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Exchange and correlation effects on the ground states of quantum wires
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Recent results of capacitance measurements on one-dimensional quantum wires are numerically modeled.
Local density approximation is used to take into account exchange and correlation effects. Particular attention
is paid to the behavior at low densities close to the onset of the quantum wires, where measurements have
revealed a pronounced enhancement of the capacitance signal. From the simulation results we infer that the
enhancement is caused by exchange and correlation effects of the interacting one-dimensional electron gas.
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Exchange and correlation effects strongly depend on thsingle wire devices. The geometry of the gates in this par-
dimension of the electron systelAIn two-dimensional sys- ticular device corresponds to the values denoted in Fig. 1.
tems the most prominent consequence is the fractional quarhe barrier between the electron channels and the front gate
tum Hall state at high magnetic fieldsSo far only few ex- is 42 nm thick, the distance between the front gate and back
perimental systems with electron quantum wires have beeglectrode is 142 nm. The differential capacitance is measured
realized with sufficient quality so that they are still well de- With a capacitance bridge by slightly modulating the voltage
fined at very low electron densities at which strong many-V; with an excitationsV=2 mV at a frequency of 100 kHz.
particle effects on the ground state may be expected. In rddifferent traces are taken at different magnetic fields ranging
cent investigations of field-induced quantum wires in GaAsfrom zero to 5.0 T. The steep rise of the capacitanc¥,at
heterostructures a pronounced structure in the capacitance0.75V reflects the onset of the quantum wire. At higher
spectra close to the onset voltage has been obséivedhs  voltages further capacitance steps are clearly resolved re-
tentatively associated to many-particle effetts.this paper flecting the population of successive one-dimensional sub-
we present results of simulation calculations of the capacibands. It may be instructive to note, that as expected from a
tance in quantum wires that strongly support this assertion:single particle model the voltage range in which the system

We investigate field-effect-induced quantum wires in so-is in the one-dimensional quantum limit increases with the
called metal insulator semiconductdvllS) devices that are magnetic field. Similar to previous publicatidri€ this be-
optimized for investigations of electron systems at lowhavior can be analyzed yielding a sub-band spacing of 4.4
densities*® A typical sample design is sketched in Fig. 1. meV and a wire capacitance of 141 pF/m.

The device consists of a GaAs/AlAs heterostructure with a In all spectra a supplementary structure is clearly ob-
metal gate at the surface that is microstructured with higrserved close to the onset of the quantum wire. In similar
resolutione-beam lithography. Details of the fabrication are samples with a wider electron charhebr with two-
published elsewherk.In these structures a high-mobility dimensional electron systeMs! a corresponding structure
electron system is induced beneath the gate at the heterojunt the onset is not observed. So far, the origin of this struc-
tion at sufficiently large gate voltages. The gate electrode igure was not well understood. In particular, to resolve the
biased with respect to a so-called back electrode that consist@ture of this structure, we modeled our system with a self-
of a highly doped epitaxial GaAs layer buried beneath theconsistent Poisson-Schitinger solver using the local density
heterojunction. This back electrode is the only doped layer irapproximation(LDA ).*2

the system. It is separated from the electron system under In our model calculations the wire is assumed to be ori-
investigation by a typically 100-nm thick undoped GaAs
spacer layer. We thus expect that ionized donor potentials '
have only little effect on the low-dimensional electron sys- Barer
tem even at very low electron densities. In the case of Fig. 1
the gate consists of two pieces biased with volt&geand

GaAs back electrode

V,, respectively. As depicted the center gate forms a stripe

beneath which a narrow electron channel is induced at suffi- 100 nm]

ciently high voltage®/; . A tuning-fork-shaped side gate sur- To0inm |
100 nm |

rounding the center gate controls the confinement of the elec-
tron channel. This gate is biased at a volt&ewith respect
to the gate electrode in order to squeeze the electron channel
to very narrow quantum wires. In the data discussed here the
voltage difference is kept constant\&—V,=0.8 V. FIG. 1. Cross section and top view of a MIS heterojunction
The successful concept of the above devices is, e.g., dendevice for investigation of electron quantum wires. In the top view,
onstrated with capacitance spectroschpyDashed lines in  light areas represent the front electrodes and the shaded area repre-
Fig. 2 reflect typical results of capacitance measurements ogents the back contact.

electron channel * 150 um
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wherelL is the length of the quantum wire, the pdthen-
closes the center electrode, ang the unit normal vector on
I.

