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We argue that broken-symmetry states with either spatially diagonal or spatially off-diagonal order are likely

in the quantum Hall regime, for clean multiple-quantum-wBIQW) systems with small layer separations. We

find that for MQW systems, unlike bilayers, charge order tends to be favored over spontaneous interlayer
coherence. We estimate the size of the interlayer-tunneling amplitude needed to stabilize superlattice Bloch
minibands by comparing the variational energies of interlayer-coherent superlattice miniband states with those
of states with charge order and states with no broken symmetries. We predict that when coherent miniband
ground states are stable, strong interlayer electronic correlations will strongly enhance the growth-direction
tunneling conductance and promote the possibility of Bloch oscillations.
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[. INTRODUCTION term in this interaction that is first order this independent
of g; i.e., it is a delta-function interaction that has no effect
The strong-correlation physics of bilayer electron system®n fully spin-polarized fermions because of the Pauli exclu-
in the quantum Hall regime has been of interest since shortlgion principle. The leading terms in the pseudospin magnetic
after the discovery of the quantum Hall effé&Of particu-  anisotropy enerdy in the bilayer case appears at second
lar interest is the occurrence of broken-symmetry states witlorder ind and, as it turns out, leads to SILC rather than
spontaneous interlayer phase coherdn@LC) that con- charge order.
tinue to be a source of surprises and puz2iésdn the quan- In this paper, we generalize the investigation of order in
tum Hall regime, Landau-level degeneracy leads to competguantum Hall systems at integer total filling factors to the
ing nascent broken symmetries; the SILC broken symmetrgase of multilayers, where the pseudospin analogy does not
is driven by the strong interlayer electronic correlations tha@PPly. We should then expect the energetic difference be-
it produces, and competes subtly with a spatially diagonaiween chargédiagonal and SILC(off diagona) order to be
broken-symmetry state in which electronic charge spontane3®ttied at first order ird. We find that, in contrast to the
ously occupies one of the two layeft the case of a bilayer bilayer case, Charge order is favored in multilayers for small
system with small interlayer separations and low densities;" States with interlayer phase coherence can, however, be

the SILC state can occur in principle even at zero magneti@tab'.IIzed by relat|_vely weak mterlayer_tunnellng, _and we
field 10-13 predict that they will have unusual physical properties.

The enerav of bilaver quantum Hall svstems can be ex- Our conclusions are based on a comparison of variational
nergy yer g o energies for states with charge order and states with SILC in
panded in powers of the layer separatidnthe parameter

h icall Is thei ies. Th ~' _multilayer quantum Hall systenté. The multilayer SILC
that most critically controls their properties. The competitiongi,ies “are characterized by spontaneous finite-width Bloch

between SILC and charge-ordered states is decided only Byinihands. We compare the energies of these miniband wave
terms of second and higher order dh The property that  ynctions to those of states with strong but independent cor-
SILC and charge-ordered states in bilayers have the samg|ations within each layer, including charge-ordered stag-
energies to first order inl is not an accident and can be gered states with unequal layer densities. Physically, this dif-
understood using the bilayer pseudospin langdayethis  ference between bilayers and multiple-quantum-well systems
description, electrons in the top or bottom layers are eigengccyrs because the Hartree energy per volume for states with
states of the component of the pseudospin, while electronsa given charge imbalance is far lower in the superlattice case,
with interlayer coherence have pseudospin projections in thas much as four times lower compared to bilayers. In some
x-y plane. Similarly, the charge-ordered and SILC-orderectases, however, relatively small interlayer tunneling ampli-
states correspond, respectively, to states with IsingX¥d tudes are sufficient to stabilize uniform density miniband
ferromagnetic order. The competition between these twatates. We propose that these states could be identified ex-
states depends on the sign of the pseudospin anisotroperimentally by a substantially-enhanced growth-direction
energy'3 The pseudospin-dependent part of the interaction irconductance that is due to their strong interlayer correlations,
bilayers is proportional to the difference between same-layeand argue that they might also support Bloch oscillations.
and different-layer electron-electron interactions, which for Multilayer quantum Hall systems have been fabricated
two-dimensions is proportional {d —exp(—qd)]/q in recip-  that exhibit the quantum Hall effect at integer filling factors
rocal space, wherg is the magnitude of the in-plane wave per layert®> and an interesting body of recent work has fo-
vector. The origin of the mysterious absence of a pseudospicused on the chiral surface states that occur in this
anisotropy energy at first order ohis now clear, since the instance'®!’ At fractional filling factors, most wor¥*° has

