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Diamond negatively charged nitrogen-vacancy (NV™) centers provide an opportunity for the measurement of the
Meissner effect on extremely small samples in a diamond anvil cell (DAC) due to their high sensitivity in detecting the tiny
change of magnetic field. We report on the variation of magnetic field distribution in a DAC as a sample transforms from
normal to superconducting state by using finite element analysis. The results show that the magnetic flux density has the
largest change on the sidewall of the sample, where NV~ centers can detect the strongest signal variation of the magnetic
field. In addition, we study the effect of magnetic coil placement on the magnetic field variation. It is found that the optimal
position for the coil to generate the greatest change in magnetic field strength is at the place as close to the sample as

possible.

Keywords: negatively charged nitrogen-vacancy (NV ™) centers, diamond anvil cell, superconductivity, mag-

netic field detection
PACS: 07.07.Df, 07.55.Ge, 74.20.-Z, 02.70.Dh

1. Introduction

Pressure-induced superconductivity in materials has al-
ways attracted much interest from scientists.!!:?) Recently, a
new record of superconducting transition temperature (7;) of
203 K at 150 GPa was achieved in H,S,P! and enthusiasm
for pursuing high 7;. values under high pressures will last with-
out any reduction till the final goal of room-temperature super-
conductivity is realized in compressed hydrogen.!®! To reach
the goal, zero resistance and Meissner effect measurements
must be fulfilled in a diamond anvil cell (DAC).["#! However,
both of them have technical limitations on very tiny samples
under pressure, ! e.g., for zero resistance measurement, direct
contact between the electrodes and samples is required,!'%!!]
however the electrodes are likely to react with the sample un-
der ultrahigh pressures, forming unexpected compounds and
making it difficult to effectively determine the superconduc-
tivity; Meissner effect measurement with magnetic coils re-
quires sufficiently strong signals of diamagnetism, which are
also very difficult to obtain for a sample of which diameter
is only a few microns under several megabars.!'?! Therefore,
it is essential to develop a technique in a DAC to solve the
above problems and make it possible to effectively determine
the pressure-induced superconductivity in a very tiny sample.

Recently, the electron spin resonance (ESR) technique
based on the negatively charged nitrogen-vacancy (NV™) cen-
ter is expected to play a key role in detecting the diamag-
netism signals of superconducting samples in a DAC.[1>-14]
The NV~ center is a point defect comprising a substitutional
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nitrogen atom and an adjacent crystallographic vacancy and
has degenerate triplet electronic ground state A, (my = 0 and
mg = £1).115:161 When electrons are de-excited from excited
state °E to the ground state, photons with energy 1.945 eV

14] If a mi-

and fluorescence wavelength 637 nm are radiated.|
crowave of frequency 2.87 GHz is introduced near the NV~
center, magnetic dipole oscillations will be formed between
|ms = 0) and |m; = £1) sub-levels of the ground state, result-
ing in that part of the energy being released in the form of
a non-radiative transition as electrons are de-excited from the

5.[16-18] Correspondingly, the

excited state, namely, ESR occur
fluorescence intensity at the microwave frequency of 2.87 GHz
is obviously lower than that at other frequencies and an ESR
absorption peak can be observed if the fluorescence inten-
sity versus microwave frequency is continuously scanned.!!”]
When an external magnetic field is applied, the degeneracy
of |my; = £1) sublevels will be removed, causing the origi-
nal resonance absorption peak to split into two, as shown in
Fig. 1(b).l"4!8] The relationship between the external mag-
netic field and the frequencies of the splitting peaks can be

expressed as
(guB)* = (1/3)(0f + @7 — w1 —D*) ~E*, (1)

where g is the Land/’e g-factor of the electron, u is the
Bohr magneton, B is the external magnetic field strength, @
and @, are the angular frequencies of the splitting electron
spin resonance peaks, D = 2.87 GHz, and FE is the splitting
parameter.l!” Tt can be seen from Eq. (1) that the splitting
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width of the absorption peaks, (@, — @), is singularly deter-
mined by the external magnetic field strength.?”! The sudden
change of the magnetic field therefore can be reflected by the

1211 which can be used

splitting width of the absorption peaks,
to detect the onset of diamagnetism (the Meissner effect) in

superconductors.

