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High-field/high frequency EPR spectroscopy measurements are  |ineshape of the signal making use of an automatic control |
shown. Experiments were carried out at 240- and 316-GHz fre-  frequency (AFC) in order to select either absorption or dispe
quencies. The employed apparatus uses a novel combination of far  gjon modes at resonance, (iii) the ability to implement puls
infrared molecul_ar Igsers and (_)f prpbehead exploiting diel_ectric techniques with relatively small peak powers. Several a
resonators W.Orkmg n th.e Wh's.pe“ng gallery mOdes'. This ap- proaches have been adopted in this search by different labo
proach constitutes a relatively S|mpl-e method of mu_ltlfrt_equency tories, depending on the frequency range and the experimer
EPR spectroscopy and opens appealing perspectives in high-sen- ! L
sitivity EPR spectroscopy up to the THz regime.  © 2000 Academic Press reqUIr_en_Went_S. l_Jp to 150 GHZ_ the realization of EF_’R spectror

Key Words: EPR spectroscopy; high magnetic field; multifre-  €ters is in principle an extension of the well-established X bar
quency; dielectric resonator; whispering gallery modes. and Q band tEChnOIOQies. Closed structures inCIUding Singl
mode waveguides and rectangular or cylindrical cavities a
used by many groups in W and D bands and commerci

I. INTRODUCTION spectrometers are currently available in this frequency ran
(11, 14-18. At higher frequencies the intrinsic dimensions

High-field—high-frequency electron paramagnetic resonangfd the insertion losses of the different components make t
(HF’EPR) spectroscopy is a recent field of investigation URame approach very difficult or impossible. A cylindrical cav
dergoing rapid growth and offering new significant researgty resonating in the Tk, mode at 300 GHz would have about
opportunities {-5. A number of spectrometers for BEPR 0.2 mnt total volume which makes it useless for most appli
operating at 95 GHz are present in laboratories working #ations. On the other side the losses of a single-mode cop
different research fields ranging from material science to bigactangular waveguide in this frequency range can be calc
physics and have also become commercially availa)le (  lated as 7 dB/m).

Although many applications and in particular the require- At these frequencies other approaches which make use of
ment of a multifrequency approach suggest the extension (fasi-optical techniqued 1, 19, 20 thus become convenient.
HFEPR to higher field/frequency, this development is hirQuasi-optics is located at a bordering realm where neith
dered by some technical difficulties connected, in particulahicrowaves techniques nor geometrical optics is appropriate
with the performances of the radiation sources, the sampighge of frequency in which the wavelength of the process:
resonators, and the handling of the submillimeter radiatiogigna| is not negligible compared to the size of the beam. Sor
Only a few laboratories are consequently involved in the dgpectrometers have been built using these techniques. TI
velopment and use of EPR apparatuses working at frequencjeerally make use of Fabry—Perot multimodal resonators a
higher than 200 GHz7%-13. several other devices which ideally constitute the high-fre

Although it is possible to profitably perform HEPR in the quency analogues of the components of a standard low-f
absence of a resonator, there are several good reasons to sefiféAcy EPR spectrometer: phase shifters, circulators, ma
for efficient resonating structures at submillimeter waves. Thees, etc.{1, 19. Special care is also devoted to the search fc
use of resonating structures is in general desirable in ERfR appropriate propagating structures. Via space propagati
spectroscopy every time one performs experiments dealifocusing dielectric lenses as well as the use of oversiz
with a very small quantity or very diluted samples, that is tgetallic or corrugated waveguides have been applied in seve
say all the times it is necessary to perform experiments whigdboratories, showing the advantages of these alternatives
deserve very high sensitivity. Additional advantages of the ugfe single-mode waveguides at these frequendigk (
of resonators are: (i) the possibility of selecting the appropriate Assembling high-frequency EPR spectrometers is becomi
polarization status of the radiation, (ll) the abl'lty to control thg very interesting activity in which a successful Change in

