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Precise and Accurate Determination of Isotope Ratios
by Nuclear Magnetic Resonance Spectroscopy

Gérard J. Martin, Maryvonne L. Martin
NMR Laboratory, University of Nantes - CNRS
2 rue de la Houssiniere
44072 Nantes cedex 03 (France)

Yves-Loic Martin
Analytical Chemistry Laboratory, INA-PG
16 rue Claude Bernard
75231 Paris cedex 05 (France)
Present address : EUROFINS S.A; Site de la Géraudiere, CP 4001
44073 Nantes cedex 03 (France)

Abstract

Stable 1sotopes at the natural abundance
are very powerful tools for tracing the origin of
products and the nature of manufacturing
processes. A chemical species is a complex
mixture of isotopomers containing one (or
more) heavy isotopes (‘H, “C, ..). These
isotopomers have specific genealogies related to
the various transformations undergone by their
precursors. NMR spectroscopy s the only
analytical technique which is able to determine
site-specific  isotope .ratios without prior
transformation of the sample. The overall
performance of high resolution *H-NMR in
determining (D/H) ratios is discussed in terms of
acquisition and handling of the FID with a view
to minimising random and systematic errors. The
signal-to-noise ratio and therefore the number of
spectra replications have a critical influence on
precision.  Systematic  deviations,  which
deteriorate the reproducibility, are greatly
reduced by using a dedicated curve fitting
procedure. Data treatment is illustrated in the
case of origin assessment and analysis of
mixtures. The investigation of Site-specific
Natural Isotope Fractionation by NMR (SNIF-
NMR), mitially devoted to hydrogen, can be
extended to other quadrupolar isotopes ('’O)

and to important dipolar nuclei (*C, “N) and
some trends are presented.

SITE-SPECIFIC ISOTOPE RATIOS

When a plant absorbs water from
different sources, CO, from the atmosphere, and
nitrogen and nutrients from the soil, in order to
photosynthetize glucose which is subsequently
transformed into various metabolites, a great
number of enzymic transformations take place
and induce specific isotopic fractionation of H,
C, N and O. As a result, the different natural
products (cellulose, carbohydrafés, proteins,
lipids or smaller metabolites) which may be
recovered from the plant, exhibit characteristic
isotope contents"™. These isotopic fingerprints
depend not only on the cumulated kinetic (KIE)
and thermodynamic (TIE) isotope effects which
govern the successive transformation steps but
also on the isotopic contents of the starting raw
materials used by the plant™®.

If local wvariations induced by  the
proximity of large urban conglomerates or fossil
fuel power stations are ignored, the isotopic
content of atmospheric CO, is nearly constant all
over the world. Expressed on the 8-scale”™

(H/L), - (IVL)

0 (%o) =
(o) (H/L)

el 1000 (1]

ref
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(where H and L denote the heavy and the light
isotopes respectively), the carbon isotopic
parameter of CO, is 8'C ~ 8 %o with respect to
the reference PDB®'”. Some regional and
seasonal isotopic variations" " are exhibited by
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oxygen which is characterized by a value §°0 ~
40 %o with respect to the reference V. SMOW
(table 1).

’H (ppm) B¢ (%) 5N (%) B0 (%)
R 155.76 1.12372 0.36765 0.20052
A 155.74 1.11123 0.3663 0.20012
Ref. V. SMOW PDB air V. SMOW
Product HQO CaCO3 N2 H:O

Table 1 : Isotopic values of the international standards used to refer the isotopic ratios

of ligth elements™*'"

"' The isotopic ratio, R, is defined as the ratio of the numbers of

heavy and light isotopes and the isotopic abundance, A, is the ratio heavy/(light +
heavy). V.SMOW denotes Standard Mean Ocean Water managed in Vienna by JIAEA,
and PDB refers to Pee Dee Belemnite (South Carolina).

For water on the other hand, each
region of the world is characterised by a typical
isotopic ratio which can be directly related to the
climatic conditions of the location considered'”

5"0(%0) =-11.8+0.42(0.03)T - 0.008(x0.005)P [2]
and  8"H(%0) =-85.8+3.4T-0.065P [3]

where T and P are respectively the monthly
averages for temperature (°C) and precipitation
(mm). Equation [3] has been computed by
taking into account the Craig relationship!'*"’
between 8°H and 8'°0 of meteoric water.

The site-specific isotope ratio, R;, of a

given molecular site, i 'Y, can be calculated
from :

N 1.t L
Ri — Pws st BI% t ws IlA RWS [4]
P.m,M_t, I

w8

where m, P, M, t and 1 denote respectively the
mass of product, A, or of working standard,
WS, in the NMR cell, the site population, the
molecular weight, the purity of the product and
the °H, ®C, >N ... NMR signal intensity'"”’. The
isotope ratio of the working reference, Ry must
be carefully calibrated against the relevant
international standard.

Alternatively, if the product A must be
recovered intact or if signals of the working

reference interfere with those of the product, R;
may be obtained from the molar fraction, f; , of
isotopomer 1 without adding any isotopic
reference in the NMR tube :

R, :(%)E\ (5]

where F; is the statistical molar fraction of
1sotopomer i

F=P/>SP
i 1§ i [6]

The actual molar fraction, fi , can be directly
obtained from the signal intensities measured in
the "H-NMR spectrum

f=1/>1 (7]

In this strategy, the overall isotope ratio of
product A,

Ra :Z;Fi R, (8]

must be measured independently by isotope ratio

16
mass spectrometry'
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ACCURACY OF THE DETERMINATION
OF ISOTOPE RATIOS

The advantages and disadvantages of HR
deutertum NMR are well known. Having a spin
quantum number [=1, “H exhibits a quadrupolar
relaxation mechanism. However the signals
remain relatively narrow in the liquid state (0.2
to 10 Hz) and the quenching of the dipolar
mechanism has the advantage of eliminating
nuclear Overhauser effects. Since sensitivity is
not really a problem for most studies of foods
and beverages, the most striking disadvantage is
probably the small chemical shift discriminating
potential of “H, even at very high fields. In
practice, a dedicated instrument is required to
obtain precise and accurate quantitative values.
Since a given spectrum is usually replicated
several times in order to reduce the contribution
of random errors, a specific locking device (*°F)
and an automatic sample changer are included
on the spectrometer. Compared to deuterium,
dipolar nuclei such as “C or "N present small
but significant intensity instabilities under 'H
decoupling conditions. Precise but sometimes
inaccurate isotope ratios are obtained and tricky
and cumbersome experimental acquisition
protocols must be followed to avoid systematic
errors. Random errors are directly proportional
to the reciprocal of the signal-to-noise ratio. In
order to minimize possible bias, it is
recommended that n replicate experiments are
run and that spectra with intensity values outside
a given confidence region are detected and
generally eliminated. In theory, the signal
intensity corresponding to a series of NS X n
acquisitions (NS being the number of scans) is
equivalent to that of a single spectrum having
the same number of scans. However, from
statistical considerations, the strategy of spectra
replications is preferable. According to the ISO
definition, the  standard  deviation of
repeatability, S, is the square root of the mean
of the intensity variance of p series of n
replications of a spectrum carried out in a given
laboratory during a short period of time

| QL
5. ;;Sj with
-y’
Si=X——— [9]

Using appropriate tests for variance
homogeneity, such as the Cochran test"'”, it is
permissible to eliminate one outlying spectrum
among a series of 8 to 10. The remaining
variance may be significantly decreased, whereas
the mean intensity only changes slightly.

