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

DOI: 10.1103/PhysRevB.69.184406 PACS nunider72.25.Pn, 85.75:d, 85.70.Kh, 72.76tm

[. INTRODUCTION an understanding of spin transfer is important for the appli-
cation of current perpendicular to the plai@PP giant mag-
Magnetic fields generated by moving charges can exert aetoresistanc§GMR) devices. Hard disk drives currently
torque on a magnetic moment. Recent research, however, heise GMR read sensors in which current flows in the plane of
confirmed the existence of an entirely new effect called spirthe thin film multilayer (CIP), but CPP GMR sensors are
momentum transfer that can also manipulate the magnetiz;gzonsidered to be a serious alternative for fgture drives. CPP
tion of a ferromagnet via an electrical current. The heart of6MR will encounter the same Johnson noise and thermally
the effect lies in the exchange of spin angular momentunfctivated magnetic noise, or mag-nofé&;* as CIP GMR
between conduction electrons and the magnetic moment of @evices. However, spin transfer is an additional noise mecha-
ferromagnet. This interaction can lead to a net torque actin§ism in CPP GMR devices that must be understood.
on a ferromagnet and the possibility of an electrical current In this article, we present experimental observations of
directly inducing magnetization dynamics. There are numersSPin transfer induced magnetization dynamics in the fre-
ous theoretical models of this spin torqtié. Despite the —duency domain. Our work builds upon the work from other
differing microscopic approaches, all of these models deriv@roups that have observed similar restft€’ In addition to
a spin torque that is qualitatively different than the classicafxtensive measurements of the current dependence of the
torque exerted by a magnetic field. One of the key distindynamics, we exploited the flexibility of magnetic biasing
guishing features of spin torque is that, depending on curreritllowed by CPP spin valves and have made detailed mea-
direction, it can have a substantial component that either opsurements as a function of magnetic configuration. In Sec. Ii,
poses or enhances the magnetic damping. Theory predictée describe the CPP spin valves and the measurement appa-
that this property can lead to a state of persistent magnetiz&atus used to study the devices. Section Ill presents the ex-
tion precession driven by a dc currérft/~° perimental results of the device characterization and current
Experimental observations of spin transfer have comdnduced noise measurements. Finally, we summarize our data
from measurements of either nanopillar or point contacin Sec. IV.
structures. By using the magnetoresistance to infer the mag-
ne.tic state of the device, experime_nts have demor)strgted that Il. EXPERIMENT
spin transfer can reproducibly reorient the magnetization of a
small ferromagnetic element between two bistable We study current-induced magnetization dynamics by
configurations?~** Further dc measurements have inferredmeasuring the noise spectra of CPP GMR spin valves. The
states of current induced magnetization precession that afevices have a layer structure from bottom to top of
consistent with spin transfét:'>~1"More recent experiments IrMn90/CoFeX/Rul0/CoF&/Cu22/CoFe30, where the num-
have reported signatures of these spin transfer induced prbers indicate the layer thickness in A. Devices from two
cessional states in the frequency dom&ift wafers were tested in whick=30 A or 40 A. The data in
Spin momentum transfer is of interest for both fundamen+this paper are from a device whexe=40 A and are repre-
tal and practical reasons. Studying this effect can further exsentative of the behavior observed from both wafers. The
pand the understanding of microscopic spin dependent intethin films were sputter deposited, and the devices were fab-
actions between electrons. Spin dependent scattering is thieated using standard wafer processing. The CPP pillars
mechanism behind many magnetoresistance phenoffiégma. have a rectangular cross section with dimensions of approxi-
addition, recent work that is complementary to the work onmately 100 nnx 200 nm and are connected by four electrical
spin transfer has shown that conduction electrons can haveleads.
significant impact on the damping of magnetization dynam- The synthetic antiferromagn€BSAF) structure CoFe/Ru/
ics in ferromagnetic thin film& From a practical standpoint, CoFe strongly couples the two CoFe layers antiferromagneti-
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cally via Ruderman—Kittel-Kasuya—Yosida(RKKY)
coupling?® and the lower and upper CoFe layers within this
structure are referred to as the pinned lagrl) and refer-
ence layer(RL), respectively. Saturation fields of5 kOe

