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The switching field intervalAHg, of Ni-Fe—Co-based thin films and spin-valve layered structures,
sputter-deposited on a Ta-buffer layer, was studied. The switching field interval is the field range in
which the magnetization reversal of a ferromagnetic layer takes place. In thin fig,is
determined by the uniaxial anisotropy, induced by growth in a magnetic field. This anisotropy
increases with the ferromagnetic layer thickness and saturates at a thickness of 10—-25 nm. It also
depends on the alloy composition as well as on the choice of the adjacent layers. In exchange-biased
spin valves, an additional contribution foH was observed, which increases monotonically with
increasing interlayer coupling. We explain this in terms of the effect on the magnetization reversal
of the sensitive layer due to a simultaneous small, but temporary, magnetization rotation in the
exchange-biased layer and lateral variations of the interlayer coupling. In addition, the effect of
biguadratic coupling om\H is discussed. Finally, the thermal stability AH is investigated.

© 1997 American Institute of Physid$0021-89787)01319-4

I. INTRODUCTION which the applied field is varied. The sensitivity function is
determined by the magnetization-reversal process, and by the
Since the discovery of the giant magnetoresistancgurrent direction, as a result of the superimposed anisotropic
(GMR) effect in magnetic multilayers, there has been conmagnetoresistancéAMR) effect. For any configuration of
siderable effort in applying this effect in magnetoresistivefie|d, current, and anisotropy directions, a large sensitivity in
sensors, important for, e.g., high-density recording technolthe operating point requires a large steepness of the magne-
ogy. In this perspective, exchange-biased spin valves of thgation versus field curve. Equivalently, it requires a small
type NiggFex0/Cu/NigoFey0/FesgMns, prove to be of great in-  yajye of the switching field interval\Hg, in which the mag-
terest because of their low-field magnetoresistive beha¥ior. netization reversal of the sensitive layer effectively takes
NiggFey (permalloy is sometimes replaced by a Ni-Fe—-Co pjace. A precise definition akH, will be given below. In an
(Ref. 3 or Co—Fe alloy,” preferably close to a composition unpatterned spin-valve structure the switching field interval

such as NjgFesCoyg for which the magnetostriction is yanends on the interplay, between the induced in-plane an-
nearly zerd Especially spin valves with crossed amsotroplesisotropy of the magnetic layers, the interlayer coupling, and

of the sensitive and gxchange-biased magneticllgyers_ atfie exchange-biasing of the pinned magnetic layer. Model
very favorable for applications, because they exhibit a h'gmeatments of this interplay have been given by Risksl?

sensitivity combined with an extremely low coercivital- Igneglecting the induced anisotropy of the sensitive and

though linearity, coercivity, and several other properties suc inned magnetic layersaind by Parkeet alX® However, so

as noise and high-frequency magnetic behavior also deteF— . . o !
. 2 e e D . : ar no systematic experimental study of the switching field
mine the applicability;® sensitivity is an important issue.

LA ! . interval in exchange-biased spin valves has been carried out.
The sensitivity is defined as the steepness of the resistance . : .
. In this article, we present such a systematic study. As the
(R) versus field H) curve o .. . .
switching field interval of the sensitive layer in a spin valve
is expected to be mainly determined by the induced anisot-
' 1) ropy, we first focus on the induced anisotropy of single
op Ni—Fe—Co thin films, sputter deposited on a Ta buffer layer,
whereH o, is the field of operation, i.e., the static field around with varying film thickness and composition, and for several
choices of the adjacent layers. Such an extensive study was

. . motivated by results reported in the literature, showing a
dpresent and permanent address: Philips Research Laboratories, Prof. y P 9

1R
S(Hop): ﬁm

H=H

Holstlaan 4, 5656 AA Eindhoven. The Netherlands. marked decrease of the anisotropy fielg of permalloy thin
BElectronic mail: rijks@natlab.research.philips.com films with decreasing film thickness, for thicknesses smaller
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than 40 nm(Ref. 11 or 5 nm(Ref. 12. It is suggested that F=NigFe,, andt;=8 nm andtc, varies from 1.8 to
this is due to island growth in a very early stage of the film 44 nm for F=Ni,sFeCos, NizoFegCo,, and
deposition. Gotet al!! proposed a simple model to describe NigsFecCOys.

the thickness dependence ldf in terms of a dead anisot- (3) 3 nm Tat; Ni;gFe;gC0;,/3 Nnm Cu/6 hm NigFe gCo;,/10

ropy layer, i.e., a magnetic layer in which no anisotropy is  nm Fe,Mnsy/3 nm Ta, wherd; varies from 2 to 46 nm.

induced.Hy is then given b
K g y The Ta buffer layer was used to induce a str¢hgl) tex-

ti—tya ture, which was confirmed by high angle x-ray diffraction

He="7" Hke (2) (XRD). The XRD rocking curves show a full width at half-
maximum(FWHM) of typically 3°-4°. The deposition rates

in which t; is the film thicknesstg 4 is the effective thickness Wwere about 0.2 nm/s, the layer thicknesses were calibrated

of the dead anisotropy layer, aht) .. is the thick-film limit ~ using low-angle XRD. During deposition a magnetic field of

of Hk. This expression describes the data reasonably well5 KA/m was applied, which induces a uniaxial anisotropy in

when usingty =10 nm. In contrast to this, essentially no the Ni—Fe—Co layers. In addition, it determines the direction

thickness dependence b is reported in Refs. 13—15. In of the exchange anisotropy of the exchange-biased layer in

