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Low-frequency magnetic and resistance noise in magnetic tunnel junctions
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We have studied the voltage fluctuations of current-biased, micron-scale magnetic tunnel junctions. We find
that the spectral power density isfdike at low frequencies and becomes frequency independent at high
frequencies. The frequency-independent background noise is due to Johnson-Nyquist noise and shot noise
mechanisms. The nature of the hoise has its origin in two different mechanisms. In the magnetic hysteresis
loops this noise power is strongly field-dependent and is due to thermal magnetization fluctuations in both the
“free” and “fixed” magnetic layers. We attribute these magnetic fluctuations to thermally excited hopping of
magnetic domain walls between pinning sites. At high temperatures, this magnetic noise is found to track the
dc resistance susceptibility but it is not in quantitative agreement with the fluctuation dissipation relation,
indicating that the magnetic structure is not in equilibrium. A second mechanism forftm®isé, connected
with defects in the tunnel barrier but not related to the overall magnetization fluctuations, was found at fields
for which the magnetic structure in the free and fixed layers is well aligned. We attribute this noise to electron
trapping processes having thermally activated kinetics and a broad distribution of activation energies. Below
~25 K the noise power is temperature independent suggesting that the kinetics are dominated by tunneling.
Our results show that the thermal stability of both the magnetic layers and the quality of the tunnel barrier are
important factors in reducing the low-frequency noise in magnetic tunnel junctions.
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INTRODUCTION electrical noise are Johnson-Nyquist noise, shot noise, and
noise due to charge trapping in the oxide baftigff resis-

Major advances in our understanding and ability to fabri-tance noise in the metal electrodes is another source of noise
cate multilayered thin film structures of ferromagnetic layersthat may be important in low resistance junctions. In mag-
separated by thin nonmagnetic layers have led to importamietic tunneling systems, thermal magnetization fluctuations
applications of these materidisThese applications exploit can couple to the resistance through the spin-dependent tun-
spin polarized electronic transport that occurs in these strugieling effect and create resistance noise. When the various
tures and can lead to very large changes in resistance whénechanisms can be distinguish@dg., either by the spectral
they are subject to magnetic fieltlsn particular, magnetic ~properties, field dependence, ¢tthen the noise provides
tunnel junctiongMTJ’s) are the focus of intense interest for valuable information about the defects in the tunnel barrier
magnetic field sensing and magnetic random access memoand the magnetic dynamics of these systems.
applications’ In these structures two ferromagnetic layers In previous work we investigated low-frequency voltage
are separated by a thin, nonconducting layer. The resistandeictuations in MTJ'S.® These fluctuations were due to
as measured perpendicular to the layers depends on the relishnson, shot, and flhoise mechanisms. Thefltoise was
tive orientation of the magnetization of the two magneticattributed to trapping processes and was found to depend
layers. Recent developments in materials deposition, prosensitively on the relative position of the oxide edge and the
cessing, and lithographic techniques have led to submicronature of the ferromagnet-Al interfaéé.In that work and in
sized junctions exhibiting magnetoresistaiiMR) ratios in  other studie$®* the 1f noise did not show any noticeable
excess of 40% and low resistance-area prodtitts. dependence on magnetic field for a given alignment of the

Despite this progress, a better understanding of the barrigwo electrodes. In some MTJ’s theflhoise provided evi-
material and the interfaces and the dynamics of the magnalence of bias-dependent current-path rearrangements, indi-
tization reversal are necessary to have a realistic picture afating that an inhomogeneo(fdamentary-likg current-flow
spin-polarized conduction in these systems. Structure, chenpattern existed across the tunnel junctiovbltage-bias de-
istry, and magnetics are important factors that also affect thpendent noise was also observed by Ingvarsstom ° and
noise that is observed in MTJ’s. For technological prospectsattributed to charge traps in the barrier. In addition, they
the sensitivity of devices based on MTJ’s will be limited by found that submicron scale MTJ’s exhibited botH &nhd
their intrinsic noise. Characterizing the intrinsic noise andLorentzian noise that was magnetic in origin. This noise was
identifying its origin is then particularly relevant to making associated with reversible domain switching or domain wall
MTJ's with optimal properties for information storage and jumps in the magnetically soft lay&rMagnetic field depen-
field sensing applications. In this paper we use noise to probdent noise has been also observed in larger area junctions by
the electronic and magnetic properties of MTJ’s. Kim et al!®

