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Charge transfer at double-layer to single-layer transition in double-quantum-well systems
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Experiments on an abrupt double-layer to single-1ayer transition in double-quantum-well structures
are presented. This transition of an electronic system is observed as a sharp decresae in resistance when
the top gate is negatively biased. Data on the Shubnikov —de Haas oscillations taken at different gate
voltages show that this abrupt decrease in resistance occurs when the system changes from being
double-layer to single-layer and is accompanied by transferring of electrons from the top to the bottom
layer. A phenomenological model is developed to explain the transition and its dependence on the bar-
rier width of the sample. We also find that the strength of interlayer Coulomb scattering is significantly
enhanced before the transition.

I. INTRODUCTION II. EXPERIMENT

Recently, electron transport experiments in two paral-
lel two-dimensional electron gases (2DEG's) have been of
wide interest. Such a system allows different types of
measurements which were not accessible with a single
2DEG. These experiments include effects due to inter-
layer tunneling, ' interlayer Coulomb scattering, ' and
new types of integer and fractional quantum Hall
effects. ' In addition, it is expected that small inter-
layer spacings comparable to or even smaller than the in-
tralayer mean electron distance can cause instability in
electron densities in the wells. This expectation is based
on the fact that the Coulomb interaction between elec-
trons in the same layer can be significantly reduced due
to Pauli s exclusion principle, while that between elec-
trons in difFerent layers can remain large since the wave
functions overlap little in the z direction. Theoretically,
the instability has been discussed in the context of the
one due to exchange effects"' or in a broader context,
as a charge-transfer instability in the extended multiband
Hubbard model. '

Here, we report data on an abrupt double-layer to
single-layer transition in GaAs-A1As double-quantum-
well (DQW) structures, ' which we believe cannot be ex-
plained within a single-particle model. This transition of
an electronic system is seen as a sharp four-terminal resis-
tance drop when the top gate is negatively biased, accom-
panied by a rapid change in the Shubnikov —de Haas
(SdH) oscillations from being double-layer to single-layer.
For samples of thinner and thicker A1As barriers, the
feature in resistance becomes weaker and the rapid
change in the SdH oscillations is less obvious. On the
basis of the above experimental facts, a phenornenological
model is developed to give a possible explanation of the
transition and its dependence on the barrier width of the
sample. We also find that the interlayer Coulomb scatter-
ing before the transition is significantly enhanced corn-
pared to that extrapolated from previous studies ' ' in
order to explain the amount of our resistance decrease.
Possible reasons for this enhancement are discussed.

Three GaAs-AlAs DQW samples are studied, each
with a different AlAs barrier width (M229, 14 A; M293,
70 A; MM10, 100 A) sandwiched between two 150-A (for
M229 180-A) GaAs wells. The samples we measured
here have total electronic densities of 2. 6 X 10",
3.2 X 10",and 2.3 X 10"/cm supplied from top and bot-
tom 5-doping layers, and mobilities of 3.2 X 10,
8.4X10, and 8.3X10 cm /Vs, respectively, when the
wells are balanced. The choice of a pure AlAs barrier
significantly reduces the tunneling between the two layers
compared to an Al„Ga, As barrier with the same
thickness while keeping the interlayer Coulomb interac-
tions the same. The estimated energy gaps, hsAs's, be-
tween the symmetric and antisymmetric states are —10
K for M229, -0.01 K for M293, and negligibly small for
MM10. Both H-shape mesa and standard Hall bar struc-
tures with an Al Schottky gate covering an active region
of —100 pm were fabricated. The resistance was mea-
sured in the four-terminal configuration as a function of
the gate voltage V using the standard lock-in detection
technique. A constant current excitation of 10 nA at 13
Hz was used throughout the measurement. The experi-
ment was conducted using a He cryostat.

III. DATA

Figures 1(a)—1(c) display our main results from the
four-terminal resistance vs V measurements at 8 =0 on
the three samples. Note that the data taken at different
T 's in Figs. 1(b) and 1(c) are displaced for clarity.

