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Abstract

We present single- and multiple-quantum correlation J-spectroscopy detected in zero (<1 µG) magnetic field using a
87Rb vapor-cell magnetometer. At zero field the spectrum of ethanol appears as a mixture of 13C isotopomers, and
correlation spectroscopy is useful in separating the two composite spectra. We also identify and observe the zero-field
equivalent of a double-quantum transition in 13C2-acetic acid, and show that such transitions are of use in spectral
assignment. Two-dimensional spectroscopy further improves the high resolution attained in zero-field NMR since selec-
tion rules on the coherence-transfer pathways allow for the separation of otherwise overlapping resonances into distinct
cross-peaks.

Keywords: Nuclear Magnetic Resonance (NMR), Zero-Field NMR, ZULF NMR, 2D NMR, Correlation Spectroscopy,
Multiple-Quantum NMR, J-Spectroscopy

Introduction

Nuclear magnetic resonance (NMR) experiments per-
formed and directly detected in fields < 1µG [1–4] promise
certain advantages over more conventional forms of NMR:
the ability to perform ultra-high resolution spectroscopy
without expensive superconducting magnets, and with-
out the complications for spectral assignment often aris-
ing in intermediate fields due to strong-coupling effects [5].
Further, the absence of magnetic fields equalizes the Lar-
mor frequencies (by setting them to zero) of distinct spin
species, thereby allowing the study of physics not acces-
sible at high fields. Examples include nuclear spin-singlet
states formed by different nuclides [6] and observation of
terms in the nuclear spin-coupling Hamiltonian that are
truncated at high field by large chemical-shift differences
between nuclei. Such ‘non-secular’ terms may be inter-
esting for characterization of ordered materials [7], and
have been proposed as a means to detect both chirality
[8] and molecular parity non-conservation using NMR [9].
Zero-Field NMR has also been explored as a test-bed for
quantum-simulation [10], offering an attractive combina-
tion of long (>10 s [6]) coherence times and short (< 1 µs
[11]) control times.

Zero-field NMR experiments monitor the evolution of
groups of coupled spins in the absence of an externally
applied static magnetic field [12, 13]. The characteris-
tic frequencies of the coherent evolution are determined

∗Corresponding author: blanchard@uni-mainz.de

by the spin-spin coupling Hamiltonian, which under rapid
motional averaging is given by

HJ = 2π
∑
i>j

JijIi · Ij , (1)

where the Jij are coupling constants (we write the 2π fac-
tor because Jij are in customarily given in Hz), the Ii
are angular-momentum operators for each spin, and we
have set h̄ = 1. The result of such an experiment is
known as a zero-field J-spectrum, which provides accu-
rate fingerprints of different chemical species, despite the
absence of any chemical-shift information [14, 15]. It is
a feature of J-spectroscopy that only heteronuclear spin
systems yield directly observable spectra [16]. This means
that several common 1H containing solvents give no signal
background, obviating the need for deuterated solvents.
However, it also means that, since 13C is only 1% natu-
rally abundant, the observed spectra of 1H -13C systems
featuring more than one carbon atom at natural abun-
dance are superpositions of contributions from the differ-
ent possible 13C isotopomers. Further complicating mat-
ters is the fact that the one-bond J-couplings of many
organic molecules are of order ∼100 Hz, which means that
the peaks are spread out over only a few 100s of Hz in fre-
quency space. While some molecules give J-spectra with
peaks as narrow as 20 mHz [14], many other molecules do
not. Additionally, spectral complexity increases rapidly
with spin-system size. Taken together, these factors of-
ten lead to partially resolved or overlapping peaks, which
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complicates assignment.
Meanwhile, the development of two-dimensional spec-

troscopy [17, 18] is a major reason behind the analytical
power of NMR. At a minimum, 2D experiments increase
signal dispersion, thereby allowing the resolution of more
crowded spectra. Additionally, many pulse sequences exist
that enable the mapping of coupling networks, the simpli-
fication of spectral assignment, and structure elucidation
[19].

Multiple-quantum (MQ) NMR spectroscopy [20–22],
which in high field concerns transitions for which |∆m| >
1, wherem is the quantum number for the projection of the
spin angular momentum on the field axis, has also found
extensive use in NMR spectroscopy. In liquid-state ana-
lytical chemistry, multiple-quantum coherence filters com-
bined with two-dimensional detection techniques provide
one of the standard ways to map coupling networks [19].
MQ-spectroscopy also provides a means of simplifying the
spectra of partially ordered systems, the smaller number
of MQ peaks enables otherwise intractable spectra to be
readily interpreted [23, 24]. In the solid state, MQ coher-
ences may be used to monitor the growth of correlated
spin clusters with applications to the investigation of the
structure of amorphous solids [25, 26], and more recently
in studies of many-body physics [27, 28].

In this work we introduce two-dimensional correla-
tion and MQ experiments in the context of liquid-state
zero-field J-spectroscopy. Correlation spectroscopy is
an attractive way to approach the problem of natural-
abundance J-spectra containing contributions from dif-
ferent isotopomers, since coherence transfer between
distinct molecules in liquids is not possible under normal
circumstances. We show that the spectra from different
13C isotopomers in ethanol may be separated from each
other by observing the cross-peak pattern. The cross-peak
pattern also simplifies spectral assignment and enables the
distinction between otherwise overlapping resonances. We
also show that [13C2]-acetic acid supports the zero-field
equivalent of a multiple-quantum transition, demonstrat-
ing for the first time the concept of Multiple-Quantum
Zero- to Ultralow-Field (MQ-ZULF) NMR. Just as in
high-field NMR, the number of MQ-ZULF transitions is
significantly reduced compared to the number of single-
quantum transitions, potentially leading to simpler, easier
to interpret spectra. The selection rules governing the
correlation pattern between single- and multiple-quantum
coherences can be used to further simplify assignment.
Finally, we note that the ability to perform 2D experi-
ments with only one indirect dimension is a significant
advantage offered by directly detected zero-field experi-
ments, as opposed to using indirect detection in high field
[29], which requires two indirect dimensions.

