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Enhanced uniaxial anisotropy and two-step magnetization process along the hard axis
of polycrystalline NiFe/NiO bilayers
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Polycrystalline NiF€L0 nm/NiO(1-8 nm exchange-coupled bilayers show enhanced uniaxial anisotropy
but no unidirectional anisotropy. Meanwhile, a two-step magnetization process was observed along the hard
direction. These two phenomena cannot be simultaneously understood using the models for ferromagnetic/
antiferromagnetic bilayers, in which a parallel alignment or a random distribution of the easy axes of antifer-
romagnetic grains is assumed. Therefore, a model, supposing a preferential distribution of the easy axes of
antiferromagnetic grains, is proposed for understanding the mechanism of these phenomena.
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[. INTRODUCTION and, in the extended models, they are assumed randomly
distributed to explain a nonvanishing rotational hysteresis on
Exchange-coupled [ferromagnet (F)]/[antiferromagnet the torque curve under a high magnetic fleland a constant
(AF)] bilayers have been intensively studied in recentfrequency excitation in ferromagnetic resonan@eMR)
yeard?2 because of their underlying physics and applications@xperiments®*® For the AF grains contributing to the ex-
in the magnetic recording industry: for example, the pinnecchange bias, the distribution of easy axes may not affect the
layer in spin-valve structufeand the soft underlayer in per- characteristics of the anisotropy since both parallel and ran-
pendicular media. The F/AF bilayer exhibits interestingdom distributions give a unique pinned direction, usually
properties, including exchange bias and enhanced coercivitﬁara”el to the applied field direction during the fabrication. It

when it is cooled down from a relatively high temperature'S likely that the easy axis (_jistribution plays a more visible
under a static magnetic field. The easy axis and/or the pinner le for the AF grains contributed to the coercivity because
eir spins can switch following the switching of the F mo-

d!rect!on of the bilayer are qetermlned .by the magryeﬂzaﬂpr%ment_ In the present work, the magnetic properties of the
direction of the ferromagnetic layer during the cooling. It is

" ed that th i i f1h b.NiFe/NiO bilayers were studied, in which the NiO layers
generally recognized that The magnetic properties ot the by e mage relatively thin so that all the AF grains contribute
layers are determined by F/AF interfacial exchange couplin

N ) ) ) . Yo the coercivity and no exchange bias appears. In addition to
which is related to the AF spin configuration at the mterchgthe enhanced coercivity, a strong uniaxial anisotropy and a
Much fundamental research has been devoted to explainingq_step magnetization process along the hard direction were
the origin and amplitude of the exchange BlaSassuminga  gpserved. Both of these phenomena can be ascribed to a
bilayer with single-crystalline AF layer and various interfa- preferential distribution of the AF easy axes.

cial conditions. It is proved that locally uncompensated in-
terfacial AF spins are essential for the appearance of the
exchange bid€ and the atomic-scale interface roughrfess
and the fanning spin structures in the AF I&y&r! can The S{110/Ta(5 nm)/NiO(x nm)/NiFe(10 nm/Ta(5 nm)
strongly affect the amplitude of the effective exchange cou{x=0-8) films were prepared by dc/rf magnetron sputtering
pling. For bilayers with polycrystalline AF layer, phenom- under an argon atmosphgg0 mTorp. The base pressure of
enological approaches were proposed in the Fulcomethe chamber is about 2010~ Torr. An external magnetic
Charap modéf (FC mode) and its extensionS *°*The F  field of 150 Oe has been applied parallel to the film surface
magnetic layer is assumed to couple with a assembly of ARluring the sputtering. The crystal structures were checked by
grains with partially compensated interface, and both the-ray diffraction (XRD), using CuK« radiation. It shows
F/AF exchange coupling and the easy axis of the AF grairthat the polycrystalline NiO layer has a single NaCl-type fcc
may vary from grain to grain. The distribution of interfacial phase with a combinedl11) and (200) out-plane texture
exchange coupling, which is related to the grain size andtructure(the(111) or (200 direction tends to orientate per-
interface roughness, gives rise to the coexistence of the exyendicular to the film planeand NiFe has a fcc phase with a
change bias and enhanced coercivity. An individual AF grairdominant(111) out-plane texturdsee Fig. 1 This implies
may contribute to the exchange bias or the enhanced coethat the surface of the NiO grain at the interface may be
civity depending on the ratio of the interfacial exchange cou-composed of fine facets corresponding to (th&l) and(200)

