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Abstract 

Localization-based super-resolution imaging techniques have improved the spatial 

resolution of optical microscopy well below the diffraction limit, yet encoding additional 

information into super-resolved images, such as anisotropy and orientation, remains a 

challenge. Here we introduce calcite-assisted localization and kinetics (CLocK) 

microscopy, a multi-parameter super-resolution imaging technique easily integrated into 

any existing optical microscope setup at low cost and with straightforward analysis. By 

placing a rotating calcite crystal in the infinity space of an optical microscope, CLocK 

microscopy provides immediate polarization and orientation information while maintaining 

the ability to localize an emitter/scatterer with <10 nm resolution. Further, kinetic 

information an order of magnitude shorter than the integration time of the camera is 

encoded in the unique point spread function of a CLocK image, allowing for new 

mechanistic insight into dynamic processes such as single nanoparticle dissolution and 

single-molecule surface enhanced Raman scattering. 
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Localization-based super-resolution imaging is now well-established as a powerful 

tool to overcome the diffraction limit of light by analyzing single emitter point-spread 

functions (PSFs) to determine the spatial position associated with the point of highest 

intensity, leading to new insights in fields ranging from biology to material science. (1–13) 

The position of highest intensity is approximated as the location of the single emitter and, 

given sufficient signal to noise, can have spatial precision better than 10 nm. (14–17) 

Repeating the process for many single emitters allows for super-resolved images to be 

constructed, allowing us to break the resolution barrier of traditional optical microscopes 

and discover unseen structure and processes with nanoscale resolution. 

One challenge with this approach is that a diffraction-limited spot encodes limited 

information about the emitter—typically only its spatial position and intensity (as in Figure 

S1A). However, additional information about the emitter, such as its orientation and extent 

of anisotropy, is desired for systems where rotational motion or dynamic changes in 

anisotropy can occur. (18–23) While it is possible to extract additional anisotropy and 

orientation information from a diffraction-limited image of a dipole emitter by fitting it to a 

3-D dipole emission pattern, this requires extremely high signal-to-noise or image 

defocusing, which introduces complexities with localization analysis. (24–27) Alternative 

strategies for extracting orientation and polarization information involve using phase 

masks in the emission path of the microscope, but these are challenging to design, yield 

complex PSFs that can be non-intuitive to analyze, and are often sensitive to the emission 

wavelength of the species of interest as well as the optical properties of the microscope. 

(22,28) Inserting a rotating wedge polarizer into the emission path of a microscope 

simplifies this problem, but loses the simplicity of localizing a single emitter by fitting its 



diffraction-limited emission. (29) A fourth approach involves splitting the diffraction-limited 

emission between two polarization channels, but this makes image registration difficult, 

especially in situations where the localized position of the emitter is polarization 

dependent (as our group has observed with fluorescent beads). (30–33) Moreover, 

splitting the emission is best suited for homogenous populations of dipole emitters (like 

single fluorophores) and is less successful in heterogeneous systems with variations in 

anisotropy (such as nanoparticles) where ambiguity in the polarization-resolved images 

can occur (Figure S1B).  

In this work, we introduce calcite-assisted localization and kinetics (CLocK) 

microscopy, a multi-parameter super-resolution imaging technique that generates a 

polarization-averaged diffraction-limited image surrounded by a polarization-resolved 

ring, allowing both localization/intensity and anisotropy/orientation information to be 

extracted from a single image. CLocK microscopy relies on the birefringent nature of a 

rotating calcite crystal, which is inserted into the infinity space of the optical microscope 

(Figures 1A and S2). Light collected by the microscope objective passes through the 

calcite crystal and is split into two orthogonally-polarized rays: an ordinary ray (o||) that 

continues along the original emission path and a spatially-displaced extraordinary ray 

(e⊥), where || and ⊥ represent the polarization states of the two rays relative to each other 

(Figure 1A). As the calcite crystal rotates at a rate equal to the acquisition rate of the 

imaging camera, the e⊥ sweeps out a complete 360° ring around the stationary o||, 

creating a unique PSF that resembles a ‘clock’, inspiring the name of the technique (for 

the sake of completeness, we note that this approach will work for other birefringent 

materials in addition to calcite).  



