
Quantum Point Contact Switches 1s done in S T M  use. T h e  lneasurelnents 
were made in  hellum gas at temperatures of 
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Switching behavior between electron tunneling and ballistic transport states was induced 
by repeatedly bringing a sharpened nickel wire into contact with a gold surface. The 
high-conductivity ballistic state had a quantized conductance of 0.977 i- 0.015 (2e2/h). 
Switching was accomplished by moving the electrodes with a piezoelectric actuator over 
a distance of 2 angstroms. The two electrodes and the actuator form a three-terminal 
device that is demonstrated to be a reliable digital and analog switch; it shows good 
discrimination between high and low states and possesses the important property of 
power gain. The conductance channel is most likely only one atom wide and possibly 
consists of a sinale atom. 

- 
4.6 to  8.6 K. T h e  NI-Au system was chosen 
because of the theoretical and experimental 
results of Landrnan et al. 110). Thev found , , 

that after the initial approach, t h e  nickel 
tin becomes wetted by several monolavers 
oi  gold; further tip-sample approaches t l x n  
make Au-ALI ~o in t -con tac t  iunctions. T h e  
cold helium gas provides a very clean envi- 
ronment; contamination of the  iunctions 
over time was not observed. In the tunnel- 
ing regime, the  work function between the  
two electrodes was found to  be between 3.G 
and 4.G eV after Initla1 contact (1 1);  these 
values are characteristic of clean metal sur- 
faces. In  the point-contact regitne, a quan- 

T h e  miniaturization of electronics has tunneling microscope (STM) was brought tized conductance of 0.977 2 0.G15 (2e2/h) 
reached the stage where the discussion of close to a surface. T h e  res id~~al  contact resis- was measured (Fig. 2 ) .  This value could be 
devices with atomic-scale di~nensions is be- tance was found to be annroximately 10 stably measured over one nosition for a 
coming technologically relevant. O n e  im- 
portant question is how the behavior of ex- 
isting electronic devices is altered as their 
size shrinks. A second questlon is how the 
quantum behavior of ultrasmall structures 
might form the basis for new devices. Here, 
we present relevant experiments based o n  a 
very easily realized geometry, the quantum 
point contact (QPC).  T h e  experiments 
show that atotn-sized metallic constrictions 
can be easily fabricated with conduct~vitv 
quantized in units of 2e2/h, where e is the 
charge o n  the electron and h is Planck's 
constant. T h e  Q P C  is shown to make a very 
reliable digital switch with a stable high- 
conductance state of 2e2/h. T h e  uuantum 
bistability is also dernonstiated to de useful 
for applications such as analog switching. 
T h e  Q P C  switch is an  active device that 
demonstrates the important property of pow- 
er gain. It most likely operates by opening a 
conductance channel only one atom wide. 
and very posslbly the challnel consists of a 
single atom. T h e  behavior of the Q P C  
switch is in this respect similar to the single- 
atom tunneling switch demonstrated by El- 
gler et al. (1).  

Theoretical work has sueeested that 
uu 

quantum interference effects cause tnetallic 
constrictions to show step-like oscillations in 
conductance when their widths are varled 
o n  the order of A,, the ferrni wavelength of 
the electrons (2) .  T h e  sharpness of the quan- 
tization depends o n  constriction length, 
temperature, applied bias, impur~ties, and 
nonuniforln~ties in geometry and potential. 
T h e  first exnerimental observations of auan- 
tized conductance in metallic point contacts 
were those of Gitnzewski and Mciller (3) and 
Diirig et al. (4). They observed an  abrupt 
jump to contact as the t ~ p  of a scanning 

kilohms in both cases, slightly lower ihan  
the  a~lantized resistance h/2e2 = 12.906 kil- 
ohms. More recent experiments (5-9) have 
shown that quantized resistance steps can be 
observed but that the exactness of the quan- 
tization depends o n  the metals used and the 
experimental conditions. T h e  most convinc- 
ing evidence comes from lneasurements by 
Agrait et al. (6)  and Krans et al. (7) that were 
performed at a temperature of 4.2 K. A t  low 
temneratures the thermally excited motion 
of t i e  metallic atoms is veiy lo\\,, leading to 
Inore reproducible results. For Au-Au junc- 
tions (6)  and Cu-Cu (7)  junctions, the quan- 
tization of the f~ r s t  conductance channel was 
very close to 2e2/h. This may have to do  with 
the fact that atoms of A u  and C u  can be 
assumed to be fairly accurately represented 
by simple spherical wave f~~nc t ions ,  as many 
theoretical O P C  calculations assume. - 

