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We report the fabrication of polycrystalline Fe/MnPd bilayers, which show the exchange-bias effects. We
show that the exchange-bias effect, described by unidirectional anisotropy, is also accompanied by induced
uniaxial and fourfold in-plane anisotropy contributions in the system. Using the Stoner-Wohlfarth model, all
in-plane anisotropy contributions to the total free energy are determined for the polycrystalline samples from
the fit of the in-plane angular dependencéHgf and the coercivityH.. A mechanism explaining the presence
of the induced higher-order anisotropy contributions in an exchange-bias system is proposed.

. Introduction. Exchange coupling at the interface be-=3.58 A. Previous studiés revealed that the ordered fct
tween a ferromagneti®M) and an antiferromagnetiAF)  structure of MnPd possesses an antiferromagnetic phase with
layer can cause exchange biasing, i.e., a shift of the hystep Neel temperature as high as 540 °C. The direction of the
esis loop of the FM layer along the field axis. This effect isMn magnetic moment is believed to be aligned along either
characterized by an exchange-bias filg,, which is often  t€(100)or the(110)directions, which in any case results in
described as a result of an acting in-plane unidirectiona’E| compensated spin arrangement of the M(@a) plane:

. o L owever, to our knowledge, MnPd was practically not stud-
anisotropy* Exchange biasing has attracted wide interest bel'ed as a potential exchange-bias layer.

cause of its tec'hnologicgl use in magnetic sensors and high |, this paper we report a detailed study of the structure
density magnetic recording systems. and the magnetic properties of polycrystalline Fe/MnPd
Although the exchange-bias phenomenon has been e¥xchange-bias systems. We show that the exchange-bias ef-
perimentally studied to some extent, the physics of FM/AFfect, described by an unidirectional anisotropy, is also ac-
interface exchange coupling still remains a subject ofcompanied by induced uniaxial and fourfold in-plane anisot-
discussiorf~’ Earlier theories predict exchange-bias fields ofropy contributions in the system. Using the Stoner-Wohlfarth
orders of magnitude larger than those obsefvithuriet al.  model, all in-plane anisotropy contributions to the total free
provided an explanation for the reduced exchange-bias fieldsnergy are determined for the polycrystalline samples from
by showing that the formation of a domain wall parallel to the fit of the in-plane angular dependenceHf, and the
the interface in the AF layer can greatly reduce the energgoercivity H..
required to reverse the magnetizatfoiMalozemoff inter- Il. Experimental. The samples were grown in an UHV
preted the exchange-bias effect in terms of random exchang¥aporation system with a base pressure better than 5
fields due to interface roughnesBoth the theories of Mauri <10~ °mbar. The polycrystalline samples were grown at
and Malozemoff predict correct order-of-magnitude resultg00m temperatur¢RT) on thermally oxidized Si substrates
for Hgy. It was recently theoretically showf that a spin- With the structure = Si/SiQ/Fe(tr)/MnPd(te)/Pd20 A)
flop reorientation in the AF layer can also lead to the(tas=200A; te=30A, 50 A)or a wedge-shaped Fe layer
exchange-bias effect. The latter models imply a perpendicuith thicknesste varying from 20 to 160 A, respectively). Fe
lar orientation between the magnetizations of the FM and th&nd Pd were evaporated by means of a multipoekbeam

AF layer, as it was found in E®,/CoO (Ref. 5) and evaporator, while Mn was evaporated from an effusion cell.
FelFek 6 4 ’ The growth rates were carefully controlled by a quartz mi-

. _crobalance and were 0.1 A/s for Fe and Pd and 0.2 A/s for
The probably most used exchange-biased system Coma"ﬂﬁnPd, respectively. In all cases a 20-A-thick Pd cap layer

