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High-frequency measurements of spin-valve films and devices, made using several different
measurement techniques, are presented and compared. Pulsed inductive measurements were made
on sheet films and provide insight into the intrinsic dynamical properties of the component films and
multilayer stacks. The damping parameter, in the completed spin-valve stack, is larger than in the
constituent films. Direct time and frequency domain measurements of the dynamical response of
micrometer-size spin-valve devices, made using high-bandwidth magnetoresistance techniques,
showed damping parameters comparable to these measured on spin-valve sheet films. The
small-angle magnetization response was also determined by high-frequency magnetic noise
measurements. The damping parameters were smaller than those obtained by direct susceptibility
measurements. The device-level measurements show a different dependence of the damping
parameter on the easy-axis field as compared to sheet-level measurements. In addition to the
uniform rotation mode, other peaks can be observed in the noise spectra that correspond to
fluctuation modes arising from the micromagnetic structure. Electrical device measurements have
much greater sensitivity than other high-frequency magnetic measurement techniques, which allow
the direct observation of magnetization motion in submicrometer elements without averaging. This
technique is used to directly examine thermally activated events and nonrepetitive dynamical
motions. © 2003 American Institute of PhysicgDOI: 10.1063/1.1558257

I. INTRODUCTION mine the response of small GMR sensors to fast magnetic

The high-frequency properties of magnetic multilayerf'eld pulses and microwave radiation. The dy|.1am|call re-
thin films, being developed for giant magnetoresistiveSPONSe of small devices can be further characterized, without

(GMR) sensor applications, have been studied by many tecihe use of pulsed or microwave fields, by measuring ther-
niques including ferromagnetic resonar@R), Brillouin ~ mally excited dynamical magnetization modes, which mani-
light scattering, time-resolved magneto-optical Kerr effectfest themselves as voltage noise in active devices. We
pulsed inductive techniques, and high-bandwidth magnetorgresent magnetic susceptibility data obtained by noise mea-
sistance measuremersee Refs. 1 and 2 for recent revigws surements and compare them with direct susceptibility mea-
Each technique measures slightly different properties and hagirements. Noise spectroscopy is simple and can measure
its own advantages and disadvantages. Here, we presemfany nonuniform modes that cannot be seen by measure-

high-frequency measurements of spin-valve films and dements that use long wavelength or fixed wavelength excita-
vices using pulsed inductive and high-bandwidth magnetoreg o

sistance tec_hnlqu_es. . Electrical measurements are extremely sensitive and,

Pulsed inductive measurements were used to determlr{ﬁ .

. : . . rough the GMR effect, can measure the dynamical magne-

the dynamical properties of component films and multilayer i f submi ter struct f
spin-valve stacks. Pulsed inductive measurements are useﬁ'ffa_'on résSponse ot SUbmICTometer SrUctures over a rahge o
in characterizing the intrinsic dynamical properties of sheefotions from the linear regime to full magnetization rever-
films and allow the measurement of each layer separately 6i@l- This technique is the only method with the sensitivity to
in combination and thereby measure interaction effects. Unheasure individual magnetization reversal events in isolated
like FMR techniques, pulsed inductive measurements argubmicrometer magnetic structures. Here we present direct
done in the time domain and in a low field regime that moremeasurements of thermally activated switching of spin-valve
closely relates to device operating conditions. elements.

High-bgndwidth ma_gnetoresista_nce measurements of mi-  The dynamical data are all analyzed in the context of the
crometer dimension spin-valve devices were made to detef-andau—Lifshitz(LL) equation and the small angle approxi-
mations for the transverse magnetic susceptibility of a thin-
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where ' and y” are the real and imaginary parts of the 0 1 2 3
transverse susceptibilitithe ratio of the hard-axis magneti- (a) Time (ns)
zation to the hard-axis fieldy’' =ge/47m is the gyromag- M .
netic ratio divided by 2 (e andm are the electron charge == . TP H,
and masg Mg is the saturation magnetizatioid, is the M PV] Completed
uniaxial anisotropy field, which measures the stiffness for ! : spinvalve

. Tilm_
in-plane deviations from the easy axid; is the applied putsein n [ T [ putseom
easy-axis or longitudinal field, andis the Gilbert damping HoH=5.0 mT
parameter, which is proportional to the FMR linewidth. Here

50- n,H=4.0 mT

we assume single-domain behavior aid, H<Mg. The
susceptibility in Eq(1) is due to uniform magnetization ro-
tation, although the susceptibility can be generalized to in-
clude a sum over all modes of the magnetic system.

