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The exchange bias effect, especially the angular dependence of the exchange bias field and the coercivity of
the epitaxial Ni;Fe; o/ FesgMng, bilayer system is investigated. In order to prepare a well defined layer se-
quence large emphasis is laid on the structural characterization of each layer. Low-energy electron diffraction
and scanning tunneling microscopy are employed after each deposition step and the height-height-correlation
function is analyzed to quantify the interface quality. Successively the angular dependence of the longitudinal
and transverse magnetic component is investigated by magneto-optic Kerr effect magnetometry. In order to
fully analyze the magnetization reversal behavior a special gray scale representation of the data is chosen.
Theoretical results based on a modified Stoner-Wohlfarth model, which includes unidirectional and fourfold
anisotropy contributions, are presented and compared to the experimental results. Although a homogeneous
rotation of the magnetization is assumed the agreement between theory and experiment is surprisingly good.
Only in a narrow angular range, where an ongoing rotation of the magnetization is predicted by the Stoner-
Wohlfarth theory, discrepancies arise. The angular dependence of the possible orientations of the magnetization
are summarized in a phase diagram.
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[. INTRODUCTION the applied field with respect to the unidirectional anisotropy
direction have been reportéti:*°It has been recognized that
The exchange coupling between a ferromagnetic and athe resulting angular dependence of the exchange bias field
antiferromagnetic materiaf manifests itself, in addition to and the coercivity can be well described including higher
many other effects, in a shift of the magnetization loop awayorder anisotropy contributions in the Stoner-Wohlfarth
from zero-field by a value referred to as the exchange biag0del:® The aim of this paper is to provide a detailed pic-
field Heg, i.€., in an unidirectional anisotropy. This effect ture of angular dependence of the whole magnetization re-

has received much attention in recent years because of ¥rsal process for epitaxial NFeo/FesMnsg(001) bilay-

technological importance in magnetoresistive sensors anfS: WWe propose a new scheme to visualize the large amount

read heads as well as for magnetic random access mérﬁory.Of experimental data allowing for an easier access to the

But stil oday, more than forty years after the discovery of 7.t 00 AR SHAR U8 SRRE 0 R b odied
this effect, its microscopic origin has not yet been completely toner-Wohlfarth model including an unidirectional and a

nderstood. The first model proposed by Meiklejohn an , . .
;eanl'2 predicts anlexchange Siasp field Wr):ich ié tV\J/o orders ourfold anisotropy term. We discuss corresponding phase

of magnitude larger than observed experimentally. Thedlagrams.
random-field model by Malozemdff and the model by
Mauri et al,” which proposes a planar domain wall in the
antiferromagnet, both account for this discrepancy. These The samples were prepared in an UHV system with a base
models, as well as others in the literature have achieved varpressure of %10 ! mbar. In order to deposit epitaxial
able degree of agreement with different specific propertiesliFe/FeMn bilayers on commercially available single crys-
observed experimentally in exchange bias systems. Howevelline MgO(001) substrates, a buffer layer system consisting
there is no comprehensive theory describing the exchangef Fe0.5 nm/Pt5 nm)/Cu(100 nm) is used with the Fe and
bias effect. For recent reviews concerning both theory andPt seed layers to induce tk@01) orientation of the Cu buffer
experiment see Refs. 8-10. layer. The preparation conditions and the structural charac-
Since the exchange bias effect is an interfacial effect théerization of this buffer layer system is reported elsewHére.
structure of the interface between the ferromagnetic andhe samples consist$ a 5 nmthick NiFe layer and a 10 nm
antiferromagnetic layer is of great importance. In the case othick FeMn layer, and they were covered with 2 nm Cu and
polycrystalline layered systems the situation is further com4.5 nm Cr to prevent them from oxidation. The different
plicated due to the spread in grain orientation. In order tamaterials were evaporated either from Knudsen cglls,
gain a deeper understanding of the underlying microscopiin) or using e-beam evaporatoré~e, Pt, NiFe, Cr with
origin of the exchange bias effect well characterized epitaxiatieposition rates typically between 0.01 and 0.1 nm/s. The
layered systems are required. Recently measurements of tearface cleanliness and chemical composition were checked
magnetization reversal of both polycrystalline and epitaxialusing Auger spectroscopy. The sample morphology and its
exchange bias systems as a function of the in-plane angle afystal quality was investigateth situ by means of low-

