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Long nuclear spin coherence times for molecules trapped in high-purity solid parahydrogen

Alexandar P. Rollings and Jonathan D. Weinstein *

Department of Physics, University of Nevada, Reno, Nevada 89557, USA

(Received 1 December 2025; accepted 8 February 2026; published 1 April 2026)

We measure the ensemble transverse relaxation time (T ∗
2 ) and spin-echo coherence time (T2) of the proton

spin of HD molecules trapped in solid parahydrogen. By using high-purity parahydrogen matrices, we are able
to measure significantly longer T2 and T ∗

2 times than seen in prior work. We also measure the longitudinal
spin relaxation time T1. We examine how these parameters scale with the matrix purity and find limits on the
coherence time from the parahydrogen matrix itself.
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Introduction. Molecules have demonstrated tremendous
power as sensors for physics beyond the standard model
of particle physics [1]. Experiments with paramagnetic
molecules have set the primary limits on the electron
electric dipole moment [2,3], providing constraints on
symmetry-violating new physics and on parameters of both
standard-model physics and beyond-standard-model physics
[4]. Similarly, experiments using diamagnetic molecules with
nuclear spin can be used to probe symmetry-violating new
physics from the baryonic sector [5–11].

As has been previously noted [12–14], trapping molecules
in a matrix may offer significant improvements in the statisti-
cal sensitivity of such experiments, due to the large numbers
of molecules that can be trapped. For experiments using dia-
magnetic molecules to search for symmetry-violating new
physics from the nucleus, the nuclear spin ensemble trans-
verse relaxation time T ∗

2 is a critical figure of merit, with long
T ∗

2 times offering better sensitivity [1,11].
Typically, without techniques such as magic-angle spin-

ning [15], T ∗
2 is extremely short for molecules in solids. This

is primarily due to broadening from inhomogenous molecular
orientations and conformations, as well as magnetic inter-
actions with other magnetic dipoles in the matrix [16]. By
trapping diatomic molecules in solid parahydrogen, it may
be possible to eliminate these dominant broadening mech-
anisms. First, infrared spectroscopy of diatomic molecules
in solid parahydrogen indicates that they can freely rotate
[17], eliminating broadening from inhomogenous molecular
orientations. Second, diatomic molecules only have a sin-
gle conformation. Finally, parahydrogen—the I = 0 state of
H2—is magnetically pure. Thus, magnetic dipolar interactions
should go to zero in the limit of low densities of the dopant
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molecules and low densities of the I = 1 orthohydrogen state
of H2.

Prior work in solid parahydrogen measured the NMR
properties of the proton of the HD molecule down to an or-
thohydrogen fraction X = 2 × 10−3 [18–21]. Here, we extend
that work to X = 10−6.

Apparatus. A schematic of the experimental apparatus is
shown in Fig. 1. A detailed description can be found in
Refs. [22,23]. In brief, the apparatus consists of a single vac-
uum chamber and a single closed-cycle pulse-tube refrigerator
that provides cooling for all the cryogenic components.

The samples are grown on a sapphire rod attached to the
end of a copper cold finger. Sapphire was chosen for its high
thermal conductivity and low magnetic susceptibility. Using
literature values of the susceptibilities of oxygen-free copper
[24] and high-purity sapphire [25], simulations indicate that
the magnetic field B in the sample should be uniform to within
340 ppb for a uniform applied field H [22,23]. We note the
field uniformity could be further improved with “shimming”
of H .

The parahydrogen samples are grown on the sapphire by
vapor deposition of natural-abundance hydrogen gas, with gas
flow controlled by a mass flow controller. Purification of the
parahydrogen gas is done by an “in-line” cryogenic catalyst
as described in Ref. [26]. By controlling the temperature of
the catalyst, we can control the orthohydrogen fraction X
and achieve orthohydrogen fractions as low as X = 1 × 10−6

[26]. The orthohydrogen fraction X as a function of catalyst
temperature was measured in a previous experiment [26].

The catalyst—at sufficiently cold temperatures—also per-
forms isotopic separation of hydrogen and suppresses the HD
component present in natural-abundance hydrogen gas [26].
To both enable experiments at low X and control the density
of HD molecules in the matrix, we have a second gas line to
dope our parahydrogen matrix with HD molecules.

