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The uniaxial magnetic anisotropy of obliquely deposited Fe(001)/Pd film on MgO(001) substrate is investigated as
a function of deposition angle and film thickness. The values of incidence angle of Fe flux relative to surface normal of
the substrate are 0°, 45°, 55°, and 70°, respectively. In-situ low energy electron diffraction is employed to investigate
the surface structures of the samples. The Fe film thicknesses are determined to be 50 ML, 45 ML, 32 ML, and 24 ML
(1 ML =0.14 nm) by performing x-ray reflectivity on the grown samples, respectively. The normalized remanent magnetic
saturation ratio and coercivity are obtained by the longitudinal surface magneto-optical Kerr effect. Here, the magnetic
anisotropy constants are quantitatively determined by fitting the anisotropic magnetoresistance curves under different fields.
These measurements show four-fold cubic anisotropy in a large Fe film thickness (50 ML) sample, but highly in-plane
uniaxial magnetic anisotropies in thin films (24 ML and 32 ML) samples. In the obliquely deposited Fe films, the coercive
fields and the uniaxial magnetic anisotropies (UMAs) increase as the deposition angle becomes more and more tilted. In
addition, the UMA decreases with the increase of the Fe film thickness. Our work provides the possibility of manipulating
uniaxial magnetic anisotropy, and paves the way to inducing UMA by oblique deposition with smaller film thickness.

Keywords: iron thin films, oblique deposition, magnetic anisotropy, magnetoresistance
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1. Introduction

Magnetic anisotropy may be of technical importance for
the application of magnetoresistive (MR) devices. It has been
recognized that higher perpendicular magnetic anisotropy is
desirable for future high-density magnetic recording (HDR)
and high frequency magnetic devices. For various devices in
the magnetoresistive random access memory (M-RAM) and
the hard disk drive (HDD) head component, an in-plane mag-
netized film with a uniaxial anisotropy is being used.!]

The oblique deposition of magnetic films can effectively
induce a highly in-plane uniaxial magnetic anisotropy.'>3! In
an obliquely-deposited ferromagnetic film, the coercive field
increases sharply as the deposition angle becomes more and
more tilted. In addition, there is a steep transition between
magnetization directions when measured along the easy axis
of the structures, leading to a very square hysteresis loop. The
evaporation of Co and Co alloys onto the polymer substrate
has been used to produce medium for high-density magnetic
recording tape.!*! In oblique deposition, magnetic anisotropy
is usually associated with shadow and steering effect, result-
ing in elongated grain structures or ripples on a nanometer
scale. These elongated grain structures and ripples give rise

DOI: 10.1088/1674-1056/27/9/097504

to in-plane uniaxial magnetic anisotropy.>~®! The anisotropic
surface roughness of obliquely deposited Ta, Pt, or Co under-
layers also causes highly uniaxial magnetic anisotropy.!*~!?!
While in the magnetic films deposited at normal incidence,
the magnetostatic coupling arising from the anisotropic undu-
lation of the interface between the underlayer and the magnetic
film causes in-plane magnetic anisotropy.!!3! Previous reports
have shown that in Pd/obliquely deposited Fe/Al,O3(0001),
despite the existence of protective Pd overlayer and insulating
Al,O3(0001) substrate, the obliquely deposited Fe film still
shows an explicit uniaxial magnetic anisotropy energy.!'#! In
recent years, the interfacial magnetic anisotropy and coercive
field have been studied in many systems including 3d magnetic
metal covered by non-magnetic films.[15-18]

Up to now, different characterization tools have been
used to measure magnetic anisotropy constants, such as ferro-
magnetic resonance (FMR),['] hysteresis loop measurement,
torque measurement, ?%) rotating magneto-optical Kerr effect
(ROT-MOKE),"?!! and transverse biased initial inverse suscep-
tibility and torque (TBIIST).!??! For ultra-thin films, coherent
domain rotation magnetization reversal does not always occur,

particularly when the applied field is lower than the saturation
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field. Therefore, it is a challenge to accurately determine the
magnetic anisotropy constant from the magnetization hystere-
sis loop. Anisotropic magnetoresistane (AMR) was therefore
considered as an accurate technique for magnetic anisotropy
measurement in thin films.[?>28 In order to ensure a real sin-

gle domain rotation, an appropriately large field is required.

