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Abstract We present a practical setup to perform continuous-wave X-band

electron paramagnetic resonance spectroscopy by using planar microstrip lines and

general purpose instrumentation. We fabricated Ag/alumina and Nb/sapphire mi-

crostrip resonators and transmission lines and compared their performance down to

2 K and under applied magnetic field. We used these devices to study single crystals

of molecular Cr3 nanomagnets. By means of X-band planar resonators we measured

angle-dependent spectra at fixed frequency, while broadband transmission lines

were used to measure continuous wave spectra with varying frequency in the range

2–25 GHz. The spectra acquired at low temperatures allowed to extract the essential

parameters of the low-lying energy levels of Cr3 and demonstrate that this method is

particularly suitable to study small crystals of molecular nanomagnets.

1 Introduction

Electron paramagnetic resonance (EPR) is a powerful spectroscopic technique

widely used in chemistry, physics and biology. Conventional spectrometers usually

employ 3D cavities that are optimized for specific electromagnetic (e.m.) modes and

transitions [1]. To date, a large variety of them has been developed for specific
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applications, including high and multi-frequency, pulses, electron-nuclear double

resonance, etc., as well as coherent manipulation of quantum states by means of

sequences of pulses [2]. Planar resonator have been proposed as an alternative

approach for magnetic resonance experiments and different geometries, including

stripline [3], microstrip [4–8], coplanar [9–11] and microcoils [12–15] have been

studied in detail. Similar resonators were also used for ferromagnetic resonance

measurements [16–18] while superconducting analogs have been used in circuit-

QED experiments with superconducting qubits and spin ensembles [19]. Microstrip

and coplanar circuits find also widespread applications in telecommunications as

filters or antennas. These devices are fabricated by microelectronic circuit

technology, that allows flexibility of design and scalability. The peculiar charac-

teristic of planar resonators is the possibility to perform on-chip EPR spectroscopy

on miniaturized samples such as small crystals, nanostructures, films or metama-

terials. The microwave field can be adapted to the size of the sample to obtain

improved sensitivity, which can comparable, or even superior, to that of

conventional spectrometers [12–15]. Another characteristic is their excellent

conversion efficiency, which allows to generate strong microwave fields with

reduced power and dissipation. Together with the small heat load, it allows micro-

resonators to be installed in cryogenic refrigerators to carry out EPR spectroscopy at

mK temperature [9].

In this paper, we describe a simple and flexible setup based on planar resonators

installed in a commercial cryo-magnetic system. A vector network analyzer (VNA)

is used for the detection of the EPR signal in the range 2–25 GHz. We have

designed and fabricated different types of planar resonators and we have tested them

on different kinds of molecular nanomagnets (crystals, powders and films). In

particular, here we compare the results obtained by means of resistive Ag/alumina

devices to superconducting Nb/sapphire resonators. The superconductor allows to

suppress the resistive losses and to increase the quality factor. This, in turn, should

result in an improved sensitivity of the device. Our results demonstrate that this

techniques is well suited for the characterization and study of these materials. We

focus on a set of measurements that have been carried out on molecular Cr3

triangles. They are constituted by three Cr3þ ions, each one carrying spin 3/2,

coupled by antiferromagnetic Heisenberg exchange that give rise to a doublet

ground and first excited states well separated from the higher lying energy levels

[20]. The performances and sensitivity of the fabricated microstrips are tested by

measuring the same sample under different conditions.

2 Microstrip Fabrication and Test

Microstrip devices require a dielectric substrate and a double-side deposition of a

conductive film. On the top side, a strip having well-defined dimensions is patterned

by lithographic methods, while the bottom side is used as ground electrode. For a

substrate with given thickness (t) and dielectric permeability (�r), the width of the

strip (w) can be calculated by standard methods to obtain a nominal impedance of

50 X [21]. In our case, from �r ðaluminaÞ ¼ 9:9 and t ¼ 0:63 mm we obtained
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w ¼ 0:5 mm (Fig. 1). The transmission of an e.m. wave through the microstrip

takes place with a quasi-transverse mode, where the magnetic component B1

oscillates perpendicular to the central strip. In our setup the dc magnetic field B0 is

applied parallel to the strip. This assures that we can perform perpendicular-mode

EPR spectroscopy with the canonical selection rules [1].

