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Comment on ‘‘Exchange instabilities in semiconductor double-quantum-well systems’’

F. A. Reboredo and C. R. Proetto
Comisión Nacional de Energı´a Atómica, Centro Ato´mico Bariloche, 8400 Bariloche, Argentina

~Received 25 February 1997!

Semiconductor double-quantum-well systems in the low-density regime are prone to magnetic and charge-
transfer instabilities. While recent calculations, using both a pseudospin approach and a local-spin-density
approximation~LSDA! @Phys. Rev. B55, 4506~1997!# seem to rule out the instability towards a monolayer
configuration, the present contribution is devoted to refuting this conclusion in the LSDA. In this approxima-
tion, it is found that there is a charge-transfer instability for barrier widths that are neither too small nor too
large.@S0163-1829~98!07732-7#
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In a recent contribution, Zheng, Ortalano, and Das Sar1

have considered various exchange-driven electronic insta
ties in semiconductor double-layer systems in the absenc
any external magnetic field. One of the main conclusions
their work is that there is no exchange-driven bilayer
monolayer charge transfer instability in the double-layer s
tems. In this Comment, we want to point out that accord
to our calculations~which in principle use the same approa
and similar system parameters as Ref. 1!, there is a charge
transfer instability in double-layer systems. Typical para
eters for this instability are two-dimensional densities
1010/cm2 and barrier widths of 80 Å.

Before presenting our results, we give a few details ab
our ~numerical! calculations. We have solved in a se
consistent way the~effective! one-dimensional Schro¨dinger
and Poisson equations of the double-quantum-well syst
Exchange and correlation effects are included by using
local density approximation2 ~LDA ! for the exchange-
correlation potential of the density functional theory.3 For the
study of the paramagnetic and fully spin-polarized~ferro-
magnetic! configurations we use a parametrization4 of the
exchange-correlation potential based in the variatio
Monte Carlo results of Ceperley and Alder.5 For the treat-
ment of arbitrarily spin-polarized phases, we employ
spin-density LDA~LSDA!, with the interpolation proposed
by von Barth and Hedin6 for the exchange-correlation poten
tial at intermediate polarizations.

We have considered four different phases in this lo
density regime: a bilayer paramagnetic phase, a bilayer
romagnetic phase, and the two monolayer paramagnetic
ferromagnetic counterparts. In order to avoid any ambigu
in the search for the stability of the four phases, we ha
calculated the total energy of each.7 For a given set of pa-
rameters~densityNs and barrier widthdb) we have chosen
the one with the lowest energy as the ground state. Bes
and for a complementary characterization, we have defi
two order parameters,
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whereNs is the total bidimensional electronic density, an
h(z)5r↑(z)2r↓(z) is the local-density magnetization, wit
r↑(z)@r↓(z)# being the density fraction of up~down! spin-
polarized electrons.z50 corresponds to the midpoint of th

FIG. 1. Phase diagram~in parameter space! of the double quan-
tum well, as a function ofNs anddb . The shaded area covers th
region where the monolayer ferromagnetic phase is the gro
state, the gray intensity~in meV/particle! being proportional to the
total-energy difference with the bilayer ferromagnetic phase. T
rectangle in the upper right corner indicates the size of the grid.
remaining parameters are as follows: well width,dw5150 Å; bar-
rier high, 220 meV; coordinates of the delta-doped planes,z5
6(db/21dw180 Å).
7450 © 1998 The American Physical Society
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barrier, which separates both two-dimensional elect
gases. P15P250 in both paramagnetic phases, wh
uP1u51 and P250 in a fully polarized symmetric phase
Finally, uP1u5uP2u51 in a fully polarized monolayer
phase. In the case of partial polarization and/or not comp
depopulation of a quantum well,uP1u and uP2u can take
values close~but not equal! to unity.

