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Thin films of SrFe;,019 (STM) were prepared from a solution of iron and strontium alkoxides through
the chemical solution deposition method on both amorphous (glassy SiO;), and single crystal substrates
(Si(100), Si(111), Ag(111), Al,05(001), MgO(111), MgAI>,04(111), StTiO3(111)) substrates. The process of
crystallization was investigated by means of powder diffraction, atomic force microscopy and scanning
electron microscopy. Magnetization measurements, ferromagnetic and nuclear magnetic resonance
were used for evaluation of anisotropy in the films. Whilst amorphous substrates enabled growth of
randomly oriented SrM phase, use of single crystal substrates resulted in samples with different degree
of oriented growth. The most pronounced oriented growth was observed on SrTiO3(111). A detailed
inspection revealed that growth of SrM phase starts through the breakup of initially continuous film
into isolated grains with expressive shape anisotropy and hexagonal habit. A continuous film with

epitaxial relations to the substrate was produced by repeating recoating and annealing.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Strontium hexagonal ferrites SrFe;,019 (STM) have a magne-
toplumbite structure with an easy magnetocrystalline anisotropy
axis along the c axis of the hexagonal unit cell. In bulk form they
are commonly used for permanent magnets, in electro-acoustic
devices, and are of great interest in thin film form for high density
magnetic recording and millimeter-wave devices because of their
large chemical resistivity, high permeability at high frequencies,
and large uniaxial anisotropy [1-3]. In majority of these applica-
tions highly oriented films with c-axis perpendicular to the
substrate are desirable. The films are in majority prepared by
methods relying on cost expensive apparatus, such as sputtering
[4], pulse laser deposition (PLD) [1,2,5], or liquid phase epitaxy
(LPE) [6]. As a convenient alternative, chemical solution deposi-
tion (CSD) method can be used, thanks to the facts that it is
simple, low cost, and can be rapidly developed for the evaluation
of a new material system, and is amenable with standard
semiconductor manufacturing methods. Using different types of
organometallic precursors (alkoxides [7], ethyhexanoates [8], or
nitrates [9]) and depending on the type of substrate (SiO, glass
[7], polycrystalline alumina [8], or single crystal Al,03 (001) [9])
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either randomly [7,8] or oriented [9] ferrite films have been
prepared through deposition by dipping or spinning. In order to
obtain higher crystallinity and more pronounced anisotropy, it is
necessary to do final crystallization at temperatures above 900 °C,
where most of the substrates already react with material of ferrite
film giving rise to either secondary phases (Ba,Si,O, [7]), or
interdiffusion occurs (BaAlFe ;019 [5,7]). The aim of this work
was to develop a procedure for preparation of highly oriented
magnetically anisotropic hexagonal ferrite thin films by means of
CSD method.

2. Materials and methods

In house synthesized alkoxides Fe(OCHCH,(CH3),)3 and Sr(OCH,
CH,0CH3), were used as metal precursors. Calculated amounts of
Fe(OCHCH,(CH3),)s and Sr(OCH,CH,OCH3), (with 5% surplus in Sr
to compensate its losses during annealing due to its reactivity with
substrate) were dissolved in iso-butanol, mixed and heated for
several hours to accomplish homogenization. Subsequently a sui-
table amount of 2,2-diethanolamine (DEA) used as a modifier
(slowing down the reactivity and sensitivity towards air humidity)
was added. All reactions and handling were done under dry nitrogen
atmosphere to prevent reaction with air humidity and preliminary
formation of strontium carbonate in solution. The concentration of
this stock solution was c=0.6 M (Fe), the modifier molar ration was
n(DEA)/n(Fe)=1. For the preparation of the thin “seed” layer, the
stock solution was diluted to 0.1-0.3 M.
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Polished SiO, glass, Si(111), Si(100), Ag(111), Al,05(001),
MgO(111), MgAI,04(111), SrTiO3(100), and SrTiO5(111) were
used as substrates. They were cleaned by soaking in KMnO4-
H,SO4 mixture for 20 min, washing with deionized water and
acetone, and finally dried in the flow of purified air. As-received
Ag and MgO substrates were shortly washed with acetone and
cleaned under flow of filtrated air just prior to deposition. The sols
were filtered through 0.45 pum PTFE membrane filter unit just
before the deposition. First of all, a thin film of StM (20-40 nm of
effective thickness) serving as a “seed” layer to promote the
crystallization of “bulk” layer was deposited by spin-coating
technique (RC8 Gyrset, KarlSuss) from diluted stock solution
and crystallized at different temperatures. Then stock solution
was used for spin-coating of the “bulk” layer. After drying at
110 °C for several minutes and pyrolysis of gel films at 450 °C for
15 min, crystallization annealing was done at temperatures in the
range 500-1100 °C for 6 h in conventional tube furnace with
temperature ramp 10 °C/min, under open air atmosphere. The
deposition-annealing cycle was repeated eight times to obtain
the desired film thickness.

