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Interlayer exchange coupling has been studied in a series[Riftp; A)/Co(4 A)],/NiO(tyio)/
[Co(4 A)/Pt(te A)], multilayers with perpendicular anisotropy. The coupling oscillates between antiferromag-
netic and ferromagnetic as a functiontgfy with a period of~5 A, and the oscillatory behavior is related to
the antiferromagnetic ordering of the NiO layer. This interlayer coupling between two Co/Pt multilayers is
shown to occur domain by domain by magnetic force microscopy imaging. For the strongest antiferromagnetic
coupling attyio=11 A, an oscillation with a period of-6 A is superposed onto the exponential decay of the
coupling strength as a function g, The exponential decay witl, is ascribed to the exponential decay of the
coupling between the Co layers across the Pt layers in each Co/Pt multilayer, and the superposed oscillatory
behavior can be attributed to multiple reflections of electron waves at the Co/Pt interfaces and their interfer-
ence. A linear dependence of the antiferromagnetic coupling strength mn(lere n is the number of
repeaty, is suggestive of a surface interaction for this interlayer coupling.
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I. INTRODUCTION coupling arises from Ruderman-Kittékasuyg—Yosida-

i i i ) type coupling. In the quantum interference model by
~ Since the first observation of an antiferromagn€Aé)  Bruno2’ the concept of a complex Fermi surface is proposed
interlayer exchange coupling between Fe layers with infor the insulating spacer, and a generalization of the model to
plane anisotropy separated by a Cr spadeiterlayer ex- insulating spacers has shown that the coupling strength
change couplinglEC) has been observed experimentally for should show a nonoscillatory decay with increasing insulat-
a wide variety of spacer materials such as nonmagnetic mefng spacer thickness and increase with increasing tempera-
als (Ru, Cu, Au, Mo, Pd, etg,>1% antiferromagnetidAF)  ture, being consistent with experimental observations. From
metals (Cr,Mn),%*-1" insulating (MgO)*81® and semicon- the quantum interference model, it is also expected that the
ducting (Si, ZnAs, etc)?>-?? materials. coupling strength across a metallic spacer oscillates as a

For nonmagnetic metallic spacers, an oscillatory IEC hasunction of the ferromagnetic layer thickness, which has
been observed as a function of the spacer thickness in almoseéen confirmed experimentaf§2°
all cases(Ref. 23, and references thergifror AF metallic Recently, coexistence of exchange biasing and ferromag-
Cr spacers, IEC oscillations with increasing Cr thicknessnetic interlayer coupling between two ferromagnetic layers
have been found in sputtered (B®)/Cr multilayeré¢and  with in-plane anisotropy separated by NiO spacers has been
epitaxial Fe/Cr/Fe sandwiché&!®In the epitaxial cas&  reported®3lin NiFe/NiO/Co trilayers’ a 90° coupling has
two oscillatory periods are observed- a short-period oscillabeen observed between NiFe and Co layers, and the coupling
tion of 2 ML is superposed on a long-period oscillation of exists for a NiO thickness up to 25 nm.

18 ML. For a Mn spacer in Fe/Mn/Fe systefs; oscilla- Most studies on the IEC have concentrated on ferromag-
tory IEC with a period of 2 ML has also been observed.netic layers with in-plane anisotropy. IEC has also been re-
According to the proximity magnetism model by ported between ferromagnetEM) layers with out-of-plane
Slonczewsk?* this interlayer coupling originates from the anisotropy separated by metallic spacers in Cé#Ruand
direct exchange coupling at the ferromagneti¢k@r) inter-  Ni/Cu®* superlattices. However, observations of interlayer
faces and propagates through the magnetic ordering of theoupling between FM layers with perpendicular anisotropy
Cr(Mn) spacer via short-range exchange interactions. separated by insulating spacers are scarce. Recently, we have

Antiferromagnetic IEC has also been observed for insuteported an observation of interlayer coupling between two
lating spacers such as M&®?° and semiconducting spacers Co/Pt multilayers with perpendicular anisotropy separated
such as S#92! However, the coupling strength has beenby NiO spacer layer®2 The coupling oscillates between an-
found to decay monotonically with increasing spacertiferromagnetic and ferromagnetic as a function of the NiO
thickness®2% and increase with increasing temperattiia  thickness, and the antiferromagnetic coupling strength in-
contrast to the case for metallic spacers. creases with increasing temperature.

For metallic spacers, the oscillation of the coupling In this work, detailed investigations have been performed
strength is attributed to the spacer metal Fermi surface. Then the interlayer coupling in [Pt(tpA)/Co(4 A)],/
oscillatory period is related to spanning vectors of the FermNiO(tyioA)/[Co(4 A)/Pttp A)], multilayers. The manu-
surface lying perpendicular to the layer pl&Ré® and the script is organized as follows. Sample preparation and ex-
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perimental measurements are described in Sec. Il. Experi- o
mental results and discussions regarding the variation of the o |
IEC with ty;o, tp, @andn and are presented in Sec. lll. Section

IV presents a summary of the results obtained.

