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Antiferromagnetic Spin Structure and Domains
In Exchange-Coupled Multilayers

C. L. Chien, V. S. Gornakov, V. I. Nikitenko, A. J. Shapiro, and R. D. Shull

Abstract—As revealed by the observation of memory effectsand  Since the discovery of exchange bias, it has been recognized
domain imaging, the antiferromagnetic (AFM) spin structure in  that the AFM spin structure is central to understanding the phe-
exchange bias is not static. During reversal, the AFM spins form nomenon. To account for the shifted FM loop, the AFM surface
an exchange spring connected with the ferromagnet (FM). We have . . ’
observed hybrid domain walls consisting of FM and AFM sections spln st_ructure would neces;arlly have an uncompgnsated mag-
and their evolution using the magnetooptical indicator film tech- Netization at the FM/AFM interface due to the spin structure
nique. The external magnetic field moves only the FM section of of the AFM layer and/or due to extrinsic causes such as inter-
the hybrid domain walls, leading to the formation of an exchange face roughness. Furthermore, the AFM layer must have a suf-
spring parallel to the interface. The nucleation and unwinding of ficiently large AFM anisotropy to withstand the reversal of the
the exchange spring occur at different locations, and the propaga- . .
tion depends strongly on the chirality of the FM domain walls. 'r:eh?(:l:?’;régglzse aspects have been incorporated in most theo-

i .
b.ellrswdzx.nTstrrm;—ﬁentlferromagnetlc (AFM), domain, exchange \srious theoretical models that have been proposed to ac-
s, Spin structure. count for exchange bias differ in the AFM spin structure. The
earliest model and some of the current models have assumed
I. INTRODUCTION a static AFM spin structure [5], [22]. The exchange bias is en-

XCHANGE bias plays an essential role in spin-valve giarW(aly due to the interactions among the FM anq the uncompen-
; : . ted AFM moments at or near the FM/AFM interface. After
magnetoresistance (GMR) field sensors, which have

: : . % d-cooling, the AFM spin structure, henceforth, remains fixed
ready been employed in read-heads in hard drives [1], as Wgﬁ/l;an during the magnetization reversal of the FM layer. Aside

as in prototype nonvolatile memories based on magnetic tunﬂ%m discrepancies in the predicted valuesH and ., a
Juncthns. Hovyever, despite the techmca_l importance gnd Ramber of key predictions of the static models are contrary to
tense interest in recent years [2]-{4], [21] in exchange bias, ngl,qriments. Since the static models are based on interfacial
to mention its discovery more than 40 years ago [5], [22], the Uferactions with a fixed AFM spin structure, the thickness of
derstanding of many of its key aspects remains unsatisfactory,e Apm layer would not be of consequence. Experimentally,

The simplest geometry for observing and exploring exchanggs values off  and H,, have been found to depend strongly
bias consists of a bilayer of a ferromagnet (FM) and antiferrgy, an AEM layer thickness of as much as 500 A [6]. With a
magnet (AFM). After field-cooling, most commonly in a con-tatic AFM spin structure, the characteristics of forward magne-
stant magnetic field, the hysteresis loop of the FM becomggation switching (fromH to +H) and the reversed switching
shifted away from the origin by the amount known as the efrom +H to —H) parts of the FM layer would be symmet-
change fieldH ;, accompanied by an enhanced coercivify. rical. Yet, the observed switching events have been found to be
The shifted hysteresis loop, with a unidirectional anisotropy, ntistinctly asymmetrical [7], [8]. The memory effects [9], [10],
longer exhibits the usual symmetry df (H) = —M(—H) of which will be discussed briefly in the following, are also in vari-
a single FM layer. In this respect, the underlying AFM layeance with the predictions of the static models.
serves the purpose of “pinning” the adjacent FM layer, a featureSeveral theoretical models of exchange bias, from either
exploited in the spin-valve GMR sensors. energy consideration or more detailed micromagnetic calcu-

lations, have concluded that AFM spin structure cannot be
static [11]-[15], [23]. In the ground state, the AFM and the

