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ac Sensing Using Nitrogen-Vacancy Centers in a Diamond Anvil Cell up to 6 GPa
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Nitrogen-vacancy color centers in diamond have attracted broad attention as quantum sensors for both
static and dynamic magnetic, electrical, strain, and thermal fields and are particularly attractive for quan-
tum sensing under pressure in diamond anvil cells. Optically based nuclear magnetic resonance may be
possible at pressures greater than a few gigapascals and offers an attractive alternative to conventional
Faraday-induction-based detection. Here, we present ac sensing results and demonstrate synchronized
readout up to 6 GPa but find that the sensitivity is reduced due to inhomogeneities of the microwave
field and pressure within the sample space. These experiments enable the possibility of all-optical high
resolution magnetic resonance of nanoliter sample volumes at high pressures.
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I. INTRODUCTION

Nuclear magnetic resonance (NMR) is one of the
most versatile tools for investigating condensed matter in
extreme conditions, including temperatures from the sub-
millikelvin range up to 1000 K, static magnetic fields up
to 45 T, pulsed magnetic fields [1], uniaxial strain, and
hydrostatic pressures up to several gigapascals [2]. Each
of these environments presents special challenges for con-
ducting magnetic resonance experiments but pressure is
exceptional because of the small volumes available. The
maximum achievable pressure in a given pressure cell
scales roughly as the inverse of the sample volume and
depends on the material parameters and the design of the
cell. Intermediate-scale pressures up to 2—3 GPa can be
reached within a piston-cylinder-type cell, with volumes
on the order of several hundred microliters. For this type
of pressure cell, it is straightforward to introduce a small
coil and perform conventional NMR. This approach has
become standard in the study of condensed-matter systems
[3] as well as solution chemistry at high pressure [4].

Piston-cylinder-type cells are limited to approximately
2-3 GPa due to the Young’s modulus of the Cu-Be alloy
that forms the cylinder housing [5]. Alternative designs
can extend this pressure range up to 4.5 GPa [6], although
with severe constraints on the sample volume. To reach
pressures beyond this range, it is necessary to use a dia-
mond anvil cell (DAC), in which a pair of diamond anvils
compress a sample volume contained within a metallic
gasket, as illustrated in Fig. 1 [7]. The available sample
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volume is only on the order of 0.1-1.0 nl, presenting seri-
ous challenges for conventional NMR. Not only should a
solenoid be located within this space to form a high-Q res-
onant circuit and introduce the necessary radio-frequency
fields for NMR but the leads must also be insulated
from the gasket. Preventing leads from shorting or break-
ing under pressure is a major challenge [8]. Second, the
nuclear magnetization needs to be large enough to induce
a sufficient voltage relative to the Johnson noise of the
coil. Typically, this requires on the order of 10'7 nuclear
spins [9]. For a typical solid, e.g., copper with a density
of 10 g/cm?, this limit corresponds to 1 nl. Since the sam-
ple space must also contain the coil and pressure medium,
there is often insufficient room for the minimum detectable
sample. Although there have been recent advances to over-
come these limitations using specialized microcoils, gasket
resonators, and Lenz lenses, enabling NMR measurements
up to hundreds of gigapascals [2,10,11], alternative detec-
tion methods may be advantageous in order to investi-
gate matter at higher pressures; e.g., superconductivity in
hydride compounds (hydrogen-rich materials) [12—14].
Optically detected magnetic resonance (ODMR) of
nitrogen-vacancy (N-V)) centers offers an alternative and
complementary approach that is not limited by the small
sample volume and can detect nuclear spins within vol-
umes as small as 1072 nl with submegahertz resolution.
Several excellent reviews are available outlining the basics
of'this technique [15—17]. The fluorescence intensity of the
N-V centers is a strong function of the N-V spin (S = 1)
orientation and the N-J centers can be optically pumped
to the ground state with high polarization. Single—N-}
detection is possible with polarization > 99% using optical
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FIG. 1.

A diamond anvil cell for optically detected magnetic resonance experiments. An objective focuses the excitation light and

collects the fluorescence from within the sample space in the gasket. A straight gold antenna is located across the anvil culet (sample
hole 260-um diameter), and a small nitrogen-vacancy (N-¥) diamond crystal of dimensions approximately 100 x 75 um is visible at
the center to the lower right of the antenna (see arrow), oriented normal to the [100] direction. A magnetic field of magnitude Hy ~ 29
mT is oriented 54.7° from the vertical along the [111] direction of the diamond, using permanent neodymium magnets mounted

externally.

pumping resonant with the zero-phonon line [18]. For N-V
ensembles with nonresonant pumping using 532-nm light,
the optical contrast is a few percent. Because detection is
optically based rather than using Faraday induction, it is no
longer necessary to locate a high-Q resonant circuit within
the sample space. The spin orientation can be measured
optically, in which excitation and fluorescence light passes
through the transparent diamond anvils and can be focused
down to a point on the sample of size approximately 1 um,
enabling work with small samples. ODMR has been uti-
lized to study static strain and magnetization as a function
of pressure and temperature [19-22]. Here, we describe ac
sensing experiments using N-J centers in a diamond anvil
cell to probe dynamic fields, such as those arising from pre-
cessing nuclear spins. In principle, there is no upper limit
for such measurements and we discuss some of the chal-
lenges that emerge under pressure as the properties of the
N-V centers evolve.

