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ABSTRACT: We combine top-down and bottom-up nano-
lithography to optimize the coupling of small molecular spin
ensembles to 1.4 GHz on-chip superconducting resonators.
Nanoscopic constrictions, fabricated with a focused ion beam at
the central transmission line, locally concentrate the microwave
magnetic field. Drops of free-radical molecules have been
deposited from solution onto the circuits. For the smallest ones,
the molecules were delivered at the relevant circuit areas by
means of an atomic force microscope. The number of spins Neff
effectively coupled to each device was accurately determined
combining Scanning Electron and Atomic Force Microscopies. The collective spin-photon coupling constant has been
determined for samples with Neff ranging between 2 × 106 and 1012 spins, and for temperatures down to 44 mK. The results
show the well-known collective enhancement of the coupling proportional to the square root of Neff. The average coupling of
individual spins is enhanced by more than 4 orders of magnitude (from 4 mHz up to above 180 Hz), when the transmission
line width is reduced from 400 μm down to 42 nm, and reaches maximum values near 1 kHz for molecules located on the
smallest nanoconstrictions.
KEYWORDS: molecular spins, superconducting resonators, electron spin resonance, dip pen nanolithography,
focused ion beam nanolithography, spin qubits, circuit quantum electrodynamics

The coupling of spins to superconducting circuits lies at
the basis of diverse technologies. Superconducting on-
chip resonators, which concentrate the microwave

magnetic field in much smaller regions than conventional
three-dimensional cavities,1,2 promise to take electron spin
resonance (ESR) to its utmost sensitivity level, eventually
allowing the detection of single spins.3−6 Besides, single
microwave photons “trapped” in these devices provide a way to
wire-up qubits7−9 and, therefore, form a basis for hybrid
quantum computation and simulation schemes based on
spins.10−16

Different approaches have been designed and, in some cases,
put into practice, to enhance the spin sensitivity and the spin-
photon coupling. They often involve the use of nonlinear
superconducting circuits, parametric amplifiers, to amplify the
output signal,3,4 and of low impedance resonator designs,
which increase the photon magnetic field.4,5 Experiments
performed on highly coherent magnetic impurities in semi-
conducting hosts show spin resonance at the level of a few tens
of spins and maximum spin-photon coupling strengths of order
400 Hz at frequencies of about 7 GHz.5

In this work, we explore experimentally a third alternative,
inspired by earlier developments of micro-ESR devices.17−19

The underlying idea is that reducing the cavity effective volume
enhances the microwave magnetic field. In a superconducting
resonator, this goal can be achieved by decreasing locally the
width of the resonator’s transmission line20−22 in order to
bridge the very different scale lengths of superconducting
circuits, with typical line widths of a few microns, and of
impurity or molecular spins, which are in the range of
nanometers. This approach requires moving beyond the limits
of conventional optical lithography to fabricate or modify
certain regions of the circuits and is fully complementary to
those methods mentioned above.

Received: April 15, 2020
Accepted: May 22, 2020
Published: May 22, 2020

A
rtic

le

www.acsnano.org

© 2020 American Chemical Society
8707

https://dx.doi.org/10.1021/acsnano.0c03167
ACS Nano 2020, 14, 8707−8715

This is an open access article published under an ACS AuthorChoice License, which permits
copying and redistribution of the article or any adaptations for non-commercial purposes.

D
ow

nl
oa

de
d 

vi
a 

C
SI

C
 o

n 
Ja

nu
ar

y 
19

, 2
02

1 
at

 1
1:

24
:1

0 
(U

T
C

).
Se

e 
ht

tp
s:

//p
ub

s.
ac

s.
or

g/
sh

ar
in

gg
ui

de
lin

es
 f

or
 o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ignacio+Gimeno"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenzel+Kersten"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mari%CC%81a+C.+Pallare%CC%81s"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pablo+Hermosilla"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mari%CC%81a+Jose%CC%81+Marti%CC%81nez-Pe%CC%81rez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+D.+Jenkins"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Mark+D.+Jenkins"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andreas+Angerer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Carlos+Sa%CC%81nchez-Azqueta"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="David+Zueco"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Johannes+Majer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anabel+Lostao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Anabel+Lostao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Fernando+Luis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsnano.0c03167&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c03167?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c03167?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c03167?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c03167?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c03167?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/ancac3/14/7?ref=pdf
https://pubs.acs.org/toc/ancac3/14/7?ref=pdf
https://pubs.acs.org/toc/ancac3/14/7?ref=pdf
https://pubs.acs.org/toc/ancac3/14/7?ref=pdf
www.acsnano.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c03167?ref=pdf
https://www.acsnano.org?ref=pdf
https://www.acsnano.org?ref=pdf
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html