0163-1829/2002/68.1)/1153238)/$20.00 65 115323-1 ©2002 The American Physical Society



C. B. HANNA, J. C. IleZ-VIéLEZ, AND A. H. MACDONALD PHYSICAL REVIEW B 65 115323

concentrated on the physics at the special values of fillingHere the single-particle miniband states are
factor per layer for which Laughlin-Jastréfvstates with
strong intralayer correlations occur. Our interest here is in B 5 iqdj|
nearly disorder-free multilayer systems at strong magnetic 9. %)= N 121 €'}, X), @
fields with general fractional filling factors per layerbe- W
tween zero and one. Other recent work on multilayer quanwhere|j,X) is the state of a particle in the Landau-gauge
tum Hall systems at fractional filling factor per layer haslowest-Landau-level stafX) in the jth quantum well. Such
focused on the possible realization of the Josephson éffect,a miniband state has strong built-in interlayer correlations.
and on metal-insulator transiticifsand critical exponents for The variational wave function in Eq1) is obtained from the
localization in disordered systerfi5.The possibility of requirements that it have equal constant densities in each
charge order in superlattice quantum Hall systems has bedayer and a density matripjljz(X) that is translationally
proposed previousK},“*°but not confronted against compet- invariant (so that it depends only on the differendg— |
ing SILC states. Related physics can in principle occur inof |ayer indices:
other quasi-two-dimensional electron systems, for example,
layered organic conductofs. pjljz(X)=(\Ifo|c;rlxcj2x|\lf0):po(|jl—j2|). ©)

Our paper is organized as follows. In Sec. Il, we present_ . ) ) )
our SILC variational wave functions and compare their en-This form for the densny matrix self—conS|st'entIy solves the
ergies with those of states that have neither charge order nbfartree-FockHF) equations, and hendd’ o) is a local ex-
interlayer correlations. The SILC states, which have bettef€mum of the HF energy functional. _
interlayer correlations but less favorable intralayer correla- Ve focus here on the limi,,—, appropriate to a sys-
tions, have lower energy whethis small. In Sec. Ill, we €M with a large number of coupled quantum wells. In Eq.
consider charged-ordered multiple-quantum-well states(l), the productX goes over alN, states within the lowest
These states achieve the objective of reducing the likelihoo&andau level, but the produgtgoes over only a fraction of
of close approaches between electrons in nearby layers sirfff€ growth-direction Bloch miniband states in the interval
ply by reducing the average charge density in the neighbor= 7/d<<g=w/d. As we discuss in Sec. IV, the energy is
ing layer, rather than by improving interlayer correlations. Inminimized when the occupied wave vectors are contiguous,
that section, we demonstrate that charge-ordered states att, in the absence of interlayer tunneling, is invariant under
favored over SILC states. Section IV discusses the propertied Simultaneous translation of all occupied wave vectors. For
of the coherent Bloch miniband states, in the case wherBlw—, the ground-state density matrix for electrons sepa-
interlayer coherence is aided by tunneling between the eledated byj layers is
tron layers; although the coherence in this case is not spon-

N

taneous, it is strongly enhanced by interactions. We conclude po(j)= M (4)
in Sec. V. )
so that there are, in general, correlations between layers at all
Il. MINIBAND GROUND STATE separations.