In a tunneling system, the main mechanisms that cause We report here measurements of low-frequency voltage
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fluctuations as a function of magnetic field and temperature
in relatively large and submicron scale MTJ’s. The power 30} ’—‘
spectrum of the noise can be frequency independent,
1/f-like, or Lorentzian in character. The noise has its origin
in thermal, shot, charge trapping, and magnetic mechanisms.
Strong increases in noise power are found near magnetic
fields at which the magnetically free and fixed layers un-
dergo reversal; i.e., where the dc susceptibility peaks in the 101

magnetic hysteresis loops. These results show that spontane-
ous thermally activated jumps in magnetization in both the
freeandfixed magnetic layers can be the dominant source of . .
noise in MTJ’s. This magnetic noise is superimposed on a -1200  -800 -400 0 400
field-independent f/resistance noise background that is due H (Oe)

to charge trapping in the oxide tunnel barrier.

FIG. 1. Room temperature magnetoresistance of a fypac-
tion having areaA=0.51um?. The average bias voltage across the
EXPERIMENT AND RESULTS junction was 200 mV.

The MTJ material stack was grown by magnetron sputter-

Ir::g ﬂgtt?c ISal%-r(':sosaetzegrstIe;vSfef.&]iasrtr?ecrkalnn dcgjg;fiotr\:\;? resistance and the MR measuredTat 300 K. Because the
9 y P yan magnetic electrodes are made of two different metals, it is

layers that serve to pin the polarization of one of the mag- . . . )
) : , o . ) reasonable to expect a mismatch in the density of electronic
netic layers in a fixed direction. The fixed layer is part of a

synthetic antiferromagndBAF) pinned by an IrMn antifer- states for tunneling across the insulating barrier, regardless of

| . . ; }he magnetic orientation of the layers. This leads to asym-
rqmagnetlc layer _beneath It, the entire structure being IrMnmetric current-voltage characteristics. Such pronounced
p|r?ned layer/ Ru/ﬂ);]ed Iayer/Algfffree layer. Wef report re- asymmetries are not seen for MTJ's having identical
sults on junctions having two different types of SAF’s: type .
L . electroded. The MR peaks at 40%, at a dc bias of 25 mV. It
Ais NiFe(27 A)/Ru (7 A)NiF&(17 A)/CoFe5 A) and typeB drops to half of itsp peak value at about 300 mV. At
is CoFé23 A)/Ru(7 A)/CoFe&23 A). The relatively low satu- :

L . . =2 K, both the tunneling resistance and MR are approxi-
ration field of the typeA SAF (<1000 Oe) makes it possible mately 10% larger.

to evaluate noise related to rotation of the fixed layer mo- .
ment with moderate applied fields. The free layer is a 40 A Voltage noise measurements were performed under con

thick film of NiFeCo. The tunnel barrier is made from a stant current conditions by using a battery and a ballast re-

. : - sistor. Two-probe measurements can be sensitive to contact
regi Qat:(':zkolfa%ir '[8::’1 ?;I%itgiég?; Ie:sitﬁle:ars]gnvs grxﬁl?'zhegé T:ne q noise. However, studies of junctions with low resistance tun-
) . Junctio 9 PENC gl barriers, due to dielectric breakdown, showed noise lev-
ing on the relative magnetization, paral{®) or antiparallel

(AP). of the free layer with respect to the fixed layer els a factor of 100 smaller than before the dielectric break-
Af’ter depositionythe Waferspwere annealed aty25'0 °C t down occurred, confirming that contact noise was negligible.

: : . : . he power spectral density of the noise was studied as a
improve the tunnel barrier. Standard lithographic tEChmque"function of current, temperature, and magnetic field
were then used to pattern the materials stack down to submi- Figure 3 shows’ an example ’of a power spectrurﬁ of the

cron dimensions and t_o form mterconnect; thaF allow Curren{[/oltage noise. The spectrum is comprised of a broadband
to be passed perpendicular to the tunnel junction. The wafer

was then diced and gold wire bonding was used to attach two

Figure 2 shows the bias dependence of the differential

leads to the bottom and top of the stack, i.e., a 2-probe mea- 27 40

surement. The nominal resistance-ar@#) product of these g 30

MTJ's was 6 K2 um? of which the contact resistance was 241 &

estimated to contribute roughly 0.0@kum? for typeA _ AP 20

junctions and 0.23R um? for typeB junctions. We report g sk 05 00 05
noise properties on MTJ’s having free layers that are in both ;«: DC bias (V)

rectangular and ellipselike shapésspect ratios<3) with
areas that vary from 0.4m? to 100 un?.

