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Exchange bias in ferromagnetifcompensated antiferromagnetic bilayers
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By means of micromagnetic spin dynamics calculations, a quantitative calculation is carried out to explore
the mechanism of exchange bi@B) in ferromagnetid FM)/compensated antiferromagnetisFM) bilayers.
The antiferromagnets with low and high &léemperatures have been both considered, and the crossover from
negative to positive EB is found in the case with loweNemperature. We propose that the mechanism of EB
in FM/compensated AFM bilayers is due to the symmetry breaking of AFM that yields some net ferromagnetic
components during cooling process.
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Exchange anisotropy was first discovered in 1956 byever, the former two theories were carried out with micro-
Meiklejohn and Bean,who found that the hysteresis loop of magnetic calculations without consideration of the cooling
Co/CoO after cooling in a magnetic field was no longer cenfield; the latter two theories pointed out the cooling field
tered at zero field H=0) but was shifted along the field without micromagnetic calculations and lacked much more
axis. The shifted direction was found to be opposite to thedetailed and sufficient microscopic information. Up to now,
applied magnetic fieldnegative exchange bid¢g<<0) and  the exchange bias mechanism is still controversial.
the magnitude of this shift is known as exchange BEB). In this paper, based on the assumptions that an antiferro-
It was subsequently established that this might be a generatagnetic interface coupling between FM/AFM is respon-
phenomenon for any ferromagnéFM)/antiferromagnet sible for exchange bias in FM/compensated AEM;3and
(AFM) system cooling in an applied magnetic fi¢twboling  that the biased hysteresis loop is basically determined by the
field) from above the Nel temperature Ty) of the AFM,  spin configurations in the underlying antiferromagnetic layer
with the FM Curie temperatureT¢) greater thanTy. In  after cooling**~® we carry out micromagnetic calculations
recent years, since the phenomenon of exchange bias hasing spin dynamics to explain the mechanism of EB in the
become the basis for an important application in informationFM/compensated AFM systenBhysically the key point dif-
storage technologytremendous efforts have been made atferent from previous micromagnetic calculatidhisjs ad-
exploring the mechanisit’ dressing the cooling field during cooling proce$&e suc-

Meiklejohn and Bean originally suggested that exchangeeed to reproduce both the negative and positive EB effects.
bias was a consequence of the presence of interfacial uncor@Qualitatively speaking, it is a competition amortg the
pensated AFM spins. In view of this argument, a naturalcooling magnetic field(ii) the interface coupling of FM/
question to ask is whether the exchange bias also exists in&FM, and (iii) the spin-spin interaction and anisotropy of
FM/compensated AFM system. Surprisingly, in a compenAFM that eventually determines the spin configurations in
sated Fe/FeFbilayer system, Nogiseet al. observed not AFM during the cooling process.
only the usual negative exchange bias but also an unexpected For an AFM with weak spin-spin interactigtow Ty), the
positive exchange biaH>0) under large cooling fields.  spin configuration of AFM at low cooling magnetic field is

Several important theories have existed to study the exdominated by an AF-type interface coupling of FM/AFM.
change bias in compensated AFM. K8gmesented a micro- Therefore, the initially compensated AFM layers, especially
scopic explanation of EB due to an irreversible AFM domainthe interface AFM layer, become weakly uncompensated, re-
wall and found a perpendicular orientation between the FMAulting in a net ferromagnetic component opposite to the
AFM axis directions: namely, a spin-flop state. Schulthessooling field (or the magnetization in FM The hysteresis
and Butlef obtained that spin-flop coupling gave rise to aloop is then measured at low temperature after removing the
uniaxial anisotropy rather than leading to EB with consider-cooling field, while the spin configuration in AFM is frozen.
ation of magnetostatic interactions for a perfectly flat inter-Similar to the arguments given by Meiklejohn and Bean, it
face and attributed EB to the interfacial defects similar tocan easily be deduced that the broken symmetry of AFM in
Malozemoff's random field. Hong® argued that interface this case favors the negative exchange bias. However, on the
spin configuration persisted after cooling beldw, and other hand, if the cooling fieltH¢ is large and comes to
negative or positive bias, respectively, corresponded to padominate, then a net ferromagnetic component along the
allel or perpendicular easy axes of FM and AFM. Kiwi cooling field is expected. Because of the AFM-type interface
et al1® suggested a canted AFM spin configuration frozencoupling of FM/AFM, it turns out that the broken symmetry
into a metastable state and proposed the incomplete FM d@f AFM in this case favors a positive exchange bias. On the
main wall model to explain positive exchange bias. How-other hand, for AFM with a strong spin-spin interactigmgh
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Tn) only negative EB can be found in a reasonably high 3ol
Hce. The quantitative results are given in the following to 20 *
reveal in detail how these different terms affect the broken | Hooee *
symmetry of AFM layers and its correlation with the ex- —~ 10} , e
change bias. \8/ 0

