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Accurately characterizing magnetic resonance of molecules at zero to ultralow magnetic field (nTs-µTs) is
challenging, due to vanishingly small sensitivity, which depends on the thermal equilibrium polarization of the
nuclear spins and instrumentation. We overcome the former limitation with the parahydrogen-based hyperpo-
larization method SABRE-SHEATH (signal amplification by reversible exchange in shield enables alignment
transfer to heteronuclei). This method allows for the continuous transfer of spin order from parahydrogen
to a substrate via chemical exchange, reaching polarization levels of some percent (level equivalent to 13C
polarization at 20 kT). We address the latter with our application of a superconducting quantum interference
device (SQUID)-based detector setup that allows for broadband detection (dc-MHz) with exquisite sensitivity
over its entire range. Here, we present the results of our comprehensive characterization of [1-13C]pyruvate
and [2-13C]pyruvate, hyperpolarized via SABRE-SHEATH, from zero field to 100 µT. To this end, we show
low-noise, high-resolution spectra for both molecules, detecting how the NMR spectrum changes from the
J-coupling dominated zero-field spectrum to the strongly coupled spectrum, and then finally to the conventional
high-field, otherwise known Zeeman-dominated spectrum. We also analytically derive the evolution of product
operators in arbitrary magnetic fields, which aid in the understanding of the differences between spin evolution
and spin-coupling regimes. We predict and confirm that the absence of spin precession at zero field can result in
observable oscillation of magnetization along one axis with a frequency of the J-coupling constant, no observable
spin evolution, or observing spin evolution that corresponds to “forbidden” transitions at high field. The zero-field
spectra with their near-dc signals reveal different relaxation rates for the different spin states of hyperpolarized
13C pyruvates, demonstrating the utility of SQUID detectors and hyperpolarization for the characterization of
magnetic resonance phenomena.

DOI: 10.1103/PhysRevB.109.184443

I. INTRODUCTION

Nuclear magnetic resonance (NMR) has become an
indispensable analytical tool with numerous applications
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in physics, chemistry, industry, and medicine [1,2]. Since
the time of its development, the mainstream path has been
to make stronger magnets, currently culminating at 28.2 T
(1.2-GHz 1H frequency) for commercial systems [3] and even
higher in pulsed-field systems [4]. Higher magnetic fields
result in higher polarization and, thus, a larger signal-to-noise
ratio (SNR).

During the last decade, an opposite trend has also devel-
oped: benchtop NMR systems with modest 1–2-T permanent
magnets have substituted for expensive, high-resolution, cryo-
genic NMR systems, in some areas becoming industry
standards. Zero- and ultralow field (ZULF) NMR have also
become possible, combining developments in nuclear-spin
hyperpolarization and highly sensitive, broadband, direct cur-
rent (dc) magnetometers [5–7]. Even though ZULF NMR has
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FIG. 1. Schematic representation of the SABRE effect on 1-Py. Parahydrogen (pH2) and 1-Py with its coligand dimethyl sulfoxide (DMSO)
transiently bind to the Ir-IMes complex, forming a spin-spin coupled system. At appropriate magnetic fields (100s of nT), the spin order of pH2

is converted into polarization of the 1H and 13C nuclei on the pyruvate molecule, as highlighted in blue. All steps with the activated catalyst
[after dissociation of cyclooctadiene (COD)] are fully reversible, regenerating their initial reactants with each cycle, enabling SABRE to be
performed continuously on samples on the timescale of hours.

no chemical shift resolution, J-coupling topology and selec-
tive hyperpolarization still enable differentiation of chemical
structures, supporting its wider use [8–10]. However, its
use does require that nuclear spins be prepolarized in one
way or another. One method is via hyperpolarization tech-
niques, which populate nuclear-spin states far beyond thermal
equilibrium levels, manifesting in strongly increased NMR
signals [11–13]. Interestingly, samples implanted with po-
larized muons have been also successfully probed at ZULF
conditions [14].

We demonstrate NMR spectroscopy from zero (≈1 nT) to
1 µT, measured using a dc superconducting quantum inter-
ference device (SQUID) sensor [15]. For signals from near
dc (<1 Hz) up to ∼MHzs, SQUID sensors offer superior
sensitivity compared to conventional Faraday coils [16,17].
Faraday coils in contrast have increased sensitivity with fre-
quency, becoming more advantageous at high frequencies.
While optically pumped magnetometers (OPM) are another
alternative to SQUIDs, they have a worse noise performance
at low frequencies [18–20]. Additionally, SQUIDs act as
broadband detectors allowing simultaneous observation over
their entire frequency range.

For this work, we used signal amplification by reversible
exchange (SABRE) [12] hyperpolarization to prepolarize
nuclear spins. SABRE offers exceptionally high 1H [21]
polarization at mT fields, and the variant, SABRE in shield en-
ables alignment transfer to heteronuclei (SABRE-SHEATH),
offers 13C [22–25] and 15N polarization up to the order of
percent at µT magnetic fields [26,27].

In SABRE, pyruvate, an Ir-IMes catalyst [28], and
parahydrogen (pH2) produce a short-lived complex, whose

spin-spin interactions allow the transfer of spin order from
pH2 to pyruvate (Fig. 1). This polarization transfer is
possible at sufficiently low magnetic fields, where the
1H atoms from pH2 and the 13C nucleus of pyruvate are
strongly coupled. Optimum fields for the polarization
transfer to a pyruvate 13C-labeled nucleus were found
to be between 300–500 nT, around the estimated
energy-level anticrossing (LAC) of this system [26,29]:
BLAC = 2πJHH

γ
1H−γ

13C
∼ 330 nT for JHH of −10.5 Hz, where

γ is the gyromagnetic ratio. The higher experimen-
tally found optima are attributed to rapid chemical
exchange [30–33].

Hyperpolarization generated with SABRE-SHEATH of
[1-13C]pyruvate (1-Py) and [2-13C]pyruvate (2-Py) has re-
cently been shown to be ample enough for in vivo metabolic
imaging studies at high field [34,35]. It also generates suffi-
cient signal amplitude to measure, with high sensitivity and
resolution, NMR spectra from zero to 1 µT, allowing for
characterization at ZULF. Over increasing magnetic field, we
have observed how the spectra changes: at zero field, the NMR
spectrum is dominated by J coupling [36–40], with increasing
field, the lines move apart and additional signals are observed,
and at 1 µT and higher, the 1H and 13C signals of pyruvate
begin to resemble high-field spectra, becoming dominated by
Zeeman interactions.