Manuscript received February 15, 2002; revised May 13, 2002. The work@ap spin structures are coupled due to the strong interactions at
JHU was supported by the National Science Foundation under Grant DMR?R-e interface. However, the AFM spin structure changes during
80031 and Grant DMR01-01814. '

C. L. Chien is with the Department of Physics and Astronomy, The Johthe magnetization reversal of the FM layer. Specifically, when

Hopkins University, Baltimore, MD 21218 USA. the magnetization of the FM is reversed, the AFM moments
V. S. Gornakov is with the National Institute of Standards and Technolo

Gaithersburg, MD 20899 USA and also with the Institute of Solid State Phys%én_ out into a spiraling spin structure, or an exc_:hange spring,
Russian Academy of Sciences, Chernogolovka 142432, Russia. which connects the FM layer at the FM/AFM interface and

V. I. Nikitenko is with the Department of Physics and Astronomy, The Johnsytends well within the AFM layer. This spiraling spin structure
Hopkins University, Baltimore, MD 21218 USA, the National Institute of Stan-

dards and Technology, Gaithersburg, MD 20899 USA, and also with the InstitYS f'rs_t concluded in [11] and SUbseq.uently by severgl cher
of Solid State Physics, Russian Academy of Sciences, Chernogolovka 1424beeoretical studies [12]-[15], [23]. Evidence of a spiraling

Ru,:s.iJa'Shapiro and R. D. Shull are with the National Institute of Standards a@c};M spin structure has recently been indicated in special
Technology, Gaithersburg, MD 20899 USA. 1/AFM/FM2 trilayers with an AFM spin structure coupled
Digital Object Identifier 10.1109/TMAG.2002.803169. between two FM layers of opposite magnetizations [16].

0018-9464/02$17.00 © 2002 IEEE



CHIEN et al. ANTIFERROMAGNETIC SPIN STRUCTURE AND DOMAINS IN EXCHANGE-COUPLED MULTILAYERS 2737

The importance of spiraling in exchange bias notwith- H4 M5
standing, thin AFM layers in general and its AFM spin [
structure in particular are not easily accessible to direct ex .
perimental studies. Furthermore, recent work [17] shows tha Tr ;
the surface AFM spin structure is dramatically altered after
the FM layer has been deposited on the AFM layer. Thus
an isolated AFM is unlikely to provide useful information 4
about exchange bias, which must be gained from the studie Mg=0 05- .
of FM/AFM multilayers. Magnetic imaging techniques, more Z"’ ol 1
specifically under an external magnetic field, will be crucial —“—,1‘,;%%0‘? s (®)
in revealing the microscopic switching events. In this respect 051 q
the imaging techniques that utilize an electron beam would no e
be amenable to an external field, whereas an optical imagin 74 g
technique would be. <Mp>=0 05

In this work, we describe several experiments in which we o
utilized the FM layers in suitably structured bilayers to provide _T%%ﬂuﬂu%%ﬂ_}
information of the underlying AFM layer. Using a optical do- Te 057
main imaging technique with an external magnetic field, we ob- R ch L
tained information concerning the AFM spin structure, the AFM -200-150-100 -50 0 50 100 150 200
domains, the ground state spin structure near the FM/AFM in. H (Oe)

rf nd the nucleation and motion of th main wall in th
terface, and the nucleation and motion of the doma a tFleg. 1. Hysteresis loops of Py—CoO at 200 K. (a) After being field-cooled in

exchange-coupled FM layer. a 200-Oe field. (b) After being demagnetized at 300 K and then cooled in zero
field. (c) Cooled in an ac 200-Oe field at 1/4 Hz. The cooling procedures are
schematically shown on the left.

