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Level broadening and quantum interference effects in insulators
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We study quantum interference effects in the context of the Nguyen-Spivak-ShklgMS&® model in-
cluding level broadening due to inelastic events. Improving on a recent mean-field approach, we incorporate
path correlations and study both the log-conductance and its fluctuations. In contrast with mean field, we find
that all changes in the conductance, due to broadening, ioghections to the localization lengthrurther-
more, the change in the magnetoconductance sign, predicted by mean field, is not borne out by direct solution
of the NSS model within reasonable broadening parameters. We compute a phase diagram for the magneto-
conductance in the broadening parameter space and propose a replica theory for weak inelastic events.

The effects of inelastic events on quantum interference in  To study quantum interferen¢®I|) processes for a single
insulators was recently addressed within the independerlectron hop in the insulating regime, the NSS model places
path approximatioh by Entin-Wohlman, Levinson, and the impurities on the sites of a regular lattice. The initial and
Aronov (ELA).2 Phonons are introduced by adding an imagi-final sites for the hop are chosen at the edges of a square. The
nary part in the off-resonant local energies. ELA report theverall tunneling amplitude is computed by summing all

surprising conclusion that level broadening can bring about év'rt;’é‘l)rigfghsugit;ﬁ%enmtgghg’r&gfgﬁ ﬁgihﬁfﬁgﬁég an
change of sign in the magneto conductafid€) depending pprop q P

: ; . weights are obtained from an Anderson tight-binding Hamil-
on the relation between broadening width and level averagg,nian with on-site energies taking random values from a
They also find that the sign of the MC may be temperature,y mmetric distribution of widthV and hopping matrix ele-

dependent. Such behaviors are important in determining difyyanisv. To describe strong localization, the Anderson pa-
ferent experimental regimes as a function of temperaturg.;meter is taken to be much smaller than ongW<1) 8
disorder, and magnetic field strength. For example, does thgpicy consequently favors forward-scattering paths. The ef-
reporte.d change in the MC preempt wave function Shrlnkag‘leective hopping matrix element is computed using a locator
producing the same effect? expansior’

The shortcoming of the ELA approach, addressed here, is 14 44q inelastic events at intermediate sites, we consider
the exclusion of path correlations permitting proper accounty, o+ |ocal energies are broadened so ﬂ’?f’ﬂ: €1 +iey2 Ne-

ing of localization length effect$? By correlation we mean lecting backscatteri df ths of lentith |
path sections shared by different electron paths on the lattic €cting bac sca,erlng andfor patns o ef“% the overlap
mplitude (Green’s function between the initial and final

or path intersections. Such effects should become more infimpituce
portant as temperature decreases and hops become Ionéétps is given by
ranged. Path correlations are also unaccounted for by the
minimal three-site Holstein model as different paths do not  (i|G(E)|f)=V
overlap. It is then worthwhile to ask whether the predicted
changes in the MC sign survive proper account of path corwhere ¢ is the phase picked up on the directed pEtand
relations, and if so, are they amplitude effects or exponentidli),|f) the initial and final sites, respectively. The interfer-
changes in the conductanég&? ence information is captured by the functid(t), while the

We have assessed this question by numerically solvingactor (V/W)! is the leading contribution to the expected
the Nguyen, Spivak, and ShklovsKiNSS model of quan- exponential decay of the localized wavefunction. In Ref. 2
tum interference effect.At weak phonon scattering and the interference term has the forth 7 =j.+ij;, where
zero field, we find a small exponential enhancement of thene j . are uncorrelated. We take the broadening model lit-
conductance as opposed to the prefactor effect predicted @rally', so strictly speaking one should use
Ref. 2. When a magnetic field is applied, regions of positive
and negative MC are found. Nevertheless, negative MC re- v+iey /W
gions only occur for unreasonably large broadening, and ﬂirzl—/wz, 2
should rule them out in experiments. We also inquire into the +(e2/W)
conductance fluctuations and find that they continuously dewhere y= ¢, /W takes valuest1 on the bonds with equal
crease, as broadening increases, until a saturation sets probability. This choice correlates real and imaginary parts
Finally, we propose a replica analysis, including path correin the expression for the overlap amplitude on the bonds. The
lations, to justify some of the features described above aimaginary part of the local energy levels,, is chosen from
weak broadening. a flatop distribution with a finite positive mean. The width of

