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Magnetic domain structure in nanocrystalline Ni-Zn-Co spinel ferrite
thin films using off-axis electron holography
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We report a study of the magnetic domain structure of nanocrystalline thin films of nickel-zinc fer-
rite. The ferrite films were synthesized using aqueous spin-spray coating at low temperature
(~90°C) and showed high complex permeability in the GHz range. Electron microscopy and
microanalysis revealed that the films consisted of columnar grains with uniform chemical composi-
tion. Off-axis electron holography combined with magnetic force microscopy indicated a multi-
grain domain structure with in-plane magnetization. The correlation between the magnetic domain
morphology and crystal structure is briefly discussed. © 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4891723]

I. INTRODUCTION

Soft ferrite materials, such as those based on nickel-
zinc-ferrite compositions, are of interest because of their rel-
atively low loss characteristics at high frequencies.' Due to
technological needs, their applications are being pushed to
even higher frequencies into regimes where magnetic prop-
erties exhibit limitations. This behavior is often marked by
what is referred to as Snoek’s Limiting Law, which inversely
correlates low frequency permeability, ¢, and resonance fre-
quency, f, as a product, i.e., (' — 1) x f, which is usually
constant for a given material structure class and composi-
tion."? This constancy is generally independent of micro-
structure and other processing related characteristics, where
permeability might decrease because of porosity and crack-
ing, and the resonance frequency correspondingly increases.

These observations tend to hold for ferrite materials
with polycrystalline structures comprising of grains that are
relatively large in size, on the order of near-sub-micron
scales or larger. Increases in the Snoek’s product are found
in materials where the grain sizes are substantially in the
nanometer and mesoscopic scales (i.e., 10-100 nm).z’3
Matsushita, Abe, and others have reported such combination
of properties in a series of papers on extremely fine grained
films of nickel-zinc-ferrite materials which are produced
using an aqueous spray deposition technique that they pio-
neered.> For instance, the Snoek’s product for one of their
Nig»gZng 1sFes 5404 films is calculated to be about
26.6 GHz, whereas it is about 1-3 GHz for a bulk ferrite of
similar composition.*

A detailed explanation of the behavior of nickel-zinc
ferrites must correlate comparative structures of the mag-
netic domains relative to the physical grain structure. In
large-grained materials, well-defined, multiple magnetic
domains are observed within individual physical grains.'

YAuthor to whom correspondence should be addressed. Electronic mail:
dzhang28@asu.edu

0021-8979/2014/116(8)/083901/6/$30.00

116, 083901-1

Magnetic domain boundaries interior to nanometer-scaled
grains are likely to be too energetic to be prevalent, so that
either single magnetic domains are defined concurrently with
the physical grains or the magnetic domains must be spread
out over multiple physical grains.'

The purpose of this paper is to report on a comparison of
the magnetic domain structure to the physical grain structure
of nickel-zinc-cobalt ferrite films, as imaged by transmission
electron microscopy and off-axis electron holography, and
atomic force microscopy. The original motivations for this
study were to discover whether multi-grained magnetic
domains could be directly observed in these materials, and
whether the magnetic domains were confined to the physical
grain structure.

Il. EXPERIMENTAL DETAILS

The ferrite thin films in this work were deposited using a
method similar to that developed by Abe and Tamaura.®’
Different materials were used as substrates, which were
heated to 90 °C during the spin-spray process. In this work,
we studied samples with composition of approximately
Nig»0Zng 60C00.05Fe2.1504 that were deposited on silicon and
glass substrates. Details of the processing conditions are
reported elsewhere.” Some of the ferrite films were also de-
posited directly onto TEM grids with carbon support films:
however, only clusters were observed after deposition, indi-
cating that a smooth surface was essential for successful use
of the spin-spray coating process. The real p/ and imaginary
W' permeabilities were measured as a function of frequency
using a vector network analyzer with a customized microstrip
permeameter.®

For cross-section TEM and off-axis electron holography
characterization, samples were prepared using cutting, me-
chanical polishing, followed by dimpling to create thin areas
with total thicknesses of about 10 um. Final thinning was
done by low energy (~3keV) argon-ion-milling giving thin
electron-transparent areas of about 200nm in thickness.

