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Tunneling between parallel two-dimensional electron gases
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The tunneling between two parallel two-dimensional electron gé&BEGY has been investigated as a
function of temperatur@, carrier densityn, and the applied perpendicular magnetic fiBldn zero magnetic
field the equilibrium resonant line shape is Lorentzian, reflecting the Lorentzian form of the spectral functions
within each layer. From the width of the tunneling resonance the lifetime of the electrons within a 2DEG has
been measured as a functionmfand T, giving information about the density dependence of the electron-
impurity scattering and the temperature dependence of the electron-electron scattering. In a magnetic field there
is a general suppression of equilibrium tunneling for fields ali®we.6 T. A gap in the tunneling density of
states has been measured over a wide range of magnetic fields and filling factors, and various theoretical
predictions have been examined. In a strong magnetic field, when there is only one partially filled Landau level
in each layer, the temperature dependence of the conductance characteristics has been modeled with a double-
Gaussian spectral densify50163-182806)07840-X

I. INTRODUCTION From tunneling measurements of 2D-2D samples with
different barrier widths, Eisenstegt al® argue that the high
In addition to conserving energl, resonant tunneling field gap energy is largely determined by the in-plane Cou-
between two parallel two-dimensional electron gasedomb energy, modified by an interlayer excitonic binding en-
(2DEGS requires the conservation of the in-plane momen- €rgy. The form of the gap used to fit their data was
tum %k. In zero magnetic field, the conservation of both Ae=Tf(») €?/4mea—0.4€’/4med, wheref(v) is some uni-
quantities allows the investigation of the broadening of theversal function of filling factor, andl is the quantum well
electronic states within an individual 2DEG, in a way that is Center-to-center separation. Although the glnterpreFatlon of
not possible with conventional transport measurements. FdiUr data is different to that of Eisenstesnal” [there is no
example, recent experimental studi¢mve shown that the uqlversalf(u) which allows us to plot our high field d_ata in
lifetime of the two-dimensional electrons can be measure(.rihIS fqrm], We measure gaps of comparable energy in lower
directly by tunneling spectroscopy. The lifetime broadeninngb'“ty’ but otherwise similar GaAs/AlGaAs double-layer
is characterized by the electron spectral functidfk,E), Strlljﬁt:rgg'_gD tunneling svstem Ashoaet all® measured a
which describes the probability that an electron in a particuTiIIi g sy .

lar K h L A(K X | ng factor independent suppression of tunneling for
ar k state has energf. In general,A( 2 Ez) IS strongly 1. The temperature dependence of the conductance was
peaked near the free-particle enefgy=17%°k</2m*, with a

X : == fitted to a model with a linear variation of the DOS about the
width I determined by the lifetime (_)f t.he electron. Fermi energyEg . The half-width at half-depth of the gap

In a strong perpendicular magnetic field, when the Landaiyyas measured to be linear in magnetic field, with a depen-
level fl”lng factorv=hn/eBis less than unity, it is assumed denceAA%thIZO. Takmg into account the difference in the
that the electron traverses the tunnel barrier between the tWvo tunneling systems and the definitions/df and A, the
2DEGs in a much shorter time scale than the charge reatwo gap widths can be argubdo be comparable.
rangement around the injected electfand around the hole Here we consolidate earlier wdrk'? at zero and high
left behind in the emitter laygrThe energies of the injection magnetic fields, and present data taken at intermediate fields.
and extraction processes create a gap in the tunneling densitfe rest of this paper is organized as follows. The samples
of states(DOS). Many-body theories predit® that for a  and measurement details are described in Sec. II. The basic
fixed filling factor, »<<1, the width of the energy gap is tunneling formalism is reviewed in Sec. Ill, showing how the
approximately 0.6%/4melg (Wherelg=\%/eB is the mag- tunneling conductance is determined by the underlying elec-
netic length, or if the electron liquid forms a regular lattfte  tron spectral functions within each 2DEG. In Sec. IV we
the gap energy i®%/4mea (wherea=1/J/nz is the inter- present tunneling measurements in zero magnetic field, in-
electron spacing within a layerAt fixed filling factor both  vestigating the various scattering mechanisms which are re-
predicted forms for the gap have the sagf® dependence sponsible for the linewidth of the resonance. The tunneling
with magnetic field. In an earlier paper we repofteshnel-  properties in a perpendicular magnetic field are investigated
ing characteristics in the high magnetic field regimein Secs. V and VI.
(v<1). The theoretical predictions do not match the mea-
sured linear field dependenceA~0.4%4iw. (where Il. EXPERIMENTAL DETAILS
hw.=heB/m* is the cyclotron energy that we have
observed®in high magnetic fields both at fixed filling factor ~ The measurements presented in this paper were obtained
and constant carrier density. from two samples, C751 and C770, each consisting of two

0163-1829/96/54.5)/1061411)/$10.00 54 10614 © 1996 The American Physical Society



54 TUNNELING BETWEEN PARALLEL TWO-DIMENSIONAL . .. 10615

modulation-doped 180 A wide GaAs quantum wells sepa-
rated by a 100 A(C770 or 125 A (C751) Aly3dGay gAS
barrier. The double-well structures were grown by molecular
beam epitaxy on an* epilayer, which had previously been
patterned by a focussed Ga ion beam to form backdates.
Optical lithography was used to fabricate a mesa, Ohmic
contacts, and to define surface Schottky gates. Small front
(back gates near the Ohmic contacts were used to selec-
tively deplete the uppeflower) 2DEG, forming an indepen-
dent contact to the lowetuppe) layer. The two 2DEGs
overlap in a 10150 um tunneling region. The as-grown
carrier densities of the upper and lower layers in the tunnel-
ing region aren;~3x 10" cm~2 and n,~2x 10" cm™2,

The corresponding, as-grown, low-temperature mobilities of

the two layers areu;~8x10° cm?/Vs and u,~2x10° W = By + By,
cm?/Vs. The carrier densities in the tunneling region are M =AE,+ AEp
independently controlled by voItag&"%11 andVgz applied to Wy = Eo,+ Ep,

large area front- and backgates.