II. APPARATUS

The principal challenges to performing ODMR in a
DAC are associated with the collection of sufficient
fluorescence from the sample as well as introducing
microwaves with sufficient homogeneity and magnitude.
Fortunately, ODMR is similar in practice to Raman spec-
troscopy, which is a well-established technique under
pressure in DACs.

A. Design and microwave antenna

Compared to ambient conditions, the signal-to-noise
ratio for ODMR in a DAC will be reduced because the

structure of the cell prevents the objective from being too
close to the sample. For our design, illustrated in Fig. 1,
the distance to the diamond anvil is approximately 10
mm, plus 2.5 mm for the anvil itself. It is thus necessary
to utilize a long-working-distance objective (Nikon CFI
T Plan Epi SLWD 50x Objective; NA 0.40 and work-
ing distance 22 mm). The pressure cell (CryoDAC SC,
Almax-Easylab), is mounted on a translation stage and an
external magnetic field, Hy, of 29 mT, oriented at an angle
of 54.7° from the vertical, is introduced via a pair of fixed
neodynium permanent magnets. The gaskets are fabricated
with 0.3-mm-thick copper-beryllium, and the sample holes
of diameter of 260 pum are drilled through the center of the
preindented region (the depth ranges from 100 to 150 pm)
using an electrical-discharge machine. A small diamond
crystal prepared with 0.3-ppm nitrogen vacancies (Element
6) is cut and polished to a thickness of 20 um (Diamond
Delaware Knives) and then secured to the anvil with super-
glue such that the [100] axis is aligned parallel to the
DAC axis. The ODMR spectrum is measured as the cell
is rotated along the DAC axis in order to align the field
along the [111] direction parallel to the N-J axis. The dia-
mond anvils are type Ilac with low nitrogen impurities in
order to minimize background fluorescence. The spot size
of the laser is less than 20 um and can be scanned later-
ally across the sample space. Representative scans of the
Rabi frequency, €2, and fluorescence intensity are shown
in Fig. 2.

The introduction of microwaves with sufficient magni-
tude in close proximity to the N-J centers presents a major
challenge for working in a DAC, because the conducting
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(a) The Rabi frequency of the |0) <> | — 1) transition. (b) The fluorescence intensity measured as a function of the position

in an diamond crystal with N-V centers located within a DAC. The scanning step size is 20 um or the scale of the individual squares

on the map.

gasket can screen out the magnetic field, as illustrated in
Fig. 3. High microwave amplitudes are necessary in order
to achieve strong H; fields and hence large Rabi frequen-
cies. The magnitude of H; should be approximately 0.18
mT in order to have a 90° pulse time on the order of 50
ns (2 ~ 5 MHz). Note that it is not necessary to have a
high-Q resonant circuit, so the antenna does not necessar-
ily need to have a low resistance. Previous studies have

utilized antennas located external to the sample cham-
ber [19,20,22,23], within the sample chamber [21], as
well as designer anvils with conducting paths deposited
directly onto the diamond culet and protected with a cap-
ping layer of CVD-grown diamond [24]. Locating the
antenna outside the sample space, as shown in Figs. 3(a)
and 3(b), is easier but is inefficient because a large fraction
of the power goes toward inducing screening currents in
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FIG. 3.

The calculated magnetic field profile from a wire loop surrounding a diamond anvil close to (a) an insulating gasket and (b)

a conducting gasket for 63.2 V (40 dBm) across the antenna at 3 GHz. The conducting gasket screens the majority of the magnetic field
within the sample space. (c) The calculated magnetic field profile and induced current density for a conducting gasket with a straight
antenna, as illustrated in Fig. 4(a). The diamond anvil (outlined in green) has a relative permeability of 5 [26]. The green rectangle in
the sample space represents the volume of the N-7 diamond chip used to compute the histograms in Fig. 5.
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the conducting gasket and can lead to undesired heating
effects. Designer anvils are costly and time consuming to
prepare [25].

To overcome this challenge, we fabricate gold
microwave strips, as shown in Fig. 4, by electroplating 8-
um-thick strips onto a substrate, which are then liberated
chemically for insertion into the DAC. A single antenna
is then transferred onto the culet of the anvil with tweez-
ers under a microscope and secured with a thin layer of
adhesive. Leads are attached to the ends of the antenna
pads with silver epoxy and then attached to larger wires
(not shown) that lead out of the cell and to a high-power
microwave amplifier (Mini-Circuits, ZHL-16W-43-S+).

