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Optimal coupling of HoW10 molecular magnets to superconducting circuits near
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A central goal in quantum technologies is to maximize GT2, where G stands for the coupling of a qubit
to control and readout signals and T2 is the qubit’s coherence time. This is challenging, as increasing
G (e.g., by coupling the qubit more strongly to external stimuli) often leads to deleterious effects on
T2. Here, we study the coupling of pure and magnetically diluted crystals of HoW10 magnetic clusters
to microwave superconducting coplanar waveguides. Absorption lines give a broadband picture of the
magnetic energy level scheme and, in particular, confirm the existence of level anticrossings at equidistant
magnetic fields determined by the combination of crystal field and hyperfine interactions. Such “spin
clock transitions” are known to shield the electronic spins against magnetic field fluctuations. The analysis
of the microwave transmission shows that the spin-photon coupling also becomes maximum at these
transitions. The results show that engineering spin-clock states of molecular systems offers a promising
strategy to combine sizable spin-photon interactions with a sufficient isolation from unwanted magnetic
noise sources.

DOI: 10.1103/PhysRevApplied.20.044070

I. INTRODUCTION

Spins embedded in solid hosts are one of the simplest
and most natural choices to realize qubits, the building
blocks of quantum technologies [1,2]. Their quantized spin
projections can encode the qubit states, whereas opera-
tions between them can be induced via the application of
microwave radiation pulses, using well-established mag-
netic resonance protocols. Among the different candidates,
chemically designed magnetic molecules stand out for sev-
eral reasons [3–8]. Besides being microscopic, and thus
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reproducible and intrinsically quantum, they represent the
smallest structure that remains tuneable.

The ability to modify the relevant properties by ade-
quately choosing the molecular composition and struc-
ture allows engineering the qubit spin states, energies,
and coherences [9–12]. Even more, it enables scaling
up computational resources within each molecule, e.g.,
by accommodating several different magnetic atoms in
exquisitely defined coordinations [4,13–19] or by making
use of multiple internal spin states [20–23].

This approach however faces the challenge of how to
actually implement operations and read out the results in
a realistic device and, even more, how to “wire up” dif-
ferent molecules into a scalable architecture. A promising

2331-7019/23/20(4)/044070(13) 044070-1 © 2023 American Physical Society

https://orcid.org/0000-0002-6184-3920
https://orcid.org/0000-0003-4478-1948
https://orcid.org/0000-0002-8349-2121
https://orcid.org/0000-0002-8752-1401
https://orcid.org/0000-0002-8236-825X
https://orcid.org/0000-0001-9631-5004
https://orcid.org/0000-0001-7708-9080
https://orcid.org/0000-0001-6742-3620
https://orcid.org/0000-0002-5192-1809
https://orcid.org/0000-0001-6284-0521
https://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevApplied.20.044070&domain=pdf&date_stamp=2023-10-26
http://dx.doi.org/10.1103/PhysRevApplied.20.044070


IGNACIO GIMENO et al. PHYS. REV. APPLIED 20, 044070 (2023)

technology is to exploit microwave photons in circuits
[24], e.g., transmission lines for the control of spin oper-
ations and resonators for reading out the spin states and for
introducing effective interactions [25–28]. Working with
high-spin molecules helps maximize the spin-photon cou-
pling, as required for such applications [25]. However, it
also tends to enhance decoherence, as their interactions
with fluctuating hyperfine and dipolar magnetic fields also
become stronger [29,30].

A general strategy to reconcile a high qubit density with
sufficient isolation is to encode each qubit in states that
are robust against the dominant noise sources [31]. This
idea underlies the design of the transmon superconduct-
ing qubit [32] and of several semiconducting quantum dot
qubits [33]. In the case of spins, isolation from magnetic
field fluctuations can be achieved by associating 0 and 1
with superposition states that arise at avoided level cross-
ings, or “spin-clock” transitions [34–36]. Such transitions
have been observed in impurity dopants in semiconductors
[36] and in crystals hosting lanthanide ions [34,35], and
can arise from either significant off-diagonal anisotropy
terms in non-Kramers electronic spins or from hyperfine
couplings in electronuclear spin systems. They have also
recently been studied in magnetic molecules [11,37–41].
A paradigmatic example of the latter is provided by the
sodium salt of the cluster [Ho(W5O18)2]9− [42,43], here-
after referred to as HoW10, which consists of a single Ho3+

ion encapsulated by polyoxometalate moieties (Fig. 1). Its
fourfold coordination symmetry gives rise to fourth-order
off-diagonal terms in the spin Hamiltonian that strongly
mix the mJ = ±4 projections of the ground electronic spin

FIG. 1. Left: two views of the HoW10 cluster, showing its
fourfold coordination symmetry around its anisotropy axis z.
Color code: green, holmium; blue, tungsten; red, oxygen. Right:
scheme of magnetic energy levels corresponding to the electronic
ground doublet (mJ = ±4) of HoW10 and wave functions of two
mutually avoiding levels, with nuclear spin projection mI = 7/2,
calculated at the indicated magnetic fields (both at and slightly
off the clock transition).

doublet. The large quantum tunneling gap � � 9.1 GHz
generated by such terms, combined with the hyperfine
interaction with the I = 7/2 spin of the Ho nucleus, gives
rise to a set of level anticrossings (see Fig. 1). Near each of
them, the spin coherence time T2 is sharply enhanced [11]
and the electron spin system effectively decouples from the
surrounding nuclear spins [44].