 

Figure 1. (A) Schematic representation of CLocK microscopy in which emission passes 
through a rotating calcite crystal, splitting it into mutually perpendicular polarizations: a 
stationary o|| ray and a spatially offset e⊥ ray. As the calcite crystal rotates, the e⊥ ray 
sweeps out a ring around the stationary o|| ray, producing a CLocK image. (B) Simulated 
CLocK images for an (i) isotropic nanosphere (NS) and (ii-iv) anisotropic nanorods (NRs) 
with varying orientations. The calcite crystal acts as polarization analyzer, leading to 
distinct patterns in the CLocK images. Scale bars 1 μm. 

 

During the calcite crystal rotation, the linear polarizations probed by the o|| and the 

e⊥ change as a function of calcite crystal orientation (θ), while remaining mutually 

perpendicular. For an isotropic object, such as a nanosphere (NS), the intensity of the o|| 

and e⊥ will be equal at all values of θ, leading to uniform intensity in the e⊥ ring that 

surrounds the polarization-averaged o|| image (Figure 1B-i). However, for anisotropic 

objects such as nanorods (NRs), which preferentially scatter light along their longitudinal 

axis, the intensity of o|| and e⊥ will modulate as a function of θ, leading to an angle-

dependent broken ring pattern in the e⊥ that corresponds to the orientation (ϕ) of the 

longitudinal axis of the NR (Figure 1B-ii-iv). Optical images captured using CLocK 

microscopy reveal polarization and orientation information from the e⊥ without sacrificing 



the ability to localize the polarization-averaged centroid of the o|| using traditional 

methods, such as fitting with a two-dimensional Gaussian (Figure S3). Moreover, the 

technique is compatible with multiple forms of optical microscopy, including dark field 

scattering, fluorescence, and Raman scattering (Figure S2 and vide infra). 

To illustrate the power of the technique, Figure 2 compares traditional dark-field 

microscopy, dark-field CLocK microscopy, and scanning electron microscopy (SEM) for 

a mixture of Au NSs and NRs. While impossible to distinguish Au NSs from Au NRs in 

the dark-field microscopy image (Figure 2A), the unique PSFs produced in the CLocK 

image (Figure 2B) allow for the immediate differentiation of isotropic particles (Au NSs), 

which have a uniform e⊥ pattern, and anisotropic particles (Au NRs), which have an angle-

dependent e⊥ pattern. Correlated SEM images confirm that the polarization and 

orientation information captured in the CLocK PSF reflects both the structure and 

orientation of the Au nanoparticles accurately (Figure 2C). Thus, from a single CLocK 

image, we can rapidly and non-destructively assess information about metal nanoparticle 

structure and orientation.  

To quantify the degree of anisotropy and orientation of a particle, we use Equation 

1:  

𝐼𝐼𝜃𝜃  ∝ 1 + 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀{2(𝜃𝜃 − 𝜑𝜑)}  (1) 

where Iθ is the background-subtracted intensity of the e⊥ as a function of θ, M is the 

modulation depth, and φ is the orientation of the particle (Figure S4). (34,35) An isotropic 

scatterer is expected to have a M value of 0, whereas a perfect dipole will have a M value 

of 1. Fitting particles 2 and 5 from Figure 2B to Equation 1 yields M values of 0.07 and 

0.5, respectively, consistent with their SEM identification as a NS and a NR. 



 

Figure 2. Comparison of (A) traditional dark-field, (B) dark-field CLocK, and (C) SEM 
images for a mixture of Au NSs and Au NRs. Optical images were acquired with an 
integration time of 300 ms. (D) Representative CLocK images of a Au NR before (t = 0 s) 
and after (t = 840 s) chemidissolution, showing that the Au NR transitions from an 
anisotropic rod-like structure to a more isotropic sphere-like structure after dissolution. (E-
G) Changes in the (E) modulation depth, (F) scattering intensity, and (G) localized center-
of-mass of the Au NR during chemidissolution. Scale bars: (A-B) 5 μm, (C) 50 nm, and 
(D) 1 μm. 

