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Coercivity and magnetization reversal mechanism in ferromagnet/antiferromagnet bilayers:
Correlation with microstructure of ferromagnetic layers
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Exchange biasing in GgNigo/ FeMn and CgCr,o/ FeMn bilayers has been investigated, where the CoCr
layers are of granular structure and the CoNi layers are in the form of a single phase. In the above two series
of bilayers, the exchange field is proportional totd,/ (tzy denotes ferromagnetic layer thickngsBor
CoNi/FeMn bilayers, the coercivity and the uniaxial anisotropic field decrease with incre@gingith a
linear scale of 1tgy. Since they are equal to each other, the magnetization reversal process can be described
by magnetization coherent rotation and the coercivity enhancement can be explained in terms of a uniaxial
anisotropy model. For CoCr/FeMn bilayers, however, the coercivity displays unusual behaviors. First, in
comparison with that of single CoCr layer films, the coercivityaducedinstead of enhanced. Secondly, it
increaseswith increasingtgy. Finally, the coercivity of the bilayers isot equal to the uniaxial anisotropic
field. A noncoherent rotation process is proposed to occur during the magnetization reversal process. The
different characteristics of the coercivity and magnetization reversal mechanisms in the two series of bilayers
result from the different microstructures in the CoNi and CoCr layers. The present work might be helpful to
clarify the mechanism for the coercivity enhancement in ferromagnet/antiferromagnet bilayers.
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[. INTRODUCTION from the coherent magnetization reversal process and the
uniaxial anisotropy. In order to explain the tﬁ,’\ﬁ depen-

For exchange-biased antiferromagrétF)/ferromagnet dence, a random field model was u$elh. this model, the
(FM) bilayers, the coercivitHc of the pinned FM layers is FM layers are considered to break into multiple domains
usuallyenhanced in comparison to that of corresponding freeluring the magnetization reversal process, and the AF pin-
FM layers and the hysteresis loop is shifted away from thening materials provide additional critical fields, such as in-
zero field, which can be used as a fingerprint of the exchangrfacial random field812 to hinder the motion of the FM
biasing!~3The exchange fieltl is inversely proportional to  domain wall. With the noncoherent magnetization rotation
the FM layer thickness. The enhancétt normally de-  and multidomain formationsi. of the exchange-biased lay-
creases with increasing FM layer thickness. As being pointeérs will be determined by the competition between the criti-
out by a phenomenological model, th enhancement is cal field of the free FM layers and the additional critical field
related to the anisotropic properties of the AF layers, thegiven by AF materials. If the critical field of the domain-wall
interfacial exchange coupling energy, and the domain-walimotion in the free FM layers is larger than that provided by
energy density of FM layersThe quantitative dependence the AF layers, no coercivity enhancement can be expected.
of the Hc enhancement on the constituent layer thickness iTherefore, the detailed magnetization reversal process is of
less well understood. For examplec has been found to crucial importance in the explanation of the coercivity en-
vary as a linear function of 14, (wheretgy, is the FM layer  hancement.
thicknes$ in permalloy/FeMn bilayers while it has a tEf From the above analysis, it can be known that the coer-
dependence in permalloy/CoO bilayéfs. civity enhancement in AF/FM bilayers should also depend

