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The N-V center in diamond is a nitrogen-vacancy pair defect with an electronic triplet spin ground
state. Upon optical excitation and in the presence of an applied magnetic field, two subensembles of N-V
centers with different spin temperatures are created at liquid-helium temperatures. For certain magnetic
fields, magnetically inequivalent N-V centers become resonant and the subensembles comprising these
N-V centers tend to equilibrate due to cross relaxation. In this paper the dynamics of the cross-
relaxation process is studied by means of optical-microwave double-resonance techniques. Pulsed mi-
crowave excitation of the ground-state spin transitions appears to produce a transient behavior of the
optically induced fluorescence. A detailed kinetic analysis is given showing that the recovery rates ob-
tained for a series of laser excitation powers, when extrapolated to zero excitation power, yield the
cross-relaxation rate constant. The rate constant for cross relaxation among magnetically inequivalent
N-V centers is found to be (2.0£0.3)X 10> s~ ', whereas cross relaxation with doublet electron-spin
species in the lattice occurs with a rate of (9.1+1.4)X 10*s ™"

I. INTRODUCTION

Cross relaxation (CR) of electron spins is an energy-
exchange process involving mutual flip-flops between dis-
tant spins."’? As a result of cross relaxation, a common
spin temperature can be achieved within the system of lo-
calized spins. Thus, in order to understand the spin ther-
modynamics of the system, it is important to understand
the details of the CR process. In a few recent papers,>*
CR dynamics of N-V centers in a diamond crystal has
been studied by means of optically detected spin coherent
transient measurements. The N-V center in diamond is a
defect consisting of a substitutional nitrogen atom adja-
cent to a carbon-atom vacancy.’”’ In optically detected
spin-locking,® optical hole-burning,’ and nearly degen-
erate four-wave mixing‘o studies of the N-V center, it was
shown that the ground state of the N-V center is an
electron-spin triplet state. The spin Hamiltonian parame-
ters that characterize this triplet state are g=2.00,
|D|=2880 MHz, and |E|=0 MHz. The defect has axial
local symmetry. The principal axis of the fine-structure
tensor is along a [111] crystallographic direction (cf. Fig.
1.

In the presence of an externally applied magnetic field
along the [111] axis, sudden changes in the intensity of
the N-V center emission, as detected at the zero-phonon
wavelength of 638 nm, have been observed for magnetic-
field strengths of 514 and 600 G.> Analysis of the aniso-
tropic behavior of the emission intensity changes showed
that at a magnetic field of 600 G the fluorescence intensi-
ty changes are due to CR between magnetically ine-
quivalent N-V centers, whereas CR with an electron-spin
doublet system accounts for the intensity changes in a
magnetic field of 514 G. Also, at zero magnetic field, all
N-V centers are resonant and CR involving all N-V
center sites occurs.>* Under conditions of CR between
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magnetically inequivalent N-V centers, spin coherent
transients as measured in Hahn echo decay (HED),
stimulated echo decay (SED), and spin-locking echo de-
cay (SLD) experiments were found** to be enhanced by a
factor of 2.0, 3.0, and 2.2, respectively. The results could
be explained on the basis of magnetic dipole-dipole cou-
plings between the N-V center triplet spins in the
different subensembles.

In the present study, the dynamics of CR of the N-V
center triplet spins is examined by means of time-resolved
microwave recovery experiments performed for the N-V
center in diamond. In these incoherent transient experi-
ments, after an initial microwave pulse has induced a spin
transition in the triplet ground state while at the same
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FIG. 1. Orientation of the molecular main axes of the N-V
centers in subensembles I and II with respect to the diamond
crystallographic axes. Directions relevant to the present mi-
crowave recovery experiments are shown. MW indicates the
direction of the linearly polarized microwave magnetic-field
component.
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time maintaining cw optical excitation of the N-V center,
the recovery of the optical emission intensity of the N-V
center is measured as a function of time. Generally, the
microwave recovery kinetics is determined by the popula-
tion relaxation of the spin levels, while for the spin echo
the decay rates are determined by pure spin dephasing as
well as population relaxation processes. In this paper it
will be discussed that the CR dynamics as determined in
the microwave recovery experiments for the N-V center
in diamond is representative of the mean flip-flop rate of
each N-V center spin. On the other hand, the CR dy-
namics probed in the coherent transient experiments re-
ported previously>* provides information concerning the
local-field fluctuations produced by the entire collection
of distant flip-flopping spins. In Sec. II it is analyzed how
for the N-V center the ground-state triplet spin Kinetics is
affected by the CR in zero magnetic field. The treatment
is analogous to that introduced recently for the analysis
of the CR results of the 2.818-eV center in diamond in
the photoexcited triplet state.!! The CR kinetics of the
N-V center discussed in this paper, however, differs con-
siderably from the analysis presented for the CR kinetics
of the 2.818-eV center. Basically, the differences arise
from the fact that the N-V center has a triplet ground
state, whereas the 2.818-eV center has a photoexcited
triplet state. As will be shown later, several new aspects
appear in the CR process for the N-¥ center in diamond.
Here we mention the following: (i) the depletion of the
triplet-state population of the N-V centers by optical ex-
citation cannot be neglected in the kinetic analysis; this is
in contrast to previous results for the 2.818-eV center;'!
(ii) the polarization of the excitation light is of fundamen-
tal importance for observing CR for the N-V center; (iii)
CR occurs because of dipolar interactions between suben-
sembles of N-V centers with different spin temperatures,
whereas for the 2.818-eV center the optically induced
spin alignment was relaxed by contact with optically
inactive spin species; and (iv) the CR process for the N-V
center is examined in zero magnetic field and in the limit
of zero excitation power, whereas for the 2.818-eV center
CR can only be observed in the presence of a magnetic
field. The experimental part is presented in Sec. III. In
Sec. IV the results of the microwave recovery transient
measurements and the CR rates as estimated on the basis
of the analysis of Sec. II are presented. The estimated
CR rates are in the order of 10°~10° s™!. By contrast,
the CR effects on the spin dephasing rates are of the or-
der of 10°-10* s71.3%* A qualitative explanation of the
difference between the microwave recovery and spin
coherence results is presented in Sec. V.

II. ANALYSIS OF GROUND-STATE TRIPLET
SPIN KINETICS FOR THE N-¥V CENTER

A. CR for N-V centers at zero magnetic field

In zero magnetic field, all N-V centers in diamond pos-
sess identical magnetic-resonance frequencies and CR
occurs between them. When a magnetic field is applied
along the crystallographic [111] axis, the N-V centers are
divided into two magnetically inequivalent subensembles
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I and II. N-V centers belonging to subensemble I have
their molecular main axis along the [111] direction (i.e.,
the direction of the external magnetic field), while the N-
V centers belonging to subensemble II have their molecu-
lar main axis along either the [111], [T11], or [111]
axis (cf. Fig. 1). Although the two subensembles are mag-
netically equivalent at zero magnetic field, a distinction
between the two subensembles can still be made because
of their different optical excitation rates when the polar-
ization of the excitation light is along the [111] crystallo-
graphic axis. This point is thoroughly discussed in Secs.
IV A and IVB. Another feature of the N-V center at
zero magnetic field is that two of the three triplet sublev-
els are degenerate (| E|=0).