The main challenge resides in the fact that the microwave
field enhancement is localized in a nanoscopic region near the
superconducting constriction, as can be seen in Figure 1A and
1B. Optimally profiting from such enhancement thus calls for a
method able to deliver the magnetic sample at the right
location and with sufficient spatial accuracy. Spins in molecules
provide a good test case for addressing this challenge. Many
molecules are stable in solution or can be sublimated from the
crystal and can, therefore, be transferred to a solid substrate or
a device.23−28 In addition, they are one of the most promising
candidates to encode spin qubits, due to the vast possibilities
for design offered by chemical nanoscience.29−34 Here, we
combine top-down and bottom-up nanolithography methods
to study the coupling of microwave photons to nanoensembles
of the simplest molecular spins, organic free radicals with S =
1/2, deposited near constrictions of varying size.

RESULTS AND DISCUSSION

This section describes the main results of this work: how
devices are modified to locally enhance the spin-photon
coupling, how the molecules are deposited with sufficient
spatial accuracy, and how this coupling is experimentally
determined as a function of the number of molecules and of
temperature. The main result refers to the coupling of
individual spins and its dependence on the size of the
resonator dimensions and on the molecule-to-chip interface.
Circuit Fabrication and Integration of Molecular Spin

Micro- and Nano-deposits. The circuits used in this work
are coplanar superconducting resonators fabricated by optical
lithography on 150 nm thick Nb films, which become
superconducting below Tc = 8.2 K, deposited onto single
crystalline sapphire wafers. Previous studies21 show that
nanoscopic constrictions, such as the one shown in Figure
1A, can be fabricated in the central transmission line by
Focused Ion Beam (FIB) nanolithography, that they do not

significantly alter the operation of the devices, and that they
locally enhance the photon magnetic field.
As the simulation in Figure 1B shows, the enhancement is

strongly localized near the superconducting nanobridge, in a
region with typical dimensions w × w × L, where w is the
constriction width and L is its length. The proper integration
of spins plays, then, a crucial role to achieve the maximum spin
sensitivity allowed by this approach. Our samples contain
organic free-radical molecules of 2, 2-diphenyl-1-picrylhydra-
zyl,36−38 hereafter referred to as DPPH, whose molecular
structure is shown in Figure 1. Each molecule hosts an
unpaired electron with a spin S = 1/2 and a close to isotropic
gyromagnetic factor g ≃ 2. Under a magnetic field H, it shows a
well-defined resonance line at a frequency ΩS = μ0gμBH/ℏ. In a
crystalline environment, the inhomogeneous broadening
arising from dipolar interactions is reduced by direct exchange
interactions between nearest radicals.39,40 The resonance line
width becomes then dominated by the homogeneous broad-
ening 1/T2, where T2 ≃ 80−120 ns is the spin coherence time.
Besides, these molecules can be dissolved and remain stable in
diverse organic solvents.37

The latter property allows delivering precise amounts of
DPPH molecules onto the central transmission lines of the
resonators. Large (a few mm wide, a few microns thick)
molecular ensembles have been deposited either in powder
form or from solution, using a micropipette, onto conventional
resonators with w = 400 and 14 μm. The number of molecules
was varied by controlling the concentration of the original
solution, keeping the volume constant. Illustrative Scanning
Electron Microscopy (SEM) images of such deposits are
shown as part of the Supporting Information. They show that
DPPH has a tendency to form quasi-spherical nanoaggregates.
For smaller deposits on narrower lines, we employed Dip

Pen Nanolithography (DPN),41,42 a soft lithographic techni-
que that uses the tip of an Atomic Force Microscope (AFM) to
deposit nanoscopic volumes from a solution containing the