Part of the starting precursor solution was converted into
powder by drying at 110 °C for 24 h in air and used for DTA/TG
coupled with mass spectrometry (Netzsch STA QMS 409), and
high temperature XRD experiments (Bruker D8 powder diffract-
ometer, MRI TC-wide range temperature chamber, CuKa1,2 radia-
tion). The composition of solutions and thin films was checked by
the volumetric titration and electron microprobe (Jeol JXA-733)
analyses, respectively. Thickness of films was measured by a
stylus apparatus (AlphaStep IQ KLA Tencor). The thickness of
seed layer was calculated as a mean value gained on separately
prepared sample composed of 10 crystallized “seed” layers. The
thickness of final sample (seed layer+bulk layer) typically
reached values around 600 nm for samples crystallized at
1100 °C. The thickness and composition were also evaluated from
the SEM/EDAX analyses. SEM (Philips XL30 CP, Jeol JSM 6700 F
NT) and AFM (Explorer, Thermomicroscopes, USA) analyses were
used to evaluate microstructure of thin films. The room tempera-
ture 6—20 diffraction patterns of SrM films were measured on
PANalytical XPert diffractometer (CuKo1,2 radiation, secondary
graphite monochromator, PIXcel detector). Texture characteriza-
tion and pole figure measurements were done by PANalytical
XPert MRD diffractometer (CuKo1,2 radiation, polycapillary in the
primary beam, the Eulerian cradle, parallel-plate collimator and
secondary monochromator). Magnetization curves were mea-
sured at room temperature on SQUID (MPMS-5S Quantum
Design) apparatus. The microwave properties of SrM films were
studied by ferrimagnetic resonance (FMR) measurements per-
formed at room temperature, in reflection mode with external
field applied normally to the sample plane, at frequencies 49 and
69 GHz using field modulation (ac field at 94 kHz) and lock-in
amplifier technique [10]. Solid state >’Fe NMR spectra were
measured in a zero static external magnetic field using pulse
coherent spectrometer Bruker Avance (equipped with homemade
tunable probe head at temperature 4.2 K, with modified Carr-
Purcell-Meiboom-Gill (CPMG) pulse sequence applied). The
resulting frequency swept spectrum was evaluated as amplitude
of the Fourier transform at excitation frequency.

3. Results

DTA/TG/MS measurements were used for optimization of drying,
pyrolysis, and annealing regime. Results obtained on StM powder
prepared from dried precursor sol are shown in Fig. 1. It was
observed that after the dehydration at 120 °C thermal degradation
starts at temperatures ~250 °C with evolution of CO, and N,O,
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Fig. 1. DTA/TG/MS curves on dried SrFe;,0;9 sol measured in air.
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Fig. 2. High temperature powder diffraction patterns measured on powder from
SrM precursor sol.

gases (detection of COS and NO3 fragments by MS) generating by
burning out of metalloorganic precursor species and amine modifier
(broad exotherm centered at 330 °C), accompanied by decrease in
mass. The pyrolysis is finished at 450 °C, and above this temperature
only minor mass decrease is observed. Though DTA curve did not
show any endotherm at temperatures around 700 °C, two distin-
guishable bumps on DTG and MS curves located at 640 and 700 °C,
respectively, can be assigned to decomposition of remaining SrCO3
during the formation of SrM phase (compare with Fig. 2).

From high temperature XRD measurements (Fig. 2) it is
evident that SrCOs; formed already during drying at 110 °C,
survives the pyrolysis and slowly disappears by reaction with
iron precursor at temperatures slightly above 600 °C. The onset of
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crystallization of SrM phase was found at 650 °C, where traces of
o-Fe,03, but not SrCO3, were observed. At temperatures higher
than 750 °C only pure ferrite phase was observed.

Fig. 3 shows the powder XRD patterns and Table 1 summarizes
values of lattice misfit and experimental results about phase
composition and degree of orientation of SrM thin films deposited
on selected substrates. They were selected to include both
amorphous and single crystal materials with both positive and
negative misfit values. According to these results use of amor-
phous silica and silicon single crystals led to randomly oriented
SrM phase for lower temperatures and to formation of SrSiO, and
o-Fe;03 phases due to enhanced reactivity of basic alkali earth
with acidic Si at annealing temperatures above 900 °C. Use of

° SrFe12019
= MgFe;0, (hhh)
S substrate

006

S 0014

20 30 40 50 60
2 theta (deg)

Fig. 3. 0-20 powder diffraction patterns of SrM thin films deposited on different

substrates (a) Si(100), (b) Si(111), (c) amorphous SiO,, (d) MgO(111),
(e) MgAl,04(111), and (f) SrTiO5(100) and annealed at 850 °C.