We also expect the catalyst to provide near-perfect chemi-
cal purification of the sample gas: only hydrogen and helium
have sufficient vapor pressure to flow through the catalyst
without freezing.

Samples are typically grown over a time period of 7–9 h
to a thickness of a few millimeters. The copper cold finger
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FIG. 1. Scale-accurate schematic of the apparatus, as described
in the text. The saddle coil and support tube are shown in cutaway
views, and the cylindrically symmetric magnet is shown in cross
section.

temperature is 4 K during sample deposition. From prior
work, we expect these growth conditions to produce poly-
crystalline samples [27]. NMR measurements are also taken
at 4 K.

We operate the magnet in persistent current mode; typi-
cal magnetic bias fields are ∼1.4 T, giving a proton Larmor
precession frequency of ∼60 MHz. Magnetic “shim coils” are
used to adjust magnetic field gradients so as to provide a uni-
form magnetic field; the shims are necessary to obtain proton
NMR linewidths � 1 kHz. For the data presented here, we
believe T ∗

2 is not limited by magnetic field inhomogeneities,
as explained below.

The proton spins are driven with rf magnetic fields from a
resonant “saddle coil” with a typical coupled Q of 100 at base
temperatures; this Q is much smaller than the Q of our nuclear
spin ensemble. Typical Rabi frequencies are on the order of
3 kHz, which exceeds the proton linewidth in our sample.
The same saddle coil is used as a pickup coil to measure the
Larmor precession of the spins.

Data: T ∗
2 . We measure the ensemble transverse relaxation

time T ∗
2 by free induction decay (FID) measurements. We

use a π/2 pulse to induce precession of the H nuclei in our
sample, and Fourier transform the resulting signal to get a
power spectrum. As seen in Fig. 2, the FID spectrum changes
dramatically with the orthohydrogen fraction X . At high X ,
the line fits well to a single Lorentzian. At low X , the proton’s
triplet structure can be clearly resolved.

These spectra confirm that the HD molecule rotates within
solid parahydrogen. In HD, the strength of the intramolecular
magnetic dipole-dipole Hamiltonian is on the order of 105 Hz.
For a fixed molecular axis, this would give rise to splittings on
this order; for an ensemble of fixed molecular axes of inho-
mogenous orientations, it would result in broadening on this
order. However, for a freely rotating molecule the intramolec-
ular dipole-dipole interaction averages to zero, allowing one to
observe the triplet arising from the proton’s electron-coupled
intramolecular nuclear spin interactions with the deuteron, as
explained by Ramsey and Purcell [28,29].

We determine T ∗
2 from the linewidth of the FID spectrum.

At high X , we fit the power spectrum to a single Lorentzian
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FIG. 2. Power spectrum of the FID signal for two samples
of differing orthohydrogen fraction X , as labeled. The broad and
narrow lines have a frequency offset f0 of 58.41 and 56.87 MHz,
respectively.

to determine the full width at half maximum (FWHM). In the
case of low X , we fit the central region to the sum of three
Lorentzians of equal FWHM. In both cases, we determine T ∗

2
from T ∗

2 = (π × FWHM)−1. A summary of our T ∗
2 measure-

ments are presented in Fig. 4 and are discussed in Coherence
times.

We note that prior measurements of HD in solid hydrogen
were unable to resolve the proton triplet [19,30]. Here, we
measure a splitting of J (H, D) = 47.2 ± 1.1 Hz, differing sig-
nificantly from the free molecule case of 43.1 Hz [31–33]. The
difference is not entirely surprising: gas phase measurements
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FIG. 3. The spin-echo T2—plotted as 1/T2, the decoherence
rate—as a function of the relative HD flow rate: the ratio of the
gas flow rates of HD and parahydrogen during sample growth. Data
are shown for four samples, all with an orthohydrogen fraction of
1 × 10−4, and for three different spin-echo sequences. The lines are
a linear fit to the data. We note the HD fraction in the sample is
smaller than the relative HD flow rate (based on comparison of NMR
FID amplitudes to natural-abundance samples [26]).
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FIG. 4. T ∗
2 and T2 as a function of the orthohydrogen fraction X ,

as discussed in the text. The dashed lines are proportional to X −1

and are included as a guide to the eye. The orthohydrogen fraction
is determined from the mean temperature of the catalyst during
deposition [26]. The catalyst temperature varies during deposition
with typical standard deviations of ∼2%.

are known to have a pressure dependence [32,33], and liquid
phase measurements similarly have a solvent-dependent shift
[34,35].

