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Solid-state quantum memory using the *'P nuclear
spin

John J. L. Mortort?, Alexei M. Tyryshkir?, Richard M. Brown, Shyam Shank&r Brendon W. Lovett,
Arzhang Ardavarf, Thomas Schenké| Eugene E. Hallér®, Joel W. Agef & S. A. Lyort

The transfer of information between different physical formsNfor ~ found to follow the electron relaxation time,, over the range
example processing entities and memoryNis a central theme in 6912 K with the relationship,,< 250T;(refs 5, 12). The suitability
communication and computation. This is crucial in quantum of the nuclear spin as a quantum memory element depends more
computation’, where great effort must be taken to protect the critically on the nuclear coherence tinig;,, the measurement of
integrity of a fragile quantum bit (qubit). However, transfer of which has now been made possible through the storage procedure
guantum information is particularly challenging, as the process described here: varying the storage time and observing the amplitude
must remain coherent at all times to preserve the quantum nature of the recovered electron coherence.
of the information?®. Here we demonstrate the coherent transfer of ~ Figure 1b shows the coherence transfer scheme used for the write
a superposition state in an electron-spin Oprocessing® qubit to process from a processing qubit represented by an electron-spin
nuclear-spin OmemoryO qubit, using a combination of microwavelegree of freedom to a memory qubit residing in a nuclear-spin
and radio-frequency pulses applied t9'P donors in anisotopically ~ degree of freedom. Eaghpulse is equivalent to a controlled-NOT
pure ?5Si crystafS. The state is left in the nuclear spin on a time- gaté?(with some additional phase that can be ignored) such that the
scale that is long compared with the electron decoherence time,pair of p pulses constitute a SWAP gate.
and is then coherently transferred back to the electron spin, thus  The scheme assumes that all pulses are on-resonance and have
demonstrating the *'P nuclear spin as a solid-state quantum sufficient bandwidth to completely excite an individual transition.
memory. The overall storeBreadout fidelity is about 90 per cent, A read operation is performed by applying the reverse sequence, to
with the loss attributed to imperfect rotations, and can be bringthe coherent state back to the electron-spin qubit. Although the
improved through the use of composite pulsésThe coherence phase relationship between the microwave and radio-frequency
lifetime of the quantum memory element at 5.5K exceeds 1s.

Classically, transfer of information can include a copying step,
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facilitating the identification and correction of errors. However, 2 Mees TT o
the no-cloning theorem limits the ability to faithfully copy quantum 12 Tl T« T : P nuclear
states across different degrees of freeddhus, error correction | : §Coherent Tspin
becomes more challenging for quantum information than for clas- M w2 superposition TDonor
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sical, and the transfer of information must take place directly. e !
Experimental demonstrations of such transfer include moving a l
trapped ion qubit in and out of a decoherence-free subspace for
storage purposésand optical measurements of nitrogen-vacancy b
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Nuclear spins are known to benefit from coherence times long in

comparison with those of electron spins, but are slow to manipulate Ef-e x l

and suffer from weak thermal polarization. A powerful model for l - MRF1 u_ M u_

guantum computation is thus one in which electron spins are used
for processing and readout and nuclear spins are used for storage.

Th | b inal Il-defined | . ure 1| The level structure of the coupled electron and nuclear spins and
e storage element can be a single, well-defined nuclear spin,q@eme for the transfer of a logical qubit within the two physical spin

perhaps a bath of nearby nuclear spind'P donors in silicon pro- qubits. a, The four-level system may be manipulated by resonant microwave
vide an ideal combination of long-lived spin-1/2 electtbmnd  (n,., Nwe) and radio-frequency ey, Nre) radiation. In our experiments,
nuclear sping, with the additional advantage of integration with the logical electron-spin OprocessingO qubit is represented by| $%ted
existing technologiésand the possibility of single-spin detection |2%whose state can be transferred to a nuclear-spin OmemoryO qubit

by electrical measuremé?ft'® Direct measurement of th&P nuc-  represented by statg@¥and |4%Stat_e\3%s never addressed at any point
lear spin by NMR has only been possible at very high doping Iev%%d can be ignored, An electron-spin coherenag between stateidvand

(for example near the metalDinsulator transii®nInstead, elec- 7is transferred to the nuclear-spin qubit by a radio-frequengypulse

| doubl b d ite both th IfoIIowed by a microwavp pulse. Both pulses must fully excite the transition,
tronbnuclear double resonance can be used to excite both the elggq he short in comparison with the electron and nuclear coherence times.

