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Abstract. We report an unusual angular-dependent exchange bias effect in

ferromagnet/antiferromagnet bilayers, where both ferromagnet and antiferromagnet

are epitaxially grown. Numerical model calculations predict an approximately 45◦

period for the sign switching of the exchange-bias field, depending on the ratio between

magnetocrystalline anisotropy and exchange-coupling constant. The switching of the

sign is indicative of a competition between a fourfold magnetocrystalline anisotropy of

the ferromagnet and a unidirectional anisotropy field of the exchange coupling. This

predicted unusual angular-dependent exchange bias and its magnetization switching

process are confirmed by measurements on fully epitaxial Co3FeN/MnN bilayers by

longitudinal and transverse magneto-optic Kerr effect magnetometry. These results

provide a deeper understanding of the exchange coupling phenomena in fully epitaxial

bilayers with tailored materials and open up a complex switching energy landscape

engineering by anisotropies.
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1. Introduction

Exchange coupling between ferromagnets (FMs) and antiferromagnets (AFMs) is one

of the important phenomena in spintronic devices [1, 2]. In addition, FM/AFM

bilayers have recently attracted much attention in AFM spintronics where AFM layers

play a leading role similar to FM layers in FM spintronics [3, 4, 5], because AFM
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moments can be controlled via exchange-coupled FMs [6, 7, 8, 9]. Since AFM materials

have the advantage of much faster spin dynamics [10, 11], better stability against

external field perturbations [12], and no stray field [13, 14] compared with FM,

FM/AFM bilayers are preferred in spintronic device applications. On the other hand,

the FM magnetocrystalline anisotropy affects rotating AFM moments via exchange-

spring effect [6] in FM/AFM, suggesting that AFM moments can be controlled by

anisotropies [9].

The main properties of exchange coupling are well understood such as the shift

of hysteresis loops and the broadening of coercive fields [15, 16, 17] for, in particular,

polycrystalline bilayers [16, 18, 19]. In the case of full epitaxial FM/AFM bilayers,

the situation is more complex because of unusual magnetization switching processes

resulting from competing anisotropies between a fourfold magnetocrystalline anisotropy

and a unidirectional exchange coupling [17, 20, 21, 22, 23, 24, 25]. Although the

unusual magnetization switching model has been well defined as 90◦ domain wall

nucleation and propagation [20, 26], so far there have been no studies discussing

the effect of unusual magnetization processes due to competing anisotropies on the

exchange coupling. However, only epitaxial growth allows us to explore more exciting

magnetic properties [17], such as high spin polarization [27] and Néel order spin orbit

torque [28, 29, 30]. Thus, there is a clear need to study high-quality heteroepitaxial

structures. Besides, the magnitude of an uniaxial or a biaxial magnetic anisotropy

can be tuned by using the magnetoelectric effect [31, 32, 33], which allows for flexible

manipulation of the magnetization switching energy. Therefore, the deep understanding

of the magnetization switching energy landscape induced by competing anisotropies is

necessary in order to harness this flexibility for novel spintronics devices.

Our previous study clarified the unusual magnetization switching process and its

angular-dependent exchange bias in fully epitaxial bilayers using Co3FeN (CFN) for

FM and MnN for AFM. CFN is theoretically expected to be a half-metallic ferromagnet

(FM) with a negative spin polarization [34, 35]. MnN exhibits a high Néel temperature

of 640 K in spite of without rare metals [36, 37]. Field cooling (FC) was carried out

along the easy axis of the fourfold magnetocrystalline anisotropy of CFN [38]. In

this situation, the magnetization switching process and angular-dependent exchange

bias of those bilayers can be reproduced by combining a Stoner-Wohlfarth model and

a 90◦ domain wall nucleation and propagation model [38]. However, our previous

study only dealt with FC along the easy axis of CFN. Moreover, although there are

several studies which reveal unusual magnetization switching process in fully epitaxial

stacks [20, 21, 22, 23, 24, 25, 26], there are no studies where FC is applied parallel to

the hard axis. However it is exactly the hard-axis direction, which can lead to the most

complex switching behaviors. In fact, small bifurcations from the hard-axis direction can

lead to large changes in the resulting switching. Therefore, not only angular-dependent

exchange bias but also magnetization switching behavior in more complex cases where

FC is applied along a direction parallel to the hard axis still remains unexplored.

