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The 1998 ISMAR prize was awarded to Ray Freeman in recognition of his pioneering developments of
modern pulse techniques essential to applications in high resolution magnetic resonance spectroscopy. The
prize was given to him at a ceremony during the 1998 ISMAR meeting in Berlin.
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Letter from the President

This Bulletin is dedicated to the Proceedings of
the Joint 29th AMPERE - 13th ISMAR International
Conference on Magnetic Resonance and Related
Phenomena Berlin 1998

The fate of the Bulletin followed then David's tracks
to Indiana and finally to Texas. More than 500
subscribers and over 100 university libraries
took profit of the Bulletin over the years.

This Conference, chaired by Professor Dieter
Ziessow and Wolfgang Lubitz, was a great success.
Many thanks are due to the Organizers. More than
50 invited talks, 85 contributed papers, and 497
posters were presented by more than 730
participants. The ISMAR Prize was presented to Ray
Freeman.

David Gorenstein deserves gratitude from the
ISMAR Society for his outstanding contribution the
Magnetic Resonance Community, as well as
his staff, co-Editors, Editorial Board Members.

The next 14th ISMAR Conference will take place at
Jerusalem in Israel in 2001, as approved by the
ISMAR Council in Berlin. The year 2001 will
mark the 30th Anniversary of the first ISMAR
Conference, which took place in 1971, also in
Jerusalem.

As you may know, Lyndon Emsley has established a
web site http://www.ens-lyon.fr/ISMAR/ which is
intended to host a Newsletter. You may wish to visit
it if you have not done so already.
Clearly the future of ISMAR publications is now in
question. Please communicate your thoughts on this
issue.

Professor David Gorenstein, Editor of the Bulletin of
Magnetic Resonance since 1982, has stated his desire
to retire from the editorship after the editing of this
Bulletin.

As a (nearly) retiring President, I express my
warmest wishes for a good health and a great future
to ISMAR as well as to all practitioners of Magnetic
Resonance, together with my hope of remaining on
"speaking terms" with them until an unforeseeable
future.

The Bulletin was established in 1979/1980 by our
first President, Professor Daniel Fiat. The Bulletin
was first edited by Dr. Howard Bradbury
and published with the Franklin Institute Press. In
1982, David Gorenstein was appointed as Editor,
with publication by the University of Illinois.

Maurice GOLDMAN
President of the ISMAR Society
Gif sur Yvette Cedex
FRANCE
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Optical Detection of Electron Paramagnetic and ElectronNuclear Double Resonance of Point Defects in III-V
Semiconductors
F. K. Koschnick
University of Paderbom, Physics Department, 33095 Paderbom, Germany
Tel: +49-5251-602748, Fax: +49-5251-603247, email: spjk@physik.uni-paderborn.de

Abstract: For the study of defects in
III-V semiconductors an enhancement
of sensitivity with respect to the
conventional detection of electron
paramagnetic and electron-nuclear
double resonance (EPR/ENDOR) is
necessary, because of low defect
concentrations together with broad EPR
lines and very small sample volumes as
in the case of epitaxial layers. This can
be achieved by optical detection of EPR
and ENDOR (ODEPR/ODENDOR),
which can be performed using optical
absorption or luminescence. The first
method is based on the measurement of
a microwave or radio frequency induced
change of the magnetic circular
dichroism of the optical absorption
(MCDA) and the second method detects
the corresponding change of the
intensity of the photoluminescence (PL)
of a paramagnetic defect. Two examples
of ODEPR/ODENDOR investigations
in the III-V semiconductors GaAs and
GaN are given. The investigations of

the arsenic antisite-related
related) defects in GaAs were based on
the MCDA-detection (MCDAEPR/ENDOR), and the experiments on
defects in GaN were performed via the
PL-detection (PL-EPR/ENDOR). In
GaAs several Asoa-related defects can
be measured. Three of them have
almost undistinguishable EPR spectra.
They can only be discriminated with
MCDA and MCDA-ENDOR. The PLEPR/ENDOR investigations on GaN
were performed with a high frequency
setup working at 72GHz. An
enhancement in resolution and
sensitivity was observed.

Keywords: GaAs, arsenic antisite
defects, GaN, Mg-doping, Be-doping,
ODEPR,
ODENDOR,
photoluminescence, MCDA
PACS: 76.70Hb,
67.80.Mg

78.55.Cr,
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1 Introduction
For the study of defects in III-V
semiconductors an enhancement of
sensitivity with respect to the
conventional detection of electron
paramagnetic and electron-nuclear
double resonance (EPR/ENDOR) is
necessary, because of low defect
concentrations together with broad EPR
lines and very small sample volumes as
in the case of epitaxial layers. This can
be achieved by optical detection of EPR
and ENDOR (ODEPR/ODENDOR).
Therefore, optical detection of EPR and
ENDOR is a powerful tool to study
paramagnetic defects in III-V
semiconductors. It differs from
conventional detection of EPR and
ENDOR basically in that a microwaveinduced repopulation of paramagnetic
Zeeman levels is detected indirectly by
a change in some property of light,
which is either absorbed or emitted by
the defect under study. The
ODEPR/ODENDOR methods have a
number of interesting features. One
such feature is an enormous gain in
sensitivity by several orders of
magnitude due to a quantum
transformation from 1010Hz to 1015Hz
for detecting signals. Another
interesting feature is the possibility of
studying defects with a high selectivity.
One of the problems of conventional
EPR is the simultaneous presence of
many paramagnetic defects, which
renders the spectra very complicated.
With optical detection every defect can
be investigated separately, except for
the rare situation that different defects
have identical or extremely similar
optical properties. In ODEPR the fact
that magnetic sublevels can be

selectively populated either by choosing
appropriate experimental conditions or
by physical mechanisms, such as spin
selection rules for radiative or
nonradiative transitions, plays an
important role. Basically, the optical
absorption or the luminescence of a
defect can be used. Which of the
techniques is applied, depends on the
system and the kind of problem one
wants to study.
After a short description of the
basic ideas of the optical detection of
EPR and ENDOR and the experimental
setup, two examples for the successful
application of ODEPR/ODENDOR on
defects in III-V semiconductors are
presented. The first example is the
investigation of arsenic antisite-related
defects (AsGa-related defects) in GaAs
which were investigated with ODEPR
and ODENDOR based on the
absorption technique, e.g., on the
magnetic circular dichroism of the
optical absorption (MCDA). The second
example
is related
to
the
photoluminescence(PL)-detection of
EPR and ENDOR of defects in GaN. In
the following, MCDA-EPR and
MCDA-ENDOR refer to the MCDAdetected EPR and ENDOR, and PLEPR and PL-ENDOR refer to the
photoluminescence-detection.
2 Experimental
a Detection via the MCDA
The MCDA is the differential
absorption of right- and left-circularly
polarized light, where the light is
propagating along the direction of an
externally applied static magnetic field
Bo. MCDA-EPR is measured as a
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microwave-induced change of the
MCDA. For a paramagnetic defect with
S=l/2, the MCDA is proportional to the
spin polarization of the ground state of
the defect. For a high spin system (S>1/2), this is also true, if the crystal field
is small in comparison to the spin-orbit
coupling of the ground and/or excited
state. The MCDA is measured at high
magnetic fields (l-3Tesla) and at low
temperatures (1.5-4.2K), where the spin
polarization of the ground state is large.
In this paper only paramagnetic defects
with S=l/2 are treated.
Upon inducing EPR transitions
between the two ground state Zeeman
levels of a S=l/2 system, the spin
polarization is diminished if the EPR is
(partially) saturated. This is monitored
as a decrease of the MCDA [1].
MCDA-ENDOR is measured as an
increase of the MCDA-EPR signal due
to nuclear magnetic resonance (NMR)
transitions induced simultaneously to
the EPR transitions [1].
One can measure a kind of
excitation spectrum of the MCDAEPR/ENDOR lines. The ground state
polarization is the same for all optical
transitions of a certain defect.
Therefore, one can set the EPR
(ENDOR) resonance conditions to a
particular EPR (ENDOR) line, vary the
optical wavelength and monitor the
EPR (ENDOR) signal intensity as the
microwave-induced (radio frequency(rf)-induced) change of the MCDA.
Thus, from the total MCDA of a
sample, only that part, which belongs to
the EPR (ENDOR) line, will give a
signal. This signal is called "tagged"
MCDA [1],
b Detection via the photoluminescence

There are two types of
recombination processes which are
particularly suitable to serve as
detection channels for EPR and
ENDOR in semiconductors: the distant
donor-acceptor pair recombination and
the bound exciton recombination. The
latter case leads to the optical detection
of triplet states which are not discussed
here. For a review see for example [2].
The investigations of GaN were
performed via
donor-acceptor
recombinations (see below). If donors
and acceptors are present in a
semiconductor, most of the donors and
acceptors are ionized depending on the
position of the Fermi level EF. If EF is
around mid gap, the donors have given
up their electrons to the acceptors. In
the ionized state donors and acceptors
are diamagnetic. The donor-acceptor
pairs are in the ground state. If the
semiconductor is excited with light
exceeding its band gap energy, electronhole pairs are created. An electron may
be trapped at a donor and a hole may be
trapped at an acceptor forming a pair of
a neutral donor and a neutral acceptor
(excited state of a donor-acceptor pair).
The neutral donor and the neutral
acceptor are paramagnetic. If the
concentration of the donors and
acceptors are moderate, the average
distance between a neutral donor and a
neutral acceptor is large enough that the
exchange interaction between them is
weak. Due to the small coupling, the
recombination probability of electrons
with holes trapped at the donors and
acceptors, respectively, is spin
dependent. If the spin of the electron at
the donor and that of the hole at the
acceptor are parallel, the recombination
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probability is small. If they are anti
parallel, it is large. Because of the
different spin-dependent recombination
probabilities depending of the pairs spin
state, the intensity of the donor-acceptor
pair recombination luminescence can be
used as a detection channel for EPR and
ENDOR. Because the exchange
interaction between the separated spins
is weak, the photoluminescence
detection reveals the EPR and ENDOR
signals of each of the paramagnetic
species separately, allowing direct
identification of the two partners.
The sample is placed in an
external magnetic field and exposed to
excitation light creating the electronhole pairs. Microwaves induce spin flip
transitions in the excited states of the
donor-acceptor pairs transferring
population from the parallel to the anti
parallel donor acceptor spin states,
where the recombination probability is
larger. In the case of ENDOR, a rf field
is applied to the sample simultaneously
to the microwaves. The change in the
intensity of the donor-acceptor pair
recombination luminescence is a
measure for the EPR or ENDOR effect.
Usually, this effect is luminescence
enhancing. In solids, the relative change
of the luminescence intensity due to
EPR and ENDOR is between 1(T and
10~5. For further details of this method
see for example [3].
c Experimental setup
The
experiments
were
performed using a custom-built K-band
spectrometer (24GHz), which is able to
measure optical detection via the
MCDA and via the PL. In figure 1, a
schematic diagram of the setup is

bath cryosta!
with magnet

linear polarizer

cavity
with sample
germanium
detector

mirror

monochromator

lense

optical stress
modulator

halogen lamp

Figure 1: Schematic diagram of the
ODEPR/ODENDOR spectrometer.
Optical detection can be performed with
MCDA or with PL. The microwave and
radio frequency setup is not shown.
Using a germanium detector, the
spectral range of the spectrometer is
0.7-2.0eV. For details see text.

shown. The light of a halogen lamp is
dispersed by a monochromator. For
MCDA measurements a linear polarizer
and a piezo-electric driven optical stress
modulator produces the left- and rightcircular polarization of the light. The
stress modulator is an "oscillating (/4
plate", the variation of ( being achieved
by the stress amplitude. For PLEPR/ENDOR experiments the polarizer
and the modulator are removed. In such
a case the halogen lamp and the
monochromator are used as an
excitation source. In particular, this kind
of excitation was performed for the
investigations on GaN. It turned out that
a laser was not suitable for PLEPR/ENDOR measurements on GaN
because of the high noise level in the
time regime of the modulation and
integration performed in the
experiments.
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The sample is located in a
special cylindrical TEon microwave
cavity with optical access. The cavity is
placed inside a liquid helium bath
cryostat. Inside the cavity, there are four
ENDOR rods parallel to the cavity axis,
which act as a pair of rf coils producing
the rf field for the NMR transitions at
the sample position.
A superconducting magnet
produces the external magnetic field. A
cooled germanium detector or a
photomultiplier is used to measure the
transmitted (MCDA) or emitted (PL)
light.
The MCDA is detected with
lock-in technique, the reference
frequency being the eigen frequency of
the stress modulator (30kHz). Usually,
the microwaves and/or the rf are not
modulated in a MCDA-EPR/ENDOR
experiment.
In the case of PL-EPR/ENDOR
measurements, the integral (total) PL
intensity is measured. Occasually, the
PL light is dispersed with a set of
optical filters. Usually, the spectral
resolution is larger than the width of the
investigated PL bands, typically of
width of (0.1-0.3eV. PL-EPR/ENDOR
is measured as a change of the PL
intensity with amplitude modulation of
the microwaves or rf, respectively, and
lock-in technique.
For sensitivity enhancement of
MCDA and MCDA-EPR/ENDOR
measurements a mirror cavity can be
used [4]. In figure 2 such a cavity, in
which the optical beam passes through
the sample several times, is shown. The
operation of the cavity is based on the
idea that the phase shift of ( of the
circular polarization of the reflected
light is compensated by the phase shift

coaxial waveguide

Figure 2: Mirror cavity for
sensitivity enhancement of MCDAbased measurements. On the left side is
the schematic diagram of the mirror
cavity. The distance between the upper
and lower part of the cavity is increased
which allows a clear view. Right: top
view with a four fold reflection of the
light beam.
i -waves

lense
(luminescence
collimation)

cavity

I

waveguide
'3.6 x 1,8 mm :

g iris

access for
optical
excitation

Figure 3: TEon cavity for 72GHz (Vband) with optical access.

