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Magnetic coupling between Ggre;, (CoFe and Ni;Fe q (NiFe) thin films separated by a SjQayer was
investigated with magnetization measurementssabauer spectroscopy, and Lorentz imaging.,Sitck-
nesses varied from 0 to 1000 A. When the spacer layer was thicker than 10 A, separate reversal of the magnetic
layers was observed in the hysteresis loops. The coercivity of a 300 A NiFe film separated from a 300 A CoFe
film by 20 A of SiO, was about 50 Oe, compared to 1 Oe for a free NiFe layer. The coercive field of the NiFe
decreased and the magnetization reversal became sharper with increasitigici@ess. The NiFe showed an
enhanced coercivity even with a demagnetized CoFe layer, suggesting that domain walls contribute to the
coupling. Mssbhauer measurements in zero applied field confirmed that the spin dispersion of the NiFe layer
resembled the CoFe dispersion in strongly coupled trilayers, but that the NiFe spins were nearly collinear with
the easy axis in trilayers with small coupling. Lorentz imaging of single magnetic layer samples showed a
complex, immobile domain-wall structure in the CoFe, but only ripple structure was observed in the NiFe. The
Lorentz images of trilayers suggested that magnetostatic coupling between domain walls in the CoFe and
induced walls and ripple structure in the NiFe resulted in the enhanced NiFe coercivity.

[. INTRODUCTION ered(see Fig. 1 Percolation through a very thin layer, such
as a tunnel junction barrier, can provide direct coupling be-
Understanding the nature and extent of magnetic extween two ferromagnetic filmgFig. 1(a)]. The “pinhole”
change interactions and coupling effects is important folissue is a subject of general importance in investigations of
many of the industrial applications of magnetic thin-film de- multilayer systems. The transport properties of tunnel junc-
vices. In particular, magnetoresistive devices have transpotions will clearly reflect the presence of metallic shorts
properties that depend on the relative orientation of magnetithrough the barrier. The influence of these indeterminate
moments in neighboring grains or thin film layers. Most in- pathways on interlayer coupling, however, may be less ob-
vestigations have focused on metallic multilayer systems likevious. So far, direct imaging of these pathways has been
Fe/Cr (Refs. 1,2 and Co/CU where the thickness of non- difficult. Controlled oxidation experiments have been used to
magnetic material between the ferromagnetic layers deteprobe the permeable nature of thin metallic layehseel*°
mines whether the interlayer coupling will be ferromagneticproposed that conformal roughnd8erange-peel’) at inter-
or antiferromagnetic. By varying the thickness, couplingfaces can result in ferromagnetic coupling for a moderate
properties can be tailored to meet specific application rethickness of spacer materigfig. 1(b)]. Recently, an uncor-
quirements. Recent interest in spin-dependent tunneklated roughness model for biquadratic coupling has been
junctiond has motivated the study of magnetic coupling proposed as welft In Neel's model, roughness features on
across nonmetallinsulating materials’ In a magnetic tun- the surface of the bottom ferromagnetic layer propagate
nel junction, the thin insulating layer minimizes magnetic through the uppermost layers as they are deposited. Magne-
coupling between the electrodes. Interactions between thstatic coupling occurs between the roughness features, as-
electrodes, however, are still present. It has already beesuming that the magnetization is uniform and collinear at the
demonstrated how the switching behavior of the soft maginterface'? Magnetostatic coupling can also exist between
netic layer and the magnetic properties of the hard layer cadomain walls in the two magnetic layelsig. 1(c)]. In this
influence each othér’ As device sizes continue to shrink, case, stray flux fields from walls in one film can influence the
magnetic coupling and shape anisotropy effects must bmagnetization reversal process in the other magnetic idyer.
taken into account to optimize performarice. Finally, Slonczewski* proposed that the change in angular
The band structure of an insulator minimizes exchangenomentum experienced by spin-polarized electrons tunnel-
interactions, but other sources of coupling need to be considag across a barrier results in a magnetic exchange coupling
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FIG. 2. Magnetization data in the second quadrant for NiFe(300
A)/Si0,(x)/CoFe(300 A trilayers. The inset shows the full hys-

FIG. 1. Possible coupling mechanisms between two ferromagteresis loop for the sample with a 20 A spadél, is moment at
netic layers separated by an insulating layer. saturation.