Planar resonators can be easily realized by interrupting the microstrip line in two

points through coupling gaps of width d. The central strip of length l constitutes the

k=2 resonator (Fig. 1). In our case, l ¼ 6 mm corresponds to a fundamental mode of

frequency m0 ¼ c
2
ffiffiffiffiffi

�eff
p ðlþDlÞ ’ 9:2 GHz, where c ¼ 3� 108 m/s, �eff ¼ 6:4 [21] and

Dl is a correction factor to take into account the effect of the gap [3]. By increasing

d the resonating strip is progressively decoupled from the feedlines and the quality

factor (Q) increases. On the other hand, the insertion loss (IL) increases as well.

This limits the signal transmitted through the microstrip and also the magnitude of

the microwave field (B1). We initially fabricated a test series of resonators to choose

d and we obtained that d ¼ 300 lm was a satisfactory choice. To calculate the

distribution of B1 we performed finite element e.m. simulations (CST Microwave

Studio). As expected for a k=2 resonator, Fig. 1b shows that an antinode of jB1j is

located at the center of the strip. The simulated maximum field (jB1j � 10�4 T for

an input power of 1 W) is in similar to other results reported in the literature [15].

For comparison, the simulation carried out for the microstrip transmission line

(Fig. 1c) shows that the maximum value of jB1j is ten times lower than the

resonator. Besides the possibility to span on different frequencies, the broadband

line is thus expected to have lower sensibility.

Different choices for dielectric and conductors are possible, yet we found good

tradeoff by fabricating silver microstrips by one-step optical lithography (lift-off) on

14� 10� 0:63 mm3 alumina substrates (�r ¼ 9:9). 3-lm-thick Ag film was

thermally evaporated and post-annealed in vacuum at 400 �C for 2 h. This

thickness allows to exceed the skin depth of silver in this frequency range

(’0.7 lm). Nb/sapphire resonators were fabricated by means of the same

Fig. 1 a Schematic of the resonator. b, c Finite element simulation of the averaged distribution of jB1j,
respectively, for b resonator and c broadband line. d Photograph of the Ag/alumina resonator installed in
the metal box. The single crystal of Cr3 is located at the center of the microstrip. e Drawing of the low-
temperature setup
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lithographic mask used for the Ag/alumina resonator. Niobium films (thickness

350 nm) were deposited on sapphire (�r ðsapphireÞ ¼ 11:5) by sputtering (base

pressure 10�6 mBar, growth rate 0.5 Å/s).

The microstrips were installed in a open box made of gold-plated brass (Fig. 1d)

that defines the ground and shields the resonator from the environment. The bottom

side of the chip is glued to the base by means of silver paint, the central strip is

instead glued to the pins of the microwave launchers. The launcher connects pin and

coaxial line through SMA connectors. Measurements were carried out in vacuum

and down to T ¼ 2 K in a commercial Quantum Design PPMS cryostat, by means

of a dedicated insert wired with low thermal conductivity coaxial cables (Micro-

Coax UT-085B-SS). These are thermalized at an intermediate stage to the sample

chamber of the PPMS by means of contact fingers, and brought out of the cryostat,

without interruptions, by means of o-ring sealed vacuum feedthroughs (Fig. 1e).

The temperature is monitored by means of a calibrated ruthenium oxide

thermometer mounted on the back of the microstrip box.