Table 1

substrates with even more convenient values of misfit -
MgO(111) and MgAIl;,04(111) - induced problems due to high
reactivity of Mg?* with Fe**. It was observed in case of
MgO(111) substrate that randomly oriented SrM phase is formed
below 800 °C and oriented MgFe,0O,4 spinel phases were obtained
above this annealing temperature. Use of MgAl,04(111) led to
moderately oriented SrM phase (see Fig. 3(e)) for samples
annealed at temperatures below 900 °C. In an effort to promote
the orientation growth by rising further the annealing tempera-
ture weakly oriented MgFe,0,4 spinel phase started to form. Use of
Ag single crystal (not shown here) for orientation growth led to
only randomly oriented SrM phase due to its low melting point
(961 °C) and due to its relative softness making difficult for proper
polishing of crystal surface. Al;03(001) single crystal, which is
otherwise commonly used for preparation of oriented hexagonal
ferrites [1,2,9], led to only moderate orientation growth of StM
phase (not shown here) probably due to strong tendency of AP+
for diffusion into ferrite structure where it substitutes for Fe*>* in
ferrite structure.

Diffraction pattern on SrM thin films deposited on SrTiO5(100)
substrate showed enhanced intensities of (001) reflections for StM
phase evidencing certain degree of orientation growth. Well
resolved reflections with indexes h, k+#0 observed in pattern
imply presence of significant portion of nonoriented grains. By far
the best orientation growth was observed with SrM deposited on
SrTiO5(111) single crystal substrate and results gained on this
type of substrate will be subject of following paragraphs.

Fig. 4 shows the XRD pattern of SrM thin films deposited on
SrTiO3(111) substrate and annealed at different temperatures. It
can be seen that samples are amorphous for temperatures lower
than 550 °C. Annealing at 600 °C induces crystallization of ran-
domly oriented SrM phase, which becomes preferentially oriented
when temperature is increased to 700 °C as it is apparent from
increasing intensity of 00l reflections. With further temperature
increase up to 1100 °C this character of diffraction pattern
becomes even more pronounced. Two of minority reflections
can be ascribed to SrM phase (reflections 107 at 32.2° and 114
at 34.3°), there are no traces of the frequently noticed impurity
phases, namely o-Fe,05 and Sr,Fe,0,.

In order to semi-quantitatively assess the preferential growth,
the so called @ scans (rocking curves) were measured on 008
reflection planes of SrM phase and are shown in Fig. 5 together
with inset table containing their full width at half maximum
(FWHM) values. According to these data the evolution of oriented
growth starts at temperatures below 600 °C: layers annealed at
500 °C show random angular dispersion of [00l] directions.
Samples annealed at 600 °C exhibit already sharp rocking curve

Lattice misfits, phase composition, and orientation of SrFe;,0,9 thin films deposited on different substrates.

Substrate Misfit (%) 41 or 4, ? Reactivity substrate < SrM precursors Phase composition of thin film
Si(111) 234 (44) t>900 °C: t <900 °C: random oriented StM
Si(100) Sr— SrSi0, t>900 °C: SrM +a-Fe,03
SiO, amorph. - t>900 °C: t <900 °C: random oriented StM
Sr— SrSi0y t>900 °C: StM +a-Fe,05
MgO(111) 1.35 (43) t>3800 °C: t <800 °C: random oriented SrM
Fe —» MgFe,04 t>800 °C: (111) oriented MgFe,04
MgAl;04(111) —2.7 (43) t>900 °C: t <900 °C: (001) oriented StM
Fe - MgFe,04 t>900 °C: weakly (111) orient. MgFe,04
Ag(111) —1.8 (45) m.p. (Ag)=961 °C weakly (00l) oriented SrM, problems with polishing
of single crystal surface
Al,05(00I) —6.0 (41) t>900 °C: moderately (001) oriented StM
Al— Sr(AlFe);3019
SrTiO3(100) —6.5 (43) t <1200 °C:no reaction t>900 °C: (001) oriented SrM
SrTiO3(111) —6.5 (43) t <1200 °C:no reaction t> 700 °C: strongly (00l) oriented StM

2 A1=(a(substr)—

a(SrM)/a(substr)) x 100, 4,=(,/2a(substr)—a(SrM)/,/2a)substr)) x 100
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Fig. 4. 0-20 powder diffraction patterns of SrM thin films deposited on
SrTiO3(111) substrate and annealed in air at different temperatures.
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Fig. 5. Diffraction rocking (®) curves measured on 008 reflection of SrM thin films
deposited on SrTiO3(111) substrate and annealed in air at different temperatures.

with FWHM=0.51°. With increasing temperature the rocking
curves change their shape further. Samples crystallized in tem-
perature range from 600 to 900 °C exhibited bimodal shape of its
rocking curves. We fitted these complex curves as being com-
posed of two components: over the broad hump having FWHM
values between 3° and 6°, a second much sharper peak with
FWHM values below 0.5° is overlaid. We speculate that the
second narrow peak is due to crystallites adjacent to bottom
“seed” layer that were “eaten” by well oriented crystallites from
seed layer during the grain growth progressively occurring with
increase in annealing temperature. The first broader peak can
come from grains located in upper layers, where lower degree of
orientation is reached for temperature interval 700-900 °C. Con-
tinual decrease of FWHM values for this peak with increase in

pole figure:107 SIIM reflection

-

SrM 108

§'EM 209 Aol ‘Mwm W

SrTiO3 220

1 1 T AT
-150 -100 -50 0 50 100 150

phi angle (deg)

