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Coulomb drag at the onset of Anderson insulators
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| study the Coulomb drag between two identical layers in the Anderson insulating state. The dependence of
the transresistancg; on the localization lengtl€ is considered, for both a Mott insulator and an Efros-
Shklovskii (ES) insulator. In the formerp, is monotonically increasing with; in the latter, the presence of a
Coulomb gap leads to an opposite respitis enhancedvith a decreasingé, with the same exponential factor
as the single layer resistivity. This distinction reflects the relatively pronounced role of excited density fluc-
tuations in the ES state, implied by the enhancement in the rate of hopping processes at low frequencies. The
magnitude of drag is estimated for typical experimental parameters in the different cases. It is concluded that
a measurement of drag can be used to distinguish between the interacting and noninteracting insulating state.
[S0163-18297)04243-4

I. INTRODUCTION AND PRINCIPAL RESULTS interesting probe that can diagnose subtle differences be-
tween distinct insulating states.

A rich variety of phenomena in disordered electronic sys- Coulomb dra§is a manifestation of the coupling between
tems is associated with the Anderson localizafidthe fun-  two spatially separated systems of charge carriers, due to
damental effect is a manifestation of quantum coherence: &oulomb interactions across a barrier separating them. In the
subtle destructive interference of multiple partial waves in aPresence of a transport current in one layer, density fluctua-
random medium leads to exponentially localized electrorfions in that layer exert a frictional force on the other, and
eigenstates. In three-dimensior8D) conductors, a metal- consequently induce a voltage in the lati@ran open circuit

insulator transitior(MIT) can be driven by tuning either the configuration—even when tunneling between the layers is

disorder potential or the carrier density across a threshol§UPPressed. The strength of this effect is characterized by the

value. The transition is identified as second order: it is assot_ransresstlwty,ptEEZ/J1, whereE, is the parallel electric

ciated with a divergence of a correlation lengthwhich in field induced in layer 2 in response to a current dengity

the insulating side has the physical significance ofalocaliza(-asujlbIIShed in layer 1. Experimentally, drag has been ob-

tion length. A true phase transition of this kind is genericallySerVEd in various semiconductor heterostructdréoreti-

absent in two dimensior(@D), at vanishing magnetic fields: cally, it has been a subject of much recent acti#ty’” in

instead, a 2D system exhibits a smooth crossover betweenplagrticmar’ it was suggested as a useful test of certain elec-

“weak insulator” (in which at finite temperature the con- tronic states in the layers, such as compressible states in QH
- . ) -Mpe . systems?*5 and superfluid electron-hole condensdfes.
ductivity o acquires a negative logarithmic correctipand a

“strong insulator” [characterized by an exponentially small As pointed out in Ref. 12, interlayer drag can probe the
9 Y @ P ys dynamics and response properties of electronic systems in a
o(T)]. The presence of a magnetic fiddd as well as spin-

: ) ) . domain that is inaccessible to transport measurements in a
orbit §catter|ng(Refs. 2 and .B (_jramat|ca!ly a_lter_ this single layer. As it stems from a frictional force, Coulomb
behavior—they suppress localization, and, in principle, CarEjrag is dominated by the interaction between relatively long-
recover the metallic state in 2D. Most prominently, in Strong;;y e density fluctuations in the two layers. Therefore, its low

mf‘gf‘e‘;ﬁ flelds,hsm'gula][ e>§[tr(]anded S,[tateSHF;&)_/Danﬁ'mffrta%mperature behavior is sensitive to the ability of the elec-
role in the mechanism for tné guantum etiect. tronic systems to create and maintain such fluctuations, re-

Recent experimental studies have posed new challenges o - -
the understanding of Anderson insulators. For example, "i%gsvdf?eng;; gggiti%(;n;%ﬁrsi?swzsef%ggg@%gq’(.i%

QH systems, the observation of a weak-to-strong IOC"’II'Z"’lt'o'gee this, note that to leading order in the screened interlayer

crossover near filling fra_lcthn ol 2'“'5 possnbly an 'r.'teregtmginteractionu, the transresistivity can be expressedf-4%
indication forB=0 localization of “composite fermions.

