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Long-Range Exchange Bias across a Spacer Layer
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Ferromagnet (FMjantiferromagnet (AF) exchange bias, heretofore considered due to nearest-
neighbor exchange coupling at the FAF interface, has been found to be long range. Using trilayers
of FM/spacefAF with Ag, Au, and Cu as spacer layer materials, the strength of the observed exchange
coupling decays exponentially and extends to as much as 50 A. [S0031-9007(97)04594-8]

PACS numbers: 75.70.Cn, 75.30.Gw

Among the most important advances in magnetic laythe FM layer is always in direct contact with the AF layer.
ers in recent years is the discovery of coupling betweerrurthermore, all theoretical models for FMF exchange
magnetic layers. Interlayer coupling was first observedcoupling to date have assumed a nearest-neighbor coupling
between Fe layers across Cr [1], and subsequently in muét the interface. In these models, the exchange field is the
tilayers with various ferromagnetic and spacer layers [2,3]result of coupling between the first magnetic layers of the
The interlayer coupling can be either ferromagnetic (FM)two materials. For example, one well-known expression
or antiferromagnetic (AF) depending on the thickness ofor the magnitude of the exchange field is [12]
the spacer layer. Thus, as the thickness of the spacer layer .
is varied, one often observes an oscillatory behavior of the Hg = nlJ|SrSar/trMr . (1)
interlayer coupling, which alternates between FM and AFwhereSy andSar are the spins of the magnetic moments,
extending to more than 100 A [4]. Various theoreticalrespectively, in the FM and the AF materials at the in-
models have been proposed to account for the phenomeerface, s and Mr are, respectively, the thickness and
non [5]. The prevailing idea is that the interlayer couplingmagnetization of the FM layer, is the spin-spin interac-
is RKKY-like and that the oscillations are determined bytion strength betweefiz andS4r, andn is the number of
the extremal spanning vectors of the Fermi surface of thaearest-neighbor interactions per unit area at the/ A
spacer material. interface. One long-standing difficulty of Eq. (1) is that

Another type of coupling exists between FM and AFthe value of/ is too large to account for the observed value
materials [6], unlike the interlayer coupling between twoof Hg [12,13].

FM materials mentioned above. When an JAF bilayer In this Letter, we have probed the assertion that ex-
is field cooled below the Néel temperatufg of the AF  change bias is a nearest-neighbor exchange coupling by
layer, the FMAF exchange coupling is established [7—purposely inserting a nonmagnetic spacer layer between
10]. The hysteresis loop of the FM layer, instead ofthe FM and the AF layers. The observation of FAF ex-
being centered at zero magnetic field, is now displacedhange coupling across a nonmagnetic layer demonstrates
from H = 0 by an amount noted as the exchange fieldhat the exchange bias is a long-range interaction extend-
Hg, as if the FM layer is under a biased magnetic field.ing to several tens of A. This coupling is not oscillatory
Hence, this phenomenon is also known as exchange biasut decays exponentially. The range of FAF exchange
Technologically, exchange bias is of crucial importancecoupling is specific to the spacer material, and thus most
in spin-valve field-sensing devices [11]. However thelikely electronic in nature.

physics of FMAF exchange coupling, including the  Noble metal (Cu, Au, and Ag) spacer layers of vary-
Hamiltonian of the coupling, remains poorly understood.ing thickness were inserted between FM perma(y =

The temperature dependence #fz, as well as the NigFey) and AF CoO. The multilayer structure of
dependence upon the thickness of the FM and AF layers;u/Py/noble metalCoO/Cu/Si was fabricated in a mag-
has not been satisfactorily accounted for [7—10]. Evemetron sputtering system, which can accommodate lay-
the spin arrangement of the FM and AF layers, uporers with a uniform thickness and wedge-shaped layers.
which all microscopic models of coupling rely, remains A copper layer of 100 A was used as an underlayer to
controversial. Most models have assumed that the firggromote the growth of [111] oriented CoO and as a cap-
magnetic layer of the AF orders ferromagnetically andping layer for protective purposes. All layers had uniform
parallel to the magnetization of the FM [6,12,13]. This thickness except the spacer layer, which was wedged. The
assertion has been contradicted by recent micromagnet®@oO layer, nominally 300 A, was deposited by rf sputter-
[14] and experimental [15] studies. ing from a CoO target. A thickness of 300 A of CoO

