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Exchange bias is studied in thin film systems, in which three types of Heusler alloys (Ni2MnSn,

Co2MnSn, and Co2FeSi) are in contact with an antiferromagnet. Magnetic exchange interactions

between the constituting atoms (i.e., Ni-Mn, Mn-Mn, Co-Mn, and Co-Fe, or Co-Co) differ

substantially in these Heusler alloys. We explain the influence of the exchange stiffness A within

the Heusler alloys and of the exchange coupling between Heusler alloy and an antiferromagnet in a

finite interface volume. Insertion of an ultrathin Co layer at interfaces brings about an enhancement

of the exchange bias in Heusler alloy/antiferromagnet layer system. VC 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4807167]

I. INTRODUCTION

Exchange bias (EB) occurs as a result of exchange cou-

pling between magnetic moments of an antiferromagnet

(AFM) and a ferromagnet (FM) at the AFM/FM interface

and is extensively used to pin one of the FM electrodes in

spin-valves (SV) or magnetic tunnel junctions (MTJ). EB

refers to a unidirectional shift of the FM hysteresis loop from

zero field—the exchange bias field HEB. EB is also accompa-

nied by an increase in coercivity HC with respect to the

unbiased FM. HEB as a result of exchange coupling depends

in a complex way on the microstructural factors of the layer

system.1

In FM/AFM structures with typical FM like Ni-Fe, Co,

Co-Fe, interatomic exchange interactions within the FM

layer are regarded as “dense”—the magnetic moments reside

on all atoms and they are all involved in interatomic

exchange interactions. In FM X2YZ Heusler alloys (HA), the

magnetic moments mainly reside on Y (or X and Y) and

exchange interactions are either direct between X-Y atoms

or are mediated by RKKY interactions between Y atoms.2,3

This makes HA distinct from conventional ferromagnets.

Structural disorder has a great influence on the magnetic

properties of HA, and hence on the exchange interactions.4–6

Structural disorder in a HA can be reduced by proper anneal-

ing4 with the aim of achieving the ideal L21 structure.7 For

SV or MTJ with HA, the entire structure is usually deposited

at room temperature (RT) and then it is subjected to anneal-

ing at 400–500 �C and field cooling to enhance chemical

(site) ordering and setting AFM, respectively.7,8 Such a pro-

cedure results in a relatively low interface roughness7,9 and

low interdiffusion.10

Some HA are interesting because of their potential to

produce a high spin polarization in magnetoresistive

devices.4 Therefore, it is hoped that the use of an HA in con-

tact with an AFM as the pinned reference layer would lead

to SV or MTJ with ultrahigh magnetoresistive effect ampli-

tudes. Reports on EB in bilayers containing HA are still rare

and are restricted to a few reports on HA/AFM bilayers in

MTJs including Co2MnSi/IrMn,10,11 Co2FeAl/IrMn,12 or

Co2FeSi/IrMn13–15 bilayers. In particular, it was shown that

Co2MnSi/Al-O/Co2MnSi/IrMn MTJ can exhibit a large tun-

nel magnetoresistance of 570% at low temperatures.10

Ohdaira et al. reported a spin transistor structure consisting

of two MTJ with Co2MnSi with excellent characteristics.11

Endo et al. reported grain size distribution influence of both

AFM IrMn and Co2FeSi layers on the magnetic properties of

exchange-biased films with HEB of 100–200 Oe.14,15 They

showed that sharp interfaces matching is required between 8

and 10 nm IrMn grains and 15 nm Co2FeSi grains to exhibit

a large HEB. Optimized annealing led to HEB up to 200 Oe

and insertion of a 0.5 nm Mn layer can increase EB by a fac-

tor of two.15 Alley et al. showed that insertion of CoFe layer

(0.5–2 nm) results in 15% enhancement of EB.13

In this paper, we report magnetic properties of HA thin

films (Ni2MnSn, Co2MnSn, and Co2FeSi) in contact with

AFM (NiMn, FeMn, and mainly IrMn). We aim at determin-

ing important features that lead to the presence or absence of

EB in these structures. We have chosen HA with diverse

exchange interatomic interactions, which result in Curie tem-

peratures (TC) of 1100 K, 829 K, and 340 K, for Co2FeSi,4

Co2MnSn,4 and Ni2MnSn,2 respectively.