In  our experiments, a n  electropolished 
nickel  ti^ is ~os l t loned  close to a ball of 
gold, with electrical connections made as 
shown In Fie. 1A.  T h e  n ~ c k e l  tin can be 
translated in three dimensions with a sin- 
gle-tube piezoelectr~c transducer (PZT), as 

Fig. 1. (A) Experimental setup for A 
measuring QPCs. The N t ~ p  was 
formed by electrochem~cally etch- 
n g  a nickel wre  (dameter 0.5 mm) 
n concentrated HCI and rinsing in 
de~onized water. The Au ball was 
prepared by heating a gold wre  (di- 
ameter 0.5 mm) n an oxygen-acetylene flame until a 
molten ball dropped off and landed n a beaker of meth- 
anol. The two metal electrodes were mounted in an STM 
that was inserted into a Ihquid helium storage dewar A 
mechanical screw provided coarse adjustment of the gap 
between the N and Au electrodes. The gap spaclng 
could be finely adjusted by varylng the voltage on a 
PZT. A bas  votaae V , .  was aoolied to the N t o  and the 

period greater than 24 hoursLand is in  good 
agreement with detailed simulations that 
find a stable single-atom contact with a 
quantized conductance of 0.93 + 0.05 (2e2/ 
h) (1 2).  Quantized conductance was not  
found over all the  sample surface, which 
suggested that contamination and geotnetry 
are important in observations of Q P C  be- 
havior. T h e  observed deviation from the  
exact quantum value may have a variety of 
geometric and material causes (2 ,  12).  

Typical Q P C  meas~lrements are shown 
1x1 Fig. 3A.  T h e  middle trace is V,, the  
voltage o n  the  z electrode of the  PZT. From 
the manufacturer's specifications, the trans- 
ducer IS calculated to give a displacement of 
1.1 nm/V at  liquid helium temperatures. 
T h e  ramp in  Fig. 3 A  therefore corresponds 
to  a peak-to-peak displacement of 0.24 ntn 
and a tip velocity of 28G nm/s. This dis- 
placement is smaller than the electronic 
diameter of a gold atom (0.32 nm) .  A feed- 
back loop with a time constant of several 
seconds was set to  maintain an  average 
constant current corresponding to a gap 
resistance of G.l to  1 megohm. VZ was 

Y IU , , 

IBM Research Di\/ison. Schel~ngstrasse 4. 80799 Mu- current was sensed at the Au ball by means bf a FET- 
n~ch. Germanv. ~ n ~ u t .  room-temoerature current am~ l~ f i e r .  The resistance of resistor R, was 986.7 k~lohms for the 

Present address, Massachusetts lnsiituteoiTechnology, mmsurements s'hown n Figs. 3, A and C, and 4; t was reduced to 96.90 k~lohms to increase the 
E52-126, 50 Memorial Dr~ve, Cambridge, MA 0 2 1 4 2  precision of the bias voltage measurement in Fig. 2 and to increase the measurement bandwidth In 
1347, USA. E-mail: dpesmith@aol.com Fg .  3B. (B) FET analogy for the electrlca operation of the QPC switch. 

