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Microwave Noise in Semiconductor Devices
Module 7
Austin J. Minnich, California Institute of Technology

Spring Term 2020

1 Microscopic description of electron transport and fluc-

tuations

We have obtained a high-level understanding of the phenomenology of hot electron noise from
the previous macroscopic treatment. Now, we’d like to develop a microscopic treatment of
electronic transport and fluctuations at the level of electronic states and transition rates due
to scattering. For that, we need to dive further into the equations governing the evolution

of the occupation of electronic states, the Boltzmann equation.

2 Boltzmann equation (BE)

The Boltzmann equation is a partial differential equation for the single-particle occupancy

— =

function 5((( ( r (f) in momentum space ( k ) and real space () at different

instants in time ( 1. ) while the system is subject to real space gradients, external fields,
and scattering. It mathematically expresses the intuitive concept that the volume of phase
space is preserved under the above perturbations. It reads:

z—f.erV;f 5 _E_.g—}kgt = 1(#)

—

There are several ways to derive the BE that I won’t go through in the full detail.

\ CH dirs)
2.1 Classical derivation highlights { 7P {')“ ‘.3 e (L' (
Iy

From only the concept that a phase space for an N-particle system exists, the Liouville
theorem can be derived. It says that the volume of phase space of the N-particle system is

preserved in the absence of dissipation. The corresponding N-particle distribution function
Crme———""
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obeys a continuity equation like that for mass conservation of fluid flows, for example. There

is no scattering term in this equation since it is for the full N particle system!
™™

From this, we can compute the one-particle distribution function by integrating out the other
N-1 degrees of freedom. The equation for J(El ;( f) will depend on the two-particle
distribution function ;’(,(L . From here, we can make the “molecular chaos” assumption
(Stosszahlansatz) that 'H(;Lyz “\N'(.nfhis assumption yields the BE which in this form is

a partial differential equation with a nonlinear collision integralg./ 9~ kl"\c'&-‘ ()

2.2 Quantum derivation highlights

Nedjalkov, Querlioz, Dollfus, Kosina Chap 5

— 2PNy T -
Start with the von Neumann equation for the density matrix of a pure state. Change variables
1E= Xer » ,' - X- X
Y X

Obtain an equation for the Wigner function by Fourier transforming this equation with

to a center of mass frame,

respect to /l . We now have an equation on a phase space in variables 5 / P :
This is not quite the BE because the Wigner function can be negative. Assume the potential
is at most quadratic in spatial coordinate. Then the dynamics of the Wigner function are

identical to those of classical dynamics. If the distribution starts all positive it will remain

-~

so as under classical evolution.

Include an electron-phonon interaction term in the Hamiltonian to get a collision integral
J

(otherwise we get a collision-less BE). Assume weak coupling and trace out the phonon

system. Assume time scales are long compared to collision time to get a bunch of delta

functions that allow the interaction term to reduce to Fermi’s golden rule. (/V Ml'\ﬂw)

Now consider that the collision integral has been linearized so that it is given as a matrix.
The desired solution is a vector of unknown occupancies of the electronic states. Then the

BE is nothing more than a set of partial differential equations governing the occupancy of

/‘ decintivg

the single-particle states. ¢
) s\ = A \l|f
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jn=Scatlec fom § b .

The collision integral will look something like this:
7 e\ ]
r:qh o aly “ e

"q‘M

The diagonal terms represent the net rate of population loss out “of that state. The off-

diagonal terms describe in-scattering from the column state to the row state.

A well-behaved collision integral must have the columns summing to zero since scattering

probabilities must conserve particles. 2 A ' ) = O
et
(

2.3 Validity of BE

The validity of the BE to describe transport in space and time is subject to quasi-classical
dbastae

restrictions. Specifically the change of f on the scale of the de Broglie wavelength must

——

be sufficiently small. In math, k L57 l where L is the characteristic length of the
variation in 5’ : ( Ly A | )
Also, if AE is the characteristic energy variation in f , we need the frequencies of

interest 'f < éf—

Another fundamental assumption is that the time between successive scatterings, -EP , 1s

much bigger than the duration of individual scattering times, tg .

More precisely: the time in which two particles are within an interaction distance of radius A
is G A/Y where \/ is the particle’s velocity, a is the interaction distance so that a"‘
is the collision cross-section. From gas kinetics, we know tf w \/ n “,\V , Where
ithe number density of particles, A

The ratio is the gas parameter: t(, / Ca P I\ag LC l . So we need mean distance

between particles much bigger than their characteristic dimension — low density gas.
sl
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These requirements are all usually met for free electrons in a doped semiconductor.
e

2.4 Observables

If the distribution function 5- is known, all other observable quantities can be obtained.

