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The CoO antiferromagnetic ordering in exchange-biased (00ip//€00 superlattices has been
determined as a function of temperature and magnetic field using neutron diffraction methods. The Co
spins preferentially align in domains in which the spins are perpendicular to the 5@ Reoment
direction. This 90 orientation between the F®,; and CoO spins is a direct consequence of the
interfacial exchange coupling giving rise to exchange biasing, as is not observed in a comparable
MgO/CoO superlattice. [S0031-9007(97)05088-6]

PACS numbers: 75.50.Ss, 75.70.Cn

One of the most striking discoveries in magnetism haordering in buried FMAFM interfaces [6], since few tech-
been the observation of hysteresis loops shifted away fromiques can probe these AFM layers directly [13].
the zero-field axis for a variety of ferromagnetic (FM) ma- In this Letter, we report neutron diffraction results
terials in contact with antiferromagnetic (AFM) ones [1]. which explicitly demonstrate perpendicular coupling in
Presently, it is well established that this biasing of the FMexchange-biased (001) f®,/CoO superlattices with
magnetization loopH{gg) occurs after cooling in an ap- compensated AFM surfaces. We find that upon magne-
plied magnetic field through the AFM ordering tempera-tizing the ferrimagnetic F®, layer, the AFM CoO spins
ture (Ty). The effect is thus attributed to the interfacial preferentially align in domains with the spins perpendicu-
exchange interaction between the FM and AFM spins. Idar to the net Fg0, moment. The temperature, field, and
the earliest theory [1], the AFM spins are assumed to orde€oO thickness dependencies of this AFM spin structure
in a single domain in which all of the interfacial AFM spins track the biased magnetization behavior and differ signifi-
perfectly align in a single direction parallel to the FM spins.cantly from those of a comparable unbiased M@oO
The net moment due to these uncompensated, interfaciahmple. Hence, this is the firglirect observation of
AFM spins is essential for the observed biasing behavior90° exchange coupling that is strongly correlated to the
Recently, considerable experimental effort [2—7] has beepxchange-biasing features.
devoted to this “exchange-biasing” phenomenon in view For this study, two Fg,/CoO superlattices,
of its technological significance in the domain stabilization[Fe;04(100 A)/Co0(30 A)]sy and  [Fe;04(100 A)/
of magnetoresistive devices, e.g., spin valves [8,9]. HowCoO(100 A)]sy, were grown by molecular beam epitaxy
ever, these studies find biasing fields typically 2 orders obnto 1.6 cm diameter [001] MgO substrates [5,14]. De-
magnitude lower than those expected based on the earbpite differences in the crystal structures of the spinel
Meiklejohn-Bean model [1]. In addition, this model can- Fe;O,4 and the rocksalt CoO, the oxygen sublattices match
not explain the recent observations of biasing in systemt within 1.5%. The single-crystalline superlattices had
with so-called “compensated” AFM surfaces which are extocking curve widths of=0.2° and interfacial widths
pected to have no net interfacial moment [4,5]. of =2 A + 1 A as determined from x-ray diffraction