Il. EXPERIMENT

We have used two common FM/AFM bilayer systems of c) ACFC: Field cool (FC) Fhe '_sample il’.l an ac magnetic field
Py(175 A)/CoO(370 A) and Py(160 A)/FeMn(300 A) with the ~ Of 200 Oe at 1/4 Hz with time-varying\/) averaged to
same FM= Py = Nis;Feio, one with an insulating AFM= 0, as schematically shown on the left of Fig. 1(c).

CoO and the other a metallic AFM: FeMn. We have used 9) ACFC + FC: ACFC the sample 1@, followed by FC

a vibrating sample magnetometer to measure the hysteresis [10M 7 to lower temperatures, i.e., combining proce-
loops, which give macroscopic information of switching. The _ dures ¢) and a). _ o
magnetooptical indicator film (MOIF) technique has been €) FC+RFC:FCthe sample t;, at which the direction of
used to observe the magnetic domains and reversal processes 1€ magnetic field is reversed and FC to lower tempera-
microscopically at the FM surface. As described elsewhere, ~ WUres. _

the MOIF technique measures the stray magnetic field in the! N resultant hysteresis loops measured at 200 K after pro-
sample due to magnetization at the FM domain walls, defectsGRdures a)—-c) are shown in Fig. 1(a)-(c), respectively. Proce-
the sample, and at the sample edge [18]. In the domain pattéH{€ &) is the normal field-cooling procedure with the FM mag-
shown in Fig. 4, an arrow directed from the “black’ edg&€tization maintained a/ = M, the saturation magnetiza-
toward the “white” edge indicates the magnetization directidiPn- This procedure results in a shifted hysteresis loop shown
in a domain. The key advantage of the MOIF technique is tieFig- 1(&). Using procedure b), field-cooling with zero magne-

application of an external magnetic field during measurement&ation of the FM layer §/ = 0) results in two loops, shifted
to both sides off = 0 as shown in Fig. 1(b). Using procedure

c), the time-averaged magnetization of the FM la{fef) = 0
I1l. M EMORY EFFECTS OFEXCHANGE BIAS during field-cooling, with which one obtains an unshifted loop,
as shown in Fig. 1(c). These very different results, measured
In setting exchange bias, it is critically important to specifgom the same bilayer at the same temperature (200 K), illustrate
the conditions for the field-cooling process. Here we discuss thgidly two important aspects of field-cooling that establish the
case of Py—CoO. Given the value of the Néel temperature &fchange bias: the magnetization state of the FM layer and the
Ty = 292 K of CoO, we began the field-cooling process frorgntire history of cooling.

300 K. To illustrate different effects, the same Py—CoO bilayer 1q further illustrate the second aspect, we can combine two
has been subjected to several different field-cooling process@gocedures during the field-cooling process. When procedure a)
a) FC: Field-cooled (FC) the sample in a constant field @ used, the resulta{ g value decreases with increasing tem-
200 Oe from!” > T to lower temperatures as schematperature and vanishes &y = 292 K as shown in Fig. 2(a)

ically shown in the lef side of Fig. 1(a). labeled as “FC.” Whereas, using procedure c), one observes no
b) DM + ZFC: Demagnetize (DM) the FM layer with/ = H g for the entire temperature range, shown in Fig. 2(a) labeled

0 by an ac field of decreasing magnitudeZat> 7, as “ACFC.” However, in procedure d), we have used ACFC to

and then zero-field-cooled (ZFC) to lower temperature260 K and then C fronT; = 260 K to 200 K. Successive mea-

as schematically shown in the left side of Fig. 1(b). surements from 200 K to 300 K show that the; value de-
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F (a) cooled in 1 T field from 400-300 K, and (b) ac demagnetized at 400 K and
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Fig. 2. Temperature dependence of fa)y of Py—CoO for field cool (FC),
demagnetized and field cooledBt = 260 K, field cool toT,, = 270 K and
reverse the field, and ac field cooled (ACFC) and £h) of Py—CoO.

