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Quantum dynamics in nonequilibrium strongly correlated environments
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We consider a biased quantum point contact between two Luttinger liquids measuring a quantum-mechanical
system(oscillatop. There are three main physical results. First, we find that for voltages higher than the
oscillator level spacing, the effect of the measurement is equivalent to coupling to a heat bath, with an effective
temperature that only depends on the deVidé characteristic. Second, we find that this heating changes the
|-V characteristics on the junction. Finally, we predict a modulation of the tunneling current at the oscillator
frequency. Also, we find that a generalized nonequilibrium fluctuation-dissipation relation connects the deco-
herence and dissipation of the oscillator to the current-voltage characteristics of the device.
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[. INTRODUCTION studied in the context of quantum measurement. These ef-

fects are often important since in order to interface with a
The quest to build a scalable quantum computer has requantum device, at least a part of the apparatus has to be
cently led to a series of spectacular experiments where magcaled down to the device size. For instance, carbon nano-
roscopic quantum states were coherently manipulated arigibes are actively considered as one of the basic elements for

measured—2 These experiments for the first time give an nanocircuitry. Due to essentially one-dimensional confine-
opportunity to study the effects of indirect continuousment, the electron-electron interactions in the nanotubes lead

measuremeﬁton an individual quantum System_ Large'y to dramatic renormalizations near the Fermi Surface, attrib-

motivated by the technological breakthroughs, a detailed theted to the formation of the Luttinger liquid. The study of
oretical analysis of measurement process based on expligtich correlation effects is, therefore, important in developing
models describing the coupling between a quantum systefti€ understanding of a realistic quantum measurement.
and an electrical measurement apparatus has been initiated. TO analyze the role of correlations in the measurement
In most cases, strong and weak measurement of (symn) apparatus, we study here a specific example of two Luttinger
or a few-level systems have been considérddt has been liquid leads electrically coupled to a quantum system, with
found that in the case of the weak measurement, when thi@€ tunneling current being influenced by a coordinate of the
timescale associated with the measurement is slow compar&ystem. The interactions in the Luttinger liquids can be pa-
to the intrinsic dynamics of the quantum system, it is pos_rametrized by the dimensionless constgnivhich describes
sible to indirectly observe the coherent behavior of the€pulsive interactions ij<1, attractive ifg>1, and a non-
systen? In the opposite limit of the strong measurement, duelnteracting Fermi liquid fog=1. One experimental realiza-
to the fast dephasing, the dynamics of the quantum systef#en of repulsive Luttinger liquids is carbon nanotubés,
can be frozer{quantum Zeno effegt an effect particularly ~Where it has been shown that defects in the nanotubes play
useful in single-shot qubit readotf.To date, however, there the role of tunnel contacts. We mainly deal here with the
have not been many studies of quantum-measurement of sy@DU'Sive case, and the attractive Luttinger |IC]UIdS are dis-
tems with infinite number of levels. Examples of particular cussed at the end of the paper.

practical importance are quantum mechanical vibrational We begin by developing the formalism for an arbitrary
modes, be it man-made resonators or isolated moleculaguantum system, which extends that of Mozyrsky and
atomic phonon modes. The applications include the locaMartin,'? as it is valid for general leads as well as for arbi-
probes, such as atomic force microscopy and magnetidrary voltage with the weak tunneling regime as the only
resonance force microscopy, as well as novel nano-electron@PpProximation. There are three main physical results. First,
devices where an imbedded phonon mode can provide neWe find that for higher voltages the effect of the measure-
functionality’® A study of nano-scale mechanical devitds ~ ment is equivalent to coupling to a heat bath, with an effec-
also intriguing, since it may help to explore the fundamentative temperaturel o different from the Fermi-liquid casg.
problem of the measurement-induced quantum to classicale find that for tunneling particles of chargpacross a

crossover? junction with given instrument-V characterististic,
Interactions and correlations play a crucial role in protect-
ing quantum coherence in macroscopic systems and enabling Teg=(ql/2)(dV/dI). D

manipulation of the quantum states. In submicrometer elec-

tronic systems, the Coulomb interaction becomes importarftor Luttinger liquids withg>1, this reduces tdlo¢= (o

and can lead to Coulomb blockade, a subject of intensiver 1)~ *qV/2, where the currertxV*** ande is the sum of
research both in the contexts of “classical” and quantum-density of state exponents for the two leads(g;)
coherent electronic devices. The more subtle effecisimf  + a(g,). For carbon nanotubes, tunneling between the end
erant electron-electron interactions, however, have not beewf two leads is given bywe,{g)=(1/g—1)/4,%* while for
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ample the specific problem of tunneling between two Lut-
tinger liquids, when the tunneling is coupled to an external