For instance, the particle density at a gi@ocation " at time 1 is:
0= s sy
- ﬂ(m‘"y Y] % )C(k"‘f

The particle flux is

T - Lz vili 1)

Example: We can show that the BE conserves particles. Let’s sum the BE over momentum
nws
(summing the selwmns of the matrix equation) to get an equation for the particle

- <ingl ~
density /\(fﬂ') We get A = d sum

{ 2l
on Jsve 2 ¢+ 0= 0¢-
ot Vo« > R

This can be rewritten as 3 _5., —_— —
A =

[_
N
S~

L/

A

(

for

—
‘_.
=M\
~

-

)
%

Wnwooo = \/
=+Vv3J3=0
which we see is the standard conservation equation, in this case for the particle number
density.
Now let’s get some intuition for the Boltzmann equation.
2.5 Warmup #1: relaxation time approximation

Consider a homogeneous electron gas subject to an external electric field. We want to

solve for the steady-distribution that arises due to the field. Let’s make the relaxation time
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approximation (RTA) that the collision integral is written as:
- (
-4 _a Qs >0
[A)J( g .3 T, = 4y, /
T,
In the RTA form, we can more clearly see the meaning of the diagonal elements of the

collision matrix - they represent a characteristic time for a state to lose population to other

states and thereby return to the equilibrium distribution. (‘fp)
Explicitly, say the population for some state starts at some non-equilibrium value. The
differential equation governing the time evolution of the state is (neglecting any fields)

qgi : LS —_{* 5.0
34 T,
The solution is just
-+/<
(6= F e(£(t=0) =%) e
So we see that the distribution relaxes to the value 5.0 over characteristic time t
Now consider the BE for the steady distribution with a field, under the RTA.
Fx D# - - § \fb 'FX ){b -— - i
—_— - - _— __) —_—\ — = T
t )ky\ L K )[()(

_(_f . .36
3:}§6/ 2k T N

We can write the solution simply as
€
gz -T2 - th(] 5
K )l’—)& "\/J

Vg
Now let’s compute the electric current density: é 0.5

J‘x:\/Z(q)(th(‘bE) ) L

.sdn/ft q r(e)v
Lg v (&) & LL/?
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jx:lTEX

Using Ohm’s law, , we see that we have derived an expression for the electrical

conductivity in terms of microscopic parameters of the electronic states.

2.6 Warmup #2: Davydov distribution (Kogan)
——

Now let’s consider the case when electrons can get far away from equilibrium. This problem
was originally considered by Russian physicist Davydov in 1935.
The problem is to obtain the steady distribution of electrons subject to a field and scattered

in a quasi-elastic manner such that the momentum distribution of the electrons is isotropic
/‘

in momentum space.

Let’s write the Boltzmann equation for this case:

1 o € _ S ( ES =0
A e
~ Clizsivn tatesral
For a uniform, isotropic conductor with alﬁeld F applied along some direction, {(k’) de-
»

- L
pends only on two variables, £= Mt where M is the effective mass; and (6S 6

where e is the angle between kK and applied field F
f

. . .. ¢
Generally, we can expand a function in 3D (momentum space) in Legendre polynomials:

((0) = 2 £,00) lero)

Lz0

The expansion coefficients are J—Q (E) , depending on energy. If no current exists,
all 'fl:O except fo . (I)" = ‘) \/X r”"[

The current can be expressed just using {I(G) . The reason that we only need W ¢ cu;{fv
% ,4

that current along the field axis has a factor (5O , which equals P((C‘IQ)Since Legendre
polynomials are orthogonal, integrating out the angle variable to compute the current kills
off all other terms except that proportional to .5'( (é\

Also, since Pa ((“SG\ = \ , we know 50(63 is the electron distribution in energy as it lacks

any angular dependence in momentum space. If no current flows, then

{ﬂ(e) - [Q(E-f)/lqr 4 \‘y' Spring 2020
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Here }A is the chemical potential, T is the lattice (phonon) temperature.

