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Temperature dependence of exchange biased thin films
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A thin ferromagnet exchange coupled to an antiferromagnet often results in an enhanced width and
a shift in the center position for the hysteresis curve. Recent calculations have shown how these
features could occur in for both compensated and uncompensated antiferromagnet interfaces. These
calculations were performed at zero temperature. We explore a model which allows for imperfectly
compensated interfaces due to interface roughness and which calculates the spin configurations and
hysteresis curves as a function of temperature. We find that the Koon results—ferromagnet spins
directed perpendicular to the antiferromagnet spins—is appropriate for low temperature and nearly
compensated interfaces. Increasing temperature and noncompensation favors a configuration where
the ferromagnetic spins line up closer to the easy axis of the antiferromagnet. A particularly
interesting result is that the coercive field decreases much more rapidly than the bias field as
temperature is increased. This is in agreement with some recent experimental results, and we
speculate that the exchange bias is substantially due to the surface structure of the antiferromagnet
while the coercive field depends on the behavior of the spins in the bulk of the antiferromagnet.
© 2000 American Institute of Physids$S0021-897600)86108-3

When a thin ferromagnet is exchange coupled to an anspins and twa spins. In order to effect roughness, an asym-
tiferromagnet, the bilayer can have a hysteresis curve chametry is introduced into the number of neighbors of a repre-
acterized by an increased coercivity, and a shift in the hyssentative spin in the ferromagnet. This effectively weakens
teresis curve, known as exchange biasing. The phenomenan strengthens one of the sublattice types, introducing a net
has been of interest, partly because of the possible techngiagnetic moment to the top layer of the antiferromagnet.
logical applications. Although this effect was first observed  The temperature dependence is calculated by using the
over 40 years ago, modeling the effect has proven to b&rillouin function to find the thermally averaged magnetic
problematict~® Most of the research has focused on the uni-moments:
directional bias field, with less attention paid to the coerciv- -
ity. While one recent mod&has found that a spin flop cou- m_ (mo' Heff)
pling schem&® could be responsible for the exchange Mg kT /)’
biasing even with a compensated antiferromagnetic surface,

other works indicate that some interfacial magnetization is\f’(vj h(:]rde Hseﬁ 'Sth?(tehgfna;.egﬁc;\;e r:;etlg rﬁgﬁeﬁt? tlﬁ; i':.a‘h
needed for biasing®® The origin of enhanced coercivity has oonc UsINg 'z gneti '9

also been discussed recently in the literafire. boring spinsm, is the zero temperature magnetic moment,

In this paper we investigate theoretically the temperaturé”1 ndmis the thermally averaged size of the magnetic mo-

dependence of exchange biasing. We find, that the bias anr‘aent.

o o . ; Our parameters are the same as those in Ref 6. We take
coercive fields have qualitatively different thermal behaviors, . . . .
. - a system with 20 ferromagnetic layers, 30 antiferromagnetic
suggesting separate mechanisifsWe also show that the

layers and the exchange coupling in the ferromagnet is about
. . "y . t_L4 times stronger that of the antiferromagnet. The interface
in determining the charaptensncs of .the. hysteresis CurYeexchange coupling is equal to the exchange coupling in the
Both of thesg resultilare in good qualitative agreement Wlﬂéntiferromagnet. The degree of noncompensation is 2 per-
recent experimentS: cent, and the angle of the applied field with respect to the

f Whe_ ufs_le dfy hamic calc;JIat!??]m calculatg_lthe bghawor easy axis is 80°. With our parameters, theeNemperature
of a thin film ferromagnet/antiferromagnet bilayer in an eX-of the bulk antiferromagnet is about 230 K.

ternal ﬁelf' Our geometry is the pody-centered st_ructure ‘,‘Sed We first examine the magnetic structure as a function of
by Koon: Interface_rou_ghness IS S'ml_‘lated by 'mmduc'ngtemperature. For a perfectly compensated antiferromagnetic
SOme uncompgn_satmn in terms of the m'@rfgce bgnds. At th§urface, the magnetization in the ferromagtadtzero field
interface, a spin in the ferromagnet, aspin, is assigned an iy hoint perpendicular to the easy axis in the antiferromag-
effective number of neighbors of antiferromagnet spinSye¢ ‘it the coupling between the ferromagnet and the antifer-
typesb andc, that it sees. For our geometry this is B0 omagnet is antiferromagnetic in sign, the structure corre-
sponds to a surface spin flop in the antiferromagnet, with the
dElectronic mail: rcamley@mail.uccs.edu ferromagnet pointing opposite to the net moment produced
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directions of rotation. Irfa) the natural angle is above the applied figdd in
4C/\b Fig. 1(b)]. In (b), the curve is more asymmetric, as the natural angle has

dropped below that of the applied field as in Figc)l
FIG. 1. Schematic structure of the interface spins as seen from above. The

natural angle(zero applied fielglis shown for three case¢a) shows the ) ] ) )
perfectly compensated cagé) and (c) have some interface roughness re- effectively “pushed” by thec spins, returning more readily

ducing the effectiveb spin and causing a change in the natural angle. Thetg their original quadrant. Hence, the coercivity at negative
directl_on of rotation is determined by the positioning of the applied field, aSfjald values is Iarger than at positive values, i.e., the system
seen in(b) and(c). . . . . .
is exchange biased. Further evidence for this is seen in the
fact that positioning the external field initially in the same
in the antiferromagnet. This is illustrated in Figal The quadrant as the stronger spins results in a positive ex-
“natural angle” in this case, the angle of the ferromagneticchange bias.
magnetization at zero field, is 90°. If an asymmetry in the  We now consider how the natural angle and temperature
balance ofb spins andc spins at the surface of the antifer- influence the hysteresis curves, illustrated in Fig. 2. As we
romagnet is introduced, this natural angle is skewed in thevill see, the natural angle decreases as the temperature in-
direction of the weaker spin as shown in Figb)l creases. AT=60K the natural angle is a&=82.05°, above