Fig. 6. Diffraction ¢ scans and pole figure (nested) measured on 107 reflection of
SrM thin films on SrM film deposited on SrTiO3(111) and annealed in air at
1100 °C.

temperature indicates that in population of less oriented grains
improvement in orientation progressively continues. Above
1000 °C only narrow mono modal rocking curve with FWHM less
than 0.3° was measured indicating high degree of alignment of
c-axis parallel to the substrate normal. Fitting was done with
either single or double Gaussian function without any correction
taking into account divergence of irradiated area from exact
focusation plane.

In order to examine a possible epitaxy, we probed additional
Bragg reflections in nonspecular directions. Fig. 6 shows the so
called @ scans measured on 108, 209, and 2011 reflections of StTM
phase (and also on 220 reflection of SrTiO3(111) substrate). It can
be seen that three maxima (from six maxima separated by 60°
obtained for (hOIl) planes of SrM phase) coincide with three
maxima of the substrate (exhibiting 3-fold symmetry of (111)
plane view). The six fold symmetry of azimuthal @ scans and their
matching to the substrate reflects the true epitaxial nature of the
film. The distributions of the in-plane film and substrate orienta-
tions are sharply peaked with their FWHM reaching values 1.3°
(2011), 1.4° (209), 1.5° (108), and 0.5° (220) for thin film and
substrate @ scans, respectively. The same six fold symmetry has
been observed on pole figures measured on 107 reflection of StM
phase as it is illustrated by inset in Fig. 6. The orientation relation
between the SrM and SrTiO3(111) can then be characterized as
being (001)SrM//(111)SrTiO3 and [100]SrM//[110]SrTiOs.

The evolution of surface morphology of SrM layer on
SrTiO3(111) substrate examined by AFM is shown in Figs. 7-9.
Starting with low crystallization temperatures the surface is
composed of closed packed equiaxed particles with size less than
10 nm forming smooth surface (Fig. 7(a)). At 700 °C these
equiaxed particles start to coalescence in needle-like grains with
the aspect ratio of about 10:1, protruding about 70 nm above the
level of surrounding grains (the root mean square (r.m.s.) surface
roughness values increase from 3.7 nm to more than 25 nm for
800 °C, Fig. 7(b) and (c)).

With further increase of annealing temperature to 900 °C these
needle-like grains change their shape from elongated to circular
hemispherical with the size of about 400 nm at their base and
forming faceted surface (Fig. 8(a)). At 1000 °C the grains increase
their size at the expense of their flattening (Fig. 8(b)). Some
crystallites start to acquire habits of regular hexagons with well
developed facets and reaching heights about 40 nm. The devel-
opment of hexagonal shape continues further with increase in
temperature. After crystallization at 1100 °C the fully developed
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Fig. 7. AFM images of “seed” SrM layer deposited on SrTiO3(111) and crystallized at 600 (a), 700 (b) and 800 °C (c), together with height profile scans over selected features

in surface and calculated r.m.s. values.

hexagonal grains become isolated and reach size of about 600 nm
and heights of about 50 nm above the base level (Fig. 8(c)).
Because of the observed hexagonal growth habit of crystallites
and powder diffraction measurements (not shown here) that
confirmed epitaxial relation between islands and substrate, it
was concluded that the seed layer crystallized at 1100 °C pos-
sesses the required characteristics for the growth of oriented
films. With further increase of temperature to 1200 °C (Fig. 9(a))
the hexagonal grains start to coalescence forming very large
grains but at the same time small droplet are formed due to
some melting process causing degradation of hexagons. At
1300 °C the melting led to complete deterioration of hexagons
(Fig. 9(b)). Fig. 9(c) exhibits typical microstructure of the surface
after the deposition of bulk 600 nm thick layer onto the 40 nm
thick seeding layer, both crystallized at 1100 °C.

