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The effect of various couplings on the switching field and coercivity in NiO-Co-Cu-based giant magnetore-
sistance GMR) bottom spin valves is investigated. Bottom spin valves as well as different layer permutations
that make up a bottom spin valve, viz., Co single films, Co/Cu/Co trilayers, and Co/NiO bilaegpssited
under similar growth conditionswere investigated for their magnetic, crystal, and interfacial structure. As-
deposited bottom spin valves exhibit a large GMRdf6.5%, and a small net ferromagnetic couplirgd.36
mT) between the “free” Co layer and the NiO-pinned Co layer. The high resolution transmission electron
microscopy(HRTEM) andin situ scanning tunneling microsco$$TM) studies on spin valves and trilayers
show that the average grain size in these films 20 nm and average roughnes®.3 nm. Using these values,
the observed ferromagnetic coupling in spin valves could largely be accounted for diis Ne-called
“orange-peel” coupling. Results also show that the “free” Co layer exhibits an enhanced coercivity
(HE™® €% 6.7 mT) with respect to Co single films of comparable thickné$S’€ 2.7 mT). The TEM studies
did not reveal the presence of any pin-holes, and “orange-peel” or oscillatory exchange coupling mechanisms
cannot adequately account for this observed coercivity enhancement in the “free” Co layer of spin valves. The
present study shows that the often observed and undesirable coercivity enhancement in the “free” Co layer
results from magnetostatic coupling between domain walls in the “free” Co layer and high coercivity NiO-
pinned Co layer Ki5™*4-C% 45 mT): without NiO, the coercivity of Co layers in the corresponding Co/Cu/Co
trilayer remains largely unchange#i £°¥/°%=3.0 mT) with respect to Co single films. Evidence of magne-
tostatically coupled domain walls was confirmed by direct observation of magnetization reversal, which re-
vealed that domain walls in the “free” Co layer are magnetostatically locked-in with stray fields due to domain
walls or magnetization ripples in the high coercivity NiO-pinned Co layer of the spin valves. The observed
escape fieldsdefined as fields in excess of intrinsic coercivity of Co single film that are required to overcome
magnetostatic coupling between domain wedlee in agreement with theoretically calculated values of escape
fields.