Zero-Field Spin-State Manifolds

Commonly, the most interesting features of two-
dimensional spectroscopy are cross peaks due to coher-
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Figure 1: Energy levels of acetic acid may be grouped in two man-
ifolds of different proton angular momentum (K = 1/2, left, and
K = 3/2, right). Transitions and coherence transfer may only oc-
cur within each manifold. Magnetic dipole-allowed transitions have
∆F = ±1, 0 and are shown by solid lines. The dash/dot line marks
a ∆F = ±2 transition and the color coding and lines styles match
Fig. 4

ence transfer from one transition to another. Therefore,
selection rules that constrain the allowed pathways are
important for the interpretation of 2D spectra. Here
we show the origin of one such important constraint in
zero-field J-spectroscopy.

In an isotropic liquid-state system at zero magnetic
field, the nuclear spin eigenstates are also eigenstates of
the total spin angular momentum operator F 2 and its pro-
jection Fα on an arbitrary axis, and may conveniently be
labeled with the quantum numbers F and mF [30]. This is
most easily justified by noting that the nuclear spin Hamil-
tonian given in Eq. (1) is invariant with respect to rota-
tions of the spin system and therefore must commute with
F 2 and Fα [30]. However, for systems comprising more
than two spin-1/2 nuclei, additional quantum numbers are
necessary to fully define the zero-field eigenstates. It is
particularly useful to consider the angular momentum of
sets of magnetically equivalent spins [31]. ‘Equivalent’ here
denotes a set of indistinguishable spins that also share the
same couplings to all other spins in the spin system. For a
set of magnetically equivalent spins with total angular mo-
mentum K, there is no combination of pulses or evolution
intervals that can break the equivalence and K2 commutes
with all realizable effective Hamiltonians. Therefore, the
presence of equivalent spins leads to selection rules in the
zero-field spectra - the quantum numbers, K, associated
with the total angular momentum of sets of equivalent
spins must be conserved throughout any pulse-sequence.

This selection rule reflects the existence of separate
spin manifolds in zero field. We define such manifolds to
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be sets of energy levels which share the same combination
of equivalent-spin quantum numbers. It follows from the
above discussion that there can be no transitions of any
kind between states belonging to different manifolds. As
an example consider the zero-field energy level structure
of 13C2-acetic acid (see Fig. 1), which, using the notation
in [13], can be considered an (XA3)Y spin system with the
methyl (CH3) protons being equivalent. The Hamiltonian
for this spin system is H = 2π(1JCHSX ·K+ 2JCHSY ·K+
1JCCSX ·SY), where K and SX/Y are angular momentum
operators for the proton group and carbons respectively,
and K =

∑3
i=1 Ii, where Ii refer to the proton spins. The

three protons make up the only set of equivalent spins in
the molecule andK may take two values, 1/2 and 3/2. The
allowed transitions may thus be assigned to two separate
manifolds, as shown in the energy-level diagram in Fig. 1.
There are actually two manifolds for which K = 1/2, but
they are degenerate, and we ignore this point for simplic-
ity. There are no transitions between states of different
K and the two K manifolds form entirely isolated spin
systems. The principle extends readily to systems with
more than one set of equivalent spins. For example, the
Hamiltonian for the spin system of 1-13C -ethanol in zero-
field is HJ = 2π( 1JCHL · S + 2JCHK · S + 3JHHK · L),
where S and K are defined as above and L is the operator
for the angular momentum of the protons in the methylene
(CH2) group. 1-13C -ethanol is an (XA2)B3 spin system, so
L =

∑
i IA,i and K =

∑
i IB,i. The energy level diagram

for this molecule, as well as the 2-13C -isotopomer is shown
in Fig. 2. In both cases there are four spin-manifolds, cor-
responding to the four distinct combinations of K and L.

Since a spin-state labeled with a certain combination
of conserved quantum numbers may not evolve or trans-
form into a spin-state labeled with a different combination,
it follows that in 2D zero-field spectroscopy we will not
see cross-peaks between transitions belonging to different
spin-manifolds.

This phenomenon is not unique to zero-field NMR; spin
states belonging to different irreducible representations of
a given permutation group do not mix or evolve into each
other no matter the magnitude of the external field. For
example, in high-field NMR a 13CH2 group (where the pro-
tons are magnetically equivalent) gives only two peaks at
the proton frequency, since transitions between the proton
singlet and triplet states are forbidden.

Zero-Field Total Correlation Spectroscopy

The building blocks of a 2D NMR experiment are
the same for zero- and high-field experiments. A general
schematic is shown in Fig. 3a. First, the desired coher-
ences are prepared in an excitation step, described by the
overall propagator Uexc; this is followed by free evolution
during which these coherences acquire phase. Finally,
a reconversion step, described by the propagator Ure,
precedes the readout. In this work, the excitation and

K
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Figure 2: Energy levels of the two (singly labeled) 13C isotopomers
of ethanol support four distinct manifolds corresponding to different
combinations of total proton angular momentum. For clarity only
one transition per manifold is plotted and the quantum number S =
1
2

for the 13C spin has been omitted. Solid lines correspond to the

1-13C isotopomer and the dotted lines to the 2-13C isotopomer. The
color coding and line styles match Fig. 4

reconversion sequences are generated by one or several
DC magnetic-field pulses around different axes.