When an analytical technique is to be
used for legal purposes or for quality control in
industry, its reproducibility is the critical
criterion.  The  standard  deviation  of

>

~ reproducibility, Sg, is the square root of the sum

of the repeatability, S’ , and inter-laboratory
variances, S;. In NMR spectroscopy, S; is
mainly conditioned by systematic variations
arising from different FID handling skills (base
line and phases corrections, curve fitting
procedures ...) in the different laboratories. The
second most notable source of systematic
deviations is related to sample treatment. The
various steps of sample preparation (extraction,
purification, derivatization ...) may be the source
of kinetic or thermodynamic isotope effects
which will induce isotopic fractionation to a
greater or lesser extent. These effects, which
must be eliminated or corrected for, will not be
considered here since they are not directly
relevant to NMR spectroscopy.

During the first inter-laboratory study on
the determination of site-specific isotope ratios,
organised in 1989 on behalf of the Community
“Bureau of References” of the E. U., three
sealed NMR tubes containing ethanol samples
from different origins were distributed to fifteen
laboratories. Each participant was asked to run 8
or 10 spectra of the three samples, to store the
FID’s on a magnetic support, and to process the
FID following either his own or a defined
experimental protocol. In addition, all the stored
FID’s were processed independently by one
operator, following the recommended protocol.
The repeatability variance for individual
processing was nearly twice that obtained for
homogeneous treatment by a single operator.

In our experience, when a suitable
protocol of good analytical practices is installed
in a laboratory and scrupulously followed by the
operator, the precision and accuracy of
quantitative NMR spectroscopy may be of the
order of 0.1%. As far as hydrogen isotope ratios
are concerned, this performance compares very
favourably with that of Mass Spectrometry
(Table 2).
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Isotope Substrate | Analytical Product Repeatability | Reproducibility { Normalization
Ratio Studied | Technigque | Concerned S, (%o0) Sk (%e) Institute (a)
(D/H) Water MS Juices 13 27 ECN 1994

Ethanol NMR Wines 1.2 1.8 JRC-EU 1994
Sugars NMR Juices 1.2 1.8 ECN'-AOAC 1995
*Cr0) Fthanol MS Wines 0.2 0.25 ECN-OIV 1996
(b) Sugars MS Juices 0.1 0.25 ECN 1993
Pulps MS Juices 0.2 0.4 ECN 1996
(*0/°0) Water MS Juices 0.1 0.15 ECN 1994
Water MS Wines 0.09 0.19 OIV 1995

Table 2 : Comparison of the repeatability, S;, and reproducibility, Sz, performances of NMR and Mass Spectrometry in the
determination of natural abundance isotope ratios”™**.. The various substrates have been extracted from fruit juices or wines.
The values of S, and Sy are expressed in %o units on the 8-scale (eq. 1).

a) ECN : European Committee of Normalization, OV : Office Intemational de la Vigne et du Vin, AOAC : Ass. Ofticial
Analytical Chemists, JRC-EU : Joint Research Center-European Union

b) No official normalization operation has yet been conducted for (**C/'*C) by NMR spectroscopy. Different inter-laboratory
studies indicate that $; is on the order of 1%o but Sk is much larger and depends critically on the equipment available.

PROCESSING OF NMR SPECTRA FOR
QUANTITATIVE DETERMINATIONS
Processing of frequency domain spectra
is usually the source of operator dependent
errors originating from the phasing and fitting
operations'**"’ Moreover, manually processing
large numbers of repetitive spectra is a time-
consuming and tedious task. It is therefore
desirable to dispose of a fully automatic
quantitative treatment grounded on a rigorous
theoretical analysis of the NMR signal. In the
absence of truncation of the free induction
decay, for reasonable values of the signal to
noise ratio (>20), and in the hypothesis of
Gaussian noise, complex least squares was
theoretically proved to ensure optimum
precision compared to all other exact and
differentiable algorithms"”" The linear prediction
method®” is shown to be equivalent to the
complex least squares approach but data
treatment in the frequency domain offers the
advantageous possibility of estimating the
quality of the curve-fitting separately for every
resonance”". A dedicated software, Interliss™,
which works on a Pentium-based PC may also
be implemented in the spectrometer computer. It
involves a rigorous management of all the

experimental parameters : frequencies, damping
factors, intensities, phases, acquisition delay
(which is described by intensity and phase
parameters). This approach avoids both semi-
empirical corrections of the base line, such as
polynomial approximations, and modifications of
the convergence due to phase adjustments
performed on the whole spectrum. The
treatment of 16K data points requires about 15s
and the programme is very efficient for
quantifying spectra with less than 20 signals in
the absence of strong overlapping (frequency
separation preferably higher than two half-height
line widths). It has been shown that data
manipulations such as exponential multiplication
or zero filling do not improve the precision of
the quantitative determinations. In practice the
precision is therefore mainly conditioned by the
signal to noise ratio. The residuals between the
experimental spectrum and the simulated
lorentzian spectrum estimate the magnitude of
instrumental imperfections due to bad shimming,
heterogeneity of the radio frequency field,
temperature instabilities... Typical residuals
recorded for the same product but with two
different spectrometers are illustrated in Figure 1.
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Figure 1 : Estimation of the quality of a complex least
squarcs treatment of NMR spectra”'’. The curve-
fitting™’ has been performed on the frequency domain
"H-NMR spectrum of a mixturc of ethanol and
tetramethylurea. The residuals between the experimental
and theorctical spectra have been represented in the
frequency range corresponding to the resonance of the
methyl signal of tetramethyl urea. The results of several
scrics of experiments performed at different times could
be summed up thanks to the possibility of correcting for
chemical shift differences in the frequency domain. The
amplitude of the residual is significantly higher with the
76.8 MHz spectrometer that with the 46.1 MHz

equipment which benefited in particular from a more
efficient shimming procedure. The pair of satellite
signals associated with the isotopomers containing both a
’H and "°C nucleus at natural abundance are clearly
detected at 46 MHz.

