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Anomalous crossover between thermal and shot noise in macroscopic diffusive conductors
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We predict the existence of an anomalous crossover between thermal and shot noise in macroscopic diffu-
sive conductors. We first show that, besides thermal noise, these systems may also exhibit shot noise due to
fluctuations of the total number of carriers in the system. Then we show that at increasing currents the
crossover between the two noise behaviors is anomalous, in the sense that the low-frequency current spectral
density displays a region with a superlinear dependence on the current up to a cubic law. The anomaly is due
to the nontrivial coupling in the presence of the long-range Coulomb interaction among the three time scales
relevant to the phenomenon, namely, diffusion, transit, and dielectric relaxation time.

Shot noise and thermal noise are the two prototypes oflependence. Finally, we note that it is a common belief that
noise present in natufe Thermal noise is displayed by a macroscopic conductors do not display shot nBise.
conductor at or near equilibrium, and is associated with its The aim of this article is to prove that macroscopic con-
conductance through Nyquist theorer8{"®'(0)=4ksTG,  ductors can display shot noise and that the transition between
whereS}he'(O) is the low-frequency current spectral density, thermal and shot noise shows a remarkable deviation from
kg the Boltzman constant, the temperature, an@ the con-  the standarctothlike behavior. In particular, the region of
ductance. Shot noise is due to the discreteness of the carrieteossover shows a current spectral density that increases
charge, and displays a low-frequency spectral density of cuimore than linearly with current, up to a cubic dependence.
rent fluctuations in the forr"°{(0)= y 2ql, wherel is the The system under consideration is a macroscopic homo-
average dc current the carrier charge, angl the so called geneous diffusive conductor of length(henceforth shortly
Fano factor. Being an excess noise, it can only be observe@ferred to asnacroscopic diffusive conducjoihe conduc-
under nonequilibrium conditions and provides informationtor is considered to be macroscopic in the sense that the
not available from linear response coefficients such as corsample length_ satisfies.>1;,,l., wherel;, andl, are the
ductance. Following Landauer's ideashese two types of inelastic and elastic mean free paths, respectively. Moreover,
noise are special forms of a more general noise formula refaomogeneous conditions implies that the stationary electric
resenting different manifestations of the same underlying mifield and charge density profiles are homogeneous. Although
croscopic mechanisms. As a result, for systems displayingt first sight it seems surprising that macroscopic diffusive
shot noise one should expect a continuous and smooth tragenductors are able to display shot noise, see, for instance
sition between the equilibrium thermal noise and the nonRef. 8, it is easy to convince oneself that this is indeed the
equilibrium shot noise. Two examples of such transitions arease. The key argument is provided by the fact that the dif-
provided by the expressions fusion of carriers through the sample, a part from velocity
fluctuations, also induc#uctuations of the total number of
particles inside the sampléfhese number fluctuations are
related to the fact that the time a carrier spends to cross the
sample depends on the particular succession of scattering
events, thus giving rise to fluctuations in the instantaneous
value of the total number of particles inside the sample. As a
qv 2) consequence, besides the usual thermal noise associated with

velocity fluctuations, we will have an excess noise associated

1 + v t
A=Y+ Y5 7N 3T
which represent standard transitions for a classical and \éwth number fluctuations. Note that existing arguments

. . : : against the presence of shot noise in macroscopic conductors
quantum system, respectivef.in previous equation¥’ is are always based on the assumption that the number of fluc-
the applied voltage. In both cases one obt&i§'(0) at or y P

S tuations are negligible, what is not always true in macro-
near equilibrium, whenqV/kgT| <1, andS;"*(0) far from scopic diffusive conductors, as will be shown below.
equilibrium, when|qV/kgT|>1.

