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Magnetic resonance and fluorescence spectra of nitrogen-vacancy (NV) color centers ensemble in
high purity diamond sample were measured, with temperature ranging from 5.6 K to 295 K. Both
microwave and optical transition energies have similar nonlinear temperature dependent changes,
which might mainly originate from the local thermal expansion. As the frequency shifts will reduce
the fidelity of resonant quantum control, the present results demonstrate the necessity of taking
temperature fluctuation into consideration. For temperature below 100K, the transition energies
show tendencies to be constant, which indicate higher stability and performance in applications
with NV centers. © 2011 American Institute of Physics. [doi:10.1063/1.3652910]

The negatively charged nitrogen-vacancy (NV ™) centers
in diamond are excellent candidates for qubits of solid quan-
tum computation' and nanoscale detectors of magnetic*
and electric® fields. The center consists of a substitutional
nitrogen atom and an adjacent vacancy with C;, symmetry.
The spin coherent manipulation can be realized at room tem-
perature due to its long spin coherence time.”* However, for
high fidelity quantum control and ultra sensitive detection, the
system’s interaction with environment should be considered.
Therefore, it is crucial to detect the temperature dependent
properties of the defect.”™' In detail, Acosta et al.,“’12
summarized the NV~ ensemble magnetic resonance spectros-
copy in broad range of temperature. It shows the nonlinear
relationships between zero field splitting (ZFS) parameters
and temperature.

In this paper, we study both the magnetic resonance and
fluorescence emission spectra with temperature down to
5.6 K. These resonant transition frequencies represent differ-
ent energy gaps of NV center, but have similar nonlinear
temperature dependent shifts, which are mainly induced by
the local thermal expansion. The results would help to opti-
mize the design of high quality application based on dia-
mond and understand the intrinsic properties of NV center.

The NV centers usually appear in either of two forms,
the neutral (NV°) and negative (NV™) charge state, which
have zero phonon lines (ZPL) at 575 nm and 637 nm, respec-
tively. The ground state of NV~ is spin triplet with §=1.
The sublevels m; =0 and m;= *1 are split by D ~ 2.87 GHz
without external field. The electron spin of NV~ can be opti-
cally initialized and detected through the inter-system cross-
ing (ISC),"? which is widely used in spin dynamics research.

Our experiments were carried out in a Janis 4 K Closed
Cycle Refrigerator with a two-stage cold head. Using a
closed loop temperature controller, the temperature fluctua-
tion can be kept within 0.01 K. The samples used in the
experiments were single crystal chemical vapor deposition
diamond plates from Element-Six Company. The diamond
plates were placed on the copper cold head and excited by
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532 nm laser. Microwave was applied via a 15 yum diameter
copper wire close to the laser focus spot.

In the applications of NV~ electron spin, one of the
most concerned is the transition between sublevels of the
ground state, which can be well studied by the optically
detected magnetic resonance (ODMR) method.'* A continu-
ous laser (532nm) is used to polarize NV~ center into
|my = 0) state. When the applied microwave is resonant with
the split between ground state sublevels, the color center will
be pumped into |m; = *£1). Consequently, it leads to the
decrease of fluorescence intensity. The measured room tem-
perature ODMR spectrum of NV~ ensemble in diamond
with nitrogen concentration [N] < 1ppm is shown in Fig.
1(a). The spectrum was obtained by averaging several fre-
quency scans at the same temperature. Three resonant fre-
quencies, labeled as fi, f>, and f5, are 2.8687, 2.8710, and
2.8731 GHz, respectively. The emergence of multi-peak with
zero external field is due to local strain.'* For simplicity, the
average of f; and f; is used to present D, and the split
between peaks is denoted by Q =f5 — f;.

A series of ODMR spectra for the same sample at tem-
peratures ranging from 5.6K to 295K are shown in Fig.
1(b). The ZFS parameter D nonlinearly depends on tempera-
ture and is getting larger with temperature decreasing. The
change is AD ~ 7 MHz between 5.6 K and 295K. To offer
reference data for frequency compensation, D(T) of this dia-
mond sample is fitted with the fifth-order polynomial

5
D(T) = ZdnTnv (1)
n=0

with coefficients dy=2.87771GHz, d;=—4.625 x 10°°
GHz/K, d,=1.067x 1077 GHz/K?, d;=-9.325x10"'°
GHz/K?, dy=1.739 x 107> GHz/K*, and ds = —1.838 x 10~
GHz/K>. The other parameter Q does not show any obvious
change, which might be limited by the accuracy of our
measurements.

Optical resonant excitation is also an important method
to manipulate the spin states of NV centers.'>'® To detect
this optical transition energy between excited state and

© 2011 American Institute of Physics


http://dx.doi.org/10.1063/1.3652910
http://dx.doi.org/10.1063/1.3652910
http://dx.doi.org/10.1063/1.3652910

161903-2 Chen et al.

Normalized Fluorescence (a.u.)