A system, such as a quantum oscillator, or a spin. The Hamil-
? tonian is

— ~ > H=QT+HL+H5+H,, )
J where H, is the Hamiltonian for the measured system, re-
ferred to as an oscillatol i,z are the Luttinger liquid Hamil-

() (b) tonians for the two leads, with Luttinger parametgiand
with a potential differencee=qV. We define the electron-
tunneling  operator T(t)=‘l’{(x=0,t)‘lf2(x=0,t)+H.c.,
whereW; (x,t) are fermion operators in the leads. The term
@ @ <> Q includesc-number terms as well as operators that do not
<)

commute with,,.

- - Following Kane and Fishéf,we consider tunneling via a
weak link, and consider repulsive interactians 1 to avoid
infrared divergencesthe case of attractive interactions is
considered later in a dual representatidie use a Keldysh

(c) (d) formalism?® Our procedure closely follows the one used to
study noise in Luttinger liquid tunnelinid. Let us suppose
FIG. 1. Experimental realizations of the model. that initially the oscillator and leads are decoupled, with den-

sity matricesp, for the oscillator antjoi2 for the leads, so

tunneling between two infinite leads one hag,,=(g ; o Lo L
+g~1-2)/8. Second, we find that this heating changes thdhat the full density matrixp=po®p1®p;. For now, we

|-V characteristics of the junctioiEq. (13)]. Third, we ob-  2SSume that the leads are at zero temperature. After the in-
serve a modulation of the tunneling current at the oscillatoferaction between systems is _turned on at t_trne—oo, the
frequency[Eq. (15)]. We finally considered the possible case SYStems become coupled. Define the scattering opeseigr

of attractive interactions, which can be handled via a dual . "

representation: here, a weak backscattering approximationis  g—T_ exp( _if Hdt) exp( _if Hdt) =1, (3

used rather than a weak tunneling approximation, and all the % —

results carry through with the roles of voltage and current _ .
interchanged. where the operatoiT, denotes time ordering along the

Examples of experimental realizations of our model ad<eldysh contours. Paints along the forward branchoq
applied to the measurement of a quantum oscillator are>) are ordered with increasing times, while those in the
shown in Fig. 1. In Figs. (8 and Xb), the tunnel junction is return (¢— —c) are ordered with decreasing times, with
formed by a nanotub@_uttinger liquid) and a metalFermi  those in the return branch ordered after those in the forward
liquid), while in Figs. 1c) and 1d) both sides of the junction branch. We will occasionally use a superscript on t to
are Luttinger liquids. In the first example, Figial, the tun-  indicate to which contourbelongs. The expectation value of
nel current between the gate and the nanotube is used tmy product of operator®(t;),0(t,),- - - can be obtained
monitor the transverse nanotube oscillations. The charactepy (O(t,)O(t,) - - -)=Tr{p(TCO(tf1)O(t£)~ .- S)}, where we

istic oscillation frequency is about 1 GHz for a 100-nm work in the Schrdinger representation throughout.
nanotube’ which makes it possible to achieve the quantum |t i well established since the work of Kane and Fidher

rﬁgime at abggg S0 mlé. In Fig(B), a .st?or'g Stiﬁl nanotube in - at for repulsive interactions, a renormalization-group cal-
the STM mode” is used to perform vibrational SPectroscopy ¢jation leads to no infrared divergences and a perturbative

of an adsorbate loosely bound to a metal surface. The posé{pproach remains valid fall voltages. Thus, we can trace

tion of the atom/molecule modulates the tunnel current. In : - : :
the last two examples, a kink in the nanotube formed eithegu;:;]tirl‘tgttc':;gg;)Iz'qu'ds and to obtain the new scattering
mechanically or due to a 5-7 defect plays the role of the P '

tunnel contact®!’ The presence of the defect will lead to . .
formation of a localized optical-phonon mode above the Seff:TceXF{_if Hodt)eXF(_if Hodt)
nanotube phonon bandbove 200 meMRef. 18], which % —

will couple to the tunnel current by modifying the tunneling

matrix element. Alternatively, the chemical kink defect can 1(=

be functionalized by adsorbing an atom or molectiehose X exp( iiﬁwdtldtzﬂ(tl)ﬂ(b)

vibrations will also modify the tunneling between the two

Luttinger legs. y 2 cog u(t;—t,)) ) @
Il. KELDYSH FORMALISM (exi(ta—ty))**? ’