The microstructure of SrM thin films inspected by means of
SEM is shown in Fig. 10. Annealing at temperatures slightly higher
than the onset of SrM phase crystallization induces formation of
film microstructure of equiaxed grains with size below 50 nm
including certain porosity (Fig. 10(a)). Increasing the annealing
temperature causes the transformation of crystallites from
equiaxial to platelets with length of about 300-400 nm and
thickness less then 100 nm (Fig. 10(b)) that are randomly oriented
throughout the cross-section of the film. By further increase in
annealing temperature (cross-section view not shown here) the
platelets start to sinter changing grainy microstructure into more
compact one, losing its original appearance of well resolved
grains. The process of sintering is illustrated in Fig. 10(c) and
(d), displaying plane view of surface of SrM film crystallized at
1100 °C before (Fig. 10(c)), and after (Fig. 10(d)) the removal of

the surface layer by means of ion etching. According to
Fig. 10(c) the surface of 600 nm thick film is composed of thin
platelets of hexagonal shape oriented mostly parallel to the
surface with basal diameter about 1000 nm, frequently with their
bases glued-up together and forming stacking microstructure.
Removal of top surface by ion etching uncovers the interior of the
film (Fig. 10(d)). The microstructure looks like being composed of
continuous mass without any grainy structure and incorporates
certain porosity indicating incomplete sintering.

Fig. 11 shows the static magnetic properties of SrM thin films
on SrTiO3(111) crystallized at 800 °C (Fig. 11(a)) and 1100 °C
(Fig. 11(b)) measured with orientation of external magnetic field
both parallel, and perpendicular to the sample surface. The data
in Fig. 11(a) give broad hysteresis loops with a coercive field of
6-7 kOe, a remanent magnetization of 110-130 emu/cm?, and a
saturation magnetization of approximately 200 emu/cm? for both
orientations of magnetic field. The data collected on samples
crystallized at 1100 °C (Fig. 11(b)) give for perpendicular orienta-
tion square shaped hysteresis loop with a coercive field 2.8 kOe, a
remanent magnetization 220 emu/cm?, and a saturation magne-
tization of 230 emu/cm?>. Parallel orientation of magnetic field has
been observed as almost linear response of magnetization versus
field and reduced hysteresis character of the loop. Our films are
c-axis oriented with pronounced magnetic anisotropy and reach
magnetic parameters, which are consistent with values on SrM
ferrite in literature. The static magnetization data were used to
determine the saturation magnetization for fields used in ferro-
magnetic resonance measurements.

Fig. 12 shows the differential absorption dA/dH vs. external
field H for 600 nm thick SrM film deposited on SrTiO5(111) and
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Fig. 8. AFM images of “seed” SrM layer deposited on SrTiO3(111) and crystallized at 900 (a), 1000 (b) and 1100 °C (c), together with height profile scans over selected

features in surface and calculated r.m.s. values.

crystallized at 800 °C (Fig. 12 (bottom)), and at 1100 °C (Fig. 12
(top)). For fields above saturation magnetization field and in case
of material exhibiting preferential growth with c¢ axis collinear
with sample normal, resonance frequency is given by the follow-
ing equation [11]:

Wres = V(HreS_Hdemag"‘HA) :g% (Hres_4nMsat + #)
sat

where w,s is the resonance frequency, y is gyromagnetic ratio,
H,.s is resonance external field, Hgemag is demagnetization field, Hy
is anisotropy field, pp is the Bohr magneton, K, is uniaxial
anisotropy constant, and g is the g-factor. Using the values of
saturation magnetization My, from magnetization SQUID mea-
surements and by performing FMR measurements at least at two
frequencies we can obtain the values of parameters g and Kj.

Sample crystallized at 800 °C did not exhibit saturation field
value for fields needed for resonance at both 49 and 69 GHz
(see Fig. 11(a)), and show broad resonance curve widths at
both frequencies in Fig. 12 (bottom); therefore the g-value
1.991 found for sample crystallized at 1100 °C was used for the
evaluation of spectra of both samples. Then we have obtained for
sample crystallized at 800 °C for both working frequencies
Ha=15.9 kG and K,=1.46 erg/cm> (Fig. 12 (bottom)). The sample
crystallized at 1100 °C exhibits narrower FMR curves at both
frequencies (Fig. 12 (top)), the values of anisotropy field Hy
and anisotropy constant K, were evaluated as 16.5 kG and
1.88 erg/cm?, respectively.

The >’Fe NMR spectrum measured on the film samples crystal-
lized at 800 and 1100 °C together with inset plots of fitted line
profiles are plotted in Fig. 13. The four spectral lines correspond-
ing to resonance of >’Fe nuclei in 12k, 4f;, 2a and 4f, sites of
SrFe;,0,9 magnetic structure [12,13] (the 2b resonance was not
measured because of suspected too low signal/noise ratio) are
plotted as shifted from resonant frequencies observed in bulk
single crystal [13]. In comparison to the spectrum of a bulk StM
single crystal it is evident that the spectral lines of magnetic
sublattices with magnetization parallel to total magnetization
(12k and 2aq, spin 'up’) are shifted to higher frequencies, while the
lines of sublattices with antiparallel magnetization (4f; and 4f>,
spin 'down’) are shifted to lower frequencies. Shift of lines found
for the sample crystallized at 800 °C are markedly (about
0.2 MHz) higher relatively to sample crystallized at 1100 °C.
While the line shifts of sample 800 °C are nearly uniform, in case
of sample crystallized at 1100 °C the shift of 2a line is lower than
those of the remaining lines. In addition, the lines are significantly
broadened, having the linewidth of approximately 0.4 MHz (cor-
responding to width of the distribution of magnetic field being
about 0.3 T), which is more than an order of magnitude higher
than in the single crystal. Spectral shapes were fitted to the
experimental data supposing the same line profile for all the four
detected lines, of course considering the mirror symmetry of the
12k and 2a lines with respect to those of 4f; and 4f,. The lines in
case of the sample crystallized at 1100 °C were asymmetric, while
the Gaussian profile was sufficient for fitting spectrum of the
sample crystallized at 800 °C. Integral intensities of individual
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Fig. 9. AFM images of “seed” SrM layer (a, b) crystallized at 1200 °C (a), 1300 °C (b); and top surface of “bulk” layer (c) crystallized at 1100 °C (both seeding and bulk layer),
all deposited on SrTiO5(111), together with height profile scans over selected features in surface and calculated r.m.s. values.

