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Dephasing of conduction electrons due to zero-point fluctuation
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We consider conduction-electron dephasing by the zero-point fluctuation of an electromagnetic field in a
vacuum. We argue that there is an upper cutoff frequency of the zero-point fluctuation mode beyond which the
zero-point fluctuation will not contribute to the dephasing of conduction electrons. The upper cutoff frequency
is material-parameter dependent. We find that the dephasing time is proportional to the electron diffusion
constant. This result agrees very well with existing experimental data.

Electron dephasing is a very important subject in quantunproposed a dynamical two-level system as the dephasing
systems:~’ Tremendous debat&s have been concentrating mechanism. The issue of zero-temperature dephasing re-
on the possible zero-temperature dephasing of conductiomains controversial and inconclusive.
electrons since Webb and his co-worRérsised zero-point In this paper we consider the zero-temperature dephasing
fluctuation to explain their experimerftShe standard weak of conduction electrons due to the zero-point fluctuation of
localization theory predicts that the dephasidgcoherence electromagnetic fieldEMF) in a vacuum. The idea is similar
or phase-relaxatigrtime (or length of a conduction electron to that in MJW'’s papef.The difference is in the source of
is infinite at zero temperature. However, Mohanty, Jariwalathe zero-point fluctuation. MJW considered the zero-point
and Webh(MJW) found that the dephasing time saturated atfluctuation from multidegrees of freedom of an electronic
a finite value belw 1 K in recent experiments on pure gdld. system due to the coupling or interaction among electrons
In fact, saturated dephasing tirflength of conduction elec-  rather than the more fundamental source of zero-point fluc-
trons was universally found in many early experiméfits®  tyation of the EMF in a vacuum. The vacuum fluctuation of
Those early experiments were explained by the heating QEMF is very important to many fundamental physics phe-
the magnetic impurity effect. The recent _ext_ensive exsperihomena such as spontaneous emission and the Casimir
ments by MIW ruled out the popular extrinsic effet®s;®  fo;ce15 The reason that zero-point fluctuation of EMF in a
and pointed toward the intrinsic dephasing of conduction,ac,um can dephase a conduction electron is because the
electrons at zero temperatur&This work has bgen drawing .EMF and electron cannot be separated, and electron motion
great attention n the condensed-matter physu;s communit not a true eigenmode of the electron-EMF system. This is
because there will be profound consequences if the proposg ry much like electron levels in an atomic system. For ex-

gt;dert%'tﬁ:gp:;%t’rrseogeigggisz'g%c:ﬁ gggg% Eﬂearr]gvlgssalﬁ.l—ts reémple, a D orbital in a hydrogen is not a true eigenmode of
cording to the conventional scalina theorv of localizatén a hydrogen system because the electron in the hydrogen
ing vent Ing Y 12 ' atom interacts with the EMF. Thus, the zero-point fluctuation

2gliszt§éle; é)nnla (s)(r:ﬁl_grlrpaer?olsé?r?@l([))'[)eg:i; ist fgi;?lrp 35\/':\;erof the EMF in a vacuum can induce an electron transition
y P P : from 2p orbital to 1s orbital (the spontaneous emissjon

this statement s true only when the dephasing lehe) So far, all experiments show universally that the saturated

En!nghnsl?ghgm?réinmg%; %(b?huér;n?stagf i?]?ﬁsseicng\g_dephasing time at low temperature is proportional to the dif-
. . fusion constant of conduction electrotfs3We believe that
temperature dephasing mechanism such that the deph

length is intrinsically finite 9#fs overlooked experimental fact can be used to identify the
The center of the current debate is whether the saturati frue source of conduction-electron dephasing observed in

0 ; 0-13
of the dephasing lengier time) at low temperature is due to gxﬁ)rfrg?deenrtét;) study electron dephasing due to the vacuum
an intrinsic zero-temperature dephasing mechanism or noﬁ'uctuation of the EME. we start from the Aharonov-Bohm
Golubev and Zaikih developed a detailed theory of zero- (AB) phase of an eIect'ron in an EME
point fluctuation which was originally proposed by MJW to
explain their experimentsHowever, this theory was ques-
tioned. Altshuler, Gershenson, and Alefheuggested exter- >
nal microwave as the dephasing source for the experimients. W(X)= @(f)ex;{ i _Wj A. dI), )
In a recent publication, Zawadowski, von Delft, and R&lph $o
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where ¥ is the electron wave function in the presence ofwherecis the speed of lightyq is permeability in a vacuum,
vector potentiald, ¢ is the electron wave function in the ag and aE are the annihilation and creation operator of a

absence oA, and ¢o="h/e is the flux quantum. This is a photon with wave numbek, e;, is the unit polarization

semiclassical approach becauBein this formulation is vector of a mode with wave numbérand frequencywy
treated as a classic field while the electron is treated quantum ke, andAg(K,t) = e('k o), Substituting Eq(5) into Eq.

mechanically. At zero temperature though the averag@ of (4) and using(0|ag ak |0)= 5k1 K, We obtain

is zero, the amplitude of would not always stay at zero
even in the absence of an external EMF because of its zero- e?uol?(7)
point motion. It shall fluctuate randomly and independently (¢*(7))~ 3% j wdo,
in time and space. Therefore, a conduction electron can ob-
tain a random phase when it diffuses from one point to anwherek= w/c is used and the integral includes frequencies
other in a system because of the interaction between the elecf all modes which contribute to the AB phase in the time
tron and EMF through Eq(l). The phase of the electron  As usual in quantum electrodynamics, an ultraviolet di-
becomes completely random after a certain diffusion lengthvergence appears in the vacuum fluctuati&@ug. (6)]. We