of the MCDA when the light beam is
traveling in the opposite direction with
respect to the magnetic field. In this
way the contribution of each reflection
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to the total MCDA signal is positive,
and the MCDA enhancement is nearly
proportional to the number of passages
of the light beam through the sample.
An increase in the resolution and
also an increase of the sensitivity in PLEPR/ENDOR can be achieved with a
high microwave frequency setup
working at 72GHz (V-band). In
particular, this setup was used for the
PL-EPR/ENDOR investigations of GaN
(see below). The 72GHz cavity is
depicted in figure 3. Due to the
magnetic field, which is three times
larger using the V-band in comparison
to the K-band, the resolution for the
discrimination of different defects with
slightly different g-values obtained in
PL-EPR experiments was three times
larger. In addition, a sensitivity
enhancement in the PL-EPR/ENDOR
measurements on GaN was observed
(see below). For further experimental
details the reader is referred to [1].
3 MCDA-detected EPR and ENDOR
on AsGa-related defects in GaAs
GaAs is one of the most used
semiconductor materials. Its direct band
gap and high electron mobility lead to
many applications where high speed or
infrared light are involved, e.g., fast
digital circuits and laser diodes. The
electrical and optical properties of GaAs
are influenced by intrinsic defects.
The most prominent intrinsic
defect in GaAs is the EL2 defect, a deep
AsGa-related double donor, which is
responsible for the semi-insulating (SI)
character of nominally undoped, asgrown GaAs. By irradiation with high
energy electrons intrinsic defects like
AsGa-related defects can be artificially

produced in concentrations which allow
their investigation using magnetic
resonance techniques, such as the
MCDA, MCDA-EPR, and MCDAENDOR. A whole family of AsGarelated defects has been identified [5].
At least three AsGa-related defects
different from the EL2 are formed by
electron irradiation of GaAs.
a)

AS G ,

/ \

V

A\l
As ( .,-V v ,

,v
0.8

1.0

1.2

Rncrey (cV)

1.4

700

XOO

W

1000

Magnetic field (niTl

Figure 4: (a) "tagged" MCDA
spectra and (b) MCDA-EPR spectra of
four different AsGa-related defects. The
spectra of the four different Asoa-related
defects were recorded in different GaAs
samples. The isolated AsGa was
measured in SI GaAs which was
irradiated with 2MeV electrons at 4.5K
and kept below 77K. The EL2 defect
was measured in as-grown SI GaAs.
The anti-structure pair [AsGa-GaAs
(nnn)] was observed in SI GaAs
electron irradiated at 4.5K and annealed
to room temperature (RT), and the
AsGa-VAs defect was measured in Tedoped, at 4.5K electron-irradiated GaAs
which was annealed to RT.
Measurement temperatures 1.5K,
microwave frequency 24GHz
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In figure 4 the "tagged" MCDA and the
MCDA-EPR spectra of four AsGarelated defects, the EL2 defect and three
electron irradiation-induced defects are
shown. The four different AsGa-related
defects were measured in samples with
different preparation conditions (see
caption of figure 4). The MCDA-EPR
spectra of the four AsGa-related defects
show the typical four-line pattern of the
resolved hyperfine(hf)interaction of the
central 75As nucleus with a nuclear spin
of 1=3/2. Three of these AsGa-related
defects have hf splittings which are
almost undistinguishable. The isotropic
hf splittings are approximately 2600MHz. These defects are called "the
antisites with the large hf interaction".
One defect (see lowest MCDA and
MCDA-EPR spectrum in figure 4), has
an isotropic hf interaction of only 2050MHz ("antisite with the small hf
interaction").
From the MCDA-EPR spectra
alone, it was not possible to analyze the
detailed microscopic structures of the
respective defects. The high abundance
of magnetic isotopes with nuclear spin
of 1=3/2 of both lattice atoms in GaAs
causes a large inhomogeneous
broadening of the hf split EPR lines
preventing the resolution of the
superhyperfine (shf) interactions, i.e.,
the magnetic interactions between the
unpaired electron spin and the nuclear
spins of the neighbor nuclei. The
resolution of the shf interactions is
needed to establish a microscopic model
[1]. ENDOR can resolve these shf
interactions. The microscopic structures
of the AsGa-related defects were
investigated using MCDA-ENDOR,
which is more sensitive than

conventional ENDOR, which was not
successful for sensitivity reasons [5,6].
Two of the large AsGa-related defects
were attributed to the isolated AsGa
defect and an anti-structure pair
[AsGaGaAs (nnn), i.e., an AsGa with a Ga
antisite (GaAs) in the next nearest
neighbor position] [5]. The EL2 defect
is believed to be a complex consisting
of an AsGa and an arsenic interstitial in
the neighborhood. The AsGa-related
defect with the reduced hf splitting
compared to the other three AsGa-related
defects mentioned above was attributed
to a AsGa-VAs complex, an AsGa with an
arsenic vacancy (VAs) in the direct
neighborhood [6]. As an example, its
MCDA-ENDOR spectrum is shown in
figure 5. The detailed ENDOR analysis
can be found in [6].

Hi.

50

100
150
200
Frequency (MHz)

250

300

Figure 5: MCDA-ENDOR spectrum of
the AsGa-VAs defect at T=1.5K. The
photon energy was 1.287eV, the
magnetic field was 830mT, the
microwave frequency was 24.01 GHz,
the angle between the static magnetic
field and the [100] direction was 30°
and between the [110] direction was
90°. The total measurement time for this
spectrum was lOh.
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Table 1: Shf and quadrupole data of the first arsenic neighbor shell of the AsGa-related
defects in GaAs as determined by MCDA-ENDOR after [5,6]. For the anti-structure pair
[AsGa-GaAs (nnn) j two sets of parameters were measured because of the splitting of the
first arsenic shell into two subshells [5]. The angles pB and PQ are the Euler angles which
describe the orientations of the shf and quadrupole tensors, respectively. 54.74° means
that the z-axis of the tensors are parallel to a <111> direction.
Asca-related
defect
EL2
ASGa

AsGa-GaAs
(nnn)
ASGa-V As

a/h
(MHz)
169.3
169.3
158.5
205.4
252

b/h
(MHz)
53.2
53.9
54.7
50.8
24

The shf and quadrupole data of
the first arsenic shells of the four
discussed AsGa-related defects are
collected in table 1. The shf interaction
is described with a shf interaction tensor
A. Assuming axial symmetry, its
principal values in its principal axes
system are Axx=a-b, Ayy=a-b and Azz=a+2b, where a is the isotropic Fermi
contact term and b is the anisotropic shf
parameter [1]. The quadrupole
interaction is described with the tensor
Q. Its principal values in the principal
axes system are Qxx=-q, Qyy=-q, Qzz=2q
(axial symmetry) [1]. The shf
interaction parameters are a measure of
the unpaired spin density distribution of
a defect. The parameter q is a measure
of the electric field gradient at the
respective neighbor nucleus [1]. From
table 1 can be clearly seen that the shf
interaction and quadrupole parameters
of the isolated AsGa and those of the
EL2 are very similar. Therefore, the
spin density distributions of both
defects at the central Asoa atom and its
direct

PB

(degree)
54.74
54.74
54.74
54.74
70

q/h
(MHz)
11.7
12.0
12.9
11.1
0.9

PQ

(degree)
54.74
54.74
54.74
54.74
165

neighborhood and the electric field
gradient at the first arsenic shell of both
defects must be very similar. This is
very surprising because the defects are
different and have different optical
properties. It is not understood why the
excited states (optical properties) are so
much different in spite of the similarity
of the ground states (spin density
distribution) of the defects. The AsGaVAs defect has very much different
parameters. This is probably due to the
perturbation of the arsenic vacancy in
the first arsenic shell. In the case of the
EL2 defect and the anti-structure pair
the interstitial arsenic atom and the
gallium antisite, respectively, are
located in shells which are further away
from the central AsGa atom.
4 PL-detected EPR and ENDOR on
defects in GaN
Strong efforts on the synthesis
and device aspects of GaN took place in
the past few year for the realization of
blue lasers and LEDs. Progress was

.
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hampered because of several severe
materials problems. One of these
problems was the high residual n-type
conductivity of hetero-epitaxial GaN
layers (1017-1019cm"3). GaN has to be
grown with epitaxy. (Bulk growth is
only possible under extreme conditions,
pressures of about 2GPa. and
temperatures of about 1700°C [7].) The
substrates used for hetero-epitaxy of
GaN have a large lattice mismatch.
Mostly, sapphire, GaAs or Si are used
as substrates. In nominally undoped
state-of-the-art
material,
the
concentration of residual shallow
donors is now in the 1016cnT3 range.
Recently, two shallow donor levels at
approx. 22 and 34meV below the
conduction band edge were reported [8].
But the origins of the residual donors
are still unclear. Another problem
which hampers the development of
photonic devices is the difficulty in
achieving a high p-type doping level.
The most used dopant for p-type doping
is Mg. But Mg induces deep complex
defects at high doping levels preventing
large hole concentrations (np) in the
valence band at room temperature (np(1017cm"3), Another approach is Be'doping to achieve p-type conductivity.
But like Mg, Be induces also deep
complexes at high doping levels. It was
the purpose of this study to examine
whether different donors and acceptors
(Mg-related and Be-related) can be
discriminated with the high resolution
of a V-band set-up.
In contrast to GaAs, where the
optical detection of magnetic resonance
was performed via an absorption
method, GaN had to be investigated
using the luminescence-detection, since
GaN is only available as very thin (1-

}im-10|im) hetero-epitaxial layers, in
which the absorption is too weak.
Luminescence-detected magnetic
resonance investigations were
performed on nominally undoped, Mgdoped, and Be-doped GaN. For
enhanced resolution and sensitivity, the
V-band set up was used. With the
typical microwave power of about 100mW and with the typical power of the
excitation light of 0.1 mW at the sample,
the PL-EPR effects in GaN were of the
order of 10"3 or less of the total
luminescence intensity. The PL-EPR
spectra of the nominally undoped
samples were measured via the wellknown "yellow luminescence" [9-12],
those of the Mg-doped samples were
measured via the blue Mg-related
luminescence around 2.9eV [13] and
those of the Be-doped samples via the
deep Be-induced luminescence around
2.4eV [14], The nominally undoped and
Mg-doped GaN samples were grown
with metal organic vapour phase
epitaxy (MOVPE) on sapphire. The Bedoped material was grown with
molecular beam epitaxy (MBE) on Si.
The nominally undoped samples had
residual n-type carrier concentrations at
room temperature in the 1016cm~3 range.
The Mg-doped samples were measured
before and after annealing in a nitrogen
atmosphere at 650°C for 30 minutes.
This annealing is necessary to activate
the acceptors which are believed to be
passivated by hydrogen in as-grown
material
[15,16].
The
Mg
concentrations of the samples varied
from 1018cm"3 to 3(1019cm"3. The hole
concentrations were in the 1016cm"3 to
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1017cm~3 range at room temperature
after activation. The samples with the
low doping level were highly resistive.
The undoped samples and the Mgdoped samples were supplied from the
CRHEA-CNRS in Valbonne. The Bedoped MBE-grown samples were
supplied from the University of Madrid.
No reliable Hall data could be obtained
on the Be-doped samples because of
interdiffusion of Ga from the layer into
the Si substrate during growth [17].

that this resonance is caused by a donorlike defect, probably a shallow one.
This observation indicates that the
yellow luminescence is caused by
recombination processes where at least
two different shallow donors are
involved. It is speculated that the two
shallow donor levels reported in [8]
belong to the same two defects
responsible for the two shallow donorlike resonances (b) and (c) shown in
figure 6.

a) PL-EPR/ENDOR measurements via
the "yellow luminescence" in undoped
GaN

In figure 7 PL-ENDOR spectra
of the residual, shallow donor measured
with K- and V-band are shown. Clearly,
it can be seen that the V-band spectrum
has a much better signal-to-noise ratio
compared to that of the K-band. The
increase in sensitivity was about one
order of magnitude. The ENDOR lines
arise from the two gallium isotopes
69
Ga (abundance 60%, 1=3/2) and 71Ga
(abundance 40%, 1=3/2). The splitting is
due to a quadrupole interaction [18].
From the quadrupole interaction the
electric field gradient at the gallium
nuclei was estimated to be (6.5±0.2)(1020Vm'2 [18]. This value comes close
to the intrinsic electric field gradient at
a regular gallium lattice site determined
from magic angle sample-spinning
nuclear magnetic resonance (MASSNMR) on GaN powder [19].
Unfortunately, hf or shf interactions
could not be resolved with PL-ENDOR.
Probably, these interactions are hidden
within the widths of the ENDOR lines.
From the angular dependence of the
ENDOR line positions and widths, it
was speculated that the residual donor is

The yellow luminescence is
believed to be caused by pair
recombinations between residual,
shallow donors and deep acceptors
having their electrical levels approx. 1eV above the valence band edge
[9,11,12]. In this luminescence, three
resonances labeled (a)-(c) in figure 6
were observed. The resonances (a) and
(c) are well-known and were recently
attributed to a deep defect (g||= 1.989)
and to a residual shallow donor (gu=1.952) [10], respectively. Due to the
higher resolution of the PL-EPR in the
V-band compared to the previous
measurements [10] the resonance
labeled (b) could be resolved. It is
usually hidden underneath (a) and (c),
when using K- or Q-band microwave
sources (24GHz and 36GHz). Within
experimental error, resonance (b) shows
no anisotropy. Its g-value and half
width are: g=1.958±0.001 and {Bm{25mT. From the g-value, it is inferred
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a gallium interstitial and that the
gallium ENDOR lines shown in figure 7
are caused by the central gallium atom
of the defect [18]. The gallium
interstitial was calculated to be a
shallow donor [20, 21]. On the other
hand, assuming this model it is not
easily understood why the electrical
field gradient at the interstitial position
is similar to that of the regular
unperturbed gallium lattice site.

36

Figure 7: PL-ENDOR spectra of the
residual, shallow donor in MOVPEgrown GaN measured in the yellow
luminescence at 1.5K with the magnetic
field parallel to the hexagonal c-axes.
The photon energy of the excitation was
3.75eV. The ENDOR lines are due to
the two gallium isotopes 69Ga and 71Ga.
(a) K-band spectrum, microwave
frequency 24GHz, resonance field
0.874T, recording time 5h, (b) V-band
spectrum, microwave frequency 72.73GHz, resonance field 2.65T, recording
time l/2h. The black solid lines are
calculated ENDOR spectra with the
assumption of a quadrupole interaction
of q=0.22MHz and a line width of
approx. 0.8MHz. The calculated
spectrum with the small line width in
(a) shows the positions and the relative
intensities of the individual ENDOR
lines. Hf (hyperfine) or shf
(superhyperfme) interactions could not
be resolved.