In this work, we predict a new unusual angular-dependent exchange-bias resulting
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from the special magnetization switching behavior due to the competition between

fourfold magnetocrystalline anisotropy and unidirectional anisotropy field of the

exchange coupling. In contrast to our previous study where FC was carried out along

the easy axis of fourfold magnetocrystalline anisotropy, the angular-dependent exchange

bias exhibits an approximately 45◦ period for the sign switching of the exchange

bias field as predicted in numerical calculations, where FC is applied along the hard

axis. Experimentally determined magnetization switching process by magneto-optic

Kerr effect (MOKE) magnetometry is consistent with our predictions, highlighting the

essential role of the competition between magnetocrystalline anisotropy and exchange

coupling. These results could provide a deeper understanding of exchange-coupling

phenomena of fully epitaxial bilayers with competing anisotropies.

2. Experimental details

High-quality epitaxial CFN (5 nm)/MnN (30 nm) bilayers were prepared by reactive

magnetron sputtering on MgAl2O4 substrates, as described elsewhere [38]. The bilayers

were capped with 3 nm Hf layer to prevent oxidation. Each film thickness is evaluated

from the growth rate, which is calibrated by a Dektak profiler prior to bilayer growth.

After bilayer growth, we obtained the exchange bias by annealing at 400 ◦C for

30 minutes in a field of 150 mT along CFN/MnN [100], subsequentially cooling to room

temperature in the same field and pointing in the same direction. We have characterized

the magnetic properties via the magneto-optic Kerr effect using longitudinal (L-MOKE)

and transverse geometries (T-MOKE), respectively. L-MOKE measurements were

carried out using a red (635 nm) low noise laser diode to determine the angular-

dependent Hex. On the other hand, T-MOKE magnetometry was performed by using

a Kerr microscope to evaluate the magnetization switching process. The schematics of

both MOKE setups are shown in Fig. 1. All MOKE magnetometry measurements were

recorded at room temperature. The model and experimental configuration is shown in

Fig. 3(a).

3. Stonar-Wolfarth model calculation

Figures 2(a)-2(d) show the schematic magnetization switching processes of as grown

CFN/MnN case [38]. The magnetization switching process shows 5 steps from the

positive (negative) to negative (positive) field sweep. In all cases, the magnetization

switches by passing through the easy axes E2 or E4. In this situation, a Stoner-Wolfarth

model can be adapted [38] and expressed as

E = −µ0MsHtF cosθ + tFKu,exsin2(θ − θu,ex)

+tFK1sin
2(θ − θc)cos2(θ − θc)− Jexsinθ.

(1)

Here Ku,ex and K1 are the uniaxial anisotropy and the fourfold magnetocrystalline

anisotropy, respectively, θ is the angle between the magnetization and the applied
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field direction, θu,ex, θc and θFC are the angles between the uniaxial anisotropy and

applied field direction, between the fourfold magnetocrystalline anisotropy and applied

field direction, and between the FC and applied field direction, respectively, Jex is the

exchange coupling constant [39, 38].

When FC is carried out along E1, the sign of exchange-coupling term [Jexsin(θ)]

of Eq. 1 is reversed along the E2–E4 line as shown in Fig. 2(e), indicating that the

exchange-coupling term becomes 0 before its sign is reversed. On the other hand,

when FC is applied along any of the hard axes 〈100〉, the sign of the exchange-coupling

term is reversed along the 〈010〉–〈0-10〉 line as shown in Fig. 2(f), indicating that the

exchange-coupling term does not become 0 before its sign reversed. Since the change of

exchange-coupling term for FC parallel to the hard axis case is larger than that of FC

parallel to the easy axis case, this might lead to more complex angular dependencies.

Thus, we focus on the case of the FC along the hard axis configuration as shown in

Fig. 3(a). We note that the direction Ku,ex is perpendicular to FC due to noncollinear

FC or interfacial frustration [40, 41] as clarified in our previous paper [38].

