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The role of magnetic anisotropy of the antiferromagnetic layer on the magnetization process of exchange cou-
pled polycrystalline ferromagnetic/antiferromagnetic bilayers is discussed. In order to elucidate the magnetic
torque response of Ni-Fe/Mn-Ir bilayers, the single spin ensemble model is newly introduced, taking into
account the two-dimensionally random distribution of the magnetic anisotropy axes of the antiferromagnetic
grains. The mechanism of the reversible inducement of the exchange anisotropy along desirable directions by
field cooling procedure is successfully explained with the new model. Unidirectional anisotropy constant, J, of
polycrystalline Ni-Fe/Mn-Ir and Co-Fe/Mn-Ir bilayers is investigated as functions of the chemical composition
of both the ferromagnetic layer and the antiferromagnetic layer. The effects of microstructure and surface mod-
ification of the antiferromagnetic layer on Jx are also discussed. As a notable result, an extra large value of Jx,
which exceeds 0.5 erg/cmz, is obtained for Co;jFe3;/Mnyslry; bilayer with the ultra-thin (50 A~100 ;\) Mn-Ir
layer. The exchange anisotropy of Co;Fes 40 10&/Mn751r25 100 A bilayer is stable for thermal annealing up to

400 °C, which is sufficiently high for the application of spin valve magnetoresistive devices.
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1. Introduction

Exchange anisotropy, or exchange bias phenomenon, in
bilayer of a ferromagnet (F) and an antiferromagnet (AF)
has attracted a great deal of attentions in recent years due
to its underlying physics and a central role in spin valve
magnetoresistive devices used in magnetic random access
memories or in read head technology for high-density
recording systems [1]. However, a satisfactory under-
standing of this phenomenon and a general guiding prin-
ciple to enlarge the biasing field have not been developed.

One of the important questions concerning the mechanism
of the exchange anisotropy is the magnetic anisotropy of
the AF layer. The original theoretical model for the
exchange anisotropy, established by Meiklejohn and Bean
(MB) [2, 3], assumes a coherent motion of AF spins
throughout the reversal of the F layer magnetization and
predicts that the exchange anisotropy is observed only
when the AF moments are adhered to their magnetic
anisotropy axes. The AF domain wall model that appear-
ed next [4-6] also needs the magnetic anisotropy of the
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AF layer to form the twisted AF spin structures when the
F layer magnetization reverses, adhering the AF moments
at a distance from the interface by the magnetic aniso-
tropy of the AF layer. In both the MB model and the
domain wall model, a hysteresis loop of the F/AF bilayer
is biased along the axis of the magnetic anisotropy of the
AF layer, which is unified in the whole film plane. In
these ways, the magnetic anisotropy of the AF layer is an
indispensable factor for the physical understandings of the
exchange bias phenomenon. Even on the industrial appli-
cation of F/AF bilayers, one can not neglect the role of
the magnetic anisotropy of the AF layer. A specific feature
of polycrystalline F/AF bilayers, reversible inducement of
exchange bias field in the F layer along any desirable
directions by field cooling procedure, is utilized to align
the magnetization direction of two F layers transverse to
each other under a zero field in spin valve heads. If the
mechanism of this well-known experimental fact is to be
explained with using the above models, a reversible
rotation of the magnetic anisotropy axis of the AF layer
will be necessary. However, we do not deem it acceptable
to assume the presence of reversible changes of the
unified magnetic anisotropy of the AF layer by field
cooling. Such the assumption seems to lack an attention
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to the physical origin of the magnetic anisotropy of the
AF layer.

From the application point of view, another important
factor of the exchange anisotropy for spin valve magneto-
resistance devices is to enlarge the biasing field of the
pinned layers. The synthetic ferrimagnetic (Sy-ferri) struc-
ture has been proposed for pinned layers in order to
satisfy this requirement apparently [7, 8]. Exchange an-
isotropy of F/AF bilayers is, however, essentially impor-
tant even in the case of using Sy-ferri structure, because
the direction of magnetization in one of the F layer in the
Sy-ferri pinned layer should be fixed enough with AF
layer against the external applied field. In particular for
read head technology, it is also required to reduce the
total thickness of spin valves, in order to achieve high
recording density.

One of the objectives of this article is to provide a
comprehensive understandings about the origin and the
role of magnetic anisotropy of the AF layer in exchange
coupled polycrystalline F/AF bilayers, by reviewing our
own experimental and theoretical works, closely related to
this matter. A major analytical too! for these works is
classical magnetic torquemetry, one of the most powerful
methods to investigate the magnetic anisotropy. In this
article, we first describe in detail the magnetic torque
response of polycrystalline Ni-Fe/Mn-Ir bilayers as a
function of the AF layer thickness and the external
applied field in section 3. In section 4, the experimental
results are compared with computations based on the
single spin ensemble model, which is established by the
present authors as an expanded MB model for the
polycrystalline bilayer systems. The single spin ensemble
model is then examined to elucidate the experimental fact
concerning the reversible inducement of the exchange
anisotropy, mentioned above.

The other objective of this article is to provide a guide-
line for the experimental efforts to enlarge the strength of
the exchange anisotropy for industrial applications. In
section 5, we review our experimental works, concerning
with the Ca-Fe {or Ni-Fe)/Mn-Ir polycrystalline bilayers,
which is a favorable system to achieve relatively strong
exchange anisotropy with an ultra-thin AF layer.

