Manipulation of molecular spin qudits with quantum circuits
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Superconducting circuits are known to provide a good platform to interact and manipulate molec-
ular spin qudits. Here, we use them to characterize two different molecules, a PTMr organic free
radical and a [DyLaDy] molecular trimer, in order to value their viability as a qubit and a qudit
respectively, obtaining improvable results. Moreover, we perform pulse experiments that show the
quality of our resonators, although we did not yet resolve the echo signal from the spin system.

I. INTRODUCTION: BACKGROUND AND
MOTIVATION

One of the main goals in quantum technologies is build-
ing a quantum computer with enough power to perform
large quantum simulations and quantum algorithms to
support material research and solve current NP prob-
lems [1-3]. However, it should contain over thousands
or millions of qubits, the basic logic units of this kind
of computers, due to the complexity of the tasks and
the need of quantum error correction (QEC) to protect
quantum operations from noise [4].

Although there exist other possibilities, like Noisy
Intermediate-Size Quantum devices (NISQs) [5] based on
superconducting circuits [12] or on electron spins in semi-
conducting quantum dots [6] or atomic impurities [7], we
here focus on spin systems in magnetic molecules [8], in
particular in polynuclear complexes containing magnetic
ions. These can include various electronic and nuclear
spins, so they can realize multiple qubits or, in general,
qudits of dimension d > 2 within each molecule. This
opens the possibility of implementing small-scale algo-
rithms, in particular QEC [9], so each molecule could
be used as a logical qubit. In addition to this, they are
characterized for having long coherence times T5 [10] and
good characteristics to integrate them in superconduct-
ing circuits [11].

The crucial challenge of this approach is how to build a
computational architecture that allows performing basic
operations on these molecular qudits and reading out the
results [9]. At the same time, we have to ensure that spin
coherence times remain sufficiently long to perform such
operations. In order to address this challenge, we import
techniques that are being currently used for other solid-
state quantum computing platforms, in particular those
developed for superconducting quantum processors [12].
Circuit Quantum Electro-Dynamics (QED) is based on
coupling artificial atom-like systems (qubits in our case)
to superconducting transmission lines and resonators in
a chip. It provides a powerful platform for controlling,
reading out and communicating different qubit realiza-
tions [13], in particular molecular spin qudits [14].

In this article, we explore the coupling between on-
chip LC resonators and crystals of novel molecular spin
qudits. We have chosen a [DyLaDy] molecular trimer,
where each Dy encodes a qubit in its effective S = 1/2
ground state doublet. Thus, it represents a model two-
qubit system: the local coordinations of the two Dy
ions are slightly different, which makes their magnetic
response also distinct and the two qubits separately ad-
dressable. Compared to previous [Dys] dimers [15], the
insertion of the diamagnetic La ion reduces the qubit-
qubit coupling to take the relevant transitions below 30
GHz. In addition to this, it provides a starting point for a
three qubit system that can be obtained by replacing La
with another magnetic ion. This is the smallest system
for implementing QEC [16].

The coupling Gy of an ensemble of N spins to the
resonator is a crucial parameter, since it determines if
the spin states can be readout by detecting changes in
the circuit resonances [12]. Because of that, measuring
Gy is our first experimental goal. This also provides
direct information on the spin Hamiltonian of a novel
molecule hosting two coupled spin qubits. In order to
understand the underlying physics, we first explore the
spin-photon coupling in the case of model S = 1/2 free
radical molecules and then describe our first experiments
on [DyLaDy]. Finally, we describe our first attempts to
exploit the circuit for controlling the spin states and mea-
suring their spin coherence at very low temperatures.

II. METHODS
A. Experimental methods

Figure 1la shows the molecular structure of the [Dy-
LaDy] trimer. The superconducting circuits used in these
experiments contain several lumped-element resonators
(LERSs), but we only utilized one for each molecular sam-
ple. An image of the crystal deposited over this element,
taken by the ’Servicio de Apoyo a la Investigacién (SAI)’
from the University of Zaragoza, is shown in Figure 1b.
These circuits have been fabricated at the ’Centro de As-



trobiologia’ using maskless UV lithography.

FIG. 1. a) Molecular structure of the [DyLaDy] trimer, where
the green atoms are Dy ions and the red one is La. b) Optical
microscopy image of the molecular crystal deposited over the
superconducing circuit. c¢) Picture of the DR used in our
experiments.

