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Noise : Nuisance and Tool

Outline:
Broad categories
fundamental equilibrium noise
noise reflecting system physics
bad contacts, etc.
Case studies in applications:
Cr: a case study in diversity
Noise and extraneous dirt: defects in SiO, etc.
Noise and dirty thermodynamics: e.g. manganites
Noise and thermodynamics of dirt: cold glasses
Noise and intrinsic disorder: spinglasses

Noise out of equilibrium: ferroelectric Barkhausen
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Where does noise come from?

* White noise (often not a mystery):
— Look at a resistor in an amplifier circuit
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The voltage (or air pressure, etc) changes quickly from one

random value to a new, independent random value. Why? ,
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Noise and the laws of
thermodynamics

ANY two resistors with the same resistance at the same temperature
MUST have the same sort of noise before a current is applied to
them, even if one is made of gold and one of salt water! \Why?

Let's say one was noisy and the other quiet. Then when hooked
together, the noisy one

would drive more currents M

through the quiet one than vice versa. Currents heat up resi tors So
the quiet one would heat up and the noisy one would cool down. But
a basic law of thermodynamics says that two objects at the same
temperature don’t spontaneously go to different temperatures.
Therefore they must have the same amount of noise.

But no law like that applies when current is forced through them.
(Refrigerators work.)



Equilibrium basics

The magnitude of the noise Is given
by equipartition.
<(8V)%> = KT/C

The time course Is just exponential
decay, with RC time constant.

So the autocorrelation function iIs
<(8V(t) dV(t+ 1))>= (KT/C)e VRC

The spectrum S(f) is just the Fourier
transform of the autocorrelation
function:

S(f) =4kTR (up to f~1/RC)

Similar
Fluctuation-dissipation
relations hold for
magnetism, dielectrics,
mechanical systems etc.
Limited new info from noise
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Frequency spectra: S(f)
V(t) =a, cos(2mt e 1Hz)+ a,cos(2xte 2 Hz) + etc
SAHz)=a' SQHz)=a el
Write the signal as a sum of waves at a set of equal spaced frequencies.

S(f) gives how the square of the size of the components depends on f.

White noise: same amount of power in each equal frequency range
20Hz-30 Hz, 30 Hz-40 Hz, etc (like white light, except different
range)

1/f noise: same amount in each OCTAVE:
20 Hz-40 Hz, 40 Hz-80 Hz, etc

Playing the tape back at double speed doesn’t change the sound!
Another fact to 1ntrigue to theorists.



Noise pictures
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Non-equilibrium basics

AJ,B

« Some noise is intrinsically non-
equilibrium, driven. e.g.
— Shot noise (photons, electrons,..)
« S,(f)=2Iq for current, in simple case /
— Barkhausen domain flips in magnets

— Sliding charge 2 . ———
density waves S
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FIGURE 1 Field dependence of thze broadbzanﬂ noise <&Ve>

° Some IS JUSt measured at 300 Hz and 1%(aR/avy)e.
sampled by non-equilibrium means. e.g. @
— most 1/f noise in resistors "
— Particle density fluctuations

In fluids (via light scattering) "'WM*&WW‘%W
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1/f noise basics

1 OR almost always measured out of equilibrium
— but that rarely matters, as confirmed by

» Linearity of 8V in |

* Independence of ac or dc measurements

* Occasional equilibrium measurements via 3(kTR)

Other variables (magnetic u, capacitor V) are

measured in equilibrium.

Spectra are often remarkably close to 1/f,

but not usually exactly so

The deviations from 1/f
often shift around like
simple thermally
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FIG. 1. ia) The basic experimental configurstion and typical
observations of 1/ noise. Schematic dingram of the simplest
measuring apparatus for 17 nodse. R, is 2 large, constant resis-
tor. The unlabeled resistor is  ithe sample. Various
modifications, such as the use of & currents with plase-
sensitive detection, hridge cireuiis, and multiprobe samples, are
comman. (bl An actual Auciuating voltage from a silicon resis-
tor with showt 100 uA of current (1 V average hias), measired
in & setup like that shown in part a), () Mose spectea Trom
twe thick-illm resistors, shown over o very broad range of fre-
quencies. The wpper plog s taken from an Ird-based film a
T 556 K, the lower from a nathenate-based flm at T =300 K.
Ench point in each spectrum represents thg average square aff
the Fourier transforms of 1300 1024 potnt (R0es, swch as that in
part {bl. Several such spectra, taken at diferent sampling rates,
are stitched together for each Brosd-band specirum shown
ifrom Pellegrini. Saletti, Terring, and Prudemeiat, 1983,




So what's rattling?

