PHYSICAL REVIEW B VOLUME 55, NUMBER 11 15 MARCH 1997-|

Ground-state correlations in semiconductor double-quantum-wire systems
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We study the short-range correlations in a double-quantum-wire structure within the self-consistent scheme
of Singwi et al. [Phys. Rev.179 589 (1968]. The local-field factors and static correlation functions are
calculated for electron and electron-hole double-wire systems. The ground-state energy and collective excita-
tions are discussed. It is found that the interwire correlations become quite important for electron-hole systems.
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The advances in fabrication techniques have made it pos- Our aim in this paper is to develop the self-consistent
sible to study the quasi-one-dimensiof@ILD) electron sys- scheme of Singwet al!! to calculate xc effects in double-
tems in semiconducting structures, in which the electrons arguantum-wire systems. We specialize in equal density elec-
confined to move freely only in one dimension. Experimentalron and electron-holéone wire has electrons as charge car-
and theoretical works continue to be of interest, the mairers, whereas the other has holesystems to study the
motivation coming from their technological potential such aseffects of intra- and interwire correlations. The presence of
high-speed electronic devices. In this paper we study thgqgitional charges in the second quantum wire enhances the
ground-state correlations of a double-quantum-wire systergyrelation effects compared with the case of a single wire.
at zero temperature. Such structures, analogous to &,  and interwire correlations are different in nature be-
QOubIe-quantum-yvell systems recef.‘“y stud|ed., are Important, e the charge carriers can move only in their respective
|Sri10c;]usr UC?:IFercfttsgdg(%i?att?gﬁsc?r:relua;r?tr&r(re]f-f\?v?rts Isn lsti;vmd;”\;fenr'wires (without tunneling and exchange interactions become

: 9 y ﬁ"mportant. Interwire correlations increase with decreasing

experimentally studied by spectroscopic methbd&rious . : S
aspects of Q1D structures have been investigated in conneta' e separation. The approximation of STLS has proved very

tion with GaAs-based materials® The success of the USeful S1I2r114 double-layer - two-dimensional eleptron-gas
random-phase approximatiéRPA) in interpreting the exci- SYStems: " The RPA has been found to overestimate the
tation spectra of quantum wires is attributédo the limited ~ Static properties. On the other hand, the method of STLS is
phase space of Q1D systems. The applicability of the Fermibelieved to give reliable results if the carrier density is not
liquid approach(vis a vis the Tomonaga-Luttinger pictufe ~ Very low. In this work we concentrate on the fully self-
to the Semiconducting quantum_wire Systems has been di§.0ns|stent eVaant|0n Of the static structure faCtOI‘S a.nd |Oca|-
cussed in detafl. These predictions are in very good agree-field corrections in electron and electron-hole double-wire
ment with the experimental observatioof collective exci-  systems.

tations in GaAs quantum wires. The ground-state correlation We assume that the Q1D electrons in each wire are em-
effects in single-quantum wires were explofeédoing be- bedded in a uniform positive background to maintain charge
yond the RPA. To include corrections due to exchangeheutrality. The density-density response function of a
correlation(xc) effects associated with the charge fluctua-double-wire system in its extension to a multicomponent
tions, the method of Singwietal!* (STLS) offers a case is given by*°

physically motivated improvement over the RPA.

(X210, @)1 = Viy(@)[ 1~ G1y(q)] —ViAQ)[1-G1Aq) ]
—Vai(@)[1—G2y(a)] (X240, @)1 = Vol )[1 -G )]

[x(q,0)] = D

where x°(g,») is the zero-temperature 1D free-electronliquid approach in Q1D electron systems. The fluctuation-
density-density response function for tith wire. Actually,  dissipation theorem enables us to express the static structure

we use the particle-number-conserving expresSion factorsS;j(q) in terms of the response functior;;(q) are
the static local-field factors arising from the short-range Cou-
(0+iY)x%(qo+iy) lomb correlations and the xc effects for the density-density

X%(0,0;y)= 0+ iV x(q,0+i1)/x°(q,0)] 2 responses. Setting;; =0 in Eq. (1), one recovers the RPA.
The Gjj(q) in STLS’s approach is obtained by decoupling
to account for the disorder effects through the phenomendhe two-particle distribution function to write it as a product
logical parametery, in order to justify the use of Fermi- of two one-particle distribution functions multiplied by the
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pair-correlation function. They are given y*

Gij(@=-7 —2mqV;;(Q)

[Sj(a—k)—d;], Q)
wheren is the linear electron density assumed to be the same
for both wires. In terms of the Fermi wave vector we have
n=2kg/m. The electron gas parameter is defined as
re=mldkeal , in which af = e;/e?m* is the effective Bohr
radius in the semiconducting wire with background dielectric
constante, and electron effective mass*.