In addition to the factors mentioned above, the intrinsicon the microstructure of corresponding free FM layers since
magnetic properties and the magnetization reversal mech#éhe magnetization reversal form is strongly related to the
nism of the free FM layers should also have a great influencenicrostructure of the FM layers. To date, most of the studies
on theH¢ enhancemerft’ Several theoretical models con- about the coercivity enhancement have been focused on
sidering these effects have been developed to quantitativelikF/FM bilayers with FM materials of single phase such as
account for theHc enhancemerft:!! For example, Qiaret  Co, Fe, permalloy, and CoFe alloy3he intrinsic coercivity
al. proposed a so-called uniaxial anisotropy motielwhich  and critical field for the motion of domain walls are very
theHc enhancement can be explained in terms of an inducedmall in these materials. In order to study the effect of the
uniaxial anisotropy. Since the uniaxial anisotropy is inducedmicrostructure of the FM layers on the coercivity enhance-
by the interfacial exchange coupling, it should be propor-ment, more experiments are required with the FM materials
tional to 14gy. In the case of the coherent rotation model, of extremely different microstructures. In this paper, we will
H¢ should be equal to the uniaxial anisotropic field and thuslearly show that the microstructure has a strong effect on
is inversely proportional to the FM layer thickness. The lin-the magnetization reversal process and the coercivity en-
ear dependence of thec enhancement on 14y, results hancement of the FM/AF bilayers by using g0r,
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(CoCn/FegMnsy (FeMn) and CggNigg (CoNi)/FeMn bilay-

ers. As is well known, CoCr alloys as a magnetic recording
material possess a granular microstructure and special mag-
netization reversal mechanistin contrast, the CoNi alloy

is a typical magnetically soft material of single pha$&@he
magnetization reversal mechanism and coercivity enhance-
ment in CoNi/FeMn bilayers are found to be different from
those for CoCr/FeMn bilayers.

Il. EXPERIMENTS

Two samples of substrate/C80 nm/CoCr0—-30 nm)
and substrate/G80 nm/CoCr (0—30 nm/FeMn (20 nm),
which were denoted as CoCr single-layer film and
CoCr/FeMn bilayers, were deposited by dc magnetron sput-
tering on S{100 from Cu, C@yCry, and FgyMns, targets
with deposition rates of about 0.1 nm/s. The base pressure
was 4x 10°° Pa and the Ar pressure is 0.45 Pa during depo-
sition. Wedge-shaped CoCr layers were used in order t
avoid run-to-run error. The 30-nm-thick Cu buffer layer is
used to stimulate thel11) growth of fcc FeMn layers, which
were finally covered by another 30-nm-thick Cu capping
layer. A deposition field of about 130 Oe was applied paralle
to the film plane during deposition to establish the eXChang?nagnetic at room temperatue
biasing in CoCr/FeMn bilayers and uniaxial anisotropy in Figure 2 shows the x-réy-diffraction spectrum  of
CoCr single-layer films. No usual field cooling-C) was CoCi(20 nm/FeMn (20 nm bilayers. Apparently, Cu and
performed for the CoCr/FeMn bilayers. Easy axis in CocheMn layers are of fcc texiure witdiil) and (220 ’orienta-
single-layer films and CoCr/FeMn bilayers is parallel to thetions and the intensity of the former diffraction peak is much

deposition field. Microstructure characteristic of single th'Ckstronger than that of the latter one. It is noted that the fec

CoCr films was analyze;d by' transmission electron MICTOSEeMn is antiferromagnet and is essential to establish the ex-
copy (TEM) and x-ray diffraction.

. change biasing, and th¢l1l) preferred orientation of
A large sample of Cu (30 nm/wedged-CggNigg .
(0—25 nm/uniform-FeMn (15 nm was prepared onto a Si FeMn layers was argued to have a stronger exchange biasing

. . , |tﬁlhan other orientations!® A broad diffraction peak of
(100 substrate using a dc magnetron sputtering system wit — _ _
a base pressure of>410°° Pa. The 30-nm-thick Cu buffer CoCr(1011) exists. Two possible reasons can be proposed to

layer was also used to promote the growtH L) oriented broaden t_he peak. First, it might mean small grains of CoCr.
fcc AF FeMn. Details of preparations were similar to thoseSMall grains and even amorphous structure were observed in
for permalloy/FeMn one®.The unidirectional anisotropy 2S-Prepared thin CoCr layer fil&Secondly, itis caused by
was established by using a standard field-cooling procedd'® inhomogeneous distribution of the composition in CoCr
from 420 K to room temperature under an applied field oflayers. This is because the position of the Q|ﬁract|on peal_< is
10 kOe parallel to the deposition field. strongly relgteq to the composition. From Fig. 2, one can find
A vibrating sample magnetometé¥SM) was used to that the grain size of_ FeMn is n_1uch larger t_han that of CoCr.
measure in-plane hysteresis loops to deterntgeand He. The exchange biasing can still be established, although a
Ferromagnetic resonan¢EMR) measurements were carried 200
out using a Bruker ER 200D-SRC EPR spectrometer, with a
fixed microwave frequency of 9.78 GHz and swept external
dc field. The FMR spectra with respect to various orienta- 1501 .