In order to reconcile these differences, newer theories adind reflectivity data. The magnetization response was
exchange biasing have described distinct AFM spin strucinvestigated by field cooling from 350 K in a 4400 ke
tures responsible for biasing [L0—12]. In particular, Mauri(55 kOe) field using a SQUID magnetometer. Table | lists
et al. [10] and Malozemoff [11] have discussed the rolethe FgO,/CoO samples’ blocking temperaturegs] be-
of domain walls oriented either parallel or perpendiculadow which exchange biasing is observed for the given field
to the interface. Still assuming that the FM and AFM cooling conditions. Also in the table are the exchange bias
spins at the interface couple collinearly, these theories fin{Hgg) and coercive K ¢) fields at 78 K. Details of these
exchange-bias field values closer to those observed experesults will be provided elsewhere [15]. An additional
mentally. More recently, Koon has considered domain forunbiased molecular beam epitaxy superlattice with non-
mation stemming from a 90coupling between the AFM magnetic MgO spacerfyigO(30 A)/CoO(30 A)lz33, was
and FM moments for compensated AFM surfaces [12]also made for comparison.
From the foregoing, it is clear that a detailed knowledge Neutron diffraction experiments were conducted at the
of the AFM spin structure in an exchange-biased system iblational Institute of Standards and Technology research
crucial to understanding the biasing effect. However, taeactor using the BT-2 and BT-9 triple-axis spectrometers
date, little experimental work has been done on the AFMas well as the SPINS triple-axis spectrometer for polarized
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TABLE I. Blocking temperaturesT(z), exchange-bias fields strongest contribution from the CoO AFM order. While
(Hgg), coercive fields Kc), and antiferromagnetic order- the FgO, ferrimagnetic order also contributes to these re-
ing temper%turesm,), foﬁr\ [Fe04(100 A)/Co030 A)lso and  fiections, its component is broadened by stacking faults at
[Fe:04(100 A)/Co0100 A)lso- the superlattice interfaces and can thus be separated from

Co0(30 A) CoO(100 A) the CoO scattering as in Ref. [13]. We note that each

Ty 240 K + 10 K 290 K + 10 K of the four {111} reflections samples a differeqt 11}
Hgg (78 K) 550 Oe = 50 Oe 1300 Oe + 100 Oe  domain. Additional reflections were scanned to further
H¢ (78 K) 6000 Oe + 100 Oe 3200 Oe = 100 Oe  characterize the superlattice structural and magnetic or-
Ty 450 K £ 15 K 325K £ 15K dering as in Ref. [13]. These measurements confirm that

for all three superlattices, the Co spins lie in ferromag-
netic sheets that alternate antiferromagnetically along four
beam analysis. For the data shown, the samples wempossible(111) propagation directions (inset in Fig. 2), as
oriented vertically with the [001] growth direction and in bulk CoO [18].
the growth plane [110] axis defining the scattering plane Initial zero-field diffraction characterization revealed
(inset in Figs. 1 and 2). A superconducting magnet waglifferences in the onset of AFM ordering among the su-
used to apply magnetic fields from 0 to 50 kOe parallelperlattices. Table | lists the effective CoO ordering tem-
to the vertical [ 10] growth plane direction. Because of peratures extracted from the temperature dependence of
scattering geometry constraints, magnetic field effects ithe (111) integrated intensity for the twiBe;0O,/CoO
the horizontal [110] direction in the growth plane were samples. We note that they are higher than that of bulk
studied in remanence after saturation in 14 kOe. For th€oO (Iy = 291 K) and that of the Mg@CoO superlat-
polarized beam experiments [16], the non-spin-flip and theice (Ty = 300 K £ 10 K). In addition, the observation
spin-flip scattering from the sample were measured wittof higher ordering temperatures than blocking tempera-
instrumental efficiencies greater than 91%. tures y > Tp) for the FgO,/CoO samples indicates

In order to investigate the CoO magnetic structure, wehat factors other than the mere presence of AFM order
scanned the foufl11} reflections (illustrated in the inset must govern the onset of exchange biasing. This behav-
in Fig. 2) extensively [17], as these reflections have theéor will be discussed in detail elsewhere [15].

In order to examine the AFM spin structure in the
exchange-biased state, the superlattices were investigated

LS m—— T ' in remanence after cooling in fields sufficient to reorient
. the FgO, layers. We observe that the relative population
2 of the four {111} CoO domains is substantially altered
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FIG. 1. Neutron diffraction scans of the (111) reflec- QA™

tion along the [00I] growth axis direction (scattering

vector Q,) for (a) [FeO,(100 A)/Co0O(30 A)ls, and (b)  FIG. 2(color). Non-spin-flip (bluee) and spin-flip (redo)
[F&0,(100 A)/CoO(100 A)]5, taken at 78 K in zero field. cross sections for the (111) reflection scanned along
The e, o, and A indicate data taken after zero-field cooling the [001] growth axis direction. The data are for the
(initial state), field cooling # = 14 kOe) from 320 K in the  [Fe;0,(100 A)/Co0(30 A)]5, sample taken at 78 K in zero
[110] direction, and field cooling § = 14 kOe) from 320 K  field after field cooling & = 14 kOe) in the [110] direction.