The pulses are much stronger than any J-couplings for
these systems, |γB| � |J |, so to a good approximation
each spin is independently rotated by an angle θi = γiBtp
around the pulse axis, where γi is the gyromagnetic ratio
of the ith spin, B is the amplitude of the pulse, and tp is
its duration. In this work, we use 1H + 13C spin systems
and all pulses are calibrated to effect a π rotation of the
13C spins, which means that the 1H spins are rotated by
π× (γ1H/γ13C) ≈ 4π. We take the detection axis to be the
z-axis and assume that the initial state in all experiments
is given by magnetization along the z-axis generated by
adiabatic transport from a pre-polarizing magnetic field,
giving the initial deviation density matrix ρ(0) ∝

∑
i Iz,i.

This state commutes with H and so does not evolve. Evo-
lution may be initiated by changing the relative orientation
of the proton and carbon spins, for example with a π pulse
on carbon in the x/y plane [13].

Reference [32] introduced a zero-field ‘spin-tickling’
method whereby assignment of resonances was simplified
by monitoring the response of the spectrum to low-
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Figure 3: General scheme for 2D NMR spectroscopy and the pulse
sequences used in this work. (a) An excitation sequence prepares the
desired coherences, this is followed by a period of free evolution and
finally a reconversion sequence and detection. (b) The ZF-TOCSY
sequence. (c) An example MQ-ZULF sequence.

amplitude irradiation of selected transitions. We present
a two-dimensional variant, where the complete spectral
connectivity is established in one experiment. Here, t1
evolution is initiated with a π pulse on carbon along the
x-axis followed by a second π pulse and t2 evolution (de-
tection). The Fourier transform with respect to t1 and t2
gives a correlation spectrum between two spectral dimen-
sions, F1 and F2, each of which corresponds to a zero-field
J spectrum. The sequence is summarized schematically
in Fig. 3b. We refer to this type of experiment as ZF-
TOCSY, so named because of the similarity to high-field
Total Correlation Spectroscopy (TOCSY) [33], in which a
spin-lock provides an effective strong-coupling condition
during the isotropic mixing period. The zero-field variant
takes advantage of the fact that all nuclear spins are
already strongly coupled at zero field, so no Hamiltonian
engineering is required.

Zero-Field Multiple-Quantum Correlation Spec-
troscopy

In high-field NMR spins are naturally quantized along
the external magnetic field and states may be labeled with
their projection, m, along that field. Directly observ-
able single-quantum coherences have ∆m = ±1, and indi-
rectly observable multiple-quantum coherences are those
for which |∆m| > 1. Conversely, in zero field the eigen-
states are eigenstates of total angular momentum, labeled
F . The observable in both high- and zero-field NMR
experiments is total magnetization along some direction,
conventionally taken to be the x-axis in high field and the
z-axis in zero field. Since the sample magnetization is rep-
resented by a vector operator, it follows from the Wigner-
Eckart theorem [34] that the allowed transitions are those
with ∆F = 0,±1. We suggest that the indirect obser-
vation of transitions for with |∆F | > 1 may serve as a
zero-field analog to high-field MQ experiments.

An example pulse sequence that can be used to ob-
serve such transitions is shown in Fig. 3c. In this se-
quence, which is modeled on the original MQ-excitation
sequence, the unitary propagator for the excitation is given
by Uexc = Px−Utm−Px, and the reconversion propagator
is Ure = Px. Px is the propagator for a π pulse along x on
13C and Utm the propagator for free evolution for a time
tm. Starting from single-spin order, the first pulse initi-
ates evolution under the J-coupling Hamiltonian, which
subsequently generates multiple-spin terms. The second
pulse converts some of those terms into zero-field MQ-
coherences. After t1 evolution these terms are converted
into observable magnetization with a readout pulse.

With the exception of the first pulse and the mixing
period, this pulse sequence is identical to the ZF-TOCSY
sequence and can therefore be expected to produce a simi-
lar spectrum. The difference is that the t1 period contains
both observable and n > 1 coherences and we expect the
resulting spectrum to look like a ZF-TOCSY spectrum,
but with additional cross-peaks in F1 due to coherences
evolving at frequencies corresponding to n > 1 transitions
during t1.

The possible values of n that can occur during t1 de-
pend on the spin topology. Given a spin system contain-
ing k sets of equivalent spins we can write an expression
for the highest order of zero-field quantum coherence sup-
ported by each energy-level manifold. Each manifold is
labeled by k quantum numbers and nmax for a particu-
lar manifold is given as twice the largest quantum number
in the manifold, or twice the sum of the remaining ones,
whichever number is smaller:

nmax = 2×Min{
k−1∑
i=1

fi , fk}, (2)

where fi is the total angular momentum for each set of
equivalent spins and the sum runs over the k − 1 small-
est quantum numbers in the manifold. fk is the largest
quantum number in the manifold. As an example con-
sider the energy level diagram of 13C2-acetic acid given in
Fig. 1. There are three groups of inequivalent spins, mean-
ing k = 3. The (f1 = 1/2, f2 = 1/2, f3 = 1/2) manifold
supports only n = 0, 1 transitions consistent with the fact
that the largest quantum number, f3, in the manifold is
1/2, whereas the (f1 = 1/2, f2 = 1/2, f3 = 3/2) manifold
supports a n = 2 transition, since 2 × (f1 + f2) = 1. The
MQ-ZULF experiment thus provides direct information re-
garding the possible quantum numbers associated with a
given resonance.