[. INTRODUCTION adjacent magnetic layers mediated by intervening nonmag-
netic spacers. Although a GMR effect as large as 80% has
The study of magnetic properties of materials composedeen reported in superlattices based on the Co-Cu system
of alternating magnetic and nonmagnetic layers has recentlfwhich is the subject of the present stid$ the switching
attracted great attention’ In these systems, the interplay fields required to overcome antiferromagnetic coupling in
between electron transport properties and magnetic behavisuperlattice structures are large. From an application stand-
results in a variety of fascinating phenomérdn particular,  point, a combination of high GMR and low switching field is
recent attention has focused on the giant magnetoresistanoequired. To achieve this combination, multilayers in spin
(GMR) effect!®!! Several interesting phenomena, such asvalve configurations have been proposed, viz., Yfop,
the oscillatory nature of exchange coupling and saturatiomottom®~*°and symmetric spin valveé$-*®The description
magnetoresistance, as a function of nonmagnetic spacer layef a spin valve as top, bottom, or symmetric refers to the
thickness, are found to be associated with magnetic multilayposition of the pinned ferromagnetic lay®r(two in the case
ers exhibiting GMR? A clear understanding of underlying of symmetric spin valves, one at the top and another at the
principles governing the manifestation of the GMR effect isbottom. Specifically, in NiO-Co-Cu-based bottom spin
important in order to understand the spin-dependent electrovalves investigated in the present study, the bottom Co layer
transport properties. It is also essential for exploiting variouss pinned by an adjacent antiferromagnetic layer of NiO
technological applications such as magnetic-field sensors antirough direct exchange anisotropy such that its magnetiza-
read heads for high-density data-storage devites. tion vector remains unchanged in the range of applied field
The GMR effect was originally reported in artificially lay- values necessary to switch the free Co layer. With respect to
ered superlattices comprised of a large number of magnetithe pinned Co layer, the “free” Co layer flips its magneti-
nonmagnetic bilayer® The GMR effect in a superlattice zation parallel or antiparallel in an applied field, giving rise
configuration relies on antiferromagnetic coupling betweerto the GMR effect.
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- Pt(2.5 nm) (2.0 nm/Co (2.5 nm/NiO (50 nm), as shown schematically
—1™ Co(4.0 nm) in Fig: 1 a protective Pt or Ta filmw2.5 nm thick was
. deposited in order to prevent oxidation of the top Co layer.
—y Cu(2-0 nm) In addition, several permutations that make up a bottom spin
Co(2.5 nm) valve, viz., Co(x nm, x=2.5—10 nm single films, Co(4.0
- NiO (50 nm) -4 nm)/Cu (2.0 nm/Co (2.5 nm trilayers, and Co(x nm; X
=2.5-10 nm/NiO (50 nm exchange anisotropy coupled bi-
layers, were also deposited under similar growth conditions
- amorphous Si0;, -4 on oxidized Sj100 substrates. Elaborate steps were taken to
remove any contamination on the substrates prior to film
deposition. The cleaved substratesl cn? squarep were
cleaned ultrasonically in a glassware-cleansing solution,
rinsed in distilled water, and blow-dried. Care was taken to
remove a hydrocarbon layet1l nm thick that condense on
the surface from ambient air, by sputtering with a neutralized
FIG. 1. Configuration of NiO-Co-Cu-based bottom spin valvesbeam of 100 eV argon ions. X-ray photoelectron spectros-
investigated in the present study. copy confirmed the removal of the hydrocarbon layer. The
films were deposited at a rate 6f0.1 nms? in 2 mTorr
In principle, low switching fields in the “free” Co layer (=~0.26 Pa Ar partial pressure in the presence of 20 mT
can be achieved by minimizing contributions to it from cou- magnetic field applied parallel to the plane of the substrates.
pling with the pinned Co layer, coercivity, and anisotropy. This field produces an easy axis in Co layers, and defines the
However, a consequence of a multilayer configuratiam direction of exchange anisotropy in the pinned Co layer
opposed to magnetic single filinis the existence of various along the applied field direction. The base pressure before
interlayer magnetic interactiot42°-33An ability to achieve  deposition was typically ¥ 10 8Torr (=10 ®Pa), of
arbitrarily low switching fields in the “free” Co layer of a which 95% was H and the remainder was largely,®. The
spin valve relies on the degree of control that can be exetow base pressure was achieved, in part, by depositing a Ti
cised during film deposition in order to eliminate or balancefilm (=1.5 nm on the inside of the deposition chamber from
the magnitude of various positive and negative magnetic ina centrally mounted Ti filament just prior to the deposition of
teractions between the layetsee Refs. 34—41, and refer- the metal layers.
ences withif. However, a difficulty in controlling contribu- The magnetoresistance measurements were nmadeu
tions from various coupling mechanisms results, in largeusing the four-point probe dc mode method. The multiplica-
part, from an inability to make a clear distinction betweentive conversion factor from four-point resistance to sheet re-
them. Clearly, from a device viewpoint, it is important to sistance is of the order of four, but depends on the actual
identify and control the relative magnitude of each interac-dimensions of the sample. The coercivity values of Co single
tion, and its effect on the switching characteristics of thefilms and trilayers were measured from in-plane magnetiza-
device. In the present study, bottom spin valves and differertion (M-H) loops obtained from a superconducting quantum
layer permutations that make up a bottom spin valvejnterference devicéSQUID) magnetometer. The coercivity
namely, a Co single film, Co/Cu/Co trilayer, and Co/NiO value of the pinned and the “free” Co layers of spin valves
bilayer, were deposited under similar growth conditions.were calculated from the high-field and low-field GMR
These films were systematically investigated for their magioops. The nature of magnetization reversal was studied in
netic, crystal, and interfacial structure in order to analyze andeal time using the high resolution interference-contrast-
quantitatively estimate the magnitude of the couplingcolloid (ICC) techniquée’® the details of which have recently
strength due to different mechanisms, their manifestatioeen reviewed elsewhetéThe ICC method employs a col-
during switching, and the origin of the often observed coerdoidal solution to decorate the microfield on a magnetic sur-
civity enhancement in the free Co layer of bottom spinface, similar to the versatile Bitter technique. However, the
valves. The nature of exchange anisotropy, coercivity, andechnique differs in the manner in which the colloid-
details of magnetization reversal in Co/NiO direct exchangealecorated microfield is detected. The ICC method uses a
coupled bilayers are being reported elsewl{ér8lso note  Nomarski interferometer to detect surface microfield
that the sample size was kept sufficiently largel cn?  distribution?® The magnetic microfield on a magnetic sur-
squarep in order to minimize demagnetizing effects within face causes local variation in the density of colloid particles
various magnetic layers of the multilayers. This allows the(average colloid particles size 467 nm), thereby delineating
magnitude of remaining operative coupling mechanisms tahe domain structure. This microfield is detected by polariza-
be determined in as-deposited films. Of course, in devicetion interferometer optics, which detects any unevenness at
where the dimensions are of the order of micron or submithe nanometer level due to minute surface roughness pro-
cron, demagnetizing or stray field coupling is expected taduced by the local variation in colloid density at positions

play a significant role. where stray fields are present, and reveals domain structure
with a pronounced three-dimensional eff&tt.
Il. EXPERIMENTAL DETAILS The structure investigations were performed on JEOL-

3010 and JEOL-2010 high-resolution transmission electron
The NiO-Co-Cu-based bottom spin valves investigated inmicroscopeSHRTEM) operating at 300 and 200 KeV, re-
the present study were deposited on oxidize(L®) sub-  spectively. A Gatan Image Filter on JEOL-3010 was used to
strates, and had the following configuration: @00 nm/Cu  directly acquire digital images, with typical magnifications