in the [110] direction, respectively. The data are normalized tdnset illustrates the Co spin direction within the fo{irl1}
initial state scans. The peaks have been fitted with Gaussiammains with the more populated domains indicated by thicker
(solid line); the dashed lines indicate the broad, temperaturénes. For the (111) domain, the projections sensed by the
and field independent F®, contribution. The inset illustrates non-spin-flip (blue arrow alongl[0]) and spin-flip (red dotted
the scattering geometry. arrow along [ 12]) cross sections are shown.
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as compared to the zero-field cooled state. Figures 1(a@xes indicates further that the CoO changes stem mostly
and 1(b) show neutron diffraction scans through the (111jrom the coupling to the R®, layers and are not pri-
reflection for the FgD,/CoO superlattices prepared in marily a direct response to the applied field for thin CoO
different field conditions. For both of the F8,/CoO layers. From the field configuration depicted in the inset
samples, the (111) peak intensilgcreasesfter cooling in Fig. 2, we note that the E®, magnetization direction
in a vertical [110] field and increasesafter cooling in a  ([110]) is perpendiculartto the AFM spin direction ([10])
horizontal [110] field, relative to the zero-field cooled data.in the favored (111) andi{1) domains. The unfavored
The broad FgO, contribution to the scattering (dashed (111) and (11) domains have Co easy axes parallel to
line in Fig. 1) has the same magnitude and width in eaclthe net FeO, moment direction. Thus, these data reveal
of these scans, and hence, the field-induced changes finat the Co moments couple perpendicularly to the(ze
Fig. 1 can be attributed solely t©oO spin reorientations moments in this exchange-biased system in analogy to the
Analogous intensity changes were observed for the threelassic spin-flop transition [12].
other {111} reflections. Apparently, the effect of field Additional experiments as a function of temperature
cooling is to preferentially move the Co spins idtol1}  and field demonstrate that this perpendicular coupling and
domains with corresponding 11) directions closer to the its resulting spin reorientation effects are directly related
field and net F€O4, moment direction (inset in Fig. 2). to the biasing behavior. As depicted in Fig. 3 for both
For both samples, the coherence of the AFM order id=e;0,/CoO samples, we examined at several tempera-
long range along the growth axis-800 A), as evidenced tures the (111) peak intensity as a function of field applied
by the narrow CoO peak widths [19]. Analogous field- parallel to the vertical [10] direction. After cooling in
induced spin reorientation effects waret observed in the  zero field, the application of a largé1[0] field greatly de-
MgO/Co0O superlattice, which after cooling in a 14 kOe creases the (111) peak intensity, as this unfavored domain
vertical [110] field, showed less than a 1% change inis characterized by Co easy axes parallel to the ngDfFe
{111} intensity relative to the zero-field cooled intensity. moment. For the R©,(100 A)/CoQ(30 A) superlattice
Hence, the changes {111} intensities observed in the at 260 K [Tz < T < Ty (see Table 1)], this intensity re-
Fe;04/CoO samples appear to result from coupling toduction is mostly reversible on field cycling [Fig. 3(a)].
the FgQ, layers (or its effective field) rather than to the However, at 78 KT < Tp), the initial zero-field intensity
applied field directly. is never recovered upon field cycling, though the origi-
Polarized beam measurements were undertaken twal spin state is partially restored at5 kOe, a value
understand the origin of these field-induced changes in thehich approximately matches the coercive fields listed
Fe;04/CoO superlattices. Figure 2 shows a typical (111)in Table I. Thus, the spin reorientation induced by the
scan for the FgD,(100 A)/CoO(30 A) sample. In this 90° Fe;0,/CoO coupling irreversibly “freezes in” only
measurement, the non-spin-flip scattering is sensitive onlwhen the sample is cooled below its blocking temperature,
to the moment projection parallel to thélp] direction,
while the spin-flip scattering is sensitive to the moment
projection perpendicular to the 0] direction within the B AL
(111) plane (inset in Fig. 2). Note that the non-spin-flip 1500 = (a) T=260 K
scattering dominates the spin-flip scattering in this case. a CoO(30A)
Thus, from this and related measurements, we find that @ L