The films were sputter deposited on oxidized silicon wa-
fers. A field of 15 mT was applied during deposition to set >
the pin direction and create an induced uniaxial anisotropy..2
The magnetic properties were measured using superconduc 5
ing quantum interference device and alternating gradientE
magnetometers.

e Voltage (mV)

Clivi

IIl. PULSED INDUCTIVE MEASUREMENTS ON SHEET ; > !
FILMS (b)

o

Time (ns)

Pulsed inductive measurements were made using RG. 1. (a Pulsed inductive data for the free layer alone
pulsed inductive microwave magnetométdihe pulsed in-  [Ta(5 nm—NiggFe, 5 nm—Cay & 1(1 nm)—Cu(2.7 nm) as a function
ductive technique measures the induced voltage created f, longitudinal field.(b) Pulsed inductive measurements of the completed
the ti . tization that is being dri b GOS in-valve wafer. The spin-valve structure is Ta (5 )rNiygFey A5

e .|me.-vary|ng magnetization that IS being rlvgn y a hm)—Cay Fey 5(1 nm—Cu(2.7 NM—-Cay oFey (2.5 nm-Ru(0.6
ps rise-time step pulse generated by an underlying coplan@fn)-cq, fe, (1.5 nm—Iry Mne g10 nm—Ta(5 nm). The field geometry
waveguide(CPW) (see the inset in Fig.)1 The magnetic and initial magnetization states are shown in the insets.

signal, which is determined by measuring the transmitted

pulse and subtracting a reference pulse taken when the mag-

netization is saturated, is proportional to the rate-of-changexcitation pulse is oriented transverse to this axis. The dy-
of the average magnetization component transverse to theamical response of the isolated free layer and the completed
axis of the waveguide. Measurements of the magnetizatioapin valve are similar and show damped precessional relax-
dynamics of an isolated free layer coupdncm squarg in  ation characterized by a resonant frequency of 1-3 GHz and
response to hard-axis field pulsés,), are shown in Fig. () a relaxation time of 1-3 ns. The completed spin valve shows
for several values of longitudinal bias field, which is appliedslightly lower damping times and, for both samples, the
along the easy axis of the film and along the axis of thedamping time increases with longitudinal bias field.
waveguide. The measurements of the completed spin-valve The measured pulse response of the spin valve is almost
stack are shown in Fig.(). For the spin-valve measure- entirely due to the motion of the free layer since the pulsed
ments, the fixed layer and initial free layer magnetizationdield amplitude(~0.4 mT) is much less than the pinning field
are oriented parallel to the axis of the waveguide and thé~50 mT). The isolated free layer and the free layer in the
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completed spin valve are, however, magnetically very differ- ‘ ‘ ' ' ‘

ent. The isolated free layer has a clear uniaxial anisotropy 151 “or,fg-‘;:nTT -
with an easy-axis coercivity of 0.2 mT and an anisotropy ::Z"’.k= 2.0mT
field of 0.6 mT, as measured from tié—H curves. The ° o =0.023
o . . S 104 C=231E-7 ,
response of the free layer magnetization in the spin valve is 2
dominateq by magngtostatig coupling to the pinned Iayer, E- Data
which arises from interfacial roughness. This coupling A e \ e
causes the free layer magnetization to lie along the direction
of the fixed layer magnetization in zero applied field. The | VelhDen
magnetostatic coupling field, as measured from the shift in 0 ; i ‘ ' '
the M—H loop, was~1.5 mT, however, the free layer did (a)

not completely reverse until 3 mT. For the negative applied
fields (antiparallel to the zero-field free-layer magnetization
the spin-valve film is in a multidomain state with the regions 10+
antiparallel to the bias field contributing a low frequency
response and the regions parallel to the field contributing a
high-frequency response.

