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Magnetic characterization and modeling of FeMiCo/Ru/Co artificial antiferromagnets
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FeMn/Co/Ru/Co artificial antiferromagnets for use in giant magnetoresistive spin-valve elements were fab-
ricated and magnetically characterized. The magnetization behavior of the films can be understood by coherent
rotation of the magnetizations of the layers. A simple model is presented which reproduces all the basic
characteristics of the magnetization loops, e.g., shape, switching fields, and magnitude of the pinning field as
a function of thickness. The model is also extended to a complete spin-valve system, including the effects of
coupling between the biased layer and the free layer.

In recent years a number of different spin-valve structuresnents. This simplification is justified because of the strong
have been introduced to apply the giant magnetoresistan@tiferromagnetic coupling between the two Co layers,
(GMR) effect in magnetic sensofsThe most successful Wwhich favors a rotation of the magnetic moments rather than
scheme consists of a spin-valve biased by a so-called artifa reversal mechanism with domain wall nucleation and
cial (or synthetig¢ antiferromagnet;® such as FeMn/Co/Ru/ propagation, as is observed in exchange-biased Idy&em
Co. In this structure the sensitivity of an exchange biasedn application point of view rotation of the magnetic mo-
system is combined with the magnetic rigidity of the inter- ments is more desirable because domain wall nucleation and
layer exchange coupled system. The characteristics of an amovement leads to a larger hysteresis. Indeed spin valves
tificial antiferromagnet depend sensitively on the thicknesdased on artificial antiferromagnets display much smaller
of the two ferromagnetic layers. hysteresis than exchange biased spin vahfes.

In this paper we present measurements of the FeMn/Co/ To calculate the magnetization loop we consider the areal
Ru/Co bias system to obtain characteristics of the magnetenergy density of the stack of layers
zation behavior of this system. A simple model calculation
assuming coherent rotation of the magnetizations is able to E=—M3H cos¢;—M,H cos¢,—J; cog ¢1— ¢»)
explain the basic features of the magnetization loops, e.g., —J,,cosé 1)
switching fields and magnitude of the pinning field as a func- eb L

tion of thickness. The calculations are also extended t0 @jere M, and M, are the magnetic moments of the bottom

complete spin-valve system, including a free layer to modekg the top Co layer, respectively, agd and &, are the
the effects of ferromagnetic couplirigrange-peel coupling,

interlayer exchangebetween the biased layer and the free 1LOF
layer. @
The multilayers of 100 A FeMn/60 A Co/7 A Ru, .
Co, withtc, ranging from 10 to 100 A, were prepared onto gg
Si substrates by dc magnetron sputtering at 6 mTorr Ar pres- S
sure in a multisource deposition chamber with a base pres
sure better thanx10~7 Torr. A Cu seed layer ensures that .
the layers are predominantiid1l) textured as was estab- : T 1 51 o0 1 32
lished by x-ray diffraction measurements, and a Cu capping
layer protects the structure from oxidation. Exchange biasing
was induced by cooling the sample from 420 K in a field of
10 kOe(in the same direction as the positive field of all the
magnetization curves presented in this papdagnetization
measurements were performed at room temperature in a vig, 180
brating sample magnetometer. 1207
Figure Xa) shows the magnetization loop for a top Co 60}
layer thicknesstc,=88 A, representative for all other ot
samples. Starting from a large negative field, the magnetic
moments begin to rotate at aboutl900 Oe towards a pla-
teau with an antiparallel orientation of the magnetizations. FiG. 1. (a) Normalized magnetization curve at room tempera-
The magnetization curve is not symmetrical with respect tQure of 100 A FeMn/60 A Co/7 A Ru/88 A Cdb) Calcula-
zero field. At positive fields a jump at about 130 Oe and thenjon of the magnetization curve with E€L). (c) Variation of the
a rotation towards saturation at about 1800 Oe is observe@dngle of the bottom ;) and the top ¢,) Co layer as function of
Details of this magnetization loop can be understood by ahe applied field.(d) Definition of the angles with respect to the
simple model assuming only rotation of the magnetic mo-applied fieldH and the pinning direction of the bottom Co layer.
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angles of the magnetic moments with respect to the appliec 1.0f =
field H [see Fig. 1d)]. J; is the interlayer exchange coupling 053 _/_
energy between the two Co layers Q for antiferromagnetic ’ =
coupling andJg, is the exchange biasing energy between the 0.0
FeMn and the bottom Co layer. The crystalline anisotropy
for these(111) textured sputtered Co layers is small and is 053¢
therefore neglected. 1.0k

