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We report on measurements of the photoluminescence properties of single nitrogen-vacancy centers in
diamond at temperatures between 4 K and 300 K. We observe a strong reduction of the PL intensity and
spin contrast between ca. 10 K and 100 K that recovers to high levels below and above. Further, we find a
rich dependence on magnetic bias field and crystal strain. We develop a comprehensive model based on
spin mixing and orbital hopping in the electronic excited state that quantitatively explains the observations.
Beyond a more complete understanding of the excited-state dynamics, our work provides a novel approach
for probing electron-phonon interactions and a predictive tool for optimizing experimental conditions for
quantum applications.
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The long coherence time [1] and the ease of optical spin
readout have made the negatively charged nitrogen-vacancy
(NV) center in diamond a preferred qubit for applications
in quantum metrology [2] and quantum information [3].
Extraordinarily, the NV retains its quantum properties up to
above room temperature, suggesting its use in both ambient
and cryogenic environments. At room temperature, research-
ers have employed the NV’s spin as a sensor for magnetic
[4,5] and electric fields [6], and thermometry [7,8]. Cooled
to below 10 K, spin-dependent optical transitions [9]
have facilitated the implementation of prototypical quantum
networks [10] and multiqubit quantum operations [11].
Additionally, cryogenic NV magnetometry has been per-
formed at the micron [12] and nano scales [13,14].
While the photodynamics of NV centers at low temper-

ature (below 10 K) and around room temperature have been
studied in detail, the understanding in the intermediate
temperature range is incomplete. Initial studies of the
photoluminescence (PL) emission intensity of NV ensem-
bles revealed a minimum around 25 K attributed to time
averaging in the electronic excited state (ES) [15]. This
averaging process is caused by phonon-mediated transi-
tions between the two orbital branches [16,17]. A temper-
ature-dependent reduction in PL intensity and spin contrast
was also reported in connection with NV charge state
instabilities [18]. Further, spin mixing in the ES due to
magnetic field [19,20] or crystal strain [21] was identified
as another mechanism for loss of PL. The strain-related
spin mixing at low temperature was found to be partially
mitigated by the application of a large magnetic bias field
[15,20,22]. Because high PL intensity and spin contrast are
essential for high-fidelity quantum readout and sensitive
magnetometry, a complete picture of the NV photodynam-
ics in the 10–100 K range is highly desirable.

In this Letter, we report measurements of the PL intensity
and spin contrast for single NV centers between 4 K and
300 K. We show that a combination of orbital hopping and
spin mixing in the ES leads to a strong reduction of both
quantities between 10 K and 100 K. Based on measure-
ments at varying magnetic field (0–200 mT) and intrinsic
strain [ES splitting 2 × ð9–80Þ GHz], we develop a
comprehensive theoretical model for the temperature-
dependent dynamics of the ES. Details on the model
and simulation framework are given in a companion
paper [23]. As a result, we are able to quantitatively
describe the NV’s PL intensity and spin contrast over the
complete parameter range of temperature, magnetic field,
and strain, and we find excellent agreement with exper-
imental data.
In our study, we investigate single NV centers situated in

