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Noise and measurement efficiency of a partially coherent mesoscopic detector

A. A. Clerk and A. D. Stone
Departments of Applied Physics and Physics, Yale University, New Haven, Connecticut 06511, USA

~Received 12 January 2004; published 8 June 2004; publisher error corrected 8 June 2004!

We study the noise properties and efficiency of a mesoscopic resonant-level conductor which is used as a
quantum detector, in the regime where transport through the level is only partially phase coherent. We contrast
models in which detector incoherence arises from escape to a voltage probe, versus those in which it arises
from a random time-dependent potential. Particular attention is paid to the back-action charge noise of the
system. While the average detector current is similar in all models, we find that its noise properties and
measurement efficiency are sensitive both to the degree of coherence and to the nature of the dephasing source.
Detector incoherence prevents quantum limited detection, except in the nongeneric case where the source of
dephasing is not associated with extra unobserved information. This latter case can be realized in a version of
the voltage-probe model.
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I. INTRODUCTION

Motivated primarily by experiments involving solid-sta
qubit systems, attention has recently turned to examining
properties of mesoscopic conductors viewed as quantum
tectors or amplifiers.1–14 Of particular interest is the issue o
quantum limited detection–does a particular detector h
the minimum possible back-action noise allowed by quant
uncertainty relations? Reaching the quantum limit is cruc
to the success of a number of potential experiments in qu
tum information physics, including the detection of cohere
qubit oscillations in the noise of a detector.10 The measure-
ment efficiency of a number of specific mesoscopic detec
has been studied,1,6,7,9,11as have general conditions need
for quantum limited detection.12,13 Recent studies of a broa
class of phase-coherent mesoscopic scattering detector11,12

have helped establish a general relation between back-a
noise, the quantum limit, and information. The back-act
charge noise of these detectors was found to be a measu
the total accessible information generated by the detect
interaction with a qubit, and the quantum limit condition
imply the lack of any ‘‘wasted’’ information in the detecto
not revealed at its output.

An important unanswered question regards the role of
tector coherence—does a departure from perfectly cohe
transport in the detector necessarily imply a deviation fr
the quantum limit? One might expect that dephasing w
have a negative impact, as there will now be extrane
noise associated with the source of dephasing. Howeve
there were unused phase information in the coherent sys
one might expect the addition of dephasing to bring the
tector closer to the quantum limit, as this unused phase
formation will be eliminated. Addressing the influence
dephasing concretely requires an understanding of its eff
on the noise properties of a detector. In the case where
detector is a mesoscopic conductor, the influence of dep
ing on the output current noise has received consider
attention;15 in contrast, its influence on the back-actio
charge noise has only been addressed in a limited numb
cases.16,17 Note that a recent experiment by Sprinzaket al.18

using a point-contact detector suggests that the back-ac
0163-1829/2004/69~24!/245303~14!/$22.50 69 2453
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noise is independent of dephasing.
To study the role of detector incoherence, we focus h

on the case where the mesoscopic scattering detector
noninteracting, single-level resonant tunneling structu
with the signal of interest~e.g., a qubit! modulating the en-
ergy of the level. This model provides an approximate d
scription of transport through a quantum dot near a Coulo
blockade charge degeneracy point, in the limit where the
has a large level spacing. Such a system could act as a q
tum detector of, e.g., a double-dot qubit. The resonant-le
detector is also conceptually similar to detectors using
Josephson quasiparticle~JQP! resonance in a superconduc
ing single electron transistor,19–21 as have been used in se
eral recent qubit detection experiments.22,23 In these systems
the resonance is between two transistor charge states, o
which is broadened by quasiparticle tunneling, and the sig
of interest modulates the position of the resonance. Des
the incoherence of the resonance broadening here, it has
shown theoretically that one can still make a near quantu
limited measurement using the JQP process.21

The detector properties of a fully coherent resonant-le
model were studied comprehensively by Averin in Ref.
who found that detection can be quantum limited in the sm
voltage regime~as follows also from the general analysis
Refs. 11 and 12!, and near quantum limited in the large vol
age regime. We are interested now in how the addition
dephasing changes these conclusions. The influence
dephasing on the noise properties of the resonant-le
model also has intrinsic interest, as this is one of the simp
systems with nontrivial energy-dependent scattering. S
dard treatments24 indicate that the effects of dephasing on t
resonant level cannot be identified via the energy depende
of the average current—both the coherent and incohe
models yield a Lorentzian form for the conductance. In co
trast, the noise properties of the coherent and incohe
resonant-level models are significantly different; while this
known for the current noise, we show that it also holds
the back-action charge noise.

To study the effects of dephasing, we will use two gene
models. The first corresponds to dephasing due to un
served escape from the level, and will be modeled using
©2004 The American Physical Society03-1
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voltage-probe model developed by Bu¨ttiker.24 The second
will correspond to dephasing arising from a random tim
dependent external potential. This approach is particul
appealing, as it allows a simple heuristic interpretation of
effects of dephasing, and allows for a clear separation
tween pure dephasing effects and inelastic scattering.

In general, we find that both the magnitude of dephas
and the nature of the dephasing source need to be determ
in order to evaluate the effect of incoherence on the quan
limit. Dephasing prevents ideal quantum-limited detecti
except in a simple, physically realizable version of t
voltage-probe model. The latter model is unique, as one
show that there is no extra unobserved information produ
by the addition of dephasing~i.e., the addition of the voltage
probe!. We also find that the voltage-probe model can yie
very similar noise properties to a sufficiently ‘‘slow’’ random
potential model in the small voltage limit; this correspo
dence however is lost at larger voltages.

II. COHERENT DETECTOR

We begin by briefly reviewing the properties of a cohere
mesoscopic scattering detector, as discussed in Refs. 11
12. In the simplest case, the detector is a phase-cohe
scattering region coupled to two reservoirs (1 and 2)
single channel leads, and is described by the scattering
trix

s0~«!5eia0(«)S eib0(«)A12T0~«! 2 iAT0~«!

2 iAT0~«! e2 ib0(«)A12T0~«!
D .

~1!

There are three parameters which determines0: the overall
scattering phasea0(«), the transmission coefficientT0(«),
and the relative phase between transmission and reflec
b0(«). The only assumption in Eq.~1! is that time-reversa
symmetry holds; as discussed in Ref. 12, the presenc
absence of time-reversal symmetry is irrelevant to reach
the quantum limit. Note that ifs0 has parity symmetry, the
phaseb0 is forced to be zero, which implies that there is
energy-dependent phase difference between transmitted
reflected currents.

The conductor described bys0 is sensitive to changes i
the potential in the scattering region, and may thus serve
detector of charge. A sufficiently slow input signalv(t)
which produces a weak potential in the scattering region
lead to a change in average current given byd^I (t)&
5lv(t), wherel is the zero-frequency gain coefficient o
the detector. In the case where the potential created by
signal ~i.e., qubit! is smooth in the scattering region, an
where the drain-source voltage tends to zero~i.e., m15m2
1eV,eV→0) the relevant zero-frequency noise correlat
of the system are given by:11,12

l5
e3V

h
]«u@s0~«!#12u25

e3V

h
]«T0~«!, ~2a!

SI5
2e3V

h
T0~«!R0~«!, ~2b!
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SQ5
e3V\

p S @]«T0~«!#2

4T0~«!R0~«!
1T0~«!R0~«!@]«b~«!#2D .

~2c!

Here,SI andSQ are the zero-frequency output current noi
and back-action charge noise,R0[12T0 is the reflection
coefficient, and all functions should be evaluated at«5m,
wherem is the chemical potential of the leads. Note that t
chargeQ here refers to the total charge in the scatter
region, and is not simply the integral of the source-dra
current I. Also note that throughout this paper, we conce
trate on the case of zero temperature~i.e., kBT! eV!.

We are interested in the measurement efficiency ratiox,
defined as

x[
\2l2

SISQ
. ~3!

