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We have studied the influence of the annealing treatment on the crystalline growth of SrFe;,0,4
previously deposited on Si (100) substrates using radio frequency (RF) magnetron sputtering. For

this goal, two grown films, with and without ex situ heating step, have been analyzed and compared
to determine the differences in their structural, compositional, and magnetic properties. The results
obtained by the different analysis techniques, in particular M6ssbauer spectroscopy together with
EXAFS and XANES data, suggest that the as-grown film is composed of nanocrystalline maghemite
nanoparticles and amorphous strontium oxide. Specifically, Mossbauer spectroscopy results pointed
out the presence of Fe3* cations occupying octahedral and tetrahedral sites with hyperfine magnetic
fields 49.3 T and 44.2 T, respectively, characteristic of a spinel-related structure. A strontium hexaferrite
canonical structure with a c-axis orientation in the sample plane was found for the annealed film.

M-type ferrites are among the most popular permanent mag-
netic materials. This is mainly due to their high magnetocrystal-
line anisotropy which leads to elevated coercive fields. In addi-
tion, these hard ferrites exhibit excellent thermal and chemical
stability, high Curie temperatures, and good wear resistance, as
well as being environmentally friendly and competitively priced
products [1, 2]. These materials are widely applied for different
uses, such as motors, magneto-mechanical devices and actua-
tors, among others [3-5]. The M-hexaferrite family is composed
by strontium hexaferrite SrFe;,0,4 (SFO), barium hexaferrite
BaFe,,0,,, and lead hexaferrite PbFe;,0,4 [6, 7]. Specifically, the
hard magnetic material selected in this study has been SFO. The
SFO crystal structure (Fig. 1) consists of alternately arranged
blocks of spinel and rock salt units. The structure shows a hex-
agonal closed-packing of oxygen ions, where 2 of the 40 sites
are occupied by divalent strontium ions, while the trivalent iron

ions are located in interstitial sites [2, 6, 8, 9]. Such configuration
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confers to this material a markedly ferrimagnetic character
where iron can be found in five distinct cationic environments:
three octahedral sites (12 k, 4f2, 2a), one tetrahedral site (4f1),
and one bipyramidal site (2b).

In SFO, the easy magnetization axis is the c crystallographic
axis. Such characteristic of SFO is very promising for both longi-
tudinal and perpendicular recording media applications where
magnetic thin films are often required. Strontium hexaferrite
films have been grown by pulsed laser deposition [11], chemical
solution deposition [12], metal-organic chemical vapor deposi-
tion [13], spin coating sol-gel process [14], and RF magnetron
sputtering [15]. For the latter deposition method, it has been
reported that the growth of the SFO crystalline phase needs
two steps: deposition and post-annealing treatment at a high
temperature (800-900 °C) [15-17]. Multiple previous works
have established the requirement for the annealing step either
ex situ or in situ the deposition chamber [18-20]. Such stud-
ies pointed out by X-ray diffraction (XRD) analysis that the

www.mrs.org/jmr

February 2023

Issue 4

Volume 38

Journal of Materials Research

1119


http://orcid.org/0000-0002-5147-1449
http://crossmark.crossref.org/dialog/?doi=10.1557/s43578-022-00822-9&domain=pdf

\

Y

m Journal of
MATERIALS RESEARCH
c
a *—- b

7 Fe (12k)
A Fe (4f,)

. Fe (4f)
- Fe (2a)

6 Fe (2b)

Figure 1: Polyhedral model of the SrFe,,0,, structure. The drawing
depicts the chemical environments of iron and strontium in different
colors. Wyckoff’s notations are adopted for every iron site. The
representation was made using Vesta software [10].