Next, we demonstrate how CLocK allows us to track dynamic structural changes 

of nanoparticles in real time, by monitoring the chemidissolution of Au NRs in the 

presence of KI/I2. Previous work has shown that NRs preferentially dissolve from their 

ends, resulting in the formation of spherical particles. (36,37) Figure 2D shows 

representative CLocK images of an Au NR (~120 nm long) before and after 

chemidissolution via KI/I2 with a visual difference observed between the original 

anisotropic and the final isotropic CLocK images. Fitting the data to Equation 1, we 



observe a smooth decrease in M from 0.68 to 0.12 (Figure 2E), supporting the previous 

literature observations that the Au NR becomes more spherical as the dissolution 

proceeds. The change in M is also accompanied by a drop in the integrated scattering 

intensity of the o|| (Figure 2F), allowing us to monitor the kinetics of the chemidissolution 

process and indicating that the particle decreases in size during the dissolution process, 

consistent with previous reports. (23,38,39) Interestingly, by fitting the o|| to a two-

dimensional Gaussian and extracting the peak position, we observe a directional change 

in the center-of-mass over time (Figure 2G). If the NR was dissolving from each end at 

equal rates, we would expect the center-of-mass to remain unchanged during 

chemidissolution, even as the particle changed from rod-like to sphere-like (Figure S5A). 

However, not only do we observe the center-of-mass shift over time, but it also follows 

the orientation of the long axis of the Au NR, indicating that one end is etching faster than 

the other (Figure S5B). This mechanistic insight is hidden in traditional diffraction-limited 

images, yet is easily revealed through the multi-parameter analysis afforded by CLocK. 

 Further information can be obtained from CLocK by collecting color images. To 

illustrate this, CLocK images of Au nanoparticles were captured using a color camera 

(Figures 3A and S6). In Figure 3A, the e⊥ pattern for a representative NS appears green 

at all θ due to the symmetry of the dipolar plasmon. Conversely, the e⊥ pattern for two 

representative Au NRs show two different color contributions: red/orange light 

corresponding to the longitudinal plasmon mode and green light corresponding to the 

transverse plasmon mode. (29,40–43) For comparison, we note that the polarization-

averaged diffraction-limited o|| images of both NR-1 and NR-2 contain less visual spectral 

information, given that the scattered light is dominated by the red longitudinal plasmon  



 

 

 
Figure 3. Comparison of spectral features found in CLocK images of a Au NS, large-
width Au NR (NR-1), and small-width Au NR (NR-2). (A) From top to bottom: dark-field 
color CLocK images, SEM images, wavelength-averaged dark field (DF) CLocK images 
and spectrally-dependent dark field CLocK using bandpass filters centered at the 
wavelengths indicated. Images are shown at an optimal contrast to highlight the e⊥ 

pattern. Scale bars: Color = 2 µm; SEM = 50 nm; DF = 1 µm. Optical images were 
acquired with an integration time of 300 ms. Bandpass filters: 562 ± 20 nm, 655 ± 20 nm, 
and 692 ± 20 nm. (B-D) Polar plots showing how the angle-dependent e⊥ intensity 
changes as a function of bandpass filter wavelength. The data are normalized to the 
maximum scattering intensity and fit to Equation 1. Each trace in the polar plot is color 
coordinated to the bandpass filter labels in A. Each circle-tick of the polar plots is 0.25 
normalized intensity units. (E-G) Normalized scattering intensity spectra of the intensity 
of o|| (black), e⊥ long (red), and e⊥ trans (blue) as a function of bandpass filter center 
wavelength. Data points are shown at the center wavelength of each filter and lines are 
drawn to guide the eye. Results from (B-D) and (E-G) agree well with polarization-
resolved single-NP dark-field spectroscopy data (Figure S9). 

mode of the nanoparticle. Thus, the color CLocK image captures structure-dependent 

spectral properties that are masked in a traditional-diffraction limited spot.  