The antenna is insulated from the preindented region
of the gasket with a mixture of epoxy and aluminum
oxide and/or boron nitride powders, which are cured under
compression [Fig. 4(c)]. After the epoxy has cured, the
center hole is drilled out, leaving a thin layer of insu-
lating material between the conducting gasket and the
antenna leads [27]. This approach enables us to reliably

(a)

2 mm

FIG. 4. (a) The geometry of the gasket and sample region. The
inner diameter is 260 pum, the culet diameter is 600 um, and the
thickness of the sample region is 150 um. The gasket is copper-
beryllium with conductivity 1.16 x 107 S/m. The gold antenna
has width 11 um, thickness 8 um, and length 600 wm, and has
a conductivity of 4.6 x 107 S/m. There is also a thin insulat-
ing layer between the antenna and gasket, with a conductivity of
10~'8 S/m. (b) The fabricated microwave antenna secured onto
the culet of the anvil (diameter 600 wm). The antenna has a width
of 10 um and a thickness of 8 um. (¢) The preindented gas-
ket with an insulating layer of boronitride, aluminum oxide, and
epoxy. The sample space in the center hole has a diameter of
260 pm.

apply pressure to the gasket without compromising the
antenna performance. The antenna leads are malleable and
are compressed under pressure as the anvil presses into
the gasket. However, at higher pressures (on the order
of approximately 10-30 GPa), the leads will eventually
sever as the gasket deforms and the anvil cups inward
[28]. In such cases, it may be better to utilize alternative
designs, with thinner leads, or even to eliminate the leads
altogether and use the Lenz-lens approach of Ref. [28]
For pressures up to approximately 7 GPa, we can achieve
Rabi frequencies of several tens of megahertz with our
antenna, which correspond to 90° pulses of a few tens of
nanoseconds, as illustrated in Fig. 5. Eventually, for suf-
ficiently high pressure, the antenna leads are thinned out
and clipped by the anvils, limiting the power delivered and
dramatically decreasing the Rabi frequency. Microwave
pulse sequences are generated via an arbitrary waveform
generator (Tabor AWG Model SE5082).

B. Microwave field simulation

In order to better understand the H; field distribution
and radio-frequency screening effects of the gasket, we
model the antenna-and-gasket system and carry out finite-
element-analysis calculations of the electromagnetic fields.
Figure 4(a) illustrates the antenna-and-gasket strip, includ-
ing the ridge surrounding the indented region around the
anvils (not shown). A thin insulating gap separates the
antenna from the gasket. Using the COMSOL package, we
find that the field radiates radially from the anvil, as illus-
trated in Fig. 3(c) but drops off quickly with distance. The
ratio of power dissipated to resistance in the antenna to the
radiated power is 3.2% and that of the power dissipated
by induced currents in the gasket is 0.5%. These numbers
indicate that the thin gold wire radiates power into the sam-
ple space efficiently. On the other hand, for a loop antenna
located outside the sample space [Fig. 3(b)] but in close
proximity to the gasket and anvil, the magnetic field in the
sample space is well screened by the conducting gasket. In
practice, the power delivered to the antenna is dominated
by the reflectance coefficient of the combination of leads
and antenna and depends critically on the geometry of the
leads external to the pressure cell. The best practice is to
keep the leads parallel to one another as much as possible.

As seen in Fig. 3, the H; field profile is inhomoge-
neous. It is largest in the region closest to the antenna
but drops off quickly along the vertical axis. Figure 5(b)
displays a histogram of the field-to-current ratio of the
magnitude of H;, , the component of H; perpendicular to
Hj along the [111] direction (see Fig. 1), within a vol-
ume of 100 x 75 x 20 um? representing the N-J” diamond
[illustrated by the green box in Fig. 3(c)]. The size and
shape of this histogram depends critically on the location
of the N-V diamond within the sample space. This distribu-
tion of fields means that each of the approximately 8 x 10°
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FIG. 5. (a) Rabi oscillations (]0) <> | — 1)) for various pressures in the DAC with a microwave power of 44 dBm. (b) Computed

histograms of H;, /I based upon the finite-element simulations shown in Fig. 3(c), for a loop antenna with an insulating gasket, with
a conducting gasket, and for the straight-antenna design illustrated in Fig. 4(a). Note that the field is normalized by the current in the

wire and is computed at 2 GHz.

