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Microfabricated magnetoresistive elements based on either the anisotropic or the giant
magnetoresistance effect were tested for their frequency dependent resistance noise behavior at
room temperature in a dc magnetic field, using a dc sense current. Thermal resistance noise was the
dominant noise source above about 10 kHz. At low frequencies the resistance noise was found to be
dominated by a 1/ contribution that depends on the applied magnetic field. Tlienbise is
relatively low and field independent when the element is in a saturated state and contains a relatively
large and field dependent excess contribution when the magnetic field is in the sensitive field range
of the element. The 1/noise level observed in saturation is comparable to thedise level found

in nonmagnetic metals; the excess noise has a magnetic origin. The variation of the excess noise
level with the applied dc magnetic field can be explained qualitatively using a simple model based
on thermal excitations of the magnetization direction. 1@97 American Institute of Physics.
[S0021-897€07)01424-2

I. INTRODUCTION toresistancéGMR) effect?® which is the resistance change
due to changing the relative orientation of the magnetization
Magnetoresistive elementMREs) are being applied in of at least two stacked magnetic layers. One of the most
magnetic recording read-heads and in sensor applications iBromising structures showing the GMR effect is the so-
cluding position, velocity, acceleration, and angle detectorsga|ied spin-valve structure consisting of two magnetic layers

Presently, these devices are based on the anisotropic magngically Pv) separated by a nonmaanetic la icall
toresistanc§ AMR) effect! which is the resistance change Wpically Py sep Y g yeypically

change in an applied magnetic fieldhe AMR-ratio
ARpax/Ro, WhereAR . andRy are the maximum resistance
change and the minimum resistance, respectjvislyabout
2% in magnetically soft permalloy (hjFe,,, for which be-

netic layer is free to rotate in a small applied magnetic field.
The relative resistance chan@@MR-ratio) of such a spin-
valve structure can be several times larger than the AMR
low the notation Py is usedilms, which are most commonly effect fqr the indivi(_:iual_ magnetic Iayers,_w_hereas in_ unpat-
applied in high sensitivity sensors. Due to ongoing miniatur-terneOI films the sywtghmg takes place within approximately
ization there is a drive for more sensitive MRESs, which arethe same magnetic f'e"?' fa'ﬁ‘?’e-

To assess the applicability of GMR sensor elements the

able to measure smaller magnetic fields or less flew., , e )
from a smaller bit on a magnetic information caryigdne of GMR-ratio and the switching field range are not the only

the options for improvement is the use of the giant magne[elevant parameters. Equally important is the signal to noise
ratio (see, e.g., Ref.)6 One contribution to the sensor noise

SElectronic mail donk@natiab Hohil is thermal resistance noigalso called Johnson or Nyquist
ectronic mail: veerdonk@natlab.research.philips.com . . . . . . .
Postal address: Philips Research Laboratories, Prof. Holstlaan 4, 5656 ARO'SS' which is always pr_esent In res_'St'Ye ‘?'eV'CeS {ind 1S
Eindhoven, The Netherlands. caused by thermal smearing of the distribution function of
PPresent address: Philips Optical Storage—OPU, Industriezone 1000-1928]ectrons near the Fermi-level. This noise source contributes

Kempische Steenweg 293, B-3500 Hasselt, Belgium. P
9Present address: Philips Research Laboratories, Prof. Holstlaan 4, 5656A§\ constant background to the VOItage SpeCtraI denSIty in the

Eindhoven, The Netherlands. frequency range considered equalSp=4kTR (in units of
YPresent address: CVC Products, 3100 Laurelview Court, Fremont, CA/?/Hz), wherek is the Boltzmann constari, is the tempera-
94538 ture, andR is the total resistance of the sensor.

9Present address: Ecole Polytechnique Federale de Lausanne, Departement d . . kh . hich ari
de Microtechnique, Institut de Microsystems, Ecublens, CH-1015 Lau- A second noise source is Barkhausen noise, which arises

sanne, Switzerland. from sudden and irreversible domain wall motion. This noise
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source can be suppressed by stabilizing a single magnetic
domain state and by promoting a coherent rotation process of
the magnetization during switching. This can be achieved by
providing an easy axis of magnetization perpendicular to the
applied magnetic field, by using a specific sensor design
(such as the “picture frame” geomelry or by applying a

small stabilizing magnetic fieldexternally or from the ap-

plied sense current, such as in the “barber pole” geométry Magnetic yoke

This article focusses on a third noise source, namdly 1/
noise(also called flicker noige’** This contribution to the
sensor noise is a potential limiting factor for applications of
MREs as low frequency magnetic field sensors, or when sen-
sors are miniaturized to allow for higher spatial resolution.
Recently, a number of studies have been performed on the
1/f noise behavior of magnetic multilayefs:'® In these
studies the amplitude of the flhoise was observed to be
significantly enhanced with respect to nonmagnetic metals.
This has been attributed to the complex domain structure in
the studied magnetic multilayers. The lack of information on
the micromagnetic structure prevented, however, a more de-
tailed understanding.

We feel that single magnetic domain test structures in
which the magnetization rotates coherently in an applied
field are much better suited for the investigation of the rela-
tion between magnetism andf IMoise. The magnetic state of
these structures is well characterized and can be modified in
a controlled way. This provides an additional knob that is
accessable experimentally and that allows to change param-
eters reproducibly and continuously using a single device.
This is in contrast to nonmagnetic materials where only the-iG. 1. Schematic representation of the geometries usethfdhe AMR-
temperature can be varied. based and GMR-based MREs altwithe AMR-based MREs with additional

In this article we present a Comparative study of 1/ barber pole metalliza_tion. The 17<01_50 wm? magnetic yokp form(not

. . . . shaded, also called picture fraponsists of a single magnetic layer for the
noise in AMR-based and GMR-based MREs. The InVeStI'AMR-based MREs and of a multilayer for the GMR-based MREs. The
gated GMR-based MREs are exchange biased spin-valvgtive area of the element is determined by the distarmtween the two
structures, containing only a single magnetically sensitiveoutermost metallization contacfshadedl ¢ is the angle between the mag-
layer. These elements are microfabricated in the “pictur@etizationM and the long axis of the element. The magnetic fi¢lgdsand