In silicon with an oxide layer electrons
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jump in and out of traps in the oxide. _ empty
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In chromium, domains of a type of magnetism
change+their altgnment back and forth. [

ot
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And all give the same shape of spectrum: 1/1. 10




1/f noise: the simplest ingredients

aR/R

electron traps in
amorphous SiO,

collection of simple parallel
noise sources

equilibrium
thermodynamics and
Kinetics

random trap depths
random trap positions
random barrier heights

- — " G ‘.' T 4 .
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5 seconds

FIG. 5. Two-state switching in the voltage on small gated Si
esistors, observed by Ralls er al. (1984). V; is the gate voltage,

No important correlationsv\: i

among those random
variables

— Measurable fromE and T
dependences
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FIG, *, Exponeniial dependence of medn liTefimes of

inverse temperature and gate voltage fof 2 particalar
mwitching sequence, These are identified with capture

Why 1/f?
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Could 1/f noise just come from
summing the switchers?

|t sure looks that way
— E.g In silicon-on-sapphire resistors (1983):
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Quantum noise

« At low temperatures, you still get 1/f noise, but the rattles don’t
occur by getting enough thermal energy to go over the barrier.
Things tunnel through, guantum mechanically.

(electrons in and out of traps in Nb,Og, Rogers and Buhrman,

1985)
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Fliz. 2. Typical daia ==t for fear showing the abrupl changes
rom fhermally aclhasaibted Bohasvior aboyes o nonociivabed

be=havior below §F — 15 K.



The secret of 1/f noise
* Ingredient (e.g. two-state)

o ads) o

- 12
f.= fAe Y f4=10"Hz f. depends exponentially on a distributed

energy, tunneling distance, etc.
p(f.)= KTp(E,) i.e. M _1 Change variables
/. df f Bernamont, 1939; McWhorter, 1951
ons)
S(f)= 7
f

1/f with log corrections
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Where does ‘secret’ that apply?
Quasi-equilibrium systems
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«  (Almost?) all 1/f noise in metals 2%t 2 gna ]
( ) s+ | a BA9 Mﬂ:‘ Halmﬁ
. ] -.i- I
— 2Defect motions (~all metals) \ ,;m; Jone
— 12Domain motions (SDW, FM,. — 'E e —
F g T, 230K
— 2Glassy TLS Lttt
— 128pinglassy collective modes.... “aponm
* “1/f noise in semiconductors i ety or Catsampls irrdiated whth el ons nd shoe
. . . wenily nnmealed: dashed [§ W ¥, irradiated sam
(eSpeC|a”y trapS N S|02 ) :I:r.q, l'zr which the rc-.c.im:n;».‘-li;?uﬁ L:TIJW i..ua:ndruuurlul't
2 .. dose, &; dotied line, the recovery of both variables at increasin
« “disordered phase transitions anncaling temperatures T,. For T,=239 K (ot shown)
. dpee 16 ndd e amd dergy = 73 1077, Clearly the defects main
—_ Mangar"tes _____ ly responsible for the resistance change and those mainly re

: : , v maiuly 1
« 1Dielectric 1/f noise

_ Strongly driven systems
— Relaxor ferroelectrics

e.g. depinned CDWs or vortex
lattices, usually show big
deviations from 1/f1.0

tdirect equilibrium fluctuation-dissipation: S,(f)~kTe"/Cf, S (f)~kTVy /f

2 indirect §V=I8R, | is non-equilibrium probe of equilibrium noise .



Fluctuation-dissipation

usually quasi-equilibrium, but rarely have accessible dissipation

Spinglass magnetization

(Reim..., PRL)
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FIG. 3. Calculated imaginary part of the ac susceptibiliny
x0T, 50 Hz) from Eg. (1) compared with the direcily mea-
sured ac susceptibalaty at 50 Hz. The units for ihe suscepi-
L bility are arbitrary.