© 2014 AIP Publishing LLC
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Samples in the plan-view geometry were also prepared, with
dimpling and ion-milling done only from the back side of the
wafer. A JEOL JEM-4000EX operated at 400 keV with inter-
pretable resolution of 1.7 A was used for conventional
diffraction-contrast and high-resolution phase-contrast imag-
ing, a JEOL JEM-2010F operated at 200keV was used for
annular-dark-field (ADF) imaging and elemental analysis
using energy-dispersive X-ray spectroscopy (EDXS), and an
FEI CM-200 operated at 200 keV was used for off-axis elec-
tron holography observations. This last instrument is
equipped with a field emission electron gun that provides a
highly coherent electron source and it has a Lorentz mini-
lens located beneath the normal objective lens so that sam-
ples can be studied in field-free conditions. Magnetic force
microscopy, MFM, measurements were done on the sample
surfaces. The equipment used was a home-built atomic force
microscope (AFM) which has a cobalt needle probe with a
magnetic fringing field that is parallel to the long axis of the
needle. This magnetic field interacts with the magnetic field
perpendicular to the sample surface and reveals the out-of-
plane magnetic domain structure.

lll. RESULTS AND DISCUSSION
A. Sample permeability

Figure 1 shows the real and imaginary parts of the com-
plex permeability spectrum of a typical spin-coating film
prepared in this study. The purpose of measuring the com-
plex permeability is for use in the comparison of Snoek’s
Limiting Law. This law states that there is a theoretical limit
to the ferromagnetic resonance frequency; however, this
value can be exceeded using non-traditional processing tech-
niques."**?~'? The materials characterized in this study
exceeded the theoretical resonance frequency value for con-
ventional nickel-zinc ferrite."** The Snoek’s product for our
deposited film is calculated to be 20.1 GHz, which is on the
same order of magnitude as the films deposited by Abe et al.
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FIG. 1. Complex permeability spectrum of Nig4Zng 6;C0g goFes 1304 spin-

spray ferrite thin film. Solid line represents real part of permeability i’ and
dash line represents imaginary permeability u”.
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The imaginary permeability has a value of around 20 in the
GHz range, and the real permeability is around 42. Some
reports indicate that by optimizing the cobalt and zinc con-
tent or by changing film thickness, the ferrite film imaginary
permeability can reach as high as 100.'%'*

B. Crystal structure

Electron microscopy reveals that the films have rela-
tively uniform thickness (~250nm) and flat surfaces. Figure
2(a) shows a low magnification bright-field cross-section
TEM image of a sample grown on a glass substrate. The fer-
rite films have a columnar grain pattern with typical grain
widths of ~100nm in diameter. The individual columns are
crystalline from the beginning of the chemical deposition
reaction. Figure 2(b) is a high-magnification cross-section
TEM image showing the morphology of several grains.
Growth defects can be seen and coarse Moiré fringes, indi-
cated by “M” are also visible, presumably due to overlapping
of two columns in the electron beam direction.

The bright-field TEM image in Fig. 3 shows a ferrite
sample deposited on a silicon substrate in plan-view. The
ion-milling process was carefully monitored when preparing
this sample to ensure removal of the Si substrate while still
retaining the ferrite film. Figure 3 clearly reveals the colum-
nar structure of the film with column sizes of 100-200 nm.
The differences in diffraction contrast between the columns
are caused by different crystal orientations. Brighter areas
visible between some grains (marked by white arrows) sug-
gest the possibility of some film porosity, although it is pos-
sible that some of these regions are caused by the ion-milling

Vacuum _ (a)

Ferrite

Glass substrate

(b)

FIG. 2. Low magnification (a), and high-magnification (b), bright-field TEM
images showing cross-sections of spin-spray ferrite film deposited on glass
substrate.



083901-3

Zhang et al.

FIG. 3. Plan-view bright-field TEM image showing spin-spray ferrite depos-
ited on silicon substrate. Arrows indicate possible porosity within the film.

process. Some mottling is also visible within single columns
(crystal grains) again suggesting the presence of crystal
defects such as dislocations and stacking faults.

C. Chemical composition

Annular-dark-field images generated by scanning trans-
mission electron microscope (STEM) are sensitive to atomic
number (Z-contrast), and reveal local variations in chemical
composition. Figure 4(a) shows a Z-contrast image of the
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FIG. 4. (a) Cross-section ADF STEM image of spin-spray ferrite film depos-
ited on glass substrate. (b) EDXS line profile from position marked by arrow
in (a).
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same sample as shown in Fig. 2. The column (grain) bound-
ary regions show darker contrast suggesting that these areas
may be amorphous. By using EDXS with a small electron
probe, quantitative chemical distribution of different elements
can be displayed as a line profile. Figure 4(b) shows EDXS
line profiles of nickel, zinc, cobalt, and iron from the line
marked by the arrow in Fig. 4(a), converted here into frac-
tional cation values. These compositions are relatively con-
stant across the scanning range, and it can be concluded that
there are no compositional inhomogeneities present in the
sample at the spatial resolution (~2 nm) of this experiment.

