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CAVITY TRANSMISSION

Consider an optical cavity consisting of two identical
mirrors with intensity transmission and reflection coeffi-
cients T and R such that 7'+ R = 1. An absorptive ele-
ment with a single-pass intensity transmission coefficent
L is placed inside the cavity. The intensity transmission
through the cavity equals [S1]

T2L
(1 — RL)? + 4RL (sin ¢)*’

I/Iy = (S1)

where [y is the input intensity and ¢ is the single-pass
phase aquired by the light inside the cavity. In our ex-
periment the mirrors are curved, and the input light is
matched to the TEMyo cavity mode. When scannning
the frequency of the light, maxima in the transmission
will be spaced by the frequency interval ¢/ (2lopt), where
lopt is the optical path length of the cavity and c the
speed of light. The maximum transmission equals

T?L

Imax/IO = m

(52)

The finesse F of the cavity is defined as the frequency
spacing ¢/ (2lopt) divided by the cavity resonance FWHM
Av, and is given by:

VRL

F = e/ Qlopt)] [Ave =m0

(S3)

We are interested in measuring the loss inside the cavity.
Suppose there is a small change |0L| = Lo — L in the pa-
rameter L from its initial value Ly. By Taylor expanding
Eq. (52) we find the change in the cavity transmission
AT = Iyax (L = Lo) — Imax (L = L0 — |5L]) to be

Al (1+RLy)sL| _2F|sL|

— ~ . S4
Tom (E=Lo)  (1-RLo) Ly ~ 7 Lo~ Y

We see that the sensitivity to a small change in absorp-
tion is increased by the factor 2F /7 by employing a cav-
ity compared to a single pass where AI/I(L = Ly) =~
|0L|/Lo. The effective number of passes through the ab-
sorptive element inside the cavity is therefore 2F /7.

BIREFRINGENCE

Assume the cavity contains a diamond with thickness
d and index of refraction n = 2.4 such that the total
length of the cavity is [ +d and the optical path length of
the cavity is lopy = | + nd. Light input to the cavity will
be resonantly transmitted if the frequency of the light
equals a cavity resonance frequency:

(S5)

Um =M

C
YU+ na) VO

where m = 0,1,2, ... and v is related to the Gouy phase
shift of a Gaussian beam [S1]. We now assume that the
diamond is birefringent such that two orthogonal linear
polarizations, here denoted H and V', have slightly differ-
ent index of refraction: ng = n and ny = n + An. The
resonance frequencies for H and V polarizations differ by
the amount

An-d I

v

I+ (n+An)d ™ (S6)

The frequency difference v

H — Y for H and V polar-
ized light is measured in the experiment [see trace 3 in
Fig. 2(a)]. We believe that neighboring resonances for H
and V polarized light have the same fringe order m = k.
This is based on the observation that by moving the di-
amond (and thereby probing different locations on the
diamond which have different degrees of birefringence),
neighboring H and V resonances can be made to overlap
but not cross. Assuming m = k and An < n we find
(dropping the subscripts)

v _An-d

Av =1 — ~ .
v=v v T nd

Vo, (S?)

where vy is the laser frequency. This equation can be
used to estimate the degree of birefringence An of the
diamond.

We observe significant birefringence in all our diamond
samples and find that the degree of birefringence depends
on the spot on the diamond. The birefringence is either
an intrinsic property of the diamond [S2] or due to stress
induced by the mount. Traces 2 and 3 in Fig. 2(a) show
the cavity transmission for two different polarizations of
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the light input to the cavity. When the input polariza-
tion is aligned either along or perpendicular to the dia-
mond’s axis of birefringence (trace 2), peaks separated
by the ¢/ (2lopt) = 3.0 GHz are observed. If the polariza-
tion is neither parallel nor perpendicular to the birefrin-
gence axis (trace 3), twice the number of resonances is
observed since light polarized parallel and perpendicular
to the material’s birefringence axis experiences different
index of refraction. The degree of birefringence, An, can
be estimated from the frequency difference of two neigh-
bouring resonances Av using Eq. (S7). From trace 3 we
find Av = 70 MHz, which leads to a difference in index
of refraction |An| = 6.1-1075, where we used vy = ¢/ =
2.88 - 10" Hz and d = 0.2 mm. This degree of birefrin-
gence corresponds to a phase-shift difference between the
two polarizations of |[A¢| = (27/N) |An|d = 4.2 deg.