Figure Za) shows the magnitude of the Fourier trans-
form of the measured inductive response of the spin-valve
film with a 2.0 mT longitudinal bias field. The frequency-
domain data are proportional to the magnitude of the trans-
verse susceptibilifyand shows an FMR peak at 1.8 GHz.
The data are fit, using Eq1), with a damping parameter of
a=0.023 andugH=2.5mT. The time-domain data and a
curve numerically calculated from the LL equation, using the (b) Time (ns)
parameters taken from the frequency domain fit, are showRIG. 2. (a) Fourier transform of the time domain data for the completed
in Fig. 2Ab). The inset shows the calculated time dependencépin-valve film with a 2.0 mT longitudinal bias field and a fit to the trans-

. ; ) Verse susceptibility calculated from E(.). The fit allowsH,, «, and an
of the transverse magnetization. All of the data in Fig. 1 Wereyyerall scale constar, to vary; M andH, are determined experimentally.

similarly fit. (b) Pulsed inductive data for the spin-valve film for 2.0 mT longitudinal

- . field, which is proportional to the time derivative of the transverse magne-
The results of fitting to the frequency domain data fortization, and calculated response using a single domain model with the pa-

the isolated free layer and the completed spin valve areameters determined by the fit {@). The inset shows the calculated time-
shown in Figs. &) and 3b). The resonant frequency is well dependent transverse magnetization.

fit using the Kittel equationf,=vy' uqv(H+H;)Mg with

constant anisotropy fields @fyH,=0.8 and 2.31 mT for the |||. HIGH-BANDWIDTH MAGNETORESISTANCE
isolated free layer and completed spin valve, respectiveyMEASUREMENTS OF DEVICES

The values of the Gilbert damping parameserdetermined High-bandwidth magnetoresistance measurements of

from the frequeqcy-domaln fits, are also shown in Figs) 3_ patterned spin-valve elements can be made in both the time
and 3b) for the isolated free layer and the completed spingnq frequency domafiThe voltage signal from a spin-valve
valve stack, respectively. The valueswmfor the isolated free  device, with a constant bias current, is proportional to the
layer decrease from 0.02 at 0.0 mT bias field to 0.01 at 10.@evice resistance, which depends on the device magnetiza-
mT bias field. The values for the completed spin valve detion state. The resistance change in a spin valve is propor-
crease from 0.03 at 2.0 mT bias field to 0.02 at 6.0 mT bias tional to the cosine of the angle between the free and fixed
field. This decrease im is consistent with that observed in layer or, alternatively, the component of the free layer mag-
sheet films of NjgFey,.* The interpretation of the fitted netization along the direction of the fixed layer. The domi-
damping parameter for the completed spin valve, for biagiant anisotropy energy in patterned elements is due to mag-
fields below 0 mT, is unclear since the single-domain mode['€tostatic shape anisotropy, which causes the easy axis of the

is not valid. In the single-domain regime s fairly constant. free layer to be along the long dimension of the device. For

It is expected that the spin-valve the stack will show Iargerthe devices studied here, the anisotropy fields, as measured

. . . - from hard-axis magnetoresistance curves, varied between 8
damping than the isolated free layer since additional energy 4 1o mT.
and angular momentum loss mechanisms can be introduced. The magnetoresistive response for a spin-valve device,
The magnetostatic coupling of the free layer to the ﬁxedbeing driven by a hard-axis step pulse produced by an over-
layer will lead to spin-wave generation in the fixed layer|ying microstrip line, is shown in Fig.(). The step pulse is
when the free layer rotates, which is an additional energgimilar to that used in the pulsed inductive measurements but
loss mechanism that is not present in the isolated free layenow the waveguide is much smallé um) and hence the
Other additional loss mechanisms are also predicted. magnetic field pulse is larger. The hard-axis pulse amplitude

[4)]
1
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o
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(b) Longitudinal Field (mT) FIG. 4. (a) Magnetoresistive response of a spin-valve device to a transverse

- . . . step pulse. The layer structure is Ta5.0 nmgN&),1.5 nm-Co 1.0
FIG. 3. Results of fitting the f -d Ised inductive data t a0
esutls of fiting the Trequency-domain puised Incuctive data 1o anm—Cu 3.0 nm—-Co 2.0 nm—Ru 0.6 nm—-Co 1.5 nm—FeMn 10nm-Ta 5.0 nm

single domain modela) The resonant frequencies and the damping param- . ) : 5 . ; )
eters for the isolated free layer as a function of longitudinal bias field. The‘r’md.the dgwc_e dimensions are .&@”8 . The_ field pulse is provided by
resonant frequency data is fit using the Kittel equation withM. a microstrip line above the device as shown in the indgtResonant fre-

—0.97 T, uoH,=7.9mT, andg=2.12. (b) The resonant frequencies and guencies and damping parameter determined from fitting the data. The inset
=0. s Mo =1 , =z le.

