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High-frequency magnetic noise in magnetoresistive devices being developed for read-sensor and
magnetic random access memory applications may present fundamental limitations on the
performance of submicrometer magnetic devices. High-frequency magnetic noise~HFN! arises
from intrinsic thermal fluctuations of the device magnetization. High-frequency noise spectroscopy
provides a powerful tool to characterize the dynamics and response of small multilayer magnetic
devices. In this study, the noise characteristics of micrometer-dimension spin valves have been
investigated at frequencies in the range 0.1–6 GHz. At frequencies below this range 1/f noise
dominates. HFN measurements, as a function of bias current and longitudinal magnetic field, are
obtained for IrMn exchange-biased spin valves using a 50 GHz spectrum analyzer, low-noise
amplifier, and a microwave probing system. The magnetic noise is obtained by taking the difference
between the noise spectrum of the device in a saturated and unsaturated state. The data can be fit to
simple models that predict the noise power to be proportional to the imaginary part of the free-layer
magnetic susceptibility. There are some important differences between the high-frequency noise
measurements and direct measurements of the device susceptibility~both at the device and wafer
level!. The noise measurements show a smaller damping parameter~a smaller ferromagnetic
resonance linewidth! and additional features due to the presence of nonuniform modes. ©2003
American Vacuum Society.@DOI: 10.1116/1.1582458#
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I. INTRODUCTION

Magnetoresistive devices are currently used in hard-d
read heads and are being developed for use in nonvol
magnetic random-access memory. Performance of g
magnetoresistance~GMR! and tunneling magnetoresistan
~TMR! devices in data storage applications is strongly
pendent on the attainable signal-to-noise ratio. Hig
frequency magnetic noise~HFN! due to thermal magnetiza
tion fluctuations is inversely proportional to device volum
As device sizes shrink and operating frequencies appro
the gigahertz range, high-frequency magnetic noise m
limit performance.1–4 Thermal magnetic noise as a functio
of bias current and longitudinal magnetic field
micrometer-size spin valves has been measured in the
quency range 0.1–6 GHz. Device noise spectra, show
both single and nonsingle domain behavior, will be p
sented.

The test system used in measuring high-frequency m
netic noise is shown in Fig. 1~a!. Noise spectroscopy mea
surements were obtained by applying a dc bias current to
spin valve through a bias tee. The device, coupled thro
the capacitive port of the bias tee, is connected to a low n
amplifier, the output of which is sent to a 50 GHz spectru
analyzer interfaced to a computer. Contact to the spin va
was made via microwave probes to on-chip copla
waveguides inside a variable temperature microwave pr

a!Electronic mail: sburkett@uark.edu
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station. Besides allowing the device temperature to be c
trolled, the chamber also provided shielding from exter
noise sources. Figure 1~b! shows a picture of the microwav
probes contacting a device via a high-frequency copla
waveguide.

The spin valves investigated consisted of Ta~5 nm!– Ni0.8

Fe0.2 ~5 nm!–Co0.9 Fe0.1 ~1 nm!–Cu~2.7 nm!–Co0.9Fe0.1 ~2.5
nm!–Ru~0.6 nm!–Co0.9 Fe0.1 ~1.5 nm!–Ir0.2Mn0.8 ~10 nm!–
Ta~5 nm! multilayers sputtered on oxidized Si substrates. T
GMR stack was deposited in a field of 15 mT to set t
direction of the pinned layer. The blanket films used in fa
ricating the devices had a wafer level GMR ratio of 7.8%
8.1%. The wafer level response of one of the multilayers
shown in Fig. 2. After patterning, the devices typically had
GMR ratio of 5%, which is lower than the sheet level val
primarily due to the lead and contact resistances. Data
sented here were taken from rectangular devices patterne
that the pinned direction was perpendicular to the easy a
which is the long axis of the rectangular device as shown
the bottom inset in Fig. 3. Device widths ranged from 0.6
1 mm, with aspect ratios of 2–4. Spin valves in two differe
contact configurations were investigated. The first type h
overlayed contacts that overlapped the ends of the recta
lar device, leaving only the portion of the device betwe
them electrically active. The second had butted contacts
connected directly to the ends of the device. An atomic fo
microscope~AFM! image of a 0.833.8 mm2 device with
overlapping contacts is shown in the top inset in Fig.
11673Õ21„4…Õ1167Õ5Õ$19.00 ©2003 American Vacuum Society
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Figure 3 shows a hard-axis magnetoresistance curve fo
overlayed-contact device. For the butted contacts, the l
ends of the rectangle under the two contacts are etched a
and the GMR stack is present only in the gap between
leads.

II. EXPERIMENTAL PROCEDURE

The magnetic noise spectrum is obtained through a s
traction process as shown in Fig. 4. First a noise spectru
collected with the device biased at the current and longitu
nal magnetic field of interest. Then a reference spectrum
taken with the spin valve transversely saturated in a 14
externally applied hard axis field. In transverse saturat

FIG. 1. ~a! Diagram of the system used to measure high-frequency magn
noise.~b! Image of microwave probes contacting a device.
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small angle magnetic fluctuations in the free layer do
cause a change in resistance and therefore no voltage
tuations will be measured by the spectrum analyzer. The
ference between the two measured noise spectrums give
noise due to thermal magnetization fluctuations. The no
spectra are then normalized by the amplifier gain and
square root of the spectrum analyzer bandwidth to obtain
device noise in volts per root hertz.

