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A comprehensive investigation of the magnetic properties and high frequency characteristics of NiFe/

MnIr bilayers with regards to oblique deposition angle was conducted in conjunction with an analysis

based on the Landau-Lifshitz-Gilbert equation. It was found that exchange bias can be significantly

enhanced with the variation of oblique deposition angle, which is interpreted in terms of the formation

of inclined columnar structure of the films often observed in samples fabricated by this oblique

deposition technique. Moreover, the uniaxial magnetic anisotropy field and the resonance frequency

are increased with the increasing of oblique deposition angle. The variations of effective Gilbert

damping factor and the frequency linewidth with oblique deposition angle are also presented and

discussed in details. VC 2013 American Institute of Physics. [http://dx.doi.org/10.1063/1.4792496]

I. INTRODUCTION

Among various research themes in magnetism,

exchange bias stands as one of the most interesting topics

that have been received much attention from many research-

ers.1–3 This effect refers to the shift of the hysteresis loops in

materials having ferromagnetic (FM)/antiferromagnetic (AF)

interfaces when they undergo a field cooling procedure from

a temperature higher than the N�eel point or when they are

fabricated under an applied magnetic field.1–3 Although

extensively studied due to its extensive application in mag-

netic recording industry4–7 as well as potential applications

in microwave devices,8–16 the physical origin of this intrigu-

ing phenomenon together with some associated effect is still

in controversy and needs further research to elucidate. In the

literature, exchange bias has been investigated with respect

to many influence factors such as thickness depend-

ence,1,8,11,12,14–16 temperature dependence,1,6,16–18 micro-

structure dependence,1,3,18–20 and fabrication condition

dependence20,21 of this effect. However, it appears that there

is a lacking of research that focuses on the influence of

oblique deposition in exchange-biased thin films.22–24 In

this work, we therefore aim to study the effect of oblique

deposition on magnetic and microwave properties of

exchange-biased NiFe/MnIr bilayers. This study in the sense

of fundamental research may assist us to have an insight of

exchange bias. Besides, from application perspective, our

research work has a great implication for high frequency

application based on magnetic thin films because both

exchange bias8–15 and oblique deposition25–30 are proven to

be effective ways to tune the ferromagnetic resonance fre-

quency. Hence, it may be interesting to investigate the possi-

bility of combining these two ways together to push the

resonance frequency to even higher range. With these objec-

tives in mind, we carry out in the present research work, a

detailed investigation to see how the oblique deposition

angle affects both the static magnetic properties in the

hysteresis loops and the dynamic magnetization in the per-

meability spectra of the exchange-biased NiFe/MnIr bilayers

and discuss the results in light of the analysis based on the

Landau-Lifshitz-Gilbert (LLG) equation.

II. EXPERIMENT

Thin films of NiFe (125 nm)/MnIr (15 nm) bilayers were

fabricated onto Si (100) substrates at room temperature using

a radio-frequency (RF) magnetron sputter-deposition system

with the base pressure of 7� 10�7 Torr. The targets used in

this fabrication are Ni80Fe20 and Mn75Ir25 alloy targets. A

capping layer of SiO2 with the thickness of 10 nm was

deposited on the top of the samples to protect them from

oxidation. The argon pressure was kept at 10�3 Torr during

the deposition process by introducing argon gas at the flow

rate of 16 SCCM (SCCM denotes cubic centimeter per mi-

nute at STP). The deposition setup is shown in Fig. 1, where

the substrates were put at an oblique angle ranging from 0�

to 45�. With this arrangement, the easy axis of the present

films induced by oblique deposition is perpendicular to inci-

dent plane. A magnetic field of about 200 Oe was applied

during the deposition process along the easy axis induced by

oblique deposition in order to assist the inducement of mag-

netic anisotropy. The composition was determined by energy

dispersive X-ray spectroscopy (EDS) and the thickness of

each layer was controlled both by the deposition time and by

keeping the deposition rate constant, which was verified by a

thickness profile meter. For the structural properties of the

films, an X-ray diffractometer using CuKa radiation was

employed to characterize. A vibrating sample magnetometer

(VSM) was used for the measurement of magnetization

curves at room temperature. The permeability spectra over

the frequency range from 0.05 GHz to 5 GHz were obtained

by a shorted micro-strip transmission-line perturbation

method31 using a fixture developed in our laboratory.
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III. RESULTS AND DISCUSSION

