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The thickness-dependent magnetic anisotropy of obliquely deposited Fe(001)/Pd thin films on Mg(001) is investi-
gated by fitting the field-dependent resonant field curve using the Kittel equation. In this study, three Fe film samples
with thicknesses of 50 monolayers (ML), 45 ML, and 32 ML deposited at 0°, 45°, and 55°, respectively, are used. The
magnetic anisotropy constant obtained from ferromagnetic resonance (FMR) spectra exhibits a dominant fourfold magne-
tocrystalline anisotropy (MCA) at the normal deposition angle with larger Fe thickness. However, the in-plane uniaxial
magnetic anisotropy (UMA) is induced by a higher oblique deposition angle and a smaller thickness. Its hard axis lies be-
tween the [100] and [010] directions. The FMR data-fitting analysis yields a precise measurement of smaller contributions
to the magnetic anisotropy, such as in-plane UMA. Due to MCA, when the magnetic field is weaker than the saturated field,
the magnetization direction does not always align with the external field. The squared frequency-dependent resonant field
measurement gives an isotropic Landé g-factor of 2.07. Our results are consistent with previous experiments conducted
on the magneto-optical Kerr effect (MOKE) and anisotropic magnetoresistance (AMR) systems. Thus, a vector network
analyzer ferromagnetic resonance (VNA-FMR) test-method for finding UMA in obliquely deposited Fe(001)/Pd bilayer
ferromagnetic thin films, and determining the magnetic anisotropy constants with respect to the film normal deposition, is

proposed.

Keywords: oblique angle deposition, iron film thickness, magnetic anisotropy, ferromagnetic resonance

PACS: 75.70.Ak, 75.60.Jk, 75.70.Kw

1. Introduction

Ferromagnetic thin films can exhibit extensively modi-
fied magnetic properties from their bulk counterparts,!!! in-
cluding magnetic anisotropy, magnetic homogeneity, and in-
trinsic magnetic damping properties,?! thus they have poten-
tial applications in microscale actuators and sensors, magnetic
recording media components,®! current-induced magnetiza-
tion switching devices,!*! and high-density magnetic random
access memory. ") It is not easy to use conventional tools to
determine the magnetic anisotropy that controls the operation
of these films. The ferromagnetic resonance (FMR) technique
is a very sensitive tool for studying the magnetic anisotropy,
spin dynamics, and homogeneity of ferromagnetic thin films.

Magnetic anisotropy is one of the basic properties of
ferromagnetic materials. In general, there are several ways
to enhance in-plane uniaxial magnetic anisotropy (UMA) in
ferromagnetic films, such as oblique deposition, ®8! mag-

913 and exchange bias.!'*!8] Among these,

netic annealing,|
oblique deposition is easy to handle and thus is widely used in

practice to increase the ferromagnetic resonance frequency of

DOI: 10.1088/1674-1056/28/7/077502

ferromagnetic thin films.!'>?% Due to the self-shadowing ef-
fect, the oblique deposition of ferromagnetic thin films on flat
rigid substrates can result in elongated grains perpendicular to
the direction of the incident atomic flux. Therefore, during the
growth of the ferromagnetic film, UMA with an easy axis per-
pendicular to the direction of the incident flux is induced.*"!
For decades, FMR has been one of the most effec-
tive techniques to determine the crystallinity of ferromag-
netic materials and to measure the phenomenological mag-
netic anisotropy constants. With the increasing interest in
research on ferromagnetic thin films, FMR has been used
more and more in research into single crystal ferromagnetic
thin films.[?>>7] The FMR technique has also proven to be
a powerful technique for measuring the magnetic properties
of oblique anisotropic films./?! At gigahertz (GHz), FMR ac-
curately measures the static characteristics of large magnetic

28301 In these experiments,

field saturated magnetic films.!
magnetic resonance was detected by scanning an applied mag-
netic field. The resonant magnetic field provides a measure of

the effective field excited by a uniform magnetic field in a uni-
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form precession mode. The effective field includes contribu-
tions from external magnetic fields, demagnetizing fields, and
magnetocrystalline energy. The standard FMR technique pro-
vides very high sensitivity because the high-quality coefficient
of the cavity at the operating frequency is determined by the
geometry of the cavity. It is proved that this method can ac-
curately measure the static characteristics of a ferromagnetic
film, which are given by the magnetic anisotropy constant.
The dynamic characteristics are usually determined by the res-
onance linewidth AH, which provides information about the
relaxation process. At present, the magnetic anisotropy be-
havior of the relaxation mechanism, such as the two-magnon
processes at the GHz frequency, is studied using the FMR
technique. 3%

