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FT PULSED ESR/ELECTRON SPIN TRANSIENT NUTATION SPECTROSCOPY
IN THE STUDY OF MOLECULAR BASED MAGNETISM: APPLICATIONS TO
HIGH-SPIN POLYMERS AND FERROMAGNETIC MATERIALS

TAKEJ1 TAKUI,! KAZUNOBU SATO,! DAISUKE SHIOMI,2 KOICHI ITOH,?2
TAKASHI KANEKO,3 EISHUN TSUCHIDA,3 and HIROYUKI NISHIDE3
{Department of Chemistry and 2Department of Material Science, Faculty of
Science, Osaka City University, Sugimoto, Sumiyoshi-ku, Osaka 558;
3Department of Applied Chemistry, Faculty of Science and Engineering,
Waseda University, Okubo, Shinjuku-ku, Tokyo 169, Japan

Abstract Recently, organic high-spin polymers and clusters have been emer-
ging. With the increasing effective molecular spin quantum number S and
molecular weight of the polymers, however, cw ESR spectroscopy manifests
its inherent disadvantages in discriminating high spins from S=1/2 and in de-
termining the S's for the complex mixture of various spin assemblages. An ele-
ctron spin transient nutation method based on pulsed ESR spectroscopy has
been for the first time applied to a quasi 1D high-spin polymer as one of

the most complex amorphous spin assemblages, identifying that the polymer
is comprised of high-spin assemblages with the S's greater than two. It can

be concluded that electron spin transient nutation spectroscopy is a facile and
useful method for the exclusive identification of S and ESR transitions even for
the cases of apparently vanishing fine-structure splittings and for spin systems
with residual fine-structure terms in the spin Hamiltonian. Fundamental bases
for the transient nutation method are described, emphasizing inherent advanta-
ges in the nutation spectroscopy from the methodological viewpoint. The salient
features of multiple-quantum nutations have been disclosed in this work.

INTRODUCTION

Pulse Fourier transform NMR spectroscopy has made traditional cw NMR obsolete
during the past two decades, leading to a continuing and unprecedented expansion of
NMR applications. Recently in ESR spectroscopy, pulsed FT-spectroscopic techni-
ques continue to emerge1‘7 because of the advantages intrinsic to FT spectroscopy
in many experimental aspects, emphasizing the capability of measuring transient
properties of electron-nuclear spin systems, the adaptability to other pulsed
spectroscopic techniques, and the inherent advantages of coherence-transfer based
2D time-domain spectroscopy. The methodology of quantum spin transient nutation
to measure the spin Hamiltonian in terms of the rotating frame has been developed
in NMR/NQR spectroscopys‘14 and appeared in ESR spectroscopy at early times.

15-17 1t was not until recently that nutation methods were introduced as pulsed
191
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ESR spectroscopic techniques.18:19 Isoya et al. have determined the effective spin
quantum number S for the nickel impurity in synthetic diamond to be S$=3/2 with
non-vanishing fine-structure constants due to a distortion of the impurity site from
tetrahedral symmetry.18 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. 19

The purposes of this work have been twofold. Firstly, the nutation method has
been applied to inorganic high-spin systems in the powder state in order to demon-
strate that electron spin transient nutation spectroscopy is capable of elaborating
useful information on electronic and environmental structures of paramagnetic
centers which cw ESR spectroscopy can not afford. This is the first attempt to apply
the nutation method to non-oriented samples. Secondly, the nutation spectroscopy
has been applied to organic solid-state magnetic polymers as one of the most com-
plex spin systems, where robust intermolecular exchange interaction takes place.
The results have shown the inherent potentiality of the nutation spectroscopy to
identify effective molecular spin multiplicities of complicated spin assemblages in
amorphous materials. Recently, organic molecular based magnetism 20,21 has been
the focus of current topics in chemistry, physics, and their related fields in both
pure and applied sciences.22,23  For the second purpose, we adopt a quasi one-di-
mensional high-spin polymer as models for high Tc organic ferromagnets. With the
increasing effective molecular spin quantum number S and molecular weight of m-
conjugated organic high-spin or magnetic polymers, particularly polymers
characterized by small spin-spin interactions, c¢w ESR spectroscopy reveals its

o

" A
FIGURE 1| Quasi 1D magnetic polymer as models for quasi 1D organic

ferrromagnets. The T-conjugated electron netwok is governed by topolo-
gically controlled spin polarization (through-bond approach).
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inherent disadvantages in discriminating high spins from S=1/2 and determining the
effective spin quantum numbers of high spins for the mixture of various spin
assemblages. FT pulsed ESR spectroscopy has been applied to one of the first
organic high-spin polymers A (see Figure 1)24 in order to identify molecular spin
multiplicities comprising the polymer in the solid state.

FUNDAMENTAL BASES FOR ELECTRON SPIN TRANSIENT NUTATION
SPECTROSCOPY

Nutation Spectrum of Single Quantum Transitions

We describe the electron spin transient nutation of single quantum transitions first
in terms of a classical vectorial picture for the motion of the spin magnetization and
next in terms of a quantum mechanical approach. This is for the convenience of the
readers who might not be familiar with nutation phenomena in magnetic resonance.
Next we describe features of the transient nutation appearing in multiple quantum
transitions. These features have been disclosed in the present work.

