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Electronic structure of the N-V center in diamond: Experiments
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Quantum-beat spectroscopy has been used to observe excited states of tteniér in diamond. For the
1.945-eV optical transition, direct evidence is presented for the existence of GHz-scale fine structure, together
with a much larger 46-cit level splitting in theE state. An interference effect observed in transient four-
wave-mixing response is explained with a polarization selection rule involving Zeeman coherence among
magnetic sublevels. Also, detailed dephasing measurements versus temperature and wavelength have identified
the decay mechanisms operative among the various states. A comparison of these resudts witio
calculations of excited electronic structure and interactions based on several multielectron models supports the
conclusion that the N/ center is a neutral, two-electron center governed by a strong Jahn-Teller effect and
weak spin-spin interactions.

I. INTRODUCTION very direct manner, these measurements permit a determina-
tion of electronic excited states and dynamics of th&/ N-
The center responsible for pink coloration in diamond, acenter in the vicinity of the 637-nm zero-phonon transition.
rare tint in natural diamontiput one easily induced in syn- The experimental term diagram can then be compared with
thetic diamond containing substitutional nitrogen aténis, ~calculations for centers containing two, four, or six active
the NV center. It consists of a nitrogen atom and a vacancylectrons. Splitting patterns for these three models have been
on neighboring sites in the carbon lattice and may be forme@redicted” after considering the following electron interac-
through a simple process of irradiation and annealing. Whildions: spin-orbit, spin-spin, strain, and the Jahn-Teller effect.
its opticaP and spin-resonangsignatures, as well as iGs, Consistency between theory anq ex.perlment is obtained in
symmetry? have been known for a long time, the ground- the case of two electrons experiencing alJahn—TeIIe_r effect
state electronic structure for the center was reassigned On?rong enough to quench the spin-orbit interactfomyith
recently, following the observation of unexpected satellite!!N€r SP“ttlngS arising frpm spin-spin interactions.
peaks in the persistent hole-burning spectfum. An |mpo_rtant f|n_d|ng is that only two active electrons as-
Recent hole-burnifg® and electron-paramagnetic- _somated vylt_h the nitrogen atom are necessary for understand-
resonancéEPR experiment¥ have provided firm evidence N9 the origin of the obser\{ed optical transitions of t_he cen-
that the ground state is a spin triplet, rather than a spin sintf- In particular, the dangling bonds on carbons adjacent to
glet as previously thought. The number of active electrons ifh€ vacancy do not appear to contribute to optical interac-
the center must, therefore, necessarily be even. However, {ons. We are thus led to conclude that thevNsenter is a
all unsatisfied bonding electrons in the center are countefeutral rather than a negatively charged nitrogen-vacancy
(two from nitrogen and three from carbons adjacent to the&enter, with properties determined by the two active nitrogen
vacancy, the total is five, which is not even. The existence €lectrons.
of triplet levels originally prompted Loubser and van Wyk to
s_ugges‘tthat the center_ captures an ext(a electron to form a II. THEORETICAL
six-electron center, which is then negatively charged. How-
ever, this conclusion runs counter to the stability of th& N- The theory of a two- and three-pulégtimulated photon
center of temperatures that permit even the heavy nitrogeachoes has been discussed previously by many authbrs.
impurity atoms to become mobifé.Studies of excess elec- this section, we merely outline the main results and provide
tron centers in alkali halide crystafsndicate that they ion- extensions of earlier transient four-wave-mixing calculations
ize thermally at temperatures well below those necessary toecessary to understand and analyze our experimental results
initiate atomic diffusion. A six-electron model would seem in a multilevel system with magnetic degeneracy. Of main
unlikely on this basis, and the charge state and physical anidterest are expressions for photon echo signal intensities
electronic structure of the N-center are called into ques- versus interpulse delay times for ultrashort pulses, which
tion. generate quantum beats and Zeeman coherence described in
We believe this puzzling situation is resolved in the Sec. Il A. When oscillations in the coherence decay are ob-
present work. Here, we present direct measurements aferved as a function of delay between the forward beams
excited-state energy-level splittings and dynamics, obtainequantum and polarization begatselatively fine energy-level
using photon echo spectroscopy, to complement earlier insplittings may be deduced for ground and excited states of
formation on magnetic interactions in the ground stale.a  the center. When the center wavelength of the incident laser

0163-1829/96/5@0)/1342714)/$10.00 53 13427 © 1996 The American Physical Society



13428 A. LENEF et al. 53

H, is the unperturbed Hamiltonian andis the light-atom
{ , interaction described by
b'">
Oprpe
—— Ibl
Opy & ;Ab g V:—eE(R,t)-Ei ri. @)
f Ib>
The electric fieldE is evaluated at the positioR of the

luminescent center at timg andr; gives the coordinates of
theith electron of the center. The final term (i) is a re-
laxation operator with diagonal elements describing popula-
tion decay and off-diagonal elements describing coherence
relaxation(dephasiny

The applied field consists of a sequence of three pulses at
wa g timest; with arbitrary wave vectorg; (;=1, 2, or 3, of the

form
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FIG. 1. Schematic energy-level diagram of a luminescent center +¢lic.ct, 3
with quasidegenerate levedsa’, anda” in the ground state arig,
b’, andb” in the excited state. Population decay between sublevelg heree is the polarization vector of thih field.
is denoted by\ and between electronic levels by The dephasing In thé basis of states shown in Fig. 1, equations of motion

rate at the optical resonant frequengyis I for individual density-matrix elements are

pulses is tuned over a wide range, for a fixed interpulse spac- i
ing, evidence for energy splittings on a coarse scale can also porar=(iopa+T)pprar— > (2 Vi arpanar

be obtained. In Sec. Il B, the parametrization involved in a"

experimental determinations of dephasing mechanisms in

this work is examined. Detailed interactions of a center with -> Pb’b"vb”a’) , (4)
its surroundings may be deduced when the dephasing rate is b”

measured as a function of temperature over a wide range. We
also present explicit expressions for the polarization depen-
dence of echo signals for a center©f, symmetry in Sec.

