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Abstract

Sensitive probing of temperature variations on nanometer scales represents an outstanding
challenge in many areas of modern science and technology?. In particular, a thermometer capable
of sub-degree temperature resolution over a large range of temperatures as well as integration
within a living system could provide a powerful new tool for many areas of biological, physical
and chemical research; possibilities range from the temperature-induced control of gene
expressionZ=> and tumor metabolism® to the cell-selective treatment of disease’ 8 and the study of
heat dissipation in integrated circuitsl. By combining local light-induced heat sources with
sensitive nanoscale thermometry, it may also be possible to engineer biological processes at the
sub-cellular level?=. Here, we demonstrate a new approach to nanoscale thermometry that utilizes
coherent manipulation of the electronic spin associated with nitrogen-vacancy (NV) color centers
in diamond. We show the ability to detect temperature variations down to 1.8 mK (sensitivity of

9mK/ \/E) in an ultra-pure bulk diamond sample. Using NV centers in diamond nanocrystals
(nanodiamonds, NDs), we directly measure the local thermal environment at length scales down to
200 nm. Finally, by introducing both nanodiamonds and gold nanoparticles into a single human
embryonic fibroblast, we demonstrate temperature-gradient control and mapping at the sub-
cellular level, enabling unique potential applications in life sciences.

Many promising approaches to local temperature sensing? are currently being explored.
These include scanning probe microscopy?: ¢, Raman spectroscopyl, and fluorescence-
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based measurements using nanoparticles'!: 12 and organic dyes3: 14, Fluorescent
polymers!3 and green fluorescent proteins (GFPs)!4 have recently been used for temperature
mapping within a living cell. However, many of these existing methods are limited by
drawbacks such as low sensitivity and systematic errors owing to fluctuations in the
fluorescence ratell: 12, the local chemical environment!3 and the optical properties of the
surrounding medium4. Moreover, while promising, GFP-based methods rely on cellular
transfectionl* that proves to be difficult to achieve in certain primary cell types!®. Our new
approach to nanoscale thermometry utilizes the quantum mechanical spin associated with
nitrogen vacancy (NV) color centers in diamond. As illustrated in Fig. 1, in its electronic
ground state, the NV center constitutes a spin-1 system. These spin states can be coherently
manipulated using microwave pulses and efficiently initialized and detected via laser
illumination (see Sl). In the absence of an external magnetic field, the precise value of the
transition frequency (A) between the [mg = 0) and |mg = +1) states exhibits a temperature
dependence (dA/dT =—(27)77 kHz/K) due to thermally induced lattice strains6-18,

The operational principle of NV-based thermometry relies upon the accurate measurement
of this transition frequency, which can be optically detected with high spatial resolution
(Fig. 1). For a sensor containing N color centers, the temperature sensitivity is given by

c 1
"=anjar Togpne @

where Tcop, is the NV-spin coherence time and t is the integration time. Here, we also
introduce a factor C to account for imperfections in readout and initialization!®. Assuming
Teon is on the order of a few milliseconds and C ~ 0.0319, a single NV can potentially

exhibit a sensitivity better than 1 mK/ vHz, Beyond high sensitivity, NV-based
thermometry also offers several distinct advantages over existing methods in biological and
chemical temperature sensing. First, owing to diamond’s chemical inertness, it is generally
robust to changes in the local chemical environment. Second, it can be applied over a wide
range of temperatures, 200-600 K17:18 which is of particular interest in the study of
nanoscale chemical reactions20.

As a first benchmark experiment, we demonstrate the high temperature sensitivity of NV-
based thermometry in a bulk diamond sample. While the NV’s magnetic sensitivity has
rendered it a competitive magnetometer?l: 22, to accurately determine the temperature, it is
necessary to decouple the NV electronic spin from fluctuating external magnetic fields. This
is achieved via a modified spin-echo sequence that makes use of the spin-1 nature of the NV
defect?3, allowing us to eliminate the effects of an external, slowly varying, magnetic field.
Specifically, we apply a microwave pulse at frequency @ (Fig. 1b) to create a coherent

