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Exchange coupling and macroscopic domain structure in a wedged permalloy/FeMn bilayer
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Local Kerr effect and magnetometry measurements reveal that switching in exchange-coupled wedged-
permalloy/FeMn bilayers involves only two macroscopic domains, extending across the entire sample, sepa-
rated by a 180° domain wall, which moves along the wedge direction. The squareness of the hysteresis loop of
such exchange-coupled layers depends on the thickness variation of the sample under measurement.
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Recently a great deal of attention has been focused on tHayer is greatly simplified. During switching, there are only
ferromagnet/antiferromagnéM/AF) exchange coupling®  two large FM domains, extending across the entire sample,
and its applications in spin-valve giant magnetoresistanceeparated by a 180° wall, which moves along the wedge
deviced The hysteresis loop of a FM layer exchangedirection. Consequently, the MOKE and VSM measurements
coupled to an AF layer is shifted from the origin by an taken from corresponding Ioc_:atlons on the specimen give the
amount known as the exchange fieldg), accompanied by Same results. The observation of these large domains and
an enhanced coercivityH,). The characteristics of the their switching behavior allows the establishment of a direct
FM/AF exchange coupling, which is at the heart of thesg€lationship between the magnetic domains and the hyster-

devices, depends sensitively on the constituent materials arip'S ![oop results. _Theste reS”LtS also sh0\|/y that_;[rr:ese dgma(;n
their thicknesses, as well as temperature. The dependence Uctures are unique to exchange coupiing with a wedge

. . X ; layer.
the thickness of the constituent layers has provided consid- .
erable insight into the elusive FM/AF coupling. For example, The FM/AF exchange coupling has been most commonly

. ; i .g., VSM. T he thick-
the 1ty dependence dflg wheretgy, is the thickness of the measured via magnetometry, e.g., V'S 0 study the thic

oo ness dependence of a particular constituent material, many
FM layer, demonstrates that the exchange coupling is trangs mples with different thicknesses need to be separately

mitted across the FM/AF interfad€.In FM/INM/AF trilay-  easured using either individually made specimens, or

ers, evidence of exchange coupling transmitted across a NoBamples cut from a large specimen with a wedge-shaped con-
magnetic(NM) space layer has also been obserVéthe  stituent layer. MOKE, with the advantages of a small sam-
experimental observation of thetd§ behavior ofH, at low pling area(defined by the size of the laser bearigh sen-
temperatures has confirmed the theoretical predictions thaitivity, and fast measurement offers another means of
are based on the random-field interactions at the FM/AFmeasuring exchange-coupled systems. Surprisingly, few
interface® MOKE studies of exchange coupling have been reported.
The magnetic domains of both FM and AF layers play aNotably, Mauriet al. have studied #&y/FeMn bilayer byin
prominent role in FM/AF exchange coupling. Most theoret-situ MOKE, where the thickness of they layer was system-
ical models of exchange coupling have explicitly featuredatically reduced by ion milling after each MOKE measure-
the FM and the AF domairfs* Although direct evidences ment, thus revealing the FM thickness dependence of the
of AF domains in exchange-coupled systems remain scarcexchange coupling.
the observed dependence of exchange coupling,enthe The use of specimens that contain a wedged constituent
AF layer thickness, is likely to be a manifestation of the AF layer offers much advantage in studying the thickness depen-
domainst? On the other hand, the FM domains and thedence. Such specimens alleviate the run-to-run variation
movement of domain walls can be directly imaged by Kerrcommonly encountered in individually fabricated samples.
microscopy and magnetic force microscopy, and indirectyMOKE measurements can be directed at different locations
inferred by hysteresis loops. In exchange-coupled FM/AFon the specimen without dicing the specimen into many
bilayers with a uniform FM layer, during switching, the FM smaller pieces, as would be the case for VSM measurements.
layer breaks up into many domains with complex wall However, the constituent layers in a large specimen, wedged
motions™® Questions have also been raised concerning ther otherwise, are physically connected. Since the hysteresis
validity of hysteresis loop measurement as a means for medeop measured by MOKE at one region may be influenced
suring the intrinsic characteristics of the exchangeby the presence of the contiguous layers, the MOKE results
coupling®* measured from various locations of a large specimen may be
In this paper, we report on the results of magneto-optidifferent from the VSM results taken from many smaller and
Kerr effect (MOKE) and vibrating sample magnetometry isolated samples. Indeed, it is the evolution of the domain
(VSM) measurements onRy/FeMn bilayer, where the FM  structure that ultimately dictates the relationship between the
Py (permalloy=Nig,Fe g) layer is wedged and the AF FeMn results measured by MOKE and VSM.
(FesgMnsg) layer is uniform. We used MOKE and VSM to Specimens oPy(wedge/FeMn/Cu were deposited using
map out the FM domains and their switching behavior. Thealloyed targets oPy (NigFeq) and FeMn (FgMnsg) onto
FM domain structure in an exchange-coupled wedged FMsi substrates in a computer-controlled multisource deposition
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FIG. 1. (a) Schematic descriptions of the exchange-coujitgd -200 -150 -100 -50 0 -200 -150 -100 -50 0
(wedgé/FeMn(300 A) specimen, 5 cm2cm in size, with a Applied Field (Oe)
wedgedPy layer (40-300 A from left to right. The deposition
field, cooling field H,.), and measuring field are perpendicularto  FIG. 2. Representative hysteresis loops measured by MOKE
the wedge direction. MOKE measurements are taken at varioudeft) and VSM(right), wherea, b, ¢, d anda’, b’, ¢’ refer to the
spots along the line markeal b, c. The VSM measurements are locations on the specimen described in Fita)1

’

taken from individual samples cut along the line markedb’, c’.

(b) In the field range oH=—40 Oe, the entire sample has one wedge direction give the same valuestdf andH,.. Fur-
domain with up magnetizatiorfc) In the intermediate field range, thermore, the MOKE measurement at pairgives the same
theroe are two domains with opposite magnetization, sgparated byl%sults as that at poifit, which is at the same location along
ﬁgg 0"%’2'bgd%grflﬁt?]eé%ﬁ:?ﬁagﬁji;aigg Oe, the entire sample the wedge3 but laterally different. These results establish that
' the scanning MOKE measurements on an uncut wedged
specimen give the same results as those obtained from VSM
using many separate samples at corresponding locations.
From the hysteresis loops one obtains exchange field
(Hg) and coercivity H,) as a function oPy thickness. The
OKE and VSM results are shown in Fig. 3, plotted as

system with a base pressure 0k%0 8 torr. The Cu under-
layer was used to promote the growth of AF fcc FeMn.
While the FeMn(300 A) and Cu(300 A) layers were uni-
form, the Py layer was a wedge from 40 to 300 A across a
distance of 5 cm. Each location on the specimen along th . ) Co
wedge direction therefore corresponds to gspeﬁiyimick-g ftew . wheretgy is the th_|c!<ness of they layer, to highlight
ness. During deposition, a magnetic field of about 200 Oéhat bothHe andH, exhibit the .ﬂFM dependence. The re-
was applied in plane and perpendicular to the wedge direcs_ults from MOKE and VSM are |n-excelle_nt agreement. The
tion. After deposition, the sample was heated to abdvg ( exghange-coup!mg energy per unit areais tey MFM' for
~440 K) of FeMn and cooled to room temperature in a mag-WhICh we obtain the va_\lue C.)f 0.057 erglmusing My
netic field of 10 kOe, also applied in plane and perpendicular” /89 emu/cr for Py. It is of interest to note from the ex-
to the wedge direction. This established an unambiguous efrapolation thatg is small but finite for Iry—0, whereas
change coupling with an unidirectional anisotropy perpen-

dicular to the wedge direction. The sample geometry and th 250 T T T T
field directions are shown in Fig(d).

The large specimefabout 5 cnx2 cm) with a wedgedPy
layer was cut into two halves along the wedge direction for
the MOKE and the VSM measurements. During MOKEand | .«
VSM measurements, the magnetic field was applied in thi@ 150 H g
same direction as those of the deposition field and coolinc~ B -
field. In the MOKE measurements, the laser beafmout 1 = .._.s-"'
mm in siz¢ was directed at various spots of the large speci- = 190 .
men along the wedge directidm, b, ¢, in Fig. 1(a)]. The = -
magnetic field was supplied by a pair of Helmholtz coils -a H
with a field range of—300 Oe to 300 Oe. For the VSM 50 [ '_..-r'
measurements, the strip was cut into many small piece
(about 3 mnx3 mm in size along the wedge direction. The
small samplegtheir locations marked a&’, b’, ¢’ in Fig. 0
1(a)] were individually measured by VSM. In short, as
shown in Fig. 1a), the MOKE and VSM measurements were 1/t (A
taken along two parallel wedge directions separated by 1 cm.

Representative MOKE results at locatiams, ¢, and the FIG. 3. Exchange fieltH (squaresand coercivityH,. (circles
VSM results at the corresponding locatioa§ b’, andc’ of Py(wedged/FeMn(300 A) measured by VSMopen symbols
are shown in Fig. 2. In all cases, the hysteresis loops meand MOKE(solid symbol$ as a function of 1f,, wheretgy, is the
sured by MOKE and VSM at the same location along thePy thickness.
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250 T T . T T T 40 the unidirectional direction established by field cooling. The
formation of only two domains separated by a 180° wall,
which is perpendicular to the wedged directétig. 1(c)], is
< 200} Py precisely the reason that VSM and MOKE give the same
E 130 g results. It may be noted that in uniform FM layers during
2 g' switching, there are numerous domains which are often small
S 150 o (on theum scale and complex, requiring magnetic micros-
s 120 ; copy for observation® In contrast, by employing a wedged
3; 100 L ® FM layer, a simple two-domain structure is obtained.
K decreasing-field % The switching field varies monotonically, but not linearly,
& «%‘ with the thickness of th®y layer, as shown in Fig. 4. Thus,
50| 11° 3 the rate of wall movement due to the external magnetic field
increasing-field 3 (i.e.,dx/dH) is not constant. For a given increment of ﬂeld,
the rate of the 180° wall movement is smaller for the thinner
0 ' . ' ' ' 0 Py layers. This is because the exchange field is inversely
-300 -250 -200 -150 100 -50 0 proportional to thePy thickness and location on the wedge.

Switching Field (Oe) Because of the unique domain structure in the present
case, a hysteresis loop is in fact a signature of the movement
FIG. 4. The switching field measured from VSidpen sym-  of the 180° wall sweeping across the sample under measure-
bols) and MOKE (solid symbols for increasing-field branch and ment. More specifically, the widthAH) of the switching
decreasing-field branch as a functionRyf thickness and location from +M to —M, or the squareness of the loop,dsi/dx
on the wedgedy layer. times the sample dimension in the wedged direction. Conse-
quently, we have the unusual situation that the witith of
switching depends on thBy layer thicknessthrough the
H. becomes zero at a finitet}{, manifesting that the 1#,,  value ofdH/dx) and is proportional to the samp#ize In-
dependence dfiz andH, is applicable only for FM layers deed, as shown in Fig. 2, the values/dfi for both MOKE
with reasonably smallgy, . and VSM are narrower for thickdPy layers. Furthermore,
As mentioned earlier, there is @opriori reason to expect for a specificPy thickness AH for MOKE is narrower than
the MOKE results measured from an uncut wedge sampléhat of VSM, because of the smaller sampling area in MOKE
along one wedge direction to be the same as the VSM resuligeasurements. This indicates that fon-size Py layers, as
measured from the corresponding samples along a differem field sensing devices\H would be even smaller, ulti-
but parallel wedge direction. The two sets of measurementgately only limited by the 180° domain-wall width.
yield the same results because the exchange-coupled wedged|n, FM/AF bilayers with a uniform FM layer, switching
layer has a specific domain structure. From a hysteresis l00Reanveen the- M states occurs within a narroaH range, in
the states with M and —M are two single-domain states \yhich the entire FM layer breaks into many domains includ-
with magnetization pointing in th&_H and —H d|rect|qns,_ ing closure domains. Both the stabilization and the imaging
re;pectlvely. Al the. switching . field, the magnetization of the domain structure have proven to be challenginig.
switches from one single-domain state to another. In th? e present case, by taking advantage of the thickness depen-
present case, local measurements using MOKE and VS ence of the switching field, the wedged FM layer impedes
allow_us to map out th_e actual doma_ln structure and thethe progression into many domains throughout the FM layer.
domain Wf.i" “?0"8.”‘9”‘ ina _Iarge Specimen. - . Instead, there is one single 180° domain wall moving across
) The switching fielddat whichM =0j for the INCreasiNg- - he sample. Furthermore, the location of the 180° wall can be
field branch(from —M to +M) and_ thg decreasmg-ﬂgld dictated by the external magnetic field. This domain struc-
branch(from +M to —M) are shown in Fig. 4 as a function e the simplest achieved to date, can be used to study
of the Py thickness and the location on the wedged specimenyqmain-wall dynamics in exchange-coupled FM/AF bilay-
Consider the decreasing-field branch for example. Hor .o
=—40 Oe, the entire specimen has all the moments pointing |, summary, MOKE and VSM measurements on wedged
up as shown in Fig. (b). At a slightly more negative field, py/Femn bilayers show that switching in the exchange-
the magnetization at the thick end of tRy layer begins 0 ¢ hled systems involves only two macroscopic domains
switch to the opposite direction. For example, Bt  genarated by a 180° wall. Under the external field, the do-
=—90 Oe, the moments to the right of polnare pointing  5in wall sweeps along the wedge direction. MOKE and
down, while the moments to the left of poinremain point- gy give the same results precisely because of the unique
ing up, i.e., there is a 180° domain wall at pomwvhenH  gomain structure. We also show that the squareness of the
=—90 Oe. The 180° wall moves further to the left of point j,ysteresis loop in this case is sample size dependent. The
b at a more negative field until < — 250 Oe, at which point  greatly simplified domain structure can be used as a model

the entire specimen has the magnetization pointing dowrsystem for studying domain dynamics in exchange-coupled
Thus, we have conclusively demonstrated that the transitiogysiems.

from one single-domain state to another is accomplished by
the growth of one single domain at the expense of the other. This work was supported by NSF MRSEC Program No.
The magnetization directions of the two domains are alon@6-32526.
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