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Quantum ballistic transport in constrictions of n-PbTe
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Conductance of submicron constrictions of PbTe:Bi was studiea @T and between 4.2 K and 50 mK.
The structures were fabricated by electron beam lithography and chemical etching of high-electron mobility
films grown by molecular beam epitaxy on Bal the moderately strong magnetic fields perpendicular to the
current,B=1 T, the conductance shows accurate quantization in the unit®@hlas a function of the
side-gate voltage. In the absence of the field, a temperature-independent step structure, with an average step
height of ~e?/h, is observed. It is suggested that such a quantization may reflect the lifting of the Kramers
degeneracy by the exchange interaction among the electrons, effective despite a large dielectric constant of
bulk PbTe.[S0163-18209)50532-9

Recent studies on point contacts and wires of high mobildar, the destructive effect of electron scattering upon quanti-
ity GaAs/Al,Ga, _,As heterostructures suggest that conduc-zation of the density of states is much weaker, for a given
tance quantization deviates from the simple behavior exvalue of u, in the case of IV-VI compounds than for stan-
pected for electron ballistic transport in one-dimensionaldard semiconductoré ** Indeed, in the latter, the lifetime
(1D) systems. In particular, Thomae al* have detected a 74 Of quantum states is much shorter than the momentum
conductance step at1.4e?/h, which evolves in a strong relaxation timer calculated from the mobility® By contrast,
in-plane magnetic field into the spin-split plateauedth.  since in IV-VI compounds the Coulomb potentials are
Spin-orbit coupling}, spontaneous spin splitting driven by the screened, electron scattering is dominated by a short range
exchange interaction within the electron liqdicf,or scatter- part of defect potentials, for which,~ 7.
ing by plasmon$,have been considered as possible mecha- We have grown, by molecular beam epitakylBE),
nisms accounting for the observation. Similar findings haven.7-um-thick epilayers of PbTe:Bi ontfl11}-oriented Bak
been reported for structures characterized by somewhaubstrates. Because of the difference between thermal expan-
lower values of electron mobilities” In longer wires, as  sion coefficients of Bafand PbTe, the epilayers are under
shown by Taruchat al.” and Yacobyet al.? the conduc- tensile strain at low temperatures. As a result, the fourfold
tance steps assume the quantized vah®es/h at high tem-  valley degeneracy at the point of the Brillouin zone is
peraturesT~1 K, but on lowering temperature their magni- ifted and the valley with its main axis oriented alofijl 1)
tude gradually decreases=rn2e’h, where r<1. A s shifted downwards in energy as compared to the three
combined influence of disorder, Luttinger-liquid effects, andobliquely oriented valley$®*” Furthermore, the interface de-
coupling to the Fermi-liquid reservoirs is thou§if to re-  fects, brought about by both mismatch of the lattice con-
sult in such behavior of the conductance. stants and the thermal stresses, limit the electron mobility

Owing to the high-electron mobility. at low tempera- and deplete the vicinity of the interface from the carriérs.
tures,n-PbTe constitutes a promising material for studies ofFrom the magnitudes of the Hall resistance and electron con-
1D systems by means of ballistic transport. The large mageentrationn=2x 10" cm™3, resulting from the period of
nitudes ofu, 1P—1C cn?/Vs, achieved with no modula- the Shubnikov—de Haas oscillations, we evaluate the width
tion doping, result from the low values of the effective of the depletion region to be between 0.4 and @6 in our
masses 1fi; /m,~0.02mj/m,=0.2), and the high value of layers. The value ofi, together with the Hall mobilityu,
the static dielectric constang, ~10°. The latter stems from =2x10° cn?/Vs, lead to the mean free patk 1.6 wm at
the fact that PbTe is at the border line to a ferroelectric phasé.2 K.
transition due to a cubic-rhombohedral distorttdnThe Submicron constrictions with side gates have been fabri-
large value ofe, significantly reduces the magnitude of cated of the epilayers employing single-level electron-beam
backward scattering by the Coulomb potentials. We suggesithography followed by wet chemical etching. This process
that this is the main reason for the unusual aspects of ballistiproduces a semicircular constriction of geometrical radius of
transport inn-PbTe reported in the present paper. In particu-about 0.5.m in the most etched region, as shown in Fig. 1.
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15 tive gate voltages. We have noted that the pinch-off voltage,
—_ Vin, slowly evolves with time, even at low temperatures, as
g 1.0t well as becoming more negative after subsequent cooling
< 05\ A cycles. These effects are presumably caused by slow and
1) S incomplete strain relaxation at the interface. We have
012345678 checked that there is no gate leakage current up to the gate
X [ pm] voltage Vy=+200 V, which implies that the dielectric
strength of Bak is Eq~150 V/um. For the conductance
B 1.5 measurements, low-frequency ac currents of magnitudes not
§ 107 1 greater than 2 nA and phase sensitive detection have been
S 05 ~\ /—* employed.
010 L f\ g Figure 2 presents the conductar@e- 1/R as a function
012345678 of gate voltage in units ok?/h at various values of the

