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The 0.7 (2%/h) conductance anomaly is studied in strongly confined, etched GaAs/GaAlAs quantum point
contacts, by measuring the differential conductance as a function of source-drain and gate bias as well as a
function of temperature. We investigate in detail how, for a given gate voltage, the differential conductance
depends on the finite bias voltage and find a so-called self-gating effect, which we correct for. The 0.7 anomaly
at zero bias is found to evolve smoothly into a conductance plateau at Ge8 )2t finite bias. On varying
the gate voltage the transition between the 1.0 and 0.85/k plateaus occurs for definite bias voltages,
which define a gate-voltage-dependent energy differehicéThis energy difference is compared with the
activation temperatur€, extracted from the experimentally observed activated behavior of the 0.7 anomaly at
low bias. We findA=kgT,, which lends support to the idea that the conductance anomaly is due to trans-
mission through two conduction channels, of which the one with its subband &dgdow the chemical
potential becomes thermally depopulated as the temperature is increased.

[. INTRODUCTION QPC'’s are shown solely for sample A, and only toward the
end of the paper are the main results from all samples shown.

The quantized conductance through a narrow quanturin Sec. Il we discuss the lateral confinement potential defin-
point contac{QPQ), discovered in 19882 is one of the key  ing the QPC, and we focus in particular on the fact that this
effects in mesoscopic physics. The quantization of the conpotential is controlled by two independent variables: the gate
ductance in units of the spin degenerate conductance quahias and the source-drain bias. Then follows in Sec. IV the
tum G,=2e?h can be explained within a single-particle results from finite source-drain bias spectroscopy, and the

Fermi-liquid picture in terms of the LandauerdBker for-  important energy differenca is introduced. We deal with
malism as, in the simplest case, adiabatic transport througthe temperature dependence of the zero-bias conductance in
the constriction. For a review, see Ref. 3. Sec. V and introduce the activation ener@y. The main

Since 1995 several experimehtSon quantum wires and result is obtained in Sec. VI where we show that kgT,
point contacts have revealed deviations from this integefor all six samples. A short conclusion is given in Sec. VII.
guantizationG=nG,, n=1,2,3 ... . In particular, the 0.7
qonductgnce_ anom.a!y, nofetbr the first time in 1991 put Il. THE SHALLOW-ETCHED SAMPLES
first studied in detail in 1996 poses one of the most intrigu-
ing and challenging puzzles in the field, both experimentally The quantum point contacts were all fabricated on modu-
and theoretically*® This anomaly is a narrow plateau, or in lation doped GaAs/GaAlAs heterostructures grown by mo-
some cases just a shoulderlike feature, clearly visible at thigcular beam epitaxyMBE). The layer sequence is Am
low density side of the first conductance plateau in the deGaAs buffer, 20 nm GgAlg As spacer, 40 nm GaAlg As
pendence of the conductanEeon a gate voltage that tunes barrier layer with a Si concentration 0b210?* m~2, and 10
the width and electron density of the QPC. For low biasnm undoped GaAs cap layer. The carrier density is 2
voltage the conductance value of the anomalous plateau is 10'> m~2 and the mobility is 100 #1V's, measured in the
around 0.5, giving rise to the name of the phenomenon.dark at a temperature of 4.2 K.

The 0.7 anomaly has been recorded in many QPC transport The samples were processed with a<2M0 um? mesa,
experiments involving different materials, geometries, ancetched to 100 nm, and AuGeNi Ohmic contacts to the two-
measurement techniqués>*° dimensional electron ga@DEG) were formed by conven-

In this paper, we present experimental evidence that thgonal UV lithography, lift-off, and annealing. The narrow
0.7 conductance anomaly is associated with a densityQPC constriction was defined using electron beam lithogra-
dependent energy difference separating two transmissiophy (EBL) and shallow wet-etching on the mesa. The fol-
channels. We reach this conclusion by measuring both thikwwing procedure was used. The sample was flushed in ac-
temperature and the source-drain bias voltage dependenceeatbne, methanol, and isopropanol before it was ashed in an
the differential conductanc&=dl/dV,, through shallow- oxygen plasma for 20 s. The sample was then preetched in
etched QPC'’s. 18% HCI for 5 min, flushed in KO, and blown dry in ni-