superposition %(\OH\B))' where |B>:%(|+1)+\—1>). After half the total evolution time 7
we apply a 2 echo-pulse that swaps the population of the | + 1) and | - 1) states (Fig. 2a).
Following another period of free evolution for time 7, quasi-static, magnetic-field-induced
shifts of these |£1) levels are eliminated, allowing for accurate temperature sensing. In the
experiment, we use a CVD-grown, isotopically pure diamond (99.99 % spinless 12C isotope)
sample?4 to further reduce magnetic-field fluctuations originating from the intrinsic 13C
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nuclear spin bath. As shown in Fig. 2a, this allows us to observe coherence fringes
approaching 0.5 ms. Interestingly, for all NVs tested, we observe a characteristic low-
frequency beating of the fluorescence signal that varies from NV to NV, which is most
likely due to locally fluctuating charge traps2®. Despite this beating, for a fixed evolution
time 27, the NV spin depends sensitively on the sample temperature (Fig. 2b). We observe a

temperature sensitivity of 7=(9 = 1.8) mK/ vHz for 2 7= 250 ps. With 30 seconds of
integration, we achieve a measurement accuracy 6T = 1.8 £0.3 mK (see Methods). While the
measurement sequence for a single value of 2 zallows us to determine the temperature only
up to a multiple of (2dA/dT27)71, absolute temperature variations can be determined by
repeating the measurement for 27'< 2z as shown in Fig. 2b.

We now demonstrate the high spatial resolution of NV-based thermometry. This is achieved
by using nanodiamonds. In most commercially available nanodiamonds, the NV coherence
time is limited to approximately 1 ps due to additional paramagnetic impurities. While this
shortened coherence time reduces the intrinsic temperature sensitivity for a single defect,
this decrease can be offset by using an ensemble of NVs to enhance the signal to noise ratio
by a factor of V'N. Note that unlike NV-based magnetometry, where the proximity to the
source (often limited by nanodiamond size) is critical to the maximum sensitivity, NV
thermometry is not subject to such a constraint; in fact, the excellent thermal conductivity of
diamond ensures that all NV centers within a nanocrystal are in thermal equilibrium with the
local heat environment. To maximize the number of NV centers and to minimize the lattice
strain, our measurements are performed on single-crystalline nanodiamonds containing
approximately 500 NV centers (Adamas Nanotechnologies). The zero-field splitting A of the
NV ensemble, and thus the temperature, is determined by recording a continuous-wave
electron spin resonance (ESR) spectrum. Specifically, we measure changes to the zero-field
splitting by recording the fluorescence at four different frequencies centered around A = 2.87
GHz (Fig. 3a). This procedure eliminates unwanted effects from fluctuations in the total
fluorescence rate, ESR contrast, Rabi frequency and magnetic field, yielding a robust
thermometer (see Methods).

Combining our nanodiamond thermometer with the laser heating of a gold nanoparticle (Au
NP) allows us to both control and monitor temperature at nanometer length scales (Fig. 3).
Both nanodiamonds and Au NPs (nominal diameter 100 nm) are initially spin-coated on a
microscope coverslip. Using a confocal microscope with two independent scanning beams,
we co-localize Au NPs and nanodiamonds with ~ 100 nm resolution (see SI). While locally
heating the Au NP via continuous illumination with a variable-power green laser (focused to
a diffraction limited spot), we simultaneously measure the temperature at the nanodiamond
location using ESR spectroscopy.

The ability to measure temperature with NDs is verified by heating the substrate temperature
over a range of 2.5 K and simultaneously monitoring the zero-field splitting (see Fig. 3c,
inset). To demonstrate nano-scale temperature control Fig. 3c depicts the temperature
change recorded by the ND as a function of the green laser power applied to the Au NP at a
distance of 0.8+£0.1 pm. To further verify that the temperature change originates from local
heating, we repeat the measurement with the excitation laser displaced from the ND by 0.8
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pm in the opposite direction. In this case, the temperature measured by the nanodiamond
remained constant as a function of laser power (blue points), thereby confirming the locality
of the heat source. From a linear fit to the data we estimate the accuracy of our ND sensor to
be 6T = (44+10) mK. The measured temperature change agrees with the theoretically
expected temperature profile based upon a steady-state solution of the heat equation,

AT(T):%! where Q is the heat dissipation, « is the thermal conductivity of glass and r is
the distance between the nanodiamond and the Au NP. As shown in Fig. 3b, by recording
the temperature of six nanodiamonds at different distances from the laser-heated Au NP we
find that the measured temperature profile (Fig. 3d) is in excellent agreement with the
theoretical steady-state prediction (solid line). This allows us to directly estimate the
temperature change at the location of the Au NP to be 72 + 6 K.