Following our earlier discussion on quasi-elastic scattering, we are making the assumption
that the momentum space distribution is nearly isotropic. That means the only anisotropy
is arising from the field and that we therefore only need to keep '}6(&( . |Original approx
due to Pidduck (1916) and Davydov (1935,36,37)] We can solve the BE by expanding the

equation in spherical harmonics and solving at each order. The collision integral is given

—

simply as a sum of S‘((f) , independent of (%) , and gl (E\ = ‘i[i) (osO where L(

A_—~
is the momentum relaxation time. f:( (e JO)

Let’s get the equation for go(e) first. Consider the rate of change of the number of electrons

in a thin spherical shell in momentum space fromgl E*"‘E. It equals

N(e) QO(E) dE €

where N(é) is the density of states. .). ( E‘)

| — £
This rate must be equal to the flux of electrons (in momentum space) at energy . We

therefore see that

- d)
ey= MaSE) de 3 KT T

We know the expression for electron flux:

() = 2 2 (W k¥ 5 (€6Y) - Wi (1) $C6Ce))
ok ® (¢- £() Oew)-d

The probabilities of emission and absorption of a phonon per time are W Wels They

em
Wen

Wat s

have the ratio

o=

heve / LsT
e

Since we know the scattering is quasi-elastic, we use

-fo(é) - fo(e he) = '—3—? hw Spring 2020
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en we get (
(€ = EN(é)(?o(é) e T, %%) 'E?;)

with the inverse energy relaxation time:

1 1 ,
5 F / 1 3 O(E(K) ~ )W (4ot B) Ty (1)

Multiply by l (38 and integrate to get two equations:
4

§ () - §Fve (-9Plie) =0
f ¢ k, T‘[é) ‘{ﬁ =

A ‘temperature’ T‘(e) of electrons is introduced: .
]
o1 F T, T.
mt
Integrating the second equation gives the Davydov equation in energy:
[ S A g ‘
f(e) = ne# WTee)
/

faoJ e wie) 4 (- S,EJC-“ (i 7e"))

In the homework, you will compute this distribution and see how it looks.

(Cij(é) =kT, t

~|

3 Fluctuations from a non-equilibrium steady state

Now to the hard part. How can we describe current fluctuations in an electron gas acted on

by an electric field - in other words, fluctuations from a non-equilibrium steady state? This

—_—
e

problem has been considered over many years as described in the previous module.

I want to first describe why fluctuations in population and hence current occur in the first
—

Spring 2020
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/- 7

place. The BE describes the mean occupancy of a given state. The collision matrix describes
the mean rate of transfer of population from one state to another.

However, the scattering process is a shot-type process - in any given time instant, there is
a probability for the scattering event to occur. The probability is independent of whether
other scattering events did in fact occur. This situation is exactly analogous to the shot noise
process we considered at the beginning of class. The rate of population transfer therefore
has a yariance, about the mean, that is pWIW! At any
given time instant, these population transfers might not be precisely balanced (although on

average, they are). That implies that a source of fluctuations exists, regardless of value of

the distribution function at any time instant. This situation is exactly like those we have

considered earlier, like a Brownian particle or a noisy LR circuit.

Considering this random process giving rise to a fluctuational source, we want to compute the
—_—

current autocorrelation function, which is a non-random description of the random process.

The Fourier transform of it is proportional to the spectral density, our ultimate goal.

There are a few ways to attack the problem.

3.1 Boltzmann-Langevin approach

(pioneered by Shul’'man, Kogan 1969)

e Use the regular BE to solve for the steady distribution of electrons under an applied

field.

e About this non-equilibrium steady state, describe the fluctuations 85— using the BE

but now with Langevin sources added.

e Generally, the solution to the BE with this source can be written algebraically in terms

of the Green’s function of the BE, G(1,2).

d(:

e With this form of the solution, compute the current autocorrelation function and use

the correlation properties of the Langevin source. After some messy math, get an

Spring 2020
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L
expression for the current autocorrelation function in terms of 6‘(" \and ‘S. , the

steady distribution.

This way works and is equivalent to the way that I will present (shown by Kogan, 1970).
I will instead present the “method of moments” pioneered by Gantsevich, Gurevich, and
Katilius because it is easier both conceptually and mathematically, and because they wrote

the most accessible review paper on the topic [above authors, 1979|

3.2 Method of moments B, Hzman ‘H/Q

The basic idea of this method is that we seek a kinetic-type equation for the ensemble average

of the distribution autocorrelation function, Qf, (‘l‘) %Ff | (0) , just like we have

m——

for the mean occupancy function F, . ( , = (ry shd K. ’ 97
g fam G6 1
I will review the BE material for the steady distribution to set the notation.