The residual is larger with the higher
field spectrometer. This behaviour is probably
due to the greater difficulty to shim very finely
the 11.4 T machine with a 10mm OD tube.
Operating in the frequency domain offers the
possibility of correcting for frequency shifts
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between different sets of spectra of the same
sample acquired at different periods. Numerous
residuals can therefore be coadded in order to
detect coherent components normally lost in the
Gaussian noise. The extraction of satellite *H
lines due to isotopomers bi-labelled by “C and
’H at the natural abundance level (fig. 1)
illustrates the quality of the curve-fitting
procedure and the high performance which can
be reached in terms of sensitivity. Even in a
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situation of one percent dynamic range, species
present at a level of 1.5 10 are observed via the
’H nucleus which has an intrinsic sensitivity of
about one per cent with respect to 'H. A
sensitivity deficiency of 1.5 10" with respect to
proton has therefore been overcome. Figure 2
illustrates the performances of the quantitative
analysis in the treatment of the six lines spectrum
of frambinone.

Solv.

Ref.

) A

4

Residue
X 10

|
1 T

25 2

Figure 2 : Comparison of the experimental and
theoretical “H-NMR spectra of frambinone. The
theoretical spectrum has been simulated from the results
of a fully automatic complex least squares analysis
(“Interliss” software'™) which integrates the whole set of
spectral parameters : frequencies, intensities, phases. The
experimental spectrum has been obtained at 76.8 MHz
with an AMX Bruker spectrometer equipped with the
SNIF-NMR concept system. The residual, C, is
represented on an expanded intensity scale. The solvent
is CH,Cl, and the isotopic reference is tetramethylurea.

COMPARISON  WITH ISOTOPE  RATIO
DETERMINATIONS BY MASS SPECTROMETRY

Isotope ratio mass spectrometry (IRMS)
has the reputation of being a sensitive and

precise method of isotope ratio determination.
However in order to measure the “C/'°C or
’H/'H ratios it is necessary to burn the product
first to produce CO, and H,O which is
subsequently reduced to H,. Consequently the
IRMS method provides isotopic values which
are averaged over the different  molecular
positions. In principle the overall isotope ratio is
also accessible by NMR provided that a
reference substance, the isotopic ratio of which
is accurately known, has been added to the
sample. The isotope ratios computed from
equation 4 can then be used to estimate the
mean isotope content of the molecule, E, by

means of equation 8. A statistical evaluation of
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SNIF-NMR and IRMS data obtained on three
molecular species, ethanol, anethol and vanillin,

products or obtained by chemical synthesis, is
given in table 3.

extracted from different kinds of natural
Product MS NMR

(D/H)oq n (D/H)to1 n

Sugar beet 113.7 - 5 113.9 72

Vine 123.2 16 121.8 385

ETHANOL Sugar cane 1244 8 1222 76
Synthesis 135.2 4 134.7 4

Star anise 142.1 17 143.2 10

ANETHOL Fennel 143.2 1t 142.7 11
Synthesis 150.1 15 150.4 4

V. Planifolia 143.2 18 143.7 30

VANILLIN Lignin 126 8 12 127.1 14
Guaiacol 163 .4 8 162.5 8

Table 3 : Comparison of overall hydrogen isotope ratios, obtaincd by the SNIF-NMR and IRMS
methods. on different molecular species from different origins. The average values. (D/H),y . are
expressed in ppm. n is the number of experiments.

The agreement between the results of the
two techniques is satisfactory. In the case of
hydrogen isotope ratios the repeatability is
comparable but a better reproducibility can often
be achieved with the NMR method. In contrast,
NMR can scarcely compete with IRMS for the
determination of overall carbon isotope ratios.
In spite of its better sensitivity compared to
deuterium, “C-NMR has the disadvantage of
high and varied relaxation times. Taking into
account the limited range of the natural “C
contents, very high performances in proton
decoupling and in the suppression of
discriminating nuclear Overhauser effects must
be ensured. Moreover, due to the large range of
BC chemical shifts, several internal isotopic
references may be required in order to quantify
an entire set of “C isotopomeric species. In
practice, the comparison of a given isotopomer
between two different samples may be more

precise than that of different isotopomers within
the same sample®*"

APPLICATIONS TO THE ISOTOPIC
CHARACTERIZATION OF PRODUCTS
The potential and limits of SNIF-NMR
can be illustrated by several examples. We shall
consider firstly the case of molecules for which
the signals pertaining to the different
isotopomers are clearly differentiated and do not
overlap significantly. The simplest case 1is
obviously that of ethanol and, since the ISMAR
conference was held in Sydney, we shall select
the example of Australian wines. About fifty
wines from New-South Wales, Victoria, South
and West Australia were investigated, along
with some authentic wines from New-Zealand.
The deuterium and “C isotope ratios of these
wines are given in Table 4. :

15
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(D/H); (D/H); *cr*c)
(ppm) (ppm) (%0)
New South Wales 105.4 134.0 =252
South Australia 104.6 133.4 -26.1
Victoria 104.7 133.3 -23.6
West Australia 103.2 132.9 -26.2
New Zealand 102.6 130.1 -27.4

Table 4 : Hydrogen and carbon isotope ratios typical of South-Pacific wines. The
(D/H); values have been determined by SNIF-NMR. (D/H) and (D/H)p refer
respectively to the methyl and methylene sites of ethanol extracted from the wine.

The differences in the carbon isotopomeric contents are too small to be determined by
BC.NMR with a sufficient accuracy. Only average (‘>C/'°C) ratios obtained by IRMS
arc therefore available.

It should be noted that a difference of
lppm between the hydrogen isotope ratios of
two wine ethanols corresponds nearly to a 1%
difference in the “H signal intensities. The

confidence regions for the existence domains of
wines from the five geographical areas
considered are represented in figure 3.

- 2.00
T % Victoria 1.s0
.-_‘:_ x South.Wales
1 o &y 1.00
Y - hY
S % 4 £y . 0.50
.“\ - Y %
1 1 1 1 = b i ‘\
I T 1 1 = -t — { 0.00
\ . _!‘_‘ \‘
- L L
-t i: kS -0.50
New-Zealand B 13y AN
1 P -1.00
. 1
+ . Adelaide -1.50
4+ - -2.00
-+ kY -2.50
L West.Australia -3.00
~4.00 -3.00 -2.00 -1.00 0.00 1.00 2.00 3.00

Figure 3 : Representation of the confidence regions (at a
95% level) of Australian and New-Zealand wines defined
in terms of five geographical areas of production. The
isotopic parameters used in the discriminant analysis are

Victoria and Adelaide
distinguished.
Since isotope ratios are additive

regions are hardly

the hydrogen isotope ratios of the methyl and methylene
sites of ethanol obtained by NMR and the overall '’C

content measured by Isotope Ratio Mass Spectrometry.