D. Magnetic domain structure

Off-axis electron holography is a powerful electron-
microscopy technique, which allows the amplitude and phase
of the electron wave that has passed through a sample to be
determined, rather than its intensity, which is normally the
case for imaging."> The phase shifts of the electron wave
deduced from an electron hologram can then be used to pro-
vide quantitative information about the distribution of mag-
netic fields within and outside the sample with a spatial
resolution that can approach the nanometer scale under opti-
mal conditions."®

In this work, the samples were magnetized in situ using
the magnetic field of the objective lens of the CM200. With
the sample tilted by 30°, the lens current was increased to
1000 mA, providing an in-plane magnetic field of ~1 T along
the direction of the sample tilt.'® The objective lens was
turned off and the sample was tilted back to horizontal.
Holograms were then recorded using the Lorentz mini-lens
and CCD camera, with the specimen in a field-free condition.

The magnetic contribution to the phase image in off-
axis electron holography can be expressed as'’

o(r) = 5B, (M
where ¢ is the phase, e is the electron charge, 7 is Planck’s
constant divided by 2, r is a direction in the plane of the
sample, B is the in-plane magnetic field perpendicular to
that direction, and t is the thickness. The gradient of the mag-
netic phase is then proportional to the perpendicular mag-
netic field integrated through the thickness of the material

(?)—gr" = %B ot 0))
The generated phase map contains not only the magnetic
contribution to the phase but also contributions from the sam-
ple’s mean inner potential,'® which varies across the field of
view and adds difficulty to interpretation of the phase map.'’
To eliminate this effect of the inner potential, one hologram
was recorded using the procedure described above. The sam-
ple was removed from the microscope and flipped over, and
another hologram was then recorded from exactly the same
area. Thus, two phase maps are generated, containing the
same phase contributions from the mean inner potential but
with opposite magnetic contributions. Thus, the mean inner
potential contributions to the phase can be removed by sub-
tracting the two images using suitable processing.
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Figure 5 shows an example of this procedure applied to a
plan-view sample. The area observed was first recorded using
the Lorentz lens, as shown in Fig. 5(a). This image has limited
magnification but this is still adequate to reveal the columnar
structure as well as showing some diffraction contrast. In
order to reveal the crystal domain boundary more clearly, the
imaging was set to a slightly over-focus condition. The
inserted black arrow indicates the direction of the magnetizing
field. Figure 5(b) was then obtained from two reconstructed
phase images using the subtraction procedure outlined in the
paragraph above. The superimposed contour lines correspond
to lines of constant phase. No phase information is contained
in the noisy areas at the top right and bottom left which were
outside the electron interference overlap area in the holo-
grams. Figure 5(c) shows the phase-gradient map obtained
from Fig. 5(b), which can be interpreted as a magnetic domain
map showing the B, distribution. The magnetic field direc-
tions are indicated by the colors depicted on the color wheel
shown as an inset. Discontinuities due to abrupt diffraction
and thickness changes are visible in this gradient map. Based
on this gradient map, the positions of magnetic domain walls
in the ferrite film can be established, as shown in Fig. 5(d). In
order to view the domain structure more clearly, the contrast
of the original image has been reversed. The blue arrows indi-
cate the direction of the magnetic induction within each
domain.

It is clear from these observations that the size and geom-
etry of the magnetic domains are affected by the crystal mor-
phology. Moreover, single magnetic domains can be formed

FIG. 5. (a) Image recorded using Lorentz mini-lens. (b) Reconstructed phase
map obtained by subtracting two electron holograms to eliminate contribu-
tion from mean inner potential. (c) Magnetic domain map. Inserted color
wheel indicates the relation between color and magnetic induction direction.
(d) Contrast-reversed Lorentz image of (a) with magnetic domains
indicated.

J. Appl. Phys. 116, 083901 (2014)

by one or several ferrite grains. In some places, the magnetic
domain walls follow and coincide with the crystal grain boun-
daries, while at other places the domain walls cross through
individual crystal grains, so that one crystal grain consists of
two or more magnetic domains. Although it is hard to rule
out the effect of sample shape on domain structure, it seems
that most domain walls in the observed area are 90° domain
walls [Fig. 5(d)].

It is difficult to construct a model to calculate the sizes of
the magnetic domains because the film is not uniform, but the
domain sizes can be directly determined. Some grains give
strong diffraction contrast in plan-view images which indi-
cates that the orientation is different. However, it is apparent
that these grains can also form magnetic domains together
with neighboring grains having different crystal orientations.
After close examination of high-resolution TEM images of
the grain (column) boundary regions, some crystallized areas
are found (Fig. 6). Such areas could provide a path for mag-
netization links between neighboring grains to form single
magnetic domains, which would lead to this multiple-grain
magnetic domain structure.

