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Current-induced magnetization dynamics in current perpendicular to the plane spin valves

M. Covington,* M. AlHajDarwish,† Y. Ding,‡ N. J. Gokemeijer, and M. A. Seigler
Seagate Research, 1251 Waterfront Place, Pittsburgh, Pennsylvania 15222, USA

~Received 17 November 2003; published 13 May 2004!

We observe magnetization dynamics induced by spin momentum transfer in the noise spectra of current
perpendicular to the plane giant magnetoresistance spin valves. The dynamics are observable only for those
combinations of current direction and magnetic configuration in which spin transfer acts to reorient the free
layer magnetization away from the direction set by the net magnetic field. Detailed measurements as a function
of magnetic configuration reveal an evolution of the noise spectra, going from a spectrum with a well-defined
noise peak when the free layer is roughly collinear with the pinned layer to a spectrum dominated by 1/f noise
when the free layer is in an orthogonal configuration. Finally, the amplitude of the corresponding resistance
noise increases rapidly with increasing current until it saturates at a value that is a substantial fraction of the
magnetoresistance between parallel and antiparallel states.
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I. INTRODUCTION

Magnetic fields generated by moving charges can exe
torque on a magnetic moment. Recent research, however
confirmed the existence of an entirely new effect called s
momentum transfer that can also manipulate the magne
tion of a ferromagnet via an electrical current. The heart
the effect lies in the exchange of spin angular moment
between conduction electrons and the magnetic moment
ferromagnet. This interaction can lead to a net torque ac
on a ferromagnet and the possibility of an electrical curr
directly inducing magnetization dynamics. There are num
ous theoretical models of this spin torque.1–6 Despite the
differing microscopic approaches, all of these models de
a spin torque that is qualitatively different than the classi
torque exerted by a magnetic field. One of the key dis
guishing features of spin torque is that, depending on cur
direction, it can have a substantial component that either
poses or enhances the magnetic damping. Theory pre
that this property can lead to a state of persistent magne
tion precession driven by a dc current.1,2,7–9

Experimental observations of spin transfer have co
from measurements of either nanopillar or point cont
structures. By using the magnetoresistance to infer the m
netic state of the device, experiments have demonstrated
spin transfer can reproducibly reorient the magnetization
small ferromagnetic element between two bista
configurations.10–14 Further dc measurements have inferr
states of current induced magnetization precession that
consistent with spin transfer.10,15–17More recent experiment
have reported signatures of these spin transfer induced
cessional states in the frequency domain.18,19

Spin momentum transfer is of interest for both fundam
tal and practical reasons. Studying this effect can further
pand the understanding of microscopic spin dependent in
actions between electrons. Spin dependent scattering is
mechanism behind many magnetoresistance phenomena20 In
addition, recent work that is complementary to the work
spin transfer has shown that conduction electrons can ha
significant impact on the damping of magnetization dyna
ics in ferromagnetic thin films.21 From a practical standpoint
0163-1829/2004/69~18!/184406~8!/$22.50 69 1844
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an understanding of spin transfer is important for the ap
cation of current perpendicular to the plane~CPP! giant mag-
netoresistance~GMR! devices. Hard disk drives currentl
use GMR read sensors in which current flows in the plane
the thin film multilayer ~CIP!, but CPP GMR sensors ar
considered to be a serious alternative for future drives. C
GMR will encounter the same Johnson noise and therm
activated magnetic noise, or mag-noise,22–24 as CIP GMR
devices. However, spin transfer is an additional noise mec
nism in CPP GMR devices that must be understood.

In this article, we present experimental observations
spin transfer induced magnetization dynamics in the f
quency domain. Our work builds upon the work from oth
groups that have observed similar results.18,19 In addition to
extensive measurements of the current dependence o
dynamics, we exploited the flexibility of magnetic biasin
allowed by CPP spin valves and have made detailed m
surements as a function of magnetic configuration. In Sec
we describe the CPP spin valves and the measurement a
ratus used to study the devices. Section III presents the
perimental results of the device characterization and cur
induced noise measurements. Finally, we summarize our
in Sec. IV.

