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Magnetic reversal of double-layer patterned nanosquares
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The magnetic reversal process of double-layer patterned nanosquares was studied by means of
micromagnetic simulations. Different types of hysteresis loops were observed, depending on the
thickness ratio of the two layers and the interlayer distance. Antiparallel state was induced by
different mechanisms, either through the differential magnetostatic fields or through the differential
coercitivies of the two layers. It is revealed that the interlayer magnetostatic interaction is the key
factor that determines the reversal behavior. In this study, we constructed a diagram for the
dependence of the types of hysteresis loops on thickness ratios and interlayer distances. The
switching dynamics for the double-layer patterned nanosquares were also investige2@@5©
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INTRODUCTION @ +a2)ﬂ =M X Hag MM < (M % Hap), (1)
Magnetic mutilayer systems have been extensively stud- at Ms
ied for the last 20 years, revealing many interesting properwhereM; is the saturation magnetizatiop, is the gyromag-
ties, such as giant magnetoresistafi@MR) and perpen- netic ratio,« is the damping constant, ardl is the effec-
dicular  magnetic  anisotropy (PMA).**  Recently tive magnetic field. In our simulations, we take into account
nanofabrication technologyoffers powerful capabilities in four main energetic contributions: exchange, anisotropy,
patterning material into submicron scale, which allows us tmagnetostatic, and Zeeman energies. To study the magnetic
achieve unique magnetic properties that do not exist in geversal properties, an external field is applied. The ampli-
thin-film or bulk material. Lithographically patterned mag- tude of the field varies stepwise with an interval of 5 Oe. For
netic multilayer elements, such as magnetic tunneling junceach step, the equilibrium distribution of magnetic moments,
tions (MTJs) and pseudospin-valvéPSV) elements, have and thus the average magnetization are obtained from the
been used in high-density magnetoresistive random acces$G equation. Magnetic parameters are chosen to corre-
. 4,5 H . . .
memory(MRAM) devices.” These PSV or MTJs consist of spond to the isotropic permalloy, which has been commonly
two asymmetric ferromagnetic layers with a nonmagnetiysed in patterned magnetic structuté¥i.e., the saturation
metallic spacer. The reversal behavior of PSV elements hagagnetization isM =800 emu/cc, the exchange constant is
been studied both experimentll§ and theoreticall).™*  A_=1.05x 10° erg/cm, and the gyromagnetic ratig,
While most studied patterned magnetic multilayer elements(0.017 59 Oe' ns’. For the damping constant, value
have rectangular or elliptical shapes, recently square mag-0.5 is used for the static configuration while=0.2 is used
netic double-layer nanodots have also been develdpEd. for dynamic study. The system is modeled by discretizing it
Due to their unique domain structures and magnetic propeiinto a three-dimensional array of cubic cells. In order to as-
ties, different magnetic reversal behaviors have been foungyre a good description of the magnetic details, the size of
by Maicaset al,** who numerically investigated the stable the cell is chosen to be smaller than the exchange length
domain structures and switching mechanisms of double-layqr - V2Ag, 1oM2=5.11 nm. The LLG equation is solved us-

nanosquares with equal thickness. In this paper, the magnetigy the Gauss—Seidel projection metHdd.
reversal behavior of double-layer patterned nanosquares was

studied by micromagnetic simulations. Our emphasis is o/RESULTS AND DISCUSSIONS

ItWO layers. We also study the switching dynamics of the twost 60 nm were simulated for different thickness ratios and
ayers.

MODEL AND COMPUTATIONAL DETAILS

Three-dimensional micromagnetic simulations of the h £
double-layer patterned nanosquafEwy. 1) were carried out kX
by numerically solving the Landau—Lifshitz—GilbgiitLG) dinterdot
equation

Vdinterlayer

FIG. 1. Geometry of the patterned double-layer nanosquares. The layer
thickness(h), interdot distancédinergod, and interlayer distanciyeriaye)
dElectronic mail: jzz108@psu.edu are shown.
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-1.04 (twofold) symmetry. When the thickness ratio is not equal to
-1500-1000 '5b°|i| 6Oesbo 10001500 -1500-1000-500" §_ 500 1000 15 1, quite different hysteresis loops were observed, as shown in
.{Ce) Figs. 2b) and Zc). For the normal PSV elements with rect-

