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Magnetic configurations in exchange-biased double superlattices
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The layer-by-layer magnetization of a “double-superlattice” F€2CA) exchange-bias junction

was determined by polarized neutron reflectometry.nrAayered| Fe/Cr,, antiferromagneti¢AF)
superlattice is coupled with am-layered[ Fe/Cr,,, ferromagnetic(F) superlattice, to provide a
controlled exchange bias. In low magnetic fields, the magnetizations of the two superlattices are
collinear. The two magnetized stat@dong or opposite to the bias figldiffer only in the relative
orientation of the F and adjacent AF layer. At higher fields, the AF moments flop to the direction
perpendicular to the applied field. The structure, thus determined, explains the magnitude of the bias
field. © 1999 American Institute of Physid$§0003-695(99)03052-]

Exchange bias was first discovered in 1956 by Meikle-polarized neutron reflectivityPNR) study for which 18 A is
john and Bean in Co—CoO particle systehisrefers to the  well within the instrumental resolution.
occurrence of a unidirectional magnetic anisotropy that A prototype sample had a layer sequence
manifests itself in shifted hysteresis loops for coupled ferro{Fe(50 A)/Cr(20 A)[5/[Fe(14 A)/ICr(11 A)T55 (see Table )L
magnet (F)—antiferromagneiAF) systems cooled through te,=20A between the F and AF superlattices, to provide a
the Neé temperature in the presence of a magnetic fteld. ferromagnetic intersuperlattice coupling. A uniaxial anisot-
Exchange bias is being utilized in applications such as magropy was introduced by epitaxially growing the sample via
netoresistive read headsnd is being studied extensively in dc magnetron sputtering onto single-crystal M0
various AF/F system%;® but its origin is still uncleaf. Typi-  substrates?®
cally, the magnitude of the exchange-bias effect differs, with ~ The magnetization of the sample, normalized to the satu-
some exception¥ by ~ 107 between experiment and theory. ration value, is presented in Fig. 1. The measurements were
Initially, exchange biasing was interpreted as the resulpbtained with a superconducting quantum interference de-
of the exchange interaction at AF/F interfaces: the magnitudeice magnetometer at room temperature and with the Field
of the exchange-bias field is given by balancing the gain irepplied along the easy axis. Above 15 kOe, the magnetic
Zeeman energy with the energy cost of interfacial exchanggoments of all layers in both superlattices are aligned with
when the ferromagnet reverses its magnetization. In the eaH. In decreasingH, the magnetization decreases as the Fe
liest model*! both F and AF spin structures were assumed tdayers in the AF superlattice first enter a spin—flop state, as
be a rigid sequence of ferromagnetic planes, with a sequendge AF coupling becomes comparable to the Zeeman energy
+—+— (or —+—+) for the AF component; the AF/F inter- and then becomes AF aligned. Below 2 kOe, the magnetic
face was taken to be atomically flat. Unfortunately, this pic-moments of all layers are along the easy axis &hdBy
ture overestimates the bias fields. Subsequent mGd&ls cycling H well within =2 kOe, a minor hysteresis loop is
attempted to address this by invoking roughness at the intefeasuredFig. 1, insel, which exhibits an exchange-bias
face and/or magnetic domain formation in the AF structurefield of He=39 Oe and a coercive field =5 Oe. The bias
It is impossible to control the interface between a convene€ffect in the double superlattice is obtained simply by align-
tional F—AF pair, and the magnetic configuration of a rough
interface cannot be unambiguously defined experimentally. TABLE I. The layer sequence of the double superlattice. The layer thick-
Inview of these unresolveissues, an atfial magneties, 7 e g, S om s B S e
SySter,n where the effeCt_ (,:an be examined \,Nlth rnlnlmafolensity consists of real and i)r/naginary t)c;rms. The neutr);n scatteri%g Ie%wgth
materials-related complexities was propose@his system density used in the calculations are given. The neutron scattering length
is a double superlattice consisting of one F superlattice obdensity of Fe contains a nuclear a magnetic term.
tained by an epitaxial sequence of Fe an(2Ct) layers, and
one AF superlattice obtained similarly but with a different Cr