In this work, we explore the coupling of HoxY1−xW10
single crystals (x = 0.2 and 1) to superconducting copla-
nar waveguides [45]. These experiments provide a direct
method to investigate in detail how the spin-photon cou-
pling evolves as a function of the magnetic field, and
thus both near and far from the spin-clock transitions,
and temperature. The manuscript is organized as follows.
Section II provides details on the preparation of the sam-
ples, the design and fabrication of the devices, and the
transmission measurements. Section III describes results
obtained under different experimental conditions and dis-
cusses them with the help of input-output theory. Finally,
we draw conclusions in Sec. IV.

II. EXPERIMENTAL DETAILS

A. Sample preparation and characterization

The synthesis of HoxY1−xW10 crystals followed estab-
lished protocols [42]. The samples were kept in their
mother solution until an experiment had to be performed,
in order to protect them from degradation. The samples
were characterized by means of specific heat and mag-
netic measurements. The results agree with those reported
previously [42] and therefore confirm that HoW10 clus-
ters have an mJ = ±4 electronic spin ground state and a
sizable quantum tunneling gap �. Spin coherence times
T2 were determined by X-band pulse electron paramag-
netic resonance (EPR) experiments on samples with Ho
concentration per formula unit x ranging from 0.001 up to
0.2. Just as with measurements performed on more diluted
HoxY1−xW10 samples [11], the exponential decay of the
spin echo resulting from a Hahn-echo pulse sequence was
fitted to extract T2 at the given magnetic field and tempera-
ture. We find that T2 decreases with increasing x, becoming
too short to be measured for x > 0.2. For x = 0.2, T2 �
13 ns could only be measured near the spin clock transi-
tions. The extrapolation of these results suggests that T2
might become as short as 4 ns for a pure HoW10 sample.

B. Superconducting device design and fabrication

Two types of circuits hosting superconducting coplanar
waveguides were employed in the microwave transmission
experiments that form the core of this work. The first one
consists of a 400-µm-wide central transmission line sep-
arated from two ground planes by 200-µm-wide gaps. It
was fabricated by optical lithography of 100-nm-thick Nb
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FIG. 2. (a) Image of a chip with a meanderlike 400-µm-wide
superconducting transmission line hosting a single crystal of pure
HoW10. This device was used for angle-dependent experiments
performed at T = 4.2 K, with X , Y, and Z being the axes of the
superconducting vector magnet that allows rotating the magnetic
field in situ. These axes define the laboratory reference frame.
(b) Sketch of a different chip, with a 35-µm-wide straight super-
conducting line, hosting a single crystal of Ho0.2Y0.8W10. This
device was used in the very low-T microwave transmission mea-
surements. The inset shows the approximate orientation of the
molecules in the crystal. The reference frame shows the three
components, along each of the laboratory axes, of the microwave
magnetic field �b generated by the line. (c) Two-dimensional plots
of these three components, bX , bY, and bZ , in the X -Z region
defined by the single crystal [dotted rectangle shown in panel (b)]
at a constant height of 1 µm above the chip’s surface. This mag-
netic field generates transitions between different spin states. It
was calculated numerically by means of finite-element methods.
The results show that �b is confined within a plane perpendicular
to the line (i.e., bZ � 0) and in a region very close to it.

films deposited by sputtering onto a single-crystalline sap-
phire substrate. The size of the central line and its meander
shape were designed in order to match the dimensions
(about 4 × 1 × 10 mm3) of the HoW10 and Ho0.2Y0.8W10
single crystals that were measured at 4.2 K [Fig. 2(a)].

A second device was fabricated to optimize the coupling
to the smaller size (about 1 × 1 × 5.5 mm3), magneti-
cally diluted Ho0.2Y0.8W10 crystal employed in the very

low-T experiments [Fig. 2(b)]. It consists of a 35-µm-
wide straight transmission line, separated from the ground
planes by 20-µm-wide gaps in order to maintain a 50-�
characteristic impedance. It was fabricated by maskless
lithography and reactive ion etching techniques on a 100-
nm-thick Nb film deposited by means of dc magnetron
sputtering on a 275-µm-thick silicon substrate. The native
oxide of the silicon wafer was previously removed using
a hydrofluoric acid bath. The base pressure prior to the
deposition of Nb was better than 2 × 10−8 Torr.

The magnetic field distribution generated by the
microwave superconducting currents propagating via these
transmission lines has been calculated using the electro-
magnetic simulation package SONNET [46] and finite-
element simulations. Results of these simulations for
the narrower straight line are shown in Fig. 2(c). The
microwave magnetic field �b is confined in a plane per-
pendicular to the line, i.e., only bX and bY �= 0. This
information is relevant to prepare and interpret the trans-
mission experiments, because resonant transitions between
different spin states are only allowed if the microwave field
has a nonzero projection along the molecular magnetic
anisotropy axis z (see Sec. III below for details). Besides,
its magnitude falls off quickly as one moves away from
the line. This means that the experiments typically explore
the coupling of a very small region of the crystal, with
dimensions of about 35 × 35 × 5500 µm3 along the X , Y,
and Z axes. This volume contains about 8 × 1014 HoW10
molecules that couple significantly to the microwave field.
Working with small crystals and sufficiently small lines,
which becomes feasible at very low temperatures, helps
to mitigate the effects of inhomogeneities associated with
crystal twinning.