Proceeding in this way, we have obtained the res
shown in Figs. 1 and 2. Figure 1 compares the stability
both ferromagnetic phases, bilayer and monolayer, as a f
tion of Ns anddb . The intensity of the gray regions is pro
portional to the total energy difference per particle betwe
both phases. According to these results, the bilayer fe
magnetic phase is unstable against the monolayer ferrom
netic phase for low enough densities (Ns&1010/cm2) and
thick enough barriers (db*50 Å). None of the two para-
magnetic phases is the ground state in the parameter s
shown in Fig. 1. The bilayer paramagnetic configuration
stabilized at higher densities and smaller barrier widths
this Comment we have concentrated our attention in the l
density regime of a double-quantum-well system,
intermediate-density regime (1010/cm2&Ns&1011/cm2) be-
ing treated separately.8

The results shown in Fig. 2 are complementary to th
shown in Fig. 1. We display here the total energy of the fo
phases, referred to one of them~the paramagnetic bilaye
phase!, for a constant density (Ns50.0631011/cm2) and as a
function of db . Note that in this case we have explored v
ues ofdb larger than in Fig. 1; the order parameters defin
by Eq. ~1! are shown also.

The following features should be pointed out:
~i! For db&50 Å, only bilayer phases are stable, with t

ferromagnetic solution having a lower energy than the pa
magnetic phase, and being therefore the ground state.
paramagnetic solutions were explored by starting from a p

FIG. 2. Total-energy differences~per particle! with respect to
the PB solution versusdb for each one of the four possible configu
rations: PB: paramagnetic bilayer, PM: paramagnetic monola
FB: ferromagnetic bilayer, FA: ferromagnetic monolayer. The slo
of the straight dashed line corresponds to Eq.~2! in the text.
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fect paramagnetic seed, as our self-consistent procedure
serves naturally this constraint. They are, however, unsta
against small ferromagnetic perturbations: we have chec
that if the seed has a small ferromagnetic component,
self-consistent procedure leads to an increase of the pola
tion, until convergence to a fully polarized ground state
attained. The degeneracy between the bilayer and monol
phases~both for the paramagnetic and ferromagnetic cas!,
actually means that the self-consistent procedure always
verges towards a bilayer solution~even when starting from
an monolayer seed!. Also note thatP151 and P250,
which is consistent with having a fully polarized bilaye
ground state.

~ii ! For 50 Å&db&150 Å, the ferromagnetic monolaye
phase is the ground state of the double-quantum-well sys
reaching optimum stability for some intermediate barr
width of about 75 Å. The paramagnetic monolayer pha
has also a lower total energy than the bilayer solution,
this happens for a somewhat larger barrier width~as com-
pared to thedb where the ferromagnetic monolayer config
ration becomes the ground state!. Fordb*75 Å, it is impor-
tant to remark that according to our calculations, bo
paramagnetic and ferromagnetic bilayer phases are m
stable with respect to their respective broken symme
counterparts. In other words, starting from a ferromagne
seed with a small monolayer component, the self-consis
procedure converges towards the perfect bilayer solution
stead of falling towards the monolayer phase with low
energy. The situation is analogous for both paramagn
phases.

~iii ! For db*150 Å, the bilayer ferromagnetic solution i
again the ground state of the system. In contrast from
situation in the intermediate range of barrier widths, no
both ~para and ferro! broken symmetry solutions are met
stable with respect to their respective symmetric~bilayer!
counterparts.

As a summary of the results presented in Figs. 1 and 2,
see that the bilayer ferromagnetic phase is the ground sta
small or large enough barrier widths, with the monolay
ferromagnetic phase being the ground state in the interm
ate range ofdb . We discuss in what follows the physic
behind such behavior and give some qualitative estimati
to explain our results.

