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ABSTRACT

Anisotropic magnetoresistance (AMR) of the facing-target reactively sputtered
epitaxial γ′-Fe4N/CoN bilayers is investigated. The phase shift and rectangular-like
AMR appears at low temperatures, which can be ascribed to the interfacial exchange
coupling. The phase shift comes from the exchange bias (EB) that makes the
magnetization lag behind a small field. When the γ′-Fe4N thickness increases, the
rectangular-like AMR appears. The rectangular-like AMR should be from the
combined contributions including the EB-induced unidirectional anisotropy, intrinsic
AMR of γ′-Fe4N layer and interfacial spin scattering.
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 INTRODUCTION

Interfacial interaction in the ferromagnetic/antiferromagnetic (FM/AFM) systems
can lead to the exchange bias (EB).1,2 The concrete manifestation of EB is the shift of
the hysteresis loops. Considerable efforts have been devoted to understanding the
physical picture of EB.2,3 EB has been extensively studied for many decades and it is
well known to the community that the interfacial exchange interaction can introduce
higher order magnetic anisotropies in addition to the unidirectional one, most
commonly another twofold anisotropy exist.4-11 Unconventional fourfold anisotropy
has been observed in the Co/FeF2, Fe/MnF2, NiFe/Fe2O3, NiFe/FeMn and FeMn/Co
bilayers.4-8 Even more the peculiar threefold and sixfold anisotropies in the FeNi/CoO
bilayers have also been reported.9 An exchange anisotropy in the Fe/MnF2 bilayers has
been observed including the unidirectional, uniaxial, threefold and fourfold symmetry
components.10 Besides, In the Fe/MnPd bilayers, the uniaxial and fourfold in-plane
anisotropies cannot also be ignored.11 Even though these higher order anisotropies
induced by EB have been observed by magnetic measurements, no one reported how
the anisotropies affect the anisotropic magnetoresistance (AMR).
We know that the hysteresis loop measurements are the common methods for
investigating EB. However, Miller et al. reported a new technique, which uses the
AMR to measure the exchange anisotropy in the EB systems.12,13 The presence of EB
3

will affect the angular-dependent AMR due to the pinned magnetic moments.14
Generally, AMR is observed in the ferromagnetic materials due to the spin-orbit
coupling.15 If θM is the angle between the magnetization and current, the resistivity is
defined as  ( M )     ( P    ) cos 2  M , where P (   ) is the resistivity where
current is parallel (perpendicular) to magnetization. In EB systems, when rotating the
external field to an angle θ with respect to current,  ( ) does not follow a simple

cos 2  dependence. Thus, it is interesting to investigate AMR in EB systems.
We have studied the EB of the epitaxial γ′-Fe4N/CoN bilayers by measuring its
hysteresis loop.16 In this work, we report the AMR of the γ′-Fe4N/CoN bilayers.
Negative AMR and twofold symmetry are observed in the single γ′-Fe4N epitaxial
films.17 However, in the epitaxial γ′-Fe4N/CoN bilayers, the rectangular-like AMR and
phase shift appear, which is ascribed to the interfacial exchange coupling.

 EXPERIMENTAL DETAILS

Epitaxial γ′-Fe4N(t nm)/CoN(8 nm) bilayers were fabricated on MgO(100)
substrates using DC reactive facing-target sputtering. CoN(8 nm) films were deposited
on the γ′-Fe4N films with different thicknesses t from 6 to 20 nm. During facing-target
sputtering, the substrate will be free from the bombardment of high-energy
particles.18,19 Therefore, the large-area uniformity, low substrate temperature and
4

relatively free of inert incorporation of the facing-target sputtered films can be realized,
which may reduce the interfacial interdiffusion that is beneficial for the fabrication of
bilayers.18,19 Details for the epitaxial growth of γ′-Fe4N films were referred to our
period work.20 CoN layers were grown by sputtering from a pair of pure Co targets (4N)
in a 2.0-Pa pure N2 (5N). The substrate was kept at 150 oC and sputtering power was
28 W. The film thickness was determined using a Veeco Dektak 6M surface profiler
and confirmed by FEI Tecnai G2 F20 transmission electron microscopy (TEM). The
microstructure was obtained by Rigaku D/max–2500 X-ray diffraction (XRD) and
TEM. The magnetic properties were measured by using a Quantum Design
superconducting quantum interference device (SQUID). AMR was measured using a
Quantum Design physical property measurement system (PPMS). AMR ratio was
defined as
AMR  (    max ) /  max ,

(1)

where ρmax is the maximum resistivity while the magnetic field rotates in the film
plane.

