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The fluorescence of individual nitrogen-vacancy defect centers in diamond was ob- 
served with room-temperature scanning confocal optical microscopy. The centers were 
photostable, showing no detectable change in their fluorescence emission spectrum as 
a function of time. Magnetic resonance on single centers at room temperature was shown 
to be feasible. The magnetic resonance spectra revealed marked changes in zero-field 
splitting parameters among different centers. These changes were attributed to strain- 
induced differences in the symmetry of the centers. 

Spectroscopy on single quantum systems 
promises to become a powerful method for 
the investigation of impurities in the con- 
densed phase. The development of high- 
resolution optical microscopy has fostered 
considerable progress in this field. Most 
prominent studies use near-field (1-4) and 
confocal fluorescence microscopy (5) on 
single dye molecules. Individual mesoscopic 
systems such as quantum dots have been 
investigated in a similar way (6,7). There is 
a continuous demand to extend the class of 
systems that can be investigated with these 
techniques, especially to technologically 
relevant materials. Here we reDort the ob- 
servation of defect or color centers on an 
individual basis. The centers detected were 
nitrogen vacancy (N-V) defects in dia- 
mond. Diamond has been subject to exten- 
sive optical investigations, and over 100 
luminescent defects have been reported to 
exist (8,9). The N-V center is one of those 
studied in most detail (10-12). It consists of 
a substitutional nitrogen atom with an ad- 
jacent carbon vacancy (13) and has C3" 
symmetry, with the symmetry axis oriented 
along the crystallographic [ I l l ]  axis (14). - - 

Themain photophisical parameters of the 
N-V center have been determined previ- 
ously (15) and indicate the suitability of the 
system for single center detection; they are 
a large absorption cross section at the exci- 
tation wavelength, a short excited-state 
lifetime T [for synthetic type l b  diamond T 
= 11.6 ns (16)], and high quantum efficien- 
cy (+ - 1) (15) for radiative relaxation. In 
addition. no efficient shelvine in a metasta- 
ble state'has been reported f:r N-V centers 
at room temperature, although the high 
spectral hole-buming efficiency at low tem- 
perature indicates their existence (12). It is 
of considerable importance for the present 

study that the center is assumed to have a 
paramagnetic electron ground state ( I  I) ,  
making it accessible to optically detected 
magnetic resonance (ODMR). 

N-V centers are most efficiently created 
in type l b  synthetic diamond through elec- 
tron irradiation (2 MeV) and subsequent 
annealing at 900°C in vacuum (10). Single 
diamond crystals of 100 p,m thickness were 
used in our experiments. Electron (e) irra- 
diation doses between 1012 e/cm2 and 1015 
e/cm2 and annealing times around 1 hour 
yielded defect center concentrations of 0.2 
to 200 centers per cubic micrometer, allow- 
ing us to resolve individual centers at the 
lowest radiation doses. 

The sample fluorescence was excited 
and probed with a self-built confocal optical 

microscope operating at room temperature 
( 17). Sets of lateral scans of dimensions 20 . , 

by 20 p,m2 were obtained for diamond sam- 
ples irradiated with different electron doses, 
decreasing from 5 x 1014 e/cm2 (Fig. 1A) to 
1 X 1013 e/cm2 (Fig. 1C). The axial posi- 
tion of the excitation focus was chosen to 
be 50 p,m below the surface of the diamond. 
The fluorescence intensity decreases with 
decreasing radiation dose, thus diminishing 
the defect center density. In Fig. lC, the 
concentration of luminescent centers is 
such that the averaee distance between " 
them is larger than the diameter of our 
probe volume. A 5 by 5 p,m2 scan of the 
lower left comer of Fig. 1C (Fig. 1E) clearly 
demonstrates the resolution of individual 
luminescent spots. The full width at half 
maximum (FWHM) of the spots (see Fig. 
ID) is 330 nm, which is close to the dif- 
fraction-limited spatial resolution of our 
confocal microsco~e. When the electron 
irradiation dose was further decreased, this 
spot size remained constant but the average 
distance between the spots increased. We 
conclude that we observed individual quan- 
tum constituents of the diamond lattice. 
Under similar electron irradiation and an- 
nealing conditions as those used in our 
experiment, other types of luminescent de- 
fect centers have been reported to exist in 
diamond (15). In order to identify the de- 
fect. we recorded the fluorescence sDectra of 
individual luminescent centers fouAd in our 
experiments (Fig. 2). The observed spec- 
trum agrees well with recent low-tempera- 