The Fe/Pd is an excellent candidate for studying the re-
lationship between atomic structure and magnetism in low di-
mensional heterostructures. In the past, most of the work has
been carried out on the growth behavior and structure of Fe
thin films deposited on MgO(001) substrates.?°=3%1 However,
the magnetic properties of Fe films on MgO(001) substrates
still need to be studied in more detail. In this paper, we re-
port the magnetic behavior of Fe film obliquely deposited on
MgO(001) substrate as a function of deposition angle and film
thickness. The magnetic properties are measured by azimuthal
rotation through ex-situ magneto-optical Kerr effect (MOKE)
at room temperature. In addition, the magnetic anisotropy con-
stants are quantitatively determined by using the standard four-
point method of anisotropic magnetoresistance (AMR) mea-

suring setup.

2. Experimental details
2.1. Sample preparation

The Fe films were deposited on cleaned MgO(001) sub-
strates by molecular beam epitaxy (MBE) in an ultra-high vac-
uum (UHV) system with a base pressure of 2.0 x 10~!* mbar.
The MgO(001) substrate had been first heated at 700 °C for
2 h to remove the adsorbed gas from the surface before the
film was deposited. The clean surface of MgO(001) was
confirmed by in situ low energy electron diffraction (LEED)
equipped within the Omicron UHV system. Subsequently, the
Fe (99.995% purity) film was deposited on the MgO(001) sub-
strate by the oblique-incidence deposition method. The Fe
films with thicknesses of 50 ML, 45 ML, 32 ML, and 24 ML
were obtained by varying the oblique deposition angle (¢) rel-
ative to the normal surface of the substrate. The Fe film depo-
sition angles (o) were 0°, 45°, 55°, and 70°, respectively. The
growth time of Fe film for all samples was kept the same (i.e.,
40 min) in the deposition processes. Therefore, the deposition
rate of Fe film was 0.6-1.25 ML/min, while the substrate was
still kept at room temperature. Before taken out of the UHV
chamber, all samples were covered with a layer of ~ 6 nm Pd,
normally deposited under pressure of 5.0 x 10~° mbar. Fig-
ure 1(a) shows a schematic configuration of the samples syn-
thesis.

normal deposition

(a)

Pd (133 min)
Fe (40 min)
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45° Y
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I MgO(001) |

Fig. 1. (color online) (a) Schematic configuration of sample growth, (b) LEED pattern of MgO(001) substrate, and (c) Fe thin film

deposited on MgO(001) with @ = 0° (normal deposition).
2.2. Diagnostic techniques

In situ low energy electron diffraction (LEED) equipped
within the Omicron UHV system was employed to investi-
gate the surface structure of the samples. The x-ray reflec-
tivity (XRR) was performed to determine the film thickness

and roughness for all samples by a Bruker D-8 x-ray diffrac-

tometer using Cu Ka radiation (A = 0.15405 nm). The ex-
situ longitudinal MOKE measurements were carried out at
room temperature and described elsewhere.3738! In addition,
the magnetic anisotropy constants were determined quantita-
tively by fitting the angle-dependent anisotropic magnetore-
sistance (AMR) curves. The home-made AMR setup con-
sists of a Wheatstone bridge, a lock-in amplifier (Stanford
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Research Systems SR830 DSP), and a rotational magnetic
stage around a stationary sample. In the experiments, a suf-
ficiently large and stable field was used to guarantee a true
single-domain behavior of the specimen. The sample size was
10 mmx3 mmx 0.5 mm for AMR measurements, which were
performed with a standard four-point method.

3. Results and discussion
3.1. LEED analysis

Figure 1(b) shows the in situ LEED (2 x 2) pattern of
MgO(001). The surface structure of the Fe film normally de-
posited is also investigated by in situ LEED, and the cubic
Fe(001) layer is epitaxially grown on the MgO(001) surface as
shown in Fig. 1(c). Previous study of MgO showed that it re-
tained its bulk body centered cubic (BCC) structure due to the
lattice mismatch of 4%, and there might be a tetragonal distor-

tion in the Fe.3940

I As shown in Fig. 1(c), due to the epitaxial
relationship, the Fe lattice is rotated by 45° relative to the MgO
lattice, i.e., the well-known relation Fe(110) || MgO(100).
During the oblique deposition, a self-shadowing effect takes
place, resulting in the formation of grains in the plane of the
film that is elongated perpendicularly to the incident flux di-
rection and with an aspect ratio increasing at a larger deposi-
tion angle. Therefore, all the other LEED patterns are almost
similar and it is difficult to distinguish the LEED pattern of
the Fe film with large oblique deposition angle. The energy

provided during the LEED pattern observation is 132 eV.