" : : : H, can be applied in the transverse and longitudinal direction with respect to
frame” geometry, which makes it pOSSIble to prepare a magthe long axis of the element, respectively. The AMR-based MRE with bar-

netic §trUCtur§ such that it is essentially in a S?ngl_e magnetiger pole(b) has slanted 4sm-wide metallization stripes, spaced 7.n
domain staté? It has been shown that the switching of the apart(measured in the long axis directioand at an angle of 45° with the

free layer occurs as a coherent magnetization rotation prdong axis.
cess, although the edges of the elements saturate in higher

magnetic fields than the centé. order to induce uniaxial magnetocrystalline anisotropy. The

. We find that alsc_J fo_r these single doma"_‘ str_uctures therﬂwagnetic fieldH, of ~15 kA/m is applied along the direction

'S a st_rong, magn_e_t|c f|_e|d dependent contrlbutlon_to the 1/ that after patterning is parallel to the long axis of the element
noise in the sensitive f!elo! range. The result_s are 'nt.erpr_eteﬁongitudinal direction. After deposition the films are micro-

In terms OT thermal _exqtatlons_ of the _magnetlzatlon dlrectlonfabricated in a picture frame geometry using optical lithog-
and explained qualltatn_/el_y using a simple model based on ?aphy and Ar ion milling® (see Fig. 1 In this geometry the
Stoner—Wolfart description of the total energy. magnetic layers form an almost closed yoke in order to es-
sentially eliminate domain wall formation in the sensitive
part (active areaof the MRE.

The MREs used in this study are deposited on nonmag- A 100-nm-thick gold metallization layer is used to make
netic polycrystalline ceramic substrat@s Al-TiC mixture low resistive connections to the active area of the microfab-
called “Alsimag”). A layer of 30 nm Py is used for the ricated(multi)layer. The active area is 10m-wide and var-
AMR-based MRE. The GMR-based MRE consists of theies in lengthl between 10 and 7@&m. The metallization
multilayer 8 nm Py/2.8 nm Cu/6 nm Py/10 nmggdns,. layer connects on both sides to a single contact pad, which is
Both MREs are grown on a buffer layer of 3.5 nm Ta andused as both voltage and current lead. This adds a contact
have a capping layer of 10 nm Ta. Deposition was performedesistance from the metallization connections to the resis-
by dc magnetron sputtering in a multitarget ultrahightance of the active area of the MRE. The metallization con-
vacuum (UHV)-sputtering apparatus in a magnetic field in nections also contribute to the noise by increasing the ther-

Au contacts

Il. EXPERIMENT
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FIG. 2. Experimental setup as used for the noise measurements; all sensitive 1.5x10"% ¢ ]
parts are placed in two mumetal shielded boxes. After preamplification, two T 13
independent signals are fed to the DSA. The Helmholtz doitd shown ~ 1.0x10°°F ]
used to generate the magnetic fields are located inside the inner box. c"> *
< s.0x10™} .
>
U) 0 0 1 I 1
mal noise and adding fl/contact noise. Despite these ) 10 20 30 40
disadvantages the two terminal geometry has been chosen J-2 ( 010 A/m2)2

over a four terminal geometry in order to resemble more

closely the designs used for read-head applications. The ifkG. 3. (a) Example of a voltage spectral density spectrum for a GMR-
fluence of the geometry on the experimental results was verbased MRE with an active area lengtit 70 xwm in an applied transverse
fied, see below, and was found to be minor and easily dismagnetic fieldH;=0.50 kA/m and for a dc sense current=2.36 mA,

tinguishable. AMR-based MREs have been fabricated bot orresponding to a film averaged sense current depsity.4x 10'° A/m?.
) hermal noise and 1/noise contributions are indicated by dashed liribk.

with [Fig. 1(a)] and WithQUt[Fig- 1(b)] a slanted pattern of the yoitage spectral density extrapolated to 1 Hz vs the square of the ap-
100-nm-thick gold stripes, a so-called barber poleplied film averaged sense current density without applied magnetic fields

metallization? on top of the active part of the MRE. The follows aj? behavior(solid line) upto a current densitj,~5x 10'° A/m?.
barber pole metallization is commonly used to linearize the
response around zero applied magnetic field and will be dis-
cussed in more detail below. The AMR-based MREs withou2nd the preamplifiers. The voltage spectral denSitf,H)
barber pole have been microfabricated with varying length ofas been measured for frequendidsetween 10 Hz and 100
the active area on a single substrate, which makes it possib|@'|z- The relative error in the presented noise levels is within
to determine the contact resistanomise. *10%.

After processing, the GMR-based MREs were heated to
140 °C and subsequently cooled in an applied magnetic fieltl. EXPERIMENTAL RESULTS
H, along the short axis of the MR@&he transverse directipn

: L L An example of a spectrum for a GMR-based MRE is
This procedure rotates the exchange biasing direction of theiven in Fig. 3a). In Fig. 3a) the 1f contribution to the
top (or “pinned”) magnetic layel® The growth induced g g ) g

.spectrum is apparent in the low frequency range while at

uniaxial r_nagnetocrystalline anisotropy promotes hyStereS"ﬁigher frequencies the noise is dominated by thermal noise
free rotation of the othef‘free” ) magnetic layer in an ap- (in the example the crossover frequency~i8 kHz). The

plied transverse magnetic field. . . N
. thermal noise level was never observed to deviate signifi-
The measurements have been performed in mumeta
cantly from the expectedidl' R level. The results presented

sh|elde<_j bpxes ilsmg the setup as sh_owq in Fig. 2. A Stalife 0w will focus on the amplitude of the flLeomponent in
magnetic fieldH = (H, ,H,) can be applied in the film plane spectra

using two orthogonal sets of Helmholtz coils with a maxi- The voltage spectral density for flhoise can be de-

mum field strength of about 4 kA/m each. The current forscribed henomenoloaically by the Hoode relafidn:
these coils is generated by mains powered supifkepco P gicaly by 9 ’

