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Nanoscale dissipation and magnetoresistive 1/ f noise in spin valves
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Spatial correlations of 1/f noise in yoke-shaped, giant magnetoresistance spin valve sensors are reported. An
upper bound of 135 nm, corresponding to a magnetic volume of <10° nm?, is determined for the lateral size of the
magnetic fluctuators responsible for the magnetoresistive 1/f noise in regions where the resistance susceptibility
is large. The normalized noise power is found to scale inversely with the separation between voltage taps along
the arm of the yoke, also consistent with a local noise mechanism. The magnetoresistive 1/f noise is associated
with quasiequilibrium fluctuations in the micromagnetic structure having a length scale set by the disorder formed
during the deposition and processing of the materials stack.
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I. INTRODUCTION

Studies of magnetic noise date back to early work by
Barkhausen' on domain wall motion in ferromagnets. In many
systems, such as soft amorphous magnets,”> spin glasses,>?
and even nominally nonmagnetic surfaces and interfaces,*
the spectral density of the magnetic fluctuations exhibits an
increase with decreasing frequency f that is approximately
proportional to 1/f. The measured spectral density of the
magnetic noise and the dissipative part of the magnetic suscep-
tibility are often found to satisfy the fluctuation—dissipation
relationship.>> Although this indicates that the magnetic
1/f noise is a thermal and equilibrium one, the underlying
mechanisms of the magnetic fluctuations are less clear. They
usually involve, e.g., transitions of domain walls over energy
barriers, tunneling of magnetization, or hopping of various
structural defects, and invoke a distribution of metastable
states created by disorder that leads to the formation of a 1/f
noise spectrum. Recently, surface spin relaxation phenomena
have been implicated as a source of 1/f magnetic flux noise
in superconductors, which had been a puzzle for nearly
30 years.’

Magnetic 1/f noise can also be a dominant source of
interference in spin-based magnetoelectric devices,” which
consist of layered structures of magnetic and nonmagnetic
thin films. One such device is the spin valve (SV). It
consists of two ferromagnets that are separated by a thin
normal metal spacer. The interplay between magnetism and
electric currents in such structures leads to giant magne-
toresistance (GMR) and tunneling magnetoresistance (TMR).
However, a comprehensive understanding of coupled current
and magnetization noise in magnetoelectric structures is
lacking and is of recent theoretical interest, particularly in
nanostructures.® SVs provide a means to indirectly measure
the magnetization noise in such structures via resistance
fluctuations.

Further investigations of magnetic noise and related energy
dissipation are of great practical importance for miniaturizing
and improving the performance of spin-based electronic
devices, such as magnetic random access memory’ and
magnetic field sensors,'® and for guiding the search for low loss
materials in superconducting qubit circuits used for quantum
information processing.'!
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GMR and TMR magnetic field sensors are known to
exhibit excess low-frequency resistance noise with a 1/f
power spectrum.'®!%13 In general, the power spectral density
of the resistance fluctuations is well described by a Hooge-like
expression'*

R2
Sr(f) =« ik
where R is the direct current (DC) resistance, f is the frequency,
B is the spectral slope, and €2 is the volume.

The Hooge parameter o may have contributions from both
electronic and magnetic mechanisms.!> Thermal magnetiza-
tion fluctuations, in particular, lead to magnetoresistive (MR)
noise that limits the sensitivity of GMR and TMR sensors
at low frequencies.'?''®"'® Equilibrium magnetization noise
is related to the out-of-phase magnetic susceptibility x,(f)
through the fluctuation dissipation theorem,'” i.e.,

Su(f) = xu(F)2kpT /7 Qo f)-

MR noise that has a 1/f spectrum therefore requires that
the dissipative component of the magnetic susceptibility be
independent of frequency at low frequencies. For single
magnetic domain particles, the solution to the Landau-Lifshitz-
Gilbert equation yields yx,; ~ f in the low-frequency limit,
roughly <1 GHz. This results in magnetic white noise that
has a frequency-independent power spectrum, rather than a
1/f spectrum.'® The nature of the fundamental fluctuating
magnetic entities that give rise to stationary MR 1/f noise
in SVs is still emerging; it has been associated with metastable
magnetic microstructure in the magnetic layers of the SV 121520
and with a Jordan-type magnetic aftereffect.!”