C. Microwave transmission experiments

The crystals were attached to the transmission line with
apiezon N grease. Microwave transmission experiments
were performed by connecting the input and output ports
of the chip to a vector network analyzer that measures the
transmission coefficient S21 for frequencies ω/2π ranging
between 0.01 and 14 GHz. For experiments at T = 4.2 K,
the chips were submerged in the liquid Helium bath of
a cryostat equipped with a 1/1/9 T vector magnet. This
set-up allows applying dc magnetic fields with amplitudes
μ0H up to 1 T along any arbitrary direction in the X ,
Y, Z laboratory reference frame shown in Fig. 2(a). In
these experiments, �H was rotated within the X -Z plane of
the device. Experiments were also performed at temper-
atures below 1 K, from 50 mK up to 800 mK, in order
to control and optimize the thermal polarization difference
�P12 between the levels involved in each resonant tran-
sition, and thus the spin-photon coupling. The chips were
thermally anchored to the mixing chamber of a cryo-free
dilution refrigerator, and placed at the center of an axial
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1-T magnet [ �H was parallel to Z in this case, as shown in
Fig. 2(b)]. The transmission experiments were performed
as described above, with the inclusion of a set of attenua-
tors, for a total −50 dB, in the input line and of a low noise
cryogenic amplifier (gain � +35 dB) at the T = 4 K stage
in the output line.

In order to compensate for the decay of the waveguide
transmission with increasing frequency and to enhance the
contrast of those effects associated with its coupling to the
spins, S21 was normalized. For this, we compare transmis-
sion data measured at two different magnetic fields [45].
The normalized transmission t at magnetic field H and
frequency ω is given by

t(H ,ω) = S21(H ,ω)− S21(H +�H ,ω)

S(0)21 (ω)
, (1)

where �H > 0 and S(0)21 is the transmission of the “bare”
transmission line. In practice, S(0)21 is measured at a mag-
netic field for which all spin excitations lie outside the
accessible frequency region. An example of the results
obtained by this normalization method with different �H
values is shown in Fig. 3. For �H smaller than the mag-
netic field width of a given spin transition, t approximately
corresponds to the magnetic field derivative of the spin
absorption line, similar to the signal detected in conven-
tional EPR experiments. This method removes most of the
“noise” (mainly associated with spurious modes coming

FIG. 3. Microwave transmission through a superconducting
line coupled to a pure HoW10 single crystal [see Fig. 2(a)],
measured at T = 4.2 K and μ0H1 = 258 mT. The transmis-
sion has been normalized, as given by Eq. (1), by subtracting
from it data measured at H2 = H1 +�H , with μ0�H being
either smaller (2 mT) or larger (30 mT) than the spin resonance
line width. In the latter case (red solid line), the transmission
minimum reflects the resonant absorption of the spins from
the microwaves, whereas in the former (black solid line) it
approximately corresponds to the absorption field derivative.

from nonperfect impedance matching at the chip bound-
aries) present in the bare transmission data. For this reason,
its has been used in the figures shown in Secs. III A to III D
below, which aim mainly at tracking the positions of spin
resonance lines. The actual absorption can also be obtained
by choosing a larger�H but at the cost of deteriorating the
signal-to-noise ratio. This method has therefore been used
to estimate the spin-photon coupling (Sec. III E below),
when a quantitative fit of the spin resonance absorption
lines is required.

III. RESULTS

A. Broadband spectroscopy: field-tuned clock
transitions

Figure 4 shows two-dimensional maps of the transmis-
sion through a 400-µm-wide transmission line coupled
to large pure (top panel) and magnetically dilute (bot-
tom panel) crystals. These data were measured at T =
4.2 K with the dc magnetic field applied along the Z axis.

FIG. 4. Normalized transmission through a 400-µm-wide
superconducting line coupled to a single crystal of pure HoW10
(top panel) and of Ho0.2Y0.8W10 (bottom panel). In both cases,
the normalization [Eq. (1)] was done with μ0�H = 2 mT. The
experiments were performed at 4.2 K and the magnetic field was
parallel to the Z laboratory axis [see Fig. 2(a)]. The dotted lines
in the top panel show the frequencies of allowed spin transitions,
derived from Eq. (2).
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Because of the geometry of the line [see the image in
Fig. 2(a) and simulations in Fig. 2(c)], the microwave mag-
netic field felt by the crystal was mainly confined to the
Y-Z plane in this case. The data neatly show changes in
transmission associated with the resonant absorption of
microwave photons by the HoW10 spins. Each of these
resonances corresponds to an allowed transition between
two states with a different electronic spin state and the
same nuclear spin state, such as those marked by verti-
cal arrows in Fig. 1. These resonance lines then provide
a complete picture of the low-lying magnetic energy levels
in HoW10. In particular, they show the presence of a finite
gap � � 9.1 GHz in the excitation spectrum at four differ-
ent avoided level crossings. The spectroscopic patterns of
pure and magnetically diluted crystals agree, save for the
narrower lines observed in the latter case and the differ-
ence in absorption intensities associated with the number
of spins that effectively couple to the propagating photons
in each case.