BOP36-12. The sense currer through the MRE is pro- a(H)
vided by a battery unit and can be varied by changing the Sv(f,H)= NET
series resistoR;. The voltage is measured by two pairs of

voltage leads and is preamplified by two battery poweredvhere the exponent is of order one and the total number of
ultra low-noise ac voltage amplifiers with a gain of 1000 conduction electrons in the sampieis taken equal to the
(EG&G Brookdeal 500% before they are transferred to the number of atoms in the active area of the MRE. The dimen-
analyzer. The analyzdHP3562A dynamic signal analyzer sionless normalizing constantis called the Hooge constant
(DSA)] was used in cross-correlation mode to minimize thewhich for magnetic materials depends on the magnetic state
spurious noise contributions of the voltage lead connectionghich in turn depends on the applied magnetic field. The

Vi, (1)

6154 J. Appl. Phys., Vol. 82, No. 12, 15 December 1997 van de Veerdonk et al.

Downloaded 31 Aug 2011 to 131.155.151.114. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



exponenty was also found to have a significant dependence T y y

on the applied magnetic field, which we will not discuss in 125(a) 1
this article, and ranged between 0.85 and 1.20. We will use 100} |
the voltage spectral density extrapolated to 1 Hz as a mea-
sure for the 1ff noise. Sinces,, depends on the volume and
resistance of the MRE as well as the applied sense current,
only « values can be used to compare the intrinsimaise
levels between different MREs. The buffer and cap layers are 25¢ ]
disregarded in the analysis of noise data because of the high
resistivity of Ta.

75} 1

R ()

50} .

-11
According to the Hooge relation Eql), S, should be T 2.0x10
proportional toI§ for constant applied magnetic field. In Fig. T 15x10M
3(b) the voltage spectral density at 1 Hz is shown to increase ~ ©
linearly with the square of the applied dc sense current den- & { 5,401
sity upto a critical film averaged current densjity=5x 10 &
A/m?2. For higher current densities thef loise is higher S 5.0x1012
than expected from the Hooge relation Eij). All experi- o
ments reported in this article have been conducted at current o 0.0 .
densities below.. For comparison, in our laboratory a sense 0 20 40 60 80
current of 10 mA is the standard operating condition for all length (um)

MRES'. Th_IS corresp_ond_s to. a current .denSIty of B0 FIG. 4. Influence of the length of the active area of an AMR-based MRE
A/m?) in Fig. 3(b) which is slightly above. without barber pole metallization dia) the resistance ang) the scaled ¥/

The volume scaling predicted by the Hooge relation Eqnoise level at 1 Hz without applied fields. The lines are linear fits to the data.
(1) has to be used with caution for a magnetic element due to
the influence of the geometry on its magnetic properties. ] .
When the magnetic properties are changed., by varying - Contact resistance and contact noise
the thickness or the width of the stripthis will have an First the contact resistance and contact noise were deter-
additional effect on the noise, mainly via tlae parameter. mined from resistance and noise measurements without ap-
Only the length of the active area can be varied withoutplied magnetic fields. In Fig.(4), the total MRE resistance
changing the magnetic properties. This can be done bis depicted as a function of the length of the active area. The
changing the layout of the nonmagnetic metallization layerdata points extrapolate linearly towards an intercept of
We will use this below to estimate the contact noise contri-19.3= 0.4, which is the contact resistance. All resistance
bution. measurements reported in this article are taken from MREs

We note that for metallic thin film elements the analysiswith an active area length of 7@m and have not been
of the 1f noise in terms of the Hooge relation E@) is  corrected for this nonmagnetoresistive contact resistance, al-
principle incorrect due to the nonuniform current densitythough it has been taken into account in the quantitative
across the film thickness. First, this is due to the effect of thénalysis of the noise. As a result of the contact resistance, all
film boundariegsee, e.g., Refs. 22 and 28 multilayers an  the reported MR-ratios will be lower than their intrinsic val-
additional nonuniformity is caused by the different resistivi- Y€S: _ o _
ties for the various materials and the scattering of electrons at 1he 1f contact noise contribution has been determined
the interfaces between them. Nevertheless, we will use EQY Measuringsy as a function of the dc sense current using

(1) below as a first step towards a more complete analysis ¢ number of similar MREs with different lengths of the ac-

the experimental results because we are dealing with systerfi¥€ aréa. To compare theflfoise between these MREs the

for which the values ofx are different by more than one slope of the linear part of the measured voltage spectral den-
order of magnitude sity at 1 Hz as a function of? has been usefthis is the

resistance spectral density at 1 Bz=aR?/Nx|, also see
A. AMR-based MRE without barber pole Fig. 3(b)]. In Fig. 4b), Sg has been plotted versus the active

The first system studied is an AMR-based MRE consist-area length. It canibl% fitzted with a linear curve wit_h an inter-
ing of a 30-nm-thick Py thin film without barber pole metal- cept of (1t2,)><10 (2*/Hz due to 1f cor!tac_:t noise. For
lization. The geometry is a narrow magnetic stripe with the"® MRES withl =70 .m the 1f contact noisif any) con-
sense current flowing in the longitudinal direction, see Fig.trIbUtes negllglbly to the (_)verall 1L/nq|se level, and_has
1(a). The easy magnetization axis is along the length of thetherefore, been discarded in the remainder of the article.
stripe and its magnetization rotates coherently in an applied
transverse magnetic field,. The resistance is highest for 2. Magnetoresistance
the magnetization aligned parallel to the current and lowest The resistance of the MRE is shown in Figapas a
for a perpendicular alignment. This particular geometry isfunction of an applied transverse magnetic fi¢ld. The
well suited for initial measurements because of the high desmooth, hysteresis free curve indicates coherent rotation of

gree of symmetry both electronically and magnetically. the magnetization from the longitudinal direction in zero