In ferromagnetic materials and heterostructures, a number
of magnetic length scales exist as a result of the interplay
among magnetostatic, anisotropy, and exchange energies. In
this regard, spatial correlations of the MR 1/f noise are
of fundamental interest for revealing the length scales over
which dissipation occurs in nanometer-thick magnetic films.
Experimental studies of the spatial correlations of magnetic
noise are sparse. For example, Raquet et al.?' reported no
spatial correlation of the fluctuations between two adjacent
Hall bars patterned from a thin film of nickel and concluded
that the magnetic 1/f noise was uncorrelated on the scale of
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600 nm. However, investigations of the correlation length scale
for MR 1/f noise in materials stacks used for SV magnetic
sensors are lacking yet remain important for guiding the
development of theoretical models for the magnetic noise in
magnetoelectric heterostructures, micromagnetic simulations,
and materials improvement and processing. In addition to
magnetoelectric devices, studies of the spatial correlation of
magnetic noise maybe of potential importance for improving
superconducting quantum interference device magnetometry
and qubits by further revealing the role of interactions and
collective effects between surface spins in generating 1/f flux
noise.!!

Here, we report on the spatial correlations of the MR 1/f
noise in GMR SVs. Fluctuations between adjacent voltage taps
are mainly uncorrelated, particularly for the exchange-pinned
layer, and indicate that the lateral length scale for spatial
correlations is less than the minimum separation between
voltage taps, i.e., 300 nm. Moreover, the normalized noise
is found to scale inversely with the distance between voltage
taps. The data indicate that the mechanism for MR 1/f noise
is local and results from a distribution of magnetic fluctuators,
which are defined by the disorder formed during the deposition
of the magnetic layers.

II. EXPERIMENTAL METHODS

Sputter-deposited SVs were patterned into yoke-shaped
devices that have the crossed-anisotropy configuration used
for a magnetic field sensor. The yoke-shaped design (Fig. 1)
promotes a stable domain structure in the long arm of the yoke,
reducing “burst” noise associated with macroscopic domain
wall motion.??> Yoke SV sensors were originally designed for
tape heads, and they have been used more recently by Pannetier
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FIG. 1. (Color online) (a) The pattern design for type A yoke devices. (b) An optical image of a type A device that has equally spaced
voltage taps. (c) The pattern design used for type B and C devices. (d) A scanning electron microscopy image of a type C yoke SV structure
with a 600-nm width patterned by single-step electron beam lithography. An external magnetic field is applied perpendicular to the long arm
of the yoke structure, and a bias current is injected at the ends of the yoke’s long arm. The corresponding dimensions and labels for electrodes
in (a) and (c) are listed in Table I.
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et al. in a mixed sensor.®> The yoke is patterned relative to the
exchange-bias direction, which was set by the application of
a 20-mT magnetic field during film deposition. The crossed
anisotropy required for a linear response is illustrated in
Fig. 2(a). It is established by having the top magnetic layer
exchange-bias pinned in a direction perpendicular to the long
arm of the yoke, while shape anisotropy ensures that the bottom
(so-called free) magnetic layer’s easy-axis is along the arm.
The field to be sensed is then applied in plane and transverse to
the long arm, as depicted in the top panel in Fig. 2. Ideally, this
causes the free layer to rotate coherently, which yields a linear,
low hysteresis transfer curve in the MR response around a zero
field suitable for sensor applications. Another commonly used
configuration is illustrated in Fig. 2(b). It involves collinear
anisotropy, wherein the shape anisotropy direction of the free
layer and the exchange-bias direction of the reference layer are
set to lie along the same axis. This causes the magnetizations
in the two layers to be aligned either parallel or antiparallel to
one another in a zero-applied field.