B. Numerical simulation of the transmission spectra

The frequencies of the different resonances, and their
dependence on the magnetic field, can be estimated from
the spin Hamiltonian of an Ho3+ ion subject to the Zee-
man interaction with an external magnetic field, the crystal
field, and the hyperfine coupling to its I = 7/2 nuclear spin

H = B20Ô0
2 + B40Ô0

4 + B60Ô0
6 + B44Ô4

4 + gJμB �H · �J
+ AJzIz. (2)

Here, gJ = 5/4 is the Ho3+ Lande factor [47] and
the Ôm

n are the Stevens effective operators [47,48] that
account for the effect that the crystal field arising from
the local coordination in HoW10 has on the J = 8
multiplet. The magnetic anisotropy parameters B20 =
0.601 cm−1, B40 = 6.93 × 10−3 cm−1, B60 = −5.1 ×
10−5 cm−1, B44 = 3.14 × 10−3 cm−1 and the hyperfine
coupling constant A = 2.77 × 10−2 cm−1 have been deter-
mined from EPR experiments on magnetically diluted
samples [11,43]. Note that Eq. (2) is referenced to the
molecular frame, whose axes we denote by x, y, and z, and
that are different from the laboratory axes X , Y, and Z.

It follows that the ground state corresponds to the
mJ = ±4 doublet, split by tunneling terms (mainly the
B44Ô4

4 term) and by hyperfine interactions. Because of
the very strong uniaxial magnetic anisotropy of HoW10,
avoided level crossings occur at Hz � 2mI Hz,1, with
Hz,1 = 23 mT for the crossing of states with nuclear spin
projections mI = 1/2, 3/2, 5/2, and 7/2, respectively. The
magnetic field components Hx and Hy perpendicular to the
anisotropy axis have a close to negligible influence on the
energy levels for magnetic fields below 300 mT, which
we explore in this work. The only free parameter is then
the orientation of the molecular easy axis z with respect

to the external magnetic field, which amounts to rescal-
ing the magnetic field axis. As shown in Fig. 4, we find
good agreement with the same parameters given above.
These results show that the concentrated crystals used in
this work retain the same magnetic anisotropy and confirm
that the strong spin tunneling, and the associated energy
gap, are genuine properties of each molecule.

It is also possible to simulate the full transmission
spectra. For this, we apply input-output theory to the inter-
action of microwave photons propagating via the trans-
mission line with the electronic magnetic moments of the
molecules. The complex transmission is then given by
[49,50]

S∗
21 = 1 − G

G + γ + i(ω12 − ω)
, (3)

where G is the photon-induced transition rate between spin
states |ψ1〉, with energy E1, and |ψ2〉, with energy E2, (see
Fig. 1), γ is the spin line width, and ω12 = (E2 − E1)/�

is the resonance frequency at the given magnetic field.
The interaction constant G parameterizes the spin-photon
coupling and is therefore our main interest in this work.
Time-dependent perturbation theory gives the expression

G � 2πg2(ω12)|〈ψ1|Jz|ψ2〉|2[n(ω12)+ 1]�P12, (4)

where g(ω12) is a spin-photon coupling density, which
depends on the mode density in the transmission line
and on geometrical factors (mainly the number of spins,
their locations with respect to the circuit, and the lat-
ter’s geometry), n(ω12) = [exp (hω12/kBT)− 1]−1 is the
bosonic occupation number, �P12 = [exp (−E1/kBT)−
exp (−E2/kBT)]/Z is the thermal population difference
between the two levels, and Z is the partition func-
tion. Only the microwave field component parallel to the
anisotropy axis z contributes to the coupling, because
〈ψ1|Jx,y |ψ2〉 = 0 for any superposition of |mJ = ±4〉
states. This explains why G is determined by the matrix
element of Jz.

We have performed numerical simulations of the nor-
malized transmission amplitude based on Eqs. (1), (3),
and (4) and the spin wave functions derived from the
spin Hamiltonian (2). We approximate the spin-photon
coupling density by the expression g2(ω12) � αω12, valid
in the limit of one-dimensional (1D) transmission lines
[51]. Here, α is an adjustable fitting parameter. The res-
onance line widths are of order 100–300 MHz for both
the pure and magnetically diluted crystals. Electron spin
resonance experiments performed on Ho0.2Y0.8W10 show
that T2 ∼ 0.013 µs at T = 4.2 K. The homogeneous broad-
ening 1/(πT2) ∼ 25 MHz is therefore much smaller than
the resonance width observed in experiments, suggesting
that the latter is dominated by the inhomogeneous broad-
ening. We recognize that there are multiple sources of
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FIG. 5. Simulated 2D plots of the normalized transmission
through a 400-µm-wide superconducting line coupled to a single
crystal of pure HoW10 (top panel) and of Ho0.2Y0.8W10 (bottom
panel) and for a magnetic field applied along the Z laboratory
axis. The results are calculated averaging Eq. (3), with the spin-
photon coupling G given by Eq. (4) and g2(ω12) = αω12, over
a Gaussian distribution of bias fields with a width σ = 6.4 mT
for x = 1 and σ = 2.7 mT for x = 0.2. The fitting parameters
were the angle � 45◦ that �H makes with respect to the magnetic
easy axis z and the dimensionless α � 3.2 × 10−4 for HoW10 and
α � 8 × 10−6 for Ho0.2Y0.8W10.

