Magnetostatic effects in giant magnetoresistive spin-valve devices
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We report on magnetotransport measurements of spin valve films that have been fabricated into
rectangular stripes with Au current leads. The spin valve films consisted of two magnetic NiFe
layers separated by a nonmagnetic Cu layer. The top NiFe layer was magnetically pinned by a FeMn
layer with an effective pinning field of 12 kA/rl50 Og. After device fabrication, the transport
properties changed dramatically as the stripe-height of the device was decreased hehow 1
Internal demagnetizing fields and magnetostatic interactions between the magnetic layers dominated
the magnetic response. These interactions change the biasing point and the linearity, and cause a
decrease in sensitivity to field changes. We have developed a simple single-domain rotation model
that includes magnetostatic, anisotropy, and exchange interactions to describe the magnetic
behavior, from which we calculate the transport response1986 American Institute of Physics.
[S0003-695(196)02943-9

The primary focus of this work was to study spin valve netic layers are 90° to each othghe free-layer magnetiza-
devices as the height of the sensor was reduced belam.1 tion prefers to align along the stripe lengtfhis places the
Most of the data reported on spin valves is for unpatternedesistance at zero applied field in the middle of the linear
films, which may have very different properties from device-region (bias poinj. The sheet-film GMR response shown in
level measuremenfsWe found that the most important in- Fig. 1(b), for example, is biased near the center with high
teractions for small devices were magnetostatic, both internaensitivity and a large linear region. The pinning field keeps
demagnetizing fields and interlayer interactions between théhe upper NiFe layer from switching in fields up to 12 kA/m
magnetic layers. To better understand the results, we ha¥d50 O¢. The Cu thickness was 3 nm, just thin enough to
developed a simple single-domain rotation model to describ@roduce a small ferromagnetic exchange interaction between
the magnetic behavior of the spin valve devices. The calcuthe magnetic layers that slightly shifts the bias point.
lation uses a Stoner—Wohlfarth mofébr each layer and
includes magnetostatic, anisotropy, exchange, pinning, and
external field interaction$.

The spin-valve films were sputtered onto,B%-coated
silicon wafers and then patterned using a wet-etch process
into rectangular stripes with Au current leads for transport
measurements, as shown in Fig@1l The stripe-height
(along x) varied from 16 to 0.5um while maintaining an
aspect ratio of stripe height to length of 1-{Fig. 1(a) is not
drawn to scalg For the devices used in this study, the track
width was set equal to the stripe height so that the active area F—————  Stripelength ———
was square. The track width defined by the current leads
varied from 16 to 0.5um. The films consisted of a free layer
of NiFe (7.5 nm), a spacer layer of C(8 nm), a pinned layer
of NiFe (7.5 nm, a pinning layer of FeMr(10 nm), and a
capping layer of Td5 nm). The pinning was accomplished
by exchange coupling between thegfffie,g to the antiferro-
magnetic FeMngq layer, which typically produces an effec-
tive pinning field of 12 kA/m(150 Og. We did not add Co
to the interfaces between the NiFe and @uhich tends to
increase the GMR by a factor of 2 or mpren order to keep
the system simple for modeling purposes. The easy axis was
induced along the-axis in the free layer by depositing the 08 A‘:p"e P (an"‘) 8 10
layer in a magnetic field.

Devices were fabricated with the pinning field aligned (b

perpendicular to the stripe length, so, at zero field, the magFIG. 1. (a) Schematic diagram of a spin-valve test devioet drawn to
scalg and (b) a plot of AR/R for the sheet film response. The magnetic
layers are NiF&7.5 nm) with a 3-nm-thick Cu spacer and a pinning layer of
3E|ectronic mail: cross@QNTM.com FeMn (10 nm.
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FIG. 2. Plots of GMR response as a function of device stripe heighgfd6 um, (b) 4 um, (c) 1 um, and(d) 0.5 um. The stripe length is 10 times the stripe
height.