2. Experimental Procedure

The specimens were fabricated on silicon wafers with a
thermally oxidized layer, using a rf magnetron sputtering
machine under the ultra clean sputtering process condi-
tions described in Refs. 9-10 to enhance the structural
homogeneity. Substrates were held at room temperature
for the deposition. A magnetic field of 30 Oe was applied
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parallel to the films plane during the deposition of both
the ferromagnetic layer and the Mn-Ir layer. The NijoFey,
M54l films consisted of four layers, sub/Ta 50 AMNi-
Fe 50 A/Mn-Ir dxp/Ta 50 A. The thicknesses of the Mn-Ir
layer, denoted by d,p, ranged from 20 A to 200 A. There
was no post deposition heat treatment or other processing
for Ni-Fe/Mn-Ir bilayers, except for the cases particularly
noticed, The Mn-Ir/Co-Fe system was investigated in the
so-called ‘bottom type’ structure, in the formed sub/Ta 50
A/Ni-Fe 20 A/Cu 50 A/Mngo 1, dag/Cog0,Fey 40 A/Cu
10 A/Ta 20 A. The Ta/Ni-Fe/Cu trilayer, placed under the
Mn-Ir layer, was used as an underlayer, which improves
fc.c-(111) sheet texture of the specimens and enhances
the exchange biasing field of the bilayers {11]. The Mn-Ir
/Co-Fe specimens were normally annealed at 300 °C for
30 min in a magnetic field of 1 kOe along the same
direction of the field applied during the deposition.

ANl measurements, except for the temperature depen-
dence, were performed at room temperature. The film
microstructure was examined by X-ray diffraction (XRD)
and by transmission electron microscopy (TEM). Magneti-
zation curves and hysteresis loops were measured by
vibrating sample magnetometer {VSM) techniques above
room temperature (RT) and superconducting quantum
interference device (SQUID) magnetometer below RT.
Determinations of the magnetic anisotropy and the
rotational hysteresis loss were made from measurements
of torque as a function of the in-plane field angle @ for
fixed applied fields from 0 to 15 kOe. These data were
obtained with a standard null method torque magneto-
meter with a sensitivity of about 1x107 dyn-cm.

Figure 1 shows a representative hysteresis loop of the
net film magnetic moment m vs. the bipolar applied field
H for a polycrystalline Ni-Fe/Mn-Ir bilayer. The magnetic
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Fig. 1. A typical measured bilayer magnetization curve of the
magnetic moment m versus the in plane magnetic field H.
These specific data are for a polycrystalline Ni-Fe 50 A/
Muniyg ey 50 A bilayer. The shift of the loop is indicated by the
exchange anisotropy field H,.
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field was applied along the unidirectional axis defined by
the deposition field. The data in Fig. 1 demonstrate the
displaced loop character produced by the unidirectional
exchange anisotropy as well as the usual hysteresis. The
exchange bias field H., indicated in the figure provides a
quantitative measure of the exchange anisotropy.

3. Magnetic torque analysis of
polycrystalline Ni-Fe/Mn-Ir bilayers

3.1. Film microstructure

Figure 2 shows (a) measured and (b) calculated X ray
diffraction profiles for a series of Ni-Fe/Mn-Ir bilayers
with different AF layer thickness dar values. The calcu-
lations were done through the use of a step model [12,
13]. For these calculations, the film was taken to consist
of a substrate with a 50 A B-Ta layer, a 50 A fcc Ni-Fe
layer, an fcc Mnyslrys layer of thickness dar as indicated,
and a final 50 A thick 3-Ta capping layer. The Ni-Fe and
Mn-Ir layers were taken to be disordered. The lattice
relationship between the substrate surface and the respec-
tive layers was taken to be substrate surface//Ta (002)//
Ni-Fe (111)//Mn-Ir (111). The lattice spacings used for
the calculations were 2.658 A for the tantalum, 2.055 A
for the Ni-Fe, and 2.188 A for the Mn-Ir. One can see
good agreement between the measured and the calculated
profiles. This agreement indicated that the films consist of
highly coherent crystal planes which are stacked parallel
to the film plane and that the thickness of the AF Mn-Ir
layer in each case is uniform and accurate [14]. Figure 3
shows a TEM plan view and an electron diffraction
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Fig. 2. Graphs (a) and (b) show measured and calculated X-ray
diffraction profiles for polycrystalline Ni-Fe/Mny,lrys bilayer
specimens. The individual curves are for different values of the
antiferromagnetic layer thickness dar, as indicated. The
“20xrp (Co-Ko)” label on the horizontal axis refers to the
scattering angle for the Cobalt K¢ radiation.
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Fig. 3. (a) TEM plane view and (b) electron diffraction pattern
of a 200 A thick Mnylrs film fabricated on a Ta 50 A/Ni-Fe
50 A underlayer. Ni-Fe and Mn-Ir (111) planes are oriented
highly parallel to the film plane. The incident electron beam is
perpendicular to the (111) plane of the Mn-Ir film.

pattern for the 200 A thick Mn-Ir film fabricated with
same film constitution of the bilayer, except for the
capping Ta layer. This figure reveals Mn-Ir grains 100~
200 A in diameter. They have no preferred orientation in
the film plane (the sheet texture is random in two
dimensions) [I5].

3.2. Exchange bias field and magnetic torque response

Figure 4 shows the variation in the measured exchange
bias field H,, with the antiferromagnetic layer thickness
[14). These data show that H., becomes nonzero when
dar exceeds about 25 A, rises rapidly, reaches a peak
value of about 370 Oe at dar ~75 A, and then gradually
decreases. If the peak in H, at 370 Oe is combined with
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Fig. 4. The exchange biasing field H, as a function of the anti-
ferromagnetic layer thickness dar, as obtained from the room
temperature hysteresis loop measurements for polycrystalline
Ni-Fe/Mn,Ir,¢ bilayers.
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Fig. 5. Measured torque vs. field angle for polycrystalline Ni-Fe/Mny,lryq bilayers with a range of antiferromagnetic layer thickness
dar values, as indicated for each panel, and for the indicated values of the applied in plane magnetic field H. The vertical axis shows
the product of the torque per unit volume L and the film thickness 7. The horizontal axis shows the in plane field angle 6 relative to

the field direction during the deposition.

the empirical Mdg product value of 4.0 x 107 emu/cm?,
one obtains a unidirectional anisotropy constant Jx =
MdeH,, of 0.147 erg/cm?®. From these hysteresis loop
response, one can determine the critical thickness of the
antiferromagnetic layer as dag™ = 37 A, at which H,y takes
half of its peak value.

