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Calibration of the Solid-State Nuclear Magnetic Resonance
Search for Axion-Like Dark Matter

Andrew J. Winter,* Tanja Marié, Viktoriya A. Balabanova, Jdnos Addm, Glenn Randall,
Arne Wickenbrock, Derek F. Jackson Kimball, Dmitry Budker, and Alexander O. Sushkov*

Calibration of nuclear-magnetic-resonance-based searches for axion-like dark
matter can be performed by free induction decay (FID) measurements. This
manu- script describes FID experiments on several solid materials, motivated
by the Cosmic Axion Spin Precession Experiment (CASPEr) program.
Experiments with?”” Pb nuclear spins in ferroelectrics, lead magnesium
niobate-lead titanate (PbMg;,3Nb;;305),,3— (PbTiO5),,; (PMN-PT) and lead
zirconium titante PbZr, s, Tiy 4303 (PZT) are directly relevant to the
CASPEr-electric search for the electric dipole moment interaction of axion-like
dark matter. Experiments with 3'P nuclear spins in gadolinium-doped
hydroxypyromorphite Pb, osGd, o5(PO,);OH (HPM:Gd) are used for
apparatus calibration. The measurements characterized the nuclear spin
ensemble coherence time and the magnetic resonance detection sensitivity
for these samples. Calibration is performed using small tip-angle pulses.

1. Introduction

Cosmological observations imply the
existence of dark matter, which cannot
be one of the Standard Model particles.
However, despite decades of experimen-
tal searches, none of its non-gravitational
interactions have been detected.l'*!
High energy physics models, such as
grand unified theories and models with
extra dimensions, incorporate light pseu-
doscalar bosons (axion-like particles,
ALPs), which are potential dark matter
candidates.*! The ALP mass is un-
known, but can be within the range of
approximately 10-2'eV to 10~eV.I10-12]
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The strong CP problem of quantum

chromodynamics (QCD) is resolved by

the QCD axion, making it of particular
interest.[*1*1¢l The Cosmic Axion Spin Precession Experiment-
electric (CASPEr-e) is a solid-state nuclear magnetic resonance
(NMR) experiment designed to detect the interaction of ALP dark
matter with a polarized ferroelectric sample. The EDM or the gra-
dient interaction of axion-like dark matter with nuclear spins cre-
ates an oscillating torque on them. The goal of CASPEr-e is to de-
tect the resulting tilt of the nuclear spins, by inductively coupling
the sample to a sensitive SQUID magnetometer. This tilt is max-
imized when the spin Larmor frequency is tuned to be resonant
with the axion Compton frequency.'7-'%] In order to quantify the
sensitivity of the search to axion-like dark matter, it is necessary
to carefully calibrate the apparatus. This is accomplished by NMR
experiments in which radio frequency (RF) pulses are delivered
to a sample, and the resulting free-induction decay (FID) detected
by an inductively-coupled current sensor. Reference [18] contains
the description of the experimental details. The purpose of the
calibration NMR experiments, described in the present work, is
to characterize the NMR properties of the nuclear spin ensemble
and measure the transfer function of the NMR detection circuit,
in preparation for the ALP search.

2. Results and Discussion

The following materials were examined: lead magnesium
niobate-lead titanate (PbMg;;;Nb;;303),/3 — (PbTiO;),; (PMN-
PT), lead zirconium titante PbZr.,Ti; 0, (PZT), and
gadolinium-doped hydroxypyromorphite Pb, ,.Gd, ,.(PO,);O0OH
(HPM:Gd). The first two listed samples are relevant in the
CASPEr-e search for the electric dipole moment interaction

© 2023 Wiley-VCH GmbH


http://www.ann-phys.org
mailto:ajwint@bu.edu
mailto:asu@bu.edu
https://doi.org/10.1002/andp.202300252

ADVANCED
SCIENCE NEWS

= nhysik

www.advancedsciencenews.com

ADC

LHe Bath

DAC @ﬂ@ﬁg _
Sample ]

Figure 1. CASPEr-e circuit diagram. Beginning at the digital-to-analog con-
verter (DAC) on the left, an analog RF signal is produced at room temper-
ature and sent to the experiment in the LHe bath. The sample cylinder lies
in a Helmholtz coil Lg and thus obtains some transverse magnetization.
The sample also lies within a pickup coil gradiometer Lp perpendicular to
Lg and external longitudinal field By. As the nuclear spins precess, a de-
caying sinusoidal signal is induced in Lp. The signal is then transferred
from the SQUID input coil L;, to the flux-locked loop (FLL) with a mutual
inductance of M. The FLL locks a to a quantized magnetic flux and is a
part of a negative feedback loop, where R is the feedback resistance. Rg
is in series with an inductor with mutual inductance Mg with the FLL. This
produces a voltage signal Vsg, which is then measured by the analog-to-
digital converter (ADC) at room temperature.