Electron spin transient nutation spectroscopy is based on electron spin
resonance to measure the spin Hamiltonian in terms of the rotating frame.4-6 The
electron spin magnetization Mg in the presence of a static magnetic field Bg
presseses at the corresponding nutation angle ¢ from the initial direction around the
effective field Besf = Bg + By by applying the microwave field (Bq) pulse with the
width t] (see Figure 2). Then the magnetization Mg in thermal equilibrium under-
goes free induction decay (FID) when the excitation pulse is turned off. The nuta-
tion is described in terms of the above classical vectorial picture for the motion of
the magnetization as follows. The magnetization components My and My in the

frame xyz rotating with a frequency W are given as
M= Mgsind/(1+x2)1/2 (1)
My= Mg [2x/(1+x2)] sin2 (/2] 2)

M= Mo {1/(1+x2) {sin?¢ + x2(1-cos®)?/(1+x2)}]1/2
= (M2 + Myz )1/2 (3)

where My, is the projection of M in the rotating xy plane and Mg=|Mg|=|M]|.
Be= [(BO—(U/Y)z + 812] 1z tan9=B1/(Bg-w/T), and x is an offset parameter given
as x = (Bg-w/Y)/B1 with tan9=1/x, sin9=(1+x2)~1/2, and B, = Bi(1+x2)1/2. ¢ is
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defined as a nutation angle of Mg around Bg in time t and ¢q is defined as the
rotation angle of Mg in the same duration time t around By, thus ¢=YBet, §o=7B1t,
and ¢=¢0(1+x2)1/ 2 holds. The phase angle @ of My, from the x axis in the xy plane
is defined as Q:tan‘l(My/MX) and the tipping angle o of M with respect to the z
axis after the microwave pulse excitation is defined as sind:Mm/Moz[{sinztb +
x2(1-cos®)2/(1+x2)}/(1+x2)) 1/2,

In the rotating frame : x'y'z'

M, : magnetization in thermal
equilibrium

2’ IMI=IMyl

1]

N

Bl / y.

By-w/Y : any residual component
of the static magnetic field

B, = [(By-w/)+B,412 ¢ : nutation angle of M,
about B, in time t,
tan® = B ,/(By-w/Y) =18,
€2 : phase angle

o. : tip angle after the pulse

On resonance : By-o/y=0

z
I Be I = B 1
0o =Bty =0yt
G ~Yy' ¢, : nutation angle of My in
B, =B, the same duration time
X t; about B,

FIGURE 2 Nutation of the magnetization M in the rotating frame with Bj.
By is the microwave field pulse with a width tp. The nutation angle ¢ of M is
defined as the angle around the effective field Be in time tp,.
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The quantum mechanical description of an ensemble of spin systems in pulse
experiments frequently invokes the equation of motion of the density matrix |p(t)>
( a ket in Liouville space ) governed by the Liouville-von Neuman equation. The
effect of a coherent microwave field By perpendicular to the magnetic field By
beginning at t=0 is given as

Hi= -wSy(elWt+eikd) (4)
with w1= -YB1. The equation of motion for|p(t)> is governed by

dlp(v>/di= -itHg+H () |p(v)>, (5)
where only the electron Zeeman term is considered, thus Hg=-wgS; and wg=-Bg/Y.

Transforming into the rotating frame with the frequency w of the microwave field
around the z-directon // Bg gives

d] prit)>/dt= ~Hg(1)| PR(t)> (6)

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

| oR(1)>= e85z | p(1)> (7)
and

HR(t)= - [awS;+Hy R(1)] (8)
with

Hy r(t)= e~ 1WtSzH ) (1)eitSz (9)

and the resonance offset frequency aw is defined as Aw=-(w-wg). Equation (9) is

rewritten as
Hy r(t)= —wlsy(1+0052wt)—wSXSin2wt. (10)

The secular term -w1Sy causes a rotation around the y axis with the frequency wj.

The non-secular (time dependent) term arising from the counter-rotating part of the
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microwave field does not contribute to the rotation in the first order and contributes
only in higher order. The non-secular contribution called the Bloch-Siegert shift
can be neglected in first order. Thus, the rotating-frame Hamiltonian is given as

HR(t)= ~(AWS,+1Sy). (11)

Assuming the initial density matrix |p(0)>=]|S;>, the solution for Equation (6) in

the rotating frame is given as

| pR(t)>= eit(2WSz+W1Sy)|p(0)>

= €95k ¢itWeSz ¢-i9Sx |, >, (12)
where
We2= aw2+w;2 (13)
and
tanf= W1/AW. (14)

From Equation (12) we obtain

| PR(t)>= -sinSsinWgt | Sx> + sinScos9(1-coswet) | Sy> + (cos28+sin28cosuet) | S;>.

(15)

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

IpR(t)>= eltwlsy I SZ>
= coswqt|S,> - sinwyt|Sy>. (16)

Particularly, applying By for a period corresponding to a T/2-pulse transfers the
initial magnetization |p(0)>=|S,> into the magnetization along the x axis, i.e.
p|(m/2wy) >= -|Sy¢>.

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

Hp= wp(Sz2 - S2/3) + wg(Sx? - Sy?) (17)

in the principal-axis system of the fine-structure tensor D. For vanishing Hp or Hp
<< H; the ensemble of high spins nutates at the frequency