single component may give rise to the breakthrough that wou

! Present address: Scuola Normale Superiore and INFM, 56126 Pisa, Itélyake this relatively young technique enter a more mature ag
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Application of dielectric resonators is a well-establishederspectives and expectations in the frame of EPR studies
practice in several different fields including magnetic resdurther increased frequencies.
nance. Limitations to the use of the usual dielectric resonators
operating in TE and TM modes in HEPR have already been 1. EXPERIMENTAL
thoroughly discussed in the literaturl}. Their application at
frequencies higher than 95 GHz suffers limitations even moreThe spectrometer scheme is shown in Fig. 1. The homebt
severe than those of the standard metallic resonators, partisodrce is a metallic waveguide FIR laser, optically pumped &
larly in terms of radiation confinement and size of the compe single- line, single-mode, oversized waveguide, GBer in
nents. Dielectric resonators working in the whispering gallegontinuous wave. The overall laser system is provided by :
modes (WGMDR) offer, on the contrary, a valuable alternativective control apparatus in order to reduce both amplitude a
in this frame for some main reasons: (i) they can be oversizigdquency noise due to thermal fluctuations.
with respect to wavelength; (ii) they show an intrinsic multi- The CQ laser is made up by a 1.50-m-long cavity supporte
frequency response; (iii) they show a very good confinementlo§ a invar bar frame. The optical cavity is terminated on on
the electromagnetic radiation; (iv) they are relatively easilside by a 80% ZnSe mirror with a focal length of 10 m and witl
operated; (v) they are very cheap and easy to construct an@lanar 150 lines/mm grating Littrow mounted on the othe
assemble; (vi) they can be loaded with a large quantity side. To tune the frequency of the emitted radiation the mirr
sample (with low dielectric losses) without a relevant degrés mounted on a piezoelectric ceramic. The zero-order refle
dation of the Q merit factor. tion of the grating can be used either to monitor the laser pow
A series of works 22-24 showed the capabilities of thisor in an optoacoustic cell for laser frequency stabilization. Tt
type of resonators in EPR experiments carried out at differemtersized waveguide is a 1.43-m-long Pyrex tube with a 9-m
frequencies up to 75 GHz. inner diameter provided with a fine alignment assembly. Tt
The present paper reports the first results of EFFR com CO, laser emits 75 W at 9R(20) and 95 W at 10P(20) sing|
pletely performed in the laboratory at IFAM—CNR in Pisa. Thénes. The FIR laser also has a waveguide structure. Tl
apparatus presents a number of innovations that, in perspectivayeguide is a 3.5-m-long brass pipe having 36-mm inn
make the approach appealing for the developments of EBRmeter and is supported by a diamagnetic stainless st
spectroscopy. The main features of the apparatus can beframe which is thermalized within 0.01°C in order to minimize
summarized: thermal expansion of the cavity. The length of the FIR cavit

« the unique combination of a radiation source formed by%tuned by means of a piezoelectric actuator and a micromet

far infrared (FIR) laser optically pumped by a C@ser with In the experiments here discussed the FIR laser operated at |

) and 316 GHz using as lasing active medium methyl iodide ar
a probehead bageq on a WGMDR,; . . trioxane, respectively. The power emitted at these frequenci
e the source is intrinsically operating as a multifrequenc

device. It is optimized to give high power at the frequencies géeasured with a technique described in R27),(is about 20

interest €400 GHz according to the magnet available). Iz%nd 4 mW, respectively. The characteristics of the realize

. Byiree have been optimized to obtain the best performanc
therefore meets the requirements of a source useful for E o . .
ust at the long wave radiation, therefore this unique source

measurements and will be named in the following millimeter o
] called millimeter laser.
laser (MML); . - .
. - The propagation of the exciting radiation from the output o

e the operation of the apparatus containing the MML and "\ ™o 00 the head of the probe is made throu

the WGMDR at different frequencies (240 and 316 GHz) was . . . P - . g
: . versized copper pipes measuring 12 mm in internal diamet
the basis of the measurements here shown. This could Jhe . . ) y
X . . . . e necessary changes in the direction of the beam are reali.
considered a starting point for the extension of operation at a. A . : :
) . using 90° curved sections of the same hollow pipes with tf
higher frequency/field. . .
typical attenuation of 1.5 dB per curve.

The results here presented then encourage the use of tha small fraction of the radiation was tapped out just after th
apparatus for the extension of multifrequency EPR measuritput window of the MML using a dielectric waveguide anc
ments at higher and higher frequencies where lasers becarat to a pyroelectric detector; this signal is monitored durin
more performant than other submillimeter wave sourcethe magnetic field sweep in order to check the source stabili
Moreover as predicted and preliminarily shown in previouand correct for the amplitude fluctuations of the MML. The
works, we could confirm that the probehead based on W@diation flows in the main arm of the apparatus, goes throu
MDR works very well at these frequenciea5( 26. the probe, and is recovered at a cryogenic bolometer detect