The model we use for the Q1D electron system is devel-
oped by Gold and Ghazalilt consists of two cylindrical
guantum wires of radiuR, each in an infinite potential well
and separated by a distantd>2R). We assume that only
the lowest subband in each given quantum wire is occupied.
The intra- and interwire Coulomb interactions between the
particles are given by Gold and Ghazalnd Gold*’ respec-
tively. Notable features of this model are such that the in-
trawire potential behaves as|In(gqR)| for long wavelengths
and the interwire potential as-|In(qd)|, characteristic of
various other proposals. The ground-state energy of the
double-wire electron system is expressed as the sum of
kinetic-energy and xc-energy parts. The kinetic-energy con-
tribution is simpIyT=w2/24r§Ry*, where the energy unit
effective Rydberg is defined as 1 Ry-e?/2ejag We use
the standard manipulations to express the xc energy as an
integral over the coupling constafit! in which the self-
consistent values of the static structure factygfq) are
used.

We solve the set of equations that describe the structure
factors and local-field corrections for density-density re-
sponse in a double-wire systeffor both the electron and
electron-hole casgsself-consistently. Material parameters of STLS for a double-wire electron system wi=2a% and

for GaAs are used so than*=0.07m; (m, is the free-  §_gax  The solid, dashed, dot-dashed, and dotted lines are for
electron massand €,=12.9. In the electron-hole double | —1 3 3 and 4, respectivelgh) Sy,(q) (solid), S,,(q) (dashed
wires we take the electron and hole effective mass ratigngs, (q) (dotted in an electron-hole double wire at=2. The
mg/mj; =0.134. The phenomenological disorder parametenick and thin lines correspond to the method of STLS and the
v we use in the density-density response function does n@®PA, respectively.
influence the converge8;;(q) and Gj;(q) significantly for
v=0.1Er. We mention that the particle-number-conservingthe range ofj values of interest. The RPA for electron-hole
expression we use has the same form as in more sophisystems is even less reliable because the attractive interwire
cated approaches, where it is replaced by the wave-vectointeraction has a larger effect than the repulsive interaction.
and frequency-dependent memory functigigq,w). The  The failure of the RPA is revealed in the unphysical pair-
phenomenologicay may be related to the measured mobili- correlation functions, which are partially remedied in the
ties in quantum wires by the usual relaxation-time expresself-consistent approac¢h!® In a multicomponent system,
sion. the improvements brought about by STLS’s scheme over the
The intrawire static structure fact®@;,(q) is shown for RPA are the result of taking multiple scatterings between
variousr ¢ values in Fig. 18). For smallrg,S;4(q) resembles electrons and holes into account. Although the carrier densi-
the noninteracting structure factor given by the Hartree-Fockies in two wires are kept the same, the differences in the
(HF) approximation. As the density is lowered, correlation effective masses for electrons and holes render the noninter-
effects become more important. The Hubbard approximatiomcting response functiongl; and x>, different. There is a
(HA) to the local-field factor is obtained from E€B), re-  considerable difference between the self-consistent and RPA
placing the static structure factor by the HF expression. Thigalculations. In contrast to the electron double-wire system,
yieIdsGij(q)mé[Vii(\/q2+ kzF)]/[Vii(q)]5ij . The HA takes the interwire structure facto®,,(q) becomes positive. In
into account only the Pauli hole around the electrons. Wdrig. 1(b) the intra- and interwire static structure factors
find that St (q) is considerably different fronSgpa(q) S11(g) andS;4(q) are shown for different densities.
andS,A(q). Similar behavior of the static structure factor in ~ We summarize the behavior of local-field fact@®y,(q) in
Q1D systems has been obtained in various othepur calculations. As g increases, the magnitude 6f;4(q)
calculations'® The interwire structure factd®;,(q) is about approaches unity forg—o. In the opposite limit, as
an order of magnitude smaller th&3,(q) and negative in rs—0, G14(q) exhibits a peak aroungl=2kg. We find that

FIG. 1. (a) Intrawire structure factoB;,(q) within the method
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0.0 . . RPA yields an overestimate for the ground-state energy be-
cause the short-range correlation effects are not incorporated.
The Hubbard approximation partially remedies this, but
02| oS ] Ena is still below STLS's ground-state energy. Since the
---------- HUBBARD interwire interaction decays exponentialiye., ~e~ 9% for
large wave vectors, the correlation energy contribution goes
to zero as the wire separatiehincreases. The ground-state
energy then becomes the sum of two independent wires.
Similar behavior has also been noted for double-layer elec-
tron system$?13We find that the ground-state energy does
not show a strong dependence on the wire separation for an
equal density system witlR=2a§ and d>5af . This is
mainly because of the weak dependence of the local-field
0.8 | 1 factor Gq4(q) discussed above. Nevertheless, for very low
densities (>5) it might be possible to have stronger sepa-
ration distance dependence of the ground-state energies in
1.0 : . . ‘ double-wire systems. More reliable and elaborate approaches
0.0 1.0 2.0 3.0 4.0 5.0 would then be required to study this regime. The ground-
rs state energy in an electron-hole double-wire structure is
shown in Fig. 2b). We note that the RPA produces a very
loosely bound systerfas in the electron double-wire case
since the ground-state energy minimum is less noticeable
— sTs than those in the other approximations. We observe that the
-02 ‘ A aD i effects of correlations are more important in electron-hole
double wires than those in electron systems. The departure

from the RPA and HA results become significant fgr-1.
In general, the ground-state energies are slightly lower
magnitude for the electron-hole double wires. We have also
calculated the separation dependence of the ground-state en-
ergy and found no significant dependence &b*8aj in
R=2a§ double-wire systems.