_ Two-terminal conductance measurements of the sequen- g, 1. Conduction band profile of the double 2DEG structure,
tial depopulation of Landau leveltLs) in each layer were gefining the various energies used in Sec. .

used to determine the relationship betweép , and the

corresponding carrier density ,. For example, in C770 the

top layer has a density;= (7.1, /V+2.9)x 10" em™~?, I(VSD)ocf dzklj d’kp [Ty, "2|2J dE A (k¢ ,E
where —0.4<Vy <035 V. The carrier density &g =0

can vary by as much as 10% from one sample cooldown to —Ep) Ax(Ky,E—Eo )[f(E—pq,T)
another. By contrast, the constant of proportionalifyl) ! 2

betweenV,; and n, is always the same, and is in good —f(E—uy,T], 2

agreement with a model where the top 2DEG and the front

gate form a parallel plate capacitor of separation 1000 A. where f(E,T)=1[1+expE/ksT)] is the Fermi distribution
The differential tunneling conductan€é=dl/dVgp, was  function. The chemical potentialg; and the 2D subband

measured using constant voltag®l mV) ac lockin tech- energiesEoi are defined in Fig. 1.

niques as a function of carrier density temperaturdr, and The integral is simplified by the following assumptions:

applied dc interlayer source-drain voltagg,. For measure-  the absolute conservation of moment(snch that the inter-

ments in a perpendicular magnetic fisdthe carrier densi- layer tunneling matrix elemenT,  , is proportional to

ties were always matched, and the given values défer to 5k1, kz)’ low temperatureKsT<T", with Fermi functions ap-

the filling factors in the tunneling region. . . .
"ing ! ! g reg! proximated by step functionsand weak disorderl{<Eg).
Using these assumptions, substitution of Lorentzian spectral
1. TUNNELING FORMALISM functions into Eq.(2) gives the tunneling current

Tunneling accesses the single-particle D@Be DOS 5
available for the addition of another electjpsompared to |(Vep) = Gol' 3)
conventional transport measurements which provide infor- SO T2+ (AER+eVgp)? "5
mation about the DOS available for the excitation of an elec- ) ) ]
tron from the Fermi sea into a conducting state. Zheng an¥Where AEg=E¢ —Eg , and G, is a constant with the di-
MacDonald* showed theoretically that 2D-2D tunneling mensions of conductance. The tunneling linewidth is the
characteristics in zero magnetic field can be used to detesum,I'=I";+1I",, of the widths of the Lorentzian spectral
mine the spectral function of an electron. Within layier functions in the two layer!

[i=1,2 (upper, lowe)] scattering introduces an energy In this paper we report differential conductance
broadenind’;=%/27;, wherer; is the scattering time. In the G=dI/dVsp measurements. The zero-bias conductance ob-
Born approximation the spectral function within each 2DEGtained by differentiating Eq.2) is

will have the Lorentzian forr?

G(Veo=0) [ ok AkEr) AdkEr). (@

Ai(k,E)= 722 7 1)
ri2+(_*_ E) Using Lorentzian spectral functions, the differential conduc-
2m tance as one subband ed@mntrolled by a gate voltage
H 1
where E is measured from the bottom of the 2D subband.vg) is swept past the other'fs
Using standard notatioh the tunneling current(Vgp) be- 2
tween the two layers is calculated from the two spectral func- G(Vy)=Gyp———. (5)
i (O =
tions to be =
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Equation(5) predicts Lorentzian gate characterist@§V,) T T .
with a linewidth I' and peaked with magnitud&, at
AEEL=0, when the carrier densities in the two wells are
equal.

We are interested in the differential conductance as a
function of Vgp, taken when the carrier densities have been
matched avVsp=0. However, upon application of an inter-
layer dc voltage the capacitance between the two layers un-
avoidably mismatches the carrier densities, andiitdésrrect
to set AEL=0 in the derivative of Eq(3) to obtain the
conductance

G(Vsp) (6)

_ g DT =(eVsp?)
O [T?+(eVep)]* 0 : s : 3
. o -0.05 0 0.05 0.1 0.15
There are in fact two contributions toE : One component Vo (V)
AEE is due to the applied gate voltagésis is zero when the &
carrier densities are maiched ¥;=0), and the other, FIG. 2. Equilibrium tunneling conductand®(Vsp=0) as a

C . - C . .
AEg, is a capacitive effectAEg is determined by the function of the gate voltag¥ g, controlling the carrier density in

change of carrier densityn=+CVgp/e induced byVsp,  the upper layer, when the lower layer density is fixed at
whereC=€/d is the capacitance per unit area between thenz:3.25>< 10 cm~2. The traces were taken @t=3 K (squares

two 2DEGs. The capacitive change IMAEr is  and 19 K(circles, and the solid lines are the fits to Eq.0).
AEE=—2|6n|/py=—BeVsp, Where po=m*/7#? is the

2D density of states, anfl=ag/2d (where the Bohr radius is IV. TUNNELING IN ZERO MAGNETIC FIELD
ag~100 A in GaAs. Substitution of AEp=AE2+AEE
=AE2— BeVyp into Eq. (3), followed by differentiation,
gives the modified line shape

Figure 2 shows the zero-field differential tunneling con-
ductanceG as a function oV, the front gate voltage; by
fixing Vg, the carrier density in the bottom layer was held
A2+ (AEQ)?—[eVsn(1-B)1%} constant ah,=3.25x 10'* cm~2. The equilibrium measure-

{T2+[AES+eVey(1-B) 172 @ ments were taken &t=3.0 K (squaresand 19.0 K(circles.

