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Decoherence in crystals of quantum molecular

magnets
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Quantum decoherence is a central concept in physics. Applications
such as quantum information processing depend on understanding
it; there are even fundamental theories proposed that go beyond
quantum mechanics'~?, in which the breakdown of quantum theory
would appear as an ‘intrinsic’ decoherence, mimicking the more
familiar environmental decoherence processes®. Such applications
cannot be optimized, and such theories cannot be tested, until we
have a firm handle on ordinary environmental decoherence pro-
cesses. Here we show that the theory for insulating electronic spin
systems can make accurate and testable predictions for environ-
mental decoherence in molecular-based quantum magnets’.
Experiments on molecular magnets have successfully demonstrated
quantum-coherent phenomena®® but the decoherence processes
that ultimately limit such behaviour were not well constrained.
For molecular magnets, theory predicts three principal contribu-
tions to environmental decoherence: from phonons, from nuclear
spins and from intermolecular dipolar interactions. We use high
magnetic fields on single crystals of Feg molecular magnets (in
which the Fe ions are surrounded by organic ligands) to suppress
dipolar and nuclear-spin decoherence. In these high-field experi-
ments, we find that the decoherence time varies strongly as a func-
tion of temperature and magnetic field. The theoretical predictions
are fully verified experimentally, and there are no other visible
decoherence sources. In these high fields, we obtain a maximum
decoherence quality-factor of 1.49 X 10°% our investigation suggests
that the environmental decoherence time can be extended up to
about 500 microseconds, with a decoherence quality factor of
~6 X 107, by optimizing the temperature, magnetic field and
nuclear isotopic concentrations.

Environmental decoherence processes are reasonably well under-
stood at the atomic scale’ (although some poorly understood noisy
sources remain'’). However both quantum information processing,
and the fundamental tests noted above, require an understanding of
decoherence in larger systems, where experimental decoherence rates
are usually much larger than theoretical predictions. This discrepancy
is usually attributed to ‘extrinsic’ sources (external noise, uncontrolled
disorder/impurities). We thus need to find systems, with many degrees
of freedom, where extrinsic decoherence can be eliminated, and where
we have a quantitative understanding of other decoherence sources.

Many insulating electronic spin systems are currently the subject of
intense experimental interest, notably in semiconductor quantum
dots'"", nitrogen-vacancy centres in diamond“™* and large-spin
magnetic molecules®®. In all these systems, three environmental
decoherence mechanisms are involved. The electronic spins couple
locally to (1) phonons (an oscillator bath'); (2) to large numbers of
nuclear spins (a spin bath'”); and (3) to each other via dipolar inter-
actions. The long range of dipolar interactions is a major problem: it
makes quantum error correction more difficult, is theoretically com-
plicated'® and is very hard to eliminate experimentally.

In these crystalline Feg molecular magnets, the electronic spins are
structurally ordered, and quantum coherence is observed in the col-
lective (magnon) motion of the spins, rather than in single qubit
dynamics. Two great advantages of the Feg system'” are that the inter-
action strengths are well known, allowing quantitative predictions, and
that it can be prepared with little disorder and few impurities, reducing
the danger of extrinsic decoherence. The number of relevant environ-
mental degrees of freedom is very large; depending on isotopic concen-
trations, there are 10°°~10>* nuclear spin levels in each molecule, and
the system couples to a bulk phonon bath.

In the spin echo experiments described here, a Hahn echo
sequence®® was created in two single crystals of Feg molecules, with
natural isotopic concentrations, using a 240-GHz pulsed ESR (electron
spin resonance) spectrometer’*>. Thus a uniform ESR precession
mode (a k =0 magnon, where k is the wave vector of the magnon)
interacts with its surroundings, and we measure the decoherence time
T,. At low temperature, each electronic spin system behaves as a two-
level quantum bit (qubit), with a splitting 24, that depends strongly on
thelocal transverse field H | , perpendicular to the easy axis z (see Fig. 1
inset). Almost all previous experiments on electron spin systems
examined the low-field regime, where nuclear spin decoherence is very
strong; here we go to the high-field regime, where its effects are much
weaker. Typical ESR results are shown in Fig. 1; we discuss them in
detail below.

