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Interaction-induced dephasing of Aharonov-Bohm oscillations

T. Ludwig! and A. D. Mirlin®2*
Ynstitut fir Nanotechnologie, Forschungszentrum Karlsruhe, 76021 Karlsruhe, Germany
2Institut fir Theorie der Kondensierten Materie, Universitéarlsruhe, 76128 Karlsruhe, Germany
(Received 12 December 2003; revised manuscript received 10 February 2004; published 25 May 2004

We study the effect of the electron-electron interaction on the amplitude of mesoscopic Aharonov-Bohm
oscillations in quasi-one-dimension&1D) diffusive rings. We show that the dephasing Ientgﬁ‘? governing
the damping factor exp(27rR/L’;B) of the oscillations is parametrically different from the common dephasing
length for the Q1D geometry. This is due to the fact that the dephasing is governed by energy transfers
determined by the ring circumferencerR, makingL’qﬁB R-dependent.
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The Aharonov-Bohm(AB) oscillations of conductance 2|
are one of the most remarkable manifestations of electron <5g§>~T—3"5e*2’TR“’L¢, 2
R

phase coherence in mesoscopic samples. Quantum interfer-

ence of contributions of different electron paths in a ring U2 ; . U2
. whereL ,=(Dr,)~“ is the dephasing length,+=(D/T)
¢ ¢ T
tohsr;ﬁgteoc: b}}{} r?c?oangr;%c \];\I/ﬁ ;na:ﬁzéh; fﬁ:?ltita:gﬁsm the thermal lengthD the diffusion constant] the tempera-
o _hC/EY see Refs 1’—3 for rF:eviews In a diffl?sive fin ture,R the radius of the ring, and we siet=1. [It is assumed
0 AN ) - 9in Eq. (2) that L 4,Ly<27R.] For a thin ring,L 4 is then
these®y-periodic conductance oscillations are sample spe-

cific (and would vanish upon the ensemble averaygidge identified with the dephasing length governing the WL cor-
to a random phase associated with diffusive paths. In thirectlon in the quasi-one-dimensior@1D) geometry, which

respect, theby-periodic AB effect is a close relative of me- Was found by Altshuler, Aronov, and Khmelnitskiito be

soscopic conductance fluctuations. T \28
Another type of the AB effect is induced by interference L,=(Dr )2 -1 (3)
) T X o ¢=(D7y)™5 7y 172

of time-reversed paths encircling the ring and is intimately vD

related to the weak localizatiofwVL) correction? Its princi-
pal period isdy/2. It survives the ensemble averaging but is
suppressed by a magnetic field penetrating the sample. B
low we concentrate on the fireinesoscopic o periodio
AB effect. Our results are, however, applicable to the secon
(weak localization orby/2-periodig type of AB oscillations
as well, as we discuss at the end of the paper. .
In the present paper we will investigate the effect of theexperlmental data.

electron-electron interaction on the amplitude of the AB os- we W'.” ShO\r’]" b;alow, Ihowevedr, ;ha(tj contradry to .tt?e haive
cillations. Interaction-induced inelastic processes lead t&XPectations the formula®) and (3) do not describe cor-

dephasing of electrons, and thus to a damping of interferenc{é$Ctly the dephasing of AB oscillations. Specifically, if the

phenomena, in particular, of AB oscillations. The mesOs_lnteraction-induced exponential damping factor of AB oscil-

copic AB oscillations can thus serve as a “measuring delations is presented in theA;orll(rﬁgﬁ)fvexp(—ZWRr{LQB),
vice” for the electron decoherence. This idea was, in particulhe corresponding length. ;™ is parametrically different
lar, implemented in recent experimefitswhere the low-  from Eq.(3). Moreover,L4® depends on the system siRe
temperature behavior of the dephasing timewas studied, We consider a ring coupled symmetrically by two leads to
and two mechanisms of decoherence were identified: scatteihe bulk electrodes. We will assume the ring and the leads to
ing off magnetic impuritieand electron-electron scattering. be of a Q1D geometry, i.e., the widths of the wires are much
Let g(®) be the dimensionlesgémeasured in units of larger than the Fermi wavelength but much smaller tRan
e?/h) conductance of the ring. It is convenient to expand theanhd L 4. The only geometric parameter characterizing the

