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Upon the cw optical excitation of N-V centers in diamond, a spin alignment in the ensemble of
nonexcited N- V defects in the electron spin-triplet ground state is induced. When the diamond sam-
ple is subjected to magnetic fields of suitable directions and strengths, cross relaxation (CR) and lev-
el anticrossing are found to affect the ground-state spin alignment as well as the intensity of the
emission due to the photoexcited N-V centers. In this paper, a study of the dynamics involved in the
cross-relaxation and autocrossing processes is reported, utilizing techniques for the optical detec-
tion of spin-coherent transients. A major finding is that when CR conditions prevail, the stimulated
spin-echo and spin-locking signals decay at a rate about three times faster than in the situation in
which CR does not occur. The results are accounted for by considering the magnetic dipole-dipole
interactions within the ensemble of N- V centers in the triplet ground state in a memory function ap-
proach.

I. INTRODUCTION

The N- V center in type-Ib diamond consists of a substi-
tutional nitrogen atom adjacent to a carbon atom vacan-
cy containing one electron. ' The center gives rise to a
zero-phonon line, peaked at 638 nm, with a phonon side-
band to higher and lower energy in low-temperature ab-
sorption and emission, respectively. Whereas previous
EPR results seemed indicative of a spin-singlet ground
state and a metastable triplet excited state for the N-V
center defect, ' recent two-laser hole-burning results
gave evidence for a triplet-spin ground state ( A)." Opti-
cally detected spin coherence and optical hole-bleaching
experiments in the presence of a magnetic field further
substantiated that the N- V center has an electronic triplet
ground state.

In this paper, we report on cross-relaxation (CR) and
level-anticrossing (LAC) effects observed in the optical
emission of the N-V center when the magnitude of an
externally applied magnetic field is swept. It is discussed
that upon optical pumping the N-V center a spin align-
ment in the triplet ground state is produced and that this
spin alignment is relaxed when for certain magnetic field
strengths the N-V centers become resonant with defects
of a different spin temperature.

The dynamics of the CR process is examined by means
of time-resolved spin-coherent transient measurements of
the N-V center in its triplet ground state. In the experi-
ments use is made of techniques for the optical detection
of spin coherence. The techniques are well known in
studies of excited state dynamics. Here we show that the
method is also applicable in the case that the molecular
defect has a triplet ground state and a luminescent excit-
ed state. The idea is simply that the laser-induced spin
alignment in the ensemble of N-V centers in the triplet
ground state is, upon the application of a microwave ~/2
pulse resonant with the zero-field triplet-spin transition of
the N Vcenter (D =2.88-GHz), partly converted into
spin coherence. Time-dependent interactions give rise to

a loss of the phase coherence. After the elapse of time,
the residual coherence is converted back into a spin align-
ment by means of a final microwave vr/2 pulse (the probe
pulse). In general, the initial and final spin alignments
will thus be different. In turn, the generated change in
the ground-state spin alignment will effect a slight change
in the population of the fIuorescent excited state when
the N-V defect system is continuously optically pumped
by the laser. The ensuing change in the Auorescence in-
tensity of the N-V center thus is representative of the
temporal behavior of the spin coherence of the N-V
center system.

In this work, the coherence experiments include the
measurement of stimulated spin-echo decays (SED) and
spin-locking decays (SLD) for the N Vcenter sys-tem in
magnetic fields along [111] and [001] crystallographic
directions. A main result is the enhancement of the SED
and SLD rate constants by a factor of about 3 when mag-
netically inequivalent N-V centers become resonant. The
spin dynamics results are, as in related work, ' discussed
using a memory-function approach. ' In Sec. II, it is re-
viewed which terms in the magnetic dipole-dipole in-
teraction between the spin-coherent N-V centers and the
resonantly coupled (nonexcited) N- V centers contribute
to the relaxation of the spin coherence. We find that the
experimental results (cf. Sec. IV) can be satisfactorily ex-
plained by an explicit consideration of the "dynamic"
secular terms of the dipole-dipole interaction among reso-
nant N-V centers (Sec. V).