Ref. 16 no marked thickness dependenceH@f was mea- the spin valves, characterized by an exchange-anisotropy

sured for films sputtered at a pressure of 7 mTorr, whereas ifield of about 20—25 kA/m. After deposition, the easy direc-

films sputtered at 3 mTo# ¢ decreases with decreasing film tion of the exchange-biased layer was rotated over 90° by

thickness, below a thickness of 5—10 nm. heating the sampl@inder nitrogen flowto 140 °C, and sub-
Subsequently, we focus on the effect of the interlayersequently cooling down in a magnetic field of 15 kA/m, di-

coupling onAH,. We measured H, of the sensitive layer rected perpendicular to the present easy axis. This yields a

in a spin valve, as a function of the thickness of the Cuspin valve with crossed anisotrop@3EM has shown that

interlayer and the sensitive layer. These measurements shdfie films under investigation are polycrystalline with a co-

that the switching field interval of the sensitive layer is notlumnar grain structuré: The average grain size, determined

solely determined by the induced anisotropy, but that ther®y plan-view TEM, increases monotonically from 5 nm at a

are additional contributions tAHg, that increase monotoni- film thickness of 5 to about 15 nm at a film thickness of 50

cally with increasing interlayer coupling. We will explain nm.

this in terms of(i) the effect on the magnetization reversal of ~ Magnetization measurements were performed at room

the sensitive layer due to a simultaneous small, but tempdemperature using superconducting quantum interference de-

rary, magnetization rotation in the exchange-biased layer andice (SQUID), with the magnetic field directed along the

(i) lateral variations of the interlayer coupling. In addition, hard axis of the(sensitiveé magnetic layer. In a spin valve

the role of biquadratic coupling is discussed. with crossed anisotropies, this implies that the field is di-
Finally, we study the change dfH upon annealing the rected along the biasing direction. Lorentz microscopy in the

spin valves. This study was motivated by reports that thdresnel mode was performed on samples of fi§eontain-

induced anisotropy of thin films may change upon annealindng NigoF&,, as theF material, witht;=8 nm andt¢,=2 and

in a magnetic field, even at temperatures in the order o0 nm.

100-200 °C"~?°Indeed, we observed thAtH, may change

dramatically when the spin valves are subjected to elevated

temperatures. This is relevant from an applications point of!l. RESULTS AND DISCUSSION

view, since process steps at a temperature of 150-200 °C a¢ Induced anisotropy

very common in the fabrication of magnetoresistive sensing , i )

devices. The resulting value &fH depends strongly on the The induced-anisotropy fieldix, has been measured

direction of the magnetic field during the annealing processfor the films of type(1) as a function of the=-layer thick-
ness, for four different alloy compositions. Figure 1 shows a

characteristic magnetizatiohk) versus field H) loop of a 3
nm Ta/16.5 nm NjgFe,y/3 nm Ta film, with the magnetic
Il. EXPERIMENT field along the hard axis of the MFe,, layer. This configu-
ration yields a rotation of the magnetization, resulting in a
I@I(H) loop with only very little hysteresis. The anisotropy
field is obtained by extrapolating the tangent to éH)
curve atM =0 to M=* My, as is illustrated in Fig. 1M
being the saturation value of the magnetization. The switch-
ing field intervalAHg equals Hy . In Fig. 2,H is displayed
as a function of thé--layer thicknesg;. It is shown that for
t; values larger than a certain thicknes$, is essentially
(1)) 3 nm Tat; F/3 nm Ta, in whichF is NiggFe,, independent of the layer thickness. Below this critical thick-
Ni;sFe;gC0s, NizgFegCo;, or NiggFe gCog, andt; var-  ness,Hy rapidly decreases witly. Our data can be very
ies from 2 to 50 nm. reasonably described by an expression of the form of Bqg.
(2) 3 nm Tat; F/t, Cu/6 nmF/10 nm FgMns¢/3 nm Ta, In this expression, howevet; must be replaced by the ef-
wheret;=10 nm andtc, varies from 1.8 to 2.4 nm for fective magnetic layer thickness{-tq ), in whichty, is

Samples were prepared by dc-magnetron sputtering at
base pressure of-20 ° Torr and an argon pressure of 5
mTorr (target to substrate distance is 110 mr8ubstrates
were either 412 mn? Si(100 single crystals, which had
been precleaned by ax situHF dip, or 12 nm thick SN,
membranes for transmission electron microscap¥EM)
studies. Basically three types of samples were grown:

J. Appl. Phys., Vol. 82, No. 7, 1 October 1997 Rijks et al. 3443
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TABLE I. The measured values ¢f ,, and the parametetg , and Hy ..