In order to observe the quantum phenomena analyzed
in this article, it is necessary to reach very low tempera-
tures (> 10 mK) and apply quite strong magnetic fields
(<1 T). These two requirements are fulfilled thanks to
the LD250 cryogen-free dilution refrigerator by Bluefors
that hosts a superconducting vector magnet by Ameri-
can Magnetics (Fig. 1c). The signal transmitted through
the device is delivered and picked-up via cryogenic semi-
rigid coaxial wires. Input and output lines are connected
to a Rohde & Schwarz ZVB14 vector network analyser
(VNA), which allows the characterization of electrical
circuits by measuring their effect on the amplitude and
phase of micro-wave (MW) signals.

Lastly, the study of the spin dynamics is feasible using
a quantum control system (QCS), which is a direct digital
conversion architecture for the generation and acquisition
of arbitrarily shaped MW signals used to control and read
out quantum devices. It enables designing and executing
custom pulse sequences, all while automatically ensur-
ing their synchronization down to sub-nanosecond levels.
Our model is a Keysight M9046A high-power PXIe cha-
sis. All the measurements have been automatised thanks
to a control software managed by Python.

B. Theory methods

Albeit Dy?* free lanthanide ions are characterized by
a large angular momentum J = 15/2; its interaction with
the crystal field created by its coordination shell in the
molecule gives rise to a ground doublet that we can ex-
press with an effective spin S = 1/2. Thus, the simplest
Hamiltonian that describes our two-spin system is given

by [16]
Hs = upBg1Si + ppBgaSs + S1J125: (1)

consisting of the electron Zeeman interaction of each ion
i = {1,2} with the external magnetic field B, character-
ized by the g; tensor, and the spin-spin interaction, medi-
ated by the J;; tensor. For simplicity, we have neglected
the hyperfine interaction of the Dy isotopes with I; # 0.
It is important to highlight the fact that the anisotropy
generated by the metallic ion’s environment is included
in the main values of the g; tensor and that the J;; ten-
sor does not introduce new degrees of freedom. Since it
is mainly dominated by dipolar interactions, it can be
calculated as Ji; ~ [gi - G5 — 3(Gi - 745) (Fij - 35)] W /755

If we now consider that our spins are coupled to a
superconducting circuit, the total system is described by
the Jaynes-Cummings Hamiltonian

7:lT = 7:[5 + 7:lp + 7:lsp (2)

The first new term H, = hw,(t)(1/2 + ala) represents
the photon field of variable frequency w.(t) = wg + 6(t),
where a and a are the creation/annihilation operators
that satisfy [af,a] = 1. The last term Hg, models the in-
teraction between a N-spin ensemble and a MW photon.
It can be expressed by the Holstein-Primarkoff transfor-
mation

Hsp = >, hG; (ewﬂ'aj- + h.c.) (al +a) =
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where G is the coupling to each individual spin and bt
the collective operator defined as
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that also satisfies the bosonic relation [bf,b] = 1 in the

low-polarization limit and Gy = VNG2 is the effective
coupling constant.

Supposing that we are in weak coupling regime and
close to a spin transition, the transmission of the res-
onator in the superconducting circuit can be modeled as

Ax
K+i(fsi—f)

where A is the visibility of the resonator, fg; is the fre-
quency of the i-th resonant spin transition and « is the
effective resonator broadening, which depends on the in-
trinsic circuit line width xg and on the resonant absorp-
tion of MW photons by the spin system. It can be written
as

t=1|1—¢"

(5)

K = Ko + Z G?V,ﬂi ©)
’ i (Gefs,itBBr —wyp)? + 72




with Gp,; the collective spin-photon coupling at each
transition i, geyrs,; its effective Landé factor and +y; the
spin global decoherence rate, which includes all the dis-
sipating effects. It is related to the width of spin energy
levels. For simplicity, we will consider v; = v = 1/T5.
After characterizing our hybrid system, the next step
should be applying time-resolved MW pulses to a) mea-
sure the Tb and characterize the spin coherence of our
molecules and b) perform simple operations to test the
viability of our proposal as a two-qubit system [17].

III. RESULTS

A. Spin-photon coupling for model S =1/2 free
radical molecules

In order to get a deeper understanding of all the con-
cepts introduced previously, we are going to study first
the simplest situation: a S = 1/2 organic free radical.
This system can be achieved just by trapping a single
electron in a molecule, a PTMr in this case (Fig. 2a).
The spin Hamiltonian expressed in (1) gets reduced to
just one electronic Zeeman interaction term

7:157PTMT = —gﬂBé : § (7)

where g ~ 2 is now isotropic. Moreover, using the ro-
tational wave approximation, the spin-photon coupling
term gets transformed to

Hsp prare = Gn(6Fa+6-a™) (8)

with Gy the spin-photon coupling constant. It can be
shown that the eigenvalues of the total Hamiltonian are
then

EE —wn+ %(5 + /AGn + 7) )
where n is the number of MW photons and 6 = gugB —
wy- is the detuning between photon and spin excitations.

