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Spin Control: Modeling the Transistor of the Future
The Next Big Thing in microelectronics will be extremely small. 
And it probably will not be entirely electronic. As transistor di-
mensions continue to shrink, and computing demands con-
tinue to grow, pushing bunches of electrical charges around 
in semiconductors can start to look like an awfully bulky, 
slow and power-hungry business. So in addition to express-
ing digital information as the presence or absence of electric 
charge, researchers want to embody it in the spin of elec-
trons -- a quantum property that conveniently has two easily 
discernible states, traditionally designated “up” and “down.”

Spin can be switched very fast, with low-power magnetic 
fields, and “spintronics” already lies at the core of today’s 
high-volume disk drive technology. But extending its allur-
ing  advantages to transistors has so far proven impossible.

Twenty years ago, two Purdue University scientists proposed a highly promising design. To date, how-
ever, no one has been able to build a working model. There are simply too many possible sources of 
error, because the desired spin effects are extremely sensitive to very tiny 
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JQI theorists have created an ultra-
cold-atom model for investigating 
properties of the Datta-Das transistor.

JQI Awarded New Physics Frontier Center
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The National Science Foundation has awarded the 
Joint Quantum Institute $12.5 million over five 
years to create and operate a Phys-
ics Frontier Center (PFC) at the Uni-
versity of Maryland (UMD) College 
Park campus.  The center will pur-
sue cutting-edge investigations of  
coherence and entanglement -- 
two fundamental elements of the 
physics of quantum information.

The PFC award will fund 17 gradu-
ate students, seven postdoctoral 
scientists and seven undergraduates as well as an 

extensive and highly cross-disciplinary research 
program under the general title “Processing Quan-

tum Coherence.”

JQI Fellow Bill Phillips of the National 
Institute of Standards and Technology 
(NIST)  is the Principal Investigator 
for the project. Members of the PFC 
Research Council are Phillips, JQI Fel-
lows Luis Orozco (UMD),  Sankar Das 
Sarma (UMD), Chris Monroe (UMD) 
and Glenn Solomon (NIST). 
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  imperfections   in   materials,  stray    fields    and   prob-
lems with electron injection, among other factors. 

Now, however, JQI Fellow Charles Clark and 
colleagues at NIST and at Vilnius University 
have devised a potential solution to the prob-
lem: creating a minutely controllable quantum 
analogue of the transistor action in a labora-
tory configuration -- in this case, an ultra-cold 
beam of atoms manipulated by a laser array.

One of JQI’s central goals involves finding ways 
to simulate aspects of complex macroscopic sys-
tems, from the trillions of interacting atoms in 
condensed matter devices to the exotic and inac-
cessible physics of black holes and neutron stars, 
by using precision-tunable quantum  models.

That approach is ideally suited to attacking 
the problem of the Datta-Das transistor (DDT, 
see illustration at right), named for the two 
Purdue physicists who theorized it in 1990.

“If you have a system that doesn’t work in real 
life,” says Jay Vaishnav, a postdoc in Clark’s group, 
“maybe you can understand it by building a 
model, introducing controlled disorder and syn-
thetic perturbations, and then watching how it 
breaks down. That way you can see what kinds 
of imperfections it can tolerate and still work.”

The group developed a theoretical simulation in 
which the DDT electrons would be represented 
by a “source” stream of ultracold atoms (neon 
and rubidium could work, among others) that 
pass through a space in which three crossed la-
ser beams overlap. When the atoms are struck by 
the first laser beam, the beam puts all the atoms 
in the same quantum state -- equivalent to the 
identical spins of the source electrons in a DDT.

But as the atoms encounter the other two la-
ser beams in the “gate” area, they are shift-
ed into different quantum states depend-
ing on the relative strengths of the beams. 