Il. EXPERIMENT
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FIG. 1. STM image of MgO/F@®.5 nm)/Pt(5 niCu(100 nm), ]
the scan area is 0.22mx0.2 um and the full height scale is 1 nm. FIG. 3. STM image of MgO/F@.5 nm)/Pt(5 nii/Cu(100 nm)/

The inset shows the corresponding LEED pattern for a primanyNiF€(5 nm/FeMn(10 nm); the scan area is 02mx0.2 um and
energy of 165 eV. the full height scale is 4 nm. The inset shows the corresponding

LEED pattern for a primary energy of 115 eV.

energy electron diffractiofLEED), reflection high-energy

diffraction (RHEED), and scanning tunneling microscopy mosaicity suitable for the growth of NiFé.The quality of
(STM). After preparation the samples were briefly annealedhis buffer layer is further improved by a careful anneal at
in UHV slightly above the Nel-Temperature of bulk FeMn 900 K. A STM-image of the resulting Q001) surface is
(500 K) while a magnetic field of 500 Oe was applied alongshown in Fig. 1. Large, atomically flat terraces are separated
an in-plang110] direction of NiFe. The magnetic properties by monoatomic steps running preferentially along ¢h&0)
were measurecex situ at room temperature by using a directions. In order to quantify the STM images the height-
magneto-optical Kerr effe¢dMOKE) magnetometer, probing height correlation functioi (r) = ([ h(r) —h(0)]?) has been
both the longitudinal and the transverse component of theletermined using a procedure described in Ref. 18. Here
magnetization. h(r) is the surface height at positianof the surface. For a
self-affine and isotropic surfadd(r) can be expressed as
H(r)=2w?{1—exd —(r/§?*]}, wherea is the roughness ex-
ponent describing the texture of roughneéds the lateral

A. Structural properties correlation length defining a typical lateral size of the rough-

As described in the preceding section, a(@i) buffer ness pattern, and is the interface widtjroot-mean square

9 .
layer is prepared to serve as a growth template with a Iargﬁ{ZMS) roughness}’ The corresponding RMS roughness of

lateral correlation length, a low RMS-roughness and a smafi’€ 0-2 umx0.2 um scan area shown in Fig. 1 is 0.14 nm.
The roughness exponeatwas determined from larger STM

images asy=0.7%0.1, which corresponds to a smooth sur-

Ill. RESULTS

—
[010]
o
[100]
FIG. 2. STM image of MgO/R@®.5 nm)/Pt(5 nnyCu(100 nm)/
NiFe(5 nm); the scan area is 0.22mXx0.2 um and the full height FIG. 4. Three-dimensional spin structure of FeMn according to
scale is 2 nm. The inset shows the corresponding LEED pattern fathe (111) model. The projection of the spin directions onto the
a primary energy of 112 eV. (001) surface are also indicated by black arrows.
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X 0.2 um scan area of this 10 nm thick FeMn layer is 0.7
nm, which is larger than that of the NiFe layer. The correla-
tion length£=50+5 nm as well as the roughness exponent
a=0.6+0.1 are also increased compared to the NiFe sur-
face, i.e., the surface of FeMn has a larger RMS roughness
but is less jagged and consists of larger islands than its in-
terface with NiFe. Therefore special caution has to be taken
when the properties of interfaces are extrapolated from the
properties of the corresponding surfaces of layered systems.
Nevertheless a good crystallographic structure is evidenced
by the LEED pattern shown in the inset of Fig. 3.