as-grown sample is of amorphous nature. However, only a few
studies discuss the character of the as-grown film and how this is
affected by the subsequent annealing step. Snyder et al. [21-23]
published on the local structural anisotropy in the as-grown film
before annealing for barium ferrite thin films by extended X-ray
absorption fine structure (EXAFS). The data suggested networks

of iron atoms surrounded by their oxygen nearest neighbors,
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with barium atoms fitting into spaces in-between. Apparently,
this determines the final crystalline texture (and the resulting
magnetic anisotropy), which forms upon annealing. Therefore,
this study aims to unravel the role of temperature on the aggre-
gation/diffusion of atoms and the consequent formation of the
crystalline phase in SFO films deposited by radio frequency (RF)
magnetron sputtering. To this end, we have focused on the char-
acterization of a typical as-grown sample and on a sample sub-
ject to an annealing treatment after being deposited in identical
conditions in the RF magnetron chamber. The characterization
includes an ample range of structural, spectroscopic, and mag-
netic techniques such as Rutherford backscattering spectrom-
etry (RBS), XRD, Raman spectroscopy, Mossbauer spectroscopy,
vibrating-sample magnetometry (VSM), X-ray absorption near
edge structure (XANES), and EXAFS.

Results and discussion

RBS analysis allowed for determining the chemical composition
of both samples. The data (Fig. 2) were fitted using the SIMRA
code [24] obtaining good agreement with the experimental
spectra. The as-grown sample and the annealed film presented
the same elements in their spectra: O, Si, Fe, Sr, and Ba (Fig. 2).
Their signals come from the SFO film as well as from the sub-
strate. The barium signal stems from a small Ba impurity in the
commercial powder [25]. The concentrations of the different
elements were not significantly different between both films.
The atomic Fe/O ratio expected for pure SFO is 0.63. In the case
of the non-annealed film, the Fe/O ratio was 0.66, while in the
annealed film was 0.63. Thus, it follows that the small percentage
of missing oxygen atoms during deposition are recovered after
the annealing treatment. In addition, the film thicknesses calcu-
lated were 1.86 um and 1.62 um for the as-grown and annealed

films, respectively. The observed difference in thickness (13%)
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Figure 2: RBS experimental spectra (red circles) of (a) an as-grown film and (b) an annealed film. The spectrum simulated by the SIMRA code for each
sample is given by the blue solid line. The signals of the different elements are identified in each spectrum.
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is probably due to a deviation in the deposition gradient arising
from the samples being placed at a slightly different position in
the sample stage of the magnetron device.

The crystal structure, texture, and chemical composition of
the films were also studied by XRD and Raman spectroscopy.
Figure 3(a) shows the XRD patterns recorded from each film
together with a reference XRD pattern recorded from a com-
mercial SFO powder. The annealed film shows all the diffrac-
tion peaks that correspond to a crystalline strontium hexaferrite
structure, besides the Si peaks arising from the silicon substrate.
The highest intensity peaks appear at 30.4°, 35.2°, 37.1°, 54.0°,
and 63.2° which match with the (110), (201), (203), (300), and
(220) Miller indices, respectively, of SFO [26, 27]. The most
prominent peak is the one at 30.4°, i.e., that corresponding to
the (110) diffraction plane. This indicates a preferential growth
of the SFO structure with the c-axis parallel to the film plane.
The crystallite size was determined by the Scherrer equation
[28], and the lattice parameters by the distance formula between
adjacent planes in the (hkl) set of the hexagonal crystal struc-

ture [29]. The calculated average particle size is 55 nm, while
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Figure 3: (a) XRD diffraction patterns and (b) Raman spectra recorded
from both films together with the data recorded from a SFO reference
powder.
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the a and c lattice parameters are 0.589 nm and 2.349 nm,
respectively. The unit cell values are close to those reported in
the literature [2, 27]. The pattern of the as-grown sample shows
only a few broad diffraction peaks, indicating a low crystallin-
ity of the film, which, besides, are not coincidental with those
expected for SFO. In fact, the diffraction peaks at 35.1° and 66.5°
are compatible with the presence of the spinel-related phases
magnetite (Fe;O,) or maghemite (y-Fe,0;) [30-34]. Since XRD
does not allow unambiguous identification of these two phases,
we resorted to Raman and Mdssbauer spectroscopy in order to
achieve a more accurate assignment (see below).