The spin configurations obviously will change through-that of the external field a#,=80°, as in Fig. b). The
out the hysteresis loop. The relative orientation of the exterresulting curves are large and blocky as seen in Fig). 2
nal field and the natural angle determines the direction irThe field is close to the natural angle, reinforcing the ten-
which the ferromagnetic spins rotate as the magnetic field islency of the spins to remain in the original configuration,
reversed. There are two cases to consider, shown in Figsesulting in a larger coercivity. The blockiness comes from
1(b) and Xc). In the first, the external field is above the the abruptness of the drop to the lower energy state.
natural angle, and the spins move away from the easy axis, In the second case, illustrated in Figbp, the tempera-
rotating through their natural angle on the way to the negature has been increased and the natural angle is fow
tive direction. As the ferromagnetic moment rotates, there is=78.85°. The hysteresis loop is now much more asymmet-
first a build-up of twist in the antiferromagnet and then aric. In this case, the ferromagnet spins cross over the easy
discontinuous jump to a new configuration at a lower energyaxis on the way down during the hysteresis loop as in Fig.
state, the second spin flop state described earlier. As the eg¢c), and then the system jumps to the lower energy state. On
ternal field is increased, the ferromagnetic moment then corthe return trip the spins see a qualitatively different environ-
tinues to rotate in the same direction to complete the hystement, resulting in the asymmetry seen in the hysteresis loop.
esis loop. The above shows that the natural angle of the system is

In Fig. 1(c), the natural angle is between the externalan important indicator of the behavior of the system. If there
field angle and the anisotropy axis. Now the ferromagnetids any amount of uncompensation at the surface, this natural
moment will head towards the easy axis, and there is againangle drops as the temperature increases, approaching the
build-up of a twist in the antiferromagnet with a jump to a easy axis, as shown in Fig. 3. This can result in a switch
new configuration. However, in this case the moment refrom case (b) to case {c). As a result we expect that low
verses its direction of rotation as it completes the hysteresigemperature hysteresis loops performed on smooth interfaces
loop. Nonetheless the ferromagnet magnetization does nahould show a qualitatively different form than those per-
simply retrace its motion, as the spins have jumped into théormed at higher temperatures or on samples with large
lower energy state, creating an irreversible curve. amounts of interface roughness.

In this context the exchange biasing is seen to result The reason for the reduction of the natural angle as a
directly from the interface roughness. In both casesdhe function of temperature is simple. At low temperatures the
sublattice of the antiferromagnet is the stronger of the twodegree of noncompensation is small. Still, the ferromagnet is
causing a resistance to the rotation of the ferromagnetic maasriented closer to the “weaker” spins of the sublattice.
ment as the external field moves into negative values. ThgVith antiferromagnetic interfacial coupling, this means that
return trip, on the other hand, is facilitated by the presence othe total effective field on thb sublattice is smaller than the
the stronger spins close to the ferromagnet. Thspins are  effective field on the sublattice. This reduced effective field
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3.0, 185 Strong ferromagnetic coupling reduces the natural angle,
25] 180 with the same results discussed earlier.
' l1s We comment now, briefly, on some consequences of our
) 2.0 170 80 gssumptions. Since we use a mean-field calculation, qucFua—
X 15, . Z tions are neglected. One might expect that these fluctuations
8 Coercive Field 168 -2—;‘0 would lead to the instability at lower magnetic fields thus
O 1.0 160 é reducing the coercivity. In addition we use a coherent rota-
u {55 tion model to describe the spin reversal. Other mechanisms,
°'5f Bias Field {50 such as domain wall motion and nucleation sites, are likely
0.0 , ] - > las to be important in some systerhsbut are not included here.
0 50 100 150 200 Again one might expect that these mechanisms might reduce
Temperature (K) the coercivity from the values found here. Nonetheless, the

general features found in our calculations do seem to match

FIG. 3. The natural angle, coercive field and exchange bias field as funquth the results of some recent experimelr?ts
tions of temperature. Note that the coercive field changes much more rapidly )

with temperature than the bias field. In summary, we haye .studi.ed the temperature depen-
dence of exchange biasing in thin film ferromagnet/
antiferromagnet bilayers. Our results support the recent

means that théd sublattice spins at the interface are lessSPeculations that the spin flop coupling is responsible for the

stable against thermal fluctuations. Thus as temperature im€ightened coercivity in the bilayer, while it is interface
creases the thermal magnitudes of theublattice spins de- oughness that brings about the unidirectional bias.

crease faster than those for thesublattice, effectively in- The work at Colorado Springs was supported by US

creasing the degree of noncompensation, and the naturako under Grant No. DAAG55-98-0294 and Grant No.

angle is reduced. DAA H04-94-G-0253.
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