Il. SAMPLE PREPARATION AND EXPERIMENTAL
MEASUREMENTS

All samples were prepared by dc and rf magnetron sput- 0 '
tering from separate Pt, Co, and NiO targets at deposition
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rates of 0.96, 0.2, and 0.19 A/s, respectively, in 3 mTorr Ar

pressure. The base pressure was14 ' Torr. In each run,

FIG. 1. X-ray diffraction result for glass/@00 A)/

up to 12 samples can be grown under identical conditiondPt5 A)/Co(4 A)]5/NiO(11 A)/[Ca4 A)/ Pt(5 A)]3/ PU50 A),
Four sets of samples were grown in four separate runs, whicthich shows that both the Pt and NiO layers are highly¥td)

are listed as follows:
S1: Glass/R1.00 A)/[P1(5 A)/Co(4 A)1o/NiO(tyio A)/
[Co(4 A)/Pt5 A)],/Pt(50 A)
where 8 A;<tyo<24 A;
S2: Glass/R1.00 A)/[Pt(5 A)/Co(4 A)],/NiO(tyio A)/
[Co(4 A)/Pi(5 A)],/Pi(50 A)
where 8 A;<tyio<26 A;
S3: Glass/R1.00 A)/[Pt(tp, A)/Co(4 A)]4/NiO(11 A)/
[Co(4 A)/Pitp, A)],/PH50 A)
where 5 A<tp,<20 A;
S4: Glass/R1.00 A)/[Pt(5 A)/Co(4 A)]/NiO(11 A)/
[Co4 A)/Pi(5 A)]/Pt(50 A)

where 2<n<6.
Three additional samples of

glass/Pt100 A)/[Pt(5 A)/Co(4 A)]o/NiO(11 A),
glass/Ni@11 A)/[Co(4 A)/Pt(5 A)]4/Pt(50 A),

textured, and the Co layers are highly htp0) textured.

terns using low-magnetic-stray-field and high-coercivity
MFM tips, with magnetization perpendicular to the sample
surface.

Hysteresis loops have been measured by a superconduct-
ing quantum interference devi¢8QUID) and/or an alternat-
ing gradient force magnetometekGFM) with the field ap-
plied perpendicular to the sample surface.

All x-ray magnetic circular dichroistiXMCD) and XAS
data were taken at the beam line 4IDC at the Advanced Pho-
ton Source at Argonne National Lab.

Ill. RESULTS AND DISCUSSION
A. Effect of NiO layer on coercivity

Figure 2 displays the hysteresis loops for the
three samples of glass(R00 A)/[Pt5 A)/Co(4 A)l,/
P20 A), glass/Pt100 A)/[Pt5 A)/Co(4 A)]3/NiO(11 A),
and glass/Ni@L1 A)/[Co(4 A)/Pt(5 A)]5/Pt(50 A). All
three loops were measured at room temperature using AGFM
with the field applied perpendicular to the sample surface.
The square loop shapes are suggestive of out-of-plane easy

15
glass/Pt100 A)/[Pt(5 A)/Ca(4 A)]y/P1(20 A)

were also grown to check the effect of the NiO layer on the ' o i
coercivity of Co/Pt multilayers. asil. I ii | |

The thickness calibration was checked by grazing angle W I i |
x-ray reflectivity after sample preparation, displaying an ac- E ol | ii i
curacy of~10%. The sample structure was checked by x-ray = | i i
diffraction. Figure 1 shows the x-ray diffraction result for 05| ' _
one sample with a NiO thickness of 11 A in S1. The Pt L
layers are polycrystalline, but are highly f¢t11) textured; -1 .
the Co layers are highly h¢p00) textured, and the NiO layer |
is highly fcq111) textured. X-ray absorption spectroscopy A5 % 55 6 05 5
(XAS) data taken on similar samples with identical hyster- FIELD (kOE)

esis loops indicate that the Co layers are not oxidized and
that the NiO layer is indeed consistent with Ni being in the

FIG. 2. Hysteresis loops at room temperature for the samples of

+2 valence staté Neither the L3 nor the L2 edge for Co glass/Pt100 A)/[Pt(5 A)/Ca4 A)]s/NiO(11 A) (solid line), glass/
show any splitting, whereas the L2 edge for Ni shows cleaNio(11 A)/[Pt5 A)/Co(4 A)]5/Pt(20 A) (dotted ling, and glass/

evidence of splitting.

