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We report anisotropy, coercivity, and exchange bias in ferromagnei€®l layers coupled to antiferro-

magnetic(AF) (0001, (1120), and(1102)a-Fe,03 layers. We show that AF spin configurations which permit
spin-flop coupling give rise to a strong uniaxial anisotropy and hence a large coercivity, and that by annealing
in magnetic fields parallel to specific directions in the AF we can control either coercivity or exchange bias. In
particular, we show that a reversible temperature-induced spin reorientation in the AF can be used to control
the exchange interaction.
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The interaction between a ferromageM) and an anti- T,,~260 K—and has been identified as an ideal system in
ferromagnet(AF) across an interface gives rise to an ex-which to study exchange bias in general and spin flop in
change biagHg,), i.e., a shift in the hysteresis loop as well particular?!
as an enhanced coercivitilc) compared with the free FM Epitaxial a-Fe,05 films on a-Al ,05 substrates have spin-
(Ref. 1). This exchange bias is fundamental to the operatiorilip transition temperatures that depend on the crystal
of spin valve devices such as magnetic read heads, nonvolarientation??23 the T,, of (1120) a-Fe&,0; is similar to that
tile memories, and various senséré.Despite considerable of the bulk material, whilé0001) «-Fe,Os films do not show
work by many groups over the past two decades, the origi, spin-flip transition above 2.5 K. In contrast, the spin-flip

of the rg_)gschangle bias and the enhanced coercivity are stiflnsition of(1102) a-Fe,0, films is increased to about 400
unclear™* Mauri et al. preqm expenmentqlly realistic val- K; in this case the AF spins lying within the film plane above
ues forHg, on the assumption that a domain wall paralle_l to.l.M flip to the out-of-plane direction belowT,, These
the surface is forme(()j in the _AF _Iay_er. The random'f'eldchanges are associated with lattice strain caused by the lat-
ualtaively oxplained sxchange. bs i companated ALCE MIsMatch between-6,0; anda-Al,Os (~5.5%.
surfaces. Kool demonstrated that it is possible for the FM In _th_ls Letter, we report anlsot_ropy, exchange bias, and
layer to minimize its energy when it aligns perpendicularly Co€rcivity FM layers coupled with(0001), (1120), and
to the AF easy axis; this type of perpendicular exchangé1102) a-Fe,0O3 layers. In contrast to previous experiments
coupling has become known as spin-flop coupling because a@hat have compared the exchange interaction associated with
its similarity to the spin-flop state of an AF material in a differentfixedspin orientations associated with different AF
magnetic field. However, Schulthess and Bdfleevealed crystal faces; we show that a change of AF spin orientation
that the spin-flop coupling alone cannot induce a unidirecacross asingleinterface without structural disturbance is di-
tional anisotropy, but instead gives rise to a uniaxial anisorectly reflected in a modified exchange interaction with FM
tropy which causes an enhanced coercivity. Experimentallyspins, i.e., in changes of anisotropy, coercivity, and/or ex-
such spin-flop coupling has been observed in epitaxiathange bias driven by the Morin transition.