 In addition to capturing color images, spectral information can be obtained by 

introducing wavelength-resolved imaging to CLocK microscopy. Bandpass filters were 

used to monitor the spectral evolution of the CLocK images from 466 to 692 nm (Figure 

3A and S7). Next polar plots were constructed by fitting the normalized e⊥ intensity vs. θ 



to Equation 1 for images acquired at each wavelength, allowing us to visualize the 

spectrally-dependent evolution in anisotropy (Figures 3B-D, S7, S8). For example, 

analyzing the wavelength-dependent polar plots for a representative Au NS shows the 

scattered light is quasi-isotropic (M values below 0.2) over the entire wavelength range 

probed (Figures 3B and S8). In contrast, the polar plots for NR-1 and NR-2 show the 

scattered light becomes increasingly anisotropic with increasing wavelength, going from 

M < 0.25 to M > 0.75 (Figures 3, C-D, and S8). 

Polarization-dependent spectra can also be extracted by means of spectrally-

resolved imaging. Figure 3, E-G, shows the wavelength-dependent scattering intensity of 

the polarization-averaged o|| (black data) as well as the intensity of the polarization-

resolved light scattered along either the longitudinal axis (e⊥ long, red) or the transverse 

axis (e⊥ trans, blue), as determined from the polar plots in Figure 3, B-D. As expected, the 

Au NS spectra all have a single peak around 532 nm, indicating a single dipolar plasmon 

resonance (Figure 3E). On the other hand, the Au NRs show variations among the three 

spectra (Figure 3, F-G). The spectra along e⊥ long (red data) are dominated by a single red 

peak, which corresponds to the longitudinal dipole mode, as expected. The spectra along 

e⊥ trans (blue data) show two peaks: a peak in the blue-green region of the spectrum, which 

corresponds to the transverse plasmon mode, as well as a second red peak that aligns 

with the spectrum of the longitudinal mode. This agrees well with what has been 

previously shown in the literature, where the intensity of the transverse peak increases 

as a function of the NR diameter and the longitudinal peak intensity is suppressed along 

the transverse axis, but never completely disappears. (44) For comparison, Figure S9 

shows polarization-resolved spectra taken using a grating spectrometer with a linear 



polarizer placed in front of it, and the same trends are observed, indicating that using the 

calcite-crystal as a polarization analyzer does not introduce any artifacts in our spectra. 

We note that the polarization-averaged o|| spectra (black data) are dominated by the red 

scattering from the longitudinal mode, hiding these polarization-dependent trends, further 

emphasizing the advantages of CLocK images over traditional diffraction-limited PSFs.  

So far, we have only described the ability of CLocK to add polarization/anisotropy 

information to images (whether black and white or spectrally-filtered). However, CLocK 

images also encode temporal information below the integration time of the camera (τ) 

based on the e⊥ arc length, addressing a growing interest in the field to capture short-

lived events. (45,46) Figure 4A compares simulated CLocK images for isotropic emitters 

with varying on times (ton) relative to the integration time of the camera (τ). For an event 

lasting the full integration time of the camera (ton = τ), the e⊥ sweeps out a complete ring 

(Figure 4A-i). However, for events that are shorter than the integration time (ton < τ), the 

e⊥ appears as an arc, where the length of the arc becomes shorter as the time of event 

decreases (Figure 4A, ii-iii). For sufficiently short on times (Figure 4A-iv), the arc becomes 

a diffraction-limited spot, which ultimately defines the temporal resolution of the 

technique. 

To probe the temporal resolution in more detail, we trained a convolutional neural 

network (CNN) to extract the e⊥ arc length from simulated CLocK images on 

(pseudo)isotropic emitters with M values between 0 – 0.2, where parameters such as 

absolute intensity, intensity-to-background ratio, o‖ and e⊥ Gaussian width, o‖ center 

position, and o‖ – e⊥ distance, and orientation angle were allowed to randomly vary, while 

the parameter of interest (e.g. e⊥ arc length) was systematically varied (see section 10 of 



the SI for more details). The model uses polar coordinates to report temporal resolution, 

where an event with ton = τ would be 360°, an event with ton = 0.25τ would be 90°, etc. 

From these simulated data, we obtain a theoretical temporal resolution of 5.5°, 

corresponding to a minimum resolvable ton = 𝜏𝜏
65

.  