Using the equipment described in Section IT A, we mea-
sured the line transmission at 7' = 8 mK and different
power values. This very low-temperature regime allows
us to associate the transmission dips with the resonant
spin excitations. Figure 2b shows an example of the data
collected, where we distinguish a central valley whose
center evolves with B and even disappears for certain
magnetic field values. This is related to the spin-photon
coupling: when we increase B so that § — 0, the dif-
ference between E; and E,; in (9) starts to grow, being
the maximum at § = 0. In this case, both energies are
associated with entangled light-matter states and their
difference enable us to calculate G . Supposing n = 1
due to the low powers, we can estimate the coupling de-
pendence with power.

This is represented in Figure 2c, where we can highlight
two different aspects. The first one is the tendency to a
constant value when the input power gets reduced. This
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FIG. 2. a) Molecular structure of the PTMr molecule, where
the red dot indicates the free radical. b) 2D plot of the line
transmission measured at 7' = 8 mK and P = —90 dBm, with
the magnetic field applied along the z axis. c¢) Dependence
of the coupling constant Gn with the input signal power. d)
Absorption spectra for different signal powers.

can be explained by the fact that we have supposed a low
power regime (n = 1) and this holds true as long as we
do not increase it to high values. This limit breaks down
when P > —85 dBm, where we can suppose that n > 1,
so the coupling constant G must decrease in order to
fulfill AEF = 2G/n. However, for small powers, we can
assume G = (1.04£0.1) MHz. The second aspect is related
to the uncertainty of the measures, which are quite big in
because of the difficulty to resolve the beginning of each
energy line.

If we focus on the transmission, knowing that it must
follow (5), we can obtain & in order to estimate the ab-
sorption of the spin system. The dependence of k on B
for different powers is plotted in Figure 2d, where the fit
could not be done for values of field where the coupling
becomes so high that the transmission disappears and
the weak coupling approximation is no longer applica-
ble. We observe that the absorption increases with lower
powers, which is related to the saturation of the system:
if we transport a reduced amount of photon through the
transmission line, a bigger fraction of them will be ab-
sorbed by the system in order to get excited, because of
the fact that the system can absorb a finite number of
photons per time unit.

Assuming that the fitted points correspond to the weak
coupling regime, we use (6) to estimate the coupling con-
stant G = (1.2 + 0.4) MHz, which agrees well with the
results shown in Fig. 2c. The spin line width v = (12+9)
MHz, which implies T3 = (80+£60) ns. The uncertainties
are telling us that this method is not optimal to obtain
the parameters, due to the initial supposition that we are
working in weak regime. In the future, we shall apply a
more general fitting method, one that is not based on the
assumption of weak coupling.



B. Coupling of a DyLaDy single crystal to an LC
superconducting resonator
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FIG. 3. a) 2D plot of the line transmission measured at
T = 20 mK and P = —70 dBm, with the magnetic field
applied along the z-axis. b) Absorption spectrum for differ-
ent temperatures. ¢) Numeration of transitions in the 7' = 20
mK absorption spectrum. d) Energy level scheme with the
location of the observed transitions.

Once we have seen the measurement and analysis pro-
cedures, we conduct the same experiment with the [Dy-
LaDy] molecular trimer. The low visibility of this res-
onator required the application of a P = —70 dBm input
power to resolve the resonance peaks from noise. We
performed transmission measurements for three different
temperatures, T' € {20,100,500} mK, in order to dis-
criminate spin absorption peaks arising from the ground
or from excited states. An example of these measure-
ments is shown in Figure 3a. We distinguish a transmis-
sion peak, characteristic of the LER resonance, whose
central frequency decreases with B. Contrary to the
PTM (Fig. 2b), this evolution is continuous, so we can
guarantee that the spin-photon coupling remains within
the weak regime at any B.

Fitting the data with (5), except in the range B €
[400, 430] mT due to the change in the transmission given
by the VNA, we obtain the absorption spectra shown in
Figure 3b. This plot shows the influence of the temper-
ature: the spin resonance peaks tend to be more intense
for lower temperatures. This is because the population of
the spin levels declines with the spin thermal agitation,
which increases with the temperature, so there are less
spins that can get excited by absorbing a photon.

Using the spectrum obtained at 7' = 20 mK because of
its higher contrast, we can recognize several transitions,
each of them associated with a peak in the absorption.
Marked in Figure 3¢, we can fit each one to (6) in or-
der to obtain the coupling constant Gy ;, the effective
Landé factor g.syr; and the spin global decoherence rate
. In all cases, we got v = (5 £0.2) GHz, which leads to
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T3 = (0.240.008) ns, a very poor result for a qudit can-
didate. This large spin line width might be dominated by
crystal imperfections, which give rise to multiple orienta-
tions of the spin anisotropy axes. Besides, Gy ; and gy s
depend on the transition, with values that are contained
in Gn; € [70,110] MHz and ges; € [1.9,2.3].

