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Molecular qubits based on potentially
nuclear-spin-free nickel ionsf¥

K. Bader,® S. H. Schlindwein,” D. Gudat® and J. van Slageren**°

Molecular qubits with the longest coherence times thus far are based on nuclear-spin-carrying central
ions. These nuclear spins can cause quantum state leakage, which is detrimental to quantum algorithm
performance. We present two novel molecular qubits based on potentially nuclear spin-free Ni in the
formal oxidation state 3+. (dao-PPh4)Ni(mnt)o] (Ni-mnt, mnt>~ = maleonitrile-1,2-dithiolate) possesses a
coherence time of up to 38.7 us at 7 K. Functionalization of the dithiolate ligand decreases the coherence
time by a factor of only four in (HNEts)INi(dip),] (Ni-dip, dip>~ = 3-(diphenylphosphoryl)-methylbenzene-
1,2-dithiolate), indicating that monoanionic Ni-dithiolene complexes are promising and robust building
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Introduction

Speeding up computation processes and enhancing the security
of encryption algorithms are major challenges in 21° century
information technology. Quantum computers have been proposed
to be able to meet these challenges. The building blocks of a
quantum computer inherently differ from classical bits in that
they can exist in coherent superposition states. An excellent way of
implementing quantum bits is the utilization of unpaired electron
spins in molecular compounds (molecular qubits, MQB), for
example in transition metal coordination compounds.’™ Here
the electron spin is well protected from environmental influences
and at the same time the qubit’s properties can be tailored by the
choice of central ion, ligand and matrix of the compound. For
successful application in quantum computation, the lifetime of
the qubit’s superposition state (coherence time) must be at least
10000 times longer than the duration of an individual quantum
operation.® For electron spin qubits, superposition states can be
generated and read out by the means of pulsed EPR spectro-
scopy. In EPR a lower bound for the coherence time, usually
called phase memory time (Ty), is obtained. The ultimate limit
of the phase memory time is the characteristic time with which
the molecule exchanges energy with the lattice (T;). Operation
times of approximately 20 ns and phase memory times up to
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blocks for polynuclear molecular qubit gates.

700 ps lead to a figure of merit of 35 000 which demonstrates that
transition metal complexes are highly promising as qubits.>”®
Besides promising one-qubit investigations, also molecular
two-qubit systems have been reported.”™*

A major challenge in implementing MQBs is currently the
identification and quantification of decoherence mechanisms.
In many cases the effects are poorly understood even on a
qualitative level. An important example for this are nuclear
spins in MQBs. Weakly coupled nuclear spins can flip randomly,
leading to decoherence due to nuclear spin diffusion. An elimina-
tion of such weakly coupled nuclear spins in the vicinity of the
electron therefore extends the phase memory time.*">™* Strong
hyperfine couplings can in turn be an asset because it provides
additional spin states which can serve as further qubits or nuclear
spin quantum memories. Nevertheless, strongly coupled nuclear
spins can also enhance decoherence, because hard microwave
pulses of 2-20 ns (with excitation bandwidths of 60-600 MHz that
are comparable to many hyperfine coupling strengths) can induce
spin forbidden transitions, or in other words quantum state
leakage. In addition, the presence of hyperfine coupling to a
nuclear spin causes the electron spins to be distributed over the
available hyperfine levels, decreasing the effective number of
equal MQBs in an ensemble. This has, for example, strongly
deleterious effects on coupling MQBs to superconducting
resonators.”® Therefore, for some applications nuclear spin-
free MQB-centers are required.

Spin 1/2 paramagnetic coordination compounds with nuclear
spin-free central ions can be realized with only very few transi-
tion metals. Commonly used central ions for molecular qubits
such as vanadium- and copper ions have no nuclear spin-free
isotopes.>™ A nuclear-spin-free § = 1/2 ion is Cr(v), but this is a
highly air-sensitive."® In contrast, Ni(m) is often air-stable, and
the low natural abundance of the only magnetically active nickel
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isotope (1.16% for ®'Ni, I = 3/2) renders approx. 99% of all metal
ions spin-free. Therefore, Ni(im) is perfectly suited for construct-
ing truly nuclear spin-free molecular qubits. Monoanionic
Ni-dithiolenes often possess strongly delocalized electronic
structures, where the metal ion has 3+ oxidation state character
17,18 Extensive investigations on these complexes
and especially on [Ni(mnt),]~ (mnt>~ = maleonitrile-1,2-dithiolate)
have been performed because of their interesting conductivity and
magnetic properties in the solid state.'® Several cw-EPR studies
on monoanionic Ni-bis-dithiolene coordination compounds
have been performed, including several spin-lattice relaxation
measurements in concentrated single crystals.”*>* In addition,
detailed ESEEM- and ENDOR-studies have been published on
monoanionic Ni-bis-1,2-dithiolenes in biological systems, where
it plays a crucial role in hydrogenase enzymes.”*>* Furthermore,
for [Ni(mnt),]” salts ESEEM- and ENDOR-measurements have
been performed.”® The coupling to remote nuclear spins in the
ligand (e.g. the "N nuclei in mnt) is very small (A(**N) = 0.94 MHz
and additionally quadrupole splitting of 3P = 2.4 MHz), and the
electron spin is essentially in a nuclear-spin-free environment.'$°
Surprisingly, despite the variety of EPR investigations, no data
on phase memory times in monoanionic Ni-bis-1,2-dithiolene
compounds have been published so far.