3.2. XRR analysis

The XRR usually can be performed on the grown sam-
ple to determine the film thickness, roughness, and density.
Figure 2 shows the XRR experimental curve and its fitting for
determining the film thickness and roughness of the sample
with a = 0° (50 ML). The XRR experimental curves and their
fittings for the other samples are not shown here. The fitting

—Oo— a=0°
106 — fitting

103

102

Reflectivity /arb. units

10!

20/(°)

Fig. 2. (color online) X-ray reflectivity spectra recorded on 0°-
Fe(001)/Pd thin film, with fitting parameters accurately determined by
simulating (red line) the experimental curve (open circles).

parameters are accurately determined by simulating (red line)
the experimental curve (open circles) and are presented in Ta-
ble 1. Figure 3 clearly shows that the Fe film thickness (¢pe)
decreases and the roughness (o) increases with the increase of
oblique deposition angle ().
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Fig. 3. X-ray reflectivity measurement of Fe-film thickness (fre) and
roughness (o) as a function of deposition angle c.

Table 1. X-ray reflectivity measurements of film thickness and rough-
ness.

o/(°) tre/ML o /nm fpa/nm
0 50 0.50 6
45 45 0.84 6
55 32 1.14 6
70 24 1.78 6

3.3. MOKE analysis

The magnetic properties are measured by azimuthal rota-
tion through the ex-situ MOKE at room temperature. Figure 4
shows typical MOKE hysteresis loops taken at different values
of angle @y for all four samples. More detailed studies reveal
the magnetic behaviors of these films, the conventional square
hysteresis loops, and loops with multi-jumps, which are de-
pendent on the direction of the magnetic field. The anisotropic
geometry of each sample is the same as that in previous work
on Fe/MgO(001).1!) The UMA along Fe[100] is very impor-
tant to create a multi-jump magnetic switching process. The
experimental results of Zhan et al. showed that a considerable
UMA along [100] may lead to three-jump loops in some di-
rections of the external magnetic field.[*?! These multi-jump
loops are also observed in our samples, and we have two con-
siderable UMAs along [100]. Figures 4(c) and 4(d) show one
jump at @y = 45°, two-jumps at @y = 126°, and three-jumps
at @y = 153° given by typical MOKE; ¢y is the angle of
the applied field relative to the [110] hard axis. The UMA
along Fe[100] originates from oblique-incidence growth ge-
ometry. It is perpendicular to the incident flux direction and
results from the self-shadowing effect. These unusual mag-

netic switching processes are caused by superimposed uniaxial
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magnetic anisotropy, which can be explained by the magneti-
zation reversal mechanism of the 90° domain wall.[*3] Thus,
the origin of uniaxial magnetic anisotropic component is the
incident angle of the Fe atomic flux relative to the normal
plane of the substrate. Since this effect was first observed in
the Fe/Pd superlattice with a very thin Fe layer (< 20 A), it
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was assumed that the magnetic anisotropy may occur, because
the roughness of the Fe/Pd interface (about 5 A) may have an
anisotropic morphology, which is caused by the incident angle
of the Fe atomic flux. A similar uniaxial magnetic anisotropy
was also found in a single 800 A-thick Fe film grown directly
on MgO with a 15 A Pd cap layer.[*4]
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Fig. 4. (color online) Typical magnetic hysteresis loops of Fe films at different deposition angles: (a) 0°, (b) 45°, (c) 55°, and (d) 70°.

Therefore, on the contrary, our results show that the ori-
gin of the magnetic anisotropy is not the interface effect, nor
the bulk property of the Fe layer, but it may be caused by the
thickness of the Fe film changing with the oblique angle in
the deposition process. The experimental dependency on the
field direction of the coercive field (H.) is plotted in Fig. 5.
In order to facilitate the investigation of the anisotropic sym-
metry, the same data are plotted in polar coordinates in the
inset. The H, of the sample with ov = 0° (50 ML) measured
at oy = 0° is 16 Oe and shows an invariant behavior with the
azimuthal angle (¢g). When the oblique deposition angle in-
creases to @ = 45° (45 ML), the H, measured at ¢y = 0° is
increased to 25 Oe and shows a non-constant behavior with
the azimuth (¢g). Particularly in the case of the samples with
o = 55° and 70°, the H, values increase to 55 Oe and 66 Oe
respectively, at the values of easy axe ¢y = 126° and 315°
just as the other samples do. This implies the uniqueness of
the 32 ML and 24 ML samples with o¢ = 55° and 70°. Be-
cause of the tilting shape of the hysteresis loop, H. drops to
21 Oe at the hard axes (¢y = 180° and 360°), which clearly
indicates the presence of uniaxial magnetic anisotropy. Quan-
titatively, Table 2 shows the difference H?A — HEA, i.e., sub-