. . The miniband wave function in Eq1l) generalizes to a
We consider a system with many coupled quantum wellg, ,jipje guantum well the notion of SILC studied previously

separated by a distanck and a Landau-level filling factor bilayer? and trilayef®-3! systems. This wave function
per layerv=Ne/(N,,N4) smaller than one. Heme, Ny, Ny \yill have a low energy at small interlayer separations be-
are the total number of electrons, the number of quantum,se it establishes correlations between electrons in differ-
wells containing two-dimensional electron layers, and thent |ayers: the pair distribution function for two electrons

number of flux quanta passing through each layer, respegpat arej layers apart and which have an in-plane separation
tively. (The Landau-level degeneracyNg,.) Unless the in- | g

terlayer separation is quite small {1, wherel is the mag-
netic length, independent strongly-correlated states will B
form in each two-dimensional layer. From theoretical and gi(r)=1-e

experimental studies of the fractional quantum Hall effect,

the energies of these staféayhose character changes rap- 1he decreased probability for finding pairs of electrons in
idly with », is relatively accurately known. In bilayer sys- nearby layers with small in-plane separations lowers the en-

tems, as interactions between the two-dimensional layers irRr@y when the layers are close together. .
crease in importance, the many-particle ground state The HF ground-state energy per particle of the miniband

develops SILC, which promotes interlayer correlations at thétate in Eq(1) may be obtained by summing over the inter-
cost of partially disrupting correlations within the layers. The@ctions with correlation holes distributed over all layers:
variational wave function we propose to accomplish this

sin(rjv)|?

v
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®)

. o] 2
compromise in a superlattice is the following single Slater e(v)= Eo(¥) =92t sin(7v) _r j d’r
determinant, Ne v 25 ) 2412
[wo) =TT 0 ® X101 e ®)
=llc : —9i(NlH—=.
0> 4.x g,X > gJ r2+(dj)2
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0 . - - . perimental finding&* when the finite thickneSof the elec-
NS~ dl=00 trons layers and quantum fluctuatidnsare taken into
W\ —— =05 account. In double-quantum-well systems, theoretical
W\ —— a1=09 predictions®33of SILC have been confirmed experimentally,
S02 AN NN ——-di=20 1  most directly in recent experiments that have discovered a
\ Y . clgtl);r:c Josephson-like peak in the interlayer tunneling conducténce.
A N S~ Thus, Fig. 1, taken at face value, is evidence for the possi-
=" o4l NN S | bility of a miniband SILC state at sufficiently small layer
E ~. S~ separation. However, as explained in Sec. |, the competition
Tt~ ~~ between SILC and charge order is a subtle one even in the
""""""" _\:\\ bilayer case, and there is good reason to expect that this
06 B competition plays out differently in a multiple-quantum-well
system. We, therefore, turn our attention in the following
section to variational wave functions with charge order.

-0.8 I 1 ! I

0 0.2 04 v 06 08 1 lll. STAGGERED STATES

We showed in the preceeding section that for sufficiently
small interlayer separations, the miniband state is always en-
filling factor per layerv, for t=0. The estimated ground-state en- ergetically favored over independent-layer states of equal

ergies per particle for states without correlations between the Iayerlé_n,Iform density. H.owever, we mUSt,aISO Cr?nS'der: the possi-
are shown as filled circle&No SILC” ). bility that at small interlayer separations, the exchange inter-