Fig. 1. Confocal microscopy raster scans (20 by 20 pm2) of diamond samples irradiated with different 
electron doses. The bars on the right side of each figure define the colors in terms of counts per second. 
The numbers on the bottom and  to^ of each bar aive the minimum and maximum number of counts Der 
second found in that scan. (A) ~lebtron radiationdose 5 x 1 014 e/cm2, (B) dose 1 x 1 014 e/cm2, '(c) 

Institute of Physics, University of Technology Chemnitz, dose 1 X 1 Oi3 e/cm2. (E) Scan (5 by 5 pm2) of the lower left corner of (C). (D) Line scan along the dotted 
Reichenhainer Strasse 70,09126 Chemnitz, Germany. line in (E). Ax,,, indicates the full width at half maximum of the fluorescence spots in (E). In all of the 
*~o~homco~~espondence~ho~ld be addressed, E-mail: experiments, the laser intensity impinging On the sample Was 9 pw, and the dwell time per pixel Was 
wrachtru@physik.tu-chemnitz.de 10 ms. 
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ture bulk fluorescence spectra of the same 
system ( l o ) ,  proving that the observed flu- 
orescence stems from a N-V defect center. 

Even under the highest excitation inten- 
sities used (5  MW/cm2) (18), none of the 
centers investigated so far showed any indi- 
cation of photobleaching or any change in 
the fluorescence spectrum as a function of 
time. However, intensity fluctuations on a 
time scale around 10 IJ.S have been observed 
with the intensity autocorrelation function 
(1 9). The correlation time depends on the 
excitation power. This is a further hint at 
the existence of a metastable state in the 
optical pumping cycle of the center (20) 

Pre'vious high-resolution optical (1 1, 12) 
and electron paramagnetic resonance mea- 
surements (20) have revealed the spin trip- 
let nature (total spin angular momentum 
S = 1) of the electronic ground state of the 
N-V center. The first excited triplet state 
(3E) is believed to be populated through 
optical excitation from the ground state 
(3A). O n  the basis of low-temperature op- 
tical investigations, it has been concluded 
that the optical pumping cycle of the N-V 
center, involving triplet-triplet absorption, 
internal conyersion, and fluorescence relax- 
ation, does not conserve spin angular mo- 
mentum (21 ), leading to spin-selective pop- 
ulation of the ground triplet substates of the 
excited defects. Thus, continuous optical 
excitation is believed to generate a non- 
Boltzmann steady-state spin alignment in 
the N-V center in the triplet ground state. 
The  degeneracy of the spin sublevels of this 
triplet ground state is lifted because of the 
anisotropic dipolar interaction of the un- 
paired electron spins. Without applying an 
external magnetic field, the concomitant 
splitting is described by the two zero-field 
splitting parameters D and E (22). The 
parameter E can be interpreted as a measure 
of the axial symmetry of the center (23). 
Microwave radiation resonant with the 
triplet spin transitions in the ground state 
affects the steady-state population of the 
optically pumped 3E-state of the N-V de- 
fect center. The  ensuing change in fluo- 
rescence intensity is representative of the 
magnetic resonance in the triplet ground 

Table 1. Comparison of the zero-field splitting 
parameters D and E between different centers at 
room temperature as well as with low-tempera- 
ture (T = 1.5 K) bulk measurements. 