line broadening [11], which include dipole-dipole inter-
actions between molecular spins and distributions in the
orientations of the molecular axes and of their crystal field
parameters (e.g., B4

4 that gives rise to the tunnel splitting
�) [11,43]. In the simulations shown in Fig. 5 their effect
was introduced with Gaussian field distributions having
σ � 6.4 mT for x = 1 and σ � 2.7 mT for x = 0.2. These
parameters were chosen to give the best overall agreement
with the experiments.

C. Dependence on magnetic field orientation

The experiments on the pure HoW10 crystal [Fig. 2(a)]
were repeated for different orientations of �H in the X -Z
plane of the chip. This geometry allows varying the angle
between �H and the molecular anisotropy axis z, while min-
imizing effects associated with the excitation and motion of
superconducting vortices.

Microwave transmission results measured for different
magnetic field orientations are shown in Fig. 6. Rotating
�H changes the magnetic field periodicities of the avoided

level crossings, but does not appreciably modify�. There-
fore, it mainly amounts to a renormalization of the mag-
netic field intensity. This shows that, within the magnetic
field range μ0H ≤ 0.2 T explored in these experiments,
the magnetic energy levels depend almost exclusively on
the projection Hz along the molecular anisotropy axis z.
Therefore, the anticrossings are mainly determined by the
condition Hz = 2mI Hz,1, which requires reaching higher
magnetic field strengths the more �H deviates from the
anisotropy axis. This agrees with the predictions of the
spin Hamiltonian (2) and allows locating z. For instance,
when the magnetic field forms an angle θ = 45◦ with the
X and Z laboratory axes, the pattern disappears, showing
that �H is then nearly orthogonal to z. By contrast, the pat-
tern period H1 becomes minimum for θ � 135◦, showing
that �H is then closest to z within the X -Z plane.

The dependence of the experimental H1 on θ is shown
in Fig. 7. Fitting H1 versus θ data then allows estimating in
situ the orientation of the magnetic anisotropy axis z with
respect to the crystal and to the laboratory reference frame.
The results are compatible with z pointing along the long
molecular axis [see Figs. 1 and 2(b)].

Once the orientation of z is set, the positions of the
resonances and the full transmission spectra can be cal-
culated for any magnetic field angle. The results, shown
in Fig. 6, agree very well with the experimental ones.
This agreement confirms the very strong uniaxial mag-
netic anisotropy of HoW10 and provides a basis to analyze
how the spin-photon coupling depends on temperature and
magnetic field strength. Besides, it shows that �b gener-
ated by a straight transmission line [Figs. 2(b) and 2(c)],
although perpendicular to the external �B, has a sizable
component along z. Therefore, it should also provide
a nonzero spin-photon coupling. This simpler geometry
[Fig. 2(b)] was then adopted for experiments performed
at very low temperatures, which are discussed in what
follows.

D. Broadband spectroscopy below 1 K: temperature
dependence of the spin-photon coupling

The relative populations of the spin levels involved in
a resonant transition influence the effective spin-photon
coupling G [see Eq. (4)]. In equilibrium, this introduces
a temperature dependence through the polarization param-
eter�P12, which is plotted in Fig. 8. Decreasing T leads to
a larger polarization provided that kBT remains sufficiently
high with respect to � and to the hyperfine splitting of
each electronic level. The fact that spin-clock transitions in
HoW10 involve two excited levels gives rise to a maximum
followed by a rapid drop in polarization.
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FIG. 6. Experimental (top) and simulated (bottom) normalized transmission through a 400-µm-wide superconducting line coupled
to a single crystal of HoW10 for different orientations of the magnetic field. The experiments were performed at T = 4.2 K. The
normalization of the experimental data [Eq. (1)] was done with μ0�H = 2 mT. The simulations are calculated averaging Eq. (3), with
the spin-photon coupling G given by Eq. (4) and g2(ω12) = 3.2 × 10−4ω12, over a σ = 6.4-mT-wide Gaussian distribution of bias
fields.

This behavior is confirmed by experiments performed
with the circuit shown in Fig. 2(b) on a Ho0.2Y0.8W30
single crystal. Transmission spectra measured at different
temperatures are shown in Fig. 9. The relative intensities
of the four clock transitions remain comparable to each
other until, on cooling below 0.5 K, they begin to gradually
fade away from right (n = 4) to left (n = 1). Numerical
calculations based on Eqs. (3) and (4) are also shown in
Fig. 9. They agree with this behavior. For this reason, we
have chosen the data measured at T = 0.65 K to study the
magnetic field dependence of the spin-photon coupling.

