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Energy levels and decoherence properties of single electron and nuclear spins in a defect center
in diamond
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The coherent behavior of the single electron and single nuclear spins of a defect center in diamohiCand a
nucleus in its vicinity, respectively, are investigated. The energy levels associated with the hyperfine coupling
of the electron spin of the defect center to i€ nuclear spin are analyzed. Methods of magnetic resonance,
together with the optical readout of single defect centers, have been applied in order to observe the coherent
dynamics of the electron and nuclear spins. Long coherence times, in the order of microseconds for electron
spins and tens of microseconds for nuclear spins, recommend the studied system as a good experimental
approach for implementing a two-qubit gate.
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Long decoherence time and a precise understanding ary D. Suter of University Dortmund The small size of the
manipulation of state evolution are some of the most impordiameter of the loogd500 um) allows us to achieve high
tant requirements to be met by a quantum system in order tgalues for the microwave Rabi frequencies, up to 50 MHz.
implement quantum computing algorithhg:or these rea- The sample material consists of nanocrystals made out of
sons, among all the solid-state systems considered for quafype 1b diamond. The subwavelength size of the diamond
tum computing, spins are the most promising in respect t¢anocrystals prevents eventual losses of fluorescence via in-

long decoherence times and state control. An efficient systeqy | reflection on the surface that occur in the case of using
for this purpose is given by single paramagnetic defect ceny |3rge diamond. Hyperfine coupling of the electron spin
ters in diamond. Recently, single spin readout in nitrogen-

Y occurs to™*C in the surrounding lattice and t§N at the
vacancy(N-V) defects in diamond at low temperature Was jefact For nearest-neighbor carbons the hyperfine coupling
demonstrated The coherent evolution of the electron spin of

o - & is around 130 MHz, for second-shell neighbors it is 70 MHz,
a defect center in diamond was previously repor@dd a 54 it js Jess than 10 MHz for the third sh&ft.The general

two-qubit conditional quantum gate at ambient conditions,jamiitonian for the electron spin coupled to a nucleus is
was demonstratetl.As in the present work, all above- given by

mentioned results were obtained at room temperature. Her
we extend our investigation to the system composed of a H = D(i— %SZ) + B.BG.S + SAl + p(|§_% 2),

single electron spin hyperfine coupled to two nuclei, &i@

and a¥N. whereD=2.88 GHz is the zero-field splittind3 is the ap-

The N-V defect center in diamond is a paramagnetic sysplied external magnetic fieldA is the hyperfine coupling
tem (S=1) consisting of a substitutionafN atom next to a tensor between the electron spin and the nuclear spinPand
vacancy into an adjacent lattice site. The N-V defect centeis the quadrupole contribution for nuclei witk= 1. For large
occurs naturally in diamonds containing substitutional nitro-magnetic field§B> 1 T) the electron Zeeman term is by far
gen. The ground and first excited stafe# and’E, respec-  the most important contribution in the spin Hamiltonian. The
tively) of the defect are spin triplets. The center exhibits aspin is then quantized along the direction of the exteBal
strong dipole-allowed optical transition between fiieand  field. In this case, a first-order perturbation approach is suf-
%A states, at 637 nfhallowing for its optical detection as a ficient to explain the energy level diagram of the electron
single center. In the absence of an external magnetic fieldpin. However, in the present experiments valuesBdre-
the ground state is split in the crystal field into a singlet stataween 0.008 and 0.01 T were chosen. This was done partly
Z (m=0) and a doubletX, Y (ms=+1), separated by because our present setup does not allow for larger fields, but
2.88 GHz. Optically detected magnetic resonaf@®MR) it also turned out that the ODMR effect, i.e., the decrease in
is performed in the continuous-wayew) regime by moni- fluorescence due to microwave resonance, can decrease at
toring the changes in the fluorescence intensity emitted byigher B fields. For such low values d8, the Hamiltonian
the optically excited N-V center, upon sweeping the micro-needs to be diagonalized numerically in order to extract the
waves. At the microwavémw) resonance value, 2.88 GHz transition frequencies. For the present case, the hyperfine in-
in zero field, the populations of the ground-state spin sublevteraction with'N is neglected and only th&€C is consid-
els will change, leading to a drop in the fluorescence signatred. Figure 1 compares the simulated stick speciifeign
(negative ODMR effeqt® Experimental work was done with 1(b)] with an experimental spectrum of a defect center,
a home-built setup, at room temperature. The confocal miwhere the hyperfine coupling of the electron spin with a
croscope operates over a wide range of temperaturesingle'3C nuclear spin in the first coordination shell is mea-
(2—-300 K). Microwaves are transmitted to the sample usingsured. The orientation and amplitude of the external mag-
an electron-spin-resonan¢ESR microresonatoi(provided  netic field were used as fit parameters in the calculations, as
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FIG. 2. (a) The FID on the electron spin. The inset(8) shows
2695 3 b 1 12 the microvyavg pullse sequence emplqud. There is no visjble decay
of the oscillations in the time range considered. For short interpulse
delays, a modulation due t8N can be observed. The FID measure-
008 2 0 L1 ment was recorded for a different magnetic field magnitude than
that was for recording the cw spectrum in Figbyl (b) Fourier
0 1 0 =172 transform of the FID data; the line at 12 MHz corresponds to the