2.0
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Energy (eV)
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Figure 8: Photoluminescence spectra of
Mg-doped GaN, excited with a HeCd
laser at 1.5K. Solid line: sample with a
lower Mg-doping level (1018-1019cmf3),
broken line: sample with a high Mgdoping level (more than 1019cm"3). The
structure on the luminescence band is
believed to be caused by two
overlapping donor acceptor pair
recombination bands with replica [22].

b) PL-EPR measurements via the blue
Mg-r-elated luminescences in Mg-doped
GaN
Figure 8 shows the blue Mgrelated luminescences observed in two
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different Mg-doped GaN samples. The
Mg-related luminescence of the sample
with the larger Mg-doping level is
shifted to lower photon energies. It is
believed that this red shift of
approximately 300meV is caused by the
formation of deep Mg complexes at
larger doping level. This formation
limits the concentration of shallow Mg
acceptors obtained by the doping.
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Figure 9: PL-EPR spectra recorded at
T=1.5K with the magnetic field parallel
to the hexagonal c-axis, microwave
frequency 72.73GHz, excitation at 3.65eV, curve (a) Mg-doped sample with a
large doping level (more than 1019cm~3),
(b): Mg-doped sample with a low
doping level (10 18 -10 19 cnT 3 ), the
Gaussians represent the deconvolution,
parameters see text.

In the Mg-doped samples we observed
several resonances, probably Mgrelated, and a dominant signal at 2.65T
for B||c (gn= 1.960(0.003, see figure 9),
which probably belongs to donor-like
defects. The half width of this
resonance is approx. 23mT. The line

shape shows a slight asymmetry.
Therefore, it is possible that this signal
is a superposition of several signals. It
can be concluded from the g-values and
the half width of the donor-like signal
that in the Mg-doped samples the
donors must be different from the
residual donors observed in undoped
material [signal (c) in figure 6]. It can
not yet be decided whether the new
shallow donor resonance observed in
undoped material [labeled with (b) in
figure 6] is identical with the
resonances in as-grown Mg-doped
material. To make sure that the
differences in the g-values and half
widths of the donor-like resonances
between Mg-doped and undoped GaN is
not caused by exchange interactions
between the donors and Mg-acceptors
in the highly doped samples, we
changed the intensity of the excitation
light by a factor of ten. No changes in
the PL-EPR spectra due to the variation
of the excitation light intensity were
detected. Therefore
exchange
interactions between the donors and the
Mg acceptors are not responsible for the
different measured g-values and half
widths. The Mg-doping has definitely
an influence on the donors created.
Whether this is due to impurities which
might be incorporated into the sample
or whether it is caused by a process of
self compensation is not yet clear.
The resonances observed below
2.6T in all investigated Mg-doped
samples are probably related to Mg-type
defects because they were never
observed in undoped samples. In the
samples with the high Mg-doping level
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(3(1019cm"3) two Mg-related resonances
were observed (curve (a) in figure 9)
with gf=2.07(0.005, g(=2.03(0.005,
(Bi/2=45mT and §,=2.02(0.005, g(=2.00(0.005, (B1/2=35mT. The first
resonance is similar to that observed by
Glaser et al. and Kunzer et al. [10,23]
and what was assigned to a deep Mgrelated complex. Neither resonance was
influenced by the annealing process
(activation). Therefore, it is concluded
that these Mg-related defects are not
responsible for the p-type conductivity
after activation. In the sample with the
lower doping level (1018cm"3) not only a
different PL spectrum was observed in
comparison to the samples with the high
doping level, but also a different Mgrelated PL-EPR resonance was
measured (figure 9, curve (b), gn=2.057(0.005, g(=2.045(0.005 and (B1/2=45mT). A second Mg-related resonance
was identical within experimental error
with the gn=2.02 signal in the samples
with the high doping level. The
observation of different PL bands and
different Mg-related resonances in
samples with different Mg-doping level
indicates that different Mg-related deep
defects can be formed in GaN
depending on the Mg concentration.
The g-anisotropy of shallow Mg
acceptors is expected to be large [10],
much larger than those observed in the
experiments. Therefore, it is reasonable
to conclude that deep Mg-related
defects were measured.
c) PL-EPR measurements via the 2.4eV
Be-related luminescences in Be-doped
GaN

Figure 10: PL-spectrum of the Bedoped MBE-grown GaN sample,
substrate Si, excitation with an argonion-laser (355nm), temperature 1.5K.
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Figure 11: PL-EPR spectrum of the Bedoped MBE-grown GaN sample,
measured in the 2.4eV luminescence
(see figure 10), the spectra were
measured at 72.73GHz and at 1.5K, B||c-axis. The inset shows the two donorlike resonances. The broad signal
around 2.55T is believed to be a deep
Be-related acceptor.
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The PL spectrum of a Be-doped
sample is shown in figure 10. With PLEPR (figure 11), an isotropic resonance
with g=2.008(0.003 at 2.58T was
observed which is acceptor-like,
inferred from its g-value. This
resonance is most probably due to Berelated defects. Because it was
measured via the deep luminescence
band we believe that those Be-related
defects are deep complexes. For shallow
acceptors a strong g-anisotropy would
be expected.
Two donor-like resonances at
higher fields (around 2.65T) were
measured. The two resonances are
shown in the inset of figure 11 with
higher resolution. The resonance at
higher fields has the same half width
and the same g-values as measured for
the shallow donor labeled with (c) in
figure 6 (B1/2=7mT, gf=l.955(0.001, g(=1.949(0.001). The other weaker
resonance at lower fields has only a
very small anisotropy. Its EPR
parameters are: Bi/2=15mT, g||=1.956(0.001, g(=l.957(0.001. We believe that
this second resonance is also caused by
a donor, probably a shallow one'.
Therefore, two donors are present in
MBE material. One of them is identical
to a shallow donor observed in
nominally undoped MOVPE-grown
GaN. MBE growth was performed with
high purity solid sources ((7N) for Ga
and Be and with high purity N2 gas.
Impurities other than the dopant Be and
the substrate material Si are not
expected to be present in the samples in
a concentration which is measurable
with PL-EPR. Therefore, the donors
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could be due to Si or intrinsic defects.
With SIMS measurements, a diffusion
of Si into the GaN layer was observed
[17]. Oxygen can be excluded, because
it is not present as a contamination
source in MBE growth. Whether the
Be-doping has an indirect influence on
the creation of donors, could not be
investigated, because it was not possible
to measure PL-EPR on nominally
undoped MBE samples.
5 Conclusion
Two examples of the successful
application of optical detection of EPR
and ENDOR on III-V semiconductors
were presented. GaAs was investigated
with MCDA-detection, a detection
scheme based on optical absorption. It
was shown that the detailed microscopic
structure of four AsGa-related defects
could only be analyzed with the
MCDA-ENDOR technique. The three
antisites with the large hf interaction,
the isolated AsGa, the EL2 and the antistructure pair, have hf splittings which
are almost identical. The shf parameters
of their first arsenic shells are very
similar in contrast to the fact that the
optical properties (MCDA bands) are
very different. Up to now this behavior
is not understood. The fourth antisite,
the AsGa-VAs, has different parameters
in comparison to the antisites with the
large hf interaction. This can be
explained with the strong perturbation
due to the arsenic vacancy in the first
arsenic shell. In the case of the EL2 and
of the anti-structure pair the complex
partners (perturbations) of the central
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atom are not in the direct
neighborhood.
With PL-EPR measurements in
the V-band on GaN new defects were
detected which cannot be seen with Kand Q-bands because of less resolution
there. Probably new different shallow
donors were detected in undoped and
Be-doped GaN. In Mg-doped GaN the
donors are different from those in
undoped GaN. It is not yet clear
whether this is an effect of self
compensation or of incorporation of
impurities along with the Mg-doping.
Several defects, probably Mg-related,
were detected. They are deep defects
and probably not related to the Mgacceptors giving rise to the pconductivity. Similar to Mg, Be also
forms deep acceptors.
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The analysis is made for the opportunity of redistributing mobile point defects in a semiconductor affected by the
electric field. The voltage is applied in two different ways: i)directly to a sample, ii)to a capacitor plates with a
sample between. The model is appropriate also for electric fields of any nature either external or internal including
phase interface fields.

INTRODUCTION
An absence of the inversion center in a hexagonal lattice of II-VI crystals, to which CdS belongs, is a cause
of the piesoeffect and strong electron- phonon interaction. At the same time, CdS has a complicated spectrum
of various local centers. Availability of a variety of investigation methods: photoelectric, optical and methods
of radiospectroscopy makes it possible to study a broad
range of the phenomena occurring also in other semiconductor materials. CdS can be thereby an appropriate
model object to study various processes in semiconductors. A presence of cadmium interstitials (Cd.) with properties of a paramagnetic center enables to use complex
study of the crystal by photoelectric methods and EPR.
The EPR study of Cd. shows that the distribution of donor defects in CdS is substantially non- uniform, the temperature dependence of the EPR line width being attributed to a rather strong exchange interaction between Cd
atoms [1]. The interstitial atoms of excess cadmium (Cd.)
are the shallow donors determining n-type conductivity
of CdS and of rather high mobility at moderate temperatures DCd(500K) ~ 9*109 cm2/s [2]. At room temperature and below the center is occupied with one or two
electrons. The non-compensated crystals contain neutral Cd.° at low temperatures and, thus, do not show any

EPR signals, since the main state of the center is a singlet. However, in the compensated crystals some part of
the electrons occupies acceptor states, which can gives
rise to Cd.+ EPR signal. Metastable Cd.° triplet states
can arise under the band-band irradiation of the crystal
when the conditions appear for the nonequilibrium electrons to be captured both to the singlet and triplet states.
EPR spectrum of Cd; investigated in [1] is, likely, associated with Cd+, although the authors did not comment
a charge of the center but identified it as shallow paramagnetic center of interstitial cadmium. EPR from shallow donors responsible for photochemical reactions in
CdS was observed in [3]. The magnitude of the EPR
signal decreased as mobile defects were leaving the bulk
due to photo-chemical reactions, which allowed to identify the EPR spectrum as associated with mobile defects
(presumably Cd.) [3]. It was proved the EPR spectrum
belonged to shallow singly charged centers with S=l/2.
The values of g-factors were in consistence with those
obtained earlier [4]. Light-induced persistent EPR centers observed in highly compensated CdS was, likely,
attributed to a neutral acceptor state [5]. Since the Cd.
concentration defines a non-stoichiometry of CdS with
Cd tending to form exchange-bounded pairs, it is a mat-
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ter of particular consideration to find a correlation be- The mobile donors singly charged are distributed in actween a content of Cd. ions and anomalous paramag- cordance with Boltsman law:
netic properties of pressure-quenched pure CdS single
crystals [6].
(2)

This paper considers a possibility of purposeful redistribution of mobile paramagnetic centers under electric
field and proposes to apply EPR technique and EPRtomography to study properties associated with the presence of mobile defects responsible for a conductivity
type of a crystal. The mobile point defects in semiconductors give rise to a degradation of the semiconductor
devices. The mobile point defects in II-VI compounds
are the principal reagent of photochemical reactions
found to affect the photosensitivity [7] and luminescence
of laser screens [8], to cause formation of conducting
channels [9] and changes of properties of metal-semiconductor junction [10, 11]. Since the p-n- or heterojunction is a base of major semiconductor devices, there
is always internal electric field to act on the mobile
charged defects. It is a problem for manufacturers of Si
very large scale integrated circuits (VLSI) and solar cells
with a mobility of drifting interstitials to be of substantially high value even at moderate temperatures [12].
The drift of mobile defects can be utilized to redistribute them, decreasing thereby their content within some
part of a crystal [13,14].
The paper presents a model which describes the final
distribution of the defects after exposure of the field.
The model assumes a constant charge state of the drifting ions. The problem was considered for the case of
cadmium sulfide.

THEORETICAL BACKGROUND
One - dimensional diffusion-drift equation was used for
.,
,
,
•
•
• u r, •
the electron subsystem in conjunction with Poisson
s
equation and Boltsman distribution of charged C d + i o n s

,\ t .
,.,. .
(stationary
conditions).

With Dn being electron diffusivity, the electron current
is expressed as:
(1)

"«(*> =

where NcJx) is concentration of Cd mobile interstitials.
With boundary conditions:
= Na; <p(L) = 0 (cathode); (p(O) = cpo (anode).
Equations (1) and (2) have to be complemented with
Poisson equation which connects potential <p(x) with
charge density p(x):
ArTZ

•pO),
(4)where p(x) =

e(ZdN

ZaNa~»(*) + AC(*))

(hereinafter Z d =l; Za=-1).
Writing electron density as a function of the potential
from equation (1) with Boltsman distribution (2) taken
into account for the concentration of the mobile Cd ions
yields integro-differential equation for the unitless potential y/(x) = e(p(x)/kT:

dx2

-V-AN)

ekT L

where i0 = enLDn /L,nL = n(L) •
TU

. .„ . . _

.

....

The diffusivity Dn and mobility a
_.
.
Einstein s equation,

are connected by

n

„ . , , . , ,

.,

.

,

Equation (5) can be easily rewritten in terms of the elec. _ ,,
trie field:

(6)

d2E
dx2

e rdE
—E
kT d
dx

ekT

x

i = -enfiycp + eDnVn ,
ekTkT

where q> is the electric field potential, and n is electron
concentration.

where AiV = Nd — Na.

26

Bulletin of Magnetic Resonance

At N& = 0eq.(6) transforms into the well-known equation for the field distribution within a space charge region [15]. The presence of the mobile donors actually
expands the space charge region over Debye's length
determined as:
ekT

where Z^is a charge of
length of the crystal.

component, to the whole
x/L

Equation (6) can be solved by the successive approximation method. As a zero approximation can be taken
the NCd(x) distribution calculated in quasi-neutrality approach. Substituting zero approximation NCd(x) into eq.
(6) we can analyze the current-voltage dependence in
first approximation. A convergence of the method is
determined by LD/L ratio.

Figure 1. Redistribution of Cd+ concentration for a system which
includes: (1) - three components (electrons + Cd + immovable acceptors; Na/NLCd+=0.1); (2) - two components; (3) - three components (electrons + Cd + immovable donors; N</NLol+=0.1).

10

RESULTS AND DISCUSSIONS
The right side of eq. (6) is zero in quasi-neutrality
approach, and thus we get the potential y/(x) as an
implicit function in the expression:

(7)
where

Fjy)
073

AN

According as the charge of the "background" is positive
or negative (corresponds to sign of A/V (7) tends to
behave in properly different ways. While for
AiV>0 there is a continuous solution of eq. (7) (At
A/V = Oit becomes an expression used in the theory of
binary electrolytes [16]), this is not the case when the
"background" is negatively charged. The solution in such
a case has a break, which indicates an invalidity of the
electroneutrality approach. At any rate, both cases have
similar solutions for y/0 < 3 (Fig. 1). A result obtained for
the system with immovable positively charged background is the most attractive since these conditions allows to extend zone with low Cd+ content (fig.2, curves
1, 2, 3 correspond to i/io= 3, 5, 10 respectively).