creases and vanishes at 260 K and remains so at higher tem-
peratures, as shown in Fig. 2(a) labeled &5 = 260.” Evi-
dently, the bilayer “remembers” that field-cooling commenced
at7; = 260 K. As an another example, in procedure e), where
we FC the sample to 270 K, at which we have reversed the mag-
netic field fromZ;, = 270-200 K. Successive measurements
from 200 K to 300 K show that thé&/ g value is now negative

at low temperatures. The value &g increases and becomes
positive at about 250 K. Finally, thH ¢ value decreases from

1, = 270 KuntilTy, as shown in Fig. 2(a) labeledy; = 270.”

In this example, the bilayer “remembers” that the cooling field
direction has been reversedBf = 270 K. All of these re-
sults illustrate the memory effects of exchange bias, indicating
that the AFM spin structure changes for different field-cooling
conditions.

Another important aspect is the values Bf and H.. As
shown in Fig. 2(b), the standard FC in a constant field gives
rise to the largest g value Hg(max) at each temperature. By
using various different field-cooling procedures, because of the
memory effects, one can acquire any valuéfgf of either sign , , , ,
betweenHE(max) and+H p(max). However, regardless of theFIg' 4. MOIF image of domain patterns ta_lken at various points (a, b, c, etc.)

on the double hysteresis loop of Fig. 3(b) with the magnetic fiel& of (a) O,
latitude in the values o g, the values of the coercivitfl. (b) 1.8, (c) 6, (d) 0.6, (e}-1.2 (f) —6, and (g)—0.35 mT. The black arrows
are independent of the field-cooling procedure and history. Tingicate the magnetization direction of the domains, whereas the white arrows

. . . ndicate those of the invading domains.
value of H,. is unique at each temperature and monotonlcal'ly

decreasing with temperature and reaching the free layer value i o
atTy as shown in Fig. 2(b). procedure c), one obtains two loops as shown in Fig. 3(b). The

two loops in Fig. 3(b) are due to the ac demagnetization, which

creates stripe domains with opposite magnetization. During

the field-cooling in a zero field, half of the domains with one
We next describe the domain observation using MOIRagnetization orientation acquire a positive bias field, while

of Py(160-A)/FeMn(300-A) bilayers. Because of the highehe other domains acquire a negative bias field. These stripe

T of the FeMn layer, field-cooling commenced at 400 Kgdomains of opposite magnetization provide a favorable medium

and imaging took place at 300 K. After the bilayer has bedar observing the details of switching.

field-cooled in a constant field, i.e., procedure a), one obtainsThe MOIF microscope was focused on the BMFC sample

a shifted loop at 300 K as shown in Fig. 3(a). After the bilayesver one area aboutd 1.5 mm near the sample edge, revealing

has been ac demagnetized and cooled in a zero field, itaree domains shown in Fig. 4(a), just as schematically shown in

IV. DOMAIN IMAGING IN Py—FeMn BLAYERS
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the insert of Fig. 3(b). We have arranged that the MOIF imagesthe FM DW when the FM layer has been swept into a single
in Fig. 4 correspond to various points on the double loop showlomain. These locations must be those of the AFM DW, which
in Fig. 3(b), such that a, b, ¢, ... in Fig. 4 correspond to pointemain stationary.