FesoMns, as the antiferromagnetic layer, OWh'Ch’ however, aq used for protecting the sample against oxidization. A
has a relatively low Nel temperaturé~200°C)and is eas- agnetic field of 50 Oe was applied in the sample plane
ily corroding. Many efforts have been made to search for &ing growth. The chemical analyses of the prepared films
suitable pinning layer in antiferromagnetic sensors and regere performedin situ by means of a calibrated Auger-
cording heads. In this context MnPd is a very promisingejectron spectrometer. Additional structural information was
material. MnPd belongs to the same group of alloys asbtained byex situ x-ray diffraction. The static magnetic
Mn;_,Pt,, which was already used for exchange biasify. properties of the prepared films were measured at room tem-
MnPd has a CuAu-I-type ordered face-centered-tetragonglerature by the magneto-optic Kerr efféMOKE) magne-
(fct) structure with lattice constant®=4.07A and ¢  tometry.
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FIG. 1. X-ray diffraction scan of the polycrystalline sample 11n_(Ay"
Fe

Si/Si0, /Fe(30 A)/MnPd(200 A)/Pd(20 A).

FIG. 2. The exchange-bias fieltl,, and the coercive fielt . of

lll. Results and discussiorFor MnNi, MnPt, and Pd- the polycrystalline samples Si/Sj@Fe(tr)/MnPd200 A)/Pd(20 A)
Pt-Mn films, which have the same CuAu-I-type structure asversus l/t.
MnPd, it was previously reported that as-deposited films
mainly contain the nonmagnetic disordered fcc phase withhe crystalline anisotropy in the antiferromagnet, respec-
almost no indication of the AF fct pha8é® An additional tively. The idea of the formation of a domain wall in an
annealing step or an elevated growth temperature was founghtiferromagnet is further introduced by Kdoand Stiles
to be necessary for obtaining the antiferromagnetic phaseind McMichael to explain the high field rotational hyster-
However, under these circumstances an interfacial diffusioRsis and other properties found in FM/AF exchange-bias bi-
is almost inevitable. In our study, we found that by using anlayers. The interfacial roughness can also lead to the linear
appropriate underneath layer, as-deposited AF fct MnPdiependence of the exchange-bias fidlg on the inverse FM
films can be obtained at room temperature. Figure 1 illusiayer thickness, as provided by Malozemdffiho suggested
trates the results of the x-ray diffraction analysis of athat the random fields at the interface will cause the antifer-
Si/SiO, /Fe(30 A)/MnPd(200 A)/P0 A) sample. All ob-  romagnet to break up into domains when the system is
served peaks can be well assigned assuming the fct phase @doled through the ordering temperature. The size of the do-
MnPd. A splitting between th€200) and (002) peaks, also mains is inversely proportional to the exchange-bias field.
indicating the presence of the fct phase, is clearly seen iThe interfacial roughness effect on the exchange-bias field
Fig. 1. The corresponding lattice constants calculated fromas also confirmed by a recent micromagnetics calcul&tion.

the positions of thg111) and (200) peaks(a=4.02 A, ¢ However, the study on the coercivity in FM/AF bilayers
=3.56 A) are consistent with those obtained earlier for thewas almost ignored previously, although an enhancement of
ordered fct AF phase of bulk MnPd. the coercivity in exchange-bias bilayers was generally found.

Polycrystalline Fe films, grown on Si/SjOwere found to  Only recently has it been shown that the spin-flop exchange
exhibit no observable magnetic in-plane anisotropy. This isoupling at the FM/AF interfaces can induce uniaxial anisot-
most likely due to an averaging of the intrinsic anisotropiesropy, which could account for the enhanced coerci®%igur
of bcc Fe over a large amount of small grains. On the otherecent stud}? on the coercivity of Fe/MnPd bilayers, which
hand, the Fe/MnPd structures show a unidirectional anisotis based on Mauri’s calculation, also reveals that the linear
ropy causing the effect of the exchange bias. The directiondependence of the enhanced coercivity on the inverse FM
of the exchange-bias field in all investigated samples wergayer thickness, as shown in Fig. 2, could be ascribed to the
found to coincide with the direction of the field applied dur- higher-order anisotropies induced by the exchange coupling
ing the sample deposition. The thickness dependencies of the FM/AF bilayers.
exchange-bias fieldH., and the coercive fieldH, for the To compare our results with those of other frequently
Si/Si0, /Fe20—-160 A)/MnPd(200 A)/Pd(20 Asample used exchange-bias systems, the magnitude of the exchange-
with a wedge-shaped Fe film are presented in Fig. 2. Théias effect can be described in terms of an interfacial energy
exchange-bias field varies from about 50 to 5 Oe, while theper unit area\E, which is independent of the ferromagnetic
coercive field varies from about 65 to 20 Oe with increasingmaterial and its thicknesé:AE= M gytgyHep. The obtained
Fe thickness. As expected, a linear dependence of both theterfacial energy value for the system with MnPd is about
exchange-bias fieldHy, and the coercive field. on the  0.017 erg/crfi using M gy= 1700 emu/cri for Fe. We note
inverse Fe layer thickness indicates the interfacial nature ohat this value is slightly smaller than those for the as-
the effect. deposited structures with FeMn, which are typically from