Figure 5 shows the experimental torque response as a
function of the applied in-plane field H and the AF layer
thickness dar [14]. The vertical axes represent ¢L product,
where L is the torque per unit volume and ¢ is the total
film thicknes, meaning the torque per unit film area. The
horizontal axes give the in plane field angle relative to the
deposition field direction. Panels (a) through (d) are for
the indicated values of d,r The torque curves in each
panel are for the indicated H values.

In the case of dap =25 A, the torque curve exhibits the
sin O character at low field (H < 40 Oe) which evolves
into a sin 20 characteristic at H > 40 Oe. The amplitude
of the torque curves is always small. The rotational
hysteresis loss tW,, which was defined as the one-half the
area enclosed between forward and reverse torque curves,
also appears at the field higher than 40 Oe and decreases
gradually and vanishes at high fields. When djr= 30 A,
the torque curve exhibits the sin 8 characteristics in the
low field (H <290 Oe) and it changes to relatively flat
response against the applied field direction, 6, with in-
creasing field, while a small sin 6 and sin 26 components
remain up to the high field. The rotational hysteresis loss
is almost zero in the low field, appears at H = 250 Oe, and
steeply increases at H > 300 Oe. With further increase of

the field to 3.2 kOe, the rotational hysteresis loss remains
almost constant.

As dar is increased above the critical antiferromagnetic
layer thickness dar™ =37 A, the torque response drastical-
ly changes. In the case of dagp=40 A, the torque curve
exhibits the sin 6 characteristics under the whole field
applied. The magnitude of the sin 6 component gradually
increases with increasing the field up to the critical field
of 400 Oe, and saturates to be a value of 0.12 dyn-cm/
cm?. This value well corresponds to the unidirectional
anisotropy constant of the same film Jg = 0.11 erg/cm?,
determined from the magnetization curve. Concerning the
shape of torque curves in Fig. 5(c), a slope around 6=7
gradually becomes large with increasing the field up to
the critical field H,; =400 Oe. It gradually decreases with
further increase of the field. The rotational hysteresis loss
appears at H ~ 400 Oe and a small value of the rotational
hysteresis loss still remains up to very high field. For the
case of dup =200 A, the magnitude of the sin & compo-
nent gradually increases with increasing the field up to the
critical field H., ~400 Oe, and slowly approaches to a
saturated value of 0.13 dyn.cm/cm®. The rotational
hysteresis loss is not observed any more in the whole field
range examined.

4. Single spin ensemble model

4.1. Modeling
From the microstructural analysis in the previous
section, we found that the present Ni-Fe/Mn-Ir bilayers
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Fig. 6. A schematic model of the ferromagnetic (F)/antiferro-
magnetic (AF) bilayer (‘single spin ensemble model’). The
spin configuration in the F layer and in the AF grain, and the
angular relations of them are indicated (right).

have polycrystalline structure and that the Mn-Ir grains
have no preferred orientation in the film plane. By
assuming the magnetocrystalline anisotropy of the AF
grains as an origin of the magnetic anisotropy of the AF
layer, we should take into account the random distribution
of the anisotropy axes of the AF grains in the calculation
model.

Figure 6 shows the schematic model of the F/AF
bilayer [16, 17]. The ferromagnetic and antiferromagnetic
layers have thicknesses dr and dar, respectively. The F
layer is regarded as a single domain (i.e., the magneti-
zation of the F layer is treated as a single spin). The AF
layer is regarded as an aggregation of the AF grains
whose magnetic anisotropy has uniaxial symmetry. The
anisotropy axes of the AF grains lay in the film plane with
2-dimensonally random distributions. Here, we assume that
the intergranular magnetic coupling of the AF grains is
neglected and that the MB model is applicable between
the F layer and the each AF grain. The MB model is
shown schematically in the right-hand side of Fig. 6. The
orientation angles for the ferromagnetic film magneti-
zation vector and the antiferromagnetic spin axis are
shown as 8 and «. The angle ¢ is the direction of the
anisotropy axis of the AF grain, which is defined in the
range from —m/2 to n/2. The small spring indicates the
interface exchange coupling, J. No magnetic anisotropy
has been taken into account for the ferromagnetic layer in
this model. The in-plane magnetic field H is applied along
the direction 6. The free energy of an AF grain per unit
surface area, tEag 1S given in the form:

tE,r = K, pd,psin’(a— @)~Jcos(a— f3). (1)

In Eq. (1), K is the uniaxial anisotropy constant in units
of energy per unit volume for the antiferromagnetic grain,
and J is the exchange coupling energy per unit area of the
interface between the layers. From the partial derivation
of Eq. (1) with «, one obtains the energy minimum
equations, which determines the angle a under certain
values of 8 and ¢. Figure 7 shows contour maps of the

Fig. 7. Contour maps of the energy of AF grain as functions of
deviation angles a—¢ and B—¢, calculated for the cases of (a)
Kupdap/J = 0.8 and (b) Kardag/J = 5. The contour lines indicate
the reduced energy, tEar/J. The upper part of respective map
shows the changes of tEsg/J along the thick lines in the con-
tour map.

AF grain’s energy as functions of deviation angles o~¢
and fB-@, calculated with Eq. (1) for the cases of (a)
Kardar/J = 0.8 and (b) Kardar/J = 5 [16, 17]. The reduced
energy, tEsr/J, is indicated by contour lines. The thick
solid lines and the dashed one in the map indicate the loci
of the angle o—¢ which satisfying the energy minimum
equations, when the angle B-¢ continuously changes
from 0 to 27 (clockwise rotation). The changes of the
reduced energy, tEsp/J, along the loci are also indicated in
the upper part of Fig. 7, as a function of the angle f—¢. In
Fig. 7(a), when the direction of the F layer magnetization
B~ =0, the direction of the AF spin axis a—¢@= 0. With
increasing S—¢ up to 0.577, a—¢ follows behind f—¢ and
becomes 0.287. At the same time, tEap/J increases from
—1 to —0.14. Then a—¢ discontinuously jumps to the new
angle 0.827x, and the energy portion of the AF grain is
released irreversibly (dashed arrows in the figure). With
further increasing f~¢ to m, o—¢ precedes f—¢ and
gradually increases to 7. In the region, 7 < B—¢ < 27, we
can see a similar change of o—@ against increasing S—¢.
This means that the AF grain exhibits two-fold symmetry
in its magnetic potential energy for a round rotation of the
F layer magnetization. On the other hand, in Fig. 7(b),
both loci always remain near o—¢ =0 and 7. This means
that the direction of the AF spins is adhered to the
anisotropy axis of the AF grain when the F layer magneti-
zation rotates round.

