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Low-field optically detected magnetic resonance of a coupled triplet-doublet defect pair in diamond

Eric van Oort, Paul Stroomer, and Max Glasbeek
Laboratory for Physical Chemistry, University of Amsterdam, Nieuwe Achtergracht 127, 1018 WS Amsterdam,
The Netherlands
(Received 26 March 1990)

Microwave-induced changes in the optical emission of the N-V center in diamond have previous-
ly been attributed to magnetic resonance of the defect in its * 4 ground state [E. van Oort et al., J.
Phys. C 21, 4385 (1988)]. In this paper, the focus is on the origin of the hyperfine splittings that are
observed in the optically detected magnetic-resonance (ODMR) spectra at zero and low magnetic
fields. Detailed analysis of the anisotropic behavior of the line splittings in a magnetic field shows
that the hyperfine structure arises from triplet-doublet magnetic dipolar interactions of N-V centers
and P, centers (with § = % ). The ODMR spectrum of the N-V center appears to display the nitro-
gen hyperfine interaction characteristic of the P, center.

Magnetic dipole-dipole interactions have been the sub-
ject of extensive studies on pairs, triads, and higher-order
groupings of ions or on aggregated defects.! Most stud-
ies apply electron paramagnetic resonance (EPR) spec-
troscopy and are almost exclusively restricted to stable
S =% radicals. To our knowledge, intercenter magnetic
dipolar couplings involving higher spin multiplicities
have not yet been observed. In this paper, the origin of
additional hyperfine structure in the optically detected
magnetic resonance (ODMR) of the nitrogen-vacancy de-
fect (the N-V center) in diamond is investigated. Evi-
dence is presented that the hyperfine structure is charac-
teristic of dipolar coupled triplet-doublet dimers of the
N-V center and a single nitrogen impurity center (the P,
center).

In type-Ib diamond, the N-V center consists of a sub-
stitutional nitrogen atom neighboring a carbon vacancy
having trapped one electron.? Recently, a >4 ground
state for the N-V defect has been established.>* In ab-
sorption and emission, the defect gives rise to a zero-
phonon transition peaking at 638 nm.’> Optical excitation
of the N-V center induces a spin alignment within its
triplet ground state and microwave-induced changes in
this alignment in turn induces a change in the population
of the optically excited emissive E state. In this way,
electron spin resonance of the >4 ground state is optical-
ly detected. *®

To create the N-V defect centers, type-Ib diamond
samples were irradiated in a Van der Graaff accelerator
and annealed afterwards.® Details of the ODMR experi-
mental setup have been given elsewhere.” Figure 1(a)
displays the zero-field ODMR spectrum of the N-V
center at 1.4 K. The ODMR spectrum consists of a cen-
tral line peaked at 2880 MHz and a few, relatively weak,
side bands shifted by 70 and 140 MHz to the low- and
high-frequency sides of the main transition. From Zee-
man effects it has been shown®® that the 2880 MHz
zero-field transition corresponds to the N-V center triplet
spin resonance. We now focus on the weak side bands in
the ODMR spectrum of Fig. 1(a). Experiments on
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different samples showed that the intensity of the side
bands with respect to that of the central line is not con-
stant. From this it is concluded that the weak bands are
not intrinsic to the N-V center.

Figure 1(b) shows the ODMR spectrum when the sam-
ple is placed in a magnetic field of 100 G along the crys-
tallographic [001] axis. At higher magnetic field values,
the intensity of the (hyper)fine structure lines decreased
until for field strengths above about 250 G the line pat-
tern was too weak to be observed. The measured ODMR
frequencies for magnetic-field strengths up to 200 G for
H|| [001] are plotted in Fig. 2. In this figure only the res-
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FIG. 1. Optically detected magnetic resonance (ODMR®

spectrum of the N-¥ center at T=1.4 K, (a) in zero field; (b) for
H||[001], H=100 G. Arrows indicate side-band structures. Ex-
citation is at 514 nm, detection wavelength is at 638 nm.
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FIG. 2. Magnetic-field dependence of the microwave reso-
nance frequency for the N-¥ defect in its * 4 ground state. The
magnetic field is oriented parallel to a crystallographic [001]
axis. All other experimental conditions as in Fig. 1. Solid lines
show fits calculated from Eq. (1) and the spin-Hamiltonian pa-
rameters given in Table I. Inset shows orientation of main axes
of N-V and P, centers, labeled I-IV and 1-4, respectively.

onance frequencies corresponding to the hyperfine lines
around one of the unperturbed N-V triplet spin reso-
nances are shown (namely the high-frequency com-
ponent), because only for these hf lines the signal-to-noise
ratio was such that they could easily be followed as the
magnetic field was increased.