The linear dependence of the exchange-bias fielgwas  0.02 to 0.2 erg/cit* However, it is much larger than those
also found in many experiments and explained by previousor the as-deposited system with NiMn, which is about 0.002
studies?® Supposing that there is a domain wall formed inerg/cn?.** It is also comparable with those annealed struc-
the antiferromagnetic layer in FM/AF bilayers, Mashows  tures with MnPt, which have interfacial energy normally
that the exchange-bias fieltl, can be written asHg,  ranging from 0.02 to 0.32 erg/ém* These results show that
=2(AK)Y%/tgy /Mgy, Wheretgy, andM gy, are the thickness  MnPd is a promising antiferromagnetic material that can be
and the saturation magnetization of the FM layer, respecused in the FM/AF exchange-bias system.
tively; 2(AK)Y? is the domain-wall energy in the antiferro- It is also interesting to note that the in-plane unidirec-
magnetic layer, wher@ andK are the exchange stiffness and tional anisotropy corresponding to the exchange bias is ac-
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of coercivity in the FM/AF system compared with the pure

sor FM layer is quite evident, only just recently has more atten-
_ 4o} tion been given to the study of the coercivity and the mag-
R netization proces&®16181%Ambroseet al.’ pointed out that
= 20r the coercivity can only be realized when even terms of the
Ig ol cosnd are included in the free energy of the system, which
' means higher-order anisotropies may be the origin of the
T -20f o H coercivity for the FM/AF system. Based on a model, which
— Calculated is an extension of the random-field thedrjmitrov et al1®
40l . . . . . L - . .
0 60 120 180 240 300 360 recently proposed that the pinning of the domain wall in the
o (Degree) FM layer by the local energy minima of the AF random

exchange field can enhance the coercivity more than two

FIG. 3. The angular dependence of the exchange-biasHigld orders of magnitude. More important, they prospected that
and the coercivive fieldH; for the sample Si/SiQFe(50 the magnetization reversal is by domain-wall nucleation and
A)MnPd(200 A)/Pd(20 A). The solid lines show the result of the propagation when the field is applied at a hard direction of
calculations using the free-energy expression &g the magnetization while the reversal is complicated by a
mixture of partial rotation and domain-wall propagation at

companied by a uniaxial and a fourfold anisotropy. This isother angles, which causes a sharp increase of the coercivity
demonstrated by the dependenciesHyf and Hg, on the — a@round 0° and 180°. Similar results were also obtained by
in-plane angled of the applied external field, presented in other studies? Other models that take interface roughness
Fig. 3 for the Si/SiQ/Fe(50 A)/MnPd(200 A)/Pd(20 A) effect into consideration have also been developed to de-
sample. The maximum values bf, andH, occur atg=0  Scribe the enhanced coercivifyDue to the large contribu-
and 180°, while the minimum values bf, andH,, occur at tions of higher-order anisotropies in our system, it is reason-
9=90° and 270°. It is also obviously seen in lgig. 3 that the@ble to believe that the enhanced coercivity in our system is
angular is not a simple ca(behavior, as it was found in Mainly produced by these contributioks. _
polycrystalline NiFe/FeMn samples under almost identical 1he measured in-plane angular dependenciefl o&nd
conditions!® Note that a similar complex in-plane angular H¢, can be described by simulating the remagnetization pro-
dependence ofl, was obtained for an epitaxial NiFe/CoO C€SS using the Stoner-Wohlfarth model with a coherent rota-
bilayer? ¢ tion of the magnetization assuming a free-energy
' H 7