SCIENCE VOL 269 21 JULY 1995 371 



modulated with a t r i ang~~la r  s~gna l  such that 
u 

it caused the tip to vary between the tun- 
neling (high electr~cal impedance or low 
current) and point-contact (low impedance 
or high current) regimes. T h e  two states of 
the QPC switch correspond to  the  highest 
possible tunneling transport conductance 
and the lowest possible ballistic transport 
conductance. Q P C  switching behavlor was 
observed over most areas of the samnle. T h e  
ratlo between the  h ~ g h  and low values of 
current was typ~cally about 20. T h e  good 
d ~ s c r ~ r n ~ n a t ~ o n  between hlgh and low states 
1s the  result of the  extreme d~splacement 
sensltlvlty of the  tunnel gap (13).  T h e  duty 
cvcle ( the  ratlo of the  time snent 111 the  
high versus the  low state) could be varied 
by changing the current set point of the 
feedback loop, as shown in the  top and 
bottom traces of Fig. 3A. 

A hlgher resolution view of Q P C  
switching is given in Fig. 3B, where the  tip 
is ramned G.22 n m  at  a veloc~tv of 650 nmls. 
T h e  overshoot o n  the  rising and trailing 
edges is due to  stray capacitance. T h e  dif- 
ference in the  7 position between where the  
switch turns o n  and where it turns off is o n  
average 3 0  pm, or about one-tenth the  di- 
ameter of a gold atom. It is unclear whether - 
this difference o r ig i~~a tes  from elastic defor- 
mation of the  junction or niezoelectric hvs- 
teresis. Due to mechanical resonances in  
the experimental apparatus, the  fastest tri- 
angular signal that could he applied to the  
PZT was about 2 kHz. T o  achieve a higher 
time resolution of the  Q P C  switching he- 
havior, we turned off the triangular signal 
and set the  feedback set noint to maintain 
an  average junction resistance of slightly 
more than h/2e2.  T h e  iunction atoms were 
observed to  fluctuate between two well- 
defined values corresponiiing to a high con- 

Conductance (2e21h) 

Fig. 2. Distributon of 61 conductance measure- 
ments for the Ni-Au QPC taken at T = 7.2 K with 
an applied bias V,, of 400.3 mV. The measured 
quant~zed conductance value, 0.977 t 0.015 
(mean t SD), is In good agreement with the mo- 
lecular dynamics simulations of Todorov and Sut- 
ton (12). who found that the quantized conduc- 
tance settles at a value of 0.93 2 0.05 for a sngle- 
atom contact. 

ductance of 13 k~ lohms  and a low conduc- 
tance of approx~mately 200 kilohms (Fig. 
3C) .  Similar fluctuations have been previ- 
ously observed (5, 6) .  T h e  diameter of a 
gold atom is about 1.4 times the sue of the  
piezoelectric displacement in Fig. 3B, so it IS 

not  ~~nreasonable  to expect that the fluctu- 
ation of a slngle atom causes the  observed 
switching behavlor in Fig. 3C.  Switching 
speeds as fast as 10  ps  (limited by the  input 
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Fig. 3. (A) Ramping the voltage V, on the PZT 
(m~dde trace), corresponding to a peak-to-peak 
displacement of 0.24 nm, causes the junction re- 
s~stance to switch between 13 and -200 k~lohms 
(top trace) w~th an apped b~as V,, of 10.0 mV. A 
feedback loop w~th a time constant of several sec- 
onds keeps the average current within the required 
levels. The duty cycle of the high-conductance 
state could be Increased by increasing the average 
current set polnt (bottom trace; ramp voltage not 
shown), The temperature for a traces was T = 6.0 
K. (B) Higher resolut~on time and voltage measure- 
ment of the QPC switch at T = 8.6 K. Bottom 
trace: ramp voltage on the PZT corresponding to a 
peak-to-peak displacement of 0.22 nm, Top trace: 
junction current with a bias V,, of 100.0 mV. The 
overshoots are due to stray capac~tance, (C) 
Spontaneous resstance fluctuations with no PZT 
ramp when the current set pont was slightly below 
1 = 10.0 mV/13 kilohms = 0.77 FA. The high state 
corresponds to a resistance of 13 kilohms and the 
low state to -200 kilohms, The osc~llations are due 
to the settling tme of the electron~cs, wh~ch is 
domnated by the capactance of a coax~al cable 
(length 1 m) used for input to the current amplifer. 
The quantized fluctuations. probably caused by 
the motion of s~ngle atoms, can be resolved to 
w~thn about 10 ps. These fluctuations suggest 
that the l / f  noise obsewed in vacuum tunnel junc- 
tions may originate from the rearrangement of at- 
oms at the electrodes. 

