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Spin-bearing color centers in the solid state are promising candidates for the realization of quantum networks and
distributed quantum computing. A remaining key challenge is their efficient and reliable interfacing to photons. In-
corporating minimally processed membranes into open-access microcavities represents a promising route for Purcell-
enhanced spin-photon interfaces: it enables significant emission enhancement and efficient photon collection, mini-
mizes deteriorating influence on the quantum emitter, and allows for full spatial and spectral tunability, key for con-
trollably addressing suitable emitters with desired optical and spin properties. Here, we study the properties of a
high-finesse fiber Fabry-Pérot microcavity with integrated single-crystal diamond membranes by scanning cavity mi-
croscopy. We observe spatially resolved the effects of the diamond-air interface on the cavity mode structure: a strong
correlation of the cavity finesse and mode structure with the diamond thickness and surface topography, significant
transverse-mode mixing under diamond-like conditions, and mode-character-dependent polarization-mode splitting.
Our results reveal the influence of the diamond surface on the achievable Purcell enhancement, which helps to clarify
the route towards optimized spin-photon interfaces.

I. INTRODUCTION

Quantum networks built from individual optically address-
able spins in solids interfaced with single photons1,2 promise
a variety of emerging applications, ranging from secure com-
munication over large distances to distributed quantum com-
puting, which could become the basis of a future quantum
internet3. A key building block for this is an efficient interface
between the spin and photons to enable deterministic trans-
fer of quantum states between stationary and flying qubits4–7.
The most powerful approach in this respect is to couple color
centers to optical microcavities and harness the Purcell effect
to enhance the emission8,9. This reshapes the emission pat-
tern into a single, well collectable mode, increases the emis-
sion fraction into the coherent zero-phonon line (ZPL), and
broadens the transition due to the shortening of the excited
state lifetime such that spectral fluctuations can be masked to
improve photon indistinguishability.

Nitrogen-vacancy (NV) centers in diamond are a prime
candidate material system in this respect that stands out
due to its exceptional spin coherence properties, the avail-
ability of a nuclear spin quantum register10, and lifetime-
limited optical transitions that permit the generation of spin-
photon entanglement11. Several cavity architectures have
been investigated to demonstrate the basic principle of Pur-
cell enhancement of NV center emission12–18. Due to the
high sensitivity of NV centers to fluctuating electric fields,
a promising approach to achieve narrow optical transitions

inside a cavity is based on open-access Fabry-Pérot micro-
cavities with incorporated minimally processed single-crystal
membranes19–24, see figure 1a). This approach has led to first
successful experiments, both with NV21,24, SiV25,26 and GeV
centers27 in diamond, as well as with rare earth ions in oxide
crystals28 recently, and Purcell enhancement could be demon-
strated. However, the desired net improvement of the collec-
tion of lifetime-limited NV center ZPL photons has not been
achieved to date. This emphasizes the further need to under-
stand limitations and improve the experimental realization of
such systems.

One critical aspect lies in the details of the diamond mem-
brane and its influence on the cavity modes. The pres-
ence of the diamond-air interface leads to a hybridized mode
structure6,19,23,29. Depending on the diamond thickness, the
cavity standing wave light field can either fulfill the boundary
condition for the air gap part where a field node should form
at the interface, called an air-like mode, or match for the mode
in the diamond part where a field maximum at the interface is
present, a so-called diamond-like mode, as shown in figure 1
(d) and (e). Since both conditions cannot be met simultane-
ously, hybridized modes form, whose dispersion, finesse and
loss strongly depend on the mode character19,29. For such a
hybridized diamond-air cavity, the mode dispersion, i.e. the
frequency dependent shift of the cavity resonances, deviates
from the linear behavior known from a bare Fabry-Pérot cav-
ity and shows a varying slope for different diamond thickness
at a fixed wavelength. As shown in a simulation of cavity
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resonances in figure 1 (f), the dispersion exhibits the small-
est slope for a configuration with predominant diamond-like
character, and the steepest slope for a predominant air-like
configuration as in figure 1 (g). To maximize the coupling
to color centers in the membrane, diamond-like modes are
beneficial because they show a larger electric field inside the
diamond29 as it can be seen by comparing figures 1 (d) and
(e). However, for this configuration, the scattering loss at the
diamond surface becomes maximal, requiring a trade-off de-
pending on the surface roughness level. Furthermore, a recent
study observed additional loss associated with diamond-like
modes which could not be conclusively explained by surface
scattering30. In general, a comprehensive investigation of the
cavity performance and its relation to the diamond surface to-
pography would be desirable, while experiments to date re-
port only punctual measurements of cavity performance on
diamond membranes, mostly under air-like conditions.