To understand T, and the ESR lineshape, we need to look at the
processes contributing to them. For convenience, we define a dimen-
sionless decoherence rate y4 = /1/4,T, (where / is Planck’s constant h
divided by 2m) and the associated ‘decoherence Q-factor’, Qg = m/y,.
Then the processes contributing to y, are as follows (the full quant-
itative discussion, for the two samples in this experiment, is given in
Supplementary Information):

First, nuclear spins interact locally with each molecular spin, and
cause decoherence by a ‘motional narrowing’ process in which they
attempt to entangle with the fast-moving qubit'®**. The nuclear deco-
herence rate s 7)) = E; /247, where E, is the half-width of the Gaussian
multiplet of nuclear spin states coupled to the qubit; and the nuclear
contribution to the ESR linewidth is just E,. Now in this experiment,
with naturally occurring isotopic concentrations, E, = 4 X 107K at
these fields, where 4, = 5.75K. Thus yN=~10"" is very small, simply
because 4, is so large in these fields; and the nuclear spin contribution
(~E,) to the linewidth is also very small compared to the main con-
tributions. Isotopic substitution of deuterium for the 120 protons in
each molecule will further decrease yg by a factor of 152 to
y§%7 x 10!, In principle, there can be a ‘noise’ contribution from
the intrinsic nuclear dynamics caused by internuclear interactions'’;
however, in contrast to quantum dot systems™, such contributions are
very small in molecular magnets® (even in systems with strongly
interacting nuclei like Mn;,, where they have been seen®).
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Figure 1 | Typical ESR spectra, showing echo intensity as a function of
transverse magnetic field, H , . Data are shown for two different samples, at
different temperatures and orientations of field, and at wgsg = 240 GHz.

a, Sample 1. Solid red line, H ||y, T = 1.58 K; dashed blue line, H, ||x,

T = 1.67 K. Top inset, sample dimensions are approximately z: x: y = 1,000:
700: 250 pm. Lower left inset, the low-T spin structure of the Feg molecule.

Second, the form of the local spin-phonon interaction is determined
by the system symmetry. At high fields this interaction simplifies,
and we find a dimensionless phonon decoherence rate'® given by
ygh = [(ngdi)/(npch)} coth(4,/kgT), where p is the sample den-
sity, ¢ the sound velocity, and F 45 the relevant spin-phonon matrix
element. The contribution of this spin-phonon process to the ESR
linewidth is negligible.

Third, the intermolecular dipole interaction directly couples the
k=0 ESR precession mode to finite-momentum magnons; it may
decay spontaneously into multiple magnons, or scatter off existing
thermal magnons. This process affects the ESR lineshape and the
decoherence rate very differently. The long-range dipolar interaction
creates a distribution of demagnetization fields around the sample. In
highly polarized samples, this is strongly sample-shape dependent, but
for annealed samples, it is Gaussian distributed***’; in both cases it can
be calculated numerically. The lineshape then reflects the quite broad
distribution of these fields. However, decoherence comes from the
magnon decay process described above, and depends only on the
phase space available for these processes at the resonance field; it
can then be calculated directly from the analytic expression for this
process. At the experimental temperatures, the magnon decoherence
rate is ~exp(—24,/kgT), where kg is Boltzmann’s constant and T is
temperature, coming almost entirely from thermal magnon scattering.

Last, there can be extrinsic contributions from impurities and
defects, which typically cause the easy-axis anisotropy parameter D
of the Feg Hamiltonian to fluctuate around the sample (the ‘D-strain’
effect®®®). This will then contribute to the ESR linewidth. Such static
impurities and defects can cause 4, to vary in the sample (although we
find no evidence for such a spread in this experiment). However they
can not contribute to decoherence at all, provided they are static,
because then they simply shift the individual qubit energies. On the
other hand any impurities or defects with significant dynamics will
cause extrinsic decoherence.