Here we present pulsed EPR-investigations of two mono-
anionic Ni-bis-1,2-dithiolene (formal Ni(m)) coordination
compounds. The main objectives in this study were to detect
coherence in formal Ni(m}-compounds and to identify the influences
on dephasing in such new potential MQBs. For these purposes,
we selected two monoanionic Ni-bis-1,2-dithiolenes (Fig. 1):
(d2o"PPh,)[Ni(mnt),], short Ni-mnt, where mnt>~ is maleonitrile-
1,2-dithiolate, and (HNEt;)[Ni(dip),], or Ni-dip where dip®~ is
3-(diphenylphosphoryl)-methylbenzene-1,2-dithiolate. The study
of the latter compound should allow assessing the possibility to
functionalize the molecular qubit (with the aim of developing
two- and more qubit gates) without losing advantageous

to some extent.
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Fig. 1 Structures of investigated complex anions Ni-mnt™ (top) and Ni-dip™
(bottom). Colors: hydrogen - white, carbon - black, nitrogen — blue,
oxygen — red, phosphorous — magenta, sulfur — yellow and nickel — green.
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coherence properties. We demonstrate that substantial phase
memory times are obtained for both compounds.

Results and discussion

The compounds were synthesized according to known
procedures® ° and investigated by the means of pulsed
Q-band EPR spectroscopy (see ESIT). Both compounds are rigid
square-planar bis-dithiolenes.*>*' The Cu(u) analogue of Ni-mnt
was investigated as qubit previously” and cw EPR-investigations
on Ni-dip were reported recently.*>® In the following we investi-
gate the influence of ligand, matrix and measurement tempera-
ture on coherence in the first formally Ni(ur) based MQBs.

Fig. 2 shows electron spin echo detected (ESE) spectra of
Ni-mnt and Ni-dip in frozen solutions (1 mM in 1:1 d,-DCM/CS,)
at 7 K. The chosen solvent mixture displays good solubility towards
the investigated compounds accompanied by a low number of
nuclear-spin-carrying isotopes. The spectral line shapes for both
compounds are indicative of rhombic g-tensors. Fits of the experi-
mental spectra (Tables S1 and S2, ESIt) were performed employing
the Hamiltonian A = ,uBBgS, where g is the g-tensor, ug is the Bohr
magneton, B the external static magnetic field and § the total spin
vector-operator of the compound. The fits yielded the following
principal g-tensor values for Ni-mnt: g, = 1.9935, g, = 2.0404,
&2z =2.1390 and for Ni-dip: g, = 2.0075, gy, = 2.0405, g, = 2.1725
(accuracy of all determined g-values, unless stated differently:
Ag = £0.0005). In both cases, a stronger broadening (g-strain)
along the molecular x- and z-axis compared to the y-axis was
found from the simulations. The observed g-values are typical
for square-planar monoanionic Ni-bis-dithiolenes.>*

The fact that ESE detected EPR spectra can be recorded
demonstrates immediately that both investigated compounds
display measurable quantum coherence. The relaxation properties
of Ni-mnt and Ni-dip were investigated in detail at the field position
of the most intense resonance lines, indicated by the asterisks in
Fig. 2. We performed inversion recovery- and Hahn echo experi-
ments to detect T; and Ty respectively for both compounds at 7 K.
Fig. 3 shows the results including biexponential fit curves according
to the equations I(t) = I, + Arexp(—7/T1¢) + Asexp(—1/Tys) for

1.2

normalized intensity / arb. u.