The New-Zealand, New South-Wales and West
Australia regions are easily differentiated but the

parameters, a mixture M of samples of a given
chemical species but from different origins can
be analysed in terms of composition. From a
general point of view the observed isotope
ratios, R(M), are weighted averages over the
isotope ratios of the individual components, i
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where fi and p; are respectively the molar
fraction and the site population of isotopomer i
in the mixture M. Since a number of natural
factors, such as micro-climates, may exert an
influence on the fractionation effects some
dispersion of the isotopic values occurs for a
given region. The individual parameters R; are
therefore defined as means over several samples
collected in the considered region and variances
V; are attached to the retained R; values.

In practice different kinds of problems
can be solved by isotopic analysis. For instance
the question may be : “does this wine belongs to
one of the three reference groups : New-
Zealand, West Australia or New South
Wales 7 ; or “has beet sugar been added to the
must before fermentation and to what extent 7”
or “is this wine a mixture of two samples from
different regions and in what proportions ?”’.

Thus an unknown sample X will be
assigned an origin j if the Mahalanobis distance
dx; is the minimum among the distances to all
possible origins. The Mahalanobis distance is
defined as

r~/

di=x-p[Vi] xowp 01

where X and p; are the vectors of the isotope
ratios of the unknown and of the origin j in the n
dimension space of representation and V; is the

(n,n) variance-covariance matrix of the isotope
ratios of j. A confidence interval (1-o) may be
associated to d)2<j by the ” statistics :

dy, <x” @,(1-)) [12]

More generally the rehability of
compositional analyses grounded on equation
[10] depends obviously on the magnitude of the
isotopic discrimination between the individual
components.

Another field of basic and industnal
interest is the study of isotope fractionation in
aromas, and especially in terpenes which are
frequently the main constituents of flavours and
fragrances'"”. Substituting or mixing synthetic
analogues to the natural products extracted from
plants is tempting since the former are
significantly less expensive than the second. An
interesting example is that of carvone the two
enantiomers of which have different flavours,
one being typical of spearmint and the other of
caraway. The 4R(/)-enantiomer of carvone can
be synthesised by chemical reactions from d-
limonene, which is a cheap raw material, but this
hemi-synthetic product has no natural status.
The 76.8MHz deuterium spectra of carvone
samples from different sources are represented
in figure 4. Most isotopomers are clearly
differentiated and notable differences in the *H
contents are observed. In the two natural
products, the ethylenic sites are considerably
depleted with respect to the methyl sites. The
strong enrichment in the ethylenic isotopomers
observed in the hemi-synthetic carvone makes
the identification easy.

17
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CH;
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Figure 4 : Deuterium distribution in carvone samples isotopomeric  resolution in the ’H-NMR

from different origins. The "H-NMR spectra have been
obtained at 76.8 MHz. Sample A is (+) carvone extracted
from carvi, sample B is (-) carvone from mentha and
sample C is (-) carvone obtained by hemi-synthesis from
limonene.

In addition, since the isotopic
fingerprints of synthetic or natural products are
the results of kinetic and thermodynamic isotope
effects occurring in the course of the reaction
pathways, analysis of the natural isotope
distribution 1s a source of mechanistic
information®’.

The accuracy of the hydrogen isotope

ratios determination is strongly dependent on the

spectrum. This resolution is itself conditioned by
the chemical shift discrimination, the magnitude
of the relaxation times, and the number of
isotopomeric positions in the product or in the
mixture. Thus carbohydrates, which are
interesting key compounds for investigating
photosynthetic behaviour, are not convenient
isotopic probes. The case of lipids also requires
specific analytical procedures since most
observed signals (fig. 5) are the sum of

isotopomers of different fatty acids”®.
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Figure 5 : Quantitative analysis of mixtures. The “H-
NMR spectra of mixtures of fatty acids can be analysed
in terms of clusters of overlapping signals which must be
previously identified®®. Seven clusters are considered in
thc 61.4 MHz spectra of two different mixtures
corresponding to natural olive (a) and sunflower (b) oil.
These samples contain different amounts of stearic,
palmitic, oleic and linoleic acids. In spite of the
complexity of the spectra the quantitative treatment often
provides efficient authentication criteria.
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FT Pulsed ESR/ESTN(Electron Spin Transient Nutation) Spectroscopy Applied to
High-Spin Systems; Direct Evidence of the First High-Spin Polymer
as Models for Organic Ferro- and Superpara-Magnets
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1. Introduction )

Last decade has found ever increasing interest in organic
molecular based magnetism (abbreviated 1o organic magne-
tism){1,2] from both the pure and applied sciences (3a-c].
The conceptual proposals of organic magnetism were made at
early times{1,2]. A rapid development of this research
field is partly due to the rich variety of novel physical
phenomena and properties which synthetic organomagnetic
materials are expected to exhibit both macro- and meso-
scopically and partly due to their underlying potential ap-
plications as future technology in materials scienc{4,5].

During last decade, spin manipulation chemistry deve-
loped to bring diverse topics in chemistry, physics, and
related interdisciplinary areas[3-5). Among those, organic
neutral high-spin polymers of elaborate molecular designs
based on the through-bond approach and molecular high-
spin clusters have recently emerged in addition to charged
high-spin frustrated systems in which charge fluctuation
(delocalisation) and spin polarisation coexist[6]. They have
been designed to be through-bond models for high-Tc orga-
nic magnets.

With the increasing molecular spin quantum number S
and molecular weight of the polymers or clusters, however,
conventional cw ESR spectroscopy manifests its inherent
disadvantages in resolving and discriminating high spins
from S=1/2, and in determining the S's for the complex
mixture of various spin assemblages. In order o overcome
this methodological difficulty we have introduced ESTN
(glectrofl Spin Transient Nutation) spectroscopy based on
pulsed FT-spectroscopic methods and applied for the first
time to non-oriented high-spin systems. In ESR spectro-
scopy, pulsed FT-spectroscopic techniques continue to emer-
ge because of their advantages intrinsic to FT spectroscopy
in many experimental aspects. Particularly, (wo-dimensional
representation is capable of disclosing new aspects of cohe-
rency and micro-/meso-scopic details of spin systems.