4.20 | | |

have been measured for sheet films of similar unpinned SAF 3000 -1500 0 1500 3000
structures. The combined layers of IrMn/CoFe/Ru/CoFe are Hea (Oe)

a stable magnetic structure that serves to fix the magnetiza- T T T

tions of the PL and RL within the SAF. The GMR from the g or® et 2\ '''' ]
spin valve is then a measure of the relative angle between the E - N j e
fixed magnetization of the RL and the freely rotatable mag- T » : -
netization of the upper CoFe layer, referred to as the free 600 _3'00 (') 3(')0 00
layer (FL).?° All subsequent references to the PL, RL, and FL Hey (O6)

in this article will refer to the magnetizations of the corre-
sponding layers, even without an explicit citation as such in  FIG. 1. Four probe resistance data from a CPP spin valve. Field
the text. sweeps from negative to positive values are represented by a solid
All measurements were performed with an apparatus thdine. Reversed field sweeps are indicated by a dotted (@eRe-
can make electrical connection to the on-wafer devices witlsistance versus magnetic field applied along the easy @isree
either tungsten pins or microwave probesl app|y magnetib’:lyel' minor loop for different bias currents and hard axis field val-
fields via a quadrapole electromagnet, and heat the wafees. The resistance is referenced to -t§00 Oe easy axis field
above room temperature. DC electrical measurements weM&lue, which are 4.23, 4.23, and 4.4 for curves 1, 2, and 3,
acquired using standard two- and four-probe geometries. FréeSpectively. Lastly, curves 1, 2, and 3, respectively, correspond to
quency domain noise measurements used)5@icrowave bias currents of 4, 4, and 18 mA and hard axis field values of 0,
circuitry between the device and spectrum anal§%ércur- 1375 and 1375 Oe.
rent source and voltmeter, isolated from the microwave com-
ponents through a bias tee, were used to apply a dc currestructure, where the RL and PL remain antiparallel but the
and simultaneously measure the dc voltage. A 40 dB ampliRL switches between parallel and antiparallel alignment with
fier was also used that had a 0.1 to 8 GHz bandwidth and gespect to the FL.
voltage noise equivalent to a 40 resistor at 293 K refer- There are three factors that lead to magnetic anisotropy in
enced at the input. The spectrum analyzer was calibratethe device, and the resulting uniaxial and unidirectional
prior to measurements with two sources that output whiteanisotropies are all oriented along the long axis of the CPP
noise 6 and 15 dB larger than that of a 80resistor at 293 pillar. First, the CoFe layers have a uniaxial anisotropy of
K. A calibration curve was generated from the known andH,~10 Oe induced by an aligning magnetic field during
measured noise and was used to correct the noise spectthin film deposition. Second, the antiferromagnetic IrMn
This calibration procedure only corrects for signal loss up tdayer adds a~500 Oe unidirectional anisotropy field to the
the end of the coaxial cable connected to the microwavel. The third, and most dominant, factor comes from the
probes. However, separate measurements of a wide banghape anisotropy of the rectangular pillar, with the easy axis
width short, open, and 50) load on a special calibration lying along the long axis. The device shape induces an ef-
chip indicate that the additional loss coming from the probegective uniaxial anisotropy in the FL and helps to stabilize
and on-wafer device is less than 0.5 dB and essentially indahe SAF above and beyond that achieved at the sheet film
pendent of frequency. level. Estimates assuming a uniform magnetization yield
uniaxial anisotropy fields of approximately 400 and 500 Oe
for individual CoFe layers that have a 100 ®rA00 nm
Ill. RESULTS cross section and are, respectively, 30 and 40 nm thick. Ap-
plying this same assumption of uniform magnetization to the
experimental spin valve geometry, this model further predicts
The magnetic and magnetoresistive properties of the CP#hat the magnetic fields that saturate the PL, RL, and FL
spin valves were characterized by measuring the four-probmagnetizations into a parallel state differ by approximately
resistance versus field. Figure 1 shows typical resistance vet-5 kOe for fields applied along the long and short axes of
sus field data from a CPP spin valve for fields applied alonghe structure. Hence, magnetostatic fields favor antiparallel
the easy axis of the device. The magnetoresistance betweafignment between adjacent magnetic layers and, within this
the FL and RL is much larger than that originating betweenantiparallel configuration, further reinforce the magnetiza-
the RL and PE’ and the resistance will hereafter be used totions to lie along the long axis of the pillar. We also argue
infer the relative magnetic configuration between only the FLthat these magnetostatic coupling fields are contributing fac-
and RL. The PL and RL will also be assumed to be antipartors to the small decrease in resistance between 1 and 2.5
allel for all of the experimental conditions presented. ThekOe, which is interpreted to be due to increasing uniformity
sharp jumps in resistance around300 Oe are due to the of the FL magnetization as it achieves a more fully parallel
reversal of the FL magnetization as it aligns along the direcstate with respect to the RL.
tion of the magnetic field. The resistance change around Figure Xb) focuses on the characteristics of the FL minor
+1 kOe comes from the reversal of the entire pinned SAHoop as represented via the resistant®, with respect to