II. EXPERIMENT

We study current-induced magnetization dynamics
measuring the noise spectra of CPP GMR spin valves.
devices have a layer structure from bottom to top
IrMn90/CoFeX/Ru10/CoFeX/Cu22/CoFe30, where the num
bers indicate the layer thickness in Å. Devices from tw
wafers were tested in whichX530 Å or 40 Å. The data in
this paper are from a device whereX540 Å and are repre-
sentative of the behavior observed from both wafers. T
thin films were sputter deposited, and the devices were
ricated using standard wafer processing. The CPP pil
have a rectangular cross section with dimensions of appr
mately 100 nm3200 nm and are connected by four electric
leads.

The synthetic antiferromagnet~SAF! structure CoFe/Ru/
CoFe strongly couples the two CoFe layers antiferromagn
©2004 The American Physical Society06-1
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cally via Ruderman–Kittel–Kasuya–Yosida~RKKY !
coupling,25 and the lower and upper CoFe layers within th
structure are referred to as the pinned layer~PL! and refer-
ence layer~RL!, respectively. Saturation fields of;5 kOe
have been measured for sheet films of similar unpinned S
structures. The combined layers of IrMn/CoFe/Ru/CoFe
a stable magnetic structure that serves to fix the magne
tions of the PL and RL within the SAF. The GMR from th
spin valve is then a measure of the relative angle between
fixed magnetization of the RL and the freely rotatable m
netization of the upper CoFe layer, referred to as the f
layer~FL!.20 All subsequent references to the PL, RL, and
in this article will refer to the magnetizations of the corr
sponding layers, even without an explicit citation as such
the text.

All measurements were performed with an apparatus
can make electrical connection to the on-wafer devices w
either tungsten pins or microwave probes, apply magn
fields via a quadrapole electromagnet, and heat the w
above room temperature. DC electrical measurements w
acquired using standard two- and four-probe geometries.
quency domain noise measurements used 50V microwave
circuitry between the device and spectrum analyzer.26 A cur-
rent source and voltmeter, isolated from the microwave co
ponents through a bias tee, were used to apply a dc cu
and simultaneously measure the dc voltage. A 40 dB am
fier was also used that had a 0.1 to 8 GHz bandwidth an
voltage noise equivalent to a 70V resistor at 293 K refer-
enced at the input. The spectrum analyzer was calibra
prior to measurements with two sources that output wh
noise 6 and 15 dB larger than that of a 50V resistor at 293
K. A calibration curve was generated from the known a
measured noise and was used to correct the noise spe
This calibration procedure only corrects for signal loss up
the end of the coaxial cable connected to the microw
probes. However, separate measurements of a wide b
width short, open, and 50V load on a special calibration
chip indicate that the additional loss coming from the prob
and on-wafer device is less than 0.5 dB and essentially in
pendent of frequency.

III. RESULTS

A. Device characterization

The magnetic and magnetoresistive properties of the C
spin valves were characterized by measuring the four-pr
resistance versus field. Figure 1 shows typical resistance
sus field data from a CPP spin valve for fields applied alo
the easy axis of the device. The magnetoresistance betw
the FL and RL is much larger than that originating betwe
the RL and PL27 and the resistance will hereafter be used
infer the relative magnetic configuration between only the
and RL. The PL and RL will also be assumed to be antip
allel for all of the experimental conditions presented. T
sharp jumps in resistance around6300 Oe are due to the
reversal of the FL magnetization as it aligns along the dir
tion of the magnetic field. The resistance change aro
11 kOe comes from the reversal of the entire pinned S
18440
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structure, where the RL and PL remain antiparallel but
RL switches between parallel and antiparallel alignment w
respect to the FL.

There are three factors that lead to magnetic anisotrop
the device, and the resulting uniaxial and unidirection
anisotropies are all oriented along the long axis of the C
pillar. First, the CoFe layers have a uniaxial anisotropy
HK;10 Oe induced by an aligning magnetic field durin
thin film deposition. Second, the antiferromagnetic IrM
layer adds a;500 Oe unidirectional anisotropy field to th
PL. The third, and most dominant, factor comes from t
shape anisotropy of the rectangular pillar, with the easy a
lying along the long axis. The device shape induces an
fective uniaxial anisotropy in the FL and helps to stabili
the SAF above and beyond that achieved at the sheet
level. Estimates assuming a uniform magnetization yi
uniaxial anisotropy fields of approximately 400 and 500
for individual CoFe layers that have a 100 nm3200 nm
cross section and are, respectively, 30 and 40 nm thick.
plying this same assumption of uniform magnetization to
experimental spin valve geometry, this model further pred
that the magnetic fields that saturate the PL, RL, and
magnetizations into a parallel state differ by approximat
1.5 kOe for fields applied along the long and short axes
the structure. Hence, magnetostatic fields favor antipara
alignment between adjacent magnetic layers and, within
antiparallel configuration, further reinforce the magnetiz
tions to lie along the long axis of the pillar. We also arg
that these magnetostatic coupling fields are contributing
tors to the small decrease in resistance between 1 and
kOe, which is interpreted to be due to increasing uniform
of the FL magnetization as it achieves a more fully para
state with respect to the RL.

