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Magnetic breakdown and Landau-level spectra of a tunable double-quantum-well Fermi surface
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By measuring longitudinal resistance, we map the Landau-level spectra of double quantum wells as a
function of both parallel B;) and perpendicularg;) magnetic fields. In this continuously tunable highly
nonparabolic system, both the cyclotron mass and Fermi energy of the two Fermi surface orbits change in
opposite directions witl, . The two corresponding ladders of Landau levels formed at fBjtehus exhibit
multiple crossings. A third set of Landau levels, independerB of arises from magnetic breakdown of the
Fermi surface. Semiclassical calculations show good agreement with th¢ St83-18207)51520-7

Interest in double quantum wellDQW's) has been account theB, dependence of both the mass and Fermi en-
growing for several years, owing to the additional degree ofrgy of each orbit, shows good agreement with the data.
electronic freedom available in this system. Phenomena in- We investigated two modulation-doped
vestigated include interlayer tunneling as a function of in-GaAs/A| ;Ga, ;As DQW'’s, each consisting of two QW’s of
plane @,) and perpendicularg,) magnetic fieldd:? resis- equal widthw separated by a barrier of thicknessAlong
tance resonancésCoulomb drad, and a Coulomb-driven With w andt, Table | lists theB,=0 values for the electron
correlated bilayer stat&.” More recently it was shown that at densities in the two lowest subbands, (andny), the total
high B,, closely coupled DQW's exhibit an anticrossing in mobllgy, and the symmetric-antisymmetric energy gap
the dispersion curve, leading to additional singularities in theé*sas:~ [Asaswas determined @, =0 from Shubnikov—de
density of state& ! In these experiments, shifts the two  12as(SdH) oscillations as a function of top gate bipShe

, H H 2 * i
QW Fermi circles relative to one anotherkrspace, thereby QW's ar:e slomewhhaz;];mbaéagce% S:;“fm—(_nZ) ”.ﬁ /Inl] II<S'
providing a controlled distortion of the two noncircular or- somewhat larger thalsas.” Standard four-terminal lock-in

bits of the coupled DQW Fermi surfa¢gS). B, then super- measurements were performed. To achieve variation of both
it

imposes Landau-levelLL) structure on this distorted FS. B, andB,, r.oughly 900 SWeeps of total mggneuc fied

: . are done with the sample oriented at different angles
Because the two separate FS orbits have %r??tly distort NhereB,=0 at 9=0°) set by arin situ rotating stage. Dur-
cyclotron masses which depend strongly &n ™ the I.‘L . ing a sweep,T=0.3 K and # are held constant; between
spectrum is expected to be unusually complex. The S'tuat'ogweepsa is changedn situ at a rate sufficiently slow that
is further complicated by magnetic breakdo¥rf?in which

- : T remains below 1 KB, andB, are determined using two
an electron tunnels ik space from one FS orbit to the other. identically calibrated Hall probes: one measuBss while

: : 16 _ _
However, while Boebingeret al.=> have observed Fermi he gther is mounted on the rotating stage so as to measure
circle distortions in DQW’s, and Hu and MacDoné&idhave B, only.

performed a quantum-mechanical calculation for this system The main effect ofB, is a linear shift ink spaceAk
which takes into account magnetic breakdown of the FS, to
date no one has addressed the issue of LL formation at val-

ues ofB, large enough to produce the density of states sin- (@) [er{s pednut lens  peanut
gularities associated with the energy level anticrossing. [T WU W AN S

In this work, we experimentally map the LL spectrum of i AV fe
two closely coupled GaAs/AGa _,As DQW structures in f’ --------- @

tilted fields, by measuring the longitudinal resistaig as

a function of bottB, andB, . We observe three separate sets
of LLs, corresponding to three different types of FS orbits.
(See Fig. 1 The first set arises from the inner, lens-shaped
orbit, which has low mass and becomess populatedvith
increasingB. By contrast, the second set arises from the
outer, peanut-shaped orbit, which has high mass and be-
comesmore populatedwith B,. As a result, sweepin®,
induces multiple crossings of the LLs at the chemical poten- n
tial w. A third set of LLs, insensitive td,, arises from Q
magnetic breakdown of the FS, whereby electrons tunnel in \/ \/ Q

k space between the peanut and lens orbits so as to form high B regime

circula.r orbit_s CorreSponding to separate, UnCOUp"’«‘.d QW'S- FIG. 1. Sketch of the dispersiofteft) and Fermi surface fop=~6.8
A semiclassical calculation of the LL spectrum, taking intomeV (right) for sampleA atB,=(a) 5.0 T, (b) 7.0 T, and(c) 9.0 T.