[Fig. 1(d)]. The magnitude and sign of the coupling oscillatesstructure in the trilayers. Cross-sectional TEM indicated that
depending on the interfacial barrier properties. these films were uniform and the interfaces were smooth on
In this paper, we report on magnetic coupling effects ob-a scale of about 5 A. The magnetic films were polycrystal-
served in Ni;Fe o/ SIO, /CosgFeso/Si multilayer films. The  line, and the SiQ was amorphous. Magnetization was mea-
coercive field of a soft NiFe g (NiFe) film was enhanced sured on an alternating gradient magnetoméfeeM) at
(relative to a free NiFe fillhwhen separated from a ¢fe;;,  room temperature and on a superconducting quantum inter-
(CoFe film by a sputtered Si@spacer layer up to 1000 A ference device magnetometer at low temperatures. Samples
thick. NiFe minor loops showed an enhanced coercivity evenvere also prepared on carbon-coated copper TEM grids for
in the presence of a demagnetized CoFe layersslauer Lorentz microscopy. Magnetic imaging was performed for
measurements confirmed that the remanent spin dispersion different in-plane fields by tilting the samples in 250—1000
the NiFe layer resembled the CoFe dispersion in stronglye vertical fields.
coupled trilayers. Determination of magnetic structure by
Lorentz transmission electron microscopyEM) revealed
that low mobility domain walls and ripple structure domi-
nated the magnetization reversal characteristics of free CoFe A. Control samples

films. Imaging of trilayer samples showed evidence of do- Tpe in-plane magnetic properties of the control samples

main walls in the NiFe that were not observed in the singleys 300 A thick CoFe and NiFe films were measured for com-
films. These results suggest that the immobile domain Wa"%arison with the trilayers. The CoFe films exhibited a num-
in the CoFe modify the NiFe domain structure to reduce the,er of interesting properties, which will be discussed more
total magnetostatic energy. The interaction of thg stre_xy ﬂu>fu||y elsewheré® The hysteresis loops taken on the CoFe
from CoFe walls with induced walls and modified ripple jhgicated a sharp switching behavior that was relatively in-
structure in the NiFe inhibits the moment reversal of thedependent of the in-plane applied field direction. Torque
NiFe in fields sufficient to switch a free film. measurements in high fields, however, showed a small
uniaxial anisotropy K,;=1.5x 10" erg/cd. By comparison,
Il. SAMPLE PREPARATION the NiFe films showed marked anisotropic magnetization be-
) ) ) havior in both hysteresis and torque measurements. These
The trilayer samples in this study were grown by magne-jeposition-induced anisotropies may have been caused by
tron sputtering onto $100) substrates at nominal room tem- stray fields from the magnetron sputtering guns in the
perature. The wafers were mounted on a rotating substratg,,um chamber. The coercivityd() along the easy axis of
table that passes the wafers over individual sputtering gungne NirFe film was about 1 Oe. High-field torque measure-
The sputtering7 gas was 2mTorr of Ar i'n a background presinants showed a uniaxial anisotropi = 1x 10° erg/co
sure of 2< 10" Torr. The base magnetic layer was 300 A of with the easy axis in a direction parallel to the easy axis
CosFes, alloy, SiO, was the spacer material, and 300 A of observed in magnetization measurements.
Permalloy (N§Feg) was the top magnetic layer. A final
100 A SiO, layer was added as an oxidation barrier. Each
magnetic film was dc sputtered from a composite target. The
SiO, was rf sputtered from an oxide target at 200W. Separate Figure 2 shows the magnetization data in the second
control samples of the magnetic films were made with capguadrant at room temperature for N{B80 A)/SiO,(x)/
ping and/or base layers of Sj@o reproduce their interface CoFe(300 A samples with various thicknesses of SiO,.