Although the measurement of angular dependence of th@xpressiort:
exchange-bias field and the coercivity has an important role. 4, 2 2 4)
in understanding the nature of the exchange-bias effect sindgan—Kp ' COS¢) + Ky COS (= i) + K" cos
the exchange-bias effect may be strongly affected by the X (b— sl b— @) — HM < cog O— 1
various directions of the spins at the interface of different (¢~ ot )SIM( S = botr) sCO%6—4), @
layers, there have been only a few such studies untivherek(), K(?), andK{" are the unidirectional, uniaxial,

7,15-17 1a i H i . . R .
now. While it was found that the polycrystalline NiFe/ and fourfold anisotropy constants, respectivalyis the in-

FeMn samples presented a pure épsfependence of the plane angle of the magnetization with respect to the easy
exchange-bias field, no higher-order symmetry was fotind; direction OfKél). ¢§>%f) and qSE,‘Q are the angular offsets be-
the epitaxial samples exhibited a large higher-order symme- PR 1) 2 (4) g
try due to exchange couplifid.This might be due to the etyveer.l the easy dlrgctlon o(; andK ande. , 1OSPeC”
. . . S o tively; and 6 is the in-plane angle of the applied magnetic
relatively large induced anisotropies in epitaxial system 3%iald H. andM. is the magnetization. Note here that in addi-
discussed below. A behavior that is quite similar to our re-. - "~ ichird—orcsjer term in Eq(1) which is normally forbid-

sults and that also clearly |nd|cate$ thg existence of a hlgheEj'en from the symmetry considerations, is allowed in systems
order symmetry of the exchange-bias field was also found for

o ) with the exchange-bias effect. The experiment, however,
gr;ﬁeerﬁﬁzﬂallliﬁgzls Ct?](g ?grsr:)er?z\i/vﬁertloi:]e tH:aaLte?/ﬁ/lﬁ;z (;f Et?e shows that in the investigated samples this term, as well as a
hich mav cause larger ind ce% both uniaxial and foyrfol ixfold anisotropy contribution, is negligible. It also shows

o y oel ger Incu Hniaxe M9 %hat K@ <0, KW>0, and @)= ¢@W=0, i.e., the easy di-
anisotropies, leads to a more complex behavior of the angL}- P P off off = =
lar dependence of the exchange-bias field as revealed by olffction of Ky coincides with an easy axis of both the
studies. By taking a pure symmetric consideration, Ambros&niaxial and the; fourfold anisotropy. _Flg_ure 3 also_shows the
et al” also tried to describe the angular dependence of thEeSult of the fitting procedure by solid lines. We find a very
exchange-bias field for the NiFe/CoO system wkth( ) good agreement between the experiment and the simulation.
=3, _oabr COSNG, whereb, is a constant. According to this The unidirectional, uniaxial, and fourfold anisotropy con-
they proposed that the largest exchange-bias field should ngfants of the wedge-shaped sample = SifF@(tr)/
occur atd=0° and 180° but at 135° and 225° as they foundMnPd(200 A)/Pd(20 A) with the Fe thickness varying
for the NiFe/CoO system, although this is not observed iffom 20 A t0 160 A obtained from the fit are plotted in Fig.
our results and other experiment® 4. as functions of the Fezthlcknesa. Both induced in-plane
Another interesting thing is that the coercivity of all the @nisotropy contribution& {?’ and K" are comparable in
systems shows a sharp peak arodne0 and 180°, i.e., the strength withkK(". Moreover,K?) and K (" decrease with
easy direction of the magnetization, while it is relatively increasing Fe thickness, obeying @d¢scale law in a simi-
smaller and flat at other angles. Although the enhancememar way ast,l’ does, indicating their interfacial origin.