Sample M229 with a 14-A A1As barrier shows a
smooth change in resistance. The increasing resistance
when V is negatively biased is expected and has two
causes: One is the decrease in the carrier densities and
the other is the increase in scattering rate. Around
V ——0.5 V, a small slope change in the resistance
curve, which indicates something more than the above
simple scenario, is discernible. In order to amplify this
feature, the derivative dR/dV is calculated from the
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resistance data and is shown as the dotted curve in Fig.
1(a). A broad peak in dR/dV is clearly seen around
V = —0.5 V. Further negatively biasing the well does
not give any noticeable features.

The data taken on sample M293, which has a 70-A
A1As barrier, are shown in Fig. 1(b). At T =0.3 K, a sud-
den resistance decrease of more than 50%%uo starts at
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FICr. 1. Four-terminal resistance as a function of V~ at B =0
for three samples: (a) M229, (b) M293, and (c) MM10. Vertical
arrows indicate the positions of V~ s at which the SdH oscilla-
tions are displayed in Fig. 2. Note that data at different T s are
displaced for clarity by 15%. The dotted line for M229 is the
derivative.

V ——0.44 V. Since this large resistance decrease is
unexpected when the carrier density of the sample is de-
creasing continuously, we have repeated the measure-
ment on the same piece of the sample after different
thermal cycles and also on different pieces of the sample.
The feature is consistently observed in every measure-
ment, though the magnitude and sharpness of the de-
crease sometimes vary. While further reduction in T does
not change the data much, the feature weakens with in-
creasing T. At T = 15 K, the feature is already quite
broad and at T=77 K, no feature is observed. From
these data, we estimate that the characteristic energy
scale of the transition for this sample is a few meV.

Further increasing the barrier thickness weakens the
feature. As is seen in the T =0.3 K trace in Fig. 1(c), the
third sample MM10 with the largest barrier (100 A)
shows a considerably weaker and smoother resistance de-
crease starting at V ——0. 18 V. The characteristic ener-

gy scale for this sample is less than 1 meV [see T =1.2
and 4.2 K traces in Fig. 1(c)]. Note that in this case,
since the distance between the 2DEG's and the top gate
is the smallest among the three samples, the density
changes much faster as a function of V .

Let us mention a few side remarks. First, all the data
were taken by sweeping down V . The quality of the data
taken by sweeping up V is usually slightly worse, show-
ing small bumps superimposed on the main feature, due
to some inhomogeneity resulting from the large negative
biases. These small bumps are easily distinguished from
the main feature since they occur at random V 's.
Second, a sharp resistance drop is observed for different
pieces of M293 with different mobilities (ranging from
3 X 10 to 1 X 10 cm /V s). Considering that we also see
the feature in the low-mobility sample MM10, it seems
that the feature in resistance is rather insensitive to im-
purity scattering. Third, the feature becomes weaker for
a van der Pauw piece of the sample M293 with a much
larger active area ()4 mm ), suggesting that the feature
is very sensitive to macroscopic inhomogeneity across the
active region.

The feature in resistance is further studied by taking
the SdH oscillations in R „at low B fields at different
V s and by extracting the density information. Figures
2(a) —2(c) show the data taken at the V 's indicated by the
vertical arrows in Figs. 1(a)—1(c). The densities, n, and
n2, of the higher and lower subbands of the DQW's as a
function of V, are derived by Fourier transforming the
SdH oscillations and the results are presented in Figs.
3(a) —3(c). We note that when the energies of the states in
the individual wells differ by less than 6s&s, the station-
ary states are delocalized over the wells and n, and n2
correspond to the densities in the antisymmetric and
symmetric subbands, and when the energies differ by
more than AsAs, the states are localized in the individual
wells and n, and n 2 correspond to the densities of the top
and bottom wells. In all three samples, the results
demonstrate that the feature (whether it is abrupt or
smooth) observed in Figs. l(a) —1(c) occurs when n, goes
to zero, i.e., the system changes from being double layer
to single layer. We now examine the data for each sam-
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localized to the bottom well and the upper to the top
well. Consequently, changing V changes the upper sub-
band density n& now in the top well. The density of the
top well becomes zero at V ——0.6 V. At still higher
negative bias, the system is a single-layer 2DEG. It
should be noted that the averaged density
n,„=( n

&
+ n z ) l2 changes approximately linearly with

V, as is expected from Gauss's law.