nanostructured pillars, which serve to enhance the photon
collection efficiency. Our samples include an array of
pillars on isotopically pure 12C diamond (NV-1 to NV-4,
ElementSix) and a scanning tip fabricated from natural-
abundance material (NV-5, QZabre). NV centers are formed
by shallow 15Nþ ion implantation (7 keV) followed by high-
temperature annealing (< 10−8 mbar, 880 °C, 2 h). Samples
are measured in a dry dilution refrigerator (Setup A) at
temperatures between 4 K and 100 K; an additional study
down to 0.35 K did not show further variation in the NV
behavior [24]. A second dry cryostat (Setup B) with a
temperature range of 30–300 K is used to validate the
aforementioned measurements and extend the range to room
temperature [25]. Both setups operate in vacuum without the
addition of exchange gas (p < 5.5 × 10−5 mbar). Magnetic
bias fields, when specified, are applied along the NV sym-
metry axis.
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The central experimental observation of this Letter is
reported in Fig. 1, which plots the spin contrast as a
function of temperature T ¼ 4–300 K. The PL intensity
follows a similar trend (see Fig. S7 in the Supplemental
Material [26]), but it is more prone to experimental drift.
We measure the contrast by integrating the relative differ-
ence in PL between the mS ¼ 0 and mS ¼ −1 states
(subsequently denoted by j0i and j − 1i) during the first
250 ns under excitation with a 520 nm diode laser
[Fig. 1(a)]. To initialize the spin state into j0i, we use a
2 μs laser pulse, followed by a state swap to j − 1i (when
needed) using an adiabatic inversion microwave pulse [27].
Figure 1(b) clearly reveals three temperature regimes:
(I) Below ca. 10 K, the spin contrast is mostly constant.
(II) Between ca. 10 K and 100 K, the spin contrast is
strongly reduced with a pronounced minimum around 35 K
and then recovers for higher temperatures. (III) Above ca.
100 K, the spin contrast remains approximately constant
up to room temperature. In all measurements, the room-
temperature contrast exceeds the low-temperature limit. At
even higher temperatures, the contrast has been shown to
slowly decrease until it vanishes around 700 K [28].
Before providing a theoretical explanation for the

behavior seen in Fig. 1, we briefly recall the mechanism
for contrast generation by looking at the spin subspace of
the NV given in Fig. 2(a) [29]. After spin-conserving
optical excitation from the ground state (GS) into the ES,
a spin-selective intersystem crossing (ISC) leads to pref-
erential population of the shelving state for j � 1i. Because

the shelving state 1E has a relatively long lifetime, the
average PL emission is lower for j � 1i compared to j0i,
leading to spin contrast. The PL reduction is temporary and
disappears due to optical repumping into j0i after a few
hundred nanoseconds [see Fig. 1(a)]. Crucially, this mecha-
nism of contrast generation is effective only for as long as
there are no transitions between the ES spin states.
We next consider the orbital subspace of the NV ES (3E),

which is a doublet shown in Fig. 2(b) [29]. In the presence
of in-plane strain δ⊥ relative to the NV principal axis,
the ES possesses two orbital branches, Ex and Ey, split
by 2δ⊥ [30]. In the composite space of orbit and spin, each
branch has three spin states, leading to a total of six energy
eigenlevels [Fig. 2(c)]. We now show that the contrast
reduction and recovery can be explained by the interplay of
two mechanisms: spin mixing and orbital branch hopping
in the ES.
First, we discuss the effects of spin mixing, meaning that

the ES eigenstates are not pure spin eigenstates. As an

FIG. 1. (a) Time-dependent PL traces during a laser pulse,
measured on NV-2 initialized to the j0i (open circles) and j − 1i
(filled circles) states at low, intermediate and high temperature.
The spin contrast is given by the relative difference between the
two curves (pink shading). Solid lines are fits to the PL dynamics.
(b) Spin contrast versus temperature for three NV centers
measured on Setup A (empty markers) and Setup B (filled
marker). Solid lines show corresponding simulations for NV-1
and NV-2. A bias field of 3 mT is applied.

(c)(a) (b)

(d)

FIG. 2. (a) Level diagram in the NV spin subspace Hspin of the
electronic ground (3A2) and excited (3E) states, as well as the
metastable (1A1, 1E) shelving states. The intersystem crossing
(dotted line) is spin selective, favoring decay out of j � 1i. In
panels (a)–(c), solid arrows mark spin-conserving transitions,
and curly arrows symbolize phonons. (b) Level diagram in the
orbital subspace Horbit of the NV ES (3E). Two orbital branches
(Ex, Ey) split under strain δ⊥. One- and two-phonon processes
cause hopping between branches at temperature-dependent rates
k↓;1ð2Þ (k↑;1ð2Þ not shown). (c) Example of levels in the composite
Hilbert space of orbit and spin Horbit ⊗ Hspin. Eigenstates are
superpositions of j0i and j�i∝ ðjþ1i�j−1iÞ. Spin-conserving,
phonon-mediated transitions involving j0i are depicted by gray
arrows. ωxðyÞ are the Larmor frequencies of involved spin
transitions. (d) Hopping rates as a function of temperature. Inverse
optical lifetime T−1