B. Magnetic properties

Before presenting the experimental results of the mag-
netic properties we consider the spin structure of FeMn and
discuss the resulting implications for the model which will
be used to describe the experimental data. According to the
(111) model(also referred to as the & state of fcc FeMn),
the projection of the easy axis directions of FeMn onto the
(001) surface are th€110) directions??~° as indicated in
Fig. 4. Therefore the effective free energy density of the
ferromagnetic layer resulting from the interaction with FeMn
is assumed to consist of an unidirectional and a fourfold
contribution only:

Here ap, denotes the angle of the magnetization with respect
to the easy axis of the unidirectional anisotropy, i.e., the
[110] direction of NiFe, whereak ; andK, are the unidirec-

tional and fourfold anisotropy constants, respectively. Note

that in many systems an uniaxial anisotropy contribution to
the exchange bias fiel g (b) as derived from MOKE measure- the free energy is fourtd—'*which may have its origin in an
ments. In both plots the measured valéggmbols)and fit curves  intrinsic twofold symmetry of the interface or symmetry
obtained using a free energy expression with unidirectional andreaking caused by induced stress and magnetostriction. In
fourfold anisotropy constant$ines) are shown. the present system it is not necessary to include such a con-
tribution. The free energy given in E€L) is used within the
face. Even for the largest possible scan area ojuth  Stoner-Wohlfarth modé&? to calculate the magnetization re-
X1 um the correlation lengtt¥ is beyond the scan size. versal. Furthermore it is assumed that the magnetization di-
The corresponding LEED image exhibits narrow sp@te  rection remains in a local minimum of the free enthalpy as
inset of Fig. 1). A 5 nm thick NiFe layer was subsequentlylong as the minimum exists. This is the so-called perfect
deposited at 370 K. The quality of the corresponding LEEDdelay conventio’® By using this assumption the possibility
spots is slightly reduced but indicates still a good crystallo-of lowering the free enthalpy of the system by nucleation of
graphic structure of the surfadsee inset of Fig. 2). The reversed domains and propagation of domain walls in the
surface investigated by STKsee Fig. 2)mainly consists of ferromagnet is completely neglected. This is justified in ex-
small islands. This fact is also reflected in a small correlatiorchange bias systems, where the mobility of domains is low
length £&=25 nm. The RMS roughness of the 02m  due to the interaction with the antiferromaghéturther-
X 0.2 um scan area shown in Fig. 2 is 0.3 nm. The smallmore thermal activation to overcome the involved energy
value of the roughness exponeat=0.5+0.1 determined barriers is also neglected. Thus the perfect delay convention
from larger STM images is caused by the relatively jaggedoredicts an upper limit for the coercivity. In contrast, the use
surface of NiFe. In addition characteristic volcanolike fea-of the so called Maxwell convention, which assumes that the
tures, also referred to as “pinholes,” are observed in Fig. 2magnetization directions always reflects the global minimum
similar to those observed for the growth of Co on(@)?°  of the free enthalpy of the system, would result in magneti-
The most commonly used explanation for the creation ofzation reversal without hysteretic behavior and thus without
these “pinholes” rely on surface and interface energies sinceoercivity.
formation of pinholes can result in a reduction of surface and Next the experimental results of the magnetization rever-
interface energie¥:?! Subsequently the FeMn layer is de- sal behavior will be presented. From MOKE measurements
posited at 370 K. The STM image shown in Fig. 3 shows an longitudinal geometry the coercive fields for the decreas-
rather rough surface. The RMS roughness for a 2 ing and increasing field brandHc e and Hc yigne, respec-

FIG. 5. Angular dependencies of the coerciviify. (a) and of
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FIG. 6. Angular dependence of the longitudinal component of the magnetization for decigagangd (b)] and increasing field branch
[(c) and(d)] of the hysteresis loop obtained experimenté(ly) and(c)] and theoretically within the Stoner-Wohlfarth modiéd) and(d)].
A detailed description of these magnetization reversal diagrams is given in the main text.