Figure 1. (A) Scanning electron microscopy image of the central line of a superconducting coplanar resonator. The line was thinned down to
a width of about 158 nm by focused ion beam nanolithography. (B) Color plot of the photon magnetic field in the neighborhood of this
constriction, calculated with a finite-element simulation software.35 (C) Structure of a DPPH free-radical molecule, with spin S = 1/2 and g =
2 (left) and optical microscopy image of the constriction after the deposition of DPPH by means of the tip of an Atomic Force Microscope
(AFM, right). (D) AFM image of the constriction taken before and after the molecules were deposited and the solvent had evaporated.
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molecules of interest onto a very small area (cf. Figure 1C).
This technique has the advantage of combining high spatial
resolution with good control over the molecular dose
transferred to the substrate without the need for chemical
functionalization, thus making it well suited for placing diverse
nanosamples onto solid state sensors.25,43,44 The size of the
deposits was controlled in this case by the diameter of the
drops transferred by the AFM tip to the substrate, which
depend on the contact time between both, and by their
concentration. The deposits are then characterized by SEM
and by AFM, as shown in Figure 1D and in the Supporting
Information. These deposits also form nanoaggregates after the
solvent has evaporated, with sizes ranging from 50 nm to above
200 nm depending on the initial concentration of the radical at
the ink solution and the size of the deposited drop. This also
means that the number of molecules actually transferred into
the “active” region of the constriction might vary even between
depositions performed under nominally identical conditions
and, therefore, needs to be determined for each case.
Spin-Photon Coupling versus Spin Number. The

coupling of the spins to the cavity photons, with frequency
ωr/2π ≃ 1.4 GHz, reduces the microwave transmission, shifts
ωr, and broadens the resonance. All these effects become
maximum when ΩS ≃ ωr, i.e. when spins and photons are
brought into resonance with each other by an external
magnetic field H. The transmission provides information on
the collective coupling GN of the spin ensemble to the
resonator, where N denotes here the number of free-radical
spins, as well as on the spin γ and photon κ characteristic line
widths.
Illustrative results of transmission measurements performed

at T = 4.2 K on resonators without and with a 158 nm wide
constriction are shown in Figure 2A and 2B, respectively. In
both cases, the sample was a DPPH drop with an approximate
diameter of about 30 μm deposited onto the central line by
DPN. This amount corresponds approximately to the
sensitivity limit for the former device. By contrast, under the
same conditions, the resonator with the constriction gives a
clearly visible absorption signal, thus providing direct evidence
for the enhancement of GN.
In order to obtain quantitative estimates of this enhance-

ment, and estimate the average coupling to individual spins,
experiments on samples with decreasing N were performed.
The number of molecules effectively coupling to the resonator
magnetic field was estimated from the geometry and
topography of the deposits, taking into account the width of
the transmission line near the deposit. For conventional
resonators with a 14 μm wide central line, all spins located in a
30 μm wide region around it are counted. For a nano-
constriction, the “active” area is taken as a 2 μm wide
rectangular area around it.
Experiments and simulations, described below and in the

Supporting Information, confirm that the coupling of spins
located outside this region lies below the sensitivity limits and
can, therefore, be safely neglected. Another aspect that needs
to be taken into account is that these measurements were
performed at a finite temperature T = 4.2 K. This lowers the
population difference, or equivalently the spin polarization
⟨ ⟩ = ℏΩS S k T/ tanh /z T S B , between the ground and excited
levels of the DPPH spins by a factor 6.7 × 10−3 with respect to
zero temperature. As a result, the number of spins that
contribute to the net absorption at the given temperature is
also reduced from N to = ⟨ ⟩N N S S/z Teff .

Results from these experiments are shown in Figure 2C and
2D. They confirm that introducing a nanoconstriction enables
detecting much smaller deposits: the sensitivity limit is reduced
from about 108 spins to 2 × 106 spins. This enhancement in
sensitivity arises here from a larger spin-photon coupling,
which can be determined as follows. The broadening of the
cavity resonance κ can be fitted using the following
expression,45

κ κ
γ

ω γ
= +

− Ω +
G

( )
N

S
r

2

r
2 2

(1)

where κr is the broadening of the ‘empty’ cavity, as measured
when it is detuned from the spins. This fit allows extracting GN
and γ. γ is found to be close to 12 MHz for all but the smallest
DPN deposits. This value is compatible with a pure
homogeneous broadening and a T2 ≃ 80 ns, which lies within
the typical values observed for DPPH.37 A larger line width has
been observed in DPPH molecules dispersed in polymeric
matrices.40 That the same phenomenon is observed in DPPH
nanoaggregates deposited from solution suggests that they
tend to lose crystalline order.
Figure 3 shows the dependence of GN on Neff measured in

resonators with 14 μm and 158 nm transmission line widths. In
both, the coupling is approximately proportional to Neff