pling and the volume anisotropy of the AF grain. Anothercrystal planes of NiG/

important issue in the polycrystalline F/AF layers is the dis- The magnetic properties of the samples were character-
tribution of the easy axes of the AF grains, which can affectized using a vibrating sample magnetomef¢6M) and a
both the characteristics and the amplitude of the effectivéigh-sensitivity homemade torque metéithe easy-axis co-
anisotropy of the bilayers. In the FC model, the easy axes ofrcivity increases monotonically with the increase of NiO
AF grains are all assumed parallel to the pinned diretfion thickness {y;o) (see Fig. 2 For the films withty;o=1 and

Il. RESULTS AND DISCUSSION
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FIG. 1. X-ray spectra of a Si/Té&6 nm/NiO(7 nm)/NiFe(10 FIG. 3. Torque curves of NiFe/NiO bilayers with different NiO

nm)/Ta(5 nm) multilayered sample, using Gkl radiation. thickness. The torque was measured in an external field of 600 Oe

o ) ~and in an angle range from 180° to 540°.
2 nm, the coercivity is about 1-2 Oe and the anisotropy field

around 5-6 Odsee Fig. 48], similar to the single-layer \yith thicker NiO layers. This can also be ascribed rto
Permalloy reference sample< 0) (coercivity is 1.2 Oe and -5, The nonvanishing rotational hysteresis at high mag-
anisotropy field 5.1 OeThis can be ascribed to the so-called netjc field is due to the retardation of the mean active easy
dead layer, a very thin NiO layel—2 nm) that does not gjrection(AED) of the NiO layer with respect to the magne-
show antiferromagnetic ordering due to the discontinuityiization of the NiFe layer, where the AED of a uniaxial AF
and/or interfacial diffusiort” Fromtyio=3 nmto 8 nm, the  grain is defined as one of the easy directions that is closer to
coercivity increases monotonically up to two orders of mag+he direction of the net surface moment of the gréifor a
nitude larger than that of the sample witho=1 nm while  fjjm with a simple uniaxial anisotropy, the torque amplitude
the hysteresis loops are still symmetric, no loop shift. It isper unit volume is equal to the anisotropy constaft)(and
often observed in exchange-coupled F/AF bilayers that thgne anisotropy fieldi,) can be expressed a&2/M;. Here
coercivity increases with increasing AF layer thickness andye try to extend this concept to evaluate the uniaxial anisot-
rgacﬂeg 2 peak value around the onset of the exchanggpy of bilayers. In the bilayers, if regarding the observed
bias:™“"“*Under a zero-temperature coherent rotation aptorque curves as being just a superposition of the contribu-
proximation, the condition for the onset of gxchange bias igjons from a uniaxial part and an isotropic péat constant
r=Jear/(2Kartar) <0.5, wherel g is the interfacial ex-  shift pary phenomenologically, we can get a so-called effec-
change coupling energy per unit ardd,e the anisotropy tjve anisotropy constank®'") by subtracting the torque am-

constant of the AF layer, aridr the AF layer thickness. If plitude and the isotropic part and calculate the effective an-
r>0.5, the AF spins can follow the switching of the F mo- isotropy field HE"'=2K®"/M.). The quick increase dfi¢’
e .

ment, giving an enhanced coercivity and no loop shift. K

A i : with the increase of,r (see Fig. 2 implies that the en-
The torque curves of samples with differéqio inafield  \anceq uniaxial anisotropy originates from the AF layer

high enough to reach the salturated state are .given iq Fig. {')hrough the interlayer coupling. With increasingq, the

The torque curves with 180° symmetry, consistent with thegpaneq of the magnetization curves along the hard magneti-
symmetric hysteresis loops, indicate an enhancement of thgyiq girection also change drastically. In the samples with
gn|aX|aI anisotropy rather than the_ generation of unldlr_ec-tNiO larger than 3 nm, two-step magnetization curves were
tional anisotropy usually observed in exchange-biased f'lmﬁbserved along the hard directipsee Figs. @) and 4c)].
Hysteresis curves of similar shapes can be found in the films
with biaxial anisotrop$”?3 and the small thin-film elements
with vortex domain structur&:?® However, for the bilayers
under investigation, these conditions are not satisfied so that
the two-step magnetization process must come from the AF
grains with distributed easy axes.