The response of a device with a 1#n stripe height, a layer. This alignment is assumed because the resistance is a
16 um track width, and a Cu thickness of 3 nm is shown inmaximum(and is similar to the sheet film’s maximum resis-
Fig. 2a). The center of the linear region has slightly shiftedtance, corresponding to antiparallel alignment. The align-
to positive fields due to magnetostatic interactions, but othment is maintained over a range of stripe heights from 1 to
erwise is very similar to the sheet film response shown irg um. We attempted to correct the bias of theuh device
Fig. 1(b). The low-field portion of the curve has a large lin- ysing self-fields from large applied current densities, but
ear region with high sensitivity, which is very attractive for \ere only able to produce small shifts up to
recording applications. Optimum biasing can be accomoyx 10’ A/cm?.
plished to some degree by using self-fields from the applied  ag the stripe height decreases, the magnetostatic fields
current and by controlling the exchange coupling betweemenyeen the layers and the internal demagnetizing fields be-
the magnetic layers. come comparable to the pinning fielChe interlayer mag-

As the device size decree-lses., however, the.shape ,O,f ,ﬂ?fétostatic fields scale with the internal demagnetizing figlds.
GMR curve becomes parabolic with a decrease in Sensitivity- | 1he extreme case shown in Figdp the free layer and

from broadening of the response due to internal demagnetlﬁ-he pinned layer rotate into antiparallel alignment at zero

ing fields. With the large saturation magnetization value of; . . . ,
; ., eld, producing a parabolic respongauch like what is seen
NiFe (800 kA/m), small demagnetizing factors can cause.I producing a p ! pongauch like what |

. et . %n a multilayey. The magnitude oA R/R remains nearly the
fairly large magnetostatic fields. The response for differen . .
stripe heights is shown in Figs(@-2(d). The response of same for all of the devicg$igs. 4c) and 2d) are not com-
thep4,um o?evice begins to shog\]/v a decre:clse in thepslope of thg!etely saturated; otherwise the values are _sir]1ira'his |n
linear region and slight rounding. For the 1 and the Qr6 icates that at least the material properties involved with the

devices shown in Figs.(® and 2d), the shape of the re- transport have not severely degraded with device fabrication,

sponse is more nearly parabolic. Both internal and interlayef!though the pinning field may have degraded, which will be

magnetostatic interactions between the NiFe layers beconfliScussed later. To better understand the magnetic behavior,
comparable to the pinning field. As the stripe height de-V€& have developed a simple model that treats the magneti-

. . . 2
creases, the transverse demagnetizing fields increase becaggéon in each Igyer asa smgle. domairt _
of the constant film thickness. For example, the effective ~ The magnetic layers of a spin valve are treated as single-
demagnetizing field at 16m is approximately 0.32 kA/nt¢ domain films, and their magnetic behaviors are modeled us-

Oe) and increases to over 4 kA/if50 O@ for the 1 um  ing the Stoner—Wohlfarth coherent rotation mddef the
device. magnetization reversal of a uniformly magnetized ellipsoid.

The bias points for the curves in Fig(t? and Zc) are ~ We extended the model developed in Ref. 8 to include a
nearly the same with the pinned layer still pinned along thdransverse uniaxial anisotropy field in the pinned layer. The
X axis (90°), but now the free layer is locked at approxi- free energy density of theinnedmagnetic layer is given by
mately —90° due to the magnetostatic fields from the pinnedthe expressicdh
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W= 3MZ(Nya?+N, B2+ N,»?) —[Ho+H, 3

N ) (a)
+H(Mg)|Mg(la+mB+ny)+sHM(1—a?)

16 pm

+ %H k-pinlvI S(1— ’}’2), (1) §
whereH, is the externally applied fieldi, is the pinning 14
field; H,(M() is the interlayer magnetostatic interaction % 1l
field; «, B, andy are the direction cosines of the magnetiza- 47
tion of the flmMg;l, m andn are the direction cosines of —
the total fieldHo+Hp+Hn(Mg); andN,, Ny, andN,(N,
+Ny+N,=1) are the demagnetizing factors along the three
principal axes of the film. The easy-axis anisotropy field )
along the longitudinal directiohl, is induced by sputtering Applied Field (kA/m)
in a magnetic field.