3E and Larmor frequencies (inMHz) are indicated

by horizontal lines. For panels (c) and (d), we use δ⊥ ¼ 40 GHz in
the direction of a carbon bond at low magnetic field, such that only
two basis states mix significantly (jεj2 ¼ jϵjy;0i;jy;−ij2 ¼ 0.1 [26]).
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example, we consider Fig. 2(c). Here, the j0i state is in
good approximation an eigenstate of the Ex branch but not
of the Ey branch, where it forms a superposition with the
j−i ∝ ðj þ 1i − j − 1iÞ state. Consequently, optical excita-
tion into the Ex branch is spin conserving, while excitation
into the Ey branch will lead to spin mixing. In general,
the spin-mixing amplitudes ϵjii;jji between basis states jii
and jji in the six eigenlevels depend on the strain
magnitude and direction [21,31], as well as magnetic field
alignment [19] and magnitude [20]. Therefore, the spin
contrast is both strain- and field-dependent. Although the
ϵjii;jji’s are typically small, they play a key role in the
mechanism of spin relaxation.
Second, we consider the effects of orbital hopping,

which refers to spin-conserving transitions between Ex
and Ey driven by phonons. Figure 2(b) schematically
depicts the dominant contributions arising from one-
phonon processes (rates k1) and two-phonon processes
(rates k2) derived in Refs. [23,32,33]. The one-phonon
downward (Ex → Ey) hopping rate is given by

k↓;1ðT; δ⊥Þ ∝ ηδ3⊥½nð2hδ⊥=kBTÞ þ 1�; ð1Þ

where η parametrizes the electron-phonon coupling and n is
the Bose-Einstein distribution function. The rate of the
two-phonon process is given by

k↓;2ðTÞ ∝ η2T5IðTÞ; ð2Þ

where IðTÞ is a mildly strain- and temperature-dependent
integral over the phonon spectrum that we solve in the
Debye approximation. The total hopping rates are the sums
of the one- and two-phonon contributions, k↓ð↑Þ ¼ k↓ð↑Þ;1þ
k↓ð↑Þ;2. The upward (Ey → Ex) rate significantly differs
from the downward rate only below 10 K, where it is
reduced by the absence of spontaneous emission [the
second term in Eq. (1)]. Figure 2(d) plots the hopping
rates for the parameters in Fig. 2(c) as a function of
temperature. It provides the key to explaining our exper-
imental observations in the temperature regimes (I–III):
(I) Below ca. 10 K, the orbital hopping is dominated by k↓;1
due to the spontaneous emission. Since k↓;1 is slower than
the ES decay rate (T−1

3E ≈ 108 s−1) for typical strain values

δ⊥ ≲ 40 GHz, the ES spin states are mostly preserved
(except for some small spin mixing εjii;jji), and the spin
contrast is high. (II) Above 10 K, the two-phonon process
starts to dominate. Once k > T−1

3E , spin relaxation between

j0i and j � 1i is drastically amplified, because the time
evolution under different Larmor precession in both
branches becomes randomized by the frequent hopping.
This relaxation mechanism is most efficient when a
hopping event occurs approximately every half of a
Larmor precession period ð2ωxðyÞÞ−1 [23]. This occurs
between ca. 30 K and 40 K [gray shading in Fig. 2(d)]

