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The Quantum Information Theory Approach (QIT) explains for the first time the apparent lack of unitarity caused by the entropy increase in the Quantum 1/f Effect (Q1/fE).  This allows for a deeper understanding of the quantum 1/f effect, showing no resultant entropy increase and therefore no violation of unitarity in the quantum-mechanical dynamical evolution.  This new interpretation involves the von Neumann Quantum Entropy, including the negative conditional entropy concept for quantum entangled states introduced by QIT.  The Q1/fE was applied to many high-tech systems, in particular to ultra small electronic devices in nanotechnology.  The present paper explains how the additional entropy implied by the observed 1/f noise arises in spite of the entropy-conserving evolution of the system.  On this basis, a derivation of the conventional and coherent quantum 1/f effect is given.  The latter is derived from a non-relativistic form of the branch-point propagator derived by excluding the long range Coulomb interaction from the interaction hamiltonian.  The paper concludes with examples of practical applications in various devices and systems, allowing for a new characterization of high technology.

1. INTRODUCTION


1/f noise has been a problem for engineers since the early twenties, when they first learned to amplify electric signals.  Much effort has been directed toward controlling it by trial and error in vacuum tubes, carbon resistors and microphones, contacts, etc.  Later, it slowed the application of semiconductors and semiconductor devices, where again, its general nature remained unknown, in spite of generally unsuccessful attempts to explain it as a fortuitous superposition of lorentzian spectra caused by slow surface states, or by migrating impurities, or by other diffusion processes.  It was later found that the 1/f spectrum is quite ubiquitous in nature, and present in so many places, that it even shaped our instinctive musical preferences.  Indeed, nature has taught us somehow to like 1/f variations in pitch and intensity, as found in symphonic music.

Since 1962-1966 we understood the universality of 1/f noise as the result of the nonlinear reaction of currents back on themselves, as described by the magneto-hydrodynamic plasma turbulence theory of 1/f noise, developed by one of us [1], [2] by generalization of Heisenberg’s first theory of hydrodynamic turbulence. Hooge recognized this basic derivation of the 1/f spectrum as the only universal dynamical theory of 1/f noise.  He noticed [3] soon thereafter, that the well-known inverse proportionality of 1/f noise with sample volume or number of current carriers in semiconductor samples, acquires a seemingly universal proportionality coefficient, when the number of carriers is chosen as the independent variable.  However, this appearance strangely vanished when smaller samples, or ferroelectric materials were used.  On the other hand, our turbulence theory also had difficulties, because it could only explain the spectrum, not also the intensity of low frequency noise.  The latter was to be determined by the instabilities of laminary flow, which were causing instabilities and turbulence.

  The ensuing 12-year hunt for new types of instabilities by one of us (PHH) yielded some, but none with zero threshold, as would have been required in order to explain 1/f noise.  This led to sustained attempts to quantize the turbulence theory.  The result was the quantum theory of 1/f noise, which included the conventional and coherent quantum 1/f effect.  It simply described the universal 1/f noise through quantum electrodynamics, with no additional assumptions, from first principles.

The conventional Q1/fE was introduced as a fundamental fluctuation of all currents of charged particles j, of all scattering cross sections s, recombination cross sections r, tunneling rates or transition rates  of any kind, in short of all physical cross sections  and process rates , given by the universal formula


 S(f) = 2A/fN 























(1)

(conventional quantum 1/f equation [4]-[21]) for small devices, and 


S(f) = 2/fN 























(2)

(coherent quantum 1/f equation [22], [18]-[21]) for large devices.  These two Q1/fE forms can be combined into a single general formula [22], [18]-[21], as we show at the end of this paper.  Here S(f) is the spectral density of fractional fluctuations in current, j/j, in scattering or recombination cross section  or in any other process rate .  =e2/c EQ \O(h,´) =1/137 is Sommerfeld's fine structure constant, a magic number of our world depending only on the charge of the electron e, Planck's constant  EQ \O(h,´) and the speed of light in vacuum c.  A=2(v/c)2/3 is essentially the square of the vector velocity change v of the scattered particles in the scattering process whose fluctuations we are considering, in units of c.  Finally, N is the number of particles used to define the notion of current j, of cross section  or of process rate .