In fact, Aleiner and Blanter showed recefitthat 7, relevant

o the mesoscopic conductance fluctuations in wires has in-
deed the same form, E(B), as the WL dephasing time. This
geems to support the assumption that the dephasing times
governing different mesoscopic phenomena are identical.
Equations(2) and(3) are commonly used for the analysis of

conductance fluctuation8g(®) as a Fourier series problem is then the ratigr of the resistance of the ring itself
to the total resistance of the ring with the leads. By defini-
~ tion, 0<y<1.
0g(®) = 6go+ 2;1 ogncog2mn®/Po+6,). (1) Following Refs. 7-10, the electron-electron interaction

can be represented by external time-dependent random fields
Within the conventional approach, when the dephasing time“(r.t), with the correlation fun_ctiqr(<p_“(r,t)<pﬁ(r’,t’))
1/74 is introduced as a mass of the diffuson and cooperosletermined from the fluctuation-dissipation theorem,
propagatorsPD'C(q,w)~1/(Dq2—iw+ 1/7,4), the variance
f thenth h ic of th illati i h « , . w
foactto??m armonic of the oscillations is suppressed by the (o1 @1 )= — IMU(r.r )8 g0ty (4)
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The conventional form for the dynamically screened Cou-
lomb interaction in a diffusive system®is

1
H—l
U(q,w)= U Q) +11(q.m) (9,0), 5)

where Uy(q) is the bare Coulomb interaction](q,w)
=vDq?(Dg?—iw) is the polarization operator, andis the
density of states. For a diffusive system, the bare Coulomb FIG. 1. The sample geometry and the angular coordifaite
interaction may be neglected compared to the polarizatiofroduced above. The paths representing the saddle-point solution are
since the inverse screening length, which is of the order ofhown. The geometric parametgris defined as the ratio of the
the Fermi wave number, is much larger than typical momentaesistance of the ring without the leads to the resistance of the total
g. As we will see below, the characteristic momeqtar our  sample,y=R;/(R;+R;).
problem are of the order of the inverse system §zé. In
view of the nontrivial geometry of our system, it is thus morebelow by the delta functions(t). This is justified if the
appropriate to work in the coordinate representation. A cordephasing effect during the time-t'~T~! is negligible,
responding generalization of E() can be readily obtained, i.e., (¢*(x,t) ¢%(x,t))T 1<1. Using Eq.(7), we find that
yielding the latter condition is equivalent to the requirement that the
conductance of the sample is much larger than the conduc-
tance quantune®/h=(25k() 1. This condition is well sat-
isfied in typical experiments with metallic rings, thus justi-
fying the replacemend(t)— &(t).

We now express the diffusion propagators in E®). as
path integrals. We are interested in the regime of strong
dephasing, when the relevant paths propagate only inside the
ring and do not extend into the leafsee below. It is con-

2T venient to introduce the angular coordinateon the ring
(@*(r,t)P(r' t"))= —D(r,1")8,56(t—t"). (7)) (—w=<6=<m), with = = 7/2 corresponding to the junctions
vD . .
with the leadgFig. 1).

Since the ring we are considering consists of Q1D wires, the Expanding the conductance fluctuations in Fourier har-
corresponding diffusion propagator satisfies the onemonics with respect to the fluxig(®)— dg,, we then get
dimensional diffusion equation

Im U(r,r’;w)zlml’[‘l(r,r’;w)=—V%D(r,r’), (6)

where D is the propagator for the Laplace equation,
—V2D(r,r")y=58(r—r') with zero boundary conditions at
the contacts with bulk electrodes. Substituting Ej.in Eq.
(4), we get, for relevant frequencies<T,

. D? 0, 0,
{0,—Da2+i[ (X, 1) — @P(X,1) ]} P B (x,t;x ") (6g2)~ ﬁf d@ld@)zf dtfz D 64(1) fz D 6,(t)
=5(x—x")S(t—t") (8) . )
( ( . . . . t IR0, R%63
supplemented by appropriate matching conditions at junc- X ex —f dt’ 2D +H+V( 01,05,
tions of the ring and leads. He@&b =®,— ®, is difference 0
in the AB flux between the two measurements, which is in- (12)

corporated in the matching conditions. The conductance cor-

relation function is given by the conventional two-diffuson Where the path integral goes over pairs of path@), 6,(t)

diagram§1_13yie|ding (We drop the prefactor of order un)ty which have a relative Wlndlng number. The “potential”
V(61,6,) in Eq. (11) is given by V(6.,60,)=([$*(61)

