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Temperature and field dependence of high-frequency magnetic noise
in spin valve devices
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The high-frequency noise of micrometer-dimension spin valve devices has been measured as a
function of applied field and temperature. The data are well fit with single-domain noise models that
predict that the noise power is proportional to the imaginary part of the transverse magnetic
susceptibility. The fits to the susceptibility yield the ferromagnetic resonance~FMR! frequency and
the magnetic damping parameter. The resonant frequency increases, from 2.1 to 3.2 GHz, as the
longitudinal field varies from22 to 4 mT and increases from 2.2 to 3.3 GHz as the temperature
decreases from 400 to 100 K. The shift in the FMR frequency with temperature is larger than that
expected from the temperature dependence of the saturation magnetization, indicating that other
temperature-dependent anisotropy energies are present, in addition to the dominant magnetostatic
energies. The measured magnetic damping parametera decreases from 0.016 to 0.006 as the
temperature decreases from 400 to 100 K. The value of the damping parameter shows a peak as a
function of longitudinal bias field, indicating that there is no strict correlation between the damping
parameter and the resonant frequency. ©2003 American Institute of Physics.
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Advanced data storage applications require magnetic
vices to have submicrometer dimensions and operate at
frequencies in the gigahertz regime. It has been rece
pointed out that high-frequency thermal fluctuations of
magnetization in giant magnetoresistive devices, which s
inversely with the device volume, will become significant
the next generation of recording read heads and will prov
a fundamental limitation on the ability to scale down t
device size and increase the operating frequency.1,2 High-
frequency magnetic noise, in addition to being of practi
concern in device operation, provides a powerful method
characterize the dynamic modes in small magnetic st
tures. Mode frequencies and linewidths~or equivalently,
damping parameters! can be determined over a wide range
applied fields and temperatures. Here, we present the
perature and field dependence of the high-frequency m
netic noise in spin valve devices that show single-dom
behavior and whose noise spectrum can be fit with sim
single-domain models.

The device structures consisted of Ta (5 nm) – Ni0.8Fe0.2

(5 nm) – Co0.9Fe0.1 ~1 nm!–Cu (2.7 nm) – Co0.9Fe0.1 ~2.5
nm!–Ru (0.6 nm) – Co0.9Fe0.1 (1.5 nm) – Ir0.2Mn0.8 ~10
nm!–Ta ~5 nm! multilayers sputtered on oxidized~100! Si
substrates. The films were deposited in a 15 mT field to
the pinned direction of the fixed layer. The fixed lay
~CoFe–Ru–CoFe! was a low-moment synthetic antiferro
magnet. The wafer-level magnetoresistance ratio,RAP

2RP /RP , was 7.8%, whereRAP andRP are the resistance
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with the free and fixed layers antiparallel and parallel. T
wafers were patterned to form spinvalve devices with dim
sions of 1mm by 3 mm. The devices studied here have t
pinned-layer magnetization oriented perpendicular to
easy axis, which is along the long dimension of the devi
The devices were contacted with high-bandwidth transm
sion lines and used overlapping electrodes. The data
sented here are from a device whose resistance, inclu
lead and contact resistance, was 20.2V in the parallel state,
and the change in resistance from parallel to antipara
magnetization states was 1.0V. The free-layer magnetization
switched between its two easy-axis states consistently
longitudinal field of 2.2 mT. The magnetic noise was eva
ated from the measured voltage noise spectrum by subt
ing a reference spectrum in which the free-layer magnet
tion was saturated by applying a large magnetic field alo
the hard axis.

The noise spectra from thermal fluctuations of the m
netization can be related to the imaginary part of the tra
verse susceptibility by the fluctuation-dissipation theorem2,3

Vn~ f !5IDRA kBT

2p f m0Ms
2V

x t9~ f !, ~1!

whereVn is the voltage noise spectrum,f is the frequency,I
is the current through the device,DR is the change in resis
tance from the parallel to antiparallel magnetization stateT
is the device temperature,Ms is the saturation magnetizatio
of the free layer, andV is the free-layer volume. The trans
verse susceptibilityx t( f ) is the ratio of the hard-axis mag
netization,M y , to the applied hard-axis field. The suscep
bility can be determined from the linearized Landau–Lifsh
il:
© 2003 American Institute of Physics
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equation for a thin-film single-domain element and, for a
plied and anisotropy fields much less thanMs , is given by4,5

x9~ f !5
f

g8
am0Ms

3H m0
2Ms

21
f 2

g82

S m0
2~Hk1Hl !Ms2

f 2

g82D 2

1S f

g8
am0MsD 2J ,

~2!

whereg8 is the gyromagnetic ratio divided by 2p ~28 GHz/
T!, Hk is the in-plane anisotropy field,Hl is the longitudinal
bias field that is applied along the easy axis of the dev
and a is the Gilbert damping parameter. The susceptibi
shows a resonance behavior. The imaginary part of the
ceptibility, which describes energy loss from the magne
system, has a peak at the ferromagnetic resonance frequ
f r5g8m0A(Hk1Hl)Ms, with the peak width proportional to
the damping parametera. The saturation magnetization o
the free layer was measured to be 775 kA/m at 300 K. T
value is lower than predicted from the bulk magnetizat
values, due in part to a magnetically dead layer at the T
NiFe interface.6 The anisotropy fieldHk is due predomi-
nantly to magnetostatic shape anisotropy. The meas
room-temperature value of the low-frequency anisotro
field, as determined from the slope of the hard-axis mag
toresistance curve, was DR/2(dR/dHt)

21510.6 mT,
whereas the calculated value for the magnetostatic an
ropy, assuming uniform magnetization, was 8.0 mT. Ot
energy terms enter into the measured anisotropy field, s
as the magnetostatic coupling to the pinned layer and
induced anisotropy energies. These terms are expecte
contribute 0.5–2 mT to the anisotropy field at room tempe
ture.