By using the reduced energy of an AF grain along the
loci as a function of the angle S, tEAx(8—@), which are
indicated in the upper part of Fig. 7, and the geometrical
distribution function of the anisotropy axes of the AF
grains, w(¢), the summation of the AF grain’s energy per
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unit area of the film plane is given as a function of S

/2

tExi (B) = [ tEA(B- @)w(9)de. )

-n/2
In the present study, w(¢)= 1/ was used for the calcu-
lation, because of the two-dimensionally random distri-
bution of the anisotropy axes of the AF grains. The total
energy of the system per unit area is thus obtained as a
function of the strength (H) and the direction (6) of the
external applied field,

zEtotal — tEZ’F’“[(ﬂ)_MSdFHCOS(G— ﬁ) G

In Eq. (3), M, denotes the saturation magnetization per
unit volume of the ferromagnetic layer. The direction of
the F layer magnetization, 3, is determined to minimize
Eq. (3) for certain values of H and 6, and one can
calculate the magnetization processes of the F/AF bilayer.
The detailed calculation procedure is given in Refs. 16-17.

4.2, Exchange bias field and magnetic torque response
Figure 8 shows the variation in H., as a function of the
thickness parameter Kapdae/J calculated with single spin
ensemble model. The vertical axis shows the model H.,
fields in terms of the reduced field parameter MdpH/J.

| ——

Reduced coupling field, MydeHo/J
o
w
T

10" 10° 10' 10°

Kardarld

Fig. 8. The exchange biasing field H,, as a function of the anti-
ferromagnetic (AF) layer thickness dsp, as obtained from the
single spin ensemble model. The vertical field axis is given in
terms of the reduced field parameter MdpH/J, where M, and d
denote the magnetization and the thickness of the ferromag-
netic layer, respectively, and J is the interface exchange cou-
pling parameter. The horizontal thickness axis is given in terms
of the reduced thickness parameter Kapdar/J, where Kur is the
uniaxial anisotropy energy density for the AF layer.
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These results show that the sudden appearance of He,
occurs at a critical thickness value for dar Comparing
these calculated results with the experimental ones in Fig.
4, one can safely say that they qualitatively agree with
each other. The critical thickness dag”, which may defined
by Kardar™/J = 1 in the calculation, thus corresponds with
the experimentally determined one in the previous section.

Figure 9 shows four panels of five calculated torque
curves each. The vertical axes correspond to the fL
product divided by the interfacial coupling energy J. The
four panels, (a)~(d), reflect the effect of a systematic
change in the Kapdap/J thickness parameter here, as
shown. The graphs in each panel are for systematic
changes in the MdgH/J field parameter, as indicated. First
consider panel (a) for Kapdap/J <0.5. In this limit, dag is
well below the dar™ value introduced above. The graphs
in (a) show that in this limit, the torque curve exhibits a
completely flat response to the field direction and no
hysteresis loss is observed, under any external applied
field. When Kjrdar/J exceeds 0.5, the situation changes.
In the case of Kapdae/J=0.8, shown in panel (b), the
torque curve exhibits a basic unidirectional sin q character
at low field (M degH/J =0.02) and the amplitude of it
becomes large with increasing the applied field. When the
applied filed parameter M dgH/J exceeds 0.118, the torque
curve suddenly changes to the flat response to the field
angle 6, and a rotational hysteresis loss appears simul-
taneously. The rotational hysteresis loss remains constant
in higher field. When dr exceeds the critical thickness
dar”" and Kapdap/J exceeds unity, as in (c) and (d), the
evolution in the torque character with field changes
drastically. All of the torque curves show a sin @ character
up to the highest fields. Here, moreover, no rotational
hysteresis appears for any field.

Comparing the calculated torque results with the experi-
mental ones shown in Fig. 5, one says that the single spin
ensemble model elucidates the experimental magnetic
torque results qualitatively.

4.3. Mechanism of direction control of the exchange
anisotropy

In this section, the newly introduced single spin ensemble
model is examined to elucidate a mechanism of the
reversible inducement of the exchange anisotropy by field
cooling procedure.

First, we describe the experimental fact [18, 19]. A
polycrystalline Ni-Fe 50 A/Mn-Ir 50 A bilayer was first
annealed at 300 °C for 0.5 hr to suppress the structural
changes in the successive thermal annealing, then cooled
to room temperature under an in-plane external applied
field, H,=1 kOe along 0°-direction. The 0°-direction
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Fig. 9. Computed torque curves from the single spin ensemble model. The vertical axes show the torque per unit volume L in units
of tL/J, where t is the bilayer thickness, and J is the interface exchange coupling parameter. The horizontal axes show the field angle
6. Panels (a) through (d) are for increasing values of the AF layer thickness dyr, expressed in terms of Kapdar/J, where Kyr is the
uniaxial anisotropy energy density for the AF layer. The individual graphs in the panels are for different values of the in plane field
H, expressed in terms of MdzH/J, where M, and dr denote the magnetization and the thickness of the ferromagnetic layer, respec-

tively.

coincided with the applied field direction during the
deposition, The thickness of the AF layer, 50 A, is thicker
than the critical thickness, 37 A, of the present bilayer
system, as mentioned above. The blocking temperature of
the specimen was 220 °C, beyond which the exchange
anisotropy vanishes. The specimen was then annealed at
280 °C for 1 hr, and cooled to room temperature under H,
=1 kOe. This procedure was performed three times in
succession on the same specimen, changing the H, direc-
tion as 90°, 0°, and 120°.