II. MEMORY-FUNCTION APPROACH
FOR CR DYNAMICS

In considering the decay with time of the probed spin
coherence components, S3 and S, in the SED and SLD
experiments, respectively, we make use of a Zwanzig-
Mori projection-operator formalism. ' In this formalism,
the time development of the spin magnetization S, is
governed by an equation of motion of the form ' "
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(S, )= Tr(PS, )=pp —
p p, (2b)

and

( S3 ~
= Tr(pS3 ) ppp p (2a)

The memory function K;(t, t') develops in our system
from magnetic dipolar couplings between the probed 1V-V
center triplet spins (henceforth called A spins) and ran-
domly fluctuating distant N Vce-nter triplet spins (called
B spins). The observables S3 and S, are in the a-, f3-, y-
matrix notation defined as

where the A-spin levels a, /3, and y are as in Fig. 1(a).
Previously, expressions for the memory function have

been derived for the case of magnetic dipolar couplings
between defects in a photoexcited triplet state and defects
in an electron spin-doublet ground state. ' Analogous-
ly, we consider now the memory functions for the observ-
ables (S3(t)) and (S,(t)), arising from dipolar interac-
tions between 3 and B triplet spins.

We have

Tr[[S, , H(t)] exp( iH~t,—)[H(t'), S;]exp(iHst, ) j

Tr(S;S; )
(3)

where

H(t) =H~~(t)+H~,

H„~(t)= g h„s(t),
A, B

h~s d sS ~(t)+d»Syq(t)+d ~$ ~(t)

with

(4)

d„s —[( 1 —3X~s )S~~ —3X„sY~~ Sy~
—3Z ~sX„sS,s ]

X(gag&P&/rzz )

and analogous expressions for dyB and dzB XABy YABp
and ZAB denote the direction cosines of the AB axis with
respect to the A-spin triplet fine-structure axes. HA and
HB represent the total spin Hamiltonians for the ensem-
bles of A and B spins, respectively. For axially sym-
metric triplet 3 and B spins, the memory functions of in-
terest here become

and

K, (t, r')- g [[(d ~d„~(r, ))+(d»d»(t, ))](cosco rt, +4coscopzt, )
A, B

+[(d zd z(t, )) —(d zd z(t, ))]( sinco t, —4sincop t, )I (9)

K, (t, t') —g [[(d sd„s(t, ))+(d sd J3(t, ))]( cosco t, +2coscoprt, )+2(d sd ~(t, ))
A, B

+[(d»d ~(t, )) —(d ~d z(t, ))]( since r, —2sincop t, )I, (10)

where co ~ and co&~ refer to the 3-spin resonance frequen-
cies [cf. Fig. 1(a)], and

(d„zd z(t, ) ) = Tr[d z exp( iH&t, )d z ex—p(iHst, )]

with analogous expressions for the other B-spin time
correlation functions.

The B-spin auto- and cross-correlation functions in-
volving d B and d B oscillate at the B-spin resonance fre-
quencies. In the general case that 3 and B spins are non-
resonant (i.e., A and B spins belong to magnetically ine-
quivalent sites for the system in a magnetic field), multi-

plication of the B-spin correlation functions with the 2-
spin oscillatory factors in Eqs. (9) and (10) yields products
that are still oscillatory at frequencies corresponding to
the sum and differences of 2 and B spin frequencies.
After summation over all A, B pairs in Eqs. (9) and (10)
their contribution to the memory function then rapidly
dies out. In the event, however, that the A and B spins
are resonant, the time correlation functions of the B spins
contain Fourier components at a frequency of cu

&
and/or

co&&. Ensemble averaging then yields "dynamic" secular
terms to K, (t, t') and an enhan. ced relaxation rate corre-
sponding to cross-relaxation emerges.

To further evaluate the contribution of the various
terms in Eqs. (9) and (10), it is remarked that the ensem-
ble of B spins (which cause the A-spin relaxation) consists
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of X-V center defects with main axes along the same
directions as the A spins, and of B spins for which the
spin axes are oriented along different directions. When a
magnetic field along the [111]direction is applied, the
former subensemble (henceforth labeled as subensemble I)
will form the ensemble of magnetically equivalent defects,
whereas the lat ter subensemble (labeled II) will be
comprised of all other defects (the magnetically ine-
quivalent B-spin defects characterized by z" axes at an
angle of 8=109 28' turned away from the A-spin z'
axis). The relative orientation of the fine-structure main
axes of members of subensembles I and II is given
schematically in Fig. 1(b). The N Veen-ters possess axial
local symmetry and hence the y' axis of the fine-structure
tensor can be picked arbitrarily in a plane perpendicular
to z', the same applies for y" with respect to z '. We
choose y and y