1/2. This
result agrees with the collective enhancement of the radiation
emission and absorption by spin ensembles,46 which predicts
that

=G G NN 1 eff
1/2

(2)

Figure 2. (Top) Color scale plots of the microwave transmission
through 1.4 GHz on-chip superconducting resonators with a 14
μm wide central line (A) and with a 158 nm wide constriction (B)
coupled to a DPPH deposit with N ≈ 5 × 109 molecules,
corresponding to Neff ≈ 4 × 107 spins effectively coupled to the
resonator at T = 4.2 K. The red dashed lines mark the position of
the resonance frequency at each magnetic field. The inset in B
shows transmission versus frequency data near resonance at the
field values indicated by arrows, evidencing the detection of a net
absorption (lower transmission and broader resonance) when the
spins get into mutual resonance with the circuit. (Bottom)
Magnetic field dependence of the resonance width κ for the
same resonators (C without and D with constriction) coupled to
ensembles of DPPH molecules of varying size. Solid lines are least-
squares fits based on eq 1.
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where G1 is the coupling of a single spin. The ability to modify
the size of the molecular ensembles over a large range allows
monitoring this well-known dependence directly. The slope
then directly gives the average, or typical, value of G1. These
data confirm also that a strong enhancement of G1, by a factor
of order 24 (from G1/2π ≃ 3.5 to 85 Hz), occurs when w is
reduced by a factor 100 (from 14 μm to 158 nm).
Spin-Photon Coupling versus Temperature. In this

section, we describe experiments that explore the optimal
conditions in the search of a maximum spin-photon coupling:
temperatures close to absolute zero, which take Neff closer to
N; an average number nphotons ≃ 5 × 105 of photons in the
cavity well below N, in order to avoid any saturation effects;
and a central line width w ≃ 42 nm near the minimum
achievable by FIB nanolithography.
Representative images of the constriction and of the DPPH

nanoaggregates deposited on it by DPN are shown in Figure 4
and in the Supporting Information. The number N of DPPH
molecules in the active area was, in this case, estimated to be
approximately 1.6 × 108 spins, which lies below the minimum
dose that was detectable in experiments performed at T = 4.2
K and for w = 158 nm (cf. Figure 3D).
Results of transmission measurements performed on this

device are shown in Figure 5. Thanks to the much larger spin
polarization, an easily discernible absorption signal is observed
at the minimum temperature T ≃ 44 mK, which corresponds
to a collective coupling GN/2π ≃ 1.9 MHz. The line width γ ≃

65 MHz is 5 times larger than what would be expected from
the spin coherence times. The additional broadening probably
arises from the smaller size of the DPPH nanoaggregates

Figure 3. Collective spin-photon coupling of ensembles of free-
radical molecules to coplanar resonators with a 14 μm wide
transmission line (top) and a 158 nm constriction (bottom). The
solid lines are least-squares fits to a linear dependence on the
square root of the effective number of spins that are coupled to the
devices at T = 4.2 K, as predicted by eq 2. The bottom panel
compares both fits to highlight the coupling enhancement
generated by the constriction.

Figure 4. AFM topographic map (A) and SEM image (B) of the
region near a 42 nm wide nanoconstriction. (C and D) Color maps
of the number of DPPH molecules deposited on each location and
of the estimated single spin to photon couplings, respectively. The
latter maps have been calculated with a discretization of space into
3 × 3 × 3 nm3 cubic cells. The number of free-radical molecules
deposited in this area amounts to approximately N = 1.6 × 108,
and the collective coupling estimated from the simulations is GN/
2π ≃ 2.0 MHz at T = 44 mK and 2.5 MHz at T = 0.