In Fig. 2 we show how these contributions to the decoherence rate
are predicted to vary with field and temperature for a crystalline Feg
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Lower right inset, the directions of the easy (z), hard (x) and intermediate (y)
axes of an Feg molecule (a approximately gives the direction of the
crystallographic vector a). b, Sample 2. Solid red line, H | ||y, T = 1.7 K; dashed
blueline, H, ||, T'= 1.23 K. Top inset, sample dimensions are approximately z:
x: y = 900: 800: 400 pm. Bottom inset, tunnelling splitting, 24,, as a function of
transverse field at H) ||y (solid red line) and at H, ||x (dashed blue line).

system. The spin-phonon contribution yP" increases with applied
transverse field, because the available phonon phase space increases
sharply with 4,,. However the nuclear spin decoherence rate decreases
with field: roughly ygoc 1/ A2, because E, changes quite slowly with
field (and also decreases as A, increases). Thus there is a crossover, with
a minimum ;= 10"~ when 4,~ 1 K. However these two ‘single-
qubit’ decoherence mechanisms are entirely masked for a dense crystal
by the dipolar ‘magnon’ decoherence, except at high fields (where
dipolar decoherence competes with phonon decoherence) or at very
low temperatures and low fields (where it competes with nuclear spin
decoherence). In this experiment, we chose to go to high fields.

With all this in mind, we return to the ESR results obtained by echo-
detected field sweep, in Fig. 1. The resonant peaks are broadened, with
a width ~0.1 T; the peculiar structure of the peak when H ||y, dis-
cussed in detail in Supplementary Information, comes from dipolar
interactions. These ESR signals may be understood as follows. The
qubit splitting 24, varies with field as shown in Fig. 1b inset. For fields
H,=95T, H,=0, or H,=113T, H,=0, the electronic spin
Hamiltonian'* for Feg predicts 24,(H )~ 11.5K, equivalent to
our spectrometer frequency of 240 GHz (see Fig. 1 inset), implying
we should see resonance peaks at these fields. These predictions are
reasonably well satisfied in both samples. The discrepancies, discussed
in detail in Supplementary Information, come from two sources: (1)
sample misorientation, and (2) weak departures at high field from the
model Hamiltonian'®*" used to predict the field splitting.

The results of the measurements for each sample, together with the
calculated theoretical decoherence times for Feg, are presented in
Fig. 3. The agreement is very good; we emphasize that apart from
the size of the spin—phonon coupling, which is not known exactly,
there are no adjustable parameters in these fits. The decoherence times
and rates in the experiment range over roughly an order of magnitude,
with a maximum T, = 0.63 ps, corresponding to Q= 1.49 X 10%, at
the lowest temperature we went to.

A number of features should be stressed here. First, notice how
differently the decoherence and the ESR lineshape are affected by
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Figure 2 | Calculated contributions to the decoherence coming from the
coupling to nuclear spins, phonons and magnons. a, The three individual
contributions which sum to give the dimensionless decoherence rate y, = 4/
T,4,, as a function of the qubit splitting in the case H, || x. b, The three
corresponding contributions to the decoherence time, T5. In both panels:

the different environmental couplings. The ESR linewidth and line-
shape are completely dominated by static impurity fields and by the
spatially varying dipolar fields. However the decoherence is completely
dominated, at these high fields, by the phonons and dipolar inter-
actions. At lower fields, the nuclear spin decoherence would also be
important, but its effect on the ESR linewidth would still be negligible.
Note also that whereas the dipolar contribution to the ESR lineshape
depends strongly on sample shape, this shape can only affect the
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brown dashed lines, nuclear contribution (short-dashed brown lines are for the
natural isotopic concentrations, long-dashed brown lines for the deuterated
system); solid lines of different colours, magnon contributions at different
temperatures (shown) from 0.1 to 1.6 K; long-dashed lines of different colours,
phonon contributions, shown for the same temperatures as in the magnon case.

dipolar decoherence near the edges of this line. In the middle of the
line, when the decoherence is coming from molecules near the centre
of the sample where the field is homogeneous, one expects no depend-
ence of the dipolar decoherence on sample shape. This is also what we
found in the experiment.

