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Long coherence times at 300 K for nitrogen-vacancy center spins
in diamond grown by chemical vapor deposition
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R. C. Linares and P. J. Doering
Apollo Diamond, Sherborn, Massachusetts 01770

(Received 7 July 2003; accepted 19 September P003

Electron-spin-echo experiments reveal phase-memory times as long as %8 300 K for
nitrogen-vacancy centers in chemical vapor depositioi'D) single crystals. The spins were
optically polarized and optically detected. Two high-quality CVD samples were studied. From the
current results, it is not clear whether these phase-memory times represent a fundamental limit or are
limited by an external source of decoherence. 2@03 American Institute of Physics.
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A great deal of interest and effort is focused on develop-subsequently removed to produce free standing single crys-
ing quantum information technologies. These make use dfals with typical dimensions of}44x1 mn?. Photolumines-
superpositions of quantum states, and long coherence timegnce and Raman characterization was done with a Renishaw
are critically important since decoherence represents a loss &2000 spectrometer and microscope. The spin lifetimes
guantum information. Among the semiconductor systems bewere measured using optically detected electron spin echoes
ing considered, modulation doped 11-VI semiconductors in a homebuilt spectrometer at a microwave frequency of 35
and GaAs two-dimensional electron-gases grown[bt0] GHz?
surface$ have shown spin lifetimes around 1 ns for conduc- ~ HPHT grown diamonds have concentrations of neutral,
tion electrons at room temperature. Carbon-based materialsybstitutional nitrogen (@) of 20-200 ppm. When these
such as fullerenes, nanotubes and diamond, hold a speciaiystals are electron-irradiated and annealed, the vacancies
place because the low spin-orbit interaction and strong covanigrate to the substitutional N to produce NV centers. Be-
lent bonding lead to very long lifetimes for spin states. Thecause of the large excess of substitutional nitrogen, the NV
high Debye temperature of diamond also suggests the posgienters are predominantly in their negative charge state. The
bility of high temperature operation. NV~ are readily detectable through their strong lumines-

The nitrogen-vacancy pailNV cente in diamond has cence under blue or green excitation with a zero phonon line
additional special qualities that are suited to quantum inforat 638 nm and intense vibronic sidebands extending to lower
mation applications. First, the negatively charged state has amavelengthgsee Fig. 1
allowed optical transition with a zero-phonon line at 638 nm
that is highly stablé. This has enabled the use of the NV T T
center in diamond nanocyrstals to serve as the single photon A ZPl’s
source in a demonstration of quantum key distribufiGec-
ond, the NV center has an electronic spin in its ground state - NVO ‘
that can be polariz&dand detecteétiusing absorption and l
emission by the optical transition. This combination has been
extensively studied in spectroscopy and has led to different
suggestions for applications in quantum informatiotf Re-
cently the detection of the state of a single spin has been
demonstrated using the NV center in diamdhd.

Previous work on coherence times in diamond has been
at low temperatures and has made use of natural and high-
pressure, high-temperatufidPHT) sample$. Recently, there i
has been great progress in the quality of diamond single
crystals grown by chemical vapor depositit@VD).*?12 In
this work, spin coherence times of % at 300 K are re- B 1 . . \ i
ported for single crystal samples of CVD-grown diamond.

The single crystal samples were grown epitaxially on 500 550 600 650 700 750 800

single-crystal substrates using CVDThe substrates were Wavelength (nm)

Intensity (a.u.)

FIG. 1. Photoluminescence data for three samples with 488 nm excitation.

¥Electronic mail: kennedy@bloch.nrl.navy.mil The zero-phonon line&PL) for NV® and NV~ are indicated. The HPHT

Ypresent address: Physics Department, U.W. La Crosse, La Crosse, \Wample was electron irradiated and annealed. The CVD samples are as
54601. grown. The sharp line at 522 nm is due to Raman scattering.
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In contrast to the HPHT diamonds, CVD-grown thin T ' ' ' ' '
films and single crystals have much lower N concentrations
and contain native NV centers. The R concentrations

[\
(8]
T
!

range from 0.05 to 10 ppm. The NV concentrations range 20}
from 0.1% to 10% of thé N2].** From the photolumines-
cence(PL), it can be inferred that the NV centers are more __
equally distributed between the neutral charge state, which i 151
exhibits PL with a ZPL at 575 nm, and the negative charge ~—
state. The PL for the two CVD crystals used in this work is g 10k
shown in Fig. 1. The highly pure CVD crystals are ideal to D@
investigate the spin coherence times for N¥A diamond. @ 51

The ground state of the NV center has an electronic
spin S=1. The spin Hamiltonian is

O ..