Equation (2) can be justified as follows: nmax denotes
the largest possible change in total angular momentum
that may occur in a given spin-manifold, meaning we have
nmax = Fmax−Fmin. Each F value is the result of succes-
sively coupling all angular momenta fi in that manifold.
Fmax =

∑k
i=1 fi, and Fmin = |fk −

∑k−1
i=1 fi|. Depending

on which of fk or
∑k−1
i=1 fi is bigger we obtain the two cases

for Eq. (2).
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Figure 4: One dimensional zero-field J-spectra of ethanol and 13C2-acetic acid. The stick spectra correspond to the transition energies
predicted by numerical diagonalization of the spin Hamiltonian. The transitions have been labeled and color-coded according to their energy-
level manifold. For the ethanol spectrum, solid lines correspond to the 1-13C isotopomer and dotted lines to the 2-13C isotopomer. In the
acetic acid spectrum the expected frequency of a K-conserving zero-field double-quantum transition is shown for reference. Note that narrow
lines at multiples of 60 Hz arise from power line noise.

Methods

We performed experimental demonstrations of the ZF-
TOCSY and MQ-ZULF experiments using 13C labeled
isotopomers of acetic acid and ethanol. In the case of
ethanol, we prepared a sample consisting of a mixture
of the two singly labeled 13C isotopomers. The ratio of
the isotopomers in this mixture was equal, as in natural
samples. The acetic acid sample was doubly 13C labeled
in order to ensure the presence of a K-conserving double-
quantum transition. The experiments were performed
using a 87Rb vapor-cell magnetometer operating in the
Spin-Exchange Relaxation-Free (SERF) regime [35], con-
figured for use as an NMR spectrometer [4]. SERF
magnetometers are DC magnetic field sensors, which
allows us to directly monitor the low-frequency spin
evolution in zero-field. All experiments were done using
∼80 µL samples in 5 mm outer diameter standard NMR
tubes. The acetic acid sample contained only 13C2-acetic
acid (residual singly labeled material is detectable, but
this has negligible effect on the experiment) while the
ethanol sample was made from ∼40 µL 1-13C -ethanol and
∼40 µL 2-13C -ethanol. The samples were prepolarized
in a 2 T permanent magnet and shuttled pneumatically
into a magnetically shielded region for zero-field evolution
and detection. For the 2D experiments, the samples
were re-polarized between every point in the indirect

dimension.

Results and Discussion

For reference, we first obtained 1D J spectra of these
molecules; the results are presented in Fig. 4. The spec-
tra are the result of summing 2000 and 3000 transients,
respectively, for the acetic acid and ethanol data. In both
cases, each transient corresponds to 20 s of data acquisi-
tion. Numerical analysis is used to assign the eigenvalues
of K2 and L2 for each transition. Extracted J-coupling
values are provided in the appendix, along with a discus-
sion of further details of the spectra. Simulated spectra
based on the best-fit J values, together with the K and L
assignments are also shown in Fig. 4.

The 1D J-spectra may be interpreted a follows: In
13C2-acetic acid, the dominant coupling is between a sin-
gle spin-1/2 carbon coupled to a group of three equivalent
protons with angular momentum K. An XA3 spin system
has two transition frequencies depending on the value ofK,
at J and 2J , for K = 1/2, and 3/2 respectively. Couplings
to the second carbon result in the spectrum being made up
of groups of transitions centered at those two frequencies
plus additional peaks close to zero [15]. In the experimen-
tal data we see two peaks in the 120-150 Hz range, three
peaks between 225 Hz and 280 Hz, and 3 peaks between 20
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(a) Ethanol Mixture (b) 13C2 Acetic Acid

Figure 5: Zero-Field Total Correlation Spectra acquired using the protocol in Fig. 3b. The numerical peak assignments made in Fig. 4 are
plotted on both axes and the diagonal is shown as a dotted black line for reference.

and 40 Hz, while the best-fit value for 1JCH was 129.504 Hz.
Careful inspection of the spectrum also reveals weak sig-
nals at 6.75, 13.5, 129.5 and 259 Hz. These peaks can be
assigned to residual 1-13C and 2-13C acetic acid in the sam-
ple. Both isotopomers would yield peaks at 1J and 2J on
account of being XA3 spin systems, and the correspond-
ing coupling constants listed in the appendix in Table 1
are consistent with the positions of the weak signals. Fi-
nally, the stick spectrum also shows the expected position
of the K-conserving ∆F = ±2 transition, however since
this transition does not correspond to oscillating magneti-
zation it is not observed in the directly detected 1D data.