We establish a general formalism for effects of measurewhere the plus sign is chosen before the integral oygsp if
ment in strongly correlated environments. We use as an ex,t, are in different branches and the minus sign is chosen if
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they are in the same branch. Thesign in the denominator +i|t|) "¢ 2]dt. The terms inQ2Q2 in Eq. (7) produce de-
of the exponential is taken positivetif is aftert; and nega- coherence, and are equivalent to averaging over a randomly
tive if t, is before t;. We have used(T(t;)T(ty)), fluctuating field coupled td), while the termsQ2Q* pro-
=2co$u(t;—ty)[exi(t,—1)]* % where the expectation duce dissipation.
value(), for the leads is the expectation value for decoupled Taking|E;—E;|<u, so that the correct poles in the inte-
Luttinger liquids at zero temperatufélin this expectation 9drals forA,S are determined by the sign pf, one finds that
value, there is an additional factor dependent on the density 1
of states, which may be absorbed into the normalization of S(M,AE):E [l(u+AE)+1(u—AE)JA(w,AE)
Q. The --- in Eq. (4) denote terms of higher order 1.
This is the only approximation in the present formalism, a 1
weak tunneling approximation thét?u“<1. =5 I (p+AE) =1 (u—AE)]+- -, (8)
The expectation value of an operato(t) becomes
where the ellipses denotes imaginary terms, possibly singular
= fe =(C as e—0, which may be absorbed into a renormalization of
(OM)=Trpo(TeO(1) Serd} = (O(L). . Hy, and hence dropped. We have definedw)
where O=(0(th), = fdtiQt)(O()T) +---. Here the =2mu* YT (a+2).
ellipses denote connected expectation values which are of

higher order inQ), and wherex is chosen negative fdron lll. AVERAGE CURRENT AND NOISE

the forward contour and positive foron the return contour. Hereql(u) is equal to the currefitflowing atQ=1. We
The operatorO depends only on the oscillator coordinatesnow recompute the current within the present formalism, in
and not on the leads. order to obtain corrections to the current due to fluctuations

The exponential in Eq.(4) involves a product in . The current operator at time'=0 is J(0")
Q(t,)Q(t,), where t;,t, may be on either the for- =qIQ(0f)[‘IfI(0,0T)‘P2(0,0f)—H-c-]- From Egs. (5), tge
ward or return contour. We introducd)®(t;)=Q(t}) leading contnbutlorf] to(J) is of tDZe order of Q%
+Q(t5_),ﬂa(t1):Q(tg_)—Q(tg_).Then, iIQI_O_CdKQ(t)Q(O ))25|n(ul)/(6ilt)a . This vanishes

when integrated overt on the forward contour, so
2 co$ pu(t—1t,)] we can assume that is on _the reverse contour. Apply-
+ (1) Q(t,) Lt S ing the same Bloch-Redfield approximation, we get
[e+i(t,—ty)]o"2 qffwdte'(Ei‘Ei)%Qij(O)Q(Of)>23in(m)/(e+it)“+2. Doing
this integral yields
2cogu(ty—ty)]

(e+ilty—ty)**2

= — Q%)) 03(1,)R 2
(t)QA(tp) e( <J>:q<Qij(0)Q(0)>F(a—j:2)(M+Ei_Ej)OH—l_ ©)

—2Q0%(t) Q5(tp) O(t;—tp)Im

2cogpu(ti—ty)] We now consider fluctuations in the currefit(t})J(t5)).
(e+ilt,—ty])et2) The orderQ? contribution to the current-current correlation
function, from Eq.(5), is given by

(6)
2co tr—t
Again assuming thatQ2u®<1, we can make a aX(Q(tHQ(th) i'u( 2 213] . (10
further simplification in the exponential of E¢4), by us- (etifta—ty )"

ing the Bloch-Redfield approximatid, that Q*%(t)  This represents the shot noise in the tunnel junction slightly

=e'7o(l2=1) () 25(t;)e”"o('2"'). Corrections to the Bloch-  modulated by oscillator. To next order @72, from Eq. (5),
Redfield approximation arise if operatdisare inserted be- we must compute

tweentq,t,; such corrections t&.; will be of the order of - ) .
|to—ts| Q2u*L. Let us write Q=0;;, wherei,j denote — 2 2(q72) [ 7. dtagdty( Q (1) Q(t5) Q(t3) Q(t,))
eigenstates ofH, with energiesE; .. Then, integratin