To demonstrate that nanodiamond thermometry is compatible with living cells, we introduce
nanodiamonds and Au NPs into human embryonic fibroblast WS1 cells via nanowire-
assisted delivery®. Just as in the control experiments described above, we probe the
temperature at two different locations (NV4 and NV5) within a single cell while locally
heating an individual Au NP (Fig. 4a). As shown in Fig. 4b, NVy, which is significantly
closer to the heat source, exhibits a stronger temperature dependence as a function of laser
power than NV». Varying the incident power allows us to generate controlled temperature
gradients of up to 5 K over distances of approximately 7 um. To ensure that this temperature
gradient is created by the controlled illumination of the NP and does not result from heating
of the cellular cytoplasm, we displace the laser spot from the Au NP; this then results in a
negligible temperature change at the location of NV with AT = (=20 £ 50) mK (green
square, Fig. 4b). The increased measurement uncertainty for larger laser powers is the result
of heating fluctuations from drift of the Au NP.

The experiments shown in Fig. 4b clearly demonstrate the sub-micron measurement of an
intra-cellular heat gradient. However, the substantial heating induced by constant
illumination for an extended period of time ultimately leads to the death of the cell, which is
confirmed using a standard live/dead assay (Calcein AM/Ethidium Homodimer-1). To
demonstrate that our technique can be employed within living cells, we increase the
concentration of Au NPs to allow for heat generation at different locations by simply
moving the laser focus. Then, we measured the temperature variation at a single
nanodiamond (bar plot in Fig. 4c) while introducing a slight heating of Au NPs in two
differing locations (crosses). After our measurement, the viability of the cell is confirmed
(Fig. 4c).

Finally, we demonstrate that our method can be used to control cell viability. To start, we
heat the cell with 12 uW of laser power and measure a temperature change of 0.5 + 0.2 K at
the nanodiamond location; this corresponds to a change of approximately 10K at the Au NP
spot. At this point, the cell is still alive, as confirmed by the absence of ethidium
homodimer-1 fluorescence inside the membrane (Fig. 4d). By increasing the laser power to
120pW, we induce a temperature change of 3.9 + 0.1K at the nanodiamond location
(approximately 80K at the location of the laser focus); in this case, the cell is flooded with
fluorescence from the ethidium homodimer, thus signaling cell death. This proof-of-
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principle experiment indicates that nanodiamond thermometry may enable the optimization
of NP-based photothermal therapies®.

Our experiments demonstrate that NV centers in diamond can be used as robust temperature
sensors that combine the virtues of sub-micron spatial resolution, sub-degree thermal
sensitivity and bio-compatibility. The sensitivity of our current measurement can be
enhanced by improving the relevant coherence time and by increasing the number of NV
centers within the nanocrystal. Optimizing these factors should allow us to reach

sensitivities of 80 1K/ vVHz (see Methods), yielding the ability to sense sub-kelvin
temperature variations with milli-second time resolution. In solution, the ultimate accuracy
of our method will likely be limited by residual heating during the measurement process. As
discussed in the Methods, this limit is in the range of 50 pK to 5 mK, depending on
experimental conditions. While the present work focuses on monitoring temperature
variations, the use of diamond samples with low strain or, alternatively, ensembles of NDs,
should allow for the realization of an absolute thermometer (see Methods). The spatial
resolution of our method can be further improved by using far-field sub-diffraction
techniques?.

The present observations open up a number of intriguing possibilities. For instance, the
simultaneous measurement and control of a sub-cellular thermal gradient could enable the
accurate control of gene expression?. Further improvements in sensitivity may allow for
real-time observations of non-equilibrium sub-cellular processes in biological and medical
applications!!. The large dynamic range of our quantum thermometer and it’s intrinsic
robustness may also allow for the direct microscopic monitoring and control of chemical
reactions20, Moreover, combining our technique with two-photon microscopy?8: 29 may
enable in vivo identification of local tumor activity by mapping atypical thermogenesis at the
single-cell level30. Finally the combination of thermoablative therapy with our temperature
sensor constitutes a potent tool for the selective identification and killing of malignant cells
without damaging surrounding tissue 7+ 8.