_ 0 ] o Due to a misalignment between the front gate and back gate
Setting AEg=0 (for matched carrier densities &sp=0)  in the tunneling region, there is an unwanted second reso-

G(Vgp) =Gy

gives the line shape nance (which is independent o¥y,), as well as a small
T2UT2—TeVen(1— B8)12 constant ba_lckground conductance. In Fig. 2 both of these
G(Vsp) =Gy {2 [&Vsol '8)2]2}, (8)  weak contributions have been removed, and the corrected
{I'“+[eVsp(1-8)]%} data at the two temperatures have been fitted to the Lorent-

which has a linewidth of’/(1— ), in contrast to the line- zian line shape
width " given in Eq.(6). A typical value ofB is 0.15. There-

fore, linewidths obtained fror®(Vgp) measurements are ap- B Go

proximately 18% larger than those obtained from G(Vg1) = Vg1— Vo 2 (10
equilibrium conductance measuremettSimilar capacitive 1+ 5V

corrections should also be applied to linewidths obtained g

from plots of1/Vgp versusVsp. which is Eq.(5) rewritten explicitly in terms of the front gate

We can only quantify capacitive effects Bt=0, though  yoltage V,;. The fits, shown as solid lines, are with
the magnitude of such effects in a perpendicular magnetiqo=0_046 V, 8V,=0.0194 V, andG,=16.1 xS at 3 K,
field can be estimated by replacipg with pg, the density g WithV0=O.025 V,8V,=0.0360 V, and5,=9.9 uS at
of states at the Fermi level in the outer Landau level. If thejg k. we have also tried fitting the resonances to a Gaussian
outer LL is half-filled,pg> po, then the capacitive change of jnd  to  the derivative of a Fermi function
the Fermi gnergieAEE will be negligible. The opposite re- (' ~secR[ (Vy; - V()/8V,]). Of the three functional forms,
sult is obtained near integral filling factors and so we havey Gaussian fit is the poorest, is considerably better, but the
not made any conclusions from tunneling measurements igverall shape and the tails of the resonance are best fit by a
this regime. o . Lorentzian. The half width at half maximum of the low-

In Sec. VI we model high-field tunneling measurementstemperature Lorentzian resonancéy,~19 mvV, corre-
obtained at fIIIIng factow=1/2. To model the data we have Sponds to an energy broaden[ﬁggo_s meV. This linewidth
guessed thgz , form of the spectral density[ s the sum of the widths of the spectral functions in the
Ai(E)=1/(2m)“Jd°kAi(k,E), and have calculated the tun- gouble-layer systeml =4%/2r,+#/27,. We relate the line-

neling current using the expression width to the scattering rate, defining the average scattering
rate of the double-layer system to be
I(VSD)ocJ dE A(E—Eg) Ax(E—Ep)[f(E—uy,T) T i=(r t+ p )R2=TIh.

Nonequilibrium measurements provide an alternative
—f(E—uy,T)]. (9)  method for determining the linewidth. Figure 3 shows a
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FIG. 4. Temperature dependence of the equilibrium linewidth
FIG. 3. Comparison of the nonequilibriusquaresand equi- 1 for n1=n;=0.91, 1.622, 2.19, 3.0410" cm™?. The solid lines
librium (circles tunneling line shapes at 0.1 K. The solid lines are @€ fits to the forma+bT*, and the dashed lines are obtained from
fits to Egs.(7) and(10), respectively. For clarity not all the experi- the best fit to Eq(14).

mental data points are shown, and the equilibrium data and fit have . ) )
been vertically offset by LS. lower densities the measured linewidth departs from qua-

dratic behavior. The fitting parameters are both functions of

. . N — _3
comparison of the nonequilibriun®(Vey) (squares and N With typical valuesa~0.5-0.8 meV andb~5x10

2
equilibrium (circles, and offset verticallytunneling charac- MeV/K®. Only the electron-phonon and electron-electron
teristics for the same, for sample C751. To demonstrate Scattering terms in E11) are expected to show significant
the validity of Eq.(7), the nonequilibrium data was obtained €Mperature dependence. In the temperature range consid-
with a small mismatch of carrier densities, causing a sligh€r€d here, the sheet resistiviy, of each 2DEG shows only
shift of the centralG(Vgp) peak to the left oVgp=0. The a weak tempera;ure dgpendenqe, indicating that the mqb|llty
solid line through theG(Vsp) data is a fit to Eq(7) with is dominated by impurity scattering, and that, by comparison,

AE2=0.08 meV, corresponding to a carrier density miS_the temperature dependent electron-phonon contribution is

match of 0.7%. Though small, this mismatch is enough tosmall. We therefore associate the temperature dependent

cause a noticeable asymmetry in 8€Vgp) characteristics. g?erztl? gﬂﬂtec?:ort}hscatﬁgﬂelmg [:'r;liwé(ljégtr\cl)vét-r:elér;?rgndggatt-o
The fits to both the equilibrium and nonequilibrium traces in M. .

Fig. 3 give '=0.384 meV andG,=3.03 xS. The fitted tering rate in a clean 2D metal is given by the well-known

value 8=0.14+0.01 is obtained from the nonequilibrium theoretical expressich
trace and corresponds to an interlayer separation of % Er (kgT)2 = 207¢
d=365+30 A, somewhat larger than the quantum well —=—(—) In(—)+ln(—
center-to-center separation of 305 A deduced from the Tee 27| Ef KT e

growth parameters. However, both parallel magnetic-fieldyvhere gr=2/ag is the 2D Thomas-Fermi screening wave
measurementgusing the method of Ref. 17and self- vector. At fixed carrier densityi/ 7. exhibits an approxi-
consistent calculations suggest a center-to-center wave fungrate T? temperature dependence, in agreement with the
tion separation ofi~340-350 A. solid line fits used in Fig. 4.

The successful fits to both the equilibrium and nonequi- At low temperatures, the electron-electron scattering is
librium resonances in Fig. 3 provide strong evidence for anegligible, andr~* is dominated by electron-impurity scat-
Lorentzian spectral function in zero magnetic field. We haveering. Figure 5 shows a log-log plot of the equilibrium line-
been able to fit Lorentzian lineshapes to the equilibrium tunwidth versus carrier density at=3 K. The fitted gradient is
neling resonances obtained over a wide range of carrier def= —0.47+0.05, which is approximately the power-law be-

sities, 0.3<n<3.2x 10" cm~?, at temperatures from 3t0 19 havior expectetf for small-angle scattering from remote
K. From then andT dependence of the linewidih, we have  jonized impurities,

investigated the electron-impurity, electron-phonon, and

+1|, (12

electron-electron contributions to the overall scattering rate o h2np \/; " 13
[ pe—— — N 13
_ _ _ g 2m*s V 2 ’
Th=71= Te_i}np-f- Te_;h'f‘ Te_i: . (11 Te-imp

where np is the sheet density of impurities, arsdis the

Figure 4 shows the temperature dependence of the equspacer layer thickness. Equati¢id) is valid for 4kgs>1,
librium linewidth I' at matched carrier densities of wherekg is the Fermi wave vector. In our samples the ion-
n=0.91, 1.62, 2.19, 3.0410" cm~2. The solid lines are ized donors are distributed over distances of 400-700
fits of the formI"=a-+bT?; at highn the fits are good, butat A from the center of each quantum well. Taking the smallest
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FIG. 5. Log-log plot of the linewidtH' versus carrier density FIG. 6. T'c¢/Ef plotted versukgT/Eg . The dashed curves are
natT=3 K. the theoretical predictions of G&,FA,2 and JM® plotted for

n=1.3x 10" cm~2. The solid curves are the best fit to Ed2)

distances=400 A, the condition k-s>1 is easily satisfied With a prefactor ofa,=3.06, and withn=0.3 and 3<10"* cm~?
for n=3x 10 cm~2, though the applicability of Eq(13)  (UPPer and lower curves, respectively
becomes questionable at the lowest carrier densities.