In this paper, we focus on the static properties of epitax-
ial Fe(001)/Pd thin film bilayers, which are highly attractive
due to the increased switching speed of the magnetic cells in
magnetic random access memory (M-RAM) devices. 32331 In
previous studies on similar Fe/MgO(001) thin films with four-
fold magnetocrystalline anisotropy (MCA) and a UMA su-
perimposed, the latter is very likely to be along an easy di-
rection, that is, B = 0° or 90°. It is reported that at small
Fe thickness, the uniaxial component dominates, and as the
thickness increases, the relative anisotropy of cubic anisotropy
increases. Therefore, controlling uniaxial anisotropy is im-
portant because it facilitates device applications such as mag-
netic tunnel junctions and spin torque oscillators.** In this
work, we present results of thickness-dependent magnetic
anisotropy of obliquely deposited Fe(001)/Pd thin films on
Mg(001) via field-dependent resonant field measurements.
Our experimental results are compared with the previous ones
obtained from the quasistatic transverse biased inverse sus-

28351 and high-frequency

ceptibility (TBIS) measurements,!
FMR measurements,!?®! as well as the magneto-optical Kerr
effect (MOKE) and anisotropic magnetoresistance (AMR)
systems, %) which indicates that in addition to the fourfold
MCA due to the body-center cubic (bcc) structure of Fe, an

additional UMA is found in the [100] easy direction.

2. Experiment

Using ultra-high vacuum (UHV) molecular beam epi-
taxy, thin magnetic films of Fe(001)/Pd bilayers were pre-
pared on cleaned MgO(001) substrates via oblique deposi-
tion at a base pressure of 2.0 x 107!% mbar. The substrates
were put into a special template-holder and were heated up
to 700 °C for 2 h. Our previous study showed that this tem-
perature range is the best choice for producing high qual-
ity samples. Detailed information on sample preparation and
characterization has been provided elsewhere.?®! In this pa-
per, three samples of Fe film thicknesses 50 monolayer (ML),
45 ML, and 32 ML, which were 0° normally, and 45°, and 55°

obliquely deposited, respectively, were adopted for the study.
The magnetic anisotropy was analyzed using an in-plane vec-
tor network analyzer ferromagnetic resonance (VNA-FMR)
technique. The measurements were performed by placing the
samples with film side facing the coplanar waveguide (CPW)
at room temperature. A gaussmeter was used to measure the
magnetic field at each field. Microwave excitations were gen-
erated by connecting one end of the CPW to the output port of
the vector network analyzer (VNA). The input port of the VNA
was connected to the other end of the CPW, and the complex
transmission parameter S; through the CPW was measured at
a fixed frequency as the external magnetic field was swept.*”]
The field-dependent resonant field measurements were per-
formed by rotating the sample in-plane while sweeping the
applied magnetic field.

3. Results and analysis

Figure 1(a) schematically illustrates the sample stacking
and measurement configuration. FMR field H; values are ob-
tained by fitting each spectrum to a Lorentzian profile. The
FMR spectra (fitted red lines) of the 0°-Fe(50 ML)/Pd sam-
ple at @y = 0° in the frequency range 12-21 GHz showing
the real part of the transmission parameter (ReS»;) are illus-
trated in Fig. 2. For the samples, the magnetic field H was
applied along the sample plane. In order to avoid small mis-
alignment between the applied magnetic field and the mag-
netic anisotropy (the hard axis may cause a large change in
resonance response), we used a fixed magnetic field H to mea-
sure, but changed the direction of the applied magnetic field
@y . In this method, small misalignment is no longer a source
In addition, the
field-dependent resonant field H; provides a simple illustra-

of error, as it is now a fitting parameter.

tion of the magnetic anisotropy symmetry and the values of the
magnetic anisotropy constants that can be extracted from the
field-dependent resonant field measurements. The magnetic
anisotropy constants are extracted by fitting the resonance field
H; values to the following Kittel equation derived from the
Landau Lifshitz equation: 38!