Because NMR spectroscopy is well characterized at high
magnetic fields, we will first describe NMR transition fre-
quencies from high to low magnetic fields. We will then
derive a general solution for the NMR spectrum of the magne-
tized two spin-1/2 system and transition frequencies for other
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FIG. 2. Field-switching ZULF setup. (a) Schematic of the SQUID ZULF setup without rf excitation at the PTB showing the Helmholtz
coils generating Bx

hyp along the x and Bz
det along the z axis. A first-order, axial gradiometer coupled to the SQUID enables signal acquisition

along the x axis (acqx ). The position of the SABRE reactor is also shown, along with an inside view of the measurement system, showing
both the single-order gradiometer pick-up coil and the dc SQUID within the low-noise helium dewar LINOD2. The SQUID system is tilted
slightly by ∼ 5◦ with respect to the x axis to aid backflow of the SABRE sample within the reactor. (b) Picture of the setup corresponding to
the indicated region from (a). In orange is the pH2 inlet into the SABRE reactor; green is the Kenics static mixer, blue is the principal sample
volume, red is the overflow receptacle and purple is the pH2 outlet.

multispin systems. Finally, we will compare this analysis with
observed zero and ultralow field NMR experiments of hyper-
polarized 1-Py and 2-Py.

II. METHODS

A. ZULF experiments using SQUID sensors
without rf excitation

The system, located at the Physikalisch-Technische Bunde-
sanstalt (PTB) in Berlin, was used to acquire high resolution
MR spectra. A close-up shot of the setup at the PTB is shown
in Fig. 2. For signal detection, an ultrasensitive SQUID system
was used. It consisted of a first-order axial gradiometer induc-
tively coupled to a current-sensing SQUID for data acquisition
along the x axis (acqx ). The diameter of the pick-up coil was
45 mm with a baseline of 120 mm. The probe was operated
in the liquid helium dewar LINOD2 [41], which features
negligible magnetic noise, reaching a white-noise level of
∼200 aT/�Hz. The SQUID system was located inside a
three-axis ULF magnetic resonance imaging (MRI) coil
system. The whole setup was operated in the moderately
magnetically shielded room “ZUSE MSR” (two layers of μ-
metal and one eddy-current shield), achieving residual fields
of < 1.5 nT after degaussing [42].

For high-resolution ZULF spectroscopy, separate
Helmholtz coils were used to generate the SABRE-SHEATH
field, Bx

hyp, and the read field, Bz
det. The SHEATH field Bx

hyp
was oriented along the x direction with a range of zero
to ∼ 1.3 µT. To induce precession, a nonadiabatic switch
to the observation field, Bz

det, along the z direction was
performed (note that the superscripts of field variables define
the direction of their corresponding fields).

B. ZULF experiments using SQUID sensors with rf excitation

Some experiments were carried out on a different system
located at the Max Planck Institute (MPI) in Tübingen, which

has been detailed before [15]. An illustration is presented in
the Supplemental Material (SM), Fig. S2 [43].

C. Simulations of NMR spectra

NMR spectra were simulated using the density-matrix
approach and the numerical solution of the Liouville–von
Neumann equation [Eq. (4)] of the liquid-state Hamilto-
nian for 1-Py and 2-Py, which included three protons and
one 13C nuclei. The relevant J-coupling constants used were
JCH of 1.27 and 6 Hz for 1-Py and 2-Py, respectively. The
orientation of the magnetic field and observation axis were
varied to fit experimental data. The relaxation was treated
phenomenologically by multiplying the measured expecta-
tion values (signal) by an exponentially decaying function
exp(−Rt ), where R is a relaxation constant. Using Redfield
relaxation theory, we also included the effect of more explicit
relaxation mechanisms, such as intramolecular dipole-dipole
relaxation [44–46].

D. Simulations of SABRE field dependence

We simulated polarization transfer and chemical exchange,
using a SABRE model detailed before [31,47]. The dif-
ference here is that we do not have to assume that two
substrates dissociate simultaneously. Since only one sub-
strate (pyruvate) exchanges here, this results in a theory with
fewer assumptions, compared to other SABRE experiments
with two exchanging ligands [12,31,47]. The relevant J-
coupling constants used for simulations of 1-Py [Fig. 5(c)] are
JHH = −10.48 Hz, with the two 1H- 13C interactions being
0 and 0.55 Hz, implying the polarization transfer mecha-
nism, as shown in complex C-I [Fig. 5(e)]. The constants
for 2-Py [Fig. 5(d)] are JHH = −6.55 Hz, with the two
1H- 13C interactions being −2.69 and 0.41 Hz, implying the
polarization transfer mechanism, as shown in complex C-II
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[Fig. 5(f)] [48]. The important characteristic of these com-
plexes is lifetime; the inverse value of lifetime, the dissoci-
ation exchange rate, kd, was the fitting parameter.

E. Sample preparation

The sample consisted of approximately 50 mM 1-Py
(sodium pyruvate-1-13C, Sigma-Aldrich 490709) or 50 mM
2-Py (sodium pyruvate-2-13C, Sigma-Aldrich 490725) with
5 mM IrIMes (synthesized following Ref. [49]), and 18 mM
DMSO (Sigma-Aldrich), dissolved in 8 mL methanol (Roth,
Rotisolv �99.9%). Using a home-built, liquid-helium dip-
stick, we prepared nominally 99% pH2. We activated the
catalyst by bubbling it into the reaction chamber at ambient
pressure at a flow rate of 1 L/h for half an hour. Prior to
performing detection, we bubbled pH2 for 40 s into the re-
action chamber at ambient pressure at a flow rate of 2 L/h.
During detection, the flow was shunted away from the reactor
and the magnetic field nonadiabatically switched. Over an
experiment, the sample concentrations changed slowly during
the measurement times as the methanol evaporated.

F. Data acquisition and analysis

Signal acquisition was performed over 40 s, sampling at
20 kHz (80 000 points) (NI PXI 4462). Data were baseline
corrected in the time domain by demeaning the data and
applying a five-term polynomial fit to the last 20 s of the data
to account for magnetic-field drift within the ZUSE MSR.
A Fourier transform was then performed on the data, zero
padded to the length of the third-closest, higher power of 2.
First-order phasing was performed to eliminate dephasing of
the 13C and 1H signals from one another using the dead time
between nonadiabatic field switching and data acquisition.
Zeroth-order phasing was then applied by maximizing sym-
metry over the phasing window.

Linewidth and initial amplitude analysis were performed
on zero-field data with only zeroth-order phasing by applying
a Lorentzian fit to the data in the frequency domain.