II. EXPERIMENTAL DETAILS

A series of HA (Ni2MnSn, Co2MnSn, and Co2FeSi) thin

film structures in contact with AFM were deposited onto Si/

SiO substrates with Ta(5–10 nm) as a buffer and a cap layer

using an ultra high vacuum magnetron sputtering system.

AFM films were deposited from an Ir17Mn83, Fe50Mn50, and

Ni50Mn50 alloy targets. The base pressure was better thana)Electronic mail: dubowik@ifmpan.poznan.pl
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4� 10�8 Pa and the Ar deposition pressure was 2� 10�5 Pa.

HA films were deposited from either separate Ni, Mn50Sn50,

and Mn targets,9 or from Co50Mn25Sn25 and Co50Mn25Si25

alloy targets. The samples comprise Si-sub/Ta/HA x/AFM

y/Ta bilayers, bilayers with an ultrathin Co layer (0.5–1 nm

thick) inserted at the HA/AFM interface—Si-sub/Ta/HA

(x)/Co/AFM (y)/Ta and Si-sub/Ta/[AFM (y)/HA (x)]� N/AFM

(y)/Ta or Si-sub/Ta/[AFM (y)/Co/HA (x)/Co] � N/AFM (y)/Ta

multilayers. The numbers (and x, y) denote thicknesses in

nanometers and N is the number of repetitions, which was 3

or 5. The thicknesses x and y were in range of x¼ 5–15 nm

and y¼ 10–30 nm for the HA and AFM, respectively, and

were approximately the same as that reported in Ref. 15.

Structural characterization was carried out by X-ray diffrac-

tion (XRD) (see Ref. 9, for details) and transmission electron

microscopy (TEM). Chemical analysis of HA and AFM was

performed with energy-dispersive X-ray fluorescence and

confirmed appropriate stoichiometry of the films within

63%. Magnetic measurements were made on a home-made

vibration sample magnetometer (VSM) calibrated with a Co

standard film. Temperature measurements were made by a

Physical Property Measurement System (Quantum Design)

from 5 to 300 K. The samples were usually deposited at RT

to have smooth interfaces and then they were annealed at

400 8C for 15–30 min to transform the HA into the desired

L21 phase and then finally cooled down to set in the AFM in

a field of 1 kOe for exchange bias initialization.

The multilayer stack quality was characterized by inter-

face roughness, interface volume, and density profiles moni-

tored by X-ray reflectivity (XRR) spectra. Figures 1 and 2

show XRR of a typical Ni2MnSn/IrMn bilayer and a Co2FeSi/

Co/IrMn multilayer, respectively. The lines show the fits

according to a model structures known from the deposition

procedure performed by a fitting using a SIMULREFLECT soft-

ware16 under the assumption that the density profiles are rec-

tangular with RMS roughnesses in the range of 0.5–1 nm. For

example, the fitting procedure of XRR data shown in Fig. 1

gives 0.35, 0.5, 0.3, and 1.2 nm RMS roughness for Ta,

Ni2MnSn, IrMn, and Ta layers, respectively. The density of an

individual layer is defined as number of the unit cells per unit

volume.16 The density profiles of the layers are shown in Figs.

1 and 2 as the insets. The general characteristics of the XRR

are well fitted despite the simplicity of the fitting model. XRR

analysis suggests that our technology (i.e., sputtering deposi-

tion at RT, post-deposition annealing, and field cooling to set

AFM) ensures the HA/AFM structures with composition pro-

files similar to the nominal ones and with moderate interface

roughnesses of 0.5–1 nm. The upper right inset in Fig. 1 shows

TEM diffraction of a typical Ni2MnSn film. The presence of

(111) and (200) superstructure reflections suggests that the

film indeed possesses B2 or L21 ordering typical for a HA.4

III. RESULTS

In the as-deposited state, both Ni2MnSn and Co2MnSn

are nonmagnetic at RT. In contrast, Co2FeSi is already ferro-

magnetic in a disordered state with a saturation magnetiza-

tion MS of 700 G. Therefore, a proper annealing of the layers

is important both for ordering of HA layers and for setting

AFM layers. After annealing at 400 8C for 15–30 min, mag-

netization measurements at 5 K yield MS of 690 G (4 lB/f.u.),

820 G (4.8 lB/f.u.), and 1000 G (5 lB/f.u.) for Ni2MnSn,

Co2MnSn, and Co2FeSi films, respectively. We estimate the

error in determination of the magnetization to about 10%.