(0/u0y)> = [Hrcos(@u — @n) + Ha+ Ha(3+ cos(4qy)) /4
— Hy sin®(@y — 45°)| [Hy cos(@y — @)
+ Hycos(4Qy) — Hasin(2gy) ] (1)
Here f = /27 is the microwave frequency, ¥ = gup /7 is the

gyromagnetic ratio, and Hy is the demagnetization field. In
addition, we have

Hy =M — (ZKout/.uOM%)a (2)

where M is the saturation magnetization, U is the permeabil-
ity of free space, and Koy is the out-of-plane uniaxial mag-
netic anisotropy constant. The surface/interface term is very
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important for ultrathin films (a few monolayers), but it be-
comes negligible for films exceeding several tens of mono-
layers. For the thickness dependence, Hy should satisfy the
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condition Hq = Mg as thickness ¢ — 0.3 Also, the samples
are single crystals, and no significant Koy is present in the
samples so can, therefore, be neglected in the analysis.
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Fig. 1. (a) Sample stacking and the measurement configuration. Ferromagnetic resonance field H; as a function of the in-plane azimuthal angle @y
of the samples with Fe films of (b) 50 ML, (c) 45 ML, and (d) 32 ML thicknesses and 0°, 45°, and 55° deposition angles, respectively. Measurements
were carried out at 16 GHz at room temperature. The red lines are theoretical fits to the experimental data using the Kittel equation.

We also evaluate the equilibrium magnetization angle ¢y,
during sample rotation based on numerical calculation using
the following equation: 38!

H, sin((pM — (PH) +Hy sin(4(pH)/4—|—H2 COS(Z(PH)/z =0,03)

where @y denotes the equilibrium azimuthal angle of magne-
tization.

For the special case where the magnetic field is oriented
along the [100]-easy or [110]-hard direction and the in-plane
uniaxial term is ignored, equation (1) respectively simplifies
to

H || (100) = (@/oy)* = (H; + Hg +0.5H,) (H, — Hy), (4)
H || (110) = (0/p0y)” = (Hy+ Ha + Hy) (Hy + Ha). — (5)

It should be noted that equations (4) and (5) are valid only if
external magnetic field H is large enough to align the magne-
tization M parallel to its direction (¢g = Q).

In order to evaluate the magnetic anisotropy constants,
the field-dependent resonant field measurement via the Kittel
equation was performed at a fixed frequency. The experimen-
tal data are fitted with Eq. (1) to obtain a magnetic anisotropy
field. The field-dependent resonant field H, at a fixed fre-
quency f of 16 GHz is plotted in Figs. 1(b), 1(c), and 1(d)

for the samples with Fe films of 50 ML, 45 ML, and 32 ML
thicknesses and 0°, 45°, and 55° deposition angles, respec-
tively. The dependence H;(¢y ) demonstrates that the variation
of the deposition angle leads to a significant change of mag-
netic anisotropy. A rather regular fourfold pattern is clearly
observed in the 0° normally deposited sample with 50 ML
Fe film, confirming the classical behavior. So, in this case,
fourfold MCA is stronger, though it has a character closer to
bulk Fe. In addition to the fourfold MCA, an in-plane UMA
that is easily magnetized in the [100] direction is observed. It
has been reported that UMA components dominate at small Fe
thickness, and the relative strength of MCA increases with in-
creasing thickness. Apparently, the 45° deposited sample with
45 ML Fe film shows a contribution from the in-plane weak
UMAA in the easy direction. However, in the case of the 32 ML
Fe film sample with 55° deposition angle, a strong in-plane
UMA is induced comparatively in the same easy direction.
Different amplitudes of maxima and minima show the mani-
festation of an additional UMA induced by oblique deposition.
Its hard axis lies between the [100] and [010] directions. This
UMA is interpreted as the shadowing effect of the evaporated
beam away from the normal incidence.[®-®! By fitting the ex-