" to coincide so that y ' =0. The
memory functions may now be written as

K, (t, r') =K'+K. (12)
0.5 1,0

H(kG)

In Eq. (12), K has a form as in Eq. (9) or Eq. (10) with
the limitation that the summation is restricted to magnet-
ically equivalent A and B spins belonging to subensemble
I only; likewise, K,'" is of the form of Eq. (9) or Eq. (10),
but now the summation involves A spins of subensemble
I and fluctuating B spins belonging to subensemble II.
Note that when H~~[111], the number of spins in suben-
semble II is three times the number of spins in subensem-
ble I.

When the magnetic field is such that otherwise magnet-
ically inequivalent A and B spins become accidentally de-
generate in energy, cross relaxation is expected to
enhance the spin dynamics. Evidently, with reference to
Eq. (12) and the aforementioned discussion, we anticipate
that the dynamics enhancement is characterized by the
K ' term in Eq. (12) which, when the A and 8 spins are
resonant, is no longer averaged out. To calculate the rel-
ative change of K;(t, t') due to CR, we have to consider
the correlation functions as they appear in K,. and K

To this end, we first consider K,.". The B-spin correla-
tion function (d kaid, Ii(t, ) ) takes the form

$001) &L

[010]

Pooj (b)

FIG. 1. (a) Magnetic field dependence of triplet sublevel en-
ergies for the magnetic field oriented along a [111]crystal axis
in the X-V center subensembles I and II. co &, co ~, and co&~

denote resonance frequencies for subensemble I. Magnetic field
strengths relevant for IVV-P1 and XV-XV cross relaxation, and
level anticrossing, are as indicated. (b) Relative orientation of
X-V center main axes in subensembles I and II. 0= 109 28'.

(d ~d„ii(t, ) ) =[(1—3X ~)ii(S„AS„ii(t,) ) +9(X„~Z~ii ) (S~S~(t, ) )

—3( 1 —3X„ii)X~iiZ„ii ( S~~S„ii( ~, ) ) —3( 1 —3X„~)X„iiZ~ii ( S„iiSki ( r, ) ) ] .

The contribution of Eq. (13) to K " involves 8 spins of subensemble II, thus transformation of (S,AS ii(t, ) ) in Eq. (13)
into the B-spin main axis frame xB",yB ', zB"yields

(S„~S„~(t,))=(S,'~S,'~(t, )) sin 8+(S„'~S„'~(t,)) cos 8 (S,'~S,'~(—t, )) sin8cos8 —(S'~S'~(t, )) sin8cos8, (14)

where 0, the angle between the z axis of the A spin of su-
bensemble I and the z axis of the B spin of subensemble
II, equals 109'28', and

S,'~(r, ) = exp( iH~r, )S,'~ exp(iH~r, ), — (15)

Hz being, as before, the full spin Hamiltonian for the

triplet B spin. Similarly, the other correlation functions
of Eq. (13) may be rewritten in terms of the B-spin opera-
tors of the main axes system of the B-spin site. Substitu-
tion of Eq. (14) and the other rewritten correlation func-
tions in Eq. (13) results in a transformed form of
(d„kaid ii(t, )) which contains no other correlation func-
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Memory-function
component

E3
EI, II

3'

E',
E I, II

1

TABLE I. Expressions for the 8-spin factor appearing in E and E

Typical form of terms
to be summed in Eqs. (9) and (10)'

5[(1—3X2„s) +1]
5[—,'(1 —3X~s) +8X„'sZ~s —

—,i 2{1—3X„'s)XgsZ„~+1]
3[( 1 —3X„~) +2{1 —3Z~s )2]

3[—,'(1 —3X&z) +8X&gZgg —
—,&2{1—3Xgs)X„sZ„~+1]

+2[ 9 ( 1 —3Z~s 1 + 8X~~ Z„~ —
—,V2{1 —3Z„s )X„sZ~~ ]

Average value of
memory-function
component (E;)"

72m

(584/9)n
56m

(440/9)m

r3=(E '+3K '")/E '=-3 7
r =(E '+ 3K '")/E ' —=3 6

'This column was obtained assuming (SsS~{t, ) ) =- (S sSs{t, ) & coster, —= (SysSy~{ t, ) & cosset„and deleting the factor
k =(S,sS,~{t,) & common to all terms in Eq. (9) or Eq. (10).
bAverage value {I;)was obtained as E; = IE; sin8 d ed', where IC; takes the forms as given in the second column.