N-V centers in the N-V diamond experiences a slightly dif-
ferent Rabi frequency. As a result, the Rabi oscillations fall
off quickly, as observed in Fig. 5(a). Experimentally, the
oscillations die out faster under pressure, as observed in
Fig. 5(a). This behavior reflects inhomogeneous broaden-
ing, as discussed below. We also consider a loop, rather
than a straight antenna, as shown in Fig. 5(b). If the gasket
remains insulating, the distribution remains narrow. For the
conducting gasket, the distribution broadens and is shifted
to lower fields because the gasket efficiently screens the
field. The highest field-to-current ratios are achieved with
the straight antenna because the distance to the sample
is smallest in this case; however, the field is inhomoge-
neous. Experimentally, we find that the Rabi oscillations
are quickly damped (implying a wider distribution of H;
fields) when the sample is located directly on top of the
antenna but is more homogeneous when the sample is
located on the opposite anvil. The latter is advantageous
for ac detection because a distribution of H; fields will
give rise to a distribution of rotation angles for the 180°
dynamical decoupling pulses.

III. ac ODMR

N-V centers can sense magnetic fields with a sensitivity
of the order of 30 pT/+/Hz, which is sufficient to detect
the dipolar magnetic field generated by a nuclear spin that
is within a few micrometers of the N-J center. Although
couplings to such spins are not large enough to resolve in
the N-JV spectrum, they can be detected via ac methods
[29-31]. ac ODMR can discern the amplitude B,., fre-
quency, w,e, and phase, ¢,¢, of a time-varying field oriented
along the direction, z, of the applied field, Hy:

B () = BycZ sin(wact + ¢ac). (1)

There are several technical components that are neces-
sary to successfully detect such a signal. First, microwave
pulses to efficiently manipulate the N-J spin orientation
are necessary, with Rabi frequencies Q2 = y H; of at least
5 MHz. If the microwave amplitude is too small, the pulses
used to create unitary rotations of the N-J spin will be
too long and will create an upper bound on the range of
detectable frequencies. Second, in order to “imprint” the
nuclear spin coupling onto the phase of the N-J centers,
the N-V ensemble must have a sufficiently low density
such that dipolar coupling between N-J centers does not
severely limit the decoherence time (7, ~ 200 us in our
case). This condition provides an effective lower bound on
the range of frequencies that can be detected.

A. Quadrature detection and phase cycling

Conventional NMR relies on detecting the voltage
induced by precessing spins in the plane perpendicular to
the applied field, Hy. In contrast, ODMR detects magne-
tization parallel to Hy (|| 2). The fluorescence intensity,
I, is a maximum, /), when the N-J spins are polarized
in the S; = 0 state and a minimum, /;, for spins in the
S, = %1 states. The fluorescence contrast, (Iy — 1) /1o, is
typically on the order of a few percent at room tempera-
ture, depending on the laser power and the N-V density.
Importantly, this contrast is proportional to (S;). Expo-
sure of the nitrogen vacancies to 532-nm excitation light
for a few microseconds is sufficient to polarize the S; = 0
state, which can then be manipulated using oscillating
microwave fields at the frequency of the |0) <> | — 1) or
|0) <> | + 1) transitions. A 90° H; pulse will create a
superposition state that will evolve with time and (S(?))
will precess in the perpendicular plane. To detect the sig-
nal, one applies a second 90° pulse with a particular phase
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FIG. 6. (a) The change in the fluorescence contrast as a func-

tion of the pulse spacing, 7, for a Ramsey sequence at the |0) <>
| — 1) transition of a N-Vin a field of 22 mT at ambient pressure.
M, and M,, are measured using different phases (90°) for the sec-
ond microwave pulse. (b) The amplitude of the complex Fourier
transform of the data in (a), revealing three separate peaks cor-
responding to the three L states of the '*N nuclei coupled to the
N-V electronic spin. The dashed brown line shows the spectrum
measured without phase cycling.

(e.g., along either the x or y directions in the rotating
frame) to rotate the magnetization back to the z direc-
tion. The so-called Ramsey sequence [Fig. 6(b) inset] will
give rise to oscillations of ///, as a function of the pulse
spacing, 7, between the two microwave pulses.

By controlling the phase of the second pulse relative to
the first, one can project either (S,) or (S)) onto the z axis.
The collection of data for both phases enables quadrature
detection and hence the full complex Fourier transform can
be obtained. It is also useful to implement phase cycling
to improve the signal-to-noise ratio. Spurious noise, mis-
alignments of the microwave pulses, and astigmatism in
the phase response of the microwave sources can all con-
tribute to noise in the measured fluorescence contrast and
similar approaches are regularly used in conventional mag-
netic resonance [32]. By cycling the phases of the first and
second H; pulses so that the N-V spin is rotated alter-
nately to the +x and £y directions and back to the +z
direction, one can either add or subtract the measured con-
trast to remove background noise. Figure 6 demonstrates
this approach. Note that the spectrum of the N-J reveals
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5.03 GPa

5.32 GPa

A
A
A
A
N
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| | | | | |
2020 2040 2060 2080 2100 2120 2140