action could favor independent-layer states with unequal

where —t is the interlayer tunneling matrix element in the densities. Indeed, the possibility of staging transitions in
tight-binding approximation;-e is the electronic charge, and multilayer systems was discussed in Ref. 25, where HF cal-
€ is the dielectric constant of the host semiconductor. Noteulations predicted a series of staging transitions in which
that interlayer tunnelingt&0) lowers the energy of the occupied layers were separated by an increasing number of
miniband state, and that when this term is present, the inteempty layers as the particle density and interlayer separation
layer coherence ifi¥) is not spontaneously generated. In were decreased. In the bilayer case, the preditts@ging
Fig. 1, we plot the ground-state energy per particte, transition is not expected to occur, even at zero magnetic
=Ey/N,, versusv for the miniband quantum Hall state at  field;'°"*2instead, it is preempted by a transition to a bilayer
=0 for different layer separations, to estimate the energy peBILC state with equal layer densitig€ven in the case of
particle of a uniform-density superlattice ground state posthe bilayer quantum Hall state, the SILC state is barely fa-
sessing SILC. We also plot the estimated energy per particleored over the unbalanced state witk-1 in one layer and
for isolated-layer states without SILEFord<d,~0.9,the  »=0 in the other layer fod/l —0: the two states are degen-
superlattice state with SILC has a lower energy tharerate atd=0 and, as explained in the Sec. |, the SILC state
independent-layer states with identical layer densities. Thés lower in energy only at ordet?. The bilayer SILC state is
calculations used to produce Fig. 1 would seem to indicatenost stable at intermediate densities between Odcand
that v=1/2 is the most favorable filling factor per layer for  In the superlattice case, we show below that the ()
observing SILC. This is because the relatively high energyminiband SILC state loses energetically to staggered states at
per particle of thev=1/2 independent-layer state leads to asmall d. One important reason for this is that the Hartree
larger critical distancel, below which thet=0 miniband energy per volume of a staggered-density state is far lower in
state is stable. Conversely:=1/3 would appear to be among a superlattice than in a bilayer. This is understood qualita-
the least-favored filling factors for obtaining SILC, becausetively by considering the case of two-dimensional charge
the sizeable negative correlation energy per particle of thgheets of alternating areal charge density. For a super-
v=1/3 independent-layer Laughlin stategives a smaller lattice, the bulk-system requirement that the voltage drop due
value ofd,. to the electric fields be zero across two-layer spacings pro-

The comparison of the energies of variational wave func-duces an electric field of constant magnitude that alternates
tions depicted in Fig. 1 shows that the 0 (SILC) miniband  in sign across each layeE. = * g/2¢, from Gauss’s law.
state has a lower energy than identical uniform layers offThe same calculation for a classical bilayer capacitor gives
independent states wheh<d.~0.9. In the case of bal- an electric field that is twice as largé,= o/ €. The Hartree
anced bilayer systems with filling facter=1/2 per layer, the energy per unit volume is given byE?/2, so it costs four
energy of the Slater-determinant variational SILC state igimes less energy per volume to have a staggered state in a
lower than that of twor=1/2 states without interlayer cor- superlattice as compared to a bilayer.
relations ford/l <d./l~1.16. This result fod, for balanced To make the comparison more precise, we have computed
bilayers is in close agreement with other theoretical estithe energy of the SILC state analytically in the lirdit>0 by
mates: the time-dependent HF collective-mode stabilitysumming up the interactions of an electron with exchange-
criterior?® gives d. /I =1.18, and finite-size exact diagonal- hole contributions from remote layers. The two states com-
ization studieSgive d. /I =1.175. This is consistent with ex- pete by measuring the loss in exchange energy in the SILC

FIG. 1. Ground-state energies per partiedér) in units of
e?/4mrel, for an N,— miniband quantum Hall state, versus the
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state that is due to removing a part of the exchange hole t¢ -03 . . .
remote layers against the Hartree energy of the charge
ordered state discussed above. From(Bg.we find that for
the SILC state

d/l ( 2)5’2 d(1—w»)
e(v)—e(D)|1——|—| In(l/d)+—F— (7)
Ay \ 7 2|
for d—0, where g(1)=g(v=1)=—(1/2)\Jn/2e*/4mel. 5@