The measured magnetization loops are well reproducec > 4
by minimizing Eq.(1) with respect$, and ¢, as functions
of the applied fieldsH, as demonstrated in Fig.l). The Loy =
fitting parameters are the interlayer exchange coupling 056
between the two Co layers and the exchange biasing energ
Jep between the FeMn and the bottom Co layer. The fit for & 0.0
this particular stack of layers resultedJp=—0.9 erg/cm S o5
and Jo,=0.065 erg/crf, in good agreement with coupling o
strengths reported in literatufé. 0k L 2 L

The details of the magnetization reversal can now be un- 321 01 2 33 -2 -1 0 1 2 3
derstood in more detail from Fig.(d, which shows the LOF ,
variation of the angles of the bottom and the top Co layer as © ® =
a function of the applied field. The definition @f, and ¢, is 0.5t
shown in Fig. 1d). Starting from saturation at high negative
field, first the bottom Co layer rotates 180° towards an anti- ==
parallel orientation with respect to the top Co layer and the I
magnetic fieldH. During this reversal the top Co layer tilts L
away about 40° from its equilibrium direction along the field — ‘_2 —

due to the strong antiferromagnetic coupling with the bottom
Co layer. At a positive field of about 130 Oe a fast rotation H (kOe) H (kOe)
occurs in which both layers tilt away about 100° from the ) )
field direction. However, the relative antiparallel orientation FIG. 2. Nor_ma||2ed mea_surfedeft-hand side¢ and calculated
of the two magnetic moments is nearly maintained. Wher{”grj&t'hand ;'dk magnetization loops - of ;00 FeMn/
the field is further increased the antiferromagnetic couplin 8 A (;zg[ © (S‘]thg g\o'T‘r']"ghS;”CJ aEE?g;\Evt?s)]inld?cate ‘th[((aC)c;EidéElta-
is overcome and the two moments finally align parallel to the.~ "" ' o
field at about 1700 Oe. t!ons of the magnetic moments of the two Co layers at several
. o fields.

Figure 2 shows the measured magnetization cutefs
hand side for a thickness of the top Co layeg,= 18, 60, ) ) ) ) _
and 95 A with corresponding fitgight-hand side When 10 mcrease_the antlfer_romagnetlc co_uplmg, or by red_ucm_g
the top Co layer thickness is thinner than the exchange bih€ magnetic layer thicknesses as is demonstrated in Fig.
crosses zero at a negative field. On the other hand when tR9sitive and negative pinning fields$i; and H, [see
top Co layer is thicker than the exchange biased Co layefid- 2d)], for  the balanced  structure
[Figs. 2e) and 2f)], the total magnetization crosses zero at100 A FeMntc, Co/7 ARutc, Co as function oftc,.
positive field. This has recently been exploited by MarrowsAntiferromagnetic coupling strength and exchange biasing
etal® to create a bridge sensor in which two of the spin-coupling strength are the same as for Fia)3
valve elements have a negative response and two a positive

response upon the application of a field. 2000

The most favorable characteristics are obtained, however **] @ 1500} ®)
when both magnetic layers are equal in thickness, the so  2o0; 1000]
called balanced configuration, as shown in Fig&) 2nd g 100 . sool H,

2(d). Not only are stray fields from the artificial antiferro- =
magnet minimal for this balanced structure, but also the fieldm'g
range for which the two magnetic layers are antiparallel is -}