tions (in the 8-spin main frame) than those already men-
tioned in Eq. (14). Eventually, the function (d ~d ii(t, ) &

when substituted in K ' has to be multiplied with oscil-
latory factors containing A-spin frequencies and the sum-
mation over all A and B spins has to be performed. Thus
all correlation functions appearing in (d„sd,s(t, ) &

which cannot possibly oscillate at the A-spin frequencies
(whatever the magnitude of the applied magnetic field)
may be left out. In particular this implies that terms con-
taining (S,"S,"( t, ) &, (S"S,' ( t, ) &, or (S,"S„"( t, ) & may
be ignored. Furthermore, since Y~~ =0, one has

Sy~ =Sy~ and

( dy~ dy g (r, ) &
=

& Sy",g,'(t, ) &
= (S.",S,'~i (t, ) & . (16)

The resulting expression for the 8-spin factor appearing
in E;'" is collected in Table I. The procedure for obtain-
ing the contribution of the magnetic interaction between
magnetically equivalent A and B spins to the memory
function E,' is analogous. The expressions obtained for
the 8-spin factors E,.' are included in Table I.

To estimate the relative change of E; in going from a
CR situation (as in zero field) to a non-CR situation (i.e.,
when H is nonzero), the geometrical factors in the expres-
sions in Table I have been averaged by integration of the
direction cosine functions over all possible values of the
orientation of R&z. The averaged results for the various
K; and K,'" components under CR and non-CR condi-
tions are included in Table I also. The memory function
in the presence of CR is proportional to E,'+ 3K ' "since
for the X-V center the number of magnetically ine-
quivalent 8 spins belonging to subensemble II is three
times the number of magnetically equivalent B spins of
ensemble I. It is thus found that the ratio of the memory
functions in the presence and absence of CR, respective-
ly, is given as r; =(K;+3IC )/K;. We conclude that
the estimated CR enhancement factor in the stimulated-
echo decay experiment is r3 =3.7. Similarly, it is estimat-
ed that the CR enhancement factor for the spin-locking
decay rate constant is r, =3.6.

III. EXPERIMENT

The diamond crystal was the same as previously. The
crystal was mounted inside a slow-wave helix immersed
in a pumped liquid-helium bath (T=1.4 K). Optical ex-
citation was at 514 nm using a cw Ar+-ion laser with 200
m%' output power. The fluorescence emitted perpendicu-
lar to the exciting light was focused on the entrance slit
of a Monospek 1000 grating monochromator. Photo-
detection was at 638 nm using a GaAs photomultiplier
tube. The optically detected magnetic resonance
(ODMR) and spin-echo spectrometer used for the optical
detection of spin-coherent transients has been described
previously. Microwave pulse trains at a microwave fre-
quency in the range between 1 and 6 GHz were applied at
a repetition rate of 30 Hz. The microwave-induced
changes in the emission near 638 nm were monitored us-
ing phase-sensitive detection techniques. Magnetic fields
were applied by means of superconducting Helmholtz
coils, immersed in the helium bath, fed by a regulated
power supply.

IV. RESULTS

A. CR and LAC effects in N-V center emission

Figure 2 presents the derivative of the magnetic field-
induced changes in the intensity of the X-V center emis-
sion when the magnitude of a magnetic field along a [111]
direction of the crystal is increased. The signal was ob-
tained using amplitude modulation of the external field
(at a repetition rate of 30 Hz) and applying phase-
sensitive detection of the X-V center Auorescence. Sud-
den changes in the emission intensity are observed when
the magnetic field values become H =514 G, H =600 G,
and H =1030 G, respectively. In Fig. 2(d) the signal
peaking near 514 G is presented on an enlarged scale. In
addition to the main peak at 514 G, hyperfine lines shift-
ed by +15 G, +19 G from the central main peak are
found.