J. Appl. Phys., Vol. 82, No. 12, 15 December 1997 van de Veerdonk et al. 6155
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1 ' 1 relation Eq.(1), values for the Hooge constant are found
119.5() P betweenamip=2.8x10"3 and ama,=1.7X10"2 (i.e. ~6X
perpendicular perpendicular o
amin). The minimum value corresponds well to values com-
. 1190} + . monly found for nonmagnetic metal$ The observed field
<3 + dependence of the excess voltage spectral density can obvi-
o 11851 M ously not be explained by the resistance change, via/ﬂge
term in the Hooge relation Eql), as this would be a much
118.01 / \ | smaller effect with a different field dependence. Thus the
’ observed field dependence seems to clearly have a magnetic
(b) ’ ’ ’ ’ ’ origin.
T axi0s} N . B. AMR-based MRE with barber pole
% The second MRE design studied is also based on the
o 2x10F . * . AMR effect but its output has been linearized around zero
T o %o field using the barber pole geomefrOn top of the active
(\; 1x1015L . ... ,.' . i area a well conducting metallization layer is microfabricated
= et .’ et % in the form of a pattern of parallel stripes with the stripe axis
o 2 rotated from the longitudinal directidim the present case by
R T 45°, see also Fig.(b)]. This effectively rotates the current
H , (kA/m) direction in the magnetic layer between the metallization

stripes. However, the analysis of the magnetic response is
FIG. 5. Transverse magnetic field dependencéapthe resistance angh) complex due to the 'nﬂuen_ce (_)f the magne_tlc f_|€‘|d ge_nerated
the voltage spectral density at 1 Hz for an AMR-based MRE without barbeby the sense current flowing in the metallization stripes. In

pole metallization. The MR-ratio for this MRE is 1.3% in the available field addition' the metallization Stripes cause a nonuniform current

range. The noise spectra have been measured with a dc sense curr(argnsity which complicates the analysis of the magnetoresis-
1s=5.74 mA, corresponding to a film averaged sense current density

j=1.9x 10" A/m2. The dashed lines indicate the estimated saturation fielqdance and ¥/ noise.
+H, for this geometry. The data given {h) are taken with increasing, ,
as indicated by the arrow. 1. Magnetoresistance

The magnetoresistive response for this MRE to an ap-
field to the transverse direction at high fields. For a uni-Plied transverse magnetic fiel; is shown in Fig. a). The
formly rotating magnetization a parabolic behavior of theSmooth, essentially hysteresis free curve again indicates a
resistance versus field is expected with the saturationifigld coherent rotation of the magnetization direction. A small lon-
equal to the sum of the demagnetizing fiédd and the an-  gitudinal magnetic fieldd;=80 A/m has in this case been
isotropy fieldH,. The demagnetizing field can be approxi- applied to assure the same direction of this rotation for all
mated byH ~M t/w= 2.6 kA/m (M is the saturation mag- applied sense currents and was sufficiently small to have
netic moment and/w the thickness to width ratio of the negligible other effects on the measured results. As expected,
magnetic layer and H,~0.4 kA/m for Py, which yields the resistance varies linearly with; around zero field. For
H~3.0 kA/m (dashed lines in Fig.)5 For low H, the ex-  increasing transverse fields, a maximum or minimum in the
pected parabolic behavior is observed. resistance is reached when the magnetization direction is

The rounding of the resistance curve nelareflects that ~ aligned along or perpendicular to the current direction in

the edges of the stripe saturate at higher fields than theetween the barber pole stripes, respectively. Increasing the
middle of the stripe. An additional rounding comes from transverse field further will decrease the resistance towards

microscopic lateral variations of the magnetiza’[ion the zero field value for fields above the saturation field since
direction?* called ripple, which are most prominent near thethe magnetization will again be at an angle of 45° with the
saturation field®?° Both the nonuniform rotation process current in between the barber pole stripes. The estimated
and the ripple cause the maximum slope of the resistancg@turation field is identical téis for the AMR-based MRE
curve to be reached at fields slightly belé#. Even in the  Without barber pole and is indicated by dashed lines in Fig.
maximum available field, full saturation cannot be reached). There is some rounding of the curve due to edge and

for the whole stripe in this geometry. ripple effects as discussed above and some asymmetry that
. probably arises from a small alignment error. Also in this
3. Noise MRE type full saturation can not be reached in the maximum

The dependence &, at 1 Hz onH, is shown in Fig. available magnetic field.
5(b); similar results have been obtained for a number of these
MREs. Peaks are present at two fields close to where the
maximum slope in the magnetoresistance curve is obtainec?' N
The peak values for the voltage spectral density are not In Fig. 6b) the H; dependence 0§, at 1 Hz is pre-
equal. This is probably due to a small alignment error in thesented. The result is representative for a number of measured
transverse magnetic field direction, which leads to an asymMREs. Peaks are observed close to the three magnetic fields
metry in the measure8, versusH, curve. From the Hooge where the slope of the magnetoresistance curve shows a local

oise
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FIG. 6. Transverse magnetic field dependencéapthe resistance an(b) FIG. 7. Transverse magnetic field dependencéapthe resistance ang)

the voltage spectral density at 1 Hz for an AMR-based MRE with barberthe voltage spectral density at 1 Hz for a GMR-based MRE. The MR-ratio
pole metallization. The MR-ratio for this MRE is 1.3%. The noise spectrafor this MRE is 2.4%. The noise spectra have been measured with a dc sense
have been measured with a dc sense cuiignP.16 mA, corresponding to  currentl ;=2.36 mA, corresponding to a film averaged sense current density
a film averaged sense current dengity7.2x 10° A/m? (not corrected for  j=1.4x 10" A/m2. The data given irb) are taken with increasing,, as
current distribution effects due to the metallization Igyand an applied indicated by the arrow.

