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We report methodology that combines an ultrawide band mul-
tifrequency microwave system with technology of high magnetic
fields for solving challenging problems in electron magnetic reso-
nance (EMR) spectroscopy. This strategy has been made possible
due to a novel EMR facility operating in an exceptionally wide
range of microwave frequencies of 24 GHz to 3 THz, at magnetic
fields up to 17 T, and in the temperature range of 1.6 to 330 K. The
basic configuration of the multifrequency system works in a trans-
mission mode and employs oversized cylindrical waveguides for
routing the microwave power. A wide-band, low-noise, liquid he-
lium cooled (4.2 K) InSb bolometer is used for signal detection.
This approach results in an extremely wide-band performance,
thus making it possible to employ a variety of solid-state millime-
ter and submillimeter microwave sources in combination with a
far infrared laser microwave source for performing multifrequency
EMR experiments. A complexity of resonant structures and re-
lated technical problems such as microphonics at high magnetic
fields is virtually eliminated. The system is simple, yet sensitive,
and has been revealed to be extremely advantageous while solving
such problems as observation of AFMR transitions in spin-ordered
systems, g-factor resolution enhancement in complex organic rad-
icals, and resonance signal detection in EMR-silent spin systems
having integer spin and large zero field splitting. A technical
description of the multifrequency high-field EMR facility is pre-
sented and results of its performance tests are given. The potential
utility of using the multifrequency high-field methodology in EMR
studies is illustrated with selected examples of its recent
applications. © 2000 Academic Press

Key Words: broadband high-field EMR spectroscopy.

I. INTRODUCTION

Electron magnetic resonance spectroscopy (EMR), a
nique for studying paramagnetic, ferromagnetic, and antif
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magnetic spin systems, is a widely used tool in many field
contemporary science, ranging from physics and chemis
biology and medicine.

Traditionally, the EMR technique employed technical s
tions and microwave frequencies corresponding to lower b
of the microwave electromagnetic spectrum. Commerc
available and homebuilt EMR systems usually operate a
crowave frequencies ranging from 3 GHz (S band) to 35
(Q band) (1, 2). In the eighties, however, an increasing num
of groups ventured into higher frequencies and fields (3–7).
The past decade confirmed this trend; for a fairly recent re
see, for example, Ref. (8). The rationale for extending micr
wave radiation frequency beyond lower microwave bands
consequence of improved spectral resolution (3, 4) and highe
overall sensitivity at corresponding higher magnetic fi
(9, 10). The high-field technology makes it also possible
reach non-Kramers spin systems, i.e., integer spin sys
having large zero field splitting (11–13). Such spin systems a
often EMR-silent at conventional low microwave frequen
and low magnetic fields. Recently, several authors hav
viewed technical aspects and advantages of applicatio
high-field EMR (HF-EMR) technique to numerous spin s
tems (14–16).

It is customarily accepted that EMR spectrometers perf
ng at frequencies higher than 90 GHz are referred t
igh-field EMR systems. The advent of the HF-EMR techn
as been made possible due to improvements in the des
uperconducting magnets for nuclear magnetic resonance
roscopy. Superconducting magnets fulfilling the requirem
f high stability and reasonably high homogeneity in conju

ion with the ability for fast sweeps at magnetic fields up to
are becoming commercially available. Due to a signifi

rogress in the design of resistive magnets, the highest
etic fields available for the cw high-field EMR spectrosc
ave recently been extended to 25 T (17). With the use o
esistive-pulsed (18) and hybrid (19) magnets even higher fie
ntensities can be obtained and employed in HF-EMR s
roscopy. However, the latter magnets are by far more co

25

el

66,



n t

t th
Hz

on
r-
ro-
pa
d c
era
s, s

ru-
lop
ad

uke

ul
eld
, M
eve
ea
mi
rad
ati
tha
gul
he

ed
i igh
d tivi
o of
p ys
t pa
w eld
o

cro
w nc
r lin
S e i
s n

ata
r ize
w wa
t ifre
q eld
(

ide
gh
we
th
ro
idd

pper
ectral
he

ility
ation
erall
nical
bry-

was
oca-
ctor
pro-

led
non-
rst
ance

O
nates
an

e uen-
c de it
p arac-
t m. It
s dered
s igh-
fi cies
a igh-
fi -

nal

the
be

uasi-
and

and
d re-
rticu-
en-
f the
.01

-
nd
ncy

sys-
high-
most
ave
ol in
pec-
built

nd

301ULTRAWIDE BAND MULTIFREQUENCY HIGH-FIELD EMR TECHNIQUE
cated in use and have poorer resolution properties tha
superconducting solenoids.

Historically, the first HF-EMR spectrometers operated a
microwave frequencies from the lower register (70–170 G
of the millimeter microwave range. High-frequency klystr
(4, 20), backward wave oscillators (21), and harmonic gene
ator crystals (22) were used for generating millimeter mic
wave radiation in these early HF-EMR systems. Over the
15 years a considerable number of homemade high-fiel
and pulsed EMR spectrometers have been designed. Gen
these systems operate around certain chosen frequencie
as 94 GHz (4, 23), 140 GHz (20), 250 GHz (6, 24), or 360 GHz
(25). In particular, the commercial availability of certain c
cial elements, such as waveguides, and the well-deve
technology of 94-GHz solid-state microwave sources m
W-band EMR systems especially popular. Recently, Br
Analytik GmbH commercialized a 94-GHz system (26, 27).

Although the potential of possible applications of the m
tifrequency (MF) approach in combination with high-fi
EMR spectroscopy had been early and widely recognized
HF-EMR systems have not become very popular. Their d
opment has long been restricted by the lack of reliable and
way to operate microwave sources in millimeter and sub
limeter frequency ranges. Furthermore, employment of t
tional waveguide-based techniques for microwave propag
has become increasingly difficult at frequencies higher
100 GHz. At such high frequencies, single-mode rectan
waveguides are becoming excessively lossy, with their t
retical propagation loss being of;3 and;12 dBm21 at 100
and 250 GHz, respectively (28). The experimentally observ
nsertion loss of monomodal waveguides can be even h
ue to imperfections and rapidly increasing surface resis
f metallic walls with increasing frequency. This fact is
articular importance while designing the high-field EMR s

ems whose dimensions and corresponding microwave
ays are usually much longer than for traditional, low-fi
perating spectrometers.
Technical difficulties associated with the design of mi
ave propagation circuits operating within a large freque

ange can be overcome by using overmoded transmission
uch oversized cylindrical waveguides reveal a tolerabl
ertion loss that is less than 1 dBm21 for frequencies lower tha

440 GHz (29). There is a large body of the literature d
egarding successful applications of cylindrical overs
aveguides and avoiding resonant structures for micro

ransmission and signal processing while performing mult
uency EMR measurements at high magnetic fi
7, 13, 17, 19, 30–34).