_ ) i
- - > N X ) . p ’ /r:(|a) ! H+A ’ H)p ran T 3= E (V rbrrpbrr "
Il C. Polarization studies yield information on magnetic de- ae ae R A :

generacies.
- pa,bqunau) + 53'&”2" ’ypb//b/ y (5)
A. Origin of quantum and polarization beats b

Figure 1 depicts energy levels of a luminescent center 1
with ground- and excited-state manifoldsand b, respec- Porb = — (i @prp + Aprp) P — 7 > (Vyrarpary:
tively. The manifolds contain sublevela), |a’),... and|b), a"

, . ;
[b"},..., which are closely spaced in energy compared to the — porarVarb') — Sprh YPbrby (6)

frequencyw, of the optical transition and may be degenerate.
The optical frequency between a particular ground-state sub-
level |a) and an excited-state sublevid) is denoted by Parb' =Ppyrar - (7
wpa=w,— w,. For simplicity, we assume that population

relaxation and dephasing on allowed transitions between exdere,y is the excited-state population decay rate B the
cited and ground-state manifolds does not depend on théephasing rate.

magnetic substate quantum number. Additionally, intersub- To calculate the third-order response associated with
level dephasing and population decay rates are taken to lieree-pulse photon echoes, a third-order perturbation expan-
constant within a given manifolth ,/,»=A, fora’#a” and  sion for the density matrix corresponding to a power series in

Aprpr=Ay for b" #Db"). the perturbing field interactionV is normally developed,
The equation of motion for the density matypxdescrib-
ig\gﬂthe interaction of light with a luminescent center is given p=p O+ ApD 2@ 4 ... (8)
Yy

The expansion parametgris set equal to one at the end of

i p the calculation. By substituting Eq8) into Eq. (1) and
p=-— P [(HﬁV),p]—(E) (1)  equating terms of the same orderNpa recursion relation
relax

may be generated fqi™.
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5(0) = (0) (0) .
P =[Ho,p"" ]+ Ligla0' s (99) - (3 . 3 I 2
== onat Do+ 1 [ 2 o Vera
. _ b/l
p'V=[Ho,p" T+ Vieimp ™ +[V,p" V1. (9b)
Lelax describes linear decay according td a0 _ (2
relax H H rela E Vb'a"pa/'a’ (13)
= —(68pl 8t),e1ax @nd comprises relaxation, due to spontane- oy

ous emission and dephasing by various mechanisms. Assu
ing that excited-state populations and system coherences
initially zero, one obtains the following equations for system
evolution:

Iréfirst order, the only nonzero matrix elements correspond
o intermanifold coherences. In second order, intramanifold
coherence terms and populations appear. Finally, in third or-
der, the off-diagonal terp® needed to calculate the optical

. polarization P=Tr(up) from second-order populations and
(1 ) 1 [ Zeeman coherences appears.

Pé/;/ =—( wb’a'+r)Pé/;/ + % Vb’a'Pf—ﬁ)a/ (10 The evolution of the%pptical polarization is determined by
decay constants of the system and relative timing and polar-
ization of the pulses, together with the pulse areas propor-

- (2) tional to the magnitude of the complex field quantities,

- (i (2) (2)
pa,a,,— - (| a)arar!+ Aa'a”)pa’a”+ 53’&"2 'ypb,,b,
b

i E;=¢ exp(—iki-R)f E;(t)dt. (14)
LS W= p M v, (11) )
hy A b ? The indexi (=1,2,3 in (14) labels different input pulses.
When the bandwidth of the field greatly exceeds the dephas-
ing rate, the optical pulses can be approximatedstiync-
tions and the equations of motion may be integrated easily.
i Using the rotating wave approximation, the resulting third-
- > (Vb,,a,,p;},)b,_pg}%n\/a”b,), (12 orde'r goherence appropriate for homogeneously broadened
a’ media is found to be

“(2) _ i (2) (2)
pb"b’ - (| Wprp! + Ab”b,)pb”b' - 5b”b’ ’ypb,,b,

i3
| . . . ~
pS)aI(t): _Zﬁ) e Tttt tgiopa(t-t) 3 1 (0)e~ Ablta—tDgiont(ta—t) g=lonar(te—t)(BX . 1, )

a’b"

X (Ey- pranyr) (EX - pryngr) + € b2 W(ES - ) (B pranyy) (X - pyngr) ]+l Aatioaan)(ta=to)
X[ parar(0)€! e 2™ W(ES - pyr ) (Ey - prary) (E3 - prar) + parar (0)@ 710" (2T W(ES - iy 0) (B o)
X (B} poyrar)] = parar(0)(1— e s~ e oa (2 (BY - pay o0) (B prayr) (B - ) + €7 02710

X(E; . ”’b’a’)(El' ﬂarrbu)(E; . Mb”a”)]}- (15)

Map=e{alr|b) is the usual electric dipole transition moment F
between statea and b. For inhomogeneously broadened
media, only homogeneous groups of centers with positive
phase evolution factors expp,,(t,—t;)] can be rephased :e(_Ab+i‘”b’b”)Tl(E’2‘ 'Mb'a")(El'Ma"b")(E§ Mprar)
by application of the third pulse. These groups generate a _ _ _
macroscopic coherent polarization, which radiates at the — +e(~Aa*ioaa) T (EX. w0 (Eq- pary) (ES - pirar)
echo timetg~tz+T (where T=t,—t;). Only half the . _ _

terms in(15) contribute at the time of the echo, yielding the —(1—e " )(E% - pyran) (1 parpr) (ES - tiyran).
polarization

a’a”;b’b”(T’)

Unless intersublevel dephasing ratesor A, are exception-
pf;)a,(t:tech& ally high, coherence decay is normally determined by the
exponential prefactor exp2I'T) in (16), and is twice as
fast in inhomogeneous systems as it is in homogeneous sys-

i\ 3
| )
_) e_ZFT E parrau(O)el(wb”aﬂ_wb,a,)T

i ~ tems.
ab To account for the effect of an inhomogeneous distribu-
XFaramprpr(T"), (16)  tion g(A) of resonant frequencies, a spectral average is taken

with respect to the detunind=w,,—w. Then, the echo po-
whereT’ =t;—t,, and larization is
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The three terms ii19) correspond, respectively, to “direct”
one-phonon-assisted decay, indirect two-phonon-assisted Ra-
k, man decay, and two-phonon Orbach relaxation. The con-
stantsa andb weight the different processes afig, corre-

k, kq sponds to the spin state level splitting governing the direct
process.A gives the energy separation between nearly de-
generate spin states and a discrete electr@riwibrationa)

state that governs the Orbach process.

From the functional form 0f19), it can be recognized
that the direct process dominates at low temperatures. At
higher temperatures, other decay channels make sizeable
" ” ﬂ ﬂ contributions. The theoretical exponent for the Raman term

\ J
A

is generally taken to be=58 but in this work it was left as
an additional fitting parameter to test this theoretical power
1 2 3 4 dependence. Hence, the comparisoiil® with experimen-
tal dephasing rates measured versus temperature determines
FIG. 2. (a) Diagram of the four-wave-mixing geometry, show- the relative importance of these potential contributions, as
ing the counter-propagating forward and backward pump béams well as the three parametedg, A, andm.
andkjs, respectively, and the relative timing between pulses.