Figure 10 shows the changes of the MH-loops along
respective two directions, measured with VSM, after each
annealing procedure [19]. The specimen after the first
annealing (a) shows the exchange anisotropy along 0°-
direction, which agrees with the filed cooling direction.
The exchange biasing field, H.,, observed is 340 Oe. On
the other hand, the MH-loop measured along 90°-
direction is almost non-hysteresis and is characterized an
S-shaped figure, of which magnetization is hard to be
saturated. After the second and after annealing, the
specimen shows the exchange anisotropy induced along
the respective field cooling directions and shows a nearly
constant biasing field of about 350 Oe. The corresponding
experimental results were observed in the magnetic torque
measurement [18]. The torque responses as a function of
the applied field did not change at all for every specimen
in each field cooling steps, except for the phase shift of
the torque curves against the field direction 6, meaning

Annealing Measuring direction
Condition 0° 90°

(@) IE :
300°Cx0.5 hr| q A H o)
H,=1kOe (0e) o9
along 0°-dir. H, = 340 Oe

(b) : €

280°Cx1 hr | : T '
H,=1kOe 1 Hkoe) ' |7 % Houoe'
alonng"-dir- He™ 340 Ce
(c) £ g

280°Cx1 hr | 5 ‘ ‘
H,=1kOe 1 T Heos)"
alon%Q°-dir. H,= 350 Oe

| 120 50

(@) : il
200°Cx0.5 hr| .i- o | 0!
H,=1kOe e o
along 120°-dir, H,= 360 Oe

Fig. 10. Measured magnetization curves of Ni-Fe 50 A
MnyIrys 50 A polysrystalline bilayer after thermal annealing in
a magnetic field of 1 kQe.

the change of the direction of the induced unidirectional
anisotropy. These experimental result means the reversible
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Fig. 11. Schematic view of the change of antiferromagnetic
spin directions by field cooling in polycrystalline ferromag-
netic/antiferromagnetic bilayer, based on the single spin
ensemble model.

inducement of the exchange anisotropy of F/AF bilayer
along the desired direction by field cooling.

Figure 11 illustrates a mechanism of the exchange
anisotropy inducement by field cooling in polycrystalline
bilayer, based on the single spin ensemble model [18, 19].
Two cases are shown for the temperature, 7, (a) higher
and (b) lower than the blocking temperature, Tp. The
value of Ty is generally accepted as the temperature
beyond which the thermal agitation energy exceeds the
magnetic anisotropy energy to detach the direction of the
AF spin axis from the anisotropy axis of the AF grains
[20]. The spin axes of AF grains thus direct independently
of the anisotropy axes of grains at T>Ty (Fig. 1la).
When the temperature becomes below Tj, the AF spin
axes adhere to the anisotropy axes of the AF grains. At
the moment, the external applied field, H,, plays an
important role through the saturation of the F layer
magnetization. By assuming the ferromagnetic coupling,
J, between the interfacial spins of both the F and the AF
layers, the directions of spin axes of AF grains are select-
ed to make the relative angle small between the interfacial
spins. The directions of AF spin axes thus distribute from
—-90° to +90°, when H, is applied along 0°-direction (Fig.
11b). When H, is applied along 90°-direction, the di-
rections of AF spin axes distribute from 0° to 180°, in a
similar manner. Since this process brings about no structural
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Fig. 12. Calculated magnetization curves with using single
spin ensemble model. The antiferromagnetic spin directions at
the interface are assumed to be distributed from —90° to +90°.
Calculation parameter, Kag dag/d = 5.

changes in the bilayers, it can completely occur reversibly.

Figure 12 shows the calculated MH-loops along 0°- and
90°-directions with the single spin ensemble model. The
detailed calculation procedure is given in Ref. 16. The
thickness parameter for the AF layer, Kap dap// =5 was
used for the calculation to illustrate the case of dap>
dar™". The distribution of the directions of the AF spin
axes, used for the calculation, was —90° to +90°. It is
clearly seen that the exchange anisotropy is observed
along 0°-direction and S-shaped loop is observed along
90°-direction. One finds a good agreement between this
calculated result and the experimental data in Fig. 10,
meaning the validity of the single spin ensemble model
for the mechanism of the reversible inducement of the
exchange anisotropy in polycrystalline bilayers by field
cooling procedure.

5. Enhancement of exchange bias in
Co-Fe (Ni-Fe)/Mn-Ir bilayers

Turn now to the experimental efforts to enlarge ex-
change anisotropy strength. We chose an Mn-Ir as the AF
layer material in the present study, because it can derive
relatively strong exchange anisotropy on the F layer with
an ultra-thin thickness [21-24]. Effects of the chemical
composition of both the F layer and the AF layer, the
microstructure of the AF layer, and the interface between
F and AF layers on the exchange bias in Co-Fe (Ni-Fe)/
Mn-Ir bilayers are discussed in this section.

5.1. Effect of chemical composition of Mn-Ir

In the case of the so-called ‘top type’ Ni-Fe/Mn-Ir
bilayers, in which the antiferromagnetic Mn-Ir layer is
located on the ferromagnetic Ni-Fe layer, the Ir content
and the sputtering conditions of Mn-Ir films strongly
influence the exchange anisotropy. The present authors
have reported that the unidirectional anisotropy constant
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Fig. 13. A contour map of the unidirectional anisotropy con-
stant, Jy, of as-deposited ‘top type’ Ni-Fe/Mn-Ir bilayers, as a
function of Ir content and the deposition rate of the Mn-Ir films.

Jx monotonously increases with increasing the Ir content
and decreasing the deposition rate of Mn-Ir films in as-
deposited bilayers, as shown in Fig. 13, while the x-ray
diffraction revealed no remarkable changes in the micro-
structure of Mn-Ir films corresponding to the variation in
Jx [25]. This behavior of Jg, in particular, dependence on
the deposition rate, was successfully explained by the
single spin ensemble model, by taking into account the
effective temperature of the films during deposition [15].
According to the above elucidation, the ‘bottom type’
bilayers, that are deposited under various sputtering con-
ditions but annealed at same temperature (300 °C in the
present study), should lose the dependence of Jx on the
deposition rate. We thus investigated the exchange aniso-
tropy of the ‘bottom type’ Mn-Ir/Co-Fe bilayer as a func-
tion of Ir content and the deposition rate of the Mn-Ir films.

