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Epitaxial manganese substituted M-type barium ferrite thin films are deposited by alternating target laser ablation deposition
(ATLAD) of BaFe O , Fe O , and MnFe O targets. The crystal structure and the epitaxy of the films are investigated by X-ray
diffraction. Surface morphology is studied by atomic force microscopy. Magnetic properties of the films are characterized by vibrating
sample magnetometry and magnetization as a function of temperature measurements. Ferromagnetic resonance (FMR) measurements
are utilized to study the dynamic properties of the films. Possible mechanisms for main FMR linewidth broadening as a result of
Mn substitution, such as increased conductivity and the presence of Jahn-Teller effect associated with octahedrally coordinated
Mn  cations, are briefly discussed. Extended absorption X-ray fine structure measurements are performed to determine the cation
distribution in the hexagonal unit cell. The observed 15-20% increase in saturation magnetization at 4 K and 50 K increase in the
Néel temperature in comparison to bulk reference values are attributed to differences in cation distribution as a result of atomic scale

deposition by the ATLAD technique.

Index Terms—Cation substitution, ferromagnetic resonance, hexagonal ferrite, laser ablation deposition.

. INTRODUCTION

HE unique electrical and magnetic properties of hexagonal

ferrites, such as low conductivity, moderate magnetic mo-
ment, and high magnetocrystalline anisotropy, have contributed
to their adaptation in a wide variety of practical applications.
These materials are utilized as magnetic recording media, per-
manent magnets, and in high frequency non-reciprocal devices
[1] [3]. One of the most frequently utilized hexagonal ferrites
in today s demanding technologies is the M-type barium ferrite.
The M-type structure can be described as in intergrowth of cubic
(S) and hexagonal (R) blocks formed with close packed oxygen
layers [4]. The unit cell of M-type barium ferrite contains two
unit formulas (BaFe;2019) that can be represented by the se-
quence of blocks RSR*S* where the asterisk implies rotation
of 180° around the c-axis of the lattice.

The Fe3* cations in the hexagonal unit cell are distributed
among three octahedral (12K, 2a, 4fy1), one tetrahedral (4fry),
and one pseudo-tetrahedral (4e(1/2)) sublattices [5]. The ferri-
magnetic arrangement of Fe3+ ions in the hexagonal unit cell
results in a total magnetic moment of 20 pp [6]. The substitu-
tion of the Fe3™ cations to gain control over the magnetic prop-
erties of this technologically important class of magnetic oxides
has been studied by many researchers in the past [1], [6]. Several
detailed studies of bulk hexagonal ferrites substituted with para-
magnetic cations, such as Cr 3t [7] and Mn3+ [8], [9] have been
undertaken to understand the cation distribution among the var-
ious interstitial sites in the hexagonal unit cell and the resulting
magnetic properties.
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In this paper we report on the deposition of epitaxial man-
ganese substituted barium ferrite thin Ims by alternating
target laser ablation deposition (ATLAD). Growth of high
quality hexagonal ferrites by the ATLAD technique has been
demonstrated recently [10]. By depositing complex crystal
structures at the atomic scale through sequential ablation of
multiple targets, the ATLAD technique provides unique oppor-
tunities to control the cation distribution in the unit cell. We
took advantage of this unique capability to deposit epitaxial
BaFeip.5Mnq 5019 thin  Ims.

In the following sections the structural and magnetic prop-
erties of the BaFe;g.5Mn; 5019 Ims are characterized and
compared to bulk reference values. The preliminary results of
cation distribution studies are also presented. The microwave
properties of the Ims are investigated through ferromagnetic
resonance measurements and the possible resonance linewidth
broadening mechanisms in manganese substituted barium
ferrite are discussed. Finally, some conclusions and directions
for future work are presented.

Il. THIN FILM GROWTH TECHNIQUE

Epitaxial BaFe;g5Mn; 5019 thin Ims were deposited by
the ATLAD technique on c-plane sapphire (AlxO3) substrates.
The deposition chamber was evacuated to a base pressure of
10~ Torr. High purity oxygen gas was introduced and a stable
partial pressure of 300 mTorr was maintained throughout the
deposition. During the deposition the substrates were heated
to 925°C by a resistive block heater. Laser pulses from a
KrF excimer laser with a wavelength of 248 nm, energy of
410 +10 mJ/pulse, and pulse width of 25 ns full width at half
maximum were optically focused on the target surface to an
energy density of 10 £ 1 J/cm?. The distance between the target
and the substrate was approximately 5 cm.
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Fig. 1. spectrum of the BaFe; .5 Mn; 50, thin Imon c-plane Al,O3
substrate. Pole gure of the (107) diffraction peaks (inset).