low By regime

intermediate By, regime
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TABLE |. Sample parameters. H ( b '[ }
arb. units) TN
n(10* cm™?) XX 0 1
wit Hotal Asas
Sample R) n, n, (10° cmPIVs) (meV) (a) [
A 150/15 1.0 1.9 310 2.3
B 139/28 1.9 2.4 740 15
=edB/f of one QW dispersion curve with respect to that of = N
the other, whera is the distance between the two electron = 4
layers. When the QW'’s are strongly coupled, the two QW @ ey
dispersion curves anticross and a partial energy Bap : I."J',,!'tf'b‘l!
~Agasappeard?® Figure 1 shows a sketch of the dispersion ™ -.:’,','#""-.t';" .
curve and FS for sample A in each of three distiBgtre- 1 I f - d
gimes. At lowB, [Fig. 1(a)] the energy gap is below and ] Il I i i'] -

an outer peanut-shaped orhitk, increases wittB, , causing
the gap to move upwards in energy and simultaneously th
Fermi energy of the lens orbif, to decrease. By contrast, g
the peanut Fermi enerdy, remains unchanged. At interme-
diateB, [Fig. 1(b)] « resides in the gap, and the FS contains
only the peanut orbit. Finally, at higB, [Fig. 1(c)] the bot- camni)
tom of the energy gap moves aboueand the FS now con-  my
sists of two uncoupled circular orbits.
In Fig. 2@ we plot Ryx versus B, at a constant
B,=4.5 T for sampleA. At low B, , slow SdH oscillations
from the lens orbit are apparent, with maxima occurring
whenever a LL from the lens crossgsAs B, is increased,
additional rapid SdH oscillations from the peanut orbit also
appear. At even higheB, , the structure becomes more
complex, making the origin of individual peaks Ry dif- (C)
ficult to ascertain. In Fig. ®) we plot Ryyx versusB, at a
constantB, =0.35 T, also for samplé\. The large oscilla-
tions are due to the successive depopulation of lens LLs b
an increasingd; . Also evident are smaller, short period 0s- .~
cillations, which by contrast, are due to the succespivau- —_
lation of LLs in the peanut orbit by, . |I'|:
A more complete understanding can be gained from Fig
3, which shows contour plots oRxx(B;,B,) for both
samples[Also shown, as thin black lines in(& and 3b),
are the results of a semiclassical calculation to be discusse
below,] For sampleA [Fig. 3@)], the data span all thre®,

the FS has two components, an inner lens-shaped orbit, at (b) 0
8 -

0.3 0.4 0.5 0.6

By=45T EJ_ (T]

FIG. 3. (Color) MeasureRyx(B, ,B,) for (a) sampleA, and(b) sample
B. Overlaid thin black lines are semiclassically calculaBgdB, values at
which the lens and peanut LL&olid), and larger(dashed and smaller
(dash-dottedQW Fermi circle LLs cross the chemical potentialln (b) the
N=0 and 1 lens an®l=4,5, and 6 peanut LLs are labeled. TBeregimes
; are indicated(c) Expanded view of the data for sampe with the Ryx
0.0 0.5 B, (T) 1.0 1.5 range of the color scale halved to enhance the contrast. The black line
19 L indicates a single peanut LL.

lens peanut

regimes: highB, (>7.5 T), intermediateB, (6.0 T<B;<7.5
T), and lowB, (<6.0 T). For sampleB [Fig. 3(b)], only the
low B, (<9.0 T) and part of the intermediat8, (>9.0 T)
04 0 2 4 6 8 regimes are present, because the electron densifiemnd
By (T) n, are higher. We first discuss the hid} regime. Here
FIG. 2. For samplé\, measureda) Ryx(B, ) for fixed B,=4.5 T, and  OSCillations versu®, are nearly independent &, result-
(b) Ryx(B,) for fixed B, =0.35 T. Inset shows the experimental geometry. iINg in a set of vertical high resistance ridges. This is as
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expected since the energy gap is abpyé¢he FS consists of ;

