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We investigate the high-frequency characteristics of epitaxial single crystal a-Fe(001) thin films by permeability spectroscopy with microwave
transmission along different in-plane crystal directions. The results show an in-plane isotropic static permeability above 50 with a multidirectional
zero-field resonance frequency (f;) higher than 8 GHz in the films. We demonstrate that these multidirectional available high-frequency
characteristics result from the strong magnetocrystalline anisotropy in the films and not from other kinds of magnetic anisotropies. The study on
thickness-dependent films show f; being stable at 8.4 GHz in the films thicker than about 20nm. © 2015 The Japan Society of Applied Physics

agnetic materials with a high permeability have

been extensively utilized in many high-frequency

applications such as microwave noise filters, thin-
film inductors and so on.'® As the operating frequency in
many modern devices reaches the gigahertz range, various
magnetic thin films with a high resonance frequency f; (above
6 GHz)%"') have been developed by employing their in-plane
uniaxial magnetic anisotropy'® or unidirectional anisotro-
py.!" However, optimal high-frequency characteristics can
only be approached under the condition that the microwave
magnetic field is perpendicular to the unique easy axis for
such kind of magnetic anisotropy.'*"'? A possible solution
to generate an isotropic response is using rotatable mag-
netic anisotropy, which was reported in several studies.'>!¥
Although the rotatable magnetic anisotropy can result in
an isotropic zero-field resonance with a frequency as high
as 4.5GHz,” it is hard to keep a high permeability with
concomitant stripe domains arising, and sensitive to the
thickness and temperature of the films; thus, it is confronting
disadvantages for applications.”!'>!¥ Consequently, magnetic
materials with a multidirectional available high permeability
and high resonance frequency remain in persistent demand
for high-frequency applications.

Nonunique stable directions of magnetization were con-
sidered to be an important condition to realize multidirec-
tional high-frequency resonance in magnetic films. Single-
crystal a-Fe films have exhibited the expected fourfold mag-
netic anisotropy,' high saturation magnetization (4zM, =
2.1T), and normally small coercivity field (H. lower than
200e), which are expected to be an ideal system to inves-
tigate multidirectional high-frequency characteristics.

In the present work, we epitaxially grew thickness-
dependent a-Fe films on a GaAs(001) substrate and studied
their high-frequency characteristics. We found that a multi-
directional high-frequency resonance could be generated by
employing its in-plane fourfold magnetocrystalline anisotro-
py in the films, which can result in a multidirectional fre-
quency f; higher than 8§ GHz. The nonunique stable directions
of magnetization in the films were discussed to understand
the mechanism.

The epitaxial growth of Fe films was performed in
a custom-built molecular-beam epitaxy (MBE) system
equipped with a solid-source effusion cell for Fe. Nucleation
and growth were monitored in situ by reflection high-energy
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Fig. 1. RHEED patterns of a GaAs(001) substrate and the Fe(001) films
grown on it. The electron beam is along the in-plane directions of [100] and
[110].

electron diffraction (RHEED). A substrate temperature of
50°C was chosen to avoid interfacial reactions between Fe
and GaAs. The thicknesses of the Fe films were determined
by a calibrated growth rate of 0.14 nm/min. All films were
capped with a 3-nm-thick Al layer and exhibit a root-mean-
square roughness less than 1 nm, as measured by atomic force
microscopy over an area of 5X 5um? The surface steps
observed in the micrographs have no preferential orientation,
as we have used singular (on-axis) substrates (+0.5°). A
vibrating sample magnetometer (VSM) was used for the
measurement of the angular-dependent remanence curves and
hysteresis loops at room temperature.'® All magnetization
data presented in the following were corrected for the
diamagnetic background of the substrate. The microwave
permeability measurements along different in-plane crystal
directions of the Fe films were carried out with a PNA
E8363B vector network analyzer (VNA) by using the shorted
microstrip method from 100 MHz to 15 GHz with a micro-
wave power of —12dBm. During the measurement, a very
thin sample holder with angular marks attached to the film
was plugged into the shorted microstrip line fixture that is
connected to the VNA.”!7:18)

