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Spin-correlation effects in a one-dimensional electron gas
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The Singwi-Sjolander-Tosi-Lan@SSTLD approach is generalized to study the spin-correlation effects in a
one-dimensionallD) electron gas. It is shown that the SSTL approach yields different and interesting results
compared with the more widely used Singwi-Tosi-Land-Sjolan@¥LS) approach. We find out that the
self-consistent field approaches, STLS and SSTL, predict a Bloch transition for 1D electron-gas systems at low
electron densities.
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l. INTRODUCTION In some recent experimefs?? carried with very clean
The Singwi-Tosi-Land-SjélandeSTLS) approach is a 1D channels, in addition to the usual quantized conductance
powerful theoretical tool in going beyond the random-phasélateaux, a clear plateaulike structure close t¢Z&7h) has
approximation(RPA) in studying the short-range correlation been observed at zero magnetic field. Thoreaal ' made
effects of an interacting electron gas. It was originally devel-measurements with six 1D constrictions, which are fabri-
oped for three-dimension@BD) electron gas. In the STLS cated from 2D electron gases formed in modulation-doped
approach the short-range correlation effects are described yaAs/Al 3dGa AS heterostructures grown by molecular-
a local-field correction in the density response function. Thebeam epitaxy(MBE) on a(100) semi-insulating GaAs sub-
STLS approach is later applied to the two-dimensionalstrate, and in all of the samples investigated they observed
(2D)** and one-dimensionallD)>~" electron-gas systems clean quantized conductance plateaux as well as the 0.7
with long-range Coulomb or short-range interactions. Thestructure. It is shown that the 0.7 structure observed in these
STLS approach gives correct pair-correlation function, but itexperiments is not due to transmission or resonance effects.
fails to satisfy the compressibility sum rule. Moreover, the Tomanaga-Luttinger theory or a simple spin
The Lobo-Singwi-Tosi(LST) approact, on the other pojarization of the electron gas cannot describe the origin of
hand, was orlglnelly developed to calculate the spin-pig unique structure.
correlation effects in th?‘ 3D interacting e'eﬁfo” gas. Al- Using the density-functional theory, Wang and Bergdten
though the calculated spin susceptibility is not in agreemeng .o the Kohn-Sham equation self-consistently for an infi-
with exge;'mem’ the LST approach is applied to the’2b nite quasi-1D channel with an in-plane magnetic field paral-
an?nltﬁi; :leeitrevtgs?jdpr?ﬁée?;"‘dit of another attem ttoIeI to the channel. The results show that full spin polarization
Papet, y y P appears at low electron densities10° cm ). Moreover, the

go beyond RPA, the Singwi-Sjélander-Tosi-Lai8STL) . : .
approach*15 It was proposed as an improvement over theresults are consistent with observations of the 0.7 structure

STLS approach to better take into account the compressibiNd its interpretation in terms of spontaneous spin polariza-
ity sum rule. This sum rule requires that the compressibilitytion of the lowest subband. Obviously, whether the 0.7 struc-
computed via the ground-state energy and the longture reflects spontaneous spin polarization, or other many-
wavelength limit of the static dielectric function of the sys- body effects, is a topic of considerable current debate. It is
tem be the same. The compressibility sum rule thus requireifierefore interesting to investigate the spin-correlation ef-
that at long wavelengths the exact screened density respontgets in a quasi-1D electron system within the SSTL approxi-
function, and hence the local-field correction, is determinednation, which has not been done before.
by the isothermal compressibility. For a review of the STLS, The organization of the paper is as follows. In Sec. Il we
SSTL, and LST approaches see Ref. 16. It is curious thapresent the formalism and the SSTL approach. Our results
although it is not very widely used, the SSTL approach wasand performance of the SSTL approach are discussed in Sec.
not investigated before for a low-dimensional electron-gasll.
problem. It is therefore of interest to study the SSTL ap-
proach, te investigate ite range of validity, and to compare i'ts Il FORMALISM
results with the very widely used STLS approach. This is
done in our recent wotk for density correlations in a 1D The ground state of a noninteracting electron gas is para-
electron gas. In that work, we showed that the SSTL satisfiegiagnetic. Therefore, the magnetic moments of the constitu-
the compressibility sum rule better than the STLS approxi-€ents are randomly distributed and their magnetic moment is
mation. averaged to zero. If we apply a weak external magnetic field
Our main motivation for studying the spin-correlation ef- to such a system, it will develop a paramagnetic spin mo-
fects in 1D electron-gas systems is that these effects are coment. The response of the system to the field can be studied
sidered to explain the so-called 0.7 structure, and may lead taia its wave-vector- and frequency-dependent paramagnetic
a phase transition from the paramagnetic to the ferromagsusceptibility function. On the other hand, in an interacting
netic state. electron system we have short-range exchange and correla-
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tion effects. In this study, we investigate these effects within 1 f dg'q’ V(q')
o Sa-a) -1l (6)