We explored the technology of overmoded wavegu
while designing the multifrequency (24 GHz to 3 THz), hi
field EMR spectrometer described in this paper. The lo
frequency range (from 24 to 130 GHz ) was covered wi
tunable YIG transistor oscillator. A set of solid-state mic
wave sources (Gunn oscillators) was used to cover the m
he
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frequency range of the system (95 to 550 GHz). The u
frequency bands (up to 3 THz) are covered by a set of sp
lines of an optically pumped far infrared laser (FIR). T
fundamental broadband configuration of the MF HF fac
was based on the direct transmission of microwave radi
through the sample space. This greatly simplified the ov
design of the microwave power pathway, since the tech
complexity of either monomodal cavities or tunable Fa
Pérot (FP) resonators was avoided. The microwave energy
simply routed from the microwave source to the sample l
tion in the superconducting solenoid and finally to the dete
using sections of oversized cylindrical waveguides and ap
priately arranged metallic mirrors.

In spite of its simplicity, our MF HF-EMR system revea
itself to be extremely useful when applied to samples of
limited availability. In particular, it enabled one, for the fi
time, to observe a complete set of antiferromagnetic reson
(AFMR) modes in the magnetically ordered state of KMnP4 z
H2O and related layered manganese organic phospho
(33). The capability of observing AFMR resonances in

xceptionally wide range of electromagnetic radiation freq
ies, as well as using broad magnetic field sweeps, ma
ossible to accurately determine important parameters ch

erizing the magnetically ordered phase of this spin syste
hould be stressed that these antiferromagnetically or
ystems, successfully studied with our multifrequency h
eld apparatus, are EMR-silent at conventional frequen
nd fields. Two other examples of the multifrequency h
eld approach, including enhancement of theg-factor resolu

tion for a complex organic radical, as well as EMR sig
detection from a system having an integer spin (S 5 2) and
large zero field splitting, are also presented (Section IV).

It is worth noting that technical problems associated with
multifrequency operation of HF-EMR systems can also
overcome using a strategy that is based on a variety of q
optical (Q-O) techniques. The emerging technology
broader commercial availability of extremely low-loss
nondispersive quasi-optical elements such as broadban
flecting optics and corrugated waveguides seem to be pa
larly attractive for MF HF-EMR applications. The experim
tally measured propagation loss of a straight section o
cylindrical corrugated waveguide was found to be only of 0
dBm21, compared to 4–5 dBm21 for a high-quality single
mode waveguide at 90 GHz (35). Moreover, precise mode a
phase control, similar to that known from low-freque
waveguide-based EMR devices, can be achieved in Q-O
tems. Using the Q-O approach it is possible to design a
frequency microwave bridge that can operate in an al
analogous way to well-known low-frequency microw
bridges, thus allowing for both amplitude and phase contr
the spectrometer reference arm. A number of HF-EMR s
trometers employing the Q-O approach have already been
(6, 24, 25, 35–37). However, a truly multifrequency broadba
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302 HASSAN ET AL.
operation of such HF-EMR systems, comparable to that
sented in this paper, has yet to be experimentally demonst

Another recent approach for developing MF HF-E
probes is based on the implementation of wide bandw
dielectric resonators known as whispering gallery mode
nators (38). This promising technology offers a high me
actor, QL, that only slightly declines with increasing fr-
quency. High filling factors can also be expected for s
resonant sample probes, which will result in potentially h
sensitivities over a wide frequency range. Nevertheless,
tical applications of these novel devices are still necessa
prove their usefulness for multifrequency high-field E
spectroscopy.

II. TECHNICAL OVERVIEW

A. Concept of the MF HF-EMR Spectrometer

The general outline of the MF HF-EMR system is show
Fig. 1. The facility employs a 17-T superconducting ma
and a set of solid-state microwave sources covering the sp
range of 24 to 550 GHz. Incorporation of an optically pum
far infrared laser microwave source enables one to exten
upper frequency limit to 3 THz. The basic configuration of
spectrometer uses oversized cylindrical waveguides for t
mission of the microwave power from the source to the sa
space and for routing the transmitted power to the detect
operates in the Faraday geometry with the microwave p
gation parallel to the static magnetic field (B0). This approach
already known in the literature as the “single-pass” config
tion (7), implies fewer technological constraints, which
typical to single-mode propagation in rectangular wavegu
It suffers, however, from the low microwave power level at
sample position compared to the systems containing res
structures. Generally, it is also more difficult to preserve
control polarization and phase of the propagating beam i
oversized cylindrical waveguide-based systems. Howeve
many cw EMR experiments these disadvantages are co
balanced by the fact that the concentration sensitivity off
by the transmission-type systems remains high (9). Simplicity
of the overall spectrometer design and virtual lack of mi
phonics are also strong arguments in favor of the transmi
approach. The latter factor is of extreme importance w
investigating spin systems having very broad linewidths
require large modulation for satisfactory sensitivity. The s
matic outline of the single-pass transmission probe is show
the central part of Fig. 1.

For small-size and spin-concentrated samples, as well
lossy aqueous samples, we found it useful to impleme
modified version of the transmission probe, i.e., a “dou
pass” transmission probe (Section B of this chapter). In o
to increase the absolute sensitivity of our MF HF-EMR fac
for such samples we also designed a Fabry-Pe´rot resonato
(29).
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The other major features of the MF HF-EMR spectrom
depicted in Fig. 1 are microwave detectors, consisting of e
a liquid helium cooled, broadband magnetically enhanced
formance bolometer, Model QFI/3BI from QMC Instrume
Ltd. (London, Great Britain), or Schottky diodes. In additio
recording conventional spectra (first harmonic of the mag
field modulation frequency, absorption in-phase), the sy
makes it also possible to simultaneously monitor amplitude
phase of EMR signals. This latter feature is achieved wit
magnetic field modulation when using a Millimeter Vec
Network Analyzer (MVNA), Model No. MVNA-8-350 from
AB Millimè tre (75005 Paris, France) for the front-end sig
processing. A detailed description of the vector detection
tem applied for recording EMR spectra can be found in
(39). For acquiring conventional cw EMR spectra the fi
modulation (;10 kHz) is provided by a function generat

odel No. TG210, manufactured by Thurlby & Thand
efore energizing the modulation coil, the modulation sign

ed into a MOS-FET current amplifier, Model No. X-820H

FIG. 1. Schematic diagram of the MF HF-EMR spectrometer operati
the single-pass transmission mode. Microwave power is transmitted th
the sample compartment located in the central part of the supercond
solenoid. The continuous flow cryostat (VTI) that accommodates the
mission single-pass and double-pass probes or the FP resonator is no
in this simplified diagram.
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303ULTRAWIDE BAND MULTIFREQUENCY HIGH-FIELD EMR TECHNIQUE
(Analogue Associates). The cylinder-shaped, 50-mm-
modulation coil was wound around a fiberglass-made (G
mandrel. In order to eliminate microphonics, the modula
coil was tightly fitted to the lower section of the stainless s
cylindrical waveguide. This part of the waveguide is locate
the most homogeneous section of the magnetic field an
commodates the sample compartment and sample holde
modulation coil delivers the modulation field amplitude up
2.5 mT at 10 kHz.