Magnetic force microscopyMFM) imaging was per-

P1(100 A)/[Pt(5 A)/Co(4 A)]3/P(20 A) (dashed ling Measure-
ments are made using AGFM with the field applied perpendicular to

formed on the as-grown samples to obtain the domain pathe sample surface.
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FIG. 3. The major and minor hysteresis loops at room tempera- e .
ture for the samples with NiO thicknesses of 11 and 20 A in o e’®
S1(n=3) and S2(n=4), which were measured using SQUID with 2'0 2'5

the applied field along the out-of-plane easy axis. For the measure-
ment of minor loops, a large field was applied first to saturate the
who!e sample; the field was then dgcreased UI’.]tll the upper Co/Pt FIG. 4. Variation of the minor loop shifty,s with the NiO
multilayer had reversed direction. Finally, the field was '”Creaseqhicknesst,\“o at room temperature fa@) the samples in S1 with
again to finish the measurement. During this process, the bottorj=3 anq (b) the samples in S2 witm=4. The dotted lines are
Co/Pt multilayer remains saturated due to its larger coercivity. Theguides to the eyes. The inset() is the hysteresis loop for a NiO
vgrtical dashed lines in the hysteresis loops give the shifts of thenjckness of 13 A, which displays only one transition. For this
minor loops. sample, a measurement of the minor loop is not possible, and the
minor loop shift is simply set to zero, but that does not necessarily
axes, and the absence of a loop shift indicates that there is riadicate that the two Co/Pt multilayers are decoupled.
exchange bias at room temperature. The Pt/Co multilayer
with a NiO overlayer has the highest coercivit987 O¢  the minor loop. The coupling strengilic can be determined
followed by the bare Pt/Co multilayeiH.=390 O¢. The  from the minor loop shiftH, s as
Pt/Co multilayer grown on a NiO layer has the lowest coer-
civity (80 Oe. The coercivity of magnetic multilayers is Jiec = HusMdco
known to depend on the deposition parameters of the under-
layer, which affects the sample’s microstructure leading tdsee Ref. 2§ whereMg andtc, are the saturation magneti-
differing grain sizes and roughness, which in turn lead tozation and total thickness of Co layers in the Co/Pt
variations in the coercivity. In particular, the effect of inter- multilayer, respectively.
face roughness and coercivity for multilayers with out-of ~For the sample in S2 with a NiO thickness of 13 A, the
plane anisotropy has been discussed previotistj.In this ~ major loop shown as the inset in Figi3 displays only one
work, we have not attempted to characterize the degree dfansition, implying that the two Co/Pt multilayers switch
roughness, the effect of the microstructure or any other patogether. A possible explanation for this behavior is that the
rameters responsible for the differing coercivities. Rather wéwo Co/Pt multilayers are so stronglferromagnetically
look upon this as a serendipitous occurrence that enables goupled that they reverse simultaneously. Hence, ferromag-
to accurately measure the interlayer exchange coupling. Metic coupling may exist between the top and bottom Co/Pt
interlayer coupling exists between the two Co/Pt multilayersmultilayers; however, we set the minor loop shift for this
across the NiO spacer, the coupling can be obtained from HiO thickness to zero for simplicity in Fig.(8). Figures 4a)
measurement of the minor loop shift of the top multilayer,and 4b) show the variations afiy, s with the NiO thickness
while the bottom multilayer remains saturatéd? tnio for S1 and S2, respectively, at room temperature.
Clearly, the IEC at room temperature oscillates between an-
tiferromagnetic and ferromagnetic with a period-e% A for

Lo (A)

B. Oscillatory interlayer coupling as a function both S1 and S2, but the strength of the coupling is weaker for
of NiO thickness the S2 sample set. We focus on this difference in Sec. Ill.
1. Variation of Hy,s with NiO thickness This surprising oscillatory behavior of the interlayer cou-

pling as a function of the NiO thickness is quite different
Figure 3 displays the major and minor hysteresis loops afrom the nonoscillatory decay of the interlayer coupling
room temperature for samples with NiO thicknesses@f  strength expected by Bruno’s moéfefor nonmagnetic insu-
=11 and 20 A in both S1 and S2. With the exception of alating spacers and from experimental observations of cou-
single sample in Seat a NiO thickness of 13 A all samples pling across a nonmagnetic insulating MgO spacer in
in both S1 and S2 display two well separated sharp transiFe/MgO/Fe systems with in-plane anisotrdpypossible ex-
tions in the major loop, allowing for easy measurement ofplanations include a modulation of the NiO insulating barrier
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by the antiferromagneti®AFM) ordering® and /or exchange As described above, the strofifll) texture indicated by
coupling at the Co/NiO interfacé8.In the quantum interfer- the x-ray diffraction implies that the Ni spins are, for the
ence model by Brund the insulating spacer is modeled by most part, aligned in the plane of the sample, perpendicular
a rectangular potential barrier with an height @§ higher  to the Co magnetization. In order for exchange coupling to
than the Fermi levekr of the ferromagnetic layers, and the occur at the interface, we expect an out-of-plane canting of
interlayer coupling is ascribed to the interference of electrorihe NiO spins. Preliminary evidence of this canting was seen
waves in the spacer layer due to spin-dependent reflections ff x-ray magnetic circular dichroisiXMCD) measurements
the FM/insulator interface®. Bulk NiO is an insulating an- erformed at the Advanced Photon Source. XMCD probes
tiferromagnet and in our previous work we have argued thafhe gpin-polarized density of states via core-level absorption
the Néel temperature even fqr such a th!n f|.Im Is at or abov%f circularly polarized x rays, and is sensitive to the projec-
room temperature. The period of oscillation correspondﬁion of the element specific net magnetization along the beam

