MGO (100) with thicknesses of
(a) 2.5 um and (b) 16 um for in-plane H along [001] direction and for out-of-plane H along [100]. Similar M/Mj
vs H data for NFO/MGO (110) with thicknesses of (c) 5 um and (d) 10 um for in-plane H along [001] and [110]
directions and for out-of-plane H along [110] direction.

unexpected increase in both the in-plane tensile strain and out-of-plane compressive strain as the film thickness
and its volume are increased. The surface cracks seen in the SEM image of NFO film in Fig. 2¢ provide additional
evidence for strain at the film-substrate interface due to mismatch in o values.

We estimated the strain induced magnetic anisotropy field H, from the lattice constants in Table 2 determined
from the XRD data. The anisotropy field is given by*>*

H, = 3\/My) o (1)

where X is the magnetostriction, o is the stress in the film and M is the saturation magnetization. The stress is
; 27
given by?/,

o = EQa—c—apyuik) / apulk )

where E is the Young’s modulus. Using the bulk single crystal values of M, = 278 emu/cc (4 M, =3.5 kG)?!,
magnetostriction A,4o= —46 ppm and A;;o= — 26 ppm for bulk NFO***!, the Young’s modulus E=1.22 x 10'? dyne/
cm?% ay,;=0.8345 nm, calculated values of H,, are given in Table 2. The estimates predict a uniaxial anisotropy
field perpendicular to the film plane in all of the films, with the H,, values higher for films on (100) MGO than for
films grown on (110) MGO. An increase in the uniaxial anisotropy is expected with the increase in film thickness
for films on both (100) and (110) MGO substrates.

Magnetic characterization of the films by measurements of (i) magnetization and (ii) ferromagnetic resonance
is considered next. The normalized magnetization M/M; vs static magnetic field H for the NFO films grown on
(100) and (110) MGO are shown in Fig. 4. The measurements were made at room temperature for H parallel and
perpendicular to the sample plane. For NFO/(100) MGO, in-plane H was applied along[001] and out-of-plane H
along [100]. For films of NFO on (110) MGO, magnetization data were obtained for in-plane H along [001] and
[110] and out-of-plane H along [110]. Data for in-plane fields for different H orientations have saturation of M
at approximately for the same H value. The magnetic hysteresis loops in Fig. 4 show saturation of M for in-plane
H at a much lower value compared to H perpendicular to the sample plane for all the NFO films.

The saturation magnetization was estimated using both the film volume as well as the film mass and the
x-ray density of 5.4 g/cc for NFO. The M, value estimated using the film volume ranged from a minimum of
200 emu/cc to a maximum of 278 emu/cc whereas 47M; calculated from the film mass ranged from 3.4 to 3.6
kG. As mentioned earlier, the film thickness data showed a deviation of + 10%. Such a large uncertainty in the
thickness is expected in the case of LPE growth by vertical dipping method. One, therefore, anticipates a similar
uncertainty in the estimated M, using the measured film thickness. Our current value of 47M,;=3.5+0.1 kG
agrees with previously reported values for PLD films of NFO on MGO?.

The saturation field H; for out of plane static field for all the NFO films that were obtained from the magnetic
hysteresis loops in Fig. 4 are given in Table 3. The value of H; can be written as”
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Sample Thickness (um) H; (kOe) H, (kOe) (from FMR) H, (kOe)

25 25 -0.51 -0.49
NFO/(100) MGO 10 35 —-0.50 0.50

16 2.5 -0.24 -0.76

5 32 -0.48 0.18
NFO/(110) MGO 7.5 2.5 -0.75 -0.75

10 2.6 -0.86 -0.04

Table 3. Saturation magnetic field H; for out-of-plane hysteresis loops, magneto-crystalline anisotropy
determined from FMR (Table 4), and growth induced anisotropy field H, determined from magnetization
versus magnetic field data for NFO films on (100) and (110) MGO substrates with different thickness.
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Figure 5. (a) Coplanar waveguide microwave excitation structure used for FMR measurements. (b) Profiles
of S,; amplitude vs frequency for a series of magnetic fields perpendicular to the film plane for NFO film with
thickness of 10 um on (100) MGO. (c) Resonance frequency f; obtained from profiles as a function of H for
NFO films with thickness of 2.5, 10 and 16 pm on (100) MGO.

Hy; = Hy + 47 M + Hy, (3)

where H, is four-fold symmetric cubic magnetocrystalline anisotropy field (and its value determined from FMR
are given in Table 3 as discussed next) and 47M,=3.5 kG. Thus H,, the strain induced anisotropy field, can be
determined from Eq. (3). The estimated H, value is given in Table 3. The anisotropy fields are an order of mag-
nitude smaller than estimated H, from XRD data and do not show any systematic variation with film thickness
or substrate orientation.