1.0 determined by fitting the thickness dependence of the induced anisotropy,
i using an expression similar to E®).
N |
L | Alloy tgm (NM) tg,q (NM) Hy . (KA/M)
— |
0'5- | NigoFer 2.4+1.0 0.4+0.3 0.39-0.01
- | Ni-sFe oCog 2.2+1.0 0.6+0.3 0.82-0.02
" i I Ni-FesCor, 1.0x1.0 0.8+0.3 1.46-0.03
= 0ok : NigeFe,Cog 1.6-1.0 0.620.2 1.72£0.02
= 't |
I |
B |
—0.5F :
i : thickness with no induced anisotropy, the presence of which
B AHy | results in a thickness dependétg , will be discussed now.
-1.0 : 17T | When reviewing the results of Refs. 11-16, they can be
-1 -Hy 0 Hg 1 divided into three categories. First, films that were prepared
0 (kA/m) by rf- or dc-magnetron sputtering at room temperature and

high sputter pressuré7—10 mTory, 4% as well as films
FIG. 1. Magnetization vs field loopf@ 3 nmTa/16.5 nm NjgFe,y3 nm Ta grown at room temperature by evaporaﬁ%rshow no
thin film, with the magnetic field direction along the hard axis. It is demon- marked thickness dependence of the anisotropy. Second,
strated how the switching field intervalHs is defined. films that were evaporated at elevated temperatures, show a
strong decrease dfly below a film thickness of about 40

11 s . P
the effective thickness of the magnetically-dead Iayergreném sttltl(}e/,rirf]l!gr;ts azrzpr)a;id ?etsrsouorren Otfe 81 Eer:?;)g;?o% 1on
(summed over both interfaces he values ot ,,, tabulated P gonp : y

in Table I, are determined from measurements of the Satural\(_)_w?pressure(B mTory dc-magnetron sputtering show a
. . . . similar but less pronounced thickness dependence. These re-
tion magnetic moment as a function of tRdayer thickness.

) L sults suggest that the thickness dependence of the induced
The values oty ,andH .., determined from fitting the ex- . X o "
i A e T . anisotropy is related to the kinetics of the deposition process,
perimental datgsolid lines in Fig. 2 are also tabulated in

Table |. The parametdy ,is found to be about 0.6 nm and, l.e., the energy of the atom.sl arriving at the growing-film
- kel ... _surface and the surface mobility of the atoms.
within the accuracy, independent of the alloy composition.

Although the magnetically-dead layer and the dead anisot- In view of this, three possible e_xplana}nc_)ns for the thick

: . ness dependence bffy can be consideredi) island growth
ropy layer are treated here as independent layers with effec- . -
. . . in a very early stage of the film deposition, as was suggested
tive thicknesses, the phenomena of moment and anisotro

reduction are expected to occur simultaneously in the sanﬁx Refs. 11 and 12iii) interface intermixing, andii) a high
. P - yin' gefect density in the bottom of the magnetic layer. Starting
regions near the interfaces. The origin of the effective layer : . . . )
with the first, when island growth is taking place, very small

islands could be either paramagnetic, especially when grow-
ing at elevated temperatures, or ferromagnetic with a large

2.0 NiggFe,:Co randomly oriented grjiso.tropy, QUe to the ;hqpe of the islands
- A O O o or due to the specific distribution of the limited number of
5 Ni, Fe ,Co,, pairs of Ni and Fe atoms in the island voluffeln bo'Fh
1.5 ° o ° cases the magnetization cannot be saturated by the field ap-
. plied during deposition. Therefore, no anisotropy will be in-
g i o 4 duced in the case of paramagnetism, or no net anisotropy
= ‘ will be induced if the islands are ferromagnetic with a large
& 1.0r N175Fe19CA°6 random anisotropy. After completion of a number of atomic
o | 4 = layers with an equivalent thicknesstgf,, the film is closed,
abd ferromagnetic, and the random anisotropies have been aver-
0.5 7(4/_& Ni. Fe aged out to a sufficient extent as a result of the exchange
o a8 N interaction between the previously isolated islands. Now it is
_Dﬁ possible to saturate the film in the applied field, and an an-
0.0 | | isotropy will be induced in the subsequently deposited

1 | 1 | 1 | L i 1 ih i
atomic layers. Island growth occurs if the equilibrium growth
0 10 20 30 40 50 60 yers. ‘siand growin ne &4 grow’
mechanism is three-dimensional and if the surface diffusion
t; (nm) is fast enough, like in the case of low pressure sputtering or
when growing at elevated temperatures. In this case one
FIG. 2. The anisotropy fieltH, as a function of thé=-layer thicknesgs, would expect a thickness dependehh,g 11,12,16 Otherwise
for four different alloy compositions. The lines represent fits using an ex- ’ ’

pression similar to Eq2), but taking an effective magnetically-dead layer ke in the case _Of room temperature evg_poration or high-
into account. pressure sputtering, the low surface mobility suppresses the

3444 J. Appl. Phys., Vol. 82, No. 7, 1 October 1997 Rijks et al.
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TABLE II. Induced anisotropy for various combinations of adjacent layers. 9

Film Hy (KA/m) n NiBOFeZO

3 nm Ta/9 nm NigFe,¢/3 nm Ta 0.30
3 nm Ta/9 nm NigFe/3 nm Cu 0.29
3 nm Ta/3 nm Cu/9 nm NjFe,y/3 nm Ta 0.23
3 nm Ta/3 nm Cu/9 nm NjFe,y3 nm Cu 0.22