0T2

anode

0~4

07>0^5

Fig.2

I- 0
1,0

cathode

Figure 2. Redistribution of Cd+ concentration and voltage (in terms
of unitless potential \[f(x))at the case of the positive "background"
for various values of current: 1 - i/io=3; 2 - i/ifl=5; 3 - i/i0=10.

When i/i0 value is rather low the first term within the
parenthesis in eq. (5) becomes:

(8)

dx2

ekT

which describes the electric field between the plates of
a capacitor. Eq. (8) with AN = 0 and boundary conditions: y/-(0) = \fro/2;y/(L) = -y/0 /2transforms into
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Poisson-Boltsman equation:

before the electric field was applied with the uniform
initial distribution of the ions taken into account.

(9)

Figure 4 shows that at the potential y/0 = 60 - 80 contents of the mobile defects decreases in 3-4 orders of
which is solved analytically at boundary conditions taken magnitude, (for L=l cm). Whereby Cd ions are confined
as: x=L; v(x) = 0 and the other usually determines a w i t h i n a t h i n l a y e r ~ 1 0 L D ( L D" Debye's length LD=105
15
3
value of the field at x=0. The value of the field within a cm for NCd=10 cm , T=300K).
sample at i/io~O is negligible at x far from edges of the
crystal (fig.3).

103

Figure 3. Distribution
of ion concentration
and potential of the
electric field at i/i0~O
, (capacitor).

10'
9

10

10'°

Fig.4

N

10"
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2

10'

3

10'

4

15

10

° ^ (final)

The potential distribution within the space charge region (SCR) is determined by the integral:

(10)

(initial)

LD

A surface charge confined by the external field within a
thin (~LD thickness) within surface layer is calculated
by

Ag (*e»24.2)
Co(1' > =20.4)

L=0.2 cm

(ID

\ = eLDn0 J

10'°
109

Fig.5

10'°

10"

10' 2

1013

10M

10 15

N°rd (final)

where e and n0 are the electron charge and concentration in the bulk where it equals the donor concentration Figures 4 and 5. Diagrams to determine the anticipated value of
iV°dand can be obtained from the normality condition: a final (stationary) concentration of mobile Cd ions in the bulk

(12)

(N°Cii) for a certain value of the initial concentration of uniform
distribution ( N ^ ) at various magnitudes of applied potential y/0
(Fig.4 for the case of external electric field) or contact barrier
potential \j/b (Fig.5 for the case of Schottky barrier potential
formed by the deposition of metals Sn, Co, Ag, Sb, Au [17]). The
potential values are presented in kT/e units.

The right - hand side of eq. (12) contains the total quantity of Cd+ ions redistributing in the sample. The term Obviously, Cd+ redistribution caused by external elecfrom the left side NCd L determines a number of the ions tric field (fig.4) can be formed by electric field of an-
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other nature. The capacity of space charge layer near the
edge of the crystal is associated with potential Vo^
This potential may originate from a phase interface. Fig.5
demonstrates the values of the bulk concentration of
mobile Cd which can be reached by the action of the
electric field on the metal - CdS interface for various
metals. The values of contact barriers Vb (in kT/e units)
were taken from [17]. Wb (in terms used above) corresponds to Vo /2 i n formula (10) and on fig.4. Cd+ redistribution presented on fig.5 is calculated for crystals of
length L=0.2 cm at the assumption that one face of a
crystal is coated with a metal deposited thereon.

CONCLUSIONS
The possibility is considered to clean out mobile charged
defects from the bulk of a crystal by means of electric
field. The calculations concern only a stationary limit
which can be taken as a boundary condition for a transient problem at t —> <». Hence, our analysis demonstrates the potentialities (determined by absolute minimum of the system energy) which could be realized by
the action of the electric field. The most appropriate conditions for the "cleaning" are those with AN > 0, while
otherwise at AN < 0. The transition from AN > 0 to
AiV < 0 could be reached using band-to-band irradiation
of the crystal. Experimentally this phenomena was observed in [ 15], where the crystal irradiated with absorbed
light was cleaned of mobile defects over the 1/4 of the
crystal length.
Schottky barrier field was considered to be effective to
decrease content of mobile defects. The calculations were
presented for various contacting metals.
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Abstract
EPR spectrometry and molecular mechanics
force-field calculus were used to characterize the
coordination around the metal ions in a series of
four superoxide scavenger copper complexes
having bis(hydrazino-triazine) ligands. The
distorted 2N2O square planar arrangement around
copper as well as the presence of 4N coordination
is proposed as an explanation for the difference
between their activity and those described in a
previous study.

Experimental
Complexes I, II, III and IV are the bis complexes
of the hydrazino-triazine ligands presented in Fig.
1, respectively. The copper complexes were made
following the general method described in [5].
The complexes were analysed for C, H (elemental
analysis)
and
Cu
(atomic
absorption
spectrometry) and their IR spectra were recorded
on a C. Zeiss (Jena) Model M80 spectrometer, the
analytical results for the various preparations
being listed in [6].

Introduction
Superoxide dismutase (SOD) and related copper
complexes have been proposed as medicinal
agents to decrease the concentration of
superoxide free radical anion O'j during
pathological phenomena [1]. The high molecular
weight of the natural proteins considerably limits
their membrane permeability and for this reason
low molecular weight copper complexes were
synthesised as potential anti-inflammatory and
anti-viral drugs [2]. Furthermore, toxicological
studies revealed that anti-inflammatory copper
complexes are less toxic than inorganic forms of
copper.
Previous studies have shown that EPR
spectrometry
and
molecular
dynamics
calculations [3,4] can give insight into the
structure of the first order coordination sphere
around the metal ion in a class of asymmetric
triazine complexes, having anti-viral activity. In
this study we extend the characterisation of the
structure of the Cu(II)-complexes to a group of
four complexes having hydrazino-triazine ligands,
with possible biological activity.

=N
N

v

IV
III
Ligand
I
II
CH3
H
R
H
CH3
NO,
N0 2
R'
H
H
Fig. 1 Hydrazino-triazine used as ligands of copper
complexes

In vitro assessments of superoxide dismutase
activity were done by measuring the
concentration of O'2~ radicals in solutions using
the photometric method of [7].
Samples for EPR measurements were prepared as
follows: a) powder without any further treatment;
b) saturated fluid solutions prepared by heating an
excess of the complex in DMF/methanol (7:1), at
50° for 5 min, followed by filtration to remove
any undissolved solid.
EPR spectra at ambient temperature and 77K
were obtained using a Jeol JES-Me 3X
spectrometer with 100kHz field modulation,
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operating at 9.1 GHz. Optimization of spectral
resolution was achived by making multiple
accumulations
and
using
fast
Fourier
transformation with Gaussian profile for
subsequent noise reduction.
The simulation of the spectra in order to estimate
the EPR parameters were done using a home
made iterative program (Minuit-Simplex) based
on a second perturbation algorithm with co-axial
g and hyperfine tensors. The lineshapes for the
frozen solutions were Gaussian with different
widths according to the overall shape of the
signal, while for solution simulations, a
Lorentzian lineshape was used. All the
simulations consider the copper isotopes in their
natural abundance.
Theoretical structures for the copper complexes
of the various ligands were calculated using the
molecular mechanics force-field algorithm MM+
[8].
Results and discussion
The biological activities of the bis-complexes
were higher than those of the uncomplexed
ligands, but they were less active than the
complexes previously analysed [4]. The
superoxide scavenging activities of the various
complexes were in order: CI>CIII>CII>CIV,
altough the differences between them are small.
The analysis of the polycrystalline EPR spectra at
room temperature shows that the synthetic
process yields copper complexes in two forms:
monomeric Cu(II) species for all the complexes
and a very small concentration of dimeric species,
for Complexes I, III and IV.
The powder EPR spectra of the various
complexes show differences in overall shape as
can be seen in Fig. 2. In all the cases the spectra
appear to be a mixture of components and their
simulations, derived from the EPR parameters in
Table 1, are shown in Fig. 2.
The fluid solutions of fast-tumbling copper
complexes are isotropic in character, but there are
extensive line-width variations, common with
copper complexes due to the insufficiently rapid

molecular motion to completely average the
anisotropic interactions.
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Fig. 2 EPR powder spectra at room temperature for
Complexes I, II, HI and IV: a) experimental, b) simulated
with the EPR parameters in Table 1
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Fig. 3 EPR spectra at 77°K of DMF/methanol solutions of
Cu(II)- complexes: a) experimental; b) simulated using the
EPR parameters in Table 1
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The spectra appear as simple components, but
their poor resolution does not give insight into the
structure.
The different features of these complexes are
clearly revealed by the EPR spectra recorded in
frozen solutions (Fig. 3).
Table 1 EPR parameters of Complexes I, II, III IV and
I* [4] (* = dimers, p = powder, s = solution)
Comp

A [Mhz]

g
gxx

a
syy

gzz

A»

Ayy

A,

I*-p

and II have similar anisotropic parameters and are
probably closely related.
The g and hyperfine splittings obtained from the
best fit of the spectra are presented in Table 1
along with those of the most active complex from
the previous study [4].
The magnetic parameters obtained for these
complexes in the g// region are in agreement with
values of ga > gxx>yy > 2.040 suggesting a dx,_y
ground state, characteristic for square planar,
square-base pyramidal or octahedral first sphere
arrangement around the metal ion [9]. In the case
of these complexes we propose a distorted squareplanar arrangement around the copper ion. Even
though the first coordination sphere around the
metal has the same type of chromophors, the EPR
parameters show a slight variation which can be
associated with a specific modification of the
ligand structure. The change of R' from H to NO2
increases slightly the A^ value, as it can be seen
for Complexes II and IV, for example.
For this class of complexes, the f factor (g^/A^,)
[10] can be used as a distortion parameter and its
values show that the introduction of NO2 changes
slightly the distortion of the geometrical
arrangement around copper compared with that of
the complex without NO2 (see Table 2).

A

2.060 2.068 2.205

30.1 70.0 555.0

B

2.082 2.087 2.257

53.0 47.0 427.0

I-s

2.054 2.077 2.258

50.2 70.0 508.0

A

2.056 2.062 2.194

42.0 75.0 570.0

B

2.075 2.086 2.235

50.0 65.0 445.0

II-s

2.045 2.081 2.256

41.0 65.0 512.0

A

2.065 2.104 2.197

-

B

2.060 2.063 2.215

21.0 45.0 580.0

A

2.057 2.070 2.265

25.0 30.0 542.0

B

2.065 2.072

2.251

35.0 35.0 550.0

2.088 2.095 2.245

50.1 65.2 435.1

2.071 2.075 2.192

45.4 30.1 565.0

Comp.
I
II
HI

II-p

HI*-p

III-s

IV*-p

IV-s
A

2.056 2.066 2.260

75.7 85.8 530.5

B

2.054 2.056 2.253

21.1 26.4 501.2

IV

I**-s
A

Table 2 Superhyperfine 14N coupling and f factor values of
Complexes

2.031 2.106 2.234

71.0 88.4 537.4

The frozen solutions spectra of Complexes I and
II can be simulated in a consistent way as single
components whereas at least two species of
comparable intensities are present for Complexes
III and IV. This suggests that the mixture of
components observed in powder for Complexes I

I*[4]

f
[cm]
133.3
132.1
125.3
122.6
127.8
134.8
124.6

AN
[MHz]
45
45
47
48
54
45

Coord.
2N
4N
2N
2N
4N
2N

The various features of these complexes can be
seen in the 2nd derivative recordings, especially
in the perpendicular region. As usual, in the
perpendicular region there are superposed the
perpendicular components of copper, the
forbidden transitions depending on the copper

Bulletin of Magnetic Resonance

32

quadrupole interaction which varies with the
ligation, and the 14N hyperfine couplings.
Furthermore, the perpendicular region is
dominated under a wide range of conditions by
so-called overshoot lines arising from an interplay
of g and A anisotropies and finally the presence
of Cu isotope will change the intensity and the
position of the hole pattern. For all these reasons,
the perpendicular region of the spectrum is
always difficult to simulate without resolution of
the superhyperfine structure in the %n region.
The analysis of the superhyperfine coupling to
1
T>J atoms shows the presence of two types of
copper environment: 2N2O for Complexes I, III
and IV and 4N for Complexes III and IV; the
hyperfine constants are presented in Table 2.
It seems that the NO2 presence in the ligand
changes not only the geometry around the metal
ion, but determines an additional type of
complexation, too. Despite the EPR variation in
parameters, the fact that the arrangement of the
copper ion does not change dramatically (as it can
be seen by analysing the values of the f factor,
[10]) can explain why these complexes have no
great differences in their biological activity.
Table 3 Molecular mechanics force-field calculations of
optimized geometrical arrangements of copper(II)
complexes (tth = tetrahedral; sq. = square; oth. =
octahedral, pyr = pyramidal)

Comp

I

a
b
c

Coord.

Structure

Energy
[kcal/mol
]

distorted tth
distorted sq. pyr.

35.26
48.27
68.36

2N2O

II

a
b

2N2O

distorted tth
distorted sq. pyr.