For sample M293, the SdH oscillations in Fig. 2(b)
show that the system changes suddenly from a double-
layer to a single-layer at the V where the sudden resis-
tance decrease is observed in Fig. 1(b). At V =0.25 V,
the single-frequency oscillations show that the densities
are balanced. In this samp1e, AsAs is too s~all to give
measurable density difference between n

&
and n2. As V

decreases, the wells become off balanced and the beating
shows up, due to the density difference between n, and
n2. This beating disappears suddenly at V = —0.49 V,
at the abrupt change in resistance seen in Fig. 1(b). The
beating structure at V = —0.44 V, where the densities of
the two wells are expected to be far off balanced, is a re-
sult of the nonlinear coupling between two frequencies in
two-subband systems discussed in Refs. 23 and 24.

The n &, nz, and n,„data in Fig. 3(b) shows that there is
a charge transfer from the top to the bottom well at the
transition. Starting at Vg

—0.4 V, n& drops sharply to
zero, while n2 shows more than a 10% increase. The n,„,
on the other hand, keeps changing linearly with V . After
the top well is completely depleted, n„decreases more
slowly, consistent with the change in the lever arm factor
in the capacitance network model, as a result of a larger
distance between the bottom 2DEG and the top gate.
The weak decrease in n2, when n&)0, is due to the im-
perfect screening of the top 2DEG.

The SdH oscillations for MM10 in Fig. 2(c) exhibit
behavior similar to that of the SdH oscillations for M293,
even though they are less clear due to the lower mobility
of the sample. The system changes from being double-
layer to single-layer between V = —0. 18 and —0.21 V,
corresponding to the resistance drop in Fig. 1(c). Howev-
er, it is difficult to identify the charge transfer from the
density data in Fig. 3(c), because of the weaker transition
in Fig. 1(c) and the lower resolution of the SdH oscilla-
tions. On the other hand, the slope change in n,„after
the top well is depleted is most pronounced among the
three samples. This is because of the larger distance be-
tween the wells giving rise to a larger change in the ca-
pacitance.

IV. DISCUSSION

CU
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Before starting the discussion, we summarize the ex-
perimental results presented in the last section: (1) We
observe a feature in the four-terminal resistance when the
system changes from a double- to a single-layer system.
(2) The feature is smooth for M229, while it is a very
abrupt decrease for M 293. In MM 10, it exhibits a
moderate strength. (3) This abrupt feature becomes
smooth and disappears when T is raised. (4) We
identified a charge transfer from the top well to the bot-
tom well at the transition in M293. These are very
surprising results in that since the carrier density de-
creases continuously, no abrupt feature is expected.

FIG. 3. Densities derived from the Fourier transforms of the
SdH oscillations as a function of Vs: Q, n „.V, nz, e, n,„Note.
that n& at Vg 0 49 V is not from the Fourier transform but
given as a reference point.

A. Model based on single-particle picture

A theory based on the single-article Schrodinger equa-
tion is not likely to give any sudden feature when the sys-
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tern changes from a double to a single layer. In order to
confirm this, we performed a numerical analysis by solv-
ing the Schrodinger and Poisson equations self-
consistently with changing the balance of the wells. We
used a solver from Ref. 26. The results of the numerical
analysis are shown in Figs. 4(a) —4(c) for the three samples
as a function of b. Vg (which is the difference in V from
its value when densities are balanced). The result for