tron and nuclear spins associated with the donor site, and measufge reverse process is used to transfer the nuclear cohengpiback to the
the nuclear spin by means of the electrbifhis was recently used to electron. The intermediate statg, is a double quantum coherence
measure the nuclear spin-lattice relaxation tinfe,, which was representing an entangled electron-nuclear spin state.
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pulses must be constant throughout this process, any phase diff@rpulse at time . to initiate a revival in the electron-spin coherence.
ence is cancelled out over the course of the writeBread processThe subsequentradio-frequengpulse transfers the coherence from
practice, this means that the microwave and radio-frequency sourdée electron to a double quantum coherence of entangled electronb
need not be phase locked, but must have high phase stability. Thisigclear spin states. During this period, the phake,, acquired
illustrated in calculations following the evolution of the densitybefore application of the microwave refocusing pulse, continues to
matrix, provided in the Supplementary Information. reverse in such a way that when the final step of the transfer,
Although the electron-spin qubit can be prepared in a state of high microwavep pulse, is applied, the effect of the inhomogeneous
purity using experimentally accessible magnetic fields and tempeglectron-spin packets has been completely refocused. The quantum
tures, the small nuclear Zeeman energy results in the nuclear spiiormation that was generated by the first microway2 pulse now
being initially in a highly mixed thermal state. However, for theresides entirely in the state of the nucleus.
purposes of this quantum memory scheme it is not necessary toThis information may be stored in the nuclear state for some
perform any pre-cooling of the nuclear-spin resource. extended period, so the effects of inhomogeneities on the phase of
This model is sufficient given a single electronBnuclear spin pair e nuclear state become appreciable and a preparatory radio-
ahomogenous ensemble. However, in the experiment described hBggiuency refocusing pulse must be applied before the information
we must consider the effects of inhomogeneous broadening acré&$ be recovered. During the nuclear-spin echo, the coherence is
the ensemble of spins being manipulated. The effect of inhomoggansferred back to the electron state with a microwayeilse fol-
neous broadening is to leave some electron spins detuned from tsved by a radio-frequengypulse. We apply one further microwave
applied microwave radiation, b, and some nuclear spins detunedP Pulse to stimulate an electron-spin echo representing the readout
from the applied radio-frequency radiation, Hy. In a suitable rotat- €vent. Figure 2b shows the real (red) and imaginary (black) parts of
ing reference frame, electron- and nuclear-spin coherences will thifés echo for different initial phases; demonstrating that the
acquire additional phases at the respective rdg@sd d,, whereas encodegl phase is recoyered through the storageBbrecovery process,
double quantum coherences will acquire a phase at adgted,. @S required for an effective quantum memory element. )
Hence, inhomogeneous broadening requires the application of care-1he storage time is limited only by the nuclear decoherence time,
fully placed refocusing pulses to bring all spin packets into focus aer Which is in turn limited to 2T, when there is a significant

key points during the transfer process. In the experiment describéyPerfine interactionA? 1/T,¢ between the electron and nuclear
here,p/de< 2118 andp/d, < 100ms. spins and in the limit where the thermal energy exceeds the magnetic

Figure 2 shows the practical implementation of a protocol thafi€ld splitting (sT*? gnB; see Supplementary Informatioth;le
generates a coherent electron-spin state, stores it in a state of §gemes very long (for example hours) at low temperattirés

nuclear spin for some time, and then returns it to the electron statBil€Ct measurement of 2, in anything other than highly doped

for readout again. The coherence is first generated by a microwaykl. @S been impossible by traditional NMR means, but our

p/2 pulse of a chosen phase representing our bit of quantum writeBread procedure provides a method of performing this mea-

; : . : : : . surement by increasing the storage tinig,,e and observing the
information. A free induction decay (thatis, the reversible dephasm%sulting decay inthe recovered electron coherenceT Ffubtained

of the ensemble) follows this pulse. We apply a refocusing mlcrowam this way follows Z,, approximately over the range 912K as

expected, though at lower temperatures an additional nuclear deco-

t (Electron echo) (Nuclear,echo) , Electron echo herence mechanism appears to have a role, yielding a limit of about
a ey la vyt th ezl ¥ . . . ¥ ,
LT o 1 65 ms forT,,. Aleading candidate for this additional process is slowly
2 E . B P " . B Ss, fluctuating fields, the effect of which may be mitigated by dynam-

ically decoupling the systéfit® By applying a CarrbPurcellD
MeiboombGill decoupling sequence at a 1-kHz repetition rate to
the nuclear spin during the storage period, we were able to obtain
much longer decoherence times than for a simple Hahn echo mea-
b surement, rising to 1.75s at 5.5K, as shown in Fig. 2c.

