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Intra-Landau-level collective excitations in a bilayer disordered electronic system
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We investigate intra-Landau-level collective excitations in a bilayer disordered two-dimensional electron
system exposed to a perpendicular magnetic field. The energy spectrum is calculated within the random phase
approximation by taking into account the electron-impurity scattering in the self-consistent Born approxima-
tion which includes consistent vertex corrections. It is shown that the whole spectrum lies in the finite-wave-
vector domain and that there exist multiple wave-vector gaps in the weak Landau-level coupling regime. The
signatures of the obtained bilayer excitations in drag and collective excitation measurements are identified.
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In bilayer two-dimensional electron systeZDES), an intra-LL CE in the bilayer disordered 2DES in a perpendicu-
additional degree of freedom, associated with the layer intar magnetic field at finite temperatures when a higher LL is
dex, produces collective excitatiod€E), which have no partially filled. We treat e-e interaction within the random
counterpart in the individual 2DESNew interlayer electron  phase approximatiofRPA) and electron-impuritye-i) scat-
correlations arise which govern different ferromagnetic anqering in the self-consistent Born approximati¢®CBA),2°
antiferromagnetic phases of the quantum Hall staf®se  which includes the consistent vertex corrections to the re-
bilayer CE also play an essential role in the dynamicalsponse function of the individual 2DESWe obtain that the
screening of interlayer Coulomb interactions in the frictional,y|e spectrum of intra-LL CE is located in a finite-wave-
drag effect both in zefo® and finite magnetic field>-% vector interval, and, depending on the system parameters,

The basic source of physical information on the funda-here can exist, forbidden zones within this wave-vector

mental properties of a system is the spectrum of CE. In : ; ;
zero magnetic field, the spectrum of CE in the b”ayer"i:ﬂterval. (Ip is the Landau index of the outermost partially

disorder-free 2DES has been studied comprehensively bothIed LL.) The reason why there exist such wave-vector gaps
in theory'® and experiment The spectrum includes not only "> because the 2DES become unable to respond in the wave-
the optical wave with in-phase density fluctuations and th ector zones where the e-e interaction vanishes eff_e_cuvely.
usual square-root dispersion, but also an additional acoust-"€ intra-LL CE emerge above the PHC only at sufficiently
cal branch with out-of-phase fluctuations and a linear disperarde values of mobility, and, despite the fact that the filling
sion. In the finite magnetic fields, the dispersion of inter-factor is large in the regime of our interest, the LL broaden-
Landau-levelLL) CE with energies close to the multiples of ing and temperature are chosen to be much smaller than the
the cyclotron energy was obtained analytically at the zergyclotron energy so that the LL mixing is weak. We include
temperature limit2 Experimental measurements of the spec-this weak LL mixing effect in our calculation and establish
trum of inter-LL CE in bilayer 2DES were performed only that the spectrum exhibits the wave-vector gaps in the stud-
recently; the principal Bernstein magnetoplasmon modeéed regime.
were observed by means of inelastic light scattetihg. The bilayer dielectric tenso;j(q,w) (i,j=1,2 are the
Of central importance, however, is the spectrum of CE inlayer indice$ is given in terms of the irreducible electron
the extreme quantum limit when no kinetic energy changepolarization functionllj(q, ), which is obtained from the
occurs in the 2DES. These CE with energis, below the  solution of a matrix Dyson equation for the dynamically
cyclotron energyfiwg, are referred to as the intra-LL CE. In gcreened Coulomb interactiof(q, w). It has the following
the fractional quantum Hall effectFQHE) regime the | ,syal form:
intra-LL CE are the well known magnetorotons in
single-layet* and double-layép 2DES, with the dispersion
minima at wave vectorg~ 1/¢g,'® where{g is the magnetic - . . o
length. In disordered 2DES, a continuum of particle-hole ex-  V(@,@) =0(@)[1 -5(q)TI(q,0)] ™" = 6(9)e 7 q,0), (1)
citations takes place within a broadened LL. In the indi-
vidual, disordered 2DES the spectrum of intra-LL CE has
been studied by Antonioet all” for the lowest LL, and it where all quantities are 22 matrices, and> denotes the
has been found that the plasmonlike CE emerge above tHegare Coulomb interaction tensor. For simplicity we assume
particle-hole continuuntPHO). It has also been predicted by that the layers are infinitely thin and use;=v,=v
Merkt!8 that in the disordered 2DES, electron-electters  =2me?/ koq andvy,=v1,=eXp—gA)v, wherexy is the static
interaction overcomes Kohn’s theor&hand results in a low- dielectric constant, and\ is the interlayer spacing. We
lying, disorder-induced, cyclotron-resonance mode. Reneglect tunneling between the layers and adopt an approxi-
cently, the importance of intra-LL CE in the drag effect hasmation where the interlayer polarization functions are
been also discusséd. zero,I1,,=I1,,=0. Then, the components of the inverse di-
This paper reports theoretically on the spectrum ofelectric tensor are given asjyzz(q,w)=82,l(q,w)/sbi(q,w)
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and &35 ,(0, ®)=v15(q, )/ er(q,@). Here, &1, 0)=1  &5(q,w)=81(q, ®)ex(q, ©) ~viAd, 0)111(q, ©)[T5(q, ).
—v14ll3 240, w) andIly; ,{q,w) are the screening and po-  The RPA approximates the exact irreducibléq, w) by
larization functions in each layer. The bilayer screening funcits simple bubble diagram with respect to the e-e interaction,
tion ey(q,w) is the determinant of the dielectric tensor, which, for finite magnetic fields, gives