Due to the presence of a bremsstrahlung emission amplitude in scattering, the scattered current per unit incoming flux, also called by us "the physical scattering cross section " will contain several energy and momentum components which interfere with each other, causing conventional quantum 1/f noise, i.e., quantum fluctuations of  with a 1/f spectral density.  The quantum expectation <> of  gives the usual definition of the cross section.  The quantum fluctuations are macroscopic at low frequencies because of the 1/f dependence, and because they do not have the fast Zitterbewegung variation which is usually associated with quantum fluctuations.


Another manifestation, or aspect, of the same Q1/fE phenomenon is the uncertainty of the mass shell of a charged particle due to the infinite range of the Coulomb interaction [24]-[28].  This requires a new picture [24]-[28] in which the long range part of the interaction is included in the unperturbed hamiltonian, which leads to the existence of the interaction representation, to finite matrix elements, to a branch-point singularity in the propagator, to a more complex free particle notion, to a coherent state of the field associated with the free particle, and as we prove below, to the presence of macroscopic coherent quantum 1/f fluctuations of all charged currents (coherent quantum 1/f effect).


How is it possible to obtain the additional entropy implied in the 2 aspects of the quantum 1/f effect, when all we have is unitary evolution of the quantum state of the particles, of the electromagnetic field of the universe, as well as of a potential observer, and when the entropy is conserved in this evolution?  The quantum information theory [29] approach allows us to understand this by introducing the notion of negative entropy as we show below.

2. SCHEMATIC DERIVATION OF THE CONVENTIONAL QUANTUM 1/F EFFECT

We start here first with a schematic derivation which clarifies the essential elements.  Let's simplify our world and assume only one electromagnetic mode of the universe would be present, with frequency  and wave vector k. Consider the field mode in its ground state and a pair of 2 incoming identical charged particles with the same well-defined wave vector are being scattered by some potential.  Both the initial (incoming) and the final (scattered)  state represent a pure state.  The initial state is |++->o, where we reserved the first two arguments of the ket for the two electrons and the last (-) for the field.  Due to the interaction with the field, the final state will be 


|f> = (|++-> + |+-+>/2 + |-++>/2)/(1+), 














(3)

where  is the emission amplitude of a bremsstrahlung photon, i.e., for the excitation of the field oscillator from its ground state (-) to its first excited state (+).  The first two arguments label the state of the charged particles, indicating the presence of an energy loss with (-) and the persistence in the same energy state with (+).  The third argument of the kets always labels the field oscillator, as mentioned.


The corresponding density operator of the pure state obtained is  = |f><f|.  Its quantum von Neumann entropy S/k =  = -Tr(log ) is zero.  

2.1 Paradoxical Entropy Increase in 1/f Noise

Ignoring the field oscillator, i.e., taking the trace of over the field oscillator label, we obtain a classically correlated system, a mixture of 2 pure states, described by the density operator 



[|++><++| + (|+-> + |-+>)(<+-| + <-+|)/2]/(1+).













(4)

The second term gives the Q1/fE at f=/2 as we show below.  The corresponding entropy is


 log(1+) - (log)/(1+) > 0 for 0≤≤1.  

The entropy of the system thus appears to have increased although according to quantum mechanics it can not increase.  Indeed, according to quantum mechanics, time evolution of a state occurs through a unitary transformation.  The latter, however, is known to leave  = -Tr( log ) invariant.

2.2 Quantum Information Theory

QIT [29] solves this paradox.  When two systems A and B with quantum von Neumann entropy (A) = -TrA(AlogA) and (B) = -TrB(BlogB) form a composite system AB of entropy (AB) = -TrAB(ABlogAB), we can prove that we have to write

(AB) = (A) + (B|A) = (B) + (A|B),

















(5)

in perfect analogy with classical entropies or information. We have introduced (A|B) as the von Neumann entropy of A conditional on B, or the entropy of A when we know B:


(A|B) = -TrAB[ABlogA|B].




















(6)

Here we have introduced the conditional density matrix A|B = AB(1AB)-1, the quantum analog similar to the classical conditional probability, where  is the tensor product in the joint Hilbert space and B=TrA(AB) is the marginal density matrix obtained by taking a partial trace over the variables associated with A.  

3. NEGATIVE ENTROPY

The conditional entropy is usually negative in quantum entangled states.  Finally, we introduce the quantum mutual entropy which represents the shared entropy, corresponding to the mutual information between A and B:


(A:B) = -Tr[ABlogA:B] , 














(7)

where


A:B = AB(AB)-1.





