closely to the AF ordering vector, leading to the inescapabl%irection The Ni L3 XMCD data, shown in Figs(# and

conclusion that the oscillatory coupling is closely related to5 b were taken at remanence after saturation at normal in-
the antiferromagnetic ordering of the NiO samples. Taking (b),

the AF ordering of NiO into consideration, a possible expla—Cidence’. and thug are sensitive to the out-of-plane cqmponent
nation for the oscillatory interlayer coupling observed in our®f the Ni magnetization, and not to uncompensated in-plane
system was proposed in a previous papend is briefly Ni spins. The data indicate clearly_that in th_e antiferromag-
reviewed here. netically coupled sample the net Ni moment is close to zero,
Assuming that the thin NiO layer in our samples has avhereas in the ferromagnetically coupled sample, a net Ni
spin structure similar to that of the bulk, t&l1) texture of ~moment exists. Measurements of the ferromagnetically
the NiO (as revealed by x rays, Fig) Implies successive coupled sample were repeated for saturation in a negative
(112) planes of NiO will have net magnetizations pointing in field and showed the opposite sign, as expected. The insets to
opposite directions, lying parallel to the interfaces. The magFig. 5 indicate a schematic of the possible spin canting in the
netization of eact{111) plane will contribute to the scatter- NiO. Spin canting at one interface is then propagated across
ing of the spin-polarized electron waves from the [#N1) the AFM ordered NiO, constraining the direction of canting
planes. The presence of domains and different in-plane crysf the opposite interface. The details of the domain wall in
talline orientations in the NiO layer will alter the in-plane the NiO are not known; the schematic presents only the cant-
direction of the magnetization for differing areas, but theing at the interface. In this picture, a FM coupling corre-
antiferromagnetic ordering of the Ni@L1 planes ensures sponds to an odd number of NiO layers, whereas AFM cou-
that electron waves traveling through the barrier will experi-pling occurs with an even number of NiO atomic planes.
ence magnetic fields that are opposite in direction for eachrhjs is consistent both with our previous data as well as the
successive NiQL11) plane. Rather than a rectangular poten-model of Zhuravlev and co-workef8.The canting of the
tial barrier with a width given by the thickness of the spacerN;jo spins seen here does not rule out the earlier explanation;
(as proposed for nonmagnetic insulating s_pa)c%gren_e may  however it does provide strong support for the model of
consider a periodic potential(z) with a period of 2l inside  gychange coupling at the interface. The role of the out-of-
the NiO layer(whered=2.4 A is the distance between NiO plane magnetization may be confined to the fact that in-plane
(_111) plane_s. This periodic potential barrier will cause mul- magnetization will exchange couple to the in-plane compo-
tiple refllectlons Qfelectron waves from the FM prdg(@iﬂl) nents of the NiO spins which may be randomly arranged,
planes in the NiO layer as well as the Co/NiO mterfaces.hence leading to a very small or zero net effect. Clearly a

Their interference may then allow for a modulation of the . I C . )
reflectivity through the NiO by a function which is periodic gg:}a{uled study with differing magnetic orientations is neces-

in the NiO thickness with a period ofd24.8 A, consistent
with the observed oscillatory period ef5 A.

In the above explanation, the out-of-plane magnetization
does not play a significant role, since, according to the model The variation of domain formation with NiO thickness
by Slonczewskf? it is only the relative orientation of mag- provides further insight into the oscillatory IEC. MFM im-
netization in the FM layers that is important, which in our ages of as-grown samples show striking differences in the
case is either parallel or antiparallel to the out-of-plane easglomains of FM and AFM coupled samples. In MFM, the
axis. The presence of interfacial roughness will alter themagnetic force gradient from the sample on the tip leads to a
strength of the coupling, since small local regions may disphase shiftA®, in the oscillatory behavior of the MFM tip.
play opposite signs for the couplindor example, some In the point dipole approximatiof?, the phase shift can be
small regions with FM coupling in the AF coupling case expressed simply byAd®=—(Q/kmy, d’H,/dZ, where Q
However, so long as a majority of the area of the interface ind k are the quality factor and the spring constant of the
of the average thickness measured, we still expect to seecantilever respectivelyny, is the magnetization of the tip in
net coupling as described above. the dipole approximation, and, is the zzcomponent of the