M229 in Fig. 4(a) excellently reproduces the subband
crossing in the experimental data in Fig. 3(a). The linear
change in n„also agrees with the experiment. The re-
sults for M293 in Fig. 4(b) do not show any sign of a sud-
den transition when the system is changed from a
double-layer to a single-layer. The n's in the numerical
analysis change linearly as a function of V and there is
no sudden decrease in n&, nor increase in n2. The
difFerence between the numerical analysis and the experi-
mental data is apparent. The results for MM10 in Fig.
4(c) are similar to those for M293. There is no sign of
charge transfer, even though the numerical analysis does
not suffer from the low resolution problem due to the
lower mobility of the sample in the experiment. Note
that for MM10, the curvature change in n„ is noticeable
after the top layer is depleted. The linearity observed in
n,„ for M229 and in all n's for M293 and MM10 shows
that in this density range, the effect of Hartree potential
is almost negligible. In other words, the circuit model,
which gives the linear dependence of n's, is as good an
approximation as the self-consistent analysis. In con-
clusion, we cannot identify any signs of the sudden transi-
tion on the basis of the single-particle Schrodinger equa-
tion, even though the results of our analysis can well
reproduce other features in the experimental data.

One might say that the abrupt feature in the experi-
ment may be a result of a discontinuity in the density of
state due to the upper subband depopulation. Howev-
er, in our case, this is not applicable. Since the energy
difference between the quantum states in the individual
wells is much larger than b,s~s for all three samples when
the transition occurs, the upper and lower subbands are
localized in the top and bottom wells. The spatial separa-
tion between the two subbands significantly reduces the
electron scattering from one subband to the other. In ad-
dition, the resistance resonance in DQW s with large mo-
bility imbalance when the wells are balanced ' cannot
be the cause of our resistance drop, since the wells in our
DQW's are expected to have equal mobility and our resis-
tance drop occurs far away from the balance condition.

B. Proposed model
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We propose the following model based on the inter-
layer and intralayer correlations to explain the sudden
transition. Since the purpose of the model is to provide a
framework to explain qualitatively the strength of the
transition for different samples, it is phenomenological in
that we assume the matrix elements are given as a con-
stant, and makes a simple estimation assuming weak cou-
pling.

We start from the following model Hamiltonian:

0,0
-1.0 -0.5
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X~o(a 1k,a 1k, ++ 2k, +2k, )+Xr (+1k,+2k, +H'c

+ye( n/kn;/ +n2/ n2/
J
)+yVn/k n2/J

FIG. 4. Results of self-consistent calculation for three sam-
ples. Lines are linear fits: (a) M229; (b) M293; (c) MM10: 0,
71 I

' + f12,' ~ 7l

where 1 and 2 are the layer index here and t, VE, and V
are tunneling and the repulsive intralayer and interlayer
Coulomb interactions, respectively; e0 is the kinetic ener-
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gy, and H.c. stands for the Hermitian conjugate. We
point out the similarity between our model and the mul-
tisubband Hubbard model which is extensively studied in
the high-T, superconductor literature. ' ' In our case,
the subbands are spatially separated and the in-plane
wave function is not localized. In a simple approxima-
tion, the total energy of the system, E„„&,which is the
function to be minimized, may be written as

E,.„., -~,(n, +n, )+tin, —n, l

+8'(n, +nz)+Vn&nz,

where the second term on the right-hand side is the ex-
cess energy when the electrons are localized in one well
compared to the case when electrons are in both wells.
By substituting n, =n ( —,'+5) and n2=n ( —,

' —5),

""' =(2e—V)5'+
pg n

Intuitively, the electron distribution is determined
through the following competition: t and 'M try to distri-
bute the electrons between the two wells while V tries to
keep electrons in one well. Now there are three different
cases: ( 2) 2%X—V & 0, no instability; (B) 4t In-
&2S' —V&0, no instability; (C) 2%—V& 4tln &0—, in-
stability possible. Sample calculations of E„„&for these
cases are shown in Fig. 5. In both cases A and B, E, „&
is the smallest when 5=0, since t and 'M win over V. On
the other hand, in case C, E„„&at 5=+0.5 is smaller
than E„„,&

at 5=0, since V dominates.
The above model can give a qualitative explanation for

the strength of the feature in the resistance and density
data. First, considering the fact that the transition is the
strongest for M293, the parameters for this sample have
to satisfy case C. Second, since t changes exponentially
as a function of the barrier width, while V changes alge-
braically, ' t becomes much larger than Vl and V when
the barrier becomes smaller. Therefore, the observed