III. RESULTS AND DISCUSSION

Numerical simulations of the zero-field (ZF) and ultralow-
field (ULF) spectra are well described by Stern and Sheber-
stov [50], whereas here, we will mainly focus on the analytical
analysis of spin dynamics at ZULF conditions.

First, we will find the NMR spectra for the two spins-1/2
system (AX system) at arbitrary magnetic field (note that if
spins in the system are listed without superscript, spins-1/2 are
assumed). Then, we will explain how this system can be used
to describe the NMR spectra of 1-Py and 2-Py, both having
A3X -type spin systems. Afterwards, we will show spectra of
SABRE-SHEATH hyperpolarized 1-Py and 2-Py at ZULF and
discuss some of the implications.

A. NMR spectra of the two spins-1/2 system at an arbitrary
magnetic field

The system of two nuclear spins-1/2 in a liquid state for
B0 aligned only along the z axis is given by the following
Hamiltonian:

ĤAX = − νA ÎA
z − νX ÎX

z + J (ÎA · ÎX )

= − �ν

2

(
ÎA
z + ÎX

z

) − δν

2

(
ÎA
z − ÎX

z

) + J (ÎA · ÎX ), (1)

where ν j = γ j B0

2π
(1 + δ j ) is the linear Larmor precession fre-

quency of spin j; j = A or X; �ν = νA + νX ; δν = νA −
νX ; γ is the gyromagnetic ratio; δ j is the chemical shift; J is
the constant of scalar spin-spin coupling, and ÎA and ÎX are the
vectors of nuclear-spin operators for spins A and X (note that
the Hamiltonian is defined in the units of Hz). One can easily
find the energy levels and eigenstates of this Hamiltonian to
be

EAX
1 = −�ν

2
+ J

4
, |1〉 = |αα〉 = |T+〉

EAX
2 = −J

4
− 1

2

√
δν2 + J2, |2〉 = cos θ |αβ〉 − sin θ |βα〉 = cos

(
θ + π

4

)
|T0〉 + sin

(
θ + π

4

)
|S〉

EAX
3 = −J

4
+ 1

2

√
δν2 + J2, |3〉 = sin θ |αβ〉 + cos θ |βα〉 = sin

(
θ + π

4

)
|T0〉 − cos

(
θ + π

4

)
|S〉

EAX
4 = �ν

2
+ J

4
, |4〉 = |ββ〉 = |T−〉 ,

tan(2θ ) = J

νA − νX
= J

δν
. (2)

Here, we have used the standard notation of nuclear-spin
states |α〉 and |β〉 to refer to the states of spin-1/2 parallel
or antiparallel to the magnetic field. The Zeeman basis (ZB)
consists of four states, ZB =(|αα〉, |αβ〉, |βα〉, and |ββ〉).
This is a good basis at high magnetic fields, where �ν � J ,

since it is a good approximation of the eigenstates of the
Hamiltonian in this case. In contrast, a good basis at low mag-
netic fields, when two spins are strongly coupled, �ν � J , is
the singlet-triplet basis, STB =(|T+〉 = |αα〉, |S〉 = |αβ〉−|βα〉√

2
,

|T0〉 = |αβ〉+|βα〉√
2

, and |T−〉 = |ββ〉).

184443-4



ZERO TO ULTRALOW MAGNETIC FIELD NMR OF … PHYSICAL REVIEW B 109, 184443 (2024)

High-field and ZULF approximations, when evaluating
these eigenstates, show how these arbitrary eigenvalues and
eigenstates correlate with their high-field and ZULF ap-
proximations. If δν > 0 and J > 0 then 0 � θ � π

4 and at

zero fields θ
B0→0→ π

4 , EAX
2 →= − 3J

4 , |2〉 → |S〉, EAX
3 → J

4 ,

and |3〉 → |T0〉, whereas at high fields θ
B0→+∞→ 0, EAX

2 →
− J

4 − 1
2δν, |2〉 → |αβ〉, EAX

3 = − J
4 + 1

2δν, and |3〉 → |βα〉.

We have selected the order of the eigenstates to coincide with
that of the states in the ZB at high magnetic fields (note that
typically, product operators, e.g., ÎA

z and ÎX
z in textbooks are

often defined in the ZB). All product operators used within
this paper are listed in Table S1 [43].

In high-field (HF) NMR, only single quantum coherences
are observed, which results in only four “allowed” transitions
for the AX system with the following transition frequencies,

νk→l = Ek − El :

ν2→1 = �ν

2
− J

2
− 1

2

√
δν2 + J2 →

⎧⎨
⎩

B0→+∞→ ναβ→αα ≈ νX − J
2

B0→0→ νS→T+ ≈ −(
J − �ν

2

)

ν3→1 = �ν

2
− J

2
+ 1

2

√
δν2 + J2 →

⎧⎨
⎩

B0→+∞→ νβα→αα ≈ νA − J
2

B0→0→ νT0→T+ ≈ �ν
2

ν4→2 = �ν

2
+ J

2
+ 1

2

√
δν2 + J2 →

⎧⎨
⎩

B0→+∞→ νββ→αβ ≈ νA + J
2

B0→0→ νT−→S ≈ J + �ν
2

ν4→3 = �ν

2
+ J

2
− 1

2

√
δν2 + J2 →

⎧⎨
⎩

B0→+∞→ νββ→βα ≈ νX + J
2

B0→0→ νT−→T0 ≈ �ν
2

ν3→2 =
√

δν2 + J2 →
⎧⎨
⎩

B0→+∞→ νβα→αβ ≈ δν

B0→0→ νT0→S ≈ J
. (3)

Here, the ZULF and high-field limits are shown in addition
to the fifth ν3→2 frequency of the HF zero-quantum or “flip-
flop” forbidden transition |βα〉 → |αβ〉. Of note, for positive
J, only ν2→1 can become zero at B > 0. This happens when
�ν2 − 2�νJ = δν2 or B = π

γ A+γ X

γ Aγ X J , which explains why
νS→T+ is negative.

There are four principal ZULF frequencies: �ν
2 , J , and J ±

�ν
2 and four frequencies at the HF limit: νA ± J

2 and νX ± J
2 .

While the transition 3 → 2 is normally forbidden at HF, it is
allowed at ZULF at the frequency J .

One can find the transition amplitudes using Fermi’s
golden rule [19]. However, we have attempted to develop a
product-operator approach for the ZULF case instead. Since
modern NMR spectrometers observe free-induction decay
(FID) signal, induced by the precession of magnetization, we
believe it more instructive to use a product-operator approach,
since the Fermi rule is better suited to spectroscopy, based on
continuous wave sweeping.