A. Device characterization
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the low resistance state at an easy axis field- 600 Oe. For %0 _\ ' ' ' (a)
small bias currents and no hard axis magnetic field, the GMR

ratio is 1.8% andAR-A=1.53 m)-um? for an assumed =

cross sectional ared, of 0.02um?. The AR decreases for 2

larger bias currents or when a dc hard axis field is simulta- 2
neously applied. This decrease AR for large currents is ®
likely due to curling of the FL and RL magnetizations in-
duced by the self-fields generated from the current flowing
through the CPP pillar, which consequently limits the ability

to achieve fully parallel or antiparallel magnetic states be-
tween the FL and RL. The decreaseAR resulting from the )
application of a hard axis field can be accounted for by o
simple canting of the FL magnetization away from the easy _
axis. Lastly, the offset of the FL reversal frolio=0 ob- T 200
served with 18 mAcurve 3 is due to self-fields generated

by current flowing in the leads connected to the CPP device. o
The FL reversal occurs at either positive or negative easy o 0
axis fields depending on which of the two top leads are used _
to pass current through the CPP pillar. The direction of the T 200
shift is consistent with the direction of the in-plane field 0 2 4 6 784 7.87

produced by current flowing from the CPP pillar into the top f (GHz) R (Q)

leads, and the offset froidz,= 0 is consistent with order of

magnitude estimates of the self-fields generated by the cur- FIG. 2. (Color onling Power spectral density as a function of

rent. These self-fields also promote nonhysteretic FL reverias current direction and magnetic configurati@).Noise spectra
sal. acquired with a+20 mA bias current and taken at different points

on the free layer minor loop, as described in the text. The spectra
taken at 34 and- 10 Oe are offset by 5 and 10 A\Hz, respec-
B. Noise measurements tively. (b) and(c) Power spectral density as a function of frequency
. . . . . . and easy axis magnetic fielé] for bias currents of-20 and
.The primary reSl.Jlt in this amc.le is the .Observatlon O.f +20 mA)./ Also sh(?wn is the Egrresponding two-probe resistance
n0|sg fro”.‘ cpp spln valves that 'S. a f.unctlon of magnet'%dicating the relative magnetic configuration of the free layer. All
conflguratlon and. bias current dl'rec'.uon and ?‘mP"t”deof the data were acquired with a constant 1375 Oe hard axis field
which we argue arises from magnetization dynamics Inducegpplied. The noise power is referenced to that of &bfesistor at

by spin momentum transfer. Figure 2 summarizes the chakgs k and plotted in units of dB, with the contrast scale indicating
acteristics of CPP spin valve noise spectra. Figiae $hows  the range of noise amplitude.

examples of noise spectra acquired for three different relative
magnetic configurations between the FL and RL as set by thstate. The spectrum is dominated by noise exhibitingfa 1/
easy axis field® An easy axis field of 60 Oe biased the functional form when in the orthogonal state. But, the low
device into a high resistance state;10 Oe biased it into a frequency noise decreases and a well-defined peak develops
low resistance state, and 34 Oe biased it into an intermediatghen the device is in the parallel staferor this latter case,
resistance state. The magnetoresistance implies that the Fhere is still spectral power distributed over a broad range of
magnetization is canted at a finite angle with respect to thérequencies, but the functional dependence below the peak
RL magnetization at 60 ane 10 Oe, but the corresponding frequency is no longer 1/and is instead closer to white
high and low resistance states will be referred to as antipamoise. Similar behavior is observed for the opposite current
allel and parallel, respectively, for the sake of brevity. Thedirection, but for that case the noise is largest when the mag-
resistance at 34 Oe implies that the FL and RL magnetizanetic configuration is either orthogonal or in the antiparallel
tions are nearly orthogonal. state.

In Fig. 2(a), the device was biased with-a20 mA cur- A compendium of noise spectra is shown in Figé)2nd
rent. Positive current is defined as flowing from the bottom2(c). The three dimensional plots are constructed from indi-
to the top of the CPP pillar, so electrons are flowing from thevidual noise spectra measured at 20 Oe intervals of the easy
FL to the RL. To enable the FL to be biased at arbitraryaxis field. Also shown is the two-probe dc resistance that
angles with respect to the RL, a constant 1375 Oe hard axi®flects the magnetic configuration. These figures illustrate
field was also applied. This hard axis field value was deterthe strong correlation of the noise with current direction and
mined by the device magnetics so that the device exhibiteehagnetic configuration. For positive currents, where the spin
nonhysteretic rotational FL reversal rather than hystereti¢ransfer torque drives the FL towards the antiparallel state,
switching during the noise measurements. For these condihe device noise appears when the FL magnetization is in or
tions, the noise in the antiparallel state is below the noisaear the parallel state. For negative currents, where spin
floor of the electronics. However, for the same current, theransfer favors the parallel state, the noise is observed when
noise exhibits a dramatic increase in amplitude and change ithe FL magnetization is in or near the antiparallel state.
spectral content as the FL is rotated towards the parallaVhenever the current direction is such that spin transfer re-

