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Exchange bias is found in the Fe/FexMn12x /Cu(001) bilayer films. The coercivityHc is enhanced
at blocking temperatureTb for the films with compositionx between 0.25 and 0.35, but not for those
between 0.1 and 0.25. A simple model based on the discrepancy of the Ne´el temperatureTN andTb

is proposed, which may reveal the physical origins of these two temperature points. ©2004
American Institute of Physics.@DOI: 10.1063/1.1652415#

Exchange bias is a unidirectional anisotropy, which is
found at the interface between ferromagnetic~FM! and anti-
ferromagnetic~AF! materials.1 It has been applied in mag-
netic sensors and magnetic data storage as magnetoresistive
materials with a spin-valve structure.2 Two significant phe-
nomena observed in an exchange biased system are the shift
of magnetic hysteresis loop along the field axis, exchange
biasHex , and the increase of the loop width, coercivityHc

enhancement. TheHc is usually found to reach the maximum
when the exchange biasHex is zero,2,3 e.g.,Hc reaches the
maximum atTb . However, thisHc enhancement atTb does
not occur in all exchange biased systems.2,4 Models ac-
counted for the exchange biased system are, e.g., the
random-field associated with the imperfect interface, the do-
main of AF layer, spin-flop model, etc.4–6 Although a full
understanding for the exchange bias is not available, theHex

and Hc are affected by interfacial roughness or frustration,
cooling field, domain walls in the FM or AF materials in
some degree of agreement.7

In bilayer ultrathin films of 15 ML monolayer Fe/17 ML
FexMn12x /Cu(001), the Fe overlayer exhibits various mag-
netic properties depending on the compositionx.8 For the
films with x above 0.35, the Fe overlayer is face-centered-
cubic structure and no magneto-optical Kerr effect~MOKE!
signal is observed in the temperature ranging from 110 K to
330 K under the field of 1200 Oe. For thex below 0.35, the
Fe overlayer is body-centered-cubic structure, which is cat-
egorized into three regimes:~a! x,0.1, FM without ex-
change bias,~b! 0.1,x,0.25, FM with exchange bias
whoseHc decreases monotonically along with the increase
of the temperature, and~c! 0.25,x,0.35, FM with ex-
change bias whoseHc enhances atTb . In this paper, we
focus on the films with exchange bias and propose a partial
coherent model to interpret this phenomena by the discrep-
ancy betweenTN andTb .

The experiment was performed in an ultrahigh vacuum
chamber with a base pressure below 2310210 mbar. The
surface of the substrate Cu~001! was cleaned by Ar1 sput-
tering and examined by Auger electron spectroscopy~AES!

for the cleanliness. The crystalline structure was rebuilt by
annealing and checked by low energy electron diffraction for
the sharp 131 pattern. The films were prepared by codepo-
sition of Fe ~99.995%, at. %! and Mn ~99.95%, at. %! on
Cu~001! at 300 K and followed by deposition of Fe at 150 K.
The compositionx of the FexMn12x alloy films was adjusted
by the individual deposition rate of Fe and Mn monitored by
medium energy electron diffraction and calibrated by AES.
The films were cooled from 300 K to 90 K with a magnetic
field of 350 Oe and measured byin situ MOKE both at
in-plane and out-of-plane orientation at the temperature in-
creasing from 110 K to 330 K. For details of the experi-
ments, see Refs. 9–11.

The temperature dependence of theHc andHex for these
films is shown in Fig. 1. For the films in regimes,~b! and~c!,
theHex decreases along with the increase of the temperature
andTb are found to be about 270 K. The significant differ-
ence is the temperature-dependentHc behavior. For the Fe
film grown on FexMn12x with x50.2, the Hc decreases
monotonically along with the increase of the temperature.
For the Fe film grown on FexMn12x with x50.3, theHc

decreases but is strongly enhanced while theHex approaches
zero.

The coherent rotation model accounts for the fact that
the exchange bias arises from the AF layer, which ‘‘pins’’ the

a!Author to whom correspondence should be addressed; electronic mail:
mtlin@phys.ntu.edu.tw

FIG. 1. Hex and Hc as a function of temperature for 15 ML Fe/17 ML
FexMn12x /Cu(001) withx50.2 and 0.3. TheTb is about 270 K. For the
films with x50.2, theHc decreases monotonically along with the tempera-
ture. For the films withx50.3, theHc reaches the maximum atTb . The
lines are guides for the eyes.
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magnetization of the FM layer after field cooling.2,12,13The
energy per unit area is written as1,2

E52HMFMtFM cos~u2b!1KFMtFM sin2 b

1KAFtAF sin2 a2J cos~b2a!, ~1!

whereH is the applied field,MFM the saturated magnetiza-
tion, tFM the thickness of the FM layer,tAF the thickness of
the AF layer,KAF the anisotropy of the AF layer, andJ the
interface coupling constant.b, a, and u are the angles be-
tween the magnetization and the FM anisotropy axis, the AF
sublattice magnetizationMAF and the AF anisotropy axis,
and the applied fieldH and the FM anisotropy axis, respec-
tively ~see Fig. 2!. For simplicity,u is set to be zero so that
the external field is applied along the easy axis of the FM
layer. The hysteresis loop is obtained by minimizing the en-
ergy with respect to the anglesa andb.