IIl. MAGNETIZATION MEASUREMENTS

B. Hysteresis response
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FIG. 3. Hysteresis loops for NiFe(30%0)/Si0,(20 A)/CoFek) FIG. 4. Hysteresis loops for NiFe)/Si0,(20 A)/CoFe(300 A
samples; inset showld (NiFe) as a function of CoFe thickness. samples; inset showl (NiFe) as a function of NiFe thickness.
The power-law fit is approximately linear with,g. The power law fit varies approximately liket .

The inset shows the full hysteresis loop for the sample wittshowing howH (NiFe) varied with CoFe thickness{,ro.

a 20 A spacer. The NiFe switching field.(NiFe), is never  The fit to the data shows a linear increaseHgf NiFe) with
larger than the CoFe switching fielti;(CoFe). The mag- tc... Figure 4 shows the hysteresis loops for a series of
netic layers were sufficiently decoupled to observe separatgilayers with varying NiFe thicknes$NiFe(x)/SiO,(20
switching behavior at an interlayer thickness of 10 A. BelowA)/CoFe(300 A] with an inset showing how (NiFe) var-

this thickness, the SiDlayer was probably not continuous, ied with NiFe thicknesst(). The solid line is a power-law
and both layers reversed their moment at the same field. Th& to the data which indicates a ti/. dependence of
dashed line in Fig. 2 denotes the approximate magnetizatioR .(NiFe).

expected, assuming the NiFe moment has reversed com- Hysteresis loops were also measured at cryogenic tem-
pletely antiparallel to the CoFe, i.e., in a “single-domain” peratures. Figure 5 shows the temperature dependence of
model. Such a model does not accurately describe these datg(NiFe) andH.(CoFe) (each 300 A in trilayers with 20

because of magnetic interlayer coupling. The data from theind 100 A of SiQ spacer. In both casebl. was larger for
10 A spacer sample suggest that not all of the NiFe had

reversed before the CoFe switched; however, it is not pos-

sible to separate the contributions of each layer to the total ~
magnetization. For spacers 20 A or thicker, the magnetiza- 8 180
tion gradually approached the dashed line just before the—
CoFe switchedH (NiFe) was about 50 Ot the inflection
point of the hysteresis logpwhen spaced 20 A from the
CoFe, much greater than, of a free NiFe fiim(1 Oe. As

the spacer thickness increaset}(NiFe) decreased, and the
switching became sharpeH (CoFe) exhibited no clear
trend with SiQ thickness. In addition, the coupling effects
on the NiFe were not diminished by reversing the order of
deposition of the CoFe and NiFe, or by using a backing
magnet in an attempt to induce an easy axis in the films —:Q—ZOA SI:)acer

during deposition. The easy axis observed in the NiFe con- 50 R
trol samples was not evident in the hysteresis loop measure-= ' 51004 spacer|
ments on the trilayers. High-field torque measurements on > 4,
the trilayers showed a uniaxial anisotropy with the same easy" |
30 3\9\6\9\_6
20 D

axis as that observed for the free CoFe film. This is a strong "
10 | 4
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indication that the CoFe was dominating the composite mag-
netic properties of the trilayers.

The relative enhancement bif,(NiFe) was dependent on
the NiFe or CoFe layer thickness. It is known that domain-
wall widths change with magnetic film thickness, which has
implications for possible wall coupling mechanisms. In gen- 0 5 00 =0 500 55 300
eral, Nesl wall energies increase and wall widths decrease Temperature (K)
with increasing film thicknes¥ Figure 3 shows the hyster-
esis loops from a series of trilayers with varying CoFe thick- FIG. 5. H,(CoFe) andH.(NiFe) vs temperature in trilayers
ness[NiFe(300 A)/SiO,(20 A)/CoFek)] with an inset  with SiO, spacers of 20 and 100 A.

NiFe Coe
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FIG. 7. Magnetization data (second quadrant for
FIG. 6. H(NiFe) vs spacer thickness for FM(300 A)/Si0,(20 A)/CoFe(300 A) samples. The inset shows
NiFe(300 A)/SiQ(x)/CoFe(300 A) trilayers prepared by differ- theH, of the top layerFM) vs top layerM.

ent methods. D. Coupling between CoFe and other soft films

L o Coupling effects between CoFe and other soft magnetic
the 20 A spacer, but the relative increas¢inwith decreas films were also investigated. Ni, NiCo, Co, and Fe were used

ing temperature was the same for both spacer thicknesses.