Three types of SV devices were produced from stacks
deposited using a Shamrock sputtering tool: the SV stack
used in type A devices was Si/SiO,/Ta (5)/NiFe (3.5)/CoFe
(5)/Cu (2.4)/CoFe (3.5)/IrMn (10)/Ta (5), and for both B and
C devices, it was Si/SiO,/Ta (5)/NiFe (3.5)/CoFe (1.5)/Cu
(2.9)/CoFe (2.5)/IrtMn (10)/Ta (5), where the parenthetical
numbers indicate the layer thickness in nanometers. Similar
materials stacks are used to fabricate commercially available
GMR magnetic sensors for low-frequency applications. Stacks
were patterned using photolithography and electron beam
lithography followed by argon ion milling. The dimensions
of the yoke structures are denoted in micrometers as (w, [, m),
where w is the width of the yoke arm, / is the length of the whole
yoke structure, and m is the transverse dimension of the yoke
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FIG. 2. (Color online) Sketches illustrating the yoke geometry
and devices that have (a) crossed-anisotropy and (b) collinear
anisotropy configurations for the pinned and free magnetic layers.
The arrows in (a) and (b) depict the nominal orientation of the
magnetization in the two layers in the zero-applied field for crossed
and collinear anisotropy, respectively. For both cases, the external
field was applied perpendicular to the long arm of the yoke, as
indicated in the top panel.

(see Figs. 1(a) and 1(c) and Table I). The dimensions were (5.0,
405, 55) for type A, (2.0, 16.0, 6.0) for type B, and (0.6, 15.6,
3.6) for type C. Electric contacts to type A yokes were made
by depositing copper electrodes directly on top of the yoke [as
shown in Fig. 1(b)] in a second lithography step followed by
liftoff. Contacts to type B and C devices were patterned directly
into the multilayer stack [see the scanning electron microscopy
image in Fig. 1(d)]. Although the micromagnetics of the yoke
arm are altered slightly in the latter case, these contacts had
much lower resistance and added no excess noise. Voltage
contacts in type A samples were designed with a uniform
20-um spacing; the spacing between adjacent voltage contacts
(labeled e to e¢) for type B and C devices is listed in Table 1.

III. RESULTS

Conventional four-probe MR and voltage noise measure-
ments were performed under constant current bias.'® A
current of 250 uA was typically applied. The magnetic field
dependence was measured by varying the applied field uoH
incrementally, typically in steps of 0.5 mT, from positive
saturation to negative saturation and back. The 0.5-mT changes
in field were made by ramping the current in the electromagnet
linearly in time at a rate of 0.1 mT/s. The applied magnetic

TABLE I. Dimensions (in micrometers) of the yoke devices and
spacing between adjacent electrodes. w denotes the width of the
yoke arm, / is the length of the entire yoke structure, and m is the
transverse dimension of the yoke. Columns labeled exy, where X and
Y are numbers, list the spacing between adjacent voltage contacts [see
also Figs. 1(a) and 1(c)]. The nominal yoke resistance between e,
was 65, 23, and 67 2 for type A, B, and C samples, respectively.

Sample set w l m e €3 €34 €45 es6
A 5.0 405 55 20 20 20 20

B 20 160 60 20 10 05 05 05
C 06 156 36 20 10 05 05 05
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FIG. 3. (Color online) Plotted in (a) are the MR and normalized
noise as a function of magnetic field for a w = 5 um yoke type A
device. Data were taken at a 250-uA DC bias, and the MR curves
(black, red, and green) were measured for different pairs of voltage
taps. Noise peaks at —40 and O mT correspond to the switching of the
pinned and free magnetic layers, respectively. The noise data at 5, 10,
and 20 Hz are indicated by circles (black), triangles (red), and squares
(blue), respectively. (b) Ensemble-averaged coherence function 5?2,
between 4 and 8 Hz for different electrodes pairs: B (ess) (black),
e (e35 and esq) (red), and % (e34 and eqs) (green). The dashed line is
a guide to the eye.