ABSORPTION BY NV CENTERS

NV centers are excited from the spin-triplet ground
state 3A; to the spin-triplet excited state >E by 532 nm
pump light. For small pump light intensities Ip where
the transition is not saturated, the excitation rate I'p is

Ip

hC/)\p ’ (SS)

I'p=0p - ®p=0p-
where op is the cross-section for the pump light on the
3Ay « 3E transition, ®p is the flux of pump photons,
h is Planck’s constant, and Ap is the pump wavelength.
The condition for saturating the 3A, <+ 3E transition is
F?t’triplet ~ Aoy, where Aoy is the inverse lifetime of the
3E excited state. From this condition we calculate the
saturation intensity to be

~ A h
I]s)at,trlplot ~ 421 76 ~ 10 GW/HIQ, (Sg)
op )\p
where we have used the values As; = 1/(12 ns) [S3],
op=3-10"2 m? [S4], and A\p = 532 nm.

An NV center can decay from the spin-triplet excited
state 3F to the upper spin-singlet state ' A; from which
it decays in < 1 ns [S5] to the lower metastable spin-
singlet state 'E. The NV center will therefore mainly
populate the lower spin-singlet state under strong optical
pumping. The saturation pump power for populating
the singlet state can be calculated using a rate-equation
model for the spin-state dynamics of the NV center [S6].
An order of magnitude estimate can be obtained from
the condition TS3"*"&" ~ T where T'y = 1/ (200 ns) is
the inverse lifetime of the metastable singlet state [S5].
The saturation intensity is then
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FIG. S1: The slope a as a function of the modulation fre-
quency for two pump-light powers (1.0 W and 0.25 W mea-
sured before the cavity).

The population in the metastable singlet state as a func-
tion of pump intensity can be estimated as

Ip
Ps =

~ IP +I;‘.)at,singlct' (Sll)

We now consider a diamond with a density of NV centers
nyv and thickness d. If we assume that all NV centers
experience the same pump intensity Ip, the amount of
absorption is

Ip

IP+IIS:)at,singlet’ (812)

A =or-nnv-d-ps = oR-nNv-d-

where org is the cross-section for the 'E < 'A4; transi-
tion. In our experiment the pump intensity is not ho-
mogeneous inside the diamond since the pump light has
a Gaussian transverse intensity profile and because the
pump light is attenuated while passing through the di-
amond due to absorption by NV centers. However, for
simplicity, we assume a homogeneous pump intensity in
our model used for fitting the experimental data shown
Fig. 2(b) for the cavity transmission as a function of
pump power.

RESPONSE OF THE NV CENTERS

Using the modulation technique described in the main
text, we obtain a magnetometer signal Si1 ~ a (fe — fres)
which is linear in f. — fres close to resonance. Fig-
ure S1 shows the slope « for different modulation frequen-
cies. The slope decreases with increasing modulation fre-
quency because of the finite response time of NV centers
to changes in the magnetic field [S7]. For instance, the
slope has decreased by a factor of two for modulation
frequencies 13.5 kHz and 10.6 kHz for the pump powers
1.0 W and 0.25 W, respectively. Those powers corre-
spond to peak intensitites 80 MW /m? and 20 MW /m?,



respectively (with a 90 pm beam waist). The response
time limits the magnetometer bandwidth. Faster re-
sponse times and higher bandwidths can be achieved by
increasing the pump intensity, for instance, in Ref. [S7],
a bandwidth of a few MHz was achieved with a pump
intensity of 20 GW/m?. The maximum bandwidth of IR~
absorption based magnetometry in diamond is limited by
the metastable singlet state lifetime to a few MHz [S8].
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