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Phase diagram in exchange-coupled CoTb/[Co/Pt] multilayer-based magnetic tunnel junctions

M. Bersweiler, D. Lacour, K. Dumesnil, F. Montaigne, and M. Hehn
Institut Jean Lamour (UMR CNRS 7198), Univezsie Lorraine, Vandoeuvré$-Nancy, France
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Magnetic and magneto-transport properties of [Co/Pt]/MgO/[Co/Pt]CoTh magnetic tunnel junctions have been
investigated. Depending on the thickness of the Pt layer, temperature, and Peld history, the [Co/Pt]CoTb hard layer
shows complex behaviors that can be reproduced by micromagnetic calculations. The magnetic tunnel junctions
appear to exhibit conventional behavior but also exchange bias and spring magnet and domain duplication
phenomena that have been observed combining magnetometry and interface-sensitive spin-dependent tunnel
transport.

DOI: 10.1103/PhysRevB.92.224431 PACS number(s): 780.Rw, 75.76.+j, 75.70.Kw, 75.78.Cd

I. INTRODUCTION have been grown on glass substrates in an UHV Alliance
Concept sputtering with as base pressure &f B°>° mbar.
A1fter a soft etching of the substrate under pure Ar plasma,
4'5 nm-thick Tantalum layer has been Prst deposited with a
deposition rate of 1.2/ s, in order to favor the good adhesion

. - : . of Pt and promote its (111) texture. A 10 nm-thick Pt seed
[3). and different experimental technicéty]. The main layer is then grown followed by the [Co/BtTo stacking (soft

e o oot i Secode). ceposied i el eposiion s ol
; yorp pp for Pt and 0.094/s for Co. A 2.5 nm-thick MgO insulating
nanoscale composites for hard magnei$)],[ exchange-

coupled composite structures to reduce the switching peld arr?_arrier (the MgO thickness is the same for all the MTJs
uped P . 9 discussed in this paper) separates the soft electrode from the
plitude in storage medidll], exchange-coupled multilayers

to stabilize hard reference layers in the well-known spin valve'2rd [CO/PY/Co/CasThy, multilayer. The nominal thickness

structures 2], and future applications in spin-transfer torque- of the Co layers is the same for all samples, equal to 0.6
£ PP P Y€ m. The thickness of the Pt layers varies between 1.42 and
based devicedlp]. In the last few years, focus has been made,

on perpendicular-to-PIm-plane magnetic conbgurations sinc%'19 nm. The CgsTbua layer is 20 nm thick and is referred

perpendicular recording has effectively replaced traditionag as CoTb in the following. Given its high anisotropy, the

! S Y . oTb is used to pin one electrode by exchange coupling, so
in-plane storage media in the hard disk indusrj}{and this that it is possible to get separate reversals for both electrodes.

conbguration is more efbcient for spin torque phenoméda In addition to the MTJ multilayers magnetic properties, the

onTgsgt:écngoisg gfrtlr:)i:mf:T}ig;ﬂt%zdﬁzgﬁir?éi?sbfe agnetic characteristics of individual [Co/f#€o and CoThb
) pIC 9 LT ' hI%\yers have been analyzed by magnetometry in order to extract
impact of the spring magnet conbguration in giant magnetgn

. . ost of their relevant magnetic parameters that will be used
resistance ] or tunn_el magneto resistance (TMR)H has for micromagnetic calculations (see Appendix
been scarcely investigated.

In this study, a composite exchange-coupled soft/har %SAfterthe growth, a three-step optical lithography process is

) S X . ed to pattern 30m x 30 m junctions and to take electric
magnetic system ([Co/Pt]/CoTb) exhibiting a wide variety of contacts [Ta(5 nm)/Pt(150 nm)] bilayer on both sides of the

g:ggt?ggzaitrl]or?];e\égiscaltu%rr?glei Snecstigﬁs (lKAe_?EIS;J S'?r?ear?c:]hznw O tunnel barrier. The electronic transport characteristics
9 J . ave been measured using an OhomemadeO setup controlled

complex behaviors of [Co/Pt]/CoTb as a function of the Ptb a Labview interface and composed of an ARS cryostat for
thickness, temperature, and Peld history can be reproduced

micromagnetic simulations, based on a detailed investigation e low-temperature measurements (down to 20 K) and an
of the individual [Co/Pt] multilayers and CoTb layer magnetic €lectromagnet that can deliver a magnetic beld upad.
properties. The combination of magnetometry and interface-

sensitive spin-dependent tunnel transport enables the analysis lll. MAGNETIC PROPERTIES IN MTJ FULL STACK