Figure 5. (A) Color plot of the microwave transmission, measured
at T = 44 mK, through a superconducting resonator with a 42 nm
wide constriction in its central transmission line and coupled to an
ensemble of N ≃ 1.6 × 108 free-radical molecules (corresponding
to Neff ≃ 108 spins effectively coupled to the resonator). (B) Color
plot of the microwave transmission calculated for a collective
coupling GN/2π = 2.0 MHz, as follows from the simulations
described in Figure 4, and a spin line width γ = 65 MHz. (C)
Magnetic field dependence of the resonance width κ for the same
device measured at different temperatures. Solid lines are least-
squares fits using eq 2. (D) Temperature dependence of GN
extracted from these experiments. (E) Same data plotted as a
function of the (temperature dependent) effective number of spins
c o u p l e d t o t h e r e s o n a t o r = ⟨ ⟩N N S S/z Teff , w h e r e
⟨ ⟩ = ℏΩS S k T/ tanh /z T S B is the spin polarization. The solid lines
are least-squares fits based on eq 2 that extrapolate to GN/2π ≃ 2.3
MHz for T → 0 (when Neff → N).
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transferred to this device and from the fact that DPPH
molecules are here dispersed in a matrix of glycerol used in the
DPN deposition process (see the section Methods below and
the Supporting Information (SI) for more details). As
mentioned above, these effects tend to suppress direct
exchange interactions between free-radical spins and, then,
enhance the broadening associated with hyperfine and dipole−
dipole couplings.
As expected, the spin-photon coupling strength GN decreases

rapidly with increasing temperature. This dependence can be
accounted for by the decrease in spin polarization that
determines Neff/N (cf. Figure 5D and 5E), showing again the
validity of eq 2. From these data, and using the topographic
and geometrical information on the sample, we estimate an
average single spin coupling G1/2π ≃ 180 Hz. This represents
an enhancement of nearly 2 orders of magnitude with respect
to the coupling achieved for a 14 μm wide transmission line
resonator.
Taking into account that the photon energy, thus also G1 ∝

ωr, it is useful to define the dimensionless coupling G1/ωr ≃
1.3 × 10−7. This result compares favorably to the maximum
single-spin coupling reported in the literature, of about 450 Hz
for a 7 GHz resonator (for a ratio G1/ωr ≃ 6.4 × 10−8),5 which
was achieved with especially designed lumped-element
resonators coupled to impurity spins in the Si substrate on
which these devices were fabricated. Yet, it still falls short of
the maximum theoretically attainable enhancement, which
should scale as 1/w and therefore reach a factor of 330 in this
case, thus G1/2π close to 1 kHz.16,20

In order better understand these results and, in particular,
obtain information on how each molecular spin couples to the
resonator, we have performed numerical simulations of the
spin-photon interaction for this specific situation. The model
uses the actual geometry (length, thickness, and width) of the
nanoconstriction and a three-dimensional map of the number
of spins extracted from the combined analysis of SEM and
AFM images. The region surrounding the constriction is
divided into a grid of cubic cells with lateral dimensions d.
Further details are given in the section Methods and as part of
the Supporting Information.
A 2D projection of a map calculated for the smallest d = 3

nm is shown in Figure 4C. The coupling is then evaluated as
follows. First, the photon energy ℏωr is used to determine the
supercurrent flowing through the constriction. This electrical

current generates a magnetic field μ ⃗ ⃗h r( )0 at each point in
space ⃗r , which was calculated using the 3D-MLSI finite-
element computer simulation software35 as in the example
shown in Figure 1B. For all molecules in a given cell i, the

magnetic field is assigned its value μ ⃗hi0 at the center of the cell.
Then, the coupling of each cell is calculated with the following
expression (for details, see ref 20)

μ μ= |⟨ = + |
→

· |⃗ = − ⟩|G g n m h S m1/2 1/2i i S i SB 0 (3)

where ni is the effective number of spins in the cell, calculated
at the given temperature, and mS = ±1/2 denote the two
eigenstates associated with opposite projections of the radical
spins along the external magnetic field H⃗ . The contributions of
all cells can then be combined to estimate the collective
coupling of the whole sample as follows47

∑=G GN
i

i
2

(4)

For the device shown in Figure 4, eq 4 gives GN/2π ≃ 2.0
MHz at 44 mK and an average G1 ≃ 200 Hz, which agree very
well with the experimental values GN = 1.9 MHz and G1 = 180
Hz and, as shown in Figure 5B, account well for the
transmission experiments. The difference is in fact smaller
than the unavoidable errors associated with the number of
molecules and with the influence that crystalline defects have
on the free radicals, which are known to turn a fraction of
molecules into a diamagnetic state.
Simulations can then help in understanding how these

average values ensue from the distribution of spin locations
and couplings in the deposit. A projection map showing the
maximum coupling obtained for cells located at different xy
positions (which mainly correspond to those lying closest to
the device surface along the vertical axis z) is shown in Figure
4D. It confirms that the main contribution to GN comes from
those spins located in the closest proximity to the constriction.
It also shows that individual couplings significantly larger than
the average G1 can be achieved. Looking at those spins lying
closer to the constriction, we find values as high as 0.6−0.8
kHz, depending on the exact location with respect to the
surface and on the orientation of the external magnetic field.