81,30
87.94

III

a
b

2N2O
4N2O

distorted tth
distorted oth

41.42
165.20

IV

a
b

2N2O
4N2O

distorted tth
distorted oth

97.21
232.41

I*

a

2N2O

square planar

213.0

The biological activity is smaller for the
complexes containing NO2, associated with the
slight modification around the copper ion and the
presence of 4N coordination.
The MM+ calculations of possible geometrical
arrangements for the various complexes show that
more than one type of structure is possible (Table
3) with 2N2O environment around the copper (all
complexes), whereas III and IV could also exist
with 4N2O coordination.
All the structures present tetrahedral or tetragonal
distortions with respect to the square planar
geometry which characterizes the most active
complex previously analysed I* [4] and we
suppose that the geometrical arrangement around
copper as well as the presence of 4N coordination
type can explain the difference in biological
activity of these complexes compared with- the
ones previously analysed.
Conclusion
EPR spectroscopy and MM+ calculation were
used to distinguish different types of coordination
environment for copper in a class of
bis[hydrazino-triazine] Cu(II) complexes with a
range of SOD activity in order to understand why
their biological activity is smaller than the
previous most active complex.
The EPR spectrometry can be used as a specific
tool to gain insight into the effect of structural
modifications of copper coordination between the
complexes of the same class.
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1.Introduction
The symmetry reduction occurring at a structural
phase transition results in a formation of domain
structure. In proper or pseudoproper ferroelastics
this structure is based on orientational domains as
the result of loosing the elements of point group
symmetry. In improper ferroelastics both orientational and antiphase domains exist; the latter are
due to a lowering of the translational symmetry of
the crystal ( a doubling of the unit cell size). The
antiphase boundaries in improper ferroelastics
separate two domains with the same spontaneous
strain and can be treated as resulting by introduction (or removing) an additional half a unit cell.
This should be an origin of additional strain fields
in the crystal structure therefore one could expect
that in order to minimize this strain the antiphase
domain wall should be a transient region of rather
large dimension [1].
The antiphase boundaries (APB) are usually
assumed to have a linear structure which is represented by the kink-solution :
Q(x)=Qotanh(kx)

(1)

where k"1 is the measure of domain wall thickness , the x-axis is normal to the APB plane and
Qo is the value of order parameter inside the two
domains. Fig. 1 depicts the order parameter profile for the antiphase boundary separating two
regions with structures mutually shifted by a
translation lost at transition .
If the amount of the relative shift of the atomic
position in two opposite domains is as small as
the amplitude of thermal vibration [2], these domains are expected to be connected without any
special layer (Fig.lb). In the case when this relative atomic shift is far larger the thick domain
wall is to be expected (Fig. lc).
Of particular interest are the studies of the domain walls by optical techniques or by electron

microscopy. However, in some ferroelastic
phases a dense network of periodic domain walls
can provide their observation by electron paramagnetic resonance.
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Fig.l Structure and schematic order parameter
profile for the APB: a) single domain, b) discontinuous APB , c) continuous APB
Our earlier papers [3-5] reported the changes in
the EPR line shape produced by lattice distortions
associated with the ferroelastic domain walls.
It is the purpose of this paper to evaluate the
effects of the spatial variation of order parameter
on the EPR line shape in systems exhibiting a
periodic antiphase domain structure. It is shown
that in such a case paramagnetic centers lying in
the domains as well in the intermediate regionsdomain walls can contribute to the overall EPR
line shape. This model is applied to the EPR data
available in the literature for crystals belonging to
a family of fluosilicates in which the existence of
dense antiphase domain structure has been reported [6].
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2. EPR studies of phase transitions and twinning
Electron paramagnetic resonance is a powerful
tool in investigations of structural phase transitions in crystals. The usefulness of this method
arises from the fact that the magnetic resonance
field is a function of the order parameter of the
transition. The temperature evolution of the order
parameter is usually observed by characteristic
changes in the spin Hamiltonian parameters. The
radiospectroscopic methods applied to phase
transition studies were developed firstly for ferroics described by a spatially uniform order parameter. In the last two decades they have been
successfully applied to study the incommensurate
systems described by spatially non-uniform order
parameter [7] .
The crystal symmetry reduction occurring at the
transition is also detected by EPR. The unit cell
multiplication occurring at improper phase transitions is observed through the splitting of the
resonance lines . The additional line splitting
could be present due to a dividing the crystal into
the orientational domains [8]. The antiphase domain structure does not cause any splitting of the
EPR lines thus it ,,is seen" by the EPR as one
orientational domain.
In multi-domain crystals the observed EPR lines
are usually attributed to paramagnetic centers
lying in the domains. The above is true on the
assumption that a volume of the domains is much
greater than the effective volume occupied by the
domain walls. In the case when the effective volume of the domain walls becomes comparable
with that of domains one can expect to find in the
EPR spectrum the contributions from the paramagnetic centers lying in the domain walls [3].
Such a situation can be realized in the systems
described by the non-uniform order parameter in
which a periodic microdomain structure occurs.
Fig. 2 depicts the structure of domain walls and
the expected EPR line shape for different percentage contribution of the domain walls with respect
to the crystal volume.
When microdomain structure is characterized by
a high density of domain walls or by a thickness
of domain wall comparable with the domain size
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the EPR spectrum can be affected through a significant broadening of the resonance lines or it
can take an incommensurate-like form (as in
Fig.2c) .
Q.'Q 0 '

x1G

WWW
(a)

(b)

Fig.2 Different percentage contribution of domain wall volume with respect to the crystal
volume (a) domain wall structure , (b) simulated
EPR line shape (a linear case, Bi = 12 mT). The
upper curve corresponds to 4% (kx« 24), the
central curve - 8% (kx« 12) and the bottom
curve- 50% (kx« 2).
Such an experimental situation occurs in the
KSc(Mo04)2 crystal where by means of TEM a
regular ferroelastic microdomain structure with
the high density of domain walls has been found
in the vicinity of phase transition temperature T3
=181 K [5 ] . The EPR line shape of Cr3+ complexes observed in this temperature interval is
similar to that observed in incommensurately
modulated systems. Also an unusual shape of the
resonance lines for Cr3+ in Pb3(PO4)2 [4] observed in the temperature range 160-180 ° C was
explained as the effect of ferroelastic microdomain structure with the domain wall thickness
greater than 6 nm .
So far the influence of periodic antiphase domain structure on the EPR spectra has been not
discussed in the literature.
3. EPR line shape analysis
According to equation (1) the order parameter
value inside the domain wall is less than that in
the domain. So if one assumes that the splitting of
the resonance lines corresponds to the maximal
value of the order parameter, the EPR lines origi-
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nating from the centers lying in the domain wall
should be in between of these split lines. The
basic assumption of the presented model, similar
to the procedure developed for incommensurately
modulated phases [7] is that the resonance magnetic field can be expanded into the power series
of the order parameter yielding :
B = B i tanh(kx)+B2 tanh2(kx)+...

F(BHL(B-Bc)f(Bc)dBc

(7)

Injk
(B-BO)(

(B-B0)

Fig. 3 c presents a plot of the f(B) in the quadratic case . It is worth noting that now f(B) is
asymmetric in shape. There are two singularities
at :
B= Bo

and B= Bo + B 2

B,

(8)

2njk

(5)

B.

1

We find that the function f(B) has the characteristic edge singularities at two values of the magnetic field ,
B± = Bo±Bi
Fig. 3 a shows a plot of the above function
against (B-B o ).
b) when the quadratic term is dominant,
(Bi = 0and B 2 * 0 ) .
Eq.3 becomes :

B-B.I

B-B,

CD
4="

(c)

(d)

(4)

The singularities in the line shape are determined by the zeros of the derivative dB/dx in
eq.3. Let us consider some special cases :
a) when only linear term in eq.2 is dominant
(Bi * 0, B 2 = 0 )
Then eq.3 becomes:
cosh''

B2k

(3)

The overall EPR line shape F(B) is given by convoluting the resonance field distribution function
f(B)with the line shape function L(B-Bc)ofa
single line:

f(B) =

2n cosh kx

(2)

The coefficients Bi , B2 , .. depend on the symmetry of the paramagnetic center site and the
direction of the external magnetic field with respect to the symmetry elements of the crystal lattice.
The resonance field distribution function f(B)
that determines the EPR line shape is given by :
f(B) = 2TI / (dB/dx)

f(B) =

B-B,

B-B.

B,

B,

Fig. 3 Magnetic resonance field distribution in
linear case ( upper raw) and quadratic case (lower
raw): (a) and ( c) correspond to the eq. 5 and 7,
respectively ; for comparison (b) and (d) depict
f(B) in incommensurately modulated systems
The position of one singularity represents a continuation of the para-phase line at B=B 0 .
For the comparison , the distribution function
f(B) for incommensurately modulated systems is
shown in Fig. 3b and 3d for linear and quadratic
cases, respectively.
4. Experimental example.

(6)

Mg(SiF6).6H2O crystallizes in the high temperature phase in the trigonal system . At the temperature Ti =363 K (90 °C) a second order phase
transition occurs in this crystal and at T2=298K
(25 °C) a ferroelastic phase transition of first
order to the monoclinic phase is observed. In the
intermediate phase, below trigonal and above
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Fig. 4 Temperature changes : (a) in the low-field part of the EPR in Mg[H2O]6 SiFe: Mn2+ crystal,
(b) in the modulation amplitudes, Hi and H2 and the soliton density [ref. 10 ]. Magnetic field is parallel to the c-axis.
monoclinic ones, a periodic antiphase domain
structure was reported [6] by X-ray studies, with
the period equal to seven unit cells. The EPR
studies [9,10] revealed that in this temperature
region the resonance lines are unusually broadened and their positions are limited by two edge
singularities. Hence the conception about the
existence of the incommensurate phase was
postulated from the EPR studies. Since neither

rentgenographic nor neutronographic methods
did reveal satellite reflections in the incommensurate positions our attempt is to develop an alternative approach to the interpretation of the
EPR line shape in this crystal in the framework
of regular antiphase domain structure
Figure 4a presents the temperature evolution
of the EPR spectrum of Mn2+ in Mg(SiF6).6H2O
reported in [10]. The spectrum obtained for the

96.5 "C

T[°C]
(Q,)

Cb)

Fig. 5 (a) Computer generated EPR spectra for the case where the term quadratic in Q is dominant.
The parameter d=kx takes values from 2 at 96.5 C to 4 at 28.9 C. b) Temperature variation of the
parameter B2.
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magnetic field parallel to the threefold axis of the
crystal shows that the splitting of peaks begins at
96 °C. The changes of the line shape with the
temperature allow the authors to find a temperature evolution of the parameters Hi and H2 describing the expansion of the magnetic resonance
field in powers of the incommensurate displacement wave (Fig.4b). The left part of the EPR
spectrum was taken into consideration in our
analysis.
Using eq.4 we simulated the EPR spectrum for
the quadratic case since the parameter Bi in the
eq.2 should be equal to zero for the above mentioned orientation of the crystal . Fig. 5a presents
the simulated line shapes where the fitting parameters are B2 and the domain extension d=kx.
Fig. 5 b shows the temperature changes of the
parameter B2 obtained from the comparison of
the simulated and experimental spectra. One can
conclude that on lowering the temperature the
domain volume increases with respect to the volume occupied by the domain walls .
5. Concluding remarks.
The MgSiF6.(6H2O) crystal seems to be unique in
which the EPR spectrum in the phase characterized by the periodic antiphase domain structure
was obtained so it was chosen for checking the
theoretical predictions of the presented above
model of the EPR line shape. It has been shown
that the observed incommensurate-like EPR
spectrum in the manganese fluosilicate can be
explained in the framework of regular antiphase
domain structure taking into consideration only
the quadratic model. In the papers assuming the
existence of the incommensurate phase in the
Mg(SiF6).6H2O crystal the authors described the
EPR spectra by two linear and quadratic terms,
despite the fact that linear coefficients are not
symmetry allowed for the magnetic field orientation chosen by them.
Thus the presented here approach is consistent
as well with the symmetry requirements as with
papers suggesting the antiphase domain structure
in the intermediate phase in this crystal.
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L Abstract
Spin alignment of heteroatomic ui-conjugated
systems, 2,6-, 2,4-, and 3,5-pyridine-bis (phenylmethylene) (3,5-PY), in which heterocycle plays a
ferromagnetic or antiferromagnetic linker between
carbenic units, has been studied by random
orientation ESR spectroscopy. The electronic
structures of the isomers are important for the
understanding of spin alignment vs. topology of
the heteroatomic ^-electron networks. In 2,6-PY
and 2,4-PY, the perturbing nitrogen atoms are in
active positions, giving rise to a larger influence
on their spin structure than in 3,5-PY. A simple
application of molecular Hund's rule is invalidated.

II.

Introduction

Organic molecule-based magnetics has been the

topic of increasing interest in many fields of both
the pure and applied sciences for the last three
decades. This research field is based on high-spin
chemistry which can date back to the first
detection of a quintet organic molecule, mphenylenebis(phenylmethylene) (I) by K. Itoh (1)
and E. Wasserman et al. (2) in 1967, demonstrating the importance of the topological nature of
homoatomic (carbon) n-electron networks in
generating high-spin ground states of organic
systems (3-5).
We have studied the topological nature of the
heteroatomic (nitrogen) n-electron networks in
organic high-spin systems. We focus our attention
on isomers in which the heterocycle plays the role
of either a ferromagnetic or antiferromagnetic
linker between carbenic units (6). The electronic
structures of the isomers are of fundamental
importance for the understanding of spin alignment vs. topology of the heteroatomic n-electron
networks in organic high-spin systems.
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0
I

3,5-PY

0

2,6-PY

2,4-PY

In alternant hydrocarbons (AH) the carbon sites
can be divided into two sets, * and non-*, such
that no two members of the same set are
connected. .Note that in 3,5-PY the nitrogen atom
is at a non-active (non-*) site of the corresponding
AH, and in both 2,6-PY and 2,4-PY the nitrogen
atom is at an active (*) site. In 2,6-PY and 2,4-PY
the perturbing nitrogen atoms in active positions
impose a larger influence on their spin structure
than in 3,5-PY.

III.

2.003 (isotropic), |Dj = 0.0719 cm'1, |Ej = 0.0198
cm"1 (conformer 1) and S = 2, g = 2.003
(isotropic), |D2| = 0.1192 cm1, |E2| = 0.0063 cm"1
(conformer 2). We have detected for the first time
the quintet ESR signals from the two conformers
which coexist after photolysis of 3,5-PY below
10K in 2-MTHF (Fig. 1). The fine structure
parameters and the |E/D| ratio for conformer 1
(cis-trans type) and conformer 2 {trans-trans
type) of 3,5-PY were reproduced by a semiempirical calculation (7) assuming the bond angle
(150°) of the divalent carbon atom and molecular
conformations.

Experimental

The diazo precursors of the isomers were fairly
soluble in 2-MTHF (2-methyltetrahydrofuran).
The solutions of these diazo precursors were
degassed by freeze-pump thaw cycles and sealed
off on a vacuum line. The sample tubes were set at
the sample site of a cryostat at cryogenic
temperature. The glassy samples were irradiated
for 60 minutes at 10 K with 436 nm light selected
by a glass filter (Toshiba KL440) placed in front
of a SAN-EI UVF-351S 300W high-pressure
mercury lamp. The sample preparation was
carried out in the dark.