Frequency (MHz)

FIG. 7. Spectra of the |0) <+ | — 1) transition of the N-V
ensemble as a function of the pressure, measured by echo
sequences. The spectrum at 5.96 GPa is measured by continuous
wave, since the antenna leads are thinned out under the pressure
from the anvils, reducing the Rabi frequency.

three separate peaks, which arise due to the hyperfine cou-
pling between the N-J spin, S, and the '*N nuclear spin,
I = 1 (natural abundance 99.6%). The hyperfine coupling
is given by Hype =S - A - I, where the coupling tensor A
is diagonal along the N-J" axis with components 4, = 2.1
and 4, = 2.3 MHz [33]. The three peaks correspond to N-

V spins in the ensemble for which I, = —1, 0, or +1 and
hence a hyperfine field of 0, £2.1 MHz shifts the resonant
frequency.

Spectra of the |0) <> | — 1) transition under pressure are
shown in Fig. 7. The resonance frequency of this transition
is given by fo = D — y.Hy, where D is the zero-field split-
ting, y, is the electron gyromagnetic ratio, and Hy = 29
mT is the magnitude of the applied field. D increases lin-
early with pressure [23,24], which enables us to use the
shift of the resonance as a measure of the pressure. In this
case, we use the ambient pressure value of D(0) = 2866
MHz and dD/dP = 11.72 MHz/GPa. The spectra clearly
broaden with pressure and the three peaks are no longer
resolvable under pressure. We find that the line widths
increase by a factor of 8 over this range, corresponding
to a pressure variation of approximately 15% over the vol-
ume of the sample. The nonhydrostaticity is likely due to
freezing of the pressure medium (Daphne oil 7575), which
freezes above 3 GPa at room temperature. Above 5.5 GPa,
we find that the Rabi frequency drops significantly as the
leads to the antenna become clipped under pressure. The
utilization of thinner leads in the future may alleviate this
problem.
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B. Dynamical decoupling

In the rotating frame, the N-V" spins will precess around
B..(?) [Eq. (1)] and acquire a phase ®(f) = y fot B..(£)dt.
A 180° pulse will effectively reverse the direction of B, (¢)
and reverse the direction of precession. For a series of 180°
pulses spaced at regular intervals, 7, the phase of the N-V/
can be written as [29]

() =y / Bew(?)dl (2)
0

where the effective field is Beg(t) = u(f)Bac(t) and u(f)
alternates between +1 between successive 180° pulses
(which we approximate as infinitely narrow in time). The
effective field can be expressed as

Beii(t) = Bac i {cos[(wae — nTT/T)t — Pac]
nw

n=1,3,...

— cos[(wae + N7 /T)t + Pac]} . 3)

Most of these frequency components will integrate to zero
in Eq. (2), which reflects that fact that such pulse sequences
filter out noise sources with frequency components far
from nmr/t. On the other hand, if n7w /T & w,, then Beg(?)
has a component that is nearly constant over time and the
phase ® will not integrate to zero. For n = 1, where the
pulse spacing T & 7w/ w,c,

2y Byt
() = YV Dac

sinc (7 8ft) cos(mw 8ft — ¢yc) 4)

where §f = (21)' — wa/(27) is the frequency offset. If
the pulse spacing is tuned exactly such that 6f = 0, then
the phase will accumulate linearly with time. After accu-
mulating this phase for a series of N pulses, the N-V
magnetization can be then be projected to the z axis. At
the end of the sequence, the N-V magnetization depends
on the relative phase of the first and last 90° pulses, such
that the fluorescence contrast varies as

cos <2N %ic cos qbaC) , for90,-90,,

Al ~ 2
sin (ZN ywai“ cos d)ac) , for 90,—90,.

For typical values of w,, = 27 x 100 kHz with amplitude
B,. = 15 nT and N = 48 refocusing pulses, the fluores-
cence contrast will be reduced by 0.1% for the 90,90,
sequence, assuming no coherence decay.

C. Pulse-spacing sweep

The most straightforward approach to detecting an ac
field is to sweep the pulse spacing, 7, and to search for
changes in A/, as illustrated in Fig. 8. In this case, multiple
measurements of the signal contrast are averaged, while a

6
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0 ‘
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(27)"! (MHz)

10"AIL

20 40 60 80 100
Test signal V,, (V)

FIG. 8. (a) The optical contrast measured as a function of the
external test signal voltage. Input signals of 1.12 and 1.25 MHz
are introduced externally. The dip in the contrast arises due to the
phase accumulated by the N-¥ centers. (b) The optical contrast,
AT of a test ac signal measured by signal averaging as a function
of the voltage applied to the ac coil. The solid purple line is a fit
to a Bessel function as described in the text.

cw external field is applied via a small loop located near
the sample space in the diamond anvil cell. The phase, ¢,
is randomly distributed, depending on the time at which
the N-J detection sequence is initiated. In this case, for the
90,—90, sequence, the fluorescence contrast is given by

Al =1 _JO(NVBac/wac)a (6)

where Jy(x) is a Bessel function of the first kind. For the
90,—90,, sequence Al = 0. This behavior is illustrated in
the lower panel of Fig. 8, in which the peak-to-peak ac
voltage, V} ., is varied to change the magnitude of B,.. In
this case, By o V), ;.; however, the coefficient is unknown.