Our model Hamiltonian is ol 2 ;2 /i

H=HaatHertHar, 6y 20} B R
S 05

whereH 5_4 is the part of AFM layersiH g ¢ andH 5. the FM -30F R %_1_0 i/
and the interface coupling between AFM and FM layers. 40F - g 2007100, 8 TI00 200
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H__(kOe)
Haa=2, JanS-S—-D S92—H ug)S",
AA <|Ej> AnS S AZi (S) CFEi (9atie)S FIG. 1. Exchange biaslg as a function of cooling magnetic

(2 field Hog for FM/AFM with lower Ty (FeR). Dashed and solid
lines in the inset show the negative and positive magnetic loops at 2
" kOe and 7 T cooling field, respectively.
HF-F:_%:> JF—FS'SJ_HCFZ (9rUB)ST, 3
long step of spin dynamics calculation, a stable state of FM/
AFM under the cooling field is finally approached. Then the
HA-F:<;> InrSa S, (4) system is cooled down to low temperature, and we switch off
' ) the cooling field and start to do a simulation of hysteresis
wherega, g, Ug, DA, andHcg denote AFM Landdactor,  loop of FM layers while the spin configuration of AFM is
FM Lande factor, Bohr magneton, antiferromagnetic anisotfixed.
ropy, and cooling field in parallel with AFM anisotropy, re-  Figure 1 shows EB as a function of cooling field for a
spectively. The exchange coupling among spins is considerelFM/FM system with lowTy such as FeF(Ty~78.4 K)
for nearest-neighbor sites only. The subscriptand f are  or MnF, (Ty~67.3 K). In doing this we set the parameters
associated with AFM and FM, respectively. It is noticed thatin Hamiltonian as ga=gr=2.0, Jrr=10 meV, Jan
the anisotropy of the FM layer is neglected based on the fact 0.8 meV, J,=J,/2=0.4 meV, andD,=0.4 meV
that most experiments used soft ferromagnets. The dipolgyer site®®” As a natural output from the calculation, it is
dipole interactions in the system are not considered hergndeed observed in this figure that the exchange bigs
since they affect only quantitatively rather than qualitativelychanges sign from negative to positive as the cooling field
the symmetry breaking of AFM. As the previous models, Wejncreases, and a crossover figtt}, s is found at about
also assume thalsr~Jaa.*’ The Neel temperature in- 37 T. Dashed and solid lines in the inset show the negative
creases monotonically withy 4 ; thus the interface coupling and positive loops at 2 kOe and 7 T, respectively.
is stronger in the FM/AFM systems with highgg and vice For systems with lovily, i.e., weak spin-spin interaction
versa. Ja.a in AFM, the spin configuration of AFM at low cooling
Now we calculate the EB by the following spin dynamics magnetic field is dominated by AFM-type interface coupling
approacH; i.e., the local effective field is determined from of EM/AEM. In this case, symmetry breaking of compen-
the gradient of the energyl{"=—dH/gugdS , and{S} is  sated AFM layers appears. Some net ferromagnetic compo-
required to satisfy the Laudau-Lifshitz equation of motionnent along the—x axis is expected, which means that the

with the Gilbert-Kelley form for the damping term: broken symmetry of AFM in this case favors the negative
exchange bias. However, for higher cooling magnetic field

£S=gu SX(H_eff_ nis) Hce, the cooling field comes to dominate the broken sym-
at B : at )’ metry so that a net ferromagnetic component along the posi-

ive x direction is expected; i.e., the broken symmetry of
FM in this case favors a positive exchange bias.