Generally, the QMC bolometer is used for detection w
conventional cw EMR field-swept spectra are recorded. A
detection and preamplification, the signal is fed into a ph
sensitive detector. A lock-in amplifier (Model No. DSP SR
from Stanford Research Systems, Inc., Sunnyvale, CA) is
to single out and process the signal component that c
sponds to the field modulation frequency. EMR spectra
monitored and stored in a Pentium 233-MHz PC comp
The PC-based data acquisition system runs using a hom
ten software that works within the LabVIEW (National Inst
ments) 4.1 environment. A standard GPIB board is use
retrieving data from the lock-in amplifier. The serial port of
PC is used for communication with the magnet power su
and for monitoring the sample temperature.

We found it useful to monitor the total power incident on
detector during the microwave beam adjustments or w
changing the microwave sources. For this purpose we u
variable frequency optical chopper, Model No. 300 from Sc
Instruments Ltd. (Redruth, Cornwall, England). The blad
the chopper was inserted into a gap between a section
cylindrical waveguide and the tapered horn transition atta
to the output of the microwave source. The amplitude-m
lated signal from the detector was then fed into an oscillosc
thus providing an easy way for monitoring the microw
power available from a given source.

The extension of the working frequency range while swi
ing from the Gunn diode-based oscillators and approp
harmonic generators to the FIR laser microwave source
be performed without any major modification of the spectr
eter configuration. Independent of the microwave source
for a given experiment or the probe type, the microwave po
could be routed to the sample space using the same cylin
oversized waveguide circuitry.

As mentioned before, the spectrometer incorporates a
different microwave sources that can be combined with di
ent signal detectors (see also Fig. 1). Depending on applic
the EMR system can be assembled using one of the follo
configurations:

(1) a Gunn diode oscillator as a microwave source in c
bination with bolometeric detection and modulation of
magnetic field;

(2) the MVNA synthesizer and harmonic generator a
microwave source with bolometeric detection and modula
of the magnetic field;
g
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(3) the MVNA synthesizer and harmonic generator a
microwave source and a corresponding Schottky diode de
(no modulation of the magnetic field);

(4) a Gunn oscillator as microwave source and a c
sponding Schottky diode combined with the MVNA for det
tion (no modulation of the magnetic field);

(5) the FIR laser with the bolometer as a detector
modulation of the magnetic field.

The last configuration (5) mostly used in combination w
a different, high-resolution 25-T resistive magnet was
scribed in Ref. (17). A brief characterization of the abov

entioned spectrometer configurations is presented in Se
II. For acquiring conventional field-swept cw EMR spec
he first configuration (1) of the MF HF-EMR facility is mos
sed.

. Spectrometer Components

1. Magnet system.Magnets that are able to deliver hom
eneous and stable magnetic field of large intensity are
equisite for the HF-EMR technology. The HF-EMR sys
perational at the NHMFL in Tallahassee, Florida, was
round a prototype commercial superconducting 17-T ma
eslatron from Oxford Instruments (Witney, Oxon, Engla
his magnet contains two sets of coils: (1) the main set of
sed for setting the fundamental component of the Zee
eld or for generating large field scans (up to 17 T) and (2
weeping coil producing the magnetic field sweep that is
ssary for performing conventional high-resolution cw E
xperiments.
The main set of coils of the Teslatron magnet consists

umber of coaxial solenoid sections wound with Nb3Sn and
NbTi superconducting filamentary wires. It can reach the m
imum field of 15 T at 4.2 K and of 17 T when cooled to 2.2
using a lambda plate. The field homogeneity at 14.5 T is b
than 13 1025 within a cylinder of 1 cm in diameter and 1 c
in height. The maximum sweeping rate of the main coil is
T/min at 4.2 K and 0.15 T/min at 2.2 K. The current decay
of the magnet while in persistent mode is of the order
ppm/h. The sweep coil allows for60.1 T sweeps around t
eld set by the main coil. The maximum sweep rate of
weep coil is 0.12 T/min. The helium evaporation rate is
/h when the magnet operates in the persistent mode at 4
ecoming more pronounced when operating in nonpers
ode. The liquid helium consumption at 2.2 K is 5 L/h. Po

o the main coil and to the sweeping coil is delivered from
xford Instruments-made superconducting magnet power
lies, Model No. IPS180-20 and Model No. IPS120-10,
pectively.

2. Microwave sources. Multifrequency operation across
ide range of millimeter and submillimeter frequencies of
F-EMR system was made possible by using a set of diffe
icrowave sources. Continuous coverage of the lowes
uency range from 24 to ca. 130 GHz is provided by
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304 HASSAN ET AL.
MVNA. Microwave frequencies in the range of 8–18 GHz
produced in the MVNA’s internal quartz-stabilized yttriu
iron garnet oscillator and subsequently fed into a Scho
diode harmonic generator which acts as a frequency multi
Although available from the MVNA, the frequency range o
to 24 GHz has no practical application since the cylind
waveguide circuitry used in our system becomes excess
lossy at frequencies lower than 24 GHz. The intermed
frequency region (from 92 to 550 GHz) is covered using
Gunn oscillators manufactured by AB Millime`tre, Model Nos
ESA1-95-5 and ESA1-110. These microwave sources
their nominal operating frequencies centered around 95
110 GHz and are mechanically tunable within their spe
intervals of 92 to 98 GHz and of 107 to 113 GHz, respectiv
Higher frequencies are obtained by frequency multiplica
Therefore, each of the Gunn diode oscillators is equipped
a Schottky diode harmonic generator. A block diagram o
110 GHz operating source, ESA1-110, is shown in Fig. 2.
outline of the 95-GHz operating source is similar. Both sou
are also equipped with a set of exchangeable high-pass
adjusted for different frequency bands. For the 110-G
source, these high-pass frequency bands are 220, 330, 44
550 GHz, whereas for the 95-GHz source, the high-pass
quency bands are 190, 285, 380, and 475 GHz. The high
output filters permit lower harmonics to be cut off, depend
on the frequency of interest. The operating frequencies o

FIG. 2. Schematic diagram illustrating the design of the 110-GHz (ES
110) and 95-GHz (ESA1-95-5) Gunn diode-based microwave source
ployed in the MF HF-EMR system. The pyramidal transition, the W
rectangular/overmoded cylindrical waveguide, for the 110-GHz operatin
vice is to be substituted by the pyramidal transition, and the WR-10/overm
cylindrical waveguide for the 95-GHz operating source, respectively.
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Gunn oscillators are measured, and frequency locked
source locking microwave counter, Model No. EIP 578B f
EIP Microwave, Inc. (Milpitas, CA). The resulting nomin
stability of the fundamental frequency is determined by
stability of the EIP timer which is better than 13 10210 rms,
i.e., about 10 Hz for 1 s averaging time. In practical operati
we have observed a long-term source stability of the ord
1 kHz when locked to the counter.