D?2 - — ¢%(6,)1%); its explicit form can be straightforwardly ob-
(09(dy) 59(<D2)>~—R4f Xmdxzf dtdt’ s(t—t") tained according to Eq7) by solving the diffusion equation

T in the ring with leads? We will only need below the form of

X(P 55 (X1 X2, ) Py (X X1 ), V(6,,6,) for both coordinates being in the same arm of the

ring. For|6;|< /2 we find

9
where angular brackets denote averaging over the external V(6,, 02)_ 2TR 16,— 6,| — 7’+1( —0,)%: (12
fields, 5(t) is given by

the expression fof#,| > m/2 follows from symmetry consid-

S(t)= 1277Tf del f (€1)f (ey)ellcr et erations.
We consider first the fundamental harmonic=(1) of the
=37TT3tzsinh*2(th), (100 AB oscillations; a generalization to higher harmonics,
=2,3,... will be done in the end. Fon=1 the relevant

and f(e) is the Fermi distribution function. The function pairs of paths interfere after half encircling the ring in the
5(t) is peaked at=0 with a width T~ 1. We will replace it  opposite directions. We are interested in the regime of a rela-
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0.8 . . responding calculation is sketched in the Appendix. The final
result for the variance of the harmonics of the mesoscopic

=0 o )
L AB oscillations readgup to a numerical prefactpr

1=0.5

Y | ] L 712 vD 3/4
o <6gﬁ>~(§) (3) e (16)

=1 wheren=1,2, ..., and thactionSis given by Eq.(14).

Let us discuss the obtained res(dl6), (14). First of all, it

0 2 T is essentially different from what one would obtain by using
o the formulas2), (3). Indeed, the exponent in E(L6) scales

in a different way with the temperature and with the system

size, as compared to Eg&2) and (3). It is instructive to

rewrite Eq.(16) in a form analogous to Ed?2),

FIG. 2. The potentiaV(6) of the tunneling problem, Eq13),
plotted in units of R/vD for different values ofy.

tively high temperature, when the dephasing effect is strong. L.\ 2/ LAB\ 32 s
In this case, the path integral in Ed.1) can be evaluated via (59%)~ ET) %) e 2mRILy (17)

the saddle-point method. As has been mentioned above, the
paths representing the saddle-point solutigrstanton do  thys defining the Aharonov-Bohm dephasing Ienlgﬁ?,
not extend into the leads. Indeed, exploring a part of a lead

and returning back into the ring would only increase the 27 2D

action of the path. It is clear from the symmetry consider- L@BZC— ey (19
ations that the optimal paths satigfy(t) = — 6,(t). Further- y TR

more, it is easy to see that the optimal initial and final pointsynich is much shorter thah,, in the strong-dephasing re-
are located at maximum distance from the leads, ©®g., gime LAB<27R. The corresponding dephasing rate-’;;P/

=0 and®,=a (or vice versa To within exponential accu- _ B\2 : ;
racy, the pzroblem is then reduced to that o?a particle of mass DI(Ly")" is thus given by
R?/D tunneling with zero energy in the potenti&ig. 2 1 C_\2TR
{0—3102}, Osegg g 127D
V()= Ex . To shed more light on the physical reason for the difference
vD + between the conventional Q1D formu{d@) and our result

(18), (19), the following qualitative argument is instructive.
(13 Calculating perturbatively the dephasing rate using the for-

. L mula (5) for the screened Coulomb interaction in a diffusive
from #=0 to #= . Since the potential is composed of qua- system, one gets

dratic parts, the corresponding instanton action is easily cal-

culated, yielding 5g%)=e™S with . (dq T
Tl/2R3/2 m™ qu
S=C,—— . (14) . _ _ .
Y 2D In the calculation of the dephasing rate in a wWird?® the

) o ) ) arising infrared divergence is cut off self-consistently, since
Here C, is a coefficient of order unity depending on the ony processes with energy transfers: 7,* contribute. As a
geometrical factory, result, the lower limit of integration in E¢20) is ~L*,
312 yielding the resul{3). On the other hand, in the case of the

[2y(1— 9 Y2+ 7+ 2 arcsiny]; Aharonov-Bohm dephasing rate, the relevant paths have to

encircle the ring. Therefore, despite the fact tHd}®
(15 <27R, the low-momentum cutoff in Eq20) is set by the
C, is equal tor®%2%2in the limit of long leads ¢—0) and  inverse system size ¢&R)’. This yields 1¢4°~TR/vD,
to 7244 in the limit of short leads {—1). reproducing(up to a numerical coefficienthe result(19).