Before the lithography process, the magnetic response
the MTJ full stack has been studied using conventional

Magnetic multilayers made of two directly interacting fer-
romagnetic layers have been at the center of many theoretic
and experimental studie§][ by the use of different materials,
different magnetic geometries (in plar@ pnd out-of-plane

magnetic Peld applied perpendicular to the surface (the easy
magnetization axis) and for temperatures between room tem-
perature and 20 K. This is an important step to understand the
The structure of the magnetic tunnel junctions studied irbehavior of the whole multilayer stack, since electronic

this work is sketched in Figl. The multilayer stackings transport measurements in MTJs are exclusively related to

the magnetic response of the electrodes in contact with the

tunnel barrier. Magnetization measurements have evidenced

“michel.hehn@univ-lorraine.fr some interesting features linked to the CoTb/[Ca/etd

Il. EXPERIMENTAL DETAILS
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Electric contacts A. Magnetization reversal at room temperature
\ Typical M(H) loops measured at room temperature with
the magnetic beld applied perpendicular to PIm plane are
r presented in Fig2 for Pt thicknesses smaller (top left) and
larger (bottom left) than 1.73 nm.
CogsThis These hysteresis loops are typical of measurements along

the easy magnetization axis, conbrming the strong perpen-

310 dicular anisotropy in these MTJs (in both [Co#Pgo and
q CoTb layers). Several jumps and steps are observed during the
MgO | o ___ Peld sweep corresponding to different magnetic conbgurations
Si0, I[CO/Pt] JCo for the soft and hard electrodes, reported in Figright).
As expected, the reversal of the [Co#Aflo multilayer (soft

electrode) occurs in a single magnetic switch, whatever the
Pt thickness, and is observed at low Pbelds (switch from
step A to B). As reported in many studies before, the
reversal occurs through nucleation and propagation of reversed
domains 16].
The magnetic response of the CoTb/[CoiEp hard
hard electrode that turn out to be essential in underelectrode depends on the Pt thickness, as observed ir2 Fig.

standing the transport measurements. These are report@eft). For Pt thicknesses smaller than 1.73 nm (top left), a
below. single step (from B to D) corresponds to the total magnetization

FIG. 1. (Color online) Sketch of the magnetic tunnel junctions.
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FIG. 2. (Color online) LeftM(H) loops measured at room temperature and with the Peld perpendicular to the plane for MTJ full stack with
Pt thicknesses smaller (top) and larger (bottom) than 1.73 nm. Right: Micromagnetic calculations of the different magnetization conbgurations
for the soft and hard electrodes: A, parallel conbguration; B, antiparallel conbguration after reversal of the soft electrode; C, intermediary step
after partial reversal of the [Co/Rtinultilayers in the hard electrode; D, back to parallel conbguration.
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reversal of the hard electrode. For Pt thicknesses larger thahrough a Pt layer. The measurement of minor loops for
1.73 nm (bottom left), the hard electrode magnetizationthe [Co/Pt} reversal enables us to extract the value of the
reversal occurs in two distinct steps (from B to C andexchange interaction through Pt (results presented irlBig.
from C to D). A close look at the jump between B and C AppendixA).

reveals an amplitude of three-fourths of the [Coff@b
magnetization, showing a partial reversal of the [Co/RD

in the CoTb/[Co/Pg/Co electrode: only three Co layers .
switch, the last Co layer being pinned to CoTb. Increasing the Beyond the effect of Pt thickness reported above, the
negative applied Peld Pnally drives the simultaneous reversal§Mperature is expected to have a signibcant impact on the
of the last Co layer in [Co/P]Co and of the CoTb layer. magnetization rG_versaI through the temperature dependence of

Those two different behaviors can be easily explained, an® RKKY coupling and through the hardening of the CoTh
reproduced using micromagnetic calculations, by the role of2yer (see Appendi®). Furthermore, minor loops can lead to
the Pt thickness on the coupling between Co layers. complex bghawors Wherg.laterally nonhomogeneous ma_gnet!c

For OthinO Pt layers, the coupling between Co layers g)nl_Dguratlons are stabilized. The results presented in this
strong and enables the [Co/i#€o reversal as a whole. The Section are obtained for the [6:hm/Pt 42 nmls/Cao.6nm based
reversal of the [Co/P$|Co multilayer is thus complete and
leads to the reversal of the CoTb layer.