The uncertainty about magnetization originates mainly from

error in the estimation of the sample volume. The values in

parentheses are expressed in the numbers of Bohr magnetons

per formula unit (f.u.). The maximum MS value for Co2FeSi

after annealing is 92% of that reported for epitaxially grown

thin film of 5.1 lB/f.u.17 The values of MS can be compared

with those presented in Table I.

No EB was obtained at RT in the structures comprising

Ni2MnSn/NiMn, Ni2MnSn/FeMn, or Ni2MnSn/IrMn despite

their good structural order (Fig. 1). However, if the hystere-

sis loops are measured with the magnetic field applied

FIG. 1. X-ray reflectivity versus grazing angle of a Si/Ta (10)/Ni2MnSn

(20)/IrMn (15)/Ta (5) thin film structure (circles) and a fit (full line) with a

density profile (expressed as number of the unit cells per unit volume) of

individual layers shown in the bottom inset. The upper inset shows electron

diffraction pattern of a single Ni2MnSn film.

FIG. 2. X-ray reflectivity versus grazing angle of a Si/Ta (5)/[IrMn (20)/Co

(1)/Co2FeSi (10)] � 3/IrMn (20)/Ta (5) thin film structure (circles) and a fit

(full line) with a density profile of individual layers shown in the inset.
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parallel to the anisotropy axis imposed by field cooling from

high temperatures, some EB is observed at low temperatures.

As it is shown in Fig. 3, EB in the Ni2MnSn/NiMn bilayer is

observed at temperatures below 50 K and is accompanied by

a very high coercive field HC of 500 Oe, which decreases to

60 Oe at 300 K. The inset of Fig. 3 shows the hysteresis loop

of a single Ni2MnSn film (�15 Oe at RT) in comparison to

that of the Ni2MnSn/NiMn bilayer at 5 K. Similarly to low-

temperature EB observed in off-stoichiometric Ni-Mn-Sn

bulk alloys18 and various types of Ni-Mn-Sn thin film struc-

tures,19 the EB in Ni2MnSn/NiMn bilayer can probably be

ascribed to the presence of local FM/AFM interactions in

nanoscale. Westerholt et al.20 have suggested that the low-

temperature EB in multilayers containing HA originates

from a spin glass type of magnetic order for a thin interlayer

at the interfaces. We will show later in Sec. III how to distin-

guish the latter EB from that due FM/AFM exchange cou-

pling present at RT.

Figure 4 compares typical RT hysteresis loops of HA/

AFM bilayers (continuous lines) with those of single HA films

of the same thickness and of low coercivity of several Oe (dot-

ted lines). For Ni2MnSn/IrMn bilayer (Fig. 4(a)), the only

effect is a considerable increase in coercivity (HC¼ 56 Oe) in

comparison to HC¼ 15 Oe for a single Ni2MnSn film. As it is

shown in Figs. 4(b)–4(d), hysteresis loops are already shifted

with HEB of 3, 14, and 50 Oe for Co2MnSn/FeMn, Co2MnSn/

IrMn, and Co2FeSi/IrMn bilayers, respectively. The coercivity

of the FM/AFM bilayers shown in Fig. 4 increases due to an

enhancement of exchange coupling from 56 Oe for Ni2MnSn/

IrMn with no EB to 230 Oe for Co2FeSi/IrMn with the highest

EB. Nevertheless, as it is shown in Fig. 4, HEB in our HA/

AFM bilayers is low and merely amounts to 0%, 3%, 7%, and

22% of HC for Ni2MnSn/IrMn, Co2MnSn/FeMn, Co2MnSn/

IrMn, and Co2FeSi/IrMn, respectively. Moreover, in opposite

to results of Ref. 15, EB in our bilayer Co2MnSn/IrMn and

Co2FeSi/IrMn structures significantly depends on annealing

time. We have not done systematic studies on the annealing

time dependence of the exchange bias in our HA/AFM sys-

tems. However, we checked that an annealing at 300 8C did

TABLE I. Magnetic properties of X2YZ Heusler alloys: m is the calculated magnetic moment per f.u. in lB; mX and mY are the magnetic moments on X and Y

site, respectively; JX�X; JX�Y , and JY�Y are the exchange integrals between X–X, X–Y, and Y–Y nearest neighbors, respectively; A is the exchange constant; TC

is the Curie temperature.