To characterize the frequency response of these devices, we measured the

reflection (S11) and transmission (S21) scattering parameters by means of a Vector

Network Analyzer (Agilent PNA 26.5 GHz). Figure 2 shows the comparison

between the typical S11 and S21 spectra of the Ag/alumina and Nb/sapphire

resonators. In both cases the presence of the S11 dip on resonance evidences that the

resonator is overcoupled to the feedlines (Fig. 2a). The resonance frequency of the

resistive resonator is m0(Ag) ¼ 9:2118 GHz while that of the superconducting one is

m0(Nb) ¼ 9:0775 GHz, accordingly to the different �r of the two substrates. A well-

defined transmission peak is observed in both cases (Fig. 2b). The Q-factor of the

transmission resonance is calculated by means of the 3-dB rule. For the resistive

Fig. 2 Comparison between the characteristics of the Ag/alumina and Nb/sapphire resonators at
T ¼ 2 K. a Reflection spectra (dotted lines). The absolute value of S11 includes also the reflective
background due to the coaxial line. b Transmission spectra (solid lines). The transmission spectrum of the
broadband microstrip is shown by the blue dashed line. c Magnetic field dependence of the transmission
spectrum measured for the Nb/sapphire resonator. d Q-vs.-B0 curves extracted from the transmission
spectra. The quality factor at zero field is 349 for the resistive resonator and 1068 for the superconducting
one (color figure online)
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resonators it was typically obtained in the range between 300 and 600 while for the

Nb/sapphire resonator is *103. Concerning the insertion loss (IL), we obtained

IL ¼ 7 dB for the resistive resonator and IL ¼ 5 dB for the superconducting one

(Fig. 2c). For comparison, the broadband transmission line (blue line) shows a flat

response in this range and IL\0:5 dB.

The transmission resonance of the Nb/sapphire resonator is strongly affected by

an external magnetic field. Figure 2c shows a series of frequency spectra measured

under applied field up to 2.5 T. The insertion loss rapidly increases with increasing

B0, thus the quality factor decreases, although for B0\1 T it remains higher than

the Q-factor shown by the resistive resonator (Fig. 2d). The resonance peak

disappears in proximity to the dc upper critical field of the Nb film (Hc2� 3 T).

3 Continuous Wave EPR on Cr3 Triangles

Since the resonance frequency is stable under applied field, the microwave

absorption of the Cr3 sample was evaluated by measuring the modulus of S21 at

fixed frequency while sweeping B0, in a similar way to continuous wave EPR

spectroscopy. The EPR signal is directly obtained from the VNA, that is a valid

alternative to the standard setup with modulation coil and lock-in detection.

Millimeter-sized single crystals of molecular triangles of Cr3OPiv6(H2O)3Piv were

positioned directly above the central strip by means of a small amount of Apiezon N

grease. The crystals have shape of hexagonal prisms and are indexed by X-ray

diffractometry. The Cr3 triangles lay parallel to the hexagonal face, hence with their

perpendicular axis parallel to the c-axis of the crystal. We initially started with the

single crystal oriented with cjjB0 (h ¼ 0) and we acquired the spectra with the

crystal placed in different positions on the Ag/alumina resonator (Fig. 3). We

observed an absorption dip at 0.335 T which becomes more intense as we move the

Fig. 3 a S21-vs.-B0 spectra measured with the Ag/alumina resonator loaded with a single crystal of Cr3

(T ¼ 2:5 K). As indicated in b the crystal is progressively shifted from the edge (D) to the center (A) of
the central strip (h ¼ 0). The continuous wave frequency is 9.215 GHz and the input power is ?3 dBm.
c Plot of the lowest lying energy levels of the Cr3 crystal as a function of B0 (h ¼ 0). The ground state is
constituted by two doublets separated by an energy gap of few K. d Numerical derivative of the
transmission spectrum taken in the position A and e temperature dependence. f Continuous wave
spectrum (m ¼ 9:064 GHz) of a Cr3 single crystal measured with the Nb/sapphire resonator
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crystal from the edge to the center of the resonator. The latter corresponds to the

position where B1 is maximum. This absorption dip thus can be assigned to the

doublet transition of the Cr3 ground state (Fig. 3c). Conversely, the dip at about

0.12 T is visible also in the spectrum of the bare resonator so it should be related to

a small amount of magnetic impurities in the alumina substrate. Figure 3d shows the

numerical derivative calculated from the signal in position A after the subtraction of

the background. The spectrum shows the characteristic line shape of a doublet

transition with gk ¼ hm=lBBk ¼ 1:97 (h ¼ 6:6262� 10�34 J s,

lB ¼ 9:2741� 10�24 J T�1 and m ¼ 9:215 GHz) and linewidth of 12 mT. The

temperature dependence of the peak is shown in Fig. 3e with a progressive decrease

of the EPR signal for increasing temperature.