FIG. 7. Magnetic field projection along the molecular mag-
netic anisotropy axis z as a function of the orientation of �H
within the laboratory X -Z plane [see Fig. 2(a)]. Here, H1 is the
magnetic field at which the first avoided level crossing is experi-
mentally observed (Fig. 6) and Hz,1 = 23 mT is the first crossing
longitudinal field derived from the spin Hamiltonian (2).

E. Magnetic field dependence of the spin-photon
coupling near spin-clock transitions

Whereas the positions of the resonance lines give access
to the energy level scheme, their intensities provide infor-
mation on the wave functions of the involved states. An
important advantage of working with open waveguides is
that both the frequency and magnetic field can be var-
ied independently of each other. It is therefore possible to
monitor how the absorption intensity varies as a function
of H .

Figure 10(a) shows a 2D plot of normalized transmis-
sion data measured at T = 0.65 K. As discussed above

FIG. 8. Thermal equilibrium population difference between
the two levels involved in each of the spin-clock transitions in
HoW10.
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FIG. 9. Experimental (top) and simulated (bottom) normalized transmission through a 35-µm-wide superconducting line coupled
to a single crystal of Ho0.2Y0.8W10 for different temperatures. The magnetic field was applied along the Z laboratory axis [Fig. 2(b)].
The normalization of the experimental data [Eq. (1)] was done with μ0�H = 1 mT. The simulations are calculated averaging Eq. (3),
with the spin-photon coupling G given by Eq. (4) and g2(ω12) = 1.6 × 10−5ω12, over a σ = 2.7-mT-wide Gaussian distribution of
bias fields.

(see also Fig. 8), this temperature provides a good com-
promise for the relative polarizations �P12 of all relevant
spin transitions. Here, we are interested in analyzing the
actual spin absorption lines, for which we have the ana-
lytical expression (3), rather than its field derivative. As
we have discussed in Sec. II C, the transmission must then
be normalized with data measured at a suitably separated
magnetic field [see Eq. (1) and Fig. 3]. For this reason,
in Fig. 10, μ0�H = 15 mT, larger than the spin inho-
mogeneous broadening, was chosen. The minima in the
normalized transmission traces [Fig. 10(b)] correspond to
the absorption resonance lines at the given fields, whereas
the maxima correspond to (minus) the absorption at H +
�H . Note that the relative positions of minima and max-
ima reflect the magnetic field slope of the HoW10 transition
frequencies. Spurious resonant modes of the transmission
line lead to additional transmission “bumps” that form hor-
izontal lines in the 2D plot. In the analysis that follows, we
have only considered data measured sufficiently far from
such modes.

We observe that the visibility, defined as the minimum
of each transmission dip, becomes enhanced on approach-
ing each of the avoided level crossings. This phenomenon
is visible in all experiments (see, e.g., Fig. 4). It can
be analyzed in more detail by looking at the frequency
dependence of the transmission measured at fixed mag-
netic fields [Fig. 10(b)]. Let us consider, for instance, the
first transition that links states with nuclear spin projec-
tion mI = 1/2. The maximum absorption measured near
the anticrossing, at 35.4 mT and 9.3 GHz, is approximately

10 times larger than that measured away from it, at
53.7 mT and 10 GHz. The same comparison can be made,
at constant H , between the intensities of different transi-
tions that lie close or far from their respective avoided level
crossings, e.g., the first and second transitions at 35.4 mT
[Fig. 10(b)].

In order to get a more quantitative characterization, fits
of all absorption lines have been performed with Eq. (3).
The fitting parameters were the spin-photon coupling G
and the line width γ , which here parameterizes the dom-
inant inhomogeneous broadening. Examples of these fits
are shown, as solid lines, in Fig. 10(b), while the results are
shown in Fig. 11. The increasing difficulty in properly nor-
malizing the transmission plus the presence of a spurious
mode near 9 GHz prevents getting data right at the clock
transitions. Yet, in spite of the experimental limitations, the
results show that G becomes maximum at the four avoided
level crossings, as can be seen in Fig. 11. Also, the line
width seems to become larger on moving away from the
anticrossings.

This result admits a qualitative interpretation based
on Eq. (4) and on the nature of the spin transitions
in HoW10 (see Fig. 1). The spin-photon coupling is
largely determined by the matrix element of Jz between
states with the same nuclear spin projections. The rel-
evant subspace reduces to a two-level tunneling system
[52] for which 〈ψ1|Jz|ψ2〉 � |mJ |�/ω1,2, where ω1,2 =√
�2 + [2gJ mJ (Hz − 2mI Hz,1)]2. The matrix element then

inherits, although inverted, the field dependence of
the level anticrossing. It reaches a maximum value
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(a)

(b)

FIG. 10. (a) Two-dimensional plot of the transmission mea-
sured, at T = 0.65 K, on a 35-µm-wide transmission line coupled
to a single crystal of Ho0.2Y0.8W10. The normalization of the
experimental data [Eq. (1)] was done with μ0�H = 15 mT. (b)
Transmission data as a function of frequency at the fields marked
by vertical dotted lines in (a). The spin absorption lines corre-
spond to the transmission dips, whereas the maxima correspond
to (minus) the absorption lines of the data used in the normal-
ization. Additional “bumps” are also visible. They arise from
spurious transmission modes, which give rise to horizontal lines
in the 2D plot of panel (a). The solid lines are fits, based on
Eq. (3), of the different absorption resonances from which the
spin-photon coupling G and the line width γ are determined.