An example of a typical MR curve is shown in Fig. 1. At /\
room temperature the MR is-33%, defined asAR/Rp 15}
whereAR is the change in resistance aRd is the resistance Yy o0 0a 0.8
in the P state. For these MTJ's, the free layer has a coercive ) D'C bias (V) ) )
field less than~50 Oe and the hysteresis loop is quite
square. To flip the orientation of the fixed layer requires sev- FiG. 2. The differential resistanc&;=dV/dl, is plotted as a
eral hundred oersteds, depending on the type of SAF. Thginction of the bias voltage across the junction. The inset shows the

magnetic reorientation is also much more gradual, occurringharacteristic decrease of the MR with bias. Data was takéh at
over ~400 Oe. =300 K on a typeB junction.
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FIG. 5. The magnetoresistance lodR(H), and normalized
FIG. 3. The power spectral density of the voltage fluctuationspoise, o, at 45 Hz are plotted as a function of magnetic field. Re-
shows a crossover from flhoise at low frequency to frequency sistancesolid line) and noisedots were measured simultaneously
independent shot noise at higher frequency. Spectra were measurgé the field was ramped from 400 Oe-td 500 Oe and back to 400
on a typeA junction atT=2K for different dc currentst=0.36,  Oe. The noise is found to be largest when the free and fixed mag-
0.73, and 1.28 mA, from bottom to top. The dashed line is a guldQ]e“C layers are undergoing revers@urrent bias-1.25 mA, type-
to the eye. A junction, A=48 pnr.)

1/f-like component at low frequencies superimposed on &greement with Eq(1). At a fixed voltage bias, the noise

frequency mdepend?nt (_:oznpo_nent. Th_e frequ_en_cy 'ndepe@;'moothly crosses over from shot to thermal noise as the tem-

dent component, or “white” noise, has its origin in thermal perature increases. At room temperature and for typical bi-

and shot noise mechanisms. It has been shown thajses (100 mv) the noise is largely thermal in nature.

conventional* and magnetft tunnel junctions exhibit ther- The crossover between fiike and white noise is bias

mal and shot noise given by the expression dependent but typically occurs at a few kHz for good quality

oV junctions. Here, as in previous wofR;?the 1f noise power

Sy=2el Rg COt){ m) ,

scales approximately with the square of the current, consis-
tent with resistance fluctuations. We parameterize the magni-
wheree is the charge of the electrohjs the dc currenty is
the dc bias voltage across the tunnel junctiBg,is the dif-

tude of the 1f noise power by a normalized noise parameter,
ferential resistanced(V/dl), andkg is Boltzmann’s constant.

a= QfS,/I?R;, where() is the volume of the sampl&.In
At low T and high voltage biases\V>kgT and the expres-

MTJ’s, we replaceQ) by A, the cross-section area of the
MTJ, and thereby incorporate any effects due to its thickness
sion reduces to the familiar shot noise relatior) R . Shot
noise is most evident at low as shown in Fig. 4 where it

into the parametew. The total noise power spectral density
can be seen that the noise power is in good quantitative

D

is then given by

) ev )| al’R}
1.6x10™ Sv=2elR; CO“( 2kBT) MY @
'N hd
12x10™5F N The nature of the I/noise in these micron-sized MTJ'’s
= AP ‘.\ / can be categorized by two components: a magnetic field-
= - ,/‘ independent part and a field-dependent part. Measurements
z " /! of the junction 1f noise were done during a full cycle of the
7 . 16 magnetic hysteresis loop. The magnetic field was applied
4.0x107 - \. / along the easy axis of the magnetic electrodes and stepped
T=10K ‘e slowly through the hysteresis loop, #r10 Oe steps. At each
0.0 . : : step and after a period of sample equilibration, the resistance,
-0.4 -0.2 0.0 02 0.4 . ;
DC bias (V) R(H), and noise power spectrum were measured simulta-

neously.

FIG. 4. The magnitude of the frequency independent portion of Figure 5 shows the dc resistance amds the field was
Sy is plotted as a function of the bias voltage across the junctionfamped from+400 to —1500 and back tot-400 Oe. a is

Data is shown foil = 10 K for the AP state of a typB-junction. Sy,
scales in agreement with the predicted shot n¢sse Eq.(1)],
which is depicted by the dashed line.

notably sensitive to the magnetization state of the electrodes,

thus implying that the noise is, in part, magnetic in origin.