Figure 14 shows a contour map of Jx as a function of
the Ir content, x, in Mn-Ir layer and the deposition rate for
the specimens, in the formed sub/underlayers/Mngg.Iry
100 A/CogFe;o 40 A. Contours are aligned nearly vertical,
meaning that Jx does not depend on the deposition rate.
This behavior is quite deferent from that observed in the
‘top type’ Ni-Fe/Mn-Ir bilayers (Fig. 13) and is well
exlained with the single spin ensemble model, as men-
tioned above. Concerning about the Ir content, Jx changes
gradually. Jg, which is 0.1 erg/cm® around x = 10 at.%,
increases with increasing x and reaches 0.2 erg/cm? at x =
25 at.%. Beyond x =25 at.%, Jx decreases and becomes
less than 0.05 erg/cm? at x = 50 at.%. This compositional
dependence of Ji well corresponds to the previous reports
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Fig. 14. A contour map of the unidirectional anisotropy con-
stant, Jg, of ‘bottom type’ Mn-Ir/CogoFe | bilayers, annealed at
300 °C, as a function of Ir content and the deposition rate of
the Mn-Ir films.

[26-28]. Hereafter, we choose the Ir content in Mn-Ir
layer, x ~25 at.%.

5.2. Effect of microstructure of Mn-Ir layer

The microstructure of the antiferromagnetic layer is one
of the most important factors to be controlled and it is
easily influenced by various impurities during film
deposition [29-31]. We thus fabricated NijgFe; /Mnylrog
bilayers, changing the purity of the sputtering atmosphere,
and discussed the effect of impurities in the sputtering
atmosphere on the microstructure and the respective
magnetic properties of them. In the present study, in order
to make two different purity of the sputtering atmosphere,
the pressure of the sputtering chamber just before intro-
ducing ultra-clean Ar gas was prepared as less than
1 x 107" Torr in the extremely-clean (XC) process and as
3 x 107 Torr in the low-grade (LG) process, respectively
(31, 32].

Figures 15 shows the changes of Jx as a function of the
antiferromagnetic layer thickness, dag [32]. For the films
fabricated in the LG process, Jx arises from 50 10\, reaches
a peak around at dar=70 A, and then saturates about
0.05 erg/cm®. On the other hand, for the films fabricated
in the XC process, Ji arises from 30 A, steeply increases
to a value of 0.145 erg/cm2 around at dagp =50 A, and
finally saturates about 0.14 erg/cm’ in the region dap>
100 A. Jg =0.14 erg/cm? is about three times larger than
the saturated value of the LG processed films. The
enhancement of Ji for the XC processed films is clearly
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Fig. 15. The unidirectional anisotropy constant, Jg, of as-
deposited Ni-Fe/Mny,Irys bilayers, as a function of the antifer-
romagnetic layer thickness, dap. Bilayers are fabricated under
the extremely clean (XC) process and lower grade (LG) pro-
cess, respectively.

correlated with the decrease of impurities in the films
contaminated during the deposition process, because the
fabrication conditions of both processed films were only
differed in the pressure of the chambers before introduc-
ing sputtering Ar gas. The enhancement of Jk by decreas-
ing the impurities in the sputtering atmosphere has been
observed similarly in Ni-Fe/Mn-Ni bilayers [31].

Figure 16 shows the changes of the grain size of Mn-Ir,
cetermined from the Mn-Ir (111) diffraction line in the
XRD profiles of the specimens by using Scherrer’s
formula [33], as a function of dsr The AF grain size of
the XC processed films is greater than that of the LG
processed ones. When the AF grain size decreases, the
thermal agitation of the AF spins becomes significant.
Figure 17 shows the changes of Jx as a function of
measuring temperature for the LG and the XC processed
films, having dar = 100 A [32]. During cooling or heating
from R.T. to respective temperature, DC magnetic field of
1 kOe was applied parallel (circle symbol) or antiparallel
(triangle symbol) to the direction of the unidirectional
anisotropy induced in as-deposited films. At the respec-
tive temperature, a MH loop was measured and the Jg
was determined. From the temperature dependence of Jg
above R.T, it is found that Ji disappears at 420 K for the
LG processed film, while Jk disappears at 560 K for the
XC processed one. The temperature at which Jx disap-
pears is a total blocking temperature of the film, Ty, and
corresponds to the maximum of the distributed ‘local
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Fig. 16. The size of antiferromagnetic grains, determined from
the Mn-Ir (111) diffraction line in the XRD profiles of Ni-Fe/
Mny4lry6 bilayers by using Scherrer’s formula, as a function of
the antiferromagnetic layer thickness, dar. Bilayers are fabri-
cated under the extremely clean (XC) process and lower grade
(LG) process, respectively.

blocking temperature’, T, [34-37]. The difference of Jx
between the parallel (circle symbol) and the antiparallel
(triangle symbol) directions on the field cooling at the
respective measuring temperature, 7 (< R.T.), corresponds
to the population of the AF grains, whose T, are within
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Fig. 17. Temperature dependence of the unidirectional anisot-
ropy constant, Jx, of Ni-Fe/Mn, Ity bilayers as-deposited under
the extremely clean (XC) process and lower grade (L.G) pro-
cess, respectively. Bilayers were cooled from room tempera-
ture to respective measuring temperature in a DC magnetic
field of 1 kQOe. Changes of Jx above room temperature in the
heating process are also plotted.
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the range between T and R.T [36]. As seen in Fig. 17, the
difference of Jx between the parallel and the antiparallel
cooling is clearly larger in the LG processed film,
comparing with that in the XC processed one. Since spins
in a small AF grain are easily flipped to the opposite
direction by an agitation of thermal energy, T is mainly
determined by the volume of the AF grain [20, 34, 35].
From these results, we conclude that the enhancement of
Jx at R.T. for the XC processed films are originated from
the enlargement of the volume of the AF grains.