Figure 1~b! focuses on the characteristics of the FL min
loop as represented via the resistance,DR, with respect to

FIG. 1. Four probe resistance data from a CPP spin valve. F
sweeps from negative to positive values are represented by a
line. Reversed field sweeps are indicated by a dotted line.~a! Re-
sistance versus magnetic field applied along the easy axis.~b! Free
layer minor loop for different bias currents and hard axis field v
ues. The resistance is referenced to its2600 Oe easy axis field
value, which are 4.23, 4.23, and 4.40V for curves 1, 2, and 3,
respectively. Lastly, curves 1, 2, and 3, respectively, correspon
bias currents of 4, 4, and 18 mA and hard axis field values o
1375, and 1375 Oe.
6-2
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CURRENT-INDUCED MAGNETIZATION DYNAMICS IN . . . PHYSICAL REVIEW B69, 184406 ~2004!
the low resistance state at an easy axis field of2600 Oe. For
small bias currents and no hard axis magnetic field, the G
ratio is 1.8% andDR•A51.53 mV-mm2 for an assumed
cross sectional area,A, of 0.02mm2. TheDR decreases for
larger bias currents or when a dc hard axis field is simu
neously applied. This decrease inDR for large currents is
likely due to curling of the FL and RL magnetizations i
duced by the self-fields generated from the current flow
through the CPP pillar, which consequently limits the abil
to achieve fully parallel or antiparallel magnetic states
tween the FL and RL. The decrease inDR resulting from the
application of a hard axis field can be accounted for
simple canting of the FL magnetization away from the ea
axis. Lastly, the offset of the FL reversal fromHEA50 ob-
served with 18 mA~curve 3! is due to self-fields generate
by current flowing in the leads connected to the CPP dev
The FL reversal occurs at either positive or negative e
axis fields depending on which of the two top leads are u
to pass current through the CPP pillar. The direction of
shift is consistent with the direction of the in-plane fie
produced by current flowing from the CPP pillar into the t
leads, and the offset fromHEA50 is consistent with order o
magnitude estimates of the self-fields generated by the
rent. These self-fields also promote nonhysteretic FL re
sal.

B. Noise measurements

The primary result in this article is the observation
noise from CPP spin valves that is a function of magne
configuration and bias current direction and amplitu
which we argue arises from magnetization dynamics indu
by spin momentum transfer. Figure 2 summarizes the c
acteristics of CPP spin valve noise spectra. Figure 2~a! shows
examples of noise spectra acquired for three different rela
magnetic configurations between the FL and RL as set by
easy axis field.28 An easy axis field of 60 Oe biased th
device into a high resistance state,210 Oe biased it into a
low resistance state, and 34 Oe biased it into an intermed
resistance state. The magnetoresistance implies that th
magnetization is canted at a finite angle with respect to
RL magnetization at 60 and210 Oe, but the correspondin
high and low resistance states will be referred to as anti
allel and parallel, respectively, for the sake of brevity. T
resistance at 34 Oe implies that the FL and RL magnet
tions are nearly orthogonal.