Some exceptions:

In GMR, R
fluctuations
come mainly
from M
fluctuations via
dR/dM.

Ordinary defect|

1/f noise
corresponds to
internal friction,
(strain noise)
but not with
uniform
coefficient of R
VS. strain

GMR resistance
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1/t noise in Cr: a diverse example

SDW polarization rotation— 5=+ =%
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FIG, 8, Voltage vs time records for sample D at 7= 172 K,
with an applied voltage of 10-mV rms are shown in (a). At this
temperature, the sample resistance is 12 ). Switching events
are visible, but obscured by the background of other events. In
(b) an extremely slow but clearly visible switcher is active at
T=148 K. The switchers represent fractional resistance
changes of 11X 10 *and 1.3X 10°%, respectively,

0.2
E - diAT (Palycrysiall
E w.af
= WEBE Palycrysial
L D081 o MBE Swngle Crystad [100]
[+
i i i i 1
0 86 180 180 z0o 280 360 ash”

TiK})

ders of magnitude mnear the bulk Néel temperaiure. MBE poly-
crystal Cr and MBE single-crystal show the same behavior, The
resisiance anomaly is also observable in the same polycrysial
sample, indicating the rise in the noise is 8 result of the magnet-
ic ordering.

[ #

FIG. 2. The Hooge noise parameter, @ increases by two ors -

Defect motions:
See works by Ralls,
Scofield, Pelz, Kogan...

on standard metals

DW g-vector rotatlon

T=d3OT°C  i=iZ00s

Techniques:
Magnitudes vs.crystal axes
Sizes of steps

T-dependence of steps

= 1
10 I

10®

o 10?

0"

FI1G. 3. The anisotropy in the noise along the different axes
gualitatively reflects the underlying crystal symmetry. Howew-

| .rmmummmmmmmumw |

Te4333°C  i=12008

FIG. 4. In a single-crystal sample with volume 23 107" em®
{sample A) switching behavior in the voltage near the transition
could be tracked over about 1 K at 316 K. Voltage as a func-
tion of time is shown for 1200 sec at four temperatures. The ar-
row represents a 100 nV change in voltage, or fractional change
of (EV /¥ )= 107% The temperature d of the charac-
teristic relaxation rates for the dlﬂ'trtlg_?velﬁ i Iughly IO
L Arrhennius, - -




A closer look at defects in metal nanobridges

(Ralls and Buhrman)

_ Simple
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FIG. 15. Apparently noninteracting defect fluctuntions.
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FIG. 8. Summary plot of thermally activated behavior for
many different defect Auctuations. Attempt times range from
107" g 107" 5, as shown by the y intercept. Activation ener-
gies come from the slopes of the lines, and tend Lo increase with

Increasing temperatare.
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FIG. 19 Fluctuating noise behavior in a 900} copper nano-
bridge at M) K characteristic of the high-temperature noise
seen in the smaller nanobridges. Independent TLF's are never
seen above about 150 K, telling us that all ithe active defects are
interacting strongly with other active defects.
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Noise and phase transitions: manganites

We learn to expect fluctuations at 2" order, not 1st.
but in the low frequency regime:

transient ""ﬁ_

Clean LCMQO w
(1storder) &

_—

= 0 F 7

o

i
" |

Clean LSMO e | |
(2" order) " T

FIG. 4. Comparison of noiss magnitude vy saitable for com FICs. 5. Nonmalzesd noise magnibsde vy shown ve discending 1
parisans between samples of differen? peomelrnes) frm several
oiher samples described in e Dleratume. (a) laser shiated D CMO
(Refl 16), ib) laser ablaled Lag s YoooSry M)y (Rel. 15), (e ALL data were laken from a different sample then thoss shown in
LOMO) an ST (Rel. 10, Gy LSMO with grain boandaries (Kef. gl Gipriiiet. Bl wilh & sl BT