(8)

Taking all logarithms in the base of 2, the entropies will be expressed in bites.  Considering our paradoxical case discussed above for simplicity with =1, we obtain the following entropy diagram of our quantum mechanically entangled triplet of three systems comprising the charged particles A and B, as well as the field oscillator C:




[image: image1.wmf]Fig. 1: Entropy diagram of the quantum mechanically entangled triplet comprising the charged particles A and B, as well as the field oscillator C.
Here the quantum conditional entropies are underlined for emphasis, and the mutual quantum entropy has double underlining.  Dotted underlining marks the mutual entropy of two of the subsystems, which is, however, not the mutual entropy of the whole system.  We see that A, B and C have each 1 bit of entropy, as we expect, since each can be in a + or - state.  In addition, ABC = 0 as expected for a pure state.  The negative conditional entropies indicate that this state is a pure quantum state which can not be obtained in classical physics.


If we ignore C by tracing over it, we obtain the classically correlated system AB with its positive entropy of 1 and the negative quantum entropy state of the ignored field oscillator, conditional on AB:





[image: image2.wmf]Fig. 2: By tracing over C, we obtain the classically correlated system AB with its positive entropy of 1 and the negative quantum entropy state of the ignored field oscillator, conditional on AB.
3.1 Solution of the Paradox

In conclusion, the negative conditional entropy of the ignored field oscillator compensates the positive entropy of the system of two particles.  Unitarity and entropy conservation are both satisfied.  This is the solution of the paradox.  It explains why our earlier explanation of the Q1/fE in terms of a two-particle wave function was correct, in spite of the apparent lack of unitarity.


In the rest of the present paper we apply the scheme developed here to the real world with all field oscillators present in |++->o and with N incident particles in |++->o.  Note that the 1/f spectrum arises from the dependence of the actual bremsstrahlung coefficient g on f, and from the summation over all field oscillators, as we see below.

4. DERIVATION OF THE CONVENTIONAL QUANTUM 1/F EFFECT

We start with the expression of the Heisenberg representation state |f> of N identical bosons of mass M emerging at an angle from some scattering process with undetermined bremsstrahlung energy losses reflected in their one-particle waves i(i)


|f> = (N!)-1/2 i ∫d3ii(i)+(i) |0> = i ∫d3ii(i) |fo>,         










(9)

where +(i) is the field operator creating a boson with position vector i and |0> is the vacuum state, while |fo> is the vacuum field state with N bosons of position vectors i with i = 1...N.  All products and sums in this paper run from 1 to N, unless otherwise stated.


To calculate the particle density autocorrelation function in the outgoing scattered wave, we need the expectation value of the operator 


O(x1,x2) = +(x1)+(x2)(x2)(x1),                                       










(10)

known as the operator of the pair correlation.  Using the commutation properties of the boson field operators, we first calculate the matrix element


N!<So|O|fo>=


     ''mn(x1)(x2)(nx1)(mx2)(i,j)'ij(ji).  








(11)

Here the prime excludes and m=n in the summations and excludes i=m, i=n, j=and j= in the product.  The summation (i,j) runs over all permutations of the remaining N-2 values of i and j.  On this basis we now calculate the complete matrix element


<f|O|f> = [1/N(N-1)] ''mn∫d3∫d3∫d3m∫d3n


*()*()m(m)n(n)(-x1)(-x2)(n-x1)(m-x2).  










(12)


= [1/N(N-1)] ''mn *(x2)*(x1)m(x1)n(x2)


The one-particle states are spherical waves emerging from the scattering center located at x=0:


(x) = (C/x)eiKx [1 + klb(k,l)e-iqx a+k,l].                                











(13)

Here C is an amplitude factor, K the boson wave vector magnitude, = b(k,l) the bremsstrahlung amplitude for photons of wave vector k and polarization l, while a+k,l is the corresponding photon creation operator, allowing the photon state to be created from the vacuum if Eq. (13) is inserted into Eq. (8).  The momentum magnitude loss q=Mck/hKMf/hK is necessary for energy conservation in the Bremsstrahlung process.  Substituting Eq, (13) into Eq. (12), we obtain