PRB 62 BRIEF REPORTS 8657

11, fit

R be zero due to the average of the local cubic anisotropy over
§ Fe I g

all the Fe grains. Thus for the polycrystalline Fe/MnPd bi-
layers, the induced uniaxial and cubic anisotropies cannot be
due to the intrinsic properties of the Fe layer. Considering
Fe Thickness (A) the exchange coupling between the Fe spins and those AF
spins from different sublattices of the MnPd layer, which
may have different orientations at the interfaces, it is reason-
able to believe that the higher-order anisotropies found in our
study may be caused by these nonlinear couplings of FM and
AF spins. On the other hand, although the average anisotropy
The induced higher-order anisotropy contributions causedf the polycrystalline Fe layer is almost zero, the local cubic
by FM-AF exchange coupling were also found by other stud-anisotropies in fine grains may also be a benefit to such a
ies. By using the Brillouin light scatteringBLS) method nonlinear FM/AF exchange coupling, which may lead to a
Mathieaet al?° found that in an epitaxial NiFe/FeMn sys- relatively strong induced higher-order anisotropies in the Fe/
tem, the uniaxial and fourfold anisotropy contributions areMnPd bilayer. As a matter of fact, since both the uniaxial
largely modified by an amount that also scales with the NiFeand fourfold anisotropies are due to the exchange interaction
thickness. In NiFe/NiCoQRef. 16)and NiFe/CoO(Ref. 7)  at the interface between the FM and AF layers, they should
systems, since it is quite clear that the anisotropy contribuhave the same interfacial character as the unidirectional an-
tions for the pure NiFe layer are quite smaller than thosdsotropy, typically the linear dependence on the inverse Fe
required to produce the hysteresis loops for the system, thinickness, which is in fact revealed by our study.
induced uniaxial and fourfold anisotropy contributions were IV. Conclusions. To summarize, we have reported studies
also ascribed to the interfacial interaction of the FM and AFof an exchange-bias system Fe/MnPd. We show that the
layer, which produces the unidirectional anisotropy. Obvi-exchange-bias effect, described by a unidirectional anisot-
ously, the observed large higher-order anisotropy contriburopy, is also accompanied by induced uniaxial and fourfold
tions in the FM/AF system cannot only be ascribed to thein-plane anisotropy contributions in the system. From fitting
intrinsic magnetocrystalline of the FM or AF layer. From the the angular dependence of the exchange-bias Heldand
theoretical point of view the interplay between the exchangethe coercive fielH ., all induced in-plane anisotropy contri-
bias effect and the induced anisotropy contributions is nobutions to the total free energy of the polycrystalline samples
clearly understood yet, although attempts to consider thigre determined. A mechanism explaining the presence of the
problem theoretically have been made recefitjowever, induced higher-order anisotropy contributions in a polycrys-
no detailed model has been set up so far to explain the intalline exchange-bias system is proposed.
duced higher-order anisotropy contributions accompanying Acknowledgments(. J. Tang would like to thank the Al-
the exchange-biasing effect. exander von Humboldt Foundation for financial support.
Recent studies found that FM spins tend to align perpenThis work was supported by the Deutsche Forschungsge-
dicular to the AF easy axis, which may account mainly formeinschaft. Part of this work was done at the University of
the induced higher-order anisotropfesThe perpendicular Kaiserslautern.

K, K, K, coupling can be formed due to the spin frustration at the
0 interfaces, in which the FM spins minimize the energy when
E P =2 o agl ® they align perpendicular to the AF easy axis. Such effective
< o 4 exchange coupling is shown related to the “spin-flop” state
s , in the antiferromagnet, which although it does not lead to the
] 3 11, fit exchange coupling, it does introduce a uniaxial anisotropy
: -3 which leads to an enhanced coerciiitifor the polycrystal-
s 2 line Fe layer, the total magnetocrystalline anisotropy tends to
8
2
o
<
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FIG. 4. The unidirectional, uniaxial, and fourfold anisotropy
constantsK (P, K&, andK(", respectively, obtained from the
simultaneous fit oH g ¢) andH.(¢) and plotted versus t,.
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