g}edséil;—ii:onsstgnt field ap_prommap@ﬁCFA) as in the case G(g) nJ 2 q eq)V(9)

y-density correlations. It is assumed that the elec-

trons are embedded in a uniform positive background so that

the whole system is neutral. For ease of notation we will set I(q) = }f dg'q’ Vv(q')

f=1 throughout this paper. q nJ) 2w q eq)V(Q)
In the SCFA the wave-vector- and frequency-dependent

density and spin-density response functiof$q,») and  Wheree(q) is the static dielectric function of the electron gas,

[Sa-q)-1],  (7)

x°(q, w), respectively, are given by which is related to the density response functidfg) as
L - 1V ®
il Yi(q).
Vg ) = 200 & <@

1-4(@xo(q, @)’
In the STLS approach, the potential under the integral sign in

Eqgs.(6) and(7) is not screened by(q).
s __.2.2_ X(Qo) We model the 1D electron gas as obtained from the zero-
xX(d,0)=-g Msmv ) thickness 2D electron gas under a harmonic confinement
o potential?* The electrons are assumed to occupy only the
lowest subband. This model yields the Coulomb interaction
where xo(q, ) is the free-electron polarizability)® (¢#) is  potential between electrons a#(q)=(e?/e)F(q), where
the spin-symmetrigantisymmetrig effective potentialg is  F(q)=exp(x)Ko(x) andx=b?q?/4 with b as the lateral width
the Landé factor, angg is the Bohr magneton. of the quantum wire.

The system responds to the applied magnetic field through The RPA describes the dielectric properties of the electron
the free particle susceptibility modified by a local-field cor- ga5 at high electron densities. In RPA the short-range corre-
rection. The static structure fact&(q) and magnetic struc- |ations are assumed to be absent, i.e., the local-field correc-
ture factorS(q) are related to the dynamic response functiongion G(g)=0. As the density of the system is lowered, the
by the fluctuation-dissipation theorem as exchange and correlation effects become important. The

Hubbard approactHA) was developed to improve the RPA
by introducing a local-field correction which takes into ac-

Sig)=- ij do Im{x(q,»)}, (3)  countonly the exchange hole around an electron. In the HA,
nmlo the local-field correction for spin correlations is given by
_ 1V +K)
~ 1 In(a) =~ 2 Vi 9
Sa=—3-5 f do Im{x%(q,w)}, (4)
N7g 1o The spin-symmetric and spin-antisymmetric  pair-

correlation functiongy(r) andg(r), respectively, are related

where n is the 1D electron-gas density. The Fermi waveto the static structure factor and magnetic structure factor by
number kg is related to the linear electron density mas @ Fourier transform