C. Polarization dependence and Zeeman coherence

i\ 3
<piﬁ)a,(t')>=277(%) e MWD par(0)F ararprpr(T') Transient four-wave-mixing relies on a tensorial interac-
a’b” tion between three incident optical waves and the third-order
dipolar response of the system. While most of our experi-
xf d(@pra=M)Tg=i(wpya =Mt g(A)dA ments were performed with linearly polarized beams, addi-

tional information was obtained regarding magnetic proper-
i\3 ties of the NV center through observations with circularly
:277(_> G(t'+7)e 2I'+T polarized beams. Predictions are developed below for Zee-
h man coherence observable in the\senter as the result of
. _ its electronic-spin character. These calculations show that, in
X Y, pana”(O)Fa,an;b,bn(T’)e""b”a”Te"“‘b’a"'. addition to generating quantum beats, interference effects
a"b” among degenerate magnetic states introduce polarization de-
(17) pendence into photon echo signals.
. _ . . Ratios of expected photon echo signal intensities for dif-
Here, we have introduced a convenient time variablgg qnt configurations of incident polarized fields can be cal-
t'=t—t; andG(t) denotes the inverse Fourier transform of ;. -taq from (17) very simply (in the short-time limit

g(Q). T,T'—0) by considering the expression for the third-order
It is evident from(17) that two kinds of interference can Rélar?zaiio% g P

be observed through echo experiments on luminescent ce
ters with discrete levels of the type considered here, depend-
ing on whether the delay time or T’ is varied(Fig. 2. If pi(3):802 Xi(13k)|(E’IJ EzkE3|+E’IjE3kE2|), (20)
the delayT between the first two pulses is varied, polariza- ikl
tion beats occur at frequenciAss=w,»— w4, Which in-
clude combinationgsums and differencesf the actual level ~and using known or assumed properties of the transition mo-
splittings. These beats arise from interference of polarizaMents comprising the susceptibility:
tions, which do not have a common level. On the other hand,
if the delay timeT’ between pulses two and three is varied, 1 - - - -
quantum beats occur only at the splitting frequencies Xi(isk)lm n ; E (M) Hran) | gy (B )i - (21)
Aw=wy, and Aw=w,,' themselves. In this case, the in- oo
terfering polarizations have a common level.
Such a calculation is illustrated in the Appendix, where it is
B. Dephasing mechanisms specifically adapted to the M-center. The notationg 3p) «
refers to thekth component of the dipole transition moment
between statea andb. The indexo (6=1..n) in (21) ac-
counts forn possible different defect orientations. Construc-
Twi= ¥+ ym)/2, (18) tive a.md.destructive i_nterferences result from summ'ing the
contributions to the third-order responsg2®), as described
where the radiative contribution ig =7, and the non radia- in more detail in the Appendix. Among the possible se-
tive portion is given in the case of solids By guences of circularly polarized pulses, which satisfy momen-
tum conservation, certain ones yield signals an order of mag-
nitude more intense than others. The main predictions are
given in Table I.

Coherence relaxation is determined by radiative and non
radiative processes according to

A3

a
m
T e o1 (19

B hwg
Yor=a cot kT
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TABLE |. Comparison of observed and predicted echo properties for various polarization that conserve
angular momentum. Only modulation components with relative amplitudes of 15% or more are listed.

Polarization Theoretical Observed Frequencies Relative
sequence intensity intensity (GH2) amplitude
ototo"o" 1.0 1.0 0.630.01 1.0
1.63+0.01 0.77
2.29+0.01 1.29
oot o 1.6 0.93 0.56:0.01 1.0
1.66+0.02 0.37
2.28+0.01 0.81
2.88+0.01 0.15
oo a0 0.16 0.11 0.62:0.03 1.0
1.60+0.02 0.33
2.27+0.02 0.49
oto o ot 1.0 0.93 0.4¢0.02 1.0
1.70+0.01 0.26
2.29+0.01 0.45
Linear 0.63:0.02 1.0
1.67+0.02 0.42
2.30+0.01 0.95
2.87+0.01 0.23

Signal intensities depend upon details of magnetic degerfaces were repolished using traditional methodofogyior
eracies not immediately evident from the point-group sym-+to subsequent optical measurements.
metry of the center. Suppression of experimental echoes by Next, the absolute concentration of\Wcenters was de-
an order of magnitude foo" o~ o polarization sequences termined in one sample and related to the magnitude of in-
compared too o o", for example, it is predicted on the duced IR absorption at 1332 ¢rh(prior to annealing as
basis of Zeeman coherence #r-E optical transitions of well as the irradiation dosage. This was done by first deter-
the NV center, whereas no such effect can occurfer A mining the relative density of Nt centers to singly substi-
transitions. Hence, observations of interference effects furtuted nitrogen from ratios of EPR signals shown in Fig. 3.
nish evidence for angular momentum degeneracy andhe main lines at 3300 G correspond to paramagnstib-
complement more direct methods of assigning the spectrastitutiona) nitrogen and the two sets of four small lines on
scopic character of states involved in the optical transition. either side of the nitrogen spectrum correspond to distin-
guishable orientations of N-centers. Taking identical oscil-
lator strengths for N and N- spin transitions, the ratio of

. EXPERIMENT integrated intensities for the four low-field W-lines to the
, intensity of the central N resonance was found to be 17.5%.
A. Sample preparation Thus, the concentration of centers wa@-V)=0.175(N)

A total of 30 type-1b synthetic single-crystal diamonds of
approximate dimensions 1X8.5x3.5 mn? were obtained ' r '
from the Sumitomo Electric Corporation for this study. Con- 2
centrations of NV centers in the range >510'°-5x10'8 o ' | ' '
cm 3 were achieved in these samples using a simple proce-
dure. Infrared-absorption measurements were first used to
establish that all as-grown samples contained=220 ppm
substitutional nitrogen atoms, based on the 1130%m
calibration!® Next, vacancies were created by electron irra-
diation in a Van de Graaff accelerator. An energy of 1.7
MeV was used for these runs, somewhat above the 0.75-
MeV threshold for 1:1 defect creatiGAA current of 20uA |
was maintained in a beam of diameter 2 cm, delivering a ' 3(])0 ' ' B '
dose rate of 2410 e~ cm min. Irradiation was per- MAGNETIC FIELD (mT)
formed at the triple point of ice, and exposure times varied
from 20 min to 50 h. Following irradiation, the samples were  F|G. 3. Electron-paramagnetic-resonance spectra in the region
placed in a quartz boat and inserted into a furnace filled withyf the isolated nitrogen resonance. The four pairs of small features
argon at 820 °C for 4 h. Subsequent to this annealing step, ib the sides are due to four orientationally distinct groups of N-
was noticed that, in addition to turning pink, sample surfacegenter. A comparison of line strengths provides the relative concen-
dulled somewhat due to graphitization, so the laf@80) tration of NV centers to paramagnetic nitrogéM) directly.

v=9.230GHz

dX/ dH
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R FIG. 5. Dependence of absorban@etegrated between 1330—

1 1340 cm'}) on electron dosage. The solid curve is a best fit to the
regression y=mx+myx?,  with m;=1.06x10¥ m,
=8.68x10 %8, after the subtraction of the backgrouq8.3 cm' %)

in untreated samples.