For both isotopomers of ethanol, the spectrum is to
first order determined by a strong 1JCH coupling [15],
which sets up an initial splitting pattern that is further
split by the weaker 2JCH and 3JHH couplings. An XA2

spin system in zero-field gives a single peak at 3/2J while
an XA3 system gives one peak at the coupling frequency
and another at twice the coupling frequency. We can
therefore identify the cluster of peaks at 210 Hz with the
1-13C isotopomer and the peaks around 125 Hz and 250 Hz
with the 2-13C isotopomer. This corresponds to a one-
bond 13C /1H J-coupling constant of ∼140 Hz when the

13C label is on the methylene group, and ∼125 Hz when
the 13C is on the methyl group. This is consistent with the
results obtained by numerical fitting of the spectra. While
this back-of-the-envelope interpretation gives approximate
values for the 1-bond coupling constants, we note that
without the aid of numerical simulations it would for
example be difficult to say with any certainty where the
spectrum of the 1-13C isotopomer ends and that of the
2-13C isotopomer begins. Without computer assistance
it would also be challenging to distinguish the K = 1/2
peaks from the K = 3/2 peaks in the 3J/2 multiplet
associated with the 1-13C isotopomer. However, not all
spin systems are small enough that their Hamiltonians are
readily diagonalizable, and in chemical analysis the exact
coupling topology is not always known in advance. Here
we dmonstrate how to overcome these problems using 2D
spectroscopy.

Figures 5a and 5b show the ZF-TOCSY spectra of the
ethanol mixture and the acetic acid sample acquired using
the protocol in Fig. 3b. Note that the entire spectral win-
dow (both positive and negative frequencies) is displayed
in F1, whereas only the positive part of the F2 axis is
shown. This is because the recorded signal is purely real,
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Figure 6: Detailed structure of the high-frequency multiplet in the
ZF-TOCSY spectrum of 1-13C ethanol. All peaks in this multiplet
have L=1. The dashed and dotted lines are drawn to guide the
eye to particular cross-peaks (which are marked by boxes) which
confirm that the high-intensity peak at 211 Hz actually consists of
two overlapping resonances which belong to different K-manifolds.

and its Fourier Transform is therefore conjugate symmet-
ric. The spectra are displayed in magnitude mode, so to
display all the spectral information it is therefore only nec-
essary to plot two of the four quadrants of the Fourier
transformed data. Overtones of the power-line noise lead
to vertical streaks in the data at multiples of 60 Hz and a
climate-control fan causes building vibrations at∼ 10.7 Hz.
We do not know the origin of the feature near 8.7 Hz. The
positions of the transitions based on the fitted J-coupling
constants are plotted on the axes for reference.

The spectra contain cross-peaks between transitions
belonging to the same spin-state manifolds. Meanwhile,
there is no coherence transfer, and therefore no cross-
peaks, between either the two isotopomers or peaks cor-
responding to the same isotopomer but different combina-
tions of K and L. This allows us to confirm the numeri-
cal assignment of the peaks made in Fig. 4. For example
the peak at ∼238 Hz in the ethanol spectrum in Fig. 5a
clearly correlates to the 2J multiplet at around 250 Hz
and therefore belongs to the 2-13C isotopomer. Similarly
the peak at ∼125 Hz does not give cross peaks with any of
the three other peaks in the 1J multiplet, and it therefore
must belong to a separate spin-manifold, consistent with

the numerical assignment of the 125 Hz peak to L = 0
and the three surrounding peaks to L = 1. With the
same reasoning the ZF-TOCSY spectrum of acetic acid
in Fig. 5b can be used to distinguish between the three
lower-frequency peaks of the acetic acid J-spectrum, and
confirm the numerical assignment of the peak at 31 Hz to
the same spin-manifold as the peaks at 119 and 149 Hz.
These assignments can all be made without numerical di-
agonalization.

As a further example of the use of 2D spectroscopy,
consider the high-frequency multiplet of the 1-13C isotopomer
(at around 3/2J in both F1 and F2) shown in more de-
tail in Fig. 6. Fitting of the 1D data reveals that the
high-intensity peak at ∼211 Hz actually consists of two
overlapping resonances with different K quantum num-
bers. This is confirmed by the cross-peak pattern, as
Fig. 6 shows that the 211 Hz peak correlates to both
K = 1/2 and K = 3/2 resonances in F1. In this case
2D spectroscopy allows us to distinguish overlapping
resonances by correlating them to distinct, well separated,
peaks.

The ZF-TOCSY experiment relies on similar physics to
high-field Total Correlation Spectroscopy (TOCSY) [33],
but does not require a mixing time. This follows from the
fact that the zero-field free-evolution Hamiltonian already
provides strong coupling for all spin pairs (both homo- and
heteronuclear) and thus allows complete coherence trans-
fer throughout the molecule. The same fact also means
that F1 and F2 do not correspond to individual-spin tran-
sitions but rather to zero-field J-spectra. Previous 2D ex-
periments with direct detection were either performed with
different effective Hamiltonians during the two evolution
intervals [16], or in the presence of a magnetic field such
that the Larmor frequencies and J-coupling frequencies are
approximately equal [36]. These cases lead to significantly
different cross-peak patters.

As mentioned above, inspection of the energy-level di-
agram of 13C2-acetic acid shown in Fig. 1 reveals a K con-
serving, and therefore potentially observable, ∆F = ±2
transition at ∼245 Hz. The results of a MQ-ZULF ex-
periment designed to observe this transition, in spite of it
not corresponding to oscillating magnetization, is shown in
Fig. 7a. The data were acquired using the pulse sequence
in Fig. 3c. The cross-peak pattern is mostly the same as in
the ZF-TOCSY spectrum in Fig. 5b, however there is one
additional peak in F1 at 245 Hz (highlighted pink band)
corresponding to oscillations during t1 at the frequency of
the ∆F = ±2 transition. According to Eq. (2) only the
K = 3/2 manifold supports such a transition, and it shows
up only as cross-peaks to the transitions at 19 Hz, 38 Hz,
225 Hz, 265 Hz, and 283 Hz, thus confirming the numerical
assignment made in Fig. 4b of those peaks to the K = 3/2
manifold. This is perhaps seen more clearly in Fig. 7b,
which shows slices through the indirect (F1) dimension
taken at the positions of the peaks in 1D spectrum. The
MQ-resonance (the expected position is indicated with a
pale band) clearly shows up in the indirectly detected data,
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(a) (b)