Heusler m mX mY JX�X
a JX�Y

a JY�Y
a A� 106 TC

alloy lB=f:u: lB lB mRy mRy mRy erg/cm K

Ni2MnSn 4.0 (Ref. 28) 0.14 (Ref. 28) 3.50 (Ref. 28) �0 0.2 0.2 0.1 (Ref. 9) 340 (Ref. 2)

Co2MnSn 5.0 (Ref. 21) 0.97 (Ref. 21) 3.23 (Ref. 21) 0.1 0.8 0.1 0.6 (Ref. 22) 829 (Ref. 4)

Co2FeSi 6.0 (Ref. 21) 1.40 (Ref. 21) 2.87 (Ref. 21) 0.4 1.5 0.05 3.2 (Ref. 22) 1100 (Ref. 4)

Permalloy �4 (Ref. 1) … … … 0.3 … 1.0 (Ref. 1) 800 (Ref. 1)

aThe values of the exchange integrals are calculated by the EMTO package.27

FIG. 3. Temperature dependence of coercivity HC and exchange bias field

HEB for a Ni2MnSn (30)/NiMn (50) bilayer measured with the magnetic field

applied parallel to the anisotropy axis imposed by field cooling from high

temperatures. Inset shows hysteresis loops for Ni2MnSn (30)/NiMn (50)

bilayer at 5 K (blue) and for a single 30 nm Ni2MnSn film at 300 K (red).

The numbers in parentheses denote thickness in nm.

FIG. 4. Room temperature hysteresis loops (dotted lines, black) of single

HA films with small coercivity HC values (in black): Ni2MnSn (a),

Co2MnSn (b) and (c), Co2FeSi (d) and of HA/AFM bilayers (continuous

lines): Ni2MnSn (20)/IrMn (15) (a), Co2MnSn (15)/FeMn (30) (b),

Co2MnSn (15)/IrMn (30) (c), Co2FeSi (10)/IrMn (20) (d). The values of HEB

and HC (in blu) relate to exchange-biased bilayers. The numbers in parenthe-

ses denote thickness in nm.
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not lead to a high ordering of HA. On the other hand, the

annealing at 450 8C resulted in interdiffusion of the structures

with HA layers 5 nm thick. Therefore, basing on Refs. 10 and

13, we chose annealing at 400 8C for 15 min as optimal to

obtain a sufficient ordering of HA with no substantial interdif-

fusion. For example, a Co2FeSi (10)/ IrMn (20) bilayer reveals

HEB ¼ 50 Oe ðHC ¼ 230 OeÞ and HEB ¼ 73 Oe ðHC ¼ 180OeÞ
after annealing at 400 8C/15min and 400 8C/30min, respec-

tively. This points out on a significant role of IrMn grain size,

which has been prepared in Ref. 15 by using a HiTUS sputter-

ing system allowing control of the grain size.

In accordance with Ref. 13, an ultrathin Co layer added

at the HA/AFM interface induces an enhancement of EB. As

it is seen in Figs. 5(a) and 5(b), a 1 nm thick Co layer

“dusted” at Co2MnSn/FeMn and Co2MnSn/IrMn leads to a

slight increase in HEB up to several Oe. On the other hand, a

1 nm thick Co layer inserted at Co2FeSi (10)/IrMn (20) inter-

face [Fig. 5(c)] results in nearly twofold increase of HEB in

comparison with that of Co2FeSi (10)/IrMn (20) shown in

Fig. 4(d).

