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University, Sumiyoshi-ku, Osaka 558, Japan; 3Department of Industrial 
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Abstract The potential application of time domain EPR spectroscopy to an organic 
molecular spin system was examined, particularly focusing upon quantum spin 
transient nutation phenomena. A nitronyl nitroxidebased biradical with an excited 
triplet state (S=l), p-phenylenebis(a-nitronylnitroxide), was adopted as a simple 
model system for studying the nutation spectroscopy which enables us to 
discriminate between Sr l  and S=1/2 states. In the low temperature region below 
10 IS, an S=l spin of the themally excited biradical molecule and an S=1/2 spin of 
an impurity molecule were found to coexist in the crystalline solid state of p- 
phenylenebis(a-nitronylnitroxide). Field-swept echo-detected EPR spectra 
reproduced the cw spectra of the biradical powder. Echo-detected nutation spectra 
exhibited two distinct maxima of the echo intensity at the nutation frequencies 
expected for S=l and S=1/2 spins, indicating that the biradical solid was identified 
to be a mixture of the S=l and S=1/2 species as expected from the static 
susceptibility and crystal structure analysis of the biradical. The nutation method 
based on pulsed EPR spectroscopy was demonstrated to be complementary to 
conventional cw EPR and susceptibility measurements. 

INTRODUCTION 

One of the most noticeable characteristics of molecular spin solids is that spin states with 
different spin quantum numbers S are themally accessible, the magnetic interaction 
between unpaired electrons being comparable with the thermal energy kgT. This feature 

sometimes gives rise to difficulties in investigating their magnetic interaction from the 
microscopic viewpoint by using cw EPR (EPR with field modulation) and static 
susceptibility: These conventional methods have disadvantages in discriminating between 
Srl and S=1/2 spins, particularly for strongly exchange-coupled magnetic materials 
such as paramagnetic assemblages and organic high-spin polymers. In the present 
study, the potential application of time domain EPR spectroscopy to such complicated 
spin systems has been examined, focusing upon quantum spin transient nutation 
phenomena. We demonstrate that the nutation method based on FT pulsed EPR 
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174 D. SHIOMI ETAL. 

spectroscopy enables us  to identify the effective spin quantum number S of the spin 
assemblage in the molecular solid. The method can be complementary to conventional 
cw EPR and static susceptibility measurements. 

A SIMPLE MODEL SYSTEM F OR THE NUTATION SPECTROSCOPY 

The theoretical basis for the transient spin nutation was first developed in NMR and NQR 
spectroscopy.1-9 Nutation spectroscopy is based on spin resonance to measure the spin 
Hamiltonian in terms of the rotating frame. In the presence of a static field Bo and a 
microwave field B 1  perpendicular to Boy the spin magnetization precesses around the 
effective field B e f f = [ ( B o - W ~ W ~ ) ~ + B l ~ ] l / ~  (y: gyromagnetic ratio) in the frame rotating 
at the microwave frequency WMW. When the pulse microwave field B 1  is applied for a 
period tp, the on-resonance ( w = y B o )  magnetization precesses to the angle ?p x yB 1. 
The magnetization starts to undergo free induction decay (FID) just after the B1  field is 
turned off. This precession in the rotating frame is a transient nutation in the classical 
vector-spin picture. The nutation frequency WN is yB1 for S=1/2 under the on- 
resonance condition. 

For nutation of spin Sr l ,  a quantum mechanical treatment of density matrix 
formulation has to be invoked. The detailed discussion on the nutation frequency WN of 
Sz1 quantum spin system has been presented in the literature.10-12 Only a brief 
description of WN is given here. For Sr ly  the WN value under the on-resonance 
condition is dependent on the magnitude of the B i g 6  term (Hi) relative to that of the 
fine structure term (HD), S*D*S in the spin Hamiltonian: For vanishing HD or 
H ~ ~ d i l ,  the ensemble of spins Szl nutates at the frequency of wl=yB1 under the on- 
resonance condition; the frequency is independent of S. For non-vanishing HD, the 
nutation is modified by HD and is not describable by a single frequency. In the extreme 
limit of H D > > H ~ ,  on the other hand, the nutation frequency WN is expressed as 

for the allowed EPR transition between the spin sublevels Fs-b and Ws>. Thus, the 
spin quantum number S and Ms  can be identified in the nutation spectrum. This is the 
methodological essence of the nutation 
spectroscopy which enables us to 