To test this model on experimental data, we used a mechanical shutter to control 

the effective on-time of fluorescent events from single nanodiamonds. For fluorescent 

nanodiamonds with anisotropy values between M = 0.0 – 0.2 and signal-to-noise values 

ranging from 1.3 to 1.6, the trained CNN was able to extract e⊥ arc lengths ranging from 

5° - 360° with a root mean square error (RMSE) of 15°, or ton = 𝜏𝜏
24

 (corresponding to 6.7 

ms temporal resolution with an integration time of 160 ms).  

 

 

Figure 4. Kinetic information encoded in the e⊥ arc length of CLocK images. (A) Simulated 
CLocK images showing kinetic events (ton) lasting (i) τ, arc length = 360°, (ii) ½ τ, arc 



length = 180°, (iii) ¼ τ, arc length = 90° and (iv) << τ, where τ is the time required to 
acquire an image and the arc length is expressed in polar coordinates. Scale bars = 1 
µm. (B) Representative CLocK images for Rhodamine 6G SM-SERS events. Scale bars 
= 1 µm, optical images acquired with an integration time of 1 s. (C) Normalized intensity 
time-traces of the o|| (black) and e⊥ (red) for SM-SERS events on aggregated Ag colloid. 
(D) A subsection of the intensity time-traces from (C) is magnified to demonstrate the 
difference in temporal resolution provided by the o|| and e⊥. The portion of the time trace 
shown in (D) corresponds to the images shown in (B). 

While the studies on fluorescent nanodiamonds allowed us to benchmark the 

temporal resolution of CLocK for isotropic emitters, we next explored single-molecule 

surface enhanced Raman scattering (SM-SERS) as a system where both fast temporal 

processes and polarized emission are present. (25,26,46–48) Moreover, unlike the 

previous data, where individual emitters/scatterers were well-spaced on the surface to 

avoid overlapping signals, the temporal fluctuations in SERS signals allows us to uniquely 

resolve the spatial origin of both the SERS signal and the underlying silver nanoparticle 

luminescence, which are both convolved in a single diffraction-limited spot. (14,15,49) 

Figure 4B shows several representative CLocK images of Rhodamine 6G (R6G) SM-

SERS events on aggregated Ag colloid, where τ = 1s (additional events shown in Figure 

S11). In Figure 4C, normalized intensity time-traces using the o|| (black) and the e⊥ (red) 

are compared, revealing the added temporal resolution offered by analyzing the e⊥. This 

temporal enhancement becomes even more apparent in the magnified sub-section of the 

time trace in Figure 4D: what appears as a single SM-SERS event lasting a few seconds 

in the o|| data can be resolved as several separate and temporally distinct SM-SERS 

events using the e⊥ data. However, due to the convolution of polarization and temporal 

information present in these short-lived SM-SERS events, we are currently unable to 

accurately quantify the temporal resolution observed. That said, based on our simulations 

above, we predict that our temporal resolution is no better than 𝜏𝜏
65

 or 15 ms for the one 



second integration times used in collecting these data. Although this temporal resolution 

can be experimentally improved by using shorter camera integration times, current 

limitations on the rotation speed of the motor do not allow us to access faster intensity 

fluctuations, as have been reported by others. (46) 

One challenge that requires more exploration is how to extract 

polarization/orientation information from the short-lived events (ton < τ) revealed by CLocK 

(as in Figure 4B). To highlight this, Figures S11-S14 shows SM-SERS CLocK data on 

both a silver nanoparticle dimer and a larger multi-particle aggregate, as determined by 

CLocK. For the structure assigned as a dimer, we observe anisotropic dark field scattering 

(M = 0.58, φ = 87°), similar to the gold nanorods discussed above. Based on previous 

literature, we expect SM-SERS from a dimer to be polarized along the long axis, (50) and 

this behavior is observed for all SM-SERS events, even those shorter than τ (Figures 

S12-S13). Not only does the polarization of the SM-SERS further support our dimer 

assignment, but also highlights that for relatively simple structures, it is straightforward to 

interpret the polarization response.  

On the other hand, our CLocK analysis suggests that the SM-SERS data shown 

in Figure 4B originates from a higher order nanoparticle aggregate (e.g. trimer or above). 

