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CoFe/IrMn bilayers with perpendicular magnetization for various IrMn layer thicknesses exhibit

unusual two-step hysteresis loops with both positive and negative loop shifts. Observed at room

temperature in the as-grown state, they provide direct evidence of large antiferromagnetic

domain formation at the IrMn interface. The exchange bias field reaches 100 mT with an IrMn

layer thickness of 4 nm after field annealing at 200 �C–300 �C in 800 mT, which is at least three

times as large as the coercivity, and may be useful for reference layers of spin-valves or magnetic

tunnel junctions with perpendicular magnetic anisotropy. VC 2014 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4871711]

Exchange bias, created at the interface between an anti-

ferromagnetic (AFM) and a ferromagnetic (FM) material, is

manifest as a shift in the hysteresis loop and an enhancement

of coercivity when a composite structure is field-cooled

through the N�eel temperature (TN) of the AFM material.1,2

Despite extensive research over more than half a century, the

microscopic origin is still not fully understood, although it is

generally accepted that the effect results from exchange cou-

pling between FM and uncompensated AFM spins at the

interface. As a result, it is very sensitive to the interfacial

spin structure. The exchange bias effect in bilayers with in-

plane anisotropy has been widely used in magnetic devices

such as sensors and magnetic random access memory

(MRAM),3–7 which are based on spin valves or magnetic

tunnel junctions (MTJs).

More recently, there has been an increasing interest in

exchange bias of materials with perpendicular magnetic ani-

sotropy. Perpendicular exchange bias (PEB) has been

observed in Co(CoFe)/Pt (Pd) multilayers coupled with an

AFM material such as CoO, NiO, FeMn, or IrMn.8–14

However, most of the reported values for the PEB field are at

best comparable to the coercive field and may be too weak

for practical applications. Many researchers have tried to

improve the PEB using different methods. For example, Liu

et al.15 obtained a high PEB field of about 95 mT by insert-

ing a CoFe layer between IrMn and Co/Pt multilayers at

room temperature. Wang et al.16 reported a large PEB effect

in CoPt/CoO multilayers at low temperature. The interfacial

spin structure at the FM/AFM interface is thought to be cru-

cial for PEB. While these studies showed large effects, the

thermal stability and magnetic properties, which are impor-

tant for device applications, were not fully investigated.

Most reports in the literature have focused on FM/Pt(Pd)

multilayers, which often exhibit poor thermal stability due to

interface diffusion. FM/AFM bilayers are thought to have

better thermal stability, as the interface diffusion is reduced.

Furthermore, it is easier to identify the interface behavior, as

the contribution of other layers is absent. Ultrathin ferromag-

netic layers are known to exhibit perpendicular magnetic

anisotropy,17 but there are only limited studies of PEB in

FM/AFM bilayers.18,19

Here, we discuss PEB in a simple bilayer structure of

ultrathin CoFe and IrMn, where anomalous two-step hystere-

sis loops with both positive and negative loop shifts are

observed in as-grown samples.

The samples were deposited onto thermally oxidized Si

wafers by DC magnetron sputtering at room temperature in a

Shamrock deposition tool. The stacks were (from bottom to

top) Ta 5/Pt 5/Co90Fe10 (CoFe) 0.8/Ir22Mn78 (IrMn) (tIrMn)/Pt

2 (thickness in nm). A single ultrathin top-pinned CoFe layer

with a thickness of 0.8 nm grown on a buffer of Ta/Pt showed

good perpendicular magnetic anisotropy. The thickness of the

IrMn layer (tIrMn) was varied from 0 nm to 12 nm. Samples

were post-deposition annealed for 1 h at temperatures ranging

from 200 �C to 300 �C in an applied magnetic field of 800 mT.

The field was perpendicular to the film surface. Out-of-plane

magnetic hysteresis loops were measured using the extraordi-

nary Hall Effect (EHE) on 6� 6 mm2 samples, contacted at

the four corners in the Van der Pauw geometry. The thickness,

interface roughness, and the crystal structure were character-

ized by using X-ray Reflectivity (XRR) and X-ray Diffraction

(XRD). The microstructure of the films was also characterized

by high-resolution transmission electron microscopy (TEM).

Cross-section lamellas of the films for TEM observation were

prepared by focused ion beam (FIB). Magnetic domains were

imaged by magnetic force microscopy (MFM), using a

Nanoscope III instrument with a low moment tip.

Figures 1(a) and 1(b) show the typical XRR and XRD

patterns for the as-grown CoFe/IrMn bilayers with different

thicknesses of IrMn, tIrMn¼ 4, 6, and 10 nm. Very clear XRR

oscillations are observed for all the samples, as seen in Fig.