WN = ~1[S(S+l)-Ms(Ms-l)]~/~ (1) 

0 

discriminate between different S values in y-&(+jx - 

2 the molecular solid. \ 

We adopt here a nitronyl nitroxide- 0' 

based biradical with an excited triplet state pBNN 
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FT PULSED AND CW EPR OF MOLECULAR SPIN CRYSTALS 175 

(S=l), p- phenylenebis(a-nitronylnitroxide), abbreviated to p-BNN, as the model 
compound. For this compound, the crystal structure and static paramagnetic susceptibility 
have been well characterized:1&16 The susceptibility of p B N N  measured in the powder 
sample exhibited a maximum around 65 K and approaches zero at lower temperature.14 
The observed susceptibility was reproduced in terms of a thermal equilibrium between a 
singlet (S=O) ground state and an excited triplet state with an energy gap of u / k B  = -106 
K which describes antiferromagnetic interaction between two S=1/2 spins in the molecule. 
From the X-ray crystal structure analysis of p-BNN,14116 the intermolecular magnetic 
interaction can be regarded as being small: the N-O groups of the p-BNN molecule, 
where the spin density is concentrated, are located far apart from those of the adjacent 
molecules. From the X-ray and susceptibility results, the biradical molecules can be 
approximated to be magnetically isolated to each other at low temperature 

A small upturn of susceptibility below 10 K has been observed .I4 This would be 
due to a nitronyl nitroxide monoradical (S=1/2) impurity (about 1 mol % of the biradical) 
generated in the synthesis procedure and incorporated in the lattice of the biradical crystal. 
Thus, both S=l and S=1/2 species are expected to coexist in the crystalline solid, 
providing us with a simple model for the nutation study on a molecular spin solid 
containing different S species. 

EXPERIMENT AL 

Field-swept echo and echo-detected nutation spectra for the p-BNN powder were 
recorded on a Bruker ESP380 FT EPR spectrometer with a dielectric cavity of tunable 
Q=100-5000. The temperature ranging from 4.0 up to 20.0 K was controlled by using a 
Bruker helium-flow cryostat and an Oxford ITC4 temperature controller. The microwave 
pulse was amplified by a 1 kW traveling wave tube amplifier. The cw EPR spectra were 
measured using a Bruker ESP300 X-band EPR spectrometer equipped with an Oxford 
helium-flow cryostat. The p-BNN powder sample was prepared by the reported 
method. 17 

CW EPR SPECTRA 

At room temperature, an exchange-narrowed single line at g-2.0 was observed for the p- 
BNN powder. On lowering the temperature, the single line split into several lines as 
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A 
20 K 
18K 

16K 

14 K 
1 2 K  
10 K 

4 K  

330 335 340 345 350 
B/mT 

FIGURE 1 CW EPR spectra of the p B N N  powder. The arrows indicate the canonical- 
orientation transitions attributed to the thermally excited triplet state of p B N N .  

shown in Figure 1. The spectral profile observed below 16 K was apparently similar to 
that of phenylnitronylnitroxide monoradical (S=1/2) measured in a glassy solution1 8 
except for two peripheral peaks indicated by the arrows in Figure 1. The spectral pattern 
for the monoradical has been explained in terms of the hyperfine coupling of an S=1/2 
spin with two equivalent nitrogen nuclei (Z=l).18 The S=1/2 monoradical impurity 
predominantly contributes to the powder spectra of p-BNN at low temperature. EPR 
signals from the excited triplet state of p-BNN should be superimposed on the intense 
S=1/2 signal. The two peripheral peaks, which are not disturbed by the S=lE signal, can 
be assigned to the canonical+rientation peaks appearing in the fine-structure spectrum 
from the excited triplet state of p-BNN. The separation of these two peaks is consistent 
with the fine structure splitting 2101 = 11 mT (= 0.010 cm-1) reported for a glassy 
solution of p-BNN.17 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

1:
21

 1
8 

Fe
br

ua
ry

 2
01

3 



FT PULSED AND CW EPR OF MOLECULAR SPIN CRYSTALS 177 

PULSED EPR SPECTRA 

The nutation experiments can be made by either observing the spin echo signal or free 
induction decay (FID) signal in the time domain by incrementing the duration time rp of 
the microwave excitation pulse. Spin echo or FID signal intensity reflects the 
magnetization in the ny-plane of the rotating frame (z//static field) just after the application 
of the microwave excitation pulse. The pulse sequence for the echo-detected nutation. 
experiment is schematically illustrated in Figure 2(a). 