Gh(E-fiw)
[1-6¥)(tEE - hw)][1 - 8Y{(LEE-fiw)]

1 < * dE
H(q,w)=72 Qu/(t)f ;fT(E_EF)Im GIR(E)<

B )1'=0

G (E +haw) )
+
[1- 57”/ RGLEE+fhw)][1- 57ﬁ,R(t E.E+hw)]
2 2
Yt EE£ho) = Z'Qu(GHE)G (E £ fiw).

For brevity we suppress the layer indices here, Gﬁd‘(E) excitations. We believe, however, that these particle-hole
are the electron-retarded and electron-advanced Greers$ates play an important role, particularly in the realization of
functions, dressed bg-i interaction. In the SCBA they are the frictional magnetodrag effect, and we calculate the LFZ
diagonal and given bysR(E)=2(E-E+(E-E)?>-T5™,  and present them below in the spectrum together with the
with the imaginary part of the square root set to positiveintra-LL CE modes.
(negative for the advancedretarded function. In the short- In the bilayer 2DES, there appear a pair of zeros instead
range impurity model, the half widthy=+/(2/7)wg(?/7) of the LFZ and HFZ of the single layer 2DES, and
of the E;=(I1+1/2)%wg LL is independent of the Landau in- Ree(q,w) becomes negative only within small regions, re-
dex|. (7 is the transport relaxation time, determined fromstricted by the two zeros in each pair. Therefore, the bilayer
mobility w.) The bare vertex function®y(t) are given by intra-LL CE spectrum consists of two branches which corre-
the gauge- invariant part of the in-plane form faciQf, (t)  spond to the in-phase and out-of-phase intra-LL CE. Accord-
=(-p"" -t|_| '(t (t) wheret=(q¢g)%/2 andL' (t) is the  ingly, one can see from Fig. 1 that the bilayer structure fac-
associated Laguerre polynomial. The denomlnators in théor, instead of the single peak &q,w) of the individual
right-hand S|de of Eq(2) differ from one due to the vertex 2DES, shows a double-peak structure near the upper edge of
corrections 57”,, which are obtained consistently in the 80
short-range impurity model with the assumption that the LL 152 ”
are clearlij/ res(I[))IveE}I/1 The chemical potentiaEF(n B,T,n) I n=7x10"m" y=35T
in the Fermi distribution functiorfr is determined implicitly qi=033, T=01K > x4
by the electron density vian=—(27%¢3) = [dEf(E
-Ep)Im G,(E). Here we use the electron Green’s functions ¢ .
which correspond to the Gaussian density of states, T 40k
Im G,(E)=+2/Ty exd -2(E-E;)2/T'2], without unphysical
edges of the Landau baﬁ%IWe assume spin degeneracy, so
the capacity of each LL is doubled.