resonance lines obtained from the fit well correspond to multi-
plicities of underlying sites.

4. Discussion

To obtain single phase thin film, optimization of preparative
conditions must be achieved. In our case, two effects emerged as
potentially hazardous in an attempt to prepare good quality films:
destruction of film microstructure due to uncontrolled evolution
of combustion products during pyrolysis of gelled films, and an
incomplete decomposition of alkali earth carbonates before the
onset of crystallization of ferrite phase. Thus, the heat treatment
regime has been scheduled based on DTA/TG and high tempera-
ture XRD measurements, so that the pyrolysis has been conducted
at rather higher temperature 450 °C with 15 min delay which
enabled complete removal of organics from the film. The process
of crystallization in StM thin films has been studied starting with
annealing temperature of 600 °C where most of the SrCOs is
already decomposed and crystallization of ferrite phase starts (see
Figs.1 and 2).

In most of the reports on oriented hexagonal thin films, single-
crystal Al,03(001) (e.g. [1,2]) or MgO(111) (e.g. [5,8]) substrates
were used in combination with some physical deposition method.
Although films deposited onto substrates with different symme-
try or large value of lattice misfit, or amorphous substrates would
not intuitively be expected to be oriented, results published
[4,14,15] has exhibited certain degree of c-axis oriented growth
of hexagonal ferrite onto amorphous SiO, with ZnO buffer layer

by PLD [15], and on Si(100) and YSZ(100) by laser ablation
method [4,14]. Regarding the in-plane orientation of ferrite films
no direct experimental evidence is given in these papers.

Our attempt to grow oriented SrM thin films on selected group
of substrates by means of CSD method illustrate commonly
accepted fact that for the same type of material-substrate arrange-
ments different preparation techniques can give thin film with
different properties. Generally, using our “chemical” method we
observed randomly oriented SrM phase for temperatures at which
the onset of orientation growth is usually observed using “physi-
cal” deposition methods (typically 800-900 °C [1,2,4,5,14,15]).
Increasing the annealing temperature above 900 °C caused fre-
quent formation of films with better c-axis orientation but at the
same time noticeable smearing of film-substrate boundary accom-
panied by interdiffusion or formation of other phases occurred (see
Table 1). This effect can be observed also by comparing the values
of FMR line widths (see Fig. 12) where higher annealing tempera-
ture leads to pronounced narrowing of the line width (the value of
the anisotropy field changes only slightly). The reason for this can
lie among others in the difference, in which both types of methods
deliver thermal energy to atoms needed for them to undergo
oriented growth due to their increased mobility: continuous
deposition of adatoms on concurrently preheated substrates in
e.g. PLD experiments is more convenient than use of post-deposi-
tion pyrolysis and annealing typical for CSD methods. Seeing our
findings about phase composition of thin films prepared on
different substrates summarized in Table 1, conclusion can be
drawn that not only structural similarity and low lattice misfit
between deposit and substrate are substantial for reaching of
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Fig. 10. Cross-section (a, b) and plane view (c, d) SEM images of the SrM thin film
deposited on SrTiO3(111) and crystallized at 700 °C (a), 900 °C (b), and 1100 °C
(c,d) before (c¢) and after (d) the ion etching of the surface.

oriented growth. It is evident by comparison of phase composition
gained on substrate with far the best lattice misfit value and
appropriate symmetry relation (MgO(111), with results gained on
substrate with almost five times higher value of lattice misfit
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Fig. 11. Magnetization hysteresis curves measured at room temperature on StM
thin films deposited on SrTiO3(111) and crystallized at 800 °C (a), and 1100 °C (b),
with both parallel and perpendicular orientations of mg. field relatively to thin
film surface.
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Fig. 12. FMR absorption derivative (dA/dH) vs. static external field (H) spectra of
thin SrM films deposited on SrTiO3(111), crystallized at 800 °C (bottom) and
1100 °C (top), and measured at room temperature at 49.1 and 69.7 GHz.