5.3. Effect of interface modification by heat treatment
of Mn-Ir surface

Since the exchange anisotropy is essentially derived
from the magnetic coupling at the interface, the micro-
structure of the interface also should be controlled. The
microstructure of the interface between the F and the AF
layers has been generally controlled indirectly using the
existing underlayers. In such a way, incidents other than
the interface structure may influence simultaneously, and
make it difficult to clarify the effect of the microstructural
change of the interface on the exchange anisotropy. In the
present study, in order to modify the interface (the surface
of the Mn-Ir films of ‘bottom type’ bilayer) intentionally,
specimens were heated after the deposition of Mn-Ir film
under ultra high vacuum pressure [11]. In this section, we
used specimens having a spin valve structure, in the
formed, sub./Ta 50 A/Ni-Fe 20 A/Mny,Irys 68 A/CogoFeqo
20 A/Cu 25 A/CogoFeo 20 A/Cu 10 A/Ta 20 A. The Ta/
Ni-Fe bilayer placed under the Mn-Ir layer was used as an
underlayer to promote fcc-(111) sheet texture of spin
valves.

The specimens were heated by infrared (IR) irradiation
from outside of the sputtering chamber through the
sapphire (o-Al,O;) window. Pressure of the chamber was
in the range of 107! Torr before the heat treatment in
order to prevent the surfaces of the Mn-Ir films from
contamination due to impurity gasses. Temperature of
specimens (Ta/Ni-Fe/Mn-Ir films on the wafer) was
varied in the range of 60 °C~230 °C, which was estimated
from the temperature of the sample stage holding a wafer
on it, by changing the current supplied to the IR lamp
placed outside the chamber. Holding time at maximum
temperature was 20 min~6 h. The specimens were then
cooled to ~40°C. After cooling down, a pinned layer
(Co-Fe) and remaining layers were further deposited. An
influence of the heat treatment on H,, and 7y was
investigated ex-situ.

Figure 18 shows the changes of Jx as a function of the
holding time of heat treatment under the respective sub-
strate temperature. H.,, which was 0.8 kOe without heat
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Fig. 18. The exchange biasing field H,, as a function of the
holding time of the in-situ heat treatment, as obtained from the
room temperature hysteresis loop measurements for ‘bottom
type” Mnylre/CogFeyo bilayers system in spin valves. After
the deposition of Mn-Ir layer, the specimens were heated in
ultra high vacuum by infrared irradiation up to the respective
temperature. After cooling down the specimens to ~40 °C, a
Co-Fe layer was deposited.

treatment, is enhanced up to 1.0 kOe using the heat
treatment at 110 °C in 1 h. Furthermore, H., was enhanc-
ed up to 1.2 kOe using the heat treatment at 180 °C in 20
min. There were no remarkable changes in saturation
magnetization of pinned Co-Fe layer. The value of Hy =
1.2 kOe corresponds to 0.36 erg/cm® in Jx. Figure 19
shows the dependence of H., of the specimens on
measuring temperature for both the specimen treated at
180°C in 20 min and the specimen without heat
treatment as a reference [11]. Ty clearly enhances from
~290 °C to ~325 °C after the in-situ heat treatment. In
Fig. 20, representing the change of T} as a function of the
Mn-Ir layer thickness, one can recognize that Ty (~325
°C) of the specimen with dar = 68 A, treated at 180 °C in
20 min, is comparable to that of the specimen fabricated
under the conventional XC process (without heat treat-
ment) with dap = 150 A. It means that the in-situ heat
treatment of the Mn-Ir surface is effective to realize ultra-
thin spin valves having strong exchange anisotropy with
excellent thermal stability.

In order to clarify the mechanism of enhancement of
H. and Ty using the in-situ heat treatment, a micro-
structural analysis was carried out with XRD and X-ray
reflectivity. However, remarkable differences within the
accuracy of the experiment were not observed, meaning
that no significant changes occurred in the interfacial
roughness and the thickness of the Mn-Ir film. In addi-
tion, from the in-plane XRD measurement, which was
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Fig. 19. Temperature dependence of the exchange biasing field
H,, of ‘bottom type’ Mnylr,s/CogoFe,q bilayers system in spin
valves with and without the in-situ heat treatment (180 °C in
20 min) of the Mn-Ir surface. A Co-Fe layer was deposited
after cooling down the specimens.

carried out to examine the formation of ordered phase in
Mn-Ir films, known as Mnjlr, only a fundamental diffrac-
tion from Mn-Ir (220) and no expected super lattice
diffraction from Mn-Ir (110) was detected. As a whole,
we say that some structural changes in the very surface of
a Mn-Ir film, undetectable with XRD, occurred by heat-
ing a Mn-Ir film in vacuum, and resulted in the enhan-
cement of H, and Tg. As for the reasons of the surface
changes, atoms in the very surface of a Mn-Ir film may
evaporate when heated in high vacuum pressure, and thus
the surface composition or the surface morphology of a
Mn-Ir film may be mainly changed.

5.4. Effect of chemical composition of Co-Fe

As mentioned earlier, the exchange coupling energy
between the F and the AF layers (J), is one of the most
important factors to derive large Jx values. Assuming
Heisenberg exchange across the atomically smooth F/AF
interface with the ferromagnetically aligned AF spins at
the interface, J corresponds to JoSg-Sar/a®, where J,, is
the interfacial exchange integral, a is the lattice constant,
Sk and S,r are the spins of the interfacial atoms in the F
and the AF layer, respectively. It is therefore expected to
derive large Jx in the bilayer system, when we use the F
layer with large magnetic moment [38]. The Co-Fe system
is suitable for the systematic study about this subject,
because of the well-known change of the moment against
the chemical composition. We thus investigated the com-
positional dependence of Jx in CogyFe,/Mn-Ir bilayer
system.