tions of the dc magnetic fielt were obtained by changing FaMn(111)

the azimuthal anglepy in the film plane. All measurements
were carried out at room temperature.

FIG. 1. Co jump-ratio imaging of CoC{20 nm single-layer
iIms obtained from electron-energy-loss spectra in TEM. The
right region means a higher Co content than the dark region.

composition higher than 25 at. % and is paramagnetic at
(oom temperature. The Co-rich phase refers to the CoCr al-
oy with Cr composition lower than 25 at. % and is ferro-

100+ CoCr{1011)

CPS

o FeMn
@)

Ill. RESULTS AND DISCUSSION 50 FeMn(220)

Cu(220)

Figure 1 shows the Co jump-ratio imaging of CoCr
(20 nm single-layer films. The TEM plan view bright field 05 %0 <0 50
micrograph shows composition nonuniformity in the depos- 20 (deg)
ited CoCr layer. The granular structure with coexisting Co-
rich and Cr-richphases was commonly observed in CoCr FIG. 2. X-ray-diffraction spectrum of CoCf20 nm/FeMn
alloys!3 The Cr-rich phase refers to the CrCo alloy with Cr (20 nm bilayers with a CuKa source.
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FIG. 3. Typical in-plane hysteresis loops of CoCr single-layer
films with different layer thickness along the deposition fielgkH
(left column and perpendicular to &, (right column. The inset
numbers refer to the CoCr layer thickness.

FIG. 4. Typical in-plane hysteresis loops of CoCr/FeMn
(20 nm bilayers with different CoCr layer thickness along the
deposition field Hg, (left column and perpendicular to &, (right
column. The inset numbers refer to the CoCr layer thickness. The
easy axis is parallel to the deposition field.

small diffraction peak otxr FeMn is also detected. Moreover,

the CoNi layers are in the form of a single pha&dhere- Hyes= Ho = HEMR cos ¢y — Hy cos 2py, (1)
fore, the microstructures of the CoNi and CoCr layers are

extremely different.

Magnetization measurement results of single CoCr layewhere ¢ is an azimuthal angle between the external field
films are shown in Fig. 3. One can find that the in-planeand the unidirectional axisHER is the FMR-measured
hysteresis loops are squared for all orientations of the appliedxchange field and the uniaxial anisotropy fieldy
magnetic field with respect to the deposition field. Figure 4=2Ky/Mgy, whereKy and Mgy, are the uniaxial anisotropy
shows typical in-plane hysteresis loops of CoCr/FeMn bilay-energy and the FM magnetization, respectively. The isotropic
ers with various FM layer thickness. Along the easy axis, i.e.resonance field shift,, taken as the average value of the
the direction of the deposition field, the hysteresis loop isin-plane resonance field,., was suggested to come from
squared for thick CoCr layers but slanted for very thin CoCrthe irreversible rotation of the AF spin&.
layers. For all samples, the hysteresis loops are shifted away For CoCr/FeMn bilayers and CoCr single-layer films
from the zero field, demonstrating the introduction of thewith thick FM layers, the unidirectional and uniaxial aniso-
exchange biasingHg increases with decreasing FM layer tropic fields can be calculated easily, as shown in Fig).5
thickness. Similar to the CoCr single-layer filni$z of the ~ With thin FM layers, however, the FMR spectra cannot be
bilayers increases with increasing FM layer thickness. Alonditted just considering the unidirectional and uniaxial
the hard axis, the hysteresis loop is completely slanted foanisotropies; additional symmetrical anisotropy terms must
small CoCr layer thickness and is almost squared for largée included. For all CoCr layer thickness, the angular-
CoCr layer thickness. At the same time, the hysteresis loop idependent FMR spectra of single CoCr layer and
centered about the zero magnetic field. After comparing th€oCr/FeMn bilayers are similar to each other. The well de-
results in Figs. 3 and 4, one can find that an enhancement éihed angular dependence of the resonance field in
the uniaxial anisotropy has been induced in the CoCr/FeMiCoNi/FeMn bilayers is related to the single phase of CoNi
bilayers by AF layers. layers. So, it is indicated that the magnetic anisotropic prop-