We consider a model consisting of three energy levels
for each subensemble, i.e., ground-state triplet sublevels
T! (or TY) and T (T¥) and an excited state T. (T1),
the sublevel T! (T1') being doubly degenerate. In Fig.
2(a) the optical excitation and decay rate constants of the
triplet state are defined for the two subensembles I and II:
k! (or kI (i=1,2) represents the excitation rate of the
triplet sublevel T} (T!'), and 4! (A1) represents the de-
cay rate of the excited state 7. (T1) into the ground-
state sublevel T1 (T!'). Since the energy difference be-
tween the sublevels T and T} is resonant with the energy
difference between the sublevels T and T%, CR occurs
between the two subensembles. The CR is expressed by
the rate equation'? !
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FIG. 2. (a) Schematic representation of the energy levels of
N-V centers in subensembles I and II at zero external magnetic
field. The T} — T sublevel transitions are resonant to each oth-
er. (b) The energy levels of N-V centers in subensemble I and a
doublet species under external magnetic field. The doublet
species is resonant to the T', — T’z sublevel transition.
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dN}
dt

where N| (or N%) (i=1,2) represents the population of
the ground-state triplet sublevel T! (TY) and W’
represents the CR rate. It is known that under continu-
ous optical excitation at liquid-helium temperatures, N-V
centers exhibit spin alignment,’ e.g., N} >N} or N1 <NL.
However, as will be explained later in this section, our
main interest is in the case of excitation at low laser
powers, such that the excitation rates become smaller
than the CR rate. In this case there is little spin align-
ment, and a high-temperature approximation is applic-
able for Eq. (1). We write

=—W'(NNY—NIN), 8}

dN! w’
= 5 INUNI =N = NYUNT=ND)
=—7W[(N{—N§)—%(N{'—N§I)} , 2)

where N! and N!! are the total number of N-V centers be-
longing to the subensembles I and II, respectively, and p
is defined as p =N"/N! which takes a value of 3 in the
present case. In Eq. (2) the CR rate W is defined as

Neglecting spin-lattice relaxation, the rate equations
for the populations of the six energy levels become

I
*

=kINT+KkINL—(4a]1+ 45N,

dt
dNT!
o =KINT kNG — (4 + AN
Egi=—k§N§+A{NL
— S UV =ND = (VN
dzlz =—kiN}+ AN, 4)
UV =ND = (V=N
dgtl‘[ =—k{N{'+ 4]'N}
AN =N = V=N
dzrtlzl =—kyNy+ 43N]

~ AN =ND = (V=N

where N. (or N1) is the population of the excited state
TL (T'). Additional conditions are

NI +NI+NL=NT,
(5)
NP +Ny+N]=NT.

I. HIROMITSU, J. WESTRA, AND M. GLASBEEK 46

Equation (5) reduces the number of independent variables
to 4.

Since the order of the decay rates,'# eg., A 11, is 108 57!
and that of the excitation rates, e.g., k’l, is 102-10° s7!
with the present laser intensity, the populations of the ex-
cited states, e.g., N L, are five to six orders of magnitude
smaller than the ground-state populations, e.g., Ni. Be-
cause of this large difference, Eq. (4) can be solved analyt-
ically. For simplicity, we assume

Ai=ad;, Al'=ad}, (6)

where @ is a constant. The four variables N., NI,
n=N}—aN}, and m =N —aN are chosen as the four
independent variables. Neglecting small terms such as
kIN!, which are five to six orders of magnitude smaller
than terms such as k!N} or 4]N1, the rate equations for
the four variables become

ZG=Z—RE , (7)
where
Nt (K1+(a—1DKL}N!
S [NV [IKT @ DEYNT
N —aKN!
m __aKélNII
and
AL+ 4]} 0 -K! 0
0 Af'+43 o0 —K}
R=1"9 0. K'4w —wsp
0 0 -w KU'+w/p

In Eq. (7), Kll, K%, K}I, and Klzl are defined as

Kl— k! +ak?} K= Kl —k!
! I+a ~ 7% 14a
kII+akII kII__kIl ®)
I 1 2 ¢ 1 2
T l4a T T 1+ta

The four eigenvalues of the matrix R are

M=A41+4), L=47+47,

w 9

1/2]

Since the emission intensities from the two subensembles
I and II are proportional to (A4}+4 )N and
(AY+ AN respectively, we need to obtain the solu-
tions for N and NI, which are

14+
p

A=1 [K{ +K+

2

Wi +4aw?i/p

+ -+
p

{K{ —Ki'+

- ~a -2
NL(1)=NL(w)=Ele "W—ElLe "*'—Ele ™',
_ B B (10)
NI(6)~NW(w)=Efe ¥'—EUe "+'—gle ",
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_ KiW/p

(@ WP,
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T Q2 WE/p)A
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QW /pa,

+

-

I —
El= +

K'w
-2~ ¢
T QM WE/pA,

with Q=A, —K!—W=K1+(W/p)—A_. In Eq. (10),
El, EI, C,, and C_ are integral constants determined
by the initial conditions.

Now a microwave recovery experiment is considered.
In this experiment a short-microwave pulse resonant with
the T1 — T} and T — T transitions is applied at t =0
under continuous optical excitation, and the emission in-
tensity of the N-V centers is monitored as a function of
time. Two of the initial conditions are NL(0)=N! (o)
and N¥(0)=N1( ), which lead to

E!=E' +E', EY=E1 +E" . (11)

’

Since the emissions from the subensembles I and II are
detected at the same time, the observed transient is a su-
perposition of four exponentials:

I(t)—I()

At —A_t

=Ee "V+Eye M—E,e ™-E_ ¢ . (12

From Eq. (11), a relation
E,+E,=E +E_

holds since the emission intensity I(¢) is a linear com-
bination of N (¢) and N(z).

As is seen in Eq. (9), the decay constants A, and A_
are determined by the CR rate W as well as by the optical
excitation rates K} and K. In the limiting case of zero-
excitation laser power, i.e., K] =K!=0, A, and A_ be-
come (1+1/p)W and O, respectively. Therefore, if we
can measure the value of A, in the limit of zero laser
power, it enables us to determine the CR rate W.