The locations of the transitions can be used to esti-
mate the §; tensors in (1). In first approximation, we
can suppose that they are proportional to those found
for the Er3* ions (also with J = 15/2) in the analogous
[ErCeEr] molecule [16]. Then, we can modify this degree
of freedom in order to take the resonant transitions (given
by AE = 8 GHz, the main frequency of the photons) in
the observed fields. The best fit is shown in Figure 3d,
where we can only situate correctly the two first ones.
This result indicates that the tensors of this molecules
are not simply related to the ones in [ErCeEr]|, which can
be explained by the influence of the presence/absence of
the central magentic ion.

C. Spin dynamics with time-resolved pulses on free
radical molecules
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FIG. 4. a) 2D plots of the line transmission measured during
the application and removal of a 1 us long microwave pulse at
B =0 mT (left) and B = 224 mT (right). b) 2D plots of the
line transmission measured during the two-pulse sequence at
B =224 mT.

We have already characterized the spin system in the
stationary state of a S = 1/2 molecule and of our target
molecule. The next step is then studying the spin dy-
namics in order to evaluate its viability as a qudit. With
this aim, we start with the first molecule, the PTMr.

The first element to portray is the dynamics of the
resonator charging and discharging, which depends on
the photon life times. For this purpose, we measure the
transmission during the application and removal of a 1 us



long MW pulse using the QCS. Figure 4a shows a com-
parative at B = 0 m'T, when there is no coupling with the
spin system, and at B = 224 mT, when § — 0 for this
resonator. In the stationary state, the spin-photon cou-
pling leads to a shift in the resonator frequency and in-
creases the resonator width. These results confirm those
already measured with the VNA. However, here we see
that the coupling also modifies the photon dynamics: for
photons decoupled from the spins ¢; ~ 10 ns, whereas
t; becomes much shorter, < 1 ns when the magentic
field puts the spins in resonance with the circuit. This
fast decay ensures that the spin echo signal does not get
obscured by the signal associated by the photon decay,
which is a desirable characteristic for these experiments.

Succeeding in this aspect, we attempt to perform a
two-pulse sequence in order to measure the Hahn echo
[17]. Choosing a 500 ns (F) pulse followed by a 1 us ()
pulse separated by 7 = 1pus, it is expected to measure
a signal after a time 7 after the termination of the sec-
ond pulse. Unfortunately, we had been unable to resolve
the spin-echo signal yet, as can be seen in Figure 4b. Al-
though this can be related to the number of excited spins,
then with the intensity of the pulses, it is a problem we
are currently working in.

IV. CONCLUSIONS AND OUTLOOK

In a general view, we have corroborated that supercon-
ducting circuits provide a good platform to interact with
molecular spin qubits and qudits. For the first case, we
have use a PTMr and we have seen that it has a strong
coupling with the resonator, characterized by the split-
ting of the MW transmission lines. The dependence with

input power has allowed us to estimate the spin-photon
coupling constant in the single-photon limit. The evolu-
tion with magnetic field enabled us to determine the spin
line width, which parameterizes the spin decoherence.

For our target molecule, the [DyLaDy] trimer, we have
determined experimentally the presence of multiple spin
resonances, arising from its more complex spin level spec-
trum. We find that the effective g-tensors differ from
those previously found for an analogous [ErCeEr] molec-
ular trimer, likely on account of the different nature of the
Dy magnetic orbitals and the absence of a central mag-
netic ion. Additional experiments are planned in order to
characterize it, such as electron paramagnetic resonance,
heat capacity and magnetic susceptibility. Besides, we
find that the spin line widths are quite large, pointing to
the presence of sizable crystal defects. X-ray diffraction
experiments will be performed in order to find out the
structure of the sample used in these experiments.

Finally, we have started with pulse experiments on the
model PTMr sample in order to set-up the conditions
(chip design and pulse sequences) needed to control and
detect its coherent spin dynamics. Although we have
been able to characterize the photon life times in the bare
resonator and in the coupling regime, getting promising
results, we could not yet detect the Hahn echo after a
two-pulse sequence due to the high noise to signal levels.

Further work will allow us to enlarge the SNR in the
pulse experiments so as to resolve the echoes and to fully
characterize our trimer and its spin global decoherence
time constant, which will determine its viability as a qu-
dit. If so, pulse experiments will be performed in it with
the aim to find the optimal parameters for applying quan-
tum gates.
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