In Fig. 2~a!, the device was biased with a120 mA cur-
rent. Positive current is defined as flowing from the botto
to the top of the CPP pillar, so electrons are flowing from
FL to the RL. To enable the FL to be biased at arbitra
angles with respect to the RL, a constant 1375 Oe hard
field was also applied. This hard axis field value was de
mined by the device magnetics so that the device exhib
nonhysteretic rotational FL reversal rather than hyster
switching during the noise measurements. For these co
tions, the noise in the antiparallel state is below the no
floor of the electronics. However, for the same current,
noise exhibits a dramatic increase in amplitude and chang
spectral content as the FL is rotated towards the para
18440
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state. The spectrum is dominated by noise exhibiting af
functional form when in the orthogonal state. But, the lo
frequency noise decreases and a well-defined peak deve
when the device is in the parallel state.29 For this latter case,
there is still spectral power distributed over a broad range
frequencies, but the functional dependence below the p
frequency is no longer 1/f and is instead closer to whit
noise. Similar behavior is observed for the opposite curr
direction, but for that case the noise is largest when the m
netic configuration is either orthogonal or in the antipara
state.

A compendium of noise spectra is shown in Figs. 2~b! and
2~c!. The three dimensional plots are constructed from in
vidual noise spectra measured at 20 Oe intervals of the e
axis field. Also shown is the two-probe dc resistance t
reflects the magnetic configuration. These figures illustr
the strong correlation of the noise with current direction a
magnetic configuration. For positive currents, where the s
transfer torque drives the FL towards the antiparallel sta
the device noise appears when the FL magnetization is i
near the parallel state. For negative currents, where
transfer favors the parallel state, the noise is observed w
the FL magnetization is in or near the antiparallel sta
Whenever the current direction is such that spin transfer

FIG. 2. ~Color online! Power spectral density as a function
bias current direction and magnetic configuration.~a! Noise spectra
acquired with a120 mA bias current and taken at different poin
on the free layer minor loop, as described in the text. The spe
taken at 34 and210 Oe are offset by 5 and 10 nV2/Hz, respec-
tively. ~b! and~c! Power spectral density as a function of frequen
and easy axis magnetic field,HEA, for bias currents of220 and
120 mA. Also shown is the corresponding two-probe resista
indicating the relative magnetic configuration of the free layer.
of the data were acquired with a constant 1375 Oe hard axis
applied. The noise power is referenced to that of a 50V resistor at
293 K and plotted in units of dB, with the contrast scale indicati
the range of noise amplitude.
6-3
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M. COVINGTON et al. PHYSICAL REVIEW B 69, 184406 ~2004!
inforces the FL magnetization along the same direction
that set by the net magnetic field, the device noise falls
low the electronics noise.

Additional noise measurements have been made a
function of current and hard axis magnetic field, and fro
devices with different cross-sectional areas. Some of the
trends are as follows. The noise spectra exhibit the sa
qualitative features as the hard axis field increases from 1
to 1625 Oe, albeit with a decrease in noise amplitude
increase in the peak frequencies. The noise spectra ex
the same characteristics regardless which of the two pos
directions the hard axis field is applied. Examples of pe
linewidths in Fig. 2 indicate that (D f / f peak) is approximately
0.017 for120 mA and 0.08 for220 mA, whereD f is the
full width at half maximum andf peak is the peak frequency
As the current amplitude increases, the amplitude of
noise also increases. The current densities used for thes
periments are on the order of 13108 A/cm2. The devices are
stable and reproducible when biased with these current
sities, which are roughly an order of magnitude less th
those used in experiments with point contacts.15 The peak
frequency typically decreases with increasing current,
though separating shifts due to self-field effects of the b
current from possible shifts due to spin transfer is difficult
distinguish in these devices. The noise amplitude for a gi
current is larger for higher resistance devices with sma
cross-sectional areas. Lastly, while different devices may
hibit detailed differences in characteristics, the same corr
tion between the noise, current, and magnetic configura
is consistently observed.

Since the noise is dependent on bias current, we here
will assume that the data are resistance noise30 due to a com-
bination of FL magnetization dynamics and GMR. We w
also neglect fluctuations of the PL or RL magnetizatio
within the SAF. We argue that this latter assumption is va
because the combined effect of the interlayer coupling ac
the Ru layer and the exchange coupling to the IrMn will le
to a substantially stiffer magnetic system with much sma
fluctuation amplitude and much higher precessional frequ
cies that are likely beyond our detection capability. A furth
justification is that the data in Fig. 2 are qualitatively cons
tent with a pinned RL and a fluctuating FL.