perimental data with Eq. (1), we obtain the in-plane magnetic
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anisotropy field values of UMA (twofold) H> = 0 Oe, 40 Oe,
and 100 Oe with fourfold MCA field H4 = 625 Oe, while
UoHy = 2.18 T, and Landé g-factor = 2.07 for the samples
with Fe films of 50 ML, 45 ML, and 32 ML thicknesses and
0°, 45°, and 55° deposition angles, respectively. It should be
noted that the 45 ML Fe film sample with 45° deposition angle
shows a poor fitting only for the conspicuousness of in-plane
weak UMA along the easy direction. The anisotropy fields
H; are defined in terms of the magnetic anisotropy energy
constants Kj (in units of J/m3) according to H; = 2K;/uoMs.
From these measurements, we obtain the magnetic anisotropy
constants K, and K; using the bulk M value of Fe (M, =
1.74 x 10% A/m). The in-plane MCA constant is found to be
Ki = 5.4 x 10* J/m3. The in-plane UMA constants are quan-
titatively determined and K, = 0 J/m3, 3.4 x 10° J/m3, and
8.6 x 103 J/m? for the samples with Fe films of 50 ML, 45 ML,
and 32 ML thicknesses and 0°, 45°, and 55° deposition angles,
respectively. Table 1 is a summary of magnetic parameters ob-
tained by VNA-FMR. For comparison, we also measured the
same samples in Ref. [36] by anisotropic magnetoresistance
(AMR) to cross-check the measured anisotropy constants ob-
tained by FMR. Both techniques give almost the same value
of Kj, while the values of K, obtained by FMR are slightly
smaller. Indeed, stripe-like defects that may be caused by the
shadow effect are known to induce such UMA in thin films
by means of dipolar interactions among the defects.[*>#!] The
low value of K, may suggest a low density of these defects.
Moreover, it can be clearly seen in Table 1 that K, increases
with the increase of the deposition angle, while K| has a con-
stant value. The oblique deposition is a typical method to tune
the magnetic anisotropy. In the previous study, the magnetic
shape anisotropy induced by thickness-dependent oblique de-
position in Fe/Si films was established.*?! Samples of Fe film
(dre = 20 ML, 40 ML, 60 ML, and 70 ML) were deposited
obliquely at 70° with respect to the surface normal. All sam-
ples showed twofold symmetry, which is typical for films with
UMA. As the thickness of the Fe layer increases, the UMA
constant K, increases. In our current study, the deposition an-

gles and thicknesses are all different for the three samples. As
the deposition angle increases, the UMA constant K, also in-
creases while the thickness of the Fe layer decreases. Con-
versely, as the thickness of the Fe layer increases, the UMA
constant K, decreases. These behaviors are consistent with
previous experiments conducted on the AMR system, which
showed an additional UMA in addition to the fourfold MCA
caused by the bcc Fe structure. The hysteresis loops, mea-
sured by ex-situ MOKE, %! are squares for the external field
applied in the [100] easy direction. For the external field in the
[110] hard direction, the hysteresis loops clearly show a two-
jump magnetic switching process, while for the external field
in the [—110] hard direction, the hysteresis loops clearly show
a three-jump magnetic switching process. A clearer descrip-
tion of the induced UMA can be seen in the ex-situ MOKE
polar plots. Let us first elaborate on the expected evolution of
magnetization. If H is applied strictly in the [110] hard direc-
tion and H, = 0, we expect a soft mode to appear at H = Hj.
If we consider the measured in-plane UMA, the soft mode is
not expected due to the fourfold symmetry of the system being
destroyed. In this case, when H > Hy, the magnetization starts
to rotate in the easy [100] direction, and the minimum value in
the resonance field should be observed.

w |[pr=0
Q
~
f=12 19 21 GHz
1 n 1 n 1 n 1 n 1 n
1000 1500 2000 2500 3000 3500
H/Oe

Fig. 2. FMR spectra (fitted red lines) of the 0°-Fe(50 ML)/Pd sample at
@ = 0° in the frequency range 12-21 GHz showing the real part of the
transmission parameter (ReSy; ).

Table 1. Summarized magnetic parameters of Fe(001)/Pd thin films with different Fe-thicknesses and deposition angles. The error
bars of the magnetic anisotropy field terms are 10% and are mainly given by the uncertainty of the sample volume.