Substantial increases in noise are observed at magnetic fields
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FIG. 6. Additional examples oR(H) (solid lines and a(H) FIG. 8. Telegraph noise is often found at fields for which the

(dots for two different junctions withA=0.5 um?. Data is taken at  free magnetic layer is undergoing a reversal in orientation. Shown is
room temperature as the field was ramped along one branch of thbe field dependence on the telegraph noise for fields corresponding
magnetic hysteresis loom(H) is nearly field independent when to the ARP—P transition:H=47.35, 47.54, 47.75, and 47.95 Oe
the magnetic layers are well aligned in the P or AP states. The inséfrom bottom to top. The extreme sensitivity of the signal’s duty
also shows a dramatic spike in noise when the free layer undergo@ycle on applied magnetic field is evident. Data is for a tfe-
reversal. Lorentzian spectra are observed at fields near this spikginction havingA=0.5 uwm?.
The axes in the inset have the same units as those in the main panel.
(Main panel: typeA junction; inset: typeB junction) versal of the free layer, e.g., Fig. 6 inséfhe spike is
smaller in Fig. 5 and is absent in the main panel of Fig. 6 due
at which either the free or fixed magnetic layer is undergoingo undersampling, i.e., the magnetic field steps are large.
a reversal. At low fields where the free layer switches orienCoincident with these spikes we often find strong deviations
tation abruptly, the noise power can be a factor of thBger;  from a 1f-like frequency dependence. These deviations ap-
see inset of Fig. 6. Because the samples are hysteretic, tigear as a Lorentzian spectrum. Analysis of the voltage versus
results were influenced by sample history. If the measuretime traces of the noise at fields within the transition region
ments were done with different field sequences then the coreveals random switching between two distinct voltage levels
relation between the measurB@H) loops and the noise was or states, i.e., random telegraph noise. An example of the
somewhat different. telegraph noise is displayed in Fig. 8 for a sample undergo-
A striking feature of the data is the similarity between theing a AP—P transition. The fractional change in resistance
noise and the slopdR/dH shown in Fig. 7. Botha and  associated with the telegraph signal is large0.08%.
dR/dH show peaks at nearly the same fields. The largest andqually remarkable is the strong dependence of the signal’s

narrowest spikes in noise power are associated with the reluty cycle on magnetic field. The characteristic lifetimes in
the high resistance state can vary from nearly zero to 100%

10°F 10° in the span of less than 1 Oe.
£ upper branch (a)}; In general, the occurrence of specific fluctuator at a
3 1 particular field is not reproducible, but rather it is found to
10° r 1 10° — _depend on the sample’s magnet_ic history. TO(_) large a cha_nge
% in field causes the fluctuator to disappear, typically remaining
r § unrecoverable. Telegraph noise can be found for both the P
o % —AP and AP-P transitions but differs in details, such as
g 0 ' b. . — _ ®) 110° ,-—5\ range of fields, size of fluctuator, and characteristic switching
5 i ower branc & times. This is made more evident in a different set of MTJ's
F 1 9 that showed broader, multi-domain-like behavior for the
10° { ~~~~~~~~~~ 1107 ~  R(H) loops. An example is displayed in Fig. 9 where we plot
; g the two branches of &(H) loop and the corresponding
F ] a(H). For this range of fields only the free layer is under-
10 . L N PP going reversal. Near a transitian(H) can be described as
-1500 -1000 -500 0 500 having a complex sequence of large, narrow spikes riding on
H (Oe) top of a smaller broader peak. The fine structurexii)

differs for the P~ AP and AP- P transitions. In some cases,
FIG. 7. Plotted is the field dependence of the ndissid dotg ~ SPikes ina(H) appear correlated with Barkhausen-like steps
and the absolute value of the derivativeRgH) (open dotsfor the ~ IN R(H). Moreover, a spike imx that occurs at a giveHl in
same data shown in Fig. 5. The data was takéh=a800 K for both ~ the P state is absent for the satdein the AP state. The
branches of the hysteresis loop. The noise @R(HH are observed ~pPower spectrum at any givet is best described as a super-
to have similar field dependences. The large, broad peak and tHgosition of one or more Lorentzians on & Mackground.
narrow peak occur at nearly the same field for both quantities. Pronounced deviations from aflform are found at the
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FIG. 9. R(H) and noise measured at room temperature as the FIG. 10. An example of the probability distributions for the
applied field was ramped from 20 to — 40 and back to- 20 Oe in  times spent in the up and down states is shown for the telegraph
~0.1 Oe steps. Data is from a MTA£100.m?) that is made noise graphed in Fig. 8. The dashed lines depict fits to an exponen-
from a different materials stack that exhibits a broad magnetic hystial dependence. Characteristic lifetimes in each state are found to
teresis loopSy(H) is shown for the upper branch of the hysteresis depend strongly on the applied field.
loop in (a) and for the lower branch itb).