The existence of persistent microwave oscillations for
current directions and magnetic configurations shown in F
2 is a hallmark of spin transfer torque, and the correspond
spectral peak is consistent with theoretical predictions.1,2,7–9

But, the existence of low frequency noise is somewhat
expected. The correlation of the low frequency noise w
current direction and magnetic configuration indicates tha
too is being driven by spin transfer. Low frequency no
similar to the results presented in this paper also appea
be a common occurrence. The distribution of spectral no
power over a broad frequency range and specific instance
noise exhibiting either 1/f or Lorentzian behavior have bee
observed in comparable CPP structures.18,19,31 Furthermore,
recent numerical micromagnetic modeling studies of
Landau–Lifshitz–Gilbert~LLG! equation of motion with
spin torque included indicate that such low frequency no
can indeed result from spin transfer. One study has sh
18440
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that the combination of a random thermal force and s
torque can drive the magnetization to randomly jump b
tween degenerate precessional orbits.8 Although the spectral
content of the dynamics was not shown, this hopping
tween orbits did introduce lower frequency components
the in-plane magnetization components. Similar numer
work has also predicted the existence of low frequen
noise.9 Nevertheless, a more complete theoretical study
needed to distinguish between the various effects of s
transfer, random thermal forces, and magnetic inhomoge
ity and the influence each effect has on the low freque
noise.

More detailed measurements of the noise in the vicinity
the FL reversal, in which spectra were measured at 2
increments of the easy axis field, reveal changes in no
amplitude as a function of magnetic configuration. The sp
tra exhibit the same qualitative features as shown in Fig
but the data are presented in a more compact form in te
of the RMS voltage noise. Figure 3 shows a typical exam
of the dc resistance and RMS voltage noise as a functio
magnetic configuration. In addition to the asymmetry
noise amplitude about the FL reversal, the noise in Fig. 3~b!
also exhibits a peak in the vicinity of the FL reversal, whe
the FL is close to an orthogonal configuration with respec
the RL. The data in Fig. 3~b! were calculated by integrating
the measured spectra over the full experimental bandwidt
0.1 to 8 GHz. Since the spectral content is dependent on
FL configuration, Fig. 3~c! shows the RMS voltage nois
integrated over a low frequency bandwidth of 0.1 to 4 G
and a high frequency bandwidth of 4 to 8 GHz. The hi
frequency noise captures the evolution of the spectral p
and closely tracks the dc resistance, which is consistent w
expectations of a spin transfer induced state of magnetiza
precession. In contrast, the amplitude of the low freque
noise is largest near the FL reversal.

FIG. 3. ~a! Two-probe resistance versus easy axis field for a b
current of220 mA and a hard axis field of 1375 Oe. The resistan
is referenced to its four-probe value of 4.62V measured atHEA5
2600 Oe.~b! Corresponding RMS voltage noise calculated by
tegrating the power spectral density from 0.1 to 8 GHz.~c! RMS
voltage noise integrated over smaller bandwidths. The solid
represents the noise integrated from 0.1 to 4 GHz and the da
line represents the noise integrated from 4 to 8 GHz.
6-4
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CURRENT-INDUCED MAGNETIZATION DYNAMICS IN . . . PHYSICAL REVIEW B69, 184406 ~2004!
Although we have yet to do micromagnetic simulations
our devices, we attribute the variation of the low frequen
noise with easy axis field to a combination of at least th
well-established effects. First, the asymmetry in noise am
tude between the low and high resistance states indicates
spin transfer is driving the noise, which accounts for why
device is quiet when the FL magnetization is in the para
state and noisier in the antiparallel state. Second, the de
dence of the GMR sensitivity,]R/]u, on the relative angle
u, between the FL and RL magnetizations can partly desc
the peak in noise amplitude near the intermediate resista
state. For a constant RMS fluctuation ofu, the RMS voltage
noise will peak near the orthogonal magnetic state, where
GMR sensitivity is largest. Third, an increase in the net m
netic field acting on the FL can stiffen the FL magnetizatio
thereby suppressing the angular deviations of the FL ab
its average value. The increase in peak frequency as the
axis field drives the FL magnetization away from the rever
suggests that the net field is increasing,18,19 which will sup-
press the noise.