From experiments over a range of carrier densities and f , Er (kBT)2 n( EF)

B Ee) " lkeT

(15

temperatures we have fitted over 300 measured equilibrium Tee Ly
linewidthsI'(n,T) to the expression

and this is shown in Fig. 6 as the curve labeled¥#More
recent theories-?® highlight the mathematical errors in Ref.
18 and suggest that due to the nature of the tunneling experi-
If T' is measured in units of me\ in units of 1d* cm~2,  ment, there are both electron and hole contributions to the
and T in K, the best fit was obtained with the numerical linewidth. These two considerations result im,
valuesa; =0.77+0.01 anda,= 3.06+ 0.09. The dashed lines =7?/2=4.9, giving the third dashed line in Fig. 6 labeled
in Fig. 4 are obtained from this best fit. JM. Without any energy dependent corrections the various
The magnitude of the electron-impurity scattering rate predictions(GQ, FA, and JM can be compared to our equi-
Feimp=a:n" %% in Eq. (14), is in agreement with other librium measuremena,=3.06. The difference between the
experiment$®2! but is fifteen times smaller than the theo- predictions of GQ and JM and our fit is purely in the value of
retical prediction of Eq(13). Discrepancies between theory the prefactom,; whereas the curve FA has a functional form
and experiment have previously been resof¢ég including  which does not describe the data very well.
correlations between scatterers. In the higlow T regime, The greatest discrepancies between theory and experiment
the ratio 7~ /7, '~7 (where 7, is the mobility lifetime@  in Fig. 6 occur for largé&gT/Eg, for which there are various
agrees with measuremefftef similar mobility single-layer possible reasons. First, it is assumed in the derivitioh
GaAs/AlGaAs heterostructures. Furthermore, the scatteringq. (12) that Ec>kgT, a condition which breaks down at
time 7~ 1.2 ps is comparable to the Dingle time 1.1(pb- low densities and high temperatures. Second, when the
tained from Shubnikov-de Haas oscillations measured on matched carrier densities are reduced there is an increase in
Hall bar made from the same wafeconfirming the impor-  the disorder of the two layers, and the 2DEGs may no longer
tance of small-angle scattering in determining the tunnelinde considered as clean 2D metals. The increased level of
linewidth. disorder may also render the Born approximation invalid, in
To look at just the electron-electron scattering term, Fig. 8vhich case the spectral functions and the tunneling reso-
showsT .../Eg plotted versukgT/Eg. This representation nance are no longer Lorentzian. Third, the derivation of
of the data is expected to be nearly univefstiipugh there LorentzianG(Vy,;) characteristic§Eq. (10)] from Lorentz-
is some dependence on carrier density inside the squaian spectral functions is only valid wheh<Eg; the two
bracket of Eq(12). This weak dependence onis illustrated  energies become comparable wher0.5x 10 cm™2. The
by the two solid line traces of 3.06 [Eq. (12)] (our best fit  fourth reason is experimental: the pinch-off characteristics of
for ') for n=0.3 and 3<10™ cm~2 (upper and lower the gate V;) distort the symmetric equilibrium line shape,
solid curves, respectively Equation (12) is plotted for increasing the uncertainty of measured linewidths at tow
n=1.3x10" cm~?2 and without any prefactorap=1) as In our analysis of the temperature dependence of the equi-
the dashed line labeled GQ in Fig. 6. Since the original derilibrium linewidth we have followed an approach similar to
vation by Giuliani and Quintf there has been some confu- that of Murphyet al,? where the nonequilibrium linewidths
sion about the value of, that multiplies this expression. were measured from/Vgp versusVgp characteristics of
Fukuyama and Abraharfiscalculated the expression double 2DEG structures of higher mobility u&10°

LN, T)=Teimpt+ Fee=a; n~%%+a,x[Eq. (12)]. (14)
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cm?/Vs). In our samples the measured electron-electron scat-
tering rate is enhanced over E(l2) by a factora,~3,
which is two times smaller than that measured in Ref. 2. The
two measurements are different, and nonequilibrium lin-
ewidths are expected to be larger than equilibrium linewidths 10+
for two reasons: an 18% enhancement can be attributed to
charge-transfer effectsee Sec. I, and a further 15%Ref.

25) to 40%(Ref. 26 enhancement may be introduced by the
energy dependence bf, .. In order to achieve an enhance-
ment factora,~6 close to that of Murphyet al? recent 5F
theorie€>?® have concentrated on the energy dependence of
I'e.e, but have neglected the interlayer charge-transfer ef-
fects. In Fig. 3 we show that, in our samples, we can obtain
good agreement between equilibrium and nonequilibrium
linewidths by including only charge-transfer effects. More- (113
over, in further investigations over a range of matched and

mismatched carrier densities, we find that the energy depen-

dent corrections are consistently small.

There are two major differences between our samples and FIG. 7. Equilibrium tunneling conductance at a matched carrier
those of Ref. 2 that might account for the different measuredlensity ofn=1.0x 10" cm~?, taken as a function of perpendicular
values ofa,. The first is the level of disorder; in our samples Magnetic field. The solid line shows data takef at0.1 K, and the
the electron-impurity contribution to the linewidth is dashed line shows data t?kenTaétl.fle. Inset: similar measure-
Teimp~0.5 MeV compared to 0.25 meV in Ref. 2. This m_er_lts takeq at_1=3.0><101 cm™ <. Filling factors for four of the
greater disorder probably does not affect the applicability of nima are indicated.

