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Relation between exchange anisotropy and magnetization reversal asymmetry
in Fe/MnF, bilayers
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The angular dependence of the magnetic anisotropy of exchange biased FdiiMyErs was measured.
Below the Nel temperature of the antiferromagnetic MriByer, an exchange anisotropy is observed which
consists of unidirectional, uniaxial, threefold and fourfold symmetry components. The threefold exchange
anisotropy term is responsible for the asymmetric magnetization reversal process recently observed in this
system.
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Although exchange coupling between ferromagn@s nm thick layer of MnF. Then, a 12 nm Fe layer was depos-
and antiferromagnetéAF) was discovered forty-five years ijted on the Mnk layer followed by a cap layer of A(10
ago! a quantitative understanding of this phenomenon is stilhm). The x-ray diffraction data showed that the Mnlgyer
lacking (see Ref. 2 for a review Two of the defining char-  was twinned quasiepitaxial, and the Fe layer was polycrys-
acteristics of this effect are an enhancement of the coercivityalline. Both crystal domainéwins) of the MnF film have
and a shift of the hysteresis loop along the axis defined by éeir (110 planes parallel to th€100) plane of the MgO
cooling field. Both characteristics only occur below theeNe substrate; thg001] directions of the twins make a 45° angle
temperature of the antiferromagnet,). In recent years, with the[001] direction of the substraté.The AF easy axes
exchange bias has attracted considerable attention in part doé both twins are in the plane of the sample at 45° to the
to its technological applicatiorisin general, it is well estab- [001] direction of the MgO substrate. Previous studies have
lished that the shape of a hysteresis loop depends on tt&own that the sign and the magnitude of the hysteresis loop
mechanism of the magnetization reversal process, howeveghift in Fe/MnF, bilayers depend on the magnitude of the
until recently*~” little was known about this process in ex- cooling field,* exhibiting a positive exchange bias effect in
change biased systems. The recent polarized neutrd@ge fields:” For measurements reported in this paper, a
reflectometry and magnetoresistaritstudies of Fe/Mng  cooling field of 1 kOe was applied along th@01] direction
bilayers revealed that the magnetization reversal of Fe laydll the MgO substrate resulting in a negative exchange bias.
is asymmetric belowT of MnF, (Ty=67 K). This work E|gure 1 shows a superconductln_g quantum interference
established that the magnetization states at the two coerci\ﬁeev'Ce magnetometry hysteresis Io[Q‘pg. .1(a)] and a mag-
fields of the hysteresis loop are different. At the Coercivenetoresstance loofig. 1(b)] as the field IS swept fro_m 3(.)0
field opposite to the easy direction of exchange Hiaé Oe to'—300 Og and back alpng the cooling f|eld' direction.

e ST . The difference in magnetization reversal mechanisms for the
coercive field the magnetization is perpendicular to the ap-

plied field direction. This is to be contrasted to the state of
magnetization at the coercive field in the easy direction of
exchange biagright coercive field, which consists of do-
mains that are parallel and antiparallel to the applied field.
In the present work, we have studied both the anisotropy
energies and the magnetization reversal process using the
anisotropic magnetoresistan@MR) as a probe of the mag-
netic state’® We found that the anisotropy energy has a
complex dependence on the in-plane direction of the F layer §
magnetization. More precisely, it consists of unidirectional,
uniaxial, threefold and fourfoldbiaxial) symmetry compo-

nents. We also found that in the presence of an applied mag- g, 1. (a) Magnetization andb) magnetoresistance hysteresis
netic field, this complex anisotropy results in the asymmetriqoops of Fe/Mng measured along tH®01] crystallographic direc-
magnetization reversal. tion of the MgO substrate at 40 K for the cooling field magnitude of