A key issue, central to the physics of exchange bias, isvas chosen for all samples, because this is well above
the nature of the coupling. All experimental studies ofthe thickness for appreciable finite size effects [16]. The
FM/AF exchange coupling have been conducted wher®y layer, approximately 300 A thick, was deposited by
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dc sputtering in a magnetic field to induce in-plane uni-ers areseparatedy a spacer layer. They provide the first
axial anisotropy. The multilayer structure and the wedgeevidence that the FWAF exchange bias, which has always
nature of the spacer layer were confirmed by small-angleeen assumed to be a nearest-neighbor coupling, can in fact
x-ray diffraction and by cross-sectional transmission elecbe a long-range interaction.
tron microscopy (XTEM) [17]. For the magnetic mea- The temperature dependence Bf and H. of the
surements, the layer structure was diced along the weddey/spacefCoO trilayers is similar to those of the
direction yielding many samples in which the thickness ofPy/CoO bilayers [17]. The exchange field; is nearly
the spacer layer was the only variable. constant at low temperatures but decreaseByasf CoO

Magnetic hysteresis loops were measured using a vis approached, and vanishes abde The coercivity
brating sample magnetometer. Before measurement, eaélr decreases steadily with increasing temperature and
sample was first field cooled in a 10 kOe field from 300 K, retains the value of about 2 Oe Bt= Ty, the value for
which is aboveTy = 290 K of CoO, to 80 K with the uncoupled Py [10].
magnetic field parallel to the easy axis of the Py. The To further establish exchange coupling across a spacer
field-cool direction established the anisotropy axis of thdayer, the underlying symmetry of the exchange coupling
FM/AF exchange bias. Representative hysteresis loopsiust be established, beyond the shifted loops shown in
at 80 K for the 300 A PyAu/300 A CoO samples with Fig. 1. It has recently been shown in exchange-coupled
various Au thicknessess,, are shown in Fig. 1. ltis evic FM/AF bilayers that the exchange fiely and the
dent that these hysteresis loops are shifted fidm= 0,  coercivity Hc have specific symmetry where the unidi-
a telltale sign of exchange coupling, which persists forectional and the uniaxial parts of the FKF exchange
fau in excess of 30 A, Exchange coupling also causesoupling anisotropy energy give rise tH; and He,
a much increased coercivityd ), which is defined as one respectively [19]. For such angular dependence measure-
half of the loop width atM = 0. As shown in Fig. 1, ments, we first field cooled each F8pacefAF sample
the values ofHy and H- decrease monotonically for in- to 80 K, with the field along the anisotropy axis. Then
creasing values afy,. Only atry, = 36 A have we ob- hysteresis loops were measured at various angjlesth
servedHg = 0 andH¢ = 2 Oe, the characteristics of Py respect to the anisotropy axis, by physically rotating the
with no exchange coupling. These results are repeatabkample about an axis perpendicular to the sample plane so
with a minimal “training” effect, which in the present case, that the applied field? remains in the sample plane. In
amounts to a slight decrease in the exchange field of 2%erms of angular dependence, the hysteresis loops shown
to 4% [18]. Similar results have been obtained in samplef Fig. 1 correspond to the case with= 0. The angular
with Cu and Ag spacer layers, but the thickness rangedependence of the measured valuesHgf and Ho are
that show exchange coupling are different as described bshown in Fig. 2 for representative samples of Ry/CoO
low. These shifted hysteresis loops clearly demonstrateith 75, = 7.3 and 13.5A. The exchange field indeed ex-
exchange bias in structures, in which the AF and FM lay-ibits the unidirectional symmetiyiz(0) = Hg(—60) =

—Hg (7 * 6)], whereas the coercivity shows the uniaxial
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FIG. 2. Angular dependence of the exchange figld (solid
FIG. 1. Hysteresis loops for 300 A P&u/300 A CoO. The line) and coercivityH. (dashed line) for P§Au/CoO trilayers

thickness of the Au spacer layer is indicated in each case.  with Au spacer layer thickness of (a) 7.3 A and (b) 13.5 A.
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symmetry [Hc(0) = He(—60) = He(m = 6)].  This

confirms that the inherent symmetry afforded by the bias 0.14
exchange has been preserved. 0.12
Because of unidirectional symmetry, the angular depen- 0.10
dence ofHg can generally be expressed as a cosine series ' >
with odd 6 terms. TheH[ results shown in Fig. 2 can be 0.08 %
well described, as shown by the solid curves, using 0 066
Hg(0) = Hg,[cosf — 0.27 cos30 0.04 ‘;’
+ 0.03cos56 + 0.08cos76], (2) 0 on
with Hg, = —38.1 Oe in Fig. 2(a) and—23.5 Oe in 0.00