The outline of the paper is as follows. In Sec. Il we de-trogen. It was then prebaked for 5 min at 185°C before
scribe the fabrication of the six samples to be investigated. lispinning on a 125 nm thick layer of polymethylmethacrylate
the following all detailed results on the conductance of the(pmma electron beam resist. The EBL pattern was exposed
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TABLE I. The six quantum point contact samples investigated
in this paper. Three types of devices were processed from the same
modulation doped GaAs/GaAlAs heterostructufig: shallow etch
and top gated]l) shallow-etched trenches, afitl ) shallow-etched
trenches and MBE regrowth. Geometry related parameters are
shown together with the first subband spacing- «o.

Sample
A B c D E F
AlGads TduTopgate 1004 Si donors Type | I I oo
Width (nm) 200 150 140 110 100 100
Radius m) 0.1 2 5 10 2 2

e1—eo (MeV) 65 7.5 9.7 100 57 59

GaAs Quantum Wire  Si donors Gads Quantum Wire  Side-gate

FIG. 1. Scanning electron microscope pictures of the shallow-
etched quantum point contaci®) Type | devices. The quantum Ill. THE LATERAL CONFINEMENT
point contact is formed by shallow wet-etching60 nm deep. The . . . .
etched walls are shaped as two back-to-back parabolas. The picture 1he shallow-etching technique gives rise to a strong lat-
was recorded before covering the etched constriction with arh0 ~ €ral confinement in the constriction, resulting in large sepa-
wide, 100 nm thick Ti/Au top gatdb) Type Il and Ill devices. Two ~ rations e, — &, between the 1D subband edges. We
semicircular shaped, etched trenches define the quantum point cohave previously reported observation of quantized conduc-
tact and two large areas of 2DEG, which are used as side gates. tance at temperatures above 30 K in a 50 nm wide shallow-
type 1l devices, the trenches are etched 60 nm deep to remove thgched QPC with a 1D subband energy separatipn e,
donor layer. In type Il devices the trenches are etched 90 nm to the- 20 meV1? In this paper our main example is sample A
GaAlAs/GaAs heterointerface, and subsequently covered withitype |), but all the measurements reported for this sample
GaAlAs by MBE regrowth. have also been performed for the others. Figure 2 shows the

with an acceleration voltage of 30 KV, and developed ingate characteristics, i.e., the differential conducta@Gc¢eas

; I . function of gate-source voltagé,s of sample A, measured at
?Oi[g)gfgg l;gﬁylé(e;ﬂﬂe; ?ﬁrg E?:ncégfg' azggdsg)rgpl,eef\graes different temperatures. The %go nm wide, etched QPC con-
etching to 55—-60 nm in koinéziH3P04 (38:1:1 at an striction is deplgted at zero gate voltage, and a positive gate-
etch rate of 100 nm/min. source voltage is necessary t_o open it. We estimate the 1D

Three types of devices were investigated: top gétgoe subband energy separations in the QPC'’s from the thermal
1), side gatedtype II), and overgrown side gatetype III). smearing of the conductance plateaus, and more precisely by

Figure 1a) shows a scanning electron microscope picture 01flnlte bias spectroscopy as described below. For the 200 nm

o wide QPC constriction in device A we find an energy sepa-
a type | QPC constriction. The shallow etched walls of the gtion between the two lowest 1D subbands—eq

constriction are shaped as two back-to-back parabolas. TH )
picture was taken before the constriction was covered by a:6'5 meV; see also Table | and Sec. IV B.
10 uwm wide, 100 nm thick Ti/Au top-gate electrode. In type

Il devices, Fig. 1b), the QPC constriction is formed by etch-
ing two semicircular trenches; 250 nm wide and~60 nm 8
deep. The etched trenches also define two large areas of
2DEG which are used as side gates. The same pattern is used
in type Il devices, but the trenches are etched 90 nm deep to

reach the GaAs/GaAlAs interface and then MBE regrown. In

Py
this way the constriction is bounded by heterostructure inter- (ﬁ 5,05
faces, both vertically and laterally. The electron beam pat- X )
terning and the MBE regrowth were made before the Ohmic ~ 4r T
contacts were deposited. Before the regrowth, the sample o 27
was desorbed at 630 °C for 2 min in the MBE chamber. The
sample was then overgrown with 100 nm undoped 2 -