Eq. (12), but will make the energy dependent corrections to

I'.. less important/ The second difference is the thickness magnetic field regimes8<0.6 T andB>0.6 T.

of the tunnel barrier, which will affect the strength of the  Below 0.6 T, the formation of LLs modulates the DOS,
interlayer electron-electron interactions. For samples withcreating minima(maxima at integral (half-integra) filling
quantum well widths of 200 A and barrier thicknesses in thefactors. The equilibrium tunneling amplitude depends on the
range 175-340 Agiving d=375-540 A, Murphy etal?>  DOS in both layers and shows quantum oscillations com-
measure an enhancement= 6.3, which appears to be inde- mensurate witlpg. When the temperature is increased from
pendent of barrier thickness. In our samples the interlayeg.1 to 1.3 K, the low-field tunneling conductance follows the
electron-electron distancel €340 A) is comparable to the behavior ofpg; the amplitude of the conductance oscilla-
lowest used in Ref. 2. This could suggest that it is the greatetions decrease as the modulatiorpigbecomes weaker, and
disorder in our samples that gives rise to the smaller enG(Vgp=0) tends towards its zero-field value.

hancement fol' .. By way of comparison, we point out For B<0.6 T the magnitude of the conductance maxima
that Berket al?® have measured electron-electron scatteringncrease with magnetic field, following the expected increase
rates similar to our owrin the units used her@,=3), in  in the degeneracy of a half-filled LL. However, 8>0.6 T
2DEGs with a similarly low mobility ©#~50-400<10°  the amplitude of the tunneling maximdecreasewith in-
cm?/Vs but more strongly coupledd&180 A). The effect creasing magnetic field; this can be interpreted as a
of stronger tunneling(as quantified by the symmetric- magnetic-field-induced suppression of the equilibrium tun-
antisymmetric gapAsag) on I'e, has been calculated by neling between the two 2DEGS, with the formation of a gap
Slutzky et al?® in the tunneling DOS. When the temperature is raised to 1.3
K the suppression of the conductance is reduced, indicating
thermal activation across the gap. The Fig. 7 inset shows
low-field equilibrium tunneling for a matched carrier density
of n=3X 10" cm~2. At this higher carrier density the cross-

The application of a perpendicular magnetic fieldhas a over from SdH-like to activated behavior again occurs at
marked effect on the resonant tunneling properties betweeB=0.6 T. These measurements at different temperatures
two 2DEGs. Figure 7 shows the equilibrium conductanceshow that the signature of the magnetic-field-induced gap is
G(Vgp=0), at a matched carrier density of=1.0x10'*  evident at filling factors as high as~18. Clearly, above 0.6
cm~?, as a function of magnetic field at 0.1 ($olid line T a mechanism other than the simple formation of LLs is
and 1.3 K(dashed ling As B is increased, the oscillations in needed to explain the unusual temperature dependence ob-
the tunneling conductance mirror the formation of LLs in served at half-integral filling factors.
both 2DEGs. However, in contrast to Shubnikov—de Haas The formation of a magnetic-field-induced gap can also
(SdH) oscillations, which are an in-plane transport effect, thebe investigated by non-equilibrium measurements, where at
oscillations shown in Fig. 7 originate from the current flow- low magnetic fields a dip around zero bias is observed in the
ing perpendicular to the 2DEGS. The oscillations in G(Vsp) characteristics. Figure 8 shows such characteristics
G(Vgp=0) can be interpreted in terms of variationsmf, at various magnetic fields for a matched carrier density of
the DOS at the Fermi level in a fieBl. We will describe the n=0.95<10' cm~2. In the trace atBB=0.4 T there is a
temperature dependence of the equilibrium tunneling in twalight dip atVgsp=0; with increasing magnetic field both the

G (uS)

V. TUNNELING
IN A PERPENDICULAR MAGNETIC FIELD
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FIG. 8. The conductance characteristié§Vsp) in a perpen- FIG. 9. The gap parameteA at matched carrier density
dicular magnetic field ar =0.1 K, taken at a matched carrier den- n=0.95x 10"* cm~2 as a function of magnetic field, measured
sity of n=0.95x10'"" cm 2 Sweeps were taken at from traces similar to those shown in Fig. 8. The linear fit,
B=0, 0.4, 0.9, 2.6 T with the filling factors indicated. The curves A=0.45%w.—0.19 meV, disregards measureme(ﬂ&en circles
are offset vertically with zeros indicated by the dashed lines. Theyhere the filling factor approaches integral or fractio(&B) val-
splitting of the zero-field resonance into two peaks defines the gapes.
of width A. Arrows indicate the position of inter-Landau level tran-

sttions. A=(0.43+0.03)hw,— (0.26+0.03) meV. Within experi-

depth of the dip and the separation of the surrounding peak®ental error the gaps measured at the two carrier densities,
become larger. To characterize the tunneling gap, we defin@95<10'* cm™2 and 1.48<10'" cm™2, have the same
A to be the voltage separation of the conductance peaks enagnetic-field dependence.
ther side ofVsp=0. Previously, we have measufdqVgp) To obtain more information about the gap at higher filling
characteristics for<1 and have successfully fitted our low factors, Fig. 11 shows measurementsigftaken as a func-
voltage data to the expressidr: | jexp(—AleVsp). At high  tion of B while maintaining a half-integral filling factor in
fields the values ofA obtained from such fits are precisely the tunneling region. Gap measurements were obtained at
the same as the measured peak SeparaﬁiAﬁhough at low v=1/2, 3/2,...,11/2 for 17 matched carrier densities in the
magnetic fields we cannot fit our data to this theoretical exfange 0.36n=3.10x 10'* cm~2. At a given magnetic field,
pression forl, we nevertheless use the peak separation as e higher the half-integral filling factor, the smaller the gap.
straightforward measure of the gap. To test various theoretThe DOS is not clearly spin-split beloR~1 T, and so data
cal predictions we have investigatddat fixedn and fixed
v, both as a function magnetic fiell.