The corresponding Raman spectra are collected in Fig. 3(b).
As in the XRD analysis, a reference SFO powder pattern was
used for identification purposes. The spectrum of the annealed
sample presents the bands characteristic of strontium hexafer-
rite [35-39]. Such Raman modes arise from the iron cations
in different crystallographic sites of the SFO structure. The
as-grown sample shows a vibration mode with a broad peak at
690-700 cm™\. According to the published literature, the broad
and most intense peak for maghemite appears around 703 cm™,
and can be assigned to the Algvibration mode (O-Fe-O bridge)
[40-42]. This fact correlates well with the XRD data. A presumed
amorphous SrO phase was not detected by Raman spectroscopy
due to its lower scattering cross-section [43].

In Fig. 4(a), the transmission Mossbauer spectra recorded
from the as-grown SFO film at 298 K (RT) and 35 K are pre-
sented. The RT spectrum does not exhibit the characteris-
tic magnetic hyperfine pattern of SFO [44] but a paramag-
netic doublet instead. This doublet presents an isomer shift
(6=0.34 mm/s) and a quadrupole splitting (A =0.80 mm/s)
which are characteristic of high spin Fe** [45]. The lack of
magnetic ordering at RT together with the broad signals
shown by both the XRD and Raman data suggests that the as-
grown film could be of superparamagnetic/low crystallinity
nature associated to the reduced size of the film grains. The
35 K spectrum shows two relatively well-separated magnetic
contributions whose Mdssbauer parameters (Table 1) are
close to those shown by Fe** cations occupying the octahedral
and tetrahedral sites of a spinel-related structure. The low-
temperature spectrum registered from the as-grown sample
does not correspond, then, with that expected for SFO and
resembles clearly that shown by many oxides having a spinel-
related structure. In this particular case, the 35 K spectrum,
and the corresponding hyperfine parameters are very similar
to those reported for 5 nm maghemite nanoparticles meas-
ured at comparable temperatures (40 K) [46]. Both the RT
and 35 K Mdossbauer spectra endorse the XRD and Raman
results and confirm that the iron phase contained in the as-
grown film is, most likely, superparamagnetic maghemite. In
contrast, the RT and 35 K spectra recorded from the annealed
film [Fig. 4(b)] are fully typical of SFO [44], except by the
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Figure 4: Transmission M&ssbauer spectra recorded from both films at RT and 35 K.

TABLE1: "Fe Mdssbauer

parameters obtained from the fit ) 8 _1 A-2e = H r -
of the spectra shown in Fig. 4(a) Sample T (K) Site (£0.03mms™) (x0.05mms™") (x0.05T) (x0.05mms™') Area (%)
and (b). As-grown 298 Fe’* 034 0.80 - 0.40 100
35 Fel'py 0.39 -0.03 442 0.40 28
Fe**on 0.46 0.01 493 0.40 72
Annealed 298 Fe* 0.23 0.69 - 0.40 3
Fe**on 0.35 0.36 40.7 0.42 52
Fe’*py 0.21 0.12 483 0.38 17
Fe**on 0.33 0.20 51.0 0.40 15
Fe** o 0.31 0.02 50.0 0.38 7
Fe>*bipy 0.25 2.10 40.2 0.28 6
35 Fe*o, 0.50 0.40 51.5 0.36 48
Fe¥*y 034 0.18 51.9 0.30 21
Fe** o 0.48 0.24 54.4 0.30 19
Fe on 0.46 0.14 52.0 0.30 8
Fe*biny 0.40 2.60 41.0 0.30 4

The symbols &, A, 2¢, H, I correspond to isomer shift, quadrupole splitting (applies to doublets), quadrupole
shift (applies to sextets), hyperfine magnetic field, and linewidth, respectively.

small Fe** paramagnetic doublet (3%) seen at RT, which pos-
sibly arises from a minor fraction of SFO/maghemite particles
of nanometer dimensions. The hyperfine parameters obtained
from the fit of the spectra corresponding to the annealed sam-
ple are also collected in Table 1.

The intensity ratio of the absorption lines of the sextets
(3:x:1:1:x:3) can be used to determine the average orientation
of the magnetization in each sample. The spectrum of the
as-grown sample (4a) at 35 K is best fitted using a value of
x=2, indicating a random orientation of the magnetization.