WX f = 0; «-.....4..:,,_,/\\.* Under optimized conditions, the electron-spin decoherence time,

o

z M et m Toe is limited only by magnetic dipoleBdipole inyeractions, and

83 v f =00 et £ values between 4 and 6.5 ms have been measured in the samples used

£2 ' “'W"‘\/“"‘ S here, varying according to the donor-spin concentratfollsing the

£3,2 § nuclear degree of freedom, we have achieved storage times several

%E To=i7se| %1 =180 W g orders of magnitude longer thaf,e

§§1 L Vi 3 The removal, or substantial detuning, of any of the radio-

g o LY, 1 22700 pmymtaer ™ vcrn frequency pulses in the sequence destroys the recovered echo, con-

X 00 0.5 1.0 , , firming the importance of the transfer to the nuclear spin and pro-
Storage time (s) 0 20 viding evidence that the stored quantum information does reside in

Time (us) the nuclear state. For a more direct proof, we require a tool permit-

Figure 2| Coherent storage of an electron-spin state in a nuclear-spin ting inspection of the state of the nuclear spin during the storage
state, using a3'P-doped®®Si-enriched silicon single crystal. g The general Period. We therefore applied a sequence to probe (destructively)
sequence for the storage and revival of the electron-spin state comprisesthe nuclear coherence through the electron state, as shown in
microwave and RF pulses applied at certain times, definetkhyte;andt,.  Fig. 3a. The early part of the sequence is as described above: an
b, An electron-spin coherence is stored in the nuclear spinfigr2 50ms, at ~ electron-spin coherence is stored in the state of the nucleus. When
7.2K. Real (red) and imaginary (black) parts of the recovered electron-spiye decide to observe the state of the nucleus, we apply a radio-fre-
echo are shown for different initial phas@s The echo is of comparable guencyp/2 pulse to convert the nuclear coherence into a nuclear
intensity to that obtained at the beginning of the sequence, even though thf)olarization (in the spirit of a Ramsey fringe experiment). A short

electron-spin coherence tim@gq is about 5ms here. The lifetime of the electron-spin echo sequence, selective in one nuclear subspace, then
stored state is limited instead by the nuclear decoherence tifag, which P ; a ’ P ’
reveals the population of the nuclear level.

can be measured directly by varying. c, The recovered echo intensity was

measured as a function of the storage time at 5.5 K while a dynamic This sequence can be performed at any time; Fig. 3b shows the
(CarrbPurcellbMeiboombaGill) decoupling sequence was applied to the result of observing the state of the nucleus at a range of times for
nuclear spin, yielding &5, exceeding 1s. different starting phaseg revealing the nuclear-spin echo following
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LY. f =270; 8 Figure 4| Density matrix tomography for original and recovered states.
Pseudopure stateks X, 1 Y and1 Z and the identity were prepared in the
T I T 1 T T 1 electron-spin qubit and measured (first row, initial). These states were then
D03 P02 PO1I O 01 02 03 stored in the nuclear-spin degree of freedom and then returned to the
Time (ms) electron spin and measured (second row, recovered). Tomography was

performed by measuring the qubit in thes(, s,, s,) basis. The fidelity of the
quantum memory was obtained by comparing the initial and recovered
density matrices.

Figure 3| Observing the nuclear-spin coherence during the storage
process. g The phase of the initial electron superposition state is
determined by the phase of initial microwap#2 excitation pulse, which we
can control. This state is then transferred to the nuclear spin using the . ) . . .
scheme outlined in Fig. 1. The nuclear-spin coherence is read using a proce®stems where there is a substantial asymmetry in relaxation times.
similar to a Ramsey fringe measurement: a radio-frequept@/pulse Storage can be driven globally, as shown here, or locally, using EPR
converts nuclear coherence to nuclear polarization, which is then detectedjate® or Stark tuning. Furthermore, our protocol for faithfully
by means of an electron spin echo measurement selective of one nuclear-spiansferring a coherent electron-spin state to the nuclear spin offers
state b, ‘I_'h_e correlation of_the phase o_f _the nuc[ear-spin echo and the phasg (qute to projective measurements of the qubit state through pro-
of the original electron-spin superposition confirms the coherent nature Ofposed spectrally sensitive single-spin-detection methodologies
the transfer from electron to nuclear spin. . . - . -