In contrast, a true MIT has been observedat0,” whose Bh? d?q )
origin is yet obscure. In all the above, electron-electron in- Pt= D@2 f (2w)2q
teractions and their interplay with the disordetay an im-
portant role, and complicates the theoretical analysis. = |U(g,®)]? Im x1(q,0)Im x»(q,o)
In view of the ongoing research activities described Xfo do A s Bhol2) )

above, it is highly desired to have an extended array of dif-
ferent probing techniques. In the present paper, | suggest thhere3=1/kgT, whereT is the temperature)™),n®) are the
Coulomb drag in a double layer system is potentially ancarrier densities in layers 1,2, and
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V(qg)e 9
[1+V(a)x1(d,@) [ 1+V(a) x2(d,0) ] - VA(a)e~ 2% (q,) x2(q, ) '

U(g,w)= (2

where V(q)=2me?/eq (e being the background dielectric II. MOTT INSULATORS

constanx, andd the interlayer distance. In Eql), the inte-

grgtion overw is effectively.cut(_)ff byT, while the cutoff on insulating barrier of thickness, in both of which the elec-

q is set by_ ld the former isstricter at lowT. ) tronic state is a noninteracting Mott insulator. The transresis-
In the vicinity of a MIT, the behavior of drag is expected i5ce is evaluated using Eq4) and (2), where y4(q, )

to be particularly interesting, due to the significant role_, (g4 ) is the density response function, which has been
played by density fluctuations. Variations in the conductivity derived diagramatically by Vollhardt and Wie.? To lead-

| consider two parallel 2D layers separated by a perfect

(of one layer or bothhave competing effects on tivail-  ing order inq and o, it is given by

ability of density fluctuations and on thestability. In the

conducting statée.g., in the diffusive regimé), the drag is dn Dg?

enhancedas the diffusion coefficient is reduced, since then X12)(9,0) ©)

T, Da2_Ti 2__ 2\7°
the decay rate of density fluctuations is slowed down. On the du Dg"~[iw+ 7(w”~wp)]

other hand, in the insulating state the creation of densityjereqn/dy is the density of statesis the elastic mean free
quctuaans is suppre.ssed at lopandw, ano!th@ canleadto time, andD=v§7—/2 (ve being the Fermi velocityis the
a reduction of p; with a reduced localization length— gitfusion coefficient in the conducting state. The localization
provided that the simultaneous variations in the screeningffect is represented by the frequensy: as pointed out in

: : 19 : : ; . : - ;
properties are not dominafit.” Thus, in contrast with the = Ref. 23, Eq.(3) is consistent with a simple hydrodynamical
single-layer resistivity,p; is potentially a nonmonotonous model, in which localization is manifested as an effective
function of the parameter which drives the transition; a simi-restoring force acting on density fluctuations, with a charac-
lar behavior is expected also near a smogtbncritica) teristic oscillator frequency»y. The localization length is
crossover between a weak and strong insulator. At the trardirectly related tow, throughé=uvg/V2wy.

sition, density fluctuations and their dynamics become criti- | next assume that, the effective upper cutoff ow in
cal, and one expects a pronounced peak in the @iaglarly  Eq. (1), is sufficiently low thatw< wo,wSr. The real and
to the behavior predicted in Ref. 12 for QH transitipns imaginary parts ofy(q,w) (hereon, the layers indices are

In this paper | study the Coulomb drag in Anderson insu-dropped are then given, respectively, by
lators, in order to verify under what circumstances the above
described qualitative picture holds. | calculaten a double- dn  ¢@?
layer system, where the electronic states in the layers are Rex(q,0)~ 7— 55—, 4

WHIETS S du q°+¢
assumed for simplicity to be identical and uncorrelated. Two
possible insulating states are considered: a Mott insufitor,
where the in-layer long-range Coulomb interactions are sup-
pressed, and an Efros-ShklovskiS) staté! where the in-
teractions are significant. In both cases, the dominant trans-
port mechanism is assumed to be variable range hoffpingSubstitution in Eqs(1) and(2) yields the final expression for
among localized sites, ang is evaluated as a function of the pt- The result depends crucially on whetheis smaller or
localization lengthé. greater than the layers separatihnand exhibits a crossover