1(a). Well-defined interfaces are needed to produce such

oscillations. The thickness and interface roughness for each

layer are obtained by fitting the curves using the WinGixa

software package. The fitted CoFe layer thickness lies in the

range of 0.72–0.82 nm for all the samples, which is close to

the nominal value. The roughness of both FM/AFM and

FM/buffer interfaces is 0.3–0.5 nm, which suggests that the

CoFe layer grows as a continuous film, as also seen in the

cross-section TEM images (Fig. 2). From the XRD patterns

in Fig. 1(b), it can be seen that all the samples show strong

fcc Pt (111) and fcc IrMn (111) texture. An evident bcc Ta
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(110) peak is also observed. Due to the ultrathin nature of

the CoFe ferromagnetic layer, no crystalline peaks are

observable; however, the perpendicular anisotropy is

induced due to the interfacial anisotropy at the CoFe/Pt

(111) interface. In addition, the strong (111) texture of the

antiferromagnetic fcc IrMn layer is the structure necessary to

induce PEB in this system. Almost all peaks are shifted com-

pared to the bulk materials, which are thought to result from

mechanically induced strain during deposition. The lattice

constant (a0) for the IrMn layers, calculated from (111)

reflection, is found to shrink from 0.387 6 0.001 nm

(tIrMn¼ 2 nm) to 0.381 6 0.001 nm (tIrMn¼ 10 nm) with the

increase of tIrMn, as shown in the inset of Fig. 1(b), approach-

ing the bulk value (a0¼ 0.378 nm). The variation of the IrMn

lattice constant indicates that the strain induced by the crys-

tal lattice in the IrMn layer is gradually relaxed by the forma-

tion of dislocations.

The out-of-plane magnetic properties of CoFe/IrMn

bilayers with various tIrMn are measured using EHE, as

shown in Figs. 3(a) and 3(b). When tIrMn is below 2 nm, the

loops are almost perfectly square, indicating that the CoFe

nanolayer has perpendicular magnetic anisotropy. However,

no PEB effects are observed. When tIrMn is increased to

3 nm, the PEB effect appears, and the system exhibits maxi-

mum coercivity (l0Hc¼ 98.2 mT). There are unusual

two-step EHE loops with both positive and negative loop

shifts when tIrMn� 3 nm. The PEB fields (l0Hexþ for the pos-

itive part, l0Hex� for negative part) and coercivities (l0Hcþ

for positive part, l0Hc� for negative part) as a function of

tIrMn are summarized in Fig. 3(c). The highest l0Hexþ
(l0Hex�) of 91.3 mT (�86.1 mT) has been obtained at

as-grown state with tIrMn¼ 4 nm. With further increase of

tIrMn to 12 nm, l0Hexþ (l0Hex�) remains almost constant.

According to Meiklejohn and Bean’s model,1,2

l0Hex ¼
rex

MFMtFM
; (1)

where rex is the interfacial exchange coupling, MFM is the

magnetization of the FM layer, and tFM is the thickness of the

FM layer. In our case, we kept the same CoFe layer thickness

for all the samples, so, MFMtFM is constant. Hence, we deduce

rex ¼ 0:11 mJ=m2, which is comparable to the exchange cou-

pling for the in-plane system. The IrMn layer is polycrystal-

line with a preferred fcc (111) texture. It is expected to be

chemically disordered with the Ir and Mn atoms occupying

the fcc atomic-sites at random in the IrMn3 structure. The

magnetic moments are tilted away by 45� from the {111}

diagonals towards the cube faces.20 We can consider that the

polycrystalline IrMn layer has uncompensated spins and is

composed of tiny AFM grains with each contributing to the

PEB effect.21 For a single AFM grain, rex / A=D, where A is

interfacial exchange stiffness and D is the AFM grain size.22

The AFM grains do not contribute to the loop shift below a

critical thickness tAFM ¼ rex=KAFM, where KAFM is uniaxial

anisotropy constant of the antiferromagnet. The critical

tAFM¼ 3 nm gives KAFM¼ 3.7� 104 J/m3 for IrMn layer. The

FIG. 1. The typical (a) XRR and (b) XRD patterns for the as-grown

CoFe/IrMn bilayers with different thicknesses of IrMn layer. The inset of (b)

gives the lattice constant of the IrMn layers.

FIG. 2. TEM cross-section of a CoFe/IrMn bilayer with nominal thickness

0.8/4 nm (a) for as-grown state and (b) after annealing for 1 h at 200 �C
under a field of 800 mT.
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critical AFM grain size, above which PEB is obtained, is

given as Dc¼A=KAFMtAFM. The smaller tAFM, the larger the

critical grain size, and the average grain size scales with tAFM.

This explains why we do not observe any PEB effect when

tIrMn is below 2 nm, which is consistent with other reports.23,24

When tIrMn is increased from 2 nm to 4 nm, it may be assumed

that many of the grains have D>Dc, and Hex quickly

increases to the maximum value.22 Further increase in tIrMn up

to 12 nm does not significantly change Hex, because rex

remains similar.

Figures 4(a)–4(f) show the magnetic domain patterns in

the as-grown remnant state with different thicknesses of the

IrMn layer, tIrMn ranging from 2 nm to 12 nm. In our

CoFe/IrMn bilayers, the IrMn is grown directly on top of the

CoFe layer, and spins in the IrMn layer will couple to spins

in the adjacent CoFe layer. There are no visible domains,

when tIrMn� 2 nm, which means that our perpendicular CoFe

layer is essentially in a single perpendicular domain state.