w

t
I, o= eIl ». @
T

0163-1829/2000/69)/58504)/$15.00 PRB 61 5850 ©2000 The American Physical Society



PRB 61 BRIEF REPORTS 5851

8 T T 30
T T T =+ 100

6 46,201 <>
A L 0
o 25 =2 0.05
e ¢ 5 /,)"’/ o35
= T
z - g
Yy 2 =
NA E 20 I
$ ot =t
< >
o'
vV 2|
s 15
=
v 4|

Ae,=0.1
-6 . . 10 . . . . L
0 200 400 600 0 0.2 0.4 0.6 0.8 1
t <g,>

FIG. 1. The figure shows the change in log-conductance as a FIG. 2. Change of the fluctuations ofjJif as a function of the
function of system size for different values of the broadening averaverage broadening for the same parameters of Fig. 1. The variance
age, Ae,=0.1 and B=0. The linear dependence evidences exhibits only a monotone decay as a functior{ ef), in agreement
asymptotic exponential changes in the conductance implying comwith the behavior of path intersections in the replica argunieee
rection to the localization length. Arrows indicate sequence oftext). The inset shows the variance as a function of systemtsize
curves. The inset shows the data for a fixed $iz800. The con-
ductance is first enhanced and then reduced by level broadening.broadening. Further increase of level broadening results in a

continuously decreasing conductance while, concurrently,
the flatop,Ae,, is such thak, remains positive definite. The the conductance fluctuations decreasatil a saturation is
level average should also be smaller than the energy differeached at arounge,)=0.5. Phase memory is only lost in
ence to the Fermi level so that in summaky,/2<(e,) such saturation range. Before that, the system still responds
<W. We have se?W=1 in the numerics. For any particular to the magnetic field.
realization of randomness, all paths and their correlations are Figure 3 shows the phase diagram for the sign of the MC,
evolved using the transfer matrix algorittimn. in broadening parameter space. The first redi@gion |

We performed extensive transfer matrix computations forcorresponds to a positive MC. This region extends further
the two-dimensional NSS model using E¢B.and 2. Lattice  than the enhancement regionBat0 (see Fig. L In region
sizes of up tot=600 and 2000 realizations of randomnessll, the MC is negative. In both ranges the conductance
were typically used. The magnetic field only changes thehanges are exponentidig. 3 insef, implying a change in
phase of hopping electrons in the model. the localization lengtlg, i.e., first an increase then a decrease

At zero field, we find that a small amount of level broad-in £ We note that the broadening is already very strong
ening enhances conductanerponentially i.e., changes in

the slope of log|?2, which increase linearly with size Fig- 0.6

ure 1 shows the difference between the log-conductance &

finite and zero broadeningat Ae,=0.1 fixed. The dotted I MC- e

line represents the zero broadening reference. ( Af) ¢ s .
=0.05(full circles) the conductance is enhanced for all sys- 041 _« s o " v v v a7 v ]

tem sizes shown. As one sweeps throggh) =0.075-0.1 oy oy oy -

(full squares and up trianglgsthe conductance is still in- SN Mcf*, .
creased but less so, as compared to 0.05. Finally beyonV I P

(€,)=0.1 (full up triangles, the conductance decreases. 02} T <epe025 2
Note that there is a size dependence, i.e.{&)=0.15 we e 5
observe an enhanced conductancetford 00, while above, P S 0%
the conductance is reduced. The value of system tsfoe e

which the crossover occurs decrease$e$ increases. The 0 L= . . ‘Q’fg‘: -
inset of Fig. 1 shows a followup of the conductance sequence 0.2 04 Ae. ¢ o '2'00 = 52
for a fixed value oft. As explained by ELA, the increase in 2 t

the conductance is due to the fact that, at zero field and N0 £ 3 phase diagram showing the two MC regimes as a func-

broadening, randomly signed paths result in an interferencgyp, of level broadening in the physical parameter range. dote
minimum. Any small added phase due to broadening of th@jashedcurve, separating the phases, is drawn as a guide to the eye.
field, will result in increasing the transmission. Points aboveébelow) the curve denote negative M@ositive MO