The resulting transresistance indicates a dramatic differbetween the two limiting cases considered below.
ence between the Mott and ES insulators. While the former Deep in the insulating staté<d, one can neglect thg?
exhibits a suppression @f with a decreasing, as implied  term in the denominators of Eqgl) and(5) (in the effective
by the naive argument pointed out earlier, in the latter thdange of wave vectorgj<1/d and hence<1/§). The inter-
dominant contribution tg, is enhancedwith the same ex- layer interaction can be then approximated by its unscreened
ponential factor as the single layer resistivity. As will be form, U(g,»)~V(g)e™ 9% The integrations in Eq(1) are
shown below, this follows from the relative enhancement ofstraightforward and result in
hopping processes ai—0, due to the presence of a Cou-
lomb gap in the ES state. Drag measurement is therefore a 5 h [kgT)\2 o € 8
suggestive experimental means of distinguishing the two Pt~ 35 &2 m) (qred) (a) ' ©®)
types of insulating states. In contrast, the single-layer resis-
tivity exhibits a qualitatively similar dependence §andT: where n=nM=n®@, and gq=2me?(dn/du)/e is the
p(T)~eTo/D* where in the 2D Mott insulatow=1/3 and  Thomas-Fermi screening wave vector.

To~£& 2, and in the ES state=1/2 andTy~ ¢ 2. When the localization length is increaséslg., by con-

In the following sections | detail the calculation pf: in trolling a parameter that drives the insulator into a transition
Sec. IlI, for the Mott insulator, and in Sec. lll for the ES to the metallic stafge eventually the distance is exceeded.
insulator. The conclusions and experimental implications arén the limit £>d, the screening of)(q,w) becomes signifi-
summarized in Sec. IV. cant as long ag> 1/£2q+ [see Eqs(2) and (4)]. The inte-

dn  Dd%w
Im X(%@*@W- 5
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gration overg in (1) is therefore divided into two regions: for andL, is set by the hopping distance
0<q<1/¢%g+r, U(q,w) is approximated by the unscreened

form, while for q> 1/£%qre, To| Y2 7
> L/g%dre L¢:§<?O) , ( O:%) (10
me’q[ 1+ 1/(¢q)%)? °
U(g,w)~ quF sinh(qd) (@) Hence, coherent frequency-driven hopping occurs wat
>w., Where
The dominant contribution tp, in this regime is
= woe Lo /E= e oM™ 11
1 h kBT)ZIanFg) © oo o ()
Pt 287 €2 | #Dn (qTFd)z' To proceed with the calculation gf; using Eq.(1), |

relate Imx(q,w) to the a.c. conductivity through
Note that in both Eqg6) and(8) p; is an increasing function X(G) y 9

of & (typically grg~1/d, henceqgé>1). However, foré 9

>d the dependence ofiis weaker: there is a considerable Im x(g,0)= —=0(q,). (12

contribution to the frictional drag from density fluctuations we

on length scales W'th'r.f' In addition, n this regime the o(d,w) at a finiteq was calculated for a 2D ES insulator by

enhancement of screening competes with the enhancement,gefemer and Shklovski?® who obtained

conductivity. '
Finally, when ¢ is further increased, eventually the ap-

proximations made in the beginning of this section break

down. Foré—oo, the form of x(q,w) coincides with that of

the diffusive state considered in Ref. 11: in the Iow

limit (kgT<#A/7), Zheng and MacDonald findp;,

~T2 In(kgT#/4)/D% When a control parameter is varied so

o(q,0)~Cietw for q<r)?t,

C
o(q,w)~ (qzj—g)a; for r l<q<él,

that¢ gradually increases frof<d to §— o, p; interpolates Cieéw .
between the expressiof), (8) and the diffusive behavior. o(q,w)~ aro 2?7 for ¢ °<q; (13
Ill. EFROS-SHKLOVSKII INSULATORS hereC; (j=1,2,3) are numerical constants of order unity,