Now we examine the ratio E, /E_ of the two ampli-
tudes of the exponentials with decay constants A, and
A_ in Eq. (12). For this purpose another initial condition
is introduced:

Ni(0)—Ni()  Ni(e0)—=Ni()
N (0)=N"(w) N(w)—N(w)’

which states that the population change induced by the
microwave pulse is proportional to the population
difference of the triplet sublevels before the pulse. Since
N1(0) and N'(0) contain the integral constants C, and
C_, which appeared in Eq. (10), this condition deter-
mines the relation between C, and C_. Explicit expres-
sions for N}(0), Ni(w), Ni(w), NI(0), N(w), and
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N()are
(W/p)C,+QC_
N1(0)=Ni(w)— ,
O =N ) G W )
(W/p)B,+QB_
Nll(w)z a 1 p 2+ Q ,
1+a 200*+W?*/p)1+a)
Ni(w)=N'-Ni(w),
C,—WC_
NU1(0)=N"(w)+ ZQ — ,
(Q*+W</p)1+a)
Ni(w)= O yny BT PB
! 1+a 20+ W?2/p)1+a)
N (0)=N"=N{(e),
where
20 g1 I I arll
B, (—K;WN +K; 0NV,
A
B_=—i—a(K§QNI+K5‘<W/p NT) .
Using these expressions, we obtain
C, (a—1)WN'-QN"+B, .
C_.  (@a—1D(Q+W)N'+B_
In the limiting case of zero laser power, we obtain
I
Ev _wp S
EL Q2 C_
EY Q Cy
B we %
and thus
E—»O or m—»(’. (14)

This states that when the excitation laser power is very
low, so that W>>K and K, the amplitude E, of the
component exp(—A,t) becomes small compared with
the amplitude E _ of the component exp(—A_t) and, in
the limiting case of zero laser power, becomes zero. This
is shown schematically in Fig. 3(a). Before the mi-
crowave pulse, the spin temperatures of subensembles 1
and II are equal because of the fact that the CR rate is
much larger than the optical excitation rate (a—1).
After application of a 7 microwave pulse, the sublevel
populations of each subensemble are inverted, but still
have identical spin temperatures (@ —2), and therefore a
net energy transfer with a rate of A, =(1+1/p)W does
not occur. Finally, the sublevel populations relax into
the stationary state (@ —3) with a rate A_, which is deter-
mined only by the optical excitation rates.

In summary, in zero magnetic field, the emission inten-
sity of the N-¥ center shows a time dependence accord-
ing to Eq. (12) after an initial microwave pulse at t=0
has been applied. The transient is a superposition of four
exponentials with rate constants A, A,, A,, and A_,
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FIG. 3. Schematic picture of the time dependence of the spin
alignment in the N-V center ground triplet sublevels in the mi-
crowave recovery experiments when the CR rate is much faster
than the optical excitation rates. (a) H=0 G and (b) H=514 G.
Detailed explanation of the figure is given in the text.

which are defined in Eq. (9). In the limiting case of zero-
excitation laser power, A, becomes (1+1/p)W and A_
becomes zero, and the ratio of the amplitudes E, and
E _ of the exponentials exp(—A¢) and exp(—A_t) be-
comes zero [Eq. (14)].

B. CR with a doublet spin system
in the presence of a magnetic field

We consider CR between the diamond N-V center and
a doublet spin species in the presence of an externally ap-
plied magnetic field. Upon application of a magnetic
field, the doublet degeneracy of the triplet sublevels of the
N-V center is lifted. Therefore a model consisting of four
energy levels of subensemble I of the N-V center, the
ground-state triplet sublevels T, T, and T, and the ex-
cited state T, is considered. CR occurs when the energy
difference between the triplet sublevels Tz and T', equals
the energy difference between the two spin states of a
doublet species.> Using Eq. (2), the time dependence of
the Tpg-level population due to CR under relatively low
excitation laser power is described by the rate equation

dN

B__ W N _

2 (NB—Ny)—H(MI M,) ¢, (15)
where Ng and N, represent the populations of the Tp
and T, triplet sublevels and M, and M, represent the
populations of the doublet spin states as shown in Fig.
2(b); N and M are the total number of spins of subensem-

|

A+ A4,+4, ~F,
1+26 2

201428 2

R= 0 7, +1=88 W S1+-———§—§(?12; w

o o 1=8 W T2+(§+11)(2§§+2) w
+
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ble I of the N-V center and of the g=2.00 doublet
species, respectively. We assume that the doublet species
form a spin reservoir with a much larger heat capacity
than the triplet subensemble considered. Furthermore, it
is assumed that there is a fast energy transfer within the
reservoir so that the doublet species is always kept at a
constant spin temperature identical to the lattice temper-
ature 7. With the present lattice temperature at 1.4 K,
(N/M)M,—M,) is approximately zero.

The rate equations for the populations of the four ener-
gy levels of the N-V center subensemble become

dN,
dt :kaNa+kBNﬂ+k}’N7’_(Aa+AB+A1’)N* ’
dN,,
ar =—kN,+A4,N, ,
(16)
dNg 7%
dN 174
Y
L=k, N, 4N, +-(Ng=N,),

where k; and A4; (i=a,B,y) are the optical excitation
rate of the sublevel T, and the decay rate constant from
the excited level T, into the ground sublevel T, respec-
tively. An additional condition

No+Ng+N,+N,=N (17)

reduces the number of independent variables to 3.
Assuming for simplicity that

A=Apg=EA, , (18)

Eq. (16) is solved analytically. N,, P,=N,—¢&N,, and
P,=Ng—&N, are chosen as the three independent vari-
ables. Neglecting terms as k,N,, which are small com-
pared to, e.g., kN, the rate equations for the three vari-
ables become

%a =A4A—Ra, (19)

where

-

2 ’

2
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_ &k, —kg) _ &k, —kpg)
7 1428 72 1+2¢6
_ (1+8)k, +Ek, _ (1+8)kpg+Ek,
e 1+2¢6 1+2¢ ’
_ (1+8k,—Ekg—k, _ —Ek,+(1+E)kg—k,
! 1+2¢ » 2 1+2¢ ‘
The three eigenvalues of the matrix R are
M=A,+A,+A4,,
=1 2_ E(1-¢) W (E+1)E+2) W
Ar=3 |TW+T,+Wt (T +T,+W)y—4,T,+ 142 2 T,+ 142¢ 5
172
E2+8) W 1-& W ”
+4iS,+ 1426 2 S2+1+2§ > . (20)

After application of a microwave pulse resonant with
the T,,—»T,z transition at ¢t =0, the time dependence of
N, becomes

Ny (=N ()
=(E,+E_) "—E,e ™—E_e .

The amplitudes of the two exponential components
exp(—A,t)and exp(—A_t) become

1 1-8& w
= + —_
(22)
1 E2+E) W
E_: —_ —+ —_
DA, Fi}sy 1+2¢6 2 thR\C,
where,
- M= w_, _, _
R=T,+ 2 2 A_=A,—T,
_(E+1)E+2) W
1+2¢ 2’
2+€) W 1-&8 W
D=R2+ 52+ w —& W
R™H S+ 1+2¢6 2 H52+1+2§ 2 ’

and C, and C_ are integral constants determined by the
initial conditions. In a similar manner as in Sec. II A, the
ratio E, /E_ is calculated using the initial condition
Ng(0)=Ng(). We only show the results when the CR
rate is much larger than the optical excitation rates, i.e.,
W>>k, (i=a,B,v):

E’_ = —k&_ , (23)
E_ =2k ,+tk,t+k,
which generally takes a finite value, in contrast to the
zero-field case described in Sec. IT A.