Consider a gas of charged particles (electrons) connected to a thermal bath of phonons.
Without a field, the equilibrium distribution ensures that the mean rate of population trans-
fer into a state by scattering is exactly balanced by that out of the state. Remember from
the argument above there are instantaneous fluctuations in population owing to the variance
in the population transfer rate. That produces current noise which in equilibrium we now
know is Johnson-Nyquist noise.

When a field is applied, a redistribution of electrons in momentum spagce occurs because the
electric field drives electrons to higher momentum states ( F)( /ff i iﬁ&;)

That redistribution is governed by the BE. In this notation, neglecting ee collisions:

R 2 I AC RN s A (Y
>t *Z-' op
vichv

where Ff is the time-dependent one-particle distribution function (bar indicates ensemble
average).

)
Call w f‘ the transition probability for a collision with the thermal bath that takes the elec-

|
tron from f' (occupied before collision) to f (empty before collision). The ensemble

Spring 2020
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1

is F["(ﬂ There-

fore, the mean rate of particle number decrease in f due to collisions is the difference

average of particle number in state P is Ff(ﬂ , and in state f

inoutﬂowand;ﬂOW(I w/;' E{ (‘._ ‘—:—f‘> _ Wi@\’;@)>

" ouk €low inflow

Consider the non-degenerate situation. Then (f , so we have a linear collision

-

¢ |

matrix:

’ (
We -_ 'W/) || = th
% r F(' ‘:E @’

_ J

The transition probabilities have the property that t,he mean transition rate should vanish
RN

if we put in the equilibrium distribution F,‘, e . Therefore, we should have

& c \ £mn/IT
S WP,.( e & = E W', ch/l
P

We would like to solve this equation for the steady-state ensemble average distribution func-

tion Ff , which satisfies the time-independent Boltzmann equation:
14 E ' é,o Ff € I/ Ff S

This distribution may have no resemblance to the equilibrium distribution. The mean energy

per electron can be orders of magnitude larger than the equilibrium value depending on the

strength of the field.
g P Fp
Let’s suppose that we can solve this equation. Now, we want to consider the evolution

of “small” deviations from this steady state. Let the time-dependent ensemble average of

Spring 2020
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occupancy be

€(+) = &+ AR

The deviation term AF{ satisfies the BE also:

‘0

_ -. 3
- = 9575 "

where I[ is the same linearized operator we used for the steady problem. We

denote If as the relaxation operator. It consists of two parts: (1) streaming due
#
to external field, _E_ , and (2) I’ due to collisions.

We now see with this notation that the steady distribution satisfies

I,,E, =0

so that Ff is an eigenfunction of I’ with zero eigenvalue. Note that the distribution

is normalized ‘(‘l /\I , the number of particles: ;F[ =N

The relaxation operator If also determines the response from the non equilibrium steady

state to a weak external perturbation. Suppose we apply an extra AC electric

field: AE e-)w . The response of the deviations is: _
. = - _qb6E-7,F
(<jw s T) 667 —10=""
We call (“_;L\H' If) the response operator.

3.3 Observables

-
If we know ‘:, , we can calculate all experimental observables.

Steady current density J : ( ber = (/UM!‘{ ﬂl/ﬂ(“;()

- _ e £, =enV,
Je( - S Z vd’ F/ 00 4 Spring 2020
V‘ f Le ’u{r"\ (m(a‘}ﬂ('ﬁ‘v\

= qEG e h

I/H‘
th
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Drift velocity .v;\ :
| cC
V =N SV F
* /
Extra current from AF’ :

< . & sV bF = 5«p(W)AEﬁ
B oo Vo / (Par [ed § ""ma."hm i ﬁ)

Using the BE obeyed by the deviation AE/ , we have
= < N ' c ° - Af )
INTE (‘J‘v ftl) af,s F/’ ( 1) ¢

which uses the inverse response operator.

Therefore we find an expression for the AC differential conductivity:

d - ~
Oag (W) = s Vt(‘J"+ If) oy Fr
d ! ’l‘, cac b sian bftd?m

The zero-frequency differential conductivity is

} L -1 =
- -¢ &
0:,(0»-)0) - bG Ja ~ —_— EV& Ip a[),s f
4 v, 7/
using the inverse relaxation operator.
We are now ready to consider fluctuations in the distribution function. Till now, we have

considered mean values of the occupation numbers of one-particle states, the evolution of

which is governed by the BE.