In the DDT scheme, electrons in the gate are 

 

affected by the voltage applied to the gate 
electrode. It produces a field that causes the 
electrons’ spins to precess -- a motion akin to 
what happens to a spinning top as it slows 
down and the force of gravity causes the spin 
axis to start to wobble in a circular motion. 

This effect arises from changes in each electron’s 
“spin-orbit coupling,” a phenomenon resulting 
from the fact that the electron experiences a con-
stantly changing interaction between its intrinsic 
spin and the magnetic field it generates as it orbits. 
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         THE DATTA-DAS TRANSISTOR

TOP: A ferromagnetic source (blue) emits electrons 
that are “spin-polarized” -- that is, they all have the 
same spin orientation.The electrons pass into a semi-
conductor gate region (green). If no voltage is applied 
to the gate, the  electrons’ spins will be unchanged, 
and they will enter the ferromagnetic drain (blue), 
which acts as a filter, accepting only those electrons 
with a specific spin polarity. BOTTOM: When a voltage 
is applied to the gate, it causes the spins of the elec-
trons to precess. They exit the gate with their spins ro-
tated by an amount that varies with the gate voltage. 
Unless their spins match the polarity of the drain, they 
will be scattered away, reducing the output current.
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The field generated by the DDT’s gate voltage 
alters the spin-orbit dynamics, shifting each 
electron’s spin. Only those electrons with the 
same spin orientation as the drain can pass 
through. Thus the gate voltage controls the 
current, just as in an ordinary all-semiconduc-
tor transistor, theoretically permitting the de-
vice to be used for information processing.

To model that action, the atomic-beam simula-
tion uses laser light in place of the gate voltage, 
and the “ground” states (lowest energy condi-
tions) of the atoms in place of spin orientation.

When the first laser beam excites the atoms, 
they then “decay” (that is, shed the energy by 
emitting a photon) into one of three ground 
states. Only one of those states, however, has 
the right quantum properties to be re-excited 
by the laser frequencies available, and then re-
emit a photon. This is called a “bright” state, 
and can be disregarded for the experiment.

The other two ground states cannot absorb 
(and thus re-emit) the specific frequencies of 
any of the laser beams in use, and so they are 
called “dark.”  The two different dark states cor-

respond to the two possibilities for electron spin 
orientation -- “up“ and “down” -- in the DDT.  The 
proportion of atoms in each of the two dark 
states is a function of the relative intensity of 
the second (middle) laser beam, just as the pro-
portion of DDT electrons in a particular spin 
state is a function of the device’s gate voltage.

An atomic state analyzer at the end of the pro-
cess detects which of the two dark states each 
atom is in, corresponding to the drain of a DDT, 
which filters out electrons with altered spin.

Unlike the macroscopic DDT -- with its enor-
mous number of atoms and myriad possible 
sources of error -- the atom-beam analogue 
offers the opportunity to study exceedingly 
small components of the device and to care-
fully control the behavior of the system, altering 
only one variable at a time. If eventually con-
structed, the atom-beam model should allow 
physicists to determine which specific factors 
are most critical  to the performance of a DDT. 

Reference:  “Ultracold atom spin field effect 
transistors,” J.Y. Vaishnav, J. Ruseckas, C. W. Clark 
and G. Juzeliunas, arXiv:0807.3067.

Atom beams as a model DDT. LEFT: A beam of atoms crosses an area in which three laser beams 
overlap. The first beam places each atom in the same excited state. As the atoms pass through the 
region where the second and third lasers cross, their states may or may not be altered. If no atomic 
states are changed, the entire beam passes through the analyser -- the equivalent of maximum cur-
rent in the drain of a working DDT. RIGHT: By “tuning” (changing the relative strengths of)  the lasers, 
the state of the atoms in the beam changes in a predictable way, altering the proportion of  atoms 
in each of the three possible ground states, two of which are dark. The quantum difference between 
the two dark states corresponds to the difference between spin-up and spin-down electrons in a DDT, 
with the laser beams acting as the gate.
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