9644 CHOPRA, YANG, CHEN, PARKS, AND EGELHOFF, JR. PRB 61

10.0 1.0

(a) —ae— Co single film ! )
- o, ; 9 04009 0/2 oi
R AR/R = 16.5% —o— Co/Cu/?otnlayer {W . 3/2 .sﬁ(:b *Q
295 ‘ : A
5 05 i
8 r i
g [
8 o
290+ » /
g = |
=~ 0.0 g
04 02 00 02 04 J )
Field (Tesla) : /
0.5 : P
10.0 L od
(b) i d g, )
295 108 ; ; ;
ﬁ -20 -1 . 0 10 20
g Field (mT)
8
'% 9.0/ FIG. 3. Room-temperature normalized easy &tiH curves of
e _ a Co (2.5 nm single film and a Cd4.0 nm/Cu (2.0 nm/Co (2.5
H =67mT . . ) .
H = +0.36 mT nm) trilayer measured with a SQUID. Both films were deposited on
85 , £ oxidized Si(100) substrates.
-0.02 -0.01 ] 0.00 0.01 0.02
Field (Tesla) and low-field GMR loops in Figs.(2) and 2b) also provide

values of coercivity of the pinned and “free” Co layers of
spin valves, respectively. From Fig(l2, whereas the coer-
civity of the “free” Co layer is 6.7 mT, the bottom Co layer

of one million. Images were recorded at zero-loss spectrur’i1S strongly pinned by the antiferromagnet NiO and has a

i Pinned-Co__ - inh i _
of the electrons, which serves to enhance the overall imag@rge, coerlcwlty fe , ~s5 mT), ',:'9‘ Za])c' Vr‘]’h'c“? IS ﬁpc
contrast. Observations were made on cross-sectiond©XIMmately seven times the coercivity of the “free” Co
samples prepared by ion-milling in a cold stage using Ar ‘@Y€

: ; : Figure 3 shows the easy axis normalizBdH curves
ions (3.5 KeV and 1 mA. The cross-section profiles were ; X .
viewed along the reference §i10) zone axis. P obtained from a Co(2.5 nm) single film and a Co(4.0

A scanning tunneling microscog&TM) is located in a NM/Cu (2.0 nm/Co (2.5 nm trilayer. In addition to the

separate chamber so samples from the deposition chamb@F9€ly squareM-H loops for these twocgllms, Fig. 3 shows
can be transferred through a vacuum interlock and charactef?at the coercivity of Co single filmH¢"=2.7mT) is ap-
ized in vacuum. All images were recorded with a tunnelingProximately 17 times lower than H‘g coercivity of NiO-
current of 2 nA, with the tip biased at200 mV with respect Pinned Co layer in Fig. @) (HZ™*"~°~45mT), and is

to the sample. The tips were prepared from 0.25 mm diamtoughly one-third of the coercivity of the “free” Co layer of
eter Pi,lr;o wires clipped under tension with a wire cutter. the bottom spin valvéH{™®* “°=6.7mT as shown in Fig.
Multiple images were taken at a variety of locations on eact2(b)], see also Ref. 47. It is well known that in addition to
sample to ensure that the results were typical. Most STMexchange anisotropy, NiO is also able to induce a large co-
images were recorded with a single tip, and great effort wagrcivity in the pinned Co layer. Interestingly, however, Fig.
devoted to repeat intercomparison among the samples to eAtb) and Fig. 3 show that the “free” Co layer of spin valves

sure that changing tip conditions did not change the averagalso exhibits an enhanced coercivity with respect to Co
topographic roughness. single film. This enhanced coercivity could be attributed to

coupling with the modified magnetization state of the NiO-
pinned Co layer, because tiv-H curve of the Co/Cu/Co
trilayer in Fig. 3 clearly shows that in the absence of NiO,
Figures Za) and 2Zb) show, respectively, the high-field the coercivity of Co layers in the trilayer remains largely
and low-field GMR loops of a typical bottom spin valve unchanged KS?°¥“=3.0mT) with respect to Co single
investigated in the present study. As seen from the high-fieldiim.
GMR loop in Fig. 2a), as-deposited spin valve samples ex-  The origin of above described coercivity enhancement in
hibit a high GMR 0f~16.5%(the highest GMR value here- the “free” Co layer and the nature of coupling between the
tofore reported in bottom spin valves being 19% by Egelhoff‘free” and pinned Co layers of spin valves was further in-
et al®). In addition, the low-field GMR loop in Fig.(®)  vestigated by studying the microscopic details of magnetiza-
shows a positive shift away from the center0.36 mT),  tion reversal. Since the existence of interlayer interactions
indicating a small net ferromagnetic coupling between thealter the geometry of domain structure in a multilayer, mag-
free Co layer and the NiO-pinned Co layer. The high-fieldnetization reversal in a reference Co single film is described

FIG. 2. (a) High-field and(b) low-field GMR loops of a typical
bottom spin valve investigated in the present study.

Ill. RESULTS
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4(c). As the field strength was increased, reversed domains
grow by consuming unfavorably oriented domains by dis-
placement of Nel walls parallel to themselves, as shown
sequentially in Figs. @) —4(c). Reversal by wall motion con-
tinues with increasing field strength until the whole film be-
comes a single domain whod¢é vector points along the
negative field direction. This is the expected reversal behav-
ior of a thin uniaxial ferromagnetic single film.

