EPR SPECTROSCOPY
Electron Paramagnetic Resonance for Quantum
Information Science

Innovation with Integrity

Quantum computing promises to expand the frontiers of modern science by opening the doors to calculations
practically impossible for classical computers. Quantum technology is made possible by the quantum bit (qubit), which
takes advantage of the superposition of a two-level system, such as an electron or nucleus. In recent years, there

has been an increased focus on molecular systems as candidates for qubits and eventual implementation in quantum
technologies. Molecular spin qubits have the advantage of being tunable via chemical synthesis methodologies. The
molecules can be rationally designed to possess ideal qubit properties and then scaled for Quantum Information
Science (QIS) applications. Electron-spin based qubits can come in the form of transition metal ions, rare-earth metals
(Lanthanides), organic radicals, and photoexcited state systems. One of the most highly-suited methods for studying
the properties of electron-spin based qubit systems and manipulating them is Pulse Electron Paramagnetic Resonance
(EPR) spectroscopy.!
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Figure 1: lllustrations comparing a classical bit to the qubit. The qubit can sample a large conformational space of the Bloch sphere (center), resulting in extreme-

ly enhanced performance compared to its classical counterpart.



Probing Relaxation Times with Pulse EPR: Coherence Time and T, Measurements

The chief figure of merit for a prospective qubit is the coherence time, also known as the spin-spin, transverse or T,
relaxation time. It defines the length of the superposition state where phase information is stored before being lost to
decoherence (the loss of coherence) mechanisms. Measurement of the qubit coherence time is easily achieved with
Pulse-EPR through use of the Hahn echo decay pulse sequence (Figure 2). The echo intensity decays over time as the
magnetization in the transverse plane disappears, and the resultant time domain trace can be fit to yield the coherence
time of the qubit. The spin-lattice or longitudinal relaxation time, T,, which is the measure of the time it takes for an
inverted spin to return to thermal equilibrium, is also of importance when studying qubit candidates. T, defines the
fundamental upper limit of T, and provides evidence for sources of decoherence as well. T, is typically measured

with an inversion recovery sequence (Figure 2). The time domain data from this experiment is representative of the
longitudinal magnetization recovering after an inversion.
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Figure 2: Common microwave pulse sequences used in EPR for measuring relaxation times of qubits. a) Echo Decay (T,), Inversion Recovery (T,), ¢
Dynamical Decoupling with CPMG (T,). In the CPMG sequence, a large train of 7 pulses are applied after the 1/2 pulse before detection of the echo. d)
Representative time domain data after application of an echo decay sequence (intensity in arbitrary units, A.U.). e) Representative time domain data after
application of an inversion recovery sequence (intensity in arbitrary units, A.U.).

T, times are typically much longer than T, for a given paramagnetic species. However, if the T, times are very long, it
shows that the T, can be improved. A popular technigue for extending the coherence times is through the dynamical
decoupling method. This is typically achieved using a Carr-Purcell-Meiboom-Gill (CPMG) sequence. CPMG can eliminate
the contributions to decoherence by phenomena such as nuclear spin diffusion or spectral diffusion.

Nodaraki et al. show a nice example of these experiments in studying potential qubit systems. They synthesized a La(ll)
based qubit (Figure 3) that showed large s-orbital mixing character with the singly occupied molecular orbital (SOMO).
This results in a larger hyperfine coupling of the single unpaired electron spin to the La(ll) nucleus and enhanced
relaxation properties of the system. They measured very long coherence times and T,'s based on the echo decay and
inversion recovery data at temperatures ranging from 5 K to 80 K. As expected, the relaxation times should shorten at
increasing temperatures.
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Figure 3: Structure of La(ll) complexes (1, 2 and 3) with
varying ligand composition. These complexes are qubit can-
didates for quantum computing applications. Reproduced
from Ref [2] in accordance with CC-BY 4.0 license.

With T,’s on the order of milliseconds (ms), there is room for improvement for T, as oftentimes the T, is limited by T..
CPMG was used to extend the coherence time of the Lal(ll) qubits across a temperature range. An astounding value of
161 microseconds (us) was measured for the T,“™¢ at 5 K and was able to be measured up to 80 K.
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Figure 4: Echo decay and inversion recovery data (a) for complexes 1, 2 and 3 as referenced in Figure 3. CPMG data is also shown (b), displaying the largely

extended coherence times of complex 3 molecular qubits. Reproduced from Ref [2] in accordance with CC-BY 4.0 license.