The highest frequency register of our MF HF-EMR faci
is provided by a CO2 pumped far infrared laser, Model N
FIRL100, from Edinburgh Instruments Ltd. (Edinburgh, G
Britain). It offers a series of discrete frequencies starting f
158 GHz up to 7.5 THz. However, because of the low ou
power of the FIRL100 at lower frequencies and sharply
creasing sensitivity of the bolometer detector at the h
frequency end, the infrared laser-based microwave sou
mainly used to span the high-frequency range of 525 GHz
THz. Compared to the solid-state microwave sources us
our system, the FIR laser source has much higher amp
and phase noise levels. The infrared laser source also s
from the lack of tunability and substantial complexity of
eration and maintenance.

The characteristic frequency bands and correspondin
crowave power levels available from different sources of
MF HF-EMR spectrometer are listed in Table 1, accordin
Ref. (40).

3. Microwave detectors. Depending on the applicatio
nd frequency of operation of our MF HF-EMR spectrome

he front end of the signal detection processing consis
ither a bolometer or a Schottky diode. The bolometric op
mploying the QFI/3BI liquid helium cooled fast InSb h
lectron bolometer provides signal detection with a particu
igh sensitivity with the noise equivalent power (NEP) of 1213

W/=Hz. At 4.2 K its response time is;1 ms, which makes
fast enough to allow for field modulation frequencies up
MHz. While this type of detector offers both fast and sens

TABLE 1
Frequency Range and Output Power Available

from the Different Microwave Sources

Source Frequency [GHz] Power [mW

VNA 8–130 10–0.01
unn 95 GHz 95 52

190 3.6
285 1.2
380 0.6
475 0.24

unn 110 GHz 110 42
220 3.7
330 1.7
440 0.96
550 0.18

IR laser 158–7500 0.1–200

-
m-

e-
ed
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cw detection, its limitation is in its sharply decreasing se
tivity outside the frequency range of 70 GHz to 1.5 THz.

As mentioned before, Schottky diodes represent an
alternative for detection. While they are faster than bolom
and do not need to be cryogenically cooled, their sensitiv
at least one order of magnitude lower, with a maximum N
around 10212 W/=Hz (40). In the case of our MF HF-EM
ystem the Schottky diodes detectors were exclusively us
ombination with the MVNA-assisted vector detection w
e found it convenient to simultaneously acquire ampli
nd phase-related changes of the EMR signal.

4. Propagation elements and sample probes.We used
ections of brass-made tubes (10.0-mm ID and 12.0-mm
f appropriate length for manufacturing all parts of the mi
ave pathway outside of the cryostat. These mainly horiz
aveguide elements were employed to span the distance

he microwave source to the probe and from the probe t
etector entrance. In order to minimize the thermal loa
hile working at low temperatures, we used thin-w

10.0-mm OD, 9.6-mm ID, and 0.2-mm wall thickness) st
ess steel tubes to assemble the cryogenic inserts of
robes. Heat radiation shields made of circular copper p
ere attached to the stainless steel waveguides to p
gainst room temperature radiation when working at lo

emperatures. These elements, attached to the waveguid
eans of miniature brass-made brackets, also provided

hanical stiffness to the cryogenic part of the sample ins
The microwave pathway of the single-pass transmis

robe contains four deflecting 45° mirrors made of optic
olished brass. The location of these mirrors is shown in
. Two such mirrors are located under the sample space,
ottom part of the probe. The outline of this portion of
ingle-pass probe is shown in Fig. 3a. The mirrors are buil
he lower bracket that was made of nonmagnetic brass.
racket, in its upper part, is equipped with two cylindr
ntrances and precise cylindrical clamps that snap on
aveguide terminations. Such a design makes it possib
asily detach the bracket from the lower part of
aveguides, thus allowing for a quick sample exchange.

atter procedure can be performed when the probe is rem
rom the magnet. Cylindrical-shaped sample compartm
ade of PTFE (9.5-mm OD, 9.0-mm ID, and 10.0-mm hei
re used to hold samples. The sample compartments ca
ommodate either liquid or powdered samples up to 300mL
otal volume. These sample-holding elements are snugly
he inner hole of the cylindrical waveguide and their vert
osition can be precisely adjusted using short section

hin-wall PTFE-made tubes.
The lowest part of the double-pass transmission pro

hown in Fig. 3b. This probe also operates in the Far
eometry. In contrast to the single-pass transmission prob
ouble-pass probe contains only one vertical waveguide

ion for routing microwave power to and from the sample
i-

er
rs
is
P

in
n
e

D)
-
al
om
he
g
l
-
th

es
ect
r
by
e-

.
n

y
g.
the

to
is

l
he
to

e
e
ed
ts

t)
ac-

to
l
of

is
ay
the
c-

flat mirror reflecting back the microwave power transmi
through the sample terminates the lower end of the stai
steel waveguide section. The sample is exposed to the m
wave power twice, since the beam transmitted through
reflected back to the sample by the bottom mirror. The pro
of the sample positioning in this probe is similar to that u
for the single-pass system. If necessary, the sample com
ment can also be positioned directly on the planar mirror.
total length of both probe heads, as measured from the cry
upper flange to the sample location in the center of the s
conducting solenoid, is 95 cm.

To increase the spectrometer sensitivity, a Fabry-Pe´rot res-
onator was designed for multifrequency operation in the
quency range of 110 to 330 GHz. The tunable semicon
arrangement included an inductive copper mesh (upper
nator mirror) and a spherical metallic mirror that was locate
the bottom of the resonant structure. Both mirrors were
chanically adjustable to ensure the best performance i
entire temperature range from room temperature to 4.
Frequency tuning of the FP resonator was achieved by
precision axial adjustment of the lower reflection mirror.
tailed technical description of this newly developed reson
appeared elsewhere (29). The FP resonator can easily be
corporated into the same magnet/VTI setup that is used fo
single-pass and double-pass transmission probes. Since
resonator operates in the reflection mode, a single tube is
for guiding the incident and reflected microwave power in
cryogenic section of the probe.