Next, consider the magnetization reversal in another
multilayer constituent comprising a bottom spin valve,
namely, a C&4.0 nm/Cu (2.0 nm)/Co (2.5 nm) trilayer. The
largely squareM-H loop of the Co/Cu/Co trilayer in Fig. 3
indicates that, for the given nominal Cu thickness of 2.0 nm,
the two Co layers are ferromagnetically coupled. Figures
5(a)-5(d) show the microscopic details of easy-axis magne-
tization reversal in the Co/Cu/Co trilayer. Figuréabalso
indicates the direction of applied field in these micrographs,
which coincides with the easy axis of the trilayer. Following
saturation in the positive direction, Fig(eéh shows that re-
magnetization in the negative direction occurs by nucleation
and growth of reversed domains. Simultaneously with the
growth of these reversed domains, new reversed domains
continue to nucleate locally in the filffencircled in Figs.
5(a) and 8b)]. Within each reversed domain, tiv, vector
is favorably oriented with respect to the applied field, as
shown in Fig. %a). However, unlike reversed domains in the
Co single film in Figs. 4, the reversed domains in the Co/
Cu/Co trilayer are actually superimposed regions of the two
Co layers of the trilayer, which have simultaneously under-
gone reversal due to positive coupling between them, as
shown schematically in the cross-sectional view of the
trilayer in Fig. 6. These superimposed reversed domains are
separated from the unreversed regions of the film by super-
imposed Nel walls whose chilarity is opposite to each other.
Superimposed N walls of opposite chilarity are energeti-
cally favorable entities due to a more complete closure of
stray fields associated with thefi;>° as shown schemati-
cally in Fig. 6. As the field strength was increased in the

FIG. 4. ICC domain structure during magnetization reversal in anegative direction, reversal occurs by the collective motion
Co (2.5 nm single film. The images were recorded using the ICCof such superimposed Mewalls across the sample whereby,
technique(see text The direction of applied field points along the unfavorably oriented domains with respect to the applied
black arrow marked in Fig.(4), which coincides with the uniaxial field direction are consumed by the favorably oriented do-
anisotropy axis. The applied field values de¢ H=2.6mT, ()  mains, as shown in Figs(&-5(c). As the reversed domains
H=2.7mT, and(c) H=2.8mT. See text for explanation. grow by wall motion, they leave behind several 360° walls in

the trilayer, as illustrated sequentially by black arrows in
first in order to subsequently highlight the modified domainFigs. Sb)-5(d). Applied field values as high as 10-12 mT
structure in the “free” Co layer of spin valves. Figuréa-  were required to completely annihilate these 360° walls;
4(c) show the details of easy-axis magnetization reversal in gome 360° walls required even higher fields to annihilate.
Co (2.5 nm single film as a function of applied magnetic Note that these 360° walls are &lewalls in ferromagneti-
field, and whoseM-H curve is shown in Fig. 3. In Figs. cally coupled multilayers, which are trapped at inhomogeni-
4(a)—4(c), the easy axis of the film lies approximately in the eties in the film, and their stability depends on the local
horizontal direction, and the direction of applied field pointsvariation in coupling strengtff It has previously been
from right to left. Following saturation in the positive direc- shown that their stability or pinning strength increases with a
tion, an increase in field strength in the negative directiordecrease in nonmagnetic spacer layer thickfitbejng also
results in nucleation of reversed domains, as shown in Figdependent on the topography of the interfaces, as is further
4(a). The saturation magnetization vectht, within these discussed in the following section.
reversed domains is favorably oriented with respect to the Figures Ta)—7(f) show the magnetization reversal in the
applied field, pointing from right to left, as shown in Figs. “free” Co layer of the bottom spin valve, whose GMR loop
4(a)—4(c). Neel walls separate these reversed domains fronis shown in Fig. 20). Note that a lower coercivity in the
the unfavorably oriented unreversed domains in which théfree” Co layer (HErE&C°= 6.7mT) with respect to the
M, vector points from left to right, as shows in Figga#-  pinned Co layer KiZ™** °~45mT) allows observation of
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FIG. 5. Domain structure during magnetization reversal in a Co/Cu/Co trilayer along the easy axis. The images were recorded using the
ICC technique(see text The direction of applied field points along the white arrow marked in Fig), Svhich coincides with the uniaxial
anisotropy axis. Applied field values afa) H=2.2mT, (b) H=2.5mT, (c) = 2.7 mT, and(d) = 6.1 mT. See text for explanation.

reversal in the “free” Co layer to be made without signifi- 7(a). Figure {a) shows the remanence state of the sample
cantly altering the magnetic state of the pinned Co layer(H=0 mT) following saturation in the negative direction. As
Although the pinned Co layer does not undergo magnetizathe field strength was increased further, it was found that
tion reversal at low fields at which the “free” Co layer there exists a critical field strength 5.3—-5.5 mT at which
switches, it was found that the pinned Co layer does exhibiseveral reversed domains nucleate, as shown in Kly. 7

a progressively higher ripple contrast as the field strengttfSubsequent increase in the field strength results in further
was increased. However, reversal of the “free” and pinnednucleation of new reversed domains, as well as the growth of
Co layers occur by nucleation of reversed domains at criticaéxisting domains, as shown in Figgby-7(e). Note that in
fields (approximately equal to their respective coercivity val- contrast to reversal in the Co single film and the Co/Cu/Co
ues, and domain studies showed that these two processes ddayer shown in Figs. 4 and 5, respectively, reversal in the
not overlap. Also, due to a small positive couplitg0.36  “free” Co layer of a spin valve is highly local and nonuni-
mT) between the free and pinned Co layers of the spin valveform in nature. It also results in the formation of a high
the reversal sequence in the positive or negative saturaticstensity of locked-in domain walls, as shown in Figé&d)#