The evolution of the spin system can be described using the
Liouville–von Neumann equation:

d ρ̂

dt
= −i2π [Ĥ, ρ̂]. (4)

Here, we have added 2π to compensate for defining the
Hamiltonian in Hz. The solution for this equation is straight-
forward when the density matrix ρ̂ is written in the eigenbasis
of the Hamiltonian (note that the first index refers to the

row and the second to the column of the corresponding
matrices):

ρkk (t ) = ρkk (t = 0)

ρkl (t ) = e−2π ivk→l ρkl (t = 0), k �= l. (5)

Using these equations, one can derive the evolution of the
spin system. At the HF approximation, the popular approach
is the product-operator formalism [51], which is very tricky at
ZULF conditions due to factors such as no longer being able to
assume weak coupling in comparison to Zeeman interactions.

First, let us assume that the magnetic field is along the z
axis and that the system of two spins, AX, was prepared such
that magnetization along the x axis (transversal component)
and z axis (longitudinal component) is generated. The follow-
ing density matrix gives the state of such a spin system:

ρ̂(t = 0) = 1̂
4 + 1

2

(
pA

x ÎA
x + pX

x ÎX
x + pA

z ÎA
z + pX

z ÎX
z

)
, (6)

where p is the polarization for a given nucleus along a given
axis. From now on, superscripts refer to the label of the spin,
and subscripts to its Cartesian coordinates. By rotation around
the z axis, one can always adjust the x axis to be aligned with
the transversal component of magnetization.

Then, under the action of the Hamiltonian [Eq. (1)],
using Eq. (5), one can derive the evolution of all el-
ements of the density matrix [Eq. (6)] at an arbi-
trary magnetic field [Eq. (S13), SM [43]]. The corre-
sponding evolution of the product operators for spin A
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FIG. 3. Evolution of ÎA
x spin operator at high (a) and zero (b) magnetic fields. At high field, there is precession of magnetization, while

at zero field, there is pumping of polarization from one spin to the other along the same direction. Here, we used Eq. (7) with J = 6 Hz and
νA = 50 Hz.

at HF and ZF is as follows:

ÎA
x

2πĤ (B0→+∞)t→ 1

2

[
cos

(
2π

(
νA − J

2

)
t

)
+ cos

(
2π

(
νA + J

2

)
t

)]
ÎA
x − 1

2

[
sin

(
2π

(
νA − J

2

)
t

)
+ sin

(
2π

(
νA + J

2

)
t

)]
ÎA
y

+
[

cos

(
2π

(
νA − J

2

)
t

)
− cos

(
2π

(
νA + J

2

)
t

)]
ÎA
x ÎX

z −
[

sin

(
2π

(
νA − J

2

)
t

)
− sin

(
2π

(
νA + J

2

)
t

)]
ÎA
y ÎX

z

ÎA
x

2πĤ (B0→0)t→ cos2(πJt )ÎA
x + sin2(πJt )ÎX

x − sin (2πJt )
(
ÎA
z ÎX

y − ÎA
y ÎX

z

)
ÎA
z

2πĤ (B0→+∞)t→ ÎA
z

ÎA
z

2πĤ (B0→0)t→ cos2(πJt )ÎA
z + sin2(πJt )ÎX

z − 1

2
sin (2πJt )

(
ÎA
y ÎX

x − ÎA
x ÎX

y

)
, (7)

The evolution of ÎA
x results in different observables and types in the FID at HF and ZF conditions (Fig. 3). At HF, nuclear spin

precesses around the magnetic field in the z direction. At ZF, polarization does not precess and does not change sign, but rather
oscillates from spin A to spin X. The other difference between HF and ZF is that at HF, the longitudinal magnetization does not
evolve. In contrast, at low fields it does, which is responsible for the observation of the forbidden transition between states 2
and 3.

Then, under the action of the Hamiltonian [Eq. (1)], the density matrix ρ̂ of the spin system evolves. Using a magnetic-
field detector placed along the x-, y-, and z axes, the FIDs can be acquired. The acquired signal (acq) is proportional to the
magnetization of each spin and depends on the observation axis:

acqx = Tr
(
ρ̂(t )

(
γ AÎA

x + γ X ÎX
x

))
acqy = Tr

(
ρ̂(t )

(
γ AÎA

y + γ X ÎX
y

))
acqz = Tr

(
ρ̂(t )

(
γ AÎA

z + γ X ÎX
z

))
. (8)

The calculation of the spin evolution of the density matrix given in Eq. (3) results in the following possible signal intensities
for the three axes for an arbitrary magnetic field along the z axis:

4acqx = cos (2πν2→1t )
[
pA

x sin(θ ) − pX
x cos(θ )

]
[γ Asin(θ ) − γ X cos(θ )]

+ cos (2πν4→2t )
[
pA

x cos(θ ) − pX
x sin(θ )

]
[γ Acos(θ ) − γ X sin(θ )]

+ cos (2πν4→3t )
[
pA

x sin(θ ) + pX
x cos(θ )

]
[γ Asin(θ ) + γ X cos(θ )]

+ cos (2πν3→1t )
[
pA

x cos(θ ) + pX
x sin(θ )

]
[γ Acos(θ ) + γ X sin(θ )]

−4acqy = sin (2πν2→1t )
[
pA

x sin(θ ) − pX
x cos(θ )

]
[γ Asin(θ ) − γ X cos(θ )]

+ sin (2πν4→2t )
[
pA

x cos(θ ) − pX
x sin(θ )

]
[γ Acos(θ ) − γ X sin(θ )]

+ sin (2πν4→3t )
[
pA

x sin(θ ) + pX
x cos(θ )

]
[γ Asin(θ ) + γ X cos(θ )]

+ sin (2πν3→1t )
[
pA

x cos(θ ) + pX
x sin(θ )

]
[γ Acos(θ ) + γ X sin(θ )]

4acqz = 2
(
pA

z γ
A + pX

z γ X
) − (

pA
z − pX

z

)
(γ A − γ X )[1 − cos (2πν3→2t )]sin2(2θ ). (9)
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The corresponding high-field and ZULF approximations are

4acqx
2πĤ (B0→+∞)t→ pA

x γ
A

[
cos

(
2π

(
νA − J

2

)
t

)
+ cos

(
2π

(
νA + J

2

)
t

)]

+ pX
x γ X

[
cos

(
2π

(
νX − J

2

)
t

)
+ cos

(
2π

(
νX + J

2

)
t

)]

−4acqy
2πĤ (B0→+∞)t→ pA

x γ
A

[
sin

(
2π

(
νA − J

2

)
t

)
+ sin

(
2π

(
νA + J

2

)
t

)]