Zero-field splitting DIMHz ElMHz 
parameters 

Ensemble (T = 300 K)* 2870 7.0 i 0.1 
Ensemble (T = 1.5 K)S 2880 7.5 
Center I *  (T = 300 K) 2870 0 i 0.7 
Center 21- (T = 300 K) 2870 2 1. 0.4 

'This work, tReference (23). 

state. This ODMR signal has previously 
been observed at low temperature (24). 
The  activation energy for spin lattice re- 
laxation (time constant T, = 1.170 ms) 
has been determined to be 62.2 meV (20). 

\ ,  

If the optical pumping cycle is fast enough, 
one would thus expect to  find spin align- 
ment in the ground state and consequently 
an  ODMR signal even at room tempera- 
ture. The  magnetic resonance signal of an  
ensemble of defect centers (n - 10) ob- 
tained under ambient conditrons ( ~ i ~ :  3A)  
was indeed found to appear as a 10% 
decrease of the fluorescence intensity of 
the centers. Two nearly degenerated lines 
were obtained, with a splitting between 
the maxima of the two components of 
2E = 14 MHz and a width of - 12 MHz for 
each line. O n  the basis of known zero-field 
splitting parameters of the N-V center 
(24) (Table I ) ,  the two ODMR lines can , . ,  

be attributed two of the three possible 
transitions in the ground triplet state. The  
observation of two ODMR lines in the 
ensemble spectra indicates that the local 
axial symmetry (C3") of most of the cen- 
ters is broken in the ground state (23). In 
the ODMR spectrum of a single center 
(Fig. 3C) ,  only a single line is observed. A 
best fit to  the spectrum yields a Lorentzian 
curve (line width 5 MHz) at 2870 MHz. 
This is exuected for a center with an  E 
value close to or equal to  zero, so that no  
splitting can be resolved in the ODMR 
spectrum. The  center obviously has re- 
tained axial symmetry. In contrast, the 
ODMR spectrum of a different single cen- 
ter (Fig. 3B) shows two lines, each with a 
width of 5 MHz and a splitting of =4 
MHz. Obviously, the axial symmetry of 
this center is broken. Only 15% of the 
centers observed showed a sinele ODMR " 

line and thus had axial symmetry. Most of 
the centers had E values ranging from 2 to 
9 MHz. This explains why the ODMR 
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Fig. 2. Fluorescence spectrum of a single N-V 
defect center. The wavelength of the zero phonon 
line (ZPL) is 637 nm (1.945 eV). Excitation was at 
514 nm. Accumulation time was 600 s .  A holo- 
graphic notch and red pass filter were used to 
suppress stray light. 

signal of symmetric centers is usually 
masked in bulk magnetic resonance stud- 
ies, where we always found a two-line 
spectrum. Recent magnetic resonance ex- 
periments on  the excited triplet state of 
single molecules (25-27) at low tempera- 
ture showed ODMR lines that were inho- 
mogeneously broadened. The  Lorentzian 
line shaue found in our exueriments on  
single centers may be due to the fact that 
at room temperature, the shortening of the 
transversal spin relaxation time T, causes 
a homogeneous broadening larger than the 
hyperfine coupling, giving rise to an  over- 
all homoeeneous ODMR line. " 