tracting the coercivity along the easy axis (HE*) from the co-
ercivity along the hard axis (H!'A). The values of H. are de-
duced from the widths of the split half-loops. If the film had
a coercive field less than the uniaxial anisotropy field, this ef-
fect would be simply regarded as a (relatively large) difference
between the coercive forces in the two directions. Obviously,
the larger the difference, the more alignment becomes a sign
of the absence of disorder, that is, it shows single crystallinity
of the sample. Also, it can be clearly seen from Table 2 that
the increase of oblique deposition angle leads to more align-
ment and highly uniaxial magnetic anisotropy. From the lon-
gitudinal MOKE data for all samples, the angle dependent
normalized remanent magnetic saturation ratio (M;/Ms) po-
lar plots are shown in Fig. 6. Previous work reported that
the Fe thin films on MgO(001) substrates have four-fold sym-
metry with strong magnetic anisotropy.*! Figure 6(a) clearly
shows that the angle dependent normalized remanence of the
normally deposited (o = 0°) sample exhibits four-fold sym-
metry. When the Fe film thickness is large (50 ML), the
four-fold cubic anisotropy is dominant to the UMA caused by
oblique deposition.[*®! In the case of a@ = 45° (45 ML) sample,

a weak four-fold symmetry is observed, as shown in Fig. 6(b).
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However, the samples deposited with o = 55° and 70° ex-
hibit highly in-plane uniaxial magnetic anisotropy as shown
in Figs. 6(c) and 6(d), respectively. This implies that the self-
shadowing effect occurs during the oblique deposition, result-
ing in the formation of grains in the film plane perpendicular
to the direction of the incident flux, and with aspect ratio in-
creasing at a higher deposition angle. Therefore, the inhomo-
geneous distribution of the adatoms (roughness) occurs. That
is why an in-plane uniaxial magnetic anisotropy is induced
by the roughness caused by oblique deposition. Therefore, as
the oblique deposition angle increases, the roughness also in-
creases, resulting in the increase of UMA.#7! These measure-
ments also show four-fold cubic anisotropy in large Fe film
thickness (50 ML) sample, but exhibit highly in-plane uniaxial
magnetic anisotropy in thin films (24 ML and 32 ML) samples.

180

200

Il
0 60 120 180 240 300 360
en/(%)

Fig. 5. (color online) Experimental dependency on the field direction
of coercive field (H.), with the same data plotted in polar coordinates in
the inset.

-9 (b) a=45°

Fig. 6. Angular dependent normalized residual polar plots of longitudinal MOKE data for all four samples.

Table 2. Magnetic anisotropy constants (K] and K,,) and coercivity field
(H.) measured by using torque curves and MOKE, respectively.

H./Oe
HCEA HCHA (Hé‘lA_HE,A)
51x10° 103 103

re/ML  K/Jm™3  KJ/Jm™3

50 5.2 %104

45 52%x10%  7.6x10° 145 209 6.4
32 52%x10* 51x10* 113 231 11.4
24 52%x10%  7.1x10* 387 515 12.8

3.4. AMR analysis

In order to quantitatively determine the constants of mag-
netocrystalline anisotropy K; and uniaxial magnetic anisotropy

K, for all four samples, the torque curves are obtained.

The resistance in ferromagnetic metallic film is a function
of angle ¢y, which is the angle between the magnetization and

current (inset of Fig. 7(b)), and can be written as[*%4°]

Ry =R_ + (R —RL)cos oy (1

The maximum (RH) and minimum (R | ) correspond to the mag-
netoresistance when the external magnetic field (H) is parallel
and perpendicular to the current direction.