The majority of the data collected could be fit reasona
well using single-domain models that predict the no
power to be proportional to the imaginary part of the tran
verse magnetic susceptibility. The fluctuation-dissipat
theorem2,5 can be used to relate the noise spectra to
imaginary part of the transverse magnetic susceptibility (x t9)
as

tic

FIG. 2. Wafer-level magnetoresistance curve for multilayers used in the
rication of butted-contact spin-valve devices.

FIG. 3. Hard-axis magnetoresistance curve for a 0.833.7 mm2 spin valve
with overlapping contacts. The upper and lower insets show, respectivel
AFM image of a 0.833.7 mm2 spin valve with overlapping contacts and
schematic of the magnetization orientations in zero field.
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Vn~ f !5IDRA kBT

2p f m0Ms
2V

x t9~ f !, ~1!

whereVn is the voltage noise spectrum,I is the bias current,
DR is the difference in device resistance between parallel
antiparallel states,T is the device temperature,Ms is the free
layer saturation magnetization,V is the volume of the free
layer, andf is the measurement frequency. The susceptibi
assuming single domain response, is given by

x t9~ f !5
f

g8
am0Ms

3F m0
2Ms

21
f 2

g82

m0
2S ~Hk1Hl !Ms2

f 2

g82D 2

1S f

g8
am0MsD 2G ,

~2!

whereg8 is the gyromagnetic ratio divided by 2p ~28 GHz/
T!, Hk is the in-plane anisotropy field,Hl is the externally
applied longitudinal field, anda is the Gilbert damping pa
rameter. Fitting the data allowed for extraction of the ma
netic damping parameter~which is proportional to the reso
nance linewidth!, the in-plane anisotropy, and th
ferromagnetic resonance~FMR! frequency. From Eqs.~1!
and ~2!, the resonant frequency is

f r>g8m0A~Hk1Hl !Ms ~3!

and the voltage noise amplitude at the resonant peak is

Vn~ f r !>
IDR

f r
A kBTg8

2paMsV
. ~4!

We therefore expect that the resonant frequency will
proportional to the square root of the applied longitudin
field and the peak voltage noise will be inversely prop

FIG. 4. Raw noise spectra taken with no transverse field and a large t
verse field~sufficiently large so that the magnetization is saturated!. The
difference of these two voltage spectra is shown in the lower trace.
magnetic noise spectrum is obtained by normalizing the difference signa
the system gain and the square root of the system bandwidth~BW!. The
noise spectrum is further smoothed by adjacent point averaging.
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tional to the resonant frequency. For more discussion of
fitting equations and the variation of the damping parame
see Ref. 6.

III. RESULTS

Noise spectra, measured at various bias currents on
overlayed-contact device with an active area of 132 mm2,
are shown in Fig. 5~a!. Figure 5~b! shows a summary of the
FMR amplitude and frequency as a function of bias curr
as obtained from fits to Eqs.~1! and~2!. The device current,
volume, longitudinal bias field, and saturated magnetizat
are taken from experiment andHk , a, and an overall scale
factor,C, are allowed to vary. An example fit is shown in th
top plot of Fig. 5~a!. Hk , which determines the resonan
frequency, is 7.760.1 mT anda, which determines the width
of the peak, is 0.00960.001. The uncertainties in the aniso
ropy field and damping constant predominantly come fr
the uncertainty in the measured film magnetization (m0Ms

51.260.2 T!. The scale constantC, which determines the
overall peak height, is 0.27, indicating that the data do
quantitatively agree with the noise amplitude predicted
Eqs. ~1! and ~2!. Rather, the measured data are 0.27 tim

s-

e
by

FIG. 5. ~a! Magnetic noise spectra from a 133 mm2 overlayed-contact
spin-valve device taken at various bias currents. The fit to the 5 mA da
shown along with the input fitting parameters and the determined value
a, Hk , and f r . ~b! Resonant frequencies and maximum noise amplitu
obtained from fitting the data in~a!. The resonant peak increases in amp
tude and decreases in frequency with increasing bias current.
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that predicted. The experimental data are also seen to fa
more quickly at high frequencies than predicted by Eqs.~1!
and ~2!.

As predicted by Eq.~1!, the amplitude of the FMR pea
increased linearly with bias current. For this device the a
plitude of the resonant peak ranged from 0.04 to 0
nV/AHz as bias current was increased from 2 to 5 mA
decrease of approximately 50 MHz was observed in
FMR frequency as the bias current was increased from 1
mA. The bias current creates hard-axis magnetic fields
slightly change the operating point and stiffness fields of
device. Direct measurement of the resonant frequency s
in a hard axis field gave a 110 MHz frequency shift for a 2
mT field. If we assume that only 60% of the current in t
spin valve flows above the free layer~predominantly in the
spacer layer and fixed magnetic layer! then a 5 mAbias
current will generate a 1.8 mT hard axis field and give
predicted frequency shift of 47 MHz, which is close to t
observed value. Other factors, such as device heating, w
changeMs , will also contribute to the shift in resonanc
frequency with applied current bias.