Absorbance

B. Four-wave-mixing spectroscopy

Tunable subpicosecond pulses were generated using a
synchronously pumped DCM dye laser pumped by a mode-
T ] locked 25-W Nd:YAG(yttrium aluminum garnetlaser. An
1200 1400 1600 1800 external cavity dumper permitted variable pulse repetition
rates from 1 Hz—7.2 MHz. With a conventional output cou-
pler, the laser was capable of generating pulses with autocor-
relations yielding full widths at half maximurfFWHM) of
800 fs at a repetition rate of 72 MHz with peak powers of
1-2 kW. Cavity-dumped pulses were in the 10-15-kW
range with FWHM autocorrelation widths of 1.02 ps
(FWHM Gaussian pulse widths of 700)fsas determined
from second-harmonic generation in a type-l BBO crystal
[Fig. 6(@]. Measured emission spectra were nearly sym-
metrical Gaussians with a FWHM of 1.0 nm, yielding a
time-bandwidth product of 0.4, which is very close to the
transform limit[Fig. 6(b)].

Degenerate four-wave mixing was performed in a stan-
dard counterpropagating pump geometRig. 7). Most of

(c) Wave number (cm™) the measurements were performed on a sample with an
absorption-length  product somewhat less than unity

FIG. 4. Infrared-absorption features in synthetic diamond afteqyL <1), to ensure linear probe response with maximum
irradiation. (a) Growth of the 1332-cm' peak versus 2-MeV elec- signal strength. Transmission was 50% at 637.3 nm in this
tron irradiation dosage. Bottom to top: 0, X00'%, 2.5x10'%, and  sample at liquid-helium temperature. When the center wave-
5x10'® efcnt. (b) Effects of annealing: reduction of the 1332-¢h  |ength was tuned in the vicinity of 637 nm, a coherent signal
feature and growth of the 1450-Cih peak. Bottom to top: as peam with an excitation spectrum matching the zero-phonon
grown, after irradiatior{5x 10'® e/cn?) and after annealing. Sample absorption line of the N/ center was generated in a direc-
thickness was 1.67 mm throughout. tion opposite to that of the probe wave. Its intensity was

recorded versus temporal delay of the input beams at various
temperatures and for various polarizations.
for an electron dose of 1:010'® cm™2, wherep(N) is the To measure population decdy,) in the E state, pulse
post-annealing nitrogen concentration. WiliN)=200 ppm/  durations were lengthened te,=5 ps (autocorrelation
(1+0.179, the final concentration of centers was determinedWHM 8 p9 for maximum signal by turning off the satu-
to be p(N-V)=30=10 ppm for this sample. rable absorber jet in the dye laser. The delay between the first

In Fig. 4 spectral changes, which occur in the infrared agwo pulses was set to zero and the third pulse delayed by as
the result of irradiatiorjFig. 4(@)] and annealingFig. 4b)  much as 7 ns, using a double-pass optical delay [ffig.
and 4c)], are shown. In Fig. 5, the relationship between7(a)]. Precision alignment of the 60-cm-long, high-resolution
dosage and absorption by induced features at 1332'¢sn  mechanical stage used for this purpose was accomplished
presented for four samples, which had identical initial nitro-using a dual-axis silicon position sensor to ensure that the
gen concentration21 ppm, to within our ability to mea- delayed beam remained centered on the interaction region
sure. with measured deviations of less than a fiftieth of the focused

E. . . !
800 1000

(b) Wave number (cm’™" )

0.1
0.08 [
0.06 |

0.04 [

Absorbance

0.02 )

800 1000 1200 1400 1600
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FIG. 6. (a) Second-harmonic autocorrelation of the experimental BSt 4’|-[ ??58;5'"
optical pulseglogarithmic scalgshowing a FWHM of 1.02 pgb) N O
The optical pulse spectrum corresponding(&. A Gaussian fit 90° prisim
. . . £ ¢ t
(solid curve to the data points yields a FWHM of 1.0 nm. ompensater s ®
BS3 } ¢ } : PMT
. . . i il
beam diameter over the entire displacement range. The stage Spatialflter
was driven by a stepper motor, which typically advanced 3 S
um per step. Cavity dumping rates for these measurements gs? N
were held below 10 kHz to avoid accumulating population in Y 1@ Sample in
the metastable excited state of the ceAtérhis avoided the N A4 @ 150mm Costal 100 mm ®
background signal caused by accumulated gratings, improv- =5 } N >
ing the signal-to-noise ratio for observation of weaker single- N
pulse radiative decays. (b) m@® U 2
The probe intensity was mechanically chopped and syn-
chronous detection applied together with spatial filtering to FIG. 7. Setup fora) T, and(b) T, measurements.

discriminate against scattere_d Iight_. Typically 50 scans were study of echo intensity versus cavity-dumping rate was

averaged. Data were then fitted with single exponential deperformed to identify the maximum permissible repetition

cay functions superimposed on variable background levelsrate, which avoided population accumulation in the meta-
For T, (dephasing measurements, 1-ps pulses were usedtable level of the N/ centert® By varying cavity-dumping

and the interval between the second and third pulses wasate Q at a constant chopping frequency of 15 Hz, it was

fixed at 1.5 ns, while the delay between the first two pulsegound that echo intensity was linear @ below approxi-

was varied[Fig. 7(b)]. Complete decay curves were mea- mately 10 kHz at liquid-helium temperatures. Hence, all

sured in this way at sixteen temperatures between 5-75 Kopulation and dephasing decays were measured at rates

The signal magnitude and dephasing time were also med@Wer than this. However, foQ in the MHz range and av-

sured at fixed interpulse delays, while the excitation wave&rage input powers of 40-50 mW, the signal beam was vis-

length was changed, looking for evidence of coarse exciteo‘—ble to the eye. After verifying that quantum beat modulation

tate struct For i tiqat f volarizat lecti frequencies did not depend on repetition rate, quantum beat
State structure. For investigation of polarization Selection, e ations were conducted at more elevated rates for better
rules in the four-wave-mixing response, zero-order quartersignal-to-noise ratio.