AH, (kA/ m)

island formation. In that case, no thickness dependence o
Hy is expected®16

A second possible explanation for the thickness depen-___
dence ofHy is interfacial intermixing. When using buffer £ i
and cover layers, intermixing at the interfaces will not only } A
influence the magnetic moment, resulting in a magnetically-5 i
dead layer, but will possibly also influence the induced an- " - A 4
isotropy near the interface. Small amounts of Ta impurities < b e Ammm e O hmmm e ]
in the magnetic layer could very well disturb the delicate pair L
ordering process that induces the uniaxial anisotropy. This o] L L. L
effect is expected to be significant when the films are pre- 2
pared by low-pressure sputteriffgbecause in that case the - Ni, Fe zCoy,
bombardment of energetic atoms causes collisional mixing. ’E‘

Third, as plan-view TEM shows that the film growth on ~. L
a Ta-buffer layer starts with a very fine grained structure, a:::ki 1
high defect density in the bottom of the magnetic layer could . . »
also be responsible for a reduced degree of pair ordering. E .

In order to investigate the influence of the choice of the
adjacent layers, we replaced one or both of thgfé,,/Ta
interfaces by a NpFeo/Cu interface. Being aware of the
large influence of Ta as a buffer layer on the film structure, Ni.Fe..C

. . , . 66" €16- 018
we did not simply replace Ta by Cu but we inserted thin — B
Cu-layers(3 nm) at the NjgFey/Ta interfaces. This is also E ok o0
of interest, in view of the fact that our final goal was to study §
the magnetic behavior of the sensitive layer in a~—
F/CulF/FesMnsg spin valve. The values df, determined =" qle_____________ % ____ ° o___®
from magnetization measurements, are tabulated in Table 1<
(tnire=9 nm). It is demonstrated thatl is significantly
reduced with Cu as an adjacent layer, but only when the Cu L T R L
layer is inserted at thbottomNiggFe/Ta interface. In Ref. 15 20 25 30 35 40 45
12 also smaller values d¢i are reported when the pFe tey (nm)
layer is sandwiched between Cu layers, as compared to Ta.
The authors, however, completely replaced the Ta layerd;IG. 3. Switching field intervalAH of Ta/F/Cu/F/FeMnsy/Ta spin
and did not consider the possible influence of changes in th@lves as a function of the _Cu-layer thicknegg, for four differ_ent alloy
film structure orHy . The strong reduction dfl is remark- compositions. The dashed Ime_s denote the_valuesi-Qf,ZQetermmed from
- . Ta/F/CulTa films, that are equivalent to spin valves wigh— .

able as the magnetically-dead layer thickness at a
NigoFex/Cu interface is only 0.15 nrff, which is consider-
ably smaller than the value of 1.2 nm=Q.5 nm for a  induced anisotropy. These details are, however, not yet un-
NigoFey/Ta interface. Therefore, the influence of an gerstood.
anisotropy-dead layer thickness is expected to be smaller, in
view of the larger effective magnetic layer thickness. AI-B Effects of interl i
though, a certain degree of intermixing is expected to be™ ects o interiayer coupling
present at both bottom and top interface, the top interface Figure 3 shows the switching field intervAlHg of the
does not significantly influence . Extensive TEM analy- sensitive layer in the spin valves of typ®, as a function of
ses have shown that thin jFey, films on Ta develop an the Cu-interlayer thickness,,. Fortc,>3 nm,AHg equals
almost complet€111) texture, whereas the presence of a thinthe values of B¢ (dashed lines that were measured on
Cu layer at the bottom NiFe,o/Ta interface gives rise to a samples of the composition 3 nm FB nm Cu/3 nm Ta,
certain fraction of randomly oriented graiffs?® Summariz-  prepared simultaneously with the spin valves. These samples
ing, this confirms that the details of the initial stages of filmreceived the same heat treatment as the spin valves. In fact,
growth are of major importance for the development of anthese samples can be regarded as the sensitive layers of spin

N O
|

o

@]
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0.015
(a)
1.5F
= . o H0.010  ~
_ £z =
£ = I 10F =
~. — Ad =
= = =
5 — =] B -
g = = —0.005 =
= ! 0.5F
- ]
N
00 L v v v w1 .DI .Y 40.000
1.5 20 25 30 35 40 45
t,, (nm)
t‘- (nm) 1.0 20] 0.020
FIG. 4. The switching field intervaAHg (open symbolsand the additional I g 1 . - ()
contribution to the switching field intervalbhH,—2Hy) (filled symbols, as 0.8 A 19 * 40015
a function of the thicknesg of the sensitive layer, for NiFe,sCo,,-based 3 5" o '
spin valves. The lines are guides to the eye. — Ol 1 —
g 06 570 20 36 40 50 I— Ne
El - t (om) 40010 =
valves with an infinitely thick Cu interlayer. It must be re- ~_  0.4[,<—H j £
marked thatH, in Fig. 3 is considerably smaller than the T 3 " —
values in Fig. 2. It is observed that the heat treatment in a 02k 70.005
magnetic field perpendicular to the easy axis of the sensitive L
layer, used to modify the direction of the exchange-biasing 0.0ke8 .00
field, also results in a decrease of the induced anisotropy ir 5 1'0 : 2'0 : 3'0 : 4'0 =y