We make this assignment because (1) its dark field CLocK appears quasi-isotropic (unlike 

a dimer) and (2) the spatial origin of the aggregate luminescence is offset by >100 nm 

from the SERS hot spot (as we have previously observed in large aggregates, Figure 

S14).15,51,52 From previous work, it is known that higher order aggregates can modify the 

output polarization of SM-SERS based on how the molecule couples to different plasmon 

modes within the aggregate. (48,50,53) Angle-dependent intensity analysis of images at t = 



72 and 73 s from Figure 4B indicate that the two events appear to have different 

polarization responses, although neither have high quality fits to Equation 1 (R2 < 0.7, 

Figure S14C, D). Interestingly, when we localized the SERS emission of these two frames 

by fitting the associated o|| to a two-dimensional Gaussian, we found that the emission 

was spatially separated by 32 nm, which is larger than the expected precision of our 

SERS measurement (< 3 nm based on comparable signal; see Figure S3C and Table 

S1), suggesting that the molecule is exploring spatially distinct regions of the nanoparticle 

aggregate (Figure S14E). (14,49,51,52) We speculate that the R6G moved to a new location 

on the aggregate surface (as evidenced by the shift in its localized position), leading to a 

change in the polarization output of the SERS due to changes in how the molecular dipole 

couples to the plasmon modes of the aggregate. However, we note that in this regime, 

we cannot be completely quantitative about the polarization/orientation of the emission 

without having either events with ton > τ and/or correlated nanoparticle structure 

information; this will be the subject of future work. Despite this challenge, these results 

highlight the wealth of information encoded in CLocK images that is unavailable in 

traditional diffraction-limited imaging and yet crucial for understanding these time-varying 

molecule-plasmon interactions. 

In conclusion, we have introduced CLocK microscopy, a multi-parameter super-

resolution imaging technique that allows the position, intensity, extent of anisotropy, and 

orientation of a single emitter/scatterer to be measured from a single image, while also 

offering fast temporal resolution for monitoring dynamic processes. We have 

demonstrated that CLocK allows for rapid structural discrimination in nanoparticle 

samples, and when combined with color or spectrally-resolved imaging, paints an even 



clearer picture of differences in nanoparticle properties. Future work will focus on using 

color RGB images to extract spectral information and provide an even more complete 

particle-level analysis within a single dark field image. (18,41,54–60) To demonstrate the 

utility of CLocK, we showed two representative applications, nanorod chemidissolution 

and SM-SERS, where new mechanistic insight is revealed by the contemporaneous 

analyses of polarization and localization. Future work will focus on these two applications 

in more detail, as well as expanding our use of machine learning methods to train and 

analyze CLocK images. While we have successfully used machine learning to train CNNs 

to extract temporal information from CLocK images of isotropic emitters (Figure S10) and 

anisotropy/polarization information from CLocK images of non-blinking emitters (Figures 

S15 and S16), generating a sufficiently rigorous data set to train a CNN to extract these 

parameters from CLocK images with varying temporal and polarization characteristics 

(such as Figure 4B) remains an ongoing challenge. Despite this, we believe CLocK will 

prove useful across a wide range of applications, given that the technique is conceptually 

simple, relatively inexpensive to implement, works with existing super-localization codes, 

and is compatible with multiple forms of optical spectroscopy (including dark field, 

fluorescence, and Raman, as shown here), making it a universally useful imaging strategy 

for multi-parameter super-resolution imaging. 

Experimental Methods 

 For all CLocK studies, a birefringent calcite crystal (Thor Labs, Mounted Calcite 

Beam Displacer, BD27 – 2.7 mm beam separation) housed in a motorized rotary mount 

(QIOPTIQ, Rotary Mount with Servo Motor) was placed in the infinity space of an inverted 

optical microscope (Olympus, IX-73, two-deck system) between the objective and tube 

lens. The rotation rate of the motorized rotary mount was controlled by a precision DC 



voltage source (Stanford Research Systems, Model DC205) and monitored using an 

intelligent digital tachometer (Buyee, DT-2234C+). Importantly, the rotation rate of the 

motorized rotary mount was set to equal the acquisition rate of the EM-CCD camera 

(Andor, iXon Life 897). Additional details about the microscope setups are discussed 

below, while descriptions of experimental procedures, including sample preparation, data 

collection, and data analysis can be found in the Supporting Information.  
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