3 (b)
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Fig. 1. (a) Structure diagram of the NV~ center. 14.15] (p) Electron spin

resonance schematic diagram. The NV ground-state spin sublevels are
separated by D = 2.87 GHz, and |m; = £1) sublevels are degenerate,
resulting in a single spin resonance frequency. In an external magnetic
field, the degeneracy of |m; = %1) sublevels will be removed, resulting
in two spin resonance frequencies. ['418]

In real measurements, an exciting coil is needed to gener-
ate the external magnetic field. When a superconducting state
appears, the Meissner effect makes the external field near the
NV~ center change. In order to maximize the sensitivity with
which the N'V- center detects the magnetic field variation, it is
necessary to study the arrangements of the NV~ center and the
exciting coil on the DAC and the magnetic field distribution.

In this paper, the magnetic field distribution in a DAC be-
fore and after sample superconductivity was simulated. Sam-
ples with different permeability and exciting coils at differ-
ent positions were considered. And then, the optimal arrange-
ments of the NV~ center and a reasonable configuration of the
exciting coil were obtained at the end of the paper.

2. Theoretical models

Finite element analysis (FEA) is used to simulate the
magnetic field distribution in a DAC as shown in Fig. 2. In real
cases, the magnetic field for Meissner effect measurements can
be provided directly by superconducting magnets in commer-
cial cryogenic instruments or generated easily by hand-made
coils. Considering that the generation and holding of high
magnetic fields with superconducting magnets are high-cost
and not all research groups can do the experiments at any time
and any place, we adopt the second way, a hand-made coil to
generate the magnetic field in the simulation. All the phys-
ical and geometrical properties of entities in FEA are input
according to the real conditions in experiments.!??! The facet
of the diamond anvil is 40 um in diameter and the magnetic
permeability of diamond is approximately 1 H/m. A rhenium
gasket is used in simulation, whose size is 6 mm in diameter
and 0.25 mm in thickness, and the magnetic permeability is
1 H/m. The gasket is dented to 3 pm in thickness and then
a sample chamber with diameter 20 um is drilled in the dent
center. Three samples respectively with magnetic permeability
of 1 H/cm, 100 H/cm, and 1000 H/cm are assumed to repre-
sent different materials. Herein, the magnetic permeability of
0 H/cm represents the sample in a superconducting state. The
entities built in FEA are meshed with element PLANE 53. In
order to generate a static magnetic field within the DAC, an
exciting coil is placed around the diamond anvil and a mag-
netic vector potential A = 50 mT-cm is applied. According to
the magnetic vector potential method (MVP): B = Curl(A),
the magnetic flux intensity B can be calculated. The magnetic
vector potential method has the advantage that there is no need
to couple the current and voltage and the magnetic field exci-
tation can be simulated in the simplest way.

(a) (b)

Il
JTTTTT A

Fig. 2. Finite element analysis for magnetic field distribution in a DAC.
(a) The entities built in the DAC and (b) the entities meshed by element
PLANE 53 in two-dimensional simulation.

3. Analysis and discussion

The magnetic flux distribution in the DAC is shown in
Fig. 3. The exciting coil is placed at the widest position close
to the lateral edge of the diamond anvil. Figures 3(a)-3(c)
are the simulation results for the samples with permeability
1000 H/cm, 100 H/cm, and 1 H/cm, respectively. Figure 3(d)
is the simulation result for the sample having been converted
into the superconductivity state. As the permeability of the
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samples varies from 1000 H/cm to 0 H/cm, the holistic mag-
netic flux density distributions in the DAC are basically the
same and the obvious difference only exists in the samples.
As shown in Figs. 3(a) and 3(b), for magnetic samples with
a permeability of 1000 H/cm and 100 H/cm, large magnetic
field gradients can be observed inside the samples, and the
maximum magnetic flux densities are 43.19 mT and 42.48 mT
at the center of the sample sidewall, respectively. In Fig. 3(c),
the magnetic field distribution within the non-magnetic sam-
ple (1 H/cm) is uniform, and the maximum magnetic flux den-
sity is 19.80 mT on the edge of the sample sidewall and near
the exciting coil. While for the superconducting sample, as
shown in Fig. 3(d), the internal magnetic flux density of the
sample is 0 mT due to the Meissner effect. Previous results by
Brandt can also be used to confirm the accuracy of our simu-

(23] Therefore, it can be preliminarily concluded

lation results.
that, after the superconducting transition, the largest variation
of magnetic flux density occurs at the center of the sample
sidewall for magnetic samples and at the edge of the sample
sidewall near the exciting coil for non-magnetic samples. Ac-
cordingly, the NV~ center should be placed as close as possi-

ble to these positions.