the sensitive layer. This issue will be addressed in more de
tail in Sec. Ill C. Fortc,<3 nm,AHgincreases considerably
with decreasing Cu-layer thickness. It is shown in Fig. 4, forgg. 5. offset fieldH,, (left axis) and bilinear interlayer-coupling constant
Ni;gFe gCo-based spin valves of typ@) with tc,=3 nm,  J; (right axi9 for Ni;gFe Co,,-based spin valves, as a function of the thick-
that AH is dependent on the thicknegsof the sensitive ness of(a the Cu interlayer =8 nm) and (b) the sensitive layertg,=3
layer. For comparisonHy, (=AHJ2) of a series of 3 nm nm). _In (b), thg fiIIe_d and open squares repreergtar_\d_Jl, respectively.

. S The lines are fits with the & model for magnetostatic interlayer coupling.
Talt; N'70F618C.012/3 nm Cu/3 nm Ta thin .fIImS was m_ea' The inset in(b) shows the average grain siz as a function of the
sured as function of the INjFe;gCo,-layer thickness. Again,  Ni,FeCo layer thickness, as obtained from plan-view TEM measure-
these samples received the same heat treatment as the spints.

valves. Figure 4 shows thal\fHs—2H) is non zero and

increases for increasingg. So in addition to the induced tizati In thi del th h . d o be t
anisotropy, there is another contribution to the switching 'zation. In this model the roughness 1 assumed 10 be two-
imensional and sinusoidal. It is believed that the typical

field interval that is related to the presence of the secon?it | lenath le ch terizing. th h s det
magnetic layer in the spin valve. In this section, we will ateral ‘length scale characterizing the roughness is deter-

discuss the extra contribution toH ¢ in terms of the interac- mined by the grain size. Only correlated roughness of the

tions between the exchange-biased layer and the sensiti\z%:erfaces on either side of the Cu layer is taken into account.
layer e magnetostatic interactions between the Fégu inter-

It has been reported by several autfdfg®-2° that ];?/Cce and tr;d:/ Ta 'gter;‘?ﬁ; asMweII as bfetween thE bottom
exchange-biased spin valves, using permalloy or Ni-rich ter- U interface and t &oMngo Interface can be ne-

nary Ni—Fe—Co alloys for the ferromagnetic layers, exhibit aglected. . . . :
ferromagnetic interlayer coupling. It was shown by In gxchange-blased spln'valves, an interlayer coupling
Kools?>®that the dependence of the coupling consndn results in a shift from zero field of th#(H) loop of the
the Cu-layer thickness, fdg,>1.5—2nm, is well described sensitive layer. This offset fieltll,, is defined as the field

’ u . ’

by the Nel model for magnetostatic interlayer coupling, value at which the total magnetic moment of the sensitive

based on the interaction between the dipole fields producelayer is zero. FromH,, the (bilineay) coupling constand,

by rough interface can be calculated, using
J1=puoMH s, (4)

w? h? ) —277\/§th
Jl:ﬁ N MoMs exp ————/. (3 which is valid when the exchange-biasing fielg,>H,. It
can be shown that E¢4) overestimates the value df when
Here,\ andh are the lateral length scale and amplitude ofthis condition is not fulfille. As far as our data are con-
the roughness, respectively, all is the saturation magne- cerned, this effect can be neglected. In Fig. 5, the coupling

t; (nm)

3446 J. Appl. Phys., Vol. 82, No. 7, 1 October 1997 Rijks et al.
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Ni;oFe gCoo-layer thickness. So the increase in coupling

10 o NMaoFezo {19 strength with increasing thickness of the sensitive layer is
| . ) entirely ascribed to the evolution of the lateral length scale of
the roughness.
5 —15 In a previous articlé, we addressed the interplay be-
I a | tween the interlayer coupling and the exchange-biasing ef-
g fect. In that article, we used a minimum-energy model to
ok =0 calculate the magnetization orientation of the magnetic lay-
4 ' ) ers in a spin valve, as a function of the interlayer coupling. It
i Nizl'e oCog 1 was found that the switching field interval increases with the
S . 1 coupling strength, due to the fact that the magnetization re-
2__ A __2 versal of the sensitive layer is accompanied by a small, but
i i temporary, magnetization rotation in the exchange-biased
= 1k 4 a f 1 5\‘ layer. Although, in this model the induced anisotropy was
,\:ﬁ L 2 1 = not taken into account, we can use it to make a rough esti-
T O & Iy -0 £| mate of this effect ol Hg. When the coupling energy; is
r, . * sufficiently small with respect to the exchange-anisotropy
= - NigFeqCopi 5 energyEg, of the exchange-biased layer, the additional con-
or . 1T tribution to AH is estimated by
2= . —12
1+ ¢ 1 2j2 2H2 t,
- ‘QQ 1 AH=——Hea=f— 1 )
Ofe, ¢ pY -0 EA P
: Ni..Fe .Co 1*
Ie) 66 16 18
3 . 3 inwhich j=J,/Ega, Ega=uoMgHegatp, X=t¢/t,, andJ, is
i @® ] defined by Eq(4). In these expressiong, andHg, are the
’r e 77 thickness of the exchange-biased layer and the exchange-
1'_ _'1 biasing field, respectively. So usirgga=20 kA/m andt,
| . i =6 nm,AH can be calculated as a functionidf,, for each
ok 00 & 4o series of samples. Correction afH for this effect yields
. . AH;=AHs—AH. In Fig. 6 (AHs—2Hy)/Hk (open sym-
0 1 2 bols) and (AH—2H)/H (filled symbols, derived from
H, (kA/m) the data in Fig. 3, are displayed as a functiorHgf. Figure