two well-separated circle orbifsee Fig. 1c)] whose sizes Fourier Power m

0

do not change witlB, . (arb. units) 1

The low B, regime exhibits a more compleRyx which
depends strongly oB,. High resistance ridges can clearly a) 8.0
be seen running from the upper left towards the lower right
and are due to LLs from the lens orbit coinciding with
This clear depopulation of lens LLs witB, is due to two 6.0
effects. First, aB, is increasedk , decreases, roughly as the
square ofB,.% Second, there is a concurrent increase in the
lens LL energy spacinfjo,=eB, /m’ , due to the decrease
in m* arising from the distorted dispersioh’* Also appar-
ent in Fig. 3, most clearly for sampk, is a second weaker 2.0 %%
set of high resistance ridges running from the lower left to-
wards the upper right. To aid identification of these ridges 0.5
Fig. 3(c) shows an expanded view of a region of (b) 8.0
Ryx(B;,B,) for sampleA. These ridges are due to the pea-
nut orbit, which is so large that relatively few electrons can
complete it without scattering, accounting for the weakness . 6.0
(As discussed below, the sharp peak&irk occur when the E.

m

By (T)

peanut LLs intersect the lens LL.$n contrast to the lens, the

filling factor of the peanut LLsncreaseswith B,. While 4.0

E, remains nearly constant witB,, the peanut cyclotron

massmy increases’ leading to a decrease in the peanut LL 2.0«
energy separatiork w,=eB; /m;. Finally, a third set of

Ryxx ridges, running vertically, is also apparent. While these 0.5

vertical ridges are relatively weak at loB/, , their strength

increases rapidly witl, so that they dominatByy at high (

B, . This third set is due to magnetic breakdown, in which

electrons tunnel between the lens and peanut orbits so as 6.0

form circular orbits corresponding to the individual QW'’s.

The magnetic breakdown is weak at I®y , but becomes

stronger a8, is increased, as expected: lar@gr causes the

electrons to circulate more rapidly around the FS orbits, de

creasing the range of each electron’s orbit in real space. Th

reduced uncertainty in the electron position increases the ut 2.0

certainty in its momentum, thereby enabling tunneling once

the k space uncertainty becomes comparable toktspace 0.5 ]

gap separating the FS orbits!’ 0.0 25 5.0 75 10.0
At intermediateB, , very weak oscillations appear, prima- ' L ;

rily as nearly vertical ridges. Herg lies in the energy gap Fourier Frequency (T)

and only the peanut orbit is present. We also attribute these FIG. 4. (Color) Fourier power in 18, of the data of Fig. 3, for(a)

strong vertical ridges to magnetic breakdown, except in thi§2mpleA, and (b) sampleB, for 0.1<B, <1.2 T. Overlaid white lines

: . - indicate the orbit peakésolid) and their sum and differendglotted. The
case electrons form circular orbits by tunneling across th%‘H regimes are inoFIJicatetﬂc) same ash), but only for 0.1 B, <0.5 T,

neck of the peanut orbit. The peanut orbit produces only

slight wiggles in the verticaRy ridges, occurring whenever

a peanut LL crosses a LL due to magnetic breakdown. SampleA, on the other hand, shows a strong peanut peak but
Our overall explanation oRyx(B,,B,) is further sup- does not as clearly resolve the two QW frequencies until the

ported by Fig. 4, which shows Fourier power spectra of thenigh B, regime B,>7.5 T), because its largekgsinhibits

data in 1B, of Figs. 3a and 3b) over the range 04B,  magnetic breakdowH:!’ The presence of magnetic break-

<1.2 T, for sampleA [Fig. 4a)] and sampleB [Fig. 4b)].  down is further illustrated by Fig.(4), which shows another

For both samples, a low-frequency peak due to the lens orbitontour plot of Fourier power spectra for samjide How-

and a high-frequency peak due to the peanut orbit are clearlgver, in this case, the data transformed was only in the range

seen. AsB, is increased, the lengeanut peak moves to 0.1<B, <0.5 T. The relative strength of the intermediate

smaller(largep frequencies, indicating a decreasiimcreas- frequency QW peaks is greatly reduced, consistent with

ing) area ink space. Two intermediate frequency peaks arenagnetic breakdown occurring only at highr .