Figure 1. A schematic drawing of the cooling field HFC, external field Hex,

magnetization M and current I.
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During the measurements, the samples were cooled to 3 K under a 50-kOe field that
was parallel to the film plane. Magnetic field was rotated clockwise from 0o to 360o
and then anticlockwise to the original position by monitoring ρ as a function of θ. A
schematic drawing of the cooling field HFC, external field Hex, magnetization M and
current I was shown in Figure 1.

 RESULTS AND DISCUSSION

In our previous work, the XRD results reveal that γ′-Fe4N(200) layers epitaxially
grows on MgO(100), then CoN(111) sits on γ′-Fe4N(200) lattice. The epitaxial relation
is MgO(100)||γ′-Fe4N(100)||CoN(111) and MgO[100]||γ′-Fe4N[110]||CoN[110].16
Figure 2a shows the low-magnification cross-sectional TEM image of the

Figure 2. (a) low-magnification and (b) high-resolution cross-sectional TEM images of

the γ′-Fe4N(8 nm)/CoN(8 nm) bilayer.
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γ′-Fe4N/CoN bilayer. Both the thicknesses of γ′-Fe4N and CoN layers are ~8 nm,

confirming that determined by Dektak 6M surface profiler. The high-resolution TEM
image in Figure 2b reveals the sharp interfaces between MgO and γ′-Fe4N, as well as
between γ′-Fe4N and CoN. The sharp interfaces are beneficial for the study of EB.
Figures 3a-e present the hysteresis loops of the γ′-Fe4N(t nm)/CoN(8 nm) bilayers
at 3 K. An obvious loop shift appears due to EB. As the γ′-Fe4N thickness decreases,
EB shows a roughly increased tendency. At t=6 nm, EB has a maximum value of 410
Oe. The loop shape is not as smooth as the other samples and 1-kOe field is not large
enough to saturate the magnetization. The unsmooth loop should be related to various
complex and disordered magnetic structures due to the strong exchange coupling at t=6
nm.16 Domain model may be used to explain the unsmooth loops.16 The FM domain
size in the γ′-Fe4N(6 nm) layer is so small that the interaction between the domains can
introduce an additional pinning effect. The interaction competes with other energies,
thus leads to the formation of new domain structures during the magnetization reversal.
The loop shift and coercivity depend on the reversal processes, so both EB and
coercivity significantly increases.16
Figures 3f-j show the AMR curves of the γ′-Fe4N(t nm)/CoN(8 nm) bilayers at 3
K and 0.5 kOe. The field cooling process is the same as that in the hysteresis loop
measurements. We first notice that at t=6 nm the most obvious EB appears, and only
one minimum in AMR occurs around 250o, breaking the cos2θ dependence. This
7
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Figure 3. Hysteresis loops of the γ′-Fe4N(t nm)/CoN(8 nm) bilayers with different t at

3 K, (a) 6 nm, (b) 8 nm, (c) 10 nm, (d) 12 nm, (e) 20 nm; (f)-(j) are the corresponding
AMR curves at 3 K and 0.5 kOe. Solid lines are the fitted curves by equation (2).

indicates that the magnetization remains pinned along EB direction because the
0.5-kOe field is not large enough to break the exchange coupling.14 At t=8 nm, AMR
can be described by a cos2θ dependence, but an obvious hysteresis appears as the
magnetization is dephased with respect to the appield small field. The phase shift
verifies the pinning effect. With the increased t, the phase shift always exists.
However, it is noteworthy that AMR curve gradually transforms into a rectangular
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shape as t increases, especially at t=20 nm. The deviation from the cos2θ dependence
implies that magnetization rotation in the γ′-Fe4N layer is dominated by the interfacial
interaction. For confirming the interfacial effects, we need to exclude the influence of
the single γ′-Fe4N and CoN layer. The AMR curves of single γ′-Fe4N layer at different
temperatures are shown in Figure 4a. It is found that a good twofold symmetry without
rectangular-like shape appears. In addition, the systematic AMR measurements for the
single γ′-Fe4N layer with different film thicknesses and external fields have been
performed in ref. 17. The AMR of the epitaxial single γ'-Fe4N films with different
thicknesses from 5 to 58 nm reveals a good twofold symmetry.17 Under different
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Figure 4. (a) AMR of γ′-Fe4N(26 nm) film with 10-kOe magnetic field at different

temperatures; (b) AMR of CoN(22 nm) film with 10-kOe magnetic field at 3 K; (c)-(f)
are the angular dependent planar Hall effect (PHE) of γ′-Fe4N(20 nm)/CoN(8 nm)
bilayer at 10 K with different magnetic fields.
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external fields from 0.5 to 50 kOe, the AMR of the epitaxial γ'-Fe4N films also shows a
twofold symmetry and no deviation from cos2θ dependence.17 The AMR of the single
CoN layer is almost a straight line, as shown in Figure 4b, which should not contribute
to the rectangular-like AMR. Therefore, we can conclude that the rectangular-like
AMR is from the interfacial effects of the bilayers.
As t increases, the pinning effect becomes weak. This weakened magnetic
coupling leads to a slight disorder of the interfacial spins. The interfacial spin
scattering may induce the additional anisotropy in γ′-Fe4N layer. According to the
Fourier transform, the rectangular wave can be broken up into many cosine waves.
Therefore, the superimposition of multiple cosine functions may lead to the
rectangular-like AMR. To confirm the speculation, we try to fit the AMR curves using
Fourier transform formula. Finally, the AMR curves are well fitted using the following
equation of
AMR  C0  C1 cos   C2 cos 2  C4 cos 4  C6 cos 6  C8 cos8  C10 cos10