of ALP dark matter. *'P is present in HPM:Gd and has 100%
natural abundance, which is much greater than the 22.1% abun-
dance of 27Pb. The gyromagnetic ratio of 3!P is approximately
twice that of 27 Pb.[1%20] This makes it suitable for calibrating the
experimental apparatus, because it is desirable for samples to
have a high natural abundance for the nuclei of interest. High
natural abundance provides a larger ensemble of nuclear spins
that can be addressed in the NMR experiments, increasing the
signal-to-noise ratio (SNR). The spin coherence time T, for *'P
NMR in a material with similar structure (hydroxyapatite, HAp,
which HPM:Gd was based on) has been measured to be on the
order of 100 ps.?!] The HPM:Gd sample was doped with Gd
so that the spin-lattice time T; would be decreased as a result of
dipole—dipole interactions between the nuclei of interest and the
Gd electron spins.|?2! This allows optimization of the duty cycle
of the NMR experiments. Simultaneously, HPM:Gd allows the
opportunity to measure both P and 'H NMR.

The HPM:Gd sample was synthesized using the following re-
action in aqueous solution:

4.95Pb(NO;), + 0.05Gd(NOs); - 6H,0 + 3(NH,),HPO,
+6.75H,0 — Pb, ,:Gd, < (PO,),0H

+6NH,OH + 10.05HNO; + 0.050H" (1)

This follows the procedure described in ref. [22]. The lead nitrate
was obtained from Alfa Aesar with 99% purity, and the remain-
ing two reactants were obtained from Sigma-Aldrich, with speci-
fied purities of 99.9% for the gadolinium nitrate hexahydrate and
>98% for the ammonium phosphate. After dissolving under stir-
ring, solutions were added to a teflon-lined pressure reactor and
heated to 130°C for 18 h. The precipitate was extracted by using
a centrifuge and heated to 70°C to evaporate excess water and
produce the final HPM:Gd sample.

The NMR FID experiment begins with a radio frequency (RF)
pulse of length 7, synthesized with the Spectrum Instrumenta-
tion digital-to-analog converter (DAC) card, amplified, and de-
livered to a 17-turn Helmholtz excitation coil, Figure 1. The
pulse tilts the initially z-oriented sample spins toward the xy-
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plane by angle 8. After the pulse ends, the transverse spin pro-
jection precesses at the Larmor frequency and decays with re-
laxation time T;. The oscillating magnetization induces a volt-
age in the pick-up coil with inductance L,, wound in the second-
order-gradiometer configuration, and orthogonal to the axis of
the excitation coil. The NbTi pickup coil is connected to the input
terminals of a Magnicon superconducting quantum interference
device (SQUID). The SQUID is operated in the flux-locked loop
(FLL) mode, converting the magnetic flux in the pickup coil to
voltage, which becomes the output signal of the experiment. The
detector transfer function is defined as

VSQ
a= 2
oM, @

where Vg, is the FID signal SQUID output voltage, 4, is the
permeability of free space, and M, is the transverse magnetiza-
tion of the sample, discussed below. The SQUID parameters for
these experiments were as follows: feedback resistance R; = 7 kQ
and gain bandwidth product GBP = 7.2 GHz for PMN-PT, R, =
10 kQ, GBP = 7.2 GHz for HPM:Gd, and R, =30k, GBP =5
GHz for PZT. The SQUID output voltage was amplified by an
SRS SR445a 5x preamplifier before being digitized. The SQUID
noise spectrum contains audio-frequency vibrational peaks, but
above ~ 10kHz the noise is approximately white, at the level of
1.3 u®,/ M (referred to the SQUID). Using the pickup cir-
cuit transfer function, we calculate the corresponding sensitivity
to the magnetic field created by the sample ~ 17T/ \XE The
SQUID white noise is the dominant source of noise in the NMR
measurements described in this work.

The magnetic resonance condition is that the excitation pulse
carrier frequency is near the Larmor frequency @; = y, B,, where
¥, is the nuclear gyromagnetic ratio and B, is the bias magnetic
field created by the solenoid magnet. The magnet coil constant §
relates the current I in the magnet to B

p=By/1 (3)

NMR measurements were used for magnetic field calibration to
determine f, as described below.