200
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inforces the FL magnetization along the same direction as

that set by the net magnetic field, the device noise falls be- E “
low the electronics noise. T 20

Additional noise measurements have been made as a 0
function of current and hard axis magnetic field, and from 2 140
devices with different cross-sectional areas. Some of the key o
trends are as follows. The noise spectra exhibit the same S 10
gualitative features as the hard axis field increases from 1000 f t - t
to 1625 Oe, albeit with a decrease in noise amplitude and 3 110 (c) :Oliggﬂﬁ—
increase in the peak frequencies. The noise spectra exhibit o N Y P e EEEEELALE
the same characteristics regardless which of the two possible & 1 A I A
directions the hard axis field is applied. Examples of peak 70 60 50 -40 .30 20
linewidths in Fig. 2 indicate thatXf/f ¢,y is approximately Hea (Oe)
0.017 for+20 mA and 0.08 for—20 mA, whereAf is the
full width at half maximum and .« is the peak frequency. FIG. 3. (a) Two-probe resistance versus easy axis field for a bias

As the current amplitude increases, the amplitude of théurrent of—20 mA and a hard axis field of 1375 Oe. The resistance
noise also increases. The current densities used for these dx/éférenced fo its four-probe value of 4.&2measured abga=
periments are on the order of110® A/lcm?. The devices are —600'Oe.(b) Corresponding RMS.voItage noise calculated by in-
stable and reproducible when biased with these current def£9rating the power spectral density from 0.1 to 8 GHLRMS
sities, which are roughly an order of magnitude less thaﬁ/oltage noise integrated over smaller bandwidths. The solid line

. . . . represents the noise integrated from 0.1 to 4 GHz and the dashed
those used in experiments with point contdttdhe peak line represents the noise integrated from 4 to 8 GHz.

frequency typically decreases with increasing current, al-
though separating shifts due to self-field effects of the bias
current from possible shifts due to spin transfer is difficult tothat the combination of a random thermal force and spin
distinguish in these devices. The noise amplitude for a givemorque can drive the magnetization to randomly jump be-
current is larger for higher resistance devices with smalletween degenerate precessional orbitdthough the spectral
cross-sectional areas. Lastly, while different devices may exeontent of the dynamics was not shown, this hopping be-
hibit detailed differences in characteristics, the same correlaween orbits did introduce lower frequency components to
tion between the noise, current, and magnetic configuratiothe in-plane magnetization components. Similar numerical
is consistently observed. work has also predicted the existence of low frequency
_Since the noise is dependent on bias current, we hereaftgpise® Nevertheless, a more complete theoretical study is
will assume that the data are resistance rifigee to a cOm- needed to distinguish between the various effects of spin
bination of FL magnetization dynamics and GMR. We will {ransfer, random thermal forces, and magnetic inhomogene-

also neglect fluctuations of the PL or RL magnetizationsiy, ang the influence each effect has on the low frequency
within the SAF. We argue that this latter assumption is valid,| i<

because the combined effect of the interlayer coupling across More detailed measurements of the noise in the vicinity of

the Ru layer and the exchange coupling to the IrMn will Ieadthe FL reversal, in which spectra were measured at 2 Oe

to a substantially stiffer magnetic system with much smallerincrements of the easv axis field reveal chandes in noise
fluctuation amplitude and much higher precessional frequen- y ’ 9

cies that are likely beyond our detection capability. A furtherampIItUde as a function of magnetic configuration. The spec-

justification is that the data in Fig. 2 are qualitatively consis-'2 exhibit the same qualltat'lve features as shown in. Fig. 2,
tent with a pinned RL and a fluctuating FL. but the data are presented in a more compact form in terms