11.0 115 12.0 125 13.0

Magnetic Field / kG

Fig. 2 ESE-detected spectra (solid lines) and simulations (dashed lines,
parameters see text) of Ni-mnt (top) and Ni-dip (bottom) in 1 mM solutions
(1:1 d>-DCM/CS;) recorded at 7 K. Asterisks mark field position for spin
dynamics measurements, unless stated otherwise.
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Fig. 3 Inversion Recovery (open symbols, top) and Hahn echo measure-
ments (open symbols, bottom) for Ni-mnt and Ni-dip in 1 mM solution
(1:1 d,-DCM/CS,) recorded at 7 K and most intense EPR resonance line
each. Solid lines correspond to biexponential fits, parameters see Table 1.

inversion recovery- and I(21) = I, + A¢exp(—2t/Tf) + As eXp(—27/Tw,s)
for Hahn echo experiments. The indices f and s stand for fast
and slow processes. Usually, the fast process is assigned to
spectral diffusion and the slow process represents the actual
(spin-lattice- or spin-spin-) relaxation.**** T,-times for Ni-mnt
are twice as long as for Ni-dip (Table 1, Fig. S1-54 and Tables S3, S4,
ESIf). We attribute this to the rigidity of the mntligand,***
resulting in fewer low energy vibrational modes compared to the
dip-ligand. The phase memory times of both compounds are very
long. The coherence time of Ni-mnt is 38.7 £+ 0.8 us, which is
similar to many state of the art MQBs.**3* The spin-lattice
relaxation- and phase memory times of Ni-mnt are not orientation
dependent (variation around 10% or less, see Fig. S3, S4 and Tables
S3, S4, ESIT). The coherence time of Ni-dip is almost four times
shorter compared to Ni-mnt. The decrease is likely due to the large
number of protons in Ni-dip (31 H-atoms) compared to Ni-mnt
(fully deuterated, 0 H-atoms). It is gratifying to see that Ty, is still
very long, even in this functionalized MQB. This proves that
monoanionic Ni-bis-dithiolenes are versatile building blocks for
more sophisticated MQB ensembles, e.g. quantum gates. In addi-
tion, in real devices the MQBs will have to be attached to a surface,
e.g. by functionalization of the qubit with a linker, for selective
addressability of the qubits.

In view of the longer coherence time of Ni-mnt and the
availability of a diamagnetic analogue, we elected this compound

Table 1 Relaxation times extracted from biexponential fit of inversion
recovery- and Hahn echo data obtained for Ni-mnt and Ni-dip in 1 mM
solutions (1:1 d,-DCM/CS,) at 7 K at the most intense resonance line. The
same for deuterated and protonated doped solids at 12 227 and 12209 G,
respectively

Compound T, ¢/ms Ty,¢/ms T,/ 1s Tw,s/HS
Ni-mnt sol. 1.6 £ 0.2 8.5+ 0.5 3.7 £ 0.5 38.7 £ 0.8
Ni-dip sol. 0.33 = 0.05 4.04 = 0.06 2.5+ 0.4 1 +£1
Ni-mntg g0, 0.93 & 0.03 4.0+ 0.1  1.109 + 0.004 20.2 + 0.1
Ni-mnt?™, 0.79 £0.06 3.8+ 0.1 7.78 + 0.03%

“ Fit to stretched exponential function with stretch factor k = 1.90 =+ 0.02.
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for further investigations. We probed the coherence properties
in Ni-mnt, o104, Which is a dilute powder of Ni-mnt in the
diamagnetic matrix (d,o-PPh,),[Ni(mnt),], short Ni-mnt®i2,
The ESE detected powder spectrum (Fig. S5 and Table S5, ESIT)
clearly shows two sets of three signals, attributed to two
rhombic g-tensors. A preferential orientation along the mole-
cular y-axis had to be included in the simulation to correctly
reproduce the intensities. In addition, the protonated deriva-
tive of Ni-mnt, 1o, Shows the same pattern with nearly identical
gvalues (Fig. S10 and Table S10, ESI{). These two sets of
resonance lines possibly originate from two paramagnetic
species with similar g-tensors. Similar signal doubling was pre-
viously observed for Ni-dip where the two rhombic g-tensors were
assigned to species with slightly different local geometric
structures.®® This explanation is supported by the fact that the
host and dopant anions have different charges, and therefore a
different number of counter ions, which will lead to local strain.?”
The relaxation times for different orientations in the powder
spectrum are identical within the experimental uncertainty
(variation around 10% or less, see Fig. S6, S7 and Tables S6,
S7, ESIt), which is also found in solution.