<f|O|f> = |C/x|4{N(N-1) + 2(N-1)k,l|b(k,l)|2[1+cosq(x1-x2)]},  











(14)

where we neglected a small term of higher order in b(k,l).  To perform the angular part of the summation in Eq. (14), we calculate the current expectation value of the state in Eq. (13), and compare it to the well known cross section without and with bremsstrahlung


j = (hK/Mx2)[1 + kl|b(k,l)|2] = jo[1 + ∫Adf/f],                       










(15)

where the quantum fluctuations have disappeared, where e2/hcis the fine structure constant, A=(2/3)(v/c)2 is the fractional bremsstrahlung rate coefficient, also known in QED as the infrared exponent, and the 1/f dependence of the bremsstrahlung part displays the well-known infrared catastrophe, i.e., the emission of a logarithmically divergent number of photons in the low frequency limit.  Here v is the velocity change h(K-Ko)/M of the scattered boson, and f=ck/2 the photon frequency.  Eq. (14) gives


<f|O|f> = |C/x|4{N(N-1) + 2(N-1)∫Adf/f)[1+cosq(x1-x2)]},     











(16)

which is the pair correlation function, or density autocorrelation function along the scattered beam with df/f=dq/q.  The spatial distribution fluctuations along the scattered beam will also be observed as fluctuations in time at the detector, at any frequency f.  According to the Wiener-Khintchine theorem, we obtain the spectral density of fractional scattered particle density , (or current j, or cross section ) fluctuations in frequency f or wave number q by dividing the coefficient of the cosine by the constant term N(N-1):


-2S(f) = j-2Sj(f) = S(f) = 2A/fN   [or =2A/f(N-1) for fermions],   








(17)

where N is the number of particles or current carriers used to define the current j whose fluctuations we are studying.  Quantum 1/f noise is thus a fundamental 1/N effect.  


The exact value of the exponent of f in Eq. (17) can be determined by including the contributions from all real and virtual multiphoton processes of any order, and turns out to be A-1, rather than -1, which is important only philosophically, since A«1.  The spectral integral is thus convergent at f=0.


For fermions we repeat the calculation replacing in the derivation of Eq. (11) the commutators of field operators by anticommutators, which finally yields in the same way


-2S(f) = j-2Sj(f) = S(f) = 2A/f(N-1),                         











(18)

which causes no difficulties, since N≥2 for particle correlations to be defined, and which is practically the same as Eq. (17), since usually N»1.  Eqs. (17) and (18) suggest a new notion of physical cross sections and process rates which contain 1/f noise, and express a fundamental law of physics, important in most high-tech applications [14] - [20]. 
5. DERIVATION OF THE COHERENT QUANTUM 1/F EFFECT

The coherent Q1/fE arises from the energy uncertainty of the physical electron.  Indeed, the physical electron comprises the bare particle and its electromagnetic field.  The latter turns out to be in a coherent state, which is not an eigenstate of the hamiltonian.  It entails partial knowledge of the phase in each of the field oscillators.  According to the uncertainty principle, this precludes a well-defined energy.  The state of the physical electron is therefore a non-stationary state.  This, in turn, leads to the question about the spectrum of the quantum fluctuations characterizing this state.  As we show below, the spectrum of the charge density and current density fluctuations in time is always 1/f, while in space it is 1/k, where k is the wave number.

The reason why the field is in a coherent state and not in an energy eigenstate, is found in the infinite range of the coulomb potential.  The latter causes the usual interaction representation not to exist.  As we know from Bloch and Nordsiek since 1937, the resulting infrared divergences preclude any finite matrix elements in the usual formalism, and can be eliminated only at the level of the cross section or process rate, where an integrable singularity still remains.  As Dollard [24] has shown, a finite matrix element can be obtained by including the long-range part of the electromagnetic interaction into the unperturbed hamiltonian.  This results in a more complicated free electron, which we are calling the physical electron, and which is in a coherent state, as we have stated above.  It also results in more complicated matrix elements, in particular a branch point singularity in the propagator, rather than the usual pole.  The propagator was obtained only asymptotically for large times, which corresponds exactly to the low frequency region that is of interest for the study of low frequency noise.  In this section we first derive the non-relativistic form of this propagator, and then we use it to derive the coherent Q1/fE.  A simple, physical derivation, often preferred due to its transparency, is given elsewhere in the present volume [30].