1000

to within (x2°), all of the AFM Co moments in the §

(111) and mirror symmetricI{1) domains lie in the & 500

growth plane along thel[0] direction [20]. Similarly, £ 1500 -

the moments in thel(1) and (11) domains are parallel  § G)T=78K
to the growth plane [110] direction (inset in Fig. 2). = 1000 |- Co0B304)

The same moment axes persistiependenbf tempera- : : N SN
ture and field for the R®,(100 A)/Co(30 A) sample s AT

as well as for the F©,(100 A)/Co(100 A) and the 2 1500 |- -
MgO(30 A)/CoO(30 A) superlattices. These data sug- & [ (©)T=78K 1
gest that the CoO spin structure in the superlattices i 1000 |- CoO(1004) N\ i
are highly anisotropic, presumably as a consequence of‘§ 500 [ -~
epitaxial growth constraints. For each (111) domain, the £ R TR T e e et i B
alignment of the spins along a single axis in the growth B 0_50 40 —30 =20 —10 O 10 20 30 40 50
plane contrasts with the behavior of bulk CoO [18], which Applied Field (kOe)

has three easy axes cantédo@t of the (111) plane.

; ; . 3. (111) peak intensity vs applied field along tHé([]
The presence of these constrained easy axes prowde%ﬁction for (@) [FesOs(100 X)/Coqao A)le at 260 K (b)

basis for gnderstanding thel1} field-dependent int'ensity and at 78 K, and for (JF&04(100 A)/Co0(30 A)Js, at 78 K.
changes in the E®,;/Co0 samples. The lack of field re- The o, 01, A, ando symbols refer to successive field cyclings.
sponse for the Mg@CoO superlattice despite similar easy Curves drawn are guides to the eye.
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Ty = 240 K. For the 100 A CoO multilayer at 78 K, the 9423101. We appreciate helpful discussions with L.F.
initial reduction of the intensity with increasing field is Feiner, D. M. Lind, C.F. Majkrzak, and P.A.A. van der
more pronounced, consistent with the larger exchangeHeijden.
bias field (see Table I). Upon field cycling, the spin
structure does not change substantially, as the (111) in-
tensity is essentially flat as shown in Fig. 3. We reiterate
that these field-induced changes are not observed in the
MgO/CoO superlattice, which after zero-field cooling to [1] w.H. Meiklejohn and C.P. Bean, Phys. Rel02, 1413
78 K, showed less than a 5% decrease in (111) intensity in ~ (1956);105, 904 (1957).
a 50 kOe field. These field-cycling data indicate that the [2] M.J. Carey and A.E. Berkowitz, Appl. Phys. Le®0,
onset and magnitude of the biased magnetization behavior 3060 (1992).
is correlated to the Co spin reorientation effects induced[3] R.Jungblut, R. Coehoorn, M.T. Johnson, J. aan de Stegge,
by the perpendicular coupling. and A. Reinders, J. Appl. Phyg5, 6659 (1994).

In total, these neutron diffraction results emphasize [4l J: Nogues, D. Lederman, T.J. Moran, |. K. Schuller, and
the complex nature of the CoO AFM structure in the K.V. Rao, Appl. Phys. Lett68, 3186 (1996); J. Nogues,

D. Lederman, T.J. Moran, and |. K. Schuller, Phys. Rev.
Fe;0,/CoO system as a result of the strong CoO Lett. 76, 4624 (1996). 4

anisotropy and exchange interactions. In these super(s) p j. van der Zaag, A.R. Ball, L.F. Feiner, R.M. Wolf,

lattices, the Co spins in eadh11} domain are strongly and P.A.A. van der Heijden, J. Appl. Phyg9, 5103
constrained to lie along newl10) directions in the (1996).
growth plane. Instead of changes to these slgiections, [6] T.J. Moran and |.K. Schuller, J. Appl. Phyg9, 5109
we have found that in response to differentGg magne- (1996).
tization conditions, th¢111} domainpopulationschange.  [7] W.C. Cain and M.H. Kryder, J. Appl. Phy$67, 5722
The preferred domains show a°9€oupling between the (1990).