Figure 9 shows the gap paramet&r measured from
traces similar to those in Fig. 8, over a wider rang&oDue
to the presence of edge states we disregard measurements
close to the integer quantum HalQH) regime, as well as
those near the fractional QH state at2/3. The linear
fit through the remaining points(solid circleg is A
=(0.45+0.02)h w,—(0.19+0.05) meV. Figure 9 shows
that the gap is most cleanly observed at half-integral filling
factors, and in measurements at fixedhere are more data
points at lowwr than at highv. With this proviso the linear fit
in Fig. 9 spans the whole field regime, though it is difficult to
identify deviations at lowB. We have also performed con-
ductance measurements at a higher matched carrier density
of n=1.48x< 10" cm~2, and Fig. 10 shows the evolution of
the low-field tunneling characteristics at this (_:arrier density ric 10. A grey-scale plot of the tunneling conducta®eas a
presented as a grey-scale plot. The figure is made up Qfinction of Vep and magnetic fieldB for n,=n,=1.48x 10t
G(Vsp) characteristics, similar to those in Fig. 8, taken atem—2, |ight areas correspond to regions of high conductance. The
101 magnetic fields frorB=0 to 2 T. To accentuate the data solid lines show the splitting of the tunneling resonance, with a
each trace has been scaled betweehl@ck and 1(white). fitted separation ofA =0.43:w.—0.26 meV. Dashed lines indicate
The light structures around the center, marked with solidnter-LL transitions akeVsp=+ 1.0% .. The horizontal stripes at
lines, are the two tunneling peaks surrounding the gapB=1 and 1.5 T show where the tunneling is completely suppressed
with a splitting that is linear in magnetic field, inthe QH regime at filling factors=6 andv=4, respectively.

Vea (mV)



54 TUNNELING BETWEEN PARALLEL TWO-DIMENSIONAL . .. 10621

- ! that there is an energy cost associated with the injection and
extraction of electrons into and out of a 2DEG. It has been
theoretically showit that at low magnetic fields the bare
Coulomb interaction(which typically exceeds the cyclotron
energyf ) is screened by the filled LLs, and the renormal-
ized interaction is sufficiently weak that it does not mix LLs.
Therefore only interactions between electrons in the outer
partially filled LL need to be considered; this is the starting
point for many of the theories in the weak field regime.

Following the treatment at high magnetic fields, the gap at
lower fields and higher filling factors can be considered
to be the Coulomb energy, where the cyclotron length
I.=nhke/eB replaces the magnetic lenglth as the relevant
length scale. The semiclassical energy gap is

1 h
™ Y

%,
1
5

(AdW) 4 (,4+V)

=)
1
1

0 3 10 Ao e? Ishoe
Y amel, N

where r¢ is the interaction parameter, and is given by
re<=alag=\2/agke. Levitov and Shyto?* consider the
problem of an electron orbiting in a ring of thickndgsand
radius|; in one layer, tunneling into a similar ring in the
second layer, leaving behind a hole in the first ring. The
. ) o ) electrostatic energy of this two-ring capacitor creates an en-
pomts for the highest filling f.actor. and lowest fields are sub-ergy gap that is proportional to EL6), but multiplied by a
ject to some error. The straight line 074b.—0.19 meV is  |5garithmic screening term. Alternatively, using both a hy-
included in Fig. 11 to demonstrate the lindardependence drodynamic approach and a Hartree-Fock calculatidh,

of the tunneling gap at=1/2, and the sublinear nature of Ajeiner and co-workers have obtained a gap of the form
the gap at higher filling factors. At low carrier densities

n<1.5x 10" cm~2, measurements af -5, converge to a we

value similar to that measured at 1/2. For the higher car- Ap=—-In(rsy). 17
rier concentrations the gap fet>3/2 is reduced in compari-

son with A;,,. This observation, plus the scarcity of data It has been showi that the total gap has contributions from
points at higher filling factors in measurements at fixed two terms similar in form toA; and A,, whereA, is the
accounts for the same measured gap at®B8'cm 2 and  dominant term.

(16)

FIG. 11. The gap parametdr, at fixed half-integral filling fac-
tors v as a function of magnetic field. The solid line shows the
expressionA ;,=0.45w.—0.19 meV. Inset: 4 ,+0.4 meVjr'?
plotted versusB*? for v=5/2. The slope of the solid line gives
a'=2.0.

1.48x 10" cm~2. We stress that, as previously reporfete In a recent theory, Foglest al3® propose that under cer-
high-field gap shows the same linear behavior both at fixedain conditions the ground state of the 2DEG in a weak mag-
n and fixedv<<1. netic field is a charge-density wav€DW) superimposed on

Figures 8 and 10 also show tunneling between LLs ofa uniform background of filled LLs. Tunneling into a par-
different index. At high magnetic fields, the first inter-LL tially filled LL disturbs some of the correlations of the CDW,
tunneling transition has been obser(&das a peak in the and the energy cost of this disruption gives rise to a tunnel-
I(Vsp) characteristics a¢Vgp~1.3w., and the equivalent ing gap
conductance measurem@énexhibits a peak ateVsp
~1.16hw,. Both measurements show inter-LL transitions rfiomg
occuring at higher than expected bias voltages, and it is Ag= N '”(
proposed that this enhanced LL spacing is due to an effec-
tive mass reduced by many-body effettsThe arrows in  As B is decreased there is a predicdrossover from the
Fig. 8 and the dashed lines superimposed on Fig. 10 shogpin-resolved QH regiméspin-split LLS where the ground
the position of the first inter-LL tunneling peaks either sidestate is a CDW, to the spin-unresolved QH regimesll
of zero bias. Over the range &B=<3 T the conductance separated, but spin-degenerate LIEhe CDW ground state
peaks occur aeVsp=(1.07£0.03}iw., an enhancement can only exist in the former regime, while at lower fields the
that is only slightly less than that observed at higher magground state is a uniform electron liquid which is expetted
netic fields. If the enhanced LL spacing is due to a reducedo have a gap of a different origin. In our samples the SdH
effective mass, our measurements suggest that the massadscillations of the individual 2DEGs show that the spin-
reduced at higher filling factors by an amount much greateunresolved QH regime occurs over a narrow range of mag-
than that predicted by Smitat al32 netic field. The Fig. 7 inset shows that at=3x10"
cm~? it is possible to observe a suppression of tunneling
(above 0.6 J in the absence of spin-splittingvhich be-
comes distinct foB>1.5 T). Moreover, in all our measure-

There has been much interest in tunneling in a weak magments over a wide range of we see no clear change in the
netic field where, even for filling factorg>1, it is believed character of the gap once spin-splitting has set in. Bhe

03
1+ -2
r
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Comparison with theory
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. FIG. 13. The measured activation eneigy at v=1/2 (circles
and the best fit value O, (squarey as a function of magnetic
field.