5.1 Derivation of the Non-Relativistic Propagator for Coherent Quantum 1/f Noise

The derivation of the Coherent Quantum 1/f Effect in second quantization was done on the basis of a new picture of Quantum Electrodynamics (QED), introduced by Dollard, Kibble and Zwanziger [24]-[28].  This new picture includes the long range part of the Coulomb potential into the unperturbed hamiltonian Ho, as mentined above.  The result is a more complicated free particle and a new propagator Gs(x'-x) with a branch point instead of a pole.  Handel used a nonrelativistic form of this new propagator and obtained the universal spectral density of fractional current fluctuations Sj/j(f)=2fN, which he had called coherent quantum 1/f effect.  The purpose of this section is to derive this non-relativistic propagator from the well-known relativistic propagator Gs(x'-x) based on Dollard's picture.  Gs(x'-x) was derived relativistically [26]-[28] by Kibble and others in 1975 in a new QED picture required by the infinite range of the Coulomb potential. 


Our derivation is similar with the derivation of the non-relativistic Schrödinger/Pauli equation from Dirac's theory of the electron.  It is based on the distinction between the large components and small components of the Dirac spinor.


The relativistic propagator S(x'-x) in the equation


[image: image3.wmf]















(19)

is, according to [26]-[28],

    
[image: image4.wmf]













(20)

and is valid asymptotically for very large time t'.  In the non-relativistic limit, the Dirac spinor can be written in the form


[image: image5.wmf].



















(21)

This way we get
[image: image6.wmf]







(22)

Therefore, we can write

[image: image7.wmf]
(23)

Furthermore, after using the approximate relation
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(24)





between the spinor components in the non-relativistic limit, we get


[image: image9.wmf].




(25)

If we compare with the equation
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(26)

which defines the non-relativistic propagator, we get for the latter


[image: image11.wmf].








(27)

The propagator with a phase factor is


[image: image12.wmf]




(28)

This is just the non-relativistic propagator that we need.  It has a branch point instead of a pole.  For x=x'

[image: image13.wmf]















(29)

This is the corresponding generalization of the well-known propagator of the Schrödinger equation.

5.2 Derivation of the Coherent Quantum 1/f Effect

The present derivation is based on the well-known propagator Gs(x'-x) derived relativistically in the new QED picture required by the infinite range of the Coulomb potential, as mentioned in Sec. 5.1.  The corresponding nonrelativistic form, given by Eq. (28), was derived in the previous section 5.1 and is written here for the case of a beam of fermions in vacuum, described by a the occupation numbers np,s

-i<o|Ts'(x') EQ \O\AL(s,+)(x) |o>  ss' Gs(x'-x)



= (i/V) EQ \I\SU(p, ,{) expi[p(r-r')-p2(t-t')/2m]/ EQ \O(h,´) }np,s{-ip(r-r')/ EQ \O(h,´) +i(m2c2+p2)1/2(t-t')(c/ EQ \O(h,´) )}.





(30)

Here  is again Sommerfeld's fine structure constant, np,s the number of electrons in the state of momentum p and spin s, m the rest mass of the fermions, ss' the Kronecker symbol, c the speed of light, x=(r,t) any space-time point and V the volume of a normalization box.  T is the time-ordering operator which orders the operators in the order of decreasing times from left to right and multiplies the result by (-1)P, where P is the parity of the permutation required to achieve this order.  For equal times, T normal-orders the operators, i.e., for t=t' the left-hand side of Eq. (30) is i<o| EQ \O\AL(s,+)(x) s'(x')|o>.  The state o of the N electrons is described by a Slater determinant of single-particle orbitals.  Eq. (30) is exact at large t-t', or low frequency.


To calculate the current autocorrelation function we need the density correlation function, which is also known as the two-particle correlation function.  The two-particle correlation function is defined by

<o|T EQ \O\AL(s,+)(x) s(x) EQ \O\AL(s',+)(x') s'(x')|o> = <o| EQ \O\AL(s,+)(x) s(x)|o><o| EQ \O\AL(s',+)(x') s'(x')|o> - 















<o|Ts'(x') EQ \O\AL(s,+)(x) |o><o|Ts(x) EQ \O\AL(s',+)(x') |o>.