However, for the annealed sample a x=3.5 value is obtained

©The Author(s) 2022

which corresponds to an average magnetization mostly within
the plane (15°) and indicates that the film is highly magneti-
cally textured.

Since the data so far have indicated that the as-grown
film contains maghemite of nanometric dimensions, a perti-
nent question which is still unanswered refers to the chemi-
cal state of strontium in that film. In order to understand this
point, we recorded both Sr and Fe K-edge XANES and EXAFS
data. Figure 5(a) shows the Sr K-edge XANES of the reference
compounds SrO and SFO together with those of the as-grown
and annealed films at different incident angles of the incoming
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Figure 5: (a) and (b) XANES spectra
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X-rays (5° and 85°). The two different orientations were used in
order to look into the existence of a local structural orientation
preference in the films. Inspection of this figure indicates that
the position of the edge, defined as the first inflexion point of the
edge, i.e., the point where the first derivative has its first maxi-
mum, is the same in all the cases (16112.7 ¢V) and, therefore,
indicative of the presence of Sr** in both films. The Sr K-edge
XANES data of the as-grown and the annealed film are clearly
different, while those corresponding to the as-grown film resem-
ble that of SrO, and the spectra of the annealed film match the
spectrum of SFO. As compared with the SrO spectrum, it is
clear that the oscillations beyond the white line in the spectra of
the as-grown film are considerably attenuated which suggests a
more disordered character of this sample. This does not occur in
the case of the spectra of the annealed film when compared with
the reference spectrum of SFO. Finally, it appears that there are
no significant differences between the spectra taken at different
incident angles of the X-ray beam. This result is contrary to prior
studies which pointed that the anisotropic local structure in the
as-grown sample determines the crystalline orientation of the
annealed film [21-23].

Figure 5(b) collects the Fe K-edge XANES recorded from
the reference compounds magnetite, maghemite, hematite, and
SFO together with the spectra recorded (again at two differ-
ent incidence angles of the X-ray beam) from the as-grown and

annealed films. The position of the edge of the spectra recorded

©The Author(s) 2022

Energy (eV)

from the two films is located at 7123.2 eV, a value which coin-
cides with that of the edge of the spectra of maghemite and
hematite, therefore confirming, as Mossbauer spectroscopy had
anticipated, the presence of Fe** in the samples. The position
of the edge of magnetite, in which 50% of the octahedral sites
are occupied by Fe?*, appears at the lower energy of 7121.0 eV,
which is consistent with the mentioned presence of Fe*" in this
material. The spectra of the as-grown film show a very intense
pre-edge peak at 7114.5 eV indicating the existence of tetrahe-
dral environments in the sample. This endorses the tetrahedral
component observed in the 35 K Mossbauer spectrum. Simi-
larly to that observed in the Sr K-edge XANES of this sample,
the oscillations beyond the white line are very much attenuated
which is consistent with its low crystallinity as evidenced by the
rest of the diffraction and spectroscopic techniques. Because of
the strong attenuation of the mentioned oscillations, it is hard to
associate the Fe K-edge XANES spectrum of the as-grown film
with any of the reference compounds. However, the Fe K-edge
XANES data recorded from the annealed film are very similar
to that recorded from the reference SFO.

Figure 6(a) shows the Sr K-edge EXAFS recorded from
SrO, SFO, the as-grown film, and the annealed film. The data
recorded from the as-grown film resemble very much those
recorded from SrO, both in terms of the number of maxima
and minima, their positions, and the corresponding frequen-

cies. However, the amplitudes of the oscillations are significantly
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Figure 6: (a) and (b) EXAFS data at the Sr and Fe K-edge, respectively, recorded from the as-grown and annealed films at different setup orientations.

The data recorded from different reference compounds are also shown.

smaller in the spectra of the as-grown film, the data becoming
structureless beyond 6 A™'. This strongly suggests the existence
in the as-grown films of SrO-like domains having no long-range
order which would explain why they have not been observed
in the XRD data. The spectra recorded from the annealed film
are totally consistent with the presence of a well crystalline SFO
phase.