magnetization, anisotropy energies, and local field strengths.

spikes; for some of the larger spikes telegraph noise is aprFhe sudden and often irreversible changes we observe in
parent in our bandwidth. switching character limit the range of fields over which we

When the fixed layer is in the process of reversal the noiskave been able to obtain data. For similar reasons we have
power also peaks but its spectrum is featurelegsnbise. not been able to obtain the temperature dependence of the
That is, Lorentzian spectra were not observed, although witkifetimes. Since many previously observed two-level system
finer field resolution they may be apparent where the suscehow thermally activated rat¥swe postulate an Arrhenius
tibility spikes. dependence of the states’ characteristic rates. Because the

Outside these transition regions where the magnetic stateansition rates are strongly affected by the magnetic field,
is P or AP, both the resistance and noise have negligibleve take the activation energy to be composed of a field-
dependence on magnetic field. This behavior is highlightedhdependent termk, and a Zeeman termdm-H, for the
in Fig. 6. It is generally observed that when the free layerfluctuating magnetic momem. Hence, the transition rates
switches the magnitude of the noise also changes abruptly. Atere assumed to follow
extreme values of the magnetic field, the noise in the P state
(for both orientations of the fixed layeis nearly the same. 1 1 E+xAm.H
The absence of magnetic field dependence wiherdH is - —ex;{ — i)
negligible points to a nonmagnetic origin of the hoise in Tinji(H) 7o keT )’
the P and AP states.

()

where 7;_,; is the lifetime time from state to statej, and
7, - is an attempt frequency. The effective magnetic moment
of the two-level system responsible for the telegraph noise in
Potential sources for the origin of the field-dependefit 1/ Fig. 8 can be estimated from the ratio of lifetimes,
noise include magnetic impurities in the barrier and spin-7i_.j(H)/7;_i(H) <exp(- 2Am-H/kgT). The lifetimes at
dependent charge traps. However, the presence of a specifiach magnetic field were determined from the probability
two-state fluctuatofe.g., a spike in noise power in Fig) &  distributions for the times spent in the up and down states, an
a certain magnetic field in the AP state and its absence at trexample of each is shown in Fig. 10. The distributions are
same field in the P statér vice versa rule out magnetic characteristic of a Markovian process, i.e., exponential dis-
impurities in the barrier. The scaling efwith dR/dH is also  tributions, D(7) <exp(—t/7) where7 is the lifetime time for
inconsistent with spin dependent charge traps. Magnetic ddhat state. The magnetic field dependence of the ratio of life-
main fluctuations have been implicated as the source of noigémes is shown in Fig. 11. Afit to our data results in a lower
in Co/Cu multilayers? silver-permalloy multilayers’ and  bound forAm of ~1x10'ug, whereug is the Bohr mag-
magnetic tunnel junction¥. Here we postulate that thefl/ neton(determined by assuming cés 1). This corresponds
noise associated with the reversal of the fixed layer and thto an area of about 0.035m? in the free layer, whose total
telegraph noise due to the switching of free layer are due tarea is 0.54:m?. Here we have assumed that the saturation
thermally activated domain rotation or domain wall hoppingmagnetization of the NiFeCo free layer is 910 emulcithe
between pinning sites. fractional change in magnetization is approximately 6.5%
The characteristic lifetimes of the two levels in the tele-whereas the corresponding fractional change in voltage is of
graph noise should provide insight into the energetics of doerder ~0.1%. This difference may be accounted for either
main reorientation. Contributing factors include domainby small rotations by a single domain or 180° domain walls

DISCUSSION
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FIG. 11. The ratio of the lifetimes in the up and down states is

plotted as a function of magnetic field. The slope of the dashed line FIG. 12. Dependence of the noise ®@R/dH. Data corresponds
is proportional to the size of the fluctuating magnetic moment; se¢o the lower branch of th&(H) loops in Fig. 5. As the P-AP
text. transition for the fixed layer is approached the noise is observed to

scale as the first power ofR/dH, as depicted by the dashed lines.
that fluctuate between two energetically favorable configuraA linear scaling describes the behavior well at highbut less so at
tions and affect the area of adjacent domains. low T. The horizontal part in pandl) represents the resistance

More generally, one can expect that at any given appliedoise background.