Figure 7: MQ-ZF spectra of 13C2 acetic acid. (a) 2D Single/multiple-quantum correlation spectrum. F1 corresponds to the indirectly detected
dimension, and the numerical peak assignments of Fig. 4b are plotted on both axes for reference. (b) Slices through the 2D spectrum in
Fig. 7a. The x-axis corresponds to F1, and each spectrum is the projection of the data around a ± 0.5 Hz slice at the designated frequencies
in the directly detected dimension (F2). The pink bands indicate ± 245 Hz, the expected frequency of the double-quantum transition. Note
that for convenience the spectra are evenly spaced in the vertical dimension. The top panel shows the directly detected 1D J-spectrum.

but only in those spectra that are read out at the frequen-
cies of the K = 3/2 transitions.

We note that the initial density matrix also contains
terms proportional to scalar order ∝

∑
ij Ii · Ij [6, 37],

which already contains two-spin terms at time zero. This
could therefore be turned into a two-pulse experiment if
pulses along z are used instead, since such pulses access
scalar spin-order instead of vector spin-order [6].

Conclusions

We have shown that direct detection using magnetome-
ters facilitates 2D zero-field NMR correlation spectroscopy,
and how such techniques simplify assignment of crowded
J-spectra. The complete coherence transfer enabled by the
isotropic zero-field Hamiltonian ensures that cross peaks
in the ZF-TOCSY spectrum are seen between all peaks
belonging to the same spin-manifold. Consequently, ZF-
TOCSY may be used not only to distinguish between dif-
ferent molecules, or different 13C isotopomers of the same

molecule, but also to facilitate zero-field spectral assign-
ment of a given isotopomer by providing a way to deter-
mine if two transitions occur within the same angular-
momentum manifold. Additionally, 2D-spectroscopy in-
creases the maximum attainable spectral resolution by in-
troducing a second spreading parameter in the spectrum.
In particular, the ability to resolve otherwise overlapping
peaks significantly increases the power of zero-field NMR
for chemical fingerprinting, beyond what can already be
obtained with the narrow linewidths associated with high-
homogeneity zero-field environments.

We have also introduced the concept of multiple-
quantum transitions in zero- to ultralow-field NMR
(MQ-ZULF) and shown that such transitions may only
belong to particular spin-manifolds. Therefore, by ob-
serving which peaks correlate to a multiple-quantum
transition, one can assign quantum numbers to those
peaks. Filtering zero-field coherences [19, 38] based on
∆F would allow for further simplification of spectra –
this remains an outstanding experimental challenge to be
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addressed in future work (preliminary efforts are discussed
in the appendix).
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S. Glöggler, B. Blümich, Paths from weak to strong coupling in
NMR, Phys. Rev. A 81 (2) (2010) 1–11. doi:10.1103/PhysRevA.
81.023420.

[6] M. Emondts, M. P. Ledbetter, S. Pustelny, T. Theis, B. Pat-
ton, J. W. Blanchard, M. C. Butler, D. Budker, A. Pines,
Long-lived heteronuclear spin-singlet states in liquids at a zero
magnetic field, Phys. Rev. Lett. 112 (7) (2014) 1–6. doi:

10.1103/PhysRevLett.112.077601.
[7] J. Blanchard, T. Sjolander, J. King, M. Ledbetter, E. Levine,

V. Bajaj, D. Budker, A. Pines, Measurement of untruncated
nuclear spin interactions via zero- to ultralow-field nuclear
magnetic resonance, Phys. Rev. B 92 (22) (2015) 1–6. doi:

10.1103/PhysRevB.92.220202.
[8] J. King, T. Sjolander, J. Blanchard, Antisymmetric Couplings

Enable Direct Observation of Chirality in Nuclear Magnetic
Resonance Spectroscopy, J. Phys. Chem. Lett. 8 (4) (2016) 710–
714. doi:10.1021/acs.jpclett.6b02653.

[9] J. W. Blanchard, J. P. King, T. F. Sjolander, M. G. Kozlov,
D. Budker, Molecular Parity Nonconservation in Nuclear Spin
Couplings, arXiv preprintarXiv:arXiv:1710.06819.

[10] M. Jiang, T. Wu, J. W. Blanchard, G. Feng, X. Peng, D. Bud-
ker, Experimental Benchmarking of Quantum Control in Zero-
Field Nuclear Magnetic Resonance, Sci. Adv. 4 (6) (2018)
eaar6327.

[11] A. Llor, Z. Olejniczak, A. Pines, Coherent isotropic averaging
in zerofield nuclear magnetic resonance. II. Cubic sequences and
timereversal of spin couplings, J. Chem. Phys. 103 (1995) (1995)
3982–3997.

[12] A. M. Thayer, A. Pines, Zero-field NMR, Acc. Chem. Res. 20 (2)
(1987) 47–53. doi:10.1021/ar00134a001.

[13] J. W. Blanchard, D. Budker, Zero- to Ultralow-Field NMR,
eMagRes 5 (3) (2016) 1395–1410. doi:10.1002/9780470034590.
emrstm1369.