The full lines in Fig. 2 represent capacitance traces that
we calculate with the parametrization of the exchange-
correlation potential given in Hedin and Lundqwist:

3
© 22 , 21
Vye(x,2)= = =—Ry*| 1+3.68 10 2rln 1+ ||,
S S
where
r(x,2)=[5 ma*%o(x,2)]~ **
0.75 0,80 085 090 095 100 105 is the Wigner-Seitz radius. Furthermora?~10nm and
gate voltage V, (V) Ry* ~5.6 meV are the effective Bohr radius and Rydberg in

GaAs, respectively. Though application of the local density

FIG. 2. Measureddashed Im_e)sanq calculatedfull lines) €@ scheme should be restricted to situations with a slowly vary-
pacitance traces of a MIS device with parameters as specified in

Fig. 1, and in the text. The scale on the left-hand side of the framéng density, it is well known that the methoq works surpris-
corresponds to the calculated traces, the scale on the right hand simagly well even for §ystems beyond th',s limit.
is associated to the experimental data. A magnetic field is applied O our calculations we use as input parameters the
perpendicular to the sample surface. The topmost trace correspon@g0Ve-described gate geometry and heterostructure layer
to B=0. The lower traces are offset by2 fF for clarity and the thicknesses that are known from the fabrication process
field is increased in steps of 1 T each time. The voltage bias of th&vithin an error of about 10%. Diriclet boundary conditions
side gateV,—V; is kept constant a¥,—V,;=0.8V while V, is  are applied 800 nm above the surface of the device assuming
swept. vacuum in this region. With these parameters we find already
fairly good qualitative agreement between measurement and

ented along thg axis andz is the direction of the magnetic Simulation.

field (perpendicular to the surface of the samplesing However, in order to reproduce the exact threshold volt-
ik (X’yiz):eikyygjk (x,z) for the single particle wave @age and onset voltages of the higher one-dimensional sub-
y y

bands, we have to make further assumptions about a homo-

functions andA=B,x&, for the vector potential leads 10 & yaneous oxide layer on the surface of the sample as well as a

Schralinger-type equation,
2

- W +V0(X,Z,ky) +VH(X,Z) +VXC(X,Z) gjky: Ejkygjky’

-1

fik,

*
m* w,

Va(ky) = = m* w2 x—xo—
B(va) meCXXO

with w,=eB/m*. The capacitance is evaluated with Gauss

distinct distribution of surface charges close to the gates. The
charges also influence the threshold voltage and they are
about 0.3 V higher and an absolute capacitance, which is
with rations between the sub-band onsets are smaller than the ex-
tance structure at the wire onset we have chosen parameters
correlation part of the electron interaction potential. '€SPect to the threshold voltage and separations of the sub-
potential that is induced by the magnetic field. The latter jsconductor surface apart from the gate electrodes contains a
2 x 10" e/cnf. Assuming positive charges directly beside the
threshold structure if the side gate voltage is smalie
Law
heterostructuré* Furthermore, a 2.5-nm thick oxide layer

thickness of the oxide layer influences the height of the cal-
culated capacitance as well as the threshold voltage. Surface
o ) ) _ _ shifting the onsets of the higher one-dimensional sub-bands.
which is solved simultaneously with the Poisson equation For example, the simulations yield a threshold voltage that is
V[eVVy(X,2)]=—ep(X,2) about twice as high as the measured one if we do not assume
any surface charges or an oxide layer. Furthermore, the sepa-
perimental ones by about 30% and more uniform. Although
—e * ) Ejky_M it is of minor importance for the interpretation of the capaci-
p:7z JL dky|§]ky| ex kBT +1
. for the oxide thickness and surface-charge distribution in or-
Here V,, is the Hartree potential and,. is the exchange- der to achieve good quantitative agreement to the data with
Vo(%,2,Ky) = Vex(X,2) +Vg(x,k)) is the sum of the bare band onsets. For the calculated capacitance traces in Fig. 2
i.e., unscreened, electrostatic confinement potential and tH¥e assume the following charge distribution: The open semi-
given by surface-charge density of 1.8x 10'%e/cnt. A 15-nm wide
stripe beside the electrodes contains a surface charge of 1.0
gate electrodes is consistent with results of capacitance mea-
surements on broader electron wires, which show a sub-
think that the surface charges used in the simulation may
reflect strain effects of the gate metal on the
C=—Le—ro % V(v +V,)-fAds with dieletric constant of 3.0 is assumed to cover the semi-
roo ’ conductor.
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FIG. 4. Calculated subband separation as a function of electron
< 581 occupation of the quantum wire. Dashed line denotes the result of a
2 58 calculation in Hartree approximation. Full and dotted lines almost
= 54 S coincide and denote the LDA results for=4.2K andT=8.0K,
ul 5’2 —— LDA(4.2K) RNy respectively.
w e LDA (8.0K) \\ '
501 ____ Hartree (4.2K) 4 for temperature§ =4.2K and 8.0 K are depicted together