. : . ﬁhows a calculated contour plot of the resonant frequen@ie6Hz) as a
the damping parameters for the completed spin-valve film. The resonart,, tion of longitudinal and transverse field. The horizontal line shows the
frequency data is fit using the Kittel equation witlhM¢=0.97 T, uoH 9 ’

—23.1mT, andg—2.09. region of field space sampled by the data.

is similar to what is seen in the pulsed inductive data except

is approximately 20 mT. The spin valve had the fixed layerthat now there is an increase inat larger bias fields.
pinned along the easy axis of the free layer. This configura-  Direct measurements of the transverse susceptibility of a
tion, which measures the easy-axis magnetization compaspin-valve device can be made by driving the device with
nent, is useful for characterizing high-angle rotations and isnicrowave magnetic fields and detecting the signal with a
not sensitive to small-angle rotations. The data are similar tmetwork analyzet. Frequency-domain susceptibility mea-
that shown in Fig. 1 except that the signal is now propor-surements are shown in Figa. In this case, the fixed layer
tional to the easy-axis magnetization, not the derivative ofvas pinned perpendicular to the free layer and the magne-
the hard-axis magnetization, and the dimension of thdoresistance measurements are sensitive to small angle oscil-
samples are on the order of micrometers, not millimeters. lations. Also shown in Fig. ®) are fits to the curves using

The data can be fit with a single-domain model to obtainEqg. (1). While both the real and imaginary parts of the sus-
the resonant frequencies and the damping parameters. Theptibility are measured, there is some ambiguity in deter-
results of the fits are shown in Fig(b}. The resonant fre- mining the phase of the measured response relative to the
guencies do not show the same dependence on the longitdrive field, which leads to ambiguity in separating real and
dinal bias fields as in the pulsed inductive measurementsnaginary parts. It is, therefore, easier to fit the magnitude of
because the perpendicular pulse amplitude is now large conthe susceptibility. The resonant frequencies and damping pa-
pared to the longitudinal bias field and anisotropy field. Therameters are shown in Fig(l§. The microwave excitation
inset in Fig. 4b) shows a contour plot of the resonant fre- field is small(~2 mT) and the fit to the Kittel equation is
guencies calculated using a single-domain model and indireasonable, although not as good as for the sheet level mea-
cates the region where these measurements were taken. Thiwements. The overall range af is consistent with the
single-domain calculations give larger values of the resonanvafer-level measurements, but again the field dependence
frequency but the calculated resonant frequencies show trehows a different behavior than the sheet-level measure-
same qualitative field dependence as the data. The range ofments. After an initial decrease, shows a peak at a longi-
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v f—IAR\/ keT "t 2
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wherel is the applied currentAR is the change in device
resistance from the parallel to the antiparallel statés the
device volume, and is the device temperature.

Figure Ga) shows the noise spectra, for various longitu-
dinal bias fields, from a spin-valve device fabricated on the
same wafer used for the pulsed inductive measurements
shown in Fig. 1. The data are very similar to the susceptibil-
ity data shown in Fig. &) and can be fit using Eq$l) and
(2) (see Ref. 9 for details of the fitting proces$he results
(a) Frequency (GHz) of the fitting are shown in Fig.(6). The measured resonant

frequency agrees reasonably well with the Kittel formula, as
- expected, since the deviations from the easy axis are quite