A qualitative explanation of the finite amplitude E , in
the case of W >>k; is presented in Fig. 3(b). Before the

microwave pulse is applied, Ng and N, are nearly equal
because of the fast CR with the doublet species (b—1).
After application of a 7 microwave pulse, the populations
N, and N y are inverted (b —2), destroying the equilibri-
um between N-V center spins and the doublet spins. As a
result, a net energy transfer with the rate A, =W takes
place, redistributing the populations Ng and N, (b—3).
Then a slow relaxation takes place into the final station-
ary state (b —4) with a rate A_ which is determined by
the optical excitation rates.

In the experiments discussed in Sec. IV, A, and A _ are
measured as a function of the external magnetic-field
strength under a fixed, relatively low, excitation laser
power, with which the excitation rates become of the
same order of magnitude as the CR rate W. Since Eq.
(20) includes too many parameters, it is not possible to
obtain the exact value of W from experimental results.
However, A, and A_ in Eq. (20) are approximated by the
expressions

Ay=K,.+W and A_=K_ , (24)

where K | and K _ represent the rates A, and A_ when
W =0, respectively. This is verified from a numerical
analysis which shows that the approximation in Eq. (24)
leads to a less than a few percent error in the determina-
tion of W when T,/T; 21 and £<1. For example, when
T,/T,=2, §,/T,=0.2, S,/T;=0.4, £=0.5, and
W/T,=5, A, /T, and A_/T; are calculated to be 7.10
and 0.905, respectively, from Eq. (20). On the other
hand, when A /T and A_ /T, are calculated using the
approximation of Eq. (24), the values are A, /T, =7.07
and A_/T;=0.926, in good agreement with the exact re-
sults. In Sec. IV we will see that the approximation of
Eq. (24) is satisfactory also for our experimental results.
Thus far, we have analyzed the kinetics with a finite
CR rate W. Now we deal with a special case when
W =0, which will become useful in Sec. IV. In this case
the time dependence of the emission intensity after a mi-
crowave pulse at ¢t =0 becomes a superposition of three
exponential curves [Eq. (21)] with rate constants:
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AM=A4,+4,+ 4,5,

1
}‘imz(1+2§)

(25)
((1+&)(k,+kg)+26k,

H[(1+26— )k, —kp)?
+28%kg—k, )
+28%k,—k, )1V

This result can be applied to subensemble II as well as to
subensemble I. It is important to mention that, when the
two excitation rates k, and kg are the same, either E | or
E_ in Eq. (21) becomes zero depending on whether
k,<k,=kgor k,>k,=kpg, respectively. Thus, in this
case, the microwave recovery transient becomes a sum of
two exponentials exp(—A,;z) and exp(—A,t) J[or
exp(—A_t)]. This result is easily understood since, as
long as our interest is in the time dependence of N, the
system becomes a three-level system (T, +Tp), T, and
T,) instead of the four-level system (T, T, T, and T )
when k,=kg and W=0, and a three-level system with
homogeneous rate equations generally has a biexponen-
tial solution.

In summary, when CR occurs between a subensemble
of N-¥ center spins and a doublet spin species in the pres-
ence of an external magnetic field, the microwave
recovery transient is given by Eq. (21) with rate constants
given by Eq. (20). Equation (20) is well approximated by
Eq. (24). When no CR occurs in a magnetic field, the mi-
crowave recovery transient also has the form Eq. (21), but
now with decay constants expressed by Eq. (25). When
k,=kgand W=0, one of the amplitudes £, and E_ in
Eq. (21) becomes zero, and the recovery transient be-
comes a biexponential function with two decay constants
Ayand Ay (or A_).

1II. EXPERIMENTAL DETAILS

The brown-colored diamond crystal investigated here
was the same as used previously (crystal A4).'"'5 Oc-
casionally, another diamond crystal (crystal B) (Refs. 3, 4,
and 8) was used in which the N-V center concentration is
less by about a factor 5 than in crystal 4. Most of the re-
sults described in Sec. IV are for crystal 4 unless men-
tioned otherwise. The crystal was mounted inside a
slow-wave helix immersed in a pumped liquid-helium
bath (T=1.4 K). Optical excitation was at 514 nm using
a cw Ar'-ion laser (Spectra Physics series 2000). The
fluorescence emitted perpendicular to the exciting light
was focused on the entrance slit of a monochromator.
Photodetection was at 637 nm using a GaAs photomulti-
plier tube HAMAMATSU R943-02. The spectrometer
used in the optically detected magnetic resonance
(ODMR) experiments has been described elsewhere.!®
The time-resolved microwave recovery of the emission in-
tensity'""!> was measured after a microwave pulse of a
duration of typically 0.2 us was applied under continuous
optical excitation. The microwave-pulse intensity corre-
sponded to a Rabi frequency of approximately 3 MHz.
The transient signal was accumulated on a PAR model
4202 signal average.
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IV. RESULTS

A. Polarization dependence
of the optical excitation rate of the N-V center

When an external magnetic field is applied along the
[111] axis of the diamond crystal, the ensemble of N-V
centers is divided into two subensembles I and II.> Su-
bensemble I consists of the N-¥ centers whose molecular
main axes are oriented along the magnetic field. Suben-
semble II, on the other hand, consists of N-V centers
whose molecular main axes are oriented along either the
[1T1], [1T11], or [TT11] direction (cf. Fig. 1). A mi-
crowave recovery experiment was performed for suben-
semble I in the presence of an external magnetic field of
30 G applied along the [111] axis. In this experiment the
time dependence of the emission intensity of the N-V
center is monitored after the application of a microwave
pulse under continuous optical excitation. By adjusting
the microwave frequency to the 7', — T, resonance fre-
quency of subensemble I, the microwave recovery tran-
sient due to the intensity change of the subensemble-I
emission can be obtained. Figure 4 shows the microwave
recovery transients for subensemble I when the polariza-
tion direction of the laser light is parallel (curve a) or per-
pendicular (curve b) to the molecular main axis. The
recovery transient has a very fast rise at t =0 with a time
constant shorter than the time resolution of the present
experiment (<10 us) and has a subsequent slower

ODMR intensity

t(ms)