longitudinal magnetic fieldd, =80 A/m. The dashed lines indicate the esti-

mated saturation fields Hg for this geometry. The data given i) are

taken with increasindd,, as indicated by the arrow. C. GMR-based MRE

The last MRE design investigated is based on the GMR
effect. Use is made of an exchange biased spin-valve type
maximum. Thea values found for this MRE vary between element. The resistance is low when the magnetizations of
Amin=4.4x10"? and am,=2.4X10"1 (i.e., ~5.5Xan), the pinned and the free layer are aligned parallel and high for
which are over an order of magnitude higher than for thethe antiparallel alignment. The AMR effect associated with
AMR-based MRE without barber pole metallization. To ob- the rotation of the free layer with respect to the current di-
tain thesex values, the total volume of the magnetic layer in rection also contributes to the magnetoresistance.
the active area was used. Also, the same contact resistance as ]
for the AMR-based MRE without barber pole was assumed?- Magnetoresistance
although the geometry of the contact metallization was dif-  Figure 1@ shows the magnetoresistive response to an
ferent. The contact resistance and contact noise were napplied transverse magnetic fidh}. The smooth curve in-
measured directly. As the values depend quadratically on dicates a predominantly coherent rotation process, although
the resistance of the element and the assumed contact ressbme hysteresis is still present. For a uniformly rotating
tance is about half the total resistance, this could change thmagnetization a linear variation of the resistance with the
a values by at most a factor of 4. Irrespective of these untransverse field is expected due to the GMR effect. A para-
certainties, the magnitude of the excess noise level and itsolic variation due to the AMR effect in the rotating free
field dependence point also here to a magnetic origin. layer is superimposed on the GMR effect. The resistance
The highera values compared to the values found for saturates to a lowhigh) resistance state when the applied
the AMR-based MRE without barber pole might be ex-transverse field is increased above the saturation field and the
plained, at least partly, in the following way: The metalliza- magnetization of the free layer is alignédnti)-parallel to
tion layer reduces the effective volume of the sample bythat of the pinned layer. This expected behavior is indeed
creating “shorts” at the places where it overlaps the mag-observed.
netic layer, thus effectively reducing the volume of the mag-  There is some rounding near the saturation fields, which
netic layer by soméunknowr) factor depending on the cur- is, however, less pronounced than in the AMR-based MREs.
rent distribution within the element. Therefore, the activeThe estimated demagnetizing field for the free laygr=0.7
volume is overestimated, which in turn will increase thekA/m is smaller than in the previously discussed MRE’s due
value of @ obtained from Eq(1). Insufficient information is to the thinner magnetic layer. Added to the induced anisot-
presently available on the current distribution and contactopy field of H,~0.4 kA/m this leads to an estimated satu-
resistanceénoise to make a quantitative correction for these ration field ofHg~1.1 kA/m, which corresponds fairly well
effects. with the half-width of the magnetoresistance curve. We note
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that a shift in the magnetic field range may occur due to thevhereSg(f,H,) is the resistance spectral density &Q(f)

magnetic coupling between the two magnetic lay@igel  the spectral density of the applied magnetic field. The influ-
and exchange coupling across the nonmagnetic layer anshce of the field noise is estimated from the spectral density
magnetostatic interactions due to the stray field from then the current through the Helmholtz coils and is for the most
pinned layey. Combined with the parabolic distortion of the noisy configuration found to bsHt%2_5>< 106 (A/m)%/Hz

magnetoresistance curve due to the AMR effect this may; 10 Hz, decreasing asfiib lower values at higher frequen-

shift the center of the field range of highest sensitivity awayjes, The estimated maximum resistance noise corresponding

from zero field. to this level is at least one order of magnitude lower as com-

pared to the measured flhoise levels. Also, no cross-

2. Noise correlation was found between the fluctuations in the resis-

, ) tance of the MRE and the fluctuations of the current through
In Fig. 7(b) the correspondingi, dependence oy at 1 ¢ Heimnoltz coils. Therefore, field fluctuations may be dis-

Hz is displayed for one of the measured MRES. Similar 10.5,4eq as an explanation for the observed field dependence

the results of the AMR-based MREs a large peak is observegs 1o resistance noise.

close to the field where the maximum slope of the magne-

toresistance curve is obtained, in this caseélagt 0.6 KA/m.

A shoulder is observed extending to the negative saturation

field and a smaller shoulder to higher fields which is, how-B. Thermal excitations

ever, not observed in alhominally equal MREs. From the A qualitative understanding of the measured field depen-
Hooge relation Eq(1) values for the Hooge constant be- gence of the excessflhoise levels can be obtained from a
tween amin=6.7X 10.73 and ap=2.8X10"" (ie, ~42X  model based on thermal excitation of the magnetic moment
amin) are found, while the shoulder hagnouger=8.2< 107 girection at a given nonzero temperature. The magnetic fluc-
(i.e., ~12Xani) . Thesea values are obtained using the to- yations are translated into resistance fluctuations via the de-
tal volume of the multilayer and assuming the same contaGhendence of the resistance on the angle of the magnetization.
resistance as for the AMR-based MRE without barber pole. | this article we calculate the effect of thermal excita-

Here, i, is more than twice the value obtained for the tjons on the variances of the magnetization angle and the
AMR-based MRE without barber pole. This might be causedggjstance. To obtain the variance of voltage, the variance of

by a nonhomogeneous current dengiy whicha depends  he resistance has to be multiplied by the dc sense current
quadratically in the direction normal to the film plane, squared. These variances are equal to the frequency inte-
caused by the different conductivity of Py and Cu. As agrateq corresponding spectral density. The frequency depen-
result the active volume and therelywould be overesti- gence is not calculated directly. However, it is well known
mated. Also the interfaces might give rise to additiondl 1/ that thermal excitations lead toflfoise when a sufficiently
noise. We note that the ratio between the maximn  proad range of relaxation times is available around the inves-
shouldey and minimum noise level is much higher than for {igated frequency rang®.Indeed, ferromagnetic relaxation
the AMR-based MREs discussed above. Again, the field demechanisms have been measured with time constants in the
pendence and the amplitude of the excess noise point to[i‘s range to the Ms range, see, e.g., Refs. 26 and 27. Since
magnetic origin. the explanation of the frequency dependence of the noise is

analogous to that for nonmagnetic materidlsye focus
IV. MODELLING completely on the magnetic field dependence of the noise

which is specific for magnetic materials. To study the mag-

As has been shown above, the excedsridise level netic field dependence it is sufficient to consider the inte-