G(Vsa=

L obtained better agreement ai=1/2 using a linear rather

01 02 03 0'14 0.5 square root magnetic-field dependence for the gpup to
T (K™) 25T.

FIG. 12. (a) The conductance characteristidS(Vgp) at
B=8 T and v=1/2 at  temperatures of T
=15,1.9, 2.4, 28, 3.5, 4.3, 5.0, 6.0 Kb) Arrhenius plot of
G(Vgp=0) versus IT atB=8 T andv=1/2. The linear fit at low
temperatures gives an activation enekgy=0.35+0.01 meV.

VI. TEMPERATURE STUDIES IN HIGH FIELDS

In this section we use Eq. 9 to model high fi€qVgp)
measurements taken at 1/2, results which have been pre-
sented elsewher®. Figure 12a) shows the conductance

! ) , haracteristics aB=8 T at a matched carrier density of
dependence of the low-field gaps predicted by Aleiner an(i =n,=0.97x 10" cm~2. As the temperature is increased
Glazmar® and Fogleret al3® are determined by ,, which fr%)m 2T=.1.5 o 6 K. the equilibrium  conductance

yar|es_qu2~ B2 at _f|xed carrier density, a_nd ds,~B at G(Vgp=0) increases, while the height of the surrounding
f!xed filling factor. F|gure 9 shovx_/s that at fixedthe gap is peaks is reduced. Figure 2 shows G(Vep=0) in an
linear (not quadratig in B, and Fig. 11 shows that at fixed henius plot, revealing activated behavior at low tempera-
v the weak-field gap\ -5 is sublinear inB. tures with an activation energy df,=0.35+0.01 meV.

~ The semiclassical gafEq. (16)] behaves as\;~B at  apove the activation temperature=¢ K) the equilibrium
fixed carrier concentration, and as~\B at fixed filling  conguctance departs from exponential behavior, and for
factor. For fixedn the measured gaps are indeed linear int~ 19 K the conductance decreases. We have meadiyed
B, though we find that the best fits are obtained with a negagt gifferent matched carrier densities and magnetic fields,
tive intercept. Similarly, the best fits af, to a VB field  \yhjle maintaining a filling factor ofs=1/2 in the tunneling
dependence are also obtained with a negative intercept, usirpggion_ Figure 13 showE, as a function of magnetic field,
the expressiom,=a’\B/v—b'. In the inset to Fig. 11 we with a fit which shows that the activation energy is propor-
have plotted 4,+b’)»"? versusB'? for v=5/2. Taking  tional toB. At »=1/2 the ratioE, /A is 0.047=0.005, and is
b’=0.4 meV the data collapse onto a single straight lineapproximately independent 8. Activation plots of the high
with slopea’ =2.0. We conclude from measurements at confield gap were first obtained by Eisenste#hal, and for
stantn and constani that the high filling factor gap is best comparison we measure from Fig. 3 of Ref. 31 the ratio
described by E,/A=0.07 atB=13 T.

Temperature can be used to probe the shape of the tun-
neling DOS, and previously Ashoogt all® have used a
DOS with a linear dip at the Fermi level to model 2D-3D
tunneling measurements. A linear DOS does not give acti-
The negative intercept could be interpreted as evidence forated behavior, and to obtain such characteristics we have
an excitonic effectsimilar to that observédcat v=1/2), and modeled the data using the double-Gaussian spectral density
with a magnitude which is approximately independent of fill-
ing factor fory=5/2. We were unable to obtain good agree- 1 E _E)2 E LE)2
ment between Eq19) and the measured gapsiat 1/2and  p(g)« [ XF{ _ (B0 B) ) p(— (EotE) )}

3/2, instead much larger negative intercefits= 4.2 and 1.7 VEokgT 2aEokgT 2aEkgT) |’
meV, respectivelywere required. With our samples we have (20

e2

A=(0.46+0.03 —(0.4+0.1) meV. (19

drel .
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The calculateds(Vgp) curves reproduce many features of
the experimental data. First, there are bias voltages which
delineate regions of positive and negati#®/JT; second,
the conductance maxima move closer together with increas-
ing temperature; third, it shows that at higher temperatures
G(Vgp=0) is no longer activated, but reduces with increas-
ing temperature. There are, however, some differences be-
tween the model and experiment. The very low temperature
limit of the experimental characteristics differ from those of
the model; in the experimental system disorder introduces a
finite width to the DOS af=0. We have tried to simulate
this disorder by introducing a finite offset temperature, that is
by replacingT with T+ T, in Eq. (20), whereT, is a con-
stant. However, there was little improvement in the shape of
the simulated characteristics.

G (arb. units)

Ey=2.6 meV

-5 0 5
Vsa (mV)

% 028"

b
=_' (b) VII. CONCLUSIONS
=
3 We have used both the equilibrium and nonequilibrium
s 0.1f E tunneling characteristics to show that the underlying spectral
i, 0.08F E,=0.35 meV function, A(k,E), within each of the 2DEGs of a double-
NG layer system is a Lorentzian. Equilibrium measurements
5 0.06