In the case of a qubit weakly coupled to the detector,x
represents the ratio of the measurement rate to the b
action dephasing rate in a quantum nondemolition setup,8,9,12

and the maximum signal to noise ratio in a nois
spectroscopy experiment.10 Note that for a weak qubit-
detector coupling, the quantities in Eq.~3! may be evaluated
at zero coupling~see Ref. 12 for details!. x is rigorously
bounded by unity,12,13 and reaching the quantum limit corre
sponds to havingx51. If we view our detector as a linea
amplifier, achievingx51 is equivalent to having the mini
mum possible detector noise energy.9,12,25

Even in theV→0 limit, the general one-dimensional sca
tering detector described above fails to reach the quan
limit because of unused information available in the pha
b(«):

x[
\2l2

SISQ
5

1

11S 2T0R0

]«b0

]«T0
D 2 . ~4!

As noted,b is the energy-dependent relative phase betw
reflection and transmission, and, in principle, is accessibl
an experiment sensitive to interference between transm
and reflected currents.18 The presence of parity symmetr
would forceb50, and would thus allow an arbitrary one
channel phase-coherent scattering detector to reach the q
tum limit in the zero-voltage limit.6,11,12 Note that this dis-
cussion neglects screenings effects; such effects have
included within a random-phase approximation scheme
Ref. 11, where it was shown they did not effectx.

We now specialize to the case where our scattering reg
is a single resonant level. Taking the tunnel matrix eleme
to be independent of energy, the scattering matrix in the
sence of dephasing is determined in the usual way by
retarded Green function of the level. Letting 1~2! denote the
L ~R! lead, we have

s0~«!51̂2 iAG iG jG
R~«!51̂2

iAG iG j

«2«d1 iG0/2
. ~5!
3-2
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NOISE AND MEASUREMENT EFFICIENCY OF A . . . PHYSICAL REVIEW B69, 245303 ~2004!
Here,GL (GR) is the level broadening due to tunneling to t
left ~right! lead; G05GL1GR represents the total width o
the level due to tunneling. The parameters appearing in
~1! are given by

a0~«!52arctanS G0

2~«2«d! D , ~6a!

T0~«!5
GLGR

~«2«d!21G0
2/4

, ~6b!

b0~«!5arctanS GR2GL

2~«2«d! D . ~6c!

Note that there is only one nontrivial eigenvalue ofs0(«),
given by e2ia0 ~i.e., there is a scattering channel which d
couples from the level!.

One finds for the measurement efficiency at zero volta

x5
~«d2m!2

~«d2m!21~GL2GR!2/4
. ~7!

As per our general discussion above, the coherent reson
level detector is only quantum limited if there is parity sym
metry, i.e.,GL5GR ; if this condition is not met, there is
unused information available in the phaseb(«). For the
resonant-level model, the effects of this unused informat
can be minimized by working far from resonance~i.e., u«d
2mu@0), as this suppresses the information in the ph
b(«) faster than that in the amplitudeT0(«). It is worth
noting that introducing a third lead to represent dephasing~as
we do in the following section! breaks parity in a similar
manner to simply havingGLÞGR , and its effect may be
understood in similar terms. Note also that forGL5GR ,x
51 for any value ofm. This may seem surprising as the ga
vanishes when«d5m ~i.e., the peak of the resonance lin
shape!. However, the noise also vanishes at this point in j
the manner required to maintainx51. This feature does no
carry over in any of the models of dephasing;x will depend
on the position ofm and will not be maximized for«d5m.

III. DEPHASING FROM ESCAPE

A. General setup

We first treat the effects of dephasing by using the p
nomenological voltage-probe model developed by Buttike24

A fictitious third lead is attached to the resonant level, w
its reservoir chosen so that there is no net current flow
through it. Nonetheless, electrons may enter and leave
third lead incoherently, leading to a dephasing effect.
term this dephasing by escape, as it models electrons act
leaving the level. In practice, the Green function of the le
is broadened by an additional amountGw over the elastic
broadeningG0, whereGw is related to the rate at which elec
trons enter the extra lead from the level. One also has
explicitly consider the contribution to the current and no
from electrons which enter and leave the voltage-probe in
herently.
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More concretely, assuming that there areM propagating
channels in the voltage-probe lead, our detector is now
scribed by a (21M )3(21M ) scattering matrixsbig . We
assume throughout the presence of time-reversal symm
the results presented here are independent of this assump
The ~nonunitary! 232 submatrix ofsbig describing direct,
coherent scattering between the physical leads is given b26

s̃0~«![s0~«1 iGw/2! ~8!

where s0(«) is given by Eq.~5!. This matrix continues to
have a decoupled scattering channel~i.e., eigenvalue 1!,
while the eigenvalue of the coupled channel becomes

e2ia0(«)→A12Tw(«)e
2ia(«), ~9!

with

G̃R~«!5
1

«2«d1 iG/2
, ~10!

Tw~«!5
GwG0

~«2«d!21~G/2!2
, ~11!

a~«!5
1

2 FargG̃R~«!2arctanS G02Gw

2~«2«d! D G . ~12!

Here, G5G01Gw represents the total width of the leve
G̃R(«) is the retarded Green function of the level in th
presence of dephasing, andTw parametrizes the strength o
the dephasing. Transmission into the voltage probe from
physical leads will be described by anM32 submatrix of
sbig which we denotetw . Using a polar decomposition,27 it
may in general be written as:

@ tw#m j5 (
k51,2

Vmk~«!ATw,k~«!Uk j
T ~«!. ~13!

Here, U and V are unitary matrices which parametrize th
preferred modes in the leads, andTw ,k

are the two transmis-
sion eigenvalues characterizing the strength of transmis
into the voltage probe. These transmission eigenvalues
uniquely specified bys̃0(«):

Tw,k~«!5dk1Tw~«!. ~14!

A general result of voltage-probe models is that the av
age current̂ I & and current noiseSI are independent of the
matricesU andV appearing in the polar decomposition.15,28

This is convenient, because in general, these matrices ar
uniquely determined by the form of the coherent scatter
matrix s̃0(«). However, in the present problem we are al
interested in back-action charge noiseSQ , which in general
doesdepend on these matrices. For the dephased reso
level, the matrixU is completely specified bys̃0(«):

U~«!5eia(«)/2S eia(«)/2cosu 2e2 ia(«)/2sinu

eia(«)/2sinu e2 ia(«)/2cosu D , ~15!
3-3
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where the angleu5tan21AGL /GR parametrizes the asymme
try in the coupling to the leads.

The matrixV remains unknown; to specify it, we mak
the additional assumption that the voltage probe is couple
the resonant level via a tunneling Hamiltonian with energ
independent tunnel matrix elements. This yields

Vm152 iAGm

Gw
e2 ia(«)eiargG̃R(«), ~16!

with Gw5(m51
M Gm . Again, the ambiguity inV(«) has no

affect on the average current through the system or on
current noise. It will however be important in determinin
the charge noise of the system; the choice given in Eq.~16!
represents a best case scenario, in that it minimizes
charge noise.

Finally, we must specify the distribution function in th
reservoir attached to the third lead. We will contrast th
different choices which all yield a vanishing average curr
in the third lead, and which correspond to different physi
mechanisms of dephasing.15,28 The first corresponds to
physically realizable situation where the reservoir attache
the third lead has a well defined chemical potential; it
chosen to yield a vanishing average current into the pro
We term this the ‘‘pure escape’’ voltage-probe model. T
second model is similar, except one now also enforces
vanishing of the probe current at each instant of time
allowing the voltage associated with the third lead
fluctuate.29 This model is usually taken to give a good d
scription of inelastic effects~e.g., due to phonons!, and is
known as the inelastic voltage-probe model. Finally, in
third model one also enforces current conservation as a f
tion of energy. This is achieved by assigning a nonequi
rium distribution function to the reservoir.28 This model is
thought to well-describe quasielastic dephasing effects~e.g.,
due to electron-electron interactions!, and is known as the
dephasing voltage-probe model.