H=gBH-S+D[S2—(1/3)S(S+1)], (1)

with g=2.0028 andD=960x 10 * cm™! with the z axis ' 1 ' ' ' l
along a(111) direction® The electron paramagnetic reso- 0 10 20 30 40 50 60
nance(EPR or optically detected magnetic resonance line T (us)

for the NV~ center in a high-purity diamond is inhomoge- )
IG. 2. Electron-spin-echoes for sample CVD1 taken at 35 GHz and 300 K.

neously br.oaden_ed by magnetlc |nteraC'F|0ns with (_)ther Spm$he pulse sequence is shown in the inset and contains the set®pdise
through dipolar interactions and_ electric mt_era(_:tlons Withrequired for optical detection. The decay curve is exponential with a time of
other charges through tHe term in the Hamiltonian. The 26 us. The phase-memory time 26 us=52 us.

static effects lead to dephasing over the ensemble of spins.

Th? dynam|c. parts of the spin |nt.eract|ons '”C'“‘?'e SPIN"5re available in state-of-the-art CVD single crystals at room
lattice relaxation and any changes in the local environme

that prod h i th tf wral dif rlfemperature. Coupled with the accessibility of the spin
at produce changes In the resonan requéepgp ral di= through the optical transition of the center, this provides a
fusion). Microwave pulses on a time scale that is fast with

L . E‘qreat resource for exploitation in quantum information.
respect to these dynamic interactions allow them to b

; ) : - Is a value around 5@s the ultimate time possible for
probed. In particular, a spin-echo experiment eliminates th?\IV‘ at room temperature? Consideration of what limits the
static parts of the inhomogeneous broadening resulting in

d that falls to Bin a time defined as the ph Bhase-memory in the present experiments leaves unclear
.eca%g atfalls to &in a ime detined as the pnase-memory,, yatner somewhat longer times may be possible. The discus-
time.™ The phase-memory time is limited by the dynamic

sion can be divided into sources of the decoherence involv-

parts of the defect's interaction with its environment thatin the NV~ centers themselves and other sources.

prodl:ce .mfje detpoherence. Decoherence denotes 0SS OF 1o \iimate limit for phase memory is the spin-lattice
quantum information. relaxation of the NV itself. Spin-lattice relaxation is

The spin-ggho experiments were performgd under th(gtrongly temperature dependent but this is moderated in dia-
following conditions. The sample was photoexcited with 70rnond by the high Debye temperature and small spin-orbit

mW of 532 nm light from a Spectra Millenium Xs laser and interaction. An EPR measurement foungdto be 1.2 ms for
focused to a spot size with a diameter of 0.1 mm. The NV T=80 K andB=0.3 T While the temperature and field
emission was detected using a long-pass filter and a Si phop«. - trom those in the present work, it may be that spin-

g)dfdeizggesggmple tvvas ;ilac.ed |r;5ttheIectrqtmagtr;]et Otf_ fAttice relaxation limitsT), at room temperature. A second
ruker spectrometer in a z cavity With Opli~g, e of relaxation is phonon-modulation of the crystal field

cal access. The microwaves were provided by an Agilenf : L : :
. D term in Eq.(1)] and this is again something that should
EB8254A signal generator at a power level of 63 mW. Thebe important at high temperatures. Third, there are dipolar

pulse patterns were generateq W'th. an Interface TeChnc’loq}(uteractions between the NV centers. A preliminary check for
RS690 word generator. For this cavity and microwave POWEHhis  mechanism using instantaneous spectral diffd8ion
level, an puls_e takes 1.3s. . . showed only a weak contribution to the measured time. To
To determine the phase-memory time, a set of spin ech-
oes was generated by choosing values for the initial dejay
and then taking data through a range of delayshosen to TABLE |. Phase memory timesTg,) for different diamond samples. In

H 7 —3
pass throughr, and reveal the echo. See the inset to Fig, 232mond. 1 ppm equals 1.X20" cm >,

The data for sample CVD1 is shown in the main part of this Irradiation

figure. An exponential is superposed on the data whose value fluence [NV] [NY] Temperature Ty

in this case is 26us. The phase-memory time is twice this Sample (em™?) (ppm) (ppm) (K) (1s)

value, 52us, to account for the initial decag,. A slightly 1y naturéd  Notgiven  Not given  5-50 15 80

longer value was obtained for sample CVD2. See Table |. cvb1 0 0.01 0.34 300 52
These phase-memory times are remarkably long fofVD2 0 Not detected  0.03 300 58

spins in solids. The longest reported phase-memory time for in EPR

7
the NV~ center is 8Qus at small magnetic fields and a tem- HPHT Do 29 30 100 6-2

perature of 1.4 K This work shows that comparable times *See Ref. 16.
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summarize, it is possible that interactions involving the NVals enhances the possibility for a technology using these
center and the pure lattice are currently limiting the phaseroperties.
memory.

The dominant impurity in the CVD single crystals is N
occurring as an isolated substitutional defécEPR mea- >
surements were performed to determine the concentration GRENtS Of defect concentrations.
the neutral charge state g)\lin the samples use@ee Table
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