Because of thal In(I/d) term above, the SILC state always 6t/ ~ . 28?05)

has a higher energy in the limit—0 than a staggered state e 8(1’,2‘,1/2)

that alternates filled ¥=1) layers with completely empty 7 £(1,0)

layers, since the Hartree cost of such staggered states grov =~ -0.7 ——- g(3/5.2/5) ]
only linearly withd. However, the HF approximation under- | ™~ &R
estimates the miniband energy, and it may be that correlatior

effects (and finite-thickness effegtsmprove the energetics 08 . 05 ] 15 >
of the miniband states. Unfortunately, we cannot provide a dil

reliable estimate of the correlation-energy contribution to the ) o

miniband state, since the generalized random-phase approxi- FIG- 2. Ground-state energies per particlin units ofe?/4mel,
mation gives a logarithmically divergertand negative for an Nwaoo. miniband qugntum Hall state at=1/2 versus the
result® We are not able to make a definitive conclusion on!2Yer separationl/|. The estimated ground-state energies per par-
the possibility that fluctuation effects beyond the HF ap_tlcle e, for staggered states Wltho_ut correlations bgtween_the layers
proximation stabilize the miniband state for small or evena'® @lso shown. Interlayer tnneling of order0.0%*/4mel s re-
zero interlayer tunneling, or whether there are other superlaflljlred to stabilize the miniband state.

tice SILC states besides the miniband state that could be gor,—1/2, we consider an=1 independent-layer stag-
realized, leaving this as an issue that must ultimately be de(gjered state witho=(1/2)/(2k—1) for k=1,2,3%, corre-
cided experimentally. In Sec. IV, we discuss experimentakyonding to a superlattice state with a two-layer unit cell
signatures of the miniband state. N with filling factors (1,0, (2/3,1/3, (2/5,3/3, and (1/2,1/2,

Itis useful to compare the energy of the miniband state Qegpectively. The energy per particle for these states is plot-
those of more general staggered states. Consider a stagipg in Fig. 2, along with the energy per particle for the mini-
transition of ordem to a staggered state that consists of ré-panq state at=0 andt=0.05 (in units of e%/4mel).
peating units oin+1 layers, with one layer having filling Figure 2 shows the energy per particlevat 1/2 for mini-
factor v+né _ar_1d n depleted layers having fil!ing factor band stategdashed-dot curvésat t=0 (upped andt=0.05
v—4. The driving force for the staging transition is the (gep), for n=1 staggered independent-layer states consist-
intralayer exchange-correlation interaction, which favorsing of pairs of layers with alternating filling factord,0)
concentrating the electrons in a single plane. The main eNsloped solid ling (2/3,1/3 (dotted line, and (3/5,2/9
ergy cost of the staging transitions is the Hartree Chargi”%dashed ling and for then=0 independent-layer state with
energy due to having charge-imbalanced layers. We note that_ 1 » (horizontal solid ling. Note that fort=0, then=1

the surface charge density of the depleted layers is staggered statl,0) has the lowest energy faifl <1.3, after
ed/2mrl?, so that the Hartree contribution to the energy Peryhich then=0 independent-layer state with=1/2 has the

. 5.
particle for the staggered state$°is lowest energy. Thus, the miniband state requires finite inter-

nn+2) e &d layer tu_nneling to be stabilized: fdr=0.05, the miniband
ey(n)=—s— —— — —, (8)  energy is always lower than that of the staggeiB0) state,
12 4mel v | and is lower than that of the=0 independent-layer state for

which is always linear ird. At large separations, the Hartree d/I<2. Note that finite interlayer tunneling produces a con-
cost for the staging transitions is prohibitive, se=0. The  Stant downward shift of the miniband energy at fixedndt,