In what follows, we calculate the average current~and
hence the gainl), current noiseSI and charge noiseSQ from
the scattering matrixsbig describing the dephased resona
level detector. The standard relations between these qu
ties and the scattering matrix are given, e.g., in Ref. 12.
will study the effects of dephasing by keeping the total wid
of the levelG constant, and varying its incoherent fractio
Gw /G. This is equivalent to asking how the noise and det
tor properties of a given Lorentzian conductance resona
of fixed widthG depends on thedegreeto which it is coher-
ent. Of course, simply increasing dephasing while keep
the coupling to the leads fixed~e.g., by increasing tempera
ture! would also cause the overall widthG to increase. Note
that for small voltages,x is independent ofG.

B. Results from the ‘‘pure escape’’ voltage-probe model

For simplicity, we focus throughout this subsection on t
zero voltage limit. In general, the average current has bo
coherent contribution~involving only the scattering matrix
s̃0) and an incoherent contribution, which involves transm
sion into the voltage-probe lead.15 These combine to yield
the simple result:24
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^I &5
e2V

h

2GLGR

GL1GR
@2ImG̃R~«5m!#

5
e2V

h S G0

G D sin22u
G2/4

~m2«d!21G2/4
. ~17!

The conductance continues to have a Lorentzian form e
in the presence of dephasing, though its overall weigh
suppressed by a factor (G0 /G); the gain l will be sup-
pressed by the same factor. Note that this suppression i
distinguishable from simply enhancing the asymmetry
tween the couplings to the leads.

The effect of dephasing on the current noise is more p
nounced. In the present model, even though theaveragecur-
rent into the voltage probe vanishes, there may nonethe
exist fluctuatingcurrents into and out of the voltage prob
The result is that measuring different linear combinations
the current in the left and right lead will yield different va
ues for the current noise, though they all yield the sa
average current. Choosing the measured current to be
linear combination

I meas5~sin2a!I L1~cos2a!I R , ~18!

and writing the current noise in terms of the Fano factorf:

SI52e f^I & ~19!

one finds that in zero dephasing case,f is independent ofa
and is given by the coherent reflection probability@1
2T0(«)# @cf. Eq. ~6b!#, whereas in the strong dephasin
limit ( G0 /G→0), it is given by:

f→sin4a1cos4a. ~20!

This form reflects the suppression of correlations betweenI L
and I R ; f ranges from a minimum of 1/2~for a symmetric
combination ofI L and I R) to a maximum of 1 if one mea
sures eitherI L or I R .

Turning to the charge noise, we find:

SQ5
e3V\

2p S 2GLGR

G0
2 D F12S Gw

G D 2GG2

@~m2«d!21G2/4#2
. ~21!

Within the ‘‘pure escape’’ voltage-probe model,SQ de-
creases monotonically with increasing dephasing, regardless
of asymmetry or the position of the level. As was discuss
in Ref. 12, the charge noiseSQ can be regarded as a measu
of the total accessible information in a scattering detec
Thus, there is no ‘‘conservation of information’’ as dephasi
is increased in the present model. In the strong depha
limit, SQ is suppressed in the same way as^I & andSI , that is
by a factorG0 /G. We again emphasize that this result corr
sponds to aphysically realizablesetup, where a third lead i
attached to the level and assigned a well-defined chem
potential. The effect of a similar dephasor on the charge fl
tuations of a quantum-point contact was studied experim
tally by Sprinzaket al. in Ref. 18; in contrast to the result o
Eq. ~21! for the resonant-level detector, they found that t
addition of dephasing did not appreciably change the ba
3-4
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action noise of a quantum point-contact detector. Of cou
the system studied in Ref. 18 is very different from the o
studied here. Nonetheless, our result indicates that, at
very least, the insensitivity of charge fluctuations to deph
ing seen in this experiment is not generic to all mesosco
conductors.

Finally, turning to the measurement efficiency ratiox, we
note that since each ofl,SI , and SQ are suppressed a
G0 /G, turning on dephasingdoes not lead to a parametri
suppression ofx ~see Figs. 1 and 2!. In the strong dephasing
limit, we find

x→ 1

2 f

~m2«d!2

~m2«d!21G2/4
, ~22!

where the Fano factorf is given in Eq.~20!. In the strong
dephasing limit there is wasted phase information due to
strong asymmetry between the coupling to the physical le
and to the voltage-probe lead. Nonetheless, the effects of

FIG. 1. ~Color online! Quantum efficiency ratiox vs Gw /G for
the resonant-level model, in the limiteV/G→0, and with symmet-
ric couplingsGL5GR . The solid red curve corresponds to the ‘‘pu
escape’’ voltage-probe model, the short-dashed green curve to
inelastic voltage-probe model, and the long-dashed blue curv
the dephasing voltage-probe model; each has«d2m5G/2. In addi-
tion, the dotted red curve corresponds to the ‘‘pure escape’’ mo
at «d2m510G. For strong dephasing, only the ‘‘pure escap
model is able to remain near quantum limited.

FIG. 2. ~Color online! Quantum efficiency ratiox vs Gw /G for
the resonant level model, in the limiteV/G→0, and with GL

@GR . We have chosen«d5G/(2A3) to maximize gain. The differ-
ent curves correspond to different voltage-probe models, as lab
in Fig. 1. Note the marked nonmonotonic behavior ofx in the
‘‘pure escape’’ voltage-probe model.
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e,
e
he
s-
ic

e
ds
is

wasted phase information can be minimized by working
from resonance. Thus, for dephasing due to true escape~i.e.,
due to a simple third lead!, one can approach the quantum
limit even in the strongly incoherent limit. In this limit, all
transport involves entering the voltage probe, and then le
ing it incoherently. Nonetheless, in the small voltage limit w
consider, there is no wasted amplitude information in
presence of dephasing. Though for energies in the inte
@m2 ,m3# there is a currentI 3,in flowing into the voltage-
probe lead, one cannot learn anything new by measurin
as anidentical current exits the voltage probe in the ener
interval @m3 ,m1# and contributes directly to the measure
current flowing between the left and right contacts. It is th
lack of wasted amplitude information that allows one
reach the quantum limit even for strong dephasing.

C. Results from the inelastic voltage-probe model

As discussed earlier, the inelastic voltage-probe mode
identical to the ‘‘pure escape’’ model of the previous sectio
except that we now also require that the current into
voltage probe vanishes at each instant of time. This
achieved on a semiclassical level by assigning the volt
probe a fluctuating-in-time voltage chosen to exactly enfo
this additional constraint.29 The average current is indepen
dent of this additional step, and is identical to that in t
previous section, Eq.~17!. For the current noise, as we no
haveI L5I R at all times,SI becomes independent of the pa
ticular choice of measured current. In essence, the effec
the fluctuating voltage in the probe is to simply choose
particular value ofa in Eq. ~18!.29 In the strong dephasing
limit, the Fano factor is given by:

f→
GL

21GR
2

~GL1GR!2
. ~23!

Not surprisingly, this is the classical Fano factor correspo
ing to two Poisson processes in series. One also finds
Fano factor in the large voltage regime of the coher
resonant-level model, where the model may be treated u
classical rate equations.30,31,32As the coherent Fano factor i
given by f 512T0(«), depending on the position of«d and
the ratioGL /GR , f can either increase or decrease with
creasing dephasing.

Finally, we turn to the calculation of the charge noise. T
effects of the fluctuating voltage onSQ are far more extreme
than onSI ,33 as it leads to a new, classical source for cha
fluctuations. Note that in general we have

^Q&5eE d«r~«!S GL f L~«!1GRf R~«!1Gw f 3~«!

G D ,

~24!

wherer(«)5@21/pImG̃R(«)#. Fluctuations of the voltage
in the probe lead will cause the probe distribution functi
f 3(«) to fluctuate, and will in turn causêQ& to fluctuate.
Letting DQ(t) denote the fluctuating part of the chargeQ,
one has:17
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DQ~ t !5@DQ~ t !#bare1e
Gw

G E d«r~«!@D f 3~«,t !#.

~25!

