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The deposition and characterization of thick M-type barium hexaferrite 共BaFe12O19兲 films produced
by a modified liquid phase epitaxy deposition technique are reported. The films are deposited on
(111) oriented single crystal garnet 共Gd3Ga5O12兲 substrates. The thickness of the films ranged
between 45 and 80 m with growth rates of up to 40 m / h. This growth rate is about five times
greater than films grown on substrates of (111) magnesium oxide. Although the films are relatively
thick, the ferrimagnetic resonance linewidth is remarkably narrow 共⬃50 Oe兲 for external fields
applied along the c axis. © 2004 American Institute of Physics. [DOI: 10.1063/1.1769597]
10⫻ 10⫻ 0.5 mm3 and the substrates were polished on both
front and back sides. All the GGG substrates were cleaned
prior to the film growth by using diluted nitric acid solutions
and de-ionized (DI) water.
The modified liquid epitaxy deposition technique employed in these studies consists of two procedures. First, a
thin layer of barium hexaferrite, i.e., the seed layer, was deposited by pulsed laser ablation deposition (PLD). The thickness of the seed layer was about 0.5 m. We believe that this
is an optimal thickness for the seed layer because delamination of the seed layer was observed for thinner and thicker
seed layers during the LPE. Details of seed layers preparation can be found in Refs. 5, 10, and 11.
After the seed layer was prepared, it was rinsed in alcohol and DI water. As the second step in this process, we used
a boron-based BaM melt to grow the BaM films by the LPE
procedure. Details of the LPE process and boron-based LPE
flux melt preparation can be found in Refs. 1, 12, and 13.
After 2 h of submersing the seed layer into melt and slowly
reducing the melt temperature, the total thickness of the BaM
films were measured to be 45 and 80 m for the single-sided
and double-sided growth, respectively.
The thickness measurements were performed using a
step profilometer and confirmed by cross section views of
scanning electron microscope (SEM) images. Crystallographic properties of the LPE grown BaM/ 共111兲 GGG films
were determined from  − 2 diffraction measurements using
a Rigaku 300 x-ray diffraction (XRD) diffractometer. Vibrating sample magnetometry was performed on all of the BaM
films to determine static magnetic properties. Dynamic magnetic and microwave properties were determined by FMR
measurements. In the latter, a static magnetic field is applied
perpendicular to the film plane, where the c axis of BaM is
along the film normal.

I. INTRODUCTION

High quality, thick barium M-type hexaferrite
(BaFe12O19, BaM) films on various single crystal
substrates1–4 have been reported. It is important to develop
inexpensive technique to grow hexaferrites, if high frequency nonreciprocal microwave devices are to be realized.
Previously, we have used (111) magnesium oxide 共MgO兲
single crystal substrates to grow high quality barium M-type
hexaferrite films1,5 by a modified liquid phase epitaxy (LPE)
technique.1 However, BaM film growth rates on the (111)
MgO substrates were limited to 0.05 m / min compared
with ⬃1 m / min reported for yttrium iron garnet
(Y3Fe5O12, YIG) grown on gadolinium gallium garnet
(GGG) substrate.1,6,7 In order to grow thicker BaM layers on
(111) MgO, it required long hours of deposition time. However, longer hours of deposition lead to softening of the MgO
substrates.3,4 We discovered that the shattering of the MgO
substrates occurred when we deposited for about 6 h at
900 ° C. Therefore, we needed an alternative substrate for
growing thick and high quality BaM films.
The first criterion in our search for an improved substrate material was that the lattice constant mismatch between BaM film and substrate was to be small, on the order
of 1%. The next criterion was that thermal expansion mismatch between BaM film and the substrate was also to be
small, on the order of 20%. In this paper, we propose to
replace MgO with (111) GGG substrates. The mismatch between three unit cells of BaM and (111) GGG is 0.9% with
30% thermal expansion mismatch.8,9 Although the thermal
expansion mismatch is larger than we had hoped, GGG has
high potential as an otherwise suitable material. The hardness of GGG is 9 Moh which is higher than that of MgO
共7 Moh兲. Even though BaM films cracked after 2 h of LPE
growth, the total thickness of the resultant BaM films were
measured to be 45 and 80 m for single and double-sided
growth, respectively. As evidence of their high crystal quality, the ferrimagnetic resonance (FMR) linewidth was measured to be about 50 Oe. This is a significant in terms of
producing thick films of barium hexaferrite.