Spin-Photon Coupling versus Transmission Line
Width. Results obtained for different devices enable
determining how the single spin to single photon coupling
G1 depends on the dimensions of the superconducting
transmission line. This dependence is shown in Figure 6,

which, besides those discussed already, includes also data
measured on a resonator with a 400 μm wide line (cf.
Supporting Information). For w ⩾ 100 nm, these results show
the expected enhancement of G1 ∝ 1/w, from G1 ⩽ 5 mHz up
to nearly 100 Hz. For narrower lines, however, and as we have
already pointed out above, the increase slows down.
The reason for this can be understood in light of the

simulations and arguments described in the previous
subsection (cf. Figure 4D). A first limitation arises from the

Figure 6. Dependence of the average single spin to single photon
coupling on the width of the central transmission line of the
resonator, showing the enhancement obtained by reducing the
latter down to the region of (tens of) nanometers. The lines are
calculations of the coupling of a spin located over the constriction,
at three different heights z, as illustrated by the figure in the inset.
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nonzero thickness of the superconducting film (nominally 150
nm but decreasing near the constriction as shown in Figure
S2). This geometrical effect reduces slightly the local magnetic
field generated by the supercurrents and, as a result, also the
slope of the G1 vs 1/w theoretical curve of Figure 6 when w
becomes smaller than the Nb thickness. It is, however, unable
to account for the experimental results (see Figure S16 in the
SI).
Since the coupling enhancement is concentrated close to the

constriction, within a region with dimensions comparable to w,
the sample integration becomes critical. The topography AFM
images show that, once dry, DPPH molecules deposited by
DPN tend to form nanoaggregates with characteristic
dimensions of the order of 200 nm. Then, even those
molecules located in grains that land next to the line can be too
far when compared to w. This effect can be accounted for by
numerical calculations of G1 (Figures 6 and S16). They show
that G1 strongly depends on the height z of the molecular spins
above the transmission line. While, for z ≃ 0, G1 ∝ 1/w, when
z ≠ 0 the coupling tends to saturate as soon as w ⩽ z.
Therefore, creating an optimum interface between the
molecular deposits and the circuit surface, i.e. making z as
close to zero as possible, becomes of utmost importance to
attain the maximum spin-photon coupling.

CONCLUSIONS
The experiments and simulations described in the previous
sections validate a relatively straightforward method to
enhance the coupling of molecular spins to on-chip super-
conducting resonators. Using conventional 1.4 GHz coplanar
resonators, we have attained an average single spin coupling of
about 180 Hz for central line widths of ∼40 nm, with
estimated maximum couplings on the order of kHz. This
approach is, in principle, applicable to any circuit design and to
a large variety of samples, provided that they can be delivered
from solution and with sufficient spatial accuracy. Introducing
superconducting nanobridges into especially designed reso-
nators, which minimize the circuit impedance and therefore
maximize the superconducting current at the inductor,4−6

should allow enhancing G1 by a further 2 orders of magnitude,
thus reaching G1/2π values close to 0.1 MHz.
Devices based on these ideas can take electron spin

spectroscopy to the single spin limit and become useful tools
to investigate magnetic excitations in individual nanosystems
ranging from nanosized particles to molecular nanomagnets, or
even exotic topological states, such as vortices and sky-
rmions.48 The molecular approach used here adds the
possibility of serving as a suitable vehicle to deliver diverse
samples, as well as to improve their interface with the circuit. A
recent work shows that it is possible to synthesize thin
molecular films onto a superconducting line, thereby achieving
a close to optimum coverage with a minimum molecule to
circuit distance.28 The combination of these methods with
DPN or other nanolithography tools with a high spatial
resolution could then lead to major improvements.
Spins hosted in artificial molecules29−34,49 and 2D molecular

materials, such as graphene nanoribbons,50,51 are also very
promising candidates to encode qubits and qudits. In recent
times, spin coherence times of these systems have been
optimized by chemical design, up to values well above 10−50
μs,52−55 and even close to ms,56 and the strong coupling to
superconducting resonators has been achieved for macroscopic
molecular ensembles.57−59 Our results show that attaining this

regime for single molecules is within reach. This coherent
coupling would allow the use of superconducting circuits to
control, read-out, and connect spin qubits located in different
molecules, an essential ingredient of a hybrid architecture for
large scale quantum computation and simulation.16