depends strongly on the magnetic field. The origin of thngrated noise spectrum, i.e., the variance.
excess noise may in principle be external, if it arises from  |n this article, we will restrict the calculations to a single
noise sources in the experimental setup, as well as intrinsignagnetic layer with a uniform magnetization direction, i.e., a
As will be shown in Sec. IV A, noise from external sourcessingle magnetic domain with infinite intralayer exchange en-
cannot explain the experimental results presented in the prergy. The magnetic behavior of this domain is described
vious section. In Sec. IV B a model will be presented for thewithin a Stoner—Wohlfahrt model which has been used ex-
excess 1/ noise that is intrinsic to the sensor element. tensively to describe the equilibrium properties of MREs,
A. Field fluctuations see, e.g., Ref. 28. The total magnetic end_Egyf the_ system _

is expressed as the sum of all relevant interaction energies

For our experimental setup we expect that the dominanjng depends on the direction of the magnetization vector

nonintrinsic source of field dependent Iioise is a fluctu-  \yhich is assumed to remain in the film plane. The variances

ating applied magnetic field, due tofIroise in the current  of the magnetization angle and the resistance are calculated
through the Helmholtz coils. Field fluctuations give rise tosjng Boltzmann statistics.

resistance noise via the dependence of the resistance on the ithin this description, the expectation val¢a) of a

magnetic field: guantity A at finite temperatures is given by:
S Ho=[ oo X Su() @ 12
A R P e (=7 db A(d)exd —E()/kT], (3a)
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minimum meaning a more stable magnetization direction.
The angle fluctuations result in resistance fluctuations via the
magnetoresistance effect.

V. APPLICATION TO MODEL SYSTEMS

In this section the results will be presented of calcula-
tions for a number of model systems that correspond to the
systems investigated experimentally. We model all systems
by a single magnetic entity in the form of an infinite stripe of
width w and thicknes$ and a uniform magnetization with an
angle ¢ with respect to the long axis of the stripgee Fig.
8(a)]. The magnetic energy densiB(¢) of each system can
0} be written as the sum of the Zeeman, anisotropy and demag-
netization energy densities:

FIG. 8. Schematic overview df) the simplified model system arit) the
energy diagram. The magnetization directigrfluctuates around the mini- E(¢)=—uoM(H; sin ¢+H, cos¢)—K cos ¢
mum energy valueb, due to thermal excitations.

— 3uoMHq cos &, (6)

where My is the saturation magnetizatioK the in-plane
(induced uniaxial anisotropy constant, artti, the applied
transverse(longitudina) magnetic field. The demagnetiza-

, L tion field is approximated bid ;=~ M ¢t/w. Within this model
where ¢> is the; angle petween the magnetization anf_j theHd does not depend on the transverse coordinate due to the
!ongltydmal ax2|3, seze Fig. 12 The variance of t.he quariity  ossumed uniform magnetization direction. The energy terms
is defined as_"’A:<'§‘ )—(A)". To lowest order in tempera- yh 4 gecur for GMR-based systems due to interlayer and
ture, the variancer, of the magnetization angle around the e tostatic coupling between the free and pinned layer are

equilibrium value_¢0 (which we assume to_be r_londegener'neglected. Still assuming a homogeneous magnetization in
ate can be obtained by applying the stationairy phase apge free layer, these terms only give rise to a shift along the
proximation to Eq.3), which yields: magnetic field axis.

7= [ d exqd —E()/kT], (3b)
0

92E -1 Without longitudinal field, the magnetization will satu-
2 _ : : .
gy =KT — (4) rate at the saturation field,:
| ,_
P=¢ 2K
This result is very similar to the expression for the variance Hs= MOMS+ Ha. @)

in ¢ due to ripple caused by lateral variations in the anisot-B . his field lize th lied ic field
ropy direction, since both effects follow from a similar en- y using this field to normalize the applied magnetic fie

ergy minimalization procedur@ee, e.g., Ref. 29 for an over- strengths a relatively simple expression is obtained for the

view of ripple theory. The difference is that the latter results gormalljzetz)d Ienergy densr:tg(¢) (normalized quantities are
in lateral (statig variations of the magnetization direction, enoted by lowercase characfers

which show up in microscopy imag@€°and in global mag- E(¢) ) ,
netization measuremerftsyvhile the former results in varia- e(p)= M. 2 cos ¢—h, sin ¢—h, cos ¢,
tions in the time domain. (8)

For small angle fluctuations, the varianeg of the re-

sistance is proportional to the varianaé of the magnetiza- whereh=H;/H; andh =H,/H,. The dependencies of the

resistance on the angte have been modelled by:

tion angle:
Raur(#)— R
o2= % >2XU<2;3 rAMR((b):%:COSZ b, (93
¢:¢o

R -R

IR 2 (aZE )1 rep(@)= %20032( - %) (9b)
=kT| — X| — . (5)

aps ) 9¢?| _

o e ol 6)= T2 (1 sing), (90

Below, the transfer factoraR/<9¢|¢= (,,0)2 betweenaﬁ and

a’é is abbreviated ag?. in which Ry is the minimum resistance aniR,yg and
This result has an intuitive interpretation: the magnetizaARgyr are the maximum resistance changes for AMR and

tion direction fluctuates in around the energy minimum withGMR, respectively.

a variance inversely proportional to the curvature at the mini-  Using these expressions, the field dependence of the

mum [see Fig. 8&)]. The curvature at the minimum is a variance of the resistance is calculated for the three MRE

measure for the magnetic stability of the element, a deepaypes investigated and a comparison with the experimentally
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determined 1f/ noise level is made. First, the case withoutlow field part (h]/<1) may be approximated by
longitudinal magnetic field will be described. Later, the de-a'rZ/kT%(ht— 1)(h,+1). The transfer factor? [Fig. 9i)] is
pendence on this field will also be discussed, as well as theonzero above saturatiofh(|>1), and therefore this MRE
influence of a small AMR contribution to the noise of a does have a nonzero variance of the resistance
GMR-based MRE. o?lkT=(|h]—1)"* in the saturated state, unlike the other
two MREs.