III. RESULTS AND DISCUSSION

Growth and microwave magnetic parameters of the thick
barium hexaferrite films grown by the modified liquid epitaxy deposition technique are listed in Table I. The BaM
films on m-plane sapphire, (11
គ00) Al2O3, substrates had the
highest growth rate of the films reported here. However, the
c axis of films grown on the m-plane Al2O3 crystal was

II. EXPERIMENTAL DETAILS

GGG (111) single crystal substrates were obtained from
MTI Corp. The size of the (111) GGG substrate was
0021-8979/2004/96(4)/2131/5/$20.00
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TABLE I. BaFe12O19 parameters grown by modified LPE technique.
LPE BaM films
on substrate

Growth
rate 共m / h兲

FMR
linewidth 共Oe兲

Magnetic easy
direction

References

BaM on m-plane 共11
គ00兲 Al2O3

40– 100
20– 40

BaM on (111) MgO

3–5

Easy direction
in the film plane
Easy direction
out of film plane
Easy direction
out of film plane

2–4

BaM on (111) GGG

80
at 59.9 GHz
40– 68
at 58 GHz
⬃27 Oe
at 56 GHz

parallel to the substrate plane. Consequently, we were able to
grow BaM films having c axis in the film plane as well as
perpendicular to the film plane. Readers can refer to more
details of BaM films on m-plane sapphire substrates reported
elsewhere.2–4 BaM films grown on (111) GGG and (111)
MgO grew with the c axis perpendicular to the substrate
plane. The crystallographic orientation was obtained from
XRD, which is shown in Fig. 1(a) for BaM fim on (111)
GGG.
The growth rate of the BaM films was found to increase
when using (111) GGG substrates (as shown in Table I).
Specially, the growth rate increased ⬃20 m / h when using
(111) GGG substrates. The growth rate was as much as five
times higher than that measured for growth on (111) MgO
substrates.
Figure 1(a) shows a typical XRD spectrum measured
from a thick BaM film on (111) GGG. All the diffraction
peaks were identified as (001) of BaM peaks by use of ref-

FIG. 1. (a) X-ray diffraction spectrum from a 45 m thick BaFe12O19 films
on (111) Gd3Ga5O12 substrate. (b) Rocking curve  scan of the (008) peak.

3 and 4
1

erence data.14 The peak at 2 = 45.1° is the (111) peak of the
GGG substrate. Therefore, the c axis of the BaM was along
[111] direction of the GGG, which meant that the c axis of
BaM was out of the film plane. This XRD spectrum also
confirmed that the BaM films were pure phase. We also measured the c-axis lattice constant of the BaM film to be
23.23± 0.03 Å from fitting centroids of major (001) peaks.
The c-axis lattice constant from bulk BaM was reported to be
23.18± 0.02 Å.15 This indicates that the BaM layer on the
(111) GGG plane may be in compression by ⬃0.22%. However, since this value is close to the measurement’s uncertainty, we cannot say for certain that the films are indeed
compressed. Furthermore, with such thick films we anticipate that the majority of the film is fully relaxed.
We also compared linear thermal expansion coefficient ␣
mismatch between BaM and GGG. The ␣ of BaM was measured to be 10⫻ 10−6 / K by previous researchers,16,17
whereas ␣ of GGG is reported to be 2 – 5 ⫻ 10−6 / K for
300– 800 K. However, the ␣ for both BaM and GGG are
known to be nonlinear functions of temperature above
800 K. The large thermal expansion coefficient mismatch as
function of temperature between BaM and GGG induced
compressed stress for the LPE BaM films. Eventually the
BaM films cracked when cooling from high temperature to
room temperature during the LPE process.
The rocking curve for the (008) peak for the 45 m
thick BaM film on (111) GGG substrate is shown in Fig.
1(b). The full width at half maximum (FWHM) of this peak
was measured to be ⌬ = 0.08°. This FWHM is ⬃60%
smaller than the FWHM measured for the same system on
similar substrates grown by PLD (see Ref. 10). The FWHM
values are evidence of minimal mosaicity of BaM crystal on
(111) GGG substrate.
Figure 2 shows the surface morphology of the 45 m
thick BaM film on the (111) GGG substrate, which were
taken from SEM and is typical for other samples. The thickness of the hexagonal plates in the SEM image was 1 m
with smooth surface morphology. The largest hexagonal
plate was measured to be ⬃40 m in diameter. This SEM
surface image also confirmed that the c axis of the BaM
layers was perpendicular to the film plane.
dc magnetic properties were obtained from static magnetization hysteresis loops. Figure 3 shows the hysteresis
loops for the as-produced BaM seed layers grown by PLD
[Fig. 3(a)] and the as-produced BaM layers after 2 h of LPE
growth [Fig. 3(b)]. Since GGG is a known paramagnet at
room temperature, original vibrating-sample magnetometer
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FIG. 2. Surface morphology of the LPE grown 45 m BaM films on (111)
GGG.