FIG. 4. Optically detected microwave recovery transients of
N-V center in diamond. Excitation laser power, 0.5 W at 514
nm; detection wavelength, 637 nm; and 7=1.4 K. Subensem-
ble I, H=30 G (curve a) (excitation light polarization) || (molec-
ular main axis); subensemble I, H=30 G (curve b) (light polar-
ization) L (molecular main axis); subensemble II; H=30 G
(curve c) (light polarization) || [111]; and subensembles I and II,
H=0 G (curve d) (light polarization) || [111]. HJ|[111]. The
drawn curves are the best fits to a monoexponential function
(curve a) and to a biexponential function (curves b -d).
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recovery. The kinetic analysis in Sec. II B indicates that
the initial fast rise is determined solely by the decay rates
of the optically excited N-V center to the ground-state
triplet sublevels and that the subsequent slower recovery
is determined by the optical excitation rates of the triplet
sublevels in the absence of CR. Since the initial fast rise
is faster than the time resolution of the present experi-
ment, only the subsequent slower recovery is examined in
this paper. Comparing the two microwave recovery tran-
sients a and b in Fig. 4, it is found that the recovery rate
is larger when the excitation light is polarized perpendic-
ular to the molecular main axis. This shows that the op-
tical excitation rates of the N-V center strongly depend
on the polarization direction of the excitation light. As
has been shown in Sec. II B, the recovery transient gen-
erally has a biexponential form if we neglect the initial
fast rise with decay constant A, in Eq. (21). When the ex-
citation light is polarized along the molecular main axis,
however, the microwave recovery transient closely resem-
bles a monoexponential curve, which indicates that the
optical excitation rates k, and k4 of two triplet sublevels
become equal, as was shown in Sec. II B. Curve a in Fig.
4 has been fitted by a monoexponential curve with a de-
cay rate constant of 2.5X 10? s~!. Curve b in Fig. 4, on
the other hand, deviates from a monoexponential decay,
indicating that k,7kg, and has been fitted to a biex-
ponential curve with decay rate constants of 1.8X103
and 4.6X 107 s~ !. Thus the excitation rate constant be-
comes several times faster when the excitation light is po-
larized perpendicular to the molecular main axis. The
deviation from the monoexponential recovery, i.e.,
ko7 kg, of curve b may be due to the fact that the light
polarization direction is not along the symmetry axis of
the N-V center, although the physical meaning is un-
known at present.

A microwave recovery transient for subensemble II
with the same excitation laser power as in the above two
cases is shown by curve ¢ of Fig. 4. This transient has
been obtained by application of a microwave pulse reso-
nant with the T, —T, ODMR transition of subensemble
IL, in the presence of a magnetic field of 30 G along the
[111] direction. The polarization direction of the excita-
tion light is along the [111] axis, so that the N-V centers
belonging to subensemble II have their molecular main
axes tilted by 109° 28’ from the polarization direction. As
is illustrated in Fig. 4, the microwave recovery is faster
for subensemble II than for subensemble I, for which the
polarization direction is parallel to the [111] axis. This
agrees with the polarization dependence of the excitation
rate already noted for subensemble I. Thus subensembles
I and II have different excitation rates when the polariza-
tion direction of the excitation light is along the [111]
axis. As a result, the spin temperatures of the two suben-
sembles become different upon cw optical excitation.

B. CR effect on optically detected
microwave recovery transients at zero magnetic field

In zero magnetic field, N-¥ center subensembles I and
IT become magnetically equivalent; i.e., the energy sepa-
rations of the ground-state triplet sublevels become equal.
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The spin temperatures of the two subensembles, however,
will be different when continuous optical excitation with
the polarization direction along the [111] axis is applied,
as has been discussed in Sec. IV A. As a result, CR takes
place between the two subensembles I and II. The effects
of CR on the fluorescence intensity and spin dephasing
rate have been studied in a previous paper.’ Here we
study the effect on the microwave recovery rate, which
directly reflects the energy-transfer rate due to CR.

The microwave recovery at zero magnetic field was
measured using microwave pulses resonant with both
subensembles I and II, at a frequency of 2880 MHz. A
typical recovery transient is shown in Fig. 4 (curve d),
which is fitted by a biexponential function

—A,t —A_t

I(t)—I(w)=—E e —E_e . (26)

The experiment was performed for a series of laser excita-
tion powers, and the obtained rates A, and A_ are plot-
ted in Fig. 5(a) as a function of the laser power. The mi-
crowave recovery rates strongly depend on the laser
power because they reflect the population relaxation rates
of the ground-state triplet sublevels, and therefore the
recovery rates increase with increasing laser power.
When the values of A, and A_ are extrapolated to zero

A (102 s-1)

.’QQ’§0§+
1 1 |

A(102 s-1)

01 0.2 03 04 05 06
P(W)

FIG. 5. Excitation laser power dependence of the decay rate
constants of biexponential (A,,A_,AT ,A") and monoexponen-
tial (A!) microwave recovery transients. (Excitation light polar-
ization) ||[111]. (a) H=0 G and (b) H=30 G along [111]. The
solid lines are the calculated ones using Egs. (9) and (25) with
parameter values given in the text. The dashed line for AY is
the best fit of the data points to a linear function.
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laser power, A, takes a finite value of (2.7X0.4)X 10?
s~ ! whereas A_ becomes zero. The residual recovery
rate of A at zero laser power indicates the existence of a
population relaxation process which is not induced by op-
tical excitation. As will be shown in Sec. IV C, the resid-
ual value of A, at the zero laser power is substantially re-
duced in the presence of a magnetic field of 30 G. In this
case subensembles I and II are no longer magnetically
equivalent, and CR cannot take place between them.
Thus the presence of a nonzero value for A, in the case
of zero magnetic field shows that in zero field CR dynam-
ics between the two subensembles is probed.

In Sec. IT A the CR effect on the microwave recovery
transient at zero magnetic field has been analyzed using a
triplet-state kinetic scheme. The analysis of Sec. II A
shows that the values of A, and A_ become (1+1/p)W
and O, respectively, in the case of vanishing optical exci-
tation rates. Here W denotes the CR rate of the triplet
spins in subensemble I [cf. (Eq. (3)], and p is the ratio of
the spin numbers belonging to subensembles II and I,
which takes a value 3 in the present case. The expected
behaviors of A, and A_ in the limiting case of the zero
excitation rates are exactly as observed in the microwave
recovery experiments and are shown in Fig. 5(a). From
the residual value of A, at the zero laser power, the CR
rate is estimated to be (2.0+0.3)X 10% s~!. The kinetic
analysis presented in Sec. II A also shows that the ratio
E, /E _ of the amplitudes of the two exponential com-
ponents in Eq. (26) becomes zero in the limiting case of
zero laser power [cf. Eq. (14)]. This is in fact observed in
the present experiment, as is shown in Fig. 6(a). In Fig.
6(a) it can be seen that the ratio E, /(E, +E_) de-
creases steeply as the laser power decreases below 0.2 W.
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FIG. 6. Excitation laser power dependence of the ratio of the
amplitudes E , and E _ of the two exponential components of a
biexponential microwave recovery. (a) H=0 G and (b) H=30
G along [111].
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Thus the experimental results in the limit of the zero
laser power are satisfactorily explained on the basis of a
CR process between the two subensembles I and II, and a
CR rate of (2.0+0.3)X10% s ! is estimated. A more de-
tailed comparison between the experimental results and
the kinetic analysis in Sec. II will be given in Sec. IV D.