The angular variation of the ODMR peak positions, as
observed in the microwave frequency range from 2800 to
3300 MHz, when a magnetic field (H=100 G) is rotated
in the (001) plane, is represented by Fig. 3. The figure has
been subdivided to facilitate the discussion in terms of de-
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FIG. 3. Angular dependence of the ODMR transitions when
the magnetic field is rotated in the (001) plane. H=100 G, ex-
perimental conditions as in Fig. 1. Anisotropy of pairs (a) (I,1),
(1,2), (IL,1), (I1,2); (b) (1,3), (I,4), (IL3), (IL,4); (c) (IIL1), (IIL2),
(Iv,1), (IV,2); (d) (IIL,3), (II1,4), (IV,3), (IV,4), labeling as in Fig.
2. Solid lines in (a) to (d) show fits calculated from Eq. (1) and
the spin-Hamiltonian parameters given in Table I.

fect pairs consisting of an axially symmetric N-V center
(with §=1) and a P, center [with § =1 (Refs. 9 and 10)].

We start with the spin Hamiltonian given by Kollmar
and Six1'! for a loosely occupied triplet-doublet spin sys-
tem,

H=D[(S)?—2]+gJuyH-8T+g uzH-SP
+SP.A-1°+ST.T.SP . 1)

In Eq. (1), D represents the zero-field splitting within the
N-V center triplet state, g/ and g2 are the isotropic g
values for the triplet and doublet states respectively, sT
and S? represent the triplet and doublet electronic spin
operators, I? represents the spin operator of the nitrogen
nucleus of the P; center, A is a second-rank tensor
representing the intrinsic electron-nuclear hyperfine in-
teraction of the P, center, and T is the tensor characteris-
tic of the triplet-doublet magnetic dipole-dipole interac-
tions. The nuclear quadrupole interaction of the nitrogen
nucleus of the P, center,'” and the electron-nuclear
hyperfine couplings of the N-¥ center,? are on the order
of a few MHz only and henceforth need not be con-
sidered.

The triplet-doublet interactions will be considered in
first order only, i.e.,

ST.T-8P=s’T, sP+s1T, sP, )

where T,,, T, are the triplet-doublet interaction con-
stants defined as

T.D 2
. (pug)
1, =88 eo9-1), (3a)
rTp
T.D 2
(ug)
zx=g—e§e—3i3 sind cosd , (3b)
rTp

where ¢ is the angle between the triplet state molecular
main axis and the line joining the triplet and doublet
magnetic dipoles. Computer fits of the experimental data
were obtained using the spin-Hamiltonian parameter
values given in Table I. The calculated results are
displayed by the drawn lines in Fig. 3. For the N-V
center as well as the P, center the defect main axis is
oriented along one of the four [111] crystallographic
directions of the diamond lattice. Thus, in all, 16 mag-
netically different triplet-doublet pair defects are possible
for an arbitrary direction of the applied magnetic field.

TABLE 1. Values of spin Hamiltonian parameters of the N-V
center and P, center as used in simulations of ODMR anisotro-
py.

Parameter Numerical value Reference
|D| 2880 MHz 2,6,8
gl 2.0028+0.0003 2
gl 2.0024+0.0005 9
A 113.984 MHz 9,10
A, 81.344 MHz 9,10
T,,,T, 1-10 MHz this work
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When the magnetic field is in the (001) plane, however,
only four magnetically inequivalent pairs of N-¥ and P,
centers can be distinguished. The angular dependences of
the low-field ODMR lines of the four pairs are presented
distinctly in Figs. 3(a)-(d). From a comparison with the
experimental data in the same figure, it is concluded that
the triplet-doublet pair center model is in satisfactory
agreement with the experimental results. For complete-
ness we remark that the quality of the simulations was
not influenced when the values of the parameters T,, and
T,, were changed in the range from 1 to 10 MHz.