Section Il gives a general description of the new’HPR The detector is a magnetically enhanced liquid heliur
apparatus and shows the main instrumental performances. Seoled InSb hot electrons bolometer (QMC Instruments Ltd.
tion Il presents EPR experiments performed with differert has a noise equivalent power of 0.9 pW/Hz at 1 kHz an
samples at 240 and 316 GHz. Finally, Section IV discusses ttedaxation time scale of the order oful. The superconducting

results of the experimental observations and indicates the maiagnet Teslatron (Oxford Instruments) is continuously swee
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FIG. 1. Scheme of the spectrometer.

able from zero to 12 T with homogeneity of 10 ppm irof the radiation with the sample is the volume between the tw
1-cm-diameter spherical volume at the center of the main cdikcs, bounded by the external rim and the fictitious surface
and a stability of 10 ppm/h. It has an 88-mm-wide warm bot@e modal caustic25, 2§ whose radius is 6.6 mm at 240 GHz
in which the probe can be fitted. The field modulation iand 6.8 mm at 316 GHz. Small quantities of the samples we
supplied by a coil wound around the probehead giving garefully placed within the active volume. The measured
maximum of 0.8 mT up to a frequency of 10 KHz. factor of the resonator loaded with the sample assumes vall

A close up of the resonating structure including the WGyp to 5000 at 240 GHz, depending on the coupling condition
MDR is shown in Fig. 2. The probe includes an adapter The system provides different adjustments which conce
containing a wire polarizer requested to recover the COIgfk matching of the energy from the transmission line to tt
linear p_oIarization., a transition from metallic to dielectriGogonator and the tuning of its resonance frequency. T
waveguide, and finally the resonating assembly. The latigf o operation is carried out by changing the distance b

::?clud(;zs a:jgectlﬁn of(tjapereld qua:tz \l/(va&/?/g\g/gﬁ/leaand th_et;‘r"théen the exciting dielectric waveguide and the resonat
lameter disc-shaped single or stacke N ,€9; the laced in the same plane (movements alongcthady axis in
dielectric waveguide must be properly tapered in order to geEa e . o
. . Ig. 2b); this allows one to obtain any condition between th
suitable value of the external evanescent field and of the phas . . .
) o . . . undercoupling and the overcoupling, depending on the Q fact
velocity of the wave propagating in the dielectric waveguide q th i ffici bet :
(25). Finally a 45° mirror harvests the radiation delivered b n on'd :_hcc:up Ing _ ethiciency | ;We:n resofna or a{
the sharpened tip of the dielectric waveguide and feeds t gveguide. The atter operatlon'mcu es the use of a mova
output metallic waveguide. The geometrical profile of thB1€tallic ring, with the overall diameter equal to that of the
tapered region is a critical parameter for the minimization gfsenator, moved along the axis of the polyethylene disais
the irradiation power losses; the practical implementation Bt F19- 2&). This variable interaction with the evanescent fiel
this tapered section could be further optimized in the whoff the resonator forces a readjustment of the field distributic
frequency band of interest. The WGMDR operates, in a resd?d consequently of the resonant frequery, €6, 29. This
nant mode with the magnetic field orthogonal to the statftevice also offers the possibility of implementing an AFC fo
magnetic field. The probe is set in the reaction (also known 8¥stems with nontunable sources. It must be pointed out tt
absorption) configuration (see Fig. 2b). while the frequency tuning operation does not significantl
The 15-mm-diameter resonator is realized in high-densigffect the Q of the resonator, the operation described above
polyethylene. The sample can be loaded between two polyetine matching of energy to the resonator simultaneous

ylene discs. The part of this resonator active for the interactichanges the Q factor and the resonance frequesity3().
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a broadened, exchange narrowed line. At 240 GHz the observ

from source to detector linewidth is 0.45 mT, with a signal-to-noise ratio of 300; the

minimum number of detectable spins can be estimated of t

T order of 10 spin/0.1 mT. This figure is mainly limited by the

Metallic waveguide irradiation losses due to the tapering of the dielectri
/ \ waveguide. It must be pointed out that sensitivity in’BPR

z is generally given as the minimum number of detectable sp

Modulation with no mention of the power at the sample. In most case

however, power is the main factor limiting sensitivity. At 316

GHz the observed linewidth is 0.72 mT, which is greater tha

Tuning plate the value reported in Ref.9)]. As already mentioned, the

J 316-GHz experiment was run with a different sample than tt

] one we used at 240 GHz. This sample was distributed in

J larger volume in the active zone of the resonator. This is mo

/‘ probably the origin of the additional broadening observed

Wire polarizer J

this frequency.
When the automatic frequency control is not operated tt

\

WGMDR 45 degrees mirror

| | EPR line is more and more distorted as the mass of tl
Tapered quartz waveguide paramagnetic sample increases, since both the magnetic

'y
sorption and the dispersion greatly affect the response of t
resonator. Moreover the lineshape depends on the position
X the fixed MML frequency along the resonance curve of th
from source

resonator, since the magnetic dispersion gives a signal rela

to detector to the derivative of the resonance curve. This effect has be

\> _— experimentally verified, for a fixed resonance mode, by chan
ing the position of the tuning plate and/or the distance betwe:

b the resonator and the exciting waveguide.

