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Magnetization reversal in sputtered Co and oxidized CoOx) layers are studied using transport measure-
ments and magneto-optic Kerr effect. When associated in a magnetic tunnel junction, the two magnetic layers
show a strong ferromagnetic coupling. Using the tunnel magnetoresistive effect as a probe for micromagnetic
studies, we show the existence of an unexpected domain structure in the soft Co layer. This domain structure
originates from the duplication of the domain structure of the hard CoOx magnetic layer template into the soft
Co layer via the ferromagnetic coupling.

[. INTRODUCTION known, it allows to extract the magnetic behavior of the
other magnetic layer. From the measurements of the TMR
Since the discovery of a tunnel magnetoresistafi¢#4R)  curves in C610 nm/AlOx/CoOx(10 nm tunnel junctions,
effect at room temperature in oxide barrier based magnetian unexpected domain structure in the soft cot@dy layer
tunnel junctions, this research area is the subject of intenggas been evidenced. This domain structure is induced from
developments with many possible application prospects. Théhe hard oxidized C¢CoOx magnetic layer template via a
numerous studies devoted to different aspects of this topigtrong indirect ferromagnetic coupling.
permit to get a better understanding of the fundamentals of
spin polarized tunneling transport. Up to now, much atten- Il. EXPERIMENTAL PROCEDURES
tion has been paid on the study of the tunnel barrier proper-
ties and their optimization during the fabrication procedure. Single films and junctions are deposited onto float-glass
Indeed, this part of the junction is subjected to many diseasestibstrates maintained at room temperature iAlaatel SCM
and some of them have been already addressed: ratural 650 automated sputtering apparatus. 99.95% pure Co and
artificial® defects, roughness of the barrférdepth chemical aluminum (Al) targets are mounted on respectively 10 cm
homogeneity and under or over oxidation of the barrfein diameter rf and dc magnetron cathodes. The substrate-to-
contrast, since the forerunner model proposed by ‘Jeflie target distance is set to 10 cm. The base pressure is less than
which predicts the dependence of the TMR signal with thedx 10~ " mbar and 99.999% purified argon is introduced
magnetic electrode polarization and its experimental proofinto the chamber through a pressure-regulated valve up to an
less attention has been concentrated on topics related to tlperating pressure fixed to&10 2 mbar. All films are de-
use of magnetic electrodes. However, many other effectposited in the dynamic mode: the substrate is scanned over
such as magnetization reversal processes, domain formatidhe cathodes at 2 rpm in the case of Co and 4 rpm in the case
and implication of the domain structure in each magneticof Al. The power applied by the generator to the target is
layer in contact with the tunnel barrier on the TMR signal chosen to have 3.0 A/scan deposition rate for both Co and
height have not been considered so far or have only recentifl. To obtain the oxidized A[AIOx) barrier and CoOx elec-
emerged° For instance, it has been shown that the existrode, the oxidation is realized just after deposition of the
tence of a domain structure in hard magnetic layers maynetallic Al or Co layer using a dc glow discharge under a
induce extra current channels in TMR junctions due to thepure 10! mbar Q plasma in the sputtering load-lock. The
current perpendicular to planéCPP geometry’® The samples are transferred to this chamber without breaking the
amount of shortened tunnel current, directly dependent omacuum.
the domain structure, may rule out any potential applications To prepare junctions suitable for current perpendicular to
as memory or heads applications. plane(CPPB transport geometry measurements, we have used
In this paper, we report the relationship between tunnetontact masks made in a 100m thick CuBe foil which
transport and magnetic domain structure which occurs duringllow us to prepare 16 junctions at each run on a sample. The
the reversal of the magnetic layers in (€0 nm/AlOx/ patterning of the CuBe foil is achieved by a standard chemi-
CoOx10 nm tunnel junctions. Tunnel junctions appear to cal etching technique with a path width of 2Q@m. In the
be good candidates to study the magnetization reversal or tHgst place, Cr/Au contacts are evaporated onto each 20
domain structure of ferromagnetic layeBL’s) in contact X 20 mnt float-glass substrate. Then, the masks are sequen-
with the barrier because of the large sensitivity of the spirtially set close to the substrate. Samples are transferred back
dependent tunnel current to nanoscale magnetic fluctuations the load-lock for eackx situcontact mask change. Then,
When the reversal of either the soft layer or the hard layer ishe load-lock is quickly vented with nitrogen, the mask is
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changed and the load-lock is pumped down so that, the air T ] ’-'“
exposure is less than 2 min. Details on the junction geometry 5604 d 4
can be found elsewhefé.Electrical resistivity and magne- ‘
toresistance are measured with a standard two-probe dc tech-
nigue. Magnetization curves of the single magnetic films and

the junctions are recorded at room temperature with a
magneto-optic Kerr effedMOKE) apparatus operating with 5598