Recently, for exactly the same field strengths, sudden
changes were observed in the intensity of the no-phonon
optical-absorption line when performing optical hole-
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(a) (b) served for the resonance at H =514 G in Fig. 2(d) is
characteristic of hyperfine interactions with the I =1
spin of the nitrogen nucleus in the P, center. '

200 400
I

500 600

900 1000 1100 1200 500 515 530

FIG. 2. Derivative of the intensity changes in the zero-
phonon emission of the N-V center as induced by a magnetic
field. H~~[111]; A(detection)=638 nm; T=1.4 K; amplitude
modulation of magnetic field is 2.0 G (peak to peak) in (a), (b),
and (c), and 0.2 G (peak to peak) in (d). Phase-sensitive detec-
tion is at 30 Hz. (a) Field scan 0—400 G, (b) field scan 450—650
G, (c) field scan 900—1200 G, (d) field scan 485 —545 G.

burning experiments. More specifically, sudden reduc-
tions have been observed in the depth of an optical hole,
burned in the 638-nm absorption line, for the above-given
magnetic field strengths. The optical hole-burning stud-
ies showed the following. (i) When H =514 G, cross re-
laxation involving N-V centers with principal axes along
the magnetic field direction and P, centers takes place.
[A Pt center consists of a substitutional nitrogen atom
and has a net spin of S =

—,
' (Ref. 13).] (ii) When H =600

G, cross relaxation arises because the subset of N-V
centers with their main axes parallel to H becomes reso-
nant with all other (orientationally inequivalent) X-V
centers; the latter have their mair molecular axes at an
angle of 109 28' with respect to H. (iii) When the field is
rotated away from the [111]direction, the magnetic field
can be tuned in such a way that the triplet sublevels of a
specific N-V site are equally spaced. Under these cir-
cumstances, two (out of the three) spin transitions within
the triplet become resonant and an enhanced cross relax-
ation between magnetically equivalent N-V centers is
found. This case will be referred to as autocrossing. (iv)
When H = 1030 G (H~~ [111]),level-anticrossing phenom-
ena occur for those centers with their main axes along H.

The signals of Fig. 2 show that cross-relaxation and
level-anticrossing situations also give rise to abrupt
changes in the N-V center emission intensity. Further-
more, the angular dependence of these signals was found
to follow the anisotropic pattern previously reported for
the hole-burned signal in optical absorption. The
hyperfine splittings of A~~

=39 G and A&=29 G as ob-

B. Optically detected stimulated
spin-echo transients

Time-resolved spin coherence experiments were per-
formed to study the spin dynamics of the CR and LAC
processes. The applicability of techniques for the optical
detection of spin-coherent transients in zero field for the
diamond N-V center system has been established previ-
ously. Here the measurements have been extended in
the presence of magnetic fields along [111] and [001]
directions. First of all, optically detected Hahn echo de-
cay transients were measured in magnetic fields up to
about 1000 G. Unexpectedly, upon the application of
small fields (up to 200 G) strong nuclear modulation
effects were observed in the decay transients. No such
modulations were found in the Hahn echo decay in zero
field. Analysis of the results showed that upon the appli-
cation of a small field, hyperfine interactions due to the
1% abundant ' C (I = —,') spins in the lattice are picked up
by the N- V center triplet spins. A full discussion of these
effects is outside the scope of this paper, however, and
will be presented in a forthcoming paper elsewhere. '

Upon the application of a magnetic field, also the de-
cay kinetics of the Hahn echo amplitude is influenced.
For example, we find that the Hahn echo decays with a
characteristic decay time of about 80 ps when the mag-
netic field has a value such that CR among the N-V
centers is absent. In zero field and when H =600 G,
however, the decay time is reduced to 40 ps. Obviously,
CR appreciably affects the Hahn echo decay rate. As
shown elsewhere, ' the Hahn echo decay kinetics is not
fully determined by the spin-spin interactions within the
N- V centers alone, but, to a large extent, depends also on
the hyperfine interactions within the N-V center. This is
not the case for stimulated spin-echo'and spin-locking de-
cay transients and this is the main reason why in the
remainder of this paper we focus on the SED and SLD
results only.