FM/AF systems, such as MFeo/FegMns, Co/NiO, Epitaxial a-Fe,05 films were grown ona-Al,O5; sub-
Fe;0,/Co0, and Fe/FeHRefs. 13—18 Nevertheless, a sat- strates by pulsed laser depositioALD) with a substrate
isfactory understanding is not yet available because of comtemperature of 700 °C and oxygen pressure of 20 mTorr. In
plications at interfaces which include roughness, spin strucerder to fabricate the films under identical conditions, three
ture, and defects. Of particular relevance to the worksubstrates with different orientations were loaded side by
presented here, Fitzsimmors all® have shown that ex- side for simultaneous deposition. The 50-nm-thice,0,
change bias is dependent on the in-plane crystalline qualitfilms were transferred into an ultrahigh vacuum dc sputtering
and hence the net spin configuration at the interface, of ashamber and a 5-nm pMFe;q (NiFe) film was deposited in a
AF layer. The aim of the experiments reported here was tenagnetic field of 250 Oe at 295 K.
investigate the exchange bias and coercivity in a system in X-ray diffraction (XRD) measurements showed that all
which the interfacial AF spin configuration could be con-threea-Fe,05 growth directions yielded films with excellent
trolled and changed without modifying the structural proper-crystallinity: a full width at half maximum 0f<0.08° and
ties of the AF/FM interface. ~0.9° in the rocking curve and in th¢ scan, respectively.
Hematitea-Fe,0; is attractive for exchange biased appli- The rms surface roughness measured by atomic force mi-
cations because of its high Néel temperafligeg(~680 °CQ  croscopy was about 0.5 nm in each case. Therefore, effects
(Refs. 19 and 20 Bulk a-F&0; undergoes an unusual caused by extrinsic factors such as roughness and defects
temperature-controlled transition between two AF spinshould be virtually the same for all three samples, and thus
configurations—the so-called spin-fliorin) transition at  differences in thédg, and theH: should depend only on the
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) . ) FIG. 3. Nig;Fe;g on (1120) a-Fe,05: temperature dependence
FIG. 1. The magnetic hysteresis loops of as-prepargdFily ¢ () normalfgleo‘lal?emanent magneezti;atidmr?Ms), (b) saFt)uration
on (a) (000) a-Fe0;, (b) (1120) a-Fe05, and (c) (1102) a-  field (Hy), (c) the Hg,, and(d) the Hc with the in-plane direction.
Fe, O3 at several temperatures.
spin structure of-Fe,0, at the surface. The strains observedaXiS of the NiFe. This expectation is consistent with our re-
in our films are similargto those reported by Fugtial 22 and sults for the(1120) and(1102) a-Fe,05. .
S0 we expect a similar change in the Morin temperature. As seen in Fig. (), the easy axis of the NiFe on
The NiFe/a-Fe,0; samples were measured in a variable(1120) a-Fe,0; rotates by 90° with the temperature. Figures
temperature vibrating sample magnetomésM). Figure  3(@ and 3b) show how the normalized remanent magneti-
1 shows the temperature-dependent magnetic hysteresigtion (Mg/Mg) and saturation fieldHg) of as-prepared
loops of as-prepared samples for the different crystal orienNiFe/(1120) a-Fe,05 for two in-plane directions depends
tations; each panel shows magnetization data collected fg§n temperature. The 90° rotation of the easy axis of the NiFe

