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Thin film deposition of molecular quantum bits may further their
integration into devices. Current electron paramagnetic resonance
equipment is ill-suited for thin film investigations of spin dynamics.
We present a 35 GHz Fabry—Pérot resonator enabling such mea-
surements and demonstrate its use in the study of different mole-
cular quantum bits.

Molecular quantum bits (qubits) are promising building blocks
for quantum technologies, including quantum sensing and
quantum information processing.'™ Their main advantages
include excellent tunability through chemical synthesis, as well
as the possibility to position them in regular arrays with atomic
precision. One of the main quality criteria for quantum bits is
their quantum coherence time, i.e., the lifetime of an arbitrary
superposition state of the two (or more) levels defining the
quantum bit. During the past decade, coherence times have
increased from hundreds of nanoseconds to just shy of a
millisecond.>” Measurements were largely performed on dilute
frozen solutions or doped powders of the compounds.’™ Local
addressing of molecular qubits in quantum information pro-
cessing will require depositing them in two-dimensional
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i BDPA (o,y-bisdiphenylene-B-phenylallyl), PMMA (poly(methylmethacrylate)),

H,Pc and CuPc were obtained from commercial sources and used as received.

Thin films of BDPA in PMMA were prepared by spin coating from toluene at

1200 rpm. Thin films of CuPc:H,Pc were prepared by thermal vapour deposition.

Film thicknesses were determined by means of AFM measurements (Fig. S21-S31,

ESIf). Resonators were characterized by means of an Anritsu ShockLine

MS46322B vector network analyzer. Pulsed Q-band EPR measurements (vyw =

35.000 GHz) were performed on a homebuilt spectrometer®® equipped with an

Oxford Instruments CF935 continuous flow Helium cryostat. Electron spin echo

detected EPR spectra were simulated with the Matlab toolbox “EasySpin”>° (see

also Fig. S19 and S20, ESIT). Microwave simulations were carried out by means of

CST Microwave Studio.
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Fig. 1 Simulations of microwave magnetic field strength distributions for
a Fabry—Pérot resonator (TEM002 mode, left) and cylindrical resonator
(TEO11 mode, right) made out of brass.

arrays,® whereas (porous) thin films may be used for quantum
sensing of analytes."® Conventional EPR cylindrical or rectangular
resonators have prolately shaped microwave magnetic field distri-
butions (Fig. 1, right), poorly suited for thin film investigations.
Consequently, thus far, spin dynamics measurements of thin films,
including the determination of phase memory or quantum coher-
ence time have been carried out either ex situ by dissolving the
films," or by cutting thin films on flexible substrates into pieces so
that they fit into standard electron paramagnetic resonance (EPR)
tubes."""* Both are rather unsatisfactory and do not allow moving
forward towards device application.

To remedy this situation, we have constructed a new micro-
wave resonator of the Fabry-Pérot type, which we present here
(Fig. S1 and S2, ESIt). It allows measurement of thin films without
the need of post-processing the films (such as cutting) and are
fundamentally compatible with measurements on devices, as well
as measurements in ultrahigh-vacuum (for ultraclean film deposi-
tion) and in gas flows (for quantum sensing).

Fabry-Pérot resonators (FPR) are open resonators that consist
of two parallel mirrors that can be plane or concave. They are
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ubiquitous in optics and, e.g., an essential part of many lasers.
FPR have found application in high-frequency EPR,"*™*° but
have been little used at conventional frequencies.”® Microwave
simulations revealed that by using a flat bottom mirror and a
concave upper mirror, coupling to a rectangular Q-band wave-
guide, typical Fabry-Pérot modes TE00q can be excited at
Q-band frequencies of ca. 35 GHz (Fig. 1, left). By changing
the intermirror distance, the resonator can be tuned to the
desired TEOOq mode. These modes possess oblate microwave
field distributions with excellent magnetic field (B;) homoge-
neities in the plane of the bottom mirror (Fig. 1 and Fig. S3,
ESIY). The B;-direction is in the plane of the bottom mirror and
given by the orientation of the rectangular waveguide. With the
external magnetic field B, of an electromagnet also in the plane
of the bottom mirror, both parallel and perpendicular EPR
measurements are thus possible. A tunable FPR that follows
this design was manufactured out of brass (Fig. S1 and S2,
ESIY). No variable coupling means was implemented, because
pulsed EPR measurements are typically performed under over-
coupled conditions and a means to critically couple the reso-
nator is not essential. We designed the iris in a way that
overcoupling is assured for the TEM modes inside the FPR.