Fig. 3. Magnetic flux intensity distribution in the DAC, especially in the
sample area. Panels (a)—(d) correspond to samples with different per-
meabilities of 1000 H/cm, 100 H/cm, 1 H/cm, and 0 H/cm, respectively.

In Eq. (1), it has been suggested that the sensitivity of
the NV~ center to the superconductivity depends on the vari-
ation of magnetic flux density as the sample transforms to a
superconducting state. The arrangement of the exciting coil is
another crucial factor for determining the magnetic flux den-
sity distribution in a DAC. A reasonable arrangement can max-
imize the magnetic flux density inside the sample, and corre-
spondingly obtain the maximum variation of the magnetic flux
density when the superconducting state appears.

Figure 4 shows the magnetic flux density distributions
when the exciting coil is placed at different positions in the
DAC. As an example, the magnetic permeability of the sam-
ple herein is set to 1000 H/cm and the magnetic vector poten-
tial A = 50 mT-cm is applied on the exciting coil. For the

coil on the gasket and as close to the sample as possible, as
shown in Fig. 4(a), the maximum magnetic flux density at the
center of the sample sidewall is 209.5 mT. When the coil de-
parts away from the sample either horizontally or vertically, it
can be clearly seen that the magnetic flux density decreases as
shown in Figs. 4(b)—4(d). The optimized arrangement of the
exciting coil therefore is that illustrated in Fig. 4(a).

(a) (b)
- 0mT
[ 23.8 mT
[]46.7 mT
[ 69.6 mT
924 mT

© (d) []115.3 mT
[]138.2mT
] 161 mT
B 183.9 mT
B 210 mT

Fig. 4. Magnetic flux density distributions with different coil positions.
The coil is (a) on the gasket and as close to the sample as possible,
(b)—(d) moved away from the sample horizontally and vertically.
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Fig. 5. The variations of magnetic flux intensity along the surfaces of
different horizontal cross sections of the samples. The permeabilities of
the samples are (a) 1000 H/cm and (b) 1 H/cm, respectively.

With the exciting coil arrangement in Fig. 4(a), the varia-
tion of the magnetic flux density is discussed successively for
the magnetic (1000 H/cm) and non-magnetic (1 H/cm) sam-
ples when the superconducting transition occurs. Figure 5
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shows the variations of magnetic flux intensity along the sur-
faces of different horizontal cross sections of the samples. It
can be found that the most obvious variation of magnetic flux
density occurs within the sample, while the magnetic flux den-
sity remains almost unchanged outside, which is consistent
with the above discussion. For strong magnetic samples, the
maximum of the magnetic flux density variation is on the cen-
ter of the sample sidewall as shown in Fig. 5(a); for weak or
non-magnetic samples, the difference among the variations of
magnetic flux density in the sample is small. Therefore, either
for magnetic samples or non-magnetic samples, placing the
NV~ center on the edge of the sample is the optimal option.

4. Conclusion

The distribution of magnetic flux density in a DAC was
analyzed for high-pressure Meissner effect measurement with
the NV~ center. For both magnetic and non-magnetic sam-
ples, placing the NV~ center at the edge of the sample can en-
sure that the maximum variation of the magnetic flux intensity
is obtained as the sample transforms into a superconductor and
meanwhile, the arrangement of the exciting coil on the gasket
and as close to the sample as possible can maximize the mag-
netic field within the sample, which endows the NV~ center
with an optimal sensitivity for detecting the Meissner effect in
the DAC. This work is expected to be useful for detecting the
superconductivity of materials under extremely high pressures
such as metallic hydrogen.
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