In this work, we perform a systematic study of the cav-
ity performance in the presence of diamond membranes. We
use scanning cavity microscopy31–33 at a high finesse of up
to 20000 to probe extended areas of a membrane. We ob-
serve a spatial variation of the cavity mode character which
follows the diamond thickness profile, a corresponding cav-
ity transmission and finesse variation, and the local influence
of defects. In addition, we identify spatially localized mode
mixing34,35, mostly present in diamond-like regions, which
renders a large part of these areas useless for cavity experi-
ments. We model the observed losses based on surface scat-
tering, absorption, and mirror transmission, and find that we
need to assume a larger surface roughness than measured. In
addition, we find that the model reproduces the data better
when assuming a significant bulk absorption in the diamond.
Furthermore, we observe an increase of the cavity loss for air-
like modes with increasing diamond thickness which is larger
than explainable by absorption loss. Finally, we study the po-
larization modes of the cavity and observe a systematic de-
pendence of the polarization mode splitting on the mode char-
acter, as well as a background birefringence. The latter shows
a spatial variation of its strength and orientation, which we
interpret as a signature of the local strain distribution in the
material. The results show that while a dominant fraction of
the diamond membrane is free from intrinsic defects or ex-
cessive roughness-induced scattering loss, mode mixing and
polarization mode splitting can lead to additional limitations.
The increased loss reported in30 and19 appear to be consistent
with our findings. We suggest that the mismatch between the
mode’s curved phase front and the planar diamond-air inter-
face can be the origin. We remark that the observed loss and
birefringence effects are observed and predicted to become
smaller for thinner diamond membranes. This suggests that
one can target a compromise between improved NV coher-
ence for thicker and improved cavity performance for thinner
diamond membranes to achieve an optimized spin-photon in-
terface.

(a) (b)

(f) (g)

250 μm

(d) (e)

(c)

FIG. 1. (a) Schematic drawing of the cavity setup: A planar mir-
ror (blue) carrying a diamond membrane can be moved laterally to
select a region of interest. A cavity is formed together with a fiber
mirror that can be nano-positioned along three axes to record raster-
scanning images. (b) Microscope image of a bonded membrane. A
thinned-down part for subsequent characterization lies within the re-
gion framed by the semicircle shadow. (c) AFM measurement of
the membrane showing an rms-roughness of σrms = 0.4nm. (d) and
(e) Simulation of the electric field inside the cavity for a diamond-
like (d) and an air-like (e) mode. The refractive index profile (or-
ange dashed line) highlights the air-diamond (AD) interface. (f) and
(g) Simulated cavity resonance frequency as a function of the mir-
ror separation for a diamond thickness of 6035nm (diamond-like)
and 6103nm (air-like), respectively. The probe wavelength of sub-
sequent measurements λ = 639.7nm is indicated by a dashed blue
line.

II. METHODS AND MATERIALS

Our experiments are performed using a fiber-based Fabry-
Pérot cavity which is schematically illustrated in figure 1 (a).
It consists of a macroscopic plane mirror and a concave mirror
that is processed at the end facet of an optical fiber by CO2-
laser machining36. We use two different fiber tips FA (FB)
that show concave profiles with small ellipticity, characterized
by radii of curvatures (ROCs) of 33.1(55.2)µm along one
half axis and 30.5(48.7)µm along the orthogonal one. The
fiber end facets are coated by ion beam sputtering with a dis-
tributed Bragg reflector (DBR) (Laseroptik GmbH, Garbsen,
Germany), designed for a center wavelength at 637nm. Nu-
merical simulations using a transfer matrix model along with
the measured layer thicknesses of the DBR stacks yield trans-
missions of 52(57)ppm for the fiber mirrors at a wavelength
of λ = 639.7nm that is used for the experiment. The plane
mirror (MA) consists of a superpolished fused silica substrate
(σrms < 0.2nm), coated for a transmission of 57ppm. More
details on the cavity mirrors as well as the expected and mea-
sured finesse of the assembled cavities without the presence
of a diamond sample can be found in the supplementary ma-
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terial.
We study two CVD-grown single-crystal diamond samples

of general grade (Cornes Technologies, San Jose, CA, USA)
and electronic grade (element 6) quality. The main sam-
ple of this study (general grade quality) is structured using
an inductively-coupled plasma reactive ion etching (ICP-RIE)
procedure, resulting in a membrane with a minimal thickness
of approximately 5µm, as described in23. Characterization on
4×4µm2 sub-regions of the membrane with an atomic force
microscope (AFM) - as exemplary shown in figure 1 (c) - re-
veals a surface roughness of σrms = 0.4−0.5nm after the final
etching steps. For bonding of the membranes onto plane mir-
rors we exploit van der Waals forces between the mirror and
the sample. Initial interference fringes observed under a light
microscope, indicating an air gap between the membrane and
the mirror, broaden during the bonding procedure, and the fi-
nal result for the general grade sample depicted in figure 1
(b) shows almost no fringes (see23 for details on the bonding
procedure).