field was held constant during the course of the measurements
of the resistance and the averaged noise spectrum. Typically,
measurements at each field took ~60 s and were started
60 s after the field set point was reached. For relaxation
studies, discussed later, both the measurement duration and
the delay time were reduced to measure the resistance and
noise at shorter times (down to a few seconds), but at the
expense of less averaging. Solid lines in Fig. 3(a) show
representative MR curves for different voltage contact pairs
in a type A device. The curves are practically equivalent in
terms of MR and switching fields. The power spectral density
of the voltage fluctuations Sy, was measured between 1 and
1000 Hz, corrected for background noise from the electronic
instrumentation, and then normalized by f/V,?> where V is the
DC voltage across the respective contact pair. The normalized
noise fSy/V? is also plotted in Fig. 3(a) using symbols
for three frequencies: 5, 10, and 20 Hz. When the device
is at positive saturation, only thermal (Johnson) background
noise is measured. There is a peak of the noise power near
0 mT during the magnetic reversal of the free layer. The
noise then decreases when the two ferromagnetic layers are
in an antiparallel configuration. Another pronounced peak in
noise power occurs during the reversal of the pinned layer.
Finally, the noise drops to the same thermal background level
when negative saturation fields are reached. The quantity
fSy/V? will be a constant at all frequencies for 1/f noise,
and it will increase linearly with f for the background thermal
(white) noise. The data in Fig. 3(a) indicate that during the
magnetization reversal, the low-frequency magnetic noise has
a 1/f spectrum. Spectrum 3 in Fig. 4 is an example of a 1/f
spectrum measured near the peak in noise power due to the
reversal of the pinned layer in a type A device.

The noise in the reversal regions is attributed to equilibrium
magnetization fluctuations'® or irreversible magnetization
creep,”* which couple to the resistance through the GMR
effect. Over a period from 10! to 10° s after a 0.5-mT step
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FIG. 4. (Color online) Voltage noise power spectral densities
measured in a type A device and a type B device that has collinear
anisotropy. Spectrum 3 for the type A device was measured near
—35 mT in Fig. 3, corresponding to the reversal of the pinned
layer. The spectrum is very close to 1/f. For the type B device,
a Lorentzian-like spectrum (spectrum 1) is observed across e at
9 mT, where the coherence for e;zess is largest (see Fig. 8). In
contrast, a 1/f-like spectrum (spectrum 2) is found at —12 mT, where
the coherence is small and close to 0.01.

change in the applied field is made, the resistance relaxation
due to the free layer is small; e.g., in the type A sensor device,
it is ~0.6%. Furthermore, most of the change in MR 1/f noise
power (up to a factor of 2) occurs in the first 100 s (1000 s for the
pinned layer) after the applied field is changed; at longer times,
the magnitude is stationary and the frequency dependence is
still very close to 1/f. Hence, the 1/f spectra we observe from 1
to 10° Hz are associated with dissipative, relaxation processes
resulting from perturbations due to thermal fluctuation fields
SuoH o Sy*(dR/duoH)™", which are of the order 0.1 1T in
our devices.

For stationary, equilibrium magnetic 1/f noise, o often
exhibits a linear dependence on the normalized resistance
susceptibility, 1/R(dR/doH).'> This linear dependence is
evident in the compilation plot shown in Fig. 5 and confirms
that the noise near the switching fields is equilibrium noise
of magnetic origin for all of our devices. Moreover, the
Hooge-like parameters for different electrode pairs on the same
device coincide, indicating that « is independent of the volume
of sample being probed; i.e., the fluctuating entities are small in
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FIG. 5. (Color online) Hooge parameter during magnetization
switching plotted against 1/R(dR/du,H) for different volume sec-
tions in type A (circles) and B (triangles) samples. Free and pinned
layers are depicted by open and solid symbols, respectively. The
dashed line has unit slope and is a guide to the eye.
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FIG. 6. (Color online) Normalized noise power plotted as a
function of the inverse of the voltage tap separation d in a type A
(squares) and a type C (triangles) device. Data are shown for noise
measured in the region of the pinned and free magnetic layer’s reversal
for the type A and C device, respectively. Solid lines are linear fits to
the data forced through the origin.

comparison to the sample volume. This is further corroborated
by Fig. 6, which shows that the normalized noise powers in
a type A and a type C device scale inversely with voltage tap
separation.

Spatial correlations of the MR noise between pairs of
voltage electrodes were quantified by computing an ensemble-
averaged coherence function defined as

1S12(f)I?
SIS

where S, is the cross-power spectral density of the two signals
and S; and S, are the individual voltage spectra measured
across different voltage taps. The statistical error for the
average coherence scales as 1/N, where N is the number of
averages; N = 100 for our data.