The main purposes of the present work have been me-
thodology-oriented and twofold. The first is to apply ESTN
spectroscopy (o inorganic high-spin systems in non-oriented
powder states in order to demonstrate that ESTN spectro-
scopy is capable of elaborating useful information on elec-
tronic and environmental structures of transition metal
high-spin centres, which conventional ¢w ESR cannot afford.
From a methodological point of view, we have developed
ESTN spectroscopy in experimental and theoretical aspects,
emphasising the intrinsic advantages of time-domain spec-

troscopy. In addition, features of ESTN phenomena in mul-
tiple quantum (ransitions have been disclosed in this work.
The second is to apply ESTN spectroscopy to an organic
magnetic polymer as one of the most complex spin systems
in amorphous solids, where robust intermolecular exchange
interaction takes place. For this purpose, we have adopted a
quasi one-dimensional magnetic polymer A as models for
high-Tc organic ferro- and superpara-magnels (26}, identi-
fying that A consists of high-spin ensembles. This gives the
direct microscopic evidence of the first neutral high-spin
polymer that chemistry has ever had. The results illustrate
that ESTN spectroscopy possesses the inherent potentiality to
resolve and identify molecular spin multiplicities of comp-
lex spin assemblages in amorphous materials.

(o

\
" A

Figurc 1. Quasi {D magnetic polymer as models for quasi 1D organic
ferrromagnets.  The Ti-conjugated electron nctwok is governed by topolo-
gically controlled spin polarisation (through-bond approach).

2. Fundamental Bases for Eleciron Spin Transient

Nutation (ESTN) Spectroscopy
Pulse Fourier transform NMR spectroscopy has made tradi-
tional cw NMR obsolete during the past two decades, lead-
ing to a continuing and unprecedented expansion of NMR
applications. Recently in ESR spectroscopy, pulsed FT-spec-
troscopic techniques continue to emerge [7-13] because of
the advantages intrinsic to FT spectroscopy in many experi-
mental aspects, emphasising the capability of measuring
transient properties of electron-nuclear spin systems, the
adaptability o other pulsed spectroscopic techniques, and
the inherent advantages of coherence-transfer based 2D
time-domain spectroscopy.

The methodology of quantum spin transient nutation o
measure the spin Hamiltonian in terms of the rotating frame
has been developed in NMR/NQR spectroscopy [14-20] and
appeared in ESR spectroscopy at early times(21-23]. It
was not until recently that nutation methods were intro-
duced as pulsed ESR spectroscopic techniques[24,25].
lsoya et al. have determined the effective spin guantum
number S for the nickel impurily in synthetic diamond to
be S= 3/2 with non-vanishing fine-structure constants due
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to a distortion of the impurity site from tetrahedral sym-
metry (24]). Astashkin and Schweiger have demonstrated
that an electron spin transient nutation method facilitates
the identification of complex single-crystal ESR spectra from
transition metal ions by exploiting the nutation frequency
dependence of the allowed and forbidden transitions{25].

We describe the electron spin (ransient nulation of sin-
gle quantum transitions first in terms of a classical vecto-
rial picture for the motion of the spin magnetisation and
next in terms of a quantum mechanical approach. This is
for the convenience of the readers who might not be fami-
liar with nutation phenomena in magnetic resonance. Next
we describe the features of the transient nutation appearing
in multiple quantum transitions. These features have been
disclosed in the present work.

2.1. NUTATION SPECTRUM OF SINGLE QUANTUM
TRANSITIONS

Electron spin. transient nutation spectroscopy is based on
electron spin resonance to measure the spin Hamiltonian in
terms of the rotating frame (24-26). The eleciron spin mag-
netisation Mg in the presence of a static magnetic field By
presseses at the corresponding nutation angle ¢ from the
initial direction around the effective field Bogp = By + By by
applying the microwave field (Bj) pulse with the width (.
Then the magnetisation Mg in thermal equilibrium under-
goes free induction decay(FID) when the excitation pulse is
turned off. The nutation is described in terms of the above
classical vectorial picture for the motion of the magneti-
sation as follows. The magnetisation components Mx and My
in the frame xyz rotating with a frequency w are given
as

M, = Mgsing/(1+x2)/2 (1
My= Mg (2x/(1+x D)) sin2 (/2] 2)
Mm=M0[1/(1+x2){sin2¢+x2(1-cos¢)2/(l+x2)}] 172

S (M2 s M2 )12 3

where M, is the projection of M in the rotating xy plane
and Mg={Mg|=|M]. Be=[(Bg-w/m)? + B;2) 12 (ang -
B{/{(Bg-w/Y), and x is an offset parameter given as x =
(Bg-w/Y)/By with tan9=1/x, sin8=(1+x%)"1/2, ana B, -

B1(1+x2)”2. ¢ is defined as a nutation angle of M around
B. in time t and $ is defined as the rotation angle of M
in the same duration time t around By, thus ¢=T7B.t,

¢g=TBqt, and ¢=¢(t+x2)1/2 holds. The phase angle Q of
M, from the x axis in the Xy plane is defined as Q=tan”

[(My/Mx) and the tipping angle o of M with respect 1o
the z axis after the microwave pulse excitation is defined
as sind=M_, /M= [{sin2¢+x2(l-cosd))z/(1+x2)}/(l+x2)] /2

The quantum mechanical description of an ensemble of
spin systems in pulse experiments frequently invokes the
equation of motion of the density matrix |p()> (a ket in
Liouviile space) governed by the Liouville-von Neuman
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equation. The effect of a coherent microwave field By per-
pendicular to the magnetic field By beginning at t=0 is
given as

H 1= _wlsy(eimt+e—iwt) (4)

with W= -YB{. The equation of motion for |p(t)> is
governed by

d[p(V)>rdt= -i(Hg+H ()] p(V)>, (5)

where only the electron Zeeman (erm is considered, thus
Hy=-wgS, and wg=-Bg/T. Transforming into the rotating
frame with the frequency w of the microwave field around
the z-directon //Bg gives

d|pr(Y>/di= -iHp(t)] PR()> (6)

where Hp(t) and[pR(l)> stand for the Hamiltonian and the
density matrix defined in the rotating frame, respectively,
as

[oR(0)>= €152 | p(y> (7)
and

Hp()= -(awS,+H| p()) (8)
with ) )

HI,R(L): e—lh)tSZHl(l)em)\S'L (9)

and the resonance offset frequency aw is defined as aw=-
{w-wgy). Equation (9) is rewritten as

HI_R(l)= 'wlsy(l +c0s 2W)-WS, sin2wt. (10)

The secular term -mlsy causes a rofation around the y axis
with the frequency w;. The non-secular (time dependent)
term arising from the counter-rotating part of the micro-
wave field does not contribule to the rotation in the first
order and contributes only in the higher order. The non-
secular contribution called the Bloch-Siegert shift can be
neglected in the first order. Thus, the rotating-frame Hamil-
tonian is given as

HR(\= -(AwS,+0Sy). (1)

Assuming the initial density matrix |p(0)>=]S,>, the solu-
tion for Equation (6) in the rotating frame is given as

| pR(t)>: eit(AmSumlSy) l D(O)>

= el95X gilieSz e"iSSX]SZ>, (12)
where
wels aw?iw 2 (13)
and
tan8= w/aWw. (14)