Figures 9k)—9(o) show the results of the model calcu-

In Fig. 9 the results of the model calculations are prelations for the GMR-based MRE. For these calculations, it is
sented for the three different MRE configuratiopsnly ~ assumed that only the free layer is able to fluctuate, i.e., the
AMR in Figs. 9a)—9(e), AMR using the barber pole geom- pinned layer is held fixed rigidly with the magnetic moment
etry in Figs. )—9(j) and only GMR in Figs. &)—9%0)] for  aligned along the positivi, direction or, i.e., the pinning to
applied transverse magnetic field only, i.e,=0. The top the antiferromagnet is assumed to be sufficiently strong. As
two rows of Fig. 9 represent the variation upon applying adiscussed above, no magnetic interactions have been as-
tranverse magnetic field of the equilibrium magnetization di-sumed between both magnetic layers. For this MRE type, the
rection sinp, [Figs. 9a), 9(f), and 9k)] and the equilibrium  transfer factors? [Fig. 9n)] compensates the divergence at
resistance (o) [Figs. 9b), 9(g), and 41)]. These are calcu- |h/=1 of the variationai of the magnetization anglé-ig.
lated from the equilibrium angleb, that follows from Eq. 9(m)]. Like for the AMR-based MRE, this leads to a finite
(8), and substitution in Eq9). The field variations of the variancear2 of the resistance dh=1 [Fig. 90)]. Within
variances of the magnetization angh% [third row, Figs. this model, the variance of the resistanoé/sz% for
9(c), 9(h), and gm)] and the resistancer,2 [bottom row, |h]<1. Because the transfer factor vanishes above satura-
Figs. 9e), 9(), and 90)] are obtained from Eq4) and Eq.  tion alsoo? disappears fofh,|>1.

A. Without longitudinal field

(5), respectively. The transfer facto;vzz((?R/a¢|¢,= ¢o)2 Both AMR-based MREs show a qualitative similarity
between these quantities is shown in the fourth f@igs. between field dependence of the calculated variance of the
a(d), 9i), and 9n)]. resistance and the experimentally observed 1/f noise level at

The variation of the magnetization upon appying a trans1 Hz. The AMR-based MRE without barber pole indeed
verse magnetic field is the same for all three measuring geshows the double peak structutéig. 5(b)], where(as dis-
ometries since all magnetic entities are assumed to be ide§uSsed in Sec. ljithe difference in the two observed peak
tical. As can be seen in Figs(#, 9(f), and 9k), for |h|<1 helghts_ma_ly be expla_med by a misalignment of the _applled
the transverse magnetization componbhsing, increases Magnetic field. The width of the peaks may be explained by
linearly with transverse applied field. This is the well known démagnetization or ripple effects. Also for the AMR-based
hard-axis magnetization curve for magnetic systems in whicVRE with barber pole the theory reproduces the three ex-

the (effective uniaxial anisotropy is dominant. Foh,|=1  Perimentally observed peakBig. 6(b)], two large peaks at
the magnetization direction is along the field direction. the saturation fields and a smaller peak at zero field. For the

The magnetization direction is relatively stable at smallGMR-based MRE the agreement between experiment and
applied fields and again in high applied fields, as may bdheory is less satisfactory. The experiment shows a huge
seen from the variance? of the magnetization angligs. ~ Peak[Fig. 7(b)] where the calculations predict a plateau. It
9(c), 9(h), and gm)]. At the saturation field|p,|=1), how- will be shown below that by takln_g a small superlmpoged
ever, o4 diverges, a characteristic result which is also”MR effect into account theory will yield a better predic-
present in Hoffmann’s linear ripple thedfyand is qualita- tion. ] o ]
tively confirmed by microscopy® and magnetizaticit It is noted thfit within .the .present model the field c_iep_en—
data. dence of the noise contributions due to thermal excitations

The field dependence of the resistance noise for th@nd due to field fluctuations are identical for fie|tig<1, if
AMR-based MRE may be understood from Fig&)9-9(e). the qmpl_itudg of the figld .fluctuations.is .indetpende_nt of the
The resistance changEig. 9b)] upon applying a transverse gpplled field, if no !ongltudlnal mggnetlc field is applied, and
magnetic field shows the characteristic parabolic behaviof only a CO§.¢ anisotropy term is present. Whédn=0 or '
for |h]<1 and saturates to the low resistance state at higha¥hen the anisotropy also contains other terms, both contri-
fields. The variancer(zﬁ of the magnetization ang[&ig. 9(c)] butions show_a pllfferent dependence on the applied trans-
diverges as the saturation field is approached, but this j¥€rse magnetic field.
compensated by a vanishing transfer factgr[Fig. Ad)].
The result is a finite variance? of the resistance ah|=1
[Fig. 9e)]. For |h]<1 the variance of the resistance in-
creases quadratically with the field, i.er,zlkT= 4ht2. For In certain applications a longitudinal field is applied to
higher fields(rr2 is zero. an MRE, e.g., when domain wall formation should be pre-

The results for the AMR-based MRE with the barbervented or when a specific rotation direction is desired. In
pole geometry are presented in the Figd)-99(j). For this some cases the longitudinal field is not applied externally,
MRE, the divergence of the variana:ef'é of the magnetiza- but is already present due to geometrical effects. For ex-
tion angle[Fig. 9h)] is not compensated by a vanishing ample, the current distribution in the metallization layer of
transfer factory? [Fig. %i)] at |h,/=1, and therefore the the barber pole geometry will generate a field with a longi-
varianceo? of the resistanc¢Fig. 9)] diverges, too. The tudinal component.