[14] J. W. Blanchard, M. P. Ledbetter, T. Theis, M. C. But-
ler, D. Budker, A. Pines, High-Resolution Zero-Field NMR J-
Spectroscopy of Aromatic Compounds, J. Am. Chem. Soc. 135
(2013) 3607–3612.

[15] T. Theis, J. W. Blanchard, M. C. Butler, M. P. Ledbetter,
D. Budker, A. Pines, Chemical analysis using J-coupling multi-
plets in zero-field NMR, Chem. Phys. Lett. 580 (2013) 160–165.
doi:10.1016/j.cplett.2013.06.042.

[16] T. Sjolander, M. Tayler, A. Kentner, D. Budker, A. Pines, 13
C-Decoupled J -Coupling Spectroscopy Using Two-Dimensional
Nuclear Magnetic Resonance at Zero-Field, J. Phys. Chem.
Lett. 8 (7) (2017) 1512–1516. doi:10.1021/acs.jpclett.

7b00349.
[17] J. Jeener, B. H. Meier, P. Bachmann, R. R. Ernst, Investigation

of exchange processes by two-dimensional NMR spectroscopy, J.
Chem. Phys. 71 (11) (1979) 4546–4553. doi:10.1063/1.438208.

[18] G. A. Morris, Modern NMR Techniques for Structure Elucida-
tion, Magnetic Resonance in Chemistry 24 (5) (1986) 371–403.

[19] R. R. Ernst, G. Bodenhausen, A. Wokaun, Principles of Nu-
clear Magnetic Resonance in One and Two Dimensions, Oxford
University Press, New York, 1987.

[20] H. Hatanaka, T. Terao, T. Hashi, Excitation and Detection of
Coherence between Forbidden Levels in Three-Level Spin Sys-
tem by Multi-Step Processes, Journal of the Physical Soceity of
Japan 39 (3) (1975) 835–836. doi:10.1143/JPSJ.39.835.

[21] S. Vega, W. Shattuck, A. Pines, Fourier-Transform Double-
Quantum NMR in solids, Phys. Rev. Lett. 37 (1) (1976) 43–46.

[22] T. J. Norwood, MULTIPLE-QUANTUM NMR METHODS,
Progress in Nuclear Magnetic Resonance Spectroscopy 24 (4)
(1992) 295–375.

[23] W. S. Warren, S. Sinton, D. P. Weitekamp, A. Pines, Selective
excitation of multiple-quantum coherence in nuclear magnetic
resonance, Phys. Rev. Lett. 43 (24) (1979) 1791–1794. doi:

10.1103/PhysRevLett.43.1791.
[24] W. S. Warren, D. P. Weitekamp, A. Pines, Theory of selec-

tive excitation of multiple-quantum transitions, J. Chem. Phys.
73 (5) (1980) 2084–2099. doi:10.1063/1.440403.

[25] J. Baum, M. Munowitz, A. N. Garroway, A. Pines, Multiple-
quantum dynamics in solid state NMR, J. Chem. Phys.
83 (1985) (1985) 2015. doi:10.1063/1.449344.

[26] K. K. Gleason, M. A. Petrich, J. A. Reimer, Hydrogen mi-
crostructure in amorphous hydrogenated silicon, Phys. Rev. B
36 (6) (1987) 3259–3267. doi:10.1103/PhysRevB.36.3259.
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Appendix: Detailed Analysis of 1D J Spectra

The J-coupling constants for the two 13C isotopomers
of ethanol and 13C2-acetic acid were obtained from the
spectra by a numerical fitting procedure, where the data
are matched to the spectra predicted by numerical diago-
nalization of the spin Hamiltonians given in the main text.
The results are given in Table 1.

In the case of ethanol, we find that the measured 3-
bond 1H -1H coupling constant is different between the two
13C -isotopomers. Since both isotopomers were present in
the same NMR tube at the same time during the exper-
iment most potential sources of systematic error may be
discarded and we assign the measured difference in the 1H -
1H couplings to a secondary isotope shift to the J-coupling
constant [39–41]. Such effects have been of interest since
they allow for a check on quantum chemical calculations
and our understanding of bonding.

We also note that the measured linewidths are sig-
nificantly larger for ethanol than for acetic acid, and
both spectra are in turn significantly broader than what
was previously recorded for J-spectra of systems without
labile protons [14]. We note that in strongly coupled
systems, chemical exchange will lead to decreased coher-
ence times [42]. Polarization is exchanged throughout
the molecule under coherent J-coupling evolution but
coherence with the labile proton is constantly lost due to
exchange, decreasing the overall signal lifetime. We assign
the broad (relative to non-exchanging systems) J-spectra
in Fig. 4 to this effect, and the difference in linewidths

between ethanol and acetic acid to different kinetics for
the hydrogen-exchange reaction.

J (Hz) 1-13C -EtOH 2-13C -EtOH 13C2-AcOH

1JCH 140.852(1) 125.2572(9) 129.5041(3)
1JCC — — 56.7928(8)
2JCH -4.700(3) -2.317(3) -6.7335(3)
3JHH 7.049(3) 7.032(2) —

Table 1: Measured J-coupling constants for the two single labeled
13C isotopomers of ethanol (EtOH) and the doubly 13C labeled iso-
topomer of acetic acid (AcOH). The number in parenthesis denotes
the 95% confidence interval of the fit.

