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Coercivity enhancement near blocking temperature in exchange biased
Fe/Fe,Mn;_, films on Cu (001)
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Exchange bias is found in the Fe/Mn, _,/Cu(001) bilayer films. The coercivitil . is enhanced
at blocking temperatur&, for the films with compositiorx between 0.25 and 0.35, but not for those
between 0.1 and 0.25. A simple model based on the discrepancy of éhéeweraturdy andT,

is proposed, which may reveal the physical origins of these two temperature poir2e0®
American Institute of Physics[DOI: 10.1063/1.165241]5

Exchange bias is a unidirectional anisotropy, which isfor the cleanliness. The crystalline structure was rebuilt by
found at the interface between ferromagn€E®) and anti- annealing and checked by low energy electron diffraction for
ferromagnetic(AF) materialst It has been applied in mag- the sharp X1 pattern. The films were prepared by codepo-
netic sensors and magnetic data storage as magnetoresistaition of Fe (99.995%, at.% and Mn (99.95%, at.% on
materials with a spin-valve structufefwo significant phe-  Cu(001) at 300 K and followed by deposition of Fe at 150 K.
nomena observed in an exchange biased system are the shifte compositiorx of the FgMn, _, alloy films was adjusted
of magnetic hysteresis loop along the field axis, exchang®y the individual deposition rate of Fe and Mn monitored by
biasH.y, and the increase of the loop width, coercivity =~ medium energy electron diffraction and calibrated by AES.
enhancement. Thid, is usually found to reach the maximum The films were cooled from 300 K to 90 K with a magnetic
when the exchange bids,, is zero?® e.g.,H,, reaches the field of 350 Oe and measured by situ MOKE both at
maximum atT, . However, thisH, enhancement &, does in—plape and out-of-plane orientation at the temperature |n
not occur in all exchange biased systéifisModels ac- ~creasing from 110 K to 330 K. For details of the experi-
counted for the exchange biased system are, e.g., tHBENtS, see Refs. 9-11.
random-field associated with the imperfect interface, the do- 1 ne temperature dependence of theandH., for these
main of AF layer, spin-flop model, efc® Although a full films is shown in Fig. 1. Fo_rthe f|Ir_ns in regime®) and(c),
understanding for the exchange bias is not availableHthe the H., decreases along with the increase of the temperature

and H, are affected by interfacial roughness or frustration,and Tt? arr(]e found to be ak()jout 220 K'bTEe ;lgngmanrt] d||f:fer-
cooling field, domain walls in the FM or AF materials in ence IS the temperature- epen Bltbehavior. For the Fe
some degree of agreemént film grown on FeMn,;_, with x=0.2, the H, decreases

In bilayer ultrathin films of 15 ML monolayer Fe/17 ML monotonically along with the increase of the temperature.

FeMn; _,/Cu(001), the Fe overlayer exhibits various mag-gg(r:rteh;ezebgltr?s gsf[(r)c\;\;ln Ionen?gl:ééé vv\\/lflwtnel)-(ﬂi: 06'13’ rt(r)]:cmces
netic properties depending on the compositiof For the gy kapp

' . . zero.
films with x above 0.35, the Fe overlayer is face-centered- The coherent rotation model accounts for the fact that

C,Ub'c ;tructure and_ no magneto-optical Ke," eff@édOKE) the exchange bias arises from the AF layer, which “pins” the
signal is observed in the temperature ranging from 110 K to

330 K under the field of 1200 Oe. For tlebelow 0.35, the

Fe overlayer is body-centered-cubic structure, which is cat- 140 " H - ]
egorized into three regimega) x<0.1, FM without ex- ~120f #2%3
change bias,(b) 0.1<x<0.25, FM with exchange bias 3 100k H,m O ]

whoseH, decreases monotonically along with the increase
of the temperature, an¢c) 0.25<x<0.35, FM with ex-
change bias whosel; enhances aff,,. 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 betweermy and Ty, .

The experiment was performed in an ultrahigh vacuum
chamber with a base pressure below 20 1° mbar. The
surface of the substrate @01 was cleaned by Ar sput-

tering and examined by Auger electron spectroscms) FIG. 1. H,, and H. as a function of temperature for 15 ML Fe/17 ML

FeMn,_,/Cu(001) withx=0.2 and 0.3. The,, is about 270 K. For the

films with x=0.2, theH, decreases monotonically along with the tempera-

dAuthor to whom correspondence should be addressed; electronic maiture. For the films withx=0.3, theH, reaches the maximum &t,. The
mtlin@phys.ntu.edu.tw lines are guides for the eyes.
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H Hex=0. ®)

The H. is enhanced by X sctar)/Meutem - Real ex-
0 change biased systems would be in between the hard and soft
AF approximation.