Examples of the current and field dependence of the R
resistance noise are shown in Fig. 4. These data are de
by the equationRRMS5@(VRMS

2 2V0
2)/I b

2#1/2 and correspond
to noise integrated over 0.1 to 8 GHz. The electronics no
V0

25(88mV) 2, is subtracted from the total measured noi
VRMS

2 , in order to get the RMS voltage noise of the devi
itself, which is then converted from voltage noise to res
tance noise via the bias current,I b . Note that shifts in the FL
reversal fields due to self fields from the bias current con
quently lead to current dependent shifts in the transition
tween low and high noise states in the noise versus fi
curves. Interestingly, for positive current flow, the RMS r

FIG. 4. Dependence of RMS resistance noise on bias cur
and easy axis field. A constant hard axis field of 1375 Oe is a
applied. The resistance noise is calculated from the voltage n
integrated over 0.1 to 8 GHz, as described in the text. For b
plots, the numbers indicate the bias current. Some current va
have been omitted for clarity.~a! Positive current.~b! Negative
current.
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sistance amplitude saturates at approximately 14 mV. This
saturation value is a large fraction of theDR562 mV mea-
sured for120 mA and a 0 Oehard axis field,32 but it is still
consistent with the hypothesis that the noise originates fr
FL dynamics and GMR. This holds true even when integr
ing the 1/f noise over a larger bandwidth and will be di
cussed further below.

Coincident with the saturation in the resistance noise
the broadening, in Oe, of the FL reversal. Figures 1 an
show typical characteristics of the FL minor loop acquir
with a 1375 Oe hard axis field and positive bias currents
120 mA and below. The resistance changes gradually w
easy axis field except for a rapid change in resistance ov
very small field range. This abrupt reversal in the FL ma
netization occurs over a field range of approximately 12
or less for currents that are less than or equal to120 mA.
However, this transition broadens when the current increa
above120 mA and, as an example, is approximately 70
at 123 mA. This is similar to previous work10,15–19and re-
flects how the regime of strongly driven precession c
modify the average magnetic configuration of the device

The current dependence is also plotted in an altern
form in Fig. 5. These data have been integrated over the
experimental bandwidth of 0.1 to 8 GHz but are also rep
sentative of the behavior exhibited by the integrated no
from the 0.1 to 4 GHz and 4 to 8 GHz bandwidths. The sh
in the FL reversal field are accounted for by plotting t
noise measured at a fixed field value away from the midpo
of the FL reversal. Also included in Fig. 5 is an explic
comparison to the expected scaling of thermally activa
noise caused by the secondary effect of Joule heating by
bias current. The dependence of the noise on magnetic
figuration as shown in Fig. 2 is already inconsistent w
thermally activated spin waves, or mag-noise.22–24 The cur-
rent dependence in Fig. 5 further excludes the possible in
pretation in terms of mag-noise. In the absence of Joule h
ing, thermally activated resistance noise is independen
current because the fluctuations are driven by a constant

nt
o
se
th
es

FIG. 5. Dependence of RMS resistance noise on bias curr
The filled circles represent experimental data from Fig. 4 at a fi
easy axis field value from the midpoint of the free layer reversal.~a!
Resistance noise for positive currents and236 Oe from the free
layer reversal.~b! Resistance noise for negative currents a
114 Oe from the reversal. The solid line in both figures indica
the expected behavior for thermally activated noise.
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M. COVINGTON et al. PHYSICAL REVIEW B 69, 184406 ~2004!
mal power, and the bias current simply acts as a pas
probe of the thermal fluctuations.30 The dc resistance implie
that the electron temperature varies from 77 to 175 °C
tween 10 and 24 mA, respectively. However, even when
increase in temperature is taken into account, the expe
scaling of thermally activated noise falls well below the me
sured current dependence for both current directions.

Figures 4 and 5 also illustrate that the noise amplitud
generally larger for positive currents than for negative c
rents, which is the likely reason why the saturation in no
amplitude happens for only the positive current directio
This general trend is typical for the spin valves measured
date. Figure 6 shows another representation of the data
plots the resistance noise versus magnetic configuration.
figure compares the noise amplitude measured for the s
magnetic configuration of the FL with respect to the RL,
inferred by the dc resistance. The dynamics stand in mar
contrast to the dc resistance in which there is no differenc
the magnetoresistance for the two different current dir
tions. This dependence of noise amplitude on current di
tion is perhaps due to a breakdown of the two assumpt
that only the FL is fluctuating and that the net field acting
the FL is the same for both current directions. Quantitat
micromagnetic modeling of the data is currently underway
distinguish between ordinary magnetic effects and poss
asymmetry in the spin transfer torque due to asymmetry
the leads and thin film structure of these CPP spin valves.33,34

However, the experimental data alone indicate that
asymmetry in noise amplitude with respect to current dir
tion is likely due to more than just a difference in the ma
netic fields acting on the FL. Using the current induced pe
as a diagnostic, the peak frequency tends to be higher
negative currents than for positive currents, which sugg
that a larger net magnetic field is acting on the FL and
angular excursions of the FL magnetization will be su
pressed. Nevertheless, even when the peak frequency
positive currents is tuned with a magnetic field so tha
coincides with the frequency for negative currents, posit
currents still produce more noise.