Y [ pm] magnetic fieldB for its two directions in the plane perpen-
dicular to the current. Several conclusions emerge from those
FIG. 1. Scanning electron microscof$EM) picture of a con-  findings. First, when depleting the electrons in the constric-
striction made of PbTe:Biwhite region. Atomic force micros-  tion by Vy, a sequence of conductance steps is observed,
copy (AFM) depth profiles alongX) and acrossY); the constric-  whose width increases strongly wiB) an observation con-
tions are shown in the right panels. The horizontal scalesirming the strong suppression of backscattering and the de-
correspond exactly to the magnification of the SEM picture. population of 1D subbands by the magnetic fiflGecond,
while the steps are accurately quantized for the in-plane
This is comparable to the width of the depletion layer imply-magnetic field, the plateau values are systematically greater
ing that the carriers occupy only a narrow channel locatedhan multiples o&?/h in the case oB along the growth axis.
near the top of the constriction. Further reduction of theThis is consistent with the fact that for our four-probe ar-
channel width can be achieved by means of the two sideangement shown in Fig. 1, the influence of series resistances
PbTe gates. Since the dielectric constant of BaFabout 8, is negligible, whereas the Hall effect of the wide regions
the capacitive coupling between the gates and the channglves a contribution t&R.*° Actually, as shown in Fig. 3, the
proceeds mainly via the substrate. Accordingly, the electrondeviations ofR from the quantized values are linearBpand
are pushed towards the top of the constriction for the negacorrespond to the value of the apparent Hall constant, which
is greater than that measured prior to the nanofabrication by

_. 2 a factor of about 2. Finally, the rate of change of the filling
Ni 18 | factor, dv/dVy is about two times larger B is in the plane
L% 16 of the epilayer, compared to the caseBofilong the growth
5 14 r
7z 127 S S —
5 10
8 8
6 i=1
% 4 25
o
8 2t
0 10 20 30 = 2
GATE VOLTAGE V,-Vy, [V] z
=
— W p————————1— O
Ng 18+ OT| 1/2/3/4/5/6 T /"~ b)] <Zﬁ 15
L 16t 1 5') i=2
= 14 ( ) E =
O 12t / g .| /’/
ﬁ H o " ] = L=
8 m
S e fﬁ;}j | i=4 /
2 4l i 5 /
o 2 L. m
@ 0 ¥ o N i 1 1 /
0 10 20 30 40 50 60 0 e gt e
GATE VOLTAGE V-V, [V] 0 1 2 38 4 5 6 7 8 9

MAGNETIC FIELD [T
FIG. 2. Conductance as a function of the gate voltage in PbTe
constriction for two configurations of the magnetic field perpen- FIG. 3. Resistance of the PbTe constriction as a function of the
dicular to the current(a) BL(111), (b) B{111). Numbers denote magnetic field at 50 mK. The difference between the measured
subsequent values of the magnetic field. Cross sections of the cofsolid curveg and quantized value@lotted lineg is given by solid
strictions together with positions of the edge currgstsaded area  dots. The dashed line corresponds to the resulting Hall resistance of
are shown schematically. the wide regions.
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is not expected to lift the twofold degeneracy according to
the Kramers theorem. It might appear also that the large
dielectric constant of PbTe makes effects of electron-electron
interactions totally unimportant.