23], lg} laser ablated LEMO (Red. 22), (1) MBE LUMO on NGO i

(Fef. 2 and (gp ALL L5SML) om ST,

far two dillerent sweeps. The data overlap very well, excepl Foc the

large spike, which oocurs only in one of these two sweeps. These

Disorder limits critical scaling, breaks up 1St order
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Manganites: inhomogeneity and thermodynamics

Thermodynamics not clear from LCMO-0.3 doping

macro-measurements of R(H,T) and M(H,T) _ -
— Disorder messes things up ;

— Noise shows what's up:
little pieces of 1st-order transition

Well defined
AE, AS, Ap
between states

i
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FIG. 5. The average lime spenl in the high (crosses) and o
circles) resislancs stales are plotbed ndividually vs fiekl. The op
wsile sipns ol slope v [beld imdocate thal the transition state has a
nagnelic mamen! mntermediale belween the end slales. Jumilar re
wlls ane obbained when plolting s iemperalune, giving an inferme
liate entropy for 1be Iransilion siale as well
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Flis. 4. Temperzivre and Geld combingiions that produced a
matio re=1 for the switcher b5 ol Table L The open circles wers

akien sweeping eld fom negative [ posikve and the crosses wepz
mken sweeping from posilive 10 negalive. Linesr fils give slopes
whose absolwie value agres e aboul 1% between the Dwo sweep
Jirections. MNode Dhal this plol 35 analogous e a phase diagram lor
e mesoscopic domain under observation. The data from the Two
sweep directions overlap somewhat, showing 2n odd {2 opposed o
sven) dependence oo applusd Gelds smaller than the coencive eld.
This indicates the Joecal effectve lields produced) 3y neighboring
[ermomagnetsc domains ane larper than e coercive lied (roughly
A G5).



Manganites: inhomogeneity and thermodynamics

« But why does a smallish region (~10° u. c.) in a biggish (=107 u. c.) sample give a

big AR/R (~104)? 155 Oc Whid ibevirvibamrle
* Requires major current inhomogeneity H“kw

— ~expected an O PV jastsangi oy mn)
but not dee ase (a) «—>
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Stl” perCO|at|ng . FIG. 3, Part {a) shows time traces of voltage with a fluctuator at
1 1 18.5 ¥ at several fields. The resistance steps are 6% 1074 of the
Tunneling across domain walls? o severul Rels, The resisnce sieps are R0 ol e
total K. Paris (b) and (¢} show In(r) vs & and T

faYo!
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PEAK FREQUENCY(Hz)

Two-state systems in glasses

account for low-T heat capacity, control thermal conductivity

In amorphous metals,
noise (via Universal
Conductance
Fluctuations) reveals
actual TSS, as
hypothesized.

They show activated
and tunneling kinetics.

w? {")r

9.14 £.15 9.16 0.17 0.18
(TEMP) (k)

Si-Au: Span =23 sec., Temp= 55K
mndi A T e e S L

o ———
T e T R

e
T L= T e

(C-Cu: Span=0.63 sec., Temp = 4.3K

L Y b e o Too oo " a ¥ o o M g PV,

e —————T———

VL

TIME iz}

COMDUCTANCE {arb. unin)

Fls, 1 Condeclancs traces as a funclion of time ano shown
Fod T samples. The tep Lrases show a Si-Au sample illustrat-
wig threc-ilale awitching in 1he third trace asd perhapd in the
firsl fwo traccs, Comparison of the traces weakly illustrates the
varlability of the switching rate, The C-Cu data show drastis
variability in the switching rate belween iraces amnd within the
third trace.

The density is roughly as expected from C,,.
They often deviate from simple TSS form,
indicating larger interactions than expected.
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Spinglasses: Cu, ;M
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FIG. 1. The susceptibility components y'(f,T) and y“(f,T)
shown for a typical spin glass, Au, ,Mn, with x=0.03 and

Temperature (K]}

F=200Hz (from Mulder e¢ al., 1981

25

Known spin disorder
scattering (from T)

+UCF theory ->
predicted R noise

1073,

No .09
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FIG. 3. Values of al T), 2 dimensionless measure of the size of
the resistance noise (Weissman, 1988), shown for several con-
centrations, x, of Cu, _,Mn, in macroscopic samples. The inset
shows that the magnetic transition temperatures and the noise-
increase temperatures closely track each other as a function