The measured noise spectra for various temperatures
longitudinal bias fields are shown in Figs. 1~a! and 1~b!. The

FIG. 1. Voltage noise spectra of a 1mm33 mm spin valve device for~a! a
series of substrate temperatures with no applied longitudinal field, and~b! a
series of longitudinal bias fields at room temperature. Both sets of curve
similar, with the resonant frequency increasing and the noise amplitude
creasing as the stiffness fields increase.
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resonance is clearly seen, with the resonant frequency
creasing as the temperature decreases or as the longitu
bias field increases. The longitudinal-field data are simila
standard ferromagnetic resonance~FMR! measurements fo
which the resonant frequency increases and the amplitud
the resonance peak decreases as the stiffness field incre
Comparison of the temperature-dependent data and
longitudinal-field data shows that decreasing the tempera
from 400 to 100 K is roughly equivalent to increasing t
stiffness field by 6 mT.

The data were fit using Eqs.~1! and~2! to determine the
resonant frequencies, anisotropy fields, and damping par
eters. A sample fit is shown in Fig. 2. Here theHk , a, and an
overall scale factor,C, were allowed to vary. All other quan
tities were determined experimentally.Hk determines the
resonant frequency,a determines the width of the resonanc
and C determines the overall scale. The scale factor is p
dicted by Eq.~1! to be C51. However, the experimentally
determined scale factor is expected to be less than 1 s
there are additional high-frequency attenuations of the no
signal due to losses in the microwave circuit. For the d
analyzed here,C varied between 0.1 and 0.4. The fits to th
temperature-dependent noise spectra used a tempera
dependent saturated magnetization measured by a supe
ducting quantum interference device magnetometer.
magnetization measurements, shown in Fig. 3, indicate
the magnetization changes only by 10% over the relev
temperature range. However, the coupling field, determi
by measuring the shift in the free layerM –H loop, increases
from 0.5 to 1.6 mT as the temperature decreases from 40
100 K.

The results of the fitting all the resonance curves
shown in Fig. 4. Figure 4~a! shows the dependence of th
resonant frequency and damping parameter on tempera
The resonant frequency increases from 2.2 to 3.3 GHz as
temperature decreases from 400 to 100 K, indicating an
crease of the stiffening fields with decreasing temperatu
The in-plane anisotropy field increases from 6.9 to 13.6
as the temperature decreases from 400 to 100 K. The ca
lated contribution to the increase in in-plane anisotropy, d
to the effect of increasingMs on the magnetostatic shap
anisotropy, is only 0.7 mT. The measured damping param
decreases from 0.016 to 0.006 as the temperature decre

re
e-

FIG. 2. Fit of the noise spectrum of a spin valve device at 400 K with a b
current of 5 mA. The parameters indicated with an asterisk were allowe
vary. The other parameters were taken from experimental measuremen
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from 400 to 100 K. The room-temperature values of t
damping parameter are slightly less then the valuesa
>0.02 to 0.03! obtained by directly measuring the high
frequency susceptibility of similar spinvalve devices.7 The
rms variation in the magnetization angleu rms for the noise
measurements can be estimated from the fluctuat
dissipation theorem,3 which yields a value of

u rms5 K M y

Ms
L

rms

5A kBT

m0MsHkV
'0.15° to 0.37°. ~3!

These values of magnetization motion are considerably
than those used to directly measure the device susceptib
and are similar to the values used in standard FMR meas
ments. The temperature dependence of the damping co
cient is considerably larger than that observed by FMR
sheet NiFe films.8

The dependence of the resonant frequency and dam
parameter on longitudinal field is shown in Fig. 4~b!. The
measured resonance frequency increases as a function o
gitudinal field in a manner consistent with a constant anis
ropy field. The average anisotropy field, determined from
fits to the data in Fig. 1, ism0Hk59.0 mT, and the maximum
deviation from the mean value is 0.9 mT. The measured
isotropy field is in reasonable agreement with the lo
frequency value, given the uncertainty in determining
free-layer moment and volume. The damping parame
shows a peak as a function of longitudinal field. At lar
positive fields there is a decrease in the damping param
that is consistent with observed behavior in single-la
sheet films.9 The decrease in damping parameter for sm
and negative fields does not correlate with any observa
feature in the longitudinal magnetoresistive response.
resistance has no large variations as the longitudinal fiel
varied until the switching threshold of 2.2 mT, which ind
cates that there is no large change in the micromagn
structure as the longitudinal field is varied.

The increase in coupling field as the temperature
creases has been explained by assuming that there is a
pling component due to magnetostatic interactions aris

FIG. 3. Magnetic moment as a function of applied field for a coupon fr
the spin valve wafer. The field was applied parallel to the fixed-layer m
netization. The hysteresis loops are not centered around zero momen
cause of the fixed moment of the pinned layer. The inset shows the mea
coupling field and relative free layer saturation magnetization calcula
from the hysteresis loops.
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from surface roughness~which is proportional toMs) and a
component due to a temperature-dependent excha
coupling.10 Another possibility, which is more consisten
with the observed temperature dependence of the dam
parameter, is that there are thermal fluctuations of the m
netization at the interfaces of the ferromagnetic layers. T
fluctuations suppress the magnetostatic coupling at hig
temperatures and provide an additional energy-loss me
nism. The micromagnetic fluctuations will depend on appl
fields and may account for the observed peak in the damp
parameter at small longitudinal fields.
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FIG. 4. The resonant frequencies and damping parameters determined
fitting the noise data for~a! the temperature-dependent data with no appl
longitudinal field, and for~b! the longitudinal field dependent data at 300 K