In the optically detected stimulated spin-echo decay
experiments, a vrl2 r~l2 T~/2 r-~l2 pu-lse seq-uence is
applied, where the final m/2 pulse is meant to optically
probe the residual stimulated echo at 2~+ T, as T is in-
creased. Figure 3 shows the observed stimulated-echo
decay in zero field and f'or fields of 150 G, along [111]and
[001] directions, respectively. Clearly, the stimulated-
echo amplitude decay slows down when a small magnetic
field is applied along the [111] direction; for H along
[001], no significant change in the stimulated-echo decay
rate is observed. These results illustrate the influence of
cross relaxation on the echo decay: in zero field and for
H along a [001] crystallographic axis, i.e., when all X-V
center sites are magnetically equivalent, CR among these
sites contributes to the rate at which the steady state pop-
ulation upon cw optical excitation is achieved. In a field
along the [111]direction, however, (H not equal to 600
G) the majority of N-V centers (namely those with molec-
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FIG. 3. Optically detected stimulated-echo decay curves for
the X-V center (T=1.4 K) (a) in zero field, (b) H =150 G,
H~~[l1 1], as probed for N Vdefects -of subensemble I, (c)
H = 150 G, H~~ [001]. Drawn curves represent monoexponential
fits with (a) Td =250 ps, (b) Td =810 ps, (c) Td =250 ps. Inset
shows applied microwave pulse sequence for optical detection
of stimulated-echo decay signals. In (a), (b), and (c), ~=3.0 ps.

FIG. 4. Magnetic field dependence of the characteristic
stimulated-echo decay time Td (ms), representative of the S-V
centers of subensemble I (H~~[111]). The time interval r in all
stimulated-echo experiments was given the constant value of 3.0
ps. The magnetic field values for which CR and LAC occur are
also indicated.

ular main axes at an angle of 109 28' to H) is no longer
resonant with the X-V centers with main axes along H
and for which the spin transition is pumped in the echo
experiment. Thus in general the magnetic field lifts the
conditions for cross relaxation and the relaxation of the
stimulated-echo amplitude slows down.

Figure 4 shows the characteristic decay times Td, as
determined by fitting the experimental stimulated-echo
decays, as obtained for a number of different magnetic
fields along [111], to monoexponentially decaying func-
tions. The results show that the stimulated-echo decay
rate is fairly constant with a decay time of about 820 ps,
except when CR occurs. For H =0 and H =600 G, all
X-V sites are involved in CR and we obtain Td =250 and
300 ps, respectively. Hence, an enhancement of the
stimulated-echo decay rate is observed when CR takes
place.

When the magnetic field direction is turned away from
the [111]direction, the phenomenon of autocrossing in-
volving resonant a-P and /3-y transitions of magnetically
equivalent centers may be observed. Autocrossing is
manifested as a sudden change of the 638-nm emission in-
tensity when certain magnetic field strengths are applied.
E. g. , if H is rotated by an angle of 25 from the [111]
direction, the emission intensity changes are observed
when H equals 450 G. For the same crystal orientation,
we have also measured the stimulated-echo decay tran-
sients for a number of different magnetic field strengths.
A constant value of 820 ps for the characteristic SED
time is found regardless of the field strength, except when
H =450 G, then we find approximately 350 ps. Thus, as

for the CR conditions when H~~ [111],an enhancement of
the SED rate constant is found although the enhance-
ment factor is a little less than the factor 3 in the case of
CR betwe'en magnetically inequivalent sites. Finally, for
applied magnetic fields for which X-V centers show cross
relaxation with P, centers (e.g., for a field of 514 G along
the [111]direction), no enhancement of the stimulated-
echo decay is observed (cf. Fig. 4.).

C. Optically detected spin-locking transients

The inAuence of CR has also been verified in decay
transients of the S-V center in the spin-locked state. In
this experiment, the applied microwave pulse sequence
for the triplet-spin transition is ~/2-90 -r, -90 -m. /2. '

Controlled switching of the phase of the microwave field
over 90' immediately after the spin coherence prepara-
tion pulse, aligns the rotating spin polarization parallel to
the microwave H, component. Relaxation due to per-
turbing interactions for the X-V centers larger than the
strength of the locking microwave H& field is probed
when ~, is increased. A few characteristic spin-locking
echo decay results, for II =0 and H = 150 G (along [111]
and [001] directions, respectively), are displayed in Fig. 5.
The figure includes the fittings to monoexponentially de-
caying functions. The results show that the spin-locking
decay time (T, ) at zero field and for H~~ [001] is given as
T&&-2.0 ms, whereas for H~~[111] the spin-locking de-
cay time is Ti =4.0 ms. The experimental results for
the spin-locking relaxation rate constant as a function of
externally applied fields along [111]are displayed in Fig.
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6. The spin-locking decay rate is, like the decay rate of
the stimulated spin echo, almost independent of the ap-
plied field (Ti -4. 1 ms) except when H is near zero field,
or 600 G, i.e., when CR involving different N-V center
sites is possible. In the latter situation, T& -2.0 ms.
When H =514 or 1030 G, i.e., when N-V centers show
CR with P, centers and LAC effects, respectively, we still
find T& -4. 1 ms. Under autocrossing conditionsP
(H =450 G, H is almost along the [110] direction), the
measured spin-locking time is found as T& -2.5 ms.P