® angular or elliptical shapes, the antiparallel state was ob-
tained by introducing different coercivities of the two layers
10 180 through the use of differential layer thickness or layer mate-
054 e P rials. In this case, the soft layer switches before the hard
» Q 4 .. . . .
§ 0.0 2 o layer, providing a range of applied field for which the two
05 5_130 layers are antiparallel. While for the double-layer
10l nanosquares, it is surprising to see that the thard layer
' — —— reverses first to form an antiparallel stdonfigurational
-1500-1000-500 O 500 1000 1500  -1500-1000 -50!

anisotropy decreases with the thickness for the range of
© thickness we studie¢Fig. 3)], implying that the antiparallel
FIG. 2. Hysteresis loopéeft sidg) and the mean magnetization direction SFate Wa_s not induced b.y the differential coercivites but the
evolution to the applied fieldright side: solid line is that for the thin layer differential magnetostatic fields of the two layers. As the
and the dash line is that for the thick layef double-layer nanosquares with applied field decreases, the two layers rotate to opposite di-
_diﬁerent thickness ratios(a)_ 11, (b) 1:1.5,(0} and 1:2.5. The dash dot line  rections but with different angldsig. 2(b)]. The thin layer
in (b) shows the back switching of the thin layéEdge=60 nmfwinaer  rotates with a larger angle since the magnetostatic field pro-
=7.5 nm, anineriaye 7.5 NM) . )
duced by the thick layer exceeds that produced by the thin
layer. At a certain field, the thin layer overcomes the external
interlayer distances. Here, we assume that the nanodots amad anisotropy fields, reverses first. We notice that at this
spaced by a sufficiently large interdot distaritvgo times of  time the thick layer rotates back to its original direction, thus
the edge length of the nanodptiat magnetostatic interac- an antiparallel configuration was obtained, whose direction
tions among dots within a single layer are relatively weakparallels to the applied field. For double-layer nanosquares
and can be ignored. We also ignored the exchange couplingith a large thickness ratil:2.5, an additional antiparallel
between the layers, as our study focus on the effect of magstate was observed as shown in Figc)2In this case, the
netostatic interaction, and the exchange coupling effect isnagnetostatic field of the thick layer becomes so strong that
weak for the interlayer distances that we studiedihe mag- the thin layer reverses again simultaneously when the thick
netic field was applied parallel to the patterned layer and in dayer reverses. For the application of patterned magnetic
diagonal direction of the nanosquare. multilayer elements in MRAM, the back switching field is
In Fig. 2, the left side shows the hysteresis loops for thealso importanil,9 which requires that the thin layer need to be
double-layer nanosquares with different thickness ratios o$witched back easily from the high resistant statetiparal-
the two layers, and the right side shows the mean magnetiel statg. We studied the back switching behavior of the thin
zation directions of the two layers to the applied field. Forlayer by applying an increasingly positive field from the rem-
double-layer nanosquares with equal thickness, as the apnent state as the dash dot line shown in Fig).ZThe ob-
plied field decreases from the saturation value, the two layersained switching field of the thin layer is 720 Oe, which is
symmetrically rotate to the opposite directions from the parhigher than that of the thick layéaround 500 Ok The dif-
allel saturation state, which originates from the magnetoference of these two switching fields comes from the differ-
static interaction between the two layers. The hysteresis loopntial anisotropies and differential magnetostatic fields of the
obtained was similar to earlier studies of Maieasal!* The  two layers. While for the normal PSV elements with rectan-
antiparallel stat¢Fig. 2(a)], with the magnetization direction gular or elliptical shapes, the thin layer switches back and
perpendicular to the applied field, was attributed to its fourforth by a small field without changing the magnetization
fold configurational anisotrop’?, unlike the shape anisotropy direction of the thick layer, which is necessary for applica-
found in rectangles or ellipses that only exhibit uniaxialtion in MRAM to read the storage state without modifying it.
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1.04 1.04 shrinks with an increase of the interlayer distariEey. 4
, 051 05 right side. It is interesting to note that, for large interlayer
S o0 " 0ol distances with relatively weak magnetostatic interactions
= 3 [Fig. 4(c)], the thick (soft) layer reverses first, leading an
05 05 antiparallel state with negative magnetization. As in this
10 1.0 case, the anisotropy effect becomes dominant, the antiparal-
400 O 400 80 800 400 O 400 80 lel state was induced by the differential coercivities of the
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©

two layers. For the double-layer nanosquares with two anti-
parallel stategFig. 5), the additional antiparallel state disap-