(31)

The first term can be expressed in terms of the particle density of spin s, n/2 = N/2V = <o| EQ \O\AL(s,+)(x) s(x)|o>, while the second term can be expressed in terms of the Green function (30) in the form


Ass'(x-x') <o| EQ \O\AL(s,+)(x)  EQ \O\AL(s',+)(x') s'(x')s(x)|o> = (n/2)2 +ss' Gs(x'-x)Gs(x-x').








(32)


The "relative" autocorrelation function A(x-x') describing the normalized pair correlation independent of spin is obtained by dividing by n2 and summing over s and s'


A(x-x') = 1 - (1/n2) EQ \I\SU(s, ,G) s(x-x')Gs(x'-x)


= 1 - (1/N2) EQ \I\SU(s, , )\I\SU(pp', ,{) expi[(p-p')(r-r')-(Ep-Ep')(t-t')]/ EQ \O(h,´) }np,snp',s


{p(r-r')/ EQ \O(h,´) -(m2c2+p2)1/2(t-t')(c/ EQ \O(h,´) )}


{p'(r'-r)/ EQ \O(h,´) -(m2c2+p'2)1/2(t'-t)(c/ EQ \O(h,´) )}.
















(33)

Here we have used Eq. (30).  We are considering a beam of charged fermions, e.g., electrons, represented in momentum space by a sphere of radius pF, centered on the momentum po which is the average momentum of the fermions.  The energy and momentum differences between terms of different p are large, leading to rapid oscillations in space and time which contain only high-frequency quantum fluctuations.  The low-frequency and low-wavenumber part Al of this relative density autocorrelation function is given by the terms with p = p' 


Al(x-x') = 1 - (1/N2) EQ \I\SU(s, , )\I\SU(p, ,n) p,s


|p(r-r')/ EQ \O(h,´) -(m2c2+p2)1/2(t-t')(c/ EQ \O(h,´) )|
















(34)


 1 - (1/N)|po(r-r')/ EQ \O(h,´) -mc2/ EQ \O(h,´) | 
for  pF<<|po3-mc2/z|.












(35)

Here we have used the mean value theorem, considering the  power as a slowly varying function of p and neglecting po in the coefficient of t-t', with z |r-r'|.  The correlations propagate along the beam with a group velocity given by the average velocity po/m of the particles in the beam, and with the phase velocity of c2/v.  Denoting  | -po(r-r')/mc2|, and using a well known identity for the last step [31], we obtain from Eq. (35) the form


A1(x-x') = 1 - (1/N)|mc2/ EQ \O(h,´) )|2/ = 1 -(1.25/N)||2/ = 1 -(1.25/N)e(2/)ln

 1-(1.25/N)[1+(2/)ln] = 1 - (2.5/N) + (1.25/N)[1-(2/)ln]    










(36)

        (N-2.5)/N +(1.25/N)e-(2/)ln= (1/N){N-2.5+(2.5/cos) EQ \I(o,∞,cos) d/1-2/}.





(37)

This indicates a -1+2/  or 1/f spectrum and a 1/(N-2.5) dependence of the spectrum of fractional fluctuations in density n and current j.  The total error corresponding to the two linear approximations of exponentials in Eq. (36) is less than 1%, provided |ln|<20, or (250,000)-1 hours < || < 250,000 hours.  Here =/1s and  is the circular Fourier frequency in rad/s.  We have used [1s mc2/ EQ \O(h,´) )]2/  1.25; this accounts also for the presence of the number 2.5 instead of the more normal number 2 in the final form.  The form we have chosen here is more convenient for applications.  The equivalent normal form would have been


A1(x-x')  (1/N){N-2+(2/cos) EQ \I(o,∞,[mc2/\O(h,´)w) ]2/ cosd/},











(38)

in which the error caused by the two linear approximations of exponentials would have been of the order of 20%, and in which the fractional power would also have been neglected in the integrand for all purposes except for the theoretical question of the integrability of the 1/ spectrum.  The fractional autocorrelation of current fluctuations j is obtained by multiplying Eq. (33) on both sides with (epo/m)2, and dividing by (enpo/m)2 which is the square of the average current density j, instead of just dividing by n2.  So it is the same as the fractional autocorrelation for quantum density fluctuations.  Therefore, the better approximation given by Eq. (37) for the universal coherent quantum-electrodynamical chaos process in electric currents finally becomes


Sj/j(k)  [(N-2.5)][]  N = 0.0058N.
     