There is a need to separate the incoming and outco
beams while employing the double-pass transmission pro

FIG. 3. Cross-sectional view of the lower section of the transmis
probes. (a) Outline of the lower part of the single-pass transmission prob
Outline of the lower section of the double-pass transmission probe.



ct
ow

the
d fo
av

o b
f th

w
ro
f th

an
VT
EG
in
es
ord
ode
rie

s old
g ine
T oss
b tur
i rbo
g t.
a ui
n ra
o

n the
the
eter

rmed
three

-
ing

was
ime
owed

nd

73 K,
n at

on-
in
the

th
ed at
8.41
n.

and
esults

y of
e

n Ta-

0 K.
28.41
Hz;

mb
tor.
s a

306 HASSAN ET AL.
the FP resonator, since both devices operate in the refle
mode. In our experimental setup a beam splitter that is sh
in Fig. 4 fulfills this function. One of the horizontal arms of
beam splitter is equipped with a movable mirror that is use
mixing a phase-adjusted biasing wave into the microw
power reflected from the sample. We found this feature t
very useful for precise phase adjustment and control o
detector polarization power. The phase adjustment that
provided by the movable mirror also made it easier to app
imately get an absorption spectrum. Technical details o
design of the beam splitter can be found in Ref. (29).

The warm bore of our Teslatron is 61 mm in diameter
can easily accommodate a variable temperature insert (
also made by Oxford Instruments, Model No. CF1200 D
The inner bore of the VTI is 38 mm in diameter, thus mak
it possible to accommodate either the transmission prob
the FP resonator. The VTI in combination with an Oxf
Instruments-made Intelligent Temperature Controller M
No. ITC503 allows the temperature to be continuously va
around the sample space in the 1.6–330 K range with60.1 K
tability. The cooling is achieved by a continuous flow of c
aseous helium taken from an external liquid helium conta
he heater located at the bottom of the VTI provides a p
ility of varying the sample temperature. The tempera

nside of the VTI can also be monitored with a standard ca
lass resistor that is located above the heating elemen
dditional Cernox thermometer, placed outside the waveg
ext to the sample position, was used to sense the tempe
f the sample.

FIG. 4. Outline of the grid-based beam splitter that was used in co
nation with the double-pass transmission probe or with the FP resona
movable mirror in the reference arm provides fine phase control and i
used for changing the detector bias.
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III. SPECTROMETER PERFORMANCE

1. Sensitivity

The sensitivity of the spectrometer varies depending o
configuration used. For configuration (1), i.e., employing
Gunn diode as the microwave source and the QMC bolom
for signal detection, sensitivity measurements were perfo
using the single-pass transmission probe. The following
different samples were used for these sensitivity tests:

(i) BDPA (a,g-bisdiphenylene-b-phenylallyl benzene com
plex, Aldrich) in polystyrene film. For this sample, contain
9 3 1017 unpaired spins, we obtained theS/N ratio of 63 104

(the observed EMR linewidth was 1.64 mT). The spectrum
taken at 328.5 GHz at 273 K, with the instrumental t
constant of 1 s. Spectra taken at 109.5 and 219 GHz sh
similar S/N ratios.

(ii) DPPH (2,2-diphenyl-1-picrylhydrazyl, Sigma), grou
to fine powder. The sample contained 3.23 1018 unpaired
spins. The observedS/N ratio was of 8.63 104 (the linewidth
was 0.6 mT). The spectrum was taken at 328.59 GHz at 2
with the instrumental time constant of 1 s. Spectra take
109.5 and 219 GHz revealed similarS/N ratios.

(iii) Phosphorus-doped silicon (Si:P). This sample c
tained 83 1012 unpaired spins. Its EMR spectrum is shown
Fig. 5. Two EMR features, 4.2 mT apart, correspond to
hyperfine splitting due to the phosphorus nuclear spin (I 5 1

2).
The measuredS/N ratio for this spectrum is 30. The linewid
of a single feature is 0.275 mT. This spectrum was acquir
10 K using the third harmonic of the 110-GHz source (32
GHz), with 0.15 mTp-t-p amplitude of 8-kHz field modulatio
The instrumental time constant was 0.3 s.

The room temperature measurements for both BDPA
DPPH were repeated several times. The averaged r
yielded a spectrometer sensitivity of (46 3) 3 1012 spins/Gz
s. The 10 K tests performed for Si:P yielded the sensitivit
(1.2 6 0.3) 3 1010 spins/Gz s. The sensitivity results for th
single-pass transmission configuration are summarized i
ble 2.

FIG. 5. EMR spectrum of phosphorus-doped silicon acquired at 1
Instrumental experimental conditions were microwave frequency, 3
GHz; field sweep rate, 1.8 mT/min; field modulation frequency, 8 k
modulation amplitude 0.15 mT; time constant, 0.3 s.
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Substantial sensitivity improvement of about two order
magnitude, compared to the single-mode transmission
experiments, was obtained using the FP resonator at 330
(29). Sensitivities of the remaining transmission-type confi
rations (2, 3, and 4) of our HF-EMR system were also m
sured. We used the same polycrystalline DPPH sample a
sensitivity testing of the single-pass transmission setup (
trometer configuration 1). The results of these compar
experiments are listed in Table 3.

As can be seen from the tabulated results, for the lo
frequencies of operation of our system (24 and 33 GHz)
spectrometer sensitivities are substantially worse compar
those obtained at higher frequencies (95 to 450 GHz). At
low frequencies, the MVNA has to be used as the microw
power generator. At the same time, Schottky diodes are
ployed for detection since sensitivity of the QMC bolom
declines rapidly when operating below 70 GHz. Even at hi
frequency bands (110 and 220 GHz), employment of
MVNA for detection results in poor sensitivities. Hence,
the great majority of our multifrequency high-field exp
ments, we mainly employed the QMC helium cooled bol
eter detector in combination with the Gunn diode-based
crowave oscillators equipped with appropriate Schottky d
harmonic generators (spectrometer configuration 1).

2. Field Linearity and Calibration

Field linearity can be defined as a statistical deviation f
the relationshipB0/I 5 constant, whereI is the magnet curre
andB0 is the field generated by it. For the main set of coils (
set of coils is used when the desired sweep range is large
60.1 T) we measured the field linearity by acquiring E
signals from a small amount of a thoroughly ground polyc

TABLE 2
Comparison of the Detectable Minimum Number of Spins for
ifferent Polycrystalline Samples Measured Using the Single-Pass
ransmission Configuration (Spectrometer Configuration 1)

Sample Frequency [GHz] Temperature [K] Sensitivity [spins/Gz s]

BDPA 330, 220, 110 273 (463) 31012

DPPH 330, 220, 110 273 (463) 31012

Si:P 330 10 (1.26 0.3)31010

TABLE 3
Comparison of the Detectable Minimum Number of Spins
for the Different Configurations of the HF-EMR System

Configuration Frequency [GHz] Sensitivity [spins/Gz s]

2 24 ca. 1015

2 33 ca. 1014

3 110 ca. 1016

4 220 ca. 1015
f
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talline DPPH. The suitability of using DPPH samples as
markers for high-resolution high-field EMR spectroscopy u
16.5 T/465 GHz was established in our previous study (41). In
order to observe DPPH-related EMR features in the
sweeping range of 8.25 T, we used the 110-GHz Gunn d
oscillator that, in combination with the Schottky diode h
monic generator, also produced second and third harmon
its nominal frequency. Two wide-scan EMR traces resu
from sweeping the main coil from 3.5 to 12 T (lower trace)
from 12 to 3.5 T (upper trace) are shown in Fig. 6. Due to
relatively fast sweeping rate, the DPPH spectral feature
curring at the corresponding resonant fields are strongly
torted and represented by narrow spikes in both traces. N
theless, such sharp EMR lines provided convenient
markers for calibration of the main set of coils. The featur
ca. 3.9 T was excited by the nominal frequency,fG 5 109.33