a, b, c, ..., respectively labeled in Fig. 3(b). In polycrystalline AFM thin films, the grain usually defines
Starting from the demagnetized state of point Fig. 4(a), tlits own anisotropy axis. However, in FM/AFM bilayers, the FM
patterns (a)—(d) correspond to the right loop in Fig. 3(b) in theets the anisotropy axis of all the AFM grains that are in contact

order of (a)= (b) = (c) = (d) = (a). From (a)= (b) = (c), with a FM domain during field-cooling. The size of the AFM
the central “down” domain reverses to “up.” This occurs withdomain will be set by that of the FM domain. The results shown
the invading domains (shown as white arrows) consuming theFig. 4(c) and (f) indeed reveal that the AFM domains have the
“down” regions in (b). Returning from (c) to (a) via (d), the in-same size as that of the FM domains, and remarkably, both are
vading “down” domains reverse the central “up” domain. Sinmacroscopic in size on the submillimeter scale, four orders of
ilarly, the patterns (a), (e), (f), and (g) in Fig. 4, correspondingagnitude larger than the AFM grain sizes. Thus, the observed
to the negative loop in Fig. 3(b), show the domain reversal osults are not due to the altering of the orientations of the AFM
curring in the two outer domains. grains during reversal as suggested by some studies, e.g., [19].
The domain patterns in Fig. 4 reveal several key aspects ofThe above results clearly demonstrate the following im-
exchange bias. In both (c) and (f), tli&, is in the single-do- portant characteristics of exchange bias. First of all, the AFM
main state. However, the domain patterns of (d) and (e) [likepin structure is not static, or none of the asymmetry would
wise by comparing (b) and (g)] are totally different, indicatindgpe observed. Second, the spiraling AFM spin structure, or the
an asymmetry in the nucleation of the domains for forward amckchange spring, is vertically connected with the FM magneti-
backward reversal [7]. Furthermore, during reversal, only oation. Third, the AFM spin structure has a chirality associated
of the two domain walls (DWs) shifts in order to accommodatsith it, as demonstrated by the invading domains that are
the invading domains. This is clearly shown in (b) and (d) [arelanted in one direction during forward reversal and slanted
also in (e) and (f)] in which the invading domains nucleate arid another direction during the backward reversal. Fourth,
propagate at different locations. MOIF studies of the reverdhle AFM domain walls in the lateral directions, established
processes of exchange-coupled FM/AFM bilayers uncover yairing the field-cooling process, remain stationary throughout
another unusual phenomena. One observes by comparingtfig) reversal of the FM layer. The emergent picture is that the
with (d) for the central domain (likewise in (e) with (g) for theAFM spin structure, established during field-cooling, becomes
outer domains) that the invading domains are not along the easyinected with the FM magnetization at the interface. When
axis, but are slanted in one direction during forward reversal atite FM magnetization is reversed, a spiral, or exchange spring,
slanted in another direction for backward reversal. All of this formed within the underlying AFM spin structure from the
acute asymmetry in both the nucleation domain and wall projpterface penetrating into the interior of the AFM. Theoretical
agation in the magnetization reversal domain are key aspectstifdies have indicated that the exchange spring has a depth
exchange-coupled FM/AFM bilayers due to an AFM spin struof the order of(A/K)'/?, where A and K are the exchange
ture that is not static. stiffness and anisotropy constant, respectively, of the AFM
Of particular interest are the AFM domains in thin AFM filmg11].
exchange-coupled to FM. In uniform free FM layers, regard- In Fig. 5(a), we schematically illustrate the situation of the
less of domain pattern, there are only mobile FM DWs, whiajround state of the sample with stripe domains. There is a hy-
can be swept by an external magnetic field into a single-dbrid domain wall (HDW) consisting of both the FM DW (shaded
main state. The situation is very different in exchange-coupleggion) and the AFM DW (hatched region). The external mag-
FM/AFM bilayers. It is particularly revealing to compare (a)netic field moves only the FM DW but not the AFM DW. When
(c), and (f) in Fig. 4. In (a), two FM DWSs separate three FNMhe FM magnetization rotates in response to a magnetic field,
domains with opposite magnetizations, whereas in (c) and in{file FM DW moves, as shown in Fig. 5(b), and the AFM spins
there is a single FM domain, which is unequivocally identifiedear the interface are twisted into an exchange spring. This re-
by the white edge in (c) and black edge in (f). Most remarlsults in a new section of HDW that is parallel to the interface,
ably, even in the single-domain FM of (c) and (f), there are stilldvancing with the FM DW at one end and pinned at the AFM
weaker but clearly visible contrasts at the original locations &W at the other end. In contrast to DW that moves readily in free
the FM DW. These are the stationary AFM domain walls, whickM films, in exchange-coupled FM/AFM bilayers, however, the
are not shifted by the applied field, thus revealing the underlyimgoving FM DW carries with it the advancing exchange spring.
AFM domains. The weaker contrast of the AFM DW is due tdhis process impedes FM DW motion during the winding of
FM spin frustration near its intersection with the FM/AFM inthe exchange spring. When the external field decreases, its pres-
terface. In this regard, the FM layer plays the role of a sensitigerre on the FM spins lessens, such that at some critical fields,
sensor through which stray fields at the AFM DW can be dé¢he stored energy in the exchange spring becomes sufficiently
tected. It should be emphasized that when stripe domains h&arge for its unwinding. This process begins at regions where
been created in a free FM layer, there will be no remnant tradbg anisotropy and exchange energies are highest. At that point,
of the original domain walls after the FM layer has been swefte heterogeneous FM/AFM exchange spring begins to retrieve
into the single-domain state by the external field. Only in an Fleind leads to nucleation and growth of the domains in the FM
layer coupled with an AFM layer, such as that shown in (c) ardyer until the ground state is reached. It should be noted that
(f) of Fig. 4, can one detect the contrast at the original locatiotise unwinding of the exchange spring occurs at regions where
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Fig. 5. Schematic representations of domain structure of (a) in the ground
state of the FM/AFM bilayer, containing a hybrid FM/AFM domain wall with