Experimental apparatus, sensitivity and accuracy

Our experimental apparatus consists of a confocal microscope with two independent
excitation/collection paths allowing measurement and heating at two independent locations
simultaneously. The experiments use either a Nikon Plan Fluor 100x oil immersion, NA =
1.3, (nanodiamonds) or a Nikon Plan Apo 100x air, NA = 0.95, objective (bulk sample),
resulting in C ~ 0.03, which can be further improved by employing a solid immersion lens
or diamond nano patterning. Microwaves are delivered via a lithographically defined
coplanar waveguide on top of a glass coverslip. For experiments with nanodiamonds we use
neutral density filters in the collection path to avoid saturation of the APD. The temperature
accuracy oT for bulk diamond is estimated from the measurement shown in Fig. 2b. Using
the standard deviation o (shown error bars) we evaluate the accuracy as s7— /(cda27)
where c is the oscillation amplitude and 2z is the free evolution time. We find that for
integration times t < 30 s (limited by temperature stability) the temperature accuracy
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improves as V%, giving a sensitivity 7=07" Vt. Alinear dependence of the dissipated heat as
a function of laser power (Fig. 3b) is used to determine the measurement accuracy for NDs.
A linear function, with slope m, is fitted to the q data (red dashed line) and the measurement

N
accuracy is given by 67'= \/ﬁzizl(Ti—m Pi)2, with T; the measured temperature and P;
the corresponding laser power. The error bars are evaluated as

ST —s , _12(n/2)
o (0T)=0T 41—~ I'2((n—1)/2) Where I'() indicates the Gamma distribution.

Ultimate sensitivity

The ultimate sensitivity of our method is limited by the NV coherence time and the number
of defect centers. In our current experiment, we have demonstrated a sensitivity of

9mK/ vHz (with a free evolution time of 250 ps). Two natural extensions enable longer
NV coherences: 1) decreasing the 13C concentration to suppress the nuclear spin bath and 2)
further dynamical decoupling. These methods can, in principle, allow us to extend the
evolution time up to T1/2 ~ 3 ms. In combination with a nanocrystal that contains ~ 1000

NV centers, this could yield an ultimate sensitivity limit of 80 K/ VHz, Further
improvement may be possible by employing spin squeezed states. Finally, the determination
of absolute temperature is limited by variations of the zero-field splitting due to spatially
varying strain. For low strain diamond samples, we find that the variation in the zero-field
splitting is less than 60 kHz, allowing for sub-K absolute temperature determination. In
addition, the use of an ensemble of NV centers in different NDs with uncorrelated strain
values allows for a further increase in absolute sensitivity by a factor Vn where n is the
number of NDs.

Ultimate accuracy in solution

In cases where our method is used to probe a system that is in solution (e.g. cells, chemical
reactions), the primary accuracy limit is set by heat dissipation during the measurement
process. In particular, the microwave spectroscopy used to detect changes in the NV zero-
field splitting also induces heating of the solution. In the present experiment, we utilize a
lithographically fabricated microwave loop (diameter 200 pm) to generate an ac-magnetic
field, B ~ 10 mGauss, for spin manipulations. Estimating the effective dipole field created
by the microwave loop shows that the solution (water) absorbs 1076 W of power yielding a
temperature increase of 5 mK in the steady state. By using a smaller microwave loop (20
pum) and reducing the duty cycle, it could be possible to decrease the heating of the solution
to approximately 50 pK.

Injection of nanodiamonds into cells

Nanodiamonds and Au NPs were introduced into WS1 cells via silicon nanowire-mediated
delivery®. Silicon nanowires were treated with 3-amino-propyltrimethoxysilane to present
NH> functionality on the surface, and nanodiamonds / Au NPs were subsequently attached
via electrostatic binding. Afterwards, human embryonic fibroblast WS1 cells were plated on
the silicon nanowire substrates and cultured overnight. The cells were removed by trypsin
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treatment and re-plated on a glass slide with lithographically defined strip lines for ESR
measurements. The samples were stained with calcein-AM and ethidium homodimer-1 for
the live/dead assay.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. NV-based nanoscale ther mometry
a, Schematic image depicting nanodiamonds and gold nanoparticles (Au NPs) within a