(2)

where C0 is a constant, and C1, C2, C4, C6, C8, and C10 are the Fourier coefficients of
cosθ, cos2θ, cos4θ, cos6θ, cos8θ, and cos10θ components, respectively. The solid lines
in Figures 3f-j are the fitted curves by using equation (2). The fitted Fourier
coefficients are summarized in Table 1, which will be discussed in details.
In general, AMR in ferromagnets is supposed to be twofold symmetric and only
cos2θ dependence is considered. However, C4 appears in the single γ′-Fe4N films at
10

Table 1. The Fourier coefficients obtained by fitting equation (2) for the γ′-Fe4N(t

nm)/CoN(8 nm) bilayers at 3 K.
t (nm)

C1

C2

C4

C6

C8

C10

6

-0.04735

-0.02074

0.00545

-0.00100

-0.00083

-0.00025

8

0.01808

-0.12696

0.00816

0.01786

-0.00291

-0.00370

10

-0.34190

-0.83647

0.16916

0.12607

0.03094

-0.00999

12

-0.23906

-1.70600

0.03526

0.34198

-0.03118

0.11033

20

0.13460

-1.64651

0.08065

0.41655

-0.04900

-0.18030

low temperatures, which is induced by the crystal field splitting due to the tetragonal
lattice distortion.21-23 The AMR of the single γ′-Fe4N epitaxial films has been
discussed.17 At low temperatures, the AMR curves of single γ′-Fe4N films contain not
only cos2θ term but also cos4θ component.17 Fourier coefficient C2 and C4 strongly
depend on the measuring temperatures. With the increase of temperature, C4 disappears
rapidly. The appearance of C4 at low temperatures is attributed to the crystal field
splitting of d orbitals induced by the lattice changes.17 In the γ′-Fe4N/CoN bilayers, the
lattice compression at low temperatures causes the tetragonal lattice distortion, so C4
appears. The twofold and fourfold anisotropies induced by EB may contribute to C2
and C4, but their roles are small compared with the intrinsic AMR of γ′-Fe4N layer.
The meaning of other coefficients may be speculated from the comparisons.
Firstly, it is important to note that C1 cannot be neglected at t=6 nm. If we set C1=0, the
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AMR curves cannot be fitted using the remaining coefficients. As shown in Table 1, in
all the coefficients at t=6 nm, C1 is the largest one, meaning that the contribution of C1
is the largest, even larger than C2. At t=6 nm, EB is the largest, so the existence of C1
may be from the large unidirectional anisotropy of EB. With the increased t, C1
contribution reduces. This variation trend is consistent with EB, further confirming that
cosθ component comes from the contribution of EB. Recently, Cui et al. report that EB
has a significant influence on the magnetization reorientation in two dimension.24
When EB is comparable with the applied field, AMR exhibits the periodicity of 3600
with a cosθ dependence. The symmetry-breaking is considered that the total vector of
EB and applied field determines the magnetization direction,24 which just confirms our
viewpoints that EB induces the cosθ component.
With the increased t, the rectangular-like AMR appears. According to Fourier
transform with the coefficients of C1, C2 and C4, the rectangular wave is unable to form
by the superimposition of these three cosine functions. Some reports show that the
exchange coupling can induce the high order anisotropy contributions.4-11, 25 So the
higher order terms should play a significant role on AMR. In Table 1, C6 occupies an
increasing proportion as t increases. At t=12 and 20 nm, C6 ranks the second one and
exceeds C1. Meanwhile, C8 and C10 also gradually increase. By comparison, the
increase of C6 is the most obvious, C10 comes the second, C8 is the weakest. With the
increased t, C1 reduces while the higher order terms increase. The reduction of C1
12