two_orthogonal in-plane directiontsee Fig. 2 For the on the(llEO) a-Fe, 05 is associated with the spin-flip tran-

(000Y) orientation, the hysteresis loop is essentially indepen-... i . .
dent of the temperature and the in-plane field direction: itSltlon .Of a-F&0; from the ab plaqe to .thec axis [albeit
shows minimalHe, and a coercivity of about 22 Oe. In associated with a reducégl,, which is typical for 40-50 nm

) i length scales im-Fe,0O5 (Ref. 25]. Figures 3c) and 3d)
contrast, the hysteresis loops for #120) and(1102) ori-  show that the spin-flip transition modifies thig, and theH
entations show large changes with the temperature and thgr two in-plane directions with a clear decrease b,
in-plane field direction. aboveT,,

Figure 2 shows the crystal-direction dependence of the In contrast, hysteresis loops of the NiFe ()11?02) .

Slelr:f:C; iip\I/\r/]illcglr\:\];gusrellitzlaoz/]vitorﬁ::%%ﬁIﬁeflsénizti?;&zg of F&0s for two in-plane directions at 295 K are virtually iden-
b y P tical except for a slight shift, but at 380 K there is a clear

large shapg arjlsotrppy. For spin-flop C.OUDlmg o give nse todifference for the two in-plane directions, i.e., easy and hard
a strong uniaxial anisotropy, the FM spins must align perpen-

dicular to the AF spind2 Accordingly, if the spin-flip transi- Magnetization axefFig. 1(c)]. The FM spins on(1102) a-
tion of a-Fe,0; at T,, results in a change of the in-plane spin Fe,0; at room temperature have no preferential orientation

direction, this should be reflected by a change in the easpecause all in-plane directions equally satisfy a spin-flop
coupling condition[Fig. 2(c)]. Upon warming, however, a

T< Ty T>Tp preferential direction appears within the plane as the AF
(a) (0001) > > |20 spins flip to one of the in-plane directions.
No Ty, => L 100 The substantially lower coercivity of NiF&I00)) a-
':';';* ool Fe,0; is also consistent with the above picture siti@801)
(b) 1120y ) a-Fe,03 has an uncompensated surfaqe. at all temperatures,
A;;ﬁ;' E*<:::>f [1i0] and so cannot generate a large coercivity through spin-flop
T 220K Ul <* Y j_ [001] coupling. It is important to note that this uncompensated sur-
_ face gave negligible exchange bias following any annealing
@) oo || § 4|mo procedure in contradiction to simple models for such sys-
T~ 380 K M §<ﬁ> Lomy tems; this may be a consequence of the small, but finite
O © Y™ roughness in any practical sample. Although this may appear

_ _ surprising, it is consistent with previous results in the ex-
FIG. 2. Schematic surface spin structuresaeFe,0; on (&)  change biased system Fe/Eelhich showed zero exchange
(0001 a-Al,03, (b) (1120) a-Al,0s, and(c) (1102) a-Al,Os. bias for an uncompensated AF surfaéé&lonzero exchange
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FIG. 5. Tﬂe room-temperature magnetic hysteresis loops of
FIG. 4. The room-temperature magnetic hysteresis loops oNigFegon(1102) a-Fe,03 (a) with MFA along the[110] direction

NigiFeyg on (1120) a-Fe,05 (a) without MFA, (b) with MFA per-  and (b) with MFA along the[111] direction. The temperature-
pendicular to the AF spin direction, ac) with MFA parallel to the dependentg, andH¢ was displayed iric). The T. roughly agrees
AF spin direction. Two schematic MFA configurations were alsowith the Morin temperature o(flTOZ) a-F&0s.

displayed in(d) and (e). Here,H, means the annealing magnetic

field. showed no change, but the coercivity approximately doubled

[Fig. 4(b)]. In contrast,Hg, of order 80 Oe was induced

bias by an uncompensated surface had been observed dfhng the hard axis when the MFA was performed parallel to
Fe30,/CoO with a very smooth surface by molecular-béamine AF spin direction{Fig. 4(c)]. A similar exchange bias
epitaxial _grqwthl.5 _ , _along the hard axis has been observed in the epitaxial

If the intrinsic anisotropy energy of a FM layer is negli- Fe/FeFg system”*8Thus MFA with a configuration of Fig.
gible, the total energy per unit area in an exchange-coupleg(e) enhances the direct coupling in EG), and in turn it
FM/AF system can be expressed®s induces theH, along the hard axis.

E = - J,c080 — J,sint0 + K ey Sirt e, (1) Finally, we applied MFA to the NiFe of1102) a-Fe,0s.
A large exchange bias of 80—-100 Oe was induced by the
whereJ; andJ, are, respectively, a dire¢paralle) coupling  MFA along all directions within the plane, as seen in Fig. 5

constant and a spin—floﬁmerpendicula)rcoupling constantg _(Ref. 28. If (1102 a-Fe,0; has the ideal spin structure of
and ¢ are the angles between the FM spin and the AF SPifkig. 3(c) below T,, the NiFe should have shown no ex-

directions, and the AF spin and the AF anisotropy aKigsw  change bias because the spin configuration satisfies the spin-
is the anisotropy constant of the AF layer. The Iol/vest-epergmop coupling condition. On the contrary, the large exchange
state is thought to be a spin-flop-like stg#=90°, $=0°  hjaq guggests that the AF spin-flip transition to the out-of-
[seeT> T, in Figs. 3b) and 3c)]}. The form of the spin-flop a0 direction during the cooling process of MFA is frus-
coupling is comparable with the classical uniaxial anisotropy;ated at the interface because of in-plane FM spins. In Fig.