For a better understanding of the magnetic switching be-
haviors, a micromagnetic simulation was implemented. The
simplest approach to this problem is to assume that the fer-
romagnetic layer have a weak induced anisotropy where
magnetic moments rotate coherently during the magnetiza-

tyo (NM) tion process and that the antiferromagnetic layer consists of
: grains with randomly distributed easy axés® However,

FIG. 2. Dependence of the easy-axis coercivityX and the ~ With this assumption, we only get weak uniaxial anisotropy
effective anisotropy fieldH¢'" on the thickness of NiO layer. The and enhanced coercivity. The coercivity increases dramati-
line is a guide to the eyes. cally with the increases dfyg while the uniaixal anisotropy
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FIG. 4. Hysteresis loops along easy and hard d_irections withThe first term in Eq(1), the integration, is the summation of
tnio Of (&) 2 nm, (b) 4 nm, and(c) 7 nm measured using a VSM.  the interfacial exchange energies between the F layer and the
The samples were saturated along the easy direction before measwg grains and the anisotropy energies of the AF grains, the
ing the hard-axis loop. second term the anisotropy energy of the F layer, and the last

term the Zeeman energy due to the interaction between the F

is kept at the same order of magnitude as the single NiFgoment and the external field. As illustrated in Fig.¢6is
film. The strong uniaxial anisotropy and the two-step magthe angle between the easy direction of the AF grain (gD
netization process cannot be simulated. A natural way to in@"d the pinning directiorip.d) which is usually parallel to
troduce a strong uniaxial anisotropy dependingtgais to the applied field direction during the film fabrmaupﬁ,the
assume a preferential distribution of easy axes of AF grain@ndle between the F momerig) and the pinning direction,

along the magnetic field direction during the sputtering. Al-¢_the angle between the net surface moment of the AF grain

though it is unclear whether the uniaxial anisotropy compo—(SAF) and ED\¢, andy the angle between the extemnal field

nent comes from a macrostress or an in-plane textured struft) @nd the pinning directiore, M, andtg are the an-
isotropy constant, the magnetization, and the thickness of the

ture, the resulted symmetry break can give rise to : ) O . i
preferential distribution of easy axes as illustrated in Fig. Sa.F layer, respectively(¢) is the distribution function, which

. ) L ives the probability for thé&D, to orient along a certain
The angled, |s'employed to characte.nzg th!s distribution; girection.f?@ may{/ary in diﬁAeient samples. Fgor an ideal-
for example,d, is zero for a random distribution and for ;o4 preferential distribution as shown in Fighs we have
perfect parallel alignment of the easy axes. The total eNergy( 4)=1/(m— 6,) when — m/2+ 6/2< p<ml2— 6,/2 and
of such a system can be expressed as f() =0 whenp< — m/2+ 64/2 or ¢> /2~ 6,/2. Since the
AF layer is relatively thin, we have assumed that the spins in
E o f”’z 3 o each AF grain behave coherently throughout its thickness,
total™ 7/2[ F-AFCOS B d—ay) which means that the relative configuration of AF sublattice
spins inside a AF grain is kept the same during the magne-
+Kaptar sin2a¢]f(¢)d¢—KFtF sireB tization process so that each AF grain behaves like one spin
with a certain anisotropy and magnetic moment. We have
+MgteH cog ¢— B). (1) also assumed a coherent rotation of magnetization in the F
layer, makingB independent ofp. However, « differs for
B different ¢ because AF grains with different easy axis orien-