We use a custom-developed nanopositioning stage to con-
trol the cavity. It can be built cryo-compatible and achieves
very high passive stability and fast scanning speed37. In order
to select a position on the a sample, the plane mirror can be
moved laterally, while the fiber can be scanned additionally
along all three dimensions using piezo-electric actuators to
perform the scanning cavity measurements. To probe the cav-
ity, we couple light of a tuneable diode laser (TDL) (Toptica
DL pro 637) at a wavelength of λ = 639.7nm into the cavity
fiber and measure the transmission behind the plane mirror us-
ing an avalanche photodiode (APD) (Thorlabs APD130A2/M)
connected to a 12-bit digital storage oscilloscope. To obtain
spatially resolved maps, we raster-scan the fiber laterally on
an area of about 60× 60µm2 over the sample and modulate
the cavity length at each position over multiple free spectral
ranges (FSR) at a rate of 200Hz. The maximum transmission
is recorded at each position, leading to a 2D-image that shows
relative changes of the cavity transmission as a function of the
position on the membrane, which we refer to as a cavity trans-
mission scan. To obtain the cavity finesse, we modulate the
cavity length at a reduced rate of typically 20Hz and probe
two consecutive fundamental resonances, which we fit with
Lorentzian lines. From this we calculate the finesse from the
ratio of the resonance distance and the average full width at
half maximum (FWHM). Due to piezo nonlinearity and hys-
teresis, such measurements have an uncertainty of ≈ 10% un-
less calibrated with care. For these measurements, we align
the polarization of the input light with one of the two cavity
polarization modes to probe an isolated resonance.

III. RESULTS AND DISCUSSION

A. Mode-character-dependent cavity loss

We study the spatially varying effect of the diamond mem-
brane on cavity modes by performing laterally resolved cavity
transmission measurements as described above. To increase
the imaged area, 16 of such scans are performed at neigh-

(a) (b)

FIG. 2. (a) Surface topography of the etched diamond membrane.
The black frame indicates the region where cavity transmission scans
are performed, white dashed lines are used to highlight the contour
lines inside this region. (b) Cavity transmission map of the framed
region in (a).

boring positions on the membrane with slight overlaps at the
edges and consecutively stitched together.

The final transmission scan obtained with fiber mirror FA
is shown in figure 2 along with a height map of the mem-
brane taken with a home-built white-light interferometric mi-
croscope (WLI). Notably, the cavity transmission in figure 2
(b) exhibits distinct bright and dark fringes that match the
shape of the height map in figure 2 (a), evidencing the cor-
relation between the cavity transmission and the membrane
thickness. Since the composition of the cavity mode changes
with the diamond thickness at a periodicity of λ/(2nd)

29, with
nd = 2.41 the refractive index of diamond, our measurements
reveal the relative change of the cavity transmission as a func-
tion of the hybridized mode composition. To compare the
thickness change of the diamond membrane obtained from the
WLI measurement to the structure observed in cavity trans-
mission, we estimate the region covered by the cavity scans
(see supplementary material). This region is indicated by the
black frame in figure 2 (a). For a horizontal line at the cen-
tral y-position of this region, the WLI image shows a thickness
change of ∆WLI

h ≈ 770nm. Roughly seven bright fringes along
the x-axis in the central y position of the cavity scan yield a
thickness change of ∆cav

h = (7− 1) ·λ/(2nd) ≈ 800nm, thus
showing good agreement with the WLI measurement.

To understand how the composition of the hybridized cav-
ity mode affects the cavity losses in more detail, we proceed
with measuring the cavity finesse and the mode composition
for points along a horizontal line, covering several bright and
dark fringes in figure 3 (a). As shown in figure 3 (b), the
cavity finesse spans values between 200 and 5500 and fol-
lows closely the cavity transmission measurements. In order
to link each measurement position with the character of the
hybridized mode, we investigate the dispersion of the cavity
mode. To this end, we couple light from a white-light laser
(Fianium Whitelase SC450) into the cavity and measure trans-
mission spectra with a spectrometer (Andor Shamrock) for dif-
ferent cavity lengths. The mode character is derived from the
slope of the mode dispersion at the wavelength λ = 639.7nm
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(d) (e) (f)

(a) (b) (c)

FIG. 3. (a) Cavity transmission scan on the membrane. Each pixel shows the maximum cavity transmission from several fundamental mode
orders. (b) Finesse of the cavity for points along the blue line in (a). Each data point shows the average of 50 measurements. The black
curve shows the transmission data from (a). (c) Cavity finesse (data from (b)) and composition of the hybridized mode obtained by measuring
the mode dispersion for each point. (d) Cavity finesse scan on the same region. (e) Cavity finesse scan using a different cavity fiber mirror
achieving a higher finesse on a slightly different position on the membrane. (f) Measured cavity finesse along the dashed blue line in (f). The
red line shows a fit.

of the probe laser used for the finesse measurements. Here, a
steep slope corresponds to a mode with high air-like character
and a flat slope to a mode with high diamond-like character19.
We define the mode character by assigning a value of 1 for
the steepest slope (air-like, A) and 0 for the lowest slope
(diamond-like, D) with corresponding values in between (see
supplementary material).