Charge-mediated excharjréa)r exchange biasin%j" which instead of NiFe. These films showed coercive fields of
9 . 9 ’ 20-25 Oe as free films but, like the NiFe, exhibited an en-
both should have a more rapid temperature dependence thﬁ%‘mced—iC when placed in the trilayer structure with a CoFe

observed, are therefore unlikely sources of the coupling. Th? : "
. ' . . ilm. Figure 7 shows the hysteresis loofsecond quadraht
increase inHc(CoFe) with decreasing temperature was apy, sgries of trilayers Witgvarious 300 A thick ?iln(nEMT

proximately linear, which suggests that strain may contribute

to the temperature dependence. The same relative temper%r] top. The Si@ spacer was 20 A thick, and 300 A of CoFe

was the base layer. The inset plots the top layer coercivity,

ture dependence was observed in the free CoFe film. Th (FM)., vs the top layer saturation magnetizatioh(FM)
- e o . , _
temperature dependence of the free NiFe film coercivity Wa§S M(FM) increasedH:(FM) decreasedand the moment

difficult to measure accurately due to the small values o .
coercivity y reversal became sharper. The same trenti gfFM) with

M (FM) was also observed with 100 A SjGpacers, so the
direct coupling contribution does not appear to be significant.
C. Oxidation experiments These results indicate that the coupling energy does not in-

: . ) crease withM (FM).
To investigate the permeable nature of thin sputtered lay-

ers of SiQ, the deposition of trilayer samples was inter-
rupted after the deposition of the oxide. At this stage, the i )
Si0, /CoFe bilayer was exposed to ambient atmosphere for 3 1€ influence of the net CoFe moment on the coupling
days. Afterward, the substrate was put back into the vacuuy@S Probed with demagnetization experiments. Demagneti-
chamber for the NiFe deposition. The relative enhancemerfi@lion was performed by cycling through hysteresis loops
of H.(NiFe) due to magnetic coupling was compared tdgigtereprggrsﬁsxslytr?:crﬁi?:ﬂn?ntiﬂgrﬂiﬁ?u& hze/?gfdo?eg.
trilayers grownin situ. For continuous, impermeable SiO . .

Iaye%s, n% difference is expected. Figurz 6 is a p?ot ofNiFe(300 A)/SiG(20 A)/CoFe(300 A) trilayer —under
H.(NiFe) vs SiQ spacer thickness for trilayers grown by the saturated and demagnetlzed CoFe mz_ignetlzatlon co_n_dltlons.
two different procedures. For a spacer 10 A thick, the NiFeWhen. the.CoFe film was sgturated with a large positive or
coercive field decreased 8 Oe when the SiCoFe bilayer negative field gnd then left in the remanent state, the minor
was exposed to atmosphere as an intermediate step. As t ps.of the NiFe were asym”?e”'.c and shifted OF’F’OS'.‘? to
thickness of the Si® layer increased, the difference in the d_|rect|on of CoFe magnetization. After de_magneUzmg
H.(NiFe) between the different samples steadily decrease&he t.rllay.er, the NiFFe minor loops were symmetr_lc about zero
In trilayers with at least 40 A of SiQ H(NiFe) was inde- applied field, but the enhanceédi.(NiFe) was still present. A
pendent of the deposition procedure, but was still enhance-ghe same effects were o.bse'rved lf'or.a samprl1e with a 100
compared to a free NiFe layer. These results indicate that th%oacer. Since demagne_:tlzatlon eliminates the net moment,
SiO, layer was permeable below 40 A thick, allowing sur- ut d_omaln walls remain, the p§r5|§tence of the enhanced
face oxidation of the bottom CoFe layer. This oxidation di-HC(N'.Fe) after CC.)Fe demagnenzanon suggests that CoFe
minished the coupling between the CoFe and NiFe filmsfjomaln walls are integral to the coupling.