Figure 2 presents X-ray diffraction patterns for a series

of our NiFe/MnIr bilayer samples with oblique deposition

angle changed from 0� to 45�. There are two prominent

peaks observed which corresponds to the MnIr fcc (111)

peak and NiFe bcc (110) peak. It can be seen that as the

oblique deposition angle is increased, especially in the range

from 30� to 45�, the NiFe bcc (110) peak is moved to the

higher diffraction angle whereas the MnIr fcc (111) peak

position is practically unchanged. This unambiguously indi-

cates that there is a contraction in the lattice spacing of NiFe

bcc (110). The contraction of NiFe bcc (110) lattice spacing

can be interpreted in terms of the formation of the columnar

grains which are tilted due to the self-shadow effect25–30,32–

34 of the oblique deposition method. As the oblique angle is

increased, the tilting of the columnar grains is increased

leading to some distortion of the lattice of the films in such a

way that the lattice spacing is reduced substantially.24,25

Shown in Fig. 3 are several representative hysteresis

loops of NiFe/MnIr bilayer films with different oblique depo-

sition angles measured at room temperature along the easy

axis and the hard axis. Here, the easy axis is the one in the

same direction as the magnetic field applied during deposi-

tion. The hard axis is the one that is perpendicular to the dep-

osition magnetic field but it is still lying in the plane of the

film.12,13 A detailed description for the definition of the easy

axis and hard axis is provided in Fig. 1. It can be seen clearly

in Fig. 3 that all the easy axis loops are shifted to the nega-

tive direction which is indicative of the presence of exchange

bias coupling between the FM (NiFe) and AF (MnIr) layers.

The hard axis magnetization curves show typical slanted

loops implying that there is also an uniaxial magnetic anisot-

ropy present in these films. More interesting, one can

observe that the hard axis loops become more slanted as the

oblique deposition angle is increased. This behavior suggests

FIG. 1. Schemative view of the present oblique deposition system.

FIG. 2. XRD profiles of NiFe-MnIr bilayered films grown at various oblique

deposition angles.

FIG. 3. Representative hysteresis loops measured along easy axis and hard

axis at room temperature for different NiFe-MnIr films grown at various

oblique deposition angles.
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that the magnetic anisotropy is increased with increasing of

the oblique deposition angle. More quantitative discussion

on this behavior together with the contribution of each sepa-

rated magnetic anisotropy will be given later.

Now we focus on the measurement of dynamic magnetic

characteristics of these films. The permeability spectra of the

films measured at room temperature for some representative

oblique angles are revealed in Fig. 4 with both real and imag-

inary parts. As demonstrated in Fig. 4(b), the peak in the

imaginary permeability spectra is found to be shifted toward

higher frequency range when the oblique deposition angle is

increased. This behavior unambiguously indicates that the

ferromagnetic resonance frequency is increased with the

increasing of oblique deposition angle. For a more quantita-

tive analysis of these dynamic magnetic properties, the LLG

equation35 as below is employed to fit the experimental

dynamic permeability spectra,

d ~M

dt
¼ �cð~M � ~HÞ þ aef f

M
~M � d ~M

dt
: (1)

Here, M represents the magnetization of the films, H is

the magnetic field, aeff is the dimensionless effective Gilbert

damping coefficient (aeff includes intrinsic and several ex-

trinsic sources of damping8,15,23), and c is the gyromagnetic

ratio. By solving the LLG equation with the assumption of

macrospin approximation and the presence of only in-plane

uniaxial anisotropy in the films, one can obtain the expres-

sion of the real and imaginary parts of permeability spectra

as follows:27,28

l0 ¼ 1þ 4pMSc
2
ð4pMS þ HK

dynÞð1þ aef f
2Þ½x2

Rð1þ a2
ef f Þ � x2� þ ð4pMS þ 2HK

dynÞðaef f xÞ2

½x2
Rð1þ aef f

2Þ � x2�2 þ ½aef f xcð4pMS þ 2HK
dynÞ�2

; (2)

l00 ¼ 4pMef f cxaef f

c2ð4pMef f þ HK
dynÞ2ð1þ a2

ef f Þ þ x2

½x2
Rð1þ a2

ef f Þ � x2�2 þ ½aef f xcð4pMef f þ 2HK
dynÞ�2

: (3)

Here, c, MS, HK
dyn, and xR (xR¼ 2pfFMR) are the gyromag-

netic ratio, the saturation magnetization, dynamic magnetic ani-

sotropy, and ferromagnetic resonance frequency, respectively.

The saturation magnetization 4pMS can be obtained from VSM

measurement which is 10 kG while the dynamic magnetic ani-

sotropy field HK
dyn and the effective Gilbert damping aeff can

be considered as fitting parameters. Based on the above Eqs. (2)

and (3), we can fit the experimental data very well with the

theoretical curves, which are represented as the lines in Fig. 4.

Figure 5 provide a summary of the dependences of the

exchange bias field HE, the coercivity measured along the

FIG. 4. Representative permeability spectra of NiFe-MnIr films grown at

various oblique deposition angles. (a) Real part l0. (b) Imaginary part l00.
Lines are fitted from LLG equation.