Ga Alg+As and a 5 nmundoped GaAs cap layer, using a 15t
growth temperature of 590 °C. The sample parameters are
tabulated in Table I. 003!
The samples were mounted in a liquid helium refrigerator, 0.3 04 0.5
and the differential conductand®=dly/dVsy was mea- Vgs (V)

sured with a small ac excitation voltage, 5—bY¥ rms, us-

ing standard lock-in techniques at 33—-117 Hz. The effective F|G. 2. Conductance versus gate voltage at different tempera-
width of the QPC and the electron density inside it is con-tures measured on device A. The strong lateral confinement gives a
trolled by a gate voltage, which is applied between theiD subband energy separatian—e,=6.5 meV. Well-behaved
source contact and the top or side gate electrode. Hencefortjuantized conductance plateaus are observed in the temperature
this gate voltage is denotéds. range from 300 mK to above 4 K.
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From this follows to first order in a Taylor expansion the
expressions for the differential conductartiéd V¢4 and the
transconductancel/dVgs, the quantities measured in the
experiments:

dil - al du L PIN
dVey dU dVgy dIAf Vg

®

dial au
dVge U Ve’

We note that any sharp feature in the transconductance remi-
niscent of the characteristic steplike form in the conductance
(see Fig. 2derives from the facto#l/dU in Eq. (6) relating
to the opening of new conductance channels. The other fac-
tor dU/dVs is just varying smoothly due to its origin in
electrostatics over length scales of the order of at least 100
nm. Butgl/dU also appears as a prefactor in the first term of
FIG. 3. A plot of the raw data recorded &=0.3 K of the the differential conductance in E¢). Thus the self-gating
differential conductancdl/dV versus the source-drain bias voltage effect is enhanced when the transconductance is large. Con-
V4 for sample A. Each trace shoved/dV asVqis swept from versely, at low temperatures at the middle of a plateau the
—10 to 10 mV at fixed gate voltage. The gate voltage is varied incurrent is almost unaffected by changesUnat least only
steps of 1 mV. The first four integer conductance plateaus argery smooth changes are expected.dlfdU can be ne-
clearly seen around the vertical livgs= 0. Also the corresponding glected, the differential conductance is given by the occupa-
half plateaus are seen for2 mV<|V{<~6 mV. A well-  tjon factor related second term in E@). As the temperature
developed 0.9 plateau is seen fed mV<|Vy{<~4 mV, evolv-  i5 ephanced the transconductance becomes more important

ing from a rather weak 0.7 anomaly ¥~0 mV. Finally, an  ayen at the center of the plateau as is evident for the highest
additional plateau feature is observed Git=1.4G, for ~6 mV temperatures in Fig. 7.

<|Ved<~8 mV.

(6)

IV. BIAS SPECTROSCOPY AND THE ENERGY

The .confinement potenti@] detgrmines_ the transmission DIEFERENCE A
properties of the device. It is mainly defined by the sample
parameters, the geometry, and the gate-source voltgge An important source of information about the energy sub-

However, to some extent, especially near pinch-off where théands in a QPC is finite bias spectroscopy. We use the tech-

electron density is low, it does also depend on the bias voltnique developed by Patet al® and described theoretically

ageVgq. 2 In short, we writeU=U (Vg Vsg. This effect of by Glazman and KhaetsKif. The differential conductance

VginfluencingU we denote “self-gating” since it resembles G=dl/dVqat finite dc source-drain bias voltayg, is mea-

the ordinary gate effect fromlgs.21 A sample exhibiting a sured by lock-in technique, using a small ac signal,

self-gating can be said to be “soft;” if not it is “rigid.” 50 uVrms and 117 Hz, superposed on the dc source-drain
The currentl through the QPC can be expressed in termgias voltage.

of the transmission functiorg, (&) and the differencaf(e)

in thermal occupation factors for the source and drain reser- A. The differential conductance at finite bias