Thus, the permeable nature of the Si@ay account for
some direct magnetic coupling for small spacer thickness. As
the data show, however, it is not the dominant mechanism Conversion electron NVgsbauer spectroscopy measure-
for the enhancedi.(NiFe). ments were made on trilayer samples to determine simulta-

E. Demagnetization experiments

IV. MO SSBAUER POLARIZATION
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FIG. 8. Minor loops of the NiFe taken either before or after ) . o . )
demagnetization of the CoFe in a NiFe(300 A)/SigD A)/ FIG. 9. (_Zomparlson of Mssbauer p_olarlz_atlon vs applied field
CoFe(300 A) sample. Arrows denote the saturation direction of thd®" _the NiFe and CoFe layers in NiFe(300 A),/g@)/
CoFe. CoFe(300 A) trilayers with either 100 or 1000 A of SiQLines

are visual guides.

neously the dispersion of spins in the individual magnetics,pjected to a saturating positive fi¢glkO8. The measure-
layers along the nominal easy axis. Data were obtained Withyents began at remanence and continued into the second and
a He-CH, gas proportional detector and multichannel ana+hjrq quadrants of the hysteresis loops. The CoFe layer was
lyzer. A *’Co (in Rh) source was used in two separate con-never fully aligned in the field direction, even for fields up to
figurations that probed different characteristics of the in-ggg pe. AtH(CoFe) of the 100 A spacer samft60 Os,
plane magnetization distributions in both the NiFe and CoFgnhere was no significant change in the polarization of the
films. In one set of experiments; rays were directed per- cofe fim. Likewise, there is little change ip(NiFe) at
pendicular to the plane of the trilayer to detect the possiblq_|C(Ni|:e) (30 0@ of the same sample. In fact, there was no
presence of spins out of the plane. In the other set of experyifterence at all found in the remanent valuespgNiFe) in
ments, gamma rays were incident in the plane of the f"mseparate minor loop measuremefitst shown obtained be-
(edge-oh, but perpendicular to the nominal easy axis of theggre and after the NiFe was switched in the second quadrant.
CoFe film to measure the in—plane'dispersion' of spins abqufhe lack of change op(NiFe) atH.(NiFe) says that the
the easy axis. In both sets of experiments, a field was appliedire is not strongly coupling to the vector magnetization of
along the easy axis in the plane of the film to cycle thejhe coFe, in agreement with the results of the demagnetiza-
trilayer through its hysteresis loop. The B&bauer measure- {jon measurements. The NiFe layer showed a remanent spin
ment gives information about ti¥Fe hyperfine fields. Due orientation p=1.2) similar to the value for the CoFe film

to the'_different hyperfine fields associated with each Iayer(p=1_3) for the 100 A SiQ spacer. These values pfare

the Mossbauer subspectra of the two layers were slightlyniermediate to the limiting cases discussed previously, indi-
shifted, separating the four outer peaks of each sextet. Theying that both films were only partially aligned at rema-
relative intensities of the lines in each sextet ar€nance. Inthe 1000 A spacer sample, however, the NiFe was
3:2p:1:1:2p:3, wherep is the polarization. The polariza- nearly fully aligned in all applied fields. In that sample,
tion is dependent on, the angle between the incideptray |y (NiFe) was only a few Oe greater than that of the free
propagation direction and the Fe spin moment. For a unifornjjire sample. The CoFe film exhibited about the same rem-

spin orientationp=2 sirf ¢/(1+cos ). A polarization fac- _anent polarizationg=1.4) as for the film in the trilayer with
tor of 2 means that the moments are completely perpendicype thinner spacer.

lar to the direction of the incideng ray.
For measurements obtained with theray directed per-

: ) . V. MAGNETIC IMAGING
pendicular to the trilayers, each magnetic layer was found to

have an in-plane spin orientatiop< 2) for all applied field Lorentz TEM imaging was used to study the magnetic
values. Within the limit of spins completely in the plane, astructure in single layer films and trilayers. The single layer
hypothetical value fop in the second geometryy(ray di-  NiFe and CoFe films displayed ripple structures composed of