In Fig. 3(b), we plot 17, as a function of field for different
electrode pairsinaw =5 um (type A) yoke. For a single pair of
electrodes, eys, ’7%2 = ’7%1 ~ 1 as expected. r;fz( f) decreases
whenever the sample’s MR 1/f noise becomes comparable
to the background noise, which is mostly incoherent noise
from the amplifiers. The decrease is usually observed at high
frequencies and near saturation, where the MR 1/f noise
is greatly reduced. This effect can be corrected using the
procedure detailed in Ref. 26. After correction, n2,(f) was
found to be independent of frequency out to at least 1 kHz
at all fields. We report the mean value of the coherence
function for frequencies <50 Hz to avoid artifacts associated
with power line pickup. For adjacent electrode pairs (e.g.,
e34 and eys), 71%2 ~ 0.01 near the reversal fields, indicating
negligible spatial correlation. Finally, n?, &~ 0.25 when half
the volume is shared between electrodes, such as between e3;s
and es4. The ensemble-averaged coherence function can miss
correlations that are phase shifted along the length of the yoke
arm. However, there was no evidence of this in the imaginary
part of the cross spectrum, which was featureless. These results
indicate that the lateral length scale of the fluctuating magnetic

mh(f) =
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FIG. 7. (Color online) Ensemble-averaged coherence function
between 18 and 42 Hz for a type C device and its MR curves (inset)
measured across corresponding electrode pairs.

entities is necessarily <20 pm, the separation between any pair
of adjacent electrodes.

Figure 7 shows the corresponding results for aw = 0.6 um
(type C) yoke sample that has a variable spacing of 0.5-2.0 um
between adjacent electrodes. The MR curves from different
sections along the yoke are less uniform than for the w =
5 um yoke device, suggesting nonuniform magnetization of
the magnetic layers in the active volume of the sample. The
averaged coherence function shows similar behavior compared
to that observed in larger-scale yokes. When the same electrode
pair is measured, 73, ~ 1 was observed. At saturation in high
fields, r;fz is reduced to 0.8 due to incoherent background
noise. Near the magnetization reversal fields, n7, ~ 0.01 was
observed again for adjacent electrode pairs, which is 0 within
the statistical error. Hence, we conclude that the spatial
correlation length of MR 1/f noise is less than a few hundred
nanometers.

Figure 8 shows the averaged coherence and a representative
MR curve (ey) foraw =2 um (type B) yoke device, in which
the yoke arm was patterned to be along the exchange-bias
pinning direction. This device has collinear anisotropy, rather
than crossed anisotropy. Although not suitable as a sensor,
the magnetization reversal in this device shows the influence
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FIG. 8. (Color online) The MR curve measured for ¢, on a type
B device, with the easy-axis of the free layer and the pinned layer
both along the long arm of the yoke. Symbols represent the ensemble-
averaged coherence function between 18 and 42 Hz as a function of
applied magnetic field measured for e3es6 (M, black), ecess (o, red),
and €34€56 (*, blue).
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of macroscopic domain wall motion on the noise and spatial
coherence. Under the zero-applied field, the free layer and the
pinned layer are practically aligned in the same direction; a
small angle between their respective magnetization may be
caused by misalignment during the patterning process. When
a magnetic field is applied transverse to the yoke arm, both
the free and the pinned layers align along the field direction,
with the free layer leading. Hence, the MR first increases as
the angle between the two layers increases. After the free
layer magnetization is aligned with the applied field, further
increase in field aligns the pinned layer, reducing the angle and
causing the resistance to decrease and then saturate when the
magnetizations of the two layers are parallel.