Scattering length density

. . . . i ) (10*6 A*Z)
thicknesst, (since the interlayer exchange coupling oscil- Thickness Roughness
lates withtc,). The coupling between the AF and F superlat- Layers AR) A) X ray Neutron
tices is governed by the value tf, between the two super- 9.5
lattices. Since the interlayer coupling has an 18 A period, ther Cap 49 53.25.44 2.97
coupling between the AF and F superlattices in doubleFe F 54 6.3 58.3+7.53 8.12+4.40
i i ivelv i iti i X 8 ' 53.2+5.44  2.97
superlattice structures is relatively insensitive to atomic-scalé&’ 17 2+, :
thickness fluctuations. The layered structure is ideal for &€ . AF 14.3 63  083+7.53 812:4.68
cr 12.1 53.2+5.44 2.97
Cr Buffer 197 g 53.2+5.44 2.97
dElectronic mail: tevelthuis@anl.gov MgO(110 Substrate ' 30.5+0.32 5.97
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FIG. 1. Partial magnetization curve measured with decreasing field. The § 102 [ -
arrows indicate the fields for the neutron reflectivity measurements. Inset: %
The minor hysteresis curve after alignment at 30 kOe. £ 10
g - -
=
ing the magnetization of both F and AF superlattices in high 2 104 L ]
field: this procedure breaks the symmetry between the two
energetically degenerate AF states and is analogous to field 10'5' 505 R oz
cooling below T, for conventional ARF systemsGiven that ’ A'; )
the magnetic configuration of the AF superlattice is “fixed” 9, (A7)

and only the magnetization of the F superlattice is reversegle. 3. Measured and calculated polarized neutron reflectivityHin
in the minor hysteresis loop, the magnitudeHyf is equal to =166 Oe(top) and — 72 Oe(bottom. Neutrons with spin parallel tbl are
that expected on the basis of exchange between collineddicated by filled symbols/full lineR™); those antiparallel té1 by open
superlatticeé? symbol/dashed lineR™).

The first step in the depth profiling is to obtain the x-ray
reflectivity with CuK, radiation from a rotating anode x-ray +m(z), wheren is a depth-dependent nuclear scattering am-
source. The x-ray reflectivity was measured from below thejitude, andm is the depth-dependent magnetizati&. is
critical angle to above the first AF Bragg peak. The structuragn optical transform ofi(z) —m(z). By alternatively mea-
parameters were obtained via fitting the data to a Parrauring with neutrons in either spin state, the magnitade

model” modified to include interface roughness. To reducegirection of the layer-by-layer magnetization can be deter-
the number of free parameters, all Fe and Cr layers withifmined.

each superlattice were assumed to have identical thicknesses. PNR experiments were performed at Argonne’s Intense
In addition, the rms interfacial roughness was assumed to beulsed Neutron Source. Initially, the sample was saturated in
equal at each Fe/Cr interface. The x-ray data and fit are- 30 kOe. Measurements were taken at two opposite magne-
shown in Fig. 2 and the fit parameters are listed in Table l.tization states in the minor loop, ai=1660Oe andH

The spin-dependent neutron reflectivity gives informa-=—72 Oe, and at room temperature. The results are shown
tion about the magnetic and structural profile perpendiculags a function of momentum transfey,j in Fig. 3.
to the surfaceR™ andR™ denote reflectivities for neutrons The large difference in reflectivity for the two spin states
polarized parallel and antiparallel td, respectively. The indicates that there is a significant magnetization parallel to
analysis of the data is simple if the magnetization of all lay-H. In the low g, region, the reflectivity becomes unitary at
ers is collinear withH. R™ is an optical transform ofi(z)  the critical value of the MgO substrate. At highwgrthere are
two Bragg reflections due to the periodic layer structure of