An alternative explanation for the coupling has been prostray field above the sample surface. The MFM image is
posed by Zhuravlev, Tsymbal, and Jas#falsing a model proportional to the intensity plot af® and in the following
in which they take into account exchange coupling at thewe describe and measure this phase shift as an indicator of
interface and the anisotropy energies of the NiO and Co/Pthe presence of domains and domain walls.
multilayers, they are able to reproduce the oscillatory cou- Figure 6 shows the MFM images in the as-grown state for
pling that we have seen. four NiO thicknesses in S1. For NiO thicknesses of 11 and

2. Magnetic force microscopy imaging
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T FIG. 6. (Color onling Room temperature MFM images in the
15 104 SAMPLE 2 as-grown states for samples with NiO thicknesses of 11, 14, 16, and
o 18 A in S1. The imaging area is 30mx 10 um. For NiO thick-
3 . nesses of 11 and 16 A, the interlayer coupling is antiferromagnetic
a 110 and only closed domain walls are observed, while for the NiO
8 thicknesses of 14 and 18 A, the interlayer coupling is ferromagnetic
~ 510° and up and down domains are observed, similar to the domain
&' pattern for the pure Co/Pt multilayer shown in Fig. 6.
= 0
G 010 y
2 pling grows weakerthe size of the domains increases. We
O -510° will attempt to address this phenomenon later in this paper.
E For now we point out that weaker coupling appears to in-
1104 crease the domain size.
—— SAMPLE SATURATED AT +VE FIELD Figure qa) shows an MFM image of a glass/
45404 == -SAMPLE $ATURATED AT ;VE FIELD P1(100 A)/[Co(4 A)/PK5 A)]5/Pt(50 A) multilayer in its
622 824 626 6828 630 832 634 636 as-grown state. The image is composed of areas with light
(b) ENERGY (e\) and dark contrasts, corresponding to up and down domains.

The schematic diagram above the image in Fig) de-
scribesAd in the presence of a domain wall when the mag-
netic moments transition from up to down. On its left is the
experimental curve of the phase shiftb across a domain
wall from up to down domains. At the bottom of the image in
Fig. 7(a), the experimental curve represents the phase shift

ized (LCP) x rays, a measure of net magnetization. The energy ié‘b acros_s a domain wall from down to l_Jp domains. These
tuned to the & edge of Ni and the beam is at normal incidence; WO €xperimental curves of the phase stifb clearly show
hence we probe only the out-of-plane component of the Ni magne@PPOSIte signs for up and down domains, as expected.
tization. For sample 2, we show data after both positive and nega- FOr two Co/Pt multilayers separated by a thin NiO spacer,
tive saturation; the magnetization clearly displays the opposite sigR0th multilayers will generate stray fields above the sample
for positive and negative remanence. The insets are a sketch of ttgairface. When the magnetic tip scans across the sample sur-
canting of the NiO spins at the interface. face, the total phase shify®, is a superposition of two

phase shifts

16 A, (corresponding to AFM couplingthe images in Figs. AD = ADop+ APgorron

6(a) and Gc) are quite different from the MFM image in Fig. '

7(a) for a pure Co/Pt multilayer. In these images, up andwhereA®+qp andAdgorroy are the phase shifts caused by

down domains disappear, and only closed domain walls arthe stray fields emanating from the top and bottom Co/Pt
observed. For FM coupled samples wiff,=14 and 18 A, multilayers, respectively.

the domain images shown in Figgb$and &d) are similar For AFM coupling, the magnetic moments in the two

to the MFM image in Fig. @) for the pure Co/Pt multilayer. Co/Pt multilayers tend to lie antiparallel. For a dowup)

Up and down domains are observed. One other point of obdomain in the bottom Co/Pt multilayer, the corresponding
servation is that as the NiO thickness grog@®d the cou- coupled domain in the top Co/Pt multilayer must be an up

FIG. 5. (Color onling XMCD spectra for(a) an AF coupled
sample 1. Si/R1L00 A)/[Pt6 A)/ Co(4 A)]3/ NiO(11 A)/
[Co4 A) I Pt(5 A)]3/ Pt(24 A) and (b) ferromagnetically coupled
sample 2: Glass/Pt00 A) /[Pt(6 A)/Co(4 A)]3/ NiO(11 A)/
[Co4 A) /I Pt(5 A)];/ Pt(50 A). The data shown are the difference
between right circularly polarize@RCP) and left circularly polar-
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walls in the top and bottom Co/Pt multilayers do not cancel
each other. As shown in Fig.(y), their superposition will
give a profile of the phase shift similar to that for the domain
wall in the antiferromagnetically coupled top and bottom
Co/Pt multilayers. Thus, the domain walls observed in the
antiferromagnetically coupled Co/Pt multilayers is a super-
position of two domain walls from the top and bottom Co/Pt
multilayers.