For a quantitative description of the FM components in
FM, we define the ferromagnetic component in thin
AFM layer:

where » denotes the damping parameter. This damping ter
is phenomenological and is included to remove the energy
from the system and to ensure that the magnetic system is i
a stable or metastable equilibrium after sufficient iteratin
calculating steps. A lattice with 5050x 2(FM) and 10 lay-
ers of AFM is used in our calculation. In the beginning, the
temperaturd of the system is set &8t,>T>Ty . Therefore,
the initial spin configuration in our spin dynamics calculation S(n)=2 SNy, )

is such that the spins are randomly arranged for AFM but are '

ferromagnetically arranged for FM. A cooling field is then

applied along thex direction that is also the easy axis of whereS} (i) is the AFM spin at sité of thenth layer and\,,
AFM. Meanwhile, it is known that the spins of FM will be is the number of lattices in theth AFM layer, while the first
easily aligned according to the cooling field. After taking alayer is defined as the interface layer of AFM. This quantity
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FI.G' 2. The _ferrqmagnetlc cqmponent along thexis as a FIG. 3. The relationship between exchange lhigsand cooling
function of cooling field for the interface AFM layer. The inset .. L
shows the layer dependent ferromagnetic components of AFM la; field Hc for FM/AFM with higher Ty, (FeMn). Inseta) presents a
ers \gt 5 kOey P gneti P ymagnetic loop at 3 T cooling field. Inséb) shows clearly the EB

around cooling fieldH;, indicated by the arrow in the figure.

SX(n) describes the degree of symmetry broken in each layer One distinguished feature of Fig. 3 is that a tip EB is
of AFM. It is found from our calculation that the ferromag- found at cooling fieldH,;, indicated by the arrow, and this
netic components are layer dependent. As expected, it will bP also is clearly shown in insefb). As previously men-

larger when the layer is near the interface and becom@oned, the preceding discussions are subject to both cooling

smaller when the layer is far from the interface. In Fig. 2 thelleld and applied magnetic field parallel to the AFM easy
axis. In fact, an orthogonal FM/AFM spin configuration

ferromagnetic component of the interface AFM ly&i 1), similar to Koon’s conclusion can also be recovered with zero
is shown as a function dficr, using the same parameters as > . ) . _
or smaller cooling field for a stable spin configuration. With

obtaining Fig. 1. Similar results as Fig. 1 are found: that, . LS . ;
" . . S - . ._increasing cooling field from zero td,;,, the FM spins will
S*(1) is negative at the beginning when the cooling field ISgradually rotate direction from perpendicular to parallel to

small, then reaches zero at a critical field §7 kOe), and the AFM easy axis during the cooling process, and the inter-

finally hecomes positive as the field fur.ther increases.. SinC?ace coupling contribution to the negative bias will enlarge
the first AFM layer should be the most important one in theand nearly saturate &,. On the other hand, with increas-

interface coupling, it is reasonable to see that the ferromag- S0 . S L
netic component of the interface AFM layer should be re%g cooling field above;, , the cooling field contribution to

) . . . the potentially positive bias will raise; in other words, the
sponsible for the EB effect. The inset of Fig. 2 gives thecontribution to the negative bias will lessen. Thus for a cool-

layer-dependent ferromagnetic components when the coolin% . L :
AT ST . Mg field parallel to the AFM easy axis situation, there exists
field is fixed at 2 kOe. The oscillation is caused by the anti tip EB associated with a cooling fietdy;,

ferromagnetic exchange interaction between the layers of ) ) . . .
9 9 y In summery, micromagnetic spin dynamics calculations

AFM. . ) : .