From Equation (12) we obtain
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| PR(D>=-sinYsinweat | S, >+sinGcosI(1 -coswet) | Sy>
+ (60529+sin28coswel) {s,>. (15)

Equation (15) is equivalent to Equations (1)-(3) obtained
from the classical vectorial desctiption. In the case of on-
resonance, i.e. Al=—(W-Wg)=0,

IpR(t)>= eitmlSy ISZ>
= coswyt]S,> - sinwt]S,>. (16)

Particularly, applying By for a period corresponding (0 a
T/2-pulse transfers the initial magnetisation |p(0)>= |S,>
into the magnetisation along the x axis, i.e. lp(n/2m1)>= -
[Sy>-

For the high-spin state with the spin quantum number
S, the fine-structure term HD=S-D-S features in the total
spin Hamiltonian, where

Hp= wp(Sz? - $%/3) + wpSx? - Syd) (17)

in the principal-axis system of the fine-structure tensor D.
For vanishing Hp or Hp << Hy the ensemble of high spins
nutates at the frequency of w;= -7B; under the on-reso-
nance condition, where wl is independent of S. For non-
vanishing Hp, the nutation is modified due to the presence
of Hp in the rotating frame and is not described by a sin-
gle frequency. In the extreme limit of Hp>>H;, however,
the nutation frequency wy is simply expressed as

wo= wy (S(S+1) - MM 112, (18)

where Mg and Mg' denote the electron spin sublevels in-
volved in the ESR allowed transition{24,25}: The rotating-
frame matrix element corresponding to the transition is
given in first order as

<S,Mg|H| pISMg>= -w; ((S+Mg)(S-M4)) 1/2, (19)

where Mg'=Mg-1 for the allowed ESR transitions. Thus, for
Hp>>H;, the nutation spectrum depends on S and M
(38,39]. For integral spins, $=1,2,3,4,----, (Wn=
wy (5(5+1)) 12 for the |SMg=1>¢>|5,M=0> or |$,M=0>
=+ |5,M.'=-1> transition. Therefore, even if the ESR transi-
tions involving the lS,MS=0> level overlap due to the
small wp values, the spin quantum number S can be dis-
criminated in the nutation spectrum. Practically, the offset
frequency effect on the nutation must be carefully consi-
dered in some cases in order to carry oul magnetic-field
swept nutation spectroscopy. For half-integral spins, S=3/2,
5/2, - - -, the fine-structure term “’D(ZMs*l) in first order
is vanishing for the ]S,MS=1/2>4—-»|S,MS'=—1/2> transition,
and higher-order corrections due to the fine-structure term
contribute only as off-axis extra lines in the powder-
pattern fine-structure spectrum if wp is large{27]. The

corresponding nutation frequency w, is given as W=

23

W (5+1/2). Thus, the nutation spectrum is distinguishable
from both S=1/2 and other S's even if the fine-structure
splitting does not fedture in the cw ESR spectrum because
of line-broadening, large wp values and so on. For inter-
mediate cases, ie. Hp~H(, the nulation spectrum appears
more or less complicated, but the spectrum can be inter-
pretable using the rotating-frame total spin

TABLE 1. On-resonance nutation Frequencies for various
cases

n %n

HD =0 an=U)l

Hp << Hy  wy~w;

Hp ~ Hy not single wy

Hp >> Hp  wg=w (SS+1)-MM 112 with M =M1
W= (5+1/2) for the Mg=1/2¢+Mg'=-1/2
transition (S = 3/2, 5/2, 7/2,- -).

w=w [S(S+1)] for the Mg=0«-Mg'=-1 or
Mg=l+«>M =0 transition (8= 1, 2, 3,--).

wndq =w (W /wp) for § =1
w49 -w (7w, /4wp) for S = 3/2
w9 =w; (3w, /8wp)? for S = 3/2

wn94 and wnld denote the nutation frequency for double
and triple quantum transitions (S = 1), respectively.

Hamiltonian (32,33} . In addition, multiple quantum transi-
tions can be observable in the nutation spectrum even in
the extreme limit of Hp>>H,. The nutation frequency aris-
ing from the multiple gquantum transition is considerably
reduced due to the scaling effect of the effective field which
spin ensembles experience in the rotating frame, as des-
cribed below. In Table 1| are summarized nutation {requen-
cies W, on resonance for various cases of S and Hp at ex-
perimentally typical discretions.

2.2. NUTATION SPECTRUM OF MULTIPLE QUANTUM

TRANSITIONS
The three-sublevel system is a well-established model to
discuss double quantum transitions and coherence effects in
spectroscopy (28] . The three-level model also has been ap-
plied 1o other multi-level systems, simplifying actual sys-
tems to give reasonable theoretical interpretations to a vari-
ety of transient phenomena(29-31]. Nevertheless, the nuta-
tion of multiple quantum (ransisions has not been fully ex-
pounded in ESR spectroscopy.

Following Vega-Pines-Wokaun-Ernst approach of the fic-
titious spin 1/2 operator in terms of the Zeeman basis
{32,33), we treat the S=1 spin Hamiltonian in the rotating
frame (o oblain a physical picture of transient nutation phe-
nomena for double quantum transitions. The spin Hamilton-
ian for an S=1 system is
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Hg =-gSz +wp (S72-5(5+1)/3] +wg(Sx2-Sy2). (20)

For simplicity, we will neglect the third term hereafter.
The single quantum ESR (ransitions appear at Wg=Wwp and
the double quantum transition appears al wp. Introducing
fictitious spin (/2 operators in terms of the Zeeman basis,
the total spin operators in Equation (20) are expressed as

Sk= /2 (Skl—z + Sk2—3) (k=x,y)
S 25,172 + 5,273) = 25,13, }oan

where 511'2 and 812‘3 (1=x,y,z) are single quantum opera-
tors, and 511_3 (I=x,y,z) is a double quantum operator.
Other bilinear combinations of total spin operators appearing
in Equation (20) can be generally expressed by linear
combinations of fictitious spin 1/2 operators. Thus, the spin
Hamiltonian of Equation (20) can be rewritlen in terms of
the fictitious spin 1/2 operator as

Hog= -2ugs, 3 + (Qup/3)s,-2 - 5,273 (22)

and similarly, the secular part of the microwave field
Hamiltonian is given as

Hy= -wSy = -/2uwi(s 725 273), (kex,y) (23)

Thus, the total spin Hamiltonian Hp in the rotating frame is
written in terms of the fictitious spin 1/2 operator as

Hp= ~2(wg-w)s, 73 + (2wp/3)s,!172 - 5,273
/2w 72 - 5 2 (24)

Now, for simplicity we first treat the single quantum
transition and next the double quantum transition for an
S=1 system with the offset frequency effect taken into
account. The two single quantum transitions appear at
w=wy=wp. First, let us consider the 2-3 transition.
Defining Aw=wg+wp~ with Aw<<wp makes us rewrite
Equation (22) as

Ho.r= -Aws,? 3 +(duwp/3-aw)(s, 7248, 173), (25)

where the triangular relation for the z-component of the fic-
titious spin 1/2 operator Szl‘2 +SZZ'3 +Szl'3:0 and the
similar relation under cyclic pemutation with respect to 1,2
and 3, and 523'1=Szl‘3 are used. The eigenvalues E()Ri
(i=1,2,3) in the rotaling frame are given as

EgR; = 4up/3 - Aw
EgR, = -2wp/3 } (26)
E0R3 = -2Wp/3 + Aw.