For ferromagnetic interlayer coupling, magnetic moments
in the two Co/Pt multilayers lie parallel. For an ggown)
domain in the bottom Co/Pt multilayer, the corresponding
coupled domain in the top Co/Pt multilayer must be an up
(down) domain in order to guarantee parallel alignment of
magnetic moments in both coupled Co/Pt multilayers. Thus,
in the case of ferromagnetic coupling, up and down domains
can be observed. The agreement between the experimental
and calculated profiles &f® indicates that the coupling be-
tween the top and bottom Co/Pt multilayers occurs domain
by domain. Hence only closed domain walls are observed in
the antiferromagnetic case, while up and down domains are
observed in the ferromagnetic case similar to the pure Co/Pt

AD (arb. unit)

. /i multilayer.
Beopt] | | X y
li/N 3. Variation of the antiferromagnetic coupling
: strength with Pt thickness
. i/\ 5 The strongest antiferromagnetic interlayer exchange cou-
(o) CoPt} _:jlor); pling occurs for both S1 and S2 when the NiO spacer thick-
~ |3 ness is 11 A. Choosing this thickness of 11 A of NiO, and
! c the number of repeats to be 3, we vary the thickngss the
CoPt | ! ! Pt layers, to make a series of samples, S3, to check the varia-
: iy b tion of the antiferromagnetic coupling strength with Pt thick-
e no__ W i nesstpy. k P ’
ColPt| | i Figure 8 displays the major and minor loops for samples
(b) ' ‘i,‘ in S3. All minor loops demonstrate a net positive shift, im-

plying that the coupling remains antiferromagnetic at all Pt
) o thicknesses. The MFM images in Fig. 9 show the closed
~ FIG. 7. (Color onling Schematic diagrams to show the forma- 4omain walls expected for antiferromagnetic interlayer cou-
tion of closed domain walls in antiferromagnetic coupled Co/Ptp“ng between the top and bottom Co/Pt multilayers, further
ir;]”'t!ay?\;i '\:epier‘rr]":gs bg’f nge Sp(;"gsqr;'n F'g‘;'t(grzlon fg;e lg?Zss/ confirming the antiferromagnetic coupling feature. Once
. again, increasing the Pt thickne@d hence decreasing the
PY100 A)/[PY5 A)/Co4 A)ls/P20 A) in the as-grown state. coupling strengthleads to the formation of larger domains.

The imaging area is mwmXx5 um. The areas with light and dark - . .

) ) . . In general, domain formation is a balance between an-
contrasts correspond to magnetic domains with the moments poml— . -

Sﬁotropy energies and magnetostatic energy, where the do-

ing up and down, respectively. The schematic diagrams on the tofy . I ies d d h ; If th h
and bottom of the image indicate the existence of domain wall ain wall energies depend on the anisotropy. If the exchange

between up and down domains, and on their left are the experimerfCUPIiNG can be thought of as an effective anisotr¢pge
tal curves of the phase shifts. The experimental curve of the phaded: (5) below], as the exchange coupling decreases, it should
shift in (c) is for the domain wall labeled by the solid line in the D€ easierto form domains, leading to smaller domain sizes
image withtyio=11 A in Fig. 6. The experimental curves(a and 'O mMinimize the magnetostatic energy. Alternatively, we can
(b) are from the domain walls labeled by the solid line the Co/Ptconsider the coupling between layers to provide an effective
layer in the figure on the left. field; the stronger the coupling, the larger the field and hence
the larger the domain size. Our observation of increased do-
(down) domain. This guarantees that the magnetic momentmain size as a function of decreased coupling strength runs
in top and bottom Co/Pt multilayers lie antiparallel. The counter to the arguments given above. A similar effect has
phase shifts caused by the stray fields emanating from thieeen seen in Co/Pt multilayers, albeit with larger Co thick-
antiferromagnetically coupled up and down domains are opness by Stampst al** Calculations of domain size in mul-
posite in sign and cancel each other to give an average zetayers with out-of-plane anisotropy have been perforifted;
phase shift as shown by the experimental curve of the phagbese calculations consider only magnetostatic interactions
shift in Fig. 7b) and no up and down domains can be ob-between the magnetic layers and do not consider the depen-
served. However, the phase shifts caused by the domaitence of domain size on spacer layer thickness or coupling
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0 A FIG. 9. (Color onling Room temperature MFM images at the
4l } as-grown state for the samples with the thicknessegs®6, 8, and
o 10 A in S3. The imaging area is 20mx 20 um. Only closed do-
-8t on&mf ‘ _ main walls are observed in these samples, suggestive of antiferro-
-2000 -1000 0 1000 2000 magnetic interlayer coupling between the top and bottom Co/Pt
Oe ) multilayers. The domain size increases with increasing Pt thickness.