(VSM) hysteresis loops data contained paramagnetic and ferrimagnetic contributions. The hysteresis loops in Fig. 3 were
obtained by subtracting the paramagnetic background of
(111) GGG substrate from the total moment. Solid lines in
Fig. 3 were collected for the static magnetic field H applied
perpendicular to the film plane (out-of-plane). Alternatively,
the dashed lines data were taken for the static magnetic field
H applied parallel to the films plane (in plane). Since the
magnetic easy axis of the BaM film is along the c axis, both

FIG. 3. Magnetic hysteresis loops for BaM on (111) GGG. Solid and dashed
lines show dc H field applied parallel and perpendicular to the c axis. (a)
VSM hysteresis loops show for 0.5 m thick seed layers of BaM grown
PLD. (b) VSM hysteresis loops for a 45 m thick BaM layers grown by
LPE.
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hysteresis loops exhibited strong uniaxial anisotropy. The
data in Fig. 3(a) were measured for the seed layer only. Since
the easy magnetization axis is perpendicular to the film
plane, the BaM films can be easily saturated in the out-ofplane direction. The saturation magnetization 共4 M s兲 value
for the 45 m thick films was found to be 4.6± 0.1 kG at
room temperature for the out-of-plane hysteresis loop [Fig.
3(b)]. This value is very close to the bulk values found in the
literature,15 which range from 4.63 to 4.78 kG at room temperature. For in-plane hysteresis loop measurement, the BaM
films were not saturated in the 12.5 kOe field due to their
large uniaxial anisotropy field HA. The HA value for BaM
material is reported to be about 17.0 kOe.15,18
From Fig. 3(a), the seed layers exhibit high coercivity Hc
in both the out-of-plane and in-plane directions. The value of
Hc was measured to be 1.9 kOe. Additionally, remanent
magnetization Mr was measured to be ⬃50% and ⬃24% of
their saturation moment Ms from the out-of-plane and the
in-plane hysteresis loops, respectively. However, this high Hc
behavior was reduced after 2 h of LPE growth as shown in
Fig. 3(b). In this sample, the Hc of in-plane an out-of-plane
hysteresis loops were measured to be ⬃0.13 and 0.01 kOe,
respectively. The higher Hc observed in the seed layers may
be explained in terms of surface morphology and inhomogeneity of the PLD BaM film. However, the high coercivity of
the seed layer did not affect the LPE growth of the thick
films.
Microwave properties were measured by FMR. In these
measurements the applied magnetic field was swept while
the frequency was fixed using a TE01 mode propagation in a
U band 共40– 60 GHz兲 waveguide. Since the magnetic easy
axis was perpendicular to the film plane, we applied the
static magnetic field H perpendicular to the film plane. Consequently, the dynamic magnetic field hជ was applied in the
plane of the BaM film. The FMR response was measured at
58 GHz (see Fig. 4). The FMR linewidth ⌬H was measured
to be 67 Oe which is relatively narrow for such a thick film
of BaM.18 The FMR ⌬H of 67– 85 Oe was measured in the
frequency range of 47– 60 GHz, respectively. The distribution of ⌬H versus frequency is shown in Fig. 4(c). ⌬H peaks
near 48 GHz and decreases with increasing frequency. This
unusual trend of ⌬H with frequency may be attributed to the
sample size and the sample position in the waveguide. The
sample size was fairly large at 1 ⫻ 5 mm2 relative to the
wavelength 共⬃5 mm兲. This size allows magnetostatic modes
to be excited, since the rf field is nonuniform over the sample
size. As seen from the FMR spectra, the magnetostatic
modes overlap with each other and make the measurement of
the intrinsic FMR ⌬H potentially unreliable. In order to obtain an intrinsic ⌬H, the FMR sample sizes should be very
small (⬃1 / 2 mm diameter) for U-band frequency
measurement.18 Our intent here was to measure ⌬H for
sample size that are to be used in microwave devices. We
averaged all of ⌬H values measured in Fig. 3(c) and measured ⌬H ⬃ 74.6 Oe.
In Fig. 4(b) the resonant frequency f versus applied field
Hr for the 45 m thick BaM film is shown. In Eq. (1) the
FMR relationship is given as
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FIG. 5. FMR measurements for BaM films grown on a double-sided (111)
GGG substrate by the modified LPE process. (a) FMR spectrum at 58 GHz.
(b) Resonant frequency vs H for two FMR modes.