The first term arises from fluctuations in the total curre
incident on the scattering region; it is the only contributi
present in the absence of a fluctuating potential, and is id
tical to what is found in the ‘‘pure escape’’ model. The se
ond term describes fluctuations of^Q& arising from voltage
fluctuations in the voltage probe. These voltage fluctuati
are in turn completely determined by the requirement that
current into the voltage probe vanish at all times.29 Note that
as a result, the two terms in Eq.~25! will be correlated.

Including these effects, one finds that the charge fluct
tions are given by

SQ5@SQ#bare1@SQ#class. ~26!

Here,@SQ#bare describes the intrinsic charge fluctuations@i.e.,
from the first term in Eq.~25!#; its value is given by Eq.~21!.
The term@SQ#class arises from fluctuations ofD f 3 @i.e., sec-
ond term in Eq.~25!#, and includes the effect of their corre
lation with @DQ#bare. It is given by

@SQ#class54e\2
Gw

~G0!2G
S 11

G0Gw/2

v21~G/2!2D u^I &u, ~27!

where ^I & is given in Eq.~17!, and where we have agai
taken the zero voltage limit. In the strong dephasing lim
this contribution dominates, and we find

SQ→4e\2
u^I &u

~G0!2
. ~28!

Unlike Eq. ~21! for the intrinsic charge fluctuations, whic
are suppressed with increased dephasing, Eq.~27! describing
the induced fluctuations ofQ diverges in the strong depha
ing limit asG/G0. As a result, the measurement efficiencyx
tends to zero as (G0 /G)2, and one is far from the quantum
limit for strong dephasing. This result is not surprising. T
fluctuating voltage in the probe lead represents a class
uncertainty in the system stemming from the source
dephasing; this uncertainty in turn leads to extraneous n
in Q, leading to a departure from the quantum limit. On
heuristic level, there is unused information residing in t
voltage-probe degrees of freedom responsible for genera
the fluctuating potential. Of course, if this classical noise
ad hoc suppressed, one is back at the ‘‘pure escape’’ mod
the preceding section, which can indeed reach the quan
limit even for strong dephasing.

D. Results from the dephasing voltage-probe model

In the dephasing voltage-probe model, the distribut
function in the voltage-probe reservoir is chosen so that
current flowing into the voltage-probe vanishes at ea
energy.15 One obtains a nonequilibrium distribution functio
f 3(«) defined by:
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f 3~«!5 f̄ ~«![
GL f L~«!1GRf R~«!

GL1GR
. ~29!

Similar to the inelastic voltage-probe, we also enforce a v
ishing current into the voltage-probe at each instant of ti
by having f 3(«) fluctuate in time.28 This model is usually
thought to better mimic pure dephasing effects than the
elastic voltage-probe, as the coupling to the voltage-pr
does not lead to a redistribution of energy.

For the average current in the small voltage regime,
again obtain Eq.~17!, as in the ‘‘pure escape’’ model. In th
finite voltage regime we obtain the simple result:

^I &5
e

h

2GLGR

GL1GR
E d«@ f 1~«!2 f 2~«!#@2ImG̃R~«!#,

~30!

where againG̃R(«) is the Green function of the level in th
presence of dephasing@c.f. Eq. ~10!#. Equation~30! is iden-
tical to the formally exact expression derived by Meir a
Wingreen34 for the current through a single level havingar-
bitrary on-site interactions. Thus, we can think of th
dephased Green functionG̃R in the voltage-probe approac
as mimicking the effects of dephasing due to interactio
The simplicity of both the Meir-Wingreen and voltage-pro
approaches~i.e., ^I &}GR) may be simply extended to th
multilevel case if the asymmetry in the tunnel couplings
the same for each level.

Turning to the noise, the main effect of the nonequili
rium distribution functionf 3 will be to increasethe noise
over the previous two models. On the level of the calcu
tion, these new contributions arise from diagonal element
the currentI and chargeQ operators, considered in the bas
of scattering states. More physically, this additional noise
due to the fact that the detector plus voltage-probe syste
no longer described by a single pure state. Rather, the di
bution function f 3 corresponds to a statistical ensemble
states, with each state of the ensemble yielding a~possibly!
different quantum expectation ofQ and I. The extra noise
produced by this ‘‘classical’’ uncertainty corresponds to u
used information~e.g., if the nonpurity of the detector den
sity matrix results from entanglement with a reservoir, t
missing information resides in the reservoir degrees of fr
dom!, and thus we anticipate a departure from the quant
limit evenif we neglect the extraneous charge noise aris
from the fluctuating voltage-probe potential.

We find that the modification of the current noise is rath
minimal—in the strong dephasing limit, one again obta
the classical Fano factor of Eq.~23!. The effect on the charge
noise is more pronounced. Similar to the inelastic volta
probe, there will be two contributions toSQ , one stemming
from fluctuations of the total incident current on the lev
the other from fluctuations of the distribution functionf 3(«).
Separating the two contributions toSQ as in Eq.~26!, we find
for arbitrary voltages:

@SQ#bare5
4e2\

p E d« f̄ ~«!@12 f̄ ~«!#@2ImG̃R~«!#2,

~31!
3-6
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@SQ#class5
4e2\

p

Gw

GG0
E d« f̄ ~«!@12 f̄ ~«!#

3@2ImG̃R~«!#S 11
2G0Gw

«21~G/2!2D . ~32!

Interestingly, we find that in the dephasing voltage-pro
model, the intrinsic charge fluctuations@SQ#bare @Eq. ~31!#
are independent of dephasing strength; the additional n
due to the non-equilibrium distribution functionf̄ exactly
compensates the suppression of the intrinsic noise foun
the ‘‘pure escape’’ model and inelastic voltage-probe mod
@c.f. Eq. ~21!#. Recall thatSQ5@SQ#bare in the absence o
voltage fluctuations in the voltage-probe lead.

The extrinsic contribution@SQ#class@Eq. ~32!# is similar in
form to the corresponding contribution for the inelas
voltage-probe model. In the strong dephasing limit this te
dominates, and at arbitrary voltage, we again obtain the
vergent result of Eq.~28! for SQ . Similar to the inelastic
voltage-probe model, the fluctuations ofQ induced by the
fluctuating probe voltage will cause a suppression ofx as
(G0 /G)2 in the strong dephasing limit. Note that even if o
did not use a fluctuating voltage in the voltage-probe~i.e.,
enforce current conservation in energy but not in time!, and
hence had only the intrinsic contribution toSQ , one would
still have a parametric suppression ofx at strong dephasing
this is in contrast to the inelastic voltage-probe model, wh
it is only @SQ#classthat prevents reaching the quantum limit
strong dephasing. Including all terms inSQ , one finds that
the measurement efficiency for the dephasing voltage-pr
model is always less thanthat for the inelastic dephasin
voltage-probe model~see Figs. 1 and 2!. As discussed above
these result follows from the additional classical uncertai
resulting from the voltage-probe plus detector system be
in a mixed state.

Finally, it is interesting to consider the case of a lar
voltage (mL2mR5eV@G) ‘‘cotunneling’’ regime, where
the level is placed slightly above the higher chemical pot
tial mL . Averin7 demonstrated that in the fully coherent cas
one can still come close to the quantum limit~i.e., x→3/4)
in this regime despite the loss of information associated w
the large voltage and the consequent energy averaging.
might expectx to be insensitive to dephasing in this regim
given the large voltage. This is not the case; as is show
Fig. 3, x is again suppressed to zero as (G0 /G)2.

IV. DEPHASING FROM A FLUCTUATING POTENTIAL

A. General setup

We now consider an alternate model of dephasing
which the resonant-level detector is subject to a rand
Gaussian-distributed, time-dependent potential. This mo
represents the classical~high-temperature! limit of dephasing
induced by a bath of oscillators~e.g., phonons!, and is attrac-
tive as it allows a simple semiclassical interpretation of
influence of dephasing on noise. It also allows one to mak
clear distinction between pure dephasing effects and inela
scattering. Surprisingly, we find that for noise properti
24530
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dephasing from a fluctuating random potential is not co
pletely equivalent to any of the voltage-probe models, ev
if one chooses a ‘‘slow’’ potential which does not give rise
inelastic effects; one finds a reasonable agreement betw
the models only in the small voltage regime. The upshot
the analysis is that the noise properties and detector
ciency of the resonant-level model is sensitive both to
degree of detector coherenceand the nature of the dephasin
source. Study of the random potential model also helps
cidate the origin of the two contributions to the charge no
found in voltage-probe models@c.f. Eq. ~26!#.