) ) o and » is nonvanishing in case the localized single-electron
The effect of Coulomb interactions within the layers on giates have multifractal structure. Note that Ref. 26 considers
the dissipative processes associated with the hopping mechgi |imit hw>kgT, while in the present case the relevant
nism is quite subtlé! The dominant processes, at small but range of frequen'cieiwhich dominates Eq(1)] is #w
finite w, g, and T, are transitions of electrons between two <kgT: however, following Refs. 25 and 27, if can be shown
localized sites that are close in enefgy’typically, differ- ¢ the result differs only by the values of thigs. Inserting

ent pairs of such sites are sparsely distributed. In the Préq. (13 into (12) vields approximate expressions for
ence of Coulomb interactions, on one hand the transitions ang, x(q.) in three different regimes af. | then evaluate,

enhanced due to the greater probability to findimgly oc-  cimijarly to the previous section, distinguishing the limit
cupied pair; on the other hand, a Coulomb gap is |ntroducegases§<d and é>d.

in the single-electron density of states near the Fermi level. | o cas&<d, the highq regime @> ¢ 1) is exponen-

The a.c. conductivityo(q,w), assisted by resonant transi- tiallv suppressed. and theintearation in Ea(1) vields (for
tions, is more strongly affected by the former, and is there- y SUpp ’ fpinteg alby (

. . .~ ~carrier densityn in the two layer

fore enhanced compared to the noninteracting case. This has n yers

grumal_consequences on the drag between layers at the ES C%th £\2 [og do

insulating state. ~2 2 - 14
L . . . . Pt 2.2 ; 7 - (14

Similarly to the previous section, the transresistance is 8n%e” \d/ Jo, sintf(Bhwl2)r,

evaluated employing Eg$l) and (2) with the appropriate - —2d/¢

form of x(q,w), assumed to be identical in the two layers. In The upper limitoq= wqe corresponds ta,=2d; the

this case the effect of(q,w) on the interlayer interaction integration over the frequency range>wqy gives a sub-

hence the prominent contribution tg arises from the lower
rated by a distance, larger than the dephasing lengdth, . In the opposite regime, where the localization length

can be neglected, arid is approximated by the unscreened dominant contribution that is neglected here. The final ex-
cutoff. This cutoff is introduced at finitd by dephasing, ~i§£ 1 (T 3 ox To
To T
The pair arn, diverge$® with the frequency as greatly exceedd, one should account for the contribution of
short length-scale density fluctuations withé&lq<1/d.

form, U(q,w)~V(q)e 9. As will become evident below, Pression forp, is dominated by the lower cutoffor suffi-
the w integration in Eq.(1) has an infrared divergence, and ciently low T, L ,>d):
1/2
associated with phonon-mediated relaxational processes, P 47 €2 (ndg)? } (15)
which suppresses resonant transitions between sites sepa-
_ _ ¢ The integration ovelq is facilitated by the approximation
fo=¢In(wo/®), o= eéh’ © r,>d (note that in the relevant range of r ,> ¢), and gives
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Bﬁ2§2 o4 dow kBT 2 ) 5)8
Pt~ 2n2e2 J:uc Slnhz(Bhw/Z) pt“(m) (qTFd) (a (§<d), (19)
(Cil6=C5) [C5+C52(1—m)] keT\2 1
X{ ' + 12 : (16) Pt“(ﬁDn) W'”(QTF@ (é>d). (20

Similarly to the shorté limit, the lower cutoff dominates. (b) In the ES insulator, the resulting(¢,T) is

The final expression fop, for £&>d is

1 T 3 TO 1/2
[C3+C32(1—-nm]h 1 [T)\3 To| 2 pt“W(T—O> exp[(ﬂ } (§<d), (21
Pt~ - 2\ T, eXp T .
(17)
1 T 3 TO 1/2
This result essentially differs from E15) only by the al- Pt n2§4(T_0) exp[ ?) ] (£>d), (22)

gebraic dependence @nr—short length-scale fluctuations are

effectively cut off by¢ rather thard (the latter sets a higher wherekgTo=e?/e£. Note thatp, diverges at lowT and ¢

