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We demonstrate a decoherence-free quantum memory of one qubit. By en-
coding the qubit into the decoherence-free subspace (DFS) of a pair of trapped 
'Bet ions, we protect the qubit from environment-induced dephasing that 
limits the storage time of a qubit composed of a single ion. We measured the 
storage time under ambient conditions and under interaction with an engi- 
neered noisy environment and observed that encoding into the DFS increases 
the storage time by up to an order of magnitude. The encoding reversibly 
transfers an arbitrary qubit stored in a single ion to the DFS of two ions. 

We can also realize the inverse of this gate by 
performing the gate three times in succes-
sion. In general, the evolution under the two- 
ion gate depends on the ion phases, but we -
choose a phase convention in which +, = 
4, = 0 during application of the two-ion 
gate, yielding the evolution of Eq. 2. This 
gate, in combination with single-qubit rota- 
tions, implements universal quantum logic 
(23), in the sense that these gates suffice to 
transform an superposition of the states 
1 11), 1 i l ) ,  r ~ t ) ,  and 1 t i )  into any other 
superposition of those states. 

The DFS realized here is spanned by 
-) = ( 1 1 ~ )- i l tJ))l . \ /Zand I++) = 
I t )  + il tJ))/-\/Z, which form the basis 

states for our logical qubit. These states are 
clearly invariant under collective dephas- 
ing; the transformation It) + e'ilt), ap-
plied simultaneously to both ions, leaves 
any superposition of I+-) and 16,) invari-
ant. Such collective dephasing is expected 
to be a major source of qubit decoherence 
for quantum information processing using 
trapped atoms. The encoding method dem- 
onstrated below reversibly transfers infor- 
mation between one physical qubit (one 
ion) and one decoherence-free logical 
qubit. The encoding works even if we have 
no information about the initial state of the 
physical qubit. This fact is essential for the 
use of our method in quantum information 
processing, in which the state to be encod- 
ed may be entangled with the state of an- 
other system. 

To demonstrate the general character of 
the show that the 

A quantum memory stores information in 
superposition states of a collection of two- 
level systems called "qubits." Quantum com- 
putation, which may provide a substantial 
speedup in factoring large numbers (I)  and in 
searching databases (2), works by operating 
on information in the form of such superpo- 
sitions. Robust quantum memories are there- 
fore essential to realizing the potential gains 
of quantum computing (3). However, inter- 
action of a quantum memory with its envi- 
ronment destroys the stored information, a 
process called "decoherence" (4, 5). Many 
proposed quantum memories decohere be- 
cause of an environment that has the same 
coupling to each qubit (6-12). Encoding the 
stored information into a decoherence-free 
subspace, or DFS, allows the memory to 
retain information, even in the presence of 
this type of decoherence (10-12). The DFS 
states are invariant under the coupling to such 
an environment, protecting the encoded "log- 
ical qubit" from the decoherence affecting 
general superpositions of the "physical 
qubits" that make up the full state space. 
DFSs have been shown to require an asymp- 
totically small overhead for large systems 
(10) and to support universal fault-tolerant 
quantum logic (13, 14). These properties 
suggest that DFSs will be intrinsic to future 
quantum computing architectures. Logic 
gates on DFS-encoded qubits have been pro- 
posed in the context of cavity quantum elec- 
trodynamics (15) and solid state quantum 
logic schemes (14). Also, a recent experi-
ment has demonstrated the immunity of a 
DFS of two photons to collective noise (16). 
Here we demonstrate the immunity of a DFS 
of two atoms to collective dephasing and 
implement a technique for encoding an arbi- 
trary physical qubit state into the DFS. 