For real single domain rotation and excluding ordinary
magnetoresistance effect, it is necessary to impose a higher

external magnetic field than the saturation field.
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Fig. 7. (color online) (a) Angle-dependent MR measurement (H =
500 Oe) at different deposition angle o and with cos?(@y) as a ref-
erence for comparison. (b) Correlation between @y and ¢y at different
deposition angle ¢. Inset shows schematic configuration of sample re-
sistance measurement as a function of angle ¢, which is between the
magnetization (M) and current (7).

The AMR curves of all four samples are plotted in
Fig. 7(a). By changing the direction of the external magnetic
field H, the magnetization M follows the orientation of the ex-
ternal applied field, so that the value of AMR exhibits an oscil-
latory behavior. However, due to magnetic anisotropy, Mpe is
no longer consistent with the external field (H) in the rotation
process, that is, @y # @g. Therefore, the AMR curve does not
follow this cos? @y relationship. The correlation between @y
and @y can be obtained from Fig. 7(a) and drawn in Fig. 7(b).
Obviously, it can be expressed as

Oy = cos™! <

M) ) )

R|—R,

In fact, in the presence of an external magnetic field, two types
of torques act on the magnetization. The torque of magnetiza-
tion due to the easy axis can be expressed as

Lx = Kysin(2¢y) + <I§> sin(4@y). 3)

The first term is two-fold UMA and the second term is four-
fold MCA. The torque of the external magnetic field can be

expressed as
Ly = poMH sin(@n — Qur), O]

where o is the permeability of free space (g = 47 x
10~7 H/m) and M, represents the saturation magnetization (for
bulk Fe, M = 1.74 x 10° A/m).

In order to compare the above two types of torques, the

normalized torque is introduced below

l(om) = = sin(Qy — @um). (5)

K
UoMH

The expression of total energy including magnetic anisotropy

energy and Zeeman energy can be expressed as

E = Kysin® @y + ([j) 0052(2(pM)
— UoMgH cos(®n — Qum ), (6)

where the first and the second terms represent two-fold UMA
and four-fold MCA, respectively, and the last term is the Zee-
man energy. In the case of equilibrium (JE/d@y = 0), the
normalized magnetic torque is given by

_ Kusin(2¢y) + (Ki/2) sin(4¢y)

on ML SN

The normalized magnetic torque curves for all four sam-
ples are shown in Fig. 8. The values of magnetic anisotropy
constants Kj and K, are determined by fitting the normalized
torque curves with Eq. (7). It is obvious that the sample de-
posited with o = 0° (normal deposition) shows the minimum
value of UMA, K, = 5.0 x 10® J/m?, with dominant four-
fold MCA K; = 5.2 x 10* J/m?, and with higher deposition
angle oo = 70°, UMA obviously reaches the maximum value
Ky = 7.1 x 10* J/m3. The values of magnetic anisotropy con-
stants K, and K under variant external magnetic fields are
plotted in Fig. 9. Both K, and K] show the almost invariable
behaviors of the magnetic fields applied externally, which are
in good agreement with those of the Fe/Si(001) films.®" The
determined values of K, and K; for all samples are also plotted
against the deposition angle (¢¢) as shown in Fig. 10. Table 2
shows the values of K, and Kj obtained from the AMR mea-
surements. It can be clearly observed that K, increases with
the increase of oblique deposition angle, while K; shows an
invariant behavior. In addition, K, decreases with increasing
Fe film thickness (tr.) as shown in Fig. 11. Our measurements
show four-fold cubic anisotropy in a large Fe film thickness
(50 ML) sample and the recognition of superimposed highly
in-plane uniaxial magnetic anisotropy in thin film (24 ML and
32 ML) samples. Thus, it is concluded that UMA may also be
induced by oblique deposition with smaller film thickness.
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Fig. 8. (color online) Normalized magnetic torque curves of Fe films deposited on Mg(001) substrate at different deposition angles:
(a) 0°, (b) 45°, (c) 55°, and (d) 70°.
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4. Conclusions

In this work, our measurements show four-fold cubic

anisotropy in thick Fe film (> 32 ML) and superimposed

highly in-plane uniaxial magnetic anisotropy in thin film. The

in-plane UMA K, induced by oblique deposition shows an in-

creasing behavior with the deposition angle while K; shows

an invariant behavior. The values of MCA constant K; and

UMA constant K, each exhibit almost a linear behavior with
the applied field. In addition, the UMA K, decreases with Fe
film thickness increasing. The higher oblique deposition angle

also results in higher coercivity.
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