Appendix: Multiple-Quantum Excitation and Fil-
tering at Zero Field

It would be desirable to selectively excite or at least
detect only those coherences for which ∆F = n, where n
is a chosen coherence order. This would assist with assign-
ing quantum numbers, as the largest available ∆F value
depends on spin-manifold, and it would also simplify the
resulting spectra, since the number of transitions decreases
rapidly with n. Existing high-field schemes for selective ex-
citation [23, 24] and filtration [38] based on ∆m rely on
the fact that coherence operators in high field have well
defined symmetry with respect to rotations about the z-
axis - a high-field n-th order coherence is invariant with
respect to a rotation of 2π/n about the z-axis (we note that
similar work has been done in an atomic-physics context
[43]). Meanwhile, at zero-field, transitions in general in-
volve changes in the total angular momentum of the state,
not the projection on some axis. A zero-field n-order tran-
sition operator, |F,mF 〉 〈F − n,mF | may be decomposed
into spherical tensors [34]. The lowest rank a given transi-
tion operator may contain is equal to ∆F and the highest
is 2F−∆F . In order to obtain simplified spectra one could
imagine using a phase-cycling scheme similar to Spherical
Tensor Analysis (STA)[44] to filter out components of rank
lower than n and higher than 2F−n, which would increase
the relative intensity of n-quantum transitions. However,
dipole allowed transitions with ∆F = 0,±1 may also con-
tain components with ranks equal to or higher than n, so
such a filtering process would therefore not suppress al-
lowed transitions entirely.

This reason for selective filtering of MQ-ZULF coher-
ences being challenging also prevents selective excitation
[23, 24]. Assuming that one can implement an ideal aver-
age Hamiltonian of rank n, the propagator to second order
in time would still contain all ranks from 0 to 2n, so be-
yond the short time limit such a Hamiltonian would still
excite the entire spectrum.

Indeed, from the point of view of spectral simplifica-
tion it might be more fruitful to use an isotropic filtra-
tion phase-cycle as described by [45], which retains only
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Figure 8: (a) Experimental MQ-ZF spectrum acquired using a rank-2
excitation Hamiltonian. (b) Simulated spectra showing the effect of a
tetrahedral isotropic-filtering phase cycle. (c) Simulated octahedral
phase cycle. (d) Simulated icosahedral phase cycle.

those signal components that are rank-0 during t1 evolu-
tion. If applied to a zero-field experiment the resulting
spectrum would consist only of those transitions for which
∆F = 0, since only such coherence operators may con-
tain rotationally invariant rank-0 components. There are
only two such transitions in the case of 13C2-acetic acid
(at ∼118 Hz, and ∼264 Hz), and consequently application
of such a phase-cycle would result in a spectrum contain-
ing only two peaks instead of eight. In order to implement
either isotropic filtering or STA one needs to be able to
effect global rotations of the entire spin-system with arbi-
trary angles – fortunately, this problem has recently been
solved for zero-field systems [10]. However, the application
of a multi-step phase cycle to an indirectly detected spec-
trum would be a practical challenge, particularly in terms
of total experiment duration.

The result of attempted rank-selective excitation is
shown in Fig. 8a which is a MQ-ZULF spectrum of 13C 2

acetic acid, but acquired using the effective excitation
Hamiltonian

H̄1
DQ = 2π( 1JCH/2)(K+SA,+K−SA,−) +

2π( 3JCH/2)(K+SB,+K−SB,−), (3)

which is implemented using a series of DC pulses (xyȳx̄)n,
where x and y denote π pulses on carbon and the over-
bars denote reversals of the direction of the pulse. Such a
‘double-quantum’ Hamiltonian would excite only even or-
ders of coherence in a high-field system. The spectrum in
Fig. 8a is the same kind of data as in Fig. 7b, but all the
individual spectra have been added together. While the
n = 2 transition is successfully excited, it is clear that no

selectivity has been gained over excitation with two-pulses
and a delay as in Fig. 7a, consistent with the above argu-
ments about the difficulty of achieving selective excitation.

To demonstrate the potential benefits of isotropic
coherence filtration for zero-field spectroscopy, Figs. 8b-d
show simulated MQ-ZULF spectra resulting from the ap-
plication of an isotropic-filter phase cycle, which averages
to zero those components of the coherence operators that
during t1 have ranks up to 2 (b), 3 (c), and 4 (d) [45].
The largest rank supported by any coherence operator
in this spin system is four, and consequently there is no
reason to average higher-rank terms. The peak at ∼149 Hz
corresponds to an F = 1/2→ F = 3/2 transition and the
corresponding coherence operator may only contain ranks
1 and 2. This peak disappears completely when operators
up to rank-2 are filtered out using a 12-step cycle. The
n = 2 coherence may only contain ranks 2 and 3, and
disappears when operators up to rank-3 are averaged out
using a 24-step cycle, and when operators up to rank-4
are filtered out with a 60-step cycle only the two peaks
remain which correspond to ∆F = 0 transitions. While
we are not yet able to selectively filter transitions based
on n for n > 0, it seems isotropic filtering would allow
spectral simplification by retaining only those transitions
for which n = 0. Note that the filtering has to be per-
formed on the indirectly detected dimension, since only
rank-1 components of the coherence operators correspond
to observable magnetization.

We note in passing that, just as in high field, the rank
of a coherence operator reports on the minimum number
of correlated spins in the corresponding state. In high
field this has been used to investigate spin cluster size
and perform many-body physics experiments. The num-
ber of phase-cycle steps required to suppress a zero-field
transition (plotted vs. preparation time) could similarly
be used to monitor information transport in spin clusters
connected with a Heisenberg-like isotropic Hamiltonian.
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