+ pX
x γ X

[
sin

(
2π

(
νX − J

2

)
t

)
+ sin

(
2π

(
νX + J

2

)
t

)]

4acqz
2πĤ (B0→+∞)t→ 2

(
pA

z γ
A + pX

z γ X
)

4acqx
2πĤ (B0→0)t→ [(

pA
x + pX

x

)
(γ A + γ X ) + (

pA
x − pX

x

)
(γ A − γ X ) cos (2πJt )

]
cos

(
2π

�ν

2
t

)

−4acqy
2πĤ (B0→0)t→ [(

pA
x + pX

x

)
(γ A + γ X ) + (

pA
x − pX

x

)
(γ A − γ X ) cos (2πJt )

]
sin

(
2π

�ν

2
t

)

4acqz
2πĤ (B0→0)t→ (

pA
z + pX

z

)
(γ A + γ X ) + (

pA
z − pX

z

)
(γ A − γ X ) cos (2πJt ) (10)

One can see that the corresponding HF spectrum precisely
coincides with a typical HF Zeeman spectrum. This manifests
as two transitions for each spin with frequency difference
J, signal proportional to both polarization and gyromagnetic
ratio, and longitudinal magnetization that does not evolve
(note that each spin’s polarization and gyromagnetic ratio go
together and do not mix). Of note here, quadrature detection
(simultaneous detection of acqx and acqy) can also be used to
add up signals and improve the SNR by

√
2.

At ZULF conditions, acqz gives a nontrivial spin evolution.
At strictly zero fields, only acqx and acqz result in observable
signals, while acqy gives no signal at all. Additionally, the
signal at the J frequency is only obtained when polariza-
tion and gyromagnetic values for the two spins are different.
At nonzero fields, acqy results in two antiphase lines with
frequencies J ± �ν

2 and one line at �ν
2 . acqx produces two

in-phase lines at J ± �ν
2 and one line at �ν

2 . And finally, acqz,
as at zero field, still gives resonances at J and 0. The effect
from the longitudinal magnetic field on the J resonance of
acqz is much smaller than on acqx,y and is δν2

2J � �ν at ZULF
conditions. This observation shows that J ± �ν

2 offset peaks
are what is primarily visible when measuring orthogonal to
the magnetic field.

At HF, the coils are even less sensitive to the imperfections,
since only acqx and acqy are observed. Additionally, these
signals differ from one another only by a phase shift, which
can be compensated for even during postprocessing. However,
this is not the case at ZULF, since all three components
result in different acquired signals (assuming py �= 0), rec-
ommending detection along two (quadrature) if not all three
axes. Although separating noise from signal [52] and small
magnetic-field inhomogeneity �ν �= 0 (< 1 nT, see SM [43])
are further reasons to use quadrature detection, even at ZULF
[8], we have not done so, due to having minimized the field

inhomogeneity and the infeasibility of setting up another fully
independent SQUID detector in quadrature.

From an experimental perspective, perfect alignment of
magnetic-field polarization and orientation in addition to
perfect system geometry is unlikely. Therefore, empirical ob-
servations are a superposition of the three possible outcomes,
whose polarization and magnetic-field orientation can be de-
duced by applying our solutions [Eq. (10)] to the observed
signals.

B. NMR spectra of multiple spins-1/2 at arbitrary magnetic field

The two-spin system is the simplest example of the cou-
pled spin system. The following steps of complexity are A2X ,
A3X , and AnX (n is any integer) spin systems. Because of the
structure of the spin Hamiltonian [Eq. (1)], the analysis of the
more complex systems can be reduced to several AX-type spin
systems where A is a spin in the range from n/2 to 0 for even
n and 1/2 for odd n. This is because the spin states of an AnX
system with total spin-I of the An subsystem do not mix with
the subsystem corresponding to the total spin, J�I:

ĤAnX = −νA
n∑

k=1

ÎAk
z − νX ÎX

z + J

(
n∑

k=1

ÎAk · ÎX

)

= −νAF̂An
z − νX ÎX

z + J (F̂An · ÎX ), (11)

where F̂An = ∑n
k=1 ÎAk and F̂An

z = ∑n
k=1 ÎAk

z are the total spin
and the corresponding projection of the An group of spins.
This form of the Hamiltonian shows how it can be written
in a block-diagonal form for subsystems with different total
spin; hence, each subsystem can be treated independently.
Therefore, the A2X system can be represented as two AX
systems, where A has total spin-0 (A0X system) in one and
spin-1 (A1X system) in the other. The A3X system can be
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FIG. 4. Simulated frequency transitions and corresponding NMR
spectra of the AX and A3/2X systems that comprise the A3X spin
system of 1-Py and 2-Py. System parameters: The A symbol rep-
resents the 1H atom and the X symbol represents the 13C, with their
corresponding gyromagnetic ratios. In (a), (b) the A spin has spin-1/2
and in (c), (d) spin-3/2. Nuclear-spin polarization was pA

x = 0.5,
pX

x = −1, spin-spin interaction was J = 6 Hz. The spectra simulate
detection along the x axis without relaxation. For the spectra in (b)
and (d), the signal was multiplied with exp(−Rt) with R = 0.2 s−1,
simulating signal decay. The analogous diagram for an A1X system
is shown in the SM [43].

represented with three AX spin systems: one AX system with
spin-3/2 (A3/2X ) and two AX systems with spin-1/2 (AX sys-
tems). This approach simplifies the analytical diagonalization
of the Hamiltonian for AnX systems.

The primary focus of this work is the A3X system, since
it represents the spin structure of 1-Py and 2-Py molecules,
which will be discussed below. For the sake of completeness,
we also give the energy levels for an AX spin system with X
being spin-1/2 and A being spin-0 [A0X or just X, Eq. (S3)],
spin-1 [A1X , Eq. (S9)], and spin-3/2 [A3/2X , Eq. (S11)] in
the SM [43].

Using these energy levels, one can calculate single
quantum transition frequencies, vk→l = Ek − El ; example
simulated spectra and transition frequencies illustrate the dif-
ference between HF and ZULF spectra for AX and A3/2X
systems (Fig. 4).

C. Hyperpolarization of 1-Py and 2-Py, using SABRE-SHEATH

To evaluate these results empirically, we increased the
NMR signal by hyperpolarizing 1-Py and 2-Py using SABRE-
SHEATH [22] (Fig. 5). Using these isotopically labeled
compounds and SABRE-SHEATH allowed us to measure
ZULF spectra, since at least two nuclear spins with different

gyromagnetic ratios are necessary for a ZULF acquisition, in
this case being supplied by 13C and 1H.