Easy axis distribution Active easy direction distribution tations may behave differently. In E(L), we usea , instead

of «, indicating thata is a function of . The hysteresis
/Aﬁ loops and the torque curves are calculated by tracing the
/
y

eo
local minima ofE, With respect tg3 anda,’s for varying
amplitude or direction of the magnetic field.
With the assumption of the preferential distribution of
easy axes of AF grains, the strong uniaxial anisotropy con-
| sistent with the experimental results can be deduced. Figure
Effective easy axis 7 shows the calculated{'", using the same definition as in
(a) (b) (¢) Fig. 2, which increases monotonically with the increase of
tap. If considering the dead laygabout 2 nm in the real
FIG. 5. lllustration of different types of distributions of easy sample, the calculated results quantitatively agree with the
axes and active easy directioria) random distribution(b) prefer- ~ measured values. The value &f o used in the calculation
ential distribution, andc) as-deposited state, assuming the samplewas derived from the initial susceptibility of the NiFe/NiO
is deposited with the applied field pointing to the right and a ferro-bilayers with a thick NiO layer, which could be an underes-

magnetic coupling between the F moment and the AF spins. timate because the interlayer coupling could be weaker for
larger AF grains. Then thK 4 was estimated by measuring
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200 T r23(sir?®0,+ cos’®0,)=1. 2)
—~ 150} / We assume that, at the as-deposited state, all the AED’s point
8 PN /‘ to the right distributed betweeB A andOB as shown in Fig.
e 100f © o~ i 5(c) if an external magnetic field pointing to the right was
° . T /./ o applied during the sputtering process. If the hysteresis loop
I 50} o v s | starts from the saturated state along the hard direchibn,
i/ v ) points to the hard direction with AED’s distributed as shown
B in Fig. 8@). The AED’s, which make an angle with the di-
0 1 2 3 4 5 6 7 8 rection ofM ¢ (hard direction larger thand.., flip into the left
t,. (nm) part, while the othergthe major pait remain at the right

part, resulting in a new distribution divided into two parts

FIG. 7. Simulated dependence Kf'" on the thickness of AP OC'-OB’ and OA-OC, as shown in Fig. @&). A new pin-
layer by calculating the torque curves using the followihg,r  Ning direction, which makes an angtewith the initial pin-
=0.25 erg/crh, Kar=3.0x10° erg/cn?, ME=800 emu/crd, tz  ning direction, is determined by this new distribution of
=10 nm, andfy=7/3. It shows the same tendency as the mea-AED’s of the AF grains. When the magnetic field is de-
sured torque. The insets are calculated torque curvestfpr creasedM¢ rotates clockwise towards the new pinning di-
=2 nm and 6 nm, respectively. The line is a guide to the eyes. rection[(a)— (b)]. This process is reversible and looks like

a typical magnetization process along the hard direction,
the critical angle,, (see below for definition™ Using these  \hich is controlled by the torque balance between the con-
parameters, the strong uniaxial anisotropyg(>100 Oe)  tributions from the external field and the AF-F interlayer
can be obtained by assuming a preferential distribution of theoupling. If the new pinning direction makes an angle larger
easy axes of AF grains. Besides the enhancement of uniaxigdan 6, with some of the switched AED's on the left
anisotropy, it is of interest that the two-step magnetization g.,-3> ¢.), that is, if the angle between the new pinning
process along the hard direction can also be successfullyirection and the hard directionm(2— B) is larger than
simulated. The mechanism of the two-step magnetizatiog_— 7, those AED’s will switch back from left to right
process is shown in Fig. 8. We also assume that \yhenM: rotates back toward the new pinning direction with
=Jear/(2Kartap)>0.5 to simulate the uniaxial nature. the decrease of the applied field. The switching of AED's can
Thus, the surface moment of AF grains can switch fO”OWinginduce further rotation oMF' which W|”, in turn’ switch
the rotation of the moment of the ferromagnetic layer. In themore AED’s from left to right. This self-accelerating process
case of 0.&r<1, the surface moment of AF gl‘ainS will causes a Steep S|Om'ee_, a Step in the M-H Curve[(b)
follow the rotation of the ferromagnetic momeMf) witha  _,(c)]. This is either a reversible or irreversible process,
retardation and it is SWitChing thﬂp and the AED of the depending on the value, which stops when no more AED’s
AF grain forms a critical anglef). During the switching can be switched due to a vacancy area in the easy-axis dis-
process, the net surface moment flips irreversibly and th@ipution around the hard direction, and is followed by a
AED is reversed. The critical switching angle can be deteryeversible rotation process with a less slofe)— (d)].
mined by the same astroid as that in Stoner-Wohlfarthyhen M. rotates to maked, with the AED, OA, another
mo.deF7'in which the reduced external field is replacedrby  self-accelerating process starts with the switching of the
which gives AED from right to left[ (d)— (e)], giving rise to the second
step in theM-H curve. No flip of the AED occurs when
0o/2< 77— 6. Thus, the necessary condition for yielding the
new p. d. two-step magnetization process along the hard direction is
0<6y<2(m—8.).