. ° JeSE Jreing X (TADTAYT(t) T(ta)

overt,,
Even forc number(), this calculation is involved? in this
_ S e case, the calculation yields a result of the order the
Seff_TCeXp( - L Hodt)exr( - JwHOdt) w?Q4t,—t,] 2, plus terms with lower powers f. How-
ever, for operatof), there is one contribution which is of the
1(= order of u?**2 and which dominates over the previous con-
XeXF(zjxdt[Q (OQ{OA(,E—E)) tribution for |t,—t;|>u "%, the time regime we now con-
sider.
The expectation value (T(t))T(th)T(ts)T(ts))
—(a a —FE. 1 2 3 4)/L
QOQOS(.E EJ”)’ D T (1)) (T(Y) T(t)), +tacrt, + connected.  The
. . " last term, a connected expectation value of fdwperators,
where we define S(u,AE)=[”,2 cosut)e*"Re{(e  gives the contribution of the order @f2*Q4|t,—t,| 2. We
+ilt]) "¢~ 2]dt, A(w,AE)=—2°_2 cosut)e*Eim[ (e  ignore this, and consider only the other terms. Integrating
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over ts, ts, and applying a Bloch-Redfield approximation,
we arrive at the following contribution tJ(t1)J(t,)):

+ (1) Q4 (t) Q(th) Q(t,))

X

fdt3<T(tr1)T(t3)>|_ei(Ei7Ej)(t3*11)
xfdt4<T(t;)T(t4)>Lei(Ek—E|)(t4—t2) .1

For the expectation valu€T (t1) T(t3)) (T(t) T(ts)), to
be significantt; —tg~u "1, t,—t,~u "1, justifying the ap-
plication of the Bloch-Redfield approximation. As claimed,
Eq. (11) is of the order ofu?**?2, reflecting a modulation of
the current by the oscillator. Equatiofill) decays on a time
scale of the order of the inverse damping coefficieny, bf
the oscillator. In the case af number(), this term is ne-
glected: when computinglJ)—(J)(J), it cancels.

IV. DENSITY MATRIX

For AE<y, it is possible to write the results above in a
compact form. Defing(t) to be the density matrix for the
oscillator at given time. Then use Eqg5) and(7) to com-

pute(é(tf)> for any operato©; the result is a linear differ-

ential equation for the expectation values. Then use

(O(t"))=Trp(t)O] to derive the equation for the density
matrix:

. 1 dl |
p= —i[Ho,P]+§ M[Q,{A,P}]—?[Q.[Q,PH,
(12

with A =[H,,Q]. Comparing to the results for Fermi-liquid

leads!? the effective temperature of the oscillator, deter-

third (decoherenge
in Eq. (12,
we find

mined by the ratio of the
term to the second(dissipation term
is Ter=(a+1)"qV/2. For the current,
(1)=9(Q1(n) +a(AQ)dI/dp.

V. SPECTRAL REPRESENTATION

While these results were derived for Luttinger liquid
leads, they are more general. Assuming sufficiently s@all
we find Eq. (4) with 2 cogu(t;—t)[exi(t,—t)]*"? re-

placed by the appropriate expectation value in the leads,

(T(t))T(ty)).. Let the density of stategarticle and hole,
respectively at energyE be pE;Q(E) in leads 1, 2, respec-
tively. Then, defining pP(E)=/d ElpE(El)pg(E—El),
ph(E)Zdelpg(El)pg(E—El), the expectation value is
fd E[pp(E)eii(E+#)(trtz)+ph(E)eii(E*M)(tftz)]’ with the
minus sign chosen if; is aftert, and the plus sign other-
wise. Then going through the same steps, we find Eds.
and (8) in general, withl () replaced by the appropriate
current-voltage characteristic of the devidéu)=2mx[pP
(— )+ p"(n)]. The relation betwee8, A, andl generalizes

PHYSICAL REVIEW B 68, 035101 (2003

VI. APPLICATIONS

We now consider the specific case of a harmonic oscilla-
tor with frequencywg and masan, linearly coupled to the
tunneling,Q) =Qy+cx. We consider a regime for which the
Qo term dominates and the oscillator coordinateonly
weakly modulates the current. Fpr>wq, the average cur-
rent is

c?s? c?A
meOA meo !