The results are shown together with a corresponding mea-
surement of the finesse in figure 3 (c). The mode character
follows closely the finesse and the transmission of the cav-
ity, proving that the losses of the cavity are dominated by ef-
fects associated with the character of the hybridized mode.
To evidence the strong correlation between the cavity losses
and the mode composition again over a larger region of the
membrane, we scan the fiber similar to the lateral transmis-
sion measurements across the membrane and measure the fi-
nesse of the cavity at each position. The resulting finesse
scan in figure 3 (d) confirms the correlation between cavity
finesse and mode composition obtained along the single line
described above.

We repeat the measurement with a second fiber mirror FB
since we observed high losses for the first fiber mirror al-
ready without diamond membrane. Taken at a slightly dif-
ferent position, the measurement shown in figure 3 (e) again
reflects the shape of the membrane. The finesse spans values
between ∼ 3000 and slightly above 20,000, which remains
lower than the value observed for the cavity without mem-
brane F bare

max = 32,400 (see supplementary material). To un-
derstand the contribution of different sources of loss, we an-
alyze a line cut through the data shown in figure 3 (e) and fit

it with a model containing mode-dependent mirror transmis-
sion, scattering losses at the diamond-air interface, and ab-
sorption from the diamond29, see figure 3 (f). Therefore, we
describe the finesse F = 2π/Leff with the effective losses29

Leff =
E2

max,a

ndE2
max,d

L f +L m +Lscat(σrms)+Labs(αd) (1)

Here, L m (L f ) are the losses due to transmission at the pla-
nar (fiber) mirror that we extract by a transfer matrix model
using the measured DBR-layer thicknesses from the manu-
facturer. The scattering loss

Lscat = sin2
(

2πndtd
λ0

)
· (1+nd)(1−nd)

2

nd
·
(

4πσrms

λ0

)2

,

(2)
originates from the diamond surface roughness σrms. In addi-
tion, we include absorption loss Labs ≈ 2αdtd described by the
absorption coefficient αd of the diamond sample. For the gen-
eral grade diamond sample, which contains an increased ni-
trogen concentration > 100ppb, a broadband absorption with
αd ∼ 0.1−0.5 cm−1 is expected38.

For all loss contributions, knowledge of the diamond thick-
ness and the local mode character are important. Therefore,
we evaluate a measurement of the cavity mode dispersion at
one location, i.e., the mode frequency shift as a function of the
mirror separation, and fit a simulation to the measured disper-
sion to obtain the thickness td,0 = 5.96µm. For the other loca-
tions along the line, we make use of the known mode compo-
sition change from diamond-like (D) to air-like (A) between
a local finesse minimum and maximum, corresponding to a
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thickness change of λ/(4nd) ≈ 66nm. We interpolate the
membrane thickness along the line by a linear increase be-
tween consecutive extrema.

We then perform a fit39 based on the described model and
the interpolated thicknesses for the finesse data along the blue
line in figure 3 (e) with the surface roughness σrms and the ab-
sorption coefficient αd as free parameters. The result is plot-
ted in figure 3 (f) together with the measured data. We note
that the deviation between fit and data around pixel 75 origi-
nates from a local defect present on the membrane, which can
be seen at the respective position in figure 3 (e). From the
fit we obtain a roughness of σrms = (1.02± 0.03)nm and an
absorption coefficient of αd = (0.19±0.01)cm−1. While the
absorption coefficient lies within the expected range, the pre-
dicted surface roughness is significantly higher than the mea-
sured values of σrms ≈ 0.4−0.5nm23. Therefore, we conclude
that we still miss further loss contributions. Possible origins
can be scattering at the second diamond interface facing the
mirror, surface absorption due to sp2 carbon and surface de-
fect states, and loss originating from the mismatch between
the curved cavity mode phase front and the planar membrane
surface (see below).

B. Increased cavity losses due to transverse mode mixing

In most spatial maps of the diamond membrane, we observe
sharp lines of constant mode character where the cavity fi-
nesse and transmission are significantly lower than in the sur-
rounding. Similar but less severe behavior has been observed
also for bare mirrors, and resonant transverse-mode mixing
has been identified as the origin34,35. It occurs when higher-
order transverse modes of a neighboring longitudinal mode
order q−1 become resonant with a fundamental cavity mode
of order q, and when boundaries such as the mirror surfaces do
not match the phase fronts of Hermite-Gaussian modes, such
that scattering leads to a coupling and hybridization of (near-)
resonant modes. The effect is strongly dependent on the cavity
length, and at large mirror separation, where low-order trans-
verse modes fulfill the mode-mixing resonance condition, it
becomes more dominant. To analyze the effect in the presence
of a diamond membrane, we record transmission maps of one
area (similar to figure 3 (a)) and change the air gap of the cav-
ity over a large range. Six different scans are shown in figure
4 (a). As we increase the effective cavity length, we observe
an overall transmission decrease as well as the sharp mode-
mixing lines which become increasingly prominent. Notably,
also at shortest mirror separation, we always observe mode-
mixing lines in diamond-like regions, while they only appear
at large distance in air-like regions.