Targets utilized in the deposition were prepared by conven-
tional ceramics processing techniques. The BaFe;g 5sMn; 5019
thin Ims were deposited by sequential ablation of BaFe;O,,
Fe,03, and MnFe, O, targets. The targets were mounted on a
carrousel synchronized with the laser trigger signal via a com-
puter. To maximize surface usage all three targets were rastered
and rotated throughout the deposition. The deposition routine
consisted of 3 pulses on the BaFe;O,, 11 pulses on the Fe; O3,
11 pulses on the MnFe;Oy4, and nally another 11 pulses on the
Fe, O3 target. The aim of the deposition routine was to deposit
the hexagonal R block containing the BaO3 layer by ablating
BaFe,04 and Fe, O3 targets, then to localize the Mn cations in
the spinel S blocks by ablating the MnFe,O,4 and Fe;O3 tar-
gets. Growth rates from BaFe,O,, Fe;O3, and MnFe; Oy, tar-
gets were determined to be 0.14, 0.06, and 0.04 nm/shot, re-
spectively. Approximately 2.4 nm of the Im were deposited
per routine, commensurate to the height of the barium ferrite
unit cell (¢ = 2.317 nm [6]). 250 repetitions of the deposition
routine resulted in a Im thickness of 0.5 um, measured by a
scanning stylus pro lometer. Laser trigger frequency was set to
1 Hz for the rst 10 repetitions of the deposition routine, 5 Hz
for the subsequent 10 repetitions, and nally 10 Hz for the re-
maining 230 repetitions.

After the deposition the Ims were ash annealed in

owing high purity oxygen gas. A 2 tube furnace was pre-
heated to 1323 K. Thin Ims were inserted into the furnace in
a high purity alumina crucible and annealed for 20 minutes.
Upon completion the Ims were quickly removed from the
furnace and cooled in air. Annealing beyond the 20 minute
interval resulted in the deterioration of microwave properties of
the Ims, which was interpreted as evidence of interdiffusion
at the Im-substrate interface.

I1l. STRUCTURAL AND MAGNETIC CHARACTERIZATION

Crystal structure of the Ims was studied by X-ray diffrac-
tometry utilizing a Cu Ko source. A typical 8 — 26 spectrum is
shown in Fig. 1. Sharp peaks corresponding to c-plane diffrac-
tion suggest thatthe Ims possess a single c-axis oriented hexag-
onal phase. A pole gure of the highest intensity (107) diffrac-
tion peak is shown in the inset of Fig. 1. The observed sixfold
symmetry is indicative of a high degree of in-plane orientation
in the Ims.
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Fig. 2. AFM micrograph of the surface of the BaFe, . sMn; 50,4 thin Imon
Al; O3 substrate. Rocking curve of the (008) X-ray diffraction peak (inset).

Surface morphology of the Ims was studied by atomic force
microscopy (AFM). A typical surface micrograph is shown in
Fig. 2. The edges of stacked hexagonal platelets, 300-500 nmin
diameter, are clearly visible in the gure suggesting two-dimen-
sional step- ow growth. Average surface roughness was mea-
sured to be approximately 1.26 nm. The alignment of hexag-
onal platelets with their surface normal perpendicular to the Im
plane is consistent with the results of the rocking curve mea-
surement of the (008) diffraction peak in the inset of Fig. 2. Full
width at half maximum value of Aw was measured to be 0.252°,
indicative of a narrow c-axis dispersion in the Ims.

Magnetic properties of the Ims were studied by vibrating
sample magnetometry. Typical hysteresis loops with the mag-
netic eld applied perpendicular and parallel to the Im plane
are shown in Fig. 3. Hysteresis loops indicate a uniaxial mag-
netic structure, consistent with the high degree of c-plane ori-
entation of the Ims observed in X-ray diffraction results. Satu-
ration magnetization value of 4rMg = 4.3 £ 0.2 kG was mea-
sured for the BaFe;y.5Mn; 5019 Ims, compared to 47Mg =
4.610.2 kG previously reported for intrinsic barium ferrite Ims
deposited by a similar technique [10]. Lower magnetic moment
as a result of manganese substitution was previously reported in
bulk Mn-substituted barium ferrite [8]. A uniaxial magnetocrys-
talline anisotropy eld Hy = 2K /Mg, of 17.0 & 0.2 kOe was
measured for the BaFe;g. 5Mn; 5019 Ims. This result suggests
that the anisotropy constant K; remains largely unaffected by
the substitution of manganese. The increase in H 4 is therefore a
result of lower magnetic momentinthe Ims. This result is con-
sistent with prior ndings in bulk manganese substituted barium
ferrite [8]. A low coercive eld of Ho = 150 4+ 50 Oe, ac-
quired with the magnetic eld applied along the easy direction,
is indicative of high crystalline quality of the Ims. Magneti-
zation as a function of temperature curve is shown as the inset
of Fig. 3. A saturation magnetization, 4rMg = 7.1 &+ 0.3 kG,
was measured at 4 K. The N@el temperature was measured to be
Tx = 683 K. The saturation magnetization at 4 K was 15 20%
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Fig. 3. Room temperature hysteresis loops of the BaFe o s Mn; 50,9 thin Im
with the magnetic eld applied perpendicular (easy) and parallel (hard) to the
Im plane. Saturation magnetization as a function of temperature (inset).

higher than the bulk reference value [8] while the Ngel tem-
perature was approximately 50 K higher. We believe that this
difference stems from the unique cation distribution in ATLAD
deposited BaFe o 5Mn; 5019 Ims as discussed below.