Voirs as In Fig. 3 the dependence at=0.3 K of the differential
26 conductance of samplé& on the dc source-drain bias is
_“* - shown. For each trace the gate voltage is fixed, while going
= h ; f,deT”(s)Af(s)’ @ from one trace to the next represents an increase in gate
voltage of 1 mV. Conductance plateaus appear as dark re-
where gions with a high density of traces. Four types of plateau are
observed in the datdl) The first four integer conductance
_ plateaus are clearly seen &=nG, aroundV¢=0. (2
To(e)=Tile.U(Vgs:Vso)] @ The corresponding half platedd$* at approximately
(n—1/2)G, appear for bias voltages~2 mV<|Vg{
Af(e)=fle—pu—veVs —fle—u+t(1-v)eVed, 3)  <~6 mV, when the chemical potential of one reservoir lies
above the edge of one subband, while the other potential lies
with v being a number between 0 and 1 describing the ratighelow. (3) We remark that the 0.7 structure is observed near
of the potential drop on each side of the constriction. Outy_=0. As the source-drain bias is increased, @wealue of
eXperimenta| results are Compatible with 1/2. Wl’ltlng ex- the conductance anoma'y increaSES, andl\fg&iml mV the
pl|C|t|y the mOSt- relevant functional dependencies for theanoma|y has evolved into a well-defined p|ateau with a con-
current, we obtain ductanceG between 0.6, and 0.95,. (4) Finally, an addi-
tional plateau feature is observedGt=1.4G, for ~6 mV
I =1[U(Vgs, Vs, Af(Vsg) ]. (4) <|Ved<~8 mV.
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FIG. 4. (@) The symmetrized plot of the dif-
ferential conductance. In the right half are shown
all the conductance traces, while in the left part
are shown only the four center plateau trada$
lines) together with the best fitdotted line$ to
the form Eq.(8). (b) The symmetrized plot after
subtraction of theVyy dependence due to self-
gating.

From the data in Fig. 3 it is seen that the differential dl
conductance depends rather strongly\ag. For the lowest v~ (aVest B)+(a'Vgst )V, (8)
conductances a pronounced asymmetry is observed: for sd
negativeVgy the conductance is higher than for positivg,. and fit the four parametera, 8, o', and B8’ to the four
This effect is always seen when the gate bias is applied relamid-plateau traces. We then subtract from all the traces the
tive to the source contact. It persists in all samples even fofitted V4 dependence. The result of this procedure is shown
different grounding points. Furthermore, even at the smallesih Fig. 4. We end up with plots of the integer plateaus in the
source-drain bias we observe a strong nonlinearity in thelifferential conductance that for moderate value¥ gfup to
conductance at the middle of the integer plateaus, where the-3 mV are independent of the finite bias voltage. Note how
chemical potentials lie in the middle of the gap between 1Dthe 0.9 anomalous plateau has also now become flat. We can
subband edges: the integer plateaus in Fig. 3 are not flahus unambiguously assign constant values for the conduc-
aroundVge=0. In the following we interpret this nonlinear- tance plateaus in a wide range. The half plateaus, however,
ity and the asymmetry in terms of the self-gating effect pre-still show a dependence on the bias voltage, although not as
sented in Sec. Ill. We subtract this trivial effect from the datastrongly as before, indicating the large influence\gf, on
to obtain data corresponding to a “rigid” QPC not subject to the potentialU in the strongly nonequilibrium case where
self-gating. one reservoir is injecting electrons above the topmost sub-

First we treat the asymmetry of the data, which is stronhand edges and the other is not. We note that experimentally
gest for the lowest values &y or equivalently for the low- we never seeG=0.5 at the first half plateau but rather a
est electron densities. A simple reason for this can be foundalue substantially below; and it is never quite constant but
in the electrostatics of the QPC. We notice tl#tdU is  decreasing with increasing bias; in the present c@se
always antisymmetric with respect ¥4. However, since  ~0.3. This is probably due to the intricate self-consistent
the gate voltage is applied relative to the source contact, nelectrostatic effects at pinch-off, but this has to be investi-
special symmetry relations are expectedil/dVqy as the  gated further. The measured values of the conductance at the
polarity V44 is changed. Especially near pinch-off when theplateaus are discussed further in Sec. IV C.
electron density is low in the QPC, the effect of a polarity
change inV¢y can be important. Thus we expect on general
grounds that, regarded as a function Wy, the term . )
(91/9U)(9U13Vy) from Eg. (5) contains both a symmetric To display the features in the conductance traces more
and an antisymmetric part. This conclusion holds true forclearly we study the transconductand&/dVys, which is
any value of the ratiov of the voltage drop in Eq(3), in cglculatgd by numerical differentiation from the measured
contrast to Ref. 20, where+1/2 had to be adopted to ex- Q|fferent|al conductanc&=dl/dVgy. The transconductance
plain the asymmetry. The antisymmetric part thus attributedS zero(or smal) on conductance plateaus and shows peaks