Hyperfine Spectroscopy as a Method for Determining Sources of Decoherence

Hyperfine coupling, the interaction of an electron and nuclear magnetic moment, is a notorious contributor to
decoherence in qubits. In the present case, the hyperfine coupling to the La(ll) nucleus actually improves the coherence
properties due to the mixed s-orbital character of the d ? orbital, which is the SOMO for these complexes.? In the
design of molecular qubits, it is advantageous to devise schemes that involve nuclear spin-free ligands or at minimum
introduce weak hyperfine coupling, though this can be difficult. The presence of hyperfine coupling in a sample can be
detected in molecular qubits when measuring the coherence times via the echo decay experiment. Oscillations may be
present in the time domain trace, indicative of electron spin echo envelope modulation (ESEEM); a phenomenon that
arises when the electron spin is coupled to nearby nuclear spins. To directly detect hyperfine couplings, several pulse

EPR techniques exist.

The Hyperfine Sublevel Correlation (HYSCORE) experiment is an efficient single-frequency technique that can be used
to separate weak hyperfine couplings from multiple sources (i.e. hetero-nuclear systems). This is nicely displayed by
Nodaraki et al., where HYSCORE determined the contributions to the hyperfine coupling of the single unpaired electron
from the La(ll) centers to 'H, *C and ?°Si (Figure 5). The ligand character and s-orbital mixing character was assessed

in each of the proposed La(ll) qubit complexes and then correlated to the coherence times observed for each La(ll)

complex.
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Figure 5: Experimental HYSCORE data (multi-color) with respective model-based simulations (red) of the following: 2°Si region for 1 at g, (a), '°C region of
1atg, (b), °C region for 2 atg, (c), *C region of 3atg, (d), 'H region of 1atg, (e), H region of 1at g, (f), 'H region of 2 at g, (g), and 'H region of 2 at g,
(h). Reproduced from Ref [2] in accordance with CC-BY 4.0 license.



Coherent Manipulation of Molecular Qubits: Transient Nutation

Coherent manipulation of the electron spin

(a tv_vo-Iev_e_I system) qubit demonstrgtes the s RI/Z T Echo
qubit’s ability to be placed in any arbitrary

superposition of its quantum states. In Pulse
EPR, this is readily achieved through the
transient nutation experiment for observation
of Rabi oscillations (Figure 6). An initial tipping
pulse is applied and lengthened in time
followed by an echo sequence for detection. Figure 6: Microwave pulse sequence used for transient nutation of molecular electron
The desired result is an oscillatory behavior spins qubits for observation of Rabi oscillations.

of the echo intensity that is of Rabi type,

meaning it scales linearly with the microwave

field strength, B,.

Rabi oscillations should be observed in any prospective molecular qubit. Organic chromophore
systems have amassed considerable interest as potential qubit systems due to their ability to
be optically initialized in a well-defined state. Manipulation of paramagnetic excited-state sys-
tems can be achieved with transient pulse EPR (TrpEPR). A sample in the resonator is excited
via a laser and subsequently the laser triggers a transient recorder to collect the information
from the photogenerated species if it is paramagnetic. This enables all pulse experiments to

be performed on the photoexcited molecule to collect information about the type of excited
state present (doublet, triplet, quartet, etc.), the relaxation properties, and if the system can

be coherently manipulated. In this example, work by Maylander et al. assesses a series of
PDI-trityl dyads (Figure 7), which forms a stable quartet excited state under laser excitation. The
chromophore molecule (perylene diimide) is linked to a stable trityl radical via either a phenyl or
biphenyl linker.
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Figure 7: Structure of perylene diimide (PDI) linked to the stable trityl radical via a phenyl group (top) or biphenyl group
(bottom). Reproduced from Ref [3] in accordance with CC-BY 4.0 license.



With transient pulse EPR (TrpEPR), the researchers were able to assess the viability of the PDI-trityl dyads as qubits for
quantum sensing applications. The pulse EPR field sweep (Figure 8, left) shows either enhanced absorption or emission
as the magnetic field is swept, providing a polarization pattern that provides a means to identify the photo-generated
species. Simulation of the data in EasySpin software indicates that the spectra belongs to a stable quartet species.