That number fluctuations can give rise to shot noise can

A variety of classical and quantum physical systems expe seen as follows. The excess noise associated with number
hibit the abovecothtlike crossover. Among them we note {,ctuations can be characterized as

p-n junctions® Schottky barrier diodeStunnel diodeg,and

mesoscopic diffusive conductors with cohereand semi-

classical transpoft’ We remark that an essential feature of I\ 2

the above formulas is to predict a monotonic increase of the SFX(O)=<;> Sy(0), 3)
spectral density with current which never exceeds a linear N

— \Y
S (0)=2ql cotl-(mcl?), (1)

and
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where Sy (0)=2"2dtsN(0)SN(t) is the low-frequency déE,(t) ¢
spectral density of number fluctuations aNdthe average dx ZénX(t)’ ™

number of carriers inside the system. Furthermore, within an

exponential model for the decay of number fluctuations ond/here e is the electric permittivity. Generally, Eqé5) and
assumesS,(0)= oNZry , whereNZ is the variance and, (7) are combined into a single equation for the electric field

the relaxation time for such fluctuatioHlf the relaxation of fluctuation of the form

number fluctuations takes place on a time scale of the order @2 1 81, (t) = 81 (1)

of the transit timer, then one hasy~ 7r. By using in Eq. - - —_x7 7 38
. . . 2 2 5Ex(t ’ ( )

(3) that the transit time for a homogeneous conductoryis dx? Lgdx L5 €eAD

=L/v=qN/l, wherev is the drift velocity, and where we where Le=D/7uE and Ly=(Del uqn)2 Here, Lg/L

have used =qAnu, with A being the cross sectional area cparacterizes the ratio between a characteristic carrier energy

and n the average carrier density, we obtaB*(0)  and the energy supplied by the applied voltage, lagds the

~q(8NZ/N)1, which is shot-noise-like. Debye screening length. The ratidL, constitutes a rel-
Therefore, macroscopic diffusive conductors offer a newevant indicator of the effects of the long-range Coulomb in-

and simple example in which to investigate in detail the tranteraction on the current fluctuations, since fdt. <1, one

sition between thermal and shot noise. To this purpose, wean neglect the term proportional &,(t) in Eq. (5), and

need an explicit expression for the current spectral densithe equation for the current fluctuations becomes uncoupled

valid, in particular, in the transition region between thermalfrom the Poisson equation. Moreover, since contact effects

and shot noise. This explicit expression can be obtained bgre negligible we will use as boundary conditio@sg

solving the appropriate equations for the fluctuations. For=én =0, which gives

simplicity the sample is assumed to have a transversal size

sufficiently thick to allow a one-dimensional electrostatic dSE(1)| doEL(D)|

treatment in thex direction and to neglect the effects of dx 0_ dx \L_

boundaries in thg and z directions. Furthermore, since we

are interested in the low-frequency noise propertieyond  Equation (8), together with Egs(6) and (9), constitute a

1/f noise, we will neglect the displacement current. Accord- complete set of equations to analyze the noise properties of

ingly the standard drift-diffusion Langevin equation for a macroscopic diffusive conductors. In the present form, they

(€)

macroscopic diffusive conductor redds can be used to describe both degenerate as well as nonde-
generate conductors. The fact that the same underlying scat-

() dn  &1,(1) tering mech_anisms are responsible for the noisg properties pf
Tzqn,quLqD& + N (4)  the system is reflected by the presence of a unique Langevin

source in the model. As E@8) is a second-order differential
equation with constant coefficients, its solution can be ob-

which after linearization around the stationary homogeneou§ained in a closed analytical form. Hence, from the expres-

state gives’ sion of 6E,(t) one can compute the voltage fluctuation under
fixed current conditionss,V(t) = [§dXSE,(t) [where one
Sl (t) =q,uE775n (t)+qﬁ,u5E (t)+qu5nx(t) i 9l x(t)' usesdl (t) =0], from which the current spectral density can
A ) * dx A be obtained asS;(0)=G22f"ZdtsV(0)5,V(t), with G
®) =gAun/L. After simple but cumbersome algebra, the final
Here, 6E,(t) and én,(t) refer to the fluctuations of electric result can be written in the form
field and number density at poirtrespectively, whilesl (t) S|(O)=S}her(0)+sfx(0), (10)

refers to the fluctuations of the total current. Moreovelis

the mobility, E the average electric field) the diffusion  where

coefficient, and the bar denotes a time average. We assume

that w and D may depend om, in order to include in the ther(o):
model also degenerate conductors. The numerical fagtor