The existence of persistent microwave oscillations for thef the RMS voltage noise. Figure 3 shows a typical example
current directions and magnetic configurations shown in Fig®f the dc resistance and RMS voltage noise as a function of
2 is a hallmark of spin transfer torque, and the correspondingiagnetic configuration. In addition to the asymmetry in
spectral peak is consistent with theoretical predictiohs®  noise amplitude about the FL reversal, the noise in Fig) 3
But, the existence of low frequency noise is somewhat unalso exhibits a peak in the vicinity of the FL reversal, where
expected. The correlation of the low frequency noise withthe FL is close to an orthogonal configuration with respect to
current direction and magnetic configuration indicates that ithe RL. The data in Fig. (®) were calculated by integrating
too is being driven by spin transfer. Low frequency noisethe measured spectra over the full experimental bandwidth of
similar to the results presented in this paper also appears thl to 8 GHz. Since the spectral content is dependent on the
be a common occurrence. The distribution of spectral nois€L configuration, Fig. &) shows the RMS voltage noise
power over a broad frequency range and specific instances oftegrated over a low frequency bandwidth of 0.1 to 4 GHz
noise exhibiting either I/or Lorentzian behavior have been and a high frequency bandwidth of 4 to 8 GHz. The high
observed in comparable CPP structuf&¥:*! Furthermore, frequency noise captures the evolution of the spectral peak
recent numerical micromagnetic modeling studies of theand closely tracks the dc resistance, which is consistent with
Landau-Lifshitz—Gilbert(LLG) equation of motion with expectations of a spin transfer induced state of magnetization
spin torque included indicate that such low frequency noisgrecession. In contrast, the amplitude of the low frequency
can indeed result from spin transfer. One study has shownoise is largest near the FL reversal.
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FIG. 5. Dependence of RMS resistance noise on bias current.
The filled circles represent experimental data from Fig. 4 at a fixed
easy axis field value from the midpoint of the free layer reversal.

-100 -80 -60 -40 -20 0 Resistance noise for positive currents an@6 Oe from the free
Hea (Oe) layer reversal.(b) Resistance noise for negative currents and
) ) ) +14 Oe from the reversal. The solid line in both figures indicates
FIG. 4. Dependence of RMS resistance noise on bias currenj,q expected behavior for thermally activated noise.
and easy axis field. A constant hard axis field of 1375 Oe is also
applied. The resistance noise is calculated from the voltage noisgisiance amplitude saturates at approximately T2 ifhis
integrated over 0.1 to 8 GHz, as described in the text. For bo“%aturation value is a large fraction of theR=62 mQ mea-
plots, the numbers indicate the bias current. Some current Valuefured for+20 mA and a 0 Odard axis field2 but it is still
have been omitted for claritya) Positive current.(b) Negative - . . L .
current consistent with the hypothe_S|s that the noise originates from
' FL dynamics and GMR. This holds true even when integrat-
ing the 1f noise over a larger bandwidth and will be dis-
Although we have yet to do micromagnetic simulations of i yssed further below.
our devices, we attribute the variation of the low frequency  Coincident with the saturation in the resistance noise is
noise with easy axis field to a combination of at least threghe broadening, in Oe, of the FL reversal. Figures 1 and 2
well-established effects. First, the asymmetry in noise amplishow typical characteristics of the FL minor loop acquired
tude between the low and high resistance states indicates thgifth a 1375 Oe hard axis field and positive bias currents of
spin transfer is driving the noise, which accounts for why the1 20 mA and below. The resistance changes gradually with
device is quiet when the FL magnetization is in the parallelasy axis field except for a rapid change in resistance over a
state and noisier in the antiparallel state. Second, the depe()ery small field range. This abrupt reversal in the FL mag-
dence of the GMR sensitivityjR/ 36, on the relative angle, netization occurs over a field range of approximately 12 Oe
0, between the FL and RL magnetizations can partly describgy |ess for currents that are less than or equak-20 mA.
the peak in noise amplitude near the intermediate resistanggowever, this transition broadens when the current increases
state. For a constant RMS fluctuation®fthe RMS voltage  apove+20 mA and, as an example, is approximately 70 Oe
noise will peak near the orthogonal magnetic state, where thgt + 23 mA. This is similar to previous wotk*®>%and re-
GMR sensitivity is largest. Third, an increase in the net magfiects how the regime of strongly driven precession can
netic field acting on the FL can stiffen the FL magnetization,modify the average magnetic configuration of the device.
thereby suppressing the angular deviations of the FL about The current dependence is also plotted in an alternate
its average value. The increase in peak frequency as the eagym in Fig. 5. These data have been integrated over the full
axis field drives the FL magnetization away from the reversabxperimental bandwidth of 0.1 to 8 GHz but are also repre-
suggests that the net field is increastfig? which will sup-  sentative of the behavior exhibited by the integrated noise
press the noise. . from the 0.1 to 4 GHz and 4 to 8 GHz bandwidths. The shifts
Examples of the current and field dependence of the RM$, the FL reversal field are accounted for by plotting the
resistance noise are shown in Fig. 4. These data are defing@ise measured at a fixed field value away from the midpoint
by the equatiorRrys=[(Vaus—V6)/I5]1*? and correspond  of the FL reversal. Also included in Fig. 5 is an explicit
to noise integrated over 0.1 to 8 GHz. The electronics noisegomparison to the expected scaling of thermally activated
V5=(88 uV)?, is subtracted from the total measured noise noise caused by the secondary effect of Joule heating by the
Vius, in order to get the RMS voltage noise of the devicebias current. The dependence of the noise on magnetic con-
itself, which is then converted from voltage noise to resis-figuration as shown in Fig. 2 is already inconsistent with
tance noise via the bias currehy, Note that shifts in the FL thermally activated spin waves, or mag-ndi$&* The cur-
reversal fields due to self fields from the bias current conserent dependence in Fig. 5 further excludes the possible inter-
guently lead to current dependent shifts in the transition bepretation in terms of mag-noise. In the absence of Joule heat-
tween low and high noise states in the noise versus fielihg, thermally activated resistance noise is independent of
curves. Interestingly, for positive current flow, the RMS re- current because the fluctuations are driven by a constant ther-
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FIG. 6. Comparison of the noise amplitude for two currents of time (ms)