also seen due to magnetic breakdown. These peaks remain At this point it is evident that the data clearly exhibit

relatively unchanged witB, .*® At low B, sampleB exhib-  magnetic breakdown. The individual QW peaks appear not

its a significant contribution from the QW Fermi circles, due only in the highB, regime where the two Fermi circles are

to magnetic breakdown between the lens and peanut orbitseparated, but also in the intermediate and Bywegimes,
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where they can occur only if magnetic breakdown is present. The results of this calculation are shown as thin black
In this system, identification of magnetic breakdown islines in Figs. 3a) and 3b). All the essential features of the
uniquely facilitated by the fact th&, continuously and con- experimental data, in particular the approximate positions of
trollably changes the Fermi surface, moving it from a regimethe lens and peanut LLs, are reproduced. The sl
in which breakdown is not possibléhigh B, and/or Peaks in the data correspond closely Wlth1 the calculated in-
B,=0), to a regime in which breakdown occurs via different tersection points of the lens and peanut L.EQ'.he.caIcqu';\-
cusps in thesamek-space orbitintermediateB,), and finally ~ tion also recreates the wiggles in the vertiggl ridges in
to one in which breakdown occurs via tunneling betweerfl€ intermediat®, regime, due to peanut LLs crossing mag-
different k-space orbitslow B,). By Fourier transforming netic breakdown LLs. Thg calculation’s unusua[ bghawor
the data, the identification of each orbit is unambiguousl)}ﬂ'e""rB“:7'5.T]cor _sampIeA is due to the Sad?'e pointin the
made, and their evolution witB, is readily observed. peanut .d'SplegrS'O.n branch, : vyherem. diverges

To provide a more quantitative test of our model, we Ioer_Iogarlthmlcally. This leads to a distinctly highd®yy (Ref.
form a simple semiclassical calculation of tBe,B, values
at which the lens and peanut LLs crggsThe DQW poten- ; : o -
i 1 obtaned i tn TaLband paentel of the orowts 1% sty o sies i dagonaliing he gt bindng
structures by adjusting the depth of each QW so as to obtaifigis of diagonal elements which represent the Landau lad-
the measured values of the uncoupled densities. An equal byk,s of the two QW's displaced by the difference in their
opposite amount of linear band bending is then artificiallyg,phand energies, and inter-laddére., inter-QW off-
added to each QW so as to yield the measukgdsvalue.  giagonal elements which couple any two rungs of the lad-
(A Hartree calculation gives only minor differences in the yors  Although not shown here, the salient features of the
calculat|o_n result$. The DQW potential thus optamed is then data for both samples are reproduced, with large peaks in the
used to fln'd the uncoupled QW wave f.unc.:t|onS and €19€NHOS occurring whenever LLs from each FS branch overlap
values, which are then used in a tight-binding calculation of;; 1. More details will be presented elsewh@e.
the DQW dispersiorE(ky,ky ,B) following Lyo.8'13.Fror'n In summary, we have mapped the LL spectra in tilted
E(ky ky,By) we obtainE,(B), making the approximation magnetic fields of two closely coupled DQW’s by measuring
that E,(B,) and w are constant(While this approximation ' (B B ). We observe three separate sets of LLs in this
seems poor when only the peanut is occupied at intermediaj§naple, highly nonparabolic system, corresponding to three
By, the presence of strong magnetic breakdown makes Hitterent types of FS orbits. LLs from the low-mass upper
more reasonable, since the QW LLs provide a reservoir ofjispersion branclithe lens orbit become depopulated with
electrons. The tight-binding calculation also yields theT CY- increasingB, , while those from the high-mass lower disper-
clotron massesn; ,(By) = (h%/2m)dA,;/JE, whereA, ;is  sjon branchthe peanut orbjtbecome more populated, caus-
the area irk space of thelens or peanytorbit evaluated at  jng multiple crossings of the LLs. A third set of LLs, insen-
w. The LL energies are then given b, ,=(N,, sitive to B,, arises from magnetic breakdown of the Fermi
+1/2)heB, | mj ,(B)), where the LL indexN,,=0, 1, surface. A semiclassical calculation taking into account the
2, ..., andspin splitting is ignored. This approach makes theg, dependence of the masses and Fermi energies qualita-
simplifying approximation that each energy branch is welltively reproduces the data, as does a full quantum mechani-
described by a constant} ; for eachB. TheB, ,B, values cal calculation.
at which the LLs cross are then obtained by fixin§{l, , Sandia is a multiprogram laboratory operated by Sandia
and B, and finding theB, which makes this relation an Corporation, a Lockheed-Martin company, for the U.S. De-
equality. We make the further simplifying approximation partment of Energy under Contract No. DE-AC04-

We also performed a full guantum-mechanical calculation

thatE, , is constant withB, . 94AL85000.
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