107 the superlattices. The reflection@t=0.09 A ! arises from
: ] interference between the Fe layers in the F superlattice. This
2 10%¢ 3 is clearly a ferromagnetic Bragg reflection because it is ex-
g F ] tremely spin dependent. The reflection at 0.12'Aarises
E 10° 3 E from the interference between the Fe layers within the AF
g 45 ] superlattice, and corresponds to a periodicity twice that of
= 10 3 3 the structural ordering. Since an equal number of Fe layers
= 3t are magnetized parallel and antiparallelHpthe reflectivi-
§ 10 3 E ties for the two spin states are approximately equal.
% 102 i 1 The reflectivities for the two magnetic states also show
some differences. These do not appear at the critical value
: . (which would mean that the net magnetization is identical in
0.00 005 010 015 020 025 0.30 both statef but at larger values af,. This shows that some
qZ(A-I) of the Fourier components of the magnetization are indeed
different for the two states. However, the problem of
FIG. 2. X-ray reflectivity datasymbol$ and fit (curve. uniguely determining the two magnetic depth profiles might
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but now perpendicular té and to the F superlatticé.e.,
flopped. The finite ratio ofR™ */R** at — 3.6 kOe is ame-

5 nable to different interpretations. Assuming the system is
homogeneouskR™ "/R* " =tarf ¢, where ¢ is the angle be-

7] tween the antiparallel components of the AF sublattice mag-
netization andH. Such an angle<£70° from the easy axjss

not expected for a uniaxial structure with along the easy
axis. A second interpretation is that the sample is made of
lateral domains and &i = — 3.6 kOe a majority, but not all,

] have flopped. The third and more interesting cause is that the
0 0.05 01 0.15 spin—flop transition is not homogeneous along the thickness

q, (A7) of the AF superlattice, but is initiated at one end, for in-

_ . ) . stance, at the F/AF interface.
FIG. 4. Ratio between the reflectivity measured for neutrons with the inci- | luSi larized t flectivity d
dent spin antiparallel and reflected spin parallel to the fiBfd*(), and with n conclusion, polarized neutron reflectvity demon-

the incident and reflected spin parallel to the figkf (), in —68 Oe(open  Strates that in a double superlattice, engineered to provide a

symbolg and — 3.6 kOe(filled symbols. controllable exchange bias, the magnetic structure matches
that inferred by magnetization measureméntgroviding a

ca(f"reCt link between the microscopic and macroscopic aspects

seem arduous. Ré‘.‘her than a:ctemptmg (o fit the data, we of the magnetism. The two states at either side of the biased
culated the reflectivities from(i) the values for the nuclear . . ; .

. I hysteresis curve consist of collinear alignments of the Fe
scattering length densities for Fe, Cr, and MgO evaluated for o o . .

= . magnetization within both superlattices. The difference be-
the bulk; (i) structural parameterdayer thicknessgstaken - : ! i
from the best fit of the x-ray reflectivity data: arii) the tween the two states originates solely in the orientatjmar-
y y ’ allel or antiparallel of the F with respect to the AF superlat-

2 fice. Furthermore, at high fields the AF superlattice becomes
measured magnetizatiox512 and 1609 emu/chior the F spin flopped with respect tbl and the F superlattice. The

and AF superlattices, respectivelyollinear magnetization o :
. double superlattice is an exchange-bias system, unhampered
was assumed for all layers, where the difference between the

) ) : . - y interfacial spin frustrations, yet where field alignment in-
two states is only in the orientation of the magnetization o stead of field cooling initiates the bias effect, which exhibits
the F with respect to the AF superlattice. As illustrated in 9 I

. . . ood agreement with theory based on coherent, collinear
Fig. 3, not only is there good agreement between experlmergtmdelsg y

and calculation, but the features that distinguish the reflec-

tivities of the two magnetization states are reproduced in the  This work has been supported by U.S. DOE, BES—-MS

calculations. Contract No. W-31-109-ENG-38.
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