and coincides with the temperature where we observe the
strongest suppression of the spin contrast. (III) As the
temperature increases further, the orbital hopping rates
become much faster than the spin dynamics, and the two
orbital states are time averaged [15,30]. This effectively
renders 3E an orbital singlet similar to the GS 3A2 [34] and
leads to the commonly accepted room-temperature model
appearing as in Fig. 2(a). Since j0i and j � 1i are pure
eigenstates of the time-averaged Hamiltonian, the highest
spin contrast is observed in this regime.
Armed with this theory, we implement a rate model

to quantitatively reproduce the experimental observations
by numerical simulations. Details on the rate model and
simulations are given in a companion paper [23] and the
Supplemental Material [26], which includes Refs. [35–42].
We model the orbital hopping by spin-conserving
Markovian transitions between the two orbital branches.
Since spin coherences are maintained during the transi-
tions, we use a Lindblad master equation rather than a
classical rate model. We describe the ES in a composite
Hilbert space of spin and orbit (HES ¼ Horbit ⊗ Hspin) and
formulate the spin-conserving jump operators as

LES
↓ ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

k↓;1 þ k↓;2
q

jyihxj ⊗ I3; ð3Þ

and likewise for LES
↑ . We further introduce optical excita-

tion, decay, and ISC by classical jump operators. The
resulting Liouville equation describes the time evolution of
the ten-dimensional density matrix ρðtÞ, containing three
GS levels, six ES levels, and one combined shelving state.
To simulate the behavior of a chosen NV center, we feed

our model with values obtained from a simultaneous fit
of three sets of calibration measurements: (i) We use a
measurement of the steady-state PL intensity as a function
of magnetic field at base temperature [see Fig. 3(b) at 4 K]
to obtain strain values and unintended misalignment of
the bias field, by fitting the minima in the PL at level
anticrossings [15,20]. (ii) We pick a set of 24 time-
dependent PL traces [cf. Fig. 1(a)], including two spin
states (j0i, j − 1i), six temperatures (4–100 K), and low and
high bias fields (3 mT, 200 mT). Fits to these PL traces then
yield the optical decay and ISC rates, which are approxi-
mately temperature independent [43] and are known to vary
between NV centers [29,44], as well as the coupling
strength η. We determine the shelving state lifetime [31,44],
which has a mild, well-known temperature dependence,
in a separate calibration. (iii) For each time-dependent
PL trace, we perform an optical saturation measurement
to quantify drift in the background luminescence,
optical alignment, and ratio of collection over excitation
efficiency. Finally, we use literature values for the NV fine
structure [45,46].
As an important side result, our calibration yields

values for the electron-phonon couplings η ranging

PHYSICAL REVIEW LETTERS 131, 086903 (2023)

086903-3



from 176 μs−1 meV−3 [NV-2, used in Fig. 2(d)] to
268 μs−1meV−3 (NV-4), in good agreement with
Refs. [17,32,33]. We note that these studies use different
phonon models in the evaluation of IðTÞ. While our
data does not allow validation of a particular model with
certainty, our measurement approach provides complemen-
tary insight into IðTÞ [23,26].
We are now ready to return to Fig. 1(b) and use

our model and calibration to simulate the temperature-
dependent PL and spin contrast (solid curves). Overall, we
find an excellent agreement between experimental and
simulated results. In particular, the model quantitatively
reproduces all temperature regimes (I–III), including the
minimum in contrast around 35 K and the recovery toward
room temperature. Although the agreement is not perfect at
elevated temperatures, which we attribute to setup insta-
bilities and uncertainty in temperature calibration [26], our
model successfully bridges the classical rate models used in
the limits of low [20] and high [19,44] temperatures.
Next, we use our model to predict the PL properties as a

function of magnetic bias field. In Figs. 3(a) and 3(b),
we plot the simulated PL intensity as a function of B ¼
0–200 mT and T ¼ 0–100 K together with the experimen-
tal results. The model successfully predicts the known
reductions in PL (indicated by symbols) at magnetic fields
that correspond to level anticrossings (LACs) in the ES,
in both the low- [Fig. 3(d)] and high-temperature limits
[Fig. 3(c), obtained from Fig. 3(d) by a partial trace over the
orbital subspace]. The global PL minimum—indicated by
the dotted line in Fig. 3(a)—depends on the exact energy
level spacing at a given magnetic field (and strain). For
example, we observe that with increasing magnetic field
(beyond the second ES LAC), the PL minimum becomes