Thesel8] C. Tsang and R. Fontana, IEEE Trans. Mags, 1149

antiferromagnetic and ferrimagnetic moments.
(1982).

domain changes induced by the coupling are correlated to[g] B. Dieny, V.S. Speriosu, S.S.P. Parkin, B.A. Gurney

the observed biasing _behaVIor.. L . D.R. Wilhout, and D. Mauri, Phys. Rev. B3, 1297
These results have important implications for theories of (1991).

exchange biasing. The presence of perperjdicular.couplir‘[go] D. Mauri, H.C. Siegmann, P.S. Bagus, and E. Kay,
between the CoO and net #&& moments is consistent J. Appl. Phys62, 3047 (1987).

with the expected interaction proposed recently by Koorji1] A. P. Malozemoff, J. Appl. Phys3, 3874 (1988).

[12]. This 90 coupling must be included in calculations [12] N.C. Koon, Phys. Rev. Letf78, 4865 (1997).

of the exchange-bias fields and may reconcile differenced 3] J. A. Borchers, R.W. Erwin, S.D. Berry, D. M. Lind, J.F.
with observed values for this system [5,15]. However,  Ankner, E. Lochner, K.A. Shaw, and D. Hilton, Phys.
the domain formation in this system is also complicated _ Rev. B51, 8276 (1995). .

by the presence of multiplgl 11} domains in CoO [11], [14] R.M. Wolf, A.E.M. De Veirman, P. van der Sluis, P.J.
an effect which is not included in Koon's theory. The  Yander Zaag, and J.B.F. aan de Stegge, Mater. Res. Soc.

average domain sizes along the growth axis directions i Symp. Proc341, 23 (1994).
g g 9 5] P.J. van der Zaag, L.F. Feiner, J. M. Gaines, R. M. Wolf,

our superlattices_ are quite Iarg_e_, as the AFM coherenc P.A.A. van der Heijden, J. A. Borchers, R.W. Erwin, and
gxtends across bilayers. In addition, the (OOLXDE@!CO_O Y. ljiri (to be published).

interfaces themselves are complex due to the differentis] R.M. Moon, T. Riste, and W. C. Koehler, Phys. R&81,
crystal and magnetic structures of the two components 920 (1969).

[5,13]. These issues must be addressed to understand fully7] All reflections are indexed relative to the ;& spinel
the exchange-biasing mechanisms for this system. unit cell (@ = 8.398 A for bulk) and the CoO magnetic

In conclusion, we have directly demonstrated for the  unit cell (@ = 8.508 A). _
first time irreversible{111} domain reorientation effects [18] W.L. Roth, Phys. Rev110, 1333 (1958); J.H. Greiner,
correlated with the magnetization behavior in exchange- Q%E-zfllegk(ol‘g&).agd i'-e'fr-m\’;/ﬁ'ndeRr;aozr:jé' \I]DI ABqu:rllé tphgr?d
= prefetred.perpendicular orteniation of the antfenromag, %, FossacMianod, 3 Phys. 11,2123 1978).

P! €a perp . . . . g[19] The implications of these large domain sizes will be
netic spins to the f(_errlmagnetlc moment d_|rect|0n. The discussed in V. ljiri, J.A. Borchers, R.W. Erwin, S.-H.
results indicate the importance of the details of the AFM | ge P 3. van der Zaag, and R. M. Wolf, J. Appl. Phys. (to
spin structure for realistic models of exchange biasing. be published).
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