Deposition angle/(°) tre/ML g UoHq4/T (2K1/poMs) /Oe (2Ku/ poMs) /Oe
0 50 2.07 2.18 625(1) 0
45 45 2.07 2.18 625(1) 40(2)
55 32 2.07 2.18 625(2) 100(5)

Note that the resonance field H, around the [100] easy
axis changes more slowly with angle than that around the
[110] hard axis. This behavior may be caused by dragging the
saturation magnetization behind the external magnetic field
due to a strong in-plane fourfold MCA. In general, dragging
enhances the damping and only drags along the easy and hard

axes of magnetization, but where M and H are parallel, the
dragging contribution vanishes. Figure 3 shows the experi-
mental data (circles) of the equilibrium magnetization angle
@pm as a function of the angular position ¢y of the applied
magnetic field H of the three samples. The equilibrium az-
imuthal angle of magnetization ¢, is obtained from Eq. (3)
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using the magnetic anisotropy field values obtained by fitting
the field-dependent resonant field curves using the Kittel equa-
tion. It can be seen that the equilibrium magnetization is not
always perfectly aligned with the external magnetic field. In
fact, due to the existence of MCA, when the magnetic field
is weaker than the saturated magnetic field, its magnetization
direction does not always align with the direction of the ex-
ternal magnetic field, that is, ¢y # ¢@g. The red dashed line
represents the case where the magnetization M and the exter-
nal magnetic field H are completely collinear. Note that the
experimental misalignments are in perfect agreement with the
theoretical angular position.

315
o70k  © Fe=0° (50 ML)
O Fe=45° (45 ML) Z
995l © Fe=50" (32 ML)
—--- PM = PH
o 180t
S 135t
90
451 O
0 1 1 1 1 1

0 45 90 135 180 225 270 315
er/(%)

Fig. 3. Experimental data (circles) of the equilibrium magnetization an-
gle @y as a function of the angular position @y of the applied magnetic
field H for the samples with Fe films of 50 ML, 45 ML, and 32 ML
thicknesses and 0°, 45°, and 55° deposition angles, respectively. The
red dashed line represents the case of perfect collinearity between mag-
netization and external field.

600
0 Fe=0° (50 ML) H||[100]
I O Fe=0° (50 ML) H||[110]
| 7 Fe=45° (45 ML) HJ|[100]
5001 & Fe=45° (45 ML) HJ|[110]
L % Fe=150" (32 ML) H||[100]
@ Fe=50° (32 ML) HJ|[110]
%N 400f
o)
)
a
“~ 300
200
1 1 1 " 1 " 1 1 1 1 1 1 1 " 1 1 1 1 1 1
000 600 1200 1800 2400 3000
H,/Oe

Fig. 4. The squared resonance frequency f2 versus resonance field H,
of the samples with Fe films of 50 ML, 45 ML, and 32 ML thicknesses
and 0°, 45°, and 55° deposition angles, respectively, along the Fe (100)-
easy and Fe (110)-hard directions. The solid lines are theoretical fits to
the experimental data.

Figure 4 shows the relationship between the squared res-
onance frequency f2 and the resonance field H; of the three
samples along the Fe (100)-easy and Fe (110)-hard direc-
tions. The solid lines are fits according to Eqgs. (4) and (5).
The Landé g-factor is accurately extracted from the quadratic

term of the dependency because the term does not depend on

4344

the magnetic anisotropy field.[*>*4 The measurement results

in an isotropic Landé g-factor of 2.07. In order to further study
the dynamic properties of the obliquely deposited Fe(001)/Pd
thin film bilayers, a detailed FMR experiment must be carried
out to arrive at a firm conclusion.

4. Conclusion

We study the thickness-dependent magnetic anisotropy of
obliquely deposited Fe(001)/Pd thin film bilayer samples us-
ing the VNA-FMR technique. The magnetic anisotropy con-
stants are obtained by fitting the field-dependent resonant field
curves at 16 GHz using the Kittel equation. Though the nor-
mally deposited sample does not show an intrinsic UMA, it is
reported that oblique deposition could cause in-plane UMA. A
consequence of this is that an FMR data-fitting analysis yields
precise measurement of smaller contributions to the magnetic
anisotropy, such as in-plane UMA. This UMA is inferred to
be the shadow effect of the evaporation flux rate deviating
from the normal incidence. This study shows that the magnetic
anisotropy of the Pd/Fe(001)/Mg(001) system can be modified
via oblique deposition, opening up a way to control the mag-
netic anisotropy, which might be significant for the switch-
ing of spintronic devices. The oblique deposition method may
be applicable to other systems composed of two or more el-
ements and can be of interest in the application because the
crystal quality and magnetostatic parameters are not affected
by changing the growth conditions and, furthermore, the film
interfaces are not involved in this procedure. [*’!
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