such as EPR detected either using scanning tunnelling microscopy

. . . orelectrically®.
the radio-frequency refocusing pulse. The centre of the radio fre-

quency was intentionally moved off-resonance to produce oscillgjeTHODS SUMMARY
tions in the nuclear echo and, hence, aid the identification of th%i:P consists of an electron spB6 1/2 (g5 1.9987), coupled to the nuclear
phase of the nuclear coherence. The fact that the phase of the n4g |5 1/2, 0f**P through a hyperfine coupling5 117 MHz (ref. 17), and is
lear-spin echo follows the phase of the original microwgi2epulse  described by an isotropic spin Hamiltoniaih5 v S,2 v I, 1 ASI(in angular
confirms that the information transfer process has remained cohefrequency units), where, respectivedyand| are the electron and nuclear spin
ent. In contrast to other nuclear-spin echoes observed by meanstefsorsy .5 goBy/B andv,5 gb,By/B are the electron and nuclear Zeeman
electronbnuclear double resonafiéé in which an electron-spin frequenciegandg are the electron and nuclear g-factdssindb, are the Bohr
polarization is used to create a nuclear-spin polarization and theind nuclear magnetong is PlanckOs constant divided [y @hd By is the
a nuclear coherence, this echo represents a coherent state of r{}@@netic fiek_j applied ‘alongaxis in the laboratory frgme. The X-band EPR
electron that has been directly transferred to the nuclear spin. ~ Signal comprises two lines (one for each nuclear-spin projeddoB 6 1/2).
To demonstrate the generality of the storage sequence descrik?gu experiments were performed on the high-field line of the EPR doublet

L . L - . fesponding taM, 52 1/2.
here, we applied it to a wider set of initial states, in particulaighg Single-crystal samples were used, as epilay@&i bhve a biaxial residual stress

6'Y, 6 Z (spin component direction) and identity basis states, anGh,¢proadens th#'P electronbnuclear double resonance line and makes it difficult
performed density matrix tomography by comparing the originake fully excite.22Si-enriched single crystals with a residifli concentration of
states with those recovered after the writeDBread process (86@p.p.m.were produced by decomposing isotopically enriched silang {Si
Supplementary Information for full details). The results are summarecirculating reactor to produce poly-Si rods, followed by floating-zone crystal-
rized in Fig. 4 and show fidelities of approximately 0.90, where tHeation™. To reduce spinBspin coupling effects, the P concentration was reduced
fidelity between the initial (pseudo)pure statg, and the recovered from an initial value of near 3 10*°cn?*® to 23 10953 10"*cn?® by five
stater 4, is defined af5 & jr .jy %wherer o5 jy ¥48. We attribute ~ Passes of zone refini_ng followed by floating—zone crystallization.
the reduced fidelity to a 5% error in each of the seven microwavle;IE Ppé"sed 'tEPR e:‘pe(rl'zrlne”ts "é%rg)perf‘_’rmeg uiwg Tn X;ba”d (9?10;5"".2) Brftljker
e - spectrometer (Elexsys equipped with a low-temperature helium-flow
3\/?]?0??3'0 ef:l(a?;snggnzlljslfgr?tE\llfl)lﬁ)kl:e[;jrg\\/llirutsh?n%%irjr%gf et:tessc()afqgﬁl §§bstat (Oxford CF935). An Amplifier Research 20W solid-state continuous-

L o3 . ve amplifier was used, wiii2 andp pulses of 80 and 160 ns, respectively.
fidelities®. Such errors are mostly systematic and may be correct@@dio_frequency pulses of @ were used fop rotations of the®' nuclear

through the application of composite pulses, as previously demoRpins. puring CarrbPurcellDMeiboomGill decoupling, up to 1,000 refocusing
strated in both electron paramagnetic resonance (EPR) and NMR pulses were applied during a single sequence.

By replacing some of the microwave pulses with BB1 composite

pulses, we were able to improve the overall fidelity to approximatefeceived 27 June; accepted 29 July 2008.
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