It is noted that the residual value of A, in the limit of
zero laser power in Fig. 5(a) cannot be attributed to spin-
lattice relaxation. In the event of spin-lattice relaxation,
A_ must have the same residual value as A, and
E_ /(E,+E_) does not become zero. This is seen
directly as follows. The N-V center in each subensemble
consists of three energy levels at zero magnetic field, i.e.,
two sublevels of the axially symmetric ground triplet
state and an excited state. Because of the restriction that
the total spin number be constant, there are two indepen-
dent variables, e.g., N} and N! in Sec. Il A. Thus the mi-
crowave recovery transient of each subensemble becomes
a superposition of two exponential curves:

Fie M4 Fe " (a>>1,).

The recovery rate A, is solely determined by the decay
rates of the excited state of the N-V center, while A, is
determined by the optical excitation rate and spin-lattice
relaxation rate. The first term F exp(—A;t) can be
neglected since it decays much faster than the time reso-
lution of the experiment presently considered. Thus the
observed microwave recovery transient of each suben-
semble becomes a monoexponential curve, and in the
present experimental results, the exponential components
with the rate constants of A, and A_ are attributed to
subensembles II and I, respectively. Since the two suben-
sembles must have almost the same spin-lattice relaxation
rate, A, and A_ must have almost the same residual
value in the limit of zero laser power. Furthermore, the
amplitude E , of the exp( — A t) component must always
have a larger value than the amplitude E_ of the
exp(—A_t) component because subensemble II has a 3
times larger spin number and a much larger optical exci-
tation rate and, as a result, a larger contribution to the
emission intensity than subensemble I. It is therefore
concluded that the observed residual value of A, with the
zero laser power in Fig. 5(a) is not due to spin-lattice re-
laxation and that spin-lattice relaxation is a much slower
process at the lattice temperature of 1.4 K.

The CR rate at zero magnetic field has also been mea-
sured for the diamond crystal B.>*® From a comparison
of the HED rate constants of the N-V centers in samples
A and B, we find that crystal B contains a 5 times lower
concentration of N-V centers than crystal 4. Crude esti-
mates based on EPR intensity measurements are in agree-
ment with this concentration ratio. From the extrapolat-
ed value of (0.7+0.3) X 10% s ! for A as the laser power
goes to zero, the CR rate is estimated to be
(0.540.2)X 10% s~ ! for crystal B, which is about 4 times
slower than the CR rate for crystal 4, in agreement with
the N-V center concentration ratio. An equivalent exper-
imental result for crystal B has already been reported'’
using adiabatic fast-passage experiments instead of mi-
crowave recovery techniques. In the adiabatic fast-
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passage experiment,!” the extrapolated value of A, to
zero laser power is about 0.7X 10> s !, in agreement with
the present result, although the meaning of this finite ex-
trapolated value of A, was not discussed in Ref. 17.

C. N-V center kinetics in the absence of CR

In a magnetic field of 30 G along the [111] axis, suben-
sembles I and II are no longer resonant, and therefore
CR does not take place between them. In the presence of
this magnetic field, the microwave recovery transient was
observed with the polarization of the excitation light
along the [111] axis. Typical recovery transients were al-
ready shown in Fig. 4 when the microwaves are resonant
with the T\, —T, ODMR transition at frequencies of
2.95 and 2.89 GHz of subensembles I and II, respectively.
For subensemble I the microwave recovery transients are
fitted to a monoexponential function with a rate constant
AL, and the obtained value for A! is plotted in Fig. 5(b) as
a function of the excitation laser power. A!shows a linear
dependence on the laser power and is extrapolated to
zero when the laser power goes to zero. This is as expect-
ed because in a magnetic field of 30 G subensemble I does
not take part in any CR process with subensemble II or
with g =2 doublet spin species. For subensemble II the
microwave recovery transient is fitted to a biexponential
function with rate constants Al and A!'. The values of
Al and Al are plotted in Fig. 5(b). Both Al and A!
show linear dependences on the laser power. From Fig.
5(b) it can be seen that when the laser power goes to zero
Al is extrapolated to (1.0+0.3)X10% s~ !, which indi-
cates the existence of a residual population relaxation
process other than optical excitation. This extrapolated
value of A, however, is significantly smaller than that at
zero magnetic field, at which it is (2.740.4)x10* s~ 1.
The difference between the extrapolated values at 0 and
30 G is certainly due to the fact that in zero field CR
occurs between subensembles I and II.

The ratio EY /(E1 +E") of the amplitudes of the
two exponential components of the microwave recovery
transient for subensemble II is plotted in Fig. 6(b). It is
seen in Fig. 6(b) that this ratio does not exhibit any
significant decrease at low laser power in contrast to the
result shown in Fig. 6(a). This result is also in agreement
with the conclusion of Sec. IV B, that the residual popu-
lation relaxation observed at zero magnetic field is due to
CR between subensembles I and II.

The residual population relaxation rate for subensem-
ble II in a magnetic field of 30 G is approximately 1X 102
s~ !, as determined from the extrapolated value of A to
zero laser power in Fig. 5(b). This relaxation process may
be due to CR inside subensemble II. If all the N-V
centers belonging to subensemble II have identical optical
excitation rates, the flip-flop (or CR) processes inside
subensemble II would not be detected by a microwave
recovery experiment because such flip-flop processes do
not change the emission intensity. However, if there is a
distribution in the optical excitation rates of the N-V
centers in subensemble II, the energy transfer by the flip-
flops inside subensemble II causes a change in the emis-
sion intensity and can, in principle, be detected. The fol-
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lowing possibilities for the origin of the disparity in the
optical excitation may be mentioned. (i) There is a small
misalignment of the polarization direction from the [111]
axis so that the three different sites belonging to suben-
semble II shown in Fig. 1 are not optically equivalent. (ii)
There is an intrinsic inhomogeneity in the optical excita-
tion rate of N-V centers. (iii) The excitation light intensi-
ty is inhomogeneous in the crystal. In any case a detailed
analysis of the triplet-state kinetics becomes much too
complicated and is beyond the scope of this paper.