The RHEED patterns were taken before and after Fe
growth at different azimuths for clarifying the crystal direc-
tions.'>?) Figures 1(a) and 1(b) show the familiar stationary
RHEED patterns of the GaAs(001) surface taken along the
(110) and (100) azimuths, respectively, prior to Fe growth.
Figures 1(c) and 1(d) show the RHEED patterns of the Fe
surface taken along the (110) and (100) azimuths of GaAs,

© 2015 The Japan Society of Applied Physics


http://dx.doi.org/10.7567/APEX.8.053001

Appl. Phys. Express 8, 053001 (2015) C. Gao et al.
@) 400
200}
0
-200}
5 Z
= 5 -400 Fe[110]
> 8 A
= E 400¢ T (d)
& 200}
0
-200}
-400| Fe[010] Fe[110]
(b) 2 4 6 8 102 4 6 8 10
e Frequency (GHz)
4
9l (e)
N I . W a——
£ -50 -st% 25 50 o sl 8.4 GHz o0} 7 5
s 0o fos) = Nk *
1 P s Ml
-0.5} ‘—Fe[1001 PSR R P | N
o -.-Fe[110 0 20 40 60 80 100 120 140 160 180
i o© (De
-1.0 A I :‘-—: 7 " 1 " 1 " ( g)
-900 -600 -300 0 300 600 900 Fig. 3. High-frequency permeability spectra of the 26-nm-thick Fe(001)
H (Oe) films with in-plane microwave transmission along the (a) [100], (b) [110],

Fig. 2. (a) Polar plots of the in-plane angular dependent magnetic
remanence (M;) for the 26-nm-thick Fe(001) films. (b) The hysteresis loops
with a magnetic field applied along the Fe[100] and Fe[110] directions for
the same sample. The inset shows a magnification of the low-magnetic-field
range measured along Fe[100] (solid circle) and Fe[110] (open square)
directions, respectively.

respectively, with an Fe film grown to a thickness of 10 nm.
The stationary RHEED patterns evidence an epitaxial and
smooth film but exhibit the reflections of different lattice
plane distances indicating the fact that the GaAs lattice
constant is almost twice that of a-Fe and directly revealing
an orientation relationship between Fe and GaAs(001), i.e.,
a-Fe(001)(100) || GaAs(001)(100).

As a typical epitaxial single-crystal heterostructure,
cubic magnetocrystalline anisotropy has been proven to be
dominant against interface anisotropy in a-Fe films on
GaAs(001) with a thickness greater than 20 nm.?%?" Con-
sidering the strong demagnetizing field perpendicular to
the films and no extra perpendicular magnetic anisotropies
existing, the magnetization remains parallel to the surface
of the films for all samples we investigated in this work.??
The angular-dependent magnetic remanence (M;) was meas-
ured by a VSM to study the in-plane symmetry of the mag-
netic anisotropy. Figure 2(a) shows its polar plots for 26-
nm-thick Fe films. It can be clearly seen from Fig. 2(a) that
the two easy axes of magnetization in the [100] and [010]
directions evidence the expected in-plane fourfold anisotro-
py.- Figure 2(b) shows the in-plane hysteresis loops measured
with a magnetic field applied along the Fe[100] and Fe[110]
directions. The in-plane hysteresis loops measured along the
Fe[110] direction (45° rotation with respect to the easy axes)
exhibit a residual magnetization ratio (M,/M,) of about
0.7, which can be explained by M, projected with an angle of
45°, i.e., M, = M, cos(x/4). A magnetic anisotropy field (Hy)
of 605 Oe and a coercivity field (H,) lower than 20 Oe in both
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(c) [010], and (d) [110] directions of the Fe films. (¢) In-plane angular
dependence of f; on the angle @, schematically shown in the inset depicting
the angle between the microwave transmission direction and Fe[100].

the [100] and [110] directions can be obtained from the
hysteresis loops shown in Fig. 2(b).