. splitting between the levels 1 and[8ee Fig. 18)], while the less
FIG. 1. (@) The experimental cw ODMR spectrum recorded for jonge jines are due to th&\ coupling. The Fourier transform was

3
an N-V center coupled to°C. (b) The stem plot shows the calcu- herformed on the data for interpulse delays up to 4s5(c) The
lated transitions strengths and the frequencies at which they OCCUEqurier transform on the data corresponding to interpulse delay

the transitions strengths are equal, without considering any effecigigner than 1.5s. The satellite lines in the previous time range are

related to optical readougc) The energy-level scheme of the N-V not present anymore due to the fast decay of-fheinduced modu-
center coupled to a°C nucleus, calculated with the Hamiltonian |01 of the FID.

presented in the text; the spin functions are of the fonmm,).
Transitions are indicated with arrows and identified corresponding|

in the cw spectrum inb). ¥or a field strength of 140 G, one would expect a splitting of

0.7 MHz between level 1 and 2 by a pure nuclear Zeeman
the actual state of the experimental setup does not allow fogffect. The much larger splitting is due to cross terms be-
their direct determination at the position of the studied deiween the electronic Zeeman interaction and the magnetic
fect. The magnitude of the magnetic field for the spectrurhyperfine interaction. The splitting between levels 3 and 4
shown in Fig. 1a) was 140 G, oriented at an angle of 26° corresponds, entirely to hyperfine coupling, since, for the
relative to theC; symmetry axis of the defect center. With given amplitude of the external magnetic field, the nuclear
these fit parameters, the calculated spectrum reproduces tég€eman effect is much smaller than the hyperfine coupling.
measured one quite well. Figurécl shows the calculated Each of levels 3 and 4 can be described by a pure high-field
energy level scheme of the system, composed of the electrdiiclear-spin function, corresponding to two nuclear-spin pro-
spin of the N-V hyperfine coupled to tHEC nucleus. Levels jections. This will be of importance for the interpretation of

1 and 2, the lowest-energy levels, are linear combinations dhe electron-nuclear double-resonance experiments described
|0-1/2 and |0 1/2, where the eigenfunctions are in the below. The coherent behavior of the electron spin was in-
form |mym,). Theoretical calculations show that coefficientstially probed by performing a free-induction decayID)

of both spin states are correspondingly equal in levels 1 angneasurement. The applied pulse sequence Wd&),~ 7

2. This will lead to equal transition probabilities, as shown in—(7/2)n,, With 7 variable. Due to the optical pumping, the
the stick plot in Fig. 1b). However, as can be observed from system is mostly polarized in level 1. The first mw pulse,
the cw spectrum in Fig.(&), the transition lines do not have used to convert populations into coherences, was applied be-
equal amplitudes. One possible reason for this might be thdween levels 1 and 3. Since the readout is optical, the second
in the evaluation of the transition strengths, the optical readmw pulse is needed for converting the coherences back into
out scheme and its effects were not accounted for. The sepgopulations. The duration of théer/2)., pulse was 8 ns.
ration between states 1 and 2 is 28 MHz in Figb)land Figure Z2a) shows the experimental result of FID measure-
corresponds to the so-called pseudonuclear Zeeman &ffecment. The applied external magnetic field was smaller in this
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case than that used for the cw spectr@@ G). For delaysr
up to 5us, there is no visible decay of the coherence. The
recorded time was limited by the hardware configuration
available. We would like to point out an important difference _
with FID measurements made for example in NMR. There.g
measurements are done in tk¥ plane. This is why even 3
on-resonance spins lead to a modulation pattern in the FIDE
In our experiments on-resonance spins are expected to resLg
in a FID signal, which is constant as a function ofHow-
ever, also in Fig. @), modulations are visible. The Rabi 8
frequency of the applied mw pulses is significantly higheré
than the splitting between the states 1 and 2, thus ESR tran
sitions from both of these levels to level 3 are excited. The
component related to the off-resonance transition,2, will ]

lead to the fringes in the FID pattern. In the rotating frame GE0-= 02 04 06 08 10 12 14 16
attached to the transition-% 3, the off-resonance transition
will move with an angular speed=e,—¢€;, wheree, and e;
are the energies of the levels 1 and 2, respectively. This is fg. 3. Hahn echo decay on a single electron spin for different
Y'f'ble Ias r’go?ulatlons% 'ntljj'g-(a)-_ Furthe(rjmlo;?’ for shobrter bI_/(;alues of the external magnetic field. The Hahn echo corresponding
Interpulse delays, a fast-decaying modulation can be Obp zero field decays faster due to cross relaxation.