We have studied three Fe/Mpbilayers prepared by elec- 1 kOe; the lines are guides to the eye. The asymmetry of magneti-
tron beam evaporation. First, a 25 nm thick buffer layer ofzation reversal mechanism is evident from the magnetoresistance
ZnF, was grown on 4100 MgO substrate followed by a 65 plot (see text
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FIG. 2. Dependence of the resistance on the angle between the @ . / \'
current and an applied field of 500 Oe for the Fe/NMbkayer at 80 8 T=50K T=40K
K (a) and 4.2 K(b); the lines are guides to the eye. The jumps inthe ' -0-1 — _
resistance inb) indicate the fourfold anisotropy induced beldw o 03 l : : : "
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two branches of the hysteresis loop is not obvious from the 011 . § . N L
magnetometry measuremenffig. 1(a)], however, it is 0 X \. j*, % \
clearly seen in the magnetoresistance d&ig. 1(b)]. The 04 4T7=25K T=15K
variation in the resistance is due to the AMR, which depends 0 90 180 270 3600 90 180 270 360

upon the angle the magnetization makes with the current. For
Fe, the maximum value of resistance is observed for the

magnetization parallel or antiparallel to the current direction. g5 3 Experimentally determined exchange anisotropy energy
For the data shown in Fig.(t), the current is perpendicular por it area of the Fe/MnFbilayer as a function of the Fe mag-
to the applied magnetic field, thus the resistance is at & minketization direction at six different temperatures. The arrows in the
mum for saturating magnetic fields of300 Oe. For the piot for T=25 K indicate the easy directions of biaxial anisotropy
decreasing field sweep, the resistance passes through a magmows with dotted lines uniaxial anisotropy(arrows with solid
mum. Comparing the value of this peak resistance to théines) and unidirectional anisotroparrow with dashed line

AMR magnitude indicates that magnetization of the sample

is mostly perpendicular to the applied field. However, the . . o N
peak for the increasing field sweep is much smaller indicat® angle which describes the magnetization direction, and

ing that magnetization is breaking up onto domains that ar&+ 'S the angle describing the magnetic field direction.
mostly parallel and antiparallel to the applied field. Using the resistance measured while rotating an external

A technique utilizing the AMR to determine the magneti- magnetic field through 360° in the plane of the sample, one

zation directiofl was used for our studies of the angular de-can obtain the direction of magnetizatiar, , from Eq.(2).
pendence of exchange anisotropy energy. For polycrystallin®/ith the value ofa), determined for each value of; and

Angle [deg]

ferromagnets, the AMR is given by the other known quantities, one can then calculate the torque
7(ay) using Eq.(2). Finally, numerical integration of( ay)
R=Ry+AR-cos(ay). (1) with respect toay, vields the angular dependence of the

. in-plane magnetic anisotropy energy per akeary,).
Here ), is the angle between the current and the magne Figure 3 showsK(ay,) obtained by this method at six

tization. Figure 2a) demonstrates that the AMR of our i h b f
Fe/MnF, sample aff=80 K (T>T,) is well described by ifferent temperatures. For the temp(_era?urt_as a BNeo
MnF, (e.g., T=80 K), there are small intrinsic biaxial and

Eq. (1) for the applied field of 500 Oe. However, the angular™"'" 2 ' ] ) c
dependence of the resistance in the same external field of 5¢tiaxial anisotropies that stem from either the texture in the

Oe is significantly modified aT=4.2 K [Fig. 2(b)]. There Polycrystalline Fe film, or a growth induced anisotropy. As
are four jumps in the plot of the resistance versus appliedhe sample is cooled to a temperature befow (e.g., T
field direction that result from the transition of the magneti- =60 K, T=50 K), a unidirectional anisotropy is induced in
zation from one of the four local energy minima that developthe sample in addition to the small intrinsic anisotropies of
below Ty to another. This behavior is a clear signature of thethe Fe film. For lower temperature$ £ 40 K,T=25 K), the
strong fourfold anisotropy induced by the exchange interacexchange coupling also induces a biaxial anisotropy with the
tion between the Fe and MpRayers. hard axes at-45° to the[001] direction of the substrate, i.e.,

In equilibrium, the torque per area, acting on the Fe along the AFM twins. The magnitude of this biaxial anisot-
magnetization due to magnetic anisotropy of the sample igsopy increases with decreasing temperature and its easy axes
equal in magnitude to the torque due to the external magnetigoincide with the hard axes of the intrinsic biaxial anisotropy
field. The magnitude of is given by of the Fe layer. Apparently, the easy axis of the FM layer

. rotates by 45° as the sample is cooled to low temperatures,
rlam)=H-M-te-sin(ay —ay), @ similar toywhat is observec? for Fe/Febilayers'® In gddi-
whereH is the magnitude of the external magnetic fiddis ~ tion to the unidirectional and the biaxial anisotropies, the
magnetization of Fey is the thickness of the Fe layer,, is  exchange coupling between the Fe and Mmésults in a