To see whether the overall decrease in transmission with
increasing mirror separation correlates with the cavity finesse,
we perform finesse scans on an air-like sub-region for three
different cavity lengths, see figure 4 (b). We observe no sig-
nificant drop of the maximum finesse for the different cavity
lengths, and only a weak sign of mode mixing within the stud-
ied cavity length range. This indicates that the transmission
drop is dominated by mode matching.

In contrast, we have observed that losses under air-like con-
ditions increase for thicker diamond membranes. To study
this effect, we use a second diamond sample of electronic
grade quality which features several membranes with different
thicknesses and that was bonded on a second cavity mirror MB
(see23 for details on the sample). We perform cavity transmis-
sion scans on regions of different thicknesses between 6µm
and 19.5µm and measure the cavity finesse on bright (high
air-like character) and dark (high diamond-like character) re-
gions. As depicted in the central panel of figure 4 (c), the
cavity finesse on bright regions shows a strong decrease with
increasing membrane thickness, dropping significantly faster
than expected for bulk absorption. At the same time, we ob-
serve no drop of the cavity finesse on dark regions (diamond-
like conditions) with increasing membrane thickness, shown
in the lower panel of figure 4 (c). We note that for the investi-
gated effective cavity lengths, the empty cavity shows a stable
finesse (see figure 4 (c), upper panel) which is valid even for
longer cavity lengths (for details see supplementary material),
thus ruling out effects related to the cavity fiber, i.e. clipping
losses, as the origin of our observation. A possible explana-
tion is the shape mismatch of the diamond-air interface with
the curved wavefront of the cavity mode19, which becomes
more prominent with increasing membrane thickness. There,
the membrane thickness approaches the Rayleigh range of the
cavity mode, and the curvature of the phase front at the di-
amond surface increases. Under such conditions, the cavity
mode can no longer fulfill air-like conditions over the entire
mode cross section, and an electric field at the interface will
be present at the outer parts of the mode. This effectively
reduces the air-like character of the mode and thus leads to
increased scattering loss and mode mixing. As shown in the
central panel of figure 4 (c), we can model the behavior with
a simple estimate where we calculate the diamond / air char-
acter based on the weighted fraction of electric field present at
the diamond-air interface due to the wavefront curvature for
a given cavity and membrane geometry (details on the model
can be found in the supplementary material). Consistent with
this picture, we observe no decrease of the cavity finesse under
diamond-like conditions for increasing membrane thickness.

Beyond this general trend which is present on the entire
membrane and for any air gap, our measurements show that
the diamond leads to significant resonant coupling between
different transverse modes. To directly reveal the mode cou-
pling, we use the cavity with fiber mirror FB and the general
grade sample to scan laterally in fine steps over a region where
the transmission drops sharply and record the cavity modes at
each position. We show transmission maps on three different
areas where mode coupling occurs in figure 5 (a,b,c). To dis-
play the coupling of higher-order modes to the fundamental
mode, we record cavity transmission spectra taken by vary-
ing the cavity length, for each position along three different
linear paths indicated in figure 5 (a,b,c), see figure 5 (d,e,f),
respectively. At locations where a fundamental mode and a
higher-order mode would show degeneracy, avoided crossings
appear, and the transmission drops. Figure 5 (d) shows the
cavity spectra for a scan across an air-like region. The first
spectrum (red, bottom) features one prominent fundamental
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(a) (b) (c)

FIG. 4. (a) Cavity transmission scans for increasing air gap and fixed membrane thickness. The effective cavity length is given above each
scan. The scans are normalized to the maximum value of all scans. (b) Cavity finesse scans for different effective cavity length by changing
the air-gap on an air-like region. (c) Cavity finesse of the empty cavity (upper panel) for different cavity length and finesse on bright regions
(central panel) and dark regions (lower panel) on the membrane for different membrane thicknesses. Each data point shows the average of at
least 100 measurements and the orange curve in the central panel shows a model based on additional losses for air-like modes coming from
the mode curvature at the diamond-air interface. For easier comparison, the range of shown cavity lengths in the upper panel corresponds to
the effective cavity lengths resulting from the membrane thickness and the air gap of the lower two panels.