implies the weakened EB. These two opposite changes indicate that the appearance of
higher order terms should be from the weakened EB. The weakened pinning effect
makes the interfacial spins become slight disordered, so the interfacial spin scattering
enhances and the higher order terms are induced by the interfacial spin scattering.
For clarifying the origin of unusual AMR, we also measured the planar Hall effect
(PHE). PHE is also an effective method to characterize the exchange anisotropy in EB
systems.26 So the γ′-Fe4N(20 nm)/CoN(8 nm) bilayer was cooled under the same
conditions with AMR measurements. When measuring PHE, the applied rotating field
is along the sample plane. The results are shown in Figures 4c-f. Under a 0.5 kOe field,
the phase shift appears, which suggests that EB can also affect PHE.27 With the
increased magnetic field, the phase shift disappears. But the rectangular-like shape is
not observed in PHE, which is different from AMR. The traditional explanation of
AMR and PHE is the change of scattering rate with the angle θ. Hu et al. and Li et al.
observed the different symmetry in AMR and PHE in Fe3O4 and La2/3Ca1/3MnO3 films,
respectively.28,29 They found that AMR has a transition from twofold to fourfold
symmetry, while PHE only shows a sin2θ dependence. They explain the distinction
according to the original resistivity tensor formula.28,29 Considering the vanished
matrix elements due to cubic symmetry and Onsager relation, the in-plane longitudinal
resistivity ρxx (AMR) and transverse resistivity ρxy (PHE) can be expressed as28

 xx  C '0  C '1 cos 2   C '2 cos 4   ,
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(3)

 xy  C '4 sin  cos 

(4)

Obviously, AMR contains the twofold and fourfold symmetry terms, even higher order
terms, whereas PHE only contains twofold symmetry term. So the change of symmetry
appears in AMR, but does not happen in PHE. Now we consider AMR and PHE in the
γ′-Fe4N/CoN bilayers using the above explanation. By comparison, it is found that EB
leads to the appearance of hysteresis in AMR and PHE. Meanwhile, EB will break the
symmetry of γ′-Fe4N layer and induced the higher order terms in AMR, thus the
rectangular-like AMR appears. However, PHE just relies on the twofold symmetry, it
follows sin2θ relation and no rectangular shape appears.
Now we try to explain the physical mechanism of higher order terms. Generally,
the higher-order coefficients are fairly small as compared with C2 and are negligible.
However, in the γ′-Fe4N/CoN bilayers, twofold symmetry is broken and AMR shows
rectangular. So we have to reconsider them. Three factors are crucial for the
rectangular-like AMR: (1) The unidirectional anisotropy induced by EB will introduce
cosθ term; (2) The intrinsic twofold and fourfold symmetry caused by crystal field
splitting in the γ′-Fe4N layer are the major parts of AMR; (3) Interfacial spin scattering
leads to the additional anisotropy, which is the key to higher order terms. With the
increased t, the cosθ contribution decreases, the intrinsic AMR of γ′-Fe4N layer
maintains, and the contribution of the interfacial spin scattering increases.
For further understanding the rectangular-like AMR, the different magnetic fields
14

are applied to measure AMR at t=20 nm and 3 K, as shown in Figures 5a-f. The solid
lines are the fitting ones. When the magnetic field increases, the phase shift decreases.
The large magnetic field results in the synchronous rotation of magnetization. So above
5 kOe, the phase shift disappears. However, AMR still remains the rectangular-like
shape. Although the magnetic field is large enough to saturate the magnetization, the
exchange coupling at 3 K still remains, which confirming that the interfacial coupling
is responsible for the rectangular-like AMR.
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Figure 5. (a)-(f) are AMR curves of the γ′-Fe4N(20 nm)/CoN(8 nm) bilayer under

different magnetic fields at 3 K; (g) AMR of the γ′-Fe4N(20 nm)/CoN(8 nm) bilayer at
50 kOe and different temperatures, the solid lines are the fitted curves by equation (2);
(h) Magnetic-field dependent AMR at 3 K; (i) Temperature-dependent AMR of at
50-kOe field.
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Figure 5g gives the AMR curves of the γ′-Fe4N(20 nm)/CoN(8 nm) bilayer at
different temperatures. The AMR can be well fitted by equation (2). Only a slight
deviation from cos2θ dependence appears at low temperatures. As temperature
increases, the rectangular-like AMR transforms into the cosine curve at 20 K due to the
decreased exchange interaction. The recovery of cosine curve with the increased
temperature suggests that the rectangular-like AMR is really depended on the
interfacial exchange coupling. In Figure 5h, as the magnetic field increases, the
absolute value of AMR gradually increases. In Figure 5i, with the increase of
temperature, AMR decreases rapidly, which can be ascribed to the introduction of
phonon scattering.

 CONCLUSION

we have observed that the obvious phase shift and rectangular-like AMR appear
in the epitaxial γ′-Fe4N/CoN bilayers. Phase shift corresponds with EB variation
because the pinning effect makes the magnetization lag behind the small external field.
The rectangular-like AMR may be from the competition of various contributions
including EB-induced unidirectional anisotropy, the intrinsic AMR of γ′-Fe4N and
interfacial spin scattering.
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