2.864
Min
295

225

155
Max

Temperature(K)

o]
($)}

1
u ll il

15
2.864
Frequency(GHz)

FIG. 1. (Color online) (a) ODMR spectrum of NV~ ensemble at 295 K. The
three peaks are indicated by arrows, and the green solid line represents the
fit of Lorentz function. (b) Contour plot of a series of ODMR spectra with
different temperatures. The white dashed line is a fifth-order polynomial fit
of D with Eq. (1).

ground state, the fluorescence emission spectra at different
temperatures were measured. ZPL with phonon sidebands of
both charge states are shown in Fig. 2. All the peaks of NV
center become sharper at lower temperature.'® Besides the
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FIG. 2. (Color online) (a) Fluorescence spectra at 250K (red line) and 10K
(blue line). The insets (1) and (2) show the normalized ZPL details of NV°
and NV, respectively. The changes of linewidth (b) and photon energy (c)
are obtained in the spectra.
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smaller width, blue shifts are also observed with decreasing
temperature, which are highlighted in the insets of Fig. 2(a).
The details are plotted in Figs. 2(b) and 2(c). It shows that
the two charge states have similar temperature dependences.

Like D, ZPL energies depend nonlinearly on tempera-
ture and tend to be stable at low temperature. To compare
the different energy shifts of the same charge state, we put D
and the ZPL energy of NV together in Fig. 3(a). The shapes
of two lines match very well, and the rates of shift are also at
the same order. The results indicate that the temperature de-
pendent shifts are universal for different charge states and
different energy gaps. All the shifts should have the same or-
igin, which is the intrinsic property of this defect.

In solid materials, one of the most important and com-
mon temperature dependent phenomena is thermal expan-
sion. To examine the relations between energy shifts and
thermal expansion, we plot D and ZPL photon energies as
functions of bulk diamond lattice parameter a (given in Ref.
17) in Fig. 3(b). All the resonant energies near linearly
depend on lattice parameter; this is easy to understand if we
take thermal expansion as the main factor of energy shifts.

However, the bulk thermal expansion is not a perfect ex-
planation. In the experiments, we also measured another dia-
mond sample with [N] ~ 200 ppm (results are not shown).
This N-rich diamond has a lattice parameter different from
the pure sample used before,'® the difference is about
28 ppm at low temperature(several Kelvin). But in experi-
ments, we did not find any significant difference between
these two samples.

Also, the bulk thermal expansion predicts smaller shifts
of energy than those in experiments, it is also mentioned in
Ref. 12. For example, D is believed to be mainly determined
by spin-spin interaction between two unpaired electrons.'®-*°
We can simply write it as®' D o (1/r3), where r is the dipole
interaction distance. For two well localized spins, shift of D
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FIG. 3. (Color online) (a) D and ZPL of NV versus temperature. (b) The
resonant transition energies are plotted as functions of lattice parameter with
linear fits. All the parameters are normalized by their own values at 5.6 K.
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should be about three times of thermal expansion (the green
dashed line in Fig. 3(b)). But the linear fit gives
AD/D = —30.2(3)Aa/a. The shifts of ZPL are also much
larger than bulk thermal expansion, (AZPL/ZPL)|yy-
= —23.8(5)Aa/a, (AZPL/ZPL)| o = —19.2(7)Aa/a.

Therefore, it should be the local expansion, rather than
bulk’s, that causes the energy shifts. For quantitative study,
the defect’s various atom bonds should be considered. Since
the bonds’ lengths are quite different,”' the interaction dis-
tance r is not directly proportional to a. Somehow, r changes
faster than a. As measured, ¢ mainly denotes C-C bond
length, bulk thermal expansion cannot explain all the change
of local structure. The different slope coefficients in Fig.
3(b) reflect the different relations between energies and r.
The precise solution is beyond our ability, and more experi-
mental and theoretical studies are needed.

The energy shifts with temperature are so remarkable
that they provide an approach to adjust the resonant frequen-
cies. But on the other hand, the shifts will reduce the stability
of system based on NV centers, and could affect the fidelity
of quantum manipulation and ultra-sensitive nanoscale
detector. For NV~ centers in a mm-scale diamond plate, the
D fluctuation around room temperature(290K) is about
dD/dT = —84(4) kHz/K, which would cover 8000 V/cm elec-
tric field Stark shift of ground state ODMR.® Therefore, it is
important to keep the environment stable. Also, to reduce the
fluctuation induced by temperature, the experiments could
be operated at low temperature.

In summary, we have measured the temperature depend-
ent spectra of magnetic resonance and fluorescence of NV
color centers in diamond. Both the optical and microwave
resonant frequencies show similar temperature dependent
shifts. They are nonlinear with temperature and tend to be
stable with decreasing temperature. The shifts are several
times larger than those are predicted by bulk thermal expan-
sion. Local atomic structure should be taken into considera-
tion for the shifts. As the fluctuations of resonant frequencies
will have a negative impact on the stability, these experimen-
tal results point out the advantage of low temperature study
and could help to improve the performance of NV centers in
applications of quantum computation and ultra-sensitive
detector.
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