It is seen in Fig. 1 that Re(q, w) of the individual 2DES
becomes negative for intermediate valueswobf the order
of I'y [the inverse of Tesla, which equal€fV seg, is cho-
sen as the unit of mobility This requires two crossings of
the Res(q,w)=0 axis. The low-frequency zero&Fz) of 00
Res(q,w) always lie within the PHC where In(q, ») is
large. The high-frequency zer@dFZ) are close to or above

the upper edge of the PHC where &Y, w) is small or FIG. 1. The structure factasolid line), the real(dashed ling
exactly zero within the SCBA. The pronounced peaks of theynd the imaginarydotted ling parts of dielectric function of the
dynamical structure factoS(q,w)<-Im[1/e(q,w)], as @ pilayer 2DES with theA=30 nm spacing and fop=4. The thin
function of w, correspond to the HFZ, while no peaks corre-lines correspond to the individual 2DES, in which #ty, ») differs
spond to the LFZ. Therefore, the HFZ represent the intra-LLfrom that in the bilayer 2DES by a numerical factor and is not
CE of the system, while the LFZ cannot be interpreted ashown here.

e £(q,0)

n
o
T

S(g,@), Im e(q,a)

o

153308-2



BRIEF REPORTS PHYSICAL REVIEW F1, 153308(2009

5"""'

gy e —
# . . 1=35T", - --x=1000T"|]
ceeu=200T SRl SR g
4= 1000 T Jf s | n=T10%mE, 44, T= 04K

s e 4=50T", T=03K]|]
O | n=25x10"m?, /| =1

Energy e[l ]

Energy ho[T)

n=7x10"m? T=0.1K

0.0 0.8 1.6 2.4 I . e EEOEI |
qly yer T L L ]

0.6 08 1.0

FIG. 2. The dispersion relations of intra-LL CE referred to the ql
lo=4 half-filled LL in the individual 2DES for the three values of
mobility. The inset shows the spectra when the LL coupling is not £ 3. The dispersion relations of the intra-LL CE in the first

included. It is seen that the wave-vector gaps appear regardless gfiowed wave-vector zone for the bilayer 2DES. The thin lines rep-
the inclusion of the LL coupling in the studied regime. resent the spectra in the single-layer limit.

the PHC, while again it demonstrates monotonic behavior at o
low energies. and delta-function-like peaks occur 8{q, w). Towards the

In Fig. 2 we plot the spectra of intra-LL CE of individual edges of the aIIowed_zone the energy decreases. Within the
2DES at finite temperatures and for various values of elecPHC i <2I'o, near its upper edge, the peaks $fy, )
tron mobility. The inclusion of the consistent vertex correc-become broadened, and though the intra-LL CE modes are
tions allows us to reproduce the square-root-like dispetéion damped, there still are well defined excitations. Exactly at
of intra-LL CE at small momenta. However, no exaet-0  the edges of the allowed zone, the group velocity shows
limit exists in the spectrum. In thdisordered2DES the den- anomalous behavior and becomes infinite. At these points CE
sity of states remains finite in the centrum of the LL, and theMerge with the particle-hole states, which are described by
response function vanishes @% even if w is in the imme-  LFZ of Re&(q, w). Below this merging energy the damping
diate vicinity of wg. In the short-wavelength limit, again the iS SO strong that the zeros of Rég, w) cannot be interpreted
disordered2DES does not respond, since the response fun@s CE. In the higher zones the energy maximum is smaller
tion vanishes exponentially at wavelengths much shorte@nd the intra-LL CE emerge above the PHC only in the sec-
than¢g. For the lowest,=0 partially filled LL, there exists ond zone for the highest value of mobility.
only one allowed wave-vector zofky(t)=1], and our find- In Fig. 3 we plot the dispersion relations of the intra-LL
ings are in agreement with Ref. 17. When a higher LL isCE of the bilayer disordered 2DES with the interlayer sepa-
partially filled, the number of allowed wave-vector zones carfation A=30 nm. We restrict our consideration here to the
be multiple. As seen from Fig. 2, near half filling of the ~Symmetric bilayer 2DES with matched electron densities and
=4 LL and atT=0.1 K, there exist only one, two, and three Present calculations only for the first allowed wave-vector
allowed zones foru=35200, and 10007, respectively, zone. In this case;=¢,=¢, and the bilayer screening func-
with the wave-vector gaps located arougf;=0.8 and 1.87.  tion &y(d, ) is represented as

