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Direction-resolved transport and possible many-body effects in one-dimensional thermopower

N. J. Appleyard, J. T. Nicholls, M. Pepper, W. R. Tribe, M. Y. Simmbtrend D. A. Ritchie
Cavendish Laboratory, Madingley Road, Cambridge, CB3 OHE, United Kingdom
(Received 20 October 20D0

A single-particle theory due to Mott predicts a proportionality between the diffusion thermopower and the
energy derivative of the logarithm of the conductance. Measurements of a ballistic 1D wire show that the Mott
theory remains valid in the presence of a finite current, and that it leads to a direction-sensitive probe of
electron transport. We observe an apparent violation of the Mott model at low electron densities, when there is
a nonquantized plateau in the conductance at @7(9. There is as yet no successful theoretical explanation
of this so called.7 structure but the distinctive thermopower signature, which deviates from single-particle
predictions, may provide the key to a better understanding.

In linear response, the diffusion thermopower of a nonin-and temperature differences between the reservoirs leads to
teracting, degenerate electron dg&s (6V/8T),—q is related G=g(u), andSas given in Eq(1).

to the conductanc&=(81/5V) sr_o through the relatioh The conductanc& of a clean 1D wire shows steps be-
tween quantized values as successive 1D subbands are
72K2T 196G opened to eleqtron transport; the corre;ponding thermopower
S=— B = — (1)  Sshows a series of peaks. A comparison of the height and
3e Giu shape of these peaks to the conductance characteristics con-

firms the prediction of Eq(1). This allows us to deduéghe
whereu is the chemical potential. Equatiaf) remains es- temperature difference across the constriction and the elec-
sentially unchanged when the theory is reformulated for aron energy relaxation rate in a two-dimensional electron gas
mesoscopic  device connected to Fermi function(2DEG), which agrees well with the theory of phonon
reservoirs~* Measurements o have recently been used to scattering. Earlier S measurements of a 1D constriction
investigate mesoscopic systems, for example, open quantueould not be applied in this way, as they were either uncali-
dots show fluctuations inS with a non-Gaussian spectrum brated, or were operated beyond the validity of Ek.
characteristic of chaotic behavior, yielding information Figure 1 shows schematically ho®andG of a 1D wire
which is not accessible froi. We recentl§ confirmed Eq. ~ are measured; further details are given elsewh&ehe 1D
(1) for ballistic one-dimensiona(1D) transport through a constriction is produced by electrostatically squeezing a
GaAs quantum wire, showing that an electron gas can b8DEG (at a GaAs/AlGaAs interfagausing a gate voltag¥
used as its own thermometer. In this paper we present the@Pplied to a pair of Schottky gates on the surface. The 2DEG
mopower results in two new regimes of 1D transpgit: Mesa is patterned so that an AC currgntat frequencyfy
when a strong electric field lifts the momentum degeneracyheats the electrons in a wide charifien one side of the
and (i), when the 1D electron gas is strongly interacting. ~constriction to a temperaturg,, while the electrons on the

Equation(1) assumes that electrons, supplied from reserother side of the constriction remain at the lattice tempera-

voirs with Fermi statistics, pass through the 1D wire with noture T;.
external anisotropy such as phonon drag from a heat flux.

Transport is elastic, so that all of the electron’s thermal en- —T* Vo ’
ergy is transmitted together with its charge, and no heat I L L,
originates or is dissipated in the device. This can be achieved
in low-dimensional devices, as there is only weak electron- IA T
phonon coupling at low temperatur§Under these condi- v - @ U
tions, the net current passing through the device is given by £ I];_ ' & B
168 H{ 29 Hz
1 (e
== <] B AB(Ela Ty~ Bl T, @)

|||——o

where f(E|u;,T;) is the Fermi function (% exd(E
_'“‘i)_/kBTi]) !, and the supscrlpnyl,Z refer to the. two res- FIG. 1. Simultaneous measurements of thermopower and con-
ervorrs. The effective  conductance is 9(E)  guctance. An AC currertt, at frequencyf,, heats electrons on the
=e“D(E)v(E)7(E), where D(E) is the density of states, |eft hand side of the sample byT. The difference in the ther-
7(E) is the electron transmission probability, an(E) isthe  mopowers of the 1D constrictions &ariable and B (fixed) leads
group velocity. In 1D the produc@(E)v(E)=1/h, so that to a thermoelectric voltagAVy,=(Sa— Sg)AT at 2f,,. The volt-
g=e?7(E)/h, which is then summed over all subbands andageVy, at f gives the electrical resistan@=1/G of constriction
spins. An expansion of Eq2) for small chemical potential A, through which a DC currerit,, can also be passed.
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0.1 xV/K, from which we estimatethe temperature differ-
enceT,—T;~0.1 K. The measurements are therefore in the
linear response regime.