〈ψ1|Jz|ψ2〉 = |mJ | when the two levels come closest to
each other (ω1,2 = �) and their wave functions become
maximally delocalized between opposite angular momen-
tum projections. Then, it decreases as the field moves
away from Hn. Calculations performed inserting this sim-
ple expression for the matrix element into Eq. (4) repro-
duce quite well the experimental results, as shown in
Fig. 11.

The maximum coupling G � 350 kHz might at first
seem quite modest. Yet, one has to bear in mind that we
are dealing with an open transmission line and not with
a resonator. Using the same theoretical basis that leads to
Eqs. (3) and (4), the following relation between G and the
coupling Gres to a cavity resonating at a given frequency ω
follows [53]:

FIG. 11. Top: frequencies of the spin resonances in
Ho0.2Y0.8W10 determined from microwave transmission
experiments performed at T = 0.65 K. The lines are
ω1,2 = √

�2 + [2gJ mJ (Hz − 2mI Hz,1)]2 with gJ = 5/4,
mJ = 4, μ0Hz,1 = 23 mT, and mI = 1/2 (blue), 3/2 (red),
5/2 (orange), and 7/2 (green). Avoided level crossings lead
to equally spaced minima as a function of the magnetic field.
Middle and bottom: spin-photon coupling G and resonance
line width γ obtained from the fit of these resonances by using
Eq. (3). The lines in the middle panel are calculated using
Eq. (4) and the matrix element |〈ψ1)|Jz|ψ2)〉|2 = m2

J�
2/ω2

12,
which holds for a two-level system. The lines in the bottom
panel are given by γ = γ0 + b∂ω12/∂Hz with γ0 = 25 MHz and
b = 4.5 mT.

Gres =
√

Gω
π

. (5)

Using this relation, the maximum coupling to the line we
measure would correspond to Gres ∼ 80 MHz for ω =
9.1 GHz. Considering that in HoW10 the spin-photon cou-
pling is significantly reduced by the low-spin polarization
�P12 ≤ 0.04 (Fig. 8), this estimate compares favorably
with those reported previously for other molecular [27,54–
57] and inorganic [58–61] spin systems, even for crystals
hosting paramagnetic lanthanide ions [57,62,63]. A rea-
son is that our experiments involve a large number of
spins [roughly N ∼ 1015 HoW10 molecules couple signif-
icantly to the microwave field in the geometry shown in
Fig. 2(b)] because the line width allows working with rela-
tively concentrated crystals. Besides, the average coupling
per spin G1 = Gres/

√
N ∼ 2.6 Hz is enhanced by the large

ground-state spin of HoW10, for which mJ = ±4.
Concerning the line width, it is expected that γ

decreases near the clock transitions. The electronic spins
then become less sensitive to magnetic fields, and thus
also to perturbations arising from dipolar interactions with
neighbor molecules [39], hyperfine couplings to nuclear
spins [44], and the misalignment of the molecular axes.
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The experimental results, shown in the bottom panel of
Fig. 11, confirm that spin resonances tend to narrow near
the avoided level crossings. This effect can be approxi-
mately described by the expression γ = γ0 + b∂ω12/∂Hz
[11,64], where the second term is proportional to the effec-
tive magnetic moment, which tends to vanish near a clock
transition and therefore suppress the effect of bias field
broadening, and the first accounts for other sources of
broadening. A reasonably good fit is obtained for b �
4.5 mT and γ0 � 25–35 MHz. The latter value turns out to
be smaller than the level broadening, of about 120 MHz,
estimated from EPR experiments performed on diluted
crystals and that was associated with a distribution in B44
[11]. The reason behind this discrepancy is not clear to
us, but it might arise from a combination of the special
conditions of our experiments, which are sensitive to a
tiny region within a tiny crystal, and the origin of the
anisotropy parameter distribution. The results suggest that
the line broadening we observe is dominated by environ-
mental magnetic fields and that their influence is reduced
near the level anticrossings.

IV. CONCLUSIONS

We have explored the coupling of HoW10 molecular
magnets to superconducting transmission waveguides. The
results provide a broadband picture of the energy spectrum
associated with the mJ = ±4 ground states. They confirm
the existence of avoided level crossings, or spin clock tran-
sitions, at equispaced magnetic field values, determined
by the magnetic anisotropy and hyperfine interactions and
allow finding the orientation of the magnetic anisotropy
axis.