Ferromagnetic resonance measurements on the NFO films are considered next. Measurements were done
with the sample placed in a coplanar waveguide and excited with microwave power from a vector network ana-
lyzer. Profiles of scattering matrix S, vs f for series of H were recorded for H either perpendicular to the sample
plane or in-plane H applied parallel to [001] or [011] directions. Figure 5a shows the coplanar waveguide used
for the FMR measurements. Figure 5b shows representative profiles of the scattering parameter S,; vs H for the
10 pm thick NFO and the resonance appears as a dip in the power transmitted through the coplanar waveguide
(additional profiles for NFO/(100) MGO are shown in Figs. 6 and 7 in the Supplement). Figure 5b shows the reso-
nance frequency f, vs H for all three NFO films on MGO. A linear increase in f, with H is evident for all the films.

Similar FMR data for films on (110) MGO substrate are shown in Fig. 6. Figure 6a shows FMR spectra of
NFO film with a thickness of 10 pm grown on (110) MGO substrate (additional profiles for NFO/(110) MGO
shown in Figs. 8 and 9 in the Supplement). Figure 6(b) shows the resonance frequency f, as a function of H for
(110) NFO films with thickness of 5, 7.5 and 10 um.

A linear increase in f, with H is also seen for all the films. The resonance condition for out-of-plane FMR is
given by*?

fr=v(H—47 M) (4)

where y is the gyromagnetic ratio and the effective magnetization 4nM,4=4nM,+ H,+ H,. In Eq. (4) H, is the
growth induced uniaxial anisotropy field and it is positive for easy plane anisotropy and negative for uniaxial
anisotropy field perpendicular to sample plane. We utilized linear fits to data on resonance frequency f, vs H
from profiles as in Figs. 5 and 6 to estimate the parameters y and 47M,5and are given in Table 4. The values of
H, and the magnetocrystalline anisotropy field H, were determined from FMR data for in-plane H and 47M,.
in Table 4 as described next. FMR measurements for in-plane H were done for (i) H parallel to [001] and [011]
directions for NFO on (100) MGO and (ii) for H parallel to [001] for NFO films on (110) MGO. Figure 7 shows
S, vs ffor a series of in-plane H-values for the 10 um thick NFO on (100) MGO.

The resonance conditions for in-plane H along [001] and [011] are given by*’:
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Figure 6. (a) Out of plane FMR data as in Fig. 5(b) for NFO film with thickness of 10 pm on (110) MGO and
(b) £, vs H data for NFO films with thickness of 5, 7.5 and 10 um on (110) MGO substrates.
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Figure 7. (a) S, vs f profiles as a function of H applied parallel to [001] direction for 10 . m thick NFO on
(100) MGO. (b) Profiles as in (a) for H//[001] for 5 um thick film of NFO on (110) MGO.

Sample Thickness (um) | 4w M (kOe) | y (GHz/kOe) | H, (kOe) | H, (kOe)

2.5 13 3.03 -1.7 -0.51
NFO/(100) MGO 10 2.5 2.99 -0.5 -0.50

16 2.65 3.05 -0.3 -0.24

5 2.88 2.84 -0.1 —-0.48
NFO/(110) MGO 7.5 1.85 2.96 -1.1 -0.75

10 1.79 2.98 -1.2 -0.86

Table 4. The effective magnetization 4 7 M., gyromagnetic ratio y and the calculated uniaxial anisotropy field
H, and magnetocrystalline anisotropy field H, determined from FMR profiles of NFO films on (100) and (110)
MGO substrates.

H//[001]): f = y(H — H)"? (H + Ha/2+ 47M; + Hp)'"? (5)

and HI[O011]: fr = y(H + Hy)'/? (H + Hy + 4w Ms + Ha)'/?. (6)