IV. Results and Discussion
Random Orientation ESR Spectra We
detected the quintet ESR signals after photolysis
of 3,5-PY below 10K in 2-MTHF. However, both
2,6-PY and 2,4-PY showed only triplet ESR
spectra after photolysis below 10K in 2-MTHF.
The triplet signals were due to monocarbenes as
by-products generated by side reactions. All the
observed results suggest that the ground states of
both 2,6-PY, and 2,4-PY are singlet while that of
3,5-PY is quintet.
The best fit spin Hamiltonian parameters of the
two spectra for 3,5-PY were found to be S = 2, g =

.1

.2

.3
.4
.5
MAGNETIC FIELD / T

.6

.7

Figure 1. Observed (top) and simulated random
orientation ESR spectra for the quintet state of
3,5-PY in 2-MTHF at 10K. The symbol A in the
simulated spectrum denotes the off axis extra
lines. The symbol R designates doublet species
as by-products.
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On the other hand, both 2,6-PY and 2,4-PY
showed only triplet ESR spectra from monocarbenes after the photolysis (Figs. 2 and 3). The
observed fine-structure constants for 2,6-PY and
2,4-PY (two conformers) were |D| = 0.3341 cm"1,
|E| = 0.0155 cm1, and |Dj = 0.3811 cm1, |Ej =
0.0170 cm1, and |D2| = 0.3539 cm1, |E2| = 0.0194
cm"1, respectively.

R

Obs.

-V-

Sim.

I

z

I I I I I I I I I
.1

.2

J
.4
.5
MAGNETIC FIELD /T

.6

Molecular Orbital Theory The prominent
effect of the heteroatomic replacement appears in
the energies of two degenerate TC-NBMOS (nonbonding molecular orbital) for 3,5-PY and of two
quasi degenerate JI-MO'S appearing nearby zero
energy in units of p for 2,6- and 2,4-PY. In 3,5-PY
where the nitrogen atom is at a non-active site, the
electronic structure of 3,5-PY is quite similar to I
and the energy gap between Ww and W^ is zero.
However, in 2,6- and 2,4-PY where the nitrogen
atoms are at active sites, the heteroatomic perturbation imposes a larger influence on their spin
structures than on that of 3,5-PY; as a result the
energy gaps become non-zero. We obtained in
terms of a simple molecular orbital calculation
that the energy gap of 3,5-PY as well as of I is
zero whereas those of 2,6- and 2,4-PY are 0.107(3

M
.7

Figure 2. Observed (top) and simulated random
orientation ESR spectra for the triplet state of the
monocarbene of 2,6-PY in 2-MTHF at 10K.

-o,
a

b

0.1

I.1 ' .2I ' .3I r T.4

T

I.5

.6

.7

MAGNETIC FIELD/T

Figure 3. Observed (top) and simulated random
orientation ESR spectra for the triplet states of
the monocarbene of 2,4-PY in 2-MTHF at 10K.

AE=0.088p

AE=0.107p

2,4-PY

2,6-PY

(ac=a, PccrP, a N =a4fl.5lp,p CN =1.02p)

Figure 4. Zero and nearby zero orbital energy
diagram for I, 3,5-, 2,6- and 2,4-PY calculated by
the simple MO theory.
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and 0.088p\ respectively (Fig. 4). These tendencies favor parallel spins for 3,5-PY and I but
antiparallel spins for 2,6- and 2,4-PY in the
ground state. As mentioned above, all the
observed and calculated results show that the
ground state of 3,5-PY is quintet whereas those of
2,6- and 2,4-PY are singlet.
Valence Bond Approach in Terms of the MO
Calculation We illustrate the valence bond (VB)
approach (8-10) for the interpretation of the openshell electronic structure and spin alignment of
organic high-spin systems. It should be noted that
the numerical results obtained here depend on the
level of MO calculations. An advantage of this
methodology is that the spin structure associated
with spin alignment can be described in a
systematic and quantitative manner and that a
translation from the MO to the VB is free from the
method picture in the MO calculation. The
relative contributions of dominant spin structures
(S=l) of wavefunctions obtained by the simple
MO calculations for I, 3,5-PY, 2,6-PY and 2,4-PY
are 1.95, 1.92, 1.88, and 1.89, respectively (See
the top line of Fig. 5). The results clearly demonstrate that the progression I -> 3,5-PY -> 2,4-PY
-> 2,6-PY represents a preferential stabilization
of the triplet relative to the singlet (Fig. 5).
As is generally the case with biradical systems,
both VB and MO arguments can be developed.
Arguments based on MO theory emphasize the
role of the NBMOs. In 3,5-PY, nitrogen atom is
introduced at a position where there are negligible
coefficients of atomic orbitals in both NBMOs.
Hence, very little perturbation occurs, and 3,5-PY
behaves like I. In both 2,6-PY and 2,4-PY,
however, nitrogen atom is at a site that has a large
coefficient in one NBMO, and a negligible
coefficient in the other.
Gaussian 94 (DFT calculations) We calculated
the singlet (excited state)-quintet (ground state)
[abbreviated to S-Q] gaps of the three isomers as
well as I using geometry optimizations. The
calculations were performed with the Gaussian 94
package of ab initio programs. The S-Q gap of
3,5-PY {trans-trans; 3.08X10 2 , cis-trans; 3.03 X
10"2 Hartree) showed very little heteroatomic

perturbation which resembles the S-Q gap of I
(3.08 X10"2 for trans-trans, 2.97 X10"2 Hartree for
cis-trans) (1 Hartree = 627.51 kcal/mol). However,
the S-Q gaps of 2,6-PY and 2,4-PY exhibited
larger heteroatomic perturbation than that of I.
The S-Q gaps of 2,6-PY and 2,4-PY are 3.49 X10'
2
for trans-trans, 3.64 X10"2 for cis-trans, and 3.62
X10"2

for trans-trans, 3.61 X 10"2 for cis-trans,

3.37 X10 2 Hartree for trans-cis. These molecular
structures of 3,5-PY and 2,4-PY obtained by the
geometry optimization were depicted in Fig. 6.
The results assist the MO and VB approaches
mentioned above.
3,5-PY

2,6-PY

2,4-PY

1.9531 x10" 3

1.9156X10"3

1.8795x10'-

1.8902X10"3

0.6567X10'3

0.6459X10"'

0.6446 X1O"J

0.6385 X10"3

0.5727x10

0.5583x10

0.5469X10'3

0.5585X10"3

0.0167x10"'

0.0160X10"3

0.0089X10"3

0.0087X10-3

-0.0129x10'

0.0083 x10" 3

0.0158X10"3

0.0081 x10" 3

Figure 5. Relative contribution of dominant spin
structures calculated by a VB approach in terms of
the simple MO calculation.

Vol. 19, No. 1-4

Dihedral angle between A and B: -50.50°
Dihedral angle between B and C: -50.58l

43

photolysis. The triplet signals are attributed to the
ground-state triplets of monocarbenes as byproducts generated by side reactions. In 2,6-PY
and 2,4-PY the perturbing nitrogen atoms are in
active (*) positions, imposing a larger influence
on their spin structures than in 3,5-PY where the
nitrogen atom is in non-active position. These
findings suggest that 2,6-PY and 2,4-PY are spinsinglet in the ground state in agreement with the
MO and VB approaches, and with interpretation
in terms of Gaussian 94 (DFT calculations). The
simple extension of "ji-topology rule for spin
alignment in homoatomic Jt-systems" is invalidated for that in heteroatomic Ji-systems.
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V.

Conclusion

We concluded that 3,5-PY is in the quintet
ground state. The two conformers of 3,5-PY were
identified. However, both 2,6-PY and 2,4-PY
showed only triplet ESR spectra after the
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INTRODUCTION
In recent years 51V NMR has emerged as a powerful
tool for studying the local environment of 51V nuclei in
solution1 and solid-state.2 The 51V nucleus (spin I =
7/2, natural abundance 99.76%) has an electric
quadrupole moment which interacts with the gradient of
the intramolecular electric field. This interaction
produces the so called quadrupolar effects of the first
and second order in 51V NMR spectra.3 The analysis
of these effects allows one to measure the quadrupolar
coupling constant e2qQ/h and asymmetry parameter 7]Q
These parameters directly characterize the gradient of
the electric field which is created at the V nucleus by
the surrounding atoms and thus can be related to
distortions of the symmetry of the local environment of
the V atom.
As found recently, the principal
components of the chemical shift tensor are also very
sensitive to the type of local environment of 51V nuclei.4
hi general, three different types of interaction
influence the 51V NMR spectra of solid diamagnetic
samples: (1) the dipole interaction of the magnetic
moment of the 51V nucleus with magnetic moment of
other nuclei, leading to broad lines; (2) the quadrupolar
interaction of the 51V nuclei with the electric field
gradient, which splits the lines and contributes to the
shift of the central (mf=l/2 <->• -1/2) lines; (3) the
chemical shift interaction, which changes the position of
the lines and makes them asymmetric. The line shape
can be rather complicated due to simultaneous action of
all three types of interaction. The dipolar interaction
and the first order quadrupolar interaction do not
depend on the spectrometer frequency vo, while the
second order quadrupolar effects are inversely
proportional to v 0 The effects of the anisotropy of
the chemical shift are directly proportion to v 0 Thus,
at high enough v0 the second order quadrupolar
effects are suppressed and can be neglected, while the
effects of the chemical shift anisotropy become more
pronounced and can be measured more precisely.

In this paper, we measure the chemical shift
anisotropies and the quadrupolar coupling interactions
of 51V nuclei in several dioxovanadate(V) complexes
from magic-angle-spinning (MAS) spectra of the
powder samples, hi our knowledge this is the first
report to measure the chemical shift anisotropy and the
quadrupolar coupling constant of 51V in vanadium(V)
complex.

EXPERIMENTAL
Materials
All reagent grade chemicals were used as received
without further purification. Ammonium metavanadate,
oxalic acid (H20x), ethylenediaminetetraacetic acid
(H4EDTA), nitrilotriacetic acid (H3NTA), and
propylenediaminetetraacetic acid (H4PDTA) were
obtained from Aldrich Chemical Co. Dioxovanadate
(V) complexes were prepared from the reaction of
ammonium metavanadate and ligand in aqueous
solution with the similar method reported elsewhere.5
NMR measurements
Solution 51V spectra of samples in H2O-D2O (90:10
v/v)
were recorded on a JEOL GSX-400
spectrometer (105 MHz) at room temperature. Spinning
(MAS and off-MAS) 51V spectra of powder samples
were recorded on a Bruker MSL-400 spectrometer
(105.25 MHz) at room temperature. Bruker highspeed probehead was used with rotors of 4 mm o.d.
The angle in the off-MAS measurements was chosen so
mat the intensities of the spinning sidebands caused by
the satellite transitions were negligible. The spinning
axis used was inclined at 53.7 ° to the magnetic field.
The spinning rate for MAS spectra was 10 kHz. The
ordinary single pulse sequence with phase alternation
was used with and without *H high-power decoupling
during signal acquisition. *H high-power decoupling had
negligible effect on the line shape. The JT/2 pulse
width for solution was set at 6.0 fi& The pulse length
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was 1.0 fi s and the repetition time was 1.0 s.
Recovery time after the pulse transmission was 5 //s
The chemical shifts were referenced to external VOC13.
Details of the measurements were described in the
previous paper.6

the procedure was based on Fenzke et a/.10
detailed procedure is described elsewhere.11

Analysis of the Solid-state 51V Spectra
The line shape of the spectra and the intensity of the
spinning side bands (SSBs) were analyzed using our
own softwares written in Fortran. ' The powder
averaging procedure incorporates the two-dimensional
interpolation and partitioning all directions presented by
Alderman et al? The intensity of SSBs in MAS
spectra produced by chemical shift anisotropy was
calculated using the formula derived by Herzfeld and
Berger.8 Chemical shift anisotropy was estimated from
the SSB intensity using a least squares fitting,9 in which

Solution S1VNMR spectroscopy
The complexes show 51V peaks whose chemical
shifts fall in the range of -503.5 and -534.4 ppm
relative to VOC13 as shown in Table 1, indicating
octahdral geometry.1 The half-widths of oxalate
complexes are smaller than other complexes, due to the
increase of symmetry in the structure of oxalate
complexes. PDTA complex show two 51V peaks at 503.5 and -515.5 ppm, indicating isomerization of the
complex in aqueous solution.

RESULTS AND DISCUSSION

Table 1. 5 1 V chemical shifts of dioxovanadate(V) complexes in solution
5(ppm) a
-504.3

Half-width (Hz)

1290
1050

(NH4)3[VO2EDTA]

-503.5
-515.5
-517.7

Na3[VO2EDTA] 4 ^ 0

-518.0

960

(NHJIVOJLEDTA] 3 ^ 0
(NH4).[VO2Ox2]

-524.3

1150

-534.4

290

ILJIVO2OX2] 3 ^ 0

-534.1

320

Complex
(NH4)2[VO2NTA]

480

(NH.)-[VO,PDTA] H-0

(D
OD

a

The

910

Relative to external VOCI3

Solid-state 51VNMR spectroscopy
Magic angle spinning (MAS) can average
the broadening effect of the first-order
quadrupole interaction, giving rise a large
number of SSBs. Chemical shift anisotropy
is also averaged by MAS, which also results
in SSBs. Therefore, one can estimate the
quadrupole coupling and the chemical shift
anisotropy from analysis of the SSB
intensity.12
MAS and off-MAS 51V spectra of the
powder (NH4MVO2NTA3 are shown in Fig. 1

(a). A large number of spinning sidebands
are observed over a range wider than 1.0
MHz, which originate mainly from the
satellite transitions broadened by the firstorder quadrupole interaction.
Several
stronger signals in the central position might
be originated from the central transition.
The large shielding anisotropy at high
magnetic field (9.4 T) causes the MAS
spectra to be broken up into centerbands and
an extensive set of spinning side bands, which
are spaced by integer multiples of the spinning
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Table 2. Parameters of chemical shift anisotropy and quadrupole coupling of 51 V
Complex8
(ppm)
-507.0

(ppm)
-800

e2qQ/h
(MHz)
8.80

a
(deg.)
0

iff
(deg.)
3

r

<5»i

(deg.)
0

(ppm)
1
0.75
-504.3
0.04
-503.5
0.06
2
-760
-502.0
0
0.33
0
0
7.50
-515.5
3
-518.4
-720
0.06
0.50
0
2
0
-517.7
7.50
4
-513.0
-800
0
0.06
0.49
3
0
-518.0
8.75
5
-870
-480.8
0
0
0
-524.3
0.06
0.48
9.16
6
-534.0
-730
0.28
0.50
0
5
0
-534.4
7.84
7
-740
-547.4
0.28
0
10
0
-534.5
0.70
8.15
Error
10
0.5
0.02
30
0.5
0.05
30
2
0.02
•1; (NH^IVCkNTA], 2; ( N H ^ t W D T A ] • H 2 0,3; (NHOsfVOzEDTA], 4; NasCVOzEDTA] • 4H2O,
5; N^tVOzHzEDTA] • 3H 2 O, 6; (NH^CVO, Ox2] • 4H 2 O, 7; K3[VO2Ox2] • 3H 2 O.