=g49,ke/ 7, with gs andg, as the spin and valley degeneracy, L

respectively. In this paper, we takg=1, which is the case -1 +_f d -1 10

for GaAl/AlGaAs-based quantum wire structures. The sys- 9(r) 2J)o q codan[S(@) - 11, (10

tem is characterized by a dimensionless interaction param-

eterr,, defined as the ratio of the interelectron spacing to the 10"

effective Bohr radius. The; is related to the linear electron B(r) = _f da cogani<Sa) - 11. 11
density ags=1/(2na}), whereag=€y/ (€?m"*) is the effective 9r) 2J, qcodaqniS(a) - 1] (1)
Bohr radius with background dielectric functiag and ef-

fective electron mass*. These may be written in terms of the parallel spin-pair-
In the SCFA the effective potentialg®(q) and 4(q) are  correlation function g;,(r) and antiparallel spin-pair-
defined as correlation functiong,(r) as
1 ~ 1
Y@ =V(a[1-G@], ¢@=Vl@, (5 9 =190 +g1,(0] 8 =[g;4(r) - gy, (1]
(12

whereV(q) is the 1D Fourier transform of the Coulomb po-

tential, andG(q) andl(q) are the static local-field corrections The spin-dependent potentials may be obtained by combin-
arising from the short-range exchange and correlation effectisig %q) and ¢2(q) in the following form
for the density and spin-density responses, respectively. In

the SSTL approximation they are given by Y@ = 9@ + YA, @y (@) =y¥Xa) - 4A@). (13

235305-2



SPIN-CORRELATION EFFECTS IN A ONE-. PHYSICAL REVIEW B 70, 235305(2004)

05
08 | -

09

0.6 -
= =
I 3
06 0.4 -
SSTL
0.3 - A 0.2 | -
b %
00 & L L L 0.0 & L L : L
0 1 2 3 1 0 1 2 3 4 5
q/kr q/kr

FIG. 3. The static structure fact®&q) for quantum wire width

FIG. 1. Th tic structure factstq) in the SSTL(solid . e
e magnetic structure facts(q) in the (soli b=2ag in the SSTL approximation at=0.5, 1, and 1.5.

line), STLS (dashed ling and Hubbarddotted ling approxima-
tions atrg=1 for a quantum wire width ob=2ag.

The ground-state energy is the most important physical
(Property in determining the phase of a system. The ground-
state energy per particley of a 1D electron-gas system is
given by

The excitation spectrumy, of the collective spin modes
are obtained by the poles of the spin susceptibility functio

2 _ 2eha)\ 112
wq:<“" — ) , (14)

1-eAa

where w,=|g?/2m*+qk:/m*| are the boundaries of the
particle-hole continuum, and(q) = 72q/[4rF(Q)1(Q)].

Spin-density susceptibility of the 1D electron gas in the
SCFA may be given by

‘ q+2ke o
2 2 In| —~ s
(@) = 9°uep(er)ke q-2ke
8r ke g+ 2ke |’
1+——F()l(g)In
2 (@) ‘ 42k iy
(15) eE S .
where p(ep) =2m*/ ke is the density of states at the Fermi " A k s .

energy in 1D electron gas. Note that the Pauli spin suscepti-
bility IS xpaui= #ap(er). 2>
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FIG. 2. The change of the critical density paramatgrwith
guantum wire widthb within the STLS approximation.

FIG. 4. The spin-dependent pair-correlation functieasg;(r)
and (b) g;(r) calculated in the SSTL approximation a=0.5
(solid line), rs=1 (dashed ling and rs=1.5 (dotted ling for b
=2ag.
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FIG. 5. The(a) spin-symmetric andb) spin-antisymmetric ef-
fective potentials in the SSTL approximatigrolid line), STLS
approximation(dashed ling and HA (dotted ling atrg=1 andb
=2ag.

m L 1L
12950%r2  2r9g,

1 ®
« fo i jo dg FQ[S@N -1, (16)

gq(rg)/RY" =

whereRy*:ll(Za*Bzm*) is the effective Rydberg anxd s the

coupling constant. In this relation the first term is the kinetic
energy and the second term is the exchange-correlation e
ergy of the system. Also note that here we normalized th

wave number by.