Figure 9 shows measured ac spectra in the absence
of an external driving ac field at ambient pressure, 3.6
GPa and 5.0 GPa, respectively. The dynamical decoupling
sequences used are XY8-16 sequences with pulse spacing
7, as described in Ref. [34,35]. There is a dip in the con-
trast at approximately 0.3 MHz, which corresponds to the
Larmor frequency of *C in the applied H, field. The 1%
abundant '3C nuclear spins in the diamond lattice create
ac fields at this frequency at the N-V site that are not refo-
cused by the dynamical decoupling. The dips around 0.6
and 1.2 MHz are likely to be higher harmonics caused by
pulse imperfections in XY8 sequences [36].
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FIG. 9. The optical contrast versus the frequency, (27)7!,
where 7 is the pulse spacing of an XY 8-16 sequence, measured at
various pressures. Details of the XY8-16 dynamical decoupling
sequence can be found in Refs. [34,35].

D. Synchronized readout

Instead of averaging the signal over randomly dis-
tributed initial phases at the beginning of each repeat of
the dynamical decoupling sequence, it is possible to col-
lect each fluorescence measurement and perform a Fourier
transform. After each N-V fluorescence measurement, the
N-V is reinitialized into the ground state without affecting
the ac source. As a result, the phase of B, () will evolve
in a coherent fashion for each measurement. The slowest-
varying component of the effective field in Eq. (3) will
acquire a phase ¢, = 27 8fimTmeas — Pac, Where Tiyeqs 18 the
measurement repeat time and m is the mth measurement.
In this case, ®,, & (2y By Tineas/T) €08 ¢, For a 90,90,
sequence in the limit of small B,., the fluorescence contrast
will vary as

2Ny By

AI(T) ~ ( )005(2775]7— Pac), (7

ac

where 7' = mTiyeqs. This behavior is illustrated in Fig. 10,
both at ambient pressure and at 3.6 GPa. In effect, the
ac field is demodulated by the dynamical decoupling
sequence and imprinted on A/. A Fourier transform of
AI(T) thus provides a spectrum of B, () relative to the
detection frequency (27)~'. This detection scheme is often
referred to as “quantum heterodyne” [31,37]. The fre-
quency resolution is determined by the number of points
m, Tmeas> the stability of the field Hy, and the stability of
the microwave-pulse timing. The resolution can be as low
as a megahertz, which is sufficient to resolve many chemi-
cal shifts even at low applied fields [30,31]. This technique
requires the coherent averaging of many repeated measure-
ments but sufficient signal-to-noise ratio can be obtained
within a few hours.

In practice, the minimum detectable frequency, w,, is
bounded by T, because the N-J magnetization will decay
over during the free precession time, 7, giving rise to
another factor of e 7/®«'2_ For our N-V diamond, we
have T, ~ 200 us, corresponding to a minimum frequency

of approximately 10 kHz. The maximum detectable fre-
quency is bounded by the shortest possible pulse spacing,
which is approximately equal to the 180° pulse time, deter-
mined by the Rabi frequency. In our case, the maximum
detectable frequency is approximately 10 MHz. Note that
there is an upper limit to the heterodyne frequency, §f,
based upon the minimum time between consecutive mea-
surements. This limit is set by the time to measure the
fluorescence, which is usually a few microseconds.

E. Sensitivity measurements

The data shown in Fig. 10 were acquired for a large
applied test ac field for a single acquisition sequence with-
out signal averaging with a total measurement time of
approximately 1.5 s, corresponding to a sensitivity, n =
1.9 nT/+/Hz at ambient pressure. At 3.6 GPa, we find
that the sensitivity decreases to n = 7.6 nT/+/Hz. Here, we
define sensitivity as the minimum detectable signal per unit
time. Ideally, n should be as low as possible to achieve a
high signal-to-noise ratio. Our values are not as low as pre-
vious reports, which reach down to 32 pT/+/Hz [30]. One
of the primary reasons for the difference in the DAC is the
wide distribution of Rabi frequencies, which means that
not all of the nitrogen vacancies in the ensemble experi-
ence the same H, field. The pulse width for the dynamical
decoupling 180° pulses, given by 7 /(y H}), will differ for
each of these nitrogen vacancies. As a result, the accumu-
lated phase in Eq. (2) is not as high as it would be for a
uniform H;. To illustrate this point, Fig. 11 shows how
the signal intensity varies as a function of the pulse-width
time. Numerical simulations of the Bloch equations under
these conditions indicate that the sensitivity is reduced by
approximately 10% if the dynamical decoupling pulses are
either 10% shorter or longer than ideal. As shown in Fig.
5, the H, field for the straight antenna is inhomogeneous
over the sample volume, such that the width of the distri-
bution is approximately 40% of the average. Although this
antenna is able to provide large H, fields within the sample
space, the field inhomogeneity reduces the synchronized
readout sensitivity.