Note that a model somewhat similar to that conside
here was used by Davieset al.35 to study the effect of
dephasing on current noise in a double tunnel-junction str
ture. Unlike the present study, they focused on the large v
age regimeeV@G, and could not consider the effect of vary
ing the timescale of the random potential. The effect o
fluctuating potential on current noise in a mesoscopic in
ferometer was also recently studied by Marquardtet al.36

The situation here is quite different, as the scattering ha
marked energy dependence, and we are also interested i
back-action charge fluctuations.

The time-dependent Hamiltonian for the system is:37

H~ t !5@«d1h~ t !#d†d1 (
a5L,R

E
2D

D

de@eca
†~e!ca~e!#

1 (
a5L,R

AGa

2pE de@d†ca~e!1ca
†~e!d#. ~33!

Assuming that the conduction electron bandwidthD is the
largest scale in the problem, we may solve the Heisenb
equations. Setting\51, we find

d~ t !5E dt8GR~ t,t8!(
a
AGa

2pE d«e2 i«t8c̃a~«!,

~34!

where

FIG. 3. ~Color online! Quantum efficiency ratiox vs Gw /G for
the resonant-level model, in the large-voltage ‘‘cotunneling’’ lim
mL2mR5100G, and«d5mL1G. The long-dashed blue curve co
responds to the dephasing voltage-probe model, while the s
black curve corresponds to the slow random potential model~with
Gw→lw). Despite the large voltage,x is still suppressed to zero b
dephasing in both models; note also the large difference betw
the two models.
3-7
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GR~ t,t8!52 iu~ t2t8!e2G0(t2t8)/2e2 i«d(t2t8)

3expS 2 i E
t8

t

dth~t! D , ~35!

and where thec̃a(«) operators describe conduction electro
in the leads in the absence of tunneling. Expectations of
c̃a operators obey Wick’s theorem, and are given in terms
the lead distribution functions in the usual manner. We w
assume throughout that the noiseh(t) is stationary and
Gaussian with an autocorrelation functionJ(t):

^h~ t !h~ t8!&5J~ t2t8!5J~ t82t !. ~36!

Note that whereas voltage-probe models are essentially c
acterized by a single energy scaleGw , here the bandwidth
and magnitude ofJ(t50) give two distinct scales.

1. Average current

Defining the current in leada as the time derivative of the
particle number in leada yields:

I a~ t !/e52Gad†~ t !d~ t !

1 iAGa

2pE dv@eivtc̃a
†~v!d~ t !2H.c.#. ~37!

Taking the expectation of Eq.~37! for the current in leada,
we find:

^I a~ t !&52eGaE dvE
2`

`

dt0

3FG0 f̄ ~v!E
2`

`

dtbGA~ tb ,t;v!GR~ t,t0 ;v!

12 f a~v!ImGR~ t,t0 ;v!G , ~38!

wheref̄ is defined in Eq.~29!, and the additional argumentv
in GR/A indicates that one should shift«d→«d2v in Eq.
~35!. Given the simple form ofGR(t,t8), there is an optical
theorem which relates these two contributions for arbitr
h(t):

E dtaE dtbGA~ tb ,t;v!GR~ t,ta ;v!

522E dt0e2G0t0E dt Im GR~ t2t0 ,t2t02t;v!.

~39!

Using this to simplify Eq.~38! and then averaging over th
random potentialh yields:

^^I R&&h5
e

2p

2GRGL

G0
E dv@ f R~v!

2 f L~v!#E
0

`

dtIm^GR~t,0;v!&h . ~40!

We have used the fact that theh-averaged value ofGR is
invariant under time translation. Equation~40! for ^I & is
identical to the expression emerging from the dephas
24530
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voltage-probe model@c.f. Eq. ~30!#, with the h-averaged
Green function playing the role of the ‘‘dephased’’ Gre
functionG̃R in the latter model. On a heuristic level, Eq.~40!
indicates that tunneling processes with different dwell tim
t on the level contribute tôI &; the random phases picked u
during these events will cause a suppression of the curre

Averaging theh dependent parts ofGR yields:

^GR~t!&h5e2 i«dte2G0t/2

3expS 2
1

pE2`

`

dv
sin~vt/2!2

v2
J~v!D .

~41!

Not surprisingly, the factor in̂GR& arising from the averag-
ing has an identical form to what is encountered when stu
ing the dephasing of a spin coupled to a random potentia
to a bosonic bath.

2. Charge noise

In general, the noise in a quantityX in the fluctuating
potential model will have two distinct sources

Var@X2#5^@^X2&2^X&2#&h1~^^X&2&h2^^X&&h
2 !. ~42!

The first term describes the intrinsic noise for each giv
realization ofh(t), whereas the second describes the cla
cal fluctuation of the average value ofX from realization to
realization. In what follows, we will focus on the first, mor
intrinsic effect; this corresponds to an experiment where
noise ~i.e., variance! is calculated for each realization o
h(t), and is only then averaged over different realizatio
Note that the neglected classical contribution to the no
@i.e., the second term in Eq.~42!# is positive definite; includ-
ing it will only push the system further from the quantu
limit.

Noting that here,Q(t)[d†(t)d(t), we find using Eq.
~34!:

SQ[2E
2`

`

dt^@^Q~ t !Q~0!&2^Q~ t !&^Q~0!&#&h

5
2e2

p2 E2`

`

dtE
2`

`

dv̄E
2`

`

d~Dv!eiDvt

3E
0

`

dt1E
0

`

dt2 f̄ ~v̄1Dv/2!@12 f̄ ~v̄2Dv/2!#

3e2 iDv(t12t2)/2^ImGR~ t,t2t1 ;v̄ !ImGR~0,2t2;v̄ !&h .

~43!

We have used the optical theorem of Eq.~39! to expressSQ
in terms of a product of two~as opposed to four! Green
functions. Similar to Eq.~40! for the current, Eq.~43! for SQ
may be given a simple heuristic interpretation. The first fa
tor of GR in Eq. ~43! yields the amplitude of an event wher
an electron leaves the level at timet after having spent a time
t1 on the level, while the second describes a process wh
an electron leaves the level at time 0 after a dwell timet2.
3-8
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Eq. ~43! thus expresses the charge noise as a sum over
of tunneling events occurring at different times. Unlike t
average current@cf. Eq. ~38!#, the charge noise is sensitive
interference between tunnel events which have different
times from the level.

It is useful to write the Green function factor in Eq.~43!
as:

^Im GR~ t,t2t1 ;v̄ !ImGR~0,2t2 ;v̄ !&h

5Re
WD~ t;t1 ,t2!2WI~ t;t1 ,t2!

2
, ~44!

where

WD~ t;t1 ,t2!5^GR~ t,t2t1!GA~0,2t2!&, ~45a!

WI~ t;t1 ,t2!5^GR~ t,t2t1!GR~0,2t2!&. ~45b!

Similar to standard disorder-averaged calculations, we h
both a ‘‘diffuson’’ (WD) and an ‘‘interference’’ (WI) contri-
bution. Averaging over the random potential yields:

WD/C~ t;t1 ,t2!5e2 i («d2v̄)(t17t2)e2G0(t11t2)/2

3expF2
1

2E2`

`

dt1E
2`

`

dt2

3x7~ t1!x7~ t2!J~ t12t2!G , ~46!

where

x6~ t !5x [ t2t1 ,t]~ t !6x [ 2t2,0]~ t !, ~47a!

x [ t i ,t f ]
~ t !5u~ t2t i !2u~ t2t f !. ~47b!