. R . H 2
exchange-correlation contribution to the total energy per parPut is expected to have a much smaller effeaft ordert=,

ticle for independent-layer states is from perturbation theopyon the independent-layer states.
For v=1/4, we consider an=3 independent-layer stag-
(v+nde(v+nd)+n(v—=3)e (v—190) gered state corresponding to a superlattice state with a four-
exc(N)= n+1)v , (9 layer unit cell with filling factors(1,0,0,0, and a two-layer

unit cell with filling factors(1/2,0. The energies per particle

where e,(v) is the energy per particle for a single-layer ¢ for these states are plotted in Fig. 3, along with the ener-
quantum Hall state at filling factor, which is indicated by gies per particles for the miniband states at=0 andt

the dots in Fig. 1. Note that,(») decreases with increasing =0.03(in units of e?/4rel).

v, which favors increasing the density of some layers at the Figure 3 shows the energy per particlevat 1/4 for mini-
expense of others. The total energy per particle of the stagrand statesdashed-dot curvesatt=0 (upped andt=0.03
gered system is;=ey+e,.. For the sake of definiteness, (lower), for ann=3 staggered independent-layer states con-
we consider two special cases below; 1/2 andv=1/4. sisting of four layers with alternating filling factof4,0,0,0
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0 ' ' ' in weakly disordered systems. The occurrence of the physics
we propose will require, in all likelihood, special efforts to
limit disorder due to modulation doping between the layers.
One possible strategy is to place the interlayer dopants in a
deep quantum well, creating carriers that can screen lateral
__________ disorder but which do not contribute to growth-direction
=] transporﬁ9 The following discussion assumes that conditions

—
.

=" S | of relatively modest disorder can be achieved.
L} To describe coherent transport, we separate the tunneling
—— e(t=0) amplitude between the layers into a nonrandom part that is
—-— &(t=0.03) diagonal in Landau-level state indicest, and a fluctuating
"""""" g(120) 1 part, Sty. x. In the absence of disorder and interactions, a
2‘3/3)00) constant tunneling amplitude would lead to a Bloch mini-
T band with dispersioro(q) = —2tcosgd). In a semiclassical
approximation, the effect of an electric fieflon the spon-
-0.8 : ' : S : o
0 0.5 1 1.5 2 taneous miniband state is to move it rigidly in the reduced-
d/l zonek-space at the raté = —e&/#. When st and the disor-
FIG. 3. Ground-state energies per particlin units ofe?/4rel, ~ der within the layers are ignored, the macroscopic current

for an N,,—c miniband quantum Hall state at=1/4, versus the density carried by the miniband state is given by
layer separatiord/|I. The estimated ground-state energies per par-
ticle g4 for staggered states without correlations between the layers . e v Jdeg
are also shown. Interlayer tunneling of order0.03%/4mel is re- =% 2m12d 9K’ (10
quired to stabilize the miniband state. .
where e is the energy per particle for the miniband state
(sloped solid ling for ann=1 staggered independent-layer when the center of the occupied region is locate# a k-
states consisting of pairs of layers with alternating filling space. It is easy to show that only the band energfg)
factors(1/2,0 (dotted ling, and for then=0 independent- contributes to th&-dependence dof,,. Hence
layer state withv=1/4 (horizontal solid ling. Note that for
t=0, then=3 staggered statd,0,0,0 has the lowest energy e v sin(wv)
for d/1<0.6, after which then=1 staggered stai{d/2,0 has J
a lower energy untild/I~1.6, after which then=0
independent-layer state with=1/4 has the lowest energy. At whereV=£d is the interlayer voltage difference, afdin
v=1/4, the miniband state requires finite interlayer tunnelingeq. (11) denotes time. These time-dependent oscillating cur-
of ordert~0.03 to be stabilized. When the miniband state isrents are just the Bloch oscillatidfisthat are expected to
stabilized by tunneling, the interlayer correlations of theoccur for noninteracting electrons in a low-disorder limit that
miniband state are expected to have a strong effect ohas never been approached in any degenerate electron sys-
growth-direction transport, as we discuss in the followingtem. Related effects have, however, been seen in multiple
section. quantum wells with optically-excited carrigts The role of
strong interactions and miniband formation in the quantum
IV. INTERLAYER TRANSPORT Hall regime is to allow this physics to appear in samples
where the transport at zero magnetic field is incoherent.
Individual-particle transport between correlated electron That interactions support the robustness of the disorder-
layers in independent-layer quantum Hall states is stronglfree quasiparticle bands can be seen in Fig. 4, where we plot
suppressetl because many-particle states containing thehe quasiparticle bands for the maximum-current state with