0

500+

maximal in positive and negative field directions. This is 200! -looor

illustrated in Fig. 8a), in which the measured pinning field 300l 15007

Hoin (defined as the field v_vhere the magnetizla_tion Crosses o D R e T
approaches zero in the middle of the hystepesiplotted as (&) &)

a function of the top Co layer thickness. Figuréa)3is Co Co

supplemented with a calculation, based on Eg, of the FIG. 3. (@ Measured(squares and calculated pinning field
pinning  field with J;=—0.9 ergicd and Je,  (solid ling for 100 A FeMn/60 A Co/7 A Ru, Co as func-
=0.065 erg/crh. tion of te,. (b) Calculated pinning fields for the balanced structure

In an actual spin-valve element the magnitude of the pin400 A FeMntc, Co/7 A Rutc, Co as function ofs,. H; and
ning fields can be enhanced by optimizing the Ru thicknessi, are defined as shown in Fig(d.
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LOF [ b) tion and magnetoresistance curves are calculated by mini-
mizing Eq.(2) with respect top,, ¢, andes as function of
0.5} 3 N
3 the applied fieldH.
= 00 f Figures 4a) and 4c) show the calculated normalized
= magnetization loop of the complete spin-valve and the cor-
051 / responding normalized magnetoresistance curve for the case
1.0 . . . . ‘ . . of no exchange coupling between the fregyNe, layer and
2 1 0 1 2 2 1 0 1 2 the top Co layer. The free layer switches exactly at zero field
because it has no interaction with the other layers, and there-
1.0} (¢) b (d) fore a full antiparallel situation is reached at positive fields
0.8l i leading to a maximal magnetoresistance GMR
06l [ Ferromagnetic coupling due to, for example, correlated
% o4l i roughnessorange-peel couplings a known problem for the
o - control of the magnetic response of spin-valves syst@rhs.
O‘ZA _/\_ To demonstrate the effect of ferromagnetic coupling Figs.
0.0 4(b) and 4d) show the calculated magnetization curve and

2 1 0 1 2 2 1 0 1 2 magnetoresistance loop for a ferromagnetic coupling con-

H (kOe) H (kOe) stantJ;=0.02 erg/cm, which is of the correct order of mag-

) o nitude for some spin-valve systetfs1? As clearly can be
_ FIG. 4. Calcu_latlon of the magnetlzatlon_loop and the normal- een, the plateau in the magnetization loop at positive fields
ized magnetoresistance curve of the full spln-valvg system 100 A disappeared, indicating an incomplete antiparallel align-
EiMOn/?nﬁ[%’/Zdﬁ‘ ?“:/%Oo'i‘ (;‘r)/ TC%S()TF?GN%ZGZ%Q’SSQSES;Q& . ment of the magnetic layers, which is also reflected in a
dfefinéd as GM’R[l—fcos@ _¢g)]/2' g reduced GMR. Furthermore the switching field is shifted
2 T from zero field to about 60 Oe and extends over approxi-

Finally, we have extended the model calculations to amately 90 Oe, reducing the sensitivity of the spin-valve

complete spin-valve system of the following composition:StrlJCture dramatically.

100 A FeMn/60 A Co/7 A Ru/60 A Co/NM/30 A NiFes, In conclusion we have presented systematic measure-
with NM a nonmagnetic layeffor example Ci The areal ments and analysis of FeMn/Co/Ru/Co artificial antiferro-

energy density of this system now includes a third magnetiénagneuc layers. A simple mo_del was mtr_oduced which is
layer and reads able to account for all the basic characteristics of the mag-

netization loops, e.g., shape, switching fields and magnitude
E=—M;H cos¢,— M,H cos¢,— MsH cosds—J; of the pinning field as a function of thickness. We have ex-
tended the calculations to a complete spin-valve system to

XCOY 1~ hp) —JepCOSh —Js COL o~ b3),  (2)  include the effects of ferromagnetic coupling between the

. . . . ias system and the free layer of the spin valve. A reduced

which also includes an interlayer exchange coupling consta MR found It of . | . llel

J; between the “free” NjgFeyo layer and the top Co layerto . was found as a result of an incomplete antiparalle
f o' =20 alignment of the magnetic layers.

account for any coupling between the free layer and the top
Co layer. The origin of); is for example orange-peel cou-
pling or some ferromagnetic interlayer exchange coupling This work was supported by NSF Grant No. DMR96-
between the two layersJ{>0). As before, the magnetiza- 32526.
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