magnetic field a multitude of magnetic domains are fluctuat-
ing on comparable time scales, where each fluctuator con- , 2 (=x"(f)
tributes a Lorentzian spectrum. It is well known that super- x'(f=0)= P fo f
position of spectra from effective two-level systems having a
broad distribution of activation energies and attempt frequenEquation() can be recast in terms ofR/dH by using the
cies leads to ¥/ noise!®?° In this view our experimental relation dm/dH = (dm/dR)(JR/gH) . This leads to an ex-
findings suggest that the observed magnetfcribise asso- Pression for the deesistancesusceptibility given by
ciated with the fixed layer’s reverséfig. 5 and the Lorent-
zian plus If background associated with the free lagieigs. E = 2Mpg fms (f)df (6)
6 and 9 result from two-level systems formed by thermally dH keTAR Jo ™% '
activated domain wall hopping between sites. The pinnin

sites could be produced by surface or edge roughness, bulle® we have usedm/oR~2m/AR, where Zn andAR
defects, or random anisotropy due to disorder in the film. are the respective changes in magnetic moment and resis-

Magnetic fluctuations of this type were shown to be int@nce under reversal of the magnetization of the fixed layer.
agreement with the fluctuation dissipati¢fD) relation for The noise associated with the reversal of the fixed layer
giant magnetoresistance systefigior MTJ's, Ingvarsson Nas @ spectrum very close tof Idver our e>2<per|mental fre-
et al,’? showed that despite hysteresis effects tHerbise ~ duency range of 1 Hz to 40 kHBg(f ) aR*/AfF where is
associated the reversal of the free layer was consistent wit§~1:0- If this dependence extends over a sizeable range of

the FD relation, at least on a given branch of the hysteresib fmin<f<fmax, then the integral in Eq(6) is simply pro-
loop. Here we follow a similar analysis to investigate Portional toa and, hence, the dc value dR/dH should be

whether the magnetic structure of the fixed layer is in quasiProportional to the noise at any fixed frequency. So long as
equilibrium. Owing to the large coupling of the resistance tothe power is close to unity the proportionality constant
the external magnetic field provided by the spin dependerfiépends only weakly ofiy, and f 4 and can be estimated
tunneling effect in MTJ's, the spectral density of fluctuationsfrom
in resistance is determined by the spectral derSiff ) of

df. (5)

f=0

. . ) dR  2muo, R% [f
the fluctuations in magnetic momemh, namely Si(f) o 0 —In( max) . 7)
=(JRIdm)?S,,(f ). For a sample in thermal equilibrium and dH  kgTAR A "\ fryp
exhibiting linear responses,(f) is given by the FD rela- 1o measured values of the noise and of the dc value of

tion: dR/dH then provide a quantitative test of the validity of the

FD relation and the assumption of quasi-equilibrium.
_ 2kgT "of) 4) In Fig. 12 the noise measured at 45 Hz is plotted as a
' function of the slopelR/dH for the same data shown in Fig.

7. In the region of the fixed layer's-PAP transition, the
where w is the vacuum permeability and’, is the out of  noise measured & =300 K scales asiR/dH to the first
phase magnetic susceptibility. power, as predicted by E¢7). However, the proportionality

Lacking x,, data we use the Kramers-Kronig relation to constant is close to that predicted by Eg.provided that we
express the dc value of the susceptibility as an integral ovelake f . /fmin~1, which is not reasonable. Ingvarsson
all frequencies of the imaginary part of the susceptibifity et al1? found f ./ fmin~10° in their analysis of noise due to
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the free layer. The inconsistency with the FD relation indi-
cates that our system does not achieve quasiequilibrium over
a given branch of the hysteresis loop. The fixed layer in our
MTJ’s is much larger than the free layer and we estimate that
dRIgm~3x 10'° O/(Am?). If the effective area of the fixed 'E 10°F
layer is taken to be the area of the junction th#R/dm N
increases to % 10" Q/(Am?) and requires fma/fmin °
~10°°, which is also unphysical. AT=2 K the noise scales 107k
linearly with dR/dH over a very narrow range, if at all.

The lack of quantitative agreement between the measured
noise and resistance susceptibilfgq. (7)] is perhaps not 10° 10' 10 10°
surprising given that the fixed layer is strongly pinned by the T(K)
underlying magnetic layers, and so is hysteretic and does not
exhibit linear response. However, the fact that we sde 1/ FIG. 13. Temperature dependence of the nonmagnéitiadite
noise and the scaling of the noise willR/dH over 1.5 de- measured aH=—40 Oe in the AP state and =500 Oe in the P
cades does suggest that the thermal stability of the fixegtate. The dashed line depicts a linear dependende @ata is for
layer is an important factor in determining the noise perfor-2 typeA junction havingA= 100 un?.
mance of devices.