The hysteresis loops measured in the Fe[100] and Fe[010]
directions show square shapes, indicating the magnetization
can be stable in both directions. Because Fe[100] and Fe[010]
are two easy axes and perpendicular to each other, the pro-
jection of the magnetization in any in-plane azimuth cannot
be zero. Based on this feature of the sample, the angular
dependencies of the high-frequency permeability spectra
were measured and studied. Figures 3(a)-3(d) show the
permeability spectra of the 26-nm-thick Fe(001) films with
microwave transmission along different crystal directions.
Prior to measurement in every direction, a strong DC field of
3000 Oe was applied to saturate the magnetization for 5,
followed by a decrease in the field to zero. A static perme-
ability p, above 50 and a resonance frequency f; higher than
8 GHz were achieved. The unstable permeability obtained in
Figs. 3(b)-3(d) is considered to result from the nonuniform
alignment of the magnetic structure in the remanence mag-
netization state when saturated along nonstrict easy axis.”?
The in-plane angular dependence of f; on the angle @
between the microwave transmission direction and Fe[100]
shown in Fig. 3(e) demonstrates that the zero-field res-
onances are isotropic with a fitting frequency value of 8.4
GHz, which usually cannot occur in a system with an in-
plane uniaxial magnetic anisotropy.'?

Classically, the magnetization dynamics under microwave
excitation can be theoretically described by the Landau-—
Lifshitz—Gilbert equation.”” The high resonance frequency
can be obtained by combining Landau-Lifshitz—Gilbert
equation and the free energy density F in our films written
without an applied field as®>

© 2015 The Japan Society of Applied Physics
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Fig. 4. Experimental results of the resonance frequency f; and magnetic
anisotropy field Hy of thickness-dependent Fe films.

K
F = —2zM?sin’* 0 + 7” sin? @ cos?(p — @u)

1
- §K1(3 + cos4¢)sin* 6, (1)

where 6 is the polar angle of M with respect to the out-of-
plane axis (i.e., Fe[001]), ¢ is the azimuthal angle between
the projection of M; onto the sample surface and the in-plane
easy axis, K, is the interface-induced in-plane uniaxial
anisotropy constant, K; is the cubic anisotropy constant, ¢
is the thickness of the films, and ¢, is the angle between
the easy axes of the interface and the magnetocrystalline
anisotropies. Considering the case in which ¢, =45° in the
Fe/GaAs(001) system®” and M; lies strictly within the film
plane (i.e., =90°), the resulting zero-field resonance
frequency can be written as

1/2
Y 2K,y 2 K,
L= o |:471MS + M cos“ ¢ + i (3 + cos4gp)

Mt

Comparing Eq. (2) with the equation of f. =y/2x[(4zM; +
H)H,]'/? obtained by setting the stable equilibrium condition
of ¢ using 0F/dp =09 the magnetic field Hy = 2K,/
Mt + 2K /M, which is determined by the thickness-depend-
ent uniaxial anisotropy and constant cubic magnetocrystalline
anisotropy. In order to evidence that the high f; results from
the magnetocrystalline anisotropy, the measurements were
taken for Fe films with different thicknesses. As shown in
Fig. 4, the thickness-dependent Hy and f; follow the relations
obtained above, which show the trend to a constant value
with increasing film thickness for each of them. Conse-
quently, Hy and f; stabilize at 6000e and 8.4 GHz,
respectively, for the Fe films thicker than about 20 nm.

In conclusion, we report multidirectional available high-
frequency characteristics in epitaxial single-crystal a-Fe(001)

2K 2K 1z
X < ucos2(p+7]cos4(p) . ()
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films. The isotropic zero-field f; driven by the magneto-
crystalline anisotropy and not by other kinds of magnetic
anisotropies approaches a higher range above 8.4 GHz. Our
investigation shows single-crystal ferromagnetic films for
high-frequency applications by using its strong magneto-
crystalline anisotropy, which leads to interesting character-
istics and a conceivable advantage for applications.
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