The Fe K-edge recorded from the different iron com-
pounds is shown in Fig. 6(b). It is interesting to compare the
data recorded from the as-grown film with those recorded from
maghemite and hematite. Inspection of Fig. 6(b) shows that the
oscillations in the EXAFS of the as-grown film follow those of
maghemite although with lower amplitude and being, in gen-
eral, much structureless. However, they differ considerably from
the data recorded from hematite. Again, this result is consistent
with the Mossbauer data since it clearly points out the presence
of poorly crystallized domains of maghemite in this film. As
expected, the data recorded from the annealed film are fully
consistent with well-crystallized SFO.

In addition, the Sr and Fe K-edge EXAFS transforms were
recorded from all these samples (see supplemental informa-
tion). We will not go into detail in the description of these since
the conclusions which can be extracted are the same as those
obtained from the EXAFS. The data recorded from the as-

grown film show the decreased intensity of the first coordination

©The Author(s) 2022

shell (both in the case of the strontium and iron data) and the
absence of shells at longer distances, all the facts being indica-
tive of the occurrence of a poorly crystalline material. This is
not the case with the annealed film whose Fourier transforms
are characteristic of SFO.

Finally, the magnetization curves of both films were recorded
at RT under an applied external magnetic field of 1.25 T. For the
as-grown sample, no magnetic easy axis or hysteresis loops were
observed (not shown), in good agreement with the lack of mag-
netic interactions observed by Mossbauer spectroscopy at RT. Fig-
ure 7 shows the RT hysteresis loops recorded from the annealed
film under an applied magnetic field parallel and normal to the
sample. The results clearly show the existence of a magnetization
easy axis within the plane of the sample. This is consistent with the
preference of SFO to grow with the c-axis oriented parallel to the
film plane, as indicated by XRD, and the fact that magnetization
occurs in SFO along that axis. These data also confirm the orien-
tation of the in-plane magnetization determined by Mossbauer
spectroscopy at RT and 35 K (Fig. 4(b)). The saturation magneti-
zation and coercive field determined with the in-plane configura-
tion were 63 emu/g and 0.5 T, respectively. These values are within
the range of magnetization values reported for this compound [2,
47]. When the magnetization curve was recorded perpendicular
to the plane of the sample, a different saturation magnetization
value was found. This shows the need for a higher applied field
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Figure 7: RT hysteresis loops registered from the SFO annealed film. The
blue curve was recorded with a magnetic field applied normal to the
sample, while the red one was acquired with a magnetic field applied
parallel to it.

to reach the threshold magnetization value observed previously
in the in-plane measurement. The noisy signal is related both to
the relatively small thickness of the films (a reduced amount of
material results in a poorer signal) and the particular acquisition
conditions of our homemade VSM device.

From the inspection of the results above, the precursor phase
in the as-grown sample is quite isotropic. On one hand, the iron
phase detected is locally cubic with a low magnetic anisotropy.
On the other, the magnetization direction determined from M6ss-
bauer at low temperature is compatible with a random orientation
of the magnetization. However, once the film is annealed, it pre-
sents a clear uniaxial anisotropy with the easy axis within the film
plane (see the VSM and Mdssbauer results). We suggest that the
origin of the in-plane magnetization is due to the film morphology
that in the annealing stage promotes the growth of the SFO crystals

with the c-axis in the in-plane direction.

In this work, we have confirmed that the annealing treatment
is crucial for obtaining a genuine SFO film having the right
composition and crystal structure. To this aim, two samples
grown by RF magnetron sputtering with and without heating
step were characterized by distinct diffraction and spectroscopy
techniques. The XRD and Raman data showed the poor crys-
tallinity of the as-grown sample as well as the possible presence
of maghemite. Mdssbauer spectroscopy corroborated the pres-
ence of nanometric y-Fe,O,; domains in the non-annealed film,
while the XANES and EXAFS results revealed the existence of
SrO-like domains having no long-range order. The EXAFS and
XANES data taken at different incident angles of the incident
X-ray beam in the as-grown films do not show significant differ-

ences and therefore do not support previous claims [21-23] that

©The Author(s) 2022

the as-grown film acts as a “c-axis oriented” precursor of SFO.
All the results gathered from the annealed film confirm that it
corresponds to a canonical SFO phase which besides is highly
textured from both the structural and magnetic points of view,
having the c-axis and consequently, the easy magnetization axis

parallel to the film plane.