capacitance to the current amplifier) could 
be resolved. It should be possible to achieve 
very high active switching speeds, in the 
megahertz range, by replacing the  PZT with 
a micromachined electrostatic transducer. 
Molecular dynamic simulations have shown 
that the  fastest possible switching time for 
single atoms in the  point-contact configu- 
ration is o n  the  order of 1 ps (10).  

By increasing the size of the triangular 
ramp, it is possible to open a second quan- 
tized channel, as shown in Fig. 4 A  for a 
ramp of 0.35 nm. T h e  second conductance 
channels are far noisier than the  first con- 
ductance channels, which suggests that 
their geometry is less stable. T h e  conduc- 
tance was found to  be twlce that of the  first 
channel to a n  average accuracy of 5%. Fig- 
ure 4B shows the opening of 3 third con- 
ductance channel in  the  absence of any 
quantized conduction plateau. Distinct pla- 
teaus were never observed, beyond the  
opening of the  second channel,  although an  
irregular and unreproducible staircase struc- 
ture was usually seen. These flndings agree 
with previous experimental evidence (6 ,  7, 
9) as well as the  model calculations that 

Time (ms) 

Fig. 4. (A) lncreasng the PZT ramp to 0.35 nm 
peak-to-peak opens a second quantized channel 
tor a combined parallel resistance of 6.5 k~lohms 
(V,, = 9.96 mV; T = 6.0 K). (B) The third and 
hgher conductance channels do not form quan- 
t~zed resistance plateaus and are not stable or 
reversible. Because of a mechancal vbraton dur- 
ing the ramp (as shown by the low frequency 
dspacement of V,), the single channel failed to 
open twice, (C) A s~ne-wave voltage (bottom 
trace) is applied to V,, and the current is moni- 
tored at V,,, (top trace) while a 0.24-nm triangu- 
lar signal (not shown) is applied to Vz with a perod 
of 7 ms (T = 6.4 K). The circuit functions In anal- 
ogy to an analog FET switch (Fig. 1 B) or. more 
precisely, as a electromechanical relay whose ac- 
tve element is of atomic dimension. 
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take into account the finite length of the 
one-dimensional channel and the finite 
temperature (2) .  The stability and repro- 
ducibility of the single channel is ilualita- 
tively different from the higher order con- 
ductance channels, most likely because of 
the increased disoriier and fluctuations that 
can occur as the number of atoms nlaking 
up the channel increases. 

What is the size of the QPC junctions 
studied here? Comparison of the experimen- 
tal behavior with the nlodel of Tekrnan and 
Ciraci (2)  shows that the width of the single 
coniiuctance channel is less than A, (0.52 
ntn for Au).  Wider channels corresao~ld to 
higher order channels. The ~ e k l i n  and 
Ciraci rnodel also suggests that the length of 
the QPC junctions nleasured here is less 
than A,; if the constriction were longer, the 
higher order conductance plateaus would be 
much Inore distinct than are observed ex- 
perimentally [see figure 2 of (2)]. We there- 
fore conclude that for the single quantized 
channel, which correspo~lds to the high- 
coltductance state of the QPC switch, the 
width is less than A, and the length is proh- 
ably also less than Ar; Because the electronic 
diameter of a lnetallic atom is 0.611A7. the 

T i  

single-channel constrictiotl probably corre- 
sponds to a single atom. 

The application of the QPC for use as an 
analoe signal switch is demonstrated in Fie. 