For OthickO Pt layers, the coupling between the Co layers
in the [Co/Pt}/Co is weaker. The Zeeman energy leads to The inBuence of temperature on the M(H) loops for
the reversal of the three Co layers in the [Co/Pt] multilayershe MTJs full stack has been studied between 300 K and
(three-fourths of the [Co/P#ICo multilayer is reversed), the 45 K. At 300 K, the magnetization reversal for the MTJ
last Co layer being pinned along the CoTb magnetizatiorwith 1.42 nm-thick Pt layers occurs in two steps associ-
and switching with the CoTb at higher applied beld. As aated to the two electrodes (Fi@, top left): as reported
result, the [Co/PH layer is exchange-biased by the Co/CoTbpreviously, the hard electrode reverses as a single block

B. Reversal versus temperature and magnetic beld history

1. InBuence of the temperature
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FIG. 3. (Color online) Left: (aM(H) experimental loop for the MTJ full stack (Pt thickness of 1.42 nm) measured at 150 Ki(kb)
calculated for the CoTh 20 nm/[Co@nm/Pt 142 nmk/Co 0.6 nm hard electrode at 150 K. Right: Micromagnetic conbgurations for the soft
and hard electrodes: A, parallel conbguration; B, antiparallel conbguration after reversal of the soft electrode; C, 1, 2, and 3 reversal of the
[Co/Ptls/Co multilayer in the hard electrode by the creation of a spring magnet; D, back to a parallel conbguration.
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since the [C@gnm/PtLa2nml3/COosnm Multilayer is strongly and 28% of reversed magnetization fdfe, = S 287.5mT
coupled to CoThynm by direct exchange. When decreasing andHe, = S 2825 mT, respectively. This ratio is maintained
the temperature to 150 K and below, the reversal process iim the remanent state, i.e., after switching off the applied beld.
the hard electrode changes signibcantly, with the occurrence This specibc property for the Coddan/[C0o6nm/

of two successive steps [C and D in F&fa). In contrastto Pt 42nm]3/Coysnm €lectrode is likely driven by the reversal
the two-step reversal observed in increasing the Pt thicknesaechanisminthe CoTblayer. As shown in R&g][ switching
(Fig. 2, bottom left), the smooth part (labeled C) suggestsoffthe applied beld during the reversal process of a 20 nm-thick
the development of a spring magnet conbguration in th&oggThy, layer freezes a magnetic conbguration composed
[Coo.6 nm/Pt.42nml 3/Cn.6 nm Multilayer in contact with CoTb.  of up and down domains. The domain structure persists at the
This was conpPrmed by micromagnetic calculations, as showremanence and is therefore responsible for the stabilization of
in Fig. 3 [(b) and right part] using the material magnetic the intermediary magnetization step in the CoIH ) loop.
parameter summarized in Appendix In the MTJ full stack, the CoTdann/[C0o.6 nm/Pt1a2nml3/

This change in the hard electrode magnetic behavior aCaysnm hard electrode obviously follows the same behavior,
low temperature is driven by the magnetic properties ofyielding aremanent state with a domain conbguration, i.e. with
the CoTb layer with temperature (Appendd). When the alaterally nonhomogeneous magnetic structure. The soft layer
temperature decreases, thesfld; 4 magnetization decreases of the MTJ thus reverses in a complex stray peld originating
and its anisotropy increase$7PL9). In our case, the main from the stabilized domain structure.
consequences are a drastic increase of the effective anisotropy At 65 K [Fig. 4(b)], the reversal of the [Co/R{ICo
and of the coercive beld in the CoTb layer. In this case ofmultilayer of the hard electrode occurs via the developmentofa
small Pt thickness, i.e., large coupling between Co layersspring magnet, as discussed above [B{g)]. If the maximum
in the [Co/Pt}/Co stacking, the high restoring force when negative applied beldi., is chosen in the range where the
the magnetization starts reversing leads to the formation of apring magnet conbguration occurs, i.e., between approx.

spring magnet conbguration. S$1.5 T andS4.5 T, before the reversal of the CoTb part, a
perfectly reversible and reproducible behavior is observed in
2. InBuence of magnetic Peld history this beld range, as expected from the spring magnet behavior.
Minor loops have been measured to explore the impact
of partial reversal of the hard electrode (Ke@m/Pti42nml3/ IV. TRANSPORT PROPERTIES IN PATTERNED MTJS