The fluctuations, on the other hand, exhibit a monoton&onductance regions found numerically. The hatched region corre-
reduction in the same range described above, as depicted éonds toA €,/2>(e,). The inset shows evidence of exponential
Fig. 2. The inset in the figure shows thear(InJ) as a  corrections to the conductance forMC and —MC regimes
function of system size, for increasing values of the averagéurves above and below dotted line, respectively
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({(e2)~W=1 in simulation$ when one enters the negative 2324 F
MC region. This would imply level widths so large that one
would no longer be in the insulating state. Consequently, we
believe the limit of negative MC, predicted by mean field, is
never reached in experimental conditions. 2322
As expected, the response to the field gets weaker aq*
broadening is increased within region I. This is manifest both 2
in the log-conductance and its fluctuations. In region II, ¥

while the MC is negative, there is no change in the fluctua- 2320 | Ae=0.1
tions within the error bargand within physical parameter =1
rangd. The border of region | coincides with the random t=300

phase limit studied in Ref. 4. It is only in this limit that we

obtain the unitary symmetry in the presence of path correla- 2318 s .
tions. We note that, in the region where there is a negative 0 0.05 0.1 0.15 02 025
MC, the fluctuations, again, decrease sharply with broaden <€>

ing (after having saturated for Os5¢,<1). Nevertheless, the
fluctuations now increase with the field in correlation with contributions, according to replicas, giving the conductance en-

the log-conductance. hancement with broadening. As explained in the text, the figure has

We now present a replica argument accounting for the, singje adjustable parameter for the behaviop of Eq. (3). We
observed numerical results. The correspondence betwefye takenV=1 andt=300 as in Fig. 1.

discrete and continuum replica arguments has been devel-

oped in previous paper$and will only briefly be accounted  the dominant contribution. Nevertheless, charged paths can

here. occur for short lengths in between two neutral path intersec-
The quantityJ is a sum of all single paths between the tions. The multiplicity is then 4n5* )+ ((n7)+{7* 7*)).

initial and final impurities. As we have complex numbers onyhen broadening is zerény*Y=1 and (n7)={7* n*)

the bonds of the lattice model, we must consider the mo— 1 gg we have a factor of sisthree per crossingwhile if

ments((JJ*)")) corresponding to the characteristic function proadening is nonzero the charged terms decrease more rap-

exp(In|J). To distinguish between paths fralrandJ* we  idly than their neutral counterparts, and the effective attrac-

label them as forwardJ) or backward §*) propagating in  tion is reduced.

“time.” The moment((JJ*)) will represent all paths pairs, | order to obtain analytical expressions we go to the

one fromJ and one fromJ* going between the initial and continuum limit, where discrete paths are seen as world lines

final impurities. To analyze the averages over disorder, Wf hosons with contact interactiofidn the continuum, the
focus on the bonds, which carry independent randonpresence of broadening results in

variables’

FIG. 4. Interplay between local and glob@ath interaction

If a single path crosses a bond, the contribution from that (In|I(H)[2y=(n2+In{n7*)—p)t,
bond after averaging is given byn)=((y+ie,/W)/(1
+(e,/W)?)). Here y=+1 with equal probability according Ca(In|J(1)|?)=6pt. 3