FIG. 8. The major and minor hysteresis loops for samples with
differing Pt thicknesses in S3. The numbers represent the Pt thick-
ness. A switching fieldHg,y is defined as shown in the hysteresis

loop with P_t thickness of 6 A, being the field at which the lower HuLs shows a decaying oscillatory dependence on Pt thick-
Co/Pt multilayer reverses completely. ness, that on fitting can be best described by

Hgw=198.3 + 2665.8€- 1%,

strength. For Fe/Cr/Fe sandwiches with in-plane magnetiza- _ —0.15 tp, _ ; _
tion, both calculations(assuming only Néel walls are HuLs = 8.31 + 336.928 - 80.12 silf1. 12~ 152.88).
present and experimer show that the domain wall widths In order to understand the striking similarity of the expo-
increasewith decreasing coupling strength. However, in ournential factors ofHs,, and Hy, s, with increasing Pt thick-
films with out-of-plane anisotropy, Bloch-type domain walls ness, we need to consider the effects of decreased coupling
are probable. Calculations of domain effects for out-of-planestrength across the Co layers. Let us consider a single Co/Pt
thin films with IEC have not been performed. multilayer with perpendicular anisotropy. The perpendicular

In the major loop, a switching fieltHgy, is defined as anisotropy arises from an interface anisotropy, and the aniso-
shown in Fig. 8a), corresponding to the field at which the tropy energy can be expressedkascos 9, whereKg>0 is
entire lower Co/Pt multilayer switches magnetization. Thethe interface anisotropy constant, afids the angle between
variation of the switching fieldHsy and the minor loop the magnetization and the interface normal. A variety of ex-
shift, Hy.s as a function of Pt thickness are shown in Figs.perimental studi¢$=*° have shown the existence of ferro-
10(a) and 1@b), respectivelyHs,, decays exponentially with magnetic coupling in Co/Pt multilayers. If a magnetic field
Pt thickness and the best fit shown as a solid line in the figurél is applied perpendicular to the interface, the total energy
is given by per unit area can be written®4s
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1800+t I (a) ' -] Eex= ~ Jex cos ¥ (4)
—_ £ and substitute this into the free energy equation
© .
Q1200 . 1 _ 2002

a "o E=-(Kg+Jex— 27Mgcos 4 — McH cos 9. (5)
I . L

600! ’. | On the assumption that the domain size of the Co/Pt
‘.’ multilayer is large[the condition which our samples satisfy

(see Fig. 9], the switching fieldHg, can be determined BY

K
Hsw= zM—e;f, (6)

where Keﬁ:KS+JeX—2wM§. Hsw is controlled by three pa-
rameters: the interface anisotropy constdgtthe saturation
magnetization, and the interlayer coupling consthntNei-
ther Kg nor Mg are influenced by a change in the Pt thick-
ness. Hence, the exponential decaygfy with increasing Pt
thickness must be ascribed to the exchange coupling con-
stant. Experimental studi&s have demonstrated that in

FIG. 10. (Color onling Variations of the(a) switching field CO/F.)t multilayers,_]ex deca_ys exponentially with incr(_easing
Hsw- The dotted line is the fit to the data showing the exponentialpt thickness, consistent with our observed exponential decay

decay ofHgy with tp; and (b) the minor loop shiftHy, s as a of Hsy,. . . A
function of the Pt thicknest,. The solid line is a fit to the data, The connection between the |EC and the switching field is

showing that the variation dfiy, s with t is a superimposition of More subtle. A measurement of the minor loop is only pos-
an oscillation with period of-6 A (dashed lingonto an exponen-  Sible when one Co/Pt multilay¢n this case the lower one

tial decay(dotted ling. remains saturated. With increasing Pt thickness, the exponen-
tial decay ofHgy, for the lower Co/Pt multilayer implies that
the field range over which the lower multilayer can remain
saturated will become increasingly narrow. The upper limit

where Mg is the saturation magnetization of the Co layer, fOr the minor loop shift of the top Co/Pt multilayer k.

szé is the magnetostatic enerds,, is the exchange cou- Hence, the exponential-decay contribution to the interlayer
eX . . .

pling energy between Co layers aridis the angle of the exchange coupling may be ascribed to the exponential decay

magnetization with respect to the applied field. This defini-Of the exchange coupling constalyf. _

tion of 9 is based on the assumption that all magnetic mo- 1 he_oscillatory component is periodic with a period of

ments are parallel. If we consider only two Co layers sepa-6 A. This oscillatory behavior as a function gfis similar