(d) (e) (f)

(a) (b) (c)

FIG. 5. (a)-(c) Cavity transmission scans of areas with resonant mode coupling. Blue arrows indicate the location and direction of the scans
shown in (d) - (f). (d) Cavity transmission spectra under air-like conditions for positions along the blue arrow in (a). The color is changed after
each avoided crossing for better visibility. (e) Transmission spectra under diamond-like conditions along the arrow shown in (b). Coupling
between the fundamental mode and a series of higher-order modes leads to a strong decrease of the cavity transmission. (f) Cavity transmission
spectra for positions along the arrow shown in (c).

mode and a second, higher-order mode approaching from the
left. When both modes would become degenerate, the cou-
pling leads to an avoided crossing. In this example, a second
avoided crossing with another transverse mode and larger cou-
pling is visible at small spatial distance.

Under diamond-like conditions, mode mixing is observed
to be more severe, and it can include a large number of con-
secutive avoided crossings such that the transmission drops
almost completely, see figure 5 (e). Here, the laser power is
increased to saturate the APD outside the avoided crossings
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(d) (e)

α
E

Pol.1

Pol.2

E2

E1
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(c)(a) (b)

FIG. 6. Polarization splitting and rotation of the fundamental cav-
ity modes. (a) Cavity finesse scan on the diamond membrane. (b)
Fundamental cavity modes on a position with high (blue) and low
(orange) finesse. The data for low finesse is shifted along the y-axis
for better visibility. Black dashed lines are Lorentzian fits on the
transmission data. Vertical lines show the different amount of mode
splitting. (c) The intensity ratio of the polarization modes can be
used to determine the relative polarization angle between incoupled
light and the cavity polarization modes. (d) Lateral scan of the po-
larization splitting in units of FSR. One finds a larger splitting for
modes with higher diamond-like character. (e) Spatial map of the
polarization angle obtained from the same data used for (d).

such that the modes can still be detected while mixing. A fur-
ther example with a large spatial region of mode mixing is
shown in figure 5 (f). Here, one can observe the coupling of
both polarization modes. For calibration of the cavity length
changes, each spectrum is recorded over more than one FSR.

The alignment of mode mixing resonance contours with
the diamond membrane topography can be understood by the
different effect of the membrane on the frequency of dif-
ferent transverse modes40. Due to the larger Gouy phase
of higher-order modes compared to the fundamental mode,
their diamond- and air-like mode character occur for differ-
ent membrane thicknesses, such that thickness variations will
lead to a large variation of mode frequency differences, and
transverse-mode resonance conditions will follow isocontours
of constant membrane thickness.

Several contributions add to the mode mixing, such as im-
perfect mirror shape and misalignment of the cavity (see e.g.
fig. 3 (d) vs (e)), which can be both minimized. The origin of
the membrane-induced mode mixing is due to imperfect sur-
face topography such as a wedge, but also due to the shape
mismatch between the planar diamond-air interface and the
parabolic wave front of the cavity mode19. Due to this curva-
ture, an exact air-like condition with zero field at the entire in-
terface cannot be achieved. This introduces interface-induced
mode mixing also for air-like modes. For a plano-concave
cavity geometry, the wave front curvature approaches a pla-
nar shape close to the waist on the plane mirror, such that
for thin membranes, one can largely avoid diamond-induced
mode mixing25,30.

C. Polarization mode splitting and birefringence

As a last aspect, we investigate how the diamond membrane
affects the polarization modes. For cavity mirrors with bro-
ken rotational symmetry, an intrinsic polarization mode split-
ting is present41, which is also the case for the cavities used
here. For the empty cavity, we measure a mode splitting of
δ = νsplit/νFSR = 3.82× 10−5, which is consistent with the
measured ellipticity of the concave profile of the fiber (see
supplementary material). On the diamond membrane, we
observe a significantly increased and spatially varying mode
splitting spanning values between δ = 5×10−4 and 5×10−3.
Figure 6 (a) shows a finesse scan of the investigated region of
the membrane for reference of the mode character. From cav-
ity transmission spectra on two locations with different mode
character, we find a significant difference in the polarization
splitting, see figure 6 (b). When measuring a map of the polar-
ization splitting on the same area as shown in figure 6 (a), we
observe fringes with the same shape as for the cavity finesse,
see figure 6 (d). Positions with low finesse, i.e. diamond-like
character, show a large splitting, and positions with air-like
character show a smaller splitting. The increased splitting un-
der diamond-like conditions indicates a strong contribution of
the diamond-air interface to the polarization splitting. At this
point, we have no model that can explain the effect.

Also for air-like modes, where the interface is "hidden"
from the cavity field, we observe an increased splitting com-
pared to an empty cavity, with a small spatial variation on a
larger scale. We attribute this to birefringence of the diamond
which originates from local strain. The observed diamond-
induced mode splitting in air-like regions of δ = 0.001 cor-
responds to a refractive index difference of ∆n = λ/td · δ =
1×10−4, indicating an elevated local strain level. In contrast,
carefully grown diamonds can achieve one to two orders of
magnitude smaller strain levels42.