By multiplying the number of HA/AFM interfaces, we

aimed at further enhancement of EB in our HA/AFM struc-

tures. Additionally, in a few cases we prepared HA/AFM

multilayers with 0.5-1 nm Co added at the interfaces. The

main results are given in Fig. 6, in which the RT hysteresis

loops of HA/AFM (dashed lines) and HA/Co (0.5–1)/AFM

(continuous lines) are shown for comparison. Fig. 6(a) shows

that there is no enhancement in EB for [IrMn (20)/Ni2MnSn

(10)] � 5/IrMn (20) multilayer and HC is still relatively low

of 40 Oe. The magnetization saturates at a field of 500 Oe as

if the Ni2MnSn layers possess uniaxial anisotropy with a

high dispersion of easy axes. As it is shown in Fig. 6(b), the

effect of multiplication of the number of HA/AFM interfaces

is more pronounced in multilayers containing Co2MnSn with

HEB (HC) of 61 Oe (220 Oe) and 89 Oe (260 Oe) for [IrMn

(10)/Co2MnSn (15)]� 3/IrMn (10) (dashed lines) and [IrMn

(20)/Co (1)/Co2MnSn (15)/Co (1)] � 3/IrMn (20) (continu-

ous lines) multilayers, respectively. It is worth noticing that

hysteresis loops of [IrMn/Co/Co2MnSn] have nearly the

same shape as those of bilayers. In opposite, for [IrMn/

Co2FeSi] and [IrMn/Co/Co2FeSi] multilayers, a “fine” struc-

ture of hysteresis loops is frequently observed. As it is seen

in Figs. 6(c) and 6(d), HEB increases with the growth in the

repetition number as if the bottom stack polarizes the upper

one. Using a magneto-optical Kerr (MOKE) magnetometer,

which is surface sensitive with penetration depth of

30–40 nm, we checked that the upper IrMn/Co2FeSi/IrMn

stack has the highest EB.

Figure 6(d) clearly shows that the MOKE hysteresis

loop (continuous red line) has the highest HEB of 250 Oe,

which is the same as for the left part of the VSM loop

(dashed line). The increase in the Kerr signal under the posi-

tive field application is caused by a drift in Kerr rotation due

to some influence of the magnetic field on optical compo-

nents. The value of 250 Oe is in accordance with that

reported in Ref. 15 for an IrMn/Co2FeSi bilayer after opti-

mized annealing. Ultrathin Co layers added at IrMn/Co2FeSi

interfaces result in a slight enhancement of EB of individual

stacks and make the “fine” structures in hysteresis loops

even sharper as it is shown in Fig. 6(c). By a slight change in

[IrMn (10)/Co (0.5)/Co2FeSi (10)/Co (0.5)] � 3/IrMn (10)

geometry, we could still enhance HEB up to about 500 Oe

FIG. 5. Effect of ultrathin Co (1 nm) insertion at interfaces of X2YZ HA in

contact with FeMn or IrMn: (a) Co2MnSn (5)/Co (1)/FeMn (20), (b)

Co2MnSn (15)/Co (1)/IrMn (30), (c) Co2FeSi (10)/Co (1)/IrMn (20). The

numbers in parentheses denote thickness in nm.

FIG. 6. Typical hysteresis loops of X2YZ/IrMn multilayers without (dashed

lines) or with (continuous lines) ultrathin Co layer inserted at the interfaces:

(a) [IrMn (20)/Ni2MnSn (10)] � 5/IrMn (20), (b) [IrMn (10)/Co2MnSn (15)]

� 3/IrMn (10) and [IrMn (20)/Co (1)/Co2MnSn (15)/Co (1)] � 3/IrMn (20),

(c) [IrMn (20)/Co (1)/Co2FeSi (10)/Co (1)] � 3/IrMn (20), (d) [IrMn (20)/

Co2FeSi (10)] � 3/IrMn (20) measured with MOKE (red line) and VSM

(dashed line), (e) [IrMn (10)/Co (0.5)/Co2FeSi (10)/Co (0.5)] � 3/IrMn (10).

The numbers in parentheses denote thickness in nm. The scale of magnetic

field is the same for all plots except that in (e).

193907-4 Dubowik et al. J. Appl. Phys. 113, 193907 (2013)
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[as it is seen in the lower left part of hysteresis loop in

Fig. 6(e)] but the “fine” structure of the hysteresis loop in

this case is not so sharp. We believe that the upper stack has

the highest EB but we cannot confirm it using MOKE due to

limitation in magnetic field. Using the Scherrer formula for

the Bragg reflections of small particles, we derived that in

as-deposited Co2FeSi and IrMn layers the mean size of

grains is of 8 nm. After annealing at 400 8C, the respective

grain size is of 10–11 and 8 nm, respectively. It is worth not-

ing, however, that after annealing the intensity of the (111)

reflection increased in comparison to that of the (200) reflec-

tion. This suggests that the preferred (111) texture of IrMn

grains increases after annealing.