Figure 5 shows the angular dependence of the in-planerties of the FM/AF bilayers are closely related to the micro-
resonance field for CoNi/FeMn and CoCr/FeMn bilayersstructure of corresponding FM layers. Moreover, the magni-
and CoCr single-layer films. For all CoNi/FeMn bilayers, astude of the anisotropic field for CoCr/FeMn bilayers is larger
shown in Fig. %a), the angular dependence can be well de-than that of CoCr single-layer films for all CoCr layer thick-
scribed by unidirectional and uniaxial anisotropies. The usuahess and the additional uniaxial anisotropy is therefore in-
expression for the resonance field can be writtér- s duced by the AF layers.
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FIG. 5. Typical angular dependence of the in-plane ferromag-

netic resonance field for CoNi/FeMn bilayés, CoCr single-layer
films (b), and CoCr/FeMn bilayeré&). The inset numbers refer to
the FM layer thickness.

microstructure of the FeMn layers, and thus the exchange
coupling energy?
Figure 7 shows the variations of thé: and the aniso-
Figure 6 shows the exchange field in CoNi/FeMn andtropic field versus the FM layer thickness for CoNi/FeMn
CoCr/FeMn bilayers. For the two series of samples, the vai2nd CoCr/FeMn bilayers, and CoCr single thick films. As
ues of Hg from the VSM and the FMR are equal to each shown in Fig. Ta), for CoNi/FeMn bilayers, the coercivity
other and are inversely proportional to the FM layer thick-

ness. Obviously, the values blz from the two methods are 80
identical although the CoNi and CoCr layers have different . :
microstructures and magnetization reversal mechanisms, un- 60r * ]
like other experimental result82°Although the CoCr layers il §
have a granular structure, the linear dependence still holds in }40- ‘v -
the CoCr/FeMn bilayers. It is noted thi has a small but ,.—I"
negative value as 14y, approaches zero, which might be due 20,
to a measurement artifact. With the slope of the curve and the

-~ . 005 010 0.5 020
FM magnetization, one can calculate the exchange coupling . ()
energy. It is 0.011 erg/cfnfor CoCr/FeMn bilayers and 160 e
0.057 erg/crA for CoNi/FeMn bilayers. Note that the ex- - ® - H_(bilayer) |
change biasing is established by the deposition field and the 8 120l '_;_‘:cg'l‘f;:)“y“) .
post-FC for CoCr/FeMn and CoNi/FeMn bilayers, respec- } —O— H (single layer) _. "
tively. For specific FM/AF bilayers, the exchange coupling ¥ 8ot ~
energy in the case of post-FC is larger than that of as- o sl
prepared sampléd.Other reasons like small magnetization 40t _o,;;i
and rough CoCr/FeMn interfaces should also be considered. ;://\O/O
The magnetization of 320 emu/érfor CoCr layers is about 0015 20 25 30
half of the value of 640 emu/chior permalloy alloys. Since t,,, (nm)