served on top of the FID signal. This was attributed to the g

coupling of the electron spin to tH8N nucleus. The hyper-

rescen

interpulse delay (us)

. . . Hel i flips cannot occur, since as a requirement, the energy should
fine coupling constant corresponding to thel is around e oqgeneq, Thus, a longer time is needed for reaching

2 MHz, while the amplitude of the quadrupolar coupling is o jijiprium between the N-V spin and the spin bath, result-

Eround 5 MHfZ' To prove t?e sogrce 0:] thli:lemgduIatlign, aing in a slower decay of the Hahn echo. For probing the
ourier transform was performed on the ata. FIgure, ;herent manipulation of the sing®C spin, the levels 3 and
2(b) shows a Fourier transform for short interpulse delays

. : . 4, corresponding tan=-3 and m=3, respectively, have
where the modulation related 8N is present. The intense been used. In order to determine the dephasing time for a

!23 a2t 13\/::{:21?3;?2??%1?égﬁjg“g:]ndg E)eivﬁlgegz;i\&eiel ingle carbon nuclear spin, a modified Hahn echo sequence
spIittinb induced by the additional c%upling N (4, 7 as applied. The coherenqe properties of single nucllear—spin
14 MHz). The splitting due thé?N was calculated usin’g t’he s.tates.cannot be probed directly in the actual detectlon con-

: figuration. Instead, the electron spin is used to intermediate

Hamiltonian mgntloned in the text, with the parameters fromthe detection and manipulation of nuclear states. The applied
above. A Fourier transform of the data corresponding to

longer interpulse delayfonger than 1.5s, in Fig. 28)] oo oc Wiy~ (! 2)es = 1=~ 75~ (7] 2)14 = e The

: g first mw 7r pulse was used to excite the system to level 3,
reveals only the single line at 12 MHz, and, as expected, no h . bi d to rf Hah h I .
other transitions due t&'N [Fig. 2c)]. The most important Where it was subjected to rf Hahn echo pulse sequence. Fig-

contribution to this modulation decay is given by the quad_ure 4 shows the series of the recorded Hahn echoes for sev-

rupole interaction. For nuclear spins=1, the quadrupole
nuclear moment couples to the vibrations of the latt&mn-
phonon couplingand accounts as the most important relax-
ation mechanism® while the magnetic spin-phonon cou-
pling is a negligible relaxation mechanism for nuclei. This
dephasing might be an important obstacle for implementing
quantum computing gates on the electron spin. To determine
T, for the single electron spin, Hahn echo decay experiments
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results, obtained in the absence of an external magnetic field &

as well as in a small external magnetic fi¢ltD0 G. The
shorter decoherence time in the former case can be explained
by cross relaxation between the N-V spin and the spin bath,
e.g., the spins of th®,; centers(substitutional nitrogen im- T — r —
purity S= %) in the lattice. In the absence of a magnetic field,
the single N-V centers and the N centers are magnetically T, (us)

equivalent, i.e., they have similar transition frequencies,

within the transition linewidth and the relaxation occurs FIG. 4. Hahn echo performed on tH&C nucleus. The pulse
through spin flips with the neighboring spins. However,sequence employed, modified accordingly for the optical readout
when a magnetic field is applied, the N-V center and the spigcheme, is shown in the inset to the figure. For times up ta80
bath will have different resonance frequencies, and the spithe amplitude of the echoes show no decay.
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eral values of the delay;. The amplitude of the echoes approache$’ Since we are able to precisely control the
shows no decay for a time range of up to 8. Nuclear- quantum state of single spins, a next logical step would be to
spin dephasing times of up to 1 have been previously create, e.g., Bell states and probe the quantum correlation
reported on bulk*C NMR measurementd.Compared to the among the two spins. This would be a test of Bell’s inequali-
value obtained for single nuclei, it can be concluded that theies with spins in solids.

hyperfine coupling to the electron spin of the N-V center

does not contribute as an additional source of decoherence to This work was supported by Landesstiftung BW, and
the single nuclear spin. The N-V center in diamond providessU Project No. 1ST-2001-37150 QIPDDF-ROSES, and
an opportunity to study the physics of single spins, smalDFG under the framework of project “Quanten-
clusters of spins, or to create certain interesting quantunnformationsverarbeitung.” One of the authofsP. ac-
states with single spins. Entanglement between electron arlcdhowledges the support of the Graduiertenkolleg Magne-
nuclear spins had been performed using bulk ESR and NMRsche Resonanz Universitat Stuttgart.
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