Noise spectra of the above-mentioned device at a

FIG. 6. ~a! Series of magnetic noise spectra from a 133 mm2 overlayed-
contact spin-valve device taken at different longitudinal bias field.~b! Reso-
nant frequencies and maximum noise amplitudes obtained from fitting
data in~a! and calculated values. Calculated values were obtained by u
parameters from them0Hl50 fit and inserting the applied field values int
Eqs.~3! and ~4!.
J. Vac. Sci. Technol. A, Vol. 21, No. 4, Jul ÕAug 2003
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current of 3 mA for various longitudinal bias fields a
shown in Fig. 6~a!. Positive bias fields, which are in the sam
direction as the free layer magnetization, increase the s
ness field of the device. As longitudinal field is increased
FMR peak amplitude decreases and the FMR frequency
creases. This behavior is similar to the results of stand
FMR measurements on single layer films.7 Increasing the
longitudinal field by 6 mT resulted in an increase in reson
frequency just over 1 GHz and a decrease in peak amplit
from 0.115 to 0.055 nV/AHz. Figure 6~b! summarizes the
longitudinal field data and fits made to the noise spectra
ing Eqs. ~1! and ~2!. The calculated values were found b
using the parameters extracted from them0 Hl50 mT fit and
inserting the applied field values into Eqs.~3! and ~4!. As
seen in the figure, the resonant frequency change with lo
tudinal field is well predicted by the single domain mod
However, the amplitude of the FMR peak decreases m

e
g
FIG. 7. ~a! Two-dimensional plot of the noise spectra for a longitudinal fie
scan starting at 0 mT, going to 10 mT, back to210 mT, and back to 0 mT.
The plot at the top shows the magnetoresistance of the device taken co
rently with the noise data. The black and blue arrows schematically indi
the orientations of the free and fixed layer, respectively. The square-
dependence of the resonant frequency on longitudinal bias field is seen
the resonant frequency approaching zero near the switching field.~b! Noise
spectra showing the region around the switching event atm0Hl53.5 mT.
Near the switching threshold the resonant frequency approaches zero
the resonance width broadens.
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rapidly than expected as longitudinal bias field is increas
The higher than expected roll-off rate may be due to f
quency dependent attenuation inherent to the measure
system. The frequency response of the entire system is
rently under investigation.

Figure 7~a! shows a two-dimensional plot of the nois
spectra as the longitudinal bias field is swept from 0 to
mT, to 210 mT, and finally back to 10 mT. The magnetor
sistance, taken concurrently, is plotted above the noise s
tra. The magnetoresistance shows that the device swit
between its two easy-axis states at a field of approxima
63.5 mT. Near the switching threshold, the resonant f
quency approaches zero whenHl52Hk as predicted by Eq
~2!. The resonant frequency does not go all the way to
since thermal fluctuations will cause the device to swi
before the energy barrier goes to zero and the energy su
flattens. Figure 7~b! shows the noise spectra near the switc
ing threshold. In addition to a lowering of the resonant f
quency, the width of the resonance increases near the sw
ing threshold (m0Hl522.5 mT!.

Some devices showed nonsingle domain behavior as i
cated by the presence of additional low-frequency no
peaks. One such example is shown in Fig. 8, which sho
the magnetoresistance and noise spectra for a 0.631.8 mm2

butted-contact device measured at various transverse
fields. For this device, micromagnetic structure is eviden
shown by Barkhausen noise in the hard-axis magnetore
tance curves. As the micromagnetic state of the dev
changes, as indicated by the jumps in the MR curve,
low-frequency noise peaks shift in position and amplitud

IV. SUMMARY

We have shown that high-frequency noise measurem
are a useful method to characterize the dynamical struc
of small multilayer GMR devices. Many devices have
noise spectrum that can be well fit with simple single dom
models. The models accurately predict the observed shi
the resonance frequency and qualitatively describe the
off in noise amplitude as a function of longitudinal bias fie
JVST A - Vacuum, Surfaces, and Films
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The shift in the resonant frequency with current bias is p
dominantly due to current-generated fields, and the
quency shift may be an accurate method to determine
internal fields in the device. Finally, the noise spectra c
show fluctuation modes that arise due to micromagn
structure in the devices and may be an important techni
for investigating deviations from single-domain behavior.
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FIG. 8. Magnetoresistance and noise spectra for a 0.831.6 mm2 butted
contact device. The magnetoresistance shows a series of hyste
Barkhausen jumps indicating sudden changes in the micromagnetic stru
of the device. The noise spectra, taken at several points along the ma
toresistance curve, show additional low-frequency peaks.