At positive and negative saturation in Fig. 8, the coherence
for all three electrode pairs investigated is as expected for
a system without spatial correlation. Because the volume of
electrode pair eyq is twice that of eys, we expect rﬁz ~ (.25
in the absence of spatial correlations, which is close to what
is measured. However, during magnetization reversal, there is
an increase in the coherence function for all three electrode
pairs. The value of the coherence function varied depending
on the electrode pairs, but it did not show a distinct trend.
Noise spectra were measured at 9 mT, where the coherence is
largest. At this field, most of the resistance change is due to
the free layer. The spectra exhibited strong deviations from a
1/f slope that were characteristic of Lorentzian-like spectra,
i.e., that have a frequency-independent spectral density at low
frequency and drop off much faster than 1 /fat high frequencies
(see spectrum 1 in Fig. 4). In contrast, noise measured at fields
where 17, ~ 0.01 showed 1/f-like spectra (e.g., see spectrum 2
in Fig. 4). Large coherence values and Lorentzian spectra were
also observed near 29 and 49 mT, where the pinned layer is
undergoing reversal. These Lorentzian spectra are attributed to
a macroscopic magnetization process and suggest that domain
wall propagation, or domain wall hopping between two or
among more pinning sites, introduces large spatial correlation
in the measured low-frequency noise spectra. This behavior
differs from the absence of coherence for MR 1 /fnoise, which
is due to the superposition of a large number of independent
magnetic fluctuators, each of which has a similar magnitude.
The increase in coherence in Fig. 8, presence of Lorentzian-
like spectra, and deviations from an inverse volume scaling of
the magnetic noise are indicative of the noise being principally
due to a small number of large magnetic fluctuators.

Comparing Figs. 8 to 7 highlights the importance of do-
main structure engineering for attaining well-defined crossed-
anisotropy geometry in magnetic sensor designs. In devices
where the magnetization reversal process is poorly defined,
macroscopic fluctuations create undesired excess noise at
low frequencies. Large two-level fluctuators, with a 1/f2
noise spectrum, can be effectively suppressed when the
magnetization reversal process proceeds smoothly by coherent
rotation, just as in the ideal case of a Stoner-Wohlfarth
particle when the external field is applied transverse to its
easy-axis.”’

An upper limit for the fluctuating magnetic volume can
be set by considering that 1/f spectra (not shown) were also
observed in other w = 0.6 um (type C) yoke samples that have
a lateral spacing between electrodes as small as 300 nm. As a
rule of thumb,? a featureless 1/fnoise spectrum results from a
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superposition of more than one active two-level fluctuator per
octave of frequency. In our 1-kHz measurement bandwidth,
there must exist at least 10 fluctuators in this subvolume to
give the featureless 1/f spectrum, suggesting upper limits of
9 x 10* and 4.5 x 10* nm? for the fluctuating magnetic volume
of the free and pinned layers, respectively. This is roughly
10 times smaller than the limit reported by Petta et al.,*® in SV
bridge sensors. Since the exchange length is comparable to the
film thickness, we take the thickness of the magnetic fluctuator
to be that of the magnetic film. The in-plane separation of the
magnetic fluctuators in our sensor is therefore ~135 nm.

IV. DISCUSSION

The preceding results raise the following question: What
are the elementary magnetic fluctuators? Micromagnetic sim-
ulations of yoke-shaped sensors indicate that the long arm of
the yoke is in a single domain state.?” This suggests long-range
spatial correlations of the noise, which are not observed (except
in the collinear configuration, which is not a sensor). At the
opposite extreme, a magnetic volume on the scale of the
exchange length 4> nm3%* is expected to behave as a single
domain particle and give rise to white noise at low frequency
and a noise peak at the ferromagnetic resonance frequency.'’
The nanopolycrystalline nature of sputtered SV films often
leads to magnetization dispersion, i.e., so-called magnetization
ripple, which manifests itself as quasiperiodic variations
perpendicular to the mean magnetization direction.’! The
ripple wavelength is known to depend on the magnetic
anisotropy field Hg, and at remanence, Hoffman theory3?
predicts it is proportional to (Hg)~'/?. In soft magnetic
thin films, such as permalloy, the ripple wavelength tends
to be several hundred nanometers.*> Coherent magnetization
fluctuations over these length scales would lead, in our smallest
devices, to spatial correlations in the noise, which were not
detected.