Cosnm/CoThyonm €electrode). After positive saturation, the
Peld is decreased, reversed to negative values, and :stoppedafz|

a negative peld caIIeIdr?\{ in the foIIowi.ng, befpre sapurating magnetometry. Micromagnetic simulations performed using
the system under positive beld again. Typical minor loop he magnetic parameters extracted from the individual layers
measured at room temperature and at 65 K are pr_esented érlllalysis (AppendicesA and B) could nicely reproduce
Figs. 4(a) and4(b), respgctlvely. For the sake of clarity, only experimental observations. The next step consists in exploring
a few values oHr, during the hard electrode reversal have the magneto-transport properties in patterned MTJs. The aim
been chosen here. . = is brst to investigate how the various magnetic behaviors
Atroom temperature [Figl(a, the value 0Hrey =S 0.5 T described above could affect the transport properties and
%ive rise to interesting and original features. The magneto-
transport properties are also a bne probe of the magnetic
conbgurations in direct contact with the insulating barrier and

. . - %us constitute a powerful tool to complement magnetometry
corresponding to a partial reversal can be stabilized. The any, 4 micromagnetic simulations

plitude of the second jump gives a ratio of approximately 65%

In the previous section, the magnetic properties of the soft
Y hard electrodes in the MTJs full stack have been studied by

leading to a symmetricM(H) loop, presented in Fig2.
However, for smalleH e, chosen during the one-step reversal

FIG. 4. (Color online)M(H) experimental loops of the MTJ full stack (Pt thickness of 1.42 nm) measured at (a) 30H&ferS 05T
(black squares$287.5 mT (red squares) a&PR82.5 mT (blue squares), (b) 65 K fblre, = S 6 T (black squares) anél4 T (red curve).
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FIG. 5. (Color online) Left: Experimental phase diagrams for the MTJs with Pt thicknesses of 1.42 nm, 1.73 nm, and 2.19 nm. The colored
areas referred to different typical behaviors observed by transport measur&{t€rty varying the temperatur&) and the maximum applied
negative beldH.,). Right: Calculated phase diagrams for the hard electrodes with Pt thicknesses of 1.42 and 2.19 nm. The colored areas
referred to different typical behaviors fbf(H) observed by varying the temperatufi@ &énd the maximum applied negative petti{).

A. Phase diagrams in patterned MTJs B. Conventional R(H) characteristics

Since the magnetic state of the hard layer changes with OConventional®H) characteristics have been measured
Pt thickness, temperature, and magnetic beld histi(iy) whenH,y, is large enough to drive both electrodes reversal
transport measurements have been systematically performéad area on diagrams) and when the valudHgf, enables
onthe [C®.6 nm/Pt1.42 nml 3/C 0.6 nm» [C00.6nm/ Pt 73nml 3/C00.6nm the reversal of the soft electrode only (blue area on dia-
and [C@ gnm/Pt.19nml3/C.6nm based magnetic tunnel junc- grams). Those two cases are presented in Bidor the
tions, as a function of temperature atg,. [C0o.6 nm/Pt.42 nml3/C.6nm based MTJ at room temperature

Starting from saturation under positive Peld, the inRu-(Hey =S 0.5T andHe, = S 0.2T). The different magnetic
ence of the maximum applied negative beld valtge)  conbgurations calculated for the soft and hard electrodes are
on the minor loop has been investigated. Those transpogketched in Fig6 (right).
measurements have shown the occurrence of several typical The steps observed in Fi§(a) can be correlated to the
behaviors that can be presented as different colored areasagnetization steps observed in Fiitop left) for the MTJ
on (THe) diagrams (Fig5, left). Those measurements are full stack. At high positive pbeld, the low resistance state
compared to micromagnetic calculations of the hard electrodeorresponds to a parallel conbguration of both electrodes
magnetization reversal (Fid, right). In the following, the (sketch A). When decreasing the applied Peld to negative
different regions of the diagrams will be discussed. values, a brst jump corresponds to the reversal of the soft
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FIG. 6. (Color online) LeftR(H) characteristics for the MTJs with Pt thicknesses of 1.42 nm, measured at room temperature for a reversed
PeldH,e, of (2) S0.5 T and (b)S0.2 T. Right: Micromagnetic calculations of the magnetic conbgurations of the hard and soft electrodes: A,
parallel state; B, reversal of the soft electrode (antiparallel state); C, back to a parallel state with the reversal of the hard electrode.

electrode (sketch B). The magnetizations of both electrodes are The two OclassicalO behaviors (complete reversal of both
antiparallel, and thus the resistance becomes high. A furthezlectrodes or reversal of the soft electrode only) have been
increase of the negative applied beld leads to the reversal abserved at room temperature for all the measured MTJs,
the hard electrode and the MTJ goes back to a low-resistanaghatever the Pt thickness and the reversal mechanism in the
state (sketch C). The symmetric behavior is observed whehard electrode.