Figure 3(b) shows the series of calculated angular-dependent Hex using a constant

K1 = 20000 J/m3 and Ku = 0 J/m3. For Jex/tF = 5000 J/m3, the maximum Hex

appears around θ = 40◦. At θ = 45◦, the exchange bias shows an abrupt sign change

and a negative Hex appears between θ = 45◦ and 90◦. A positive Hex occurs between

θ = 90◦ and 135◦, and a negative Hex appears again between θ = 135◦ and 180◦.

Therefore, the angular dependence shows a sign switching with a 45◦ periodicity (State

1). This feature is clearly distinct from the angular dependence of polycrystalline

bilayers and from full epitaxial bilayer with FC along the easy axis. The origin of

an abrupt sign change and a 45◦ periodicity of Hex will be discussed later. In the latter

case, a 180◦ period sign switching is observed. At Jex/tF = 10000 J/m3, the maximum

exchange bias increases and the anomalous Hex area around θ = 40, 120◦, becomes

narrower. For further increasing Jex/tF , the maximum exchange bias increases as well

and the anomalous Hex area disappears (State 2). The angular-dependent Hex feature

is summarized in Fig. 3(c) as a function of Jex/tF , K1 and Ku. As clearly seen, there is

a proportional relation between Jex/tF and K1. Then, the border between State 1 (red

circles) and State 2 (blue crosses) due to (Jex/tF )/K1 ratio is changed by Ku, indicating

that the anomalous exchange bias originates from the competition of these anisotropies

according to our model calculations.

4. MOKE results and discussion

Figure 4(a) shows the series of angular-dependent L-MOKE loops after FC along CFN

[100], which is a hard axis direction. Fourfold easy and hard axes MOKE loops are found

along θ = 45, 135◦ (easy axes) and 90◦ (hard axis), respectively. Most loops exhibit

a multistep feature. The step positions Hstep as indicated by arrows in Fig. 4(a) are

plotted (open circle) in Fig. 4(b). The multistep position shows approximately a fourfold

symmetry, which is a similar feature as for the as-grown case, suggesting that multistep
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reversal can be related to the fourfold magnetocrystalline anisotropy [26, 38]. To acquire

the exchange-coupling constant and uniaxial anisotropy due to FC [40, 41], we modified

the 90◦ domain wall nucleation and propagation model [26, 38]. The 90◦ domain wall

nucleation and propagation model is based on total energy minimization [26, 20]. When

the unidirectional anisotropy Eex due to exchange coupling and the uniaxial anisotropy

Ku,ex are non-collinear with fourfold magnetocrystalline anisotropy as shown in Fig. 5,

the energies of single domain states which are directed to each fourfold easy axis can be

expressed as

EE1 = −µ0MsHcosφ− Eexcosα +Ku,exsinβ,

EE2 = −µ0MsHsinφ− Eexsinα +Ku,excosβ,

EE3 = µ0MsHcosφ+ Eexcosα +Ku,exsinβ,

EE4 = µ0MsHsinφ+ Eexsinα +Ku,excosβ,

(2)

Here, Ms is the saturation magnetization and φ, α, β are the angles between applied field

and the easy axis E1, between the unidirectional anisotropy Eex and E1, and between

the uniaxial anisotropy Ku,ex and E1, respectively, as defined in Fig. 5. The switching

fields between two easy axis directions of the fourfold anisotropy can be obtained from

the total energy minima and expressed by following equations;

µ0HE1→E2 =
E1→2 − Eex(sinα− cosα)−Ku,ex(sinβ − cosβ)

Ms(sinθ − cosθ)
,

µ0HE2→E3 =
E2→3 + Eex(sinα + cosα) +Ku,ex(sinβ − cosβ)

Ms(−sinθ − cosθ)
,

µ0HE3→E4 =
E3→4 + Eex(sinα− cosα)−Ku,ex(sinβ − cosβ)

Ms(−sinθ + cosθ)
,

µ0HE4→E1 =
E4→1 − Eex(sinα + cosα) +Ku,ex(sinβ − cosβ)

Ms(sinθ + cosθ)
,

µ0HE1→E4 =
E1→4 + Eex(sinα + cosα)−Ku,ex(sinβ − cosβ)

Ms(−sinθ − cosθ)
,

µ0HE4→E3 =
E4→3 − Eex(sinα− cosα)−Ku,ex(sinβ − cosβ)

Ms(sinθ − cosθ)
,

µ0HE3→E2 =
E3→2 − Eex(sinα + cosα) +Ku,ex(sinβ − cosβ)