(b)

I-

I

I

1

L.

-400

-800

-1200

ppm
500

0

-500
ppm

-1000 -1500

Fig. 1. 51V NMR spectra of the powder
(NH4)2[VO2NTA]. (a)MAS and (b) off-MAS
spectra measured at 105.25 MHz and (c)offMAS spectra at 52.64 MHz. The spinning
rates were (a, b) 10.00 kHz (c) 12.00 kHz.
frequency. We cannot separate the central
transition from the atellite transitions due to
the severe overlapping. Thus, we measured
off-MAS 5l V spectra, as shown in Fig. l(b, c)
to obtain only the signals from the central
transitions.13 These signals are ascribed to
the central transition.
The first-order

Fig. 2.(a)Calculated and (b)observed static
51V NMR spectra of the powder
(NH4MVO2NTA] at 105.25 MHz.
quadrupole interaction does not work on the
central transition (+1/2 <-> -1/2), and
therefore the chemical shift anisotropy and the
second-order quadrupole interaction influence
the line shape and the chemical shift of S1V
signal. We analyzed the SSB intensities and
line shapes of the off-MAS spectra to obtain
chemical shift anisotropy and the quadrupole
coupling data, summarized in Table 2.
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We have also measured the 51V spectra
for static samples as shown in Fig. 3. Static
signals from the satellite transitions are not
clearly observed and the line shape of the
central transition is governed dominantly by
chemical shift anisotropy.
We have
simulated the static spectra to check and
confirm validity of the parameters obtained
from analyses of the off-MAS spectra.
Dioxovanadate (V) complexes show the
large chemical shift anisotropy (z/<5a = -800
~ -720 ppm) for 51V atom. The components of
the S1V chemical shift tensor are very sensitive
to the type of atoms in the first coordination
sphere of the V atom.
The isotropic
chemical shifts (<5j) of the solid samples are
very close to the values (<5d) obtained from
solution. 51V resonance peak in solid-state is
essentially not shifted in frequency from the
solution value except by outer-sphere
interaction. It is interesting to note the
nearly axial symmetry of chemical shift
tensors, which reflect similar deshielding
environments for both nitrogen and oxygen
donor atoms. The stronger the distortion
from a regular octahedron, the larger the
value of z/<5 a The values of eulerian angles
( a, 0, 7 ) indicate that the principal axes of
chemical shift tensor and quadrupole
interaction tensor are almost the same.
Distortion of octahedron results in an increase
of the electric field gradient at V nucleus,
giving large quadruploe coupling constant
(e2qQ/h = 7.50 ~ 9.16 MHz) in the complexes.
It seems to expect a correlation between z/<5a
and quadrupole coupling for the complexes.
The static 51V spectrum of a single crystal is
shown in Fig. 3, indicating two
distinquishable signals which means two
magnetically inequivalent but chemically
identical vanadium sites. These sites are
generated by the 2X symmetry operator within
the unit cell.6
Acknowledgment - This work was partially
supported by the Korea Science and
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Fig. 3. Static 51V NMR spectra of the
single crystal (NH^fVC^NTA] at 105.25
MHz.
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1.Introduction
Structural and magnetic properties in a group
of crystals belonging to the family A2BX4 have
gained much interest in the last few years. These
crystals show the presence of numerous phase
transitions related to the structural reorganisation
of BX4 tethraedra [1]. Different approaches have
been used to characterise these complexes.
Among them, Electron Paramagnetic Resonance
(EPR) studies allow to get important information
related to the nature of magnetic as well as
structural properties of these species [2].
Our interest concentrates on two species of
A2BX4 family,
[P(CH3)4]2MnBr4
and
[N(CH3)4]2MnBr4. These two crystals are isomorphous with an analogous phase transition
scheme leading from a normal phase of orthorhombic symmetry (Pmcn, Z=4) to a ferroelastic
phase of monoclinic symmetry (P121/cl)[3,4].
Our earlier investigations of [N(CH3)4]2MnBr4
and rp(CH3)4]2MnBr4 revealed that the EPR
spectra of Mn2+ were sensitive to the structural
phase transition in these compounds [6,7]
It is well known that positions, line shapes and
line widths of EPR lines in magnetically concentrated systems to which these crystals belong are
influenced by development of the short range
interactions in the spin system. The observed
EPR spectra of [P(CH3)4]2MnBr4 and
[N(CH3)4]2MnBr4 exhibit poorly resolved line or
only a single EPR line, depending on the orientation of the external magnetic field. In this paper
the results of measurement of the linewidth and
lineshape on single crystal [N(CH3)4]2MnBr4 are
presented.
Single crystals of pure [N(CH3)4]2MnBr4 of
bright green colour are obtained by slow evaporation at 30°C from HBr acidic aqueous solutions

Fig.l.
Projection
of
the
structure of
rN(CH3)4]iMnBr4 along the [001] direction. The
pseudohexagonal arrangement of MnBr4 and
N(1)(CH3)4 is indicated by bold large and small tctrahedra, while the light small tetrahedra represent
N(2)(CH3)4; the apices represent positions of Br or C
atoms.

containing stoichiometric amounts of N(CH?)4Br
and MnBr2H2O.
The crystal structure projected along the [001]
axis shows a pseudohexagonal arrangement of
tetrahedral ions [Fig. 1]. The distortion of MnBr4
is relatively small. In its low-temperature phase
the structure of crystal is characterised by two
kinds of chains composed of MnBr4 and
N(1)(CH3)4; one is along the [001] axis and the
other is along the [100] axis [9].
2. Experimental
The EPR spectra are obtained with a conventional spectrometer at the X-band (9.3 GHz).
Single crystal of [N(CH3)4]2MnBr4 are selected
for their high crystalline quality and orientated
according to the given morphology [Fig. 2]. The
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crystal was-rotated around the c axis as well as
around non5
crystallographic
directions.
3. Results
Observed spectra
exhibit
partially
(010)
resolved EPR line
or only a single
EPR line, depend- Fig . 2 . The morphology and
ing on the onenta- crystallographic axes of
tion of the crystal [N(CH) ] MnBr
in the external magnetic field.
Fig. 3 presents an example of EPR spectrum
of Mn2+ in [N(CH3)4]2MnBr4 when partially resolved EPR lines could be observed. In this case
a good agreement between observed and simulated spectra has been obtained, when one assumes that EPR spectrum consists of at least four
lines of gaussian shape what is shown at the bottom of this figure.
Usually EPR spectra of Mn2+ consist of five
lines of fine structure and each of this lines splits
into six lines of hyperfine structure. It gives thirty
lines which comes from allowed transitions.
There is further multiplication of the number of

the lines when there are some manganese ions in
magnetically or structurally unequivalent sites.
The EPR lines in [N(CH3)4]2MnBr4 are considerably broadened what leads to vanishing of
the hyperfine structure and overlapping of the
fine structure lines. Because [N(CH3)4]2MnBr4 is
a dense paramagnet a broadening can be involved

Fig. 3. EPR spectrum of Mn2+ in rjN(CHj)4hMiiBr4
and its decomposition into four components

by dipole-dipole and exchange interactions. As
the dipole-dipole interaction broadenes the resonance lines the strong enough exchange interaction can narrow them. Observed width of the

o

CQ 3

0.002

0.004

0.006

0.008

0.01

(B-B o ) 2 [mT2]

Fig. 4. Linearization of the experimental data using gaussian formula. In the inset the analysed EPR line is shown
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0.5
0.4
0.3
0.2
0.1
0

0.002

0.004

0.006

0.008

0.01

(B-B 0 ) 2
Fig. 5. Linearization of the experimental data using lorenzian formula. In the inset the analysed EPR line is shown

resonance lines is about of 50 mT what can be
Tab. 1. Parameters characterising the EPR spectrum of Mn2+ in [N(CH3)4]2MnBr4 crystal
Parameters obtained from the
left side of the
line

Parameters obtained from the
right side of the
line

0.0669

0.0670

v e [GHz]

1.87

1.87

AB G [T]

0.0521

0.0526

AB L [T]

0.0385

0.0457

1.053

0.903

Be [T]

A&-B,
g

2.00

D

0.04

the evidence of lack of the strong exchange interaction.
Therefore we could assume that the exchange
interaction is weak enough to make possible the
observations of the non-equivalent manganese
centres (four MnBr4 thetraedras in each cell). In
order to study exchange effects on EPR line
shape a spectrum in a form of one resonance line
has been chosen for the analysis.
The lineshapes have been analysed as usually
by plotting the quantity [(B-B 0 )/I] 1/2 versus (BB0)2 for the Lorentzian line and ln[I/(B-B0)] versus (B-Bo)2 for the Gaussian one, where I is the
amplitude of the first derivative of the EPR line
for the applied static magnetic field B, B o is the
resonance field. We have made our analyse for
left and right side of the experimental line, the
results differ slightly but not significantly.
From the plots 4 and 5 we obtain the points of
transition" between lorentzian and gaussian line
shape B e . Thus we can estimate the exchange
frequency using relation
Ve=Be-g-|3/h
(1)
The estimated exchange frequency as well as
,,true" line widths of the component lines i.e.
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gaussian and lorentzian ones are presented in
Tab. 1. To confirm results of the above method
one should check if they obey the relation:
-*1

(2)

The fulfilment of this relation in our case is also
shown in this table.
Assuming that the anisotropy of the line positions
is due to the fine structure we have tried to estimate the D parameter of the crystal field. Using
the spin Hamiltonian of the form [10]
H= gpH- 5+ ms^

--

hco$ e-\)
(3)
2

+ SxSz)cos0sinO+-£)($ + 5 )sin 0
4
we neglected the terms with hyperfine interaction
and nuclear Zeeman energy. Also the non-axial
terms in the spin Hamiltonian were not taken into
consideration. The highest value of the resonance
field obtained from the anisotropy pattern has
been assumed as corresponding to the transition
between the energy levels |5/2>-|3/2>. This
resonance field is equal to about 500 mT. From
the energy levels obtained from the first order
perturbation theory taking g=2.00 it was possible
to estimate value of the D parameter (see Tab. 1)
X

4. Concluding remarks
[N(CH3)4]2MnBr4 is an example of dense paramagnetic in which exchange interaction affect
the EPR lineshape. In case of fast exchange,
when the exchange frequency is much greater
then the separation Aco between the spectral lines
the result is a single line at the average frequency
with a width 5© [11]:
8(0

(Ac)'
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2

2

The EPR Spectrum extension in the case of resolved line in [N(CH3)4]2MnBr4 is about 0.4 T
and the estimated exchange field (Table 1) is
0.067 T. On rotating the crystal in the magnetic
field the spectrum changes its extension (even
narrowing to a single line) what is the reason that
our case cannot be treated as example of very
weak exchange. It is also the reason of further
complications in EPR spectra analysis.

(4)

If the exchange is very slow with coe«Aco the
EPR lines are resolved but broadened with a
width
dm « coe (5)
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Fluorine-19 High-Speed MAS and Spin Exchange NMR of Fiuoropolymers
Ulrich Scheler
Institut fur Polymerforschung Dresden e.V. Hohe StraBe 6, D-01069 Dresden, Germany
Abstract
High-speed magic angle sample spinning
(MAS) has been used to acquire high-resolution
solid-state fluorine-19 NMR spectra of
fiuoropolymers. Additional information is
obtained from two-dimensional spin exchange
spectra using radio frequency driven recoupling
(RFDR). The information about spatial
proximity from these spectra is utilized for the
signal assignment and for the study of phase
separation in semicrystalline PVDF.
Introduction
Fluorine-19 in some respects is the ideal
probe nucleus for NMR. This is due to high
receptivity, second only to that of the proton,
resulting from the large magnetogyric ratio and
a natural abundance of 100%, and the large
chemical shift range of about 400 ppm for
organic materials. The latter means that the
resonance frequency strongly depends on the
chemical environment of the nucleus under
study. The large magnetogyric ratio and the
natural abundance, on the other hand, are the
source of very strong dipolar couplings (both
homonuclear and heteronuclear), which result
in experimental difficulties. These difficulties
for a long time prevented the acquisition of
high-resolution solid-state NMR of fluorine-19.
The fact that the Larmor frequencies of protons
and fluorine differ by only 6%, does not allow
the application of standard double resonance
probes. Hardware developments in recent years,
like high-speed MAS and dedicated probes for
proton-fluorine double resonance, allowed to
overcome these difficulties.

High-speed MAS is used to acquire high
resolution solid-state NMR spectra. Under
MAS orientation dependent interactions are
averaged when the spinning frequency exceeds
the strength of the interaction, measured in
frequency
units.
For
inhomogeneous
interactions, like the chemical shift anisotropy,
the spectrum is separated into a narrow
isotropic line and a set of narrow spinning
sidebands separated by the sample rotation
frequency, if the rotation frequency does not
exceed the strength of the interaction. For
homogeneous interactions like the dipolar
coupling the separation into spinning sidebands
only occurs at higher sample rotation
frequencies. The linewidth decreases with the
spinning frequency. The alternative for
averaging the dipolar coupling would be
multipulse [1,2], but the large spread of Larmor
frequencies, in the present case about 100 ppm,
constitutes a severe restriction for the cycle
time. High-speed MAS, once available, requires
less effort for spectrometer setup.
Experimental
The experiments have been performed on
a modified Bruker AMX-300 spectrometer
operating at a Larmor frequency of 282 MHz
for fluorine. A Bruker CRAMPS probe
accepting 2.5 mm rotors allowing for spinning
speeds of up to 35 kHz with a power combiner
to allow proton-fluorine double resonance
experiments has been used. The %I2 pulse
duration was 3 (as with a recycle delay of 2 s.
Results
In Fig. 1 fluorine-19 MAS spectra of
FEP, a copolymer of tetrafluoroethylene and
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hexafluoropropylene with a content of
hexafluoropropylene of about 5% [3] are shown
for different spinning speeds. The assignment
of the peaks is shown above the frequency axis.
As indicated by the dashed lines, the spinning
sidebands, separated by the spinning speed, are
shifted out as the spinning speed increases.