rected in the plane of the filnwas calculated for the limiting low angle domain walls due to the polycrystalline nature of
case where spins are random in the plémerandom in the the films. Images of a 300 A thick NiFe filtwith a 100 A
upper half plang This resulted in the valup=2/3. The SiO, underlayer are shown in Figs. 1@)—10(d) for various
other limit is complete collinear alignmenp€ 2) with the  points along its hysteresis loop. The hysteresis loop, as mea-
applied field axis. sured on an AGM, is also displayed with letters marking the
Figure 9 shows the measured valuepaofs applied field approximate field value of each image. The magnitude of the
for two different trilayer samples in the second geometry.vertical field(250 Og is not believed to be strong enough to
The NiFe and CoFe results are plotted for trilayers with 100affect the results significantly. The in-plane field, which is
and 1000 A of SiQ spacer material. The samples were firstcontrolled by tilting the sample in the vertical field, runs
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FIG. 11. Lorentz images of a 300 A CoFe film in various ap-
b= plied fields along its hysteresis cycle.

The Lorentz images of the trilayer films showed the mag-
netic contrast from both films superimposed. This posed a
challenge when trying to assign specific features to either

H film. The measured hysteresis loops were used to help ana-
lyze the images from two trilayers: one with 100 A of $iO

FIG. 10. Lorentz images of a 300 A NiFe film in various applied spacer material and one with 1000 A. Images of the trilayer
fields along its hysteresis cycle. with 100 A of spacer are shown in Fig. 12. These images
closely resemble those of the single CoFe layer, with some
contrast changes attributable to the NiFe layer. An increase

diagonally from the top right to the bottom left corner of the
images. The magnetic contrast features lie perpendicular to
the magnetization direction due to the nature of the Lorentz o (00 Oe ¢) -36 Oe
force on the deflected electrons. The dark spot observable i : N
the upper right-hand corner of the images is a defect in the &
film, useful for referencing magnetic features in other im- &
ages. The NiFe showed free rotation of its ripple structure as &
its moment was reversed in a field of about 4—6 Oe. This &
value ofH. for the NiFe with a Si@ underlayer was larger
than the 1 OeH. of the control samples grown on Si. This
was typical of all samples grown on TEM grids. These grids
are not as rigid as a Si substrate and often contain defect
which may contribute to the slightly different coercivities.
The images from a CoFe filifFig. 11) showed high con-
trast features associated with the magnetic ripple structure
At remanence and in fields smaller thidp, many short wall
segments appeared. The striking property of these wall frag:
ments was that they were almost stationfifjgs. 11c)—
11(e)], changing only in contrast level until; was exceeded
at ~140 Oe. Leading up tél., the wall fragments appeared
to branch out and increase in contrgsigs. 11f) and 11g)]. :
At H., a 180 degree domain wall was observed sweeping §&%
across the film. Even after the nomirtdl, some scattered _
regions of varying magnetic contrast were seen. The domain-
wall behavior observed in the Lorentz images of the free FIG. 12. Lorentz images of a NiFe(300 A)/SiQ00 A)/
CoFe film was consistent with its relatively isotropic and CoFe(300 A) sample in various applied fields along its hysteresis
square hysteresis loops. cycle.
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FIG. 13. Difference images reflecting changes in magnetic
structure of a NiFe(300 A)/Sig100 A)/CoFe(300 A) sample.
Arrows point to NiFe domain walls.