electron and hole created by a tunneling event have smak = r/2d, for t=0.0%?%/4mel andv=1/2. The HF eigenval-
overlaps with low-energy states. Miniband states can have ges are given by

large conductivity because of the possibility of collective
transport, much as the tunneling conductance in bilayer sys- 1
tems is increased by many orders of magnifudken inter- e(q)=—2tcogqd) — - > f(a-p)X(p), (12
layer coherence is established. wop

The nature of disorder in multiple-quantum-well systemswheref(q):<ngcqx> is the wave-vector occupation func-
is important for transport considerations, and indeed for thgion, andX(p) is the HF self-energy
formation of the miniband state. Unlike double-quantum-

:%zwlz p— 2tsin(eVT/A), (12

well systems that can be modulation doped from the sides, g2 (= ) sinh(xd/l)

inle- - X(p)= dxe X2 )
multiple-quantum-well systems must have layers of dopants 4mel o coshixd/l)—cod pd)
between the quantum wells. These layers will create disorder (13)

within the quantum wells and in the interlayer tunneling am-
plitude. In the bilayer case, it is expected theoretically, andEquation(12) shows that if there were no interlayer tunnel-
known experimentally, that interlayer correlations occur onlying, the quasiparticle bands would shift rigidly wikh For
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miniband states with strongly-enhanced band widths can be
stabilized by weak interlayer tunneling. For small interlayer
separations, independent-layer staggered states with diagonal
order are preferred because they have larger exchange ener-
gies and because the Hartree energy cost of inhomogeneity is
not large: the Hartree energy per volume for a staggered state
can be four times lower in a superlattice as compared to a
bilayer. The superlattice case differs in this regard from that
of a bilayer, which does exhibit SILC. At large layer separa-
tions, intralayer correlations become more important ener-
getically than interlayer correlations, and independent-layer
states of uniform density and constant filling factor are fa-
vored, just as for bilayers.
15 ‘ ‘ ‘ The quantum Hall miniband state, when forméslg.,
-1.0 -0.5 0.0 0.5 1.0 with the help of interlayer tunnelingis expected to have a
qd/n strongly enhanced growth-direction conductivity. This is be-
cause, in the miniband state as in the SILC bilayer state,
electrons in different layers are arranged so as to accommo-
date tunneling electrons from other layers. This greatly in-
creased growth-direction conductivity may be the most de-
itive experimental signature of the superlattice miniband
state. We emphasize that the tunneling conductance we de-
scribe is strongly enhanced by interlayer exchange and cor-
relations over the value expected by single-particle tunneling

. . - _ alone.
noninteracting electrons, shifting the occupied momenta by \va 4150 suggested that a quantum Hall miniband state

K=m/2d would open up an enormous phase space for scafy, | constitute a promising candidate for a Bloch oscilla-
tering (dashed arrows of Fig.)dbecause for every occupied 14 \yithout the need for optically excited carriers. The pe-
state, there would be an u_noccup_led state of opposite MG,y of Bloch oscillations isTg=2mh/(e&d) for an applied
mentum. Compared to the interaction-free case, very few of. qjactric field£4° whered is the distance between the