D. Influence of the laser power on N-¥ center spin kinetics

In this subsection the laser power dependences of the
experimentally obtained rate constants shown in Fig. 5
are considered on the basis of Egs. (9) and (25). At zero
magnetic field, the rate constants of the biexponential mi-
crowave recovery are expressed by Eq. (9), which con-
tains three parameters K!=(k!+akl)/(1+a),
K'=(k"+akl)/(1+a), and W. With the magnetic
field of 30 G, the rate constants A"} and A!! for subensem-
ble II are expressed by Eq. (25), which contains four pa-
rameters ki, kg, k}, and . For subensemble I, in a
magnetic field of 30 G, a monoexponential microwave
recovery is observed, which means k! =k}, as has been
discussed at the end of Sec. IIB. In this case the
monoexponential recovery rate becomes Al'=(k!
+2£'kL)/(1+2€") from Eq. (25). Since the T, and T
sublevels in a field of 30 G become degenerate at zero
magnetic field, it is a reasonable assumption that
k=(ky+kp)/2=k}, k{'=(kj+kg)/2, ki=k},
k£[=k§,1, and a=2§1=2§H=2§. Thus we have six pa-
rameters K|, k%, kj, kI, W, and £ to explain all the
recovery rates shown in Figs. 5(a) and 5(b). Since the op-
tical excitation rates depend linearly on the laser power,
the six parameters are rearranged as follows: k. /K%,
ki /K%, KkY/K], C=K}/P, W, and £, where P
represents the laser power in watts and C is the propor-
tionality constant. The solid lines in Fig. 5 are calculated
using the following values for the parameters:
kD /K1 =14, kg /K1=8.2, k' /K| =9.6, C=4.5X10’
sTIw™lL w=2.0%x10%> s7!, and £=0.1. As is seen in
Fig. 5, Egs. (9) and (25) on the whole can satisfactorily ex-
plain the experimental points, although the agreement is
less for A_ at zero magnetic field and for Al at a magnet-
ic field of 30 G. It is concluded that the kinetic analysis
presented in Sec. II A correctly predicts the special effects
of CR on the microwave recovery kinetics near zero laser
excitation power, whereas qualitative agreement is ob-
tained for the results under conditions of finite laser
power. One possible reason for the slight disparity with
the experimental results in the latter case may be due to
the distribution of the optical excitation rates within each
subensemble, as discussed in Sec. IV C.

E. CR between N-V center and g =2.00 doublet species

In a magnetic field of 514 G applied along the [111]
crystallographic axis, the N-V center subensemble I and a
g =2.00 doublet species become resonant and CR takes
place. A typical g =2.00 doublet species in diamond is
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the P, center,'® 2 which consists of a single isolated ni-

trogen atom substitutional for a carbon atom. CR with
the P, center is reflected as a sudden change in the emis-
sion intensity of the N-V center accompanied by
hyperfine splittings originating from the P, centers.
However, CR with the g =2.00 doublet species did not
affect the spin-dephasing rate measured by spin-echo
techniques. In this paper the effect of the CR with the
g =2 doublet species is examined by the optically detect-
ed microwave recovery experiments. It must be noted,
however, that the present study is for crystal 4, whereas
the results reported in Ref. 3 are for crystal B. In the two
crystals, both the g=2 doublet species and the N-V
centers may have different concentrations.

The microwave recovery experiment was performed
using microwaves resonant with the 7, —7, ODMR
transition of subensemble I. The polarization direction of
the cw optical excitation light was perpendicular to the
molecular main axis of subensemble I, i.e., a [011] direc-
tion, because this polarization direction provides faster
excitation rates and a stronger emission intensity for
subensemble I. The microwave recovery transients ob-
tained in this way are shown in Fig. 7 for magnetic-field
strengths outside (curve a) and within (curve b) the CR
region. From Fig. 7 it is clearly seen that the microwave
recovery rate becomes substantially larger under CR con-
ditions.

The experiment was performed for a series of
magnetic-field strengths, using a constant laser excitation
power. The microwave recovery transient is well fitted to
a biexponential function [Eq. (26)] for all magnetic-field
strengths, and the obtained rate constants A, and A _ are
plotted in Fig. 8. It is seen in Fig. 8 that A, is enhanced
at the CR region, while A_ takes an almost constant
value. This result is well explained by the approximate
formula Eq. (24), which was obtained from the kinetic
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FIG. 7. Optically detected microwave recovery transients of
the N-V center in subensemble I. Excitation laser power, 0.5 W;
(laser polarization) L [111]. H=472 G (curve a) (outside the CR
region) and H=514 G (curve b) (center of the CR region).
H||[111]. Drawn curves are best fits to a biexponential func-
tion.
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FIG. 8. Decay rate constants A, and A_ of the biexponential
microwave recovery transients as a function of the external
magnetic-field strength. HJ|[111].

analysis in Sec. II B. Equation (24) states that the CR
rate W is obtained from the difference of the A, values
inside and outside the CR region. Since the value of A
is (1.56+0.10)X 10* s ! at the center of the CR region
and (0.65+0.10) X 103 s~ ! outside the CR region, the CR
rate is estimated to be (9.14+1.4)X 10%s™ !,

V. DISCUSSION

By means of microwave recovery experiments, a CR
rate of (2.040.3)X 10> s~ ! was estimated for the CR be-
tween the two subensembles I and II of N-V centers and a
rate of (9.1+1.4)X10? s~! for the CR between suben-
semble I of N-V centers and a g =2.00 doublet species.
These values are in quite good agreement with the CR
rates estimated previously!! for the 2.818-eV center excit-
ed triplet state in crystal 4, namely, (5.0+1.5)X10? s~
for the CR between the 2.818-eV and N-V centers and
(8.0£2.5)X10% s~! for the CR between the 2.818-eV
center and g =2.00 doublet species. This agreement is
reasonable because, if all spin species are randomly distri-
buted in the crystal, N-V and 2.818-eV center spins ex-
perience, on the average, the same dipolar interaction
from their surroundings.

In the following the present result is compared with
the spin-echo results reported in Ref. 3. Since the results
in Ref. 3 are for crystal B, the discussion should be re-
stricted to the results for the same crystal. The CR rate
obtained by the microwave recovery experiments for
crystal B is 0.5X10* s~ ! for the CR between the N-V
center subensembles I and II. On the other hand, the
Hahn echo decay (HED) rate is enhanced from 1.3 X 10*
to 2.5X10* s7!, the stimulated echo decay (SED) rate
from 1.3X10° to 3.3 10% s !, and the spin-locking echo
decay (SLD) rate from 2.4 X 10% to 5.3 X 10 s ! as a re-
sult of CR between subensembles I and I1.»* Thus the
time scale of the CR effect in the microwave recovery
transients differs appreciably from that in the spin-echo
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decays. A similar time-scale difference between the CR
effects in the microwave recovery and spin-echo decay
has been reported for the CR between F,>* and F* de-
fects in Ca0.?! The origin of this difference is discussed
in the following.

First, the origin of the optically detected microwave
recovery is considered. The microwave recovery results
from population relaxation processes after initial distur-
bance of the spin-level populations by a microwave pulse.
Possible causes for this population relaxation are optical
excitation, CR due to spin flip-flops, and spin-lattice re-
laxation. We restrict ourselves to a discussion of the spin
flip-flops. Flip-flops only contribute to the microwave
recovery rate when the spin species participating in the
flip-flop process have different optical excitation and
emission rates. Thus the spin flip-flops occurring be-
tween subensembles I and II are detected by the mi-
crowave recovery experiment only because the two
subensembles have different optical excitation rates.
Therefore spin flip-flops within subensemble I are not
detectable because the participating spins have identical
optical properties. Similarly, flip-flops between the N-V
center triplet spins and the g =2 doublet spins are detect-
able by the microwave recovery experiment since the
doublet species obviously has different optical properties.
It is important to note that the microwave recovery rate
directly reflects the energy-transfer rate, or the popula-
tion relaxation rate, due to the flip-flop process. Thus the
CR rate of 0.5X10% s~! obtained from the microwave
recovery experiment is a mean spin-flipping rate of one
spin belonging to subensemble I by the flip-flops with
spins belonging to subensemble II. It is noted that, since
subensemble I contains less spins than subensemble II by
a factor of 1, the flip-flop rate between two spins belong-
ing to subensemble I must be slower than 0.5X 102 s™!
although it is not detectable by the microwave recovery
experiment (assuming there is no inhomogeneity in the
optical properties within subensemble I). Similarly, the
flip-flop rate of one spin in subensemble II must be of the
order of 0.5X 10%s™ !,