In the extreme limit of Hp>>Hy, i.e. wp>>wy, the term
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,/ZuulSkl'2 in Equation (24) can be neglected since it
couples 1 and 2 levels separated by 2wp. Thus, the total
spin Hamiltonian in the rotating frame Hp is truncated to

Hg= Hg2™3 + Hgl-2.1-3 . (27)
where
Hp?3 = -aws, 273 - /2w, 273, (28)
Hp!"21-3 - (4wp/3 - swys, -2 + s,173), (29)

and [HRZ"J, HR1'2'1'3] =0. Here, we arrive at a physical
picture for the 2-3 transition, which is described by HRZ'
3. The s=1 spin (spin magnelisation) nutates around an

effective field with a frequency me=(Am2+2w12)”2 which

is tilted by an angle of S=lan‘l(/2wl/Am) with respect to
the z-axis. If microwave excitation is carried out on-
resonance for the 2-3 {ransition, i.e Aw=0, the spin
precesses at the nutation frequency mn=m6=/2w1, as given
in the preceding section: W, = [S(S+1)]l/2m1 (S=1). The on-
resonance nulation is given as

cxp(i,/Zu)l1Sy2’3)SZ2'3exp(—i/2mltSy2"3)
= 5,2 3cos(f2w 1) - 5,2 Isin(/2uw ), (30)

where p2'3(())=522‘3 is assumed. Corresponding arguments
in terms of the density matrix hold.

Now we treat the nutation of the 1-3 double gquantum
transition appearing at W for the S=1 system. Again we
define Aw=-(W-Wg) with Aw<<wp. The rotating-frame total
spin Hamiltonian is given as

Hg= -28ws, 13 + up/3)s,172 - 5,279)
120 5T s Y. (31)

Hp can be rewritten by unitary transformations as

HRY = -28ucos(8/2)5,173 + (1/2)(we-wp)s !~
+[ZmD/3+(l/2)(we—(ﬂD)](Szl_2 - 512'3)
- J28wsin(8/2)(S; 12 - 5,273 (2)

with sin8=2w{/w,, cosS=wp/w,, and We=[wp+4w,] R T
the extreme limit of Hp>>H{, i.e., wp>>w;, we obtain

HRU _ HRU,1—3 . HRU,1—2.2-3, (33)
where -

HRU- 173 - —28ws,173 + (w;2/up)s, ! -3 (34)
and

HoUL-2.2-3 (2w /34wy 2 1wp) 1 5,0 72-5,%73), (35)

noting [HRU'I“z, HRU"'2=2_3] = 0. Any action on the -
3 double guantum (ransition is described by HRUJ‘J The

UV 3
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S=1 spin system nulates around an effective field with
u)e=[4AuJ2 + (uulz/mD)Z]I/2 and a tilting angle 9=tan™! [-
m12/(2mDAw)]. If microwave excitation is carried oul on-
resonance for the 1-3 transition, the nutation frequency is
given as Wy=0.=w (W /wg), showing that w,~0 is obtained
due to the scaling factor wy/wp<<l.

Corresponding treatment can be applied to an S$=3/2
system for the two double quantum transitiens appearing at
Wwo=wp and corresponding nutation frequency wn undergoes
a scaled field w{(7w/4wp)= w, (32b,34], giving wp<<w
in the extreme limit of Hy<<Hp, i,e. wy<<wp. For a Lriple
guantum transition appearing at wg for the S=3/2 system,
the corresponding nutation is induced by an effective field
Bo=-TWe, i.e., Wy=We= w(3w;2/8wp?)(34], showing that
the scaling factor for the
3wy 2/8wp2.

The above arguments predict that if nutation components
near zero frequency are discriminated due to multiple
quantum transitions and the frequency shifts as a function
of the microwave amplitude are measured, the fine-structure
constant wp can be evaluated from the nutation experiment
under the assumption of Hp>>H|. The nutation spectrum of
multiple quantum transitions can be a measure for small
wp values which are undetectable by conventional cw ESR
spectroscopy {35]. Since the multiple quantum nutation is
intrinsic to multi-level systems (S5=1), it can be used for
discrimipnating high spins from S=1/2. The Vega-Pines-
Wokaun-Ernst approach can be extended to transient nuta-
tion phenomena of arbitrary spins and more general cases,
and useful experimental aspects can be predicted [35].

nutation frequency is

3. Experimental Method

The nutation experiment can be made by either observing
the FID or clectron spin(or rotary} echo(ESE) signal s{ty,ty)
as time-domain spectroscopy(time axis ty) by incrementing
the time interval t; of microwave pulse excitation paramet-
rically. The two time variables t| and {, are independent.
s(t1,t7) measured as a function of t; and {; is converted
into a 1D or 2D frequency domain spectrum, i.e. S(f,()or
S(ty.13)) or S(fy.,fy) by Fourier transformation. Our nutation
experiment was carried out by the FID-detected method.
The ESE-detected method applied to high-spin systems
which undergo inhomogeneous line-broadening will be pub-
lished elsewhere{44]. The timing diagram for our nulaion
experiment is schematically shown in Figure 2(12). A
current Bruker, Inc. ESP300E/380 2D FT ESR spectrometer
equipped with a dielectric cavily of tunable Qu= 100~5000
was used for our nutlation experiment{36] and cryogenic
temperature was controlled with an Oxford helium gas-flow
variable-temperature system. The microwave pulse was
amplified by a kW pulsed travelling wave (ube(TWT)
amplifier. Electron spin transient nutation experiments are
sensitive to a By homogeneily and the By gradient effect
must be taken into account in the experimental interpre-
tation (26}, but the gradient effect across the sample was
not considered in our interpretation since only a small
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Figurc 2. Schematic timing diagram for the FID-detected transient nutation
experiment.  The FID signal s(t1, t2) is measured as a function of the time
width t1 of the microwave pulse and is converted into a frequency-domain
spectrum S(f1,t2) ( or Sity.f2)) or S(fy.f2) by 8 ID or 2D Fourier
transformation, respectively.

portion inside the cavilty was filled with our samples. The
molecular structure of a quasi iD organic magnetic polymer
A employed in our nutation experiment is depicted in Fig-
ure |. The polymer as models for quasi {D organic ferro-
magnets was elaborately designed[26] based on through-
bond- approach to high Tc organic ferromagnets [1]. The
sample preparation of the polymer has been published else-
where {26]. The MnZ*- and Cr3*-doped MgO powder
samples were prepared by the usual methods.