Collective excitations in a double-wire system when cor-
08 | | relation effects are included are obtained from the solution of
the screening function

E(R,)

0.0 T T T

E(R,)

ol ‘ ‘ . 2(0,0) =[1=V1y(@)[1~ G1a( @) ]x3x(q,®) [ 1~ V2o Q)
“o.0 1.0 2.0 3.0 4.0 5.0 0
r, X[1=GaAq)Ix2:(d, )]
FIG. 2. (a) Ground-state energy of a double-wire electron sys- ~{V1A D[ 1= G o)} x21(0, ) X549, ) =0,
tem as a function of density at a wire separatiordef5ag . The %)

energies in the method of STLSolid), the HA (dotted, and the
RPA (dashed are compared foR=2ag wires. (b) Same for the  in which we use the disorder-free response functions. In the
double-wire electron-hole system. case of equal density double-wire electron system the plas-
mon dispersions are obtained analyticdllfhe two modes
G, is not very sensitive to the value of the wire separationrefer to in- and out-of-phase oscillations of the charges and
d as in the case of double-layer systefh©ur results for the collective excitations are labeled as the optical and
G11(q) are in qualitative agreement with the calculations ofacoustic plasma modes. We show the effects of exchange
Wang and Rudefi and single-wire calculations of Friesen and correlation described by the local-field factors on the
and Bergersef? It should be noted that Wang and Rudfen plasmon dispersion of a double-wire electron system in Fig.
set G,,(q) =0, whereas in our calculations both intra- and3(a). The number density in each wire is characterized by
interwire components of the local-field factor are determined =2, and we takeR=2ap and d=5aj . The solid and
self-consistently. Although the simplificatidd;,=0 is jus-  dotted lines indicatew,(q) with and without (RPA) the
tified in electron double-wire systems, in the electron-holelocal-field corrections, respectively. The upper and lower
systems it cannot be neglected because of stronger correl@ptical and acoustjcplasmon branches merge together at a
tions. In an electron-hole double-wire syst&w,(q) is pre- finite wave vector. and approach the upper boundary of the
dominantly negative. particle-hole boundary much faster since the local fields tend
The ground-state energy of a double-wire electron systerto soften the plasmon dispersions. As the separafidoe-
in different approximations is displayed in Figa We use tween the wires decreases, the interwire correlation effects
effective Rydberg as the unit of energy, 1 Rye?/2¢,a}; . become more important argl. decreases. For the electron-
All three curves exhibit minima that lie aroumg~1.5. The hole double quantum wires, tlie—0 limit of the dispersion
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Figure 3b) shows the optical and acoustic plasmon disper-
FIG. 3. Plasmon dispersions ife) a double-wire electron sjons calculated using the above long-wavelength expres-
(rs=2) and(b) an electron-holer=1) system withR=2ag and  sjons in an electron-hole double-wire systemrat1 in
d=5a} The dashed and solid lines stand for the results of the RPAyhich the plasmon energies are scaled with respect to the
and STLS, respectively. hole Fermi energ\¥Eg,=pEg. The results of the RPA and
STLS are plotted by the dashed and solid lines, respectively.

relations are calculated similarly to the 2D and Q1D, tW0-\ye note that the acoustic plasmon is affected more by the
component electron-liquid casEsThe difference here is local-field effects than the optical plasmon.

that electron and hole wires are spatially separated. The op- |, this work we have considered equal density double-

tical plasmons exist in the region above the single-particlgyire systems. Our method can be generalized to include un-
continuum of electrons. We obtain the optical plasmon modg,qa| densities. In such cases, it is expected that collective

dispersion asq—0) modes will have qualitatively different properties. The semi-
[wpl(a)]?=B/2+(B%4—C)'?, (5)  conducting quantum wires realized so far and used in the
experiments are typically in the range~1. It is conceiv-
where able that lower densities can be attained with advances in
growth technology. The many-body effects discussed here
would then be more readily applicable to the experimental
16r, g realizations. Charge-density wave—type instabilities dis-
C="—5 3[F1(1-G1)(1— Gy — F1,(1—Gyp)?]. cussed in the context of double-quantum-well structiires
™ p and also in double-quantum wirég8could be explored. We
In the above expressions, we measure the plasmon energy lvave not systematically calculated the static response func-
terms of the Fermi energy of the holes tions x.(q,0) (obtained by diagonalizing the response ma-
(Epp=k2/2m¥),p=m*/m¥ , and Vi,(q)=e?F4/2¢o, etc.  trix x;;) for a wide range of parameteR d, andrs, but
Since the mass ratio % 1, Eq.(4) admits another solution surmise that interesting features of charge-density wave in-
(acoustic plasmonfor energies above the single-particle stability could be studied using o@;;(q).
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