Hz, of the Gunn oscillator. Peaks at ca. 7.8 and 11
orresponded to the second and third harmonics offG, respec-

tively. We were also able to observe two additional reso
transitions that occurred around ca. 5.85 and 9.75 T. T
features were produced by the fractional harmonics, 1.5fG 5
164 GHz and 2.5fG 5 273.3 GHz, that were also present in
output of our 110-GHz source. [The Gunn diode used in
experiment is a “second harmonic extraction type” oscill

FIG. 6. Upfield and downfield EMR traces of the polycrystalline DP
standard sample obtained using the ESA1-110 microwave source in the
netic field range of 3.5 to 12 T (upper trace) and 12 to 3.5 T (lower trace)
main coil was used for sweeping. For both wide-scan spectra, the field
was stopped briefly at 6 T in order to remove or attach the harmonic gener
producing the second and third harmonics of the ESA1-110 source. The
resonant transitions, depicted as narrow spikes in this wide-scan repre
tion, were excited by the nominal frequency of the ESA1-110 source,fG 5

09.3 GHz, and by its two higher harmonics, 218.7 and 328.0 GHz, re
ively. The much weaker EMR features occurring around 5.85 T and 9
ere generated by the fractional harmonics offG, i.e., by 164 GHz (1.5fG) and
73. 3 GHz (2.5fG), respectively. These latter spectra disappear in the ba

noise of the wide-scan traces and are shown in blow-up next to the
sponding resonant fields. Experimental conditions were sweep rate, 0.1
modulation frequency, 8 kHz; modulation amplitude, 0.1 mT; time cons
0.1 s; sample temperature, 273 K.
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308 HASSAN ET AL.
that, in addition to its nominal frequency,fG, also radiates wea
microwave power at 1.5fG 5 164 GHz. In combination wit
he nonlinear Schottky diode harmonic generator, this s
roduces other fractional harmonics, including 2.5fG.] Al -

hough very weak, the EMR signals excited by the microw
requencies of 164.0 and 273.3 GHz, could be retrieved
he baseline noise of both traces. After being enlarged, the
hown in Fig. 6 next to their corresponding resonant fields
esonance field values were calculated using the reso
ondition formula that involves the microwave radiation
uency and the knowng-factor of DPPH standard. The cor

sponding magnet currents were calculated based on the
ufacturer’s calibration factor (0.124675 T/A). A straig
forward linear fit gave the following:B0 [T] 5 (0.124706

.00002)I [A], yielding field linearity of 0.02 mT/A. Addi
ionally, by running the spectra in both directions, we
easured the field hysteresis. The effect of the field hyste

n our magnet is mainly due to the presence of the supe
ucting switch and resistor-diode protection circuits. The m
itude of the field hysteresis was sweep rate dependent,

ng from ;1.5 to ;10 mT for sweeping rates of 0.01 to 0
/min. When using the main coil and sweeping the magn
oth directions the committed error was found to be less
mT at the sweep rate of 0.1 T/min (an averaged value

aken for the resonance field). One can reduce this err
sing slower sweep rates.
A polycrystalline sample of magnesium oxide diluted

alcium oxide was used as a field marker to calibrate the
inearity of the sweeping coil. [The sweeping coil in o
F-EMR system is employed when the total sweep range
ot exceed60.1 T, i.e., in high-resolution experiments.] T
ilute MnO/CaO standard is often used forg-factor and field
alibration purposes and provides the well-known sexte

FIG. 7. EMR spectrum of Mn21 center in the polycrystalline MnO/Ca
tandard sample recorded using the FP resonator operating at 109.71
he magnetic field sweep of 0.06 T. The main coil was kept in the pers
ode at 3.85 T. Instrumental settings were sweep rate, 0.0012 T/min;

ation frequency, 0.7 kHz; modulation amplitude, 0.025 mT; time cons
.3 s; sample temperature, 274 K.
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arrow hyperfine features of Mn21 with a linewidth of 0.1 mT
(42, 43).

The corresponding spectrum acquired in the sweeping
of 0.06 T and using the FP resonator operating at 108.71
is shown in Fig. 7. Theg-factor andA hyperfine constant fo
this standard sample were also determined from the
spectra measured at X band, yieldingg 5 2.0011 andA 5
8.623 mT. Wefollowed a similar method to that describ
above for field calibration of the sweeping coil. The calcula
field linearity of the sweeping coil was of 0.06 mT/A. T
hysteresis of the sweep coil was found to be substan
smaller than for the main coil, achieving its smallest valu
;0.3 mT when the main set of coils was set to persistent m
independent of the actual field intensity.

3. g-Factor Resolution for Different Frequencies at High
Magnetic Field

In order to check the power of theg-factor resolution of ou
MF HF-EMR system we acquired spectra from two stan
samples. We used polycrystalline DPPH and manganese
diluted in magnesium oxide (0.05% of MnO in MgO) hav
distinct and well-knowng-factor values:gDPPH 5 2.0036 and
gMn(II) 5 2.0011, respectively. Both standards were positio
in the same sample compartment, thus making it possib
observe simultaneously their partly overlapped EMR spe
At a chosen microwave frequency,fR, the difference in th
resonance fields,DHR, for both standard samples is given
DHR 5 (hfR/b)[ gDPPH

21 2 gMn(II)
21 ], whereh andb are Planck’

constant and the Bohr magneton, respectively. AtfR 5 9.5
GHz (X band),DHR is small (of 0.00042 T) and the resona
field of DPPH occurs between the third and fourth hype
lines of Mn21. At millimeter and submillimeter frequencies,
is shown in Fig. 8, the spectral shifts are much more ma
As a result of this, the DPPH feature overlaps with the t
hyperfine line of Mn21 in the trace recorded at 109.4 GHz.

z in
nt
u-
t,

FIG. 8. Relative offset of the resonant magnetic field of DPPH in res
to the sextet of the hyperfine features of Mn21 in polycrystalline MgO/MnO
The partly overlapped EMR spectra of both samples were recorded a
microwave frequencies: 109.4, 218.9, and 328.1 GHz. Instrumental se
were magnetic field sweep of 0.06 T; modulation frequency, 8 kHz; mo
tion amplitude, 0.025 mT; sample temperature 274 K.
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309ULTRAWIDE BAND MULTIFREQUENCY HIGH-FIELD EMR TECHNIQUE
the EMR traces acquired at 218.8 and 328.1 GHz, the sp
shift is even more pronounced,DHR being 0.0096 T an

.0144 T, respectively. This illustrative result points to
bjective of using the multifrequency high-field approach
tudying spin systems with complex or overlapped EMR s
ra.