The free induction signal of p-BNN decayed rapidly and exhibited a poor 
signalhoke (S/N) ratio in the detection period; the transverse relaxation time was 
estimated to be 17 nanoseconds at 20 K assuming the single exponential decay of FID. At 
lower temperatures, no FID signal was detected on our pulse spectrometer with the 
resonator dead time of about 100 nanoseconds. On the other hand, the spin echo signals 
appeared below 20 K and the signal increased in intensity to a satisfactory S/N ratio with 
decreasing temperature. Our nutation experiments were performed by the echo-detected 
method in the temperature range between 4 K and 10 K. 

Field-swept echo-detected EPR spectra 
Spin echo phenomena can be observed for a spin system which is subject to an 
inhomogeneous line-broadening, i.e., dephasing of homogeneous spin packets in the 
rotating frame.19 When the echo-detected nutation is measured in order to discriminate 
between different S‘s, it is necessary to ascertain whether the echo signal has 
contributions from all the spin states examined. For this purpose, echodetected EPR 
spectra were measured for p-BNN. 

excitation x pulse echo 
pulse 

FIGURE 2 Pulse sequence scheme for echo-detected nutation (a) and field-swept echo- 
detected EPR (b) experiments. tp and tech0 denote the duration time of microwave 
excitation pulse and the acquisition time for echo signal, respectively. The echo signal 
was monitored with incrementing fp, i.e., the turning angle of the magnetization from the 
thermal equilibrium position (parallel to the static field). 
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178 D. SHIOMI ET AL. 

When the excitation bandwidth-l/tp (tp: the duration time of the microwave 
excitation pulse) is smaller than the line width of a structured EPR spectrum due to 
hyperfine or fine structure, the echo intensity should be a good measure of the 
magnetization at a particular static magnetic Therefore, by detecting the echo 
signals with sweeping the static field, we can reconstruct an EPR spectrum as a function 
of the static field B (Figure 2(b) ). 

Figure 3(a) shows a two-dimensional representation of field-swept echo signals as 
a function of the static field B and the acquisition time tech0 measured for the p B N N  
powder at 4.0 K. Fourier transformation of this time-domah spectrum along the techo- 
axis yields a frequency-domain spectrum as shown in Figure 3(b). Intense peaks appear 
only at zero MHz in the Fourier transformed spectrum. This means that only the on- 
resonance portion at each static field was selectively detected with a narrow excitation 
bandwidth. In fact, the application of an excitation pulse with fp < 24 nanoseconds gave 
rise to side bands at about 40 MHz running parallel to the field axis. The side bands are 
assignable to EPR transitions adjacent to the on-resonance transition giving the zero M H z  
signal. The separation of 40 MHz (= 1.4 mT) corresponds to the hyperfine splitting of 
the monoradical.18 

&ho / nanosec. o / MHt 

FIGURE 3 (a) Two-dimensional representation of the echo-detected EPR spectrum 
measured for the p-BNN powder at 4.0 K. (b) Frequency domain EPR spectrum 
obtained from the Fourier transformation of the time-domain spectrum in (a). 
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FT PULSED A N D  CW EPR OF MOLECULAR SPIN CRYSTALS 179 

A slice at zero M H Z  of the Fourier- 
transformed spectrum is shown in Figure 
4. The first derivative curve of the zero 
MHz slice reproduces the cw spectrum, 
although the weak peripheral peaks art 
absent in the curve. When the weak 
signal at 356 mT in the cw spectrum was 
pumped with the excitation pulse of tp > 

32 nanoseconds, weak spin echo signal 
was observed. Considering that the tp 
value corresponds to the excitation band- 
width smaller than 31 MHz (1.1 mT), 
which is rather small compared with the 
field separation between the weak 
peripheral peak and the adjacent S=1/2 
signal, the disappearance of the 
peripheral peaks in the zero MHz-slice 
spectrum resulted from the low SM ratio 
of the echo signal. 

I . . ' ,  

first deriv. 

I , , . ,  

340 350 360 
B/mT 

FIGURE 4 Echdetected EPR spectrum 
of thep-BNN powder obtained as a slice 
at zero M H z  of the frcquency-domain 
spectun in FIGURE 3(b). 

It is concluded from the above results that the echo signal has the contribution both 
from the S=1/2 and S=l species. Both the S=1/2 impurity molecules and the thermally 
excited S=l molecules are microscopically distributed and hence isolated in the crystalline 
solid, leading to the inhomogeneous broadening. The present experiment for p-BNN 
has shown the capability of the nutation study by the echdetected method. 