5601

a 6328 A He-Ne laser in the longitudinal geometry. g
O 5595

IIl. MAGNETIZATION CURVES AND REVERSAL IN THE §
SOFT AND HARD MAGNETIC ELECTRODES « 8702

(2]

Tunnel magnetoresistance relates to the fact that the tun- a

o

neling probability of electrons in a hybrid ferromagnetic/
insulator/ferromagnetic layered structure depends on the 8701
relative orientation of the two FL magnetizations. This im-
plies a pair of FL's for which the orientation of each mag-
netization can be reversed independently. For this purpose,
we take advantage of the experimental setup used to grow :
our samples. Initially used to get films with uniform thick- s A N T
ness, substrates are scanned over the cathodes in a dynamic -1000  -500 0 500 1000
mode in order to induce a small morphological uniaxial an- Applied Field (Oe)
isotropy (Ha). This first step leads to FL with square Kerr
magnetization curvesé—H curves when measured along FIG. 1. Anisotropy of magnetoresistance measurements per-
the easy axis with a coercive fieltH() around 30 Oe. In a formed on the Cda) and CoOx(b) junction electrodes. The Co
second step, the hard layéhe topmost in the three layers (respectively CoOx e!ectrode has it_s easy axis of magnetization
structur@, grown in the same conditions, is 1 min oxidized perpend?culatres.pectlvely parallgito its length. Measurem(?nts are
using the experimental conditions and setup optimized tg"ade with the field applied paralleHO—) and perpendicular
make up the tunnel barriers. After this oxidatidd, in- (~®~) t0 the easy axis of magnetization.
creases drastically to values around 110 Oe at room tempera-
ture and thed—H curves keep a squarelike shape, roundednain structure$® When the value of the field applied along
for applied fields aroundd.. The oxidation has then two the easy axis is reduced from positive saturation to zero,
effects on the magnetization revers@l;the switching of the magnetization rotates continuously in the film plane in a re-
magnetic layer is less abrupt and occurs in a field range ofersible process and a component perpendiculdt toap-
several tens of oersteds while the magnetization remanengears. The magnetic moments are then aligned within an
(M, /Mg) maintains a high valuéabout 95%), andii) the  angle bisected by the direction of the positive saturation
coercive field is increased by a factor of 4. These changefield. On a microscopic scale, the sense of rotation is defined
could not be explained by simple argumettts. by the angle between the local effective magnetocrystalline
The origin of the Co layer hardening after oxidation andanisotropy and the external applied field imposing that re-
the change in the magnetization reversal mechanism hawgions distributed over the whole sample may rotate clock-
been addressed using magnetic force microscopy witiman wise or counterclockwise. When the applied field is reversed
situ applied field and anisotropy magnetoresistat&bIR) in the negative direction, regions with the lowest local effec-
measurements. tive anisotropy switch first their magnetization in a direction
In this last case, measurements have been performed @iose to the one of the negative applied field. This reversal
the junction electrodes individually probed using the typicalleads undoubtedly to reversals of other regions coupled ei-
cross architecture of the junction. Since both electrodes havaer by exchange or by dipolar interactions. This generates
parallel easy axis and the junction has a cross geometry, thregions with main magnetization oriented in the negative di-
Co (respectively CoOxelectrode has its easy magnetizationrection which coexist with regions with main magnetization
axis perpendiculafrespectively parall¢lto its length. As far  oriented in the positive field direction. Increasing the nega-
as the pure Co layer is concern@dottom electrode no  tive applied field increases the proportion of reversed mag-
evidence of a magnetization component perpendiculét o netized regions until negative saturation is reached.
is observed during the reversal when the field is applied This reversal mechanism was supported using magnetic
along the easy axigFig. 1(a), — O —]. Considering the low force microscopy with am situ applied field!®*#In the field
value ofH. and the squareness of the-H curve, the mag- range of interestfrom 0 to —300 Oe after positive satura-
netization reverses its direction by nucleation and propagation), no correlated walls could be observed during the mag-
tion of domain walls. netization reversal, only small dipolar contrasts compatible
The reversal of the top electrode appears to be substamith small leakage fields. The MFM pattern is mainly com-
tially different after oxidation of the Co layer. The AMR posed of lines without contrast directed in the applied field
response shown in Fig(l) with the magnetic field parallel direction and a white and black checkerboard, the position of
(—O—) and perpendicular{ @ —) to H, is consistent with  each contrast depending on the applied field. These last con-
a reversal occurring through the appearance of ripples ddrasts are due to the lateral fluctuation of the magnetization
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sof ' ' ] strongly dependent on the under and overoxidation of the Al
layer, an optimunt,, is expected for a given,,. For our
§’ 15l oxidation technique antj,, equal to 1 mn 30 s, the optimum
2 ) Al thickness is 15 A for which the TMR signlat room
g 0 temperature is equal to 9% and the mean junction resistance
-% to 120 K). On the one hand, whdrp, is increased to 18 A,
5 the resistance shows a slight increéstabout 15%) while
T 181 the TMR signal decreases to 7%. On the other hand, when
E a0l t, is decreased to 12 A, the TMR signal and the resistance
i . . drop to about 5% and 40 (k, respectively. The TMR signal
-300 -150 0 150 300 shows the well known decrease with the applied voltage with