the same amplitude but opposite direction. The resistance noise data

are from Fig. 4. The bottom axis shows the corresponding resis- FIG. 7. Time traces acquired with the device in a fixed magnetic
tance that represents the magnetic configuration of the free layeconfiguration, as described in the tefd) Data for —20 mA. (b)
AR=0 corresponds to parallel alignment aAdR=65 m() corre- Data for +20 mA. Note that the same vertical scale is used(&r
sponds to antiparallel alignment as inferred from the magnetoresisand (b).

tance measured with- 18 mA and no hard axis field.

. . . traces for the CPP spin valve acquired with the FL biased
mal power, and the bias current simply acts as a passive

probe of the thermal fluctuatioriS The dc resistance implies INto a low resistance state, approximately 6 Oe away from

that the electron temperature varies from 77 to 175°C be’ghe midpoint of the FL reversal. Additional time traces have
P . “been acquired with different bias currents and magnetic
tween 10 and 24 mA, respectively. However, even when thl?

increase in temperature is taken into account, the ex ectei]elds’ and the data exhibit the same qualitative current de-
; P . : f P pendence as measured at high frequencies. The noisy wave-
scaling of thermally activated noise falls well below the mea-, :
LT form measured at-20 mA fluctuates about many different
sured current dependence for both current directions.

_resistance values and the power spectral defisétyhibits

Figures 4 and 5 also illustrate that the noise amplitude i . . . R
generally larger for positive currents than for negative cur-sl/f behavior with an amplitude that is within an order of

rents, which is the likely reason why the saturation in noisérnrﬁgn:)%%? dgfs tpuitrf/e ?Osijgprgﬁa};:;ei:to?:ﬁggfgig?ﬂ;i&nséﬂC
amplitude happens for only the positive current direction. tate exhibits ¥/ noise at microwave frequencies and shows

This general trend is typical for the spin valves measured t at spin transfer can impact the maanetization dvnamics at
date. Figure 6 shows another representation of the data th pin P 9 e
equencies well below that of the spin precession. The ex-

plots the resistance noise versus magnetic configuration. Th £

figure compares the noise amplude measured for the sang 2 B SR B PO, Lo L T
magnetic configuration of the FL with respect to the RL, as 9

inferred by the dc resistance. The dynamics stand in marke at esti_mated ffOF“ the high frequency noise_spectra alone.
ntegrating the noise spectral density over this much larger

contrast to the dc resistance in which there is no difference i | equency ranae orovides a further check on the validity of
the magnetoresistance for the two different current direc- q y range p y

tions. This dependence of noise amplitude on current direct—hpf hypothesis about the origin (.)f the resistance noise. The
oise power spectral densit®,, is assumed to be of the

tion is perhaps due to a breakdown of the two assumption 5 ) . .
that only the FL is fluctuating and that the net field acting on'°™ Sv=C-13/f, whereC is a constant|y, is the bias cur-
the FL is the same for both current directions. Quantitativeremggnd; is the frequency. The data indicate that=5
micromagnetic modeling of the data is currently underway to 10 Q - Integrating thl§ over the nine decgdes of fre-
distinguish between ordinary magnetic effects and possiblIdU€Ncy in which it is expgz?rlm«_an'gally observed yields a RMS
asymmetry in the spin transfer torque due to asymmetry ifeSistance noise of 326n This is an enormous fraction of
the leads and thin film structure of these CPP spin valvas. the full AR of 62 mf), yet it is still consistent with the
However, the experimental data alone indicate that thidlyPothesis of the resistance noise originating from FL dy-
asymmetry in noise amplitude with respect to current direc@mics and GMR.
tion is likely due to more than just a difference in the mag-
netic figlds actjng on the FL. Using the current inducgd peak IV. CONCLUSION
as a diagnostic, the peak frequency tends to be higher for
negative currents than for positive currents, which suggests To summarize, we observe experimental evidence for
that a larger net magnetic field is acting on the FL and thenagnetization dynamics induced by spin momentum transfer
angular excursions of the FL magnetization will be sup-in CPP spin valves. These current induced dynamics are
pressed. Nevertheless, even when the peak frequency foranifested in the noise spectra as a pronounced peak and as
positive currents is tuned with a magnetic field so that itlower frequency noise that can either be rather flat and fea-
coincides with the frequency for negative currents, positivetureless or have f/character. The current induced noise is
currents still produce more noise. observable for current densities abo)j¢=7x10" Alcm?

