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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 resondid®) frequency and

the magnetic damping parameter. The resonant frequency increases, from 2.1 to 3.2 GHz, as the
longitudinal field varies from-2 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 parametéecreases 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. 2@3 American Institute of Physics.
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Advanced data storage applications require magnetic dewith the free and fixed layers antiparallel and parallel. The
vices to have submicrometer dimensions and operate at highiafers were patterned to form spinvalve devices with dimen-
frequencies in the gigahertz regime. It has been recentlgions of 1um by 3 um. The devices studied here have the
pointed out that high-frequency thermal fluctuations of thepinned-layer magnetization oriented perpendicular to the
magnetization in giant magnetoresistive devices, which scaleasy axis, which is along the long dimension of the device.
inversely with the device volume, will become significant in The devices were contacted with high-bandwidth transmis-
the next generation of recording read heads and will providéion lines and used overlapping electrodes. The data pre-
a fundamental limitation on the ability to scale down thesented here are from a device whose resistance, including
device size and increase the operating frequéiayligh- lead and contact resistance, was 2Q.t the parallel state,
frequency magnetic noise, in addition to being of practica@nd the change in resistance from parallel to antiparallel
concern in device operation, provides a powerful method tgnagnetization states was XD The free-layer magnetization
characterize the dynamic modes in small magnetic strucSWitched between its two easy-axis states consistently at a
tures. Mode frequencies and linewidtiier equivalently, longitudinal field of 2.2 mT. The magnetic noise was evalu-
damping parametersan be determined over a wide range of f':\ted from the measured vpltagg noise spectrum by subtract—
applied fields and temperatures. Here, we present the terild & reference spectrum in which the free-layer magnetiza-
perature and field dependence of the high-frequency maﬁ'—On was saturated by applying a large magnetic field along
netic noise in spin valve devices that show single-domai he hard axis.

behavior and whose noise spectrum can be fit with simple t_Tht_e noise sk,)pectrlatfrgr? t?ﬁrmal flgctuatlonts Off:r?e tmag-
single-domain models. netization can be related to the imaginary part of the trans-

The device structures consisted of Ta (5 nm)o Ny,  VE'S susceptibility by the fluctuation-dissipation thedrgém

(5nm)-Co ey (Lnm-Cu (2.7 nm)-Cede, (2.5
nm—Ru (0.6 nm)-CpdFeys (1.5nm)—lg-Mngg (10 Vn(f)zlAR\/

nm)—Ta (5 nm) multilayers sputtered on oxidized.00) Si

substrates. The films were depOSited in a 15 mT field to S%herevn is the Vo|tage noise SpectrumLS the frequencyl

the pinned direction of the fixed layer. The fixed layeris the current through the devicAR is the change in resis-
(CoFe—Ru-CoRewas a low-moment synthetic antiferro- tance from the parallel to antiparallel magnetization stéte,
magnet. The wafer-level magnetoresistance rafRxr s the device temperaturhl, is the saturation magnetization
—Rp/Rp, was 7.8%, wher®,p andRp are the resistances of the free layer, and is the free-layer volume. The trans-
verse susceptibilityy;(f ) is the ratio of the hard-axis mag-

aAuthor to whom correspondence should be addressed; electronic mair:]?.tization’Myu to th_e applied harQ'aXiS. field. The SUS_Cep.ti'
russek@boulder.nist.gov bility can be determined from the linearized Landau—Lifshitz

KeT

mxt(f). (1)
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; FIG. 2. Fit of the noise spectrum of a spin valve device at 400 K with a bias
T T + current of 5 mA. The parameters indicated with an asterisk were allowed to

1 2 3 4 5 6 vary. The other parameters were taken from experimental measurements.
Frequency (GHz)
FIG. 1. Voltage noise spectra of audmx 3 um spin valve device fota) a  resonance is clearly seen, with the resonant frequency in-
series of substrate temperatures with no applled |0ng|tud|nal field(kprad CreaSIng as the temperature decreases or as the |Ong|tud|na|
series of longitudinal bias fields at room temperature. Both sets of curves arg. . . . . . L
similar, with the resonant frequency increasing and the noise amplitude deSlas field increases. T_he Iongltudlnal-fleld data are similar to
creasing as the stiffness fields increase. standard ferromagnetic resonan&vR) measurements for
which the resonant frequency increases and the amplitude of

equation for a thin-film single-domain element and, for ap_the resonance peak decreases as the stiffness field increases.
plied and anisotropy fields much less tHdn, is given by> Com_par_lson _of the temperature-depengient data and the
longitudinal-field data shows that decreasing the temperature
from 400 to 100 K is roughly equivalent to increasing the

f
X'(f)= 7aqus stiffness field by 6 mT.