Figure 9 shows the simulated magnetization curves along
the hard direction for different AF layer thicknesses. One can
see that the change of the characteristics of the magnetization
process with increasingr is in good agreement with the
experimental results. In the case of very a thin AF layer, the
AF surface moment can folloM ¢ without switching behav-
ior (i.e., .= m/2), and no hysteresis appears even at the
stepping part. However, at the beginning and the end of mag-
netization process, the moment rotates faster than in the
middle of magnetization process. The faster parts are due to
the change of the AED’s. Here the AED’s change via second-
order transitions, not first-order transitions. With increasing
tar, I.€., increasing the anisotropy per unit area of the AF

(b) %

FIG. 8. Mechanism of two-step magnetization proc#ssndi-  grains, the first-order transition starts to occur in some of the
cates the critical angle for switchingy) - the magnetic moment of AF grains, in two steps. With decreasing the field from the
the F layer, and new p.d. the new pinning direction. saturation in the positive hard direction, the spins of the AF
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grains in the second quadrant first start to switch accompawould be that the probability for the AF easy axes distribut-
nied by the switching of their AED’s into the fourth quad- ing around the pinning direction is much larger than that
rant. Then at some negative field, some spins of the ARround the hard direction, such as a modified Gaussian func-
grains in the first quadrant start to switch and their AED’s aretion with respect to the angle, which can give rise to the
switched to the third quadrant. It is obvious that a symmetricconstant shift part of the nonvanishing rotational hysteresis
curve is obtained for increasing field. With the increase ofwhile keeping the characteristics of the preferential distribu-
tag, the first critical field on the descending curve decreasetion because a retardation angle between the F moment and
while the second critical field on the ascending curve in-the effective pinning exists in the whole angle range al-
creases. Similar features can also be observed on the expettiough the population of the AF spins being switched can be
mental curves. However, some disagreements between thvery different depending on the F moment orientation. The
simulated and experimental curves are seen. According to thdistribution function can be obtained by fitting the experi-
simulation, the remanence is zero if the first step happenmental curves if the distribution of the F/AF interfacial cou-
before the field decreases to zésee Fig. ®)]. This is not  pling has been estimated according to the grain size distribu-
true for some experimental curvesee Fig. 4b)]. To under-  tion or is set as a fitting parameter as well. The preferential
stand the nonzero remanence, we have to go beyond thlistribution is evidently a rather general feature in the F/AF
coherent rotation model. One possible explanation is as folbilayers because the enhanced uniaxial anisotropy and the
lows: When the AF layer is relatively thint(;o~4 nm), two-step magnetization process were also observed in many
i.e., O.~m/2, the AED distribution at the saturated statedifferent types of bilayers, such as NiFe/lrMsee Figs.
along the hard direction is rather symmetrical with respect tdlO(@) and 11a)], CoFe/NiO [see Figs. 1M®) and 11b)],
the hard direction. When the field is removed, the local magCoFe/FgO; (Ref. 31), NiFe/FeO; (Ref. 31, and NiFe/
netic moments can rotate either clockwise or counterclockFeMn (Ref. 32 when the AF layers are relatively thin. As-
wise due to variation of local magnetic properties in AF suming a preferential distribution, the coexistence of the uni-
and/or F layer. Then the entire area of the film can split intodirectional and uniaxial anisotropies in the bilayers with
small parallel magnetic domains separated bgINealls and  thick AF layers®~>°can also be easily understood, although
give rise to a nonzero remanerfeAnother explanation an alternative explanation has been propd8édThe model
would be as follows: Instead of splitting into parallel do- described above can be regarded as an extension of the FC-
mains, the ferromagnetic layer may be divided into manytype model, which can account for all the phenomena that
small regiong>%® inside which the magnetic moments are can be explained by the previous FC-type motfels and
parallel to each other, but the direction of magnetizationalso the new phenomena related to the preferential distribu-
slightly changes from region to region due to the inhomog-ion of the easy axis of AF grains. Although the discussions
enous distribution of AF grains giving rise to a dispersion inin this paper are limited to the effect of the implantation of
the local pinning directions. Figurg® demonstrates how a the preferential distibution into the FC-type models for the
very small dispersion of the local pinning direction can resultpolycrystalline F/AF bilayers, the concept of a preferential
in the nonzero remanence along the hard direction. distribution could be also introduced into other types of mod-
As shown above, the mechanism of the two-step magnezls, resulting in similar or even more complicated phenom-
tization process and the enhanced uniaxial anisotropy can na.
well understood using a simplified picture of the preferential ~Although the observed phenomena can be well described
distribution, in which the easy axes of AF grains are assumetly the preferential distribution of the easy axes of the AF
to uniformly distribute within a certain angle range aroundgrains, the origin of such a distribution is still an open ques-
the pinning direction. A realistic preferential distribution tion. To our knowledge, there could be several reas@bs:
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. . FIG. 11. Hysteresis loops g&) NiFe (10 nm/IrMn (3.5 nm)
FIG. 10. Torque curves &) NiFe (10 nm) and NiFe(10 nm/ ) .
I'Mn (3.5 nm) and (b) CoFe(5 nm) and CoF&5 nm)/NiO (3.5 nm and (b) CoFe (5 nm)/NiO (3.5 nm bilayers measured along both