Further, we observe a spatial variation of the intensity ra-
tio of the polarization modes, originating from a rotation of
the cavity polarization axes. To study this observation in
more detail, we measure the intensity ratio of both polariza-
tion modes and calculate the corresponding polarization an-
gle between the probe laser and one of the cavity modes by
tan(α) = E2/E1 =

√
I2/I1, as sketched in figure 6 (c). Here

I1 and I2 are the transmitted intensities of the two polariza-
tion eigenmodes. As shown in figure 6 (e), the extracted angle
changes significantly over the region, showing a completely
different pattern than the topography of the membrane. We as-
cribe this signal to the variation of the orientation of the slow
axis of the birefringent diamond, which is consistent with a
spatially varying strain. To exclude measurement artefacts, we
have repeated the measurements with a second cavity with the
fiber mirror FB at a slightly shifted position (see supplemen-
tary material), and observe the same pattern. For comparison,
we also studied a second electronic grade diamond sample in
a cavity. There, we observed mode-character dependent polar-
ization splitting between δ = 2×10−4 and 9×10−4, resulting
in a reduced birefringence of ∆n≈ 2.5×10−5 (see supplemen-
tary material). This lower level of birefringence together with
the splitting induced by the ellipticity of the fiber mirror can
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lead to a polarization mode splitting that remains smaller than
a cavity linewidth as long as the finesse remains smaller than
≈ 5000.

It remains an interesting question whether noticeable strain
can originate from the van der Waals bond, e.g. for non-
perfectly planar interfaces. This contribution could be quan-
tified by measuring the birefringence before and after bond-
ing. Birefringence can become a limiting factor for aligning
the cavity mode polarization with the transition dipole orien-
tation of color centers. This can reduce the achievable cou-
pling strength, lead to issues with circularly polarized tran-
sitions, and limit the performance of the crossed polariza-
tion detection scheme24. On the other hand, suitable polar-
ization mode splitting can be made use of for polarization-
selective Purcell enhancement for efficient resonance fluores-
cence collection43,44.

IV. CONCLUSIONS

In our study we have used scanning cavity microscopy to
evidence the effects of the topography of a diamond mem-
brane on the cavity modes. The diamond- and air-like char-
acter strongly dominates the mode properties and cavity loss,
and we were able to differentiate the different loss contribu-
tions and show the importance of absorption loss for sam-
ples with increased nitrogen concentration. We have further
identified transverse mode mixing as a limiting mechanism
when operating under diamond-like conditions, and loss of
purely air-like conditions for thick membranes. These limita-
tions are expected to be avoided by using thinner membranes.
Finally, we have introduced a technique to sensitively mea-
sure local birefringence and observed a mode-character de-
pendent polarization mode splitting and spatial variation of
diamond birefringence. Scanning cavity microscopy thereby
provides important insight into the required properties of dia-
mond membranes for optimized spin-photon interfaces.

SUPPLEMENTARY MATERIAL

See supplementary material for details on the cavity fibers
and mirrors, calibration of the nanopositioning system, eval-
uation of the hybridized mode composition, measurements of
the rotation of the polarization axes and on the second dia-
mond sample of electronic grade quality.
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M. Lončar, and R. Hanson, “Robust nano-fabrication of an integrated plat-

http://dx.doi.org/ 10.1103/PhysRev.69.37
http://dx.doi.org/10.1103/PhysRevX.9.031045
http://dx.doi.org/10.1103/PhysRevX.9.031045
http://dx.doi.org/10.1038/nature12016
http://dx.doi.org/ 10.1103/PhysRevLett.109.033604
http://dx.doi.org/10.1021/nl402174g
http://dx.doi.org/ 10.1103/PhysRevLett.110.243602
http://dx.doi.org/ 10.1103/PhysRevApplied.6.054010
http://dx.doi.org/10.1364/OE.26.007056
http://dx.doi.org/10.1103/PhysRevA.92.043844
http://dx.doi.org/10.1103/PhysRevA.92.043844
http://dx.doi.org/10.1103/PhysRevX.7.031040
http://dx.doi.org/ 10.1021/acs.nanolett.9b01316
http://dx.doi.org/ 10.1021/acs.nanolett.9b01316
http://arxiv.org/abs/https://doi.org/10.1021/acs.nanolett.9b01316
http://dx.doi.org/10.3390/mi11121080
http://dx.doi.org/10.1103/PhysRevApplied.15.024049
http://dx.doi.org/ 10.1103/PhysRevB.99.165310
http://dx.doi.org/10.1007/s00340-020-07478-5
http://dx.doi.org/ 10.1103/PhysRevApplied.13.064016
http://dx.doi.org/ 10.1103/PhysRevApplied.13.064016
http://dx.doi.org/10.1103/PhysRevX.10.041025
http://dx.doi.org/10.1088/1367-2630/aaec29
http://dx.doi.org/10.1038/ncomms8249
http://dx.doi.org/10.1103/PhysRevApplied.4.054010
http://dx.doi.org/10.1103/PhysRevApplied.4.054010
http://dx.doi.org/10.1038/ncomms12155
http://dx.doi.org/ 10.1088/1367-2630/17/5/053051
http://dx.doi.org/10.1088/1367-2630/ab49b4
http://dx.doi.org/10.1088/1367-2630/ab49b4
http://dx.doi.org/10.1063/1.3679721
http://dx.doi.org/10.1063/1.3679721
http://arxiv.org/abs/https://doi.org/10.1063/1.3679721
http://dx.doi.org/10.1117/12.864981
http://dx.doi.org/10.1117/12.864981
http://dx.doi.org/10.5281/zenodo.11813
http://dx.doi.org/10.5281/zenodo.11813
http://dx.doi.org/10.5281/zenodo.11813
http://dx.doi.org/ 10.1038/nphys1707
http://dx.doi.org/ 10.1088/1367-2630/17/1/013053
http://dx.doi.org/ 10.1088/1367-2630/17/1/013053
http://dx.doi.org/https://doi.org/10.1016/j.diamond.2009.01.013
http://dx.doi.org/https://doi.org/10.1016/j.diamond.2009.01.013
http://dx.doi.org/10.1038/s41566-019-0494-3
http://dx.doi.org/10.1038/s41566-019-0494-3
http://dx.doi.org/ 10.1038/s41565-020-00831-x
http://dx.doi.org/ 10.1038/s41565-020-00831-x