E=-(Ks-27M3cog 9 - MH cos 9 +Eg,, (1)

rated by a Pt layeiE,, can be expressed4s to that observed in FM/metallic spacer/FM _systé?ﬁ%as a
function of the FM layer thickness. According to the quan-
Eex=—JoyMy; - M, (2 tum interference model by Brurfd,the entire multilayer

may be represented by a series of potential barriers. Due to
whereJy, is the exchange coupling constant angandm,  multiple reflections from the two interfaces of the FM layer
are the unit vectors of the magnetizations in the two Caand their interference, oscillation of the coupling strength as
layers. Equatior2) is the generalization of the Heisenberg- a function of the FM layer thickness is expected. In our case,
type isotopic exchange to the interlayer problem, and thehe FM layer is composed of the Co/Pt multilayers. Thus,
generalization is based on the assumption that the ferromagpllowing Brunc®®2” and Stiles® the Co/Pt multilayers can
netic layer is in a single domain. Equati@®) can be further be represented by a sequence of potential barriers or quan-
expanded as tum wells. The coupling strength is determined by the spin
. , dependent reflectivity of electron waves at the Co/Pt inter-
Eex=—Jex{COS U1 COS D + sin Iy Sin I, cod by ~ ¢o)}, faces, which, in turn, is determined by the interference ef-
3) fects due to the partial reflection and transmission of electron
waves at the Co/Pt interfaces. Increasitpgleads to the
where, , is the angle betweem, , andH, and¢; ;> is the  jncrease of the well width between the potential barriers. As
azimuthal angle ofn; ,. The magnetic fieldH limits the 3 result, an oscillation of the coupling strength with is
value of 9, ; and the sharp transition in the hysteresis loopexpected. This oscillation is superimposed onto the exponen-
(see Fig. 2 implies that the Co layers reverse simulta-tjg| decay of the AF coupling strength as a functiontgf
neously; hence the assumption tifgt= 9, is valid. The azi-  caused by the exponential decay of the coupling strength

muthal angleSQDl and @y, are not confined by the f|e|d, may between Co |ayers across the Pt |ayers'
vary from grain to grain and are susceptible to extrinsic ef-

fects. Averaging over the area of the surfdces¢;—¢,)) 4. Variation of the antiferromagnetic coupling strength with n
will tend to zero since there is no preferred orientation in  For the strongest antiferromagnetic interlayer coupling at
plane. We can then rewrite E(B) as the NiO thickness of 11 A in S1, the variation of the cou-
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-

f=re of ~5 A or 2 ML of the NiO(111) planes. XMCD data in-
} e dicate a canting of the NiO spins into the out-of-plane direc-
1L tion, suggesting that exchange coupling at the Co/NiO inter-
= face plays a role in this oscillatory coupling. The MFM

images at different NiO thicknesses have shown that the cou-
pling between the two Co/Pt multilayers occurs domain by
domain. For antiferromagnetic coupling, only closed domain
walls are observed, which arise from the superposition of
02 03 04 05 domain walls from the top and bottom Co/Pt multilayers.

Y4 For ferromagnetic coupling, up and down domains are ob-

_ ) _ served, similar to the domain patterns for a bare Co/Pt

_FIG. 11. (Colo'r onling Llnegr dependence of the_ minor loop multilayer. For the strongest antiferromagnetic coupling at a
shift Hyis on 1/nin S4 wheren is the number of repetitions of the i thickness of 11 A, the variation of the coupling strength
Co/Pt multilayer. The solid line is the linear fit to the experimental with the thickness of the Pt layer is a superposition of an
datasolid dots. The in.set Sh.ows the major and minor hyStereSisoscillation with a period of 6 A onto an exponential decay.
loops for the sample with=5 in S4. The exponential decay of the antiferromagnetic coupling
) ) N strength with the Pt thickness is attributed to the exponential

pling strength as a function af (the number of repetitions of - gecay of the ferromagnetic coupling constant between the Co
the Co/Pt multilayerhas been investigated. The inset in Fig. jayers across the Pt layer in a Co/Pt multilayer, while the
11 gives the major and minor loops for 5. The net positive  gscillatory behavior is ascribed to multiple reflections of
minor loop shift indicates antiferromagnetic interlayer cou-glectron waves from the Co/Pt interfaces and their interfer-

pling. Figure 11 shows a linear increase of the antiferromagence. Finally, a linear dependence of the antiferromagnetic
netic coupling strength with 1/ This linear dependence on coupling strength on I has been observed, which is sug-
1/n (or 1/d whered is the total thickness of the magnetic gestive of a surface or interface interaction for the interlayer

Co/Pt layey is suggestive of the nature of a surface or inter-exchange coupling between two Co/Pt multilayers separated
face interaction for the interlayer exchange coupling betweepy NjO layers.

Co/Pt multilayers separated by a NiO layer, an observation
that is consistent with the XMCD data suggesting the pres-
ence of exchange coupling at the interface. ACKNOWLEDGMENTS
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