The FPR was characterized by using a vector network analyzer
(Fig. sS4, S5 and Table S1, ESIt). The unloaded Q-factor of a
resonator is only limited by the finite conductivity of the resonator
walls and by dielectric losses, and was found to be Q = 5560 for the
TEMO002 mode and largely temperature independent. When
inserted into an external circuit, the resonator experiences its
influence leading to a lowering of the apparent Q-factor (loaded
Q-factor). This can be characterized by measuring the complex
input reflection coefficient S;;.>' In a polar plot (Smith chart), the
result is a so-called Q-circle (Fig. S4, ESIt), where the diameter d
of the circle allows determination of the coupling factor x as
Kk = (2/d — 1)~ ". The reflection data can be linearized and fitted
with a straight line to obtain the loaded Q-factor (Fig. S5, ESIT).*!
In the case of our FPRs we found that the coupling coefficients were
between k = 0.93 and k = 3.87, and the loaded Q-factors between
Qioaded = 404 and Qjpageq = 1142 for the different modes (Table S1,
ESIT), indicating that the FPR is overcoupled (x > 1) for most
modes. For pulsed EPR measurements, overcoupling is essential to
limit the instrument deadtime due to cavity ringing.”®> These
Q-factors are quite comparable to those found for the cylindrical
resonator (CR) also used in our laboratory (Qjoaged = 900).

For a first comparison of the FPR and CR, we used a sample
of 0.1% [Cu(dbm),] in [Pd(dbm),] (Hdbm = dibenzoylmethane),
which was previously studied by us.>* The echo-detected EPR
spectra obtained by measuring the echo intensity of a conven-
tional Hahn echo sequence (n/2-7-n—-echo) as a function of B,
(Fig. S6, ESIT) are essentially indistinguishable from each other,
demonstrating the good performance of the new FPR resonator.

By changing the distance between the two mirrors of the
FPR, four different EPR-active modes can be excited. We have
investigated these different modes by means of Hahn echo
measurements on a disc shaped sample of 5 weight% of the
stable BDPA-(a,y-bisdiphenylene-B-phenylallyl-) radical in poly-
styrene (5 mm diameter, 0.1 mm thick). Interestingly, the echo
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Fig. 2 Rabi oscillations (symbols) recorded on a 5 mm diameter 0.1 mm
thick sample of 5 wt% BDPA in polystyrene by means of nutation mea-
surements (tp,—1/2—-1—-n—1—€cho) for the first mode (upper, left), second
mode (upper, right), third mode (lower left), and fourth mode (lower right)
at ambient temperature. The solid lines are simulations according to the
procedure outlined in the text. The maximum duty cycle of the microwave
amplifier does not allow for longer nutation pulses.

signal intensity as a function of mode number (1 corresponds
to shortest intermirror distance) is not monotonic (Fig. S7,
ESIt). In addition, the Rabi oscillations observed in nutation
measurements at room temperature decay much more quickly
for first three modes compared to mode 4 (Fig. 2) In mode 4,
the decay is essentially given by the phase memory time of the
sample (Ty; = 650 ns). Rabi oscillations with decay times shorter
than T\, are often observed in practice. This prompted us to
investigate the nature of these modes further by means of
microwave simulations (Fig. S8-S15, ESIT). It turns out that
the first three modes are TEM modes mixed with TM modes.
This leads to a much reduced microwave field strength homo-
geneity at the position of the sample. In contrast, mode 4 is
essentially the TEM002 mode which has a much better field
homogeneity. To elucidate the different Rabi oscillation decay
behaviour, we sampled the B, field calculated by microwave
simulations for all modes at many (~ 10) points at the sample
position, calculated the local nutation frequency according to
Onue = g-1e-B1/h (for S = 1/2) and simulated the effect of the
nutation pulse by summing up all contributions. The result is

This journal is © The Royal Society of Chemistry 2019
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astoundingly close to what was measured, suggesting that B;
inhomogeneity is the main cause of rapid Rabi oscillation
decay here and by extension potentially also in measurements
carried out with conventional pulsed EPR resonators.