(2 The data were fit using Egél) and(2) to determine the
MgMng — resonant frequencies, anisotropy fields, and damping param-
eters. A sample fit is shown in Fig. 2. Here tHe, «, and an
X 772 2 (> -
5 f f overall scale factoiC, were allowed to vary. All other quan
po(HtH)M— W + 7 apoMs tities were determined experimentalli, determines the

resonant frequencyy determines the width of the resonance,
2 and C determines the overall scale. The scale factor is pre-
wherey' is the gyromagnetic ratio divided bys2(28 GHz/  dicted by Eq.(1) to be C=1. However, the experimentally
T), Hy is the in-plane anisotropy field, is the longitudinal determined scale factor is expected to be less than 1 since
bias field that is applied along the easy axis of the devicethere are additional high-frequency attenuations of the noise
and « is the Gilbert damping parameter. The susceptibilitysignal due to losses in the microwave circuit. For the data
shows a resonance behavior. The imaginary part of the susnalyzed hereC varied between 0.1 and 0.4. The fits to the
ceptibility, which describes energy loss from the magnetidemperature-dependent noise spectra used a temperature-
system, has a peak at the ferromagnetic resonance frequendgpendent saturated magnetization measured by a supercon-
f, =9 uo(H+H)My, with the peak width proportional to ducting quantum interference device magnetometer. The
the damping parametar. The saturation magnetization of magnetization measurements, shown in Fig. 3, indicate that
the free layer was measured to be 775 kA/m at 300 K. Thishe magnetization changes only by 10% over the relevant
value is lower than predicted from the bulk magnetizationtemperature range. However, the coupling field, determined
values, due in part to a magnetically dead layer at the Ta-by measuring the shift in the free lay®r—H loop, increases
NiFe interfacé® The anisotropy fieldH, is due predomi- from 0.5 to 1.6 mT as the temperature decreases from 400 to
nantly to magnetostatic shape anisotropy. The measuretDO K.
room-temperature value of the low-frequency anisotropy  The results of the fitting all the resonance curves are
field, as determined from the slope of the hard-axis magneshown in Fig. 4. Figure @ shows the dependence of the
toresistance curve, wasAR/2(dR/dH,)"1=10.6 mT, resonant frequency and damping parameter on temperature.
whereas the calculated value for the magnetostatic anisofhe resonant frequency increases from 2.2 to 3.3 GHz as the
ropy, assuming uniform magnetization, was 8.0 mT. Othetemperature decreases from 400 to 100 K, indicating an in-
energy terms enter into the measured anisotropy field, suatrease of the stiffening fields with decreasing temperature.
as the magnetostatic coupling to the pinned layer and anyhe in-plane anisotropy field increases from 6.9 to 13.6 mT
induced anisotropy energies. These terms are expected &s the temperature decreases from 400 to 100 K. The calcu-
contribute 0.5—2 mT to the anisotropy field at room temperaiated contribution to the increase in in-plane anisotropy, due
ture. to the effect of increasingMs on the magnetostatic shape
The measured noise spectra for various temperatures armahisotropy, is only 0.7 mT. The measured damping parameter
longitudinal bias fields are shown in Figgaland Xb). The  decreases from 0.016 to 0.006 as the temperature decreases
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FIG. 3. Magnetic moment as a function of applied field for a coupon from —A— damping parameter .
the spin valve wafer. The field was applied parallel to the fixed-layer mag- —&— resonant frequency N
netization. The hysteresis loops are not centered around zero moment be- 3 0.014 g
cause of the fixed moment of the pinned layer. The inset shows the measured | A /. 132 =
coupling field and relative free layer saturation magnetization calculated @ \ /’ 3
from the hysteresis loops. g 0.0124 g
5 ./ 128 3
0 0.010- i L
from 400 to 100 K. The room-temperature values of the = A 4o w
damping parameter are slightly less then the values ( 3 o 124 §
=0.02 to 0.03 obtained by directly measuring the high- (E“ 0.008+ / ‘\ 5
frequency susceptibility of similar spinvalve devideShe O 1 @ A 3
rms variation in the magnetization anglg, for the noise 0.006 T S T S S 20
measurements can be estimated from the fluctuation- b H (mT
dissipation theoremwhich yields a value of ) , (mT)

M KaT FIG. 4. The resonant frequencies and damping parameters determined from
0. = oy _ / B ~0.15° to 0.37°. (3) fitting the noise data fofa) the temperature-dependent data with no applied
ms\ Mg s moMHYV ' ' longitudinal field, and fokb) the longitudinal field dependent data at 300 K.

These values of magnetization motion are considerably leSgom surface roughnegsvhich is proportional tdVlg) and a
than those used to directly measure the device SUSCGptib”iWomponent due to a temperature_dependent exchange
and are similar to the values used in standard FMR measurgoupling!® Another possibility, which is more consistent
ments. The temperature dependence of the damping coeffyith the observed temperature dependence of the damping
cient is considerably larger than that observed by FMR folarameter, is that there are thermal fluctuations of the mag-
sheet NiFe film$. netization at the interfaces of the ferromagnetic layers. The
The dependence of the resonant frequency and dampingictuations suppress the magnetostatic coupling at higher
parameter on longitudinal field is shown in Figl# The  temperatures and provide an additional energy-loss mecha-
measured resonance frequency increases as a function of lafysm. The micromagnetic fluctuations will depend on applied

gitudinal field in @ manner consistent with a constant anisotfie|ds and may account for the observed peak in the damping
ropy field. The average anisotropy field, determined from theyarameter at small longitudinal fields.

fits to the data in Fig. 1, isgH,=9.0 mT, and the maximum
deviation from the mean value is 0.9 mT. The measured an- 1 n€ authors acknowledge the support of the NIST Nano-
isotropy field is in reasonable agreement with the low-technology Initiative and the DARPA Spintronics program.
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