Ms(sinθ + cosθ)
,

µ0HE2→E1 =
E2→1 + Eex(sinα− cosα)−Ku,ex(sinβ − cosβ)

Ms(−sinθ + cosθ)

(3)

Here HE1→E2 and E1→2 are the switching field and the domain wall nucleation energy

from easy axis E1 to easy axis E2, respectively. Since φ, α and β are θ + 45◦,−45◦

and 45◦, respectively, in this study, all Ku,ex terms become 0 in the 90◦ domain wall

nucleation and propagation model.
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As shown by the solid line in Fig. 4(b), the step positions can be reproduced

well by the 90◦ domain wall nucleation and propagation model. In the same manner

with FC along the easy axis, Jex/tF is evaluated for 8000 J/m3, using the fourfold

magnetocrystalline anisotropy 33700 J/m3 of CFN [38]. On the other hand, as shown

in Fig. 3(c), Ku,ex affects the magnetization switching process and Hex because the

magnetization does not perfectly rotate towards the easy axes, as shown in Fig. 2(a)–

2(d). Thus, Ku,ex is estimated for 2450 J/m3 from the ratio between Jex/tF and Ku,ex of

FC along the easy axis case [38]. We should note that when the anisotropies compete,

also 180◦ domain wall processes may appear [26, 21]. However, since there is no clear

180◦ domain wall process behavior in our work in contrast to the one reported in Ref. [21]

in Fig. 4(b), we only consider the 90◦ domain wall process.

Finally, we turn our attention to the angular-dependent exchange bias field Hex.

Figure 6(a) shows the angular-dependent Hex of CFN/MnN bilayers obtained from L-

MOKE loops. The sign of Hex changes in 45◦ periods, which is expected in our model

calculation as shown in Fig. 3(a). The calculated angular-dependent Hex is shown

in Fig. 6(a) using K1 = 33700 J/m3, Ku,ex = 2450 J/m3 and Jex/tF = 8000 J/m3

determined by the 90◦ domain wall nucleation and propagation model along with the

experimental result. The calculations reproduce the experimental angular dependence

reasonably well, while the calculated Hex is found to be an order of magnitude larger

than experimental one. Although our model calculation treats only the competing

anisotropies, other factors such as interface frustration and roughness are known to affect

the exchange coupling [40, 42]. Therefore, the discrepancy of an order of magnitude of

Hex between calculation and experiment might originate from these factors.

The comparison between experimental and calculated angular-dependent T-MOKE

loops is shown in Fig. 6(b). The calculated T-MOKE loops agree fairly well with

experimental T-MOKE loops. These angular-dependent T-MOKE loops indicate that

the magnetization switching processes of Fig. 2(a) for θ = 0 ∼ 45◦ and Fig. 2(b) for

θ = 45 ∼ 90◦ are realized in this system. This different magnetization switching affects

when the sign of the exchange-coupling term [Jexsin(θ)] of Eq. 1 changes during the

magnetization switching; for θ = 0 ∼ 45◦, the sign of Jexsin(θ) changes at second

magnetization jump [from E1 to E2, see Fig. 2(a)], while the sign of Jexsin(θ) changes

at third magnetization jump for θ = 0 ∼ 45◦ [from E4 to E3, see Fig. 2(b)]. Besides, as

discussed in Fig. 2(f), the change of Jexsin(θ) is large when its sign changes. These

facts demonstrate that the large and different sign change of Jexsin(θ) during the

magnetization switching process between θ = 0 ∼ 45◦ and θ = 45 ∼ 90◦ is the origin of

an abrupt sign change around θ = 45◦ and a 45◦ periodicity of Hex. Furthermore, the

magnetization switching process is consistent with those expected by the 90◦ domain wall

nucleation and propagation model as shown in Fig. 4(b). Thus, estimated anisotropies

K1, Ku,ex and Jex/tF by the 90◦ domain wall nucleation and propagation model are

reasonable values and the predicted 45◦ sign switching of Hex is experimentally clarified.
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5. Conclusion

We predict a 45◦ period for the sign switching of the angular-dependent exchange-

bias field Hex for FC along the hard axis of an epitaxial FM/AFM bilayer system.