energy, and thus the coercivity is mainly dependent on thg¢) the temperature-dependent exchange bias and coerciv-
second term of(1). If we associate exchange bias with a ity clearly show an anomaly &, which agrees with tha,

domain wall formed in the AF lay€ri®?’its stability is de- . ) ) .
termined by a competition between a decrement of direc‘f"c (1102) a-Fe,05 in a previous report We conjecture that

coupling energy and an increment of the AF anisotropy er1;he cooling process of MFA assisted by FM spins enhances

ergy. From Eq(1), we expect that magnetic-field annealing the direct coupling leading the formation of a domain wall in

(MFA) perpendicular to the AF spin direction will stabilize (h€ AF layer, and thus the exchange bias is induced along all

the spin-flop coupling which will, in turn, enhance the coer-N-Plane directions. _ .
civity. On the other hand, a MFA process parallel to the AF__ " @-F&0s the Neel temperature is well above the experi-

spin direction should induce an exchange bias because eéntal temperatures even for the MFA and so is largely ir-

enhances the direct coupling and suppresses the spin-fl(?ﬁlevam to the result.s _repprted here. Instead, in our_experi-
coupling. ents we see a distinctive decrease Hp, on heating

We performed a series of experiments in which MFA wasthroughT,, the transition between two different AF-ordered

performed under 10 kOe for 15 min at 200 °C, and thestates[Figs. 3c) and Hc)]. This demonstrates that the spin

samples were cooled down to room temperature in the mad_eorlentanon affl,,, effectively modifies the direct exchange

g - - . . coupling which has been established by cooling throtigh
netic field. The(1120) and(1102) a-F&,0; films with com- Since the AF films in question have a single crystallographic

pensated surfaces showed distinctive MFA effects; Fig. 4,ientation and compensated interfaces the net direct ex-
shows the hysteresis loops of NiFe (Il20) a-Fe,03 be-  change energy can only arise from local exchange imbal-
fore and after MFA. When the MFA was performed perpen-ances associated with surface roughnéhe Malozemoff
dicular to the AF spin directiofFig. 4d)], the exchange bias model® and the micromagnetic AF structure. On warming
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through T,,,, the roughness is fixed and the micromagneticshow that the exchange bias can only arise along specific
structure need not be altered, but the local exchange imbagpin directions in the AF and, most importantly, that spin
ance will nevertheless change as a consequence of the glohabrientation in the AF directly affects the exchange bias. An

s_pin reorientation SO as: fir_stly, to be orthogonal to the Preability to modify the exchange bias well below tiig, albeit
vious exchange bias direction and, secondly, to largely cans 4 jouy level in this unoptimized system, offers the possi-

cel since the direct exchange imbalance is equally likely tQyi, ot engineering different forms of control over the ex-
be positive or negative along to the new spin direction. change interactionfor example by piezoelectric strain-
K g p y piezoelectric strai

In summary, we have shown that there is a direct link” . o T q hanci h le of th
between the spin direction in the AF and the anisotropy andiveén variation ofT,) and so enhancing the role of the

coercivity induced by the exchange interaction in the FM.€xchange interaction in magnetic data storage.
We have also demonstrated that magnetic-field annealing _ ) _ )
parallel to specific directions in the AF can alternatively  This work was supported by the Engineering and Physical

modify either the coercivity or the exchange bias, in agreeSciences Research Coun@@PSRQ and by the Korea Sci-
ment with the Schulthess and Bufferand Malozemoff —ence and Engineering FoundatiGkOSER. We would like
models!® respectively, demonstrating that these models aréo thank Bryan Hickey and Mary Vickers for valuable

not mutually exclusive, but are part of a wider picture. Weadvice.
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