=(1+ p/ m/n), with u=du/dn, accounts for the possible and where

dependence of the mobility on the number density, and

8l (t) is a Langevin noise source, which accounts for the (N3—\2) (eMb—1)(ert—1)

K
T =4ksTG, (12)

fluctuations of current due to the diffusion of carriers inside St (0)=K L2 (ehl_ehil)2 [Ay(e*2h+1)
the sample. It has zero mean and correlation function, 172
X(eMb—1)—ny(eMt+1) (et -1)]. (12
1
(Sl (t)sly(t'))= 5K5(x—x’)5(t—t’), (6) Here,\; and\, are the two eigenvalues of E(B) and are

given by

where K=4quBT,uF is the strength of the fluctuations. 1 Lé
Equation(5) must be supplemented with the Poisson equa- Npo=— CT 1+ 1+4L—2 . (13
tion E D
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FIG. 1. Normalized current spectral densﬁMO)/S}her(O) as a FIG. 2. Characteristic time for number fluctuations normalized

function of the normalized curremt|, for different sample lengths  to the dielectric relaxation timey /7y as a function of the normal-
L/Lp=1,10,25,50, as obtained from present thegegntinuous ized currentl /1 for different sample lengths/L,=0.1,1 (dashed
lineg). For L<Lp the curves are indistinguishable from those cor- lines) andL/Ly=10,25,50(continuous lines
responding td_/Lp=1. Also shown for comparison is a standard
crossover between thermal and shot noise for a classical system, #ise curve corresponding to/Lp=1. In the figure we can
given by Eq.(1) (empty squargsand the cubic asymptotic expres- easily identify the thermal and shot-noise regimes as the con-
sion of the anomalous crossover, as given |n(EEﬂ) (f|"6d CirC|69. stant and proportiona| to current beha\/iorsy respective]y_
Also depicted for comparison is the current spectral density

Equationg(10)—(12) constitute the general expression for theof Eq. (1) that represents the standard transition between
low-frequency current spectral density of a macroscopic difthermal and shot noise for a classical systéempty
fusive conductor, and represent the main result of the presegfuares Remarkably, while the transition between thermal
paper. In Eq(lO) we dlStII’lgUISh two different contributions. and shot noise follows the standard form tD(LD, in the
The first one,S"*'(0), corresponds to thermal noise. The gpposite casé > L, it is anomalous. The anomaly is char-
second one$’(0), constitutes an excess noise and it is di-acterized by a spectral density that at most increases with the
rectly related to carrier number fluctuations. This can bethird power of the current tending asymptotically to
proved directly by computing,(0) from the solution of Eq.

4l 3

e

(8) by considering that the number fluctuations are given S,(0)
2 which holds for G<I=<(L/Lp)?Ir as can be seen in Fig. 1,
S?X(0)=(% 7Sn(0).

: (16)

1(Lp
2\ T

through ON(t) =Afgdx5nX=A(e/q)[5Eo(t) —SE (1)]. S}her(O) =
(14) where the filled circles represent Ed6). Since this anoma-

One then obtains the identity
lous crossover is absent fox< L, i.e., when the long-range

) o Coulomb interaction does not affect the current fluctuations,
Equation(14) is similar to Eq.(3) except for the presence of e conclude that this interaction plays a central role in this
7, which accounts for the possible dependence of the mobilynexpected behavior.

ity on carrier density. From Eqg¢12) and (14), it can be To better understand the role of the long-range Coulomb
shown that wher 3/Lg>L>Lp or Lp>L>L¢ one has interaction in the origin of this anomaly, we will analyze

o how the three characteristic times in the system combine to

S(0)=2vql, (15  vyield 7. For the present case the following characteristic

times can be identified: the diffusion timgy=L2%/D, the

wherey=nkgTaIn N/JE¢. This result proves the possibility iejectric relaxation timey=e/qnu and the already defined
for macroscopic diffusive conductors to display shot NOISe - sit timery