A major finding of this work is that side-band splittings
in the zero- and low-field ODMR spectra of the N-V
center are to a large extent determined by the intrinsic
hyperfine interactions of the P, center dipolar coupled to
the probed N-V center. We now examine in a little more
detail how the P,-hyperfine splittings are transferred to
the spin resonances of the N-V center. We make use of
the simplified spin level scheme depicted in Fig. 4, in
which the mg=0 and mg==1 spin levels of the N-V
center in zero field are considered. In the absence of
triplet-doublet interactions, the P,-center spin energies
are added as three hyperfine split doublets. In zero field
this P,-hyperfine splitting is

AE=1[(A}+4})]'".

The doublet spin functions are specified in Table II in
terms of |mg,m;) basis functions (with mg==%1, and
m;=—1,0,1). Consider now the influence of the triplet-
doublet interactions, which are taken to be small com-
pared to the hyperfine interactions of the P, center. It is
first noted that the triplet-doublet terms of Eq. (3) do not
affect the levels belonging to the mg =0 manifold. In the
mg==1 manifolds, however, the operator S'T,S?
mixes the spin function |¢,) with |¢;) and |¢5), and
|, with |¢,) and |¢4), and a small splitting as indicat-
ed on the right-hand side of the energy scheme of Fig. 4
ensues. As a result of the dipolar-induced mixing, spin
resonances peaking near

TABLE 1II. Eigenfunctions v, of the P,
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FIG. 4. Schematic energy level diagram for the N-¥ center in
the >4 ground state in zero field, showing the splitting of the
mg=0 and mg=+1 triplet spin manifolds due to the interac-
tion with a P, doublet spin. Spin transitions at frequencies of
ID|, |DI+1[(Af+ 4})]"/? and |D|+[(A}+ 41)]'/? are indi-
cated.

IDI+1[(4f+aD)]'"?
and
DI +[(af+ 412,

additional to the main resonance at |D|, become partially

center as expressed in terms of |mg,M;)

(mg=+3,M;=—1,0,+1) basis functions and with n=arctan( 4,/ 4).

¥ =[5(cosn+1)]I3,1)—[L(cosy—D]|4,— 1)+ ‘/L-z.sim] |—1,0)
v, = %sinn 15,00 —[+(cosn— 1] = 3,1} +[L(cosp+ 1)][— 1, —1)
Y= ——\;l?sinn [4,1)+ —‘/—lzz—sinn [+, —1)+(cosn)|—1,0)

Yo =(cosn)|1,0) + [71§-sim7 [—3,1)— [%sinn [—1,—1)
Ys=[3(cosn—1)]|5,1) —[1(cosnp+ 1]|{,— 1)+ —\/%—Sinn |—1,0)

_ [

[4,0) =[$(cosn+ 1] —3,1) +[L(cosp—1)]| =1, —1)
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allowed (cf. Fig. 4). When considering the influence of
the ST, SP term of Eq. (2), essentially no new addition-
al features are anticipated.

Since the N-V and P, defects are dispersed randomly
in the diamond lattice and many differently coupled pairs
with a large variation in intercenter distances ryp and an-
gles ¥ exist, there is an almost continuous distribution of
the small triplet-doublet splittings. Thus the splittings
associated with the triplet-doublet dipolar coupling are
not resolved in the ODMR spectrum, but instead they
contribute to inhomogeneous broadening of the ODMR
lines only. This explains also for the observation that in
samples with a larger concentration of the nitrogen im-
purity, a larger ODMR line width is found. In high mag-
netic fields, the triplet and doublet spin systems become
decoupled. As a result, no hyperfine splitting characteris-
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tic of the triplet-doublet interactions are observed in the
high-field EPR spectra of the N-V center.'? Likewise,
the contribution of the triplet-doublet magnetic dipolar
couplings to the inhomogeneous line broadening has van-
ished and, for example, in X band the width of the N-V
center EPR lines becomes small enough (FWHM is ~0.5
G) to resolve a nitrogen nuclear spin hyperfine coupling
of 0.83 G.
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