We now consider the effects of a finite DC current. DC
voltage biasing of the conductance is an established tech-
nique for measurind 1D subband spacings in a ballistic
wire. SinceG is determined by electrons at the chemical
potential of the contacts, a transmission feature will be seen
24 2.3 -22 when it aligns with either the source or the drain; compared
to equilibrium conductance traces there is a doubling of
structure in the presence of a source-drain voltage. In the
measurements presented here, we produce a voltage differ-
ence, and hence a chemical potential offset, between the
source and drain using a DC bias currégf. The linear
response to a small additional AC signal gives a differential

thermopowerS
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Gate Voltage V (V) where B~1/2 is the fractioh' of the AC voltage which is
dropped between the 1D constriction and contact 1, and it is

FIG. 2. () The QondUCtanCG(Vg)zllR and therr_nopowes assumed that the transmission properties of the constriction
for sample C, showing th& goes to zero on a quantized conduc- are temperature independent

tance plateau. The thermopower in this and subsequent figures has . ~

been rescaled so that the first peak has unity height. Greyscale plots 1€ measured variation of the transconductamedV,

of DC current-biased measurements (bj the transconductance and the producSG with DC currentlgy are shown in the

dG/dV,, and(c) the producSG for sample A. Atl =0, the two  greyscale plots of Figs.(8) and Zc) for sample A. Apart

measurements give similar symmetric behavior, but with a finitefrom the interaction effects discussed later, these two quan-

bias it becomes clear that the thermopower is sensitive only tdities are proportional to each otherlag=0. The transcon-

electron transmission originating from one of the contacts. ductance, which is higlidark areap at the transitions be-

tween conductance plateaus, shows equal splitting of each
eak as the bias is applied. This has been Hgedccalibrate

{_e gate voltage as an energy scale. The second plot, how-

ever, shows only one of these branches, as can be understood

=B9(p1)+(1=B)g(r2), (4)

High impedance probes and current injection are used, wit
an electrical earth defined in the heating channel. The he

ing power varies as;,, so a thermoelectric voltagkVy, is ~ . .
o . _ from Eq.(3): the productSG is determined by the transmis-
generated across the 1D constriction & 2 allowing ther sion properties of the 1D constriction only at the chemical

rr_1a| effects to be distinguished from resistive voltages. A otentialyz, of the contact where the AC heating occurs, and
simultaneous measurement of the conductance of the con-

o . : is independent of the other contact. In contrast, the two con-
striction is made by passing a current at a different frequencyacts contribute approximately equal weight to the DC biased

(fr). differential conductance measurement. The differential ther-
Measurements were performed on three samples, each of

which had split gates of lithographic length Qu8n and gap mopower S gives direction-resolved information about the

: : electron transport, which is unobtainable from conductance
W'dth 0'$“m fabncatt_’-:d over a 270_0 A deep 2DEG. Afte_r measurements. The data also demonstrate how the Mott for-
illumination by a red light-emitting diode the electron densi-

_ g _ O o2 a malism can be successfully extended to describe measure-
ties and mobilities weren=3.6x10"cm = and u=4.5  ments which are far from linear response.

X 10° cn?/V's for samples A and C, where the 2DEG is At these low electron densities, just after the last spin-

formed in a 200 A-wide quantum well, anth=1.8 degenerate subband has been depopulated, a nonquantized
X 10" cm™? and u=2.4x 10° cn?/V s for sample B, which  plateau has been measured*with a conductance of about

is a single heterojunction. Figurga shows the measured 0.7(2e?/h). This 0.7 structureincreases in strength with in-
conductance and thermopower of sample O a&300 mK, creasing temperature, suggesting that it arises from an ex-
as the constriction width is varied using the gate voltdge  cited state of the 1D electron gdsThe plateau value of

The conductanc& shows plateaus quantized at multiples of conductance decreases continuously as a parallel magnetic
2e?/h, between which there are, as expected, peaks in théeld By is increased? eventually becoming the quantized
thermopowerS The thermopower on the first peak is spin-split plateau a¢?/h. Since theg-factor of the 1D sub-
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FIG. 3. (a) The conductancé of sample B aff=0.3 and 2 K. FIG. 4. (@) The conductancés and (b) thermopowerS for

(b) The thermopowes and (c) the calculated quantitgi(in G)/dv, ~ Sample C when the in-plane magnetic fiéldis incremented from
from 0.3 © 2 K in increments of 0.1 K. Agreement is good for a 0to 16 T in steps of 1 T. Lifting of spin degeneracy at high fields