living cell. The controlled application of local heat is achieved via laser illumination of the
Au NP, while nanoscale thermometry is achieved via precision spectroscopy of the NV
spins in nanodiamonds. b, Simplified NV level diagram showing a ground state spin triplet
and an excited state. At zero magnetic field, the | = 1) sub-levels are split from the |0) state
by a temperature-dependent zero field splitting A(T). Pulsed microwave radiation is applied
(detuning ) to perform Ramsey-type spectroscopy. ¢, Comparison between the NV quantum
thermometer and other reported techniques as a function of sensor size and temperature
accuracy. Red circles indicate methods that are biologically compatible. The red open circle
indicates the ultimate expected accuracy for our measurement technique in solution (see
Methods).
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Figure 2. Sensitivity of single NV Thermometer
a, Measured fluorescence as a function of echo evolution time 2z (red points); the black

solid line indicates a fit corresponding to a damped cosine function with two distinct
frequencies. The characteristic beating can be explained by fluctuating proximal charge
traps located at distances of about 50 nm. The inset depicts the microwave 2 7~echo-pulse
sequence used to cancel unwanted external magnetic field fluctuations?3. b, Measured
fluorescence (red points), corresponding error bars (one standard deviation) and best fit line
as function of temperature for an echo time of 27 = 250 ps (bottom) and 27'= 50 ys (top).
The fixed evolution times of 2zand 27’ are indicated in (a) by red arrows. The temperature
is controlled by a Peltier element at the sample mount, while the (local) x-axis temperature
is determined via a thermistor located immediately next to the sample. The fluorescence is
converted to population by normalizing to two reference measurements where the spin is
prepared in mg = 0 (mg =—1).
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Figure 3. Sub-micron thermometry using nanodiamonds
a, Frequency scan of a single nanodiamond containing approximately 500 NV centers. The

four red points indicate the measurement frequencies used to extract the temperature as
detailed in Methods. b, Two-dimensional confocal scan of nanodiamonds (circles) and Au
NPs (cross) spin-coated onto a glass coverslip. The color bar represents fluorescence given
in counts per second (cps). ¢, Temperature of a single nanodiamond as a function of laser
power for two different laser-focus locations. The red data points depict the dramatic heating
of a nanodiamond as a result of laser illumination on a nearby Au NP. The blue data points
depict the same measurement with the laser focus displaced by 0.8 um from the Au NP
location; this results in the negligible heating of the nanodiamond as a function of laser
power. The inset shows the measured temperature change of a nanodiamond, when the
surrounding temperature is controlled by a Peltier element. d, Temperature changes
measured (red points) at the six nanodiamond locations in (b) as a function of distance from
the illuminated Au NP (cross). The blue curve represents the theoretical temperature profile
based upon a steady-state solution of the heat equation. All data in this figure are obtained
on a glass coverslip, and all error bars correspond to one standard deviation.
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Figure 4. Nanoscale thermometry in cells
a, Confocal scan of a single cell under 532 nm excitation with collection above 638 nm. The

cross corresponds to the position of the Au NP used for heating, while circles represent the
location of the nanodiamonds (NV1 and NV>) used for thermometry. The dotted line
provides a guide to the eye and outlines the cell membrane. Color bars indicate the
fluorescence in cps. b, Measured change in temperature at the position of NV and NV,
relative to the incident laser power applied to the Au NP. Dashed lines are linear fits to the
data. Each point consists of an average of 5 measurements with each individual
measurement taking 4 seconds. The error bars (one standard deviation) are set by
fluctuations in the laser heating of the Au NP. ¢, Fluorescence scan of stained cells (live/
dead assay) with excitation at 494/528 nm and emission at 515 nm (green - cell alive) and
617 nm (red - cell dead). The bar plot depicts the temperature of a single nanodiamond
(circle) with local heat applied at two different locations (cross). d, Confocal fluorescence
scans of an individual cell under varying illumination power. Excitation occurs at 532 nm
and collection is above 630 nm. Cell death is indicated by the penetration of ethidium
homodimer-1 through the cell membrane, staining the nucleus. At low laser powers, the cell
remains alive, while cell-death occurs as laser-induced heating is increased.
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