(SrTiO5(111)), or phase composition gained on otherwise com-
monly used Al,03(001) substrate, with results on SrTiO3(111)
substrate exhibiting almost the same value of lattice misfit, that
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Fig. 13. >’Fe NMR spectra of SrM thin films deposited on SrTiOs(111) and
crystallized at 800 °C (top) and 1100 °C (bottom). Circles—experimental data,
solid line—fit. Vertical dashed lines are drawn at resonance frequencies corre-
sponding to perfect single crystal. Nested plots: fitted shape and shifts of spectral
lines from resonant frequencies in a single crystal sample.

also chemical reactivity of constituent elements at elevated tem-
peratures is of importance.

X-ray diffraction data of 0-20 scans and rocking curve scans on
films deposited on SrTiO3(111) substrate (Figs. 4 and 5) illustrate,
that the process of oriented growth starts almost simultaneously
with the onset of phase crystallization (i.e. at approximately
600 °C) and continues further with increase in annealing tem-
perature. Rocking curve measurements (Fig. 5) enable us to
speculate about this development. The flat curve of SrM films
annealed at 500 °C (the contribution from the seeding layer to
total measured signal was indiscernible) indicate almost random
orientation of grains. Rocking curve measured on sample
annealed at 600 °C showing quite narrow distribution of [001]
directions and relatively lower intensity indicates that the orien-
tation growth commences. We believe that this process proceeds
in bottom-up manner through the consumption of fine, randomly
oriented grains by large epitaxial grains from seeding layer that
possess a low interfacial energy and act as nucleation sites for the
growth of oriented films as it is described in literature [16-18].
The driving force for this transformation should be the reduction
in excess grain boundary energy [17]: larger well oriented grains
at the bottom interface consume smaller poorly oriented grains
above. We consider the bimodal shape of rocking curves observed
for samples annealed at temperatures between 700 and 900 °C
(centered at the same w, and with progressively increasing
significance of the narrow peak and diminishing contribution of
broad component to the envelope curve) to be the consequence of
incompleteness of this transformation. After annealing at tem-
peratures above 1000 °C, fully transformed highly oriented film
showing monomodal and very narrow rocking curves is obtained
and epitaxial relationship between substrate and thin film was
proved (see Fig. 6).

Two types of sample surfaces were studied by means of AFM:
surface of the 40 nm (effective thickness) seed layer and top

surface of the 600 nm thick final sample (Figs. 7-9). The measure-
ments on the first type of sample proved that under optimum
conditions isolated islands of grains having a hexagonal shape
with basal plane oriented parallel to the film surface are formed.
Usage of this phenomenon for getting better oriented films has
been described for variety of oxide systems: Zr(Y)O, on Al,O3
(001) [16], PbTiO3 on SrTiO3(111) [17], PbTiOs on LaAlO5(100)
[18] or SrTiO3, BaTiO3 on LaAlO3(100) [19].

In order to be the “trick” of using a thin seed layer for the
oriented growth effective, the deposited layer must be sufficiently
thin to form a discontinuous layer of in nature isolated grains
with an epitaxial relation to the substrate to allow for the
elimination of nonoriented grains and simultaneously the cover-
age should be sufficient to have sufficiently high number of these
seeds [17]. These isolated, single crystal islands with an epitaxial
relation are the configuration that has the lowest free energy
when the film thickness is less than a certain critical value
[16,17]. By recoating the substrate covered with seed layer, the
seeds consume much smaller nonoriented or poorly oriented
grains within the new deposits through grain growth occurring
with increasing annealing temperature as it can be illustrated in
Fig. 5 by decreasing FWHM values of the broad texture compo-
nent for bimodal rocking curves observed at intermediate tem-
peratures. Based on XRD texture analysis and AFM measurements
it was determined that optimum conditions for growing of seed
layer is 40 nm effective thickness and crystallization at 1100 °C.

According to SEM measurements, the microstructure changed
from finely grained equiaxed grains observed in sample annealed
at 700 °C (Fig. 10(a)) to the films composed of needle-like shaped
grains with entrapped porosity in sample annealed at 900 °C
(Fig. 10(b)). Comparing these results with XRD data on films (see
Fig. 4) and with rocking curve measurements (Fig. 5) we can
conclude, that despite the use of epitaxial seed layer, (homo-
geneous) nucleation still can occur within the bulk of the film.
Similar findings were mentioned by other authors [19-21]. They
argue that either the thermal energy barriers for hetero- and
homo-nucleation (which differ in factor governed by contact
angle [20]) are not dramatically different, or the decomposition
pathway from amorphous pyrolysed material leading to the
formation of relatively stable intermediates within the film
dictates the final microstructure. The negative influence of reac-
tion pathway on microstructure and orientation development
during the annealing has been confirmed for systems where one
of the constituent elements was alkali earth metal giving rise to
relatively stable carbonates. It was found in [21] that even under
almost optimal conditions, when BaTiO3 epitaxial seed layer of
high quality was prepared by means of molecular beam epitaxy,
the formation of nonoriented crystallites within the bulk of film
dominates microstructure in BaTiO; upper films deposited by
CSD. Similarly, in [19] the crystallization of SrTiO3 and BaTiOs thin
films on LaAlOs substrates using seeded growth, bulk nucleation
was observed instead of nucleation starting at the seeding layer
with following consumption of an amorphous matrix lying
upwards. It is believed that in all these cases the decomposition
pathway takes place via intermediate carbonate which form at
temperatures between 300 and 400 °C and undergo decomposi-
tion by reaction with other constituent at temperatures around
600 °C [19,20]. Our results for the retarded decomposition of
SrCO; observed in dried sol by means of high temperature XRD
(Fig. 2) are apparently in agreement with those studies.