In the structural analysis of the bilayers with XRD, no
remarkable changes are observed as a function of the
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Fig. 20. The blocking temperature, Tp, of ‘bottom type’
Mnilr,e/CogoFe ;g bilayers system with and without the in-situ
heat treatment (180 °C in 20 min) of the Mn-Ir surface, as a
function of the antiferromagnetic layer thickness, dap. A Co-
Fe layer was deposited after cooling down the specimens.

chemical composition of the F layer. In particular, for the
AF layer whose microstructure sensitively affects the
exchange anisotropy, as mentioned in section 5.2, no
changes are naturally observed, because the Mn-Ir layer
was deposited for the specimens under the same condition
before the deposition of the CoygoyFey layer. We thus
expect that the following changes of the exchange
anisotropy are due to the magnetization of the F layer.
Figure 21 shows the change of Jk as a function of the
Fe concentration in CoygyFey, for the cases of dap =50
A, 754, and 100 A. Regardless of the dap value, Jx
steeply increases from 0.18 erg/em? at y =10 at.% with
increasing y, and makes a broad peak over 0.5 erg/cm’
around at y=30 at.%~40 at.%. The maximum value
obtained is 0.52 erg/cm® at y = 38 at.% in the case of dap
=50 A. This value is 25% greater and more, compared to
the largest value, that has ever been reported in the F/AF
bilayer systems, including the systems using ordered AF
materials such as NiMn [39} and PtMn [40]. Taking into
account the ultra-thin AF layer of the present system, one
fairly says that the Cogo.,Fe,/Mn-Ir bilayer (y = 30 at.%~
40 at.%) is very suitable for the pinned layer of spin valve
element in the high-density magnetic recording head
application. With a further increase in y, Jx gradually
decreases and becomes 0.15 erg/cm?® at y = 100-at.%, the
pure Fe case. Comparing the change of Jx in relation to y
with the compositional dependence of saturation magneti-
zation of bulk Co-Fe alloy [41], which is also shown in a
dashed line in Fig. 21, one can find a large discrepancy
between them. In particular, the opposite trends of the Jx
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Fig. 21. Changes of the unidirectional anisotropy constant, Jk,
of ‘bottom type’ Mnyslr,s/Co-Fe bilayers, annealed at 300 °C,
as a function of the Fe concentration in Co-Fe layer. The anti-
ferromagnetic layer thickness, dag, is 50, 75, and 100 A,
respectively.

and the saturation magnetization in relation to y are found
in the 40 at.% <y <70 at.% region. If the Heisenberg
expression for the interlayer exchange coupling energy (/)
is available for the F/AF bilayer system, this experimental
fact means that the magnetic moment of the interfacial
atoms are different from that of the bulk alloys. One can
imagine the electron transfer at the hetero-interface as an
origin of the change of the magnetic moment at the
interface; however, it requires further investigation.

The blocking temperature of the bilayer, T, is shown in
Fig. 22 as a function of the Fe concentration in Coygo.,Fey,
for the cases of dag =50 A, 100 A, and 200 A. Regardless
of the dar value, there is no clear dependence of Ty on the
Fe content. While Tj remains 220 °C even at dar =50 A,
it reaches nearly 300 °C beyond dar = 100 A. T = 300 °C
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Fig. 22. The blocking temperature, Ty, of ‘bottom type’
MnysIr,s/Co-Fe bilayers, annealed at 300 °C, as a function of
the Fe concentration in Co-Fe layer. The antiferromagnetic
layer thickness, dar, is 50, 100, and 200 A, respectively.
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Fig. 23. The unidirectional anisotropy constant, Jg, of ‘bottom
type’ Mnyslrps/CosFes bilayers, annealed at various temper-
ature, T,, as a function of the antiferromagnetic layer thickness,
dar.

is high enough for the application of the spin valve giant
magnetoresistive devices.

Figure 23 shows the dependence of Jx on the AF layer
thickness for the case of CojFesq, as a function of the
annealing temperature, 7,. In as-deposited state, Jx shows
relatively small value, regardless of dae With increasing
T,, Jx gradually increases. Below T, = 300 °C, the growing
rate of Jx with increasing 7, is larger for the bilayers
having thin dsr than for those having thick dar This
behavior is consistent with the dsr dependence of the
blocking temperature, shown in Fig. 22. When T, = 300
°C, Jx shows a broad peak over 0.5 erg/cm? around at dar
=50 A~120 A. From the application point of view, the
broad peak of Jx against dar is favorable for the thickness
control to obtain a large J value. The critical thickness of
the AF layer, where Jix becomes half of the maximum
value, is about 30 A for the case of T,=300°C. With
further increasing T, above 300 °C, Jk still increases in
the bilayer with dar=100 A, while that in the bilayer
with dap< 70 A remarkably decreases. It means that the
exchange anisotropy of CozFes/Mn-Ir 100 A bilayer is
stable for thermal annealing up to 400 °C. It is sufficiently
high for the application of the spin valve tunnel magneto-
resistive devices in the magnetic random access memories.

7. Summary

The role of magnetic anisotropy of the antiferromagnetic
layer on the magnetization process of exchange coupled
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polycrystalline ferromagnetic/antiferromagnetic bilayers
is discussed. In order to elucidate the magnetic torque
response of Ni-Fe/Mn-Ir bilayers, the single spin ensemble
model is newly introduced, taking into account the two-
dimensionally random distribution of the magnetic aniso-
ropy axes of the antiferromagnetic grains. The mechanism
of the reversible inducement of the exchange anisotropy
along desirable directions by field cooling procedure is
successfully explained with the new model. Unidirectional
anisotropy constant, Jx, of polycrystalline Ni-Fe/Mn-Ir
and Co-Fe/Mn-Ir bilayers is investigated as functions of
the chemical composition of both the ferromagnetic layer
and the antiferromagnetic layer. The effects of micro-
structure and surface modification of the antiferromag-
netic layer on Jx are also discussed. As a notable result,
an extra large value of Jx, which exceeds 0.5 erg/em?, is
obtained for CosoFes;o/Mnyslrys bilayer with the ultra-thin
(50 A~100 A) Mn-Ir layer. The exchange anisotropy of
CorgFes 40 A/Mn751r25 100 A bilayer is stable for thermal
annealing up to 400 °C, which is sufficiently high for the
application of spin valve magnetoresistive devices.
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