10

form for spin control in a tunable microcavity,” APL Photonics 2, 126101
(2017).

46E. Janitz, M. Ruf, Y. Fontana, J. Sankey, and L. Childress, “High mechan-
ical bandwidth fiber-coupled fabry-perot cavity,” Opt. Express 25, 20932–
20943 (2017).

47S. Vadia, J. Scherzer, H. Thierschmann, C. Schäfermeier, C. Dal Savio,
T. Taniguchi, K. Watanabe, D. Hunger, K. Karraï, and A. Högele, “Open-
cavity in closed-cycle cryostat as a quantum optics platform,” PRX Quan-
tum 2, 040318 (2021).

48J. F. S. Brachmann, H. Kaupp, T. W. Hänsch, and D. Hunger, “Photother-
mal effects in ultra-precisely stabilized tunable microcavities,” Opt. Express
24, 21205–21215 (2016).

49Y. Fontana, R. Zifkin, E. Janitz, C. D. R. Rosenblueth, and L. Childress, “A
mechanically stable and tunable cryogenic fabry–pérot microcavity,” Rev.

Sci. Instr. 92, 053906 (2021).
50S. B. van Dam, M. Walsh, M. J. Degen, E. Bersin, S. L. Mouradian, A. Gal-

iullin, M. Ruf, M. IJspeert, T. H. Taminiau, R. Hanson, and D. R. Englund,
“Optical coherence of diamond nitrogen-vacancy centers formed by ion im-
plantation and annealing,” Phys. Rev. B 99, 161203 (2019).

51M. Kasperczyk, J. A. Zuber, A. Barfuss, J. Kölbl, V. Yurgens, S. Flågan,
T. Jakubczyk, B. Shields, R. J. Warburton, and P. Maletinsky, “Statisti-
cally modeling optical linewidths of nitrogen vacancy centers in microstruc-
tures,” Phys. Rev. B 102, 075312 (2020).

52Y. Chu, N. P. de Leon, B. J. Shields, B. Hausmann, R. Evans, E. Togan, M. J.
Burek, M. Markham, A. Stacey, A. S. Zibrov, A. Yacoby, D. J. Twitchen,
M. Loncar, H. Park, P. Maletinsky, and M. D. Lukin, “Coherent optical
transitions in implanted nitrogen vacancy centers,” Nano Letters 14, 1982–
1986 (2014).

http://dx.doi.org/10.1364/OE.25.020932
http://dx.doi.org/10.1364/OE.25.020932
http://dx.doi.org/10.1103/PRXQuantum.2.040318
http://dx.doi.org/10.1103/PRXQuantum.2.040318
http://dx.doi.org/10.1364/OE.24.021205
http://dx.doi.org/10.1364/OE.24.021205
http://dx.doi.org/10.1103/PhysRevB.99.161203
http://dx.doi.org/10.1103/PhysRevB.102.075312
http://dx.doi.org/ 10.1021/nl404836p
http://dx.doi.org/ 10.1021/nl404836p

	Scanning cavity microscopy of a single-crystal diamond membrane
	Abstract
	I Introduction
	II Methods and Materials
	III Results and discussion
	A Mode-character-dependent cavity loss
	B Increased cavity losses due to transverse mode mixing
	C Polarization mode splitting and birefringence

	IV Conclusions
	 supplementary material
	 Author Declarations
	 Conflict of Interest
	 Author Contributions

	 Data Availability Statement
	 Acknowledgments