4. Results and Discussion
4.1. INORGANIC HIGH-SPIN SYSTEMS: MnZ*- AND

Cr3* _DOPED MgO POWDER
Figures 3 and 4 show a ¢w ESR spectrum and a typical nu-
tation spectrum of the 55Mn24(5=5/2,1=5/2)-doped MgO
powder observed at ambient temperature, respectively. The
cw spectrum is comprised of the six hyperfine allowed
(AMy=0) transitions belonging to the |S,M¢=1/2>¢>{S,M{'=-
1/2> fine-structure transition. All the six lines gave the
same nulation frequency w, =12.24 MHz at the microwave
amplitude of 20db (the corresponding absolute microwave
power al the sample site has not been known yet), showing
that the six lines are attributable to the ESR transition
involving the same electron spin sublevels and the same
AM| selection rule. The observed frequency w, agreed with
three times of Wy=Ww,(5=1/2) observed for a reference stan-
dard (a single crystal of DPPH), demonstrating that the
particular relationship w =(S+1/2}wy in the extreme limit of
Hp>>H; holds, ie. wy=3wg as expected for S=5/2. Thus,
the six hyperfine lines are identified to arise from the
|S=5/2,MS=1/2><——*[S=5/2,MS'=41/2> transition. Since the
hyperfine splitting (A= 0.008111 cm™') is much greater
than the fine structure splitting (a'= 0.001901 cm '), the
angular anomaly due to the higher-order contribution of the
fine-structure term does not show up for the |S,Mg=1/2>
«+|S.Mg'=-1/2> transition, this particular | AMg{=1 tran-
sition is apparently intensified even in the powder-pattern
fine-structure spectrum of the ground state (655/2) of
55Mn2* in MgO, where the parameters A and a' refer to
the isotropic hyperfine coupling constant and the additional
higher-order fine-structure constant defined as

He= (a/120)(355,% - 305(5+1)S7% + 2552

S 6S(5+1) + 353+ 1)2Y + (a/48)S,Y + 5Y  (36)
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with a'=BC/6 and B refers to the octahedral constant. For
$=5/2, Equation (36) reduces to

He= (a'/7384)(11257% - 7605,% + 567)
+ (@/48)s,t + 5.4, (37

which is comprised of the octahedral crystal-field operators
connecting spin sublevels with Mg values differing by =4
{37,38].

cr3* and its complexes among the 3d3 ions have been
extensively studied. Figure 5 shows a typical ESR spectrm
of Cr3* in octahedral symmetry in MgO powder and the
signal from the reference standard of DPPH. It has been
well-documented that the Cr3* spectrum is isotropic with
g=1.9796 and the vanishing fine-structure term al ambient
temperature and the central line arises from 50.52,54¢, 3+
(1=0) and the hyperfine quartet satellite lines are due to
53¢r3*(1=3/2, natural abundance; 9.54%) with A=0.00163
cm™ ' {39). Figures 6(a)-(d) show nutation spectra obtained
from the central line of Cr3* in MgO powder al ambient
temperature at various microwave amplitude levels. In
Figure 6(d) two nutation frequencies are seen near {5 (Wj)
and 30 MHz (2w;). The nutation frequency component at
wy(15 MHz at 10db) coincided with w,(S=1/2)=w, of the
reference standard in the whole range of the microwave
excitation power level. With diminishing microwave amp-
litude, the 2wy peak approached the w; peak, as seen from
Figure 10(d) to 10(a), and coincided with the w; peak at
weak levels of the microwave amplitude. The nutation
spectra shown in Figure 6(d)-(b) can be classified in the
intermediate regime Hp~Hj, since the 2wl frequency cor-
responds to W (S=3/2)= (3/2+1/2)w; in the extreme limit
of Hp>>Hy, identifying the nutation frequency w,(S)=2w,
to arise from the |[S,M¢=1/2>¢~|SM'=-1/2> ESR tran-
sition(S=3/2). As described in the preceding theoretical
treatment, the vanishing Hp won't produce any single-
quantum nutation frequency different from wy. Thus, the

present nutation experiment shows that cr3* in MgO is
located in lower symmetric enviroments than octahedral
symmetry. Conventional cw ESR spectroscopy has never de-
tecled such symmetry reduction due to a distlortion taking
place at the impurity lattice site in MgO. Isoya et ali. are
the first who have found such a subtle distortion respon-
sible for non-vanishing fine-structure terms with the help
of the electron spin transient nulation technique{24].

It is interesting to note a behavior of the nutation fre-
quency near w,~0 Microwave amplitude
dependence of the nutation frequency, i.e., an appreciable
higher-frequency shift and enhanced intensity near w,~0
with increasing the amplitude, suggests the occurrence of
double quantum transitions for the high-spin system with a
small Wy value in the extreme limit of Hp>=H. According
to the the theoretical prediction described in the second
section, the two double quantum transitions occur for an
$=3/2 system with the microwave field B, i.e., wy (By=

in Figure 6.
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Figurc 3. Cw ESR spectrum of Mn2+(S=5/2, 1=5/2)-daped MgO powder
observed at ambient temperature. The six sbsorption lines arise from the
hyperfine atlowed transitions (aM;=0) belonging to the |S. Mg=1/2> ---
{S.Mg'=-1/2>.
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Figure 4. Nutation spectrum of 35Mn?*(S=5/2. 1=5/2)-doped MgO powder
observed at ambient temperature. The hyperfine transition at 0.3357T was
monitored for the measurement of the transient nutation {microwave
amplitude: 20db). The absolute power level of microwave was not calibrated.
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Figurc 5. Cw ESR spectrum of Crl* (S=3/2)-doped MgO powder observed
at ambient temperature. The signal appearing on the lower field side arises
from a DPPH single crystal as the reference standard.
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Figurc 6. Nutation spectra of Cr3+* (S=3/2)-doped MgO powder ob_scrvcd;(l)!
ambient temperature. The nutation was measured on (hc‘ccntral line of 3%
51, SACr3+: (a) - {d) show the dependence of the nutation on microwave
excitation amplitude:(2)25db (b)20db (c)15db (d)10db. The power levels are
given only for relative comparison, but they wece linear.