Data: T2. Because the ensemble transverse relaxation time
T ∗

2 can be limited by technical problems such as magnetic
field inhomogeneities, we measure the spin-echo coherence
time T2 for comparison. We induce precession with a π/2
pulse, followed by a refocusing pulse at a delay of t/2, and
measure the resulting echo at time t . We fit the power spec-
trum amplitude of the echo as a function of the total spin-echo
sequence time t to the functional form A × exp(−2t/T2) + y0

to extract the spin-echo T2 [36].
T2 can be limited by the interactions of HD with the

parahydrogen matrix itself or with impurities in the matrix:
orthohydrogen, HD molecules, or other unknown impurities.
At low orthohydrogen fractions, the HD molecules play a ma-
jor role in limiting T2. We vary the HD density and extrapolate
to a “zero-dopant” limit, as shown in Fig. 3.

At high HD densities, T2 depends strongly on the refocus-
ing pulse: The homonuclear magnetic interactions between
HD molecules experience no cancellation for a perfect π

refocusing pulse, but are suppressed for imperfect refocusing
pulses. As seen in Fig. 3, all three pulse sequences extrapolate
to consistent values for T2 in the limit of zero HD.

Because we reduce the relative HD flow by increasing the
parahydrogen flow—which should lower the density of both
the HD dopants and any other species inadvertently deposited
during sample growth—the extrapolated limit should be the
zero-density limit for both HD and any other impurities but
orthohydrogen.

The measured T2 coherence times—both measured directly
and the extrapolated zero-dopant values—are shown along-
side our T ∗

2 measurements in Fig. 4.
Data: coherence times. A summary of our T ∗

2 and T2

measurements are shown in Fig. 4. At high orthohydrogen
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FIG. 5. T1 as a function of the orthohydrogen fraction X . At high
values of X , the HD naturally present in the hydrogen is sufficient
that additional doping with HD is not needed; undoped samples are
shown as black points. For X � 10−3, the catalyst suppresses the HD
and no signal can be observed without additional doping. The dashed
line is proportional to X −2 and is included as a guide to the eye.

fractions of X � 4 × 10−3, we see complex behavior for T ∗
2

and T2. As this complicated high-impurity regime has been
explored in prior work in the field [18–21], we neglect it here
for brevity. We focus on the simpler behavior observed in
high-purity parahydrogen matrices of X � 3 × 10−3.

For 1 × 10−4 � X � 3 × 10−3, we see that as the ortho-
hydrogen fraction X decreases, the coherence times increase.
From this behavior, we conclude that—for this range of X—
the orthohydrogen impurities are the dominant limit on both
T2 and T ∗

2 . We observe that the coherence times scale as 1/X ,
as expected for dilute magnetic impurities [16]. We note that
the spin-echo T2 is consistently longer than T ∗

2 . This is not
surprising, as T ∗

2 is limited by the static inhomogenous fields
produced by the magnetic orthohydrogen impurities, while T2

is not.
Below X∼10−4, T2 plateaus at ∼0.3 s. For measurements

of T ∗
2 , the extremely long T1 times at these orthohydrogen

fractions make shimming the magnetic field impractical, so
we cannot accurately measure T ∗

2 . However, the measured
T2 times provide an upper limit on T ∗

2 , so we infer that T ∗
2

plateaus at some unknown value between 0.02 and 0.3 s. The
mechanism by which the matrix limits T2 and T ∗

2 in the low
orthohydrogen limit is not yet understood.

Data: T1. We measure the longitudinal relaxation time T1

using a saturation-recovery sequence. First, a train of long
pulses drives the longitudinal magnetization to zero. After a
delay of t , we perform a standard FID measurement. We fit the
amplitude of the FID power spectrum to A − B exp(−t/T1) to
extract T1 [37]. The results are shown in Fig. 5.