We utilized two approaches to detect the FID signal: ex-
citation with a 90◦ rf pulse (SQUID system installed at the
MPI in Tübingen) and nonadiabatic magnetic-field variation
(SQUID system installed at the PTB in Berlin) (detailed in
Sec. II, Methods).

At Bz
det = 38.6 µT, the 1H and 13C spins are weakly cou-

pled, generating multiplet spectra similar to that observed
at HF, ignoring the HF observable phenomenon of chemical
shift. In these multiplets, the observed peaks are separated by
the J-coupling constant between the 13C and 1H nuclei of the
pyruvate molecule, resulting in a quadruplet 13C and doublet
1H signal, separated by 1.27 Hz for 1-Py [Fig. 5(a)] and 6
Hz for 2-Py [Fig. 5(b)]. The difference between these two
J-coupling frequencies arises from one fewer bond separating
the 13C nucleus from the pyruvate methyl protons: 3 for 1-Py
and 2 for 2-Py, leading to stronger coupling.

One can also see the presence of other signals in the 2-
Py spectrum at 413 and 414 Hz. These features were well
reproduced when the natural abundance of 13C was assumed,
leading to signal from [1, 2- 13C2]pyruvate. These tiny lines
were not observed for 1-Py because of signal overlap. For
the signal at 1.644 kHz [negative signals in the 1H spectra,
Figs. 5(a) and 5(b)], we attribute this to orthohydrogen, dis-
solved in the sample, as has been observed before [7].

The optimal Bhyp was as expected, temperature dependent
[22–25], but significantly shifted to lower fields for 2-Py
[Fig. 5(d)] compared to 1-Py [Fig. 5(c)]. This cannot be ex-
plained by different exchange rates since the same complexes
and conditions are expected to result in hyperpolarization
(Fig. 1). We found, however, that if one assumes that 2-
Py is primarily polarized in another complex, C-II, where
pyruvate coordinates in the axial orientation [22], then field
dependences can be well reproduced [Fig. 5(d)]. The main
reason is that in the C-I complex, JHH ∼ −10.5 Hz [Fig. 5(e)],
while in the C-II complex, JHH ∼ −6.5 Hz [Fig. 5(f)], which
moves the optimal Bhyp to lower fields. Although C-II is less
populated than C-I, thermodynamically, 2-Py has a much
larger coupling to pH2 in C-II, of about 2.7 Hz, versus below
1 Hz in C-I, which results in a stronger contribution to the po-
larization of 2-Py from C-II versus from C-I. Additionally, as
predicted in our simulations of magnetic-field dependence, the
exchange rates for both complexes are different [Figs. 5(c) and
5(d)]. This indicates that one should also consider more than
one complex for predicting and explaining hyperpolarization
with SABRE. Considering these findings, further investiga-
tions of 2-Py polarization are warranted.

To observe the evolution of pyruvate’s spectra from the HF
to the ZULF regime, we repeated the prior experiments, this
time varying Bz

det, instead of Bx
hyp. We also then simulated the

spectra, as predicted for 1-Py and 2-Py with each of the Bz
det

fields (Figs. 6 and 7). In the HF regime of 1-Py, the spec-
tra consist of a quadruplet 13C and an antiphase doublet 1H
signal at their respective Larmor frequencies, both predicted
by the simulations. Again, an additional negative 1H signal
corresponds to dissolved orthohydrogen within the sample,
which is detectable at these lower Bz

det fields and not taken
into account in the simulations.
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FIG. 5. Low-field spectra of 1-Py and 2-Py and magnetic-field dependence of the 13C SABRE signal. (a) Phased spectra of hyperpolarized
1-Py at Bx

hyp = 500 nT and 22 ◦C, acquired at Bz
det = 38.6 µT along with their simulations. The 13C multiplet is centered around 414 Hz, while

the 1H signal is around 1.64 kHz. (b) Phased spectra of hyperpolarized 2-Py at Bx
hyp = 325 nT and 22 ◦C, acquired at Bz

det = 38.6 µT along with
their simulations. The peaks around 404 and 423 Hz are marked with an asterisk (*) and shown scaled above for visibility. The dependency
of the 13C hyperpolarized 1-Py (c) and 2-Py (d) signal amplitude vs the hyperpolarization field, Bx

hyp at 5 ◦C (N = 1, no standard deviation)
and at 22 ◦C (N � 5 with standard deviation). Each experimental and simulated field dependence was independently normalized to 1. All
measurements at 22 ◦C were done at PTB; all measurements at 5 ◦C were done at MPI. Two pyruvate catalyst complexes C-I (e) and C-II (f).
The following dissociation exchange rates, kd, were used in the simulations in (c): 85 − 115 s−1 (22 ◦C) and 30 − 40 s−1 (5 ◦C), and in (d):
20 − 25 s−1 (22 ◦C) and 10 − 15 s−1 (5 ◦C). Simulation details are given in Sec. II, Methods.

As Bz
det was decreased, the locations of the signals at-

tributed to 13C and 1H decreased proportional to their
respective Larmor frequencies. At a Bz

det of approximately
400 nT, the first indicators of the intermediate-coupling
regime were both predicted and observed. This manifested
initially in splitting of the second and third peaks of the 13C
quadruplet into doublets [Fig. 6(a)].

There are slight discrepancies between the simulations and
experiments, principally regarding the widths of the predicted
and observed peaks and their amplitudes. We propose that
the observation of fewer and broader peaks than predicted by

simulations is an incomplete consideration of relaxation in the
simulations. Here, we only considered a phenomenological
uniform line broadening and included intramolecular dipole-
dipole relaxation. More detailed consideration of relaxation
mechanisms (detailed below) could then explain how multiple
overlapping peaks could be broad and unresolved.

At Bz
det ∼ 20 nT, the peaks eventually evolve into the

J-coupling spectrum. For an A3X system, two peaks are
predicted to collapse into a single peak at the J-coupling
frequency at zero field [Fig. 4(a)]. However, we observed
an additional peak close to the J-coupling frequency starting
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FIG. 6. Experimental and simulated spectra of 1-Py. (a) Spectra from 1 µT to 200 nT. (b) Spectra from 200 to 20 nT. (c) Spectra from 20 nT
to ZULF with insets showing the time domain of the ZULF spectrum and its Fourier coefficients between 1–3 Hz. Simulation parameters:

J = 1.223 Hz, ratio x-polarization X and A nuclei pX
x

pA
x

= 5000, and phenomenological R = 0.02 s−1.

already at ∼ 20 nT, which can only be predicted in simula-
tions, assuming an additional stray x field in the range of 8 to
13 nT, as a simulation parameter (see geometry of the system
in Sec. II, Methods, Fig. 2). We were unable to measure this
field by any other means when the reaction chamber was not
in place. For instance, measurement of the magnetic field
with a fluxgate sensor in the magnetic shield of the applied
experimental setup showed field fluctuations in the x direction
of less than 1 nT. In addition, the expected demagnetizing
field from the sample is on the order of pTs. This leads us
to the conclusion that this additional stray x field may well be
intrinsic to the sample and requires further investigation.