E„„&=
—,'p(E) '[(n, —bn) ]—p(E) '(n2 n, )bn—

' 1/2
2~e 2 4e 2

dhn
Kp 3Kp

X[(n, —bn) ~ +(n2+bn) ], (4)

where p(E) is the two-dimensional density of states, ~0 is
the dielectric constant of the medium between the two
2DEG's, d is the distance between the 2DEG's, An is the
density of the transferred electrons, and n„n2 are the
densities of the individual wells. Equation (4) has an ad-
ditional term (the second term on the right-hand side)
compared to the original formula in Ref. 12 due to the
subband edge difference between the two wells. Figure 6
gives the calculated E„„&normalized by p(E) 'nz as a

feature becomes weaker by approaching case B, con-
sistent with our observation for sample M229. Third, if
the barrier width is too large, t and V get reduced, so Vl
becomes dominant. Again, the observed feature becomes
weaker, on approaching case A, also consistent with our
observing a weaker transition in MM10.

So far, the argument is qualitative. Let us study the
case for M293 a little more quantitatively, following the
calculation of the exchange-driven instability in DQW s

by Ruden and Wu. ' The efFect of tunneling is ignored in
the calculation. Even though the importance of tunneling
should not be neglected in M229, ignoring tunneling is
not a bad approximation for M293, which has a larger
AlAs barrier. The reason V can be larger than 'M is that
the latter can be greatly reduced due to the exchange
effect, while the former can stay large since the wave
functions overlap little in the z direction. In our case,
when the wells are asymmetric, the total relevant energy
of the system E„„&can be written as

-0.5

0.5

-0.6

0.0 1.0

-0.5
-0.5 0.0

6

FIG. 5. Instability vs no instability;
2t/n =1; Case 8, 2'M —V= —0.5,
2'M —V=04, 2t/n =1.

0.5

Case A, 2' —V=1,
2t/n =1; Case C,

FIG. 6. The calculated total energy of the two 2DEG's as a
function of the fractional density An /n

&
of electrons transferred

from the top well to the bottom well for three different ratios of
n& to n2. We fix n2=1.4X10"/cm . The dotted line is a calcu-
lation without the exchange term for n, =0.1n2 (y axis is shifted
for companson).
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function of the transferred electron ratio b, n /n, for three
different ratios of n, to n2. We take n2 =1.4X 10"/cm,

0
d =220 A, and ~o=12. This calculation demonstrates
that as n, decreases, more electrons in the top well are
transferred to the bottom well due to the exchange in-
teraction, consistent with our experimental findings.

C. Interlayer scattering

500

400

300

200
CC

I I I I I

]

l

l

R*total
--——R1
------- R2

R12
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R, [n, /n2] —R2+ R
R, [n] /n2]+2R]2

(8)

Finally, r]2 is calculated using r]2 =m "/e n 2R ]2. The
extracted R l2, which is the dashed curve in Fig. 7, in-
creases as the system approaches the transition, and then
shows a clear decrease and disappears at the transition.
At Vg= —0.44 V, R,'„„=1000, n] =0.2X10"/cm,
and n2=1. 6X10"/cm . We obtain R, =5000 0 and
R 2

=48 Q. The estimated R,2
=60 0, giving

~&2-2. 5 X 10 " s at T =0.3 K. Note that since
R gptgl ~R 2 +R &2 when R l ~~, a smal 1 uncertainty in
Rl around the peak of R&2 will not affect the result
much.