Once the FID in time-domain has been recorded, the Fourier
transform of the FID signal is taken to convert the data to the
frequency domain. The FID signal lineshape is modeled as a
Lorentzian with the absorptive and dispersive quadratures given

by:

Ay = A r
T V2, T+ 2l - £))

(4

A A2 —f)
w2, T+ Qalfy — )P

(3)

where f is the frequency, A is the fit amplitude, ¢, is the time du-
ration of the window that the Fourier transform is taken over, I is
the fit linewidth, and f;, is the fit center frequency. The coherence
time can be extracted from the full width at half max (FWHM):

_r_ 1
FWHM = — = T (6)
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Figure 2. Fouriertransform (FT) of HPM:Gd 'P FID signal, which is centered at 862 kHz, from an excitation pulse of 894 kHz and a 60 pis pulse duration.

The data are an average of 10000 measurements.

The fits to the *'P FID data taken with the HPM:Gd sample
at the Larmor frequency near 860 kHz are shown in Figure 2.
The fits to the 27Pb FID data taken with the PMN-PT sample at
the Larmor frequency near 5.28 MHz are shown in Figure 3. The
fits to the 27Pb FID data taken with the PZT sample at the Lar-
mor frequency near 4.6 MHz are shown in Figure 4. The sample
properties and best-fit parameters are listed in Tables 1 and 2 re-
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spectively. The listed values of 1/T; are exiracted from the fitted
linewidth using Equation (6).

The fitting was performed simultaneously for both signal
quadratures. To obtain purely absorptive and dispersive quadra-
tures, the fitted phase was used to appropriately shift the
Fourier transform phase. In order to obtain best-fit parame-
ter uncertainties, the bootstrapping approach was used. The
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Figure 3. Fourier transform (FT) of PMN-PT 27 Pb FID signal in frequency domain centered at 5.28 MHz from an excitation pulse at 5.28 MHz and a 40

ps pulse duration. The data are an average of 1000 measurements.
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Figure 4. Fourier transform (FT) of PZT 2 Pb FID signal in frequency domain centered at 4.6 MHz, from an excitation pulse of 4.6 MHz and a 20 ps

pulse duration. The data are an average of 10000 measurements.

Table 1. Sample properties.

Sample (isotope) Matural abundance ¥, (rads sT1T°7) Diameter (cm) Length (cm) Spin |
PMN-PT (27 Pb) 22.1% 1201 5.581x 107 [201 0.46 0.50 1/2
PZT (2 Pb) 22.1% 5.581 % 107 0.45 0.50 1/2
HPM:Gd ('P) 1009 191 10.832 x 107 119 0.40 0.6* 1/2

*The HPM:Gd powder sample was tightly packed into a gelatin capsule, with a mica cap placed on top then sealed shut with cryogenic epoxy.

Fourier-transformed data were decimated into thirds, to build
three datasets.

Undersampling by a factor of three still maintained at least
5-6 points across the linewidth, which was sufficient to fit the
Lorentzian lineshape. The three datasets were then fitted with
Lorentzian lineshapes, and the standard deviation of each fit pa-
rameter was used as the uncertainty.

For each of the three samples the FID data were recorded
at several values of the magnet current, Figure 5. A linear fit
was performed on each data set and the best-fit slope is listed
in Table 2. The data sets were then combined by dividing each
FID frequency value by the corresponding gyromagnetic ratio,
Figure 6. When a linear fit was performed on these data, the
resulting slope corresponds to the magnet coil constant: § =

Table 2. Measurements for 207Pb NMR in PMN-PT and PZT, and 31P NMR
in HPM:Gd, and calculated magnet constant for each sample.

Sample (NMR) /T3 (ms™)  f; (kHz) A (V) B (<10~ T/A)
PMN-PT (Pb) 47+6 5280+ 1 054+0.06 14168 +0.1
PZT (Pb) 39+2 4603.1+:0.7  0.038+0.001 1416210
HPM:Gd (P) 271 862+0.2  0.150+0.008 139949
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(1416.6 + 0.3) x 10~* T/A. This is consistent with magnet’s spec-
ification of 1407 x 10~* T/A. The uncertainty corresponds to the
one standard deviation confidence interval of the fit.

Under equilibrium conditions, the spin ensemble magnetiza-
tion is oriented along the bias magnetic field, and has the value
of

ny?h?I(I + 1)B
HoMy = #0% (7)
where n is the number density of nuclear spins, y, is the gyromag-
netic ratio for the nuclear species, and B, is the external magnetic
field.'8) With an external magnetic field of 0.59 T, the PMN-PT
7P spin ensemble magnetization is ~370 pT, and with 0.52 T
the PZT spin ensemble magnetization is 2340 pT.