Nutation SDectra 
The microwave field in the nutation experiments for p B N N  was applied so that the 
extreme limit condition of H ~ < < H D  was fulfilled; the field amplitude B1 was much 
smaller than the fine structure splitting, 210(= 11 mT. The field amplitude B1 was 
calibrated with respect to the microwave power ( x B  12) by using the nutation frequency 
measured on an S=1/2 radical (DPPH). The nutation frequencies calculated for S=1/2 
(Ms=-1/2-+1/2 transition) and S=l  (Ms=+l-O transitions) from Equation (1) are 
listed in Table I for the extreme Limit condition. 

Figure 5 shows a twdimensional representation of onedimensional Fourier- 
transformed nutation signals s(WJ,techo). The echo signals s(tp,techo) (not shown) 
have been Fourier-transformed along the rp-axis into the frequency( m)-domain power 
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180 D. SHIOMI ETAL. 

TABLE I Nutation frequencies calculated for S=1/2 and S=l species 
under the present experimental condition. 

T microwave power w~(S=1/2) wN(S=l) 
(K) (arb. units) (=) (=I 

~ ~ 

4.0-8.0 1 7.9 11 
10.0 + 5 dB 14 19 

spectra. In the nutation experiments, the static magnetic field was set at the center of the 
cw spectra with the complicated structure due to the S=1/2 and S = l  species. Between 
4.0 and 10.0 K, two distinct maxima of the echo signal intensity were observed along the 
wN-axis as shown in Figure 5. The frequencies of these maxima agreed well with the 
calculated ones listed in Table I. Furthermore, these frequencies varied in proportion to 
B 1, indicating that the nutation along the effective field B eff=B 1 in the rotating frame was 
observed. From these results, it is concluded that thep-BNN powder at low temperature 
was determined to be a mixture of S=1/2 and S = l  species by the nutation experiments. 
This conclusion is consistent with the susceptibility result. 

It should be noted that the echo intensity ratio of the two maxima was independent 
of temperature as shown in Figure 5. Since both the S=1/2 and S = l  molecules are 
magnetically isolated, the contributions of the two species to the echo intensity I(S) can 

0 3 8 2  

30 
4.0 K 5.0 K 6.5 K 8.0 K 10.0 K 

FIGURE 5 Two-dimensional representation of the echo-detected nutation spectra. The 
echo signals S(tp,techo) were Fourier-transformed along the +-axis into the frequency 
(w+Iornain power spectra. In order to obtain a better SM ratio, a higher power was 
applied at 10.0 K than at lower temperatures (+ 5 dB) . 
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FT PULSED AND CW EPR OF MOLECULAR SPIN CRYSTALS 181 

simply be expressed in terms of temperature for T << 2ul/kB as 
I (S=l )  OC (l/T)exp(2l/kBn, (2) 
I(S=l/2) = 1/T. (3) 

Therefore, the echo intensity ratio should be given by 
I(S= 1 )/I(S= 1/2) = exp(UlkBT). (4) 

This temperature dependence has not been observed in the present experiment. The 
nutation spectra failed to reflect the magnetization values of the two spin species 
quantitatively as a function of temperature. A possible origin of the deviation of the 
intensity ratio from the above model is ascribed to the difference in the relaxation times of 
the two species which determine the echo intensity in the nutation spectrum. It is 
noteworthy that the relaxation for an excitation period of tp has been neglected in the 
theory. The effect of the detection method (FID- or echo-detection) on the signal 
intensity in the Fourier-transformed nutation spectrum should also be responsible; the 
method used in this study is not a genuine "transient" but an "indirect" one through the 
echo signals. The correspondence of nutation signal intensity with static susceptibility 
should be examined further in other model systems with various J/kBT values and 
underlying relaxation mechanisms. 

In conclusion, the echo-detected nutation method has been applied to a crystalline 
solid of an organic biradical, p-BNN. It was found that the nutation experiment can 
facilitate the spectroscopic identification of two different paramagnetic species, S=l and 
S=1/2. This finding showed the applicability of the method to molecular magnetic 
materials; its advantage in discriminating between different spin quantum numbers was 
demonstrated. It was also pointed out that quantitative aspect of the nutation 
spectroscopy, particularly its intensity analysis, is an open problem for further 
investigations to establish the methodology. 
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