was found to be essentially similar in details. A large mag-7(f), marked by the arrows. Very large fields, ranging from
netic field equal to-150 mT was first applied in the negative 10 to 70 mT, were required to annihilate these strongly
direction, which causes the magnetization direction in thecoupled walls. Therefore, the essential differences in magne-
two Co layers of the spin valve to align parallel to eachtization reversal in the free Co layer of spin valve versus the
other. Following this, the field strength was reduced to zerdrilayer are a high density of locked-in domain walls in the
and increased in the positive direction. In Fige)#7(f), the  former, their greater stability, and a highly local and nonuni-
direction of the applied field coincides with the easy axis inform reversal process.

the “free” Co layer and is marked by a white arrow in Fig.

IV. DISCUSSION

©) It was mentioned in the Introduction that various ex-
change interactions, direct or indirect, might be simulta-
©) neously present in a magnetic multilayer, which, in turn, may

be positive(paralle) or negative(antiparalle] in nature. The
FIG. 6. Schematic of superimposedelevalls of opposite chi- results presented in the previous section allows a distinction
larity in a Co/Cu/Co trilayer. Superimposed &lavalls are energeti- 0 be made as to the nature of the operative coupling mecha-
cally favorable entities due to a more complete flux closure associnisms and origin of enhanced coercivity in the “free” Co
ated with them. layer of spin valves. In particular, coupling between the
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FIG. 7. Domain structure during magnetization reversal in 4420 nm/Cu (2.0 nm/Co (2.5 nm/NiO (50 nm bottom spin valve along

the easy axis. The images were recorded using the ICC techfsgaetext The direction of applied field points along the white arrow

marked in Fig. 7a), which coincides with the uniaxial anisotropy axis. Applied field valuedarél=0 mT, (b) H=5.5mT, (c) = 5.9 mT,

(d) = 6.8 mT,(e) = 9.8 mT, and(f) = 11 mT. See text for explanation.

“free” and pinned Co layers may arise due @9 the oscil-
latory exchange couplingpositive or negative'? (i) stray
field or demagnetizing couplingnegative,2®2* (i) Neel's
so-called “orange-peel” couplin¢positive),?2?3(iv) magne-
tostatic coupling due to domain walls in different magnetic
layers?*~3°which is local in nature, anflv) coupling due to
pinholes(positive).3233

Figure 8 shows a typical medium magnification TEM mi-
crograph of a bottom spin valve investigated in the present
study. Due to a close proximity of the elements Qo (
=27) and CuZ=29) in the periodic table, images recorded
near the optimum Scherzer focus would have little composi-
tion contrast, which makes the delineation of the individual
Co and Cu layers difficult. However, as shown in Fig. 8, the
individual layers as well as the interfaces can be clearly seen

by viewing at large defocus, which increases the scattering FIG. 8. A TEM micrograph of a NiO-Co-Cu-based bottom spin

factor contrast between the two elements and the presence wlve indicating the absence of any pinholes. The top Co layer in

Fresnel fringes at the Co-Cu interfaces. The contrast betweethis spin valve had a thickness of 3.0 nm instead of 4.0 nm.
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FIG. 9. Schematic of layer geometry giving rise to eNe
“orange-peel” coupling in ferromagnetic layers separated by non-
magnetic spacers.

the Co and Cu layers reverse between the overfocused and

underfocused conditions. Note that another necessary and

important condition for the successful imaging of the Co-Cu 100

interfaces is the extremely precise alignment of the electron X 100.00 nm/diy 200

beam parallel to the interfaces. A careful examination of Fig. 7 3.000 nm/diy

8, and extensive TEM studies over large areas of the samples

revealed that the individual layers of Co and Cu are continu- FIG. 10. Anin situ STM topograph of the “free” Co layer of a

ous and without the presence of any interlayer bridging beNiO-Co-Cu-based bottom spin valve.

tween the Co layers. Therefore, in the absence of pinholes,

any contribution to net coupling due to pinholes is dis-state of magnetization distribution in the ferromagnetic lay-

counted for in the present study. ers, the coupling energy due to the “orange-peel” effect is
The stray field coupling, on the other hand, is alwaysgiven by

present in magnetic multilayers. It arises because each ferro-

magnetic layer is placed in the demagnetizing field of the 2 w? ) a3t

other, which tends to align the magnetization of adjacent EOF—gaMoA MsMge™=eu™. @

layers antiparallel. Stray field coupling is weak for large lat-

eral dimensions of the film, being inversely proportional toRecent nanostructure investigations using HRTEM have

the diameter of the filPA>%! Since magnetic measurements shown that the Co and Cu layers in as-deposited spin-valves

were made over sufficiently large are@s 1 cn? squares  grow coherently over each other within columnar grai®.

any contribution to net coupling from stray field coupling is These investigations also showed that a coherent growth

also ignored in the present study. mode of the metal layers give rise to topographically corre-
The so-called “orange-peel” coupling, enunciated by lated ferromagnetic films, a prerequisite if ferromagnetic