Near each anticrossing, we find that the spin-photon
coupling G becomes maximum, reflecting the maximum
overlap between the two spin wave functions involved in
the resonant transition. This reveals a quite unique prop-
erty of spin-clock transitions. Not only do they shield spin
states against magnetic field fluctuations, which leads to
longer spin coherence times T2 [11], but they also optimize
their coupling to external radiation fields. This enhance-
ment is quite remarkable since the transition linking mJ =
±4 states would be strictly forbidden for vanishing �. By
contrast, when � �= 0, the coupling to photons becomes
enhanced in qubits that, like HoW10, are characterized by
a large effective ground-state spin, since G ∝ m2

J near the
anticrossing. This property makes spin clock transitions
promising for developing fast and robust qubits out of
high-spin (S > 1/2) magnetic molecules, e.g., those based
on lanthanide ions. The limitation imposed by the difficulty
of tuning ω12 with a magnetic field can be compensated by
exploiting electric fields, whose effect becomes maximum
near the anticrossings [65].

The experimental scheme used in this work is also a
quite standard tool to control spin qubits on a chip, as has

been shown by experiments performed on N-V− centers
in diamond [66] and impurity spins in silicon [67]. Our
results show a simple method to maximize the Rabi fre-
quencies of single-qubit operations on high-spin systems
with suitable magnetic anisotropies. Besides, this scheme
can be integrated with circuit QED architectures, e.g., with
the application of superconducting resonators to readout
the spin states [26,28]. The enhancement of the spin-
photon coupling found here should also lead to larger dis-
persive shifts, and thus improve the visibility of different
spin states [68]. This is especially relevant when dealing
with molecular spin qudits, e.g., those based on Gd3+ ions
[20]. Even though Gd3+ is a Kramers ion, the combination
of nondiagonal magnetic anisotropy terms and adequately
oriented external magnetic fields also leads to avoided
level crossings in these systems. Exploiting the enhanced
spin-photon coupling near them might then allow reach-
ing the high cooperativity regime needed to resolve their
multiple spin states even with non-too-diluted crystals, and
therefore provide a suitable platform for proof-of-concept
implementations of qudit-based algorithms [28,69,70].
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[63] A. Tkalčec, S. Probst, D. Rieger, H. Rotzinger, S. Wünsch,
N. Kukharchyk, A. D. Wieck, M. Siegel, A. V. Ustinov, and
P. Bushev, Strong coupling of an Er3+-doped YAlO3 crys-
tal to a superconducting resonator, Phys. Rev. B 90, 075112
(2014).

[64] S. J. Balian, G. Wolfowicz, J. J. L. Morton, and T. S.
Monteiro, Quantum-bath-driven decoherence of mixed spin
systems, Phys. Rev. B 89, 045403 (2014).

[65] J. Liu, J. Mrozek, A. Ullah, Y. Duan, J. J. Baldoví, E. Coro-
nado, A. Gaita-Ariño, and A. Ardavan, Quantum coherent
spin–electric control in a molecular nanomagnet at clock
transitions, Nat. Phys. 17, 1205 (2021).

[66] R. Hanson, V. V. Dobrovitski, A. E. Feiguin, O. Gywat,
and D. D. Awschalom, Coherent dynamics of a single spin
interacting with an adjustable spin bath, Science 320, 352
(2008).

[67] J. J. Pla, K. Y. Tan, J. P. Dehollain, W. H. Lim, J. J. L.
Morton, D. N. Jamieson, A. S. Dzurak, and A. Morello, A
single-atom electron spin qubit in silicon, Nature 489, 541
(2012).

[68] A. Gómez-León, F. Luis, and D. Zueco, Dispersive read-
out of molecular spin qudits, Phys. Rev. Appl. 17, 064030
(2022).

[69] A. Chiesa, E. Macaluso, F. Petiziol, S. Wimberger, P. San-
tini, and S. Carretta, Molecular nanomagnets as qubits with
embedded quantum-error correction, J. Phys. Chem. Lett.
11, 8610 (2020).

[70] M. Chizzini, L. Crippa, L. Zaccardi, E. Macaluso, S. Car-
retta, A. Chiesa, and P. Santini, Quantum error correction
with molecular spin qudits, Phys. Chem. Chem. Phys. 24,
20030 (2022).

044070-13

https://doi.org/10.1103/PhysRevLett.105.140503
https://doi.org/10.1103/PhysRevLett.107.060502
https://doi.org/10.1103/PhysRevLett.110.157001
https://doi.org/10.1103/PhysRevB.90.075112
https://doi.org/10.1103/PhysRevB.89.045403
https://doi.org/10.1038/s41567-021-01355-4
https://doi.org/10.1126/science.1155400
https://doi.org/10.1038/nature11449
https://doi.org/10.1103/PhysRevApplied.17.064030
https://doi.org/10.1021/acs.jpclett.0c02213
https://doi.org/10.1039/D2CP01228F

	I. INTRODUCTION
	II. EXPERIMENTAL DETAILS
	A. Sample preparation and characterization
	B. Superconducting device design and fabrication
	C. Microwave transmission experiments

	III. RESULTS
	A. Broadband spectroscopy: field-tuned clock transitions
	B. Numerical simulation of the transmission spectra
	C. Dependence on magnetic field orientation
	D. Broadband spectroscopy below 1 K: temperature dependence of the spin-photon coupling
	E. Magnetic field dependence of the spin-photon coupling near spin-clock transitions

	IV. CONCLUSIONS
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