As the Bz
det field was decreased towards the ZULF condi-

tion, all signals other than the one at near dc, the J-coupling
frequency, and twice the J-coupling frequency went to zero.
At ZULF, the time domain of the signal showed an expo-
nentially decaying signal with a periodic element, rather than
the usual periodic signal with an exponentially decaying en-
velope, characteristic of FIDs at high field. This exponential
decay results in the near-dc peak after Fourier transform and
comes from relaxation of the total polarization of the sys-
tems [Eq. (10)]. This observation was also supported by the
simulations, which also predicted a large, near-dc peak, with
signals at J and 2J of the opposite sign to this near-dc peak.
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FIG. 7. Experimental and simulated spectra of 2-Py. (a) Spectra from 1 µT to 200 nT. (b) Spectra from 200 to 20 nT. (c) Spectra from
20 nT to ZULF, showing the time domain of the ZULF spectrum and its Fourier coefficients between 5–13 Hz. Simulation parameters:

J = 6.13 Hz, ratio x-polarization X and A nuclei pX
x

pA
x

= 33, and phenomenological R = 0.025 s−1.

However, as was observed previously in the intermediate-
coupling regime, instead of three peaks centered at 2J as
predicted by the simulation, only one, broad, lower-amplitude
peak across the entire bandwidth of the predicted multiplet
was observed. This contrasts with both the amplitudes and
structures of the near-dc and J peaks being in agreement in
both simulation and observation [Fig. 6(c)].

In contrast to 1-Py, even at a Bz
det = 1.2 µT, 2-Py is already

clearly in the intermediate-coupling regime. Empirically, this
manifests most clearly in the much smaller amplitude of the
peak at 9 Hz versus the one at 15 Hz [Fig. 7(a)]. At a Bz

det =
38.6 µT (HF regime), these peaks corresponded to the two

central peaks of a 13C quadruplet, which were roughly equiv-
alent in amplitude [Fig. 5(a)]. For the simulations, the same

formalism as for 1-Py was used, setting J = 6.13 Hz, pX
x

pA
x

= 33,

phenomenological R = 0.025 s−1, and a constant stray x field
of 6 nT to allow for direct comparison with the 1-Py simu-
lations. This likely contributed to the increased discrepancies
between the simulations and experiments for 2-Py vs. 1-Py,
where the simulations predicted peaks that were not observed.
For example, the simulations consistently predicted doublets
further split into triplets at the 1H signal. However, only
an antiphase doublet was experimentally observed. Similar
to 1-Py, some of this discrepancy may possibly be due to
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FIG. 8. Bz
det and By

1 phase of rf pulse dependency of 1-Py hyperpolarized by SABRE-SHEATH, acquired with setup at MPI. (a) Measured
zero-field spectra (real part of Fourier coefficients) at Bz

det = 0 nT as a function of By
1 phase of an rf excitation pulse. (b) Measured selected

in-phase and antiphase spectra at Bz
det = 0 and 8.5 nT. (c) Measured in-phase spectra, and (d) measured antiphase spectra as a function of the

Bz
det field. The solid lines indicate the simulated position of resonances (red positive and blue negative peaks). The four dashed lines indicate

the position of the spectra in (b). The color legend for (a), (c), and (d) is shown to the right of (d). The signal detection acqx was carried out in
the x direction.

unaccounted-for relaxation mechanisms, which is supported
by the non-Lorentzian behavior of the bases of the 1H signals.
Namely, the widths at the bases of the signals are wider than
would be predicted by a Lorentzian fit for the rest of the signal,
possibly supporting the presence of additional signals with
high relaxation rates.

Similar to 1-Py, as Bz
det was decreased, the locations of

the 13C and 1H signals also decreased proportional to their
Larmor frequencies. However, unlike with 1-Py, at a Bz

det of
200 nT, a negative signal at 2.5 Hz already emerges from the
near dc that will eventually evolve into a component of the
J-frequency signal at ZULF. This difference, where the weak-
vs intermediate-coupling regime applies for 1-Py and 2-Py,
arises as a direct result of the increased J coupling from 1.27
to 6 Hz [Fig. 4(a)].

As Bz
det was further decreased, the signal that evolves into

the main component of the J signal at ZULF is clearly visible
at ∼ 7.7 Hz at a Bz

det of 150 nT [Fig. 7(b)] and with different
analysis even at higher fields up to 500 nT, which cannot
be explained solely by a stray x field in the model (Fig. S6
[43]). Regarding this, at lower fields an additional stray x
field, here 6 nT, was required to reproduce this feature in
simulations. We also reiterate that we find it unlikely that this
is of instrumental origin and speculate that it is inherent to the
sample.

Starting at a Bz
det ∼ 20 nT, the 2-Py system is already in the

strong-coupling regime, which was not the case for 1-Py until
Bz

det ∼ 5 nT. Both simulations and experimental observations

show that as Bz
det is decreased from 20 nT to ZULF, the near-

dc peak gradually evolves and the triplet around J gradually
merges into a single negative peak at the J frequency in the
ZULF spectrum [Fig. 7(c)].

Spectra from ZF to ULF have previously been observed
using OPMs [8]. However, due to limitations in sensitivity,
OPMs are suitable for measurements only at a frequency
below a few hundred Hz [8,10], although OPMs operating
at kHz frequencies are available [53]. SQUIDs have no such
limitations, allowing us to measure NMR spectra from 0 to
>1.5 kHz (note that the top frequency was far from the limits
of the hardware).

D. Observation angle for ZULF spectra

As predicted for an AX spin system [Eq. (10)], the ori-
entation of the signal acquisition (acq) or observation axis
with respect to magnetic field and polarization was also very
important, especially at B0 = 0. To demonstrate this effect,
we used a sequence, where we could tweak the axis of po-
larization with respect to signal acquisition direction, acqx, in
the xy plane (see sequence details in SM [43]; note that the
direction of corresponding signal acquisition is indicated with
subscripts). The intensity of the peaks at J and 2J follows a
sinusoidal behavior as a function of signal phase [Fig. 8(a)].
The maximum intensity appears when the polarization of the
initial state is parallel or antiparallel to acqx (in phase). When
the polarization is perpendicular to acqx (parallel to the y
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FIG. 9. Linewidths and magnetization distribution of J and 2J signals at ZULF. Full width at half maximums for signals at J and 2J are
shown for 1-Py and 2-Py. The magnetization distribution between the two signals is shown via the percentage of the summed J and 2J signals
for each molecule (N � 3, standard deviation shown in error bars).

axis, out of phase), there is almost no observable signal, con-
firming theoretical expectations [Eqs. (10), (S21), and (S22),
SM [43]].