The above calculation can be straightforwardly general- It is worth emphasizing that our resyit9) for the dephas-
ized to higher harmonics of the AB oscillations) ing rate depends also on the geometry of the leads through
=2,3,.... Theoptimal paths still begin @®=0 or 7 but  the coefficientC,. We note a certain similarity to the depen-
now performn/2 windings in the opposite directions. There- dence of the dephasing rate in a ballistic AB ring on the
fore, the corresponding action &=nS. probe configuration recently found in Ref. 15.

To calculate the preexponential factor, we have to take As has been mentioned in the introduction, our results are
into account small fluctuations of the initial and final points also applicable to the WLh/2e periodig AB oscillations.
®,,0, around their optimal values, as well as fluctuations ofTheir nth harmonic&g‘rﬁ"L is determined by cooperon paths
the pathsd,(t), 8,(t) around the instanton solution. The cor- with winding numbern. Assuming that the magnetic flux

C,=

2(y+1)
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penetrating the sample is negligible and comparing the pathito perform several Gaussian integrations over deviations

integral representations f¢pg2) and 5g¥'- we find from the instanton solution in the path integ(al). We will
only calculate the parametric dependence of the prefactor,
5 e’D WL neglecting numerical factors of order unity.
(o9n) = ﬁﬁgn , (21) First, let us consider small offsets of the initial and final

points of the paths from their optimal position. The second-

wherelL = 7R/y. This implies, in particular, that the dephas- order variation of the actioa?S will be a quadratic form of
ing lengthL’®, Eq. (18), is the same for both types of the the offsets, 5°S=u;;60;60;, wherei=12. Using that
AB effect. Equation(21) is a generalization of the relatidn §°S~1 for 60@;~1, we get
between the WL correction and conductance fluctuations for
single-connected geometries. 1 e

To summarize, we have studied how the Aharonov-Bohm (detu;) ~"“~S™. (A1)
oscillations are suppressed by dephasing caused by the

electron-electron interaction. Using the path-integral formalsecond, we have to account for small deviations of the paths
ism and the instanton method, we have obtained the resuffom the instanton solution. The corresponding factor can be
(16), (14) which is parametrically different from the naive jqentified as the propagator for a harmonic oscillator with the
expectation(2), (3). This demonstrates that the AB dephas'”gparametersm~ R2/D and mw?~RT/Dv. There are two
rate 1#3°, Eq. (19), is parametrically different from the gych factorgone for each of the pathsyielding together
dephasing rate 1/,, Eqg. (3), corresponding to a single-

connected geometry. Physically, the difference can be traced

back to the fact that Ij; is determined self-consistently by TL2R3/2
the processes with energy transfers of the order of tself [(Mw)Y?)?~ T (A2)
(or equivalently with momentum transfers1/L ,), while v

the characteristic energy and momentum transfers governing

1/7’3,B are determined by the system size. For this reason, theinally, there is a Gaussian integration over the deviations of
Aharonov-Bohm dephasing rater@}3 depends on the ring the timet spent on the path from its optimal valugy
radiusR, diverging in the limitR— oo, ~(vRIT)Y2, The corresponding factor can be estimated as
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APPENDIX

To find the preexponential factor in the formul6) for Combining Egs.(11), (Al), (A2), and (A3), we obtain the
the variance of the amplitude of the AB oscillations, we havetotal preexponential factor as given in E46).
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3we discard the cooperon contribution to the correlation function,
which does not influence the varianeg?) of harmonics of the
AB oscillations but only the statistics of the oscillation phase. If
the flux threading the metal is much less than one flux quantum,
the phased, in Eq. (1) will be 0 or 7, while in the opposite
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