IFIG- “a_ HysteresisllgoerS fg(r) dougle-lal);%r nanOLSQfgargs Wi;_h Igiffefent interpears with the increase of interlayer distance since the mag-
r distan s , an nm. ide: thickn rati H ] H H
:""i’?l’ rizst g%séi‘zncknés)s ratijlzi%(hmmlaye;l% n;’zdge‘;gsnsma © netostatic field of the thick layer is not strong enough to
reverse the thin layer.
As a summary, Fig. 6 shows the dependence of the types
Therefore, the double-layer nanosquares are not appropriaté hysteresis loops on the thickness ratio and interlayer dis-
to be used in MRAM at least with present technology. tance. As we discussed it earlier, the double-layer
Figure 4 shows the hysteresis loops of double-layenanosquares with equal thickness have unique reversal be-
nanosquares for different interlayer distances. As expectedhavior due to its symmetric structure. For short interlayer
the shorter the interlayer distance is, the stronger the magnelistances, an antiparallel state with a direction perpendicular
tostatic interactions between the layers are. For double-laydo the applied field can be obtained due to its fourfold con-
nanosquares with equal thickng$sg. 4 left sidg, with the  figurational anisotropy. While for larger interlayer distances,
increase of the interlayer distance, the applied field range ci square loop will be obtained instead. For double-layer
the nonparallel state decreases as the magnetostatic intera@anosquares with unequal thickness, there are three kinds of
tions disfavor the parallel state. When the interlayer distancé@ysteresis loops, depending on the thickness ratio and inter-
is sufficiently large that the magnetostatic interactions be-
tween the layers become relatively weak, a square loop was

obtained [Fig. 4(c)], which is typical for single-layer
nanosquares. For the double-layer nanosquares with unequal
thickness, the applied field range of the antiparallel state
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FIG. 5. Hysteresis loops for double-layer nanosquares with different interfIG. 7. Time evolution of the average magnetization for double-layer
layer distances(a) 7.5, and(b) 15 nm. (hyjpaye= 7.5 NM, thickness ratio  nanosquares and single-layer nanosquare during the switching process.
=1:2.5, and edge=60 nin. (edge=60 nMhyiniaye= 7.5 NM,Niciayer=11.25 NM, an@lyeriaye= 7.5 NM)
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2;:::::::::::;¢2 thickness was also plotted. For the double-layer nanosquares,
PPAPPAPAAPILLS . . . . .
222222:222222222 the switching time of the thin layer is longer than that of the
0.5ns Lanst32222220555000 ) thick layer due to the higher switching field of the thin layer
22222:;2222:2222 originating from both anisotropy and magnetostatic interac-
555 50022220000) tion. And both _the_two_layers in dquble-layer nanosquares
prooiiianaarti have longer switching time than their counterparts in single-
e layer nanosquares, due to the magnetostatic interactions be-
|ttt 0 0 P P
Looooomnzziissy tween the two layers. Figure 8 shows some snapshots of the
# fosoizzozozolls)) magnetization configuration during the reversal process. As
0.75ns |7 Ldns|f22zzmmnsarsll)) T, ; ;
5s5ooooooiiisy can be observed, the switching mode is quasmohereélé rota-
VI rrrrremrersry tion, which is the same as that of single-layer nanosqufares.
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SUMMARY
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N Z N S ~———————— The reversal behavior of double-layer nanosquares was
% N e T T e T s e Y N N . . . . . - .
0.8 s AR AASANN studied by micromagnetic simulations. It is shown that dif-
AR i D S S S N . . . . .

il S e R S R AN ferent thickness ratios and interlayer distances lead to differ-
FoIoIImInInanyy NN ent hysteresis loops. Antiparallel states were induced by
prommmmomSssinay SIS different mechanisms, either through the different magneto-

static fields or through the differential coercitivies of the two

Ta3ansAA Nt N i [ [ i [

3333333333}}};” ny layers, depending on the thickness ratio and interlayer dis-

\RRRRRRRRRRRRRER! E Ef tance. The switching dynamics of the two layers was also

/SRR ERRREEREEEEEI . . . . .
0.85nsftritiiyiriiitinl55ns investigated, which reveal that the switching process was

ARRRRRRERRRRRAR! Hh delaved by th tostatic int tion bet the |

AHEARERERRRRERN i HE( elayed by the magnetostatic interaction between the layers

SRR RPRRRRRRS! 4401 WY compared to that of single-layer nanosquares.
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