100402-2



RAPID COMMUNICATIONS

RELATION BETWEEN EXCHANGE ANISOTROPY AND . .. PHYSICAL REVIEW B55 100402R)
uniaxial anisotropy with its easy axis perpendicular to the 0.3

unidirectional anisotropy. Similar to our results, exchange

induced unidirectional, uniaxial and biaxial anisotropy com- 0.2

ponents were previously observed in epitaxial NiFe/FeMn

bilayers** 0.1

The origin of the biaxial anisotropy may be attributed to

the spin-flop couplintP!® and the twinned nature of the G 0

MnF, film. When the Fe magnetization is at 45° to the easy £

axes of both Mnk twins, the AF spins may cant in both O -01

twins resulting in a low energy state. If the Fe magnetization a 0.3

is perpendicular to the AF easy axis of one of the twins and ’a-, ’

parallel to the AF easy axis of the other, then the AF cant te 0.2 k. T=40K
occurs only in the twin with its AF easy axis perpendicular to 3* =9

the Fe magnetization. This results in a hard direction of an- ‘¢ 0.1 H = -120 Oe
isotropy of the system. There are four such hard directions in & T b -

our system and, therefore, the spin-flop coupling results in a 8 0 L

biaxial anisotropy. It was propos¥dhat the spin-flop cou- - ] 'u.
pling leads to an increased coercivity in AF/F bilayers. Inour g5 0.1

system, the coercivity is roughly proportional to the biaxial 3 ’

anisotropy component at all temperatures belby. Thus c 0.3 — m
this result supports the spin-flop origin of the enhanced co- LU ]

ercivity in this system.

Figure 4 demonstrates how the exchange anisotropy re-
sults in different mechanisms of magnetization reversal for
the two branches of the hysteresis loop. The total energy per
unit area of the F layer magnetization in the external field
applied along the cooling field direction is given by

T=40K
H =45 Oe

E=K(a)—H-M-tgcoga). 3 0 90. 180 270 360

HereK(«), shown in Fig. 4a), is the anisotropy energy per Magnetization Direction [deg]
area aff =40 K ande« is the angle between the cooling field
and magnetization. Figuregh} and 4c) show the energy
given by Eq.(3) as a function ofa at T=40K for two
particular magnitudes of the applied figtt= — 120 O¢[Fig.

FIG. 4. Plots of the total energy of the Fe magnetization given
by Eq. (3) for (a) no applied field and the two coercive fieldb)
—120 Oe andc) 45 Oe at =40 K. The line in(a) is a fit of Eq.(4)

- . ) to the experimental data. At the left coercive fiél, there are two
4(b)] andH =45 Oe[Fig. 4c)]. Figure 1a) shows that these local minima at nearly 90° to the applied field direction that pro-

are the coerpive fields at 40 K. For the' left cpercive fieIdmote magnetization reversal by two approximately 90° steps. The
[—120 Oe, Fig. 4)], the local energy minimum in the cool- local minima are absent at the right coercive figdyg and therefore

ing field direction(0°) disappears and the magnetization ro-,e reversal by a single 180° step is more favorable in this case.
tates away from this direction. There are now two local en-

ergy minima at nearly 90° to the applied field direction.
Hence, in the reversal process, the magnetization will fal
into one of these local minima. However, at the right coer
cive field[45 Oe, Fig. 4c)], the energy versus magnetization
direction plot does not have local minima between 0° an
180° and thus does not provide a metastable state perpe
dicular to the cooling field direction.
The solid line in Fig. 4a) is a fit of the following equa-

tion:

hote that the threefold anisotropy constant has the same order
“of magnitude as the uniaxial and the biaxial anisotropy con-
tants and settin; equal to zero decreases the quality of
he fit. On the contrary, the inclusion of higher order anisot-
H)'py terms[K,, cosfia) with n>4] does not improve the fit
and the corresponding anisotropy constants are more than a
factor of ten smaller thaik;. Although our observation of
the threefold symmetry may be somewhat surprising, it has
_ been previously suggested in Ref. 17.
K(a)==Kyp cosa) =Kyacog2a) —K;3cod3a) The presence of this threefold anisotropy term explains
—Kgacod4a) (4)  the asymmetry observed at the reversal field and shown in
Fig. 4. Note that a combination of unidirectional, uniaxial
to the experimentally measured exchange anisotropy at and biaxial anisotropy components does not create magneti-
=40 K. In Eq.(4), Kyp, Kya, K3, andKg, are the unidi-  zation reversal asymmetry. Indeed, a sample with only a
rectional, uniaxial, threefold and biaxial anisotropy con-uniaxial and a biaxial anisotropy components obviously has
stants. The values of the anisotropy constants obtained from symmetric hysteresis loop. If, in addition to the uniaxial
this fit are: Kyp=0.097 erg/cri, Kya=—0.014 erg/crh, and biaxial terms, there is a unidirectional anisotropy of the
K= —0.01 erg/crf, Kga=0.023 erg/cr. It is importantto ~ form Kp cos(), then it can only result in a shift of the
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hysteresis loop but cannot change its shape. This is becausaerements of the angular dependence of the exchange anisot-
the functional form of the unidirectional anisotropy, ropy energy, such as the measurements presented here, are
Kup cos), is identical to that of the Zeeman enerdy,  Nnecessary in order to establish the presence of the high order
-M-tg cos@), in Eq. (3). Therefore, our hysteresis loop terms in its Fourier expansion. A possible origin of the three-
problem with the addition of the unidirectional anisotropy is fold and uniaxial anisotropy terms is the nonrigid spin struc-
algebraically equivalent to the problem of uniaxial and biax-ture of the AF layef." Rotation of the F layer magnetization

ial anisotropies only with the applied field replaced by anMay cause canting of the AF spins. It was theoretically
effective fieldHog=Ha+Kyp/M-tr . As a result of this alge- showrf" that these rotations of the AF spins away from an
braic equivalence, the shape of the hysteresis loop will nof-F €asy axis may lead to high order terms in the Fourier
change, but the loop will be shifted bg,p/M-te. The €xpansion of the exchange anisotropy.

L : . . In conclusion, we have measured the temperature depen-
magnetization reversal process will also remain symmetric ' . . .
The broken symmetry at the coercive fields shown in Fig. ence of the exchange anisotropy in Fe/Minayers. This

. i . 2" “anisotropy, induced by the F/AF exchange coupling, consists
IS dug to the threefold anisotropy com'ponent, ar_1d th's anisols 5 piaxial component, which gives rise to the enhanced
ropy is responsible for the asymmetric magnetization reverzqerciyity16 o unidirectional component, which induces the

sal. This is an important point as the previously suggestedysieresis loop shift, a uniaxial component with its easy di-
explanatioft'® for the reversal asymmetry only considered rgction perpendicular to the easy direction of the unidirec-
uniaxial, fourfold and unidirectional anisotropies. These in-tgn4 anisotropy, and a threefold symmetry component. We
vestigations were perfc_)rmed with techniques I_ess sensitive tQave found that the threefold component is responsible for
the threefold term, which becomes apparent in the measurgne symmetry breaking in the magnetization reversal process.
ments presented here. Our measurements provide a clear if; our knowledge, this is the first direct experimental obser-
d|c§1t|on of this threefold anisotropy. This point is important,ation of a threefold exchange anisotropy term. Our results
as it has been demonstrated that the angular dependence pf consistent with and, more important, explain the origin of
exchange bias and coercivity may have higher order termge magnetization reversal asymmetry recently observed by

(b, cosfi),n=3) in their Fourier expansiol. It was also  peutron reflectometry, magnetometry® and magneto-
shown that a Stoner-Wolfarth model that takes into accountasistanck measurements in Fe/Mphilayers.

only simple uniaxial and unidirectional anisotropy compo-

nents can produce an angular dependence of exchange biaswWe would like to thank P. A. Crowell and R. Victora for
and coercivity with such higher order terfsThus, the non-  helpful discussions. This work was supported by the Univer-
trivial angular dependence of exchange bias and coercivitgity of Minnesota MRSEC, at UCSD by NSF and US DOE,
does not necessarily imply a nontrivial angular dependenceand partial funding from the Catalan DGR999SGR00340
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