Figure 4f shows the transmission spectrum measured for the Nb/sapphire

resonator loaded with the Cr3 crystal. In this case, the background signal has a

constant slope due to the increase of IL under applied field (Fig. 2b). We also

observed that the resonance frequency has some hysteresis, in particular for

B0\0:1 T. The absorption dip of the Cr3 crystal is well visible at 0.329 T, that

corresponds again to gk ¼ 1:97.

To investigate the angular dependence of the doublet transition of Cr3, we

performed a series of measurements by orienting the c-axis of the crystal at different

h angles with respect to B0 (Fig. 4a). The crystal was manually rotated and h was

measured under the microscope by means of a goniometer. The derivative of the

transmission signal of the resistive resonator is shown in the left panel for different h
angles. As h increases, the transition moves toward higher field and becomes

broader. For h ¼ 90� (c ? B0) it is centered at about B? � 0:41 T, thus the

projection of the effective gyromagnetic factor in the plane of the ring is

g? ¼ hm=lBB? � 1:6. Figure 4b displays the comparison with the signal measured

for a polycrystalline sample of Cr3. This spectrum shows multiple peaks due to the

averaged contribution of different orientations.

Fig. 4 a Derivative of the transmission spectra measured as a function of B0 for different h angles
(T ¼ 2:5 K). For each spectrum the intensity is normalized to its maximum value. b Comparison among
the spectra taken at 0� and 90� and on a polycrystalline sample. c Upper panel absorption dips measured
by means of the broadband microstrip for different frequencies and two orientations (h ¼ 0, black; 22:5�,
red). Lower panel plot of the microwave frequency as a function of the field position of the
absorption dip (markers). Solid lines represent the best fit with a linear function (color figure online)
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By means of the Ag/alumina broadband transmission line, we measured a series

of continuous wave spectra for different frequencies in the range 2–25 GHz. Here

the absorption signal is weaker with respect to the resonator, nevertheless the

doublet transition of Cr3 can be clearly identified. In the upper panel of Fig. 4c we

show a series of absorption dips acquired for two orientations (h ¼ 0 and 22:5�) and

different frequencies. A linear dependence is obtained by plotting the frequency of

excitation as a function of the field position of the absorption dip (lower panel of

Fig. 4c). The curves are well fitted by means of m ¼ glBB=�h, with g ¼ gk ¼ 1:97

for h ¼ 0 (solid black line), and g ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

g2
k sin2 hþ g2

? cos2 h
q

with g? ¼ 1:6 for h ¼
22:5� (red line). These gk and g? values are compatible to those obtained in

Ref. [23] for a similar Cr3 derivative and demonstrate that the frequency

dependence of the resonance can be measured in this configuration at low

temperature and sweeping magnetic field.

4 Conclusions

In conclusion, resistive and superconducting microstrips can be successfully

employed to study the EPR transitions in single crystals of molecular nanomagnets.

In the present study, we focused on Cr3 molecular triangles and our results evidence

the presence of anisotropic interactions, as shown for other variants of Cr3 [22, 23].

In spite of higher Q in zero field, the magnetic field dependence of the

superconducting properties poses serious limitation for the exploitation of Nb

resonators for EPR spectroscopy in strong magnetic field: from the comparison of

our resonators, for instance we found that at 1 T the quality factor of the Nb

resonator is comparable to that of Ag.

The approach we used is simple and versatile and can be applied for other classes

of materials or experimental configurations (e.g., parallel-mode EPR). Miniatur-

ization of the microstrip for the investigation of very small samples could be

achieved by using thin dielectric substrates, although the coplanar geometry is better

indicated for this purpose. Thanks to their reduced dissipation and efficient

microwave conversion, these devices are suitable for the installation on mK

refrigerators and it will be also interesting to use them for pulsed EPR experiments

at very low temperature.
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