Another candidate is magnetic inhomogeneities on the scale
of the grain size. In sputtered soft magnetic films, this size is
typically between 10 and 120 nm.** Grain boundaries weaken
the exchange interaction between spins, while within a grain
strong exchange coupling leads to uniform magnetization. In
a single domain state, the magnetization vector in an isolated
grain can fluctuate within a small angle around its equilibrium
value. The equilibrium angle is determined by the minimum
in the magnetic energy density of the grain. For example, in
the Stoner-Wohlfarth model®’ for an isolated magnetic particle
that has uniaxial anisotropy, the energy density has a double
well profile as a function of the magnetization’s angle with
respect to the anisotropy direction. In a film, competition
between underlying disorder (e.g., random anisotropy) and
interactions (e.g., exchange and magnetostatic) between grains
gives rise to nontrivial energy landscapes. It is conceivable
that for any grain there exist magnetic configurations of nearly
equivalent energy separated by an energy barrier. Thermally
driven transitions between two magnetic states separated by
a barrier a few times the available thermal energy would give
rise to low-frequency fluctuations. In a SV, magnetization
fluctuations and sample resistance are coupled by the GMR
effect, so a superposition of a large number of grains that
have two-state magnetization fluctuations with a suitably broad
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distribution of time scales gives the observed 1/f noise.® The
existence of an ensemble of small magnetic fluctuators is
supported by Lorentz microscopy images that show localized
magnetic fluctuators flip-flopping between two configurations
(e.g., see Fig. 2 in Ref. 20).

At present, a clear understanding of the precise microscopic
nature of MR 1/f noise is lacking. For instance, it was shown
previously that a “macrospin” model can predict the form of
excess noise as a function of magnetic field in micrometer-size
SV devices.?>-¢ In this approach, the free ferromagnetic layer
is treated as a macrospin, whose magnetization direction is
perturbed by thermal fluctuations. Hill and Nor®> suggested
that the effective volume for the macrospin is ~10'© nm?.
The noise volume scaling and strongly localized magnetic
fluctuators observed in our present work are obviously not
captured by this model. Also, it is not evident how a broad
band 1/f spectrum emerges from such macrospin models. An
alternative model for magnetic 1/fnoise is based on dynamical
heterogeneity involving localized magnon relaxation.’” A key
feature of this model is that relaxation rates vary exponentially
with inverse size of the so-called correlated regions, which
can be on the order of the magnetic exchange length. Such a
short length scale is consistent with the absence of spatial
correlations in the measured noise. Also, the inverse size
scaling leads to asymmetrical deviations from 1/f behavior.
However, our experimental bandwidth was too narrow to
draw conclusions about asymmetries in the shape of the noise
spectra. Finally, although this model accurately describes the
observed slow magnetic relaxation in, e.g., iron whiskers,?8 the
extent of its applicability to our devices in which the internal
fields are much larger than zero is not clear.

V. CONCLUSION

We used resistance noise to study slow kinetics (>1 ms)
of the micromagnetic structure in yoke-shaped GMR SVs
with crossed anisotropy. The yoke-shaped geometry promotes
uniform magnetization along the long arm of the yoke and
leads to a linear, low hysteretic response of the free (soft)
magnetic layer, which is desirable for sensor applications. The
resistance noise near the magnetic transition regions is due to
quasiequilibrium magnetization fluctuations that couple to the
resistance through the GMR effect. Noise spectra are 1/f-like,
and the absence of spatial correlations in the noise power
between adjacent voltage taps along the arm of the yoke puts
an upper bound of 135 nm for the lateral length scale of the
magnetic fluctuators. The noise power also scales inversely
with the distance between voltage taps. These results indicate
that an ensemble of magnetic fluctuators exists, possibly due
to disorder on the scale of the microstructural grain size in the
sputter-deposited magnetic films.

The dissipative processes that lead to the MR 1/f noise
occur at the nanoscale and can be attributed to reversible mag-
netic reconfigurations that occur through thermal activation
over a barrier. At present, the microscopic mechanisms that
govern MR noise are not fully understood. Further experi-
mental and theoretical investigations are required to provide
guidance in the search for low-noise magnetic materials and
device designs to support improvements in the low-frequency
signal-to-noise ratios of GMR and TMR sensors. Finally, any
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future theoretical treatment of MR 1/f noise will have to
take the local noise mechanism suggested in this study into
account.
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