to rather trivial electrostatics is subtracted from the data byn the transition regions between plateaus. In Fig. 5 is shown
forming the symmetric combination a gray scale plot of the transconductance of sample A, cal-

culated from the data in Fig. 3. The plot covers the range
—10 to 10 mV in source-drain bias and 0.25 to 0.50 V in
I(Ved)=3[1(+Vsg +1(— Vs 1. (7)  gate voltage, corresponding to the first four integer conduc-
tance plateaus. Plateau regigsmall transconductangeap-
pear as light regions bounded by dark transition regions
Next we focus on the foudl/dVgy traces which folVgg  (high transconductangeThe main features of the plot are
=0 go right through the center of each of the first four inte-the well-known diamond shaped dark transition regions sur-
ger conductance plateaus. As mentioned in Sec. Il no appreeunding the integer plateaus, and the half plateaus(
ciable self-gating effect is expected here. Only smooth-1/2)G,, wheren=1,2, ... > The transitions inG are
changes withVy are expected for moderate values of thedue to the crossing of the chemical potentialsand w4 of
biasVgy. Using a second order Taylor expansiorddfdVsy;  the source and drain reservoirs through the subband edges
in Vg we extend Eq(5) to the form defining the transmitting subbands. The procedure described

B. The transconductance
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G=0.9 plateau, which appears in the left-hand side of the
G=1 diamond between the leftmost black straight edge and
a curved gray anomalous transition line. Note how the
anomalous transition line is continued smoothly into @Ge
=1.5 diamond. Similar, but much weaker, anomalous struc-
tures are seen running inside tle=2 diamond continuing
into the G=2.5 diamond, and inside tH@=3 diamond con-
tinuing into theG=3.5 diamond.

Just as the black straight lines in the gray scale plot of
Fig. 5 are due to the crossing @f; and uy through the
ordinary subband edges,, it is tempting to associate the
anomalous transitions with the crossing of anomalous sub-
band edgeg,,. In particular, the strong transition ridge be-

B tween the 1.0 and 0.9 plateaus can be analyzed in those
025 0.30 035 0.40 045 terms. In the standard theory, changivig, for fixed Vg in
V. (V) the first half of the first plateau leads to the seque@Gce
& =1.0-G=0.5, sinceuy drops below the lowest lying spin-

FIG. 5. Gray scale plot of the transconductad@/dV,, versus ~ degenerate subband edge. However, this sequence is not ob-
gate voltageVys and bias voltage/, for sample A atT=0.3 K.~ Served in the measurements. To make this point clear we
White corresponds to zero transconductance, i.e., to plateaus in ti§é10W in Fig. 6 four individual traces at fixéd,s, denoted A
differential conductanc&=dI/dV.y. Black corresponds to high t0o D, and four traces at fixeWsy, denoted E to H. In Fig.
transconductance. The dark lines in the plot therefore indicate th6(a) these traces are drawn as dashed lines inMfeV g
positions ¥/4s,Vsg Of transitions between the various conductanceplane. In Fig. @b) is shown the differential conductance
plateaus. The numbers indicate the valu&dh units of 222/h on  along traces A to D. The zero bias point of these four traces
the various plateaus. corresponds to the following positions on the=0.3 K con-