As with the coherence times, we concentrate on the simple
behavior seen at low orthohydrogen fractions of X � 3 ×
10−3; the anomalous behavior at high X has been previously
reported [38]. Over the range of 1 × 10−4 � X � 3 × 10−3,
we see that T1 becomes longer as the orthohydrogen frac-
tion decreases. The scaling differs from the coherence times,
with T1 scaling roughly as X −2. We attribute this scaling to
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Fermi’s golden rule. The magnitude of the magnetic field B
from orthohydrogen impurities scales as X [16]. From Fermi’s
golden rule, the transition rate from a μ · B interaction would
be expected to scale as X 2.

For X � 10−4, T1 continues to increase with decreasing X ,
but no longer follows the X −2 scaling. However, we observe
that T1 depends strongly on the HD density, indicating that T1

is still primarily limited by impurities in the matrix.
Conclusions and future work. The measured nuclear spin

coherence times are promising. Both T2 and T ∗
2 are longer

than typical values for molecular beams (which are limited
by transit-time broadening), with much larger numbers of
molecules than typical beams [39]. T2 and T ∗

2 are signifi-
cantly shorter than can be achieved with molecules in the
liquid phase [40] or in optical traps [41,42], but parahy-
drogen offers significantly colder temperatures than the
former and significantly larger numbers of molecules than
the latter. The longest values of T ∗

2 observed for HD in
parahydrogen are comparable to state-of-the-art values (for
protons) in solid-state NMR experiments that employ magic-
angle spinning and nuclear-decoupling pulse sequences
[43–45].

Unfortunately, the extremely long T1 times at low ortho-
hydrogen fractions make it impractical to take data using
traditional NMR techniques. Fortunately, techniques exist to
restore nuclear spin polarization on faster timescales than
T1. One promising approach is to implant a second species
of molecule with a metastable paramagnetic state that can
be optically excited. Prior work has shown that dynamical
nuclear polarization techniques can be used to transfer the
spin polarization of the electron spin of metastable para-
magnetic molecules to the nuclear spin of the species of
interest [46–48]. Once the nuclear spin polarization has been
established, the optically-excited metastable states relax to
diamagnetic ground states, restoring a low-magnetic-noise
environment. This technique can provide nuclear spin polar-
izations that are significantly larger than thermal equilibrium
on a timescale independent of T1 [46–48].

In the dilute regime explored in this work, the limits on
coherence times from orthohydrogen impurities arise from
long-range magnetic dipole-dipole interactions. Thus, we ex-
pect these results to be quite general, simply scaling with the
gyromagnetic ratio.

In contrast, the limitations from the parahydrogen matrix
itself may depend on the detailed properties of the trapped

molecule, as seen before with atoms [49]. We hope to un-
derstand these limits by comparing different NMR-active
molecules embedded in the same matrix.

For any diamagnetic molecule with two nuclear spins,
we speculate T ∗

2 may be limited by intramolecular inter-
actions between those spins. Interactions with the matrix
causes mixing of rotational states and makes the rotational
averaging of the intramolecular magnetic dipole-dipole in-
teraction imperfect, leading to shifts and broadening. In the
case of HD, we expect the deuteron itself to have a short
coherence time in the matrix due to its electric quadrupole
moment [50]. Consequently, its coupling to the proton could
limit the proton’s T ∗

2 even in the absence of rotational mix-
ing. We note the matrix limit on the coherence time of
the HD proton is on the same order of magnitude as its
electron-coupled intramolecular nuclear spin interaction with
the deuteron.

For diatomic molecules with only a single nuclear spin,
decoherence could arise from the combination of nuclear
spin-rotation coupling within the molecule and the interaction
of the molecule’s perturbed rotational states with the matrix.
One would expect decoherence arising from this mechanism
to depend strongly on the molecule’s rotational constant, the
strength of the spin-rotation coupling, and the anisotropy of
its interaction with the matrix.

While this list of potential sources of decoherence is not
exhaustive, insight into the physics limiting T ∗

2 may be ob-
tained by examining the dependence of T ∗

2 on molecular
properties such as rotational constant, the presence or absence
of a second nuclear spin, the presence or absence of a nuclear
quadrupole moment, intramolecular J-coupling, and nuclear
spin-rotation coupling. We also expect insight could be gained
by examining the dependence of T ∗

2 on the temperature of the
matrix.

Finally, we hope to explore the properties of diamagnetic
molecules relevant for searches for symmetry-violating new
physics [10].
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