Our physical qubits are 'Bet ions 
fined along the axis of a miniature I 
radio-frequency (RF) trap (1 7). We choose 
two 'Be+ hyperfine states, denoted 14) and 
It), as our physical qubit basis states. We 
detect logic states by applying laser light 
resonant with a 'Bet cycling transition (18). 
The detection laser causes ions in 11) to 
fluoresce, whereas ions in It) fluoresce neg- 
ligibly, allowing discrimination of logic 
states with high efficiency (19). Applying 
nonresonant laser beams BR (blue Raman) 
and RR (red Raman) with frequency differ- 
ence o,, - o, equal to the It) - 14) 
transition frequency o, drives stimulated Ra- 
man transitions between 14) and It). This 
"carrier" transition implements rotation of a 
single physical qubit, one of the fundamental 
quantum logic gates (19). The corresponding 
evolution is 

14) +cos 011) + el+ sin 0 It) 

(1) encoding method, weI ~ ) + ~ ~ s O l ~ ) - e ~ ~ ~ s i n O ~ ~ )  

where 0 is proportional to the camer dnve 
duration and + is the phase difference be- 
tween the BR and RR beams at the position 
of the ion, referred to as the "ion phase." For 
two ions, we write the ion phases +, for each 
ion as +,, +, (20). 

The experiments reported here use two 
trapped ions. The ions are strongly coupled 
by the Coulomb interaction, so that the mo- 
tion of the ions along the axis decomposes 
into symmetric and antisymmetric normal 
modes at frequencies of 5.0 and 8.8 MHz, 
respectively. The wave vector difference be- 
tween BR and RR lies along the trap axis, so 
we can drive transitions that couple the inter- 
nal and motional states of the ions. Driving 
these transitions as described in (21), we 
perform the two-ion logic gate of Serrensen 

encoding works for arbitrary states of form 

To prepare a state of this form, we first 
initialize the ions in the logic state I 11) by 
optical pumping. We then drive the carrier 
transition of Eq. 1 on both ions simultaneous- 
ly, once with 0 = P, and again with 0 = P 
and +,, shifted by n.We set 4, = a for both 
pulses. The final state has a - cos 2P, b = 
e'" sin 2P. In a classical picture of spin with 
P = n/8,the first drive takes 41 to LL. The 
second drive reverses the sense of rotation on 
ion 1 while keeping it the same on ion 2, so 
the second drive takes LL to L+ The net 
effect is to rotate ion 2 alone, without chang- 
ing the state of ion 1 (24). -
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obtain 1 $,,,) = a 16,) + b 1 
$J. The infor- resonant laser beam with a randomly varying tensity fluctuations of the noise beam have 
mation stored in the physical qubit of ion 2 is 
now encoded in the logical qubit of the DFS. In 
the experiment, we take / a 1 = I b 1 ,though our 
method permits preparation and encoding of 
any state of the more general form. 

To read out the encoded information, we 
reverse the carrier pulse in the encoding and 
apply the two-ion gate of Eq. 2 to decode 
I $DFS) into I J)(a IJ) + bI?)). After decoding, 
we rotate ion 2 as in preparing the state of Eq. 
3 but with the phase on ion 2 changed to a'. 
We then measure the probability P, of find- 
ing both ions in 14). P, varies sinusoidally 
with ci -a',and the magnitude of oscillation 
is equal to the coherence C of ion 2 (25). 
Because we set 1 a 1 = 1 b 1 = 11g2, ideally 
C = 1. Departures from C = 1 measure the 
effects of both decoherence and imperfect 
logic. We verified that C is independent of a, 
thus showing that our encoding method 
works even if we have no information about 
the phase of the input state. 

To study the effects of decoherence on the 
DFS-encoded state. we leave a fixed delay 
time between the encoding and decoding 
steps and apply an engineered noisy environ- 
ment for some fraction of the delay time. The 
engineered environment consists of an off- 

Fig. 1. Decay of the DFS-encod- 
ed state (circles) and the test 
state (crosses) under engineered 
dephasing noise. The noise is ap- 
plied for a fraction of the delay ,_ 
time of -25 ps between encod- 
ing and decoding. Coherence E 
data are normalized t o  their val- 6 3 

ues for zero applied noise. The f i t  Z 
lines are exponential decay 2 
curves. The test data are predict- 
ed t o  decay exponentially for 9 
white noise, so we exclude the 
point with zero applied noise 0.1 
from the fit. The DFS data are f i t  
for comparison. The decay rate 
of the test state is 0.18 f 0.01 
ps-', whereas the decay rate of 0 

the DFS state is 0.0035 + 0.0050 
ps-', consistent with zero decay. 