We carried out nutation measurements on Ni-mntg y;0, at
the most intense resonance line of the ESE-detected spectrum.
These measurements serve to demonstrate the possibility to
coherently manipulate an electron spin quantum bit. Fig. 4
shows the results for different applied microwave powers on
Ni-mnt ;0.

Furthermore, we investigated the temperature dependence
of the relaxation times of Ni-mnt, o0, (Fig. 5 and Fig. S8, S9,
Tables S8, S9, ESIt). At all investigated temperatures (7-75 K),
we find biexponential inversion recovery curves. At 7 K, T; ~ 4 ms
for the slow process of spin-lattice relaxation which accounts for
approximately 50% of the measured signal. Interestingly, this is
only half of the value detected for Ni-mnt in solution and appears
rather small compared to a literature value of ca. 150 ms for
tetracyanonickelate(m) (measured in a NaCl host lattice at 7 K,
Q-band).>* This suggests that the frozen solution is a more rigid
environment than the doped powder. Presumably, the incor-
poration of Ni-mnt in the lattice of Ni-mnt results in a distorted,
labile environment (see above). Going to higher temperatures,

0.02

0.01

0.00 -

-0.01

Intensity/ arb. units

©  high power |
o low power

-0.02

-0.03

T T T T
0 50 100 150 200 250
nutation pulse length / ns

Fig. 4 Rabi oscillations of Ni-mntg o, recorded at 7 K and most intense
EPR resonance line with different powers of incident MW-irradiation.
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Fig. 5 Temperature dependence of relaxation times in Ni-mntg o;, recorded
at most intense EPR resonance line.

both time constants of spin-lattice relaxation decrease while the
importance of the slow process drops rapidly. At 75 K it
contributes to only ca. 20% of the detected signal, showing a
spin-lattice relaxation time of approximately 5 ps. At 100 K, no
signal could be observed. The temperature dependent behaviour
in the protonated compound, Ni-mnt51s, is almost identical
(Fig. S11, S12 and Table S11, ESIt). The phase memory time in
Ni-mnt, 4,4, is approximately 20 us at 7 K (slow process), which is
ca. 2.5 times longer than in the protonated derivative Ni-mnt51o,
(Fig. S11, S13 and Table S12, ESIt). This is expected because the
gyromagnetic ratio of deuterium nuclei is 6.5 times smaller
compared to protons, leading to less efficient nuclear spin diffu-
sion. The factor that limits the coherence time in Ni-mnt, o0, is
most likely the hyperfine coupling to the deuterium atoms. The
phase memory time of Ni-mnt, , is biexponential up to 50 K, above
that the short process vanishes in the spectrometer noise followed
by the fast process at temperatures above 100 K. At the highest
measured temperature of 100 K - above the boiling point of
nitrogen — Ni-mnt, o; still has a phase memory time of 5.8 ps.

Experimental

Compounds Ni-mnt and Ni-dip were prepared by published
procedures.””*° All measurements were performed on a home-
built pulsed Q-band EPR spectrometer,*® with an Oxford Instru-
ments CF935 continuous Helium flow cryostat. The samples
were filled in quartz tubes, evacuated (powders) or degassed by
three freeze-pump-thaw cycles (solutions) followed by flame
sealing. The measurement temperature was 7 K unless stated
otherwise. In all cases, electron spin echo detected EPR spectra
were simulated with the Matlab toolbox “EasySpin”.>” Unless
stated differently, g-values were determined with an accuracy
of £0.0005; reported values of line broadenings, orientation
distributions and strains are specified without error margins.
Relaxation measurements were performed at field position of
the most intense resonance line, marked with an asterisk in the
spectra, unless stated otherwise. Spin-lattice relaxation was
measured by inversion recovery- and phase memory times via
Hahn echo pulse sequences; both were fitted with exponential
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functions (mono-, bi- or stretched exponentials). Nutation
measurements were performed by applying a variable length
nutation pulse followed by a Hahn echo detection scheme.

Conclusions

In conclusion, we demonstrated quantum coherence in two
nickel coordination compounds for the first time. The investigated
compounds Ni-mnt and Ni-dip show phase memory times of up to
38.7 & 0.8 ps which is comparable to state of the art MQBs. Simple
coherent manipulations were performed, proving the applicability
of monoanionic Ni-bis-1,2-dithiolenes as molecular qubits.
The qubit properties are furthermore robust towards ligand
functionalization and coherence was detected up to 100 K. The
latter may be advantageous in terms of cooling requirements if
a quantum computer operating above the boiling point of
nitrogen can be developed.
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