In a separate set of experiments, spin transfer inducednd for those combinations of current direction and magnetic
noise has been observed down to much slower time scales @onfiguration in which spin transfer acts to reorient the free
time domain voltage measurements. Figure 7 shows two timkyer in the direction opposite to that set by the net magnetic
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field. Otherwise, the device noise cannot be measured abovYer devices such as read sensors in magnetic recording heads.
the noise floor of the electronics. This noise originates from magnetization fluctuations in a
The current induced noise is a function of the amplitudeGMR device and, for a given set of magnetization fluctua-
and direction of the bias current through the device. In additions, the amplitude of the resulting resistance noise will
tion, the amplitude and spectral characteristics of the noisgcale in direct proportion to the amplitude of the GMR. For
are dependent upon the relative angle between the magneghe very large current densities used in these experiments,
zations of the free and fixed magnetic layers. A well-definedspin transfer induced noise is the only measurable noise
spectral noise peak appears for positivegative current  mechanism and dominates over Johnson noise and thermally
when the free layer magnetization is close to a par&llel  activated magnetic noise. This is in contrast to existing GMR
tiparalle) configuration. This peak disappears and the noisgechnology where the bias current flows parallel to the planes
spectrum is increasingly dominated by low-frequency 1/ of the thin film multilayer and where the two predominant

noise when the free layer is driven towards an orthogonahoise mechanisms are Johnson noise and thermally activated
configuration with respect to the fixed layer. spin waves, or mag-noise.

The data presented in this article provide further support
for the spin torque model and the notion that a dc current can
induce a state of persistent magnetization precession. How-
ever, we currently lack information about the coherence
times of these oscillations because our measurements are in We wish to acknowledge A. Rebei for many valuable
the frequency domain. Further measurements in the time ddechnical discussions. We also want to acknowledge R. J. M.
main are required to determine the coherence times of thes@n de Veerdonk, P. A. A. van der Heijden, and T. M. Craw-
persistent oscillations. ford for insightful comments, A. R. Eckert and J. S. Jayas-

Lastly, we have identified a noise mechanism that must b&ankar for their technical contributions, and R. E. Rottmayer
considered when pursuing applications of CPP technologfor the overall support of this work.

ACKNOWLEDGMENTS

*Email address: mark.covington@seagate.com "W, H. Rippard, M. R. Pufall, and T. J. Silva, Appl. Phys. L&2,

"Present address: Department of Physics and Astronomy, Michigan 1260 (2003.

State University. 185 |, Kiselev, J. C. Sankey, I. N. Krivorotov, N. C. Emley, R. J.

*Present address: Department of Electrical and Computer Engineer- Schoelkopf, R. A. Buhrman, and D. C. Ralph, Natdrendon

ing, University of Minnesota. 425, 380(2003.

1J. C. Slonczewski, J. Magn. Magn. Mat&g9, L1 (1996. W, H. Rippard, M. R. Pufall, S. Kaka, S. E. Russek, and T. J.

2L. Berger, Phys. Rev. B4, 9353(1996. Silva, Phys. Rev. Lett92, 027201(2004).

3X. Waintal, E. B. Myers, P. W. Brouwer, and D. C. Ralph, Phys. ?°J. Bass and W. P. Pratt, Jr., J. Magn. Magn. Ma260, 274
Rev. B62, 12317(2000. (1999.

4S. Zhang, P. M. Levy, and A. Fert, Phys. Rev. L&8, 236601  2B. Heinrich, Y. Tserkovnyak, G. Woltersdorf, A. Brataas, R. Ur-
(2002. ban, and G. E. W. Bauer, Phys. Rev. L&®, 187601(2003.

SM. D. Stiles and A. Zangwill, J. Appl. Phy€1, 6812 (2002. 22N. Smith and P. Arnett, Appl. Phys. Lef8, 1448(2001).