wave plates were inserted in the input beams to generate

circular polarization. Under these conditions, signals were IV. RESULTS AND DISCUSSION
verified to be circularly polarized and detected through an
analyzer consisting of a quarter-wave Babinet-Soleil com-
pensator, linear polarizer, and spatial filter for improved sig- In this section, changes which occur in the infrared-
nal isolation. absorption spectrum of diamond during the formation o¥ N-

A. Infrared spectroscopy
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centers are described, inasmuch as they may relate to the 6
excited-state structure of these centers. A strong absorption
line appears at 1332 cm in proportion to electron irradia-
tion of diamond. Subsequent annealiggs. 4a) and 4b)]
causes single nitrogen impurities to associate with vacancies
to form N-V centers, and the strength of this line then dimin-
ishes. Simultaneously a sharp feature at 1450 ‘tm
emerge¥ in proportion to dosage and hen@drectly or in-
directly) to N-V concentration(Fig. 5. This line has previ-
ously been attributed to vibrations of a charged nitrogen .
interstitial>>2* but in view of its appearance during the for- 0 ————
mation of NV centers, we briefly discuss the alternative pos- 10 2Dela§ (ns)“ 5 6 7
sibility that it is an optical transition of the N-center itself.

The center responsible for the 1450-chtine is known to FIG. 8. Excited-state populatiofT ) decay of the NV center

contain only a single nitrogen atdih and exhibits no obtained with the picosecond resolution\at637.2 nm andlr =77

unlla)'(lal stres§ Spllt.tlng along p””C'Pa' (.jlrectlo??§|nce the K by varying delayT’. Low signal-to-noise ratio is the result of the
splitting of orle_n_tatlonal degeneracies is too small to be Ob'need for a low repetition rate to avoid population accumulation in
served by traditional methods, these results and the narrovy ited states.

ness of the transition could also be argued to be consistent

with absorption to a(metastable singlet state of an N/ , .
center. No EPR signal has been reported in association wiStimate a pulse area ai=(uE/2:)7,=0.75 rad, which
the 1450-crmi! feature?® This would seem odd if the feature confirms that the experiment was performed just within the

is due to an interstitial, since the impurity is paramagnetic(perturbativeIimit of applicability of theoretical results from

and a shifted resonance might be expected upon displacg‘—ec- 1.
ment of the nitrogen from its substitutional position in the
lattice. However, this result has a natural explanation in the 2. Echo modulations
case of an NV model, since these centers have a very weak
ground-state EPR signal in the absence of light.

The existence of an isotope shift of the 1450-¢m

Echo Intensity (arb. units)
w
:

At liquid-helium temperatures, echo dephasing behavior
exhibited modulations, the contrast of which depended mark-
oa I . edly on the pulse repetition rat€, decay curves of unaccu-

absorptio”® would seem to favor a vibrational origin of the mulated echo signals showed very weak modulation compo-

“nf' Ijtlowever, t?e ratlc& of absct)rptlon frequenultlas fg}r ?Aﬁe.r'nents, whereas accumulated echo signals were nearly 100%
ent nitrogen ISOtopes does not agree very well wi € Nnodulated. Component frequencies, however, showed no de-
verse square root of their respective masses, as it should in

! . . ndence on repetition rate, remaining constant within ex-
straightforward interstitial model. Consequently, theVN- p% P g

e . . erimental error over the full range. An example of an accu-
electronic singlet state, the decay signature of which wa ulated photon echo coherence decay curve is shown in Fig.
previously reported by Redmafimight profitably be sought @
by using double-resonance techniques in the region of 188

At negative delays, a small nonzero signal, as well as
meV above the ground state. g Y 9

modulation, is evident in the figure. This signal resulted from

free-induction decay, and contributedreomogeneoyscom-

B. Visible excited-state spectroscopy ponent symmetric about the time origin. It was detected to-

gether with the desired photon echo radiation in this experi-

ment, because time-resolved detection was not used for most
Four-wave-mixing signals were measured versus delayneasurements. However, it was verified that the true photon

between the secon@forward pump and third (backward echo signal accounted for 95% of the four-wave-mixing re-

pump pulses at 77 K to obtain the population decay time ofsponse at these temperatures in a separate experiment using

the zero-phonon transition. At high repetition rates a strondime-resolved, cross correlatiéh.

constant background and appreciable signal intensity were To optimize the Fourier analysis, in the face of rapid de-

observed at negative delay times. These effects were due tay over a relatively small range, we made use of a Ham-

accumulated gratings, as outlined in the previous section. Alining window?® for numerical data processing. The power

decay data were, therefore, recorded under conditions sudpectrum shown in Fig.(B) for the data of Fig. @) was

that signal intensities were independent of repetition ratepbtained in this way. A least-squares fitting routine furnished

namely, below 10 kHz at 77 K and below 6 kHz at 6 K.  spectral peak positions for the modulation components. At
The decay curve at 637.7 nm is shown in Fig. 8. The dat$37.8 nm, strong components were identified at frequencies

yielded a characteristic time 6&=6.48+0.07 ns at 77 K and of 0.63+-0.02 GHz, 1.6080.003 GHz, 2.2980.006 GHz,

a derived value off;=27=12.96+0.14 ns. The only previ- and 2.86-0.01 GHz. Farther to the red at 638.4 nm, a similar

ously published value of this decay time required instrumendetermination yielded frequencies of 056.01 GHz, 1.72

tal deconvolutiorf? but is nevertheless in good agreement+0.01 GHz, and 2.2960.002 GHz, showing less than a

1. Population decay

with our measurement. 10% variation over a detuning range of 1.5 nm from line
From this radiative decay time, the dipole moment of thecenter.
A—E transition of the NV center may be estimatédyield- These values are in excellent agreement with sideband

ing ©=3.7<10"2" cm C. In turn, this value permits us to frequencies reported earlier in persistent hole-burning
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. 100 ) ) o
2 FIG. 10. Echo intensity versus excitation wavelength at 6.1 K.
5 80 The two curves correspond to different fixed delaysTet7 ps
£ (squaresand T=0.5 ns(circles. The solid curve is the result of a
> 604 fit to the sum of two Gaussians with a resultant separation ¢f246
@ cm L. Also shown are the dephasing tim&s measured versus
£ 40 wavelength fofT=7 ps(diamonds.
s
s 20 lished hole-burning data af,,=636.699 nm(Fig. 6 of Ref.
@ __/\ 9). This indicates that a change in the electronic structure of

0 ' T T T the excited state occurs at an energy corresponding roughly

0 1 2 3 4 5

to 637.3 nm, an unexpected result which is clarified in the
next section.