The interlayer scattering rate before the transition ap-
pears strongly enhanced when we compare our ~&2 to the
experimental and theoretical interlayer scattering rate
known in the literature for higher densities far away from
the transition. Gramila et al. deduced an interlayer
scattering time, ~,2-10 /T s, from a sample with an

0
interlayer separation d-200 A. Even if we scale this re-
sult according to

Now we study the interlayer scattering rate around the
transition. The sudden resistance decrease is a result of
the disappearance of the interlayer scattering due to the
sudden top well depletion. A circuit model, assuming
the interlayer friction (which gives the interlayer resis-
tance R]z) to be linear in the drift velocity difFerence be-
tween the wells, is used to estimate the interlayer scatter-
ing rate, r]2, from the resistance data shown in Fig. 1(b).
First, we fit the single-layer part (V (—0.5 V) of the
data to a density-dependent layer resistance given by

R (n)=1/[8. 1X10 0 0—01.2(n/10")

+0.009(n/10") ](0),
and approximate the resistances R& and R2 of the top
and bottom layers at a given V by the resistance R (n])
and R ( n z ) at the respective layer densities n ] and n 2

Next, we extract R &2 from the measured resistance

R*R*
)Jc 1 2
total

1 2

where

100

0
-1.0 -0.5

s ~~ 1

0.0

'~ +ed' 0 ~

0.5

FIG. 7. R» extracted from R,*„,
~

taken at T=0.3 K on
M293. R, and R2 used in the calculation are also shown.

(9)

neglecting the finite width of the 2DEG's, ' their
~&2-10 /T s, still more than three orders of magni-
tude larger than our value before the transition. The ex-
periment on interlayer scattering between a 2DEG and a
3DEG by Solomon et al. ' also gives a much smaller
scattering rate. In other words, the interlayer scattering
at the transition is significantly enhanced, when com-
pared to that from the previous interlayer Coulomb
scattering studies. In fact, its strength is comparable to
that of the electron-hole system.

Here we discuss some possibilities to explain this
enhancement. The first and most likely possibility is
weaker screening due to the low densities in the sample,
in particular, when the top layer approaches depletion.
We do a simple order of magnitude estimation of the in-
terlayer Coulomb forces in the absence of the top-layer
screening for M293, by comparing them to the Coulomb
forces due to the remote donors. The electrons in the top
we11 are an order of magnitude closer in distance to the
bottom electron layer than to the remote donors (which is

0—1000 A away) and thus, the potential is an order of
magnitude stronger, ' but an order of magnitude less in
density just before the transition (at V = —0.44 V, n] is
estimated to be 13% of nz). Therefore, the scattering
rate of the bottom-layer electrons due to the electrons in
the top layer is comparable to that due to the remote
donors, if we assume a similar scattering mechanism.
The amount of the resistance drop in our data is con-
sistent with this estimation. Second, since the theory
does not deal with the finite layer thickness of the real
system, the extrapolation using Eq. (9) may not be accu-
rate. The finite thickness cannot be neglected in our case,
since the layer separation is much smaller than that used
in the previous studies and is comparable to the thickness
of the 2DEG's. The third possibility is the disorder
enhancement of the interlayer scattering rate. ' Accord-
ing to the theory, the interlayer Coulomb interaction is
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appreciably enhanced by disorder at low T when the
mean-free path within a layer is comparable to or shorter
than the layer separation. However, this e6'ect may not
be large since at Vg

= —0.44 V, the mean-free path in the
0

top layer is —1500 A, which is still larger than the inter-
layer separation. Fourth, the interlayer scattering rate
may be enhanced as a result of increasing Auctuations
due to the instability. However, since the onset of the
enhancement in R &2 in our data occurs much earlier than
the transition, such increasing fluctuations may not be
the main reason for the enhancement.

within a framework of the charge transfer to explain the
transition. We also find that the interlayer Coulomb
scattering is significantly enhanced before the transition.
Finally, we should mention that the layer degree of free-
dom in DQW's has also been identified with a pseudospin
degree of freedom where the pure single-layer states are
the eigenstates of the z component of the spin operator.
In this language, the transition that we have observed can
be viewed as a field-induced paramagnetic to ferromag-
netic transition.
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In conclusion, we report detailed measurements of an
abrupt transition from a double- to a single-layer system
in the DQW's when the wells are biased. Of the three
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that we have studied, this transition is strongest for the
70-A barrier width sample and disappears when tempera-
ture is raised. A phenomenological theory is developed
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