Ejhe occupied ,Srt]atﬁs in the n(.)ndequilib_rium' ﬁiﬂite;tt:té aré Jayers. For typical samples at room temperature, the scatter-
egenerate with the unoccupied quasiparticle st ar ing relaxation time is about 2@imes smaller than the Bloch

rows of Fig. 4. _Scattering is further reduced because_ theperiod Tg, which precludes the possibility of observing
available scattering states are all nkar where the density gy ggillations. Quantum Hall miniband states are ex-

of states IS greatly suppressed, even for the max'murBected to have greatly reduced scattering rates because of
current-carrying state. The systemrist a superconductor ;- many-body interlayer correlations
because the quasiparticles in the current-carrying state are We caution that our proposals must be regarded as uncer-

notin equilibrium; nevertheless, the phase space for currenbiy gince they are based on single-Slater-determinant varia-

relﬁ_ﬁau;;n k_)y dgsorderﬁcattenggl}s 'mmﬂse(ljy reduced. a'onal wave functions. For example, interlayer correlations
e basic physics that we believe will lead to suppressed, , he estaplished by quantum fluctuations not included in

current relaxation in miniband quantum Hall states is €Xyhis HE theory, without breaking any symmetries. Addition-
plained in the above paragraph. The linear conductivity in

h h directi b | d ¢ v foll ally, the fact that interlayer correlations establish a charge
the growth direction can be evaluated more formally, fo 0W'gap in bilayer systems, but not in multiple-quantum-well sys-
ing the lines of a recent calculation of bilayer interlayer

q 4 Wh lied latti h i tems, may make mean-field-theory considerations less reli-
conductance: en applied to superiattices, these consid-;p e i the present case. We therefore feel that the true nature

erations i.mp'y th"?lt the con'ductance Is approxim.ately that Obf the ground state can only be established experimentally
the auxiliary ~ single-particle system with interaction- g it this in mind, have argued that enhanced growth-
enhanced growth-direction quasiparticle velocities and supgjrection conductivity due to collective transport is a reliable

pressed guas_iparticle scgat.terin.g rates. This suggests that t @nature of spontaneous or interaction-enhanced interlayer
growth-direction conductivity will be enhanced by orders of coherence

magnitude upon entering the miniband state. Aside from a large miniband-enhanced growth-direction
conductivity and the possibility of producing Bloch oscilla-
V. CONCLUSION tions, there may also be other many—body effects that are
analogous to those proposed for bilayer SILC systéms.
We have investigated the stability of uniform-density These includes novel effects produced by in-plane magnetic
interlayer-coherent quantum Hall miniband states, comparingelds, enhanced Coulomb drag at zero temperature, and the
their energies to those of states without interlayer correlaexistence of charged topological excitations. The collective
tions, including staggered states with diagonal order. Oumodes of miniband states are very different in character from
calculations demonstrate that SILC does not occur in supethose of a superlattice system with independent-layer
lattices within the HF approximation, although coherentstates’*~2® The collective-mode spectrum of the miniband

£(q,) and £,(q,)

FIG. 4. Bare single-particle dispersien(q)=—2tcos@d) for
t=0.24e%/4mel (dashey, and the HF dispersion(q) for v=1/2
andt=0.0%?/4mel (solid). The dark portions of the curves, on the
right-hand side, indicate the occupied states, whose momenta
have shifted to the right bi{ = 7/2d to produce a current-carrying
state. The miniband states shift to the right withand have a much
smaller phase space for scattering.
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state could be explored by tunneling conductivity measureWhile this work is necessarily incomplete in exploring all of
ments made in a parallel magnetic fiéfdpr by resonant these possibilities, and unable to reach definitive conclusions
inelastic light scattering? concerning the possibilities that have been explored, it does
We also note that while finite tunneling is needed to sta-demonstrate that the interaction physics of multiple-
bilize the miniband state within the HF approximation, it is quantum-well systems at fractional filling factors per layer
still an open question whether SILC becomes favorablewill be even richer than that of single-layer systems, if sys-
when quantum fluctuations, which lower the miniband en-tems with sufficiently weak disorder can be fabricated.
ergy, are included. Finite thickness is also known to enhance
SILCI in 'bllayer system&.It is also likely that the umform-. ACKNOWLEDGMENTS
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