. : . are carried out to explain the mechanism of EB in the FM/
sysl?eg;rsvi:t%hsﬂic;vr\irtrhe ssuirﬂea;egg&?fzgo%mg r?ﬁgi’:{;{FMcompen_sated AFM system. Different from previous micro-
rameters used here Naﬂe —10 meV. Js.=5 rﬁeV 3 magnetic calculations, we address the key role of the cooling
= ~ F ' A."jé AR field. Some important experimental results, such as the
=Jaa=5 meV,.andDA—s meV per sit€. In this case, it cooling-field-dependent transition from negative to positive
is found thatH is always negapve and changes little Wh.enEB in AFM/FM layers with lowTy, can be reproduced. It is
Hcr ranges from 2 to 7 T. This result also agrees 0|uaI|ta-proposed that the symmetry breaking of AFM during the

tively with experiment Inset(a) of Fig. 3 shows the mag- : : .
netization loop at 3 T cooling field. In factl,. is large ctz)?:sllng process plays a key role in explaining the exchange

when the AFM layer of the system has hidky,; thus, the

interface couplingl,_r also becomes largel{_~Ja.n), and This work was supported by the National Natural Science
then the AFM-type interface coupling controls the symmetryFoundation of China and the Shanghai Research Center of
broken of AFM. In this case, iHcg is reasonably high Applied Physics. One of the authofX.F.J) acknowledges
(2-=7 T) but not too highHg is found to be always nega- the support of the Cheung Kong Scholars Program, Hong
tive. This can explain why a positive EB was reported in theKong Qiushi Science Foundation, Y.D. Fok Education

FM/AFM thin films with low Ty .>1-13 Foundation.

*Electronic address: rbtao@fudan.ac.cn Wilhoit, and D. Mauri, Phys. Rev. B3, 1297(199).

W.H. Meiklejohn and C.P. Bean, Phys. Ré&W02 1413(1956; 3J. Nogus and Ivan K. Schuller, J. Magn. Magn. Matég, 203
105 904 (1957). (1999.

2B. Dieny, V.S. Speriosu, S.S.P. Parkin, B.A. Gurney, D.R. “A.E. Berkowitz and K. Takano, J. Magn. Magn. Mat2@0, 552

172402-3



BRIEF REPORTS PHYSICAL REVIEW B 65 172402

(1999. 12¢. Leighton, J. Nogis H. Suhl, and Ivan K. Schuller, Phys. Rev.
5J. Nogus, D. Lederman, T.J. Moran, and Ivan K. Schuller, Phys. B 60, 12 837(1999.

Rev. Lett.76, 4624(1996. 13J. Nogus, C. Leighton, and Ivan K. Schuller, Phys. Rev6®
®N.C. Koon, Phys. Rev. Let78, 4865(1997. 1315(2000.
7TC Schulthess and W.H. Butler, PhyS Rev. Lé}ﬂ., 4516 14[:. N0|t|ng’ A. SChO”, J. Smr, J.W. Seol J. Fompeyrine’ H. S|eg_
. (1998. wart, J.-P. Locquet, S. Anders, J.ing, E.E. Fullerton, M.F.
A.P. Malozemoff, Phys. Rev. B5, 3679 (1987; J. Appl. Phys. Toney, M.R. Scheinfein, and H.A. Padmore, Nat@endon
T.M. Hong, Phys. Rev. 558, 97 (1998. 15v1. Nikitenko, V.S. Gornakov, A.J. Shapiro, R.D. Shull, Kai Liu,

00, Kiwi, J. Mejia-Lopez, R.D. Portugal, and R. Ramirez, Euro-
phys. Lett. 48, 573 (1999; Solid State Communl1l16 315
(2000.

3. Nogus, T.J. Moran, D. Lederman, Ivan K. Schuller, and K.V.
Rao, Phys. Rev. B9, 6984(1998.

S.M. Zhou, and C.L. Chien, Phys. Rev. L34, 765 (2000.
1M.R. Fitzsimmons, P. Yashar, C. Leighton, Ivan K. Schull, J.
Nogues, C.F. Majkrzak, and J.A. Dura, Phys. Rev. L8t, 3986

(2000.

172402-4