We have, however, decided to develop a Hartree-Fock
theory of the electron-electron interaction for a quantum wire
with the dielectric constand¢; embedded in an environment
with the dielectric constant,.?® The wire is modeled by an
infinitely long cylinder of radiusa. An electrostatic potential
between two electrons is determined by solving the Poisson
equation with the appropriate boundary conditions at the cyl-
inder boundary. We have obtained the matrix elemégf)
of the interaction potential in the one-particle basis of states

FIG. 4. Conductance of a PbTe constriction at various temperacorresponding to the ground-state subband. While far

tures as a function of the gate voltage. >1 V(q)~1/e0%, in  the opposite limit V(q)
=—2¢e?In(ag2)/e,; so it diverges logarithmically. This be-

direction. This means that the ratio of an effective wigtbf ~ havior, independent of the exact shape of the subband wave
the constriction to its height is about 2. function, is characteristic for a 1D Fourier transform of the

As already mentioned, we presume that the gate voltag&=oulomb interactio®?/r (with a as a short-distance cutaff
induced Change of the Charge in the construction is primarilmoreover, it turns out thaV(q) for aq_)o is entire|y deter-
associated with a change in the width of the depletion regionmined by the interaction with the image charges, as it does
In order to evaluate the constriction cross-secen2d® at  not depend on the dielectric constantof the wire but only
givenVy, we employ the modified Sharvin relatiéhgen- o €,. This means that in the structures under consideration,
eralized to the case of the ellipsoidal Fermi surface, for which a substantial part of the image charge resides in

&2 (3m2n) 23 mi U6 either vacuum or Baf; the exchange enerdy,, is rather
G(d)=F—<—) (2d2)(1—

T = 600/300/150/50 mK
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large since it is determined By(q) for g—0.
2 m* \/§(3w2n)1’3d ' Within the above model, we have computed a critical den-
(1) sity n., below which the Hartree-Fock ground state of the
In this way we estimatal~15 nm for n=2x 10 cm- 1D electron liquid is ferromagnetic. By taking; =1350,
. - - _ =1, m*=0.02n,, anda=d/2=8.5 nm, btai
and G=e?/h. This value ofd, together with the effective izo 6 4qu05 cmfloogr;h: othe\r/—hand t?lzl c\tl)vr?cgntraallltTi]cfn of
* — . . . s

rr:ii?\rg-&a?éoz;no d lgggife? ZTeﬁ;?(:gZu%Z?r?;: 2(fet"£§3tthf§1e spin-polarized electrons filling up the ground-state sub-
9 and till the bottom of the first excited subband rigy

meV 2! It is worth noting that despite a substantial increase  m—x=. 1 N
in the density of the electric subbands withand thus with . 2m*Ey/h=1.6x10° cm ", asE,~19 meV. Those es-

V.-V no corresponding dearadation of conductancetimates suggest, therefore, that over a significant range of the

Santitzha;tion is obse?ve d 'Ighis f?)llows resumablv from agate voltage, the concentration of the electrons in particular
q : : ' P y subbands is small enough for the spin polarization to be sus-
reduction of scattering when the electrons becomes le

Sained. The tendency toward a ferromagnetic ordering can be
squeezed near the top surface.

Of particular relevance are experimental results in the ab(_anhanced even further in the case of chaotic level distribu-
P P ion in low-dimensional systenté.

sence of the magnetic field, presented in an expanded scalée . . . -
9 P P In conclusion, we have fabricated submicron constrictions

in Fig. 4. D'St'nCt and temperature-lndependent_ StEEpl'keof PbTe coupled to 3D reservoirs. Magnetoconductance
structure, superimposed on a smoothly increasing back-

round. is visible. The lack of temperature-dependent res measurements show accurately quantized steps for any direc-
9 ' " P penden ion of the magnetic field perpendicular to the current. At the
nances or fluctuations suggest that the constriction is bot

adiabatic and nondiffusive. However, many plateaus do no ame time, our findings suggest that the spin degeneracy is

occur at the quantized values, and the conductance differen?_gmoved in the absence of the magnetic field. While the
between them corresponds rather @dh, not to 2%h. artree-Fock model is not expected to provide the accurate

While there are clearly visible changes in the dependence q\ﬁ:lue of the instability point, and the actual ground state can

the conductance on the gate voltage after subsequent cooli more complex than a simple feromagnetic phase, our
9a 9 equet "8sults demonstrate that despite the large dielectric constant,
cycles, the above conclusion appears to remain valid.

. lectron-electron interaction m nt for th rv
The most natural explanation of these results would be theect on-electron Interactio ay account for the observed

assumption that the structure corresponds tpasballistic Behavior of the ballistic conductance.

regime,L~1, in which impurity scattering may reduce the = We thank KBN(Grant No. 2-PO3B-6411in Poland, as
width and height of the ste$.At the same time we note well as FWF Vienna, “Gterreichische Nationalbank,” Ost-
that the spin-orbit coupling, although rather strong in PbTeWest Funds, and GME in Austria, for financial support.
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