tively, are deduced. By varying the in-plane angig of the  white (black) if the magnetization points exactly along the
applied fieldH with respect to thd110]-direction of NiFe  positive (negative)field direction. The horizontal cartesian
the angular dependence of the coercive figlig(ay) coordinate of the point represents, whereas the vertical
=[Hc rign @n) —Hc en( @) 1/2 and the exchange bias field one represents the magnitudetbf To further illustrate this
Hes(an) =[Hc rign @n) + He e @p) 1/2 are derived. The kind of data representation the magnetization reversal curves
obtained results are shown in Fig. 5 together with fit curvegor the in-plane angles marked by the arrows A and B in
calculated using the free energy density given by Bq. Figs. 6(a)and 6(c)are shown in Fig. 7 in the conventional
within the Stoner-Wohlfarth model with the perfect delay way, together with the gray scale used and the predictions of
convention. The fitted constants akg=4.6x10* erg/cn?  the Stoner-Wohlfarth model. The angular dependencies pre-
andK,=3.8x10" erg/cn?. Thus the easy axes of the uni- dicted by the Stoner-Wohlfarth model using the perfect delay
directional and fourfold anisotropy coincide with th&l0] convention are shown in Figs. 6(apd 6(d)as a gray scale
direction (a)y=0) and the anisotropy constants have theimage as well. By comparing Fig. 6(&ith 6(b) and Fig.
same order of magnitude. Notice that due to the fact that thé(c) with 6(d) it is obvious that the overall angular depen-
perfect delay convention gives an upper limit for the coer-dence of the longitudinal component of the magnetization
civity the determined anisotropy constants have to be reeuring magnetization reversal is very well described by Eq.
garded as lower limits. (1). In order to complete the picture of the magnetization
In order to compare not only the quantitiel; andHgg  reversal behavior the transverse magnetization component
which only rely on two points, namely ¢ e and He rignt» has been measured in additional MOKE measurements. In
of the hysteresis curve we present the whole data set for theig. 8 the results are presented in a similar manner as in Fig.
longitudinal component of the magnetization in Figéa)6 6 but now the gray level is proportional to the magnitude of
and 6(c)in the following way: for both branches of the hys- the magnetization component perpendicular to the applied
teresis curve, i.e., decreasing and increasing field branch, feeld. By comparing the experimental resuli§gs. 8(a)and
gray-scale image is constructed. The gray level of each poirg(c)] with those of the corresponding theoretical prediction
is chosen to be proportional to the magnitude of the magng+Figs. 8(b)and 8(d)Jit can be concluded that also the overall
tization component parallel tHl, in particular a point is set angular dependence of the transverse component of the mag-
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H [kA/m]

[mdeg]

FIG. 7. Longitudinal component of the mag-
netization during magnetization reversal obtained
experimentally by longitudinal MOKE measure-
ments (upper panel)and calculated using the
Stoner-Wohlfarth modellower panel). Two hys-

- teresis curves are shown fag;=90° (open sym-
] bols) and ay=175° (closed symbols).

eKE,Arr

M/M

. . . . .
0 100 200 300
H [Oe]

netization during magnetization reversal is correctly desounded in the experimeni) The peaklike structure present
scribed within the Stoner-Wohlfarth model. There are twoin the decreasingncreasing)ield branch at 180{0°), that
main differences that appear between experiment and theppears in Figs. 6(band 8(b) Figs. 6(d)and 8(d)]is not
predictions of the Stoner-Wohlfarth modél) Sharp edges observed in the experiment as can be seen in Figs.ahd
occurring in the Stoner-Wohlfarth model are somewhat8(a) [Figs. 6(c)and 8(c)]. Interestingly enough this deviation
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a ‘ . T T T
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FIG. 8. Angular dependence of the transverse component of the magnetization for dedteaaingib) | and increasing field brandkc)
and (d)] of the hysteresis loop obtained experimentéfly) and(c)] and theoretically within the Stoner-Wohlfarth modé) and(d)]. The
data representation corresponds to that of Fig. 6, but the transverse magnetization magnitude is displayed in a gray level.
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FIG. 9. Transverse component of the magnetization during mag- 184 . . .

netization reversal obtained experimentally by MOKE measure-
ments (upper panel)and calculated using the Stoner-Wohlfarth 00
model (lower panel). The in-plane angle of the applied magnetic i A

field is in both cases=175°. s C\*S
1 B

appears in a narrow angular range at about 381y and _ =
0°+20° for which the Stoner-Wohlfarth model predicts a § © -0 g
magnetization reversal for which the sense of rotation is thex T