When the resistive susceptibility is very low, magneticthat in other types of MTJ's for which telegraph noise due to
noise is no longer predominant, ands dominated by field- charge trapping could be resolved, the capture and emission
independent resistance noisdr/dH is lowest at large fields rates were thermally activated with activation energies rang-
where the free and fixed layers are well aligned as well as iing between 100 and 350 meV he power spectra over the
the AP orientation; see Fig. 6. Consider, for example, the ARXperimental range of temperatures and frequeriti¢tz to
state in Fig. 7. NeaH=—40 Oe« is constant despite a 10 kH2 were very accurately fit by a power law with slope
sharp drop indR/dH; that is, the noise is predominately B~ —1.0. In view of the Dutta-Horn model, this implies that
nonmagnetic in origin. the activation-energy density of states is relatively constant

1/f noise and Lorentzian noise in nonmagnetic tunneland large, even folE,=<100 meV. Indeed, the analysis
junctions are generally believed to be due to fluctuations irshowsE, is flat out to~0.5 eV and then begins to increase
the population of localized electron traps in the tunnelto at least 0.7 eV. The rapid rise thabove~ 250 K may be
barrier’®® Rogers and Buhrmah showed that the trapping due to an increase in the number of microscopic fluctuators
kinetics in metal-insulator-metal tunnel junctions were ther-active in our bandwidth. Alternatively, the magnitude of the
mally activated at higi' and were related to transitions be- resistance fluctuations due to individual traps may be tem-
tween nearly energy-equivalent, but charge-inequivalent, loperature dependent. In the definition ®fT), the tempera-
cal ionic configurations. A multitude of such traps having ature dependence of the tunneling resistance is normalized
broad distribution of activation energies and attempt ratesut, but this has a comparatively minor effect.
naturally leads to ¥/ noise?® viz. the Dutta-Horn model. Further investigations are necessary to have a realistic
Previous work in MTJ'9Refs. 7—10 also attributed the ori- model for how defects in the tunnel barrier material lead to
gin of this noise to charge traps occurring in the barrier orcarrier trapping and resistance fluctuations in MTJ’s. In the
near the interfaces between the barrier and magnetic elecaodel developed by Rogers and Buhrman to explain data in
trodes. Furthermore, it has been found thatepends on the Nb,Os tunnel junctions? the kinetics of capture and emis-
quality of the junctioA* and, in particular, on the oxidation sion are governed by ionic reconfigurations at a single point
conditions used in forming the barriér. defect, assumed to be an oxygen vacancy. The ionic-

We have examined the temperature dependence of theconfiguration model is reminiscent of the model often used
nonmagnetic noise in the P and AP states. Figure 13 shows describe the low-temperature properties of glad3#s.
that below 25 K the noise is essentially temperature indeperince in the barrier region there are very strong electro-
dent and then increases monotonically with increasing temehemical gradients, Roger and Burhman considered that dis-
perature. A linear dependence on temperata(@;)= T, is  placement of an oxygen vacancy by a distance of order the
observed for 35 KT<100 K. Above 10 K a region of lattice spacing would dramatically affect its occupancy; thus
sublinear dependence is observed before it sharply increaseausing instantaneous electron capture or emission. In our
for temperatures above 250 K. MTJ’s, the tunnel barrier is amorphous but may not be sto-

A plausible explanation for the behavior at IoWis a ichiometric ALO;. If this type of defect also dominates in
crossover from thermally activated to tunneling kinefits. our tunnel barriers, then a likely ionic reconfiguration would
We have checked the bias dependence of the noB&and be an oxygen vacancy moving between nearly equivalent
verified that this behavior is not due to self-heating. A moresites. Our temperature dafBig. 13 would indicate that re-
convincing test for tunneling and thermally activated kineticsconfiguration proceeds by thermal activation at higtand
would be to study the temperature dependence of the captuby ionic tunneling at lowT. The broad distribution of acti-
and emission rates of a single charge trap. However, such amtion energies that we find from the Dutta-Horn analysis is
analysis was precluded in these junctions because Lorentziaiso consistent with the amorphous nature of the barrier ma-
components in the spectrum could not be identifigde note  terial.
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Finally, we comment on the relative magnitudes of theportional to the dc resistance susceptibility over an extended
nonmagnetic noise in the P and AP statesis generally range of fields. Although this linear scaling is consistent with
observed to be larger in the AP state, often by a factor of 2the fluctuation dissipation theorem for thermal magnetization
although exceptions do occisee Fig. 6. We find that the fluctuations, there is quantitative disagreement in the magni-
difference depends on the applied magnetic field, and moreide indicating that the magnetization fluctuations are not in
specifically on the value oflR/dH at which the noise is equilibrium. Magnetic 1f/ noise can also be present at the
measured for each state. For example, the noise in Fig. 18w fields typically used for field sensing and nonvolatile
was measured df = —40 Oe (AP stat¢ and atH=500 Oe magnetic random access memofyIRAM) applications.