) ) ductance curve of Fig. 2: below the first platd@y, on the

in Sec. IV A to get rid of theVy dependence of the plateau |oyer half of the first plateadB), on the upper half of the
values allows for an unambiguous assignment of conducirst plateau(C), and on the lower half of the second plateau
tance values in each of the diamonds of the transconductan@g). First follow trace B. It exhibits the plateau sequence
plot. The subband separationg,;—¢&, are extracted from -1 0.G=0.85-G=0.2. Probably due to the “soft-
the main diamond structure by reading off the valueved  ness” of the QPC at low electron densities, the value of the
where the straight black lines surrounding e-n diamond  «( 5 plateau” is around 0.2, where the trace meet with trace
intersect, indicating the appearance of the next subband. The evolving fromG=0 into a plateau aG=0.15. It is as if
first intersection is at \(gs,Vsd =(0.32 V,6.5 mV). Thus  tne conductance in trace B drops in two steps corresponding

g1~ &0=6.5 mV as listed in Table I. to the crossing of two subband edges rather than just one,
, perhaps as a consequence of lifting of the spin degeneracy in
C. The anomalous subband edge, and A (Vg the QPC'1618

In addition to the main feature, anomalous conductance It seems quite natural to associate the anomalous transi-
plateaus are seen. The most pronounced is the anomalotisn with an anomalous subband edgg split off from and

10 20 ¢ . . d
® © o VAN “
8k | M
15 e oAt
2f, G &1t My
H..--B%.... = g €
6 o 1L | 1
3 k= AR aYs 2
Q = 0 1 L
g Q10 5 PN -
~ 4l G iR ~—~ 5 T T T e
K B = 2 i 0
= S 1f ]
2F po O R 05 =0 g, <IL<E
al E] 5 €,
OF E -vovovice- Rt R s 2 i SI 77777777
0.0 A 0 IA _td
025 030 035 0.40 0 5 10 0 1 0, 2 - e
v, W) Vv, (mV) G (2¢'/h) 0

FIG. 6. (a) A section of the gray scale plot from Fig. 5 displaying the four verti¢glscan lines A, B, C, and D of pané) below and
the four horizontaVy scan lines E, F, G, and H of pan@) below. (b) The differential conductancé versus bias voltag¥q for four
different fixed values of the gate voltage corresponding to positions A before the first conductance plateau, B on the lower half of the same
plateau, C on the upper half of it, and D on the lower half of the second pla®alhe transconductanakG/dVy versus the differential
conductanceés=d|/dVgy at four different bias voltage¥,,=0, 1.7, 4.0, and 6.2 mV, traces E, F, G, and H, respectivdlyillustrates a
model involving ordinary subband edges and anomalous ones,. The ], splits off frome,, only for = (us+ pg)/2>e,. Changing
ms— g=e€Vggin the lower(uppey panel corresponds to scanning along trad®C Note howe, gives rise to the anomalous ridge through
the 1 and 1.5 diamonds, ard to that in the 2 diamond.
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lying above the ordinary subband edgg which therefore is L5 T T -
encountered first byry as the bias voltageus— wg)/e is

raised[see Fig. 6d)]. This would also account for the con-

tinuation of the anomalous transition into the 1.5 diamond as —_
seen by studying the behavior of trace C. Increasiggrom ﬁ
0, this trace exhibits a clear plateau at 1.0 before it rises and (Q\])
develops into a plateau &=1.45 asu is raised above the ~
second subband,. For slightly larger values oVgy, wq %)
falls below the anomalous subband e@dge G drops and the

trace exhibits a shoulderlike feature aroude 1.3. Only for

yet higher values oV y doesuy drop below the ordinary 0.0 ;
first subband:o leading toG=1 and lower values as in the 0.28 0.30 0.32 0.34
standard case. Thus as a function of the bias voltagéhe V (V)
plateau sequence&=1.0-G=0.5 andG=1.0-G=15 8