to the NSS model. The brackefs), denote both average
over = disorder and broadening. This quantity is strictly lessCz(In[J(t)[?) denotes the third cummulant of the argument,
than one in absolute value. Crossing of different set$ of the leading measure of fluctuations to ordertoéindp is
bonds for each term i§JJ*) has the form{ )'(»*)! and  proportional to the attraction factor between paitismulti-
implies an exponential decay with the length of the systemplicity discussed abodg With the previous expressions in
On the other hand, ifiwo pathscross a particular bongbair- ~ mind, we can explain the features described previously; Eq.
ing), there are three possibilitiestn7)=(7*»*) and (3) implies a monotonous decay, with broadening param-
(n7*). The first of these averages involves either two for-eters, of the path interactiorir p in continuum theory
ward or backward paths propagating togett@pssing the This results in a monotonous decay of the fluctuations ac-
same bonjl These we labetharged pathdecause they are cording to C5(InjJ(®)[?). This is indeed what is observed in
field sensitive. On the other hand the second expression irthe transfer matrix studigee Fig. 2 up to(ey)=1.
volves one forward and one backward path propagating to- In order to simultaneously explain the initial increase and
gether. The latter we label agutral pathsand do not re- then decrease of the log-conductance, we must take into ac-
spond to the field. count the term I{wy7*) in Eqg. (3). Such a term gets reduced
Neutral paths make the largest contributiory ¢dJ*)"), continuously with broadening. Nevertheless, at small broad-
decaying much slower with lengtithan charged paths. Fur- ening the reduction of is strong winning over ly7*) and
thermore, for small level broadeninge,) << 1), both neu-  thus increasing Id%. At larger broadening the reduction pf
tral and charged paths decay much slower than single, urbegins to saturatésee Fig. 2 and the term Itw2*) domi-
paired, paths. As in the analysis of Ref. 4, averaging themates, reducing the conductance monotonically. Although the
encouragegaths pairing'° mapping between the discrete model and the continuum does
Averaging implies combinatorial interactions betweennot permit derivingp explicitly we have plotted Eq(3) for
path pairs. In the absence of broadening, there is a combiné|J(t)|?) with one free parameter, i.e., taking
torial attraction factor of three per intersection. As neutral=C(4{n7*)+({nn)+(n* »*))). UsingW=1 and fixing
paths decay much slower than charged paths they will givée,=0.1 we obtain Fig. 4. Although the agreement is not
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guantitative the interplay between intersections and the local With the tools of replica theory we are able to explain the
contribution explained above is borne out. The replica apabove features in terms of an interplay between reduction of
proach outlined here takes only the leading contribution asthe effective path interactions and the local bond average due
suming that neutral paths go together always except, onlyo broadening. The effective path interaction always de-
briefly, at intersections. creases and governs the fluctuations. The log-conductance
Regarding the field dependence, previous replicalepends both on the path interactions and local bond aver-
argument$ have shown that the field couples through twoages( »#%* ). Departing from Eq(3) one identifies a locaf,
consecutive path intersectioiiisubble diagram The inter-  and a globalinterferencg &, contribution to the localization
section now has the form (47*)+((nn)exp(d¢) lengtH
+(7" 17 )exp(=2i )) =K 5" )+ 2 nm)cos(2p), where ¢ is
the flux enclosed by the diagram. As the field increases, for 4 w
any fixed broadening, the attraction is reduced (fagets § =2 '”ﬁ, 4)
smaller as ¢ increases, increasing [}f and reducing 2nn* )V
Var(InJj?) [see Eq(3)]. 4
We have not been able to explain, through replicas, the &g =P )
change in the MC sign for large broadening. Although theppyiously, the phonon model used here is the simplest pos-
parameter range in which it occurs is unphysical, it implies &iple approach and does not consistently describe contact
change in the localization lengthccording to numerigsand  ith a thermal reservoir. Such a consistent model, preserving
should be related to the path crossings. unitarity, would involve absorption and re-injection of prob-
In conclusion, we have studied the effects of level broadypjjity amplitude as done by Entin-Wohimat al! in the
ening on the NSS model for quantum coherence in thontext of the Holstein model and D’Amato and Pasta¥fski

strongly localized regime. Our approach in contrast with thagor one-dimensional systems. Work in this direction is in
of ELA, includes path correlations and takes the level broadpggress.

ening model literally. We found that path correlations turn

amplitude effects, implied by mean field, into exponential This work was supported by CONICIT under Grant No.
effects, suggesting important corrections to the localizatior§1-97000368. E.M. thanks Anwar Hasmy for useful sugges-
length. Furthermore, we find that fluctuations always get retions and Eduardo Aponte for his assistance with the phase

duced by broadening in a nontrivial way. diagrams.
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