Equations (5) and (6), data on in-plane FMR resonance frequencies vs H, and values of y and 4nM,5in
Table 4 and 47w M, =3.5 kG were used in the estimates of the values of H, and H, that are listed in Table 4. The y
values are in the range 2.84-3.03 GHz/kOe for all the NFO films, in agreement with the value of 3.0 for single
crystal NFO?"¥. The magnetocrystalline anisotropy field H, ranges from —0.24 kOe to —0.51 kQe for films on
(100) MGO and is higher in films on (110) MGO with values—0.48 kOe to —0.86 kOe. Most of the H, values are
higher than —0.5 kOe for bulk single crystal NFO?!. The anisotropy field H, is negative for films on both kinds
of MGO substrates, indicating that H,, is uniaxial in nature and perpendicular to the film plane. Films on (100)
MGO show a decrease in H, with increase in the thickness of NFO, whereas films on (110) show an increase in
H, with film thickness.
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Sample Thickness (um) | H, (kOe) (XRD) | H, (kOe) (M vs H) | H, (kOe) (FMR)
11.97
0.45 13.4%
8.2%8
0.6 10.4%8
NFO/(100) MGO
2.5 -6.4 -0.49 -1.7
10 -7.0 0.50 -0.5
16 -7.7 -0.76 -0.6
0.6 - - 4.75%
5 -2.8 0.18 -0.1
NFO/(110) MGO
7.5 -29 -0.75 -0.9
10 -3.0 -0.04 -0.85

Table 5. Growth induced anisotropy field H,=H, for LPE grown films of NFO on MGO substrates.
Parameters for PLD grown submicron thick films of NFO on MGO are also listed for comparison.

Discussion

The primary objective of this work was to determine the magnetic parameters, the growth induced anisotropy
fields, in particular, in NFO films grown by LPE techniques on MGO substrates. This was accomplished by
determining H, from XRD and M vs H, and H, from FMR measurements. The anisotropy fields for the LPE
films are listed in Table 5 and, for comparison, the parameters for submicron films of NFO prepared by PLD
on MGO substrates are also listed. First, we consider results of the XRD measurements. The out-of-plane and
in-plane lattice constants, ¢ and a, respectively calculated from XRD data in Fig. 3 revealed a compressive strain
perpendicular to the film plane and a tensile strain in-plane and both increased with increasing film thickness
for films on both (100) and (110) MGO substrates and resulting in a uniaxial growth induced anisotropy field H,
along the c-direction. Thus, with increasing film thickness there is no evidence from XRD data for the expected
relaxation of distortion due to the mismatch in the film-substrate lattice constants. As discussed in the previous
section, the variations in ¢ and a with the film thickness in both kinds of NFO films could possibly be due to the
difference in their thermal expansion coefficients for the film and the substrate since the LPE synthesis of the
film involved high growth and annealing temperatures. Such a finding was previously reported in the case of
PLD YIG films on YAG substrates®>*’. Estimated H, values (Tables 2 and 4) are larger for films on (100) MGO
than for films on (110) MGO and showed an increase with increase in the thickness of NFO. Thus, the thick
LPE grown films are expected to show out-of-plane easy axis anisotropy whereas thinner 450 nm NFO film on
(100) MGO was reported to have an easy plane type anisotropy H,=13.4 kOe from XRD data?. Films of NFO
with thickness 445-460 nm deposited by PLD on MgAl,O, (MAO) and CoGa,0O, (CGO) substrates were also
reported to have in-plane H, ranging from 2.8 kOe for the film on CGO to 14.2 kOe for the film on MAO%.

Determination of H, from magnetic hysteresis loop data is considered next. Since the saturation field H, was
higher for out of plane loop than for in-plane loop, the anisotropy field was determined from H; values. The H,
values (Tables 3 and 5) are rather small, more than an order of magnitude smaller than values estimated from
XRD data, and range from —0.76 kOe to 0.5 kOe. There is also no systematic variation in H, values with the film
thickness for the films on both (100) and (110) MGO substrates. Although similar measurements on submicron
thick films of NFO on MGO, CGO and MAO substrates yielded H, values comparable to estimates from XRD
data?’, one has to infer that the procedure is not sensitive enough in the case of thick LPE films.

Magnetic parameters obtained from data on the resonance frequency f, vs H for in-plane and out-of-plane
FMR yielded values of the magnetocrystalline anisotropy (MCA) field H, and growth induced anisotropy field
H, (=H,) listed in Tables 4 and 5. The MCA shows a decrease with film thickness for films on (100) MGO, but it
increases with film thickness for films on (110) MGO. Most of the H, values in Table 4 are higher than the single
crystal value of —0.512 Oe?*! that could be due to variations in the bond angle and bond lengths and a tetragonal
distortion in the films. Thin films of NFO on MGO, ZGO, and on MgAl, O, are also reported to have H,=-78 Oe
to =370 Oe that are smaller than the bulk single crystal values*”?. Nickel ferrite film prepared by laser molecular
beam epitaxy (MBE) on (001) STO was reported to have H,=-0.29 kOe*’. Thus, the H, for our LPE films are in
the same range with reported values for thin films prepared by several different techniques.