L, L, 

4C. A sine-wave voltage with no iic compo- 
nent 1s applied to V,, and the current is 
monitored at VL,U, while a 0.24-nm ramp 
(not shonrn) is applied to V, (see Fig. 1A). 
This analog switch is f~~nctionally analogous 
to the field effect transistor (FET) switch 
shown in Fig. lB, where the gate voltage is 
used to modulate the drain-source channel 
between hieh- and low-conductance states. 
The w ~ d t h  of the conductance channel of 
the FET 1s controlled hv an electr~c fleld, 
whereas the wiiith of the coniiuctance chan- 
nel of the QPC is controlled bv mecl~anical - 
displacement of atoms in the j~ut~ction. The 
QPC switch f~unctions more precisely as an 
electrolnechanical relay. The interesting fea- 
tures are that on-off snritching is accom- 
$shed by iiisplacing the electrodes by only 2 
A and that the contact region is extremely 
small, perhaps only one atom in size. 

Eigler e t  al. have shown that the motion 
of a single atom of Xe between a tungsten 
tip and a nickel surface can cause the tiun- 
neline conductance between the electrodes 
to change by a factor of between one and 
seven (1). The maximum high-conduc- 
tatlce state correspondeii to a resistance of 
220 kilohms, and the device could only 
oaerate at verv low tenlneratures because of 
the mobility of Xe. By comparison, the 
QPC switch dernonstrated here has a con- - 
iiuctance ratio of about 20 and a high- 
conductance state with an impedance of 13 
kilohms. Another important iiisti~lction is 

that the Xe switch is a two-terminal iievice 
that is toggled by applying a current pulse 
between the electroiies. In contrast, the 
QPC switch is a three-terminal iievice nit11 - 
an indepellde~lt control input. A n  impor- 
tant disadvantage of a two-terminal iievice 
is the impossibility of power gain, that is, a 
large current is requireii to switch a smaller 
current. The QPC switch displays power 
gain and can be used to make an oscillator 
(by feeding the output signal back into the 
control input) or to iirive a series of other 
QPC switches. Finally, QPC behavior has 
been observed at room temperature (8, 9). 
The angstrom size of the QPC cot~ductance 
channel suggests that the QPC rnay he use- 
ful in exploring the physical anii engineer- 
ing issues surrounding atomic-scale electron 
devices. 
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Ferroelectric Field Effect in Epitaxial Thin Film 
Oxide SrCuO,/Pb( Zrom,,Tiom,,)O, 

Heterostructures 
C. H. Ahn," J.-M. Triscone, N. Archibald, M. Decroux, 

R. H. Hammond, T. H. Geballe, 0. Fischer, M. R. Beasley 

A ferroelectric field effect in epitaxial thin film SrCuO2/Pb(Zro,,,Ti0,,,)O3 heterostructures 
was observed. A 3.5 percent change in the resistance of a 40 angstrom SrCuO, layer (a 
parent high-temperature superconducting compound) was measured when the polar- 
ization field of the Pb(Zro~5,Tio,,,)0, layer was reversed by the application of a pulse of 
small voltage (<5 volts). This effect, both reversible and nonvolatile, is attributed to the 
electric field-induced charge at the ,interface of SrCuO, and Pb(Zro,5,Tio~,,)03. This 
completely epitaxial thin film approach shows the possibility of making nonvolatile, low- 
voltage ferroelectric field effect devices for both applications and fundamental studies of 
field-induced doping in novel compounds like SrCuO,. 

R e c e n t  developments in the physical va- (MBE), have permitted the growth of very 
por deposition of complex oxiiies, notably high quality epitaxial oxide thin film struc- 
aiivances in magnetron sputtering, laser ab- tures, as demonstrated, for example, by the 
lation, and reactive molecular heam e ~ ~ i t a x v  fabrication of thin film su~erlattices of the 
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copper oxide superconductors (1,  2).  Al- 
though in large part iieveloped for the 
growth of high transition temperature 
(high-Tc) superconductors, these tech- 
niques have now been applieii to other . . 

N. Archibald, De~artment of Phvscs, Stanford Unversitv, oxide materials, incluiiing ferromagnetic 
Stanford, CA 94'305, USA, . and ferroelectric perovskites (3, 4). These 
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