The removal of material from top surface of films heat treated
at 1100 °C (Fig. 10(c and d)) demonstrate that beneath the surface
of densely packed thin platelets of hexagonal shape the micro-
structure collapsed into a more compact microstructure losing its
original appearance of well resolved grains. Though, certain
porosity is still observed, evidencing incomplete sintering.



3094 J. Bursik et al. / Journal of Solid State Chemistry 184 (2011) 3085-3094

The static magnetic measurements (Fig. 11) essentially con-
firmed the findings of the structural and microstructural studies.
The decrease in coercive field for the external field applied
perpendicular to sample plane from 6.5kOe (annealing at
800 °C) to 2.8 kOe (annealing at 1100 °C), together with pro-
nounced squareness (Mem/Msqe ratio) reaching value 0.97 for
sample annealed at 1100 °C, indicate improved magnetic aniso-
tropy with increase in annealing temperature. The presence of
certain hysteresis for data measured with parallel orientation
(Fig. 11(b)) is related to domain considerations and is indicative of
presence of various types of defects (point defects, off-stoichio-
metric materials, dislocations, stacking faults, etc.) all of which
can influence the sample response to external magnetic field
during magnetization.

Results of FMR measurements confirmed that our g-factor and
anisotropy field H4 values are comparable with values obtained
for films prepared by PLD method (g=1.99 + 0.01 measured in
[21], and Hy around 17 kG found in [6,22,23]). However, in
general, our CSD films exhibit broader linewidths compared with
PLD films (see [21-23], where some samples yield line widths
around 30 Oe for only BaFe,019).

One can perceive the common NMR lineshape as proportional
(by the >’Fe gyromagnetic ratio) to distribution of projection of
the demagnetizing fields throughout the sample to local easy axis.
The maximal possible value of demagnetizing field induced >’Fe
NMR lineshift in StM is about 0.9 MHz (corresponding to isolated
single domain grain with demagnetizing factor N=4/rm). The
observed lineshifts are much lower, despite the fact, that as seen
by SEM, the grains are very oblate. This is due to compensation of
demagnetizing fields via interaction between grains. The line-
shifts of sample annealed at 1100 °C are further reduced—the
oriented grains, have better potential to compensate internal field
within the film, furthermore, since the lateral dimensions of
grains are about 1 pum, domain walls may be formed, thus
contributing to the reduction as well. Not perfectly uniform
lineshifts in sample crystallized at 1100 °C indicate, that mechan-
ism other than macroscopic field contributes to resulting spec-
trum. Additional effects could bring along slight modification of
electronic structure, which would alter hyperfine field in each
iron site differently. Strain or structural defects are the most
probable candidates.

5. Conclusion

This study has shown that single phase, epitaxial SrFe ;019
thin films can be prepared by chemical solution deposition
method on SrTiO3(111) single crystal substrates using seeding
layer composed of high density of well-oriented, isolated SrM
grains. These well-oriented seeds were formed by the breakup of
polycrystalline, finely grained layer prepared under optimum
deposition and heat treatment conditions. By overcoating this
seeding layer, epitaxial SrFe ;019 thin films was obtained, with
pronounced crystallographic and magnetic anisotropy as shown
by XRD, SQUID and FMR and NMR measurements. Nevertheless,
the problem of homogeneous nucleation of unoriented grains was
not totally avoided as it was indicated by SEM and XRD measure-
ments. Samples crystallized at 1100 °C gave values for in-plane
and out-of plane coercivity fields 1.1 and 2.8 kOe, respectively,

with Myem/Msq ratio reaching value 0.97 for out of plane orienta-
tion. Relatively higher values of FMR linewidth prepared can be
attributed to strains due to higher crystallization temperatures
and film-substrate lattice misfit used in this work. The strains
may be as well responsible for nonuniform NMR lineshifts in
sample crystallized at 1100 C. To improve magnetic characteris-
tics of ferrite films, several approaches will be tested: develop-
ment of a more suitable buffer layer, changes in annealing
conditions to avoid formation of stable alkali earth carbonates.
Work on these is currently under progress.
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