In a separate set of experiments, spin transfer indu
noise has been observed down to much slower time scal
time domain voltage measurements. Figure 7 shows two t

FIG. 6. Comparison of the noise amplitude for two currents
the same amplitude but opposite direction. The resistance noise
are from Fig. 4. The bottom axis shows the corresponding re
tance that represents the magnetic configuration of the free la
DR50 corresponds to parallel alignment andDR565 mV corre-
sponds to antiparallel alignment as inferred from the magnetore
tance measured with118 mA and no hard axis field.
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traces for the CPP spin valve acquired with the FL bias
into a low resistance state, approximately 6 Oe away fr
the midpoint of the FL reversal. Additional time traces ha
been acquired with different bias currents and magn
fields, and the data exhibit the same qualitative current
pendence as measured at high frequencies. The noisy w
form measured at120 mA fluctuates about many differen
resistance values and the power spectral density35 exhibits
1/f behavior with an amplitude that is within an order
magnitude of the 1/f noise measured at high frequencies36

This provides further support that the orthogonal magne
state exhibits 1/f noise at microwave frequencies and sho
that spin transfer can impact the magnetization dynamic
frequencies well below that of the spin precession. The
istence of spectral power down to such low frequenc
means that the RMS resistance noise will be even larger
that estimated from the high frequency noise spectra alo
Integrating the noise spectral density over this much lar
frequency range provides a further check on the validity
the hypothesis about the origin of the resistance noise.
noise power spectral density,SV , is assumed to be of the
form SV5C•I b

2/ f , whereC is a constant,I b is the bias cur-
rent, and f is the frequency. The data indicate thatC'5
31025 V2. Integrating this over the nine decades of fr
quency in which it is experimentally observed yields a RM
resistance noise of 32 mV.37 This is an enormous fraction o
the full DR of 62 mV, yet it is still consistent with the
hypothesis of the resistance noise originating from FL d
namics and GMR.

IV. CONCLUSION

To summarize, we observe experimental evidence
magnetization dynamics induced by spin momentum tran
in CPP spin valves. These current induced dynamics
manifested in the noise spectra as a pronounced peak an
lower frequency noise that can either be rather flat and
tureless or have 1/f character. The current induced noise
observable for current densities aboveu j u>73107 A/cm2

and for those combinations of current direction and magn
configuration in which spin transfer acts to reorient the fr
layer in the direction opposite to that set by the net magn

f
ata
s-
er.

is-

FIG. 7. Time traces acquired with the device in a fixed magne
configuration, as described in the text.~a! Data for 220 mA. ~b!
Data for120 mA. Note that the same vertical scale is used for~a!
and ~b!.
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field. Otherwise, the device noise cannot be measured a
the noise floor of the electronics.

The current induced noise is a function of the amplitu
and direction of the bias current through the device. In ad
tion, the amplitude and spectral characteristics of the no
are dependent upon the relative angle between the mag
zations of the free and fixed magnetic layers. A well-defin
spectral noise peak appears for positive~negative! current
when the free layer magnetization is close to a parallel~an-
tiparallel! configuration. This peak disappears and the no
spectrum is increasingly dominated by low-frequencyf
noise when the free layer is driven towards an orthogo
configuration with respect to the fixed layer.

The data presented in this article provide further supp
for the spin torque model and the notion that a dc current
induce a state of persistent magnetization precession. H
ever, we currently lack information about the coheren
times of these oscillations because our measurements a
the frequency domain. Further measurements in the time
main are required to determine the coherence times of th
persistent oscillations.

Lastly, we have identified a noise mechanism that mus
considered when pursuing applications of CPP technol
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spin waves, or mag-noise.
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