5

Frequency (GHz)

FIG. 9. (@) Modulated echo decay versus delayat a wave-
length of 637.8 nm and a temperature of 6.7 K. All beams were
linearly polarized and delay time between pulses two and three was Dephasing measurements versus wavelength and tem-
fixed atT'=1.5 ns.(b) Power spectrum of accumulated echo data inperature revealed different aspects of the electronic structure
@- of the N center. The principal results are given in Figs. 10

experiment$:® However, in the present experiments, the in—and 11.' . .

terferences responsible for echo modulation were established In F'gﬁ 10, the ﬁCho Intensity reclordled at clonztgnt lc]ile_lay

within the duration of the optical pulses, showing in a direct3cross the zero-phonon transition clearly resolved itself into

manner that relaxed excited states are not involved in sidetyv0 compo_nents at different energies, centered around 637
. The higher energy component on the blue side of the

band generation. Consequently, the modulation frequenci L9 - X
can only be related to splittings in the ground or excited!nhomogeneous distribution of transition wavelengths exhib-

states connected directly by the optical field. The presence (i?ed very rapid dephasing. The red component ql_ephased ten
a ground-state splitting is directly confirmed by the excellen imes more slowly. A least-squares fit to the positions of two
agreement between the highest-frequency component and the
ground-state resonant frequency measured in EPmBe- 1000 L
cause our measurements were performed by varying the de-
lay between first and second pulses, the observed frequencies
should include simple combinations of energy-level split-
tings, in addition to the pure splittings themselysse Sec.
[l1). This is the basis for the analysis of the measured fre-
guencies in terms of two excited-state components and their
sum frequency in the next section. It provides independent
verification of the results and interpretation of hole-burning
experiments reported in Ref. 9.

Echo data to the blue side of 637.3 nm, the wavelength at 0.1 T oo
which hole-burning sidebands were reported to become T (K)
abruptly indistinct in Ref. 9, revealed dramatically increased

dephasing rates. This rapid decay unfortunately prevented g 11 Temperature dependence of dephasing (fBje") at

the use of the Hamming filter to analyze echo data in thigyayelengths\=636.4 nm(diamonds and \=638.4 nm(circles.
spectral range. Consequently, a direct Fourier transform wagne curves give the results of fitting E(L8) to the data. For red-
performed in this region and only a weak component at 2.§etuned data, elimination of Raman or direct dephasing terms re-
*=0.05 GHz was identified reliably at an incident wavelengthsulted in distinctly poorer fits. All contributions were, therefore,
of 635.7 nm. However, this result is once again in accordncluded in the final analysis. For blue-detuned data, the Orbach
with persistent hole-burning results. A single homogeneouslyerm significantly worsened convergence and did not improve the
broadened satellite with this detuning can be seen in pulfit. In this case, it was excluded from the final fitashed curve

3. Dephasing mechanisms

100

DEPHASING RATE (ns'")
P
1
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TABLE Il. Parameters yielding the observed temperature dependence of dephasing.

Wavelength a fiwgl2 A b

(nm) (MHz cm™3) (em™b (cm ) (MHz cm™3) m
638.4 0.1+0.04 10+ 4 39+5 0.07+0.01 3.2£0.2
636.4 0.06:0.02 68+16 0.04+0.02 5.2t2.6

Gaussian lines yielded a relative splitting of 45 cm !,  tweenJ-T potential wells'>*! This point is discussed further
directly confirming an earlier inference of such an electronicin the conclusions.

splitting within this line>® Because the ground-state structure

does not admit such a splittif§the excited state itself nec- 4. Polarization dependence

essarily consists of two components) and|—).

From the results of Fig. 11, it is clear that the mechanisman
of dephasmg also _d|ffers on the two sides of the Zero'phonofbur-wave-mixing experiments were performed with circu-
transition. Dephasing rates versus temperature were found jgy\y, holarized beams, in addition to the measurements with
be qualitatively and quantitatively dlﬁ_‘erent at representa_ltlvqinear polarization. The main results are given in Figs. 12
wavelengths on the red and blue sides of 637 nm, with &nq 13, and Table I. Figure (@ presents a semilogarithmic
sharp transition between them. At 636.4 nm, the dephasing|ot comparing echo intensity versus delay between the first
rate was constant below approximately 30 K and increaseflvo pulses for two different polarization sequences, namely
rapidly above this temperature. At 638.4 nm no plateau wass"oto";0") and (670 o*;07). Measurements revealed
observed and long-wavelength data sustained moderate cufat at 638 nm the overall signal intensity was ten times
vature over the whole temperature range. stronger for the (670 o";0") sequence than for the

Least-squares fits of E@18) to this data yielded the re- (oo ¢";0") sequence. The ratio of polarized signal inten-
sults given in Table Il. Dephasing behavior on the blue sidesities did not change much at wavelengths both longer and
of the line was dominated by a direct term with a charactershorter than 638 nm, and always exceeded (Fig. 13.
istic energy interval of 6816 cmi ! below 30 K and a Ra- Comparative best-fit dephasing times fof and o~ signals
man term withm=5.2+2.6 above this temperature. The lat- were T,=47,,,,2.78-0.25 ns and 2.820.09 ns, respec-
ter power dependence is characteristic of a non-Kramers
center(even number of electropsin which there are two ,
(m=7) or more (m=5) excited levels® The Orbach term
had to be omitted from the fit for stable convergence, an
indication that its degrees of freedom did not contribute to an
improved description of the data. Overall, this analysis was
consistent with a picture of one-phonon emission between
the two componentst+) and|—) of the excited statésepa-
rated by 46 cm?) at low temperature and the appearance of
anm=5 Raman dependence above 30 K.

On the red side of the line, a more complicated parametri- i
zation of the temperature dependence emerged from similar 10 —————————
analysis. The radiative limit was approached only asymptoti- -1 0 1 2 3 4 5 6 7
cally at the lowest temperatures, and between 6—20 K an Decay {ns)
Orbach term with an energy interval of 38 cm ! made an 0.25
important contribution. But contributions from®" power-
law dependence, witm=3.2+0.2 and a direct term with a
large energy interval, were not negligible.

Our interpretation of these results is that up to tempera-
tures of 30 K thdA,)«|+) optical polarization dephases by
a direct|+)—|—) decay process, in which a high-frequency
phonon is emitted. Above this temperaturd,>sRaman pro-
cess sets in. On the other hand, the nonradiative portion of
dephasing of théA,)«|—) polarization occurs largely by a
two-phonon Orbach process between [the and|—) states,
at temperatures up to about 20 K. Some centers appear to (b) Frequency (GHz)
absorb single phonons to reach the upper excited btate
whence they make direct radiative transitions to the ground FiG. 12. (a) Logarithmic plots of the polarization dependence of
state. At higher temperatures, dephasing is determined by g@cumulated echo decay curves as a functiof at a fixed value
T3 process, which was recognized in previous work as inof T'=1.5 ns.\=637.8 nm andr =5.5 K. Polarization sequences
dicative of dephasing in a Jahn-Telled-T) system with are 67o"¢"; ¢ (solid) and "o o"; o (dashedl (b) Power
strain energies that are large compared to the couplings bepectra of(a).