Ill. RESULTS AND DISCUSSION
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FIG. 6. The spin-dependent effective potentials in the SSTL
(solid line) and STLS(dashed ling approximations at;=1 andb
=2af.

tures. It seems that an instability in the paramagnetic phase

sets in at thisrg value, as observed in earlier STLS
studiest?13 This unfortunately means that we are unable to

study different possible phases of the 1D electron gas as one

varies the density or equivalently. Similar instability in
S(q) has also been observed in 2D electron-gas systeths.

Moreover, for a 2D electron gas the peak appeariné(qj
galculated within the HA is the highest we observe in a 1D

esystem. It is interesting to observe that the SSTL approach no

longer gives a peak ié(q) afterrs=1.1. This result must be

due to the use of the screened potential in the SSTL approach
instead of the bare Coulomb interaction potential as in the

STLS.
The change of the critical interaction parametgrwhere

The results presented in this section are obtained by sohthe instability in the unpolarized 1D electron gas appears,
ing Egs.(1)«4), (6), and(7) self-consistently. In Fig. 1, we with quantum wire widthb within the STLS approach is

present the magnetic structure facﬁq) in different ap-

plotted in Fig. 2. Obviously, there is no linear relation be-

proaches ats=1. It seems that the Hubbard approximation fWeenrsc andb.

has the most pronounced peakgat?k:, whereas the sharp-

In contrast t0~S(q), the static structure fact®(q) is easier

ness of the SSTL peak comes out to be the least. We could obtain even for larger values of. The S(q) computed
not obtainS(q) for rs>1.8, even after 1000 iterations, within Within the SSTL approach for differenf values is shown in

the STLS approach. Thisg value corresponds tm=3

Fig. 3. The SSTLS(q) does not have a peak ?&q), and

X 10° cmt for GaAl/AlGaAs-based quantum wire struc- behaves like othes(q) results.

235305-4



SPIN-CORRELATION EFFECTS IN A ONE-.

wy/eF

0.0 k==t

s = 1.5

0.0

q/kr

0.6

y(Ry*)

(a)

PHYSICAL REVIEW B 70, 235305(2004)

SSTL

Ts

FIG. 7. The paramagnon dispersiag in the SSTL(solid line) 0.1
and STLS(dashed lingapproximations ats=1.5 andb=2af.

The spin-dependent pair-correlation functiags(r) and otk
g;,(r) calculated within the SSTL approach are shown in Fig.
4 for different electron densities. We notice tigat(r) has a —
weak rg dependence and its value at zero separation de- &€ o3
creases with increasing. We found that the zero separation <
value of the spin-independent pair-correlation functggn)
becomes negative far>2.117 Sinceq(r) is the probability o5k
of finding an electron at a distancevhen another electron is
located at origin, negativg(0) is a drawback of the SSTL
approach. It should also be noted that the SSTL approach - . | . ! . ! . !
gives negative values fay0) in 3D electron gas**°>Nega- o "
tive g(0) is the price that we have paid for satisfying the
compressibility sum rule better. FIG. 9. The ground-state energy per particle of the paramagnetic

The spin-symmetric and spin-antisymmetric effective po-(solid line) and ferromagnetic(dashed ling phases calculated
tentials 4°(q) and ¥2(q), respectively, in units o¥/(q) com-  Wwithin the SSTL and STLS approximations for 2ag.

puted within different approximations are shown in Fig. 5. . .

We notice that although the HA and STLS results are rather The resEIts.for the spin-dependent potentigs(q) and
similar, the SSTL result has a different behavior. The SSTL"b”(.q) atrs—l_ln SSTL and .STLS approaches are compared
JA(q) starts from a slightly positive value and, after a little In Fig. 6. W(_a f!nd thatly;(q) is less thanyy, (q) for the same
increase for smalf| range, it decreases and finally reaches ds va_Iue. This is an expected result be_cause the chqrge deple-
value closer to the HA result at large Our STLS and HA tion is more for a pair of electrons with parallel spins than

results are in good agreement with those of Ref. 12. that with antiparallel spins. It is also observed tial(q) is
slightly negative at largg values in the SSTL. We therefore

conclude that the short-range correlations are overestimated
in the SSTL approach. According to the Pauli exclusion prin-
i ciple, ¢,,(q) must tend to zero ag— . Negativey;(q) at
i largeq values is also observed in the SCFA calculations done
i for 2D electron ga$.