In the first place, it seems to be quite reasonable that
bilayer phases be the only solutions at small enough va
of db : the electrons can tunnel easily through the barrier
this regime, so the kinetic energy cost associated wit
monolayer solution is too large to be overcome by oth
effects. The stability of the bilayer phases for large enou
db also looks quite reasonable, but for a completely differ
reason: in this regime, the larger energy corresponds to
classical Coulomb energy between the electronic charge
tributions in both wells, which increases linearly withdb in
the monolayer situation. From simple electrostatic consid
ations we obtain for the difference between monolayer a
bilayer phases the expression

pe2Ns

2«
~db1dw!, ~2!

which is positive and corresponds to the cost in energy
sociated with the charge transfer in going from a bilayer t
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monolayer configuration;« is the dielectric constant of th
well-acting semiconductor material (GaAs,«512.5). To
this we should add a negativedb independent contribution
as the system gains exchange-correlation energy by g
into the high-density asymmetric phases. The linear beha
with db is clearly seen in Fig. 2 for both the paramagne
and ferromagnetic monolayer phases, fordb*100 Å. The
straight dashed line is just a plot of Eq.~2!, where the nega-
tive exchange-correlation contribution has been adjuste
fit the calculated points. Two points should be clear w
respect to this. First, we are adjusting the absolute vert
position of the dashed line and not its slope, which is o
tained using Eq.~2!. Second, the value we obtain for th
negative exchange-correlation contribution is close to w
can be estimated by assuming simple density distributi
for the bilayer and monolayer configurations.

While we are quite confident about the results of our c
culations, the source of the discrepancy with the conclusi
of Ref. 1, where no instability towards monolayer phas
were found is not clear to us. From our experience with t
type of self-consistent calculations, we are, however, q
critical of the methodology used to explore the stability
the four phases. According to what is stated in Ref. 1,
search for the stability of the ferromagnetic phases, the s
consistency procedure was started from two seeds with
ferent polarizations~10 % and 90 %!. If both choices lead to
a polarized final state, they conclude that the state is po
ized. If only one choice leads to a polarized final state, th
conclude that the result is not well defined, which gives r
to an uncertain region in theirNs versusdb phase diagram
equivalent to our Fig. 1. Nothing is said about how the s
bility of the monolayer phases is explored. This ‘‘ad hoc
procedure should be contrasted with our systematic meth
ology, where we calculated the total energy of each of
possible configurations, and chose the one with the low
s
h

ng
or

to

al
-

at
s

l-
s

s
s
te
f
o
lf-
if-

r-
y
e

-

d-
e
st

energy as the ground state of the system. Proceeding in
way, we never found a problem in assigning the charac
para/ferro bilayer/monolayer to any point in theNs versusdb

phase diagram. Besides, it is important to note that fo
broad range of parameters some phases are metastable
respect to the ground-state configuration. For instance,
db*75 Å, both paramagnetic and ferromagnetic bilay
phases are metastable against their respective mono
counterparts. This means that unless one started from m
quite different seeds and let the system attain full se
consistency, it is possible for the algorithm to becom
trapped in a local minima in configuration space.

The monolayer phase is a result of our rigorous appli
tion of LSDA theory to the double-quantum-well system
besides the clear conflict with similar calculations of Ref.
our results point out something that can be considere
more serious and deeper discrepancy. Zhenget al.1 claim
agreement~absence of the monolayer phase! between results
obtained with two different methods: pseudosp
description9 for the layer degree of freedom~zero-tunneling
approximation! in Secs. II and III, and LSDA formalism in
Sec. IV. In light of our results, no such agreement exi
between both treatments, and as the modelling of the sys
is much more realistic in the LSDA~for instance, tunneling
is treated exactly!, this casts some shadows on the accura
of the pseudospin formalism as applied to the present p
lem.

In summary, within the framework of the LSDA, we hav
found that there is an exchange-correlation driven bilaye
monolayer charge transfer instability for the double-lay
system in the low-density regime. As a function of barr
width, the instability appears in some intermediate ran
(50 Å&db&150 Å). The results are at variance with r
cent claims presented in Ref. 1.
ys.
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