a line singularity connecting the FM and the AFM domains (b) during reversal [7]
of the FM, showing the formation of the exchange spring that connects, via
line singularities), the moving FM domain wall and the stationary AFM domain
wall. The interface region is shown in light gray.

Al L

(8l
anisotropy and energies are higher as opposed to lower energies
during exchange spring nucleation. Thus, the unwinding of the[9]
exchange spring is not winding in reverse. Instead, unwindin
and winding occur at different locations. This is the basis for th
asymmetrical reversal of exchange-coupled systems, such as the
observation of the asymmetry in the domain growth. (11]

Finally, we discuss the origin of the influence of field direc-
tion on DW orientation revealed in this work. It is known that the [12]
DW can be entirely of one of two charalities, or a mixture of both
chiralities, separated by Bloch line singularities, which separatg )
two regions in the DW where the spins are twisted clockwise
and counterclockwise [15], [20], [23]. The chirality of the FM [14]
DW determines the detailed spin structure of the line spin sin-
gularity inside the interface region. As indicated in Fig. 5(b),[15]
the moving FM DW causes an exchange spring penetrating into
the AFM, whose spins are twisted according to the chirality of[16
the FM DW. From this point on, the mobility and orientation of
the FM DW is controlled by the spin singularity in the exchangell7]
spring. During reversal, the decreasing magnetic field, or mag-
netic field of opposite sign, lead to different spin twisting in the
exchange spring in locations as well as orientation. [18]

In summary, we have described a number of experimental re-
sults that indicate conclusively that the AFM spin structure in
exchange-coupled Fe/AFM multilayers is not static. Further-
more, we have observed hybrid DWs consisting of both FM[lg]
and AFM sections in the ground state of an ac demagnetized
FM/AFM bilayer cooled in a zero field. Under a magnetic field, [20]
the FM DW moves, while the AFM DW remains stationary. 1,1
In the process, an exchange spring develops that connects the
moving ferromagnetic DW and the stationary antiferromagneti¢22]
DW. The shifted hysteresis loop (the signature of exchange biafg3
involves winding and unwinding of the exchange spring during

the backward and forward reversals at different locations de-
el L pending on the chirality of the FM DW.
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