To obtain information regarding magnetic degeneracies
d selection rules for optical transitions of thevN\zenter,

0.01 1

Echo Intensity (arb. units)

=

0.2 1

0.15 A

0.05 7

Magnitude Squared (arb. units)
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10 T R P T T as from point to point within any given sample. For a hypo-
thetical sample with a permanent internal, uniaxial strain,
one would not expect internal strain to be universally ori-
ented along a unit-cell diagonal in synthetic and natural
samples, and it could not be parallel to the threefold axis of
more than one of the four distinguishable classes d¥ N-

o1 - i center in diamond. Hence in the limit of large strain, we
) point out that irregular, inhomogeneous distributions of/N-
center resonance frequencies would be expected in different

samples rather than a single well-defined splitting.
0.01 T T T The T2 dephasing behavior df-)«—|A) dipole polariza-
634 636 638 640 . : H s
Wavelength (nm) tion at high temperature suggests a different origin for the
observed electronic structure, namely, a Jahn-Teller effect
FIG. 13. Echo intensity versus excitation wavelength at 6.1 Kaccompanied by strain. On the basis of temperature depen-
for different polarization sequences:’o*o*: ot (circley and  dence of line positions and widti$,as well as uniaxial
oo ot o (squares Interpulse delays were fixed @=0.2 ns  strain measurementsit was concluded, in previous work,
andT’'=1.5 ns. that E vibrational modes couple only weakly to the \N-
center and do not produce a significanl distortion of the
tively, on the red side of the zero-phonon line. Modulationexcited state. Mixing of|+) and [—) components of the
components were identical within experimental error, as inStrain-split line measured by polarized luminescence tech-
dicated in Fig. 1#b), except for a slow background modula- hiques in this earlier work agreed with proportions expected
tion at long times believed to be an artifact of acquisition atfrom random strain, with a magnitude corresponding to the
low signal levels. All results are summarized in Table I.  inhomogeneous linewidth. The possibility 8T coupling
was, therefore, dismissed. However, the experimental results
presented in the present paper are more consistent with the
V. CONCLUSIONS opposite conclusion. Moderate amounts of random strain
h alone certainly do not explain our quantum beat results, since
@ continuous strain distribution would merely broaden the
excited state. Well-defined quantum beats would never form.
We propose a model in whicht)—|—) coupling arises
Modulations at several GHz were detected in time—resolvetﬁr.Om a strong Jahn—Tiner int(_eractipn with a splitting bgtween
signals and furnished ground and excited-state spin-spi}"l'bron'C Ievel§(46 cm ), which sl|ghtly1excegds the inho-
mogeneous linewidthFWHM 25 cm ~). This coupling

splittings on a finer frequency scale. Measurements of cohe s | ht h spi bit oihsp
ence relaxation rates versus temperature were consistent W@{eng IS large enougn to quench spin-orbit coupit .
at a|+) and|—) manifold structure augmented by spin-spin

|[+)—|—) decay by one-phonon emission and dephasing it é A
state|—) involved virtual two-phonor{Orbach excitation of spllttmgs can pe preserv ed. ovgrall, In apparen.t agreement
the type|—)—|+)—|—). At relatively high temperatures, our with our experiment. This situation would explain why the

analysis identified &° Raman decay process in state and
aT® decay in|—) suggestive of d-T effect accompanied by

Echo Intensity (arb. units)

The variation of four-wave-mixing signal intensity wit
wavelength clearly revealed the existence of two electroni
states|+) and|—) separated by 46 cit within the upper
state manifold of the 637-nm transition of the\Neenter.

strain. —_— J-
Echo signal variations for different polarization sequences 1+> 4 2.6 GHz
agreed quantitatively with predictions @ ,A,— E transi- /_“_< < )
tions of aCj, center when Zeeman coherence in the spin // _ T
triplet ground state was taken into account. Suppression of s — ¢ 46cm-
echoes was uniform over an excitation wavelength range that | AN _L
probed different excited states. This indicated that this effect \ —_—
depended on ground-state spin sublevel degeneracy. More- \ y </ 0.63 GHz 2.3 GHz
over, only the first two pulses had a significant overlap 1-> \ 1.60 GHz
within the excited-state dephasing tirig. Interference ef- T
fects with long coherence times could, therefore, only have g

arisen from Zeeman coherence betwéagm,=+1) and
3A(mg=—1) ground states. This set of observations con-
firmed the residuaing==*1 ground-state degeneracy already

known from EPR studie¥ as well as theE orbital angular L
momentum symmetry of the excited state required to pro- sp_ y <~ 2.88GHz 2.9 GHz
duce echo polarization dependence. N

Our overall results are consistent with the excited-state T

structure sketched in Fig. 14. We believe that neither the

coarse-grain excited-state splittings nor the finer GHz split- FIG. 14. Empirical energy-level structure deduced for th& N-
tings are determined by uniaxial strain. Internal strains areenter from photon echo observations.

ordinarily randomly oriented from sample to sample, as well
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Jahn-Teller interaction was not evident in earlierfor each electron of the center in appropriate irreducible rep-
measurement$. In our model, strain does not couple mag- resentationsr and 3 of orbital angular momentum statg),
netic substrates together in first order, so that spin-spin intereferenced to the coordinate system of the luminescent
actions are insensitive to both strorgT coupling and centert* r does not act on the spin of the center, so spin
strain. In the presence of quenching of the spin-orbit interacmatrix elements are not considered. Circularly polarized
tion, this model can explain why excited and ground-statdields can of course alter spin states, but for the purposes of
splittings generate quantum beat frequencies of similar maghis discussion it is adequate to set all spin matrix elements
nitude. to be equal and nonzero. The components thnsform as
Detailed molecular-orbital calculations presenting the asX, Y, andZ (defect coordinatgsand, therefore, i3, sym-
pects of this model for centers with different assumed nummetry can be expressed @ @®E operators according to
bers of active electrons are presented in Ref. 14. A comparifi=Z7, r)E<1=X and rszzy_ Similarly, irreducible forms of
son of these calculations with the present experimentahe ynit vectors in crystal coordinates @¥=e,, ef=g,,
results shows that unless a Jahn-Teller interaction is introgngef=g, .
duced in the exciteét state, the coarse splitting resolved in  For 7 oriented along a cube diagonal, transformations be-

this work and the existence in the excited state of the thregyeen defect coordinates,fy,z) and irreducible crystal co-
fine rf splittings that we have observed are not satisfactorilyy ginates are given by