Anisotropy fields H, for thin PLD films of NFO on MGO reported by subset of current authors are also listed
in Table 5 for comparison*”?. In the case of PLD NFO films on (100) MGO, H,=8.2-11.9 kOe is easy plane
type for 450-600 nm films®”*%. For our thicker LPE films on (100) MGO, however, H, is uniaxial, decreases with
increasing film thickness, an order of magnitude smaller than H, for thin PLD films, and much smaller than H,
in Table 3 estimated from XRD data. For films on (110) MGO, 600 nm thick PLD film is reported to show a large
in-plane H, whereas our thicker LPE films have a relatively small H, that increases with increasing film thickness.
Thus, the key inferences from H, values for LPE films are (i) the anisotropy is uniaxial and much smaller than
easy plane anistropy reported for thin PLD films of NFO and (ii) H, decreases with films thickness for (100)
MGO and shows an increase with film thickness for (110) MGO.

Finally, we compare H, values determined by FMR in pure and substituted nickel ferrite films on a variety of
substrates with the values for LPE films in Table 5. In 445-465 nm thick NFO films on ZGO, CGO and MAO,
in-plane FMR measurements yielded easy plane type H, values of 0.1 kOe, 0.5 kOe and 2.6 kOe, respectively.
We recently carried out studies on 2-30 u m thick LPE grown Ni 4sZn, ;sFe,O, NZFO) films on (111) and (100)
MGO substrates®. An induced in-plane anisotropy field in the films was evident from the magnetization and
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FMR measurements. The anisotropy field H, was in the range 1.2 to 1.4 kOe in the films on (111) MGO and
H,=2.6to0 2.9 kOe for the films on (100) MGO. Similarly, very thin PLD films of NiZnAl-ferrite on MgAlL,O,
were found to have an easy plane H, of 10 kOe*. Films of NFO 25-50 nm in thickness made by laser MBE
showed in-plane anisotropy field of 0.5 kOe*. Our recent report on uniaxial growth induced anisotropy in
50 nm films of NFO on SrTiO; substrates is of relevance to this study*!. Films of NFO were deposited by PLD
techniques on (001), (110), and (111) SrTiO; (STO) single-crystal substrates. The lattice mismatch between
film and substrate was very high, on the order of 6.7%. A uniaxial anisotropy was evident from magnetization
and FMR measurements and NFO films on (111) STO and (001) STO revealed uniaxial anisotropy H,=1.4-6.1
kOe. Thin NFO films on STO and thick LPE films of NFO on MGO are somewhat unique with uniaxial growth
induced anisotropy field.

To summarize, the strain that contributes to the anisotropy field in our LPE films processed at high tempera-
tures seems to originate from mismatch both in the lattice constants and thermal expansion coeflicients of the
film and substrate. The variations in the magnetocrystalline anisotropy field in the films also indicate growth
induced changes in the bond lengths and bond angles that will contribute to changes in other magnetic order
parameters. Films of NFO with a thickness of 2.5 um on (100) MGO has the highest value of H, in Table 5 for
the LPE films. Follow up studies on the effects of annealing temperature and deposition and characterization of
LPE films with thickness 1-2 jum are essential to come up with optimum annealing conditions and film thick-
ness for enhanced H,.

Conclusions

Our investigations on LPE grown nickel ferrite films on magnesium gallate substrates revealed a switch from
easy plane anisotropy reported in submicron thick films to a uniaxial growth induced anisotropy. NFO films with
thickness ranging from 2.5 um to 16 um were grown on (100) and (110) substrates of MGO with a film-lattice
mismatch of 0.78%. Structural characterization by X-ray diffraction indicated a compressive out-of-plane strain
with the lattice constant ¢ that decreased with increase in the film thickness and smaller lattice constant than
for bulk NFO. The in-plane lattice constant a increased with the film thickness. The perpendicular anisotropy
field estimated from XRD data was in the range 2.8-7.7 kOe, increased with increasing films thickness, and was
higher in films on (100) MGO than for films on (110) MGO. Ferromagnetic resonance measurements on the
films provided clear evidence for a switch from a large easy plane anisotropy field reported in 450-600 nm thick
NFO films on MGO to a smaller uniaxial anisotropy field in the thick LPE films. The cause of the growth induced
anisotropy in our films is possibly due to mismatch in the lattice constants and thermal expansion coefficients of
NFO and MGO and other contributing factors such as variation in bond angles and bond lengths. Values of H,
calculated from the data on resonance frequency vs H were in the range 0.3 to 1.7 kOe for films on (100) MGO
and 0.1 to 1.2 kOe for films on (110) MGO. The thick NFO films on MGO substrates showing uniaxial anisotropy
are of interest for memory devices and high frequency device applications.
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