-

same for increasing and decreasing field branch, i.e., the
magnetization rotates by 360° during a complete hysteresit
loop. This kind of behavior was not observed in the experi-  -1004
ment, as illustrated in Fig. 9. The measured transverse mag --10
netization component and the one predicted by the Stoner -150 T T T
Wohlfarth model are shown for=175°. This in turn 0 o % . 198 180
shows that the Stoner-Wohlfarth model describes the generau in-plane angle o[’
behavior quite well but cannot account for all features ob- g, 10. Phase diagram for a system with unidirectional and
served in exchange-biased bilayers. In addition to the possjyyr fold anisotropy contribution;=4.6x10* erg/cn? and K,
bility of domain formation and thermal activation to over- =3.8x10* erg/cn?) to the free enthalpy. The arrows {a) indi-
come the involved energy barriers, which are both neglectedate the direction of the magnetization in the minima of the free
in the Stoner-Wohlfarth model, one other possible mechaenthalpy. In(b) the regions for which there exist one, two, three, or
nism that prevents the magnetization from performing arfour minima are labeled A, B, C, and D, respectively.
ongoing rotation during magnetization reversal is the forma-
tion of a partial domain wall in the antiferromagnetic layer sentation is similar to the phase diagrams discussed for
parallel to the interfacé?®?° However the ratio of the ob- uniaxial ferromagnet$3?but focussed on the angular depen-
served interface energ§ E=Ktry~0.023 erg/crh (with  dence. In the phase diagram shown in Fig(al@he gray
tem=5 nm being the thickness of the NiFe layemd the level is proportional to the angley i, between the magne-
energy of a domain-wall in FeMn is, according to Ref. 7,tization direction and the easy axise., the[110] direction
well below the threshold for the domain-wall formation in of NiFe)in the global minimum of the free enthalpy. In order
the antiferromagnet. On the other hand, it has been showio better distinguish between the different regions of the
recently that a twist in an antiferromagnetic FeMn layer bephase diagram where one, two, three, or even four minima
tween a NiFe and a Co layer exisfsDue to the tiny energy exist in the free enthalpy the gray level is chosen as follows:
difference that determines the sense of rotation, it seems pokor an odd number of minima white correspondsat@ i,
sible that even a small twist in the antiferromagnet can pre=0° and black corresponds tey yj,=180°, for an even
vent the ferromagnet from performing an ongoing rotation.number of minima it is just the opposite, white corresponds
For further comparison between experiment and the differerto a mi;=180° and black taxy ,,=0°. The regions with
models we suggest to extend the model calculations to dedifferent numbers of minima are also sketched in the sche-
scribe the vector of the magnetization during the magnetizamatic phase diagram in Fig. @), where different gray lev-
tion reversal. A presentation in a similar form like the oneels are used for these regions. The regions are labeled A, B,
given in Figs. 6 and 8 then enables a direct comparison bez, and D accordingly. The magnetization direction in the
tween the models and experiment. global minimum together with the directions for all other
The angular dependence given in Figs. 6 and 8 is summaninima of the free enthalpy are furthermore indicated by
rized in a phase diagram displayed in Fig(d)0 This repre- small arrows in Fig. 10(a). The gray level of the arrows is
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chosen according to the free enthalpy of the correspondingave been studied experimentally. The overall angular de-
minima, i.e., a black arrow indicates the minimum of the pendence can be theoretically described within a modified
magnetization direction with the lowest free enthalpyStoner-Wohlifarth model including an unidirectional and
whereas a white arrow indicates the minimum with the high-fourfold anisotropy with the same order of magnitude. Small
est free enthalpy. By comparing the angular dependence dfifferences between experiment and theoretical description
the longitudinal and transverse components of the magnetappear for angles for which the Stoner-Wohlfarth model pre-
zation during reversdFigs. 6 and 8with the phase diagram dicts an ongoing rotation of the magnetization during the
given in Fig. 10 the crucial role of the phase boundarieshysteresis loop. The developed two-dimensional representa-
separating the regions with different numbers of minima oftion of the experimental data helps to systematically under-
the free enthalpy becomes obvious. stand the magnetic properties.
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