—G=1.0, for the first and second halves of tBe=1 pla- FIG. 7. The conductance versus gate voltage of sample A at the

teau, expected from the simple half plateau model, in experifirst quantized conductance plateau, measured at different tempera-
ment are seen rather to &=1.0-G=0.85-G=0.5 and  tures from 0.3 K to 5.1 K. As the temperature is raised, the 0.7
G=1.0-G=15-G=13-G=1.0. anomaly emerges as a suppression of conductance in the first half of
The values of the conductance at the plateaus are fountle conductance plateau, while the other half remains flat.
after the fitting procedure described in Fig. 4. The most pre-
cise way to obtain these values is through Fig:),ﬁwhere n’ p|ateau5 can appear 0n|y Whﬂﬁ: (Ms_ /'Ld)/z is above a
the transconductancdaG/dVgs is plotted versus the differen- given ordinary subband edge, i.e., the anomalous plateaus
tial conductancés at four different but fixed bias voltages, appear only in the left-hand sides of the diamonds in the gray
traces E, F, G, and H. The plateaus appear as minima in thstale plots. This is another indication that the anomalous
curves, since a minimum in the the transconductance corrgyateaus are related to interaction effects and not to simple
spond to the point of least slope in plots GfversusV. single-particle subband effects.
Ideally, if the plateaus are completely flat, the values at the
minima are 0. This happens, for example, at the integer pla-
teaus seen in trace E and the half plateaus in trace G. The
0.85 plateau is never completely flat, but in traces F and G it  To gain further insight into the conductance anomaly we
is seen as a well developed minimum. also study the temperature development of the first conduc-
For comparison with the temperature data presented ifance plateaz=G,. In Fig. 7 is shown a set of measure-
Sec. VI we introduce the anomalous gate-voltage-dependentents performed on sample A. At the lowest temperature,
(and hence density-dependeenergy differenced(Vg9). It 0.3 K, the plateau is broad and flat. With a 1D subband
is related to that particular gate-voltage-dependent vélfije energy separation of 6.5 meV, the thermal smearing of the
of the source-drain bias that maximizes the transconductanggateau should be negligible at temperatures below 4 K. This
along the 0.9-1.0 and 1.35-1.5 ridges in the gray scale plotis indeed also the case for the upper half of the conductance
plateau,Vye=320-340 mV, which stays flat as the tempera-
ture is raised. On the lower half of the plateau, the conduc-
tance is suppressed below the plateau v&@yeas the tem-
perature is raised, developing a plateaulike structure around
In terms of an anomalous subbanil,is interpreted as the the conductance value @3. This is the 0.7 conductance
differencenu — & between the chemical potential and the  anomaly.
anomalous subband edgg as outlined in Fig. &). In Fig. The large 1D subband energy separation in shallow-
5 it is seen that similar ridges appear, progressively weakegtched QPC'’s allows us to study the temperature dependence
for the higher subbands. The weakening of the effect may bef the 0.7 structure at temperatures up to atb&rK without
due to less pronounced spin polarization at the higher densappreciable thermal smearing of the quantized conductance.
ties present when more subbands are occulSi€ihally, we  In Fig. 8 we present two Arrhenius plots of the conductance
note that, in contrast to the normaplateaus, the anomalous suppression shown in Fig. 7 &,=0.305 V and 0.309 V.

V. THE ACTIVATION TEMPERATURE Tp

1
A(Vgs): Eevgo(vgs)' 9

oy =0305V ®) *

7,=028K | 15l o FIG. 8. (a) Temperature dependence of the

° conductance suppressi@y— G(T) at fixed gate
@ 10 .’ voltagesVy=0.305 V and 0.309 V, measured on
P I ] 1 device A. The data show Arrhenius behavior,

b~ o® G(T)/Gy=1—C exp(-T4/T), with an activation
5t * 1 temperatureT,. (b) The measured activation
.‘.‘° temperaturd 5 as function of gate voltage across

52 35 83.(7.“. 051 052 033 the 0.7G, structure, measured on device A.
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We plot the relative conductance suppressiond(T)/Gq (a)s
(whereGy is the measured conductance value of the plateau
versus 1T at the given fixed gate voltage. The linear behav- & #f
ior in the semilogarithmic Arrhenius plot indicates an acti- 3 ;
vated behaviorG(T)/Gy=1—C exp(—Ta/T), with the cor- n¥
responding activation temperaturég=0.28 K and 1.11 K
extracted from the two slopes. Figuréb8shows how the
measured activation temperatufg as a function of gate
voltage increases from 0 at pinch-off to a few kelvin in the (c)’f
middle of the conductance plateau. 4
In the usual framework of the Landauer+Bker formal- .
ism the observed activated suppression of the conductancg 2
indicates that the 0.7 structure is associated with thermag® i b
depopulation of a subband having a gate-voltage-depender o] %%
subband edge/,. If a subband edge liekgT (V49 below a
the Fermi level, an activated behavior is indeed seds.iA
phenomenological theory along these lines has been pre
sented by Bruuet al® Moreover, this picture is in accor- (&)
dance with the discussion presented in Sec. IV C of the
crossing of subband edges and ¢/, at finite bias. In the &
following analysis we connect the measured activation tem- &
perature with the energy gap found by finite bias spectros- &2