K. Xia, P. J. Kelly, G. E. W. Bauer, A. Brataas, and |. Turek, Phys.?®V. L. Safonov and H. N. Bertram, Phys. Rev. &5, 172417
Rev. B65, 220401R) (2002. (2002.

"Ya. B. Bazaliy, B. A. Jones, and S.-C. Zhang, Phys. ReG7B  2*N. Stutzke, S. L. Burkett, and S. E. Russek, Appl. Phys. 183t
R3213(1998. 91 (2003.

87. Liand S. Zhang, Phys. Rev. &, 024404(2003. 253ee the reviews by P. Gmberg and H. A. M. van den Berg, in
9J.-G. Zhu and X. Zhu, ifProceedings of The Magnetic Recording Magnetic Multilayers and Giant Magnetoresistance: Fundamen-
Conference (TMRC) 2003/inneapolis, MN, 2003. tals and Industrial Applications edited by U. Hartmann

103, A. Katine, F. J. Albert, R. A. Buhrman, E. B. Myers, and D. C. (Springer-Verlag, Berlin, 1999
Ralph, Phys. Rev. LetB4, 3149(2000. 26The small amplitude oscillations in the noise spectra are standing
113, Grollier, V. Cros, A. Hamzic, J. M. George, H. Jaffré. Fert, wave resonances originating from impedance discontinuities in
G. Faini, J. Ben Youssef, and H. Legall, Appl. Phys. L&®, the measurement system. The discontinuities are predominantly
3663(2001). in the connectors, cables, and bias tees between the preamp and
125 E. Wegrowe, A. Faian, P. Guittienne, X. Hoffer, D. Kelly, J.-P. device, as verified by the observation that the oscillation period
Ansermet, and E. Olive, Appl. Phys. Le&0, 3775(2002. varies inversely with the length of coaxial cable between the
133.Z. Sun, D. J. Monsma, D. W. Abraham, M. J. Rooks, and R. H.  device and preamp. The standing wave oscillations have only
Koch, Appl. Phys. Lett81, 2202(2002. slightly larger amplitude when measuring a low resistaftctl
143, Urazhdin, N. O. Birge, W. P. Pratt, Jr., and J. Bass, Phys. Rev. dc R~100Q) CPP device as opposed to a 80termination.
Lett. 91, 146803(2003. 27K, Eid, R. Fonck, M. AlHaj Darwish, W. P. Pratt, Jr., and J. Bass,
15M. Tsoi, A. G. M. Jansen, J. Bass, W.-C. Chiang, M. Seck, V. J. Appl. Phys91, 8102(2002.
Tsoi, and P. Wyder, Phys. Rev. Le®0, 4281(1998. 28The spectra were acquired from an unshielded device that
18y. Ji, C. L. Chien, and M. D. Stiles, Phys. Rev. L3, 106601 coupled external narrow band noise into the measured spectra.
(2003. These noise spikes appeared at frequencies below 2.5 GHz and

184406-7



M. COVINGTON et al. PHYSICAL REVIEW B 69, 184406 (2004

have been omitted from the spectra. Similar noise measurements (2004).

on devices inside a shielded box indicate that the external na2*M. D. Stiles, J. Xiao, and A. Zangwill, Phys. Rev.@®, 054408

row band noise has no impact on the spectral features presented (2004).

in this article. 35\W. H. Press, B. P. Flannery, S. A. Teukolsky, and W. T. Vetterling,
29The coherence times of the precessional state giving rise to the Numerical Recipe$Cambridge U.P., Cambridge, 1989

pronounced peak are currently unknown. Nevertheless, we refeéfThe noise spectrum at this bias point is very close to the one

to the entire spectrum as noise even though the dynamics may measured at 34 Oe shown in Fig. 2. The peak is essentially

not be entirely random. absent and the spectrum is dominated Wy ridise.
30p, Dutta and P. M. Horn, Rev. Mod. Phy&3, 497 (1981. 87As discussed in Ref. 30, flihoise can only exist over a finite
3IN. J. Gokemeijer, Y. Zhou, M. AlHajDarwish, Y. Ding, and M. A. range of frequencies. Otherwise, the total integrated RMS noise
Seigler, to be published. power would be infinite. The frequencies where the device noise

32\We cite theAR value for the case of no hard axis field bias, as  deviates from 1/ behavior are currently unknown. However, the
opposed to the value measured with a 1375 Oe hard axis field, RMS resistance noise is given Bgus= C In(f,/f;), wheref,

since this represents the maximukiR measured for this par- andf, are the limits of integration. Sd&3gys Will only slightly
ticular bias current. change if the noise is integrated over a few more decades of
33M. L. Polianski and P. W. Brouwer, Phys. Rev. Lé®, 026602 frequency beyond the example discussed in the text.

184406-8