the exchange coupling energy scales as a function of

VMg, 22 the small magnetization of the CoCr layer is an-  FIG. 7. Dependence of ¢and the anisotropic field Jon the
other major reason for small exchange coupling energyrM layer thickness for CoNi/FeMn bilayer&), and the CoCr
Moreover, the granular structure of the CoCr layers is exsingle-layer films and CoCr/FeMn bilayefis). The dashed line in
pected to have a great impact on the interface roughness, tl@ refers to a linear fit.
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and the anisotropic field are equal to each other and both dbr CoNi/FeMn bilayers and other conventional ofess
them are proportional to the inverse FM layer thicknessshown in Fig. 7, one can find that the uniaxial anisotropic
demonstrating an interfacial nature. Apparently, the coerciviield and the coercivity are not equal to each other for most
ity enhancement can be attributed to the induced uniaxiabf the CoCr/FeMn bilayers. Apparently, the coercivity be-
anisotropy and the magnetization reversal process can be deavior and the magnetization reversal process in
scribed by the coherent rotation model. Therefore, forCoCr/FeMn bilayers cannot be explained in terms of the
CoNi/FeMn bilayers, the coercivity behavior can be ex-uniaxial anisotropy model and the magnetization coherent
plained very well by the uniaxial anisotropy modebimilar  rotation modef. The magnetic properties of CoCr/FeMn bi-
results were also observed in permalloy/FeMn bilay&rs.  layers are in agreement with those of CoCr single-layer
It is well known that for CoCr single-layer filmsi:  films.
shows strong microstructure dependehtés shown in The reason for the reduction of thi in the CoCr/FeMn
TEM micrograph(Fig. 1), the CoCr layer consists of Co-rich bilayers in comparison with free CoCr layers can be ex-
and Cr-rich phases and the former grains are separated by th&ained as follows. As an AF material, the FeMn layers have
latter ones. For small CoCr layer thickness, thaxis of the  two effects onH¢ of the CoCr layers. First, the FeMn layer
hcp Co-rich component is distributed in the film plane has a pinnng effect on the CoCr layer. Since the coercivity
randomly:® which results in isotropic in-plane hysteresis behavior in CoCr/FeMn bilayers cannot be attributed to the
loops in Fig. 3. For CoCr single-layer films, two important uniaxial anisotropy modél,other models like the random
factors have influence on the dependencéigfon the FM  field or interfacial magnetic frustration must be considered to
layer thickness, including the size of Co-rich grains and theiexplain the phenomerfa® New critical fields given by
interaction. As the CoCr layer thickness is increased, thé&eMn layers might also hinder the motion of the domain
grain size of the Co-rich component increadess shown in -~ wall in CoCr layers. If the new critical fields are not larger
Figs. 1 and 2, the grain size is as small as a few nanometetean the intrinsic ones of the CoCr layerllc of the
and much smaller than the critical value for single domainCoCr/FeMn bilayers is not larger than that of the CoCr
particles. In this case;l: should increase as the grain size single-layer films and consequently no coercivity enhance-
and thus the CoCr layer thickness are increased. At the sanmeent occurs. According to the random field mo@itHe criti-
time, the separation between Co-rich grains increases witbal field is proportional to/Jgy.ag. SinceJgy.ar is the aver-
increasing CoCr layer thickness and the interaction becomesge exchange coupling energy at the FM/AF interface and is
weak accordingly. This favors coherent rotation in individualstrongly related to the interfacial roughness, it is not easy to
Co-rich grains and thus coercivity enhancentérithe varia-  obtain the value ofg.Ar. Therefore, the critical field cannot
tion of He in CoCr single-layer films with increasing the be obtained without the exact value &j,.¢- Alternatively,
CoCr layer thickness can be clearly understood. however, since the exchange biasing in the present
For CoCr single-layer films, the hysteresis loops are al-CoCr/FeMn bilayers is so weak that the exchange coupling
most isotropic with respect to the external magnetic fieldenergy is as small as 0.011 erg/gmne can predict that the
which does not coincide with the angular dependence of thenterfacial interaction is weak and thus the critical field is
in-plane resonance field, as shown in Figs. 3 and 5. At theery small. This conjecture needs further experimental inves-