sweeping the peld back from negative to positive values. This

behavior corresponds to the OredO areas (thegand high C. Spring magnet and exchange bias behavior

temperature) of the phase diagram. If the magnetic bPeld sweep Figure 7 (left) presents thd(H) curves measured in the

is stopped after the prst resistance jump and switched back togreenO ared € 60K) of the diagrams for [Cgsnn/
positive values, the system stays in a high-resistance state unigk, ,, ,.]2/Cg.6nm, [Coo.6nm/Pt1.73nml 3/ C00.6nm, and

the positive Peld is high enough to drive back the magnetizatiofCog gn /Pt 19nm] 3/C0o.6nm based magnetic tunnel junctions.
reversal in the soft electrode [Fi§(b)]. Only the reversal of Those green areas correspondTi(e,) ranges where the
the soft electrode is observed. This corresponds to the Oblur&td electrode exhibits a two- -step reversal (inhomogeneity
areas (smakie,) of the phase diagram for which the magnetic along the magnetization direction) and whekg, enables the
Peld is not strong enough to reverse neither the [CoIBW}  reversal of the [Co/P]Co partonly.

nor the CoTb layer of the hard electrode. In this last case, the For thoseH e, values, the CoTh magnetization still points
soft electrode reversal magnetization loop is slightly shifteccowards the positive Peld direction but the [CoPtjagne-
along the negative horizontal Peld axis, as a result of théization has reversed. The magnetization being thus parallel
ferromagnetic coupling between the electrodes across the Mgeh both sides of the MgO barrier (sketch A), the system
tunnel barrier. As reported previously in in-plan2OfR2]  is in a low-resistance state. By increasing the beld back
and out-of-plane 43] magnetized MTJs with thick tunnel towards the positive value, the exchange coupling between
barriers, this ferromagnetic coupling is attributed to an Oorang@e CoTb layer and the [Co/RfCo multilayer in contact
peelO-type magnetic coupling between both electrodes. Thisads to the brst reversal of the [CogRflo multilayers of
interaction will be particularly important to explain regions the hard electrode (sketch B). The magnetization on both sides
of the phase diagram where domain duplication occurs (segf the tunnel barrier being opposite, the resistance state of the
Sec.lVD). system becomes high. The soft electrode bnally switches when
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FIG. 7. (Color online) Left: Normalized TMR versus applied beld measured at 60 K for MTJs with Pt thicknesses equal to 1.42 nm (Plled
squares), 1.73 nm (open squares), and 2.19 nm (open circles). Right: Micromagnetic calculations of the magnetic conbgurations of the hard
and soft electrodes: A, reversed soft electrode and partial reversal of the fBo¢Ht] the CoTb/[Co/PtJCo electrode: only three Co layers
switch, the last Co layer being pinned to CoTb (parallel state on each side of the tunnel barrier); B, back to homogeneous conbguration in the
hard electrode (antiparallel state on each side of the tunnel barrier); C, back to a parallel state with the reversal of the soft electrode.

increasing the applied beld further (sketch C), and the systermorrespond to a specibc phenomenon corresponding to the
goes back to its low-resistance state. duplication of magnetic domains from the hard electrode to

Two limit cases for th&(H) characteristics can be identibed the soft electrode. Such an effect has been previously reported
in Fig. 7 (left). They correspond to the different two-steps only in the case of in-plane magnetized spin valves and MTJs
reversal processes identibed in the hard electrode by mafROERZ]. It arises from the dipolar coupling between the hard
netometry measurements and reproduced by micromagnetisd the soft layers through the MgO tunnel barrier as discussed
simulations. in Sec.lV B. Two different domain duplication processes have

For OthinO Pt layers (blled squares), the reversible reversmien identiped, depending on the Pt thickness and temperature.
of the [Co/Pt}/Co multilayer of the hard electrode as a spring For the sake of clarity, only the symmetric major loop (black)
magnet [Figs3(a)and3(b)] leads to a perfectly reversible and and the loop measured for one valud-h, (red) are reported,
reproducibleR(H) behavior in the patterned MTJs. at 300 K and 190 K for the [Ggs nm/Pt1.42nml3/C0p.6nm based