Fig. 2. Decay of the DFS-encoded state 
1-(circles) and the test state (crosses) un- 9-

der ambient decoherence. We vary the 8-

delay t ime between encoding and de- 7-

coding t o  give the ambient noise a vari- 6-
able time t o  act. Coherence data are 5.
normalized t o  their values for zero ap- 
plied noise. The f i t  lines are exponential 4-

decay curves for purposes of compari- 
son and are not theoretical predictions. 3-

The decay rate of the test state is (7.9 
+ 1.5) X ps-', whereas the de- 
cay rate of the DFS state is (2.2 2 0.3) 2 -

X ks-'. Because the coherence 
time of the DFS-encoded state is much 
longer than that of the test state, we 
see that the chief source of ambient 
decoherence is collective dephasing. 

intensity. The beam induces a shift of w, 
through the ac Stark effect, causing the I?) 
component of each ion to acquire a random 
phase relative to the 14) component. The two 
ions are nearly equally illuminated by the 
beam, so the random phase is nearly the same 
on both ions, leading to collective dephasing. 
The DFS state should resist the dephasing 
effect of this environment. The coherence of 
ion 2 in the test state I&)([ J) + eZ41~) ) I g T  
however, should be sensitive to collective 
dephasing. We measure the decay of the test 
state by simply turning off the encoding and 
decoding sequences in the procedure used to 
measure the decay of the DFS-encoded state. 

We applied decoherence to the test and 
encoded states during a delay time of -25 ps 
(Fig. 1). The coherence without applied noise 
is -0.69 for the test state and -0.43 for the 
encoded state; they depart from 1 because of 
imperfect logic gates and detection, due in 
part to laser intensity fluctuations and heating 
of the ions (17, 21). For white-noise intensity 
fluctuations of the Stark-shifting beam, we 
expect C to decay exponentially for the test 
state, as shown by the fit line. The small 
decay rate of the test state between 0 and 
2.5-ps noise duration arises because the in- 
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finite bandwidth (dc to 100 kHz) (6). We 
therefore extract the decay rate of the test 
state by excluding the point with zero applied 
noise from the fit. We also fit the coherence 
of the DFS state to an exponential decay for 
comparison. The decay rate of the test state is 
0.18 5 0.01 ps-', whereas the decay rate of 
the DFS state is 0.0035 t- 0.0050 ps- '  
consistent with zero decay. To investigate the 
eventual decay of the DFS state, we increased 
the delay time to -200 ps and applied deco- 
herence for up to 100 IJ.S during the delay 
time. The DFS state coherence dropped by 
50% for 100-IJ.S applied noise relative to its 
value for the same delay time and no applied 
noise, but we think that this decay was not 
due to collective dephasing. The decay was 
Gaussian, rather than exponential, and is con- 
sistent with the effect of differential dephas- 
ing due to small departures from equal illu- 
mination by the Stark-shifting beam. We 
think that ambient sources of differential 
dephasing are much weaker than the differ- 
ential dephasing caused by the Stark-shifting 
beam. 

We also measured the storage times of the 
encoded and test states under ambient condi- 
tions in our laboratory (Fig. 2). Here we 
measure the coherence as a function of the 
delay time between encoding and decoding to 
give the ambient noise a variable time to act, 
rather than leaving a fixed delay time and 
applying noise for some fraction of the delay 
time. The coherence data for this case are 
normalized in the same way as the data with 
applied noise. The decoherence of the test 
state is dominated by ambient fluctuating 
magnetic fields whose frequencies lie primar- 
ily at 60 Hz and its harmonics. These fields 
randomly shift w, through the Zeeman effect. 
Because these fields are roughly uniform 
across the ion string, they induce collective 
dephasing similar to that created by the en- 
gineered environment. We empirically find 
the decay of both test and encoded states to 
be roughly exponential, as indicated by the fit 
lines. The decay rate of the test state is (7.9 i 
1.5) X lo-' ps-', whereas the decay rate of 
the DFS state is (2.2 t- 0.3) x ps-' .  
Although Fig. 1 presents only normalized 
contrasts, the data show that the unnormal- 
ized contrast of the DFS state is higher than 
that of the test state for delay times exceeding 
150 ps. The DFS-encoded state maintains 
coherence much longer than the test state, so 
we conclude that collective dephasing from 
magnetic field noise is the major ambient 
source of decoherence for the test state (26). 
The loss of coherence of the encoded state is 
consistent with degradation of the decoding 
pulses (19, 22, 27), due to heating of the ion 
motional state over the delay time ( I  7). 