with a trace in which only Hartree approximation has been
applied. The full and dashed lines are calculated in LDA and
Hartree approximation, respectively. The dashed line does
FIG. 3. Differential capacitanc@), energies of the lowest one- not reproduce the capacitance peak at the onset of the quan-
dimensional subbandb), and subband separatidn), calculated tum wire. We thus associate the peak to exchange and cor-
with a self-consistent Schadinger-Poisson solver at gate voltages relation effects. The origin of the enhanced capacitance can
close to the threshold of the quantum wire. It is assumed that népe understood with the aid of Figs(t and 3c). Figure 3b)
magnetic field is appliedy/,—V, is held constant at 0.8 V whilé;  presents the energies of the lowest sub-band in the corre-
is swept. The dashed line is calculated in Hartree approximatioponding approximations. In Fig(@ the energy separation
assuming a temperatur'E:4.2 K. The full and dotted lines are between the edges of the two lowest one-dimensional sub-
calculated in LDA assuming temperaturgs-4.2K and 8.0 K, hands are depicted. The energies coincide as long as the wire
respectively. remains unoccupied. Close to the threshold, however, the
sub-band energy calculated in LDA is seriously reduced with
With the above assumptions we obtain good agreementspect to the energy calculated in the Hartree approxima-
with the experimental data concerning the position of thetion. Exchange and correlation lead to a significant reduction
threshold voltage and the onset voltages of the higher sulbf the ground-state energy at low electron den3isp that
bands. We note that in Fig. 2 the scales of the simulated anithe capacitance onset is shifted to smaller gate voltages. Fur-
experimental capacitances are different by about 30%. Howthermore, the quantum wire is filled more rapidly in LDA.
ever, the absolute value of the capacitance measured with olthe capacitance is enhanced with respect to the value at
bridge is not known with good accuracy, since it depends omigher electron densities where the Hartree contribution
parasitic capacitances at the balance point of the bridge thaiominates the electron-electron interaction energy. The
has been determined in theses measurements to an accuraashed line in Fig. @) reflects the well-known result of
of about 25%. Thus, even the absolute values of the experHartree calculations; that is the effective confinement poten-
mental and the calculated data correspond within the extial widens due to screening once electrons are filled into the
pected accuracy. wire. Thus, the subband separation decreases monotonically.
At the onset of the capacitance there is a very sharp pealk contrast in LDA the subband spacing first rapidly in-
in the calculated capacitance traces. We believe that it corcreases at the onset before it decreases at higher electron
responds to the peak structure in the experimental data at lodensities. This reflects the fact that the lowest sub-band en-
electron densities. As is obvious from traces in Fig. 2 theergy is most strongly affected by exchange-correlation ef-
experimental capacitance at the onset is significantly broadects.
ened as compared to the calculated one. In the experiment, In Fig. 4 the subband spacing is depicted as a function of
threshold variations along the wire cause such inhomogethe one-dimensional electron density in the quantum wire. In
neous broadening that is not included in the calculationsLDA the subband spacing goes through a maximum at a
Since it also affects the line shape of the peak structure at théensity of 1.8<10° m~%. Below this density the exchange
onset we do not expect perfect quantitative coincidence o&nd correlation energy dominate the electron-electron inter-
the calculated and experimental traces in this region. In thaction. We note that the two traces calculated in LDA for
following we demonstrate that the peak is originated byT=4.2K and 8.0 K can be hardly separated in Fig. 4. How-
many particle effects. ever, if the sub-band energies are drawn as a function of gate
In Fig. 3(a) calculated capacitances are depicted with anvoltage as in Fig. 3 the energies are significantly different at
enlarged gate voltage scale. For comparison data calculatefifferent temperatures. In particular, the capacitance en-
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hancement is not present any more. Instead the threshold gt parameters of our model are known we achieve good
shifted to even lower gate voltages. It is obvious that thermahgreement between measured and calculated data.
smearing of the quantum wire occupation reduces the many- We note that in previous publications wider wires have
particle interaction-induced capacitance enhancement. been discussed whetg>a* and thus a classical approach

In conclusion, we present results of self-consistent nutan be used in high magnetic fief% Furthermore, in our
merical calculations to model experimental capacitancenodel the wire is assumed to be homogeneous along its axis
traces of one-dimensional quantum wires. The calculationg, girection). The average spacing between the electrons is
were motivated by a significantly enhanced capacitance olsimijar to or larger than the oscillator length at densities
served at the quantum wire onset, which has been unexghere we find the pronounced capacitance enhancement. As
plained so far. Typical subband spacings of 5 meV argas peen pointed out previously, at such low densities, a
found. The oscillator length of the single-particle wave func-yyigner-crystal-type correlation of electrons along the wire
tion in a parabolic potential with a subband spacing of Scan also lead to a capacitance enhancerhéve. expect this

meV is of the same order as the Bohr radius in GaAs. Weyfect to become important at temperatures significantly
thus may expect correlation effects to become important ghyer thay 4 K and in wires of very high quality.
low density. Our calculations indeed demonstrate that the

enhancement of the capacitance traces at the quantum wire We have profited from valuable discussions with C.
onset is originated by exchange-correlation effects on th&teinebach, A. O. Govorov, and A. Gold. We gratefully ac-
electronic ground state in the wires. The calculations suggestnowledge financial support of the Deutsche Forschungsge-
a strong temperature dependence, which presently is undereinschaft via Project No. Ha2042/2 and the Sonderfors-
experimental investigation. Within the accuracy to which in-chungsbereich 508 “Quantenmaterialien.”
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