6 shows that there is still a contributiod H:—2Hy) to the
o H. (onen svmbolsand AH*—2H.)H. (filled svmbol3 as a swnchm_g field interval that remains unexplamgd. The fair
functi}é)n ofKt;epoﬁseilfield-li, befc()Are Sémd af}%r trfe(correcti);n givin in Eq. correlation betweenKH;_ 2H()/Hy andH, provides sup-
(5), respectively. The data were derived from Fig. 3. port for the point of view, that also this additional contribu-

tion to the switching field interval is closely related to the

interlayer coupling. We can use E(p) also to correct the
constant]; of the Ni,jFe;sCo;-based spin valves is shown Vvalues of AH; for varying t; (Fig. 4. When inserting the
as a function ofte, [type (2)] and as a function of; [type  Values ofH, andt; from Fig. 5b), AH is found to increase
(3)]. The line in Fig. %a) represents a fit of the measured from ~0.004 kA/m for t=4 nm, to approximately 0.08
data using Eq(3) and uoM<=0.97 T, yieldingh\ =10 nm kA/m for t;=46 nm. This effect is almost an order of mag-
andh=0.25 nm. These values are consistent with the graimitude smaller than the measured values dHE—2Hy). It
size and roughness amplitudef @ 3 nm Ta/8 nm must be remarked that the increasing Zeeman energy of the
Ni-oFe,gC0/3 nm Cu thin film, as measured by plan-view sensitive layer whert; increases favors a reduction of the
TEM and atomic force microscopypFM), respectively. The switching field interval and therefore counteracts the effect
observation thal; also depends on the thickness of the sen-0f the coupling omAHs. In Fig. 7 (AHs—2H)/Hk (open
sitive layer, as shown in Fig.(B), may seem somewhat sur- symbolg and AHZ{—2H)/Hy (filled symbolg, derived
prising as Eq.(3) does not contain the thicknessas an from the data in Fig. 4, are displayed as a function of
explicit parameter. However, the measured datmaresare  uoMdHt¢. In order to explain the additional contribution to
well described by Eq(3), if for A the averagd;-dependent AHg, we will now consider the effect of lateral variations of
grain sizeD, as measured by plan-view TEMnset Fig. the bilinear coupling. In addition, the role of biquadratic cou-
5(b)] is used, with constarit=0.4 nm. AFM measurements pling is discussed.
on 3 nm Tat; NizgFegCo»/3 nm Cu thin films showed no The general form of a hard axi¥(H) curve with an
evolution of the roughness amplitude with the offset fieldH, is given by

FIG. 6. Additional contribution to the switching field intervalAdg
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FIG. 7. Additional contribution to the switching field intervalAdg
—2Hy)/Hk (open symbols and (AHZ—2H) (filled symbols, for
Ni;oFegCo,-based spin valves, as a functiongfM Ht¢, before and after
the correction given in Eq(5), respectively. The data were derived from

FIG. 8. Calculated (H) curves as a function oH{—H;)/Hy , for various
values ofAH,/Hy .

Fig. 4.
M(H):_MS' If H+H0<_HK' AHSZ = 1 (9)
oM ( Hy
oH erf
e Mlpon, AHgv2
M(H)=| — o).MS, if —~H.<H+H,<Hc, (6) H=H 2
- in which erf is the error function defined by

M(H)=Mg, if H+H>H. 2 [x
erf(x)= —j dt exp(—t?). (10)
A laterally varying coupling strength results in a distribution ‘/; 0
of offset fields, when the variations take place on a lengtiFigure 9 shows thénormalized contribution to the switch-
scale large enough to allow independent switching of thang field interval as a function of\H,/H. Within this
magnetization in different regions. To demonstrate the effecinodel (AH,— 2H)/H is negligible forAH,<0.3H, and
of this on theM(H) curve, let us consider the specific casebecomes appreciable for larger valuesidi,. This is basi-
of a Gauss distribution dfl, values around an average value cally the same behavior as was measured as a functibky of

H;, with a standard deviatiodH,. Equation(6) is then
replaced by
—Hg—H
M) = [ g M- o
Hk—H H+H,
+f dHo H ‘Ms'p(Ho) o i
—Hk—H K )
~
+ dHoMs' p(Ho)v (7) .
Hk—H CT?
in which the distribution functiop(H,) is given by E
r\ 2 1_
(H) 1 p[ 1(H0—H0) @
=————=exg —z| ———] |
NI P 2\ "AH, !
The calculatedM (H) curves as a function ofH —H_/)/Hg 0 ,
are displayed in Fig. 8, for various values®H,/H . It is 0.0
shown that a distribution dfl , values has two effects on the AH /H
0 K

M(H) curve: it leads to a rounding of thd (H) curve and
to an enhancement dfH;. The switching field interval can rig. 9. Normalized contribution to the switching field intervahHi,
be calculated from Eq7) using —2Hy)/H as a function ofAH,/H, .
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magnetization reversals show a coherent rotation over large
fractions of the sample, as evidenced by the orientation of
the magnetization ripple. Magnetization ripple, which is a
local dispersion in the direction of the magnetization, is im-
aged in the Fresnel mode of Lorentz microscopy as a pattern
of low contrast black and white lines perpendicular to the
average magnetization.

