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High-resolution detection of resonant frequencies of microwave resonators
via magnetic measurements
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An experiment with high spin molecular magnets inside microwave resonators has produced the
remarkable observation of sharp peaks in the equilibrium magnetization and the ac susceptibility for
the resonant frequencies of these devices. These peaks appear when the magnets are pumped or
warmed by microwaves to states of different magnetic moment, and allow one to carry out
spectroscopic studies of either the magnetic materials or the resonant dev2@03CAmerican
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The basic ideas behind determination of resonant freeoupled the power to the resonator through a coaxial cable
quencies of a resonator rest on measurement of both the ativat brought the microwaves from the generator to the
sorbed and reflected energy as a function of the frequencgample. We generated electromagnetic radiation using
and the amplitude and phase of the reflection coeffidieht. HP83621B synthesized sweepers whose performance was
This implies the use of sophisticated equipment, like networkaccomplished when they were part of a HP8510C network
and swept amplitude analyzers, which only work for limited analyzer system. In the experiments shown here, we swept
ranges of frequencies. High-resolution measurements of thitie radiation from 0.1 to 25 GHz in steps of 0.02 GHz. The
quality factorQ and frequency are also very important for radiation power ranged from 0.1 to 300 mW. We placed both
studying the material properties using resonant technitties. the coaxial cable and the resonator inside a commercial
This is the case, for example, of the measurement of theample magnetometer that allows one to change the tempera-
surface resistance and reactance of conductors and supercdure between 1.8 and 300 K and apply magnetic fields up to
ductors or the electric and magnetic susceptibility of dielecugH=5T.
trics. Measurement of the microwave power can be realized We characterized the samples magnetically outside and
by using, for example, adiabatic calorimeters, basic bridgénside the resonator. Both data sets are identical after sub-
circuits and bolometers. We describe an experimentairacting the latter the signal due to the resonator. Above the
method for quick, high-resolution determination of the reso-blocking temperaturelg~3 K, the system behaves as a su-
nant frequencies of any resonator based upon the variation gerparamagnet and the equilibrium dc susceptibility follows
the equilibrium magnetic moment of a magnetic sampleCurie—Weiss lawyo=M/uoH = (gusS)% T, see Fig. 1. Be-
placed inside. low Tg, the sample exhibits magnetic hysteresis. The inset

In the molecular cluster Mp acetate (MpAc) the  of Fig. 1 presents the temperature dependence of both the
manganese atoms are tightly coupled to give a constant spin-phasey’, and the out-of-phasg,”. components of the ac
of S=10 and below 10 K show magnetic bistability due to suscept|b|l|tf’ with =57 Hz the ac frequency. The block-
the 65 K anisotropy energy barrier between the spin up and
spin down state$.The occurrence of this strong uniaxial —
anisotropy yields doubly degenerate ground states in zert E
field and a set of excited levels in the microwave—infrared <t
range, as has been derived from electron paramagnetic res¥,
nance(EPR resonant experimenf€ The transition prob-
ability, I, between the spin states at the two wells of the
anisotropy barriet) obeys the lawl" = v exd —U/T], where
vis an attempt frequency of the order 019 * andT is the
temperature of the experiment. We used in our experiment:
2-mm-long 0.5-mm-wide MpAc single crystals.

We have investigated several resonant devices, like coils
and cavities. In this letter we show data for two resonant
loops: the first one is made up of five coils of 0.1-mm-thick
99.9%-pure coppetCu) wire with a 5.42 mm diameter, and 0 10
the second one made up of five coils of 0.015-mm-thick
superconducting niobium—titaniufNbTi) alloy. We fixed

the magnetic samples in the center of the resonant loops ariis. 1. Temperature dependence of the equilibrium magnetic moment of the
Mn,Ac sample when we applied magnetic fieldgofH=0.05 T. The inset
shows the thermal variation of the in-pha@®lid line) and out-of-phase
dElectronic mail: jtejada@ubxlab.com (dashed lingcomponents of the ac susceptibility €57 Hz).
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T T I T T T T the peaks detected for the NbTi resonant loop coincide with
those recorded for the reflection coefficient measured with
the HP8510C network analyzer.