The nutation experiment is then performed at different magnetic field values in order to access the available transitions
of the quartet state (Figure 8, center). The resulting data is a time domain trace with oscillatory behavior due to the spin
system flipping between the states. For the oscillations to be of Rabi type, there must be a linear relationship between
the Rabi frequency and the square root of the microwave power being used. Therefore, the experiment is performed at
various microwave powers as shown in Figure 8 (right). The time domain trace can then be Fourier transformed to obtain
the frequency domain representation, which gives the Rabi frequency (Q,).
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Figure 8: TrpEPR spectra of PDI-ph-trityl (top, left) and PDI-biph-trityl (bottom, left). Transient mutations are shown (center) for each set of transitions of
the quartet excited state with their respective Fourier transforms. The Rabi oscillations are shown at different microwave powers for PDI-ph-trity! (right).
Reproduced from Ref [3] in accordance with CC-BY 4.0 license.

The researchers indicated a linear relationship with Rabi frequency and the square root of the microwave power was
observed, indeed proving the presence of Rabi oscillations for the quartet state of the dyads. Having information about
the T, and the Rabi frequency also allows for calculation of Q,,, described by the equation Q,, = 2Q_T,. This figure of
merit demonstrates the number of possible coherent single-qubit NOT computational operations.? The combination of
optical initialization, appreciable coherence times and demonstrable coherent control of the quartet spin states make
the PDI-trityl dyads and similar compounds promising candidates as qubits for quantum sensing.



Quantum Logic Operations with EPR:
Executing One- Two-Qubit Gates

In order for qubits to be implemented into
devices, the qubits must realize a universal o N7
set of quantum logic operations; single

qubit gates, entangling gates, and quantum O

Iz

state tomography.* Gate operations on a
qubit can be viewed as rotations on the //
Bloch sphere, and researchers working with

molecular qubits are exploring the capability O

of pulse EPR toward this effort. Single-

qubit gates such as the X, Y, or Z gates O

AN

ZT

(also known as the Pauli gates) are readily
achievable with simple pulse sequences.
Two-qubit and entangling gates are more N o)
complicated but have been demonstrated

on a few systems (Figure 9). Recently, work
by Little at al. performed qubit gates on a
bis-nitroxide model system using the Bruker
E580 spectrometer in combination with the
Spindet Arbitrary Waveform Generator (AWG)
(Figure 10). The AWG allows for shaping of
pulses and applying frequencies offset from
the carrier frequency. This enables double
frequency experiments. Entangling gates on
the qubit model was achieved by the double-
frequency Hahn echo (DFHE), a method
derived from NMR, followed by quantum
state tomography by the 5-pulse DFHE-
DEER-Assisted-Tomography (5P-DFHE-
DEERATom) sequence to determine the
density matrix of the system and test the
fidelity of the employed entangling gate
(Figure 11). Though the gate fidelity was not
very high, it shows the potential for pulse EPR  SpinJet (top).
in performing gate operations and provides

building blocks for future studies.

Figure 9: Bis-nitroxide compound used as a model qubit for performing quantum gate
operations. Reproduced from Ref [4] in accordance with CC-BY 4.0 license.

Figure 10: The Bruker SuperX-FT microwave bridge (bottom) with its dedicated AWG, the
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Figure 11: Pulse EPR sequences used in the study of Ref 4. The DFHE was used as the entangling gate for the qubits, while the 5P-DFHE-DEERATom
sequence was used to determine the density matrix. Reproduced from Ref [4] in accordance with CC-BY 4.0 license.



Summary

Quantum technologies have the potential to

change the scientific world as we currently

know it. It is imperative then to utilize tools p—
that enables us to explore the quantum
properties of matter and how they may be
suitable for Quantum Information Science
(QIS) applications. EPR spectroscopy is a
powerful tool in the study of electron spin-
based molecular qubits as shown with HH
several examples in the literature. With Pulse | .
EPR, one can perform experiments to: ‘

RUKISER:

= Determine the relaxation times, T, and T,
of the system,

= Probe interactions of the qubits with its
local environment, such as hyperfine
coupling

= Detection of Rabi oscillations through the
transient nutation experiment

= Execute quantum logic operations with
specially designed pulse sequences.

Figure 12: The Bruker ELEXSYS E580 FT-EPR Spectrometer

Bruker’'s ELEXSYS series of FT-EPR spec-
trometers allows for seamless execution of
these experiments with accuracy and preci-
sion (Figure 12). Along with Bruker's highly
qualified team of application scientists, users
of our equipment are set up for success in
QIS research with world-leading technology
and expert assistance.
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