In a next step we were interested in the absolute sensitivity
that can be achieved with the FPR. To this end, we prepared
PMMA films of various thicknesses doped with BDPA. The echo
detected spectra (Fig. S16, ESIT) show that the absolute spin
sensitivity is better than 10" spins per G for 200 shots per
measurement point. This number of spins corresponds to an
array of 3 x 10° by 3 x 10° spins, which for a 1 x 1 nm
molecular size is roughly around 3 x 3 mm, i.e. much smaller
than the volume of the FPR microwave modes. Consequently,
we could in principle measure monolayers of molecular quan-
tum bits. This is in spite of the fact that the absolute spin
sensitivity is inferior to that of our CR as the conversion factor ¢
(which connects microwave power with the magnetic field) of
our FPR is only half as large as that of our CR (FPR: 1.8 G/W°”®
CR: 3.7 G/W’?®). However, the larger mode volume of the FPR
allows using samples that are five times larger than in our CR.
Because sensitivity scales linearly with ¢ and the sample size,
we gain a factor of two in concentration sensitivity for large
samples compared to our CR. The possibility of using large
samples results in a very high concentration sensitivity of
10 nM G~ . Irrespective of sensitivity considerations, it is much
more convenient to place a thin film sample directly on a metal
mirror than slicing and packing it into a small tube.

These samples also allow us to investigate the sample
thickness dependence of the spin dynamics. Recent work has
revealed that spin dynamics of molecular nanomagnets in mono-
layers can be radically different from bulk behaviour.”* Therefore
we determined the spin-lattice relaxation time as a function of film
thickness. The measurements reveal no significant change of the
spin-lattice relaxation time down to a film thickness of 9.7 nm
(Fig. 3, Fig. S17 and Table S2, ESIt). Also the phase memory times
recorded at 7 K are essentially independent of film thickness. This
is an important result which makes the prospect of employing
regular arrays of molecular quantum bits very promising.
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Fig. 3 Spin dynamics time constants T; (spin—lattice relaxation, blue
symbols) and Ty (phase memory time, red symbols) recorded on
poly(methylmethacrylate) films doped with BDPA radical as a function of
film thickness.
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parameters given in the text.
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To make a first step in this direction, we have co-evaporated
copper phthalocyanine (CuPc) and free base phthalocyanine
(H,Pc) in a 1:5 ratio onto sapphire in ultra-high vacuum to
give a 60 nm thin film. The substrate with film was directly
transferred into the FPR and inserted into the cryostat. Thus
we ensure that the film is not damaged in post-processing
manipulations such as cutting. The echo detected spectrum
recorded at 7 K (Fig. 4) shows the typical features of EPR spectra
of copper(ir) complexes with the g region with the prominent
four copper hyperfine components between 1125-1220 G and
the g, region around 1230 G without strong hyperfine splitting.
However, the intensity ratio of the two regions is unusual in that
the parallel region is more pronounced than expected for a powder
sample. This demonstrates that the copper(u) phthalocyanine
molecules in the film are preferentially oriented perpendicularly
to the substrate. Because the By-field is parallel to the substrate, this
leads to statistically more molecules oriented parallelly to the
Byfield than would be the case in a randomly oriented powder.
Indeed, simulations of the spectrum taking into account this
preferential orientation fit very well to the experimental data (see
ESIT for details). The spin-lattice relaxation time at 7 K was
determined to be T; = 7 ps by using the inversion recovery pulse
sequence (Fig. S18, ESIT). By means of the Hahn echo sequence, we
also determined the phase memory time to be 400 ns at 7 K
(Fig. S18, ESIT). This is very similar to what was measured for
thicker films of 400 nm at similar concentrations, showing the
robustness also of this molecular quantum bit.">

In conclusion, we have constructed a Fabry-Pérot resonator
that allows measurement of thin film samples of paramagnetic
species such as molecular quantum bits without post-processing
of the films. We have demonstrated that the larger microwave
magnetic field homogeneity of the TEM00q modes over other
resonator modes prevents the rapid decay of Rabi oscillations often
observed in literature.
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Stuttgart) and Prof. Sabine Ludwigs (University of Stuttgart) for
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