Néel, is magnetostatic in natufé?® The model considers coupling arises from Na's “orange-peel” effect. Therefore,

two ferromagnetic layers with in-plane magnetization, sepathe relevant scales for and A corresponds, respectively, to

rated by a nonmagnetic spacer. If the surface of ferromagthe grain size and grain roughness of the topographically

netic layers has correlated roughness, dipoles are set up @trrelated ferromagnetic layers. In order to calculate the val-

homologous protrusions and bumps at the interfaces, ages ofA andA, HRTEM andin situ STM studies were per-

shown schematically in Fig. 9. Each pair of such homolo-formed on spin valves and trilayers, and a typigalsitu

gous protrusion or bump introduces, into the energy of théSTM topograph of the free Co layer of a bottom spin valve is

system an extra energy term, which tends to ferromagnetishown in Fig. 10. These studies show that the average grain

cally align the magnetization in the two magnetic layers.size X in the films is~20 nm and average roughnesss

Neel pointed out that under these conditions, the magnetiza=0.3 nm. Using these values, the calculated value of average

tion distribution within the ferromagnetic layers would un- coupling strengtfeo_p/'9 in the film due to the “orange-

dergo a transition to a new equilibrium state as a result opeel” effect, from Eq.(2), is 0.0018 mJ m?. The net cou-

this extra magnetostatic energy, which competes with theling between two ferromagnetic films may also be repre-

exchange and uniaxial anisotropy energy teffisgel fur-  sented by a coupling energy terf.. In general, the

ther showed that if the correlated roughness is assumed &xistence of coupling between two ferromagnetic layers

have in-plane isotrop$"*° the coupling energy due to the leads to the introduction of a fictitious coupling fiedre-

“orange-peel” effect, in the limit ofrigid in-plane magneti- lated toE. by the relatiof?

zation in the two layers, is given By

E.= uoMht, (3
Shgid_ W_ZM AZM .M e 27tc2/n 1) whergt.i_s the Fhickness of the f_erromagnetic_ Iayer on which
oP vy ot s s ’ this fictitious field acts. From Fig.(B), the shift in the low-

field GMR loop away from the center is a measurehof
whereMg andM/ are values of saturation magnetization of (equal to+0.36 mT). Using Eqg.(3), the experimentally de-
the two ferromagnetic layers is the amplitude, andl is the  termined value of net coupling energy, is ~0.002 mJ m?.
wavelength of topographically correlated interfaces, whichTherefore, the measured value of coupling endggycorre-
are separated by a nonmagnetic spacer whose thicknesslages well with the calculated value of average coupling en-
tcu, as shown in Fig. 9. The negative sign in Ef)) shows ergy|sod®9in the film due to the “orange-peel” effect. Of
that the coupling is positive in nature. Following &&° if course one would expect to find several regions in the film
the condition of rigid magnetization is relaxed in order towhere the grain size and roughness is smaller or larger than
allow the system to undergo a transition to a new equilibriumthis average value, as seen from Figs. 8 and 10. Using Eq.
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roughness varying between 1 and 3 times the average rough-
ness in the film. Using Ed23), this translates into local val-
ues of coupling fielch ranging from 0.5 to 5.0 mT, respec-
tively. Note that the Co/Cu/Co trilayers were deposited under
similar growth conditions as the bottom spin valves, and
were found to have similar topographic characteristics.
Therefore, these are also the expected variations in coupling
in the trilayer due to the “orange-peel” effect. Microscopic
details of magnetization reversal in the trilayer in Figs. 5
clearly showed that, as the ferromagnetically coupled Co lay-
ers were remagnetized, several 360° walls are formed. It was
also noted in the previous section that applied fields as high
as 10—12 mT are required to annihilate these 360° walls in
the trilayer. Therefore, a higher stability of these regions can
be explained by taking into account local variation in cou-
pling strength due to the “orange-peel” effect. In this re-
X, Using the values ofs and \ obtained from STM and TEM gard, also note t_hat aCu thlcl_<ness of 2.24 nm cor_responds to
avg . . the second antiferromagnetic peak in the oscillatory ex-
results, the calculated value ¢f,42'9 in bottom spin valves is h led Co fil functi fC thick-
indicated by an arrow. Also note the square-amplitude dependenc% ange couple 0 fims as a function of LU spacer thic
of |e0d ™ when 3, /A* =1; for the given Cu thickness of 2.0 ness..BeIow 2.0 nm thlckness_, the coupling hgs a very sh_arp
nm, this corresponds to* =6.0 nm, as marked by the arrow. Cu—th!ckness dependence, with ferromagngtlc coupling in-
creasing~=5 mT for every 0.1 nm decrease in the Cu layer
thickness** Therefore, locally the effective Cu thickness in
the trilayer also varies due to nonuniform Cu spacer thick-
ness, as seen from Fig. 8, or by elemental intermixing at the
Co-Cu interfaces, and these variations could also explain the
observed 360° walls in the trilayer. However priori, it is
difficult to unambiguously ascertain as to which of the above
two mechanisms dominatéorange-peel” or oscillatory ex-
max_ 24 L6 _5 changg, although correlated growth of the metal layers in
eGP = ~3.34A°10° mJm ”. “ as-deposited films suggest the former to be the dominant