. . show that the Lorentzian tunneling linewidth has a carrier
0.2 0.4 0.6 density and temperature dependence that can be attributed to
ur (K-l) electron—impurity and. electron—glectron §cat'ter'ing.'The mea-
sured electron-impurity scattering rate is similar in magni-
_ tude to the Dingle time, and comparison with theory shows
FIG. 14. () Conductance curves calculated using the doubleyhat correlations between scatterers need to be taken into
Gaussian spectral densityeq. (20)] with Eo=2.6 meV and  account to obtain better agreement with experiment. The
@=53. (b) Arrhenius plot of the calculated conductance mahematical form, but not the magnitude, of the electron-
G(Vsp=0), showing an activation energy of 0.35 meV. electron scattering rate measured from the equilibrium line

where the Fermi leveE¢ lies in the minimum between the shape is well described by theory.
two peaks. This tunneling DOS is a modified version of Eq. [N @ perpendicular magnetic field the equilibrium tunnel-
(14) in Ref. 33, which was originally proposed fee>1 and  ing conductance oscillates as a functionBfreflecting the
Eo>kgT. By comparison with the original formula, we have formfation of LLs..ForB>0.6 T the magnetic field crea.t.es.a
introduced an adjustable parametein the denominator of 9ap in the tunneling DOS which suppresses the equilibrium
the exponential. AT —0 the double-Gaussian spectral den-tunneling. For fixed filling factow =1/2 the tunneling gap
sity consists of twos-functions atE= = E,, and so the gap has a linear _magnet|c-f|eld depen(_jence, _Whereas at higher
A—A4E, at T=0. At low temperatures the activation energy half—lntegral filling fgctor; the gap is sublinear and is best
E,—Ey/e, and soA andE, share the same magnetic-field described by a semiclassical gap. We have modeled_ the tem-
dependencéthat of Ey), in agreement with experiment. perature dependgnce of_ the conductance characterlstlcs in a
To simulate the conductance measurements in Fig. 12 welrong magnetic field using a double-Gaussian spectral den-
have chosen @=5.3 so that the theoretical ratio SItY-
E./A=1/4a agrees with the experimental value of 0.047.
I(Vgp) characteristics have been calculated using(EZ@). in
Eq. (9), and by numerical differentiation of these character- We wish to thank the Engineering and Physical Sciences
istics we obtain thé5(Vsp) traces shown in Fig. 14). The  Research CouncilUK) for supporting this work. J.T.N. ac-
value of Eq=2.6 meV best reproduces the conductance angtnowledges support from the Isaac Newton Trust, and
activation characteristigsee Fig. 14)] at 8 T. From simi-  D.A.R. acknowledges support from Toshiba Cambridge Re-
lar simulations ofv=1/2 data at different magnetic fields we search Centre. We thank A. V. Khaetskii for a critical read-
have measured thB dependence oEy; the results are dis- ing of the manuscript, and we acknowledge help with the
played in Fig. 13, with a fit showing, with a linear depen- numerical calculations from I. M. Castleton and C. H. W.

ACKNOWLEDGMENTS

dence on the magnetic fieltty=0.2% w . Barnes.
13. Smolineret al,, Phys. Rev. Lett63, 2116(1989. 4y, Hatsugai, P.-A. Bares, and X. G. Wen, Phys. Rev. Lét.
2S. Q. Murphy, J. P. Eisenstein, L. N. Pfeiffer, and K. W. West, 424 (1993.

Phys. Rev. B52, 14 825(1995. 5S. He, P. M. Platzman, and B. I. Halperin, Phys. Rev. L2t
3S.-R. E. Yang and A. H. MacDonald, Phys. Rev. L&, 4110 777 (1993.

(1993. 6p. Johansson and J. M. Kinaret, Phys. Rev. [#itt1435(1993.



10 624 N. TURNERet al. 54

7K. M. Brown et al, Phys. Rev. B50, 15 465(1994). 23H. Fukuyama and E. Abrahams, Phys. Rev2B 5976(1983.
8K. M. Brown et al, Physica B211, 430(1995. 24Equation(15) contains only the leading term of E(12), and can
9J. P. Eisenstein, L. N. Pfeiffer, and K. W. West, Phys. Rev. Lett. be consideredRef. 2 to have a prefactoa,= 2.

74, 1419(1995. 257, Jungwirth and A. H. MacDonald, Phys. Rev. &8, 7403
10R. C. Ashoori, J. A. Lebens, N. P. Bigelow, and R. H. Silsbee, (1996.

Phys. Rev. B48, 4616(1993. 26, Zheng and S. Das Sarma, Phys. Re\v6B 9964 (1996.
IR, €. Ashoori(private communication 27, Zheng(private communication

12K, M. Brown et al, in Proceedings of the 22nd Conference on 28Y. Berk et al, Phys. Rev. B51, 2604 (1995.
the Physics of Semiconductors, Vancouver, Canada, , 1884  2°M. Slutzky et al., Phys. Rev. B53, 4065(1996.
ited by D. J. LockwoodWorld Scientific, Singapore, 1995p. 30Although portions of the two 2DEGs close to the Ohmic contacts

1035. have carrier densities different to, and n,, the resistance of
13K. M. Brown et al, Appl. Phys. Lett.64, 1827(1994. these leads is always much smaller than the tunneling resistance,
141, Zheng and A. H. MacDonald, Phys. Rev48, 10 619(1993. and the results presented here depend only on the matched car-
15G. D. Mahan, inMany-Particle Physics(Plenum Press, New rier densities in the tunneling region.

York, 1993. 313. P. Eisenstein, L. N. Pfeiffer, and K. W. West, Phys. Rev. Lett.
8. L. Wolf, in Principles of Electron Tunneling Spectroscopy 69, 3804(1992.

(Oxford University Press, New York, 1985 32p. P. Smith, A. H. MacDonald, and G. Gumbs, Phys. Revi®3
173. P. Eisenstein, T. J. Gramila, L. N. Pfeiffer, and K. W. West, 8829(1992.

Phys. Rev. B44, 6511(199). 33|, L. Aleiner, H. U. Baranger, and L. I. Glazman, Phys. Rev. Lett.
18G. F. Giuliani and J. J. Quinn, Phys. Rev.2B, 4421(1982. 74, 3435(1995.
19A. Gold, Phys. Rev. B38, 10 798(1988. 34L. S. Levitov and A. V. Shytoyunpublishedl
20p_ T. Coleridge, Phys. Rev. 84, 3793(1991). 35|, L. Aleiner and L. I. Glazman, Phys. Rev. &, 11 296(1995.
21B. Das, S. Subramaniam, M. R. Melloch, and D. C. Miller, Phys.3¢M. M. Fogler, A. A. Koulakov, and B. I. Shklovskii, Phys. Rev. B

Rev. B47, 9650(1993. 54, 1853(1996.

22p_J. van Hall, Superlatt. Microstrud, 213 (1989. 37N. Turneret al, Solid State Electron40, 413 (1996.