After a single resonant RF excitation pulse of length r the nu-
clear spins are tilted by angle & = Q,r, where €, is the Rabi fre-
quency. This creates the transverse magnetization

ﬂoMl = #UMO sinf = yDMO sin (QCT) = FOMOQsT (8}

where the last approximation is valid for 8 « 1. The FID is
recorded after the pulse, and the transverse magnetization decays
on the time scale T;. In order to calibrate the transfer function
a, an independent measurement of the transverse magnetization

© 2023 Wiley-VCH GmbH
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Figure 5. a) HPM:Gd 3'P, b) PMN-PT's 207Pb, and c) PZT's 27 Pb FID frequencies varying with equilibrium magnetic field Bj.

is needed. This is achieved by delivering a sequence of N excita-
tion pulses. Since only the z-projection of the spin magnetization
survives after each pulse, the FID amplitude scales as

A(N) = Ay(cos )Y + ¢ (9)
1.2
— * HPM:Gd *'P .
T 1| e pzT2o7pp 7
= PMN-PT 27Pp 7
= 08¢ -
= L
S 06 " 4
g A
[ L 2
o 0.4 o
L ’
\E' 0.2¢ ” ’
N e
0 . . .
0 2 4 6 8

magnet current [A]

Figure 6. All of the samples’ FID frequencies converted to angular fre-
quency, then divided by their respective nuclear gyromagnetic ratios plot-
ted against magnet current. The slope of the fitted line is (1416.6 +0.3) x
104 T/A.
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This describes spin saturation, and the constant ¢ accounts for
incomplete saturation due to the relaxation back towards ther-
mal equilibrium, Equation (7). The fit of the FID amplitude as
a function of pulse number was used to exiract the tilting an-
gle 8 = (0.085 + 0.004) rad for PMN-PT, Figure 7. Using this tilt-
ing angle, the transfer function was calculated to be & = (1.2 +
0.2) x 107 V/T, consistent with ref. [23]. The uncertainty was ob-
tained by collecting multiple sets of data and using the standard

2.5
z
g N
2 bb
a O
g 1.5 o] 3
E o qu
o Ly
E o
S5 ©0% o500 o
(] o—g00
E 09 —0Q.0 _0g09
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2300252 (5 of 6)

pulse number

Figure 7. Example PMN-PT tilting angle fit with a 40 ps pulse length at
5282 kHz and 2.2 ms in between each successive pulse. This particular fit
resulted in Ay = (1.9 £ 0.1) mV and 6 = (0.085 + 0.004) rad.
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deviation of the results. In order to verify that the signals observed
in the experiments were indeed due to the nuclear spins in the
samples (rather than, for example, SQUID response oscillations),
a series of background experiments were performed. When the
carrier frequency of the excitation pulse was set to be far detuned
from the nucdear Larmor frequency, no FID was observed. In
addition, changing the bias magnetic field shifted the FID fre-
quency consistently with the correct nuclear spin gyromagnetic
ratio (Figure 5).

3. Conclusion

This manuscript describes experiments that calibrate the param-
eters of the CASPEr-e solid-state NMR search for axion-like dark
matter. These calibrations are important for choosing the opti-
mal sample and interpreting the axion-search data. The unique
challenge of these cryogenic solid-state NMR experiments is the
absence of sample magic-angle spinning or other line-narrowing
approaches, which necessitates working with short nuclear spin
coherence times, due to inhomogeneous and dipolar relaxation.
This degrades the NMR signal-to-noise ratio. Despite this chal-
lenge, sensitive SQUID detection allowed FID measurements de-
scribed in the present work. Because of the short spin coherence
time, a z/2 tipping pulse was not feasible in the experimental
setup, which emphasized detection sensitivity over excitation am-
plifier power. Nevertheless, the SQUID detection sensitivity al-
lowed FID detection with small tip angle pulses, combined with
averaging of many FID experiments. Using a small tip angle ex-
citation reduces the FID amplitude, but it also preserves a large
fraction of longitudinal spin polarization, after the FID decays.
This allows multiple averages of the FID experiment, and, in the
end, the SNR is comparable to what could be achieved with a
single x/2 pulse FID. Thus, it is shown that the calibration of
a solid-state NMR search for axion-like dark matter can be per-
formed without having to apply x/2 tip angle pulses.
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