IV. APPLICATIONS

The multifrequency high-field EMR apparatus that is o
ational at the NHMFL in Tallahassee, Florida, has already
applied for solving a large number of different problems. In
following we present exemplary illustrations of its perf
mance in applications that benefited from the power of
multifrequency and high-field approach. More details conc
ing the various experiments can be found in the cited r
ences. All spectra presented in this section are single-
(nonaveraged) EMR measurements and the correspondi
strumental settings are given in the figure legends.

1. Antiferromagnetic Resonance in Canted Antiferromag

One of the major advantages of the multifrequency h
field EMR spectroscopy is a possibility of studying the s
systems that are EMR-silent at conventional frequencies
fields. Antiferromagnetic resonance, a branch of EMR t
nique, is a powerful tool that provides a microscopic ins
into the magnetic structure of the spin-ordered state. It en
one to investigate the magnetic exchange and anisotrop
teractions, as well as to characterize spin-flop mechanism
spin canting in aniferromagnetically coupled spin syste
However, AFMR studies have long been restricted by tech
difficulties associated with working at high magnetic fie
Furthermore, the necessity of operating in a broad band of
frequencies, the prerequisite factor for successful observ
of AMFR-related transitions, has also discouraged intere
this technique. We applied our EMR spectrometer to obs
antiferromagnetic resonance transitions in a class of mag
cally ordered manganese phosphonates. Exemplary spec
quired for manganese phenylphosphonate [Mn(O3PC6H5) z
H20] are shown in Fig. 9.At 5 K, i.e., well below the Ne´el
emperature for this compound,TN 5 12.1 K, the AFMR
transitions occur in a wide spectrum of millimeter and sub
limeter frequencies and in a magnetic field range of 0.3 t
14 T. We employed both 95 and 110 GHz operating G
diode microwave sources in combination with appropriate
monic generators for producing the following microwave
quencies: 189.9, 225.4, 284.8, 325.3, and 379.8 GHz.
QMC bolometer was used for signal detection (spectrom
configuration 1). The spectrum occurring around 1 T and a
66.7 GHz was measured using the MVNA as the microw
source and the QMC bolometer as the signal detector (
trometer configuration 2). As shown in the inset of Fig. 9,
observed transitions fall into distinct branches of AF
ral
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modes. The experimental points and theoretical fits show
this inset represent a characteristic pattern for the frequ
field dependence of an orthorhombic antiferromagnet with
parallel (PARA1,2) and two perpendicular (PERP1,2) branches
At magnetic fields above a critical field determined as
spin-flop field,HS-F, the third branch of high-field transitio
occurred. These latter transitions were assigned as a p
spin-flop branch (PARAS-F) and could also be followed up
ca. 13.8 T. Due to the capability of observing AFMR re
nances in an exceptionally wide range of electromagneti
diation frequencies, as well as in broad magnetic field sw
we could accurately determine parameters characterizin
magnetically ordered phase in this system. The ana
yielded the exchange field,HE 5 12.2 T and the anisotrop
fields,HA1 5 0.186 0.3 T andHA2 5 0.666 0.3 T, as wel

s the spin-flop fieldHS-F 5 2.2 6 0.1 T. Other anisotropy
related parameters, such as the Dzyaloshinsky-Moriya
change term,HD-M 5 0.4 6 0.1 T, and the canting angle,b 5
0.66 0.2 deg, were also determined. These results were
possible due to the multifrequency capability of our HF-E
facility. A comprehensive analysis of the AFMR spectra
tained for this and similar systems of other manganese
phonates can be found in Ref. (33).

2. Multifrequency High-Field EMR Approach for Increase
Spectral Resolution of the g-Factor: Application for the
Primary Donor P7001 in Plant Photosystem I

A possibility of increasing spectral resolution of theg-factor
that scales with increasing frequency has always been o

FIG. 9. Multifrequency AFMR spectra detected for manganese
nylphosphonate, (Mn(O3PC6H5) z H2O), recorded below the antiferromagne

rdering temperature,TN. The three dominant peaks in the high-freque
range (189.9 GHz and higher) represent three distinct AFMR modes
perpendicular (PERP1 and PERP2), and one spin-flop (PARAS-F), respectively

he EMR spectra were acquired using spectrometer configuration 1. Th
t 66.7 GHz was recorded in the sweep range of 0.5 to 5 T, while
pectrometer configuration 2. Inset: frequency and field dependence
MFR transitions and their theoretical fits. Instrumental conditions
odulation frequency, 4 kHz; modulation amplitude, 1.0 mT; sample tem
ture, 5 K.
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310 HASSAN ET AL.
the most appealing aspects of the HF-EMR spectrosc
Significant clarification of complex systems that have sev
EMR features overlapping at lower frequencies is expe
from experiments performed at high fields. HF-EMR a
makes it easier to analyze complexg-factor tensors, since the
principal values can often be read from the high-field E
powder spectra. Chlorophyll radicals that are involved in g
plant photosynthesis are known for having complexg-factor
tensors that are difficult to resolve using conventional low-
EMR technique. These radicals are considered to be pri
donors in the photosystem reaction center and have be
tensively studied by many research groups using a varie
spectroscopic techniques (44–46). They are believed to b
ormed by a pair of chlorophyll monomers and reveal a st
-factor anisotropy due to delocalization of the unpaired e
ron between the two halves of the radical complex. We
lied our MF HF-EMR system to characterize the electr
tructure of such a radical system while investigating the c
adical P700•1, i.e., the primary electron donor in plant pho-

system I. Light-induced EMR spectra of P700•1 acquired at
in the frequency range of 108.5 to 434.1 GHz are show

ig. 10. We employed the 110-GHz Gunn diode oscillato
ombination with the appropriate harmonic generator fo
ording the high-field spectra. The QMC bolometer was
or signal detection (spectrometer configuration 1). The E
pectrum recorded at the lowest frequency (108.5 GH
ssentially a featureless Gaussian envelope resulting fro
esolvedg-factor anisotropy and unresolved hyperfine inte
ions. In contrast, the EMR trace recorded at the higher
onic (216.9 GHz) reveals the presence of underlying p

esolved spectral components. The traces acquired at 325
34.1 GHz reveal three distinctive components, thus sho

he first well-resolved chlorophyll radical spectra obse
ithout prior deuteration. The resolved EMR features obta
t higher frequencies enabled one to fully resolve the an
opy of the principal elements of theg-matrix. Detailed ana

FIG. 10. EMR spectra of the light-induced chlorophyll cation rad
P700•1 in photosystem I acquired at various microwave frequencies of 1
216.9, 325.3, and 434.1 GHz. All EMR spectra were acquired using spec
eter configuration 1. Typical instrumental parameters were modulatio
quency, 8.6 kHz; modulation amplitude, 0.5 mT; sample temperature, 5
y.
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ysis of the anisotropicg-values, as well as their correlati
with the electronic structure of the dimer chlorophyll of
primary donor in plant photosystem I, was described in
(47). These highg-factor resolution EMR experiments, pos
ble only at high magnetic fields and at microwave frequen
higher than 300 GHz, are the starting point for a more com
study of chlorophyllg-tensors as a function of electron de
calization in various chlorophyllic systems.