Usually, HEB in conventional FM/AFM structures shows

only a slight temperature dependence except a temperature

region next to blocking temperature.26 In most of our HA/

AFM structures, however, a relatively strong increase in HEB

is observed at low temperatures (see Ref. 19). We have tenta-

tively connected EB in Ni-Mn-Sn thin film structures with

the presence of distributed FM and AFM couplings due to a

high heterogeneity in nanoscale in the bulk of the films.19 To

distinguish the latter effect from EB due to FM/AFM interac-

tions at HA/AFM interfaces, we chose an [IrMn (10)/

Co2MnSn (15)] � 3/IrMn (10) multilayer with moderate HEB

of 40 Oe at RT (see Fig. 6(b)—dashed line) and we measured

magnetization reversals in a broad temperature range of

5–300 K with the magnetic field applied either parallel (Hk)
or perpendicular (H?) to the direction of the anisotropy axis

imposed by field cooling from high temperatures. It is seen

in Fig. 7 that H?EB vs. T for H? is always lower than H
k
EB vs.

T for Hk. At low temperature, both dependencies reveal a

strong increase in EB and HC > HEB, like in Ni2MnSn/NiMn

bilayer (Fig. 3). We relate the strong EB at low temperature

region in Ni2MnSn/NiMn (Fig. 3) or Co2MnSn/IrMn (Fig. 7)

as resulting from AFM and FM exchange interactions (spin-

glass like) in the nanoscale in a similar way as EB observed

in some bulk HA.33 In opposite, as it is shown in Fig. 7 by

diamonds, the difference of H
k
EB � H?EB vs. T is independent

of temperature and amounts to �HEB (RT). Therefore, we

assume that the temperature independent EB is due to pure

interface coupling.

IV. DISCUSSION

We briefly summarize the results concerning EB in our

HA/AFM annealed thin film structures as follows. No EB

was observed in Ni2MnSn/AFM bilayers and multilayers at

RT. The reason might be the low TC ¼ 340 K of Ni2MnSn,

much less than the Neèl temperature TN ¼ 520 K (Ref. 24)

of IrMn. However, it has been shown that EB can be estab-

lished in FM/AFM structures regardless of the relative values

of TC and TN.25 Moderate EB (i.e., with HEB < HC) was

observed at RT in Co2MnSn (Co2FeSi)/AFM bilayers. In

Co2FeSi/IrMn, a weak EB with HEB ¼ 10 Oe was already

established even in a disordered as-deposited Co2FeSi phase

(not shown). Further annealing of Co2FeSi/IrMn resulted in

an increase of HEB. The highest HEB values were obtained

applying IrMn as AFM since, in opposite to NiMn, IrMn

does not require additional long-term annealing to establish

antiferromagnetic ordering.23 Therefore, only the data con-

cerning IrMn as AFM will be further discussed. Insertion of

an ultrathin Co layer and multiplication of HA/AFM interfa-

ces resulted in an enhancement of HEB except for the

Ni2MnSn/AFM layer systems (compare Figs. 4 and 6).