The microwave properties of the Ims were studied by
ferromagnetic resonance measurements (FMR) using a shorted
waveguide technique between 40 and 60 GHz. The Ims were
attached to the side wall of the waveguide near a short and
the magnetic eld was applied perpendicular to the Im plane.
A typical FMR spectrum is shown in Fig. 4. Main resonance
linewidth was measured to be 81 Oe peak-to-peak in the power
derivative. Linewidth of 42 Oe was previously measured for an
intrinsic barium ferrite thin Im prepared by a similar technique
[10]. We attribute the differences in the resonance linewidth to
manganese substitution as discussed in detail below. A linear
relationship between resonance frequency and applied eld
is evident from Fig. 4(a). From the slope of the linear t to
the resonance frequency as a function of applied eld curve,
the g-factor was determined to be equal to 1.96. While some
deviation from the g-factor of 2 previously reported for intrinsic
barium ferrite [6], [10] may be explained by the presence of
orbital magnetism in the manganese substituted samples, the
2% deviation reported above is within the error margin of
our experiment. The main resonance linewidth as a function
of frequency is shown in Fig. 4(b). Linewidth measurements
below 50 GHz were complicated by the overlap of the main
FMR resonance with a spinwave mode resonance. Estimated
values in that frequency range are reported. Spinwave mode
resonances were observed to separate from the main line
above 50 GHz as shown in Fig. 4. The conductivity of the

Ims was measured by the four point probe method to be
o = 1.5 % 107> S/cm, consistent with the previously reported
bulk values [11]. The conductivity of the BaFe;o.5Mn; 5019
thin Ims is therefore signi cantly higher than that of intrinsic
barium ferrite (¢ = 3.0 * 10~7 S/cm [11]). Broadening of
the main resonance linewidth compared to intrinsic barium
ferrite  Ims can be explained in part by an eddy current loss
mechanism. Furthermore, the presence of Jahn-Teller effect
associated with octahedrally coordinated Mn3* cations may
provide an additional damping mechanism, coupling spinwaves
to lattice vibrations [12].
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Fig. 4. Main resonance line for the BaFe;o sMn; 50, thin Im. FMR fre-
quency as a function of applied eld (inset a). Main resonance linewidth as a
function of frequency (inset b).

Extended X-ray absorption ne structure (EXAFS) analysis
was carried out to explore the short range order and the cation
distribution of Im samples. Mn and Fe K edge absorption
data were collected at the beamline X23B in the National
Synchrotron Light Source in uorescence yield mode. For
comparison, Fe K edge absorption data for ATLAD grown
BaFe1,019 Ims were also collected. Mn edge scans ranged
from 200 eV below the absorption edge to 12 photoelectron
wave numbers (k) above due to the onset of the Fe K edge
at 7112 eV. Fe edge scans ranged from 50 eV below the
absorption edge to 14 k above. The measured intensity was

rst converted to absorption coef cient w(E). After a smooth
pre-edge function subtraction, the data was normalized and
converted to k-space and Fourier transformed (FT) to radial
coordinate space. The FT can be used to isolate and identify
different coordination spheres around the speci ¢ absorbing
atom. It is noted that a scattering phase-shift (typically a few
tenths of an Angstrom) is calculated and added later to the FT
data.

Fourier-transformed Fe and Mn K edge EXAFS of ATLAD
grown BaFe;,019 and BaFe;g5Mn; 5019 Ims are plotted in
Fig.5. The rstFT peakat ~ 1.5 represents the interaction
between the absorbing atom and its nearest oxygen neighbor.
The split peak feature at radial coordinate near 2 3.5 indicates
that the absorbing atom has both tetrahedral and octahedral co-
ordination in the ferrite structure [13], [14]. The octahedral (B)
site occupancy (2a, 4fyr, and 12 k) contributes to the rst peak
amplitude in the range of 2 3.5 . The tetrahedral (A) site oc-
cupancy (4e(1/2) and 4fry) partially contributes to the second
peak. Comparative heights of the two peaks are indicative of
the comparative occupancy of the absorbing atom between the
two types of sites (although amplitude variation may arise from
atomic disorder). FT Fe spectra of BaFe;g5Mn; 5019 has a
higher amplitude in the second peak than that of BaFe 20y,
which suggests a higher occupancy of Fe at A site (4e(1/2) and
4fry). In other words, substituted Mn ions preferentially replace
Fe in B sites. This observation is further evidenced by the higher
amplitude of the B site peak in the split-peak region than the A
site one in the Mn edge FT spectra and the FEFF  tting results
to be reported elsewhere.

Peak positions in the FT spectra of the BaFe;g5sMn; 5019

Ims shifted to a lower R value compared with the BaFe ;5019
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