3. Application of the Multifrequency Strategy to Systems
with Large Zero Field Splitting

Paramagnetic systems with an integer electronic spin
large zero field splitting (ZFS) are often EMR-silent at c
ventional frequencies. Many metalloproteins contain m
ions with such an even number of electrons (S 5 1, 2, . . .) or
ontain ion clusters which interact to give a total even elec
ystem and thus integer spin (48, 49). Such systems, referred
s non-Kramers centers, often reveal ZFS energies large

he microwave quantum (hn) in conventional EMR spectrom
eters [hn is ;0.3 cm21 at X band and;1.2 cm21 at Q band
respectively.] Thus, large ZFS systems are preferentially
ied by the high-field EMR techniques although, in cer
specific cases, some nominally forbidden transitions ma
observed by parallel polarization (B0 parallel toH 1) in X- and
Q-band EMR experiments (50, 51).

Many important biological systems, such as superoxide
mutase, catalase, and photosystem II, contain mono-
polynuclear manganese Mn(III). On the other hand, sim
molecules containing high-spin manganese (d4, S 5 2) ion,
such as Mn(III) porphyrins and phthalocyanines, have
used as building blocks of molecular magnets (52, 53). We
applied our MF HF-EMR spectrometer to investigate a h
spin manganese Mn(III) incorporated into the molecular c
plex of MnIII(2,3,7,8,12,13,17,18-octakis(dimethyloami
porphyrazine chloride. High-spin manganese ion in this c
plex is archetypal of the many non-Kramers spin system
set of exemplary EMR spectra obtained for this compoun
shown in Fig. 11. The spectra were taken at low temper
(;5 K) and at high fields, wheregbH/kT and D/kT . 1.
Thus, the EMR features in Fig. 11 correspond to reso
transitions,M s 5 227 M s 5 21, involving the ground spi
state of theS 5 2 manifold. The 95- and 110-GHz operat
Gunn diode oscillators combined with the appropriate
monic generators were used to cover the frequency band
220.6 to 475.0 GHz. The QMC bolometer was used for si
detection (spectrometer configuration 1). The resonant tr
tions were observed in the field range of 0.3 to 9.6 T. A plo
the resonant field values versus microwave frequency fo
observed EMR features is shown in the inset in Fig. 11. S
no resonant transitions could be observed below 200 GH
multifrequency high-field approach was necessary to stud
system to determine the ZFS parameters (D andE) of theS 5
2 system spin Hamiltonian. The zero field intercept at 20
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GHz shown in the inset in Fig. 11 determines the zero
splitting parameterD 5 23D, D 5 22.33 cm21. On the
other hand, linear dependence of the resonant field v
frequency points to an assignment of the EMR feature
“parallel” transitions (B0 i to z molecular axis), as well as f
E ; 0. Detailed analysis presenting magnetic properties o
spin system can be found in Ref. (13).

V. CONCLUSIONS

We built and successfully tested the multifrequency h
field EMR facility that operates in an exceptionally wide
quency range of 24 GHz to 3 THz. The heart of our
HF-EMR system consists of the highly homogeneous Tesl
superconducting magnet that can be fast swept over the
of 0 to 15 T at 4.2 K and up to its maximum field of 17 T wh
cooled down to 2.2 K. In combination with a set of solid-s
microwave sources, this system enables one to acquir
HF-EMR spectra of crystalline, polycrystalline, or liquid n
lossy samples that are nonlimited in supply. Reasonable
crowave power levels at the sample space and satisfa
sensitivity (#1011 spins/Gz s for doped semiconductor sam
at 4.2 K, and#1013 spin/G z s for polycrystalline radica
samples at 273 K) were obtained for measurements perfo
in the frequency range of 110 to 475 GHz. For taking la
magnetic scan cw EMR spectra, the main coil is employed
the maximum sweeping rate of 0.5 T/min. High-resolu
narrow scans (60.1 T) can be acquired with the sweep c

aving sweeping linearity of 500mT/50 mT.

FIG. 11. Multifrequency EMR spectra of MnIII(2,3,7,8,12,13,17,18-
takis(dimethyloamino)porphyrazine) chloride measured in the frequency
of 220.6 to 475 GHz. This high-spin,S 5 2, large ZFS spin system of Mn(II
is EMR-silent below 220 GHz. The Gunn diode sources, ESA1-95-5
ESA1-110, in combination with appropriate harmonic generators and the
bolometer detector (spectrometer configuration 1), were used for acquiri
EMR spectra. Inset: experimental points (crosses) and a linear fit (solid li
the resonant field values as a function of the resonant frequency f
observed EMR transitions. The zero field intercept of the linear fit in the
yields the ZFS parametersD 5 23D, D 5 22.33 cm21. Instrumenta
onditions were modulation frequency, 5 kHz; modulation amplitude, 1.5
ample temperature, 5 K.
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We explored the oversized cylindrical waveguide tech
ogy to achieve broadband performance in the whole frequ
range. This approach greatly simplified the overall desig
the microwave power pathway, since the technical obsta
such as single-mode waveguide-related transmission loss
complexity of resonant sample probes, have been avo
Simplicity of the overall spectrometer design and its satis
tory performance over an extended range of microwave
quencies and magnetic fields clearly counterbalanced its i
sic drawbacks, such as relatively high insertion loss
cylindrical overmoded waveguides, lack of mode and p
control over the microwave pathway in transmission, and
atively low power levels at the sample space.

On selected illustrative examples, we demonstrated th
tential of the multifrequency high-field EMR technique. A
plication of this technique has proven to be very effectiv
following the antiferromagnetic resonance transitions in s
ordered layered manganese phosphonates. Therefore, th
frequency AFMR has become a powerful technique in ma
tochemical research on par with more established me
such as susceptibility and magnetization studies or calorim
Substantialg-factor resolution enhancement at high magn
fields and microwave frequencies above 300 GHz result
the first well-resolved spectra of P700•1 cation radical in
photosystem I (prior to deuteration). Employment of our
HF-EMR apparatus for studying spin systems with large
field splitting (non-Kramers paramagnetic species), suc
porphyrins and porphyrazines containing the high-spin (S 5
2) Mn(III) ion, also made it possible to observe reson
transitions in these otherwise EMR-silent spin systems,
enabling one to accurately analyze their magnetic properti
either case, a combination of the high-field EMR techno
with an ultrawide band multifrequency option of our spectr
eter provided a powerful tool for investigating the magn
properties of these spin systems.
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