FIG.2. Close up of the resonating structure. (a) Side view; (b) top view.  As usual for superconducting magnets the main coil shov
a sizeable hysteresys depending on the sweep rate. The a
rate determination of the observed resonance field is made

I1l. EPR MEASUREMENTS slowly sweeping the field across the signal in two differer
directions and taking the average. Thevalue measured for

EPR experiments were carried out on polycrystalline sa@PPH is 2.0037(1), which compares well with the reporte

ples of DPPH (2,2-diphenyl- 1- picrylhydrazyl; Sigma) on &alues at frequencies higher than 95 GH%. (

powdered sample of divalent manganese diluted in MgO andA powder sample of divalent manganese dispersed in Mg
on a polypyrrole sample. All of the spectra were recorded s also used as an independent test of our spectrometer.
room temperature using the probe described above withspectra of MA" diluted in MgO at 240 and 316 GHz are
phase-sensitive detection with time constant of 3 s. The saraported in Fig. 4, which shows the expected hyperfine sex
ples of DPPH were taken from the same batch used by one of

authors (L.A.P.) in previous HFEPR experimerfis Samples )

of DPPH of different size were prepared to test the sensitivify \

of our spectrometer. When a small quantity of DPPH is useé \

(less than 1Qug) the expected lineshape was obtained. In ordes

to obtain the intrinsic linewidth of the paramagnetic sample thg wj \ wf"*“/
amplitude of modulation was reduced, as usual, until the wid e a1 Gy |l

of the EPR line became constant. The spectra at 240 and 36 240 GHz

GHz are reported in Fig. 3. In the spectrum at 240 GHz th& \ |
WGMDR was loaded with a small sample of less thanulp \ | \/

while in the 316-GHz experiment, due to the lower power of \/

the laser, we had to use a larger sample which was evenly

distributed in the active zone of the resonator. The powder T~ 1 T~ L N A N
spectrum of DPPH at 240 GHz compares well with the spectra 8.528 8.530 8532 8.534 8..536. 11.272 11.274 11.276 11.278
of the same sample obtained in different laboratories and with Magnetic Field (T)

different techniques9). The spectrum shows a single dipolar FIG. 3. EPR powder spectra of DPPH at 240 and 316 GHz.
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FIG. 5. EPR spectrum of a polypyrrole sample at 240 GHz.
240 GHz

850 852 854 856 858 860 calculation 84). It mainly depends on the fraction of the
evanescent field outside the dielectric waveguide, which is
turn determined by its diameter. The combination of thes

FIG. 4. EPR powder spectra of Mn diluted in MgO at 240 and 316 effects gives the dependence of the signal-to-noise ratio fo
GHz. DPPH sample at 316 GHz vs the fraction of the power tran
mitted to the detector, as reported in Fig. 6. In this figure th

with lines separated by ca. 8.6 mT and some other additioﬁr"’}nsmIttGd power, obtained by. chapgmg the.d|stance hetwe
e resonator and the waveguide, is normalized to the pow

features most probably due to paramagnetic impurities in t : ealed when the resonator is far from the waveauide. A
sample. The same loaded resonator was used at the two Fras 9 ’

quencies. The observagifactor is 2.0017(1). s_peptra obtained in this way show the same lineshape, c

The broad signal which is almost superimposed to the hig rming that the employed sample weakly perturbs the resor
field component of the Mii spectrum at 240 GHz is totally or.
resolved in the 316-GHz spectrum and is attributed to some
paramagnetic impurity. The observed linewidth of the single
hyperfine componentis 0.47 mT at 240 GHz and 0.6 mT at 316, ¢jysion, the above results show that the unique cor
GHz. The ratio between these linewidths is close to 316/24(-tion of molecular laser sources and probehead based
accordingly the origin of this broadening is very likely due to
field inhomogeneities.