For understanding the origin of the loop shiftHex , a
hard AF approximation is introduced that assumes the spins
in AF layer are completely fixed during the rotation of the
magnetic moments in the FM layer, i.e., settinga to be con-
stant~e.g., zero!. TheHc andHex can be obtained as

E52HMFMtFM cosb1KFMtFM sin2 b2J cosb, ~2!

Hc5
2KFMtFM

MFMtFM
,

Hex52
J

MFMtFM
. ~3!

The exchange bias is ascribed to the interlayer coupling
J between FM and AF layers. TheHc remains the same as
that without exchange bias coupling.

In order to understand the origin of theHc enhancement,
a soft AF approximation is introduced by assuming the spins
in the AF layer rotate with the spins in the FM layer coher-
ently, i.e.,a is set to be asb. The Hc and Hex can be ob-
tained as

E52HMFMtFM cosb1~KFMtFM1KAFtAF!sin2 b2J,
~4!

Hc5
2~KFMtFM1KAFtAF!

MFMtFM
,

Hex50. ~5!

The Hc is enhanced by 2(KAFtAF)/MFMtFM . Real ex-
change biased systems would be in between the hard and soft
AF approximation.

In this model, Hex originates from the interlayer ex-
change coupling,J cos(b2a). It disappears whenJ is zero or
a5b, i.e., spin decouples at FM/AF interface or the AF
spins rotate completely with FM spins. TheHc enhancement
is ascribed to the AF spins rotating coherently with the FM
spins. Thus the more coherent-rotated spins in the AF layer,
the largerHc enhancement.

Here we propose a partial coherent model that assumes
that a ratioe (,1) of the spins rotates coherently, i.e., as-
suminge ratio of the AF spins aligning alongb and the ratio
k remains alonga. Additionally, the interlayer exchange cou-
pling becomes smaller. Equation~1! is modified as

E52HMFMtFM cos~u2b!1KFMtFM sin2 b

1kKAFtAF sin2 a1eKAFtAF sin2 b2J8 cos~b2a!,

~6!

where

k,e,1,

J8}~12e!J.

The Hex andHc are obtained as

Hc5
2KFMtFM

MFMtFM
1e

2KAFtAF

MFMtFM
, ~7!

Hex52
J8

MFMtFM
.

The temperature is an indication of the thermal fluc
tuation that reduces the exchange coupling between the spins
in the FM, AF, and the interlayer exchange coupling at
the FM/AF interface. It is reasonable to assume that more
spins in AF layer are ‘‘dragged’’ by the spins in FM
layer at higher temperature but they decouples aboveTb .
Therefore temperature effect is introduced ine, which in-
creases with the temperature untilTb is reached. ForJ8, it
decreases with the increase of the temperature and ap-
proaches zero atTb . By settingh0 as 2KFMtFM /MFMtFM ,
hk as 2KAFtAF /MFMtFM , andj 8(T) asJ8(T)/MFMtFM , Eq.
~7! is modified as

hc5h01e~T!hk ,

hex52 j 8~T!,

set t[
T

Tc
, tb[

Tb

Tc
, tN[

TN

Tc
,

⇒ h05~12t !a, ~8!

e~ t !5H S t

tN
D b

, t,tb

S tb

tN
D b

@12~ t2tb!#a, t>tb

,

FIG. 2. Schematic illustration for the spatial relation among external field
H, magnetization (MFM andMAF), and anisotropy (KFM andKAF) of FM
and AF layers in an exchange bias system.
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j 8~ t !5H S 12
t

tb
D c

, t,tb

0, t>tb

,

wherea, b, andc are positive real numbers.
The function of the temperature governing the spin cou-

pling is formulated in the form of Curie-Weiss law,14,15

which may need further modification.
A numerical result of this model is plotted in Fig. 3. For

the curve withtN equals totb , the increase ofhc neartb is
the largest~see the curve fortN50.5 in Fig. 3!. For the curve
with tN much larger thantb , this increase is insignificant~see
the curve fortN50.9 in Fig. 3!. In Fig. 1, theTb for both
films are close that 275 K for the film withx50.2 and 270 K
for the film with x50.3. From this model, theTN of 17 ML
FexMn12x for the x50.2 would be higher than that for the

x50.3, which agrees with theTN for bulk FexMn12x

@TN0.25425 K andTN0.35375 K ~Ref. 16!#. Note that theTN

for the FexMn12x film is reduced by the finite size effect.
The parameters such asa, b, andc require a more detailed
analysis on the temperature dependence inHc and Hex to
obtain these quantities.

The exchange biased system with or without this in-
crease ofHc at Tb might indicate the different effect of the
thermal fluctuation on spin coupling in the AF layer and at
the FM/AF interface.
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FIG. 3. Numerical results of the partial coherent model. The curves shown
are deduced from the setting ofa, b, and c which are 0.5, 4, and 0.6,
respectively, andtb is set to be 0.5. The increase ofhc near tb is more
obvious in the curve withtN closer totb .
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