FIG. 5. (a) Variations of exchange bias field (HE) and coercivity (HC) along the

easy axis as a function of oblique deposition angle. Lines are served as a guide

to the eyes. (b) Variations of intrinsic uniaxial (HK
int), static (HK

sta), and dynamic

(HK
dyn) magnetic anisotropy fields as functions of oblique deposition angle.
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easy axis (HC), the static magnetic anisotropy field HK
sta, the

dynamic magnetic anisotropy field HK
dyn, and the intrinsic

uniaxial magnetic anisotropy field HK
int. The exchange bias

field HE is defined as the shift of the center of the magnetiza-

tion curve along the easy axis whereas the static magnetic

anisotropy field HK
sta is determined from the slope of the

hard axis hysteresis loop.10,12,15,36,37 It is noted that this

static magnetic anisotropy field HK
sta is the total effective

static magnetic anisotropy field and is the sum of the unidir-

ectional anisotropy field (which is exchange bias field HE)

and the intrinsic uniaxial magnetic anisotropy field HK
int

(HK
sta¼HE þ HK

int).36,37 In addition, one should note that

the easy axis of HK
sta is not changed with the increasing of

oblique angle and it is in the same direction as the direction

of the unidirectional anisotropy defined by the magnetic field

applied during deposition. Hence, we can obtain HK
int by

subtraction of HE from HK
sta (HK

int¼HK
sta - HE).36,37 The

dynamic magnetic anisotropy field HK
dyn, on the other hand,

is obtained from the LLG fitting procedure as mentioned

above. As observed in Fig. 5(a), exchange bias field is gener-

ally increased with oblique angle except a slight decrease in

the range from 16� to 23�. This behavior may possibly be

due to the above-mentioned self-shadow effect which results

in a formation of tilted columnar structure leading to some

distortion of the lattice of the films.25–30 This distortion may

assist in creating more pinning sites at the FM/AF interfaces

which are important for emergence of the frozen AF spins

accounting for exchange bias thus accounting for the

enhancement of exchange bias with oblique angle as

observed.24 Also presented in Fig. 5(a) is the variation of the

coercivity HC with oblique deposition angle showing a slight

increase of HC with oblique angle. The mechanism of HC is

rather complicated, which is dependent not only on the value

of the magnetic anisotropy but also on the reversal modes of

the magnetization process. As the magnetic anisotropy is

hugely changed while the coercivity is practically

unchanged, one may tentatively draw a conclusion that the

coercivity in this case is governed mostly by the reversal

modes rather than by the magnitude of the magnetic anisot-

ropy. We argue that it is also because the self-shadow effect

that causes the intrinsic uniaxial anisotropy field HK
int

increased with the increasing of the oblique deposition angle

as seen in Fig. 5(b). This behavior was quite well established

in the literature with many similar observations in various

systems of single layered FM.25–30 Due to the increasing of

both exchange bias field HE and the uniaxial anisotropy field

HK
int with the oblique deposition angle, the total effective

static magnetic anisotropy field HK
sta is increased accord-

ingly. However, it should be noted that this increment is

mostly due to the contribution of HK
int explaining why the

trends of HK
sta and HK

int with oblique deposition angle are

quite similar. For example, when the oblique deposition

angle is changed from 0� to 45�, HK
int is increased from 6 Oe

to a high value up to 110 Oe while HE is only changed from

6 Oe to 9 Oe. The reason for these different behaviors lies in

the fact that the self-shadow effect resulting in a formation

of tilted columnar structure in oblique deposition governs

HK
int and HE in different ways. While this tilted columnar

structure containing elongated grains may lead to the emergence

of shape anisotropy and magnetocrystalline anisotropy causing a

great enhancement of HK,23,25–30 it may just only create more

pinning sites at the FM/AF interfaces, thereby leading to a

moderate increment in HE. Also as observed in Fig. 5(b), the

difference between dynamic magnetic anisotropy field HK
dyn

obtained from LLG fitting and the static magnetic anisotropy

field HK
sta estimated from M-H loops is negligible suggesting

that there is practically no rotational anisotropy field present in

these series of samples15,17,36,37

According to Kittel,38 the ferromagnetic resonance fre-

quency fFMR and the dynamic magnetic anisotropy field

HK
dyn can be related to each other through the following

equation:

fFMR ¼
c

2p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Hdyn

K ðH
dyn
K þ 4pMSÞ

q
: (4)

Since HK
dyn is increased with the increasing of oblique depo-

sition angle as discussed above and the saturation magnetiza-

tion MS is constant for all the samples, the ferromagnetic

resonance frequency fFMR is increased with oblique deposi-

tion angle accordingly as in Fig. 6(a). This characteristic has

an important implication from the application perspective.