V. DISCUSSION

0
T$ (ms)

10.0

FIG. 5. Optically detected spin-locking echo decay curves
for the X-V center {T=1.4 K) {a) in zero field, (b) 0=150 G,
H~~[111] as probed for X-V defects of subensemble I, (c)
H =150 6, H~~[001]. Drawn curves represent monoexponeutial
fits with (a) T, =1.9 ms, (b) T& =4.2 ms, (c) T& =2.0 ms. In
(a), (b), and (c) the laser power used for optical excitation at 514
nm was maintained at 200 mW. Inset shows applied microwave
pulse sequence for optical detection of spin-locking decay echo
signals.
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FIG. 6. Magnetic field dependence of the characteristic
spin-locking echo decay time T&~ (ms), representative of the X-V
centers belonging to subensemble I (H~~[111]). The laser power
used for optical excitation at 514 nm was maintained at 200
mW. The magnetic field values for which CR and LAC occur
are as indicated.

As already remarked in Sec. IVA, the observed reso-
nances of Fig. 2 in the emission intensity of the N-V
center diamond system are analogous to those previously
reported for optical hole burning in absorption. Evi-
dently, CR and LAC afFects the population distribution
of the optically probed spin sublevels in the triplet
ground state and since photoexcitation is a spin-selective
process, the population of the fluorescent excited state is
also affected by CR and LAC. As discussed previously,
CR arises here because of energy-conserving spin Aip-
fiops between the subgroup of centers that is spin-
polarized by optical excitation and the vast majority of
nonexcited triplet centers. The latter centers not only
comprise equivalently oriented centers, but for certain
magnetic field strengths and orientations, there is in addi-
tion accidental resonance with magnetically nonequiva-
lent centers. The result of the Aip-Aop communication
between subensembles I and II is additional and thus fas-
ter relaxation. As will be reported elsewhere, ' in a mag-
netic field subensembles I and II exhibit in optical absorp-
tion a difference in extinction, and therefore when under
CR conditions part of the spin alignment in subensemble
I leaks away into subensemble II, a change in the popula-
tion of the triplet-spin levels of the optically probed de-
fects belonging to subensemble I will result. The latter
phenomenon in fact is reAected by the abrupt emission
intensity changes shown in Fig. 2.

The stimulated-echo decay constants show an enhance-
ment of the SED rate constant by a little more than a fac-
tor 3, when a magnetic field is applied such that CR con-
ditions prevail (see also Fig. 4). This result is in good
agreement with the predictions discussed in Sec. II. The
stimulated-echo decay of the N-V center system is there-
fore associated with a spin diffusion process arising from
(dynamical) magnetic dipole-dipole interactions among
the N- V centers themselves.

The results of the spin-locking decay experiments are
analogous. As is well known, ' the spin-locked signal de-
cays due to time-dependent perturbations experienced by
the probed spins, the perturbation being larger than the
coupling of the locked spins to the microwave H& field.
Since in the spin-locking experiment only the larger
jumps in frequency space due to the dynamical spin-spin
interactions between A and 8 spins are probed, it will be
evident that the spin-locking decay rate will be much
slower (in our experiments by almost an order of magni-
tude) than the decay of the stimulated spin echo which
includes contributions of all possible frequency steps in
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the spin diffusion process. Population changes induced
by spin-lattice relaxation or depletion of the ground-state
population by photoexcitation of the probed N-V centers
will also contribute to the spin-locking signal decay.