In what follows, it is useful to make the shiftt→t1(t1
2t2)/2 in Eq. ~43!. Simplifying, and using the fact that th
h averaged Green function is time-translation invariant,
then have

WD~ t;t1 ,t2!5C~ t;t1 ,t2!@^GR~t1!&^GA~t2!&#,
~48a!

WI~ t;t1 ,t2!5
@^GR~t1!&^GR~t2!&#

C~ t;t1 ,t2!
, ~48b!

with

C~ t;t1 ,t2!

5expF E
2`

`

dt1E
2`

`

dt2x [ t2(t11t2)/2,t1~t12t2!/2]~ t1!

3x [ 2t2,0]~ t2!J~ t12t2!G
5expF 2

pE2`

`

dvJ~v!
sin~vt1/2!sin~vt2/2!

v2
cosvtG .

~49!
24530
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Equation~46! indicates that the general effect of the ra
dom potential is to suppress the contribution of each pai
tunnel events toSQ . The correlation between the rando
phases acquired by each of the two events plays a ce
role, and is described by the factorC(t;t1 ,t2), wheret1 ,t2
are the dwell times of the two events, andt is the difference
in exit times. Equation~49! gives a simple expression fo
C(t;t1 ,t2) in terms of the spectral density of the rando
potential. The existence of phase correlations allows pair
tunnel events to interfere constructively when contributing
the diffuson contribution; thus, as can be seen in Eqs.~48!,
phase correlations tend to enhance the diffuson contribu
relative to the interference contribution.

In addition, the phase correlation factorC(t;t1 ,t2) is the
only t dependent factor remaining in the expression forSQ
after h averaging. Thus, it will completely determine th
contribution of inelastic processes to the charge noiseSQ
@i.e., terms withDvÞ0 in Eq. ~43!#. Such processes corre
spond to the absorption or emission of energy by the rand
potential. Note the formal similarity between the correlati
kernel C(t;t1 ,t2) in Eq. ~43!, and the kernel appearing i
theP(E) theory describing the effect of environmental noi
on electron tunneling.38 Here, not surprisingly, the probabil
ity of an inelastic transition depends on the dwell timest1 ,
t2 of the two tunnel events.

We can now straightforwardly identify the ‘‘pure depha
ing’’ ~i.e., elastic! contribution toSQ for an arbitraryJ(v) by
keeping only thet-independent part ofC(t;t1 ,t2) when
evaluating Eq. ~43!. This is equivalent to replacing
C(t;t1 ,t2) by C(t→`;t1 ,t2) in Eq. ~43!. We thus define

SQuelast5
2e2

p E
2`

`

dv f̄ ~v!~12 f̄ ~v!!E dt1E dt2

3Re@WD~ t→`;t1 ,t2!2WI~ t→`;t1 ,t2!# ~50!

If, in addition, we have the reasonable result that there are
phase correlations in the long time-separation limit@i.e.,
C(t;t1 ,t2)→1 ast→`], the elastic contribution becomes

SQuelast5
4e2

p E
2`

`

dv f̄ ~v!~12 f̄ ~v!!^Im GR~v!&2.

~51!

This expression for the elastic contribution toSQ is identical
to what is obtained for the intrinsic charge fluctuatio
@SQ#bare in the dephasing voltage-probe model@c.f. Eq.~31!#,
if we associate theh-averaged Green function with th
dephased Green functionG̃R in the latter model. Recall tha
the in the voltage-probe model, the intrinsic contributi
@SQ#bare arises from fluctuations of the total current incide
on the level, and is independent of fluctuations of the pro
voltage. We thus have that if there are no long-time ph
correlations, the purely elastic effect of a random potentia
captured~in form! by the intrinsic charge fluctuations in th
dephasing voltage-probe model. Note that in Eq.~51! both
the interference and diffuson terms contribute equally. T
lack of any phase correlations implies that there is no rela
enhancement ofWD over WI .
3-9
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Finally, we may define a purely inelastic contribution
SQ for an arbitraryJ(v) by simply subtracting off the elasti
contribution defined in Eq.~50! from the full expression for
SQ . We find:

SQu inelast5
2e2

p E
2`

`

dv̄E
2`

`

d~Dv!E
0

`

dt1E
0

`

dt2 f̄ ~v̄

1Dv/2!@12 f̄ ~v̄2Dv/2!#Re@PD~Dv;t1 ,t2!

3^GR~t1 ;v̄ !&h^GA~t2 ;v̄ !&h2PI~Dv;t1 ,t2!

3^GR~t1 ;v̄ !&h^GR~t2 ;v̄ !&h#, ~52!

where we have defined the real-valued functions

PD/I~Dv;t1 ,t2!5E dt
eiDvt

2p
@C~ t;t1 ,t2!61

2C~ t→`;t1 ,t2!61#. ~53!

Though they are not necessarily positive definite, the fu
tions PD/I(Dv;t1 ,t2) may be interpreted as the quas
probability of obtaining an inelastic contribution of sizeDv
from ~respectively! the diffuson or interference contribution

3. Current noise

We again focus on the ‘‘intrinsic’’ fluctuations@e.g., the
first term in Eq.~42!# and ignore the additional contributio
to the current noise arising from variations of^I & in different
realizations of the random potentialh. Similar to the case of
the charge noise, the current noiseSI may be expressed in
terms of products ofGR and GA at different times. Also, a
direct calculation shows that current conservation holds
the fluctuations: the current noise is independent of the l
in which it is calculated. Writing the current noise as

SI5
2e2GLGR

2p2 (
a,b5L,R

E
2`

`

dv̄E
2`

`

d~Dv!E
0

`

dt1E
0

`

dt2

3eiDvt$ f a@v̄1Dv/2!#@12 f b~v̄2Dv/2!#%

3e2 iDv(t12t2)/2Re@dabSI
d1~12dab!SI

od# ~54!

we find after averaging

SI
d~ t;t1 ,t2!5

2GLGR

G0
2 ~WD2WI !, ~55!

SI
od~ t;t1 ,t2!5

GL
21GR

2

G0
2

WD1
2GLGR

G0
2

WI . ~56!

Similar to the charge noise, the current noise results from
interference between pairs of tunnel events, and may be
pressed in terms of the diffuson and interference terms
fined in Eqs.~45! ~we have suppressed their time argume
above for clarity!. Unlike the charge noise, we see that f
the off-diagonal fluctuations (SI

od), the diffuson and interfer-
24530
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ence term enter with different coefficients. Note that in t
zero voltage case, the interference termWI does not contrib-
ute

@dabSI
d1~12dab!SI

od#→WD~ t;t1 ,t2!. ~57!

Elastic and inelastic contributions toSI may be identified in
the same way as was done forSQ .

B. Results from the slow random potential model

Similar to Ref. 36, we will consider in what follows two
limiting cases for the spectral densityJ(v). The first is that
of a ‘‘slow’’ random potential, where the bandwidthV of
J(v) is much smaller than the frequency scales of intere
i.e.,

V!G0 , «d2mL , «d2mR , umL2mRu. ~58!

This allows us to make the approximation

J~ t !→J~ t50!. ~59!

Inelastic effects should be minimal in this limit, and thus o
might expect results which are similar to the dephas
voltage-probe model.

For the averaged Green function, the approximation
Eq. ~59! in Eq. ~41! yields

^GR~t!&5e2 i«dte2G0t/2e2(lwt)2/2, ~60!

where

lw5AJ~ t→0!. ~61!

Plugging this into Eq.~40! yields a Voit lineshape~i.e., a
convolution of a Gaussian and a Lorentzian!:

^^I &&5
e

2p

2GRGL

G0
E dv@ f L~v!2 f R~v!#

3E dv8S e2v82/(2lw
2)

A2plw
2 D

3
G0/2

~«d2v2v8!21~G0!2/4

5E dv8S e2v82/(2lw
2)

A2plw
2 D ^I &u«d→«d2v8 . ~62!