in contrast of the various branching wall segments is notice-
able at a smaller fielfFigs. 12b)—12(e)]. Figures 12c) and
12(e) are images taken during the reversal of NiFe layer. The
changing NiFe magnetization likely contributed to the FIG. 14. (a) Lorentz and (b)—(d) difference images of a
changing contrast of the branching segments. The influenagiFe(300 A)/SiG(1000 A)/CoFe(300 A) sample. Arrows point
of the NiFe reversal ol (CoFe) was complicated, as evi- to a single NiFe domain wall.
denced by the irregular dependencetif CoFe) on spacer
thickness(see Fig. 2 Most of the high contrast features line features bordering the bands of contréatlicated by
associated with the CoFe remained relatively rigid during thearrows are domain walls in the NiFe layer that were not
NiFe reversal. seen in the single NiFe films. These walls were limited in
Difference images of the 100 A spacer sam(itegy. 13 length and occasionally appeared to be coupled with the im-
were compiled by careful alignment and subtraction of onemovable wall fragments of the CoffEig. 13b)]. Finally, at
image from another taken at a higher fi¢fdom Fig. 12.  the coercive field of the CoFe layér-130 Os, a high con-
These images are useful in detecting slight changes in thgast domain wall swept through the film, and the difference
magnetic structure between points along the hysteresis loopmnage[Fig. 13d)] shows a much higher contrast in the tex-
Besides statistical fluctuations and changing diffraction conture of the reversed regidiower right-hand region This is
ditions in the crystallites as the sample is tilted, the contrastiue to the changing magnetization of the CoFe layer.
in these difference images arises from differences in the net By comparison, the trilayer with a 1000 A spadig.
deflection of the electron beam as it traverses the two magt4) showed much longer walls, attributable to the NiFe layer,
netic layers. Unchanged regions appear with little or no conthan the 100 A spacer sample. Figurda4hows a Lorentz
trast. The high contrast, bright/dark pairs of lines within theimage of the trilayer at 4 Oe with a box outlining a region
bands of lower contragfFigs. 13a)—13c)] result from the  where the NiFe wall intersects the ripple structure of the
altered deflection of the image of CoFe features due to localCoFe film. Arrows point to a long white wall about 100 A
ized magnetization rotation in the NiFe layer. For the imag-wide that runs in the direction of the applied field but per-
ing conditions useddefocus of 60um), it is expected that pendicular to the CoFe high contrast ripple. Figuregji4
magnetic and nonmagnetic features in the CoFe layer will b&4(d) are the difference images for images taken around
shifted approximately 15 nm by magnetic deflection in theH.(NiFe) (~9 Oe. These difference images show larger
NiFe layer. Reversal of the NiFe would produce an apparentegions of the NiFe reversing for a given interval of the
difference in position of 30 nm, as observed. The low inten-applied field, compared to the trilayer with a 100 A spacer.
sity textured contrast in the bands cannot be assigned unams already discussed, the slight shift of the image of the
biguously to either layer. Figures & and 13b) show dif- CoFe walls produces bright/dark wall pairs in the difference
ference images acquired around the coercive field of thénages corresponding to regions where the NiFe is reversing.
NiFe layer(~30 O8. The contrast in these images occurs inIn Fig. 14(c), the high contrast features are in the upper left-
discrete bands indicating that the NiFe layer was not unihand corner since the NiFe has reversed in that region. The
formly free to rotate over extended regions of the film butNiFe magnetization completes its reversal by sweeping
underwent a fragmented reversal process. Some of the singllerough the bottom right-hand corner of Fig.(d4 Of par-

H
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ticular interest in Figs. 14) and 14d) is the contrast in the assumption about the relationship betwétriNiFe) andE.
outlined area, showing how the path of the NiFe wall re-The simplest assumption is a “lever-arm” switching model
sponds to local coupling with CoFe ripple features. It is reafor the NiFe layer, i.e., E=H.(NiFe)x M(NiFe)
sonable to still see coupling effects in this sample since evew t(NiFe) 2* For those models, this results in &h.(NiFe)
the trilayer with a 1000 A spacer showed an increase inhat depends only oM andt of the CoFe layer. Our data

Hc(NiFe) compared to a free film. (Lorentz and NMissbauershow that the NiFe layer does not
switch as a single layer, but switches in a fragmented fashion
VI. DISCUSSION where different small regions are reversing in different fields.

Thus, the simple “lever-arm” picture for reversal is not ap-
%ropriate for modeling the coercivity. Nevertheless, the bulk
of the data are consistent with a magnetostatic coupling as-
sociated with interacting domain walls. To adequately ex-
plain all of the data, the wall coupling model would have to
be modified to take into consideration tlogalizedinterlayer

modifying the ripple structure and inducing domain walls in
the NiFe films in the trilayers. A model was sought to de-
scribe the effective pinning of NiFe walls to the immobile
walls in the CoFe. A precise model Bif,(NiFe) with spacer

thickness(or thickness of magnetic layers, gtevould re- coupling between walls and ripple structure and the influence