FIG. 4. Ferrimagnetic resonance (FMR) data measured from a 45 m thick
BaM film on a single-sided (111) GGG substrate from 40 to 60 GHz. (a)
FMR spectrum for the sample having the narrowest ⌬H spectrum measured
at 58 GHz. (b) Frequency vs applied magnetic field from 47 to 60 GHz. (c)
FMR linewidth vs frequency between 47 and 60 GHz.

f = ␥⬘共H + HA − 4 M s兲,

␥
␥⬘ =
,
2

共1兲

␥ = g ⫻ 1.4 ⫻ 106 Hz/Oe.

Equation (1) can be derived from the equations of motion
and free energy.19 The g value in Eq. (1), the gyroscopic
ratio, is usually about 2.19 We deduced the g value to be
1.97± 0.05 from the linear regression of the f versus Hr data
[see Fig. 4(b)]. The value of uniaxial anisotropy field HA can
be deduced by using the relation of frequency versus applied

field data shown in Fig. 4(b) and Eq. (1). Since the saturation
magnetization field 4 M s was obtained to be 4.6± 0.1 kG
from the hysteresis loops, the uniaxial magnetic anisotropy
field HA = 共f / ␥⬘兲 reduced to 16.9± 0.5 kOe for H = 4Ms. The
HA values for BaM single crystal disks or spheres were reported to be 16.2 and 17.3 kOe, respectively, by other
researchers.19
We also have grown BaM films on double-sided (111)
GGG substrates. The total film thickness on (111) GGG was
measured to be ⬃80 m. Static magnetic hysteresis loops
for the double-sided BaM films were nearly identical to the
single-sided BaM films. Figure 5 shows typical FMR spectrum measured on an 80 m double-sided BaM film at
58 GHz. The spectrum exhibits many modes, but the main
mode can be identified at H ⬃ 8.75 kOe. The FMR ⌬H of the
film was about 40 Oe. The modes shown below H ⬃ 8.75
appear to be magnetostatic modes. However, the broader absorption mode above the main mode is identified as a surface
mode due to inhomogeneity at the boundary between the
BaM layers and GGG substrate. The dispersion of the main
modes obey the FMR condition of Eq. (1) with g ⬃ 1.98 as
deduced from slope of the solid line data shown in Fig. 5(b).
However, we have deduced a different g value, ⬃1.80, from
fitting linear regression of dashed line for the broad mode
data shown in Fig. 5(b). We attribute the broad line to a FMR
surface mode excitation localized at the interface between
one surface of the substrate and the magnetic film. The fact
that this broad line is observed only when double-sided
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growth occurred implies that the two surfaces of the substrate are very different in terms of surface condition. Vittoria and Schelleng20 proposed a model to explain surface
mode excitations in garnet films. We believe that this model
is appropriate to any ferrite film grown at high temperatures
on an inhomogeneous surface and that includes our films.
IV. CONCLUSIONS

Thick, high quality films of BaFe12O19, BaM were prepared on single- and double-sided (111) Gd3Ga5O19 substrates by a modified LPE deposition technique. Significant
increases in the growth rate of 20 m / h were obtained. The
FMR linewidth was measured to be 40– 67 Oe (single sided
and double sided) at 58 GHz, which is relatively narrow indicating high quality material for microwave applications.
The presence of surface modes on the FMR spectrum was
only observed for the double-sided BaM films. This mode
may be attributed to interfacial modes between film and substrate at the surface where one surface quality may be inhomogeneous.
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