Second, we emphasize how the experiment tests the phonon and
dipolar contributions to the decoherence separately: they have very
different temperature dependences in the regime covered here, with
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Figure 3 | Measured and calculated decoherence times T, in samples 1 and
2, as a function of temperature. a, Results for H, ||y. Main panel: thin red line
with diamonds, measured using sample 1, H,=9.845T; thin green line with
circles, measured using sample 2, H, = 9.875 T; vertical and horizontal error
bars, standard errors of T, data fits and uncertainty in temperature

(AT = £ 0.05 K), respectively. Thick blue line, calculations including phonon
and magnon contributions, H,=9.5T. Inset: partial contributions calculated

for T, ! (solid line) from magnons (dashed line) and phonons (long-dashed
line), together with the corresponding experimental results for the two samples
(diamonds and circles). The scale on the right-hand side of the main panel
indicates the decoherence Q-factor, Q; = m/yy = nT,4,/h; the right-hand scale
on the inset shows y,. b, As for a, but now for H | . The experimental curves
were measured at H, = 10.865 T (sample 1) and H,, = 11.953 T (sample 2). The
theoretical curves are obtained at H, = 11.3 T.
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phonons dominating below ~1.2K, and magnons dominating at
higher temperature. We find agreement between theory and experi-
ment, with no adjustable parameters, across roughly an order of mag-
nitude in decoherence rate. Thus all decoherence in the experiment
can be accounted for by environmental sources. This implies that we
have no measurable extrinsic decoherence here, either from disorder
or dynamic impurities. Nor do we have evidence for any other con-
tributions, either from “third-party decoherence™, or from any of the
‘intrinsic decoherence’ sources' discussed in the literature.

Third, we note a key difference between the coherence here, which
involves a macroscopic number of qubits excited coherently in a spin
wave, and that in other qubit systems, in which entanglement is
achieved locally, involving just one or a few qubits. The reason we
can do this is because we are dealing with a single crystal.

Last, the present investigation suggests that one can optimize the
qubit decoherence T, and Q-factor Qy, as a function of field and
temperature, using the results plotted in Fig. 2. We see that lower
temperature allows use of a smaller ESR frequency 24,; these two
changes strongly reduce the dipolar and phonon decoherence contri-
butions, giving a large increase in T5, and a somewhat smaller increase
in Q. The optimal decoherence rate comes when the phonon and
nuclear spin decoherence contributions cross (for natural isotopic
concentrations, this is at 24, =~ 2 K), provided also that T<0.13K,
so that the dipolar/magnon decoherence can be ignored. One then
finds that Vo =15X 107, so that Qp=2X 107, corresponding to a
decoherence time T, = 50 pus. However with isotopic substitution of
deuterons in place of the protons, the optimal decoherence time rises
to T, = 500 s, at 24, = 0.8 K= 17 GHz, and T = 45 mK. This corre-
sponds to y;~5X10"® and Q~6X 10". These considerations
show the usefulness of this kind of theory in the optimal design of
spin qubit systems—-notice the crucial importance of controlling the
dipolar interactions between qubits. Notice also that if quantum
mechanics is to be tested on anything but microscopic scales, it will
be essential to continue developing theory and experiment for systems
like the present one, where the environmental decoherence processes
can be understood quantitatively, and where extrinsic decoherence
sources can be largely eliminated.

METHODS SUMMARY

The single molecule characteristics were calculated using previous results for
crystal field parameters™ and for the effect of high field on these'®. Hyperfine
couplings were taken from previous work'®; the spin-phonon couplings were
estimated using standard magnetostriction theory, in the high field regime. The
dipolar fields were calculated numerically, taking into account the unit cell crystal
structure, the sample shape and the field direction, for each sample. The nuclear
spin and phonon decoherence rates were determined analytically, using standard
methods'®", using the previously determined hyperfine and spin-phonon cou-
plings. The dipolar decoherence rate, from four-magnon scattering and decay
processes, was determined numerically, for the given sample shape, field and
crystal lattice structure, using analytic formulas'® for the magnon spectrum and
dipolar coupling functions.

Single crystals of Feg magnetic molecules were synthesized using the method of
ref. 19. Each crystal was indexed and unit-cell parameters were checked to ensure
consistency. Continuous-wave/pulsed ESR measurements were carried out using
the 240-GHz ESR spectrometer at the National High Magnetic Field Laboratory
(NHMFL)*"*, The system consists of a 12.5-T superconducting magnet, a 40-mW
240-GHz source, quasioptics, a superheterodyne detection system, and a *He flow
cryostat. The spin decoherence time was measured by a Hahn echo sequence (t/2-
1-1-T-echo) where the delay 7 is varied*. The magnetic component of the 240-GHz
pulses was perpendicular to the d.c. magnetic field, to generate coherent magnons
in the sample; their duration was adjusted to maximize the echo signals, and was
typically 200-300 ns.
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