Two films were deposited by radio frequency (RF) magnetron
sputtering of a sintered SrFe;,0,, target made from a commer-
cial SFO powder [48]. Silicon (100) wafers 1-mm-thick were
used as substrates. They were kept at room temperature (RT)
during the whole sputtering process. The target-substrate dis-
tance was approximately 60 mm, and the base pressure in the
sputtering chamber was 1 x 107® mbar. In order to start from
clean targets, a 15 min pre- sputtering process was performed
prior to each deposition. A working pressure of 7x 10~ of an
(Ar/O,) mixture containing 2% oxygen was maintained inside
the sputtering chamber during the deposition process. Samples
were grown using a sputtering power of 260 W for five hours.
After deposition, one of the films was subjected to an annealing
treatment at 850 °C in air for three hours in a separate furnace.

The composition and thickness of the different films were
determined by RBS using “He* at 3.045 MeV to resonantly
enhance the O signal. Experiments were performed at the stand-
ard beamline of the 5 MV tandem accelerator Center for Micro-
Analysis of Materials (CMAM) in Madrid [49]. The ion fluence
for the Rutherford backscattering and resonant backscattering
experiments was set at 10 4C. A silicon surface barrier detec-
tor, at a scattering angle of 170.0°, collected the backscattering
ions, while a three-axis goniometer was employed to control the
crystal position.

The crystal structure of the films was examined by X-ray dif-
fraction using a Bruker D8 Advance diffractometer and Cu-Ka
(1.54 A) radiation in a 6/26 configuration. The measuring step
was 0.02°/s with 0.5 s measuring time per step.

Raman spectra were acquired with a micro-Raman Via
Renishaw spectrophotometer, equipped with an electrically
refrigerated CCD camera, and coupled to a Leica micro-
scope. Radiation of 532 nm from air-cooled Nd:YAG laser was
employed for excitation using a diffraction grating of 1800 1/
mm. The laser power at the sample was up to 2.0 mW and the
spectral resolution was 2 cm™'. The acquisition time was 20 s,
the Raman signal was collected over the range 100-1000 cm ™,
and the objective employed for the measurements was a long-
distance 50x Leica.

Mossbauer spectra were collected in the conventional
transmission mode using a constant acceleration spectrom-
eter, a >’Co(Rh) source, and a helium closed-cycle cryorefrig-
erator [50]. Spectra were recorded at 298 K and 35 K and
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computer-fitted. The velocity scale was calibrated using a
metallic a-Fe foil 6-pum thick. The isomer shifts were referred
to the centroid of the spectrum of « Fe at room temperature.

Sr and Fe K-edge XANES and EXAFS data were recorded
in the fluorescence mode at the CLAESS beamline of the Alba
synchrotron [51]. Data were collected at 298 K and differ-
ent incident angles of the incoming X-rays (5° and 85°). The
energy scale was calibrated using a 6-pm iron foil and stron-
tium (II) oxide. The position of the first inflection point on
the iron foil edge was taken at 7112.3 eV and that of stron-
tium (II) oxide at 16110.2 eV. All the iron-XANES and stron-
tium-XANES data are reported here relative to these values.
The edge profiles were separated from the EXAFS data and,
after subtraction of a linear pre-edge background, normal-
ized to the edge step. The position of the absorption edge was
obtained from the first most intense maximum of the first
derivative of the edge profile. The EXAFS oscillations were
isolated after background subtraction of the raw data using the
software package Athena and converted into k space. The data
were weighted by k%, where k is the photo-electron wave vec-
tor, to compensate for the diminishing amplitude of EXAFS
at high k.

Magnetic properties were studied by recording hysteresis
loops at RT with a homemade VSM applying a magnetic field
of 1.25T.
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