&with the same exponential factor as the in-layer resistance
The algebraic prefacor typically supprespesvith respect to
p by 3 to 4 orders of magnitude. This ensures that although
IV. DISCUSSION AND SUMMARY the drag is a huge effec.t in this case, the two-layer resistivity
tensor is still almost diagonal, and the weak-coupling as-
As shown in the calculations detailed above, Coulombsumption underlying Eq(1) is justified.
drag between layers in the Anderson insulator state can serve Experimentally, a crossover from an ES to a Mott insula-
as a clear signature of the presence or absence of a Coulortdr can be in principle controlled by a metallic back gate,
gap in the layers. Most importantly, the transresistance in ahich effectively attenuates the range of interactions in the
double layer of Mott insulators isuppresseavith a decreas- layer. The above predictions imply that at the ES state, the
ing temperature and localization length; in contrast, the pressnset of an insulating behavior should be accompanied by a
ence of a Coulomb gap in ES insulating layers leads to &harp increase gf; towards the insulating regime; when the
divergenceof p; at low T and¢. insulating state is well approximated by the Mott behavior,
The physical origin of this distinction is the relative en- p, should be peaked near the transition to the insulator, and
hancement of resonant hopping processes in the presencedifongly attenuated wheé is reduced belowd. A similar
a Coulomb gap, which ensures a greater probability that gualitative behavior is also expected in the case where some
“destination site” is empty. In the single-layer a.c. conduc- of the simplifying assumptions of this paper are violated—
tivity o(q,w), this difference is indicated by the power-law for example, when the layers are not identical, and in par-
dependence o (w versusw?), though in both cases ticular if only one of them undergoes a transition to the in-
vanishes atv— 0. However, the low frequency limit of the sulator. However, note that in the case where one of the
dynamical structure factor, layers is a good conductor, it may serve as a back gate which
suppresses Coulomb interactions in the other.
A In order to observe an appreciable drag at [bvin the
s(q,w)=m Im x(q,), (18 Mott state, the desired experimental setup should involve
—e low mobility, low density samples. For'~1 um, n
~10°cm™2, d=200 A, band mass om~0.07m,, =13
is crucially distinct: sinceS~o/w?, in the Mott insulator  (typical to GaA$ andT=1 K, | get p, in the order of a few
S(g,w—0) is finite, while in the ES state it diverges awl/ tens ofm( in the regimet>d. When the localization length
As expressed by Ed1), the frictional drag directly probes is reduced to 20 A p, is attenuated by a factor of 18.
the dynamics of density fluctuations through the convolutionAssuming the same parameters in the ES state, | estimate
of S(q,w) in the two layers. Therefore, in the ES insulgper  p,~575Q for é&~1000 A; até~100 A, the transresistance
depends on théower frequency cutoff, associated with the rises top;~100k{}.
dephasing length, hence diverges at lbwndé. In the Mott Finally, the experimental testing of the effects predicted
insulator this anomaly does not exist, giydlecreases wit§j  in this paper involves a number of difficulties. Primarily,
due to the suppression of excited density fluctuations—ironce the in-layer resistance is comparable to that of the bar-
agreement with the naive intuitive argument. rier separating the two layers, tunneling across the barrier is
In both types of insulatorsy(£) depends on whethéris  no longer negligible; its contribution should be carefully
smaller or larger than the layers separatthnThe predic- eliminated. In addition, to obtain a sizable signal, the voltage
tions of this paper can be summarized as follows. imposed on the drive layer in an insulating state may be large
(@) In the Mott insulatorp,~ T2 similarly to the free elec- enough to produce nonlinear response effects. The role of
tron gas case. The localization is manifested as a strong dé@terlayer coupling mediated by phonotsee, e.g., Gramila
pendence or¢ for é<d, while for £&>d the subtle role etal. in Ref. 9 and Ref. 14 and possible thermoelectric
played by screening effects yields a weaker dependence: effects(Solomonet al. in Ref. 9, Laikhtmanet al. in Ref.

interlayer separation in this case.
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