B. With longitudinal field
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FIG. 9. Results of the model calculations for MREs basedapn(e) the AMR effect,(f)—(j) the AMR effect linearized using the barber pole geometry, and
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The application of a longitudinal field can also be usedof a longitudinal field. This can be used as an additional test
as a tool to obtain additional insight in the origin of the for the model presented above. In Fig. 10 the calculated ef-
excess 1/ noise. The noise level depends on the magnetidect of a longitudinal field on the magnetic properties of a
state of the system, which can be changed by the applicatiosingle magnetic layer is shown. The magnetic respdRige
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FIG. 10. The calculated effect of a longitudinal magnetic field(anthe

magnetic response an@) the variance of the magnetization angle of a FiG. 11. The calculated effect of an applied longitudinal magnetic field on

single magnetic film in an applied transverse field. The different curves argg) the MR curve andb) the variance of the resistance due to thermal

for hy=0 (thick) and h;=0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, and(tin), excitations of the magnetization direction, for an AMR-based MRE. The

increasingh, values correspond t@) a decreasing slope of the sfig curve  ifferent curves are foh, =0 (thick) andh,=0.01, 0.02, 0.05, 0.1, 0.2, 0.5,

and(b) a decreasing’, . 1, and 2(thin), increasind, values corresponding @) a broadening of the
MR curve and(b) a decreasing? at |h,|=1.

10(a)] is smeared out, reflecting the smoother reversal of the

magnetic moment upon applying a transverse magnetic field.

As a result the variancefﬁ of the magnetization anglé-ig.

10(b)] reduces in amplitude in the whole field range and the

divergences afth,| =1 disappear. . ; . :

A similar broadening is observed in the calculated mag- 119.5 (@) /'\
netoresistance curve of an AMR-based MRE, as shown in
Fig. 11(a) for increasing applied longitudinal magnetic fields. 119.04 /
This means that the MRE sensitivitglope of the magne-
/

R (@)

toresistance curyedecreases. As can be seen in Figbl,1
also the variancef,2 of the resistance decreases, especially
around|h,|=1. Another observation is the shift of the maxi-

118.5F

mum ino? to higher transverse fields for increasing longitu- 118.01 I
dinal fields. l t y
Qualitatively, these trends are also observed in the ex- N 5 (b)
periment as shown in Fig. 12. The resistance cUivig. T 07 l
12(a)] becomes broader as the longitudinal field is increased -
andS, at 1 Hz decreases significanfllig. 12b)]. The shift S 2x105f 1
in the peak position is not resolved experimentally. E
The same trends are predicted for the AMR-based MRE & 1105k ]
with barber pole metallization, as is shown in Fig. 13. The s
resistance curve broadefisg. 13a)], the maximal variance >
of the resistance decreases and the field at which the maxi- % ™ 5 o 2 4 6
mum is obtained shifts to higher valugsg. 13b)]. Also for H, (kA/m)
the GMR-based MRE a broadening of the resistatig. t
14(a)] and the variance of the resistariédg. 14b)] is pre-
dicted. FIG. 12. Experimental observation of the effect of an applied longitudinal
magnetic field or(a) the MR curve andb) the voltage spectral density at 1
C. Combined GMR and AMR Hz for an AMR-based MRE. The applied longitudinal fields &fg=0

. . . (circles, 0.4 (squares and 1.6(diamond$ kA/m, corresponding td =0,
In the experimental GMR-based MRE, in addition to theg 13, and 0.51, respectively. The dashed lines indicate the estimated satura-

GMR effect also an AMR effect is present due to the rotationtion fields = H, for this geometry.
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FIG. 13. The calculated effect of an applied longitudinal magnetic field onFIG. 15. The calculated effect of an applied longitudinal magnetic field on
(@) the MR curve andb) the variance of the resistance due to thermal (g) the MR curve andb) the variance of the resistance due to thermal
excitations of the magnetization direction, for an AMR-based MRE with excitations of the magnetization direction, for an MRE in which both GMR
barber pole metallization. The different curves are lip=0 (thick) and and AMR are presentd=0.1). The different curves are fdr,=0 (thick)
h;=0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, and(tain), increasingh, values  andh,=0.01, 0.02, 0.05, 0.1, 0.2, 0.5, 1, andtgin), increasingh, values
corresponding t¢a) a broadening of the MR curve arit) a decreasing? corresponding t¢a) a broadening of the MR curve aith) a decreasing-?
ath,=0. at|h]=<1. The dashed lines are the results for only GKIB., 5=0) with-
out applied longitudinal fieldi.e., h;=0).

of the free magnetic layer. This AMR effect, although small

1.00}(a | compared to the GMR effect, will also have an influence on
the noise. Therefore, model calculations have been per-
0.75} ] formed in which both the GMR and the AMR effect are
. present. The resistance is modelled by:
& 050 .
ey v +oMr(¢) =3 (1—sin ¢)+ & cos ¢, (10
0.25} .
where 6 now represents the amplitude of the AMR effect
0.00} i relative to the GMR effect. Using this formula, the resistance
¢ t t t ; and noise have been plotted in Fig. 15 &+ 0.1. Figure
0.3 | (b) i 15(a) shows that as a result of the additional AMR effect the
magnetoresistance curve is non-linear. The field dependence
- o2l | of the variance of the resistance due to thermal excitations of
:\c ' the magnetization as shown in Fig.(bbis found to be not
o~ simply the addition of the contributions due to GMR and
©  01r 1 AMR. The values ah,= +1 are found to be strongly differ-
ent and the variance of the resistanies well as the sensi-
0.0} - tivity) is expected to be lower than for a pure GMR-based
. . A L : MRE for h;<0. The field dependence of the variance of the

-4 -2 0 2 4 resistance can be looked upon as an asymmetric single peak,
with a maximum at, or somewhat below=1 for small
applied longitudinal fields, decreasing gradually down to the
FIG. 14. The calculated effect of an applied longitudinal magnetic field onnegative saturation field. This asymmetric field dependence
@ 'the. MR curve andb) t.he yariar_wce pf the resistance due to thermal is roughly as observed in the experime{rﬁig. 7(b)]. It
excitations of the magnetization direction, for a GMR-based MRE. The L
different curves are foh,=0 (thick) andh,=0.01, 0.02, 0.05, 0.1, 0.2, 0.5, should be_rPOted that the_amount of asymmetry of the noise is
1, and 2(thin), increasingh, values corresponding 1@ a broadening of the ~ VETY Sensitive to the ratio between the GMR and AMR ef-

MR curve and(b) a decreasing? at |h,|<1. fect.
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