This square-amplitude dependence of coupling strength cafechanism, with oscillatory coupling also likely to be opera-
also be seen from Fig. 11 at=A* =6.0nm. An important tive.
observation that can be made from Fig. 11 is that the effect Since the spin valves were deposited under similar growth
of the “orange-peel” coupling arising from topographically conditions as the trilayer and have similar topographic char-
correlated interfaces may be minimized by depositing filmsacteristics, the “free” Co layer could be expected to exhibit
with average grains size relatively larger theh However,  switching characteristics similar to those shown in Figs. 5 for
as recently noted by Lubitet al.** a small grain size results the trilayer, after taking into account the above described
in the averaging of exchange interactions over several grain§ontributions to net coupling from orange-peel and oscilla-
thereby precluding the display of local magnetocrystallinetory exchange effects. However, Figs. 7 clearly shows that
easy axes, which, in turn, would otherwise lead to highthe density of locked-in domains in the “free” Co layer of
switching fields. Therefore, an increase in grain size to respin valves is considerably higher than that in the trilayer.
duce “orange-peel” coupling should not exceed the characFurthermore, the stability of locked-in regions in the “free”
teristic length for this averaging= VA/2AK whereA is the ~ Co layer is also highefup to 70 mT than that in the trilayer
exchange constant aniK is the anisotropy energy differ- (Up to 12 m7. Also, whereas a coercivity enhancement is
ence per unit volume between adjacent regionbich inthe ~ observed in the “free” Co layer of the spin valves
present case is<45 nm. Alternatively, since correlated (Hg°®“%=6.7mT), coercivity of the Co layers in the trilayer
roughness is a prerequisite to “orange-peel” coupling, re-(H§°’°“/C°=3.0 mT) remains largely unchanged with respect
cent studies have shown that a disruption of the cohererib the Co single film H$°=2.7 mT). These differences may
growth mode by using surface modifiers, or simply, surfac-be explained by considering the localized magnetostatic in-
tants, during film growth leads to a disruption of topographi-teraction between stray fields associated with domain walls
cally correlated interfaces between adjacent ferromagnetior magnetization ripples in magnetic layers separated by
layers®* Using surfactants, coupling due to the “orange- nonmagnetic spacers. Fuller and Sullivan showed ifttae
peel” effect could almost be eliminated. coercivity of individual layers differ significantlgas is the
Figure 11 also shows that, locally, the strength ofcase for spin valves and in contrast to the Co/Cu/Co trilayer
“orange-peel” coupling may become very large even forthe stray fields emanating from high coercive force domain
small roughness if the grain size becomes comparahié to walls (and also any other source of stray fields such as mag-
For instance, the STM topograph in Fig. 10 shows that, innetization ripplesin the magnetically hard layer can magne-
deed, there exist several grains that satisfy this conditiontostatically lock-in the stray fields associated with domain
Using Eq.(4), such local regions would then exhibit cou- walls (and magnetization ripplesn the soft layef* Fuller
pling strength varying between 0.003 and 0.027 m3for  and Sullivan further showed, both experimentally and theo-

FIG. 11. The variation in absolute value of & “orange-
peel” coupling|eod as a function of amplitudé and wavelength

(2), Fig. 11 shows the variation in the absolute valu¢sgfy

as a function of wavelengtk and amplitude of roughnegs
Equation(2) also shows that the maximum value of coupling
|e o™ occurs when &, /\* =1. For the given Cu thick-
ness of 2.0 nm, the maximum coupling strengthy ™ in
Co layers occurs at* =6.0 nm, and is given by
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M — 2a —» latory exchange effects. From E®), the upper limits of this
5 range are expected on the basis of magnetostatic interaction
4 - + between domain walls. Furthermore, a variation in the ob-
: )‘@_@_@_ ':"_’_f _®'_®'%'f' servedH®*¢can be qualitatively explained by noting that the
: s pole density associated with magnetization ripglbsit can
7 - - i be approximated as quasiwalisould be lower than that for
! 2,@_ O+ ——i= _@_@_.@_} - a domain wall. Modified, accordingly, Ed5) would then
¥ + i predict lower values oH®*¢ Indeed, in-depth investigations
M—a _»: ¥ E;i—_l_l of magnetization reversal in Co/NiO bilayers being reported

elsewhere show that in the range of applied fields necessary
o o ) to switch the “free” Co layer, the NiO-pinned Co layer ex-

_ FIG. 12. Def|n|t|or_1 of parar_neters descrlbl_ng magnetostatic coupinits a progressively enhanced ripple contrast, in addition to
pling between domain walls in ferromagnetic layers separated b¥he presence of some immobile domain whliBased on
nonmagnetic spacers. these results, the magnetostatic coupling due to stray fields

. . . . associated with ripplegakin to quasidomain wallsin the
retically, that domain walls in the soft layer require large inned-Co layer is deemed to be the dominant mode of in-

escape field values in order to overcome magnetostatic co S raction in the present samples. The development of bro-
pling with the hard layet* They showed that the theoret- P Pies. P b

ical value of the escape fiel®for a domain wall in the gressively enhanced ripple contrast as the applied field

. . : L strength is increased is also further supported by the recent
soft layer, in excess of its coercive force, is given by the : . s b ich |52
equatioﬁ“ magnetic-force microscopy results by McMichagl al.

Another mechanism leading to lowEi**®for a domain wall
aHese u[u—(302+4)] - :n the'SOf;ﬁ‘ Ia)_/e_r isfthe rrllotioln of_a_domgin_ wall il? the h_ard
- =— T o, ayer itself arising from local variations in its wall coercive
8Mt [0+ (u+2)][o°+(u=2)7][o"+u7] force. In the limit where the wall coercivity in the two Co
where,u=x/a, o=sl/a, tandt’ are the thickness of the hard layers become the samk** approaches the coercivity of
and the soft magnetic layers, respectively, dmgand M the layers, as was the case for the trilayer. A large difference
are the respective saturation magnetization of the hard aril coercivity in the two magnetic layers is a prerequisite for
the soft layers (see Fig. 12 Following Fuller and high H®
Sullivan?*?° the force function &H®9/(8M) given by
Eq. (5 is plotted for positive values afl in Fig. 13, foro V. CONCLUSIONS
equal to 0.5, 0.3, and 0(2ee Ref. 51 For these value af, ) ) o o
Fig. 13 shows that the force function reaches a maximum A systematic analysis and quantitative estimation of the
value of 0.275, 0.425, and 0.625, respectively. From this, th&hagnitude of coupling strength due to different mechanisms,
theoretical values oH® lie between~77 and 44 mT, re- their manifestation during switching, and the origin of often
spectively, and for applied fielti>H®¢a domain wall in  observed coercivity enhancement in the “free” Co layer of
the soft layer will escape the local magnetostatic interactio®Ottom spin valves is made in the present study. As-
field in the hard layer(The value of 44 mT obviously cor- deposited bottom spin valves exhibit a large GMR of
responds to the coercivity of the pinned Co layer. From the~16.5%, and a small net ferromagnetic couplitg0.36
previous section, the experimental values Hf¢ in the ~MT) between the “free” Co layer and the NiO-pinned Co
“free” Co layer lie between 10 and 70 mT. As discussed@yer- The HRTEM andn situ STM studies on spin valves
above, the lower values in this range can be interpreted ofhd trilayers show that the average grain size in these films is

the basis of coupling due to the “orange-peel” and/or oscil-~20 nm and average roughnes$.3 nm. In addition, TEM
results discount the possibility of any interlayer bridging be-

0.8 tween the Co layers across the Cu spacer layer. Using the

% measured values of roughness amplitude and wavelength, the
0.6 LA j observed ferromagnetic coupling in spin valves could largely
[X=0-2 1 be accounted for by Neel's so-called “orange-peel” cou-
- 041 A 1 pling arising due to correlated interfaces. Results also show
2"’ L »5=0.3 that the “free” Co layer exhibits an enhanced coercivity
® ool | (HFreeC%= 6.7 mT) with respect to Co single films of com-
g c=05 parable thicknessHS°=2.7 mT).
Q% 0.0 \ The nature of magnetization reversal and measurement of
1

M-H loops in these films show that the observed coercivity
enhancement in the “free” Co layer results from magneto-
static coupling between domain walls in the “free” Co layer
and high coercivity NiO-pinned Co layer HE™ed-C0
0 2 4 6 ~45mT); without NiO, the coercivity of Co layers in the
corresponding Co/Cu/Co trilayer remains largely unchanged
u (HSOCWCe= 3 0 mT) with respect to Co single films.
FIG. 13. Variation of @H®9/(8M4t) as a function ofu for That magnetostatically coupled domain walls are the ori-
different parametric values af. gin of coercivity enhancement in the “free” Co layer of spin
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valves was confirmed by direct observation of magnetizatioragreement with theoretically calculated values of escape
reversal, which revealed that domain walls in the “free” Co fields.
layer are magnetostatically locked-in with stray fields due to
domain walls or magnetization ripples in the high coercivity
NiO-pinned Co layer of the spin valves.

The observed escape fields, in excess of the intrinsic This work was supported by the National Science Foun-
coercivity of the Co single film, required to overcome dation, Grant No. DMR-97-31733, and this support is grate-
magnetostatic coupling between domain walls are infully acknowledged.
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which have isotropic topographs. Also see Ref. 34 for experi- to interlayer interactions, which is not feasible in magnetic

mental validation for the same. single films. Therefore, variation oB{H®*9/(8Mt) as a func-

*'In comparison to domain-wall widt*"9"® "= 2a= 7 /A/2K in tion of u is plotted for o varying from 0.5(corresponding to
magnetic single films, calculation and experimental determina- wsn9e¢fim<20nm) to 0.2 (corresponding tow= 4wsinge fim
tion of wall width in magnetic multilayer¢Refs. 26—30 show =80 nm in magnetic multilayers following Refs. 2630

that the wall width increases and wall energy decreases in mag?r. p. McMichael, P. J. Chen, and W. F. Egelhoff, (unpub-
netic multilayers. This is due to a more complete closure of stray  |igheg).
fields associated with domain walls in magnetic multilayers due