In the ‘‘slow’’ limit, ^I & is inhomogeneously broadened—
while the random potentialh(t) is essentially constant fo
each event where an electron tunnels on and then off
level, it does fluctuate from event to event. The effect ofh
on ^I & can thus be mimicked by simply averaging over
Gaussian distribution of level positions«d . As a result, the
effect of dephasing is not simple lifetime broadening, and
conductance lineshape is manifestly non-Lorentzian; thi
in contrast to the voltage-probe models. Nonetheless, if
associatelw with Gw , the height and width of the resonanc
described by Eq.~62! for ^I & is similar to that obtained in the
voltage-probe model.
3-10
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Turning to the noise for the ‘‘slow’’ random potentia
model, we remark again that we focus throughout this s
tion on the intrinsic contribution to the noise defined by t
first term in Eq.~42!. We first calculate the phase correlatio
factor using Eq.~48b!

C~ t;t1 ,t2!5exp@lw
2t1t2#. ~63!

Again, C(t;t1 ,t2) describes the correlations in the rando
phases acquired by two tunnel events~dwell times t1 ,t2)
with a time separationt. Here,C(t;t1 ,t2) is independent of
time, implying ~as expected! only elastic contributions toSQ
andSI . However, the corresponding fact that phase corre
tions persist even at large time separations~i.e., C(t→`)
Þ1) implies that the elastic contribution toSQ is not given
by the simple result of Eq.~51!. It follows that the charge
noise in this limit cannot agree with the intrinsic charge no
@SQ#bare @Eq. ~31!# found in the dephasing voltage-prob
model.

One can simply relate the diffuson and interference c
tributions to theh-averaged Green function, resulting in:

SQ5
4e2

pG0
E dvF f̄ ~v!@12 f̄ ~v!#S 12G0

]

]G0
D

3^2Im GR~v!&hG . ~64!

The two terms in this expression correspond to the diffu
and interference contributions respectively. As can easily
verified, Eq. ~64! is simply the charge noise of the full
coherent system@i.e., Eq. ~51! at h50] averaged over a
Gaussian distribution of level positions; this is analogous
what was found for the average current. In the strong dep
ing limit, ^GR&h becomes independent ofG0, and we thus
have at zero temperature~but arbitrary voltage!:

SQ54
u^I &u

~G0!2
. ~65!

FIG. 4. ~Color online! Solid black curve: quantum efficienc
ratio x vs dephasing strength for the slow random potential mo
in the limit eV→0. We have assumed symmetric couplingsGL

5GR , and have chosen«d so as to maximize the gain. For com
parison, the long-dashed blue curve~short-dashed red curve! corre-
sponds to the dephasing~inelastic! voltage-probe model, withlw

→Gw .
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This expression isidentical to what is found in both the
inelastic and elastic voltage-probe models in the stro
dephasing limit@cf. Eq. ~28!#, and for small voltages, scale
as eV/(lwG0). The correspondence to these voltage-pro
models is not surprising, as in the strong dephasing limit,
charge noise in these models is dominated by the fluctuat
of the potential in the voltage probe. Not surprisingly, the
fluctuations are equivalent to exposing the level directly t
slow, random potential.

Turning to the current noiseSI , we find at zero tempera
ture:

SI5
2e2GLGR

pG0
E

2`

`

dv̄ f L~v̄ !@12 f R~v̄ !#FGL
21GR

2

G0
2

1
2GLGR

G0

]

]G0
G ^2ImGR~v!&h . ~66!

Taking the large dephasing limit (lw@G0) yields

SI→2eS GL
21GR

2

G0
2 D ^I &. ~67!

The Fano factor here has the familiar form corresponding
the shot noise of two classical Poisson processes in se
and agrees with the voltage-probe result@c.f. Eq.~23!#. Thus,
we find that the slow random potential model and t
dephasing voltage-probe modelagreeboth on the form ofSI
andSQ in the strong dephasing limit; this is despite the fa
that they yield quite different conductance lineshapes.

Turning to the question of the quantum limit, shown
Figs. 4 and 5 isx as function of dephasing strength for th
‘‘slow’’ random potential model at zero temperature a
small voltage. The results obtained forSI andSQ suggest that
at large dephasing strengths,x in the slow potential mode
will be the same as that found in the dephasing voltage-pr
model. As seen in Figs. 4 and 5, we find that a reasona
correspondence holds even at moderate levels of depha
This does not however imply that the two models are alw
equilvaent. We have also calculatedx in the large voltage,
‘‘cotunneling’’ limit considered by Averin,7 see Fig. 3. Here,
there is a marked quantitative difference between the s

l,

FIG. 5. ~Color online! Quantum efficiency ratiox vs dephasing
strength for the slow random potential, in the limiteV→0 and for
GL@GR . We have chosen«d so as to maximize the gain. Curve
labeled as in Fig. 4.
3-11
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potential model and the dephasing voltage-probe model, w
x being suppressed more quickly by dephasing in the la
model. Again, we see that both the nature of the depha
source as well as the strength of dephasing influences
suppression ofx.

The departure from the quantum limit in the fluctuati
random potential model may be understood as it was in
dephasing voltage-probe model@see text following Eq.
~28!#—there is a classical uncertainty in the system ste
ming from the source of dephasing; this uncertainty in tu
leads to extraneous noise in bothI and Q which takes one
away from the quantum limit.

Finally, it is instructive to look at the results of this se
tion while retaining a small bandwidthV for the spectral
densityJ(v). This will give further insight on the contribu
tion @SQ#class@cf. Eq.~26!# to the charge noise in the voltage
probe models, a contribution arising from fluctuations of t
probe voltage. At small but finite bandwidthV, the phase
correlation factor will be given to a good approximation b

C~ t;t1 ,t2!5exp@lw
2t1t2e2Vutu#. ~68!

For long timesutu@1/V, phase correlations will vanish, an
the elastic contribution toSQ will again be given by Eq.~51!
as opposed to Eq.~64!. However, the presence of a small b
finite bandwidth implies that there will now also exist a
inelastic contribution toSQ @cf. Eq. ~52!#, corresponding to
small energy transfersDv;V. The quasiprobability
P(Dv;t1 ,t2) for having an inelastic event will be given b
@cf. Eq. ~53!#

PD/I~Dv;t1 ,t2!5
1

p (
n51

`
~lwt1t2!n

n!

nV

~Dv!21~nV!2
.

~69!

For typical dwell timeslw
2t1t2 is order unity, and thus the

only significant contribution to the sum in Eq.~69! will come
from the first few terms. Further, note that in Eq.~52! for the
inelastic contribution toSQ , Dv appears only in the distri
bution functions of the leads. Thus, since by assumption
haveeV,G0@V, we may safely replace the Lorentzians
the above expression byd functions, and the inelastic con
tribution may be accurately represented by an elastic on

PD/I~Dv;t1 ,t2!→d~Dv!@C~ t50;t1 ,t2!6121#.
~70!

In the case ofSQ , combining this ‘‘quasielastic’’ contribu-
tion with the pure elastic contribution given by Eq.~51! re-
sults again in Eq.~64!, which was found above by taking th
V→0 limit from the outset. We thus see that the slow p
tential model includes the contribution from inelastic eve
involving a small energy transfer;V; keeping only purely
elastic contributions would yield the result of Eq.~51! for
SQ . As already noted, the purely elastic contribution co
cides with the intrinsic contribution to the charge noi
(@SQ#bare) found in the dephasing voltage-probe model.
thus follows that the ‘‘quasielastic’’ contribution in the ran
dom potential model@i.e., stemming from Eq.~69!# corre-
sponds to the contribution@SQ#class in the voltage-probe
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model@i.e., charge fluctuations induced by potential fluctu
tions in the probe, cf., Eq.~32!#.

C. Results from the fast random potential model

The second limiting case of the random potential mode
that of a ‘‘fast’’ random potential, whereJ(v) is flat on the
frequency scales of interest. This will allow us to make t
replacement

J~v!→J~v50!. ~71!