same time, the coercivity is not equal to the anisotropic fieldfigation. At least one can know that the coercivity enhance-
as shown in Fig. (b). Therefore, the magnetization reversal ment is equal to zero or very small because of the weak
of the CoCr single-layer films is accompanied by the noncoexchange coupling energy.
herent rotation model anHl is determined by the critical The second effect of the FeMn layers originates from ad-
field during the motion of the domain wall. Note that 180 ditional interactions between Co-rich grains in the bilayers.
degree domain walls were observed in thin CoCr layeAs  Since the grain size of FeMn is much larger than that of
discussed above, the magnetization reversal process of a&loCr, the neighboring grains of CoCr can be connected to
CoCr single-layer films is related to the granular microstruc-each other through FeMn grains and the Co-rich grains in
ture of CoCr layers. CoCr/FeMn bilayers are further coupled to each other
As shown in Fig. T), the uniaxial anisotropic field in through the FeMn ones, in addition to the interaction through
CoCr/FeMn bilayers is enhanced, in comparison with CoCthe Cr-rich component. The mechanism of the interaction is
single-layer films. The anisotropic field in CoCr/FeMn bi- similar to the interlayer coupling between FM layers in FM/
layers decreases with increasing FM layer thickness but doesF/FM sandwiches or multilayer$. Therefore, the average
not change significantly with FM layer thickness in CoCr interaction between CoCr grains becomes stronger than that
single-layer films. The enhancement of the uniaxial anisoof the single-layer films ané#i. of bilayers becomes smaller
tropy in CoCr/FeMn bilayers decreases with increasing FMthan that of CoCr free layer filn¥s.From the above analysis,
layer thickness and can therefore be ascribed to the exchangee FeMn layers have two impacts on the coercivity charac-
coupling between CoCr and FeMn bilayers, demonstratingeristic of the CoCr/FeMn bilayers. Unfortunately, they are
an interfacial nature. As shown in Fig(bJ, however, for difficult to be separated from each other since the two effects
CoCr/FeMn bilayers and CoCr single-layer films, tHg  exist simultaneously. These effects become weak with in-
increaseswith increasing CoCr layer thickness. More impor- creasing CoCr layer thickness and the difference of the co-
tantly, H¢ of the CoCr/FeMn bilayers is smaller than that of ercivity between the bilayers and the single-layer films ap-
CoCr layers, that is to saylc is reduced instead of en- proaches zero, as shown in Figb)¥
hanced The reduction decreases with increasing CoCr layer It is instructive to compare our specific system with the
thickness. These distinguished features are contrary to resulienerally observed coercivity enhancement in granular
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FM/AF systems-?” Two major reasons can be used to ex-the CoCr single-layer films and increases with increasipg
plain the difference in exchange biasing between these twim the two series of samples. For CoCr/FeMn bilayers, the
configurations. First, in Co/CoO and Co/NiO powder sys-coercivity differs from the anisotropic field. The magnetiza-
tem, the inner Co is of single phase while the CoCr layer irtion reversal process can be described by the coherent rota-
our system is of two phases, which might induce differenttion model in CoNi/FeMn bilayers while it is accompanied
magnetization reversal mechanisms. Secondly, no dipolar iy a noncoherent rotation process in CoCr/FeMn bilayers.
teraction exists between Co powders while it exists inThe uniaxial anisotropy model can be employed to explain
CoCr/FeMn bilayers. Moreover, the pinning effect of thethe coercivity enhancement in CoNi/FeMn bilayers. Other
CoO and NiO coating layers is different from that of the models must be considered to explain the usual coercivity
FeMn layers. Studies of the exchange biasing in FM/AF bi-behavior in CoCr/FeMn bilayers, in which the detailed mag-
layers with granular configuration will be helpful to reveal netization reversal mechanism should be considered. These
the nature of the coercivity enhancement because a differem¢sults indicate that the coercivity and the magnetization re-
magnetization reversal mode can be obtained by modifyingersal mechanism of the FM layers are related to the micro-
the shape and the size of granules. structure of the FM layers. The present work might be help-
ful to clarify the mechanism of the coercivity enhancement

in FM/AF bilayers.
IV. CONCLUSIONS
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