We interpret these results by considering that, when the
frequency of the radiation sent to the resonator matches that
of a resonant mode, standing waves form and live a certain
time, which depends on th@ value of the resonator. Since
we are sending radiation during the magnetic measuring time
these standing waves continuously appear and disappear, and
energy is therefore released. One part of this energy is di-
rectly absorbed by the material and the other, which is due to
dissipation in the surface of the resonator, will warm the
] ] | | ) A sample. These two effects manifest themselves as variations
4 6 8 10 12 14 16 in the magnetic moment of the sample. When the frequency

rf frequency (GHz) of the radiation does not match a resonant mode, the radia-
tion is mostly reflected and the magnetic moment of the

FIG. 2. _Eguilib_rium magnetic momertteft) gnc_! real component of the ac sample remains constant.

susceptibility(right) of the Mn,Ac sample inside the Cu resonant loop at . .

T=5K as a function of the frequency of 300 mW microwave radiation. The In order to see whether there is microwave photon ab-

magnetic moment was recorded with magnetic figi =0.3 T, while the ~ sorption by the magnetic material inside the resonators, we

ac susceptibility was acquired for ac frequeney 57 Hz in zero dc field.  estimated the ac magnetic field associated with the resonant
modes and compared it to the usual ac fields in EPR experi-

ing temperature at this frequency is approximat@ly .. ments, which rely on the detection of photon absorption.

~6 K. ' This field may be calculated &t2~87E/V, whereV is the

Figure 2 and 3 present the equilibrium magnetic momen©lume of the resonator ari is the energy stored within.
of Mny,Ac in the superparamagnetic regimé<5 K) as a This energy |5E_=QP/2_7rf, whereQ is the quality fa(_:tor of
function of the frequency of the 300 mW electromagneticth® resonator is the time-averaged power loss aht the
radiation sent, respectively, to the Cu resonant loop and thglcrowave frequgncﬁl.Usmg typical values for these mag-
NDbTi resonant loop. The magnetic moment shows sharp délitudes, we obtainet,~0.01-0.1 Oe, a value that com-
creasing peaks for certain frequency values while there argares fairly OweII to that of the usual ac fields in EPR
other frequencies for which it does not change at(tie expeqmenté. We should therefore expect to have quantum
error in background level is less than 0.01% all cases, (ransitions between levels whose spacing matches the energy
when we changed the power of the radiation, the intensity off the photons. The energy absorbed by molectiaostly
the peaks varied but their positions remained unaltered. FigtiPrational levels should flow towards phonon degrees of
ure 2 also shows the microwave frequency dependence of tHEe€dom and affect the population of spin levels via heating.
real component of the ac susceptibilityw£57 Hz) of In the case of spin levels, the ph(_)tons abs_orbed by levels
Mn,,Ac inside the Cu resonant loop 5K and zero dc field. correspondmg to different precessm_nal motion of the toFaI
The positions of the increasing peaks of the ac susceptibilitgPin of the molecular magnet could increase the population
coincide completely with those found for the magnetic mo-Of excited levels and reduce the total magnetic moment of
ment at thermodynamic equilibrium, and the relative varia-the sample. .
tion at the largest peak is 10 times larger than the maximum  In conclusion, we have shown and discussed the use of
relative variation of magnetic moment. We also verified that2gnets to determine the microwave frequencies of a reso-
nator. The results shown here, together with those obtained
using other loops and cavities as well as different magnetic
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N’E‘ ' ' ' N . ) ! materials(paramagnets and gadoliniirand magnetic sen-
< 16.1 - (2 sors(Hall probes, suggest that our method is fast and very
% precise in determining the microwave resonant frequencies,
S 16.0 | i the Q values and the radiation power.
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