By defining a characteristic time associated with number In Fig. 2 we plotry as obtained from our theory as a

fluctuations _through 7y=Sy(0)/(8N?)°S, with (8N)°*  fnction of current for different sample lengths. Here, we
=NKkgTd In N/JEg being the variance of number fluctuation clearly identify two different behaviors fory depending on
at equilibrium, Eq.(15) corresponds to a situation in which whetherL/Lp<1 or L/Lp>1. ForL/Lp<1 we observe a
™~ (2/n)7r, thus confirming that when number fluctua- smooth transition between the equilibrium valgg~1/37p
tions relax on the time scale given by the transit time theyand the far from equilibrium valuey~ (2/7) r;. This result
give rise to shot noise. shows that when the long-range Coulomb interaction is not
Now we are in a position to investigate the properties ofeffective, only 7, and 7 are relevant. As a consequence,
the transition between thermal and shot noise. In Flg 1 Weear equ”ibrium we ha\/e—D< TT and number fluctuations
display the current spectral density for an ohmic conductoare governed by diffusion, while far from equilibrium we
obtained from Eqgs(10)—(12), as a function of current for havery> 7 and they are governed by the transit time, thus
different Sample Ieﬂgths The Eul'rent is normalizedl ﬁo g|v|ng rise to shot noise. On the other hand, WH.BI"LD
=GVg whereVr=(n/75q)JdEg/dn. In the present units the >1 the transition between the equilibrium valug
curves corresponding o/Lp<1 are indistinguishable from ~4(rq/7p)Y?r4y and the far from equilibrium valuery
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~(2/m) 7 is mediated by a region in whichy~2773/7r. bilities. For a nondegenerate semiconductor, with typical pa-
The far from equilibrium behavior, being dominated by therametersn~ 10" cm 3, T~300 K, e~ 10¢,, one hasLp
transit time, gives rise to shot noise, while in the intermedi-~0.4 um and Vg=kgT/q=0.0259 V. Therefore forL

ate regionTN is proportional to the current, thus giving rise =50L,=20 um one enters the anomalous regime Br
to the cubic dependence of the current spectral density. Nos 5 1//cm. This value of the electric field is experimentally
tice that the transition between the intermediate and the shot- ible. In additi heh=(L/L 2=  that is f
noise region takes place wheg~ 74~ 7. From these re- accessible. In_addition, wheh=(L/Lp)r, .a IS tor
sults we conclude that the origin of the anomalous transitior/L=E=(a/€)nL, one should enter the regime of shot
between thermal and shot noise can be found in the norfl0ise. For the parameters chosen above we obtain the condi-
trivial coupling between the different characteristic times intion E=35 kV/cm, which is still experimentally

the presence of long-range Coulomb interaction. accessiblé?

From the previous analysis we argue that there are two In summary, we have proven that a macroscopic diffusive
possible ways of providing an experimental test of ourconductor can display shot noise, and that the transition be-
theory. The first way is an indirect test to be performed at otween thermal and shot noise is anomalous when the length
near equilibrium. It consists in proving the nontrivial cou- of the sample is much longer than the Debye screening
pling of the characteristic times in the presence of the longlength. The anomaly of the transition consists in a nonlinear
range Coulomb interaction. In this case, whelh,>1, one  dependence of the low-frequency spectral density of current
should obtain a characteristic time for number fluctuations irfluctuations upon the current, which can lead up to a cubic
agreement with the relationshipry=~4(7q/mp)Y?ry  behavior. The origin of this unexpected behavior is related to
— 4(elqun)®¥?DYZL. The second way is a direct test, which the nontrivial coupling among diffusion, dielectric relax-

consists in observing the current dependence of the curre@ion, and drift in the presence of the long-range Coulomb
spectral density. According to EGL6) one should observe Nteraction.

the anomalous transition fdr>Ly when | =(L/Lp)*Ig, Partial support from the Spanish SEUID and from the EC
or analogously forV/L=E=(L/Lp)*3R/L. To this end, Improving Human Research Potential program through Con-
nondegenerate semiconductor systems offer the best possiact No. HPMF-CT-1999-00140 is gratefully acknowledged.
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