METHODS
Device Fabrication and Characterization. Superconducting

resonators are fabricated on 500 μm thick C-plane sapphire wafers. A
150 nm thick niobium layer was deposited by radio frequency
sputtering and then patterned by photolithography and reactive ion
etching. The circuits consist of a large 400 μm central line separated
from two ground planes by two 200 μm gaps that narrow down to
around 14 and 7 μm, respectively, after going through gap capacitors.
The devices were tuned to show an effective impedance Z0 = 50Ω, a
resonance frequency ωr/2π ≃ 1.4 GHz, and maximum quality factors
Q ≃ (1−2) × 105.

Nanoscale constrictions21 were made at the midpoint of the central
line by etching it with a focused beam of Ga+ ions, using a commercial
dual beam system. The ion beam also locally reduces the Nb thickness
below the initial 150 nm, even down to values close to the
constriction width w (see Figure S2 in the Supporting Information for
an illustrative image of the smallest constriction used in this work).
The ionic current was kept below 20 pA to maximize the resolution in
the fabrication process and to minimize the Nb layer, on the order 10
to 15 nm thick, that is implanted with Ga. In order to avoid the
buildup, and eventual discharge, of electrostatic charges during the
process, the central line was connected to one of the ground planes by
a few nanometer wide Pt bridge, fabricated by focused ion beam
deposition. Once the nanoconstriction was fabricated, this bridge was
removed using the same ion beam. Images of 158 and 42 nm wide
constrictions, obtained in situ by SEM, are shown in Figure 1 and in
the Supporting Information.

Prior to the deposition of the molecular samples, the microwave
propagation trough all devices was characterized, as described below,
as a function of magnetic field, temperature, and input power.
Illustrative results are shown as part of the Supporting Information.
These experiments show that the constrictions do not introduce any
drastic changes to ωr and Q and that they can work under magnetic
fields up to 1.4 T, provided that they are applied parallel to the plane
of the chip.

Molecular Pattering onto Superconducting Resonators and
Characterization of the Deposits. The molecular ink used in all
depositions was prepared by dissolving 10−20 mg/mL of the free
radical 2,2-diphenyl-1-picrylhydrazyl (DPPH; Sigma-Aldrich) in N,N-
Dimethylformamide (DMF; Sigma-Aldrich) with about 5−10%
glycerol in volume (Panreac, ≥ 99.5%, ACS grade). DMF preserves
the chemical properties of DPPH and does not turn the radical into
its diamagnetic form. Glycerol is used as an additive to increase the
viscosity and slow down the evaporation of the ink so that the
solution does not dry before the creation of the pattern.42 This is
especially important in the deposition by DPN, when the drop has to
be transferred to the device by the AFM tip.

The device was previously cleaned with isopropanol and acetone,
dried by blowing nitrogen gas, and underwent plasma oxygen
treatment before deposition. DPN deposition was performed using
a DPN5000 based-AFM system (NanoInk, Inc., USA). For this, 1 μL
of the ink solution was left in a reservoir of a microfluidic Inkwell
delivery chip-based system (Acs-technologies LLC, USA). Afterward,
a DPN silicon nitride DPN single A-S2 probe (Acs-technologies LLC,
USA) was dipped and coated several times with the ink at the inkwell
microchannel.

DPN patterning was optimized at 25 °C and 55% relative humidity.
The quality and size of the free radical deposits were assayed
previously on marked SiO2 substrates and small pieces of muscovite
mica (see Supporting Information for illustrative images of the
results). The deposition conditions were optimized to produce
deposits ranging from 1 to 60 μm in diameter, such as the one shown
in Figure S8. Then, different drops with diameters ranging between 5
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and 60 μm and heights from 50 to 400 nm were patterned on the
central line of resonators, both without constriction and with
nanoconstrictions. The characterization of the deposits and the
microwave transmission experiments were performed once the
deposits had dried. Free radical deposits were also made far from
the sensing areas and using different solvents and additives and
characterized as controls.
The patterns were analyzed by optical microscopy, AFM and SEM