quire the consideration of how the Shift _in the NiFe minor ¢ magnetic layer thickness on wall width. The Lorentz im-
loop adds to the observed coercivity. It has been

d§-22 C ; ages showed that walls and ripple structure varied in both
qilmonstratth i that rp?jgnetpstatltil InFerlgyeglconp'I:mgf_lcan films with respect to wall spacing and length, angle between
n uenct:ed be %/%esl 0 or|na|trk]1 wa Stlrc]j' 9‘1N:a” Im€ TIMS \yalls, and direction of wall propagation relative to the ap-
separated by SIU fayers. n these studiese 'S were plied field. In addition, to explain the varying soft layelr,
pr_edommant in coupled NiFe films even for relatively Iargedata the local anisotropy and magnetostriction in the soft
thicknesses that would normally contain only Bloch walls aSm ;nust be included
free films. Quasi-Nel walls can be induced in one film to '
close the flux pattern from a Newall in the other film,
allowing Neel walls to be energetically favorable in thicker

films. In addition, COUpled NiFe films showed smaller coer- We have investigated magnetic Coup“ng phenomena be-
civities than free films. The decreasehiy was attributed to  tween ferromagnetic thin films separated by an insulating
a decrease in domain-wall energies because of thRyer. An enhanced soft layet, and shifted minor loops
coupling:® In the present study, interlayer coupling changedyere observable even to quite large spacer thickness. The
the domain structure of the NiFe films. The modification of gifference inH, of a free NiFe film compared to one in the
ripple structure and domain walls in the NiFe occurs to mini'trilayer was attributed to magnetic coupling with domain
mize the stray flux energy of the immobile walls in the CoFe.wa|is in a hard CoFe film. SiQlayers less than 40 A thick
The interaction of a stationary and a mobile domain wallyere permeable, allowing some direct coupling to increase
was modeled by Fuller and Sullivéhin a trilayer system {_(NiFe). The lack of strong temperature dependence to the
composed of two magnetic layers separated by a nonmaggypling, however, indicated that the dominant coupling
netic, insulating material. They treated the walls as lineaiechanism had a magnetostatic origin. Demagnetization ex-
dipoles. The physical interpretation of such a model is that ®deriments favored domain-wall coupling as the primary
sufficient field must be applied before the moving wall in the mechanism. Mssbauer measurements confirmed that the
soft film can overcome the energy barrier imposed by counjre spin dispersion was strongly influenced by the CoFe in
pling to the stationary wall in the hard film. The model pre- cases of strong coupling, i.e., small spacer thickness. Imag-
dicted a decrease in the soft wadl, with increasing spacer ing py Lorentz TEM revealed the formation of static domain-
thickness, but the values éf; were an order of magnitude all segments in the CoFe films that appeared to couple with
larger than what was measured in this study. The model igyduced walls and ripple structure in the NiFe in fields less
oversimplified, however, assuming that domain-wall enerthan H.(CoFe). For a trilayer with a 1000 A spacer, the
gies are much greater than the wall-wall interaction energiegoypling effects were sufficiently reduced to allow large re-
and neglecting how the coupling mechanism influences thgjons of the NiFe film to rotate freely. “Orange-peel” cou-
characteristics of the walls themselVés. o pling is inconsistent with the data. A simple magnetostatic
Existent magnetostatic coupling models like @& \yall coupling model is also insufficient to explain all of the
“orange-peel” model and the dipolar wall coupling model gata. More detailed calculations are required to adequately

cannot successfully explain all of our data. The wall cou-model the complex localized nature of the interlayer cou-
pling model can account qualitatively for tié.(NiFe) de- pling.

pendence on spacer thickne$sg. 2) and on CoFe layer
thickness(Fig. 3). Neither model, however, can account for
the H.(NiFe) dependence on thickness of the NiFe layer
(Fig. 4), or the soft layeH, dependence oM of the soft This work was supported by NSF Grant No. DMR-
layer (Fig. 7) because they assume a coupling energy densit400439. Use of facilities at the Center for High Resolution
(E) that scales with the product 6andM of both magnetic  Electron Microscopy at Arizona State University is grate-
layers. These models for the coercivity, however, require afully acknowledged.
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