For OthickO Pt layers, the abrupt brst reversal of the [go/PiMTJs (Fig.8). Those two temperatures correspond to one-step
multilayer part of the hard electrode (FRjoottom), the last Co  and two-step reversal of the hard electrode, respectively.
layer remaining pinned to the CoTb, leads to a typical biased Several resistance steps and jumps are observed in
loop. The ferromagnetic exchange couplitigough the Pt  Figs. 8(a) and 8(b), and correspond to different magnetic
layerleads to the horizontal shift of the magnetization reversatonPgurations of the soft and hard electrodes. In A, C, and
observed in Fig7 (left). The magnitude of this horizontal shift E, the low-resistance state reveals a parallel conpguration of
allows extracting the exchange coupling consfaptthathas  both electrodes magnetizations. In B and D, the intermediate
been used in the micromagnetic calculations (E@). resistance states are signature of coexisting parts where

These different results obtained by transport measurementse electrodes magnetizations are either in a parallel or
are perfectly in agreement with (1) the magnetic behavior ofintiparallel conbguration.
the hard electrode as a function of Pt thickness and temperature . . ] . 3 ]
and (2) the predicted phase diagram (Bigight) obtained by 1. DomainOs nucleation process in the OorangeO area §ti)]
micromagnetic calculations using the magnetic parameters of Once the MTJ magnetization is saturated under a magnetic
the [Co/Pt}/Co multilayer. Peld of+1.5 T, the applied Peld is decreased to zero and

o , reversed. Increasing the negative applied will lead brst to the
D. Duplication of domains from the hard to the soft electrode reversal of the soft [Co/Pt] magnetization.

Finally, two supplemental areas (OorangeO and OyellowOWhen H,e, enters the beld range where the reversal of

appear in the MTJsO experimental phase diagrams. Th#ye hard electrode occurs, magnetic domains form in the
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FIG. 8. (Color online) Major loops (black squares) and minor loops (red squares) measured for the MTJ with Pt thicknesses of 1.42 nm
at (a)T = 300K Hey =S 0.3T andH,e, =S 0.236 T) and (b)T = 190K H,ev = S 2T and Hey = S 0.877 T). The magnetic conbgurations
for the different resistance steps are sketched in the right part and detailed in the text. The A, C, and E conbgurations correspond to parallel
arrangement across the tunnel barrier, i.e., low resistance states. The B and D conbgurations correspond to a mixture of parallel and antiparalle
arrangements across the tunnel barrier, i.e., intermediate resistance states.

[Co/Ptk/Co multilayer in contact with CoTb and propagate = The magnetization of the soft electrode under regions where
into the CoTb layer in a dynamical process (Fiy.sketch  the magnetization of the hard electrode is oriented antiparallel
B). The magnetization in these domains is parallel to theo the applied Peld is submitted to an effective peld equal to
magnetization of the soft electrode, and as a result, increasirge applied Peld minus the magnetic stray Peld of the hard
the value of H progressively reduces the junction resistanckayer: Those regions will reverse in a second step, for a larger
towards the low resistance measured when the magnetizatioapplied beld Hys. The magnetic conbguration of the soft
of both electrodes are parallel. M, is chosen during the electrode turns to be perfectly monodomain again, whereas
hard electrode reversal and the applied Peld is brought backe domain structure persists in the hard electrode. This results
to zero, the junction resistance is kept at an intermediate valuggain in coexisting areas where both electrodes magnetizations
R1, the resistance measured under the appliedibgldAsthe  are either parallel or antiparallel (Fig, sketch D), giving rise
single CoTb layer, the CoTb/[Co/BtCo multilayer obviously  to another intermediary resistance sfagen the positive beld
keeps the domain structure stabilizetiat,. Whenthe applied  region. Finally, by further increasing the positive applied beld,
magnetic Peld is reversed to positive values, the magnetighe domain structure in the hard electrode disappears and the

moments of the [Co/P§ICo soft electrode are submitted to a MTJ recovers its low, parallel resistance state (Bigketch E).
laterally inhomogeneous magnetic beld.