less pronounced and shifts to higher temperatures. This
behavior is readily explained by a lower degree of spin
mixing in the eigenstates [smaller ϵjii;jji in Fig. 2(c)] and
higher Larmor frequencies [larger ωxðyÞ in Fig. 2(d)] at
high field. However, even at the highest field accessible
in our experiment (200 mT), the PL minimum is still
noticeable. Full recovery of the PL is expected for fields
significantly above 1 T (see Fig. S10 in the Supplemental
Material [26]).
Finally, we examine the influence of crystal strain. In

Fig. 3(e), we compare the temperature dependence of the
spin contrast for NV centers with high (NV-4, 80 GHz),
medium (NV-2, 40 GHz), and low (NV-3, 9 GHz) intrinsic
strain within our accessible range (NV-1 has 32 GHz).
While all curves show the same qualitative behavior,
we find that the most prominent feature is a decrease in
the spin contrast at high strain δ⊥ already below 10 K. This
feature can be understood through the factor δ3⊥ in Eq. (1):
k↑;1 is rapidly increasing as the required high-energy
phonon modes become thermally activated, approaching
k↓;1, which is generally high due to spontaneous emission
(see Fig. S11 in the Supplemental Material [26]).
In conclusion, we developed a rate model that explains

the NV center photophysics over a broad range of temper-
ature, magnetic bias field, and crystal strain. We find
excellent agreement with experiments. In particular, our
model successfully predicts a minimum in the PL emission
and spin contrast around 35 K due to rapid spin relaxation
driven by an interplay of spin mixing and orbital hopping.
This spin relaxation process degrades both the spin
initialization and the spin readout fidelity (see Fig. S9 in
the Supplemental Material [26]). It is of fundamental nature
and universal to all NV centers, including NV centers deep
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FIG. 3. (a) Simulation of the PL in dependence of the magnetic field and temperature. The PL is strongly reduced at avoided crossings
of the excited-state (symbols) and the ground-state (103 mT) energy levels. The white dotted line marks the PL minimum; colored solid
lines indicate the line cuts shown in panel (b). The simulation is based on parameters fitted to NV-1. (b) Experimental PL curves for
NV-1 measured as a function of magnetic field and temperature. Solid lines are fits. (c),(d) Energy levels for the NV-1 ES at 300 K
(c, time-averaged) and at 4 K (d). Symbols refer to panel (a). (e) Experimental spin contrast as a function of temperature for NV centers
with different strain δ⊥. Measurements are taken at 3 mT (empty circles) and 200 mT (filled circles). Solid lines show the corresponding
simulations.
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in the bulk that experience negligible crystal strain [30] (see
Fig. S10 in the Supplemental Material [26]).
Our work provides useful insight beyond giving a

more complete picture of the NV excited-state dynamics.
First, our model can account for the observed temperature
dependence by phonon-induced processes in the ES
alone. Therefore, we conclude that charge-state switching
between NV− and NV0 does not play a key role in
explaining the spin contrast as a function of temperature.
We also have not observed any signs of charge state
instabilities on the few-minutes timescale of our measure-
ments (see Fig. S2 in the Supplemental Material [26]).
Second, our work introduces a new measurement approach
for probing electron-phonon interactions and contributing
modes, applicable in regimes where resonant laser PL
excitation spectroscopy [32] or measurement of motional
narrowing on ES ODMR lines [33] are unavailable. Third,
we examined the rich dependence on magnetic field, strain
(or equivalently electric field [29]), and temperature. Here,
our model offers a predictive tool for maximizing the PL
intensity and spin contrast, which are the key quantities for
achieving high spin readout fidelity and high metrology
sensitivity in quantum applications.
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