By combining both exchange bias and oblique deposition

technique, we can tune the resonance frequency from 0.9

GHz up to 3.2 GHz. The static permeability lS, however, is

reduced when the oblique deposition angle is increased as

observed in Fig. 6(b). This reduction can be interpreted

based on the following equation which reveals the relation-

ship between the static permeability lS and the effective

static magnetic anisotropy HK
sta,11

FIG. 6. Dependences of (a) ferromagnetic resonance frequency (fFMR), (b)

static permeability (lS) with oblique deposition angle.
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lS ¼ 1þ 4pMS

HK
sta
: (5)

From the above formula, it can be easily deduced that as

HK
sta is increased with oblique deposition angle as in

Fig. 5(b) while MS is constant, lS is expected to decrease

when the oblique deposition angle increases.

Figure 7 summarizes the variations of the effective Gil-

bert damping coefficient aeff and the frequency linewidth Df

with oblique deposition angle. It is interesting to observe that

the variation trend of aeff with oblique deposition angle as in

Fig. 7(a) is roughly inverse to the trend of the dependence of

exchange bias HE with oblique angle as in Fig. 5(a). In par-

ticular, when the oblique angle is increased from 0� to

around 25�, exchange bias field HE is reduced while the

effective Gilbert damping coefficient aeff is increased. Then

as the oblique angle increases from 25� to around 45�, the

exchange bias HE is increased whereas the effective Gilbert

damping coefficient aeff is now decreased. In order to inter-

pret these seemingly interesting contradicted trends, one

should be reminded that the effective Gilbert damping factor

measured in our case consists of two main contribution: one

is intrinsic and the other is extrinsic.8,11,15,23 While the

intrinsic contribution solely comes from the material nature,

the extrinsic one stems from various sources such as

magnetic anisotropy dispersion, material inhomogeneity,

two-magnon scattering due to defects, grain size variation,

surface roughness etc.8,11,15,23 Since the materials for these

series of samples are the same, one may naturally expect that

the intrinsic contribution may not change with the oblique

deposition angle. Hence, the variation of aeff as in Fig. 7(a)

is most likely due to the extrinsic contribution. Separating

the originating sources of the extrinsic contribution is quite

complicated and beyond the scope of the present paper. How-

ever, in view of the contradicted variation trend of the effective

Gilbert damping coefficient aeff in Fig. 7(a) and the exchange

bias field HE in Fig. 5(a), we may tentatively attribute the varia-

tion of aeff to the magnetic anisotropy dispersion as one of the

main contribution. As the role of exchange bias interaction

between FM and AF spins is to keep the FM spins well aligned

into a defined direction, when this exchange bias surface energy

increases (which manifests itself as the increasing of exchange

bias field HE) the FM spins will be better aligned along the easy

axis, leading to the decreasing of magnetic anisotropy dispersion.

The decreasing of magnetic anisotropy dispersion then brings

about the reduction of the extrinsic damping. This explains why

aeff is decreased when HE is increased and vice versa. Appa-

rently, other extrinsic contributions such as two-magnon scatter-

ing, material inhomogeneity should not be ruled out and further

studies where each contribution can be separated need to be per-

formed to verify our argument.

It is well known that the frequency linewidth Df is

related to the effective Gilbert damping coefficient aeff

through the following formula:15,17

Df ¼ caef f ð4pMS þ 2HK
dynÞ

2p
: (6)

Since MS is not changed with the variation of oblique deposi-

tion angle and is also because 4pMS is much larger than

HK
dyn, the change of Df is mostly due to the variation of aeff.

This explains why the behavior of Df with oblique angle as in

Fig. 7(b) is quite similar to the variation of aeff in Fig. 7(a).

IV. SUMMARY AND CONCLUSION

To summarize, we have performed a detailed investiga-

tion of the influence of oblique deposition angle on the

magnetic and microwave properties of NiFe/MnIr exchange-

biased bilayers. It was found that oblique deposition can tai-

lor the magnitude of exchange bias significantly which is

suggested to be due to the formation of tilted columnar struc-

ture arising from a self-shadow effect in oblique deposited

films. We also found that the uniaxial anisotropy field was

significantly increased with oblique deposition angle due to

this inclined columnar structure. As a result, the ferromag-

netic resonance frequency is increased with oblique deposi-

tion angle, which implies that exchange bias and oblique

deposition technique can be combined together to push the

resonance frequency to higher range. In our case, the reso-

nance frequency can be pushed up to 3 GHz, which is quite

promising for microwave applications. Our study also

revealed that the effective Gilbert damping coefficient is

strongly dependent on the oblique deposition angle, which is

ascribed mainly to the dispersion of magnetic anisotropy.
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FIG. 7. Variations of (a) effective Gilbert damping factor (aeff), and (b) fre-

quency linewidth (Df) on oblique deposition angle. Lines are served as a

guide to the eyes.
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