The wave-vector dependence of the paramagnon fre-
quencyay is found by the complex poles af(q, ). In Fig.
7 we presentw, at rg=1.5 computed within the SSTL and
STLS approximations for comparison. We notice that the
SSTL wy is larger than the STLS value. In both approaches
wq shows a linear behavior for smaj) as observed beforé.

The static spin susceptibility of the 1D electron system in
our model is computed by using E@.5). In Fig. 8 we show
x°(q) for rg=1 in both SSTL and STLS approaches. We no-
tice that y*(q) has a singularity ag=2k: due to the free-
electron susceptibility,(q), which shows a logarithmic di-
vergence atq=2kg. It is seen that the results in both
approaches are qualitatively and quantitatively similar. The

STLS -

Ts

b} T

T ‘|I“ T
i
I
i
i
.

rs=1 -

x*(q)/g*1boler)

0 1 1 1
0 1 2

a/ky

FIG. 8. The static spin response functigqf(q) in the SSTL
(solid line) and STLS(dashed ling approximations ats=1 andb
=2aj.
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peak atq=2kc is less pronounced in the SSTL approach,magnetic phases increases with increasing favor of the
which seems to be its dominant character. ferromagnetic phase in the SSTL approach. On the other
We plot the ground-state energy per particle results up téand, within the STLS approach the energies in both phases
rs<=5 in both paramagnetic and ferromagnetic phaggs?2  remain close to each other asincreases.
and 1, respectively, within the SSTL and STLS approaches in  |n summary, we have studied the spin correlations in a 1D
Fig. 9. It seems that the ferromagnetic phase becomes en&ftectron system in detail and have shown that the SSTL ap-
getically favorable after arounds=2. This result was re- proach yields different results compared with those obtained
ported for a 1D electron-gas system interacting via a potengithin the STLS approach. For example, in the STLS ap-

tial, which is slightly different than the one we employ . ~
within the STLS approack26 The transition from an unpo- Proach the magnetic structure fact) shows a peak at

larized to a polarized system in an electron gas due to th&0me critical density, beyond which we could not compute
many-body effects is called the Bloch transit@dccording  the S(q), whereas the SSTL approach gives no peak in the
to the Lieb-Mattis theoreff the ground state dfl electrons 3(q) as we lower the density. It is also observed that the

in 1D subject to an arbitrary symmetric poLenur?I must besp ot range correlations are overestimated, and the energy of
unmagnetized, or para'lmagn'etlc. quevgr, the theorem dogfe ¢qlective spin modes is higher in the SSTL approach.
not apply to electrons in 3D interacting via Coulomb or CeN-Moreover, the ground-state energy difference between the

tral forces, because such potentials are not separately Sy amagnetic and ferromagnetic states at the same density is
metric. In our calculations, we considered that the electron rger in the SSTL approach.

interact via Coulomb potential. Hence, the Lieb-Mattis theo- The most important finding of this work is that the self-

rem should not be applicable to our problem. Also, it is pro-.,sistent field approaches STLS and SSTL predict the

posed by Calmels and Gdfithat for re=rs. the system g0 yransition for 1D electron-gas systems at low electron
might still be unmagnetized but the spin degeneracy is lifted o sities.

On the other hand, in a recent quantum diffusion Monte
Carlo study® the energies are found to be in the same order
imposed by the Lieb-Mattis theorem. ACKNOWLEDGMENT
The most important difference observed in Fig. 9 is that
the energy difference between the paramagnetic and ferro- We thank Dr. C. Bulutay for useful discussions.
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