This can be appealingly explained by spins, which are
oscillating in the direction of polarization with the J and 2J
frequencies instead of precessing. By applying a small distur-
bance field, Bz

det, the oscillation along one axis is overlaid by
spin precession transversal to the magnetic-field plane. This is
illustrated with four typical experimental spectra at Bz

det = 0
and 8.5 nT [Fig. 8(b)].

For a small nonzero magnetic field, the peaks at J and
2J split into an in-phase doublet when signal is observed in
phase and an antiphase doublet when the signal is observed
out of phase. These doublets are caused by single quantum
coherence transitions.

In addition, there is again a middle peak (still at J), which
one expects to be at a forbidden transition at high field
[Eq. (10)], but as discussed before allowed at ZULF and near
ZULF. Note that this forbidden transition is visible only in the
in-phase spectra (no middle peak at J or 2J is observable for
out-of-phase signal acquisition) as expected.

The Bz
det dependency of the spectra up to 100 nT is demon-

strated in Figs. 8(c) and 8(d) for in phase and out of phase
acquisition of spectra, respectively. The simulated transition
frequencies [solid lines in Figs. 8(c) and 8(d)] were calculated
from the energy eigenvalues in Eq. (S7) and Eq. (S11) [43];
J = 1.2 Hz was assumed in the calculus. These frequencies
are in good agreement with the predictions we made using
simplified AX and A3/2X systems [Figs. 2, 8(c), and 8(d)].

E. T2 relaxation of pyruvate at ZULF

Another observed feature is that the J and 2J peaks of both
1-Py and 2-Py have different linewidths [Fig. 9(a)]. The J peak
was about 5–10 times narrower than the 2J peak, making the
latter harder to observe as its amplitude decreased. Previously,
similar spectra have been obtained for 2-Py hyperpolarized,
using dissolution dynamic nuclear polarization [6]. At higher
fields, the outer peaks of the 13C quadruplet were observed to
be broader than the two inner peaks, which has already been

observed in literature, but not previously discussed [54]. One
can see that the outer peaks of the 13C quadruplet correspond
to the spin state of 13C-labeled pyruvate with a total spin
of 2; the same spin states correspond to the signals at 2J.
More detailed relaxation simulation and analysis, including
measurement of relaxation as a function of the magnetic field,
should shed light on this phenomenon.

One consequence of this phenomenon is how the total
magnetization of the sample is distributed between the J and
2J peaks. Due to the much larger linewidth of the 2J peak the
apparent size of the 2J signal is much smaller than the J signal
(Figs. 6 and 7), even when they are of similar strength at the
start of acquisition [Fig. 9(b)]. This highlights that spin-2 is
more exposed to the additional relaxation mechanisms than
spin-1. Understanding the mechanisms behind this would be
useful, since pyruvate has in vivo applications, and one should
find the optimal conditions for hyperpolarization and storage
of hyperpolarization before utilization. A similar discrepancy
between predicted relaxation and observed relaxation has also
been discussed by Eills et al. [8]. We tried to reproduce the dif-
ference in linewidths, using the intramolecular dipole-dipole
relaxation mechanism and the Redfield relaxation theory ap-
proach [44], which did not provide satisfactory agreement
with observations.

We think that one should likely consider molecular dynam-
ics, including chemical exchange of the carboxyl proton and
interactions with methanol [55]. For example, there is slow
chemical exchange of pyruvate with methanol that at low
magnetic fields can accelerate nuclear-spin relaxation [56].
Such effects in some extreme cases have been shown to lead
to complete polarization loss [57]. The relaxation rate in this
mechanism is proportional to I (I + 1) [54], resulting in a 3
times stronger relaxation contribution to spin-2 versus to spin-
1. However, this does not completely explain the difference of
a factor 5–10 observed in the linewidths of the J and 2J peaks
[Fig. 9(a)]. For a more precise analysis, one would also need
to consider this relaxation mechanism for the composite spin
of the A3X system in conjunction with: intermolecular dipole-
dipole interactions with the solvent in addition to another
relaxation mechanism. These factors would be necessary to
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be able to identify the leading relaxation sources and to repro-
duce the faster relaxation of pyruvate with total spin of 1 and
2 [58–60].

IV. CONCLUSION

The SQUID setup has allowed us to measure 1H and 13C
hyperpolarized signals of 1-Py and 2-Py in magnetic fields
from 0 to 100 µT, covering the frequency range from near
dc to about 5 kHz. The high sensitivity permitted us to track
the spin systems at this range of magnetic fields with ex-
clusive resolution below 30 mHz. We also demonstrated the
difference in product-operator evolution at high field versus
zero field and showed how crucial it is to orient the magne-
tometer correctly with regards to the residual magnetic field
and orientation of magnetization. Although there is always
spin evolution at zero field (if the system is polarized), one
can only observe it if the sensor is aligned with the magne-
tization since the spins are oscillating along the polarization
axis with the J-coupling frequency, instead of precessing in
a plane. Due to spin precession at high fields, the acqui-
sition direction is not particularly important as long as the
sensor is positioned orthogonal to the magnetic field. Using
our product-operator formulation, we were able to discrimi-
nate signals coming from different orientations of polarization
at ZULF.

Additionally, with our setup, we were able to achieve high
enough signal resolution and field homogeneity to find the
relaxation of the different spin states of pyruvate to be sig-
nificantly different for spin manifolds with total spin-1 and -2
with accelerated relaxation for spin-2, also meriting further
theoretical and experimental investigation. This illustrates the

applications and complemented insights to the spin systems
that the ZULF systems can provide [61,62].

Our characterization of 1-Py and 2-Py has shown the
utility of an ultrasensitive SQUID setup, backed with
an understanding of spin evolution, for the continued
investigation of magnetic resonance phenomena.

More detailed calculation of the product-operator evolu-
tion, eigenvalues, and eigenstates for other spin systems and
experimental details are given in the SM [43]. The MOIN-
library [63] script that we used to simulate the ZULF spectra
is provided, together with the library (.zip).
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