For the strongly-coupled spin valvé (=2 nm), one
observes that the reversal process is initiated at fields around
—0.7 kA/m, while it requires fields as large a®.3 kA/m to
complete the reversal process. This yields a valualdf of
1.6 kA/m, which is consistent with the data in Fig. 3. The
weakly-coupled spin valves displays a rotation of the mag-
netization that is completed in a smaller field interval, i.e.,
FIG. 10. Sequence of Lorentz micrographs, obtained in the Fresnel imagingetweenH=0.15 kA/m andH = —0.2 KA/m. A more strik-
mode, of a NigFe,-based spin valve with a Cu-layer thickness of 2 nm. The ing difference between Figs. 10 and 11 is found in the degree
magnetic figl_d, indicated in kA/m, is_direct(_ed perpend_icular to the easy axiyf |ateral variations. While a |arge fraction of the free Iayer
of the sensitive layefalong the vertical axis of the micrograph3he ar- . .
rows indicate the directions of the magnetization. reversal of the weakly-coupled spin valve is made up of ro-

tation, some domain structures are seen to form. As deduced

from the ripple pattern within these domains, which is essen-
(Fig. 6), indicating thatAH, increases withtH, when the tially parallel within each domain, one observes no signifi-
thickness of the Cu interlayer decreases. Although, the stru@ant dispersion of the magnetization direction. For the
tural origin of the lateral variations in coupling strength is strongly-coupled spin valves one observes, although an exact
expected to remain unchanged, the effect of these variatiorguantification the ripple intensity is difficult, that the ripple
becomes more distinct whet,, is decreased. The depen- pattern at the onset of reversal is much more pronounced. In
dence of AHs—2Hy)/Hg on the thickness of the sensitive addition, it is observed that the field at which the maximum
layer (Fig. 7) is ascribed to changes in the structural origin ofripple intensity occurs is varying over the area of investiga-
the lateral variations in the coupling strength. The changes ition [compare, e.g., Figs. 1& and 11e)].
the film structure as a function of were discussed earlier. Both effects can be attributed to more pronounced lateral

Direct evidence for the occurrence of a laterally inhomo-variations of the coupling strength in the strongly-coupled
geneous switching behavior is presented in Figs. 10 and 1%pin valve. As the interlayer coupling is the only parameter
These figures display sequences of Lorentz micrographs, olfhat is different for the spin valves of Figs. 10 and 11, any
tained in the Fresnel imaging mode, showing the magnetizadifferences in the phenomena observed must be due to
tion reversal of the sensitive layer of 3.5 nm Ta/8 nmcoupling-related effects. As was discussed earlier, the
NigoF&y0/tc, Cu/6 nm NpoFe,/10 nm FgoMnsy/5Snm Ta spin - mechanism responsible for the interlayer coupling is associ-
valves with a Cu-layer thickness of 2 rifig. 10 and 10 nm  ated with the magnetostatic effects of topological features,
(Fig. 11). The values of the magnetic field, directed perpen-and it is reasonable to assume that lateral variations of the
dicular to the easy axis of the sensitive layer, are indicated iglensity of these topological features result in an inhomoge-
kA/m. Although some domain walls can be observed, botheous couplingconstant The exchange and magnetostatic
interactions in the ferromagnetic layers will result in an av-
eraging of the couplindield over areas determined by the
exchange length, giving rise to a ripple pattern caused by this
laterally varying coupling. More pronounced lateral varia-
tions of the coupling strength lead to a more pronounced
ripple pattern at the onset of magnetization reversal, which is
indeed observed. If the degree of the variations is such that
the local coupling field after this averaging is still laterally
dependent, areas switching at different offset fields will be
observedFig. 10 as was assumed in Edg) and (8).

In an earlier study of coupling effects in exchange-
biased spin valves, we already found indications for an inho-
mogeneous switching behavior of the sensitive layer from an
increased rounding of theusually squargeresistance versus
field loops, when the Cu-layer thickness is decredsed.