\DWe now ask, what equation governs the evolution of the ensemble-averaged distribution auto-
—_—
correlation function? This quantity is also called the time-displaced two-particle correlation
function. It is defined as follows: we have fluctuations in the distribution about the mean:

(AORNACEN?

—

¢ledy AT bt Spring 2020
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We want the ensemble average of the product of fluctuations SFP at two different time

instants, .h ’ 1‘4 + + :

—_—
—

G () §F (1) = F(trtlin(h) =& F

As we’ve seen before, this quantity is a non-random characteristic of a random process,
and its Fourier transform gives the spectral power density. We can compute a measurable

quantity, the current density autocorrelation function, as

—

— b\
de\(hw) Sjé ("(‘,) = (\/i; Z Vi V'P Sg[ﬁﬂ) g[-'(‘[qt,)

flpl Ll,' /-—'{,\

-~
v

lwlumt
We want an equation for the time-displaced two-particle correlation function that we can

-
solve, just like we solved for Ff using the BE.
From very fundamental considerations, it can be derived that the appropriate equation is

none other than: ( b+ . II) g(’ (+) SF{'. =0

—
Remarkably, SFP (+j8Fpl obeys the same kinetic equation as the distribution func-
tion! ( £ I’)
Some intuition: say at time f‘ a deviation in the distribution function gﬁ is created
due to the statistical nature of collisions. At a later time +| +t , the deviation in general
would not be equal to zero even if, by coincidence, 6“— “’l) - o D If %FG"\ 3 0 , the
deviation g F(h t f) at a later time consists of (1) what remains of the initial fluctuation
and (2) any new fluctuations that have arisen after +, . In the thermodynamic
limit N ER ‘ , new fluctuations are independent of the one that occurred, e.g. at
time 'h . When we average over many realizations of a given fluctuation SF at
time ‘h , we remove these new fluctuations. The reason is the new fluctuations are as

likely to increase the population as decrease it since they are uncorrelated and hence average

—_—
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to zero. With this type of average, %F(.‘—) SF becomes a smooth function of 1- and

describes the time evolution of a given initial deviation gF . (/\' B o(ahe o "'5)

Now why does the Boltzmann equation describe the evolution of the initial deviation? Phys-

ically the origin of the fluctuation does not matter for the evolution - the evolution is the

same whether the fluctuation was caused by a macroscopic perturbation or a statistical fluc-

tuation (Onsager’s 1931 regression hypothesis). So it is natural to think that the evolution of

N— —

~——
fluctuations should obey the BE. The difference is that 3 () F is ensemble averaged

over (1) realizations of a particular initial deviation §F and (2) over the set of initial
—— e

deviations. The evolution is not affected by this latter averaging; the former average just
e /-/\—’N
gives the evolution of the mean which is precisely what the original BE describes (e.g. it de-

scribes the time evolution of the neay occupancy of quantum states). Therefore, we expect gf(‘})g £
to follow the BE.

This is a reasonable argument; if you want a rigorous derivation, you can perform a quantum

statistical treatment to obtain the result that also yields the BE itself as a bonus (GGK 1969).

3.4 Omne-time two particle correlation function
——

Since the equation given has a time derivative, we need an initial condition, e.g.

R

YA \ = §f sk,
=0

Let’s first calculate the diagonal part of it :
_’\

. — R
cr 56 = s 2 f - (8)

For Fermi systems, the occupation of a quantum state can only be 0 ) ’ . So

5=/ , §% =&0-5)

For non-degenerate statistics ( Fp L"‘ ):
\ —

'Y .
g Ff = F/ Spring 2020
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Now we need the off-diagonal terms of the one-time correlation function. Write the off-

diagonal part as

‘bm = 5% o~ ng”’

The one-particle distribution function Ff gives the mean occupancy of a state. This func-
tion é{ / describes the mean correlated occupancy of two different states. If the oc-
cupation numbers are completely uncorrelated (e.g. we have a grand canonical ensemble that
allows for particles to enter and leave the system independently), ¢>fﬂ / = O

However, in many electron systems in fact the particle number is fixed to N . As Lax
originally noted, this constraint leads to correlation. We get a multinomial distribution with

a second moment given as

A
SAH’I‘ Lo

Q
Therefore the constraint szf - N leads to correlations between occupancies of different
states.