A necessary requirement for the ‘‘fast’’ limit is that the cha
acteristic bandwidth of the random potentialV is much
larger than the frequency scales of interest@i.e., reverse the
inequality in Eq.~58!#. Given this large bandwidthV, we
expect that inelastic contributions toSQ and SI will be im-
portant; this makes it unlikely that the total current or char
noise in this limit will agree with either of the voltage-prob
models. In what follows, we will consider separately t
elastic and inelastic contributions to the noise.

Turning first to the average current in the presence o
‘‘fast’’ random potential, Eq.~41! yields

^GR~t!&5e2 i«dte2(G01Gw)t/2, ~72!

where

Gw5J~v→0!. ~73!

Thus, for the average Green function and average curr
the effect of a ‘‘fast’’ random potential is just a simple life
time broadening, identical to the situation in the voltag
probe models. As a result, Eq.~40! yields the same Lorent
zian result for̂ I & as the dephasing voltage-probe model, E
~30!. Note that for strong dephasing (Gw@G0), the approxi-
mation of Eq.~71! is valid only if V@Gw in addition to the
reversed-ineqality of Eq.~58!. If this is not true, the contri-
bution from short times in Eq.~40! will dominate, and one
will not obtain a Lorentzian form for the average curre
~instead, the results for a ‘‘slow’’ random potential, discuss
in the preceding section, will apply!.

We turn next to the calculation ofSQ andSI for a ‘‘fast’’
random potential. We find that the factorC(t;t1 ,t2) @cf. Eq.
~49!# describing the correlation between the random pha
of a pair of tunnel events is given by

C~ t;t1 ,t2!5exp@Gwtoverlap#, ~74!

wheretoverlap is the overlap between the two time interva
describing the tunneling events~i.e., @ t2t1 ,t# and @0
2t2,0#), andGw is defined in Eq.~73!. As was anticipated in
the discussion prior to Eq.~51!, correlations in phase be
tween the two tunnel events are important only if the tim
separationt is sufficiently small. The correlations vanish a
t→` ~i.e., C→1), and thus the elastic contribution toSQ is
given by Eq.~51!. As with the result for̂ I &, this expression
agrees exactly with the dephasing voltage-probe result of
~31!. However, in sharp contrast, the elastic contribution
SI deviates strongly from the voltage-probe model. AtT
50, we find for the elastic contribution
3-12
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SI uelast5
2e2

2p
GLGRE

mR

mL
dvu^GR~v!&u4Fv21G2S GL2GR

2G0
D 2G .
~75!

Taking the strong dephasing limitGw@G0, this yields a van-
ishing Fano factor

f elast[
SI uelast

2e^I &
}

G0

Gw
. ~76!

In contrast, the voltage-probe models yield a nonvanish
Fano factor in the incoherent limit, given by the classic
expression of Eq.~23!.

We turn now to the inelastic contributions toSI and SQ
which are nonvanishing even at zero temperature and
voltage. These inelastic contributions alwaysincrease the
noise in the fluctuating potential model, while the opposite
found in voltage-probe models: the inelastic version of
voltage-probe model yieldssmallervalues ofSQ andSI than
the purely elastic version. The inelastic contributions will
determined by the quasiprobabilitiesPD/I(Dv;t1 ,t2) de-
fined in Eq.~53!. We find

PD/I~Dv;t1 ,t2!5
1

p

Gw

~Dv!21Gw
2

3H Gw

Dv Fe6Gwt,sinS Dv~t.2t,!

2 D
2sinS Dv~t.1t,!

2 D G
6Fe6Gwt,cosS Dv~t.2t,!

2 D
2cosS Dv~t.1t,!

2 D G J . ~77!

Here,t. (t,) is the greater~lesser! of t1 ,t2. As expected,
inelastic processes involving energy transfersDv.Gw can
make a sizeable contribution toSQ . In the strong dephasing

limit ( Gw@G0), these inelastic processes are an unavoidab
consequence of having a Lorentzian form for the averag

of
ned
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current, as this requires a noise bandwidthV@Gw . In the
strong dephasing limit, we find the simple result

SQu inelastic5
2e2

p2

1

G0
E dv1E dv2 f̄ ~v1!@12 f̄ ~v2!#

3^Im GR~v1!&h^Im GR~v2!&h . ~78!

In the small voltage, large dephasing limit, the inelastic co
tribution to SQ scales as (1/G0), and is much larger than th
elastic contribution, which scales aseV/Gw

2 .
Similarly for SI , we find an inelastic contribution in the

V→0 limit given by

SI u inelast5
2e2

2p

GLGR

G0
E dv1E dv2

3F f ~v1!@12 f ~v2!#1~122 f ~v1!!
d f~v2!

dv
eVG

3^Im GR~v1!&^Im GR~v2!&. ~79!

Unlike the elastic contribution, this term does not vanish
the strong dephasing limit.

Finally, we turn to the issue of the quantum limit for th
‘‘fast’’ fluctuating potential model, in the small voltage limit
If one ~rather unphysically! only retains the elastic contribu
tions, we have thatx;1 even in the strong dephasing limi
This is due to the strong suppression ofSI uelast. Keeping the
inelastic terms, one finds instead thatx is greatly suppressed
In the strong dephasing limit, we have

x}S eV

G D 2S G0

G D 2

. ~80!

V. CONCLUSIONS

We have studied the noise properties and detector
ciency of a mesoscopic resonant-level system subjec
dephasing. We find that these properties are sensitive bo
the degree of detector coherence~i.e., the ratioG0 /G) and to
the nature of the dephasing source. This is in contrast to
average current, which is largely insensitive to the degree
coherence. Thus, even though one may have a well-defi
be

TABLE I. Synopsis of results for the various dephasing models, for the limit of small voltage (eV!G) and large dephasing (G0 /G

→0). The classical Fano factorf classical appearing in the third column is defined in Eq.~23!. For the inelastic and dephasing voltage-pro
models, we distinguish the intrinsic contribution toSQ (SQubare) from that arising from fluctuations of the probe voltage (SQuclass).

Dephasing source ^dI/dV& SI52e f^I & SQ x

‘‘Pure escape’’ voltage-probe Lorentzian 1
2 < f <1 }G0 /G→0 @1/2f #(m2«d)2/@(m2«d)21G2/4#

Inelastic voltage-probe Lorentzian f→ f classical @SQ#bare}G0 /G→0 }(G0 /G)2→0
@SQ#class→4^I &/(G0)2}G/G0

Dephasing voltage-probe Lorentzian f→ f classical @SQ#bare independent ofG0 /G }(G0 /G)2→0
@SQ#class→4^I &/(G0)2}G/G0

‘‘Slow’’ fluctuating potential Voit profile
@cf. Eq. ~62!#

f→ f classical 4^I &/(G0)2}G/G0 }(G0 /G)2→0

‘‘Fast’’ fluctuating potential Lorentzian Voltage independent Voltage independent }(eVG0 /G2)2→0
3-13
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resonance in the average current, its suitability for use a
detector will depend strongly on its coherence properties

We find that in general, different models of dephasing
lead to a suppression of the measurement efficiencyx,
though the rate at which this occurs depends on the m
~see Figs. 1–5!. The only exception to the above is depha
ing arising from the ‘‘pure escape’’ voltage-probe mod
Here,x may remain order unity even in the strong dephas
limit, a limit in which all transport involves entering th
voltage probe and then leaving it incoherently. Though t
result appears surprising, the ‘‘pure escape’’ model is uni
among those considered, as there is no lost information
sociated with the dephasing source, nor is there any clas
contribution to the detector noise arising from the detec
being in a mixed~i.e., nonpure! state; this is why it is able to
remain quantum limited in the fully incoherent limit. Amon
the more conventional voltage-probe models, we find thax
is suppressed more quickly to zero by dephasing in
dephasing voltage-probe model than in the inelastic volta
ky

ev
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probe model~see Figs. 1 and 2!. The differences between th
models considered is summarized in Table I.

Although the models considered here for dephasing m
be regarded as describing to some extent the effect of in
actions on the measurement efficiency of quantum detec
it will be interesting to study this question in more gene
setups and in models in which strong interactions are dire
included.
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