Now, we will consider the possible effect of biquadratic
FIG. 11. Sequence of Lorentz micrographs, obtained in the Fresnel imagingoup"ng on the switching field interval. In addition to the

mode, of a NjjFe,o-based spin valve with a Cu-layer thickness of 10 nm. : o ;
The magnetic field, indicated in kA/m, is directed perpendicular to the easymagnemStatIC bilinear coupling due to correlated roughness,

axis of the sensitive layeflong the vertical axis of the micrographghe ~ With @ coupling energyE;=J; cosd, Demokritov et al.
arrows indicate the directions of the magnetization. have shown that uncorrelated roughness leads to a magneto-
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static coupling-energy term of the forf,=J, cos 9. Here, 0.6
¥ is the angle between the magnetization directions of adja- i
cent layers. This is called biquadratic coupling or 90-degree
coupling® and it has been observed in epitaxially grown 0.5
Fe/Au/Fe sandwiche¥.In spin valves with a configuration e +
of crossed anisotropies, the biquadratic coupling-energy tern Y-y

is mathematically identical to the uniaxial anisotropy energy, /g 0.4H™ /
and therefore, enhances the effective uniaxial anisotropy O'} /
the sensitive layer. The effective anisotropy field is then =< i /
given by

= 03f )
3, 1
Hier=Hk+ — (11 -

t %#OMS
0.2

-
-

In Ref. 31, an expression fdk, is derived for a specific case
of uncorrelatedone-dimensionalroughness, viz., with one -
flat and one rough interface: o1l 1 T

| |
L2Mh2y . gt 0 50 100 1.50 200 250
= AA e N 1—ex N . (12 t, (min)

" ; —11 FIG. 12. Switching field intervahH vs the total annealing timig, with the
In Eq. (12), A'~A, the exchange stiffness-10""" J/m). magnetic field parallelopen trianglesand perpendiculaffilled triangles to

When insert.ing typic_a_ll parameter values ?—S usgd above fafe easy axes. The lines are guides to the eye. The filled square represents a
the calculation of bilinear Na-type coupling, viz.ugMs  sample that was not subjected to any heat treatment, the cross represents a
=097 T M=776 kA/m), h=0.25 nm, tc,=2 nm, sample that was annealed without the presence of a magnetic field.
t;=8nm, and\ =10 nm, Eq.(12) yieldsJ,=2.3-10"8 J/n?.

The second term of E11) then becomes 5.9 A/m, which is

2-3 orders of magnitude smaller than th_e typical _valges Ofsamples,AHS was measured at room temperature. The re-
Hy . Therefore, we conclude that a possible contribution ofgts for both sets of samples are plotted in Fig. 12, as a
biquadratic coupling to the switching field interval can bes,nction of the total annealing tim, . The results are com-
neglected here. pared to a sample in which the anisotropies were crossed
during sputtering, by mechanically rotating the field direc-
tion between the deposition of both fffe,, layers. So this
sample was not subjected to any heat treatment &Hd
The thermal stability of the switching field intervAH;  equals 0.41 kA/nffilled squarg. It is clearly demonstrated in
was investigated for a number of identicalgfffie,y spin  Fig. 12 that only 5 min of annealing in a perpendicular field
valves, consisting of 3 nm Ta/8 nm§fre,y2.5 nm Cu/6 nm  already leads to a significant reductionfdifl g, with respect
NiggFed10 nm FeMnsy3 nm Ta. Here, it is important to to the sample that did not receive any heat treatment. Fur-
stress that after deposition we have a configuratiopasél-  ther, perpendicular annealing reduedd ; even more to 0.24
lel anisotropies. This study is motivated by the fact that akA/m (open triangles whereas parallel annealing increases
heat treatment in a magnetic field is required to create théhe AH considerably up to 0.52 kA/rfilled triangleg. One
configuration ofcrossedanisotropies(see Sec. )l In the  sample was annealedrfd h in theabsence of a magnetic
fabrication of a magnetoresistive sensing device there arkeld followed by 5 min of perpendicular annealing, which
also other process steps at elevated temperatures. Here, vesulted in a value oAHg of 0.46 kA/m (+ symbo).
are especially interested in the influence of the direction of a  These changes of the switching field interval upon an-
magnetic field during the heat treatment. In our experimentsjealing, that have also been observed inR8,, thin
the samples were heated to 140 °C and maintained at thfims*® are attributed to changes in the induced anisotropy
temperature for a certain period of time, different for eachdue to atomic diffusion. During the heat treatment atomic
sample. A set of four samples was annealed durtpRg-6) diffusion causes the formation of atom pairs with the pair
minutes in a magnetic fieltbf about 15 kA/m aligned par- axis along a direction defined by the local magnetization
allel to the easy axes of the sensitive and exchange-biasetirection, the so-called directional ordering, which is be-
layer (=field direction during growth followed by 5 min of  lieved to be the origin of the induced anisotrof}y> The
annealing and subsequent cooling in a field perpendicular tphenomenon that the induced anisotropy changes upon an-
the easy axes, in order to achieve a configuration of crossatealing in a magnetic field is well knowfsee, e.g., Refs.
anisotropies. The last step is necessary in order to be able iy—20. Depending on the direction of the field during heat-
measure a hard axisl (H) loop of the sensitive layer and ing, this will either enhancéparalle) or reduce(perpendicu-
determineAH. Another set of five samples was annealedlar) the anisotropy created by directional ordering during
during t, min, and subsequently cooled, in a field perpen-deposition in a magnetic field. At such a low temperature,
dicular to the easy axes, therefore, automatically yielding ahe diffusion process involved is expected to be defect diffu-
configuration of crossed anisotropies. After cooling down thesion that takes place in the vicinity of grain boundaries,

C. Thermal stability of the switching field interval
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