I(p)=q| 105+ (13
where 1=1(u);S=S(u,wo);A=A(r,wg). The first term
givesJocQéV““, while the second term is proportional to
c(x?)veti~vet2 For very largeV, the tunneling approxi-
mation breaks down, while for small the first contribution
dominates; however, for sufficiently largeat intermediate
V, the second contribution is dominant.

The noise spectrum can be evaluated from E#8). and
(12). Fourier transforming Eq10) gives the shot noise con-
tribution

q? J dte“{Q(0)Q(1)) (T(0)T(1)) =20%Q31, (14)

for |w|<|u|. The above current modulation yields to leading
order inc?, after symmetrizing ir,,t,,

q?Q3c* (1 +5)2S—2A%(S+1)
2

; (15
m (wz—wg)z-i- Y2 w?
where y=c?A(u,wq)/ (Mwy). At the peak, the signal-to-

noise ratio, Eq(15) divided by Eq.(14), is ~212/AZ.

VII. ATTRACTIVE INTERACTIONS

We finally return to the case of aattractive interaction
between electrons, tunneling between the ends of two leads
so thate<<0. In this case, the density of stajglE) diverges
at smallE in the ends of the leads. This gives rise to low-
energy divergences in the perturbative expansion in the tun-
neling, as the tunneling operator becomes relevant in the
attractive case. Thus, following Kane and FisHewe con-
sider another possible system for which perturbative expan-
sions are possible, that of a single lead with a weak back-
scattering. In this dual case, the Hamiltonian is

H=QU+H"+H,, (16)

where H, remains the oscillator Hamiltoniar" is the
Hamiltonian for asingle Luttinger liquid, U is a scattering
potential at the linklU=¥T(x=0)¥(x=0), and) is some
function of the oscillator coordinate.

In the case of attractive interactions, the backscattering
operatorU is irrelevant in the dual problem, and a perturba-
tive expansion is again possible. Thus, given that the weak
tunneling fixed point is unstable, while the weak backscatter-
ing point is stable, it is reasonable to assume that the
renormalization-grougRG) flow joins the two perturbative

the fluctuation-dissipation relation derived between noiseegimes, so that for attractive interactions the low-energy

and current® For A<pu, we arrive at Eq(1).

behavior is described by Hamiltonidéh6), even if the origi-
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nal problem involves two separate leads. Conversely, for rethe oscillator is described by E@l2), with the roles ofu
pulsive interactions, the weak tunneling description will al-and| interchanged, thus solving the attractive case as well.
ways be correct at low energy. In this context, low energy

means that botlw, andV are small compared to the band- VIII. DISCUSSION

width of the leads. In the Fermi-liquid casgs=0, both the
weak tunneling and weak backscattering problems give risE1
to marginal behavior, and either leads to a convergent pertur-
bation theory, with the choice between the two descriptionsC
to be made on physical grounds.

In this RG flow, the operatof) is not necessarily related

We have developed a formalism for studying measure-
ent of tunneling in strongly correlated systems. This for-
alism can be applied to several experimental setups using
arbon nanotubes. We predict a heating of localized modes at
the tunnel contact with a universal temperature depending
> : > only onl-V characteristics. Physically, this heating is due to
to the original operatof). However, if the original operator the electron shot noise at the tunnel contact, and is modified
Q) involves a weak linear coupling to the oscillatd  from the Fermi-liquid case due to strong correlations. The
=Qy+cx for small c, then QO will also involve a linear heating can be measured as a correction tol fhecharac-
coupling, 3 =,+cx, since no symmetry principle forbids teristics_ of_the device, Which may affect the experimental
the linear coupling tox in €. determination of the Luttln.ger parametgrfrom the |-V
Starting with Hamiltoniar{16), the problem can be solved measurements. The most direct measurement of these modes
as above, where the perturbation theoryTiis replaced by a 1S @S @ predicted peak in the power spectrum of the current at
perturbation inU. After integrating out the lead, we arrive the mode frequency,.
again at action(4), but with a=(g—1)/2, rather thana
=(1l/g—1)/2 as it would be previously. Then, for repulsive
interactions, withg>1, we still havea>0 and the pertur- This work was supported by U.S. DOE under Grant No.
bation theory works. In the dual problem, the roles of currentW-7405-ENG-36, NSF DMR-012114@M), and DARPA
and voltage are interchanged. Thus, definin@) to be the  MOSAIC (IM). We thank M. Paalanen for encouraging us to
voltage drop for given current afl=1, we have u(l) study this problem, and K. Schwab and A. Shnirman for
=271“"YT' (a+2). The dynamics of the density matrix of useful discussions.
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