Experimentally we have confirmed this periodicity in fully epitaxial CFN/MnN bilayers

using MOKE magnetometry measurements. The numerical model calculation based

on a Stoner-Wohlfarth model indicates the effect of competing anisotropies leading

to complex switching behavior. Taking into account the experimentally determined

anisotropy constants by the modified 90◦ domain wall nucleation and propagation model,

the predicted and experimentally obtained 45◦ period for the sign switching of angular-

dependent Hex is reproduced well. Moreover, the magnetization switching process is

reproduced as well, demonstrating that unusual 45◦ period sign switching of angular-

dependent Hex is attributable to unusual magnetization switching due to competing

anisotropies. These results highlight the intricate interplay of the exchange-coupling

phenomena leading to a complex angular dependence of the switching behavior in fully

epitaxial bilayers. Furthermore, these results open up possibilities for artificially tuning

of the exchange-coupling phenomena by competing anisotropies, providing a guide to

applications by using fully epitaxial stacks with tailored materials.
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Olejńık K, Novák V, Fina I, Dkhil B, Hayakawa J, Mart́ı X, Wunderlich J, Jungwirth T, and

Bertacco R 2013 Storing magnetic information in IrMn/MgO/Ta tunnel junctions via field-

cooling Appl.Phys.Lett. 102 192404

[15] Nogués J and Schuller I K 1999 Exchange bias J.Magn.Magn.Mater. 192 203–232

[16] Radu F and Zabel H, 2008 Exchange Bias Effect of Ferro-/Antiferromagnetic Heterostructures

Magnetic Heterostructures, SpringerTractsinModernPhysics (Springer, Berlin) 227 97-184.

[17] Zhanga W and Krishnan K M 2016 Epitaxial exchange-bias systems: From fundamentals to future

spin-orbitronics Mater.Sci.Eng.R 105 1–20
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Kuneš J, Chauhan J S, Grzybowski M J, Rushforth A W, Edmonds K W, Gallagher B L, and

Jungwirth T 2015 Electrical switching of an antiferromagnet Science 351 587

[29] Gomonay O, Jungwirth T, and Sinova J 2016 High Antiferromagnetic Domain Wall Velocity
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Figure 1. (Color online) Experimental MOKE setups of L-MOKE using laser diode

(a) and T-MOKE using Kerr microscope (b).



11

(a) 0º < θ < 45º

+H

E1

E4

E2

E3

(b) 45º < θ < 90º
+H

E1

E4

E2

E3

(c) 90º < θ < 135º
+H

E1

E4

E2

E3

(d) 135º < θ < 180º

+H

E1

E4

E2

E3

(e) Hex // Easy axis

Easy axis

Hard axis

E1

PositiveNegative

E4

E2

E3

(f) Hex // Hard axis

E1

E4

E2

E3

HFC

HFC

Hex term:

θ
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of Eq. 1 with respect to FC direction parallel to the easy axis E1 along [110] (e) and

the hard axis along [100] (f).
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Figure 3. (Color online) (a) Model and experimental configuration. (b) Series

of calculated angular-dependent exchange bias as a function of Jex/tF using K1 =

20000 J/m3 and Ku = 0 J/m3. (c) Calculated K1-Jex/tF phase diagram as a function

of Ku.



13

-1.0

0.0

1.0

M
r/
M

s

-50 -25 0 25 50-50 -25 0 25 50

µ0H (mT)

(b)

(a)

 45

θ =

 55
 60
 65

 70
 75
 80
 90

 90
 100
 105
 110

 115
 120
 125
 135

36031527022518013590450

Angle θ (deg.)

-30

-20

-10

0

10

20

30

H
s
te

p
 (

m
T

)

Hstep

HE1→E2

HE1→E4

HE2→E1

HE4→E1

HE4→E3

HE2→E3

HE3→E4

HE3→E2

Hstep

Figure 4. (Color online) (a) Series of angular-dependent L-MOKE loops after FC

along 〈100〉 direction. (b) The angular-dependent step positions Hstep as a function

of angle. The open circles and solid lines are experimental data and model fittings,

respectively.



14

Easy axis 

Hard axis 

E1

E4

E2

E3

HFC

Ku,ex

+H
ɸ

α

β

Figure 5. (Color online) Configuration of non-collinear anisotropies case.
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