Fig. 2(b). Itis interesting to note that because of signifi-
cant higher order terms beyond the éo®rm, the largest 2
values of Hg are not atd = 0 or = as commonly be- 0.60°¢
lieved, but near=7/4. This feature has also been ob-

served in FMAF bilayers without the spacer layer [19]. 8
The uniaxial symmetry of coercivity dictates that its angu- E 0.40¢
lar dependence is expressible as a cosine series with even*

0 terms. TheH ¢ results shown in Fig. 2 can be expressed
by 0.20}

Hc(0) = He,[1 + cos26 + 1.1cos40 + 0.4cos66], g L S
3) 0 10 30 50 70

Spacer Layer Thickness (A)

as shown by the dashed curves, ushig = 12.2 Oe in _
Fig. 2(a) ands.7 Oe in Fig. 2(b). As the thickness of the FIG: 3. (a) The dependence of exchange fiéld and cou-

. ling strengthA on Ag spacer layer thickness The dashed
spacer layer increases, the angular dependen£g; @nd Eur\ge shov%s the degenzence 03; exp/A)/12. In the inset,

Hc do not vary significantly, except that the Vallfes of semilog plot ofH vs Ag spacer layer thickness. (B):/Hzo
Hgp and Hc, decrease. These results firmly establish thess thickness of Ag, Au, and Cu spacer layer. The solid curves

transmission of exchange coupling across a spacer layerin (a) and (b) are best-fit results usitly = Hgoexp(—t/L).

In Fig. 3(a), the values off; at 80 K of 300 A
Py/Ag/300 A CoO are shown as a function of the spacefnsatisfactory description of the data. The dependence of
layer thickness. Excluded are the data for extremely small )
spacer layer thickness=4 A), where the values ofiy J o= exp(—1/M)/t (4)
vary significantly due to pinholes or discontinuous spacealso does not describe the overall results, unless one
layers. Forincreasing spacer layer thickness, the exchang&cludes data with smaller as shown by the dashed line
field Hr decreases monotonically and smoothly, up to an Fig. 3(a). However, the experimental results can be
maximum thickness,, beyond which exchange coupling well described by a simple exponential expression of
vanishes. Similar dependence i on the spacer layer J o exp(—t/L) (5)
thickness has been observed for Au and Cu spacers as
shown in Fig. 3(b). However, the observed values.aff  over the entire thickness range, as shown by the solid line
65 + 4 Afor Ag, 36 = 4 Afor Au, and20 = 4 Afor Cu  in Fig. 3(a). The exponential behavior is further illus-
are different. In these samples, the absence of pinholdsated in the inset in Fig. 3(a). The value bfin Eq. (5)
or discontinuities in the spacer layer were verified byprovides a measure of the range of the coupling. For Ag,
XTEM [17]. Au, and Cu, the valueg = 17.3, 9.2, and 4.1 A have

In FM/AF exchange coupling, the FM layer is coupled been found, respectively. The valuelofor Ag is almost
to the AF layer with a coupling strength, which is  twice as large as that for Au. These results indicate that
proportional toJ [Eqg. (1)] and can be expressed asthe range of the exchange coupling across a spacer layer
A = tpMpHg. In the present case, with- = 300 A is specific to the spacer material, and the long-range ex-
and My = 800 emy/cm? for the Py layer, one obtains change coupling is probably electronic in nature.
A (in erg/cm?) = 2.4 X 1073Hg (in Oe), which is also Thus far, theoretical and experimental investigations
shown in Fig. 3(a). Of particular interest is the mannerof coupling of FM layers have been focused mostly
with which J depends on spacer layer thickness It  on the oscillatory interlayer coupling observed in the
is clear that the dependence #fis nonoscillatory and FM/spacefFM structure. Oscillatory coupling using Cu,
monotonically decreasing. We have found that a poweAg, and Au as a spacer layer has been well established
dependencér "), regardless of the value af, gives an in these structures. However, the characteristics of the
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new layer structure of FlyspacefAF are very different spacer layer, extending to as much as 50 A. The coupling

from those of FM'spacefFM. This new FM/spacefAF  strength was found to decay exponentially, and was

layer structure, in which we have observed long-rangenaterial dependent. Our results demonstrate the long-

exponentially decaying coupling, has not been previouslyange nature of exchange bias, contrary to the prevailing

addressed theoretically nor experimentally. assumption that exchange bias is a short-range interaction
Under certain conditions, the rare occurrence ofatthe FM/AF interface.

nonoscillatory but decaying coupling may be observed This work is supported by NSF MRSEC Program

in FM/spacefFM systems if the spacer layer possessedNo. 96-32526 and ONR No. N00014-91-J-1633.
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