resonant frequency . . .
....... Fit to Kittel Eq. ™ 40.045 small. The calculated rms variation of the magnetization
—e— damping parameter angle of these devices, at room temperature;@®5°. The
damping parameter shows a peak, qualitatively similar to the
damping behavior measured by susceptibility measurements,
although the peak occurs at smaller bias fields. The overall
magnitude ofe is smaller than that obtained either by sheet-
level pulsed inductive measurements or device-level magne-
toresistance measurements. This may be correlated with the
fact that the thermal fluctuation fields, and hence the magne-

tization motions, are smaller than the drive fields and mag-
S M netization motions used in the other measurements.
(b) Longitudinal Field (mT) | In some devices, with small aspgct ratlog, additional
ow-frequency peaks can be observed in the noise spectra as
FIG._ 5 (a)' Direct frequencg—do_main measurements of the transverse SUSshown in Fig. 7. These peaks have resonant frequencies that
ceptlbl_llty in a 0.8<4.8 um“ spin valve. The layer structure was Ta 5.0 do not vary reaularl ith lied field d tend t ish at
nm-NpgFe,5.0 nm-Col0 nm-Cu3.0 nm-Co2.0 nm-Ru0.6 y regularly with applied nield and tend to vanish a
nm-Co 1.5 nm—FeMn 10 nm-Ta 5.0 nfib) The resonant frequencies and Iarge |Ongitudinal bias fields. This SUggeStS that the peaks are
the damping parameters determined from fitting the data)imrhe resonant  due to micromagnetic structu(aonuniform magnetizati(jn
frequency data is fit using the Kittel equation witlhM¢=0.97 T, uoH and may be due to domain-wall motion rather than a stan-
=8.5mT, andg=2.12. dard magnetostatic mode. These additional peaks correlate
with Barkhausen noise seen in the low-frequency MR re-
sponse.

Device Response (mV)

4.5

40.040

+10.035

Resonant Frequency (GHz)
Damping Parameter o

tudinal field value of 10 mT. It is expected that, due to the
large nonuniform magnetostatic fields present in the device,
there may be some micromagnetic structigeviations from \[;'EU_IEEQAALLY ASSISTED SWITCHING IN BISTABLE
uniform magnetization The peak in the damping may,
therefore, be correlated with a change in the micromagnetic The high-frequency measurements reported in the previ-
state of the device. ous sections all rely on averaging the magnetic response over
many identical events, therefore do not represent the true
dynamical response of the magnetic device since random
motions, due to thermal fluctuations are averaged out. Ther-
Instead of driving GMR devices with fast magnetic field mal fluctuations can be measured in the time domain using
pulses or microwave radiation, it is possible to monitor thehigh-bandwidth single-shot magnetoresistance techniques.
device response to intrinsic thermal fluctuations. If the de-The most dramatic thermally activated event is the reversal
vice is small enough, the thermal magnetization fluctuationsof the magnetization between two easy-axis states. Several
which scale inversely with the device volume, can be dethermally activated reversal events in a 088 um? spin-
tected as voltage noise. The magnetic noise spectrum is dealve device are shown in Fig. 8. Here, the spin-valve fixed
termined by measuring the voltage noise from a device in afayer is pinned along the free-layer easy axis and the mag-
active state and subtracting the voltage noise when the magetoresistance signal is proportional to the free-layer easy-
netization is saturated with a large hard-axis field. Theaxis magnetization, similar to the device configuration
fluctuation-dissipation theorem relates the thermal fluctuashown in Fig. 3. A short rise-time pulse, oriented antiparallel
tions of the magnetization to the imaginary part of the mag+o the initial free layer magnetization are with magnitude just
netic susceptibility:® The observed magnetic noise spec-below the quasistatic switching threshold, is applied, and the
trum, measured in volts per root Hertz, is proportional to themagnetization is monitored until a thermally activated event
square root of the imaginary susceptibility divided by thecauses the magnetization to reverse. The data are taken on a
frequency: digitizing oscilloscope with a 1.5 GHz bandwidth. Unlike