Our results suggest that exchange bias in HA/AFM

layers is more subtle than that in conventional FM/AFM

structures and no or a very small EB in the as-deposited

structures as well as diverse EB depending on HA are worth

commenting. In Mn containing X2YZ HA, structural order-

ing is a prerequisite of their ferromagnetic behavior.5 If a

Ni2MnSn film is deposited at RT, it is nanocrystalline and

chemically disordered with no sign of ferromagnetism since

magnetism in this alloy is extremely sensitive to the distance

between the Mn atoms.4 In opposite, Co2FeSi alloy is ferro-

magnetic even in a disordered A2 structure.14 Hence, some

exchange bias can be established even in a disordered

Co2FeSi film in contact with IrMn. Moreover, the magnetic

moments in ordered HA are localized on different atomic

sites quite differently (Table I). While in Co2FeSi substantial

magnetic moments are localized both on Co and Fe sites, the

magnetic moments in Ni2MnSn are mainly localized on the

Mn sites and exchange coupled through oscillatory interac-

tions (RKKY) via conduction electrons.2 Co2MnSn repre-

sents an intermediate case but with no sign of ferromagnetic

order in the nanocrystalline disordered state. Moreover, the

exchange interactions between atoms at various sites vary

substantially in the ordered HA. The exchange integrals

were calculated using an EMTO package.29 As it is seen in

Table I, the exchange interactions represented by the

exchange integrals J are small for Ni2MnSn and substantial

for Co2FeSi. Co2MnSn represents an intermediate case,

again. On mesoscopic scale exchange, integrals of these val-

ues lead to the exchange stiffness A ¼ JS2=a (a is the lattice

FIG. 7. Temperature dependence of coercivity HC and exchange bias field

HEB for [IrMn (10)/Co2MnSn (15)] � 3/IrMn (10) multilayer measured with

the magnetic field applied parallel (k) and perpendicular (?) to anisotropy

axis imposed by field cooling from high temperatures. The diamonds show

the temperature dependence of HEB ¼ H
k
EB � H?EB resulting from FM/AFM

interfaces.
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parameter of HA) constants between 0.1 and 3� 10�6 erg/cm.

These values are roughly in the range of those for permalloy

(1� 10�6 erg/cm) and cobalt (2.3� 10�6 erg/cm).1,30

Following a discussion of the EB31 and our elaboration

on exchange interatomic interactions in HA (Sec. I), we pres-

ent in Fig. 8 a model for EB in HA/AFM bilayers that is

determined by the exchange HA-AFM interactions within

interface thickness n � 1 nm (about two times of lattice pa-

rameter a of HA). We attribute the strength of EB to the

strength of the exchange interactions between magnetic

moments localized on Mn, Co and Mn or Co and Fe atoms in

Ni2MnSn, Co2MnSn, and Co2FeSi, respectively. Interface

contains uncompensated AFM moments and a small fraction

e of uncompensated pinned moments.31 In Fig. 8, FM inter-

actions are sketched by “wavy” lines and the local HA-AFM

exchange coupling is sketched by small “springs” with the

thickness proportional to their strength.

Following Ref. 31, the exchange bias field is micro-

scopically expressed as

HEB ¼
JðeSAFMÞSFM

naMFM

1

tFM
; (1)

where a reduction factor e is related to a small fraction of the

uncompensated moments that are pinned, J is the exchange

integral, MFM is the magnetization of a FM, tFM its thickness,

and SAFM and SFM are the spin values of AFM and FM,

respectively. For an ideal interface with the fully pinned

AFM moments, e ¼ 1. For typical FM/AFM structures, num-

ber of pinned spins is of order of 0.01.31 On a mesoscopic

scale, HEB can be written as

HEB ¼
hAi

nMFM

1

tFM
; (2)

since hAi ¼ JðeSAFMÞSFM=a. HEB is expressed by a volume

averaged exchange stiffness exchange stiffness hAi ¼ eA
(erg/cm) across the interfacial region of the thickness n
instead of an area energy density. Hence, we postulate that

hAi / A, which is specific for a given HA and hAi / e,

which is mainly determined by interface microstructure (i.e.,

its roughness, grain sizes of AFM and FM). Taking

n ¼ 1 nm, AFM from Table I, tFM ¼ 10 nm, the reasonable

values of e ¼ 0:001 and 0.01, and appropriate HA magnet-

ization MFM of 1000, 800, and 400 G at RT, we find HEB of

30, 7.5, 2.5 Oe and 300, 75, and 25 Oe for Co2FeSi,

Co2MnSn, and Ni2MnSn bilayers and multilayers, respec-

tively, in a rough agreement with the experimental data.

Therefore, HEB should be approximately the same for the

structures deposited and annealed at the same conditions and

different for bilayers and for multilayers.

In Fig. 9, we plot a dependence of HEB on A both for HA/

IrMn bilayers and multilayers. Despite of scattered data

points, the linear increase of HEB with A predicted by Eq. (2)

is supported by the experimental data with various slopes for

bilayers, multilayers, and Co dusted HA/IrMn multilayers,

respectively. A higher slope of HEB vs. A observed for multi-

layers in comparison with that of bilayers is attributed to a bet-

ter microstructure (grain size and the preferred (111) texture

of IrMn grains) for the upper stacks as well as doubled FM/

AFM interfaces. Both may lead to a higher e, i.e., the increase

in percentage of the pinned moments. On the grounds of our

experience of Co/Au multilayers32 and the observed increase

of the mean grain size after annealing, we attribute the “fine”