(P state¢. These fields correspond to a local minimum in Whether magnetic noise is a performance limiting factor in
dR/dH for the AP state and a global minimum in the P state.these applications depends on magnitude of the dc resistance
In this case the difference ia is a factor of~10. If the P susceptibility and the thermal stability of the magnetic lay-
state noise is measured &t=40 Oe, the difference is ers. Our results also highlight the importance of including
smaller due to an increased background of magnetic nois¢hermal magnetization fluctuations and disorder in micro-
Preliminary results also indicate that the difference is biagnagnetic simulations that aim to reveal the magnetization
dependent; that is, the P statéV) is nearly independent of reversal process in MTJ elements.

V, whereas in the AP state it decreases by a factor ?fas When the dc resistance susceptibility is very low, mag-
V is increased to 300 mV. netic noise no longer predominates anfl fesistance noise

The general picture then is that resistance noise at angue to charge trapping in the oxide barrier is evident. The
given field is a superposition of magnetic and nonmagnetignagnitude of this noise seems to depend in a nontrivial way
noise. Which mechanism is dominant depends on any nun®n the quality of the barrier. In MTJ’s that exhibit favorable
ber of factors, including the quality of the barrier, interface MR characteristics, the noise magnitude is found to increase
roughness, and the thermal stability of magnetic layers. Wavith temperature above-25 K. Below 25 K, the noise is
note that our data was collected from junctions with a varietytemperature independent. We propose a model for the noise
of sizes (0.45—-10@.m?). Although we have not examined similar to the one applied to metal-insulator-metal tunnel
the influence of the junction size systematically, we do nofunctions?? namely, ionic reconfiguration of oxygen vacan-
find significant differences in the general field or temperaturegies that form a trap in the amorphous,@} oxide barrier. A
dependences af nor in the magnitude of the nonmagnetic superposition of many independent traps having a broad dis-

portion of @ at room temperature. tribution of activation energies naturally leads to thdé 1/
power spectrum that is observed over a very broad range of
CONCLUSION temperatures. Our temperature data also suggests that the

o ) ) ) ) o population kinetics of traps is governed by reconfigurations
Noise in magnetic tunnel junctions has its origin in ther-that proceed by thermally activation at high temperatures and
mal, shot, magnetic and nonmagnetic mechanisms. Singgy jonic tunneling at low enough temperatures.
practical applications require biasing the junction, both ther- - The magnitude of the nonmagnetid hoise in our MTJ's
mal and shot noise will set the ultimate sensitivity of devicescan be compared to those of Partkal!* where a scaling of
based on MTJ's. The power spectrum of thermal and shohe noise magnitude with tHe A product was found. In our
noise in MTJ’s is in good agreement with the shot noise\Ty's RA=6 k() wm? and the value ofr at T=300K in
rglation[Eq.(l)] and is independent of frequency out to very the p orientation lies between 18 to 109 um2. This
high frequencies. _ ] N ) _ range of values is only a factor of 2 lower than those reported
At low frequencies there is additional noise that exhibits g, Ref. 11 for MTJ'’s havingRA~1 MQ um?. Extrapolating
1/f power spectrum and is due to a superpositioflpther-  heir scaling down to 6® um? yields a<10 12 um?,
mal magnetization fluctuations in the magnetic electrodegynich is much smaller than we observe. The scaling of the
that couple to the resistance via the spin-dependent tunnelingsise with the resistance-area product appears nontrivial and
effect, and2) tunnel barrier height fluctuations due to chargeqyr results suggest that nonmagnetié tbise may have a

trapping in or near the oxide barrier. The magnetic noise i§ower bound 1020 um?) for RA<1 MQ pum?.
largest at applied fields at which the dc resistance suscepti-

bility peaks; i.e., at fields where the free and pinned magnetic
electrodes undergo reversal. Random telegraph noise associ-
ated with the reversal of the free layer indicates that even in This work was support by the National Science Founda-
our submicron scale MTJ’'s magnetic instability exists in thetion under Grant Nos. DMR-0071878 and IMR-0216752.
form of domain wall hopping between pinning sites. The 1/ E.R.N. was also supported by the Cottrell Scholar Program
noise associated with the fixed layer reversal is linearly profrom the Research Corporation.
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