A comparison of the spectra obtained neglecting the )
inter-LL coupling(shown in the insetwith the full outcome &pi(d, @) = (1 - a)[e(d, ») = ein(A) J[e(d, ®) = oA,
indicates that the gaps appearing in the no-coupling case €]
remain the same qualitatively in the weak LL-coupling re-
gime. Also, notice that the formation of the wave-vector gapsvhere we have definedsi, o,{(Q)=1/(1£a™) with «a
is possible only in the disordered 2DES where the density of €xp—qA). Now the spectrum of the intra-LL CE in the
states is always finite. We find that the size of the gaps debilayer 2DES is determined implicitly by the conditions
creases when mobility increases and that, due to the diveRes[d, win ou(@]=&inould)-
gence of the density of states, the wave-vector gaps cannot As seen in Fig. 3, the spectrum of the bilayer intra-LL CE
survive in the disorder-free case, despite the zeros of this split into the in-phase and out-of-phase modes. The in-
effective e-e interaction. We expect also that the inclusion ophase CE mode, irrespective of the spacihgis less af-
the ladder diagrams from the Coulomb correlations will par-fected by the interlayer interaction, and lies above it and
tially smear the zeros of the effective interactions, and inbehaves similarly to the CE mode of individual 2DES. The
stead of the gaps, some structures may be developed in tloeit-of-phase CE branch lies below the single-layer mode and
spectrun?3 has a dipole oscillator strength. At small wave vectors the

In the first zone close tq=0 in Fig. 2, for all three values dispersion of in-phase modes is close to the square-root one,
of u, the intra-LL CE emerge above the PHC in the middlewhile the out-of-phase modes demonstrate a smoother dis-
of the zone where the energy shows a maximum. In thigersion and achieve the maximum energy at larger values of
region the spectrum describes CE modes without dampingy. The splitting energyE decreases itk which supports the
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tendency that, within the limit ofA —«, the dispersion light-scattering measurements should constitute asymmetric
curves of the in-phase and out-of-phase modes degeneradeublets.
and coincide with that of the single-layer intra-LL CE mode. We expect that the used approximations are adequate for
SE has a minimum near the upper edge of the PHC and closgie 2DES in which disorder dominates over the Coulomb
to the right edge of the allowed wave-vector zone. Towardgorrelations. This is safer in the first allowed zone where
the right edge of the zoneSE increases slightly, while the |, <1 and the RPA is an acceptable approximation even in
increase is strong towards the left edge. The CE modes witthe disorder-free cagé.in the disordered 2DES, the RPA is
q close to the edges of the zone and with energies yajid when no FQHE excitation gap is develogédhis is
<2I'g are responsible for the enhancement of the frictionakne case if the gap in the disorder-free cAgés smaller than
magnetodrag effect. The out-of-phase CE mode has relane typical disorder enerdy. According to Laughlin’s
tively strong damping and contributes largely to the dragagtimate® Ay~0.056E, for the smallest fractiorv=2% for
effect. However, in certain ranges of wave vectors close tQpich A, is maximal. Here, we consider the modergte mag-
the edges of the allowed zone, the in-phase modes developyic fields well below the FQHE threshéfcand obtain the
and exist solely and will contribute to the drag effect in theintra-LL CE referred to the higher LL. For=35 T~! the
absence of the out-of-phase modes. ratio E./Ty is less than 20, and, near half filling of tig

The corresponding bilayer structure factor for thed  _,4 LL, the system is well away from the regime where
LL is calculated in the plasmon-pole approximation and iISeQHE occurs. Thus, we expect that the regime considered
depicted in Fig. 1. Fog¢g=0.33 the splitting energy is ap- phere js favorable for the applicability of this theory and for

proximately equal to 0.7 For u=35T"*andB~3.22T  ha ghservation of these novel bilayer intra-LL CEs with at-
we havel'y,=4.84 K, and this gives)E more than 0.8 K.  {5ctive many-body and disorder effects.

This is a quite measurable quantity; however, notice that at

smaller wave vectorsjE is appreciably largetFig. 3). As We thank A. H. MacDonald, S. E. Ulloa, R. Gerhardts,
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