structure of EB shown in Figs. 6(c) and 6(d) to increasing

grain sizes from the bottom stack to top stack. We did not

investigate systematically grain-size matching between HA

and AFM layers except a rough estimation of grain-sizes

using the Scherrer formula for the XRD data. The results of

other investigations suggest that the grain sizes in the top

stack should be even larger than 11–12 nm.15 Doubled FM/

AFM interfaces in multilayers may have some positive effect

on enhancement of EB though they can be seen as the multi-

plied top-and bottom-pinned structures. Usually, in FM/AFM

bilayers with a top-pinned AFM uncompensated moments in

AFM are set in during deposition. This gives rise to some

exchange bias already in the as-deposited state. In the bottom-

pinned AFM/FM bilayers, the exchange bias is often much

FIG. 8. Schematic illustration of the distribution of the magnetic moments

and the magnetic couplings in Ni2MnSn, Co2MnSn, and Co2FeSi Heusler

alloy films in contact with IrMn. The black, blue, green, and red arrows

depict magnetic moments on Mn, Co, Fe, and Ni, respectively. The magni-

tude of the moments is represented by their length. Wavy lines and small

“springs” depict the interatomic exchange between atomic moments in these

alloys and local FM/AFM exchange coupling, respectively. Their thickness

is roughly proportional to the strength of interactions.

FIG. 9. Dependence of HEB on exchange stiffness A of bilayers and multi-

layers of 10 nm Co2FeSi, Co2MnSn, and Ni2MnSn HA in contact with

10–20 nm thick IrMn. For comparison, the dashed bars denote HEB values of

permalloy/IrMn (Ref. 34) and Co/IrMn (Ref. 35) bilayers of approximately

the same thickness. Asterisks denote the highest values of HEB for

Co2MnSn/IrMn and Co2FeSi/IrMn multilayers with ultrathin Co dusted at

interfaces. Inset shows HEB vs. hAi in log-log scale using the reduction fac-

tors e ¼ 0:001, 0.003, and 0.007 for bilayers, multilayers, and Co dusted

multilayers, respectively.
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smaller since the internal spin structure is developed in the

AFM layer before deposition of the FM layer. We confirm the

similar differences between the bottom-pinned IrMn(20)/

Co2FeSi(10) and the top-pinned Co2FeSi(10)/IrMn(20) bilayer

with HEB ¼ 0 Oe and 5 Oe in the as-deposited state, respec-

tively. After annealing at 400 for 15 min and field cooling, the

bottom-pinned bilayer had HC ¼ 112 Oe and HEB ¼ 15 Oe

while the top-pinned bilayer had HC ¼ 230 Oe and

HEB ¼ 50 Oe. Therefore, EB in the Co2FeSi/IrMn multilayers

is probably determined by the top-pinned IrMn in each stack.

An increase in HEB due to “dusting” with Co can be attributed

to a further increase in hAi within the interface region n.

We estimate a ratio of the slopes in Fig. 9 to be about 1:3.3:7

for the bilayers, multilayers, and Co dusted multilayers,

respectively. Taking somewhat arbitrary e � 0:001 for

bilayers and the ratio of slopes in Fig. 9, we plot in the inset

of Fig. 9 HEB vs. hAi for all data points in Fig. 9 to show that

the linear trend is preserved in a wide range of hAi in agree-

ment with Eq. (2).

V. CONCLUSIONS

We showed that the origin of exchange bias in Heusler

alloy films in contact with an antiferromagnet is more com-

plex than that for conventional FM/AFM structures. We

qualitatively explain the strength of EB in HA/AFM struc-

tures as depending on magnitude of exchange integrals

between magnetic moments localized in HA in a different

way. On mesoscopic scale, the exchange interactions are

described by the exchange stiffness constant A. Our results

show that EB in HA/IrMn structures is proportional to A
scaled by a reduction factor e � 0:001� 0:01, which is

ascribed to a small number of the pinned spins. Our experi-

mental results of EB in bilayers and multilayers as well as

Co “dusted” multilayers suggest that interface roughness and

crystallite sizes determine the magnitude of the reduction

factor e. In Mn containing HA/AFM structures, a strong

increase in EB is observed at low temperatures. We prefera-

bly relate this effect to FM/AFM interactions in nanoscale

rather than to HA/IrMn coupling at interfaces.
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