We have demonstrated reversible encod- 
ing of a qubit stored in one ion into a DFS of 
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two ions. The DFS-encoded state can store a 
qubit at least 10 times as long under applied 
noise as a single ion can, and appears immune 
to collective dephasing. Under typical ambi- 
ent conditions, the DFS encoding also im- 
proves storage time considerably, showing 
that collective dephasing is indeed the limit to 
quantum memory using our physical qubits. 
Even without normalizing for the overhead 
incurred in encoding and decoding, the en- 
coded state retains more coherence than the 
test state for long storage times in ambient 
conditions. The DFS encoding therefore cur- 
rently provides an improved single-qubit 
quantum memory for ion-trap quantum com- 
puting applications. The loss of coherence 
incurred in encoding and decoding is a draw- 
back to our scheme, but in the future, practi- 
cal quantum computing will in any case re- 
quire logic gates of a much higher fidelity 
than those used in this work. We therefore 
expect that, once the technical problems of 
ion heating and laser fluctuations are solved, 
the scheme presented here should be a prac- 
tical method for long-term storage of qubits 
with near-perfect fidelity. 

Our results suggest applications in quan- 
tum communication and large-scale quantum 
computing. Single photons have already been 
shown to transmit quantum information over 
long distances with high fidelity (8, 9) ,  and 
the information in a single photon can be 
mapped onto a single atom (28, 29). With our 
encoding technique, the quantum information 
received by a single ion can be mapped into a 
DFS for robust storage. Our encoding tech- 
nique will also be essential in scaling up 
ion-trap quantum computers. In one model of 
large-scale ion-trap quantum computing (19),  
qubits reside in a large array of interconnect- 
ed ion traps. To perform one- or two-qubit 
logic gates, the relevant ions are moved into 
"accumulator" regions where they interact 
with lasers that drive the gates. One obstacle 
to this quantum computing architecture is that 
the magnetic field strength must be well- 
characterized across the entire device. Other- 
wise, the ions will constantly accumulate un- 
known relative phase during transport, lead- 
ing to decoherence. Encoding into the DFS 
solves this problem, because the phase of a 
logical qubit in the DFS does not depend on 
the local magnetic field strength as long as 
the field strength is the same at each physical 
qubit. Thus, we can entangle two logical 
qubits, move them far apart, and perform 
operations on them in separate accumulators 
without losing phase information 
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Magnetization Precession by 

Hot Spin Injection 


As electrons are injected a t  various energies in to ferromagnetic material 
w i th  their spin polarization vector perpendicular t o  the axis o f  the mag- 
netization, we observe precessional mot ion o f  the spin polarization on the 
femtosecond t ime scale. Because o f  angular momentum conservation, the 
magnetization vector must precess as well. We show tha t  spin injection w i l l  
generate the precessional magnetization reversal in  nanosized ferromag- 
netic bits. At  reasonable injected current densities this occurs on the pi-  
cosecond t ime scale. 

Electrons injected into ferromagnetic mate- 
rial experience exchange coupling to the 
magnetization and spin-dependent scatter- 
ing, leading to excitations of the magneti- 
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zation (1-4). By injecting currents of high 

density, these excitations have been ob-

served through the occurrence of spin 

waves (5-7),  permanent changes of the 

micromagnetic structure (8 ,  9 ) ,  or even a 


of the magnetization 

However, to date, the injection of electrons 

from a ferromagnetic emitter through nano- 

contacts occurs continousl~ or in pulses 

that are long compared with the relaxation 
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