Another limiting factor for the sensitivity is the large
ratio of the 180° pulse width, 7,59, to the pulse spacing,
7. The data in Fig. 10 utilize #30/7 =~ 0.43, which is far
from the idealized case of the infinitely narrow pulses that
would give rise to the effective field in Eq. (3). Numerical
simulations indicate that the sensitivity will be suppressed
when the ratio f139/7 = 0.2. This provides an effective
upper limit on wii?* ~ 0.2 for a given value of the Rabi
frequency, 2.

The lower limit for the sensitivity is determined by 75,
because the N-J magnetization will decay during the free
precession time between the dynamical decoupling pulses.
This leads to a exponential prefactor of e=™/“="2 for Eq.

(7) and an effective lower limit a);‘;i“ ~ 7/ In(10) T, where
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FIG. 10.

(a) The optical contrast, A/, measured for nitrogen vacancies in the DAC with a test signal at frequency f,c = 1.2001

MHz, where T = 416.667 ns (corresponding to a detection frequency at 1.2 MHz), for a sequence of equally spaced measurements at
Tmeas = 45 s, as described in the text. (b) The Fourier transform of A7 at ambient pressure. The spectra exhibit a single large peak at
100 Hz and the vertical axis is scaled to match the known applied field magnitude. The 3.61-GPa data are offset vertically by 500 nT
for clarity. (c) The sensitivity, 1 (e), versus the pressure. The dashed blue line corresponds to the necessary sensitivity to achieve unity
signal-to-noise ratio after 1 min and the pink square (l) at 0 GPa corresponds to the sensitivity reported in Ref. [30].

the sensitivity is reduced by a factor of 10. For our N-
V sample with 7, ~ 200 us and Q ~ 3 MHz, we have
fumin 2 1 kHz and £,™ ~ 0.5 MHz. For detection of pre-
cessing nuclear spins such as 'H or °F, H, should lie
between 0.02 and 25 mT in order to achieve w,. in this
range. Curiously, except for small frequencies where 75
limits the sensitivity, the fluorescence-contrast maximum
in Eq. (7) does not depend on the applied field, Hy, because
both B,. and w,. are proportional to Hy (for thermally
polarized nuclei).

Under pressure, we find that 1 increases by a factor
of 4, as shown in Fig. 10(c). There are two possible rea-
sons for this change. Under pressure, the N-V spectrum

10 F— —
/’ A .
&
Z Y
N 4»
2,
80 90 100 110 120
tog (ns)
FIG. 11. The signal intensity (arbitrary units) for a synchro-

nized readout measurement of an ac signal (as in Fig. 10) versus
the width of a 90° pulse. The dynamical decoupling pulses (180°)
are twice as long as the time #9y given on the horizontal axis.

is broadened due to the pressure gradients. If the spec-
trum is sufficiently broad, the dynamical decoupling pulses
will not fully refocus the N-J magnetization, similar to the
effect of a nonuniform H; field as discussed above. More-
over, the antenna deforms under pressure, and as a result
the impedance changes and affects the magnitude of the
H, field. Consequently, both €2 and A/ can be reduced,
affecting the sensitivity.

IV. DISCUSSION AND CONCLUSIONS

We demonstrate ac ODMR in a DAC with a sensi-
tivity of 1.9 nT/+/Hz, which is about 50 times larger
than values reported for other N-J~—based ac sensors oper-
ating under ambient conditions. To detect nuclear spins
external to the diamond, it is possible to either initialize
these with a 90° pulse at the nuclear Larmor frequency
(approximately 1 MHz) in order to let them precess coher-
ently or to use correlation spectroscopy to detect their
noise fluctuations. The magnitude of B,. can be estimated
assuming that the N-V diamond chip is embedded in a
spherical volume of uniform nuclear magnetization, M(¢),
that is precessing at Larmor frequency w,.. In this case,
Bae = (87/3) xnHo, where xy = py h* (I + 1)/3kgT is
the Curie susceptibility of nuclei with spin / and num-
ber density p. For hydrogen in water at room temperature
in a field of 10 mT, B, &~ 27 pT. To achieve a signal-
to-noise ratio of unity with our demonstrated sensitivity
n = 1.9 nT/~/Hz would require signal averaging for a time
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Tave = (1/Bac)* ~ 80 min. The dashed blue line in Fig.
10(c) shows the maximum 7 necessary to achieve a mini-
mum signal-to-noise ratio of unity within 1 min. It is clear
that an order-of-magnitude reduction in 7 will be neces-
sary to avoid hours of signal averaging. Note that although
conventional NMR has sensitivities on the order of 10
pT/ VHz [29], this quantity scales as nnvr ~ V?l/ 2, where
Vs is the sample volume [38]. For a 100-um coil diameter
and a sample volume of 1 nl at a field of 10 mT, we esti-
mate awmr ~ 85 nT/+/Hz [39], approximately 2 orders of
magnitude higher than our measurement.