Surface charges on the boundaries of the rectangular
films are the field sources used in calculatidg,. Other
fields, such as the self-field due to current flowing through
the device, and possible effective exchange interaction field
between the magnetic layers, may be included in the applied-
field term in Eqg.(1). We have also included @ansverse
uniaxial anisotropy terni,_,;, in the energy expression for
the pinned layer to account for the observed hysteresis at
high fields when the layer unpins and rotates to align along
the applied field. The general form is given in the last term in ;
Eq. (2). ar t61) follows for th ] 24 16 -8 0 8 16

An expression similar t¢1) follows for the energy den- . .
sity of the free layer by interchanging the roles Mf and 16, 2. Caleuat fGl\':‘:p"ed Field (ka[tm)  device strive heidht
M., and omitting the pinning field term and the transverse ' > = ~acuiatons o response as a function ot device stripe heignts
ansisotropy term.gFor th?a freeglayehim is the interlayer mag- ?,:;a)p;?a‘,‘n”;;?;‘ (ﬁ’};g‘ n?,'] Ttr;]isz'tze ;ekzgihlliﬂ,);:me,i tzzgg'plfA?,f]'ght'
netostatic interaction field acting on it due to the magnetizas, ;=4 kA/m, andH,=0.64 kA/m. The mZgnetic layers are assumed to be
tion of the pinned layer. More of these issues are described iiqentical with t_hick_nesses of 7_.5 nm. The arrows show the relative ori(_enta-
detail in Ref. 8. The change in the resistance is proportionq‘lon of magnetization at the bias point; the top arrow represents the pinned
to AR=1—-cos6, whereg is the angle between the magne- ayer and the bottom arrow represents the free layer.

tization vectors of the layers. The proportionality constantis, | . - .
found by matching the fit to the experimental data. device. To properly fit the response, we used a pinning field

Plots of the calculated response as a function of devic&f 0-8 KA/m. The reduction in pinning field is not totally
size are shown in Fig. 3. The parameters for the calculatiofN€xPected considering the corrosive nature of the FeMn
were found by fitting the 1Gum stripe-height device first and PINNING layer. We expect that some corrosion occurs from
then using the same parameters to fit all of the other deviced® €dges inward and becomes serious for the smaller de-

The parameters used in the fits &ig=12 kA/m (150 O¢ vices. The fact that the 0.am device exhibits GMR with
Heon=4 KA/m (50 08, H,=0.64 kA/m, NiFe thickne,s;s very little pinning is important because we find that magne-
-pin 1 . )

=7.5 nm, andVl =800 kA/m. The exchange field measured tostatic coupling can be used to obtain antiparallel alignment

in the films for a Cu thickness of 3 nm was small and Wasand still realize the fulAR/R. If we calculate demagnetizing

neglected in the calculation. We can derive various concluéneray as a function of stripe height, we find that the demag-

sions from the model fits(1) The internal demagnetizing N€tiZiNg energy grows larger than the pinning energy just
elow 1um and is inversely proportional to the stripe height.

fields rotate the layers toward the stripe length. This energgh i the ol h h lati X ; ¢
term becomes larger than the pinning interaction for deviced 1€ &TOWs In the plots show the relative orientation of mag-
netization in each layer at the bias point. As the stripe height

smaller than lum and causes a decrease in sensitivitg- q H - field h N
creases the slope(2) The interlayer magnetostatic energy 9€creases, the magnetostatic fields rotate the magnetization
from transverse bias toward antiparallel alignment.

terms favor antiparallel alignment. The interaction is the
largest external contributor to the total energy of the free

layer for devices<1 um. It is this interaction that shifts the * r. w. Cross, S. E. Russek, S. C. Sanders, M. R. Parker, J. A. Barnard,
bias point and in the extreme case produces the paraboligacmllz S-J ()Ahniggrs]saJin,AlElliEPIragS-Z g/lf;@?fég;%(w%-

response for the very small devicgs) To properly_ ﬂt.the 1 3J..O.. Oti, R. W érozlz,. S. )Efﬁ I’?ussek, and .Y. K. Kim, J. Appl. Pigs.

and 0.5um device curves, we found that the pinning field g3g6(1996.

decreases with device sizhis was not done for the curves “D. E. Heim, R. E. Fontana, C. Tsang, V. S. Speriosu, B. A. Gurney, and
shown in Fig. 3. The pinning field shifts the curve toward M. L. Wiliams, IEEE Trans. Magn30, 316(1994.
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