Because of its optical, mechanical, and 
electronic urouerties, diamond is a material 
of considerable interest for numerous indus- 
trial auulications. Most of the diamond ma- 
terial used in industrial applications is 
grown by chemical vapor deposition, result- 
ing in microcrystalline material (8). Confo- 
cal fluorescence microscopy (as demonstrat- 
ed here) or near-field microscopy will pro- 
vide new insight into the properties of such 
types of diamond. The present studies were 
carried out at room temperature, and the 
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Fig. 3. Optically detected magnetic resonance 
spectrum of an ensemble of N-V centers (A) and 
two different single N-V centers (B and C) in zero 
external magnetic field. Accumulation times were 
120 s for the ensemble spectrum, 600 s for center 
1, and 800 s for center 2. For the ODMR experi- 
ment on center 2, the optical excitation intensity 
was four times greater than that used on center 1 . 
The smooth curves superimposed on the data in 
(B) and (C) are fits with Lorentzian lines. The re- 
sulting zero-field splitting parameters are listed in 
Table 1. The insets show the spin sublevels in the 
3A ground state of the center, labeled I 1 >, 12>, 
and 13>. The arrows indicate the microwave 
(MW) irradiation. 
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kev comDonents of our microsco~e are stan- 
dard items in commercial product lines. 
This will make the technique easily acces- 
sible to a large community of materials sci- 
entists. The limited optical spectral resolu- 
tion resulting from the large room-temper- 
ature zero ~ h o n o n  linewidth (FWHM = 30 
cm-' at T = 300 K)  can be partly overcome 
by magnetic resonance. Such ODMR spec- 
tra contain a ereat varietv of structural in- - 
formation; for example, on the distribution 
of other impurities around the center (24) 
or the local strain in the diamond lattice, as 
demonstrated here. More sophisticated 
ODMR experiments, including the use of 
ultrahigh magnetic field gradients (28) and 
ground-state nuclear magnetic resonance 
experiments, can be envisaged. The combi- 
nation of these techniaues with o~t ica l  mi- 
croscopy allows detailed material character- 
ization at a local level that is otherwise 
masked by ensemble averaging. 
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Creep Response of the Hayward Fault to Stress 
Changes Caused by the Lorna Prieta Earthquake 
James J. Lienkaemper,* Jon S. Galehouse, Robert W. Simpson 

In 1996, an 18-millimeter creep event, the largest ever observed on the Hayward fault, 
occurred between surveys 63 days apart. This event marked the end of a period of 
severely reduced creep on the southern part of the fault that began after the 1989 Loma 
Prieta, California, earthquake. The reduction in creep was consistent with elastic models 
for earthquake-induced static stress changes on the Hayward fault. These data suggest 
that creep observations can indicate regional stress changes of about 1 bar or less. 

Earthquake models generally assume that 
stress across plate tectonic boundaries in- 
creases steadily with time. However, large 
earthquakes can perturb the stress field act- 
ing on neighboring faults (1). We present 
evidence that the Loma Prieta earthquake 
affected the dynamics of creep on the near- 
by Hayward fault. 

The probability of a magnitude (M) 7 or 
larger earthquake in the next 30 years on 
the Hayward fault is 45% ( 2 ) ,  and it is 
thought to be the most hazardous fault zone 

in the San Francisco Bay region. The Hay- 
ward, a major branch of the San Andreas 
fault system, exhibits creep along at least 68 
km of its <I00 km length (Fig. 1). Creep 
rates over the past several decades vary 
along the fault from -9 mmlyear near the 
south end to -3 mmIyear in northern Oak- 
land (3). The average rate for most of the 
fault is 4.8 mmlyear (3). For decades before 
the 17 October 1989 Loma Prieta earth- 
quake, creep rates at several monitoring 
sites, averaged over a few years, had gener- 

Fig. 1. Calculated static stress changes produced by Loma Prieta earthquake. Oblique view eastward 
of the San Francisco (SF) Bay region, California, shows the San Andreas fault system. Colored patches, 
mostly 10 km long by 13 km deep, show calculated changes in horizontal shear stress for each fault (4, 
5). A red gradient indicates greater loading on a fault; blue indicates some relaxation of plate-tectonic 
driving stress. California map shows orientation of area in view, with the coastline in black for reference 
and active faults in brown. Faults are vertical, except the 1989 Loma Prieta earthquake rupture (12), 
shown in yellow, dips 70" SW. The 70-km-long, creeping Hayward fault trace is magenta; stress is 
computed at a grid size of 2 km. Locations: P, Point Pinole; 0, Oakland; H,  Hayward; F, Fremont; and 
CR, Calaveras Reservoir. Other faults: GVF, Green Valley; CF, Concord; NCF, Northern Calaveras; 
SRGF, Sargent; RCF, Rodgers Creek; and SGF, San Gregorio. 
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