The interface exchange coupling from the IrMn is quite weak

and has no influence on the ferromagnetic domain structures.

Moreover, when tIrMn� 3 nm, the interface exchange cou-

pling with IrMn becomes sufficient strong for exchange bias

to appear, and the bilayer exhibits a multidomain state, illus-

trated in Figs. 4(b)–4(f). This reflects the magnetic structure

of the IrMn layer at the interface, to which the CoFe is

coupled. We are therefore imaging the AFM multidomain

state of the IrMn. All these bilayers exhibit similar domains.

The multigrain antiferromagnetic domains are large, with

dimension of approximate 10� 1 lm2. The unusual two-step

magnetization reversal with both positive and negative loop

shifts, shown in Figs. 3(b) and 3(c), is a consequence of for-

mation of large antiferromagnetic domains in the as-grown

state. Although the IrMn grain size is only of order 10 nm,

the layer is strongly textured, and multigrain domains are

anticipated, as with nanoscale ferromagnets.25 Similar behav-

ior has been reported in other exchange-biased NiFe/FeMn

and NiCo/FeMn bilayers with in-plane anisotropy.26,27 The

coercive fields, l0Hcþ and l0Hc�, of both the positive and

negative loops are almost same, and l0Hexþ and l0Hex� are

symmetric, as evidenced by the up and down domains in the

MFM image.

The magnetic field annealing performed in 800 mT for

these CoFe/IrMn bilayers sets a unique direction of exchange

bias. Fig. 5(a) shows typical EHE hysteresis loops for the

sample with tIrMn¼ 4 nm with and without magnetic field

annealing. After annealing at 200 �C, the two-step EHE loop

disappears. The CoFe/IrMn bilayers exhibit a single-step

EHE loop with negative PEB. It suggests that all the uncom-

pensated spins at the interface for the tiny IrMn grains have

been aligned to the direction of magnetic field and a single

FM domain state is formed. We also annealed the

CoFe/IrMn bilayers under the same magnetic field applied in

both the positive (þ) and negative (�) directions, and as

shown in the inset of Fig. 5(a), either a negative or a positive

EHE loop shift with PEB field of almost same value results.

The highest PEB field, l0Hex, that has been found after

annealing is 100.5 mT (Fig. 5(a)), which is the largest value

reported in this system so far. On annealing the sample at

higher temperatures, the perpendicular magnetic anisotropy

gradually decreases, but the PEB field remains almost the

same (l0Hex¼ 100.5 6 0.8 mT), as shown in Fig. 5(a). In

addition, the PEB field is much larger than Hc (typically,

l0Hc¼ 38.3 mT at 200 �C; l0Hc¼ 29.2 mT at 250 �C;

l0Hc¼ 14.6 mT at 300 �C). This feature makes it favorable

to integrate a CoFe/IrMn bilayer system into the reference

layer of perpendicular spin-valve or MTJ-based MRAM, so

that the reference layer is more stable under the writing

field/current. The decrease of perpendicular magnetic anisot-

ropy after annealing is attributed to reduction of interface an-

isotropy due to interfacial diffusion at the CoFe/Pt and

CoFe/IrMn interfaces (Fig. 2(b)). The tIrMn dependence of

l0Hex and l0Hc with field annealing is shown in Fig. 5(b).

Unlike the case in the as-grown state, as tIrMn increases from

4 nm to 12 nm, l0Hex gradually decreases after field

FIG. 3. (a) and (b) Out-of-plane EHE hysteresis loops of as-grown CoFe/IrMn

bilayers with different thicknesses of IrMn layers. (c) Perpendicular exchange

bias field (Hex) and coercivity (Hc) as a function of tIrMn.
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annealing. The main reason may be that Hc and the perpen-

dicular magnetic anisotropy gradually degrade after field

annealing the thicker IrMn layer, leading to a decrease of the

magnetization of the CoFe. According to Eq. (1), the

reduction in l0Hex indicates that the exchange coupling con-

stant rex is weak. The smaller the tIrMn (above the critical

thickness), the better the thermal stability.

In conclusion, we have demonstrated a robust PEB

effect in CoFe/IrMn bilayers as a function of IrMn layer

thicknesses and annealing. The anomalous two-step hystere-

sis loops with both positive and negative loop shifts observed

in the as-grown state when tIrMn� 3 nm are direct evidence

for the formation of large AFM domains at the interface,

consisting of many IrMn grains. After magnetic field anneal-

ing, the two-step magnetization reversal disappears and ei-

ther positive or negative shifted loops with one-step

magnetization reversal are observed, depending on the mag-

netic field direction. The PEB field of about 100 mT is the

highest reported in this kind of system, and the effect could

be usefully applied in perpendicular spin valves or magnetic

tunnel junctions.
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