The magnetization of the soft electrode under regions . . )
where the magnetization of the hard electrode is oriented2. DomainOs nucleation process in the OyellowO area §ig)]

along the applied Peld is submitted to an effective Peld The Ayellow® area appears at low temperatures or for large
equal to the applied Peld plus the magnetic stray Peld optthicknesses and separates the Ored® and OgreenO areas. In the
the hard layer: Those regions reverse Prst for a magnetigreen area, the [Co/RtfCo multilayer in contact with CoTh

Peld Hy;. In this state C, the MTJ resistance goes back tqayer is reversed [exchange-biaskt{H) loop for thick Pt

the low value R; proving that the multidomain structures |ayers] or partially reversed (spring magnet behavior for thin

of both electrodes are perfectly parallel (F&j.sketch C).  pt layers) while the CoTb layer is not affected by the peld

This phenomenon where the multidomain structure of the harghigh anisotropy and low magnetization). In these two cases,
electrode is OprintedO to the soft electrode is called Odomaifiséparts of the magnetic layers in contact with the tunnel
duplication.O barrier are in a parallel conbguration, resulting in a low tunnel
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resistance. When increasitt}e,, the applied beld becomes of domains in the hard electrode. The different magnetic
large enough to drive the partial reversal of the CoTb layebehaviors observed by magnetometry have been reproduced
and this corresponds then to the OyellowO area: a domain stayemicromagnetic calculations using the magnetic parameters
starts to nucleate in the CoTb layer (F&.sketch A). Then, of the [Co/Pt}/Co and CoTb individual multilayers, and
when reducing the peld towards zero, the domain state of CoTfummarized inli,,, T) diagrams. Those can account for the
duplicates into the [Co/P#]Co in contact with CoTb, leading magnetic properties observed in MTJs full stack.
to the intermediate resistance valde [Fig. 8(b) and sketch The magneto-transport properties of patterned MTJs have
B]. From this state, the same domains duplication process dseen explored to investigate how the various magnetic be-
the one described for the Oorange© area occurs from the hheiors could affect the transport properties and give rise to
electrode to the soft electrode. interesting and original features. Their analysis also constitutes
As shown in Fig5 (bottom left), this phenomenonis already a powerful complementary tool for the study of magnetic
observed at room temperature for OthickO Pt layers. In this casenbgurations, especially at the MgO interface. Beyond the
where the hard electrode magnetization reversal occurs in twasual cases where the applied Peld can reverse both electrodes
separate steps (Fig.bottom left), even at room temperature, (major symmetric loop) or only the soft one (biased minor
it is possible to choose a value Hfe, where the [Co/PgCo  loops), the resistance versus magnetic beld characteristics have
layer has reversed and where the CoTb partial reversal statwvidenced two interesting behaviors for maximum negative
with the formation of domains. This domain structure thenmagnetic belds in the range of the hard electrode magnetization
duplicates into the [Co/P4ICo in contact and further into the reversal: (1) if the magnetic beld is large enough to reverse
soft electrode. In the case of OthinO Pt layers, the Oyellow@ [Co/Pt] multilayer in the hard electrode but doesnOt
area appears for temperatures lower than 225 K, when thaffect the CoTb layer, thR(H) loops exhibit some common
magnetization reversals in the CoTb and [Co/f@) layers characteristics witM(H), associated to the [Co/Pt] reversal: an
are no more simultaneous but occur for different magnetiexchange biased loop or a reversible spring magnet behavior.
Pelds, as a consequence of the CoTb increased anisotropy. This last property is very attractive and could be used in the
development of magneto-resistive sensor at room temperature
and high pelds; (2) if the magnetic beld is large enough to
V. CONCLUSION reverse the [Co/Pt] multilayer in the hard electrode and part of
he CoTb layer, the development of magnetic domains in the
ard electrode gives rise to a domains duplication phenomenon
rom the hard to the soft electrode. This is nicely observed via
occurrence of low-resistance intermediate states.

The magnetic properties of MTJs full stack reveal several
interesting features, mainly driven by the magnetic propertie
of the hard electrode. Since the strength of the couplin
between the Co layers through the Pt spacer decreases rapidl
when the Pt thickness increases, two reversal modes of the hard ACKNOWLEDGMENTS
electrode have been highlighted at room temperature. For thin )

Pt thicknesses, the simultaneous reversal of the [G#(Ri] The authors acknowledge the Pnancial support from
multilayer and of the CoTb layers is observed whereas fof EPER, France, the Region Lorraine, and the Grand Nancy.
large Pt thicknesses, the reversal occurs in two steps (pr&f'€ authors thank G. Lengaigne for technical support during
reversal of the [Co/PfJmultilayer followed by the Co/CoTb the nanostructuration of the magnetic tunnel junctions.
reversal for larger applied belds). At low temperatures, the

drastic increase of the anisotropy and the decrease of the APPENDIX A: MAGNETIC PROPERTIES

saturation magnetization in CoTb prevents its reversal, leading OF INDIVIDUAL LAYERS

either to a spring magnet behavior for thin Pt thicknesses or to

an exchange bias behavior for large Pt thicknesses. Finally, A. ColPt

by acting on the beld history, it is possible to stabilize a The magnetic properties (especially perpendicular
remanentintermediate magnetization state with the persistenemisotropy and saturation magnetization) of the [Ca/EH