The final form of the initial condition for the two-time correlation function is:

LA O

3.5 Spectral density of distribution function fluctuations

With the initial condition and equation determined for gﬁ ("‘) SF", we can algebraically

obtain the spectral density of distribution function fluctuations. It is the Fourier transform

of the autocorrelation function:

o .
(s666) = § sams &4
& S®

For negative times, use the following identity and the stationarity of the process: ( S =4 +)
=N

OF, (- (G = SE(-1) €6,G) = §6(H) R4 +)
= CF s (D = SE(NSE

Spring 2020
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Then use the original governing equation, Fourier transformed, to get:

> ($688), = [(SerT) + Geo v ) ) 5555

—

| C.NJ;iNA

cni e
3.6 Relation to Langevin method
Rather than following the method of moments, we could have solved for the fluctuations

themselves using the BE with a Langevin source term y,(t):
(Or + Ip)0 Fyp(t) = yp(2) (2)
Then, the distribution function correlation function is

(5Fp5Fp1)w = (—jw + Ip)_l(jw + [p1)_1(ypyp1)w (3)

—

Therefore, to agree with the method of moments, we need the spectral density of the random

force to be

(ypym)w = ([p + [p1)Fp6pp1 (4)

To obtain this expression you need to use Eq. 1.41 in Gantsevich 1979.
Undesirably, the external field F is in the expression for fluctuation source. It can be shown

that these terms can be eliminated to get
(ypypl)w = Oppy Z(Wlfpp'{'W;Fk) _W;;IFM _W;Fp (5)
k

in terms of F' and transition probabilities W only. This result is identical to that obtained

in Shul’'man, Kogan, 1969, who pursued a Green’s function/Langevin approach.

S —
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3.7 Spectral density of current fluctuations

We now are ready to get the experimentally measurable and relevant quantity. The spec-
tral density of spatially homogeneous current fluctuations is (S Jk g}(&)

Substituting in our expression for (g Ff § F’l) , we get

L
(854\8)(6)6‘, - (%03 % Vy Vu& [Sff S[I'o)w

For independent particles subject only to a constraint on total number N , We use
,] _ — E
~jow 4T z(r o, — S0 g +he
SJ,\S\)&) ) (ZV&( Jov + I’J ‘. r O, m 4 o
H Uﬂ;k‘-’\

(cnjuj..‘f‘(

f

to get ( ) Z_ V (__ch _’,I, (Vp .\/l;)ﬁ—" +’|C
= 7

) ;(_\%y ﬂc[évoc (0 +3) " (ve - Vi) T

- [ o n —
ey . LJri H
3.8 Equilibrium - Nyquist theorem ,
vility

We can check that this expression reproduces the Nyquist theorem that relates current fluc-

tuations to conductivity in equilibrium. In that case, the drift velocity V=0 , the frequency W 1Y)
A——

: a‘%d 0 (& Fp = ‘(Vﬁ/ 74 \ F,. The spectral density of current fluctuations is then:

A

(&f« SJA ‘A( B ﬂ([z\,@-«v (kT}”F,>

G20

Recalling our earlier expression for conductivity:

0,5
O'o\p(&ﬂo) SN If )[’p )

s [ ~— Spring 2020
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We see that: Sjﬁjp _ l(g)‘ Sjl&>w = L‘_%/LT 4 (‘-ﬁxﬁ)

So the Nyquist theorem holds!

3.9 Price-relation, fluctuation-diffusion relation

Wannier first derived that a diffusion coefficient in the non-equilibrium state could be defined

Dq; 3 VAI[' (v,s -V,s) E (o\tu)
£ N

as:

re

G-k 1919

Price later derived (and it is also rigorously derived in Sec 2 of the Gantsevich review

paper) this expression for the diffusion coefficient, and further showed that in the limit

of (Vi 0 , we can write

) N
(Sj*SJ\’)w»b ) Q\/A” (Dcp ’LDMS

In other words, a relation exists between the non-equilibrium diffusion coefficient and the
%

spectral density of current fluctuations! So although the original fluctuation-dissipation theo-

rem linking spectral density and conductivity does not survive non-equilibrium, a fluctuation-

diffusion relation still holds in the specified limit.

&.) This result actually suggests an experimental method to measure noise temperature: impose

a current on a sample and measure the diffusion coefficient by a time-of-flight method:
impulsively heat electrons on one side of a sample and measure how long it takes them to

reach the other side. We will discuss shortly.
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