In addition to determining the magnetic domain structure
of these ferrite films in the remnant state, it is relevant to their
potential applications to study domain wall motion or rotation
during the magnetization process. Using off-axis holography,
it is possible to follow the magnetization status during com-
plete hysteresis loop cycling of magnetic nanostructures.'®
However, phase maps of these ferrite films often include very
complicated diffraction contrast features which make it diffi-
cult to fully interpret the embedded magnetic information.
Here, we only analyze phase gradient maps recorded at rema-
nence after saturation, as shown in Fig. 7. Figure 7(a) shows
the phase gradient map of a remnant state. The magnetization
process around a complete hysteresis loop was then per-
formed on the sample. The phase gradient map of the new
remnant state was recorded in Fig. 7(b). Although the phase
contributed by sample thickness is also included in Figs. 7(a)
and 7(b) and contributes to the phase gradient, this portion of
the phase gradient should be the same in both maps. Thus,
the clearly visible differences of the phase gradient

FIG. 6. High-resolution cross-section TEM image of grain boundary region
showing presence of crystal lattice fringes.
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FIG. 7. (a) and (b) Reconstructed phase gradient maps recorded at saturated
remnant states before and after magnetization following a complete hystere-
sis loop.

distribution between these two maps are caused only by the
magnetic contribution, indicating that the magnetic domain
morphology is not identical for the two remnant states. This
result demonstrates that the domain walls did not return to
identical positions when the sample was returned to the rem-
nant state. Although it is unclear whether the domain walls
rotate or move during our magnetization experiments, the
result indicate that there are no preferred magnetization distri-
butions in these ferrite films. Domain wall rotation in this
type of ferrite has been observed previously using Lorentz
microscopy and under-focus imaging.’ In that work, the
applied magnetic field was small (maximum of 130 Oe) and
far below saturation. The porosity observed in Fig. 3 which
also appears in the ferrite film in Ref. 3 might support the
notion of domain-wall pinning.

The holography observations provide information about
the in-plane magnetic domain structure of the ferrite films.
To check for possible out-of-plane magnetic components,
AFM/MFM measurements were also made. However, MFM
usually requires a relatively smooth surface, but some resi-
due often attaches to the surface and cannot be removed by
regular cleaning. Moreover, SEM imaging (not shown here)
also indicated that the surface of the spin-spray ferrite might
be too rough for this type of measurement. Cloth polishing

J. Appl. Phys. 116, 083901 (2014)

FIG. 8. MFM (a), and AFM (b), images from polished surface of ferrite
sample.

plate and artificial diamond solution with average size of
40nm were thus used to smooth the surface. The AFM and
MFM results after polishing are shown in Fig. 8. Some fea-
tures are visible in the MFM scan [Fig. 8(a)] but these are
almost certainly caused by the surface morphology since cor-
responding features are also visible at the same location in
AFM images [Fig. 8(b)]. Moreover, no features resembling
magnetic domains are obviously visible in MFM scans.
Finally, off-axis electron holography was done on several
cross-section samples. The reconstructed phase maps (not
shown here) showed no evidence of any magnetic field
extending outside the sample. Thus, it can be concluded that
the magnetization of the ferrite films must be restricted to in-
plane.

IV. CONCLUSIONS

Electron holography and high resolution imaging of the
magnetic domain and physical grain structures in nanocrys-
talline nickel-zinc-cobalt ferrite films reveals that magnetic
domains can span across several grains. These observations
were conducted on ~250 nm-thick films that were grown by
aqueous spray deposition onto silicon and glass substrates.
Characteristically, the grain microstructures of the films
were columnar, comprising of ~100 nm diameter grains with
their long axes oriented perpendicular to the substrate plane.
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Off-axis electron holography of the films in plan-view pro-
vided direct evidence that magnetic domains were formed by
multiple crystal grains. The magnetic domains were some-
what irregular in shape, with domain walls often following
the crystalline grain boundaries, but in some cases crossing
through individual grains. Abrupt disruptions in crystal ori-
entation at grain boundaries did not necessarily cause disrup-
tion in the orientation of the magnetic domains. Because
electron holography is a technique that senses magnetic
fields in directions perpendicular to the electron beam, mag-
netic force microscopic imaging was also carried out on the
same material, also in plan-view. The latter results revealed
no net magnetic structure perpendicular to the film plane and
parallel to the columnar grains, indicating that the internal
magnetic fields were oriented in-plane only.
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