FIG. 9. Temperature dependence of (a) effective anisotropy constgnand (b) saturation magnetization per volume unit of Co in
[Co/Ptls/Co multilayers for different Pt thicknesses.
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FIG. 10. (Color online) Temperature dependence of the RKKY
interaction constant between Co layers through Pt for different
Pt thicknesses. The values are deduced (i) from the shift of the G 12, (Color online) Sketch of the multilayer stack used in the
[Co/Pt]; reversal observed in minor loops fgs = 1.73nm (gray)  micromagnetic calculations.
andtp; = 2.19nm (blue), (ii) from the exchange spring response of

the CoTh/[Co/PH/Co multilayer fortp; = 1.42 nm (red). ] ) )
thickest Pt layers (i.e., 1.73 and 2.19 nm) from the shift of the

[Co/Pt); reversal observed in minor loops. For the thinnest Pt
multilayer have been investigated separately as a functiolayers (i.e., 1.42 nm), the coupling constant has been deduced
of Pt thickness and temperature in close connection witlirom the exchange spring response of the CoTb/[Cglet]
structural characteristic24]. The effective anisotropy con- multilayer. Those exchange constaitgnand their variations
stants have been extracted from the M(H) loops via the Oara¥ith temperature for the different Pt thicknesses are given in
methodOJ5)]. Figures9(a) and9(b) present the temperature Fig. 10.
dependence of the effective anisotropy constant and the Finally, the temperature-independent exchange constant at
saturation magnetization (considering only the volume ofthe Co/CoTb interface)ix has been chosen equal to A5
Co in the layers) for different Pt thicknesses. For all Pt10°!2J/m, an average value between the exchange constants
thicknesses and all temperatures, the effective anisotropy is the CoTb and in the Co layers.
positive, i.e., perpendicular to PIm plane magnetization, even
if the magnetization strongly increases when the temperature B. CoTb
decreases. A complete discussion of those variations is given The magnetic properties of the CoTb alloy have been
in Ref. [24]. They are used here mainly as inputs for theextensively studied by Gottwald work TB19]. The exchange
micromagnetic calculations. The exchange constant in the Ceonstant has been chosen equal to $0°12J/m, and inde-
layers has been chosen equal t0x300°2J/m, the usual pendent of temperature. While the saturation magnetization is
parameter used in OOMMF, and independent of temperatureknown, the evaluation of the effective anisotropy is difbcult

Another important parameter is the interaction between thesince the magnetic belds to saturate the CoTb PIms in
Co layers in the [Co/Pf]multilayer, mainly of RKKY origin.  plane exceed the maximum Pelds available in our setups. It
This value cannot be extracted from tM{H) loop of the  could be evaluated at room temperature but its variation with
[Co/Ptls multilayer. However, when associated to the CoTbtemperature has been inferred from the magnetic response of
layer, the exchange constadty.) could be determined forthe the CoTb/[Co/P/Co multilayer and from the literatur@)].

FIG. 11. Magnetic properties measured for thegdTby4, amorphous alloy. (a) Effective anisotropy const&ng measured at room
temperature and deduced at lower temperature from the magnetic response of the CoTh/{fodbitelyer. (b) Saturation magnetizatitvh,
measured as a function of temperature.
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The variations of CoTb saturation magnetization and effectivénclude the demagnetizing bPeld have been used. The multilayer
anisotropy with temperature are given in Figig(a)and11(b) stack used in the micromagnetic calculations is sketched in
Fig. 12
APPENDIX B: MICROMAGNETIC CALCULATIONS The [Co/Pt] multilayer was treated as 1 nm-thick Co layers

The magnetic response of the hard CoTb/[Ca/P¥ (i.e., thickness of one cell) coupled by a RKKY interaction
electrode has been simulated using the 3D OOMMF micro-through the_ Pt layers. The saturation magnetizations and
magnetic code. In order to reduce calculation time, a pillar of TECtiVE anisotropy belds have been extracted from measure-

50 nmx 50 nm has been considered with a cell size of 50nm Ments. The CoTb layer was treated as a ferromagnetic layer

50 nmx 1 nm. The demagnetization Peld was not takenWith saturation magnetization and effective anisotropy belds

into account for these calculations; effective anisotropies thaX{racted from measurements.
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