Preliminary results were also obtained in a polypyrrole sam-
ple, which is a conducting material characterized by an EPR :
linewidth strongly dependent on the concentration of oxygen in | +
the gas in which it is embedde®2); this feature makes this 407
sample particularly attractive for studies of relaxation pro- 1
cesses via nonlinear EPR techniqu88)( Measurements on 301 +
few micrograms of polypyrrole, made under standard condi;, | + 4
tions, give an EPR line 0.29 mT wide, as shown in Fig. 5. & 204 +

As far as the signal-to-noise ratio is concerned, particular e
attention was paid to the analysis of the coupling conditions ] + —
between the resonator and the waveguide; this coupling can be 107
varied in a simple way by changing their reciprocal distance. 1 R
When this distance increases the coupling coefficient decreas- ¢ -— T
es; however, an increase of the Q-factor of the resonator is in 0.0 0.2 0.4 0.6 0.8 1.0
general observed3(). In addition, the radiation scattered by Transmitted Power Ratio
the reson.ator itself decreases, as experimentally Observeﬂe. 6. Signal-to-noise ratio vs transmitted power ratio for EPR spectra ¢
working with the resonator out of resonance. The latter effeglppH at 316 GHz. The dotted vertical line represents the maximum coupli
which can become relevant, was also studied by numerieahdition.

Magnetic Field (T)

IV. CONCLUSIONS

50

———
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whispering gallery dielectric resonators is one of the appealing field EPR study of a molecular nanomagnet, J. Magn. Magn. Mater.

aspects of this line of research and a viable path fofEHIR 177, 709-710 (1998). _ o

spectroscopy applications. This is particularly important iht- G- M. Smith, J. C. G. Lesurf, R. H. Mitchell, and P. C. Riedi,

view of the use of higher frequencies and fields. In fact, in the QuaSi-optical SwMm-wave electron spin resonance spectrometer,
. . . ! Rev. Sci. Instrum. 69, 3924-3937 (1998).

range of frequencies approaching the THz region, FIR moleg;

. . . 4 J. P. Barnes and J. H. Freed, A “shunt” Fabry—Perot resonator for
ular lasers have no competitors in terms of emitted power an high-frequency electron spin resonance utilizing a variable cou-

spectral quality. In addition, the operation of laser sources with pling scheme, Rev. Sci. Instrum. 69, 3022-3027 (1998).

suitable pulse techniques could make possible a true Fourer B. z. Malkin, A. I. Iskhakova, V. F. Tarasov, G. S. Shakurov, J. He-
transform EPR spectroscop3g). On the other hand the probe- ber, and M. Altwein, Submillimeter EPR spectroscopy of lanthanide
heads exploiting WGMDR are inexpensive, easy to realize, and compounds: Pair centers of Ho*" in CsCdBrs, J. Alloys Compd.
relatively easily operated and have already proved very per- 277, 209-213 (1998)

. . 14. T. Risse, T. Hill, J. Schmidt, G. Abend, H. Hamann, and H. J.
formant in terms of Q factor>€5000 at 400 GHz with p0|y_ Freund, Investigation of the molecular motion of self-assembled

ethylene discs)21) and of usable active quantity of samples  fatty acid fims, J. Phys. Chem. B 102, 26682676 (1998).
(tens of .Cu.bIC millimeters fOI’. low-loss samples). 15. J. Schmidt, Prospects of high-frequency EPR, Proc. Joint 29th
Work is in progress to realize sample holders adapted to the AMPERE-13th ISMAR Int. Conf. Berlin, August 2-7, 1998 Vol. 1,

measurements of liquid samples and probes which allow vari- 25-26 (1998).

able temperature measurements. 16. Ya. S. Lebedev, Very-high-field EPR and its applications, Appl.
Magn. Reson. 7, 339-362 (1994).

17. P. J. Van Dam, A. A. K. Klaassen, E. J. Reijerse, and W. R. Hagen,
Application of high frequency EPR to integer spin systems: Un-

. ) S ) ; . usual behavior of the double-quantum line, J. Magn. Reson. 130,
Istituto Nazionale di Fisica della Materia (INFM) and Consorzio Interuni- 140-144 (1998)

versitario Nazionale per la Scienza e Tecnologia dei Materiali (INSTM ] .
8. D. Schmalbein, G.C. Maresch, A. Kamlowski, and P. Hofer, The

participated with Consiglio Nazionale delle Ricerche (CNR) in the joint™" )

venture that made the construction of the High Field EPR facility in Pisa Bruker high-frequency-EPR system, Appl. Magn. Reson. 16, 185~
possible. Their financial support and their commitment to the project is 205 (1999).
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