In this model,H., originates from the interlayer ex-
change coupling] cos(8— ). It disappears whed is zero or
a a=f, i.e., spin decouples at FM/AF interface or the AF
spins rotate completely with FM spins. Thie enhancement
is ascribed to the AF spins rotating coherently with the FM
spins. Thus the more coherent-rotated spins in the AF layer,
the largerH . 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 along and the ratio
x remains alongv. Additionally, the interlayer exchange cou-
pling becomes smaller. Equatidh) is modified as

E=-— HMFMtFM COS 0— B)+ KFMtFM S'nzﬁ

FIG. 2. Schematic illustration for the spatial relation among external field
H, magnetization My andM ,), and anisotropy gy andK,g) of FM
and AF layers in an exchange bias system.

magnetization of the FM layer after field cooliAg®*3The
energy per unit area is written ‘s

E=—HMgytey coS 0— B) + Keutewm SInZ,B +KKA|:tAFSir]2 a+ eKpptar sinz,B—J’ coyB—a),

+Kaptap Si? a—J cod B— a), (1) ©)
. e _ where
whereH is the applied fieldM g, the saturated magnetiza-
tion, tgy, the thickness of the FM layet, e the thickness of K,e<l,
the AF layer,K ,¢ the anisotropy of the AF layer, antithe
interface coupling constang, «, and 6 are the angles be- J'oc(1=e€)Jd.
tween the magnetization and the FM anisotropy axis, the AF The H,, andH, are obtained as
sublattice magnetizatioM 5 and the AF anisotropy axis,
and the applied fieltH and the FM anisotropy axis, respec- _ 2Kemtem | 2ZKaftar 7
tively (see Fig. 2 For simplicity, 6 is set to be zero so that ¢ Memtewm EMFMt,:M ’ 0

the external field is applied along the easy axis of the FM )
layer. The hysteresis loop is obtained by minimizing the en- H. o= J
ergy with respect to the anglesand 3. ex

For underst_andmg t_he_ origin of the loop shifle,, a . The temperature is an indication of the thermal fluc
hard AF approximation is introduced that assumes the spins

in AF layer are completely fixed during the rotation of thef[uatmn that reduces the exchange coupling between the spins

. . . . in the FM, AF, and the interlayer exchange coupling at
magnetic moments in the FM layer, i.e., settiado be con- : ;
stant(e.g., zerd. The H, andH,, can be obtained as thg FM/AF interface. It |s“ reasonzible to assume that more
spins in AF layer are “dragged” by the spins in FM
E=—HMgytey 0SB+ Keytey Sif B—JcosB,  (2) layer at higher temperature but they decouples abbye
Therefore temperature effect is introduced enwhich in-
— creases with the temperature unkj is reached. Fod’, it
¢ Meytey ' decreases with the increase of the temperature and ap-
3 proaches zero ak,. By settinghy as Xgytem /Memtewm
(3 hy as Kaptap/Meptem, andj’(T) asd’'(T)/Meptem » EQ.
(7) is modified as
The exchange bias is ascribed to the interlayer coupling he=ho+ e(T)h
J between FM and AF layers. Theé . remains the same as ¢ 0 ko
hex=—J"(T),

Memtem

_ 2Kemtem

o™ " Metem

that without exchange bias coupling.
In order to understand the origin of th&, enhancement,
a soft AF approximation is introduced by assuming the spins T Tp T

in the AF layer rotate with the spins in the FM layer coher-  Sot = T b= T = T’
ently, i.e.,« is set to be ags. The H, andH., can be ob-
tained as = ho=(1-1)7% ®)
E=—HMgytey 0SB+ (Kemtem + Kaptap)Sin? S—J, t)P
(@) ) b
et)=1
2(Kemtem+ Kagt b ’
= ( FM'FM AF AF), _b [1—(t—tb)]a, t?tb
Memtem tn
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x=0.3, which agrees with thely for bulk FeMn;_,
[TNO.2: 425 K andTNo_3: 375 K(Ref 16] Note that theTN
for the FgMn,_, film is reduced by the finite size effect.
The parameters such as b, andc require a more detailed
analysis on the temperature dependencédinand H, to
obtain these quantities.

-o- ty=0.5
| ©- ty=0.75
-0 ty=0.9

< 0.0 The exchange biased system with or without this in-
ey crease ofH, at T, might indicate the different effect of the
-0.5 / 1 thermal fluctuation on spin coupling in the AF layer and at
10 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 af b, and c which are 0.5, 4, and 0.6,
respectively, andy, is set to be 0.5. The increase bf neart, is more
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