IV. HIGH-FREQUENCY MAGNETIC NOISE IN DEVICES
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1 2 3 4 5 6 FIG. 8. Magnetoresistive response of a spin valve showing thermally acti-
(a) Frequency (GHz) vatgd switching bere_en easy a>‘<is ;tates. Thg magnetic field_ pulse, oriented
antiparallel to the initial magnetization state, is sho@otted ling along
with four magnetoresistive response curvsslid lines. All four of the
‘N 3.5 % resonant frequency response curves shown are obtained for nominally identical starting states and
i Fit to Kittel Eq. 10.014 field pulses. There is a variable dwell time for the switching to occur and there
g —®—damping . B is an indication of precursor events that initiate the magnetization reversals.
> parameter >
2 {0012 g _ o o _
o 8.04 g tiate the magnetization reversals shown in Fig. 8. However, it
g 0.010 5 is clear that direct measurement of thermally induced mag-
£ L - . . . . . . . .
w Dé; netization motion is possible and is a very important compo-
- . . . . .
S 257 £ nent of magnetization dynamics in small GMR devices.
= {0.008 &
] 8 VI. SUMMARY
T 201 i i i i . —10.006 The high-frequency response of GMR multilayer films
2 4 0 1t 2 3 4 can be measured by several methods at the wafer and device
(b) Longitudinal Field (mT) levels. The free-layer magnetization in completed spin-valve

FIG. 6. () High-frequency magnetic noise spectra from»3Lum? spin-  Structures shows larger damping than the isolated free-layer
valve device for a seriEs of longitudinal bias fie(mkﬁn from Ff_ei-j 8 The fmagnetization. The noise spectra give slightly smaller values
noise spectra were taken at room temperature with an a| ied current o : i i

mA. Thz device is fabricated from the F;ame wafer descri%ped in Figh)1. 8f the dampl.ng. parameters than the pulsgd inductive or de-
The resonant frequencies and damping parameters determined by sing\f'éCe susceptlblllty measurements. The device-level measure-
domain fits to the data itg). The resonant frequency data is fit using the ments show more structure in the damping parameter as a
Kittel equation withuoMs=0.97 T, uoH=7.7 mT, andg=2.12. function of longitudinal bias field that likely indicates there

is micromagnetic structure in the device that changes with
previous studie& the data presented here have sufficientapp“ed field. The effect of micromagnetic structure shows up

bandwidth to measure the stochastic motion of the magnetﬁlearly in devices with small aspect ratios as additional peaks

zation in response to thermal fluctuations. Following the ap! the magnetic noise spectra. Finally, real time measure-

plication of the field pulse, the switching wave forms show Ments of device magnetoresistance can be used to measure

small steps in the magnetoresistance before the complef@ermal magnetization fluctuations and the stochastic magne-

switch occurs. More work needs to be done to separate OlBilzation motion that leads to irreversible events such as mag-
the thermal magnetization motion from the system noise gfetization reversal.

conclusively identify the precursor thermal events that ini-AckNOWLEDGMENTS

The authors acknowledge the support of the NIST Nano-
technology Initiative and the DARPA Spintronics Program.

1The Physics of Ultra High Density Recordiredited by M. L. Plumer, J.
Van Ek, and D. WelleSpringer, Berlin, 20011
2Spin Dynamics in Confined Magnetic Structuresetlited by B. Hill-
ebrands and K. Ounadje(&pringer, Berlin, 2002
3J. Huijbregtse, F. Roozeboom, J. Sietsma, J. Donkers, T. Kuiper, and E.
van de Riet, J. Appl. Phy®3, 1569(1998.
4T.J.Silva, C. S. Lee, T. M. Crawford, and C. T. Rogers, J. Appl. P8§s.
7849(1999.
5R. Urban G. Woltersdorf, and B. Heinrich, Phys. Rev. L&, 217204
(2009).
6S. Russek and S. Kaka, IEEE Trans. Mag8,. 2560(2000).
1 2 3 4 5 6 ;N. Smith and P. Arnett, Appl. Phys. Lef8, 1448(20012).
N. Smith, J. Appl. Phys90, 5768(2001.
Frequency (GHz) 9N. Stutzke, S. L. Burkett, and S. E. Russek, Appl. Phys. L&it.91
FIG. 7. High-frequency magnetic noise spectra taken on xD.8 um? (2002.
spin-valve device for a series of longitudinal bias fields showing additional’°N. D. Rizzo, M. DeHerrera, J. Janesky, B. Engel, J. Slaughter, and S.
low frequency peaks. Tehrani, Appl. Phys. Lett80, 2335(2002.