imaging. AFM images were taken with a MultiMode 8 AFM system
(Bruker) and a Cervantes SPM FullMode (Nanotec) at scan rates of
0.1−2.0 Hz. The samples were characterized using Peak Force
TappingTM and TappingTM modes with 7−125 kHz triangular
silicon nitride microlevers (SNL; Bruker Probes) having ultrasharp 2
nm end tip radii, and with an antimony (n) doped silicon 320 kHz
ultraresonant microlever (TESP; Bruker Probes) having an 8 nm end
tip radii. The images were analyzed using the WSxM60 and
Gwyddion61 software for SPM image processing. SEM images were
performed with an INSPECT-F50 (FEI).
Microwave Transmission Experiments. The microwave trans-

mission measurements were done using a programmable network
analyzer. Experiments performed at 4.2 K were aimed at measuring a
large number of deposits of varying dose. In these experiments, the
devices were mounted on a homemade probe and submerged in a
liquid helium cryostat. The input power was attenuated by −52 dB, to
avoid the possibility of exceeding the critical current at the
nanoconstriction, and the output power was measured directly. The
number of photons in the cavity was estimated to be on the order of
109. The external magnetic field was applied with a commercial 9T ×
1T × 1T superconducting vector magnet, which allows rotating H⃗ in
situ, in order to align it along the central line of the device (y axis in
Figures 1 and 4) with an accuracy better than 0.1°.
For experiments at lower temperatures, transmission measurements

were carried out in an adiabatic demagnetization refrigerator, having a
base temperature of about 45 mK. Magnetic fields up to 60 mT were
applied using a homemade superconducting vector magnet. In this
case, experimental constraints imposed a field orientation along the x
axis, thus perpendicular to the central line within the plane of the
device. As it is shown in the Supporting Information, this geometry
leads to a substantial decrease in the spin-photon coupling with
respect to the maximum achievable. The input signal was attenuated,
down to a level of about 5 × 105 photons, and then amplified at 4.2 K
and at room temperature before being detected.
The small asymmetry in the resonances measured (Figures 3 and

5) is likely caused by an interference, called Fano resonance,62

between the resonator and a small continuous background. A possible
source for that background is the off-resonant tail of the sample box
mode. This small asymmetry has a very weak influence (of a few % at
most) on the results for the coupling and peak width, because they are
first-order independent.
Numerical Simulations. Our estimate of the spin-photon

coupling relies on the calculation of the spatial distribution of

μ ⃗ ⃗h r( )0 , i.e., the rms magnetic field generated by the rms supercurrent

ω π= ℏ =i Z/4 11.3sc r 0 nA circulating through the central line of
the resonator, with Z0 ≈ 50 Ω its impedance.20

The spatial distribution of ⃗i r( )sc is computed using a finite-element
based package35 that solves the London equations for the given
geometry of the superconducting wire, having London penetration
depth λL = 90 nm, and assuming that the supercurrent distributes
through 11 equidistant 2D sheets, parallel to the xy plane and
homogeneously distributed across the thickness of the Nb layer. ⃗i r( )sc

is then used to evaluate the rms magnetic field μ ⃗hi0 (with i = 1, 2, ...
Ncell) at the center of Ncell cubic cells with lateral dimension d, each
containing ni molecules. The grid size was varied from 0 up to 2 μm,
and the cell size d, from 3 nm up to 100 nm. The constriction
geometry, in particular its thickness, was found to have some influence
on the coupling, but only for spins located very close to the
constriction and for w ≤ 50 nm.

These simulations show also that spins located further than about
500 nm from the constriction give a close to negligible contribution.
The mode volume of a 42 nm wide constriction is then ≃1 μm × 1
μm × 10 μm = 10 μm3 = 0.01 pico-l, or about 1.4 × 10−14λ3, with λ ≃
88 mm being the resonance wavelength. It also follows that a 3 nm
cell size is necessary to properly account for the coupling to spins that
lie very close to the nanoconstriction, which give the maximum
contribution. The maximum coupling G1 depends also on the
orientation of the external magnetic field, which determines which
components of the photon magnetic field couple to the spins. It is
maximum for H⃗ parallel to the central line (y axis). Further details can
be found in the Supporting Information (Figures S12 to S16).
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(60) Horcas, I.; Fernańdez, R. WSXM: A Software for Scanning
Probe Microscopy and a Tool for Nanotechnology. Rev. Sci. Instrum.
2007, 78, 013705.
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