(39)


This spectral density agrees well the result 2/fN, derived directly in [30] in this volume, from the coherent state of the electromagnetic field of a physical charged particle.  Taking into account the approximate, asymptotic character of the propagator used here, this agreement is remarkable.  The connection with the conventional quantum 1/f effect is discussed in Sec. 6.  


Being observed in condensed matter in the presence of a constant applied field, these fundamental quantum current fluctuations are usually perceived as mobility fluctuations.  Most of the conventional quantum 1/f fluctuations in physical cross sections and process rates are also mobility fluctuations, but some are also in the recombination speed or tunneling rate.

A similar calculation yields the gravidynamical quantum 1/f effect (QGD 1/f effect) instead of Eq. (39), by substituting gravitons for the photons considered so far as infraquanta.

6. DISCUSSION

In practice, the connection between the coherent and conventional Q1/fE is of considerable importance when the sample or device is in the transition range.  The coherent state in a conductor or semiconductor sample is the result of the experimental efforts directed towards establishing a steady and constant current, and is therefore the state defined by the collective motion, i.e. by the drift of the current carriers.  It is expressed in the Hamiltonian by the magnetic energy Em, per unit length, of the current carried by the sample.  In very small samples or electronic devices, this magnetic energy


 Em = ∫(B2/8)d3x = [nevS/c]2ln(R/r)

















(40)

is much smaller than the total kinetic energy Ek of the drift motion of the individual carriers


Ek = mv2/2 = nSmv2/2 = Em/s. 


















(41)

Here we have introduced the magnetic field B, the carrier concentration n, the cross sectional area S and radius r of the cylindrical sample (e.g., a current carrying wire), the radius R of the electric circuit, and the "coherence ratio"

    s = Em/Ek = 2ne2S/mc2ln (R/r)  2e2N'/mc2 = 2N'ro,














(42)

where N' = nS is the number of carriers per unit length of the sample and the natural logarithm ln(R/r) has been approximated by one in the last forms.  Here ro = 2.84 10-13 cm is the classical radius of the electron.  In general, thus, s = 5.69.10-13 cm N', i.e., the number of carriers in a very thin sample slice of about 5.7 fermi thickness.  We expect the observed spectral density of the mobility fluctuations to be given by a relation of the form


(1/2)S(f) = [1/(1+s)][2A/fN] + [s/(1+s)][2/fN]        

   










(43)

which can be interpreted as an expression of the effective Hooge constant if the number N of carriers in the (homogeneous) sample is brought to the numerator of the left hand side


H = [1/(1+s)]Hconv + [s/(1+s)]Hcoh.        
















(44)


In these equations A=2(v/c)2/3 is the usual nonrelativistic expression of the infrared exponent, present in the familiar form of the conventional quantum 1/f effect.  These equations are limited to quantum 1/f mobility (or diffusion) fluctuations, and do not include the quantum 1/f noise in the surface and bulk recombination cross sections, in the surface and bulk trapping centers, in tunneling and injection processes, in emission or in transitions between two solids.


Note that when n = 1016 cm-3, the coherence ratio s introduced here equals the unity for the critical value N' = N" = 2•1012/cm., e.g. for a cross section S = 2•10-4 cm2 of the sample.  For small samples with N'<<N" only the first term survives, while for N'>N" the second term in Eq. (63) is dominant.


The conventional and coherent Q1/fE was successfully applied to FETs, HFETs, BJTs, and HBTs, as well as to quartz resonators and amplifiers.  

7. EXAMPLES OF APPLICATIONS

Applications refer to materials, devices and systems.  Materials can be optimized for FET or HFET-type devices, or for junction devices.  Devices subject to quantum 1/f optimization (Q1/fO) are collision-free devices, or the most common collision-dominated devices, e.g., semiconductor devices.  They may be either low-frequency devices operating at baseband, or high-frequency resonant or non-resonant devices in which Q1/fO with respect to phase noise is sought.  Finally, the Q1/fO of systems is particularly important both for civilian and military uses.  