What we need to evaluate is the ensemble average of théeed to introduce an upper cutoff frequeney such that
phase factofe'?) over the EMF zero-point fluctuation in a modes above this frequency should not contribute to the
vacuum with the AB phase= (27-rl¢>0)fA dl. The con- electron phase. In order to see whether such a cutoff fre-
duction electron is dephased when this average value tendglency indeed exists, we notice that the AB phase is propor-
to zero due to the increasing destructive interference with théonal to the convolution of vector potenti§| along the dif-
increase of the deviation of the AB phase. As the vacuuniusion path of electrons according to Ed). In an extreme
fluctuation ofA(r ,t) is random and independent both in time case when an electron does not move, the zero-point fluctua-
and space, phasg¢ is a random variable. For the Gaussian tion of all EMF modes should not contribute to the electron
distribution of ¢, one has phase becaustl=0. Now, if a conduction electron diffuses

a distance during timer, modes which oscillate many times
(& ¢’)=exp< B _<¢2>) @) @n T shoyld not contribute to the electrpr_l phase because the

2 ' intergration over a fast mode is negligible. Therefore, the

. upper cutoff frequencyw, is determined by the condition
where we have used the property that the averagé &  hat an electron diffuses a distancer@w, in a time of

zero because the average Afr,t) is zero for the vacuum 2/ w,, that is,
fluctuation.{ ¢2) increases with the electron diffusion length.

(6)

After some time it becomes much larger than 1, leading to 27c)? 2

(e'?)—0, i.e., the dephasing of the electron. Thus the ( o ) AP @)

dephasmg timer, can be defined as the time when ¢ ¢

3{? (7))~ 1. wherec is the speed of light and is the diffusion constant
Now we need to evaluate the mean-square deviation off electrons. Thus, the upper cutoff frequency is relateD to

the phase in the vacuum state through w.=2mc?D. For a typical metalD~10" m?/s,

the cutoff frequency is about #6- — 10" Hz.

¢ COURTE s Substituting the upper cutoff frequency into HG), we
<¢2>:;<fdfl-A[fl(t)]fdrz-A[rz(t’)]>, @  obtain 9 PP quency 6

. . - . .. . 2
in which r(t) is the position vector of the conduction elec- d?(74) N 2% uoc’Ly, 1 ®
tron at timet. As a simple estimate, we replace the cosine 2 3D2% v

factor of the inner product of anddr by its mean-square

root valuev/3 [ §sin #d6 cog6=/1/3. Remember that vector in which L ,= D, is the dephasing length. The dephasing

potentials due to vacuum fluctuations at different space—time'me is then obtained as
points do not correlate with each other, we obtain 3
¢ 2773,(/,09203[)’ ©
(¢ r>>~—L<r><f aimA). @
which shows that the dephasing time is proportional to the
diffusion constantD with a coefficiency of the order of
1016 &/m?. Taking D~10* m?/s, a typical value in
metals® we obtain the dephasing time,~10 '? s which is
comparable with the saturated dephasing time in
experiment$:1°~2 |t is worth while to point out that this
o dependence of the dephasing time on the electron diffusion
HoC? * constant, a material parameter, is from the upper cutoff fre-
A= Z € [akAO(k O+a A (kD], quency. Namely, the faster an electron diffuses, the less EMF
(5) modes can contribute to the electron AB phase.

whereL (7) =+/D 7 is the diffusion distance of the electron in
time 7, andD is the electron diffusion constant.

To evaluate the average éfz(F,t) in vacuum staté0),
we use its second-quantization representation
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Before ending this paper, we would like to make two fluctuation of EMF in a vacuum and the electron-EMF inter-
remarks.(1) EMF can influence electron motion not only action through AB phase. We show that the dephasing time
through the AB phase but also through heating, magnetifrom this mechanism is proportional to the electron diffusion
confinement, etc. In the weak field such as that of a vacuumgonstant which coincides with previous experiménis*?
fluctuation, other effects can be neglected and the AB phasghis coincidence supports the idea that the saturation of
effect should dominate electron dephasing. For example, thedephasing time at the low temperature might be due to zero-
strength of EMF in vacuum is aboy2 77 uowy. The elec-  point fluctuation of EMF in a vacuum. There are a number of
tron energy will change by\e=e\2m%uow when an apprqximations in our calgulation, such as the Gaussian 'dis-
electron travels a distance binder the field. The electron tribution of the AB phase in vacuum. However, the physics
will lose its phase after time whenAer=h. Let|?=Dr, that the zero-point fluctuation of EMF in a vacuum can
the dephasing time due to this mechanism is aboufléphase a conduction electron through AB phase should not
[27hl (€2uow D) ]2 For w,~102 Hz, D~10* m?s, depend on thqse approximations. A deta_|led .theory beyond
the typical time would be about I6 s which is much the sermclassmal approach and approximations about the
longer than that Y0~ 2 estimated in the previous sectjon Properties of EMF in a vacuum presented here would be
from the AB phase effect(2) We assume that the vector Nteresting. Further experiments are needed to verify the im-

oz . : portance of this mechanism to conduction electrons at low

potentialA is spatially uncorrelated for mathematical conve-temloerature

nience. The real vacuum may not satisfy this assumption. '

The proportional constant in front of the diffusion constant One of us(X.R.W.) would like to thank Dr. Y. Q. Wang

in Eq. (9) should be modified for a real vacuum. for stimulating discussions. This work was supported by
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mechanism for conduction electrons based on zero-poirgrants.
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