Now the CR effects on the spin-echo decay rates are
considered. In case of the optical detection of spin coher-
ence,"%* a 7/2—r—mw—7—m/2 microwave-pulse se-
quence is used for the observation of HED signals and a
m/2—7—1w/2—T—m/2—7—w/2 sequence for the ob-
servation of SED transients. In the case of SLD observa-
tion, a w/2—7—m /2 pulse sequence is used and the mi-
crowave polarization is phase shifted by 90° during the
period between the two 7 /2 pulses in order to inhibit free
induction decay.?® The final 7 /2 pulse in the three exper-
iments is a probe pulse for optical detection of the
echoes.???® As is usually the case, we define 4 spins as
the probe spins which are excited by the microwave
pulses and B spins as the nonexcited spins. The spin-
dephasing rates observed in the spin-echo experiments
are determined by the fluctuation frequency of the local
field at each A-spin position. The local-field fluctuation
at each A-spin position is produced by the spin flips of
the surrounding spins. In the case of the SLD, the flip-
ping of the probed A spin itself also contributes to the
echo decay because the pure dephasing due to the local-
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field fluctuation is suppressed by the locking field. Con-
sider the case when the two subensembles I and II are not
resonant and the spin-echo experiment is performed for
subensemble I. Since the Rabi frequency (=3 MHz) of
the microwave is much smaller than the inhomogeneous
width of subensemble I (=15 MHz), only a small fraction
of the spins in subensemble I is excited (A4 spins). B
spins, on the other hand, consist of the nonexcited spins
in subensemble I and all the spins in subensemble II.
Contributions of dipolar interactions between the N-V
centers and g =2 doublet spins can be ignored because
the spin-dephasing rate of N-V centers in crystal B is to-
tally determined by the dipolar interaction between N-V
centers themselves.® Also, the spin-lattice relaxation can
be neglected at the present lattice temperature, as has
been discussed in Sec. IVB. The flipping rate of each
spin, as determined by dynamic dipolar interactions,>!! is
0.5X10% s™! for each 4 or B spin or slower, as was dis-
cussed above. Since each A spin is surrounded by many
B and A spins, the fluctuation frequency becomes the
spin-flipping rate k4 of each surrounding spin times the
effective surrounding-spin number N . We define a dis-
tance R,,, as the maximum distance between the probed
A spin and a surrounding spin for which the spin flip still
can contribute to the dephasing of the probed A spin.
N equals the number of spins inside a sphere of radius
R .- Thus, although the local-field flipping rate is about
0.5X10% s~! or slower, the spin-dephasing rate becomes
much faster.

The difference between the HED and SED rates is ex-
plained by a difference in R, ,,. Relatively speaking, only
the larger local-field fluctuations contribute to SED. Ac-
cordingly, R, becomes smaller in the case of SED be-
cause only the spin flips of nearby spins give rise to the
larger fluctuations. Thus N becomes smaller for SED,
and the SED rate becomes smaller than the HED rate.
In the SED experiment, 1/(27) roughly determines the
minimum fluctuation of the resonance frequency that
contributes to the spin dephasing,®?*?> where 7 is the
time separation between the first two 7 /2 pulses. Since
the SED experiment in Ref. 3 was performed with 7=3.0
us, only resonance-frequency fluctuations larger than
about 150 kHz contribute to the SED decay. In this case

R .. becomes about 70 A. The observed SED decay rate
of 1 3% 10° s~ ! implies that N =20 since kq=0.5X 102

. Thus 20 N-V centers exist in a sphere of radius 70
A which corresponds to a spin density of about 1X 10'°
cm 3, which agrees with the nitrogen impurity concen-
tration of 10"8-10' cm~? in sample B.”® In the case of
HED, N is estimated to be about 200 from the observed
HED rate of 1.3X10* s™!. Using the latter value, the
minimum resonance-frequency fluctuation that contrib-
utes to the HED is estimated to be about 15 kHz. Simi-
larly, the minimum resonance-frequency fluctuation that
contributes to the SLD is roughly determined? by v, /2,
where v, is the Rabi frequency corresponding to the mi-
crowave locking field. Since v,=3 MHz in the experi-
ment reported in Ref. 3, the minimum fluctuation for the
SLD becomes about 1.5 MHz, which corresponds to
N s=2. Thus only the nearest few surrounding spins
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contribute to the SLD signal, and the SLD rate becomes
two orders of magnitude smaller than the HED rate, as
actually observed in the experiment, the observed SLD
rate being 2.4 X 10%s ™.

Finally, the CR effects on the spin-echo decay rates are
considered. When the two subensembles I and II are res-
onant, the microwave pulses excite spins of both suben-
sembles. Thus the A4 spins include spins in subensemble
IT as well as spins in subensemble I. In analogy to the
case of no CR, the dephasing rate of A4 spins is deter-
mined by the fluctuation frequency of the local field at
each A-spin site, kg X N 4. The difference in the case of
no CR is that k4 is enhanced because of the CR between
subensembles I and II. Thus, although the enhancement
of the flip rate k4 due to CR is only on the order of 10?
s~ !, this enhancement results in one or two orders larger
enhancement in the spin-echo decay rate depending on
the value of Nt In conclusion, a consistent picture can
be given for the influence of CR on the spin dynamics
probed in the microwave recovery and spin coherent
transient measurements, respectively.

VI. CONCLUSIONS

At zero magnetic field, the microwave recovery tran-
sients observed for the N-V center in diamond can be
fitted to a biexponential, which is characterized by two
decay rate constants A, and A_ [cf. Eq. (26)]. The extra-
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polated value of A, in the limit of zero laser excitation
power is finite, while A_ is extrapolated to zero [Fig.
5(a)]. This agrees with the analysis of the triplet-state ki-
netics in Sec. IT A, taking CR effects into account. The
extrapolated value of A, represents the rate for CR be-
tween the two subensembles I and II. The estimated CR
rate is W =(0.2+0.3)X 10> s~'. Subensemble I also
takes part in CR with an ensemble of g =2.00 doublet
spins when a magnetic field of 514 G is applied along the
[111] crystallographic axis. In this magnetic field, the mi-
crowave recovery of subensemble I becomes faster (Fig.
7), and the CR rate is estimated to be
W=(9.1+1.4)x10> s~'. The CR dynamics as deter-
mined from the microwave recovery experiments is
representative of the mean flip-flop rate of each spin
within the optically excited subensemble. The CR effects
observed in the spin coherence experiments reported else-
where>* are representative of the local-field fluctuations
at the probed spin site and not of the flip-flop rate of the
probe spin itself.
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