wide channel, but the zero seend(in G)/dV at low temperatures, ~fSStores the zero iSthat is predicted by single-particle thediq.
marked by an asterix *, is absent & Traces in(b) and (c) are (D] The traces ir(b) are offset vertically.
offset vertically, with zeros as marked on the right-hand vertical
axis. netic fieldBy . In high fields, when the spin-split conductance
plateau ate’/h is fully developed, there is a zero in the
bands increasé$as the subband index is reduced, this maythermopowerS, and the validity of Eq(1) is restored. The
point to the importance of many-body spin interactions inmeasurement of a finite thermopower when the conductance
determining the behavior. It is worth emphasizing that theis on the plateau @ =0 indicates a breakdown of the Mott
0.7 structure is different from the observedlepression of model, and we interpret it as a manifestation of many-body
the quantized conductance plateaus in long wires. In theffects in the 1D electron gas. Interactions are most likely to
split-gate samples investigated here, the 0.7 structure is meaffect the thermopower through a dependence of the trans-
sured in addition to the usual plateaus, which remain quanmission,g(E), on the electron density or temperature, which
tized at multiples of 22/h. are in turn determined by the properties of the contacts. With
Figure 3a) shows the 0.7 structure as a function of tem-this in mind, a rederivation of Eq1) suggests tha#G/du
perature in sample B; the corresponding thermopower signahould be replaced b§gG/JE)e—,, , where the brackets)
is shown in Fig. 80). The prediction of Eq(1), shown in indicate ensemble averaging over thermal fluctuations.
Fig. 3(c), has been calculated using the gate-voltage deriva- It is possible that the 1D electron gas within the constric-
tive of the conductanceéG/dVy in place of9G/du, assum-  tion is incompressible, so that the gate voltagg cannot
ing that the gate voltage smoothly shifts the 1D confinementhange the position of the subband relative to the chemical
energy and provides a linear measure of the mesoscopic epetential; this would result in plateaus & and S, as ob-
ergy scale. The calculation, which predicts that a zer&in served. The measured thermopower will differ from
should accompany a plateau @) is not in agreement with d1In G/dV,, because in Eq(1) it is not appropriate to substi-
the measured thermopower. The discrepancy cannot be dtite JG/JE by dG/dVy. As a 1D subband is populated there
tributed to thermal broadening, as this would affect b@th is a tendency for the subband edge to become pinned to the
andS, and in any case there is no change in the shape of thehemical potential, because of the singularity in the 1D den-
measured thermopower traces below 1 K. sity of statesD(E); this has been demonstrated in 1D-2D
Figures 4a) and 4b) show S and G measurements for tunneling!® in DC voltage biased conductance
sample C, as the spin degeneracy is lifted by a parallel magneasurementS, and in capacitanc¥. Although the ob-
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served plateaus in conductance and thermopower suggesteen the two spin bands. Increasing this energy difference
that such a locking of the Fermi energy may indeed be rewith a magnetic field reduces the conductanceth, sug-
sponsible for the 0.7 structure, the behavior of the conducgesting that the conductance in excesed®h at B=0 may
tance with temperature and magnetic field are not easily rege due to minority spin electrons and the magnetic field re-
onciled with such a model and this may provide a clue to thejuces the minority spin population. The fact that these mi-
underlying mechanism. o nority spins contribute only 0.4¢/h) to the total conduc-
Pinning of the chemical potential is not the only mecha-tance might be explained by partial reflection at the entrance

nism which can explain our results. The activated temperag, the channel, whereas the majority spin carriers are trans-
ture dependenééof the 0.7 structure and the enhanced Zee-

. X . o mitted normally givinge?/h. If, contrary to a simple single-
man splitting® suggest a possible spin polarization. If there y gving y P g

, ; e .electron picture, extra electrons added to the channel enter
is a metastable ferromagnetic state which is thermally acti- P

L . . only the majority spin band, perhaps due to exchange and
vated for a significant proportion of the time, electrons Ofcorrelation effects, the predicted behavior would be similar
one spin direction will be reflected, and the measured con; ' P

ductance will be a weighted avera@®) of the transmission L%r:(r;ﬁcf;r?fe cl)jufgefri?lli(':ltr?eorﬁg%?wgrn\r/]\;ggi darrédsui constant
prgperties .Of the ground state¢Zh) and the ei;?cited state In conclusion, the Mott formulation of thermopoWer due
e e e 3t 020 lfsion of oniteracing elctons can accuraely ce-
structure. and the movement of this structure towa?ds in ““scribe ballistic transport through a 1D constriction even in
a strong ,parallel magnetic field. The thermopower predicte he case of a finite current flow, gnd' a'me'asurement of the
from Eq. (1) lacks a peak irScorrlesponding to the transition |fferent|za_l thermopo_vver allows dlscrlmlnatlon_ be'gween th_e
from G;O 7(26Ih) to G=e?/h, but it conflicts with the transmission properties of_ electrons propagating in opposite
observatioﬁs in the region of tr;e nonquantized conductan directions thro_ugh the d_eV|ce. We havg also myesngated the
Ct(la’lermopower in the regime of strongly interacting electrons,

plateau, as both thermodynamic states would possess COolAd although we have not presented a definitive model to

ductances independent of energy and zero thermopower; tré‘?(plain the finite measured thermopower when the conduc-

averageq thermopower will also b'e Zero. An.add't'qnaltance is constant with gate voltage, we have defined the re-
mechanism would therefore be required to explain the fm'tequirements for a successful model

measured thermopower coincident with the 0.7 structure.
Our earlier result$® suggest that the 0.7 structure is We thank the Engineering and Physical Sciences Re-
accompanied by a spontaneous lifting of the degeneracy beearch Counci(UK) for supporting this work.
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