The quantum 1/f effect was verified by A. van der Ziel and his collaborators first in collision-free devices, such as vacuum tubes, and then in semiconductor devices.  Both types of results are presented in a large number of publications.  A review is provided in [17], where many comparisons between quantum 1/f theory and experiment are graphically represented for vacuum tubes, photomultipliers, vacuum photdiodes, infrared detectors, p-n diodes, FETs and BJTs.  Both conventional and coherent quantum 1/f noise was verified and used to predict or improve devices.  On the other hand the conventional Q1/fE was also verified in b-radioactive decay [32], where it predicted a deviation from the Poisson distribution at low frequencies, or long times.  The results are displayed in Fig. 3 for 90Y [32] and in Fig. 4 for 204Tl [[33].  The superpoissonian deviation is clearly visible in the two-sample (Allan) variance at long sampling times T, as predicted by conventional quantum 1/f theory.
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Fig. 3. A plot of the Allan variance versus the sample duration T in the b-radioactive decay of 90Y (Emax=720 keV).
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FIG. 2. A plot of Allan variance vs T for 3 energy of 172 keV.




Fig. 4: A plot of the Allan variance versus the sample duration T for the172 keV b energy channel from 204Tl. (The figure is sent on its own as an E-mail)
As a collision-dominated example, the comparison of the temperature dependence of quantum 1/f noise calculated for focused ion beam (FIB)-implanted filaments of GaAs with the measured values [33] is displayed in Fig. 5 below.
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Fig. 5: Hooge parameter aH for FIB implanted GaAS filaments.  The solid line shows the quantum 1/f theory, whereas the points are measured.

An example of coherent quantum 1/f noise verification in HgCdTe infrared detectors is found [35] in Fig. 6 below.  Here the band gap is very narrow, the effective mass of the carriers is almost 2 orders of magnitude smaller, and therefore the s parameter very large, favoring the coherent Q1/fE.  The results are in very good agreement with the 4.6 10-3 value of the (Hooge) coherent quantum 1/f noise parameter.  See also the figure in [30].
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Fig. 6: 1/f Current noise spectrum at 1 Hz and the coherent Q1/fE prediction (solid line)at V=35 mV and IExt≈Io=1.57 mA in the non-illuminated HgCdTe diode.

As part of the Ultra-Low Phase Noise MURI, engineering formulas for the Q1/fE in GaN/AlGaN HFETs were developed and used for device and system (oscillator) phase noise optimization.  Part of these new results are in press [36], part were submitted to the planned Blue Sky Issue of IEEE Proceedings.  Additional reviews have been incorporated in larger volumes [37], [38].

A number-theoretical model of the transition from white noise to 1/f frequency noise, based on the properties of the 1/z(s) function close to s=1/2 was developed by Planat [39].  The connection of the number-theoretical approach to 1/f noise with the Q1/fE was explored in [40].  The fractal properties of quantum 1/f noise have also been explored [41].  Most important, the behavior (and possible reduction in qubit decoherence) under the influence of strong and sufficiently fast pulses applied to the quantum systems was recently studied by Shiokawa and Lidar [42].  Finally, a more complete Quantum 1/f Bibliography with references to many additional practical applications is available [43].

8. CONCLUSIONS

The following conclusions can be drawn from our results:


-- Macroscopic quantum interference is present both in the conventional and coherent quantum 1/f effect and is a simple way to describe the quantum fluctuations characterizing a non-stationary quantum state of the nonlinear system of particle and field.


-- The quantum 1/f effect appears to generate entropy, but this is only because we do not observe the negative conditional entropy contribution of the emitted soft bremsstrahlung photons, or of the oscillator states present in the photon cloud of a physical charged particle.  The latter applies to the coherent Q1/fE.


-- The quantum 1/f effect contains Planck's constant in the denominator and diverges in the classical limit.  This is connected with the fact that the Q1/fE is observable in the low frequency limit, while other quantum effects appear at high frequencies.


-- The quantum 1/f effect represents a new aspect of quantum physics.  Indeed, it requires the notion of physical cross sections and process rates whose quantum expectation values yield the usual definition of cross sections and process rates.  The physical quantities contain in addition the macroscopic quantum fluctuations known as quantum 1/f fluctuations.


-- The quantum 1/f effect is a form of quantum chaos, arising only from spontaneous bremsstrahlung.


-- The quantum /f effect limits most high-technology applications and devices.  Its knowledge allows us to optimize materials, devices and systems, based on the simple quantum 1/f formulas introduced earlier.


The authors acknowledge the support of the ARO, through Drs. D. Woolard and C. Fazi.
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