explained. Hence, this research supports the conclusion that

the NV center is a neutral, two-electron center governed r=rfeM+riel+riel, (A4)
primarily by a strong Jahn-Teller effect and weak spin-spin

interactions. where
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3
APPENDIX L
To compare third-order responses to various input pulse e>E<=‘/—3 (2e,—e—¢y),

polarization sequences for transitions between states of spe-
cific orbital angular momentum symmetries, contributions to
the third-order polarizatio®® from all possible transitions eE—i( —e)
need to be considered. In these calculations, it is essential to "3 &)
account for the vector character of the optical field in the . _ _
scalar interaction of Eq(2). We outline such calculations Representations affor the other seveicube diagonalori-
below and show, from Eq20), for example, that a'o o™  €ntations in crystal coordinates can be found with transfor-
input sequence yields arn component of the four-wave- Mations between octants of a sphere. Then, by applying the
mixing polarization given by Wigner-Eckart theorem, matrix elements between all combi-

nations of irreducible orbital angular momentum states can

P = 260Eo| Eol 2 X\ aoct Xy~ Xy X'y, (A1) be found. These are listed below:

(A6)

Xyxy Xyy
whereas ar" o~ ¢ input sequence yields (pP|r| pPr) = e pM||rAef| pha), (A7)
PL=280Eo| Eol*(Xioox Xiotyy™ Xxgxy™ Xsgy)s (A2) (¢™r|¢1)=0,
oo s of s oo s et voaaton (9= oIl
Se?:L:)ern;S;iﬁed initial and final states, the calculation of (gvlr| %) =ex(¢r¥l 45),
f#:rftes?tlbmty proceeds by writing the dipole matrix ele- (6P2]r| 6*2) = 1 P2 1A Py,

fap=—&(BalT| b5, (A3) (oXIr| @)= — ey o rFl472),
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<¢$| rl¢h) = e>E<< ¢Flr¥l 4"2), Xﬁ;f C{(MAl,EX)k(,U«EX ,Al)j(MAl,EX)|(MEX ,Al)i

+(ma, e k(me, a)i(ma e )i(RE, A,)i

E E\ _ E|| A E i E/ +E|+E| 4E
<¢X|r|¢><> ef°‘1<¢ ”r 1”¢ >+\/j W<¢ Hr ”d) >i +(ﬂAl,EY)k(MEY,Al)j(MAl,EX)I(ﬂEX,Al)i

L +(ma, e)(ke, A) (1A E)i(RE, A )i} (AL0)
(ylrley)=— e d"lIr¥]¢"2), o _

V2 The constanC is given byC=(|/2ﬁ)3g(0)pAl,A1(0). Evalu-
ation of tensor components with an even number of repeated
indices then yields the expressions

1
(pVIr| %) = e BFIrAe) pF) — > e5( BE|rE| oF).

The remaining matrix elements may be obtained by taking X @)yyz Xoo Xg)yy: Xyyer= Xo7xx
complex conjugates of the expressions above. The dipole . ENLEl A (4
matrix element ¢*?|r| ¢"1) is zero, because transforms as =3Cl( o (r=ll¢™[*, (A11)
A1®E underC;, symmetry. The reduction of the product
representation for this matrix element does not contain th&nd
totally symmetric representatioh; .

Application of these results to the echo susceptibility in
(21) determines third-order selection rules between any two (3) (3 _ (3 _ 11/ LEIILE|l pA1)|4 A12
states of specific symmetry. First of all, the susceptibility Xoaywy™ Xyayz= Xoxo sCH ST AR (A12)
tensor exhibits general symmetry relations, which are USeml‘l’hese values are, in fact, equal to the final susceptibility after

3= (3) )= (3) iti
namely, xijq == Xjin~ @nd xij = xiaij - Additionally, averaging over all orientations of@g, center with a transi-
other simplifications result from specific geometries or con-. . .
. i . X . : : tion moment along a cube diagonal, because transformations
figurations, like that of circularly polarized input fields cou-

; " ) between equivalent orientations do not change the signs of
!

pling _r!ondegenerate_ states. For/n Al_ transmon, W'Fh a susceptibilities which have an even number of repeated indi-

transition moment lying along thel11] direction, one finds

ces. Evaluation of the third-order susceptibility for aa- E
transition yields results qualitatively similar to those for
A;—E, and will not be considered here.

XD [112]) = (|| rA1]| ™) |2(eP1- ) (€M1 &) (€M1- &) In summary, the susceptibilities for different circularly
AT A A2 polarized pulse sequences Ap—A; or A,— A, transitions
X(eM1-g) =5]( " [Irha] 6|2, (A8)  are the same. For instance,

In view of the totally symmetric form of the basis vector
=(g+e,+6,)V3, all tensor components 9f3,([111])

are equal on am\;—A; transition. Susceptibility contribu-
tions from centers oriented along other cube diagonals can be

found by coordinate transformations equivalent to reflectiongvhere the first threer polarizations in parentheses indicate

in (100, (010), and(001) planes. input fields and the last one indicates the output field. No
Also, becausey;j, transforms like the outer product dependence of the echo intensity is expected for transitions

ririrry, components with indices that are repeated an oddpetween nondegenerate_gtatgs. On the other hanq, |_f one state

number of times change sign when the orientation is re{or both statesof a transition is(are) degenerate within the

flected in these planes. Consequently, when all eight possexcitation bandwidth, a strong intensity dependence of echo

bilities for the orientation of NV centers are taken into ac- response is predicted. For &1~ A, transition, we find

count, the totalxxxy component of the susceptibility, for

example, is given by

Pg(?’)(0'+0'+0'+;0'+) = Pf(?’)(aﬁofoﬁ;of), (A13)

P(ototot;ot)= %SOC|<¢E||rE||¢Al>|“Eo|Eol(z.
_ _ A
Xhey™ 5L Xy [111]) + XS ([ 112]) + X D A[121]) + -

X [111)]=0. (ag) "nereas
Consequently, only components in which indices appear an
even number of times make nonzero contributions to the P& (0 o ot a7 )=—§>eC|( $5||rE|| ¢™1)|*Eo|Eo|%.
total response.

For degenerate states, the signal polarization depends
strongly on the polarization sequence of the incident pulseResults forE« A, transitions are similar, wittf\; replaced
For example, using21) to find the susceptibility for an by A, in the reduced matrix element. The intensities pre-
A;—E transition, one obtains dicted on the basis of squaring these signal polarizat®#s
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for the four possible sequences®fpolarized pulses, which defined total angular momenta. The method and results pre-
conserve angular momentum, are given in Table |. Polarizasented here permit predictions, however, even when no in-
tion dependence of four-wave mixing has been describefbrmation on gquantum numbers is available, but wave-
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