7kHz

In Fig. 2 a zoom of CF2 signal from the
tetrafluoroethylene is depicted. This series of
spectra illustrates the line narrowing with
increasing spinning frequency. The line width
in fluorine spectra of systems with abundant
fluorines is determined by both the anisotropy
of the chemical shift, which is inhomogeneous,
and the dipolar coupling, which is
homogeneous. The resulting interaction in this
case is homogeneous as well [4], which means
that the linewidth of both the isotropic lines and
the sidebands is inversely proportional to the
spinning frequency [5, 6]. The inhomogeneous
line broadening due to a distribution of
chemical shifts plays a minor role here as can
be seen in the spectrum recorded at 35 kHz.
-200

CF
0

-100
SF(ppm)

-200

Fig. 1: Fluorine-19 MAS spectra of FEP, sample rotation
frequencies as indicated at the slices.

-40

7kHz
-80

-120

-160

-200

5F2(ppm)

Fig. 3: Fluorine-19 RFDR spectrum of FEP. MAS
frequency 25 kHz, t m =l ms.

CF,
-115

-120

-125
5F(ppm)

Fig. 2: CF2 region of the spectra in Fig. 1

Fig. 3 shows a spin exchange spectrum of
the FEP used for the spectra in Fig. 1, which
has been recorded using radio frequency driven
recoupling (RFDR) [7]. In this experiment
high-speed MAS is applied to record highresolution solid-state NMR spectra during the
evolution and the detection period. During the
mixing time a sequence of rotor-synchronized n
pulses is applied to reintroduce the
homonuclear dipolar coupling. The n pulses in
addition refocus the evolution under chemical
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shift for every rotor period, thus enabling a very
efficient spin exchange, because there is no
frequency difference.
The spin exchange is determined by the
direct dipolar coupling, the coupling through
space, and therefore the exchange intensity is a
measure of the distance between the exchanging
spins. This can be utilized for the assignment of
the signals. Although no through bond
correlation like in J-coupled spectra [8, 9] is
measured, because the distances between
fluorines at the same polymer chain are much
shorter than the distances between fluorine
nuclei at different chains. The correlations in
Fig. 3 indicate, that the signal at -112ppm
originates CF2 from the hexafluoropropylene
units.
amorphous

is semicrystalline. The two signals at -89 ppm
and -99 ppm originate from the crystalline part
of the polymer and the one at -92 ppm from the
amorphous part and the ones at -115 ppm from
head-to-head polymerizations [10]. The
spinning speed of 32 kHz in Fig. 4a is sufficient
to average both the homonuclear and the
heteronuclear dipolar coupling. In Fig. 4b and
Fig. 4c a spinning frequency of 16 kHz has
been applied. While in Fig. 4c without proton
decoupling the resolution is poor and the
spectral features are invisible, in Fig. 4b under
high-power proton decoupling the different
lines are resolved, although the line width is
bigger than in the spectrum in Fig. 4a due to the
homonuclear coupling. In the decoupled
spectrum no correction for Bloch-Siegert [11]
shift has been applied, because the effect here is
below 1 ppm.

crystalline
crystalline
head-to-head

—I—l—I—|—I—

-100
SF(ppm)

-200

Fig. 5: Fluorine-19 MAS spectra of PVDF, a: REDOR
spectrum with a mixing time of 0.4 ms or 10 rotor cycles,
b: spin echo spectrum as reference
-100
8F(ppm)

-200

Fig. 4: Fluorine-19 MAS NMR spectra of PVDF. a)
32 kHz no proton decoupling, b) 16 kHz with proton
decoupling, c) 16 kHz no proton decoupling.

In Fig. 4 MAS spectra of PVDF
(polyvinylidenedifluoride)
are
depicted.
Although the structure of PVDF is rather
simple, the spectrum is complicated because it

Fig. 5 shows two MAS spectra of the
PVDF sample, which indicate the possibility to
select magnetization. In Fig. 5a) a REDOR-type
[12] spectrum with a mixing time of 0.4 ms or
10 rotor cycles is shown, Fig. 5b shows a spin
echo spectrum with the same number of cycles.
The suppression of the signals from the
crystalline part in the REDOR spectrum can
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clearly be seen. This suppression results from
the much stronger heteronuclear dipolar
coupling in the crystalline part compared to the
weaker coupling in the amorphous part. In this
way REDOR-type experiments can be used as
magnetization filters similar to [13] as well.
An RFDR spectrum of PVDF for a
mixing time of 4 ms, in this case 128 rotor
cycles, is depicted in Fig. 6. Strong exchange
signals can be seen between the two signals
originating from the crystalline part of the
polymer which proves the strong coupling in
the crystalline part and the spatial proximity of
the two types of fluorines. The exchange
between the amorphous and the crystalline part
is
much
weaker.
The
head-to-head
polymerizations show exchange peaks only to
the signal from the amorphous part. There is no
cross peak to the crystalline part of the polymer,
which
proves
that
the
head-to-head
polymerizations are located in the amorphous
part of the polymer. This result is in good
agreement with results from proton-fluorine
wideline separation experiments [13].

there is no significant exchange between these
two signals, means that these signals originate
from different
types of head-to-head
polymerizations which are separated in space.
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EPR Investigation of Structural Phase Transition in layered KTm(MoO4)2.
E.N. Khatsko, M.I. Kobets and Ju.V. Pereverzev.
Institute for Low Temperature Physics and Engineering of National Academy of Science of Ukraine.
310164 Kharkov, Ukraine.
Investigation of low-dimensional systems,
such as rear-earth double molybdates is of
interest for number of reasons. A strong
anisotropy and competition of one-ion and
different-ions anisotropy leads to peculiarities in
energy spectrum of magnetic ion. A presence of
considerable magnetic moment in rare-earth ion
and rather small exchange interaction raise a role
of dipole-dipole interaction. And finally in these
low symmetric magnetic crystals an essential
lattice instability is noted as result of electron and
phonon
subsystems
interconnection
and
existence of degenerated or quasi- degenerated
ground state of magnetic ion. As a result a variety
of phase transitions is observed, not only
magnetic but structural (including cooperative
Jahn-Teller type), ferroelectric and ferroelastic
too. Phase transitions (among them structural
ones) in these systems can be induced not only by
the temperature but by the magnetic field as well.
This paper is concerned with the EPR
investigation of KTm(MoO4)2 compound. This
layered crystal belong to the family of double
alkali rare-earth molybdates.
KTm(MoO4)2 refers to the rhombic space
group symmetry D142h[l]- The lattice constant
are: a = 18.31 A, b = 7.89 A, c = 5.05 A. The
unit cell contain four molecules. The rare-earth
ions form chains along b axis and the separation
between ions is about 3.9 A. For Tm3+ in the
ground state is 3H6 with the lowest singlet level.
But the first exited state on evidence derived
from our microwave absorption date is very close
and distant less than 3 cm"'.These two layers
form quasi-doublet. The next state is spaced
several tens of cm"1. This scheme is confirmed
by
temperature dependence of magnetic
susceptibility of the single crystal of
KTm(MoO4)2, studied down to 1.8 K. There is
smooth maximum in 150 K region caused by

.«freezing» of high levels and then there is no
evidence of susceptibility lowering up to the
lowest temperature realized in experiment.
High frequency properties of KTm(MoO4)2
was studied at temperatures ranged from 1.8 K to
35 K at frequency range from 11 to 190 GHz in
permanent magnetic field up to 8 T. The
polarization
of hf magnetic field was
perpendicular to the external magnetic field
direction. The angular dependencies of the EPR
spectra of lowest quasi-doublet of TmJ+ ion
was studied in three main crystallographic plane
of the crystal. Two nonequivalent position of
Tm3+ was found rotated in plane be on the angle
6 = ±7.6° with respect to 6-axis with highly
anisotropic ground level g-factor. A frequencyfield dependence of absorption line along 6-axis
shows nonlinear behavior. It is quite well
described by quadratic in magnetic field low
<B2=co02+(gbH/2)2 with a gap co0 = 69.95 GHz
and gb= 13.9. This correlates with energy gap in
zero magnetic field AEs 2.5 cm"1. Along a and c
axes g-factors are less then 0.4. Thus it is valid to
say that KTm(MoC>4)2 belong to the Ising
magnets.
At temperature 1.8 K when the external
magnetic field is applied along c-axis of crystal
(the smallest g-factor in fee-plane) under the
forward and reverse magnetic field varying a
drastic modification of the absorption line is
observed in fields from 30 to 40 kOe (see fig.l).
A considerable hysteresis (AH ~ 5 kOe) is
noted. An additional peculiarity in low field
about 7 kOe is observed too. As the temperature
increases above 2 K the anomalies in absorption
disappear. The microwave frequency was varied
from 18 to 120 GHz and the position of these
peculiarities do not depend on the frequency at a
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given constant temperature. It follows that
observed peculiarities are not electron paramagnetic resonance but are due to a phase transition,
evidently 1st kind type. As the magnetic field is
declined in bc-plane from the c-direction the
hysteresis phenomenon is observed in a narrow
range of angles of magnetic field deviation from
c-axis of crystal. On further declination of
magnetic field the peculiarities remain but
without the hysteresis.This appears that first
kind of transition give way to the second one.
The differentia] magnetic susceptibility
dM/dH was measured in temperature interval 1.8
K-4.2 K for a magnetic field orientation along
the c-axis of crystals (Fig.2). Likewise the
absorption spectra an anomaly in the field
dependence of dM/dH is observed too. At
temperatures below 2 K a jump of dM/dH is
noted in magnetic field about 40 kOe. A
remarkable hysteresis
something like 4 kOe
occur in magnetic field passing forth and back.
These anomalies vanish as the temperature
increases higher than 2 K. The
dM/dH(H) dependence demonstrates jumps of
susceptibility both in field nearly 30 kOe and in
low field about 7 kOe. Just as the high field
anomaly so the low field one display distinct
hysteresis under changes of field direction.
The observed peculiarities cannot be
understand in frame of EPR. At first because of
its independence from microwave frequency,
and second due the hysteresis phenomena. They
cannot be explained as a purely magnetic phase
transition reorientation type «drawn» by the
magnetic field, because as foloows from
susceptibility measurements in KTm(MoC>4)2
there are no magnetic ordering down to 0.3 K
while observed feature take place up to 2 K.
The strong spin-orbit interaction, orbital
degeneracy or quasi-degeneracy and as result the
lattice instability suggest that a first-order JahnTeller structural phase transition induced by
external magnetic filed can occur. But in this
scheme the two lowest Kramers doublet levels
are needed, while in KTm(MoO4)2 lowest quasi-
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non Kramers doublet is significantly separated
from next exited also non Kramers doublet
level.
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Fig. 1 Field dependence of absorption
spectrum in KTm(MoO4)2 for different magnetic
field directions in ac-plane at T=1.8 K The
arrows indicate the direction of magnetic field
deviation.
Our interpretation of phenomenon is based on
assumption that
anomalies in microwave
absorption and susceptibility arise in vicinity of
structural phase transitions forced by external
magnetic field. In the construction of model of
these phase transitions we start from the next
suppositions. In all crystals under investigation
the nearest ligand environment of a magnetic ion
(complex) is mainly responsible for the
configuration of its crystal field and strong
anisotropy of magnetic properties. The exited
levels are separated from ground level by a wide
gap and are not taken into account in the further
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consideration. We suppose that the complex has
a rigidity in the sense that it can be turned as a
whole in the 6c-plane without a change in the
principal values of the g-tensor. When magnetic
field is applied along the smallest g-factor in cdirection the system will gain in the magnetic
energy, if the crystal will be distorted so that the
g-factor component in magnetic field direction
will be increased. This is realized by rotation of
complex. Clearly we loss in elastic energy. The
rotation of interacting complex become
profitable in strong enough magnetic fields (the
magnetic analog of Jahn-Teller effect).

KTm(MoO 4 ) 2
T = 1.8 K

0

10

20
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40

50

Magnetic field, kOe
Fig.2. Field dependence of differential
magnetic susceptibility dM/dH of KTm(MoO4)2
for H|||c at T=1.8 K The arrows indicate the
direction of magnetic field deviation.
By this means the initial Hamiltoian [2] is
defined as a sum of three terms: the term which
describes the interaction of the rotating degrees
of freedom of complexes, one-ions potential
energy of complex with three-well potential, and
finally, the Zeeman term, which entangle the
rotating degree of freedom of complexes with
the spin degree of freedom of rare-earth ion. The
phase H-T diagram of this model have a
complicated view dictated by the magnitude of

one-ion anisotropy. The diagram involves both
the first kind phase transition lines and second
kind ones too. In this instance the constant of
one-ion anisotropy is a function of the three-well
potential
characteristic,the
magnitude
of
magnetic field, and an angle of magnetic field
deviation from symmetric direction. At present
the fit of experimental data to theoretic ones in
order to obtain a parameters of initial model is
carried out.
So the totality of experimental data analysis
shows that observed anomalies in absorption
spectra are due to a structural phase transition of
1st kind induced by applied magnetic field.
Conclusions
The angular and frequency depedences of
EPR spectra of single crystals of KTmCMoCMh
were studied at helium temperatures. It was
shown that this compound belong to the Ising
magnets with strong anisotropy of spin
interactions.
l.The g-factors of ground quasi-doublet have
been determined: ga= >0.4; gb= 13.9; gc= >0.4.
2.Two magnetic non-equivalent position of
Tm3+ ions in KTm(MoO4)2 crystal lattice was
identified. The angle of the unroll of local
magnetic axes of two centeres 29 = 15.2 ° was
found.
3. The splitting of ground state of Tm3+ ion
in KTm(MoO4)2 AEs2.5 cm"10 was determined.
4. Magnetic field induced 1st kind structural
phase transition was found in single crystal of
KTm(MoC»4)2. This phase transition occurs when
permanent magnetic field is applied along caxis of crystal at temperatures lower than 2 K.
The explanation is founded on competition of
elastic energy and magnetic one in in case of
strongly anisotropic g-factors.
1. V.I. Spicin and V.K. Trunov, Rep. of Ac. Of
Sc. Of USSR, 183, 129, (1968).
2. Yu.V. Pereverzev, Low Temp.Phys., 22, 226,
(1996).
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