There are several possible routes to improve the sen-
sitivity of ac ODMR in the DAC. The inhomogeneity
of the microwave fields from the antenna leads to an
increase in 1. An antenna design that provides a more
homogeneous and stable H, field and is less prone to dis-
tortions under pressure is vital. In the future, other antenna
designs may be considered—for example, a circular loop
within the sample space—to improve the homogeneity
and reduce screening effects by the gasket. The utilization
of diamonds with lower N-V concentrations and isotopi-
cally pure '>C would significantly enhance 7> and also
improve the sensitivity. It is also possible to improve
the sensitivity by utilizing dynamic nuclear polarization.
This number can be enhanced significantly by utilizing
the presence of free radicals and taking advantage of the
Overhauser effect to transfer polarization to the nuclear
spins in a liquid. Bucher ef al. have used the 4-hydroxy-
TEMPO (TEMPOL) molecule dissolved into liquid solu-
tions to enhance the sensitivity by a factor of > 200 [40].
The unpaired electrons on the TEMPOL molecule have
an enhanced spin polarization that can be transferred to
hyperpolarize the nuclear spins beyond their thermal polar-
ization described by xy. This process can enhance the
signal-to-noise ratio by several orders of magnitude but
requires pulsing the system at the Larmor frequency of
the TEMPOL electron spins for several milliseconds prior
to detection of the nuclear spins with N-J magnetome-
try.

The sensitivity may also be improved by utilizing dou-
ble quantum coherence under pressure [41,42]. The ac-
ODMR experiments described here are based on single
quantum coherence in which the N-V is prepared in the
state |0) 4+ | = 1). The resonance frequency of the dou-
ble quantum coherent state | — 1) + | 4+ 1) is independent
of D. This property could be important because pressure
inhomogeneities strongly affect D, giving rise to spectral
broadening that impacts the sensitivity of the ac detec-
tion. The utilization of dynamical decoupling at the double
quantum coherent frequency would allow the N-J" ensem-
ble to precess and acquire phase more homogeneously
and may enable a reduction in 7 even in the presence
of strong pressure gradients. It may also be prudent to
utilize shaped pulses with the arbitrary waveform gener-
ator, which have a broader frequency response and may

be able to better refocus the N-J magnetization in the
presence of inhomogeneous broadening [43].

In addition to the zero-field splitting, D, the zero-phonon
emission line (637 nm at ambient pressure and tempera-
ture) is also pressure dependent [15,24]. Both quantities
can be used to measure the pressure, eliminating the need
for other manometers such as ruby chips within the sample
space or the high-frequency edge of the Raman spectra of
the diamond anvil [44,45]. For ODMR, the microwave fre-
quency needs to be adjusted after each pressure change (by
100 GPa, it will have increased by 1.2 GHz). This shift may
necessitate the adjustment of different microwave com-
ponents, such as the amplifier and filters. The emission
wavelength shifts down with pressure and reaches 532 nm
at approximately 60 GPa [23]. To operate at higher pres-
sures, it is thus necessary to switch to a lower-wavelength
excitation laser. It is common to utilize an optical fil-
ter before the detector, which needs to be adjusted with
increasing pressures.

ac ODMR under pressure will enable a broad range of
NMR experiments at pressures that have not been possible
previously. In particular, it should be possible to test geo-
chemical predictions about fluid chemistry modifying the
Earth’s crust. These predictions now extend to 6.0 GPa and
1200°C [46—48] and are testable only via vibrational and
optical spectroscopic measurements and not NMR [49,50].
High-pressure NMR spectroscopy via conventional detec-
tion is a familiar tool in inorganic solution chemistry
[51-53] but the pressures are less than approximately 0.4
GPa, except for a few studies [54—57]. As discussed above,
DAC technology can reach higher pressures but the sam-
ple volumes are too small for NMR detection via Faraday
coils, which is why optical detection via ac ODMR is
potentially so valuable, particularly if it is coupled to meth-
ods of polarization transfer that enhance the signals. An
additional benefit is that experiments are now possible on
solutions that would be dangerous in larger amounts.
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