copy.

0.65

o
Vp V)

It is possible to ascribe the same origin to the appearance FIG. 9. Gray scale plots as in Fig. 5 of the differential transcon-
of the plateau at 0@, at finite bias as to the 0.7 anomaly. ductance for all six samples A—F of Table I. The open circles are
The two effects are connected by the enerdi€¥,) and  the data points\(4s,2kgTa/€) Where the activation temperatufg
Ta(Vg9. Consider a fixed gate voltage on the lower half ofwas extracted from the measured temperature dependence of the
the G, plateau. The data are taken at low temperature. Agero-bias conductance.
zero bias the excitation energies available for the electrons at

the Fermi energy are not sufficient to reach the subband edge,iq Wwe note that the QPC confinement potertiade-

lying kT, below the Fermi level, and the conductance haSpends on bottVysandVgy. The influence oWy, referred to
the expected, quantized val@. As the source-drain bias as self-gating, can explain the distinct asymmetry and non-

voltage V4= (us— mq)/€ is increased, we assume that half . . : . .
the potential drop is before and the other half after the QPCImeanty always observed in the differential conductance of

i.e.,v=1/2 in Eq.(3). The electrons from the drain reservoir QPC'’s. The QPC's thus appear to.be Soft,” but we have
are injected below the subband edge wiedf/2=ksT . shown how to subtract the self-gating effect from the data.

This assumption is supported by our experiments. In Fig. é%ased on _finite bias spectroscopy we hf’?"e prese_znted e>_‘pe”'
we have plotted for all six samples the expected position of€ntal evidence that the 0.7 anomaly is ?ssomated with a
the resonance/*=2ksTa/e versus gate voltage as white density-dependent energy differente- u—e of the order
circles. The activation temperature used in this plot is ob©f @ few kelvin, the distance from the chemical potenjieb
tained from the measured temperature dependence of the (B anomalous subband edgg. The shallow-etching tech-
structure, like the one presented in Figs. 7 and 8. As seehique gives rise to a strong lateral confinement with 1D sub-
from Fig. 9 the transition from the regul&, plateau to the band energy separations of 5-20 meV. We have therefore
anomalous 0.85, plateau appears at the expected resonanckeen able study the 0.7 anomaly for higher temperatures than
position. for normal split-gate devices, and this allowed a detailed
The quality of the 0.7/0.85 anomalies is varying a lot fromstudy of the temperature dependence of the conductance
sample to sample. The exact reason for this is not known anomaly. We have found an activated behavior of the con-
present. One can think of many reasons such as impuritieductance suppression at the 0.7 anomaly, with a density-
geometry related defects, and other sample parameters. Butdependent activation temperaturg of a few kelvin. For all
is noteworthy that foall samples the energy(V,J charac-  six samples the energy differendeis found to be equal to
terizing the 0.85 anomaly coincides with the activation en-the activation energkgT,. Our observations support the

VI. COMPARING A AND Tju

ergy kg T, deduced from the 0.7 anomaly. idea that the 0.7/0.85 conductance anomaly arises from the
existence of an anomalous subband edge in the QPC. The
VIl. CONCLUSION nature of the anomalous subbands is presently unknown, but

bour observation that the anomalous plateaus appear only
We have investigated the 0.7 conductance anomaly in siwhen bothug and w4y are above a given subband edge, and
samples of three different types of shallow-etched GaAsthe behavior of the 0.7 anomaly as a function of magnetic
GaAlAS QPC: top gated, side gated and overgrown siddield,” indicate the importance of interaction effects beyond
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