measured in magnetic fields high enough to saturate the samplgt'e easy and hard directions. The two-step magnetization processes

The torques have been normalized with respect to the magnetﬁan be seen on the hard-axis loops.

moment of the sample which can be deduced from torque amplitudgssymed, the local atomic spins at the surface of the AF grain
at low field. NiFe/IrMn and CoFe/NiO layers show strongly en- cgn pe either parallel or antiparallel to the F moment. The
hanced uni_axial anisotropy compgred with the single ferromagnetigiyms at the interface tend to rearrange by diffusion so that
layers of NiFe and CoFe, respectively. more interfacial atomic spins orientate parallel to the F mo-
ment. The driving force, the F/AF exchange energy, is pro-
The in-plane texture structure can give rise to a preferentigbortional to the cosine of the angle between the F moment
distribution of the easy axis of the crystalline anisotropy ofand the atomic spin of NiO, which is determined by the easy
the AF grains. In our samples, a combingddl) and (200 direction of the AF grain and thevalue. It can be deduced
out-plane texture was observed, but no in-plane texture waghat the AF grain with its easy axis along the applied field
detected by x-ray diffraction. High-resolution transmissiondirection has the largest increase of the surface net moment
electron microscopyTEM) would be of help in tracing the and gives rise to a preferential distribution of the interfacial
fine structures(2) In-plane anisotropic stress may cause aexchange coupling. This distribution should be sensitive to
preferentially distributed magnetoelastic anisotropy. The inthe thickness of the AF layer because of the variation of the
plane anisotropic stress may originate from a combination of value. The phenomena we observed may come from a kind
the magnetostriction of the magnetic layer, the different therof combination of the mechanisms described above. Further
mal expansion coefficients of different materials, and the ininvestigations of the interface structure, stress distribution,
terfacial lattice matching if the magnetic film is depositedand magnetic annealing effect are required to clarify the
under an external fieltf**To quantify the anisotropy caused mechanism and to provide useful information about the na-
by the stress, one needs information about the stress distitiure of the anisotropy and the interfacial coupling in the bi-
bution in the NiO layer and the magnetostriction constant ofayers.
the NiO film. (3) A preferential distribution of the strength of In conclusion, the enhanced uniaxial anisotropy and the
the interfacial coupling may be phenomenologically equiva-two-step magnetization process in the NiFe/NiO bilayers can
lent to the preferential distribution of the AF easy axes. Dur-be well explained by the preferential distribution of the easy
ing the preparation or annealing under an external field, thexes of the AF grains. The preferential distribution model
net moment at the surface of NiO may increase through thean serve as a more realistic model for polycrystalline F/AF
diffusion of the interfacial atoms to minimize the interfacial bilayers than the parallel alignment, which cannot explain
exchange enerdy. For example, if the easy axis of the AF the two-step magnetization process and nonvanishing rota-
grain is parallel to the applied field direction and a ferromag-ional hysteresis at high field, or the random distribution
netic coupling between the F moment and the AF spin ismodel, which cannot account for the enhanced uniaxial an-
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