%" in glass phase -> M noise via FDT

But these predicted spectra tell little
about how to describe the SG state
e.g. dynamics from

Isolated droplets in frozen matrix

vs. collective hierarchy of rearrangemen

of x.
10
M} hdde |
s
b 11
BRE
!
»
3
§ ‘ 12K
[
I I 1
o 25K
1 a2 o M aaadd A
0.01 0.1 1 10
f (H2)

Mesoscopic noise /

(non-Gausian higher moments) can help

FIG. 4. Mcasurements of the resistance noise spectrum at
T'=25 K and at about 12 K for a Cug ¢;Mn, o sample contain-
ing about 2X 10° spins with 75 =24 K. Each spectrum is a 40-
minute average derived from 100 Fourier transforms. A 1/f
spectrum appears as a horizontal line in this representation.
The set of error bars shows the calculated Gaussian standard
deviation. The 12-K spectra are labeled by the order in which
they were taken, with many omitted to avoid cluucr.24




Spinglass statistics: CuMn

Take the spectrum of the time 107 e
i : |Sample 3|
series of powers in some $ t .
octave (2"d spectrum) EI A Rt R R
Fole 9008 13K eycling
E Fole 198 Hz L
o = 0T HE a o
I ._6 0% |, pw . a b, . o L
Here 1,S,(f,,f;) is shown for T Ml I
' |
different f; vs. f,/f,. tJ 11 macied e
1u1l:l" 10" 10" 104 10°% 10t

f.iA or1/ft
2 w

These data fit a hierarchical
picture, not a droplet picture.

] T

FIG. 6. The ratio {(85,(1F)}/{5,(/1)°, nearly scale invari-
ant, i.e., independent of f for fixed fr,v or fixed F/f; (ray is
the averaging time for & pgiven data set). Top:
{BS L NPrA(5,0N¥ from each of seven different octave
bands of 5,(), measured at 13 K (with T; =28 K) by compar-
ing spectra taken after 12 thermal cycles above T;. Different
groupings of the same data give ©,y =900 sec and 1, = 100 sec.
Bottom: 5.0, 0) at 11 K obtained as cross spectra between
power fluctuations in adjacent octaves (to nearly eliminate
Gaussian effects), plotted as ({85,017} /{5,(1))* per octave
of fi.

In each frequency range, the spectrum wanders as lower-f events
change the detailed active branch.
Magnitudes of higher moments give fluctuators of ~10% spins

interacting over volumes of ~10¢ spins. 25



CuMn Spinglass: what sort of hierarchy?

M

More Ising-like AuMn
Looks different

Correlations in low-f, cross-second spegtrum -
between widely separated f,’s show that
the spectral units coming and going are

broader than Lorentzians, i.e. are multi-state.
There’s a high-f, component with weak
inter-octave correlations, expected for

internal dynamics of single multi-state vertex.
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P ———————————————p——————

0.4
. 1
0'2: = 11K white
TIK+23K, scaling
1 Rscamnanes -

2.0 3.0 40 5.0

FIG. 8. Correlation coefficient C for fluctuations of the noise
power at two frequencies, f, and f,, with In(f, /f,)=r. The
solid curve, r/sinh(r), is predicted for independent Lorentzian
contributions to §;. The “18 K" points include mainly slow
fluctuations in the noise power, and the “11K + 23K, scaling”
data include only slow fluctuations. The “11 K, white" data in-
clude only fast fluctuations.
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AuMn: spinglass with strong random anisotropy

 Switchers:
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FIG. 7. Moise spectra for several sequential runs in 53 an &
K. The larger peak was stable for 20 h before changing 1o the
smaller peak amd then staying stable for 13 b, Each specirum
represents 200 min of data.
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FIG. 12. Arrhenius plot of spectral features in S1 l(ope
points) and 52 (filled points). The fits are used to calculate a
activation energy and attempt rate for each feature.
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Summary

* Noise provides a good probe of
— Conduction mechanisms (shot noise)
— Domain dynamics (Barkhausen)
— Defect dynamics (1/f noise in metals)
— Subtle phase transitions (CR films,...)
— Hidden order (spinglasses)
— Charge density wave dynamics (TaS,)
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