To obtain the contribution of spin-spin-induced
diffusion to the spin-locking decay, the observed decay
rate must be corrected for the contribution of the popula-
tion relaxation process. The population relaxation decay
was separately determined by means of an adiabatic rapid
passage experiment. The lifetimes of the individual spin
sublevels, at 1.4 K and in zero field, were found to be 4.5
and 23.9 ms, respectively, when using for optical excita-
tion of the X-V center a laser power of 200 mW. The life-
times were found to be completely determined by the in-
tensity of the laser power applied in the optical pumping
cycle. Thus in the spin-locked state, population depletion
due to the optical excitation occurs at a rate of —,

'

(2.2X10 +4.2X10') s '=1.3X10 s '. Experimental-
ly, in zero field the spin-locking signal is found to decay
at a rate of (5.3+0.2) X 10 s ', so the contribution of the
spin diffusion to the spin-locking decay rate is found to be
4 OX 10 s

The contribution of spin diffusion to the spin-locking
decay rate constant has recently also been obtained in-
dependently in a different way. From a study of the
inAuence of the intensity of the exciting light on the
spin-locking decay rate it was shown that the spin-lock
decay slows down as the power of the exciting light was
decreased. Extrapolation to zero excitation intensity
yielded a residual spin-locking decay rate of 3.9 X 10 s
This value has to be compared with the rate of 4.0X10
s ' mentioned above as obtained after correcting the
measured spin-locking decay constant for the laser-
induced population depletion. We thus take the spin-
diffusion-induced decay as 4.0X10 s '. In the same
manner, the spin-locking decay constant corrected for
population depletion was obtained for the system in a
magnetic field of 200 G; the result is (1.2+0.2) X 10 s
The experimental data thus imply that the spin-locking
decay rate constant is reduced by a factor of a little more
than 3 when a magnetic field is applied in such a way that
magnetically inequivalent subensembles (of type I and II)
exist. This result is compatible with the calculated
change for K& when CR conditions are lifted by the ap-
plication of a magnetic field (cf. Table I). Again we con-
clude, as from the SED results, that the major part of the
CR dynamics in zero field is accounted for by magnetic
dipole-dipole interactions between the X-V centers them-
selves.

The case of autocrossing has not been treated explicitly
in Sec. II. Autocrossing also contributes to an enhanced
spin relaxation because the autocorrelation functions
(d„kaid ti(t, )) and (d ted s(t, )) in Eqs. (9) and (10) then
contain oscillatory factors at a frequency of co & and the
magnetic field is such that co &=co&z. Of course, the rela-

tive change for the SED rate will be less than for the
above-treated cases of CR because only magnetically
equivalent N-V centers belonging to subensemble I can
participate in the autocrossing process.

Finally, it is brieAy discussed that no changes in the
coherent transients of the X-V center triplet spin system
are found when, in a magnetic field, CR between the N-V
centers and resonant P, centers occurs. The result is
readily explained by a consideration of the very small line
width of the S =

—,
' spin transition of the P, center. EPR

measurements of the P&-center spin transition, when
H =3300 G, revealed an inhomogeneous line width (full
width at half maximum) of about 100 kHz. On the other
hand, in measurements of coherent transients (e.g. , stimu-
lated spin echo decay), the ensemble of spins for which
the coherence is probed have microwave resonance fre-
quencies with an inhomogeneous spread of at least 3
MHz (i.e., the Rabi frequency in our experiments). In the
coherent experiments therefore, the cross relaxation with
P& centers affects only a small fraction of the excited trip-
let spins and its e8'ect on the overall spin coherence decay
may be ignored.

VI. CONCLUSION

A major result of the experimental study presented in
this paper is that spin diffusion in the ensemble of N-V
centers, in the triplet ground state, occurs due to inter-
center magnetic dipole-dipole interactions on a time scale
ranging from a few hundred microseconds up to mil-
liseconds. In addition, at the low temperatures of the ex-
periments (T=1.4 K), for the N Vcenters in di-amond
the spin-lattice relaxation is almost frozen out (T, is

larger than 1 s). Upon optical excitation of the N V-
centers, an appreciable spin alignment is set up in the en-
semble. The spin alignment is favored by the strong
thermal isolation of the triplet spins from the lattice
modes. Moreover, although the magnetic dipole-dipole
interactions facilitate a rapid establishment of a common
spin temperature in the bath of triplet spins, the Aip-Aop
processes cannot alleviate the spin alignment. Thus,
eventually in steady state, the magnitude of the optically
induced spin alignment is solely determined by the bal-
ance of the kinetics involved in the optical pumping and
the spin-lattice relaxation processes.
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