Applied Field (Oe) a characteristitV, |, the applied voltage for which the TMR
signal is reduced by a factor of two, of 0.2 to 0.4 V depend-
ing on the polarity of the junction. Brinkman’s theory of

Al(L5 nm, ox 1 mn, 45)6Co(10 nm, ox 1 mirtunnel junction with tunnelind® was applied to estimate the effective barrier

200 um lateral size. The shift of the minor loop towards the nega—height'q)’ and thiCkne_SSt'eff' No clear correlation could be
tive applied fields exemplifies the ferromagnetic coupling betweerPPServed betweew, with values above 0.8 eV and less than

the magnetic electrodes. 1.2 eV, andt,, but the fittedt. are always in good agree-
ment with t, . Junctions with the best magnetotransport

component perpendicular td, and their analysis will be Properties have been measured at low temperature, down to
published elsewher®. The modification of the reversal 4.2 K. Their resistance increases linearly as temperatise
mechanism must be directly related to the oxidation proces$lecreased and saturates Totess than 75 K at a value two
Indeed, the diffusion of oxygen in the grain boundaries durlimes larger than at room temperature. In a same manner, the
ing the oxidation process weakens the exchange couplingMR signal shows an increase of 30% and reached 12% for
between grains and therefore reduces the averaging of the=15 A

randomly directed anisotropy fields of various grains. This

fact has been shown by Berket al.*° to be at the origin of V. EFFECT OF THE FERROMAGNETIC COUPLING

the appearance of a ripple domain structure which leads t0 geTWEEN THE ELECTRODES ON THE TMR SIGNAL
the increase oH. and the decrease ofl, /M.

FIG. 2. Complete ) and minor - O —) magnetization loops
measured by longitudinal Kerr effect directly on a (C@ nm)/

The following aims to show how the ferromagnetic cou-
pling between two electrodes strongly influences the magne-
tization reversal of the soft Co layer when the hard CoOx
layer includes a domain structure. Since tunneling current
decreases exponentially with the distance through the barrier,
the preferential conduction channels are the shortest paths for

The next section of the paper is devoted to the analysis oflectrons to travel across the insulator. Therefore, the most
the magnetization reversal of the two FL's when they aramportant factor which determines the magnitude of the spin
used as electrodes in a magnetic tunnel junction. Therefore,@olarized tunneling current is the relative local orientation of
complete /—H curve measured alongi, directly on a the ferromagnetic moments directly across the barrier. We
200 um lateral size junction is presented in Fig. 2. It ap-use this large sensitivity to local magnetization fluctuations
pears clearly that the coercive field of the Co layer is in-of the spin dependent tunnel current and the knowledge of
creased up to 45 Oe while thed. of the CoOx layer is the reversal of the hard magnetic layer to infer the induced
decreased down to 90 Oe. In fact, the intrindicof each FL.  domain structure in the soft pure Co layer.
has not changed but the reversals of the FL's are mutually Complete ) and minor (—O—) characteristic TMR
influenced due to their proximity. This is exemplified by the loops are shown in Fig. 3 measured on a1nm)/Al(1.8
minor loop shown in Fig. 2. As can be seen on the brancinm, ox 1 mn/Co(10 nm, ox 1 mn tunnel junction with
which extends from—75 Qe to positive saturation, the re- 200 um lateral size. The features appearing in the minor
versal of the soft Co layer occurs for an applied fieldt&f5  loop are reproducibldmeasured on several @ nm)/

Oe. The loop corresponding to the reversal of the soft CoAI(1.8 nm, ox 1 mWCo(10 nm, ox 1 mp junctiong but
layer is shifted by a bias field of 10 Oe corresponding to a dependent or,, andt,, . After saturation at 500 Oe, the
ferromagnetic coupling with the hard CoOx layer. This cou-applied field is decreased down te500 Oe (complete
pling can be attributed to the orange-peel effect originatingcycle) or to H,, (minor cycle. The resistance jumps,
in a coherent corrugation of the top and bottom interfaces oAR(H.(Co)), occurring at the effectivéd, of the soft Co

the barriett” As it will be shown in the following, this fer- layer, H.(Co), are equal in both cases. By reversing the ap-
romagnetic coupling has a strong influence on the magnetplied field and increasing its value from500 Oe or from
zation reversal of the soft Co detection layer when the hardH,., towards 500 Oe, the two cycles appear to be completely
CoOx layer includes a domain structure. different. In the case of the complete negative saturation

The magnetotransport properties of Co(10 nm)/(major cycle, the cycle is symmetric and therefore holds two
Al(ta nm, to,mn)/Co(10 nm, ox 1 mnhhave been studied resistance jumps. As far as the minor loop is concerned, three
as a function ot,,, the deposited Al thickness, angl, the  resistance jumps with different signs appear at some fields
oxidation time. Since the TMR signal is known to be namedH,,H, and H;, which are different tharH (Co),

IV. MAGNETIZATION CURVE AND REVERSAL IN THE
SOFT AND HARD MAGNETIC ELECTRODES
SEPARATED BY A THIN TUNNEL BARRIER—TMR

IN THESE JUNCTIONS
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FIG. 3. Complete £) and minor (- O —) tunnel magnetoresis- FIG. 5. Comparison between a minor tunnel magnetoresistance
tance loops measured on a (@0 nm/Al(1.8 nm, ox 1 myCo  0op (—@—) and a minor magnetization loop measured by longi-
(10 nm, ox 1 mi tunnel junction with 200um lateral size. By tudinal Kerr effect directly on a Qa0 nm/Al(1.8 nm, ox 1 mn
reversing the negative applied field at sog, on the minor loop, 30 9/Co(10 nm, ox 1 mitunnel junction with 200.m lateral size

three jumps with different signs appear at some fiettls H., (—O—). The reduction of resistance for applied fields between 22
andHj. and 34 Oe is correlated to the appearance of a plateau in the minor

magnetization loop. This plateau disappears on the complete mag-

i S tization | lified in Fig. 2.
HI"(Co)—the intrinsicH, of the Co layer—or than the ef- netization foop as exempitied in Fg

fective H, of the hard CoOx layerd .(CoOx). ) ) o . ]

In order to shed light on the phenomena responsible for Particularly interesting is the fact thaj[ for _apphed fields
the additional jump, the magnitudes of the different resis-detweerH; andH,, the resistance of the junction is close to
tance jumps have been studied as a functiorHgf,, the  the one measured when the magnetizations of the two mag-
value at which the applied fieldH, is reversed. The variation netic electrodes are in a parallel configuration. Therefore,
of the resistance jump amplitudes for the previous definedlirectly across the barrier, the magnetization of the two mag-
applied fields H,(Co) (—-®-), H;(—O-), and H, netic electrodes are locally parallel even if the hard magnetic
(filled black squargare reported in Fig. 4. The last curve layer is far from magnetic saturation. As a consequence, the
(—O—) added to the plot is the sum of the absolute values offomain structure of the hard CoOx layer is duplicated in the
the resistance jumps &t;, AR(H;), and atH,, AR(H,). soft pure Co layer. An evidence of the perturbation of the
Several trends can be extracted from this figure. Whep|  Soft Co electrode reversal is given in Fig. 5 where a minor
is between 45 and 85 QbetweerH(Co) andH(CoOx)], ~ tunnel magnetoresistance loop ® —) and a minor magne-
only one resistance jump is observed with value equal ofization loop measured on a tunnel junctior © —) are
slightly less tham\R(H(Co)). This jump is easily attributed compared. The reductlt_)n of resistance for applied fields be-
to the own reversal of the soft Co layer. Ak, decreases fween 22 and 34 Oe is correlated to the appearance of a
towards negative fieldsAR(H,) decreases whildR(H,)  Plateau in the magnetization reversal of the soft Co layer in
increases. Their variations appear to be correlated since théff€ minor magnetization loop. This plateau corresponds to a
sum remains constant, 15% lower thAR(H.(Co)). When field window for which the duplicated domain structure is
|Hed exceeds 165 OAR(H;) is reduced to zero and re- stable in the soft Co layer while it disappears on the com-
mains constant whilAR(H,), H,, and Hs continuously plete magnetization loop as exemplified in Fig. 2. The exis-

converge towards\R(H.(Co)), H.(Co), andH(CoOx) tence of such domain structure in the soft layer creates low
respectively. ¢ ¢ ¢ resistance paths which partially shorten the tunnel current

and hence reduces the overall TMR ratio.
. . . . . A model of domain structure is sketched in Fig. 6 to ex-

800fe— ¢ 0o —0—9g o o P plain Fhe main features of the minor TMR curves observed
. o o o o experimentally. It. relays on the knowledge of the reversal of
£ 500 -2/'s0/ o0 / | the hard magnetic CoOx layer and the strength of the ferro-
o a— g magnetic coupling between the two electrodes. As described
8 ool .\.\ / | in a previous section, whehl, directed alongH, in the
S direction opposite to the positive saturating field, has values
.‘% />\ around—H.(CoOx) (in the case of the present MTJ between
e 200 " " 1 —85 Oe and—160 O¢ a domain structure exists in the
D/n——"ﬂ/ CoOx electrode while the soft Co layer is saturated in the
60 140 420 o100 20 negative field direction. This domain structure consists of

regions with main magnetization oriented in the negative
field direction created whejiH| exceeds 85 Oe which coex-

FIG. 4. Variation of the amplitude of the resistance jumps meadSt With regions with main magnetization oriented in the
sured for an applied field . (Co)(®), H,(0)), andH,, (filled black ~ positive field directior{Fig. 6(@]. As mentioned above, in-
squarg as a function of the reversing negative applied filg, . creasing the negative applied field increases the density of
The last curve Q) is a plot of the sum of the absolute value of the reversed magnetized regions until negative domain satura-
resistance jumps ai,; andH,. tion is reached afH| around 160 Oe.

Reversed Applied Field (Oe)
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@ state while the domain structure remains in the hard layer.
Locally in both layers, magnetizations are either parallel or
antiparallel and this last magnetic configuration contributes

® o] ® &) ® to the increase of the junction resistantR(H,). A further
,A/uxf\\/\\ﬁw\ﬂﬁ/\w increase ofH leads finally to the saturation of the CoOx
(\ b d magnetizatiorjFig. 6(d)]. Here again, locally in both layers,

magnetizations are parallel and walls have disappeared.

WWJ Therefore, resistance decreases and reaches its value at satu-
- = Mo = \W ration. The magnitude of this last resistance juliiR(H5) is
( mw S TU\T@ b close to the difference R(H.(Co))—R(H,,), where
R(H.(Co)) and R(H,,) are the resistances measured at
WJ/@\/E%J H.(Co) andH,,, respectively, indicating that the domain
(\ﬁ/w %“ T C structure present in the CoOx layer remains approximately
constant when the applied magnetic field increases fiogm
up toHs.
M\W&J In the light of this model, the behavior &fR(H;) (i=1,
(\m \/\/®WN\”\” \w d 2 and 3 as a function ofH,., can be explained. As men-
tioned above, whehl ., is between—85 and—160 Oe and
FIG. 6. Sketch showing the evolution of the domain structure inwhen its value decreases, the density of reversed magnetized
each magnetic layer, the soft Co laybottom layer, whiteand the ~ regions increases in the CoOx electrode. Theref@(é],)
hard CoOx layer(top layer, gray scaje The symbols® and ® decreases and consequentiyR(H,) also decreases. The
represent the main magnetization in each donfaifented perpen- gain in resistance &, is directly proportional to the density
dicular to the paper sheekespectively opposite and along the posi- of domains in the CoOx layer with negative main magneti-
tive saturating fieldrepresented by the bi@ outside the sketoh  zation. By increasingH ., their density increases and con-

After a positive saturation, the applied field is decreased and resequentlyAR(H,) decreases too. Finally, increasifige,|

versed untilH ., is reached. At this field, the soft Co layer is satu- up to 160 OeH, andH, get close toH.(Co) andH; gets
rated and a domain structure remains in the hard CoOx l@er |gse toH ,(CoOX).

Reversing the field in the positive direction, the reversal of the soft
Co layer occurs in two steps. First, the magnetization of regions
located under domains in the hard CoOx layer with magnetization
oriented in the positive saturating field direction reverses at a field

H, (b). Then, atH,, the Co layer reaches its positive saturation In this paper, we present results on the magnetic proper-
state (). Finally, the CoOx layer saturates By for which the  {jag of Co and CoOx electrodes and on the magnetotransport
resistance is minimald). properties of CAL0 nm/AlIOx/CoOx(10 nm tunnel junc-
: . , tions. We have demonstrated that the oxidation of the Co
As H is reversed fromH, towards the positive fields, . electrode leads to a drastic change of its reversal mechanism

regions of the soft layer which are located over domains N d to the appearance of a ripple domain structure which

the C.OOX I_ayer_ with main magnet|zat|o_n oriented in the POSFinduces an increase of the coercive field. When a junction is
tive field direction experience a local field equalHot+H; ,

L . constituted with these two electrodes separated by an AlOx
where H; represents the ferromagnetic field coupling be- b y

. . layer, a dipolar interaction takes place leading to a decrease
tween the two electrodes. Therefore, these regions will rotat§¢'y o qitference between both coercive fields. The main pur-
first for an applied field of approximately™(Co)—H;. In '

! e _ pose of this paper is to report, for the first time, on induced
fact, the reversal field is slightly higher due to the energyyomain structure in the soft magnetic layer duplicated from
needed fo include domain walls in the soft Co layer. Afterine hard magnetic layer template by a ferromagnetic type
reversal and as exemplified in Fig(b§, the two magnetic .,ypling. Then, we characterized magnetotransport proper-
electrodes hold the same domain structure. A part from thges of these junctions in order to study the magnetization

magnetization inside the walls, locally in both layers, mag-eyersal of the soft Co electrode. In fact, spin dependent
netizations are parallel. Therefore, the junction resistance dggnneling current is severely affected by local magnetization
creases with a jump chR(H,) and is nearly minimal. This  f,ctyations and the knowledge of the magnetic structure in
correlated domain structure can be observed in these samplgse electrodéthe hard electrodemust conduct to the under-

because the energy spend to create domain walls is less thapnding on the magnetization reversal of the second elec-
the gain in energy linked to regions ferromagnetlcallytrode(the soft electrode

aligned. A further increase dfl leads to the reversal of re-
gions of the soft layer which are located over domains in the
CoOx layer with main magnetization oriented in the negative
field direction and experience a local field equaHe-H; .
Indeed, these regions will switch for an applied field of ap- The authors thank J.-F. Bobo, M. Demand, J. Latriche, L.
proximately H™(Co)+H;. In fact, the reversal field is Moreau, J.-G. Mussot, and C. Senet for their technical sup-
slightly smaller due to the gain in energy arising from theport, and C. Bellouard, G. Marchal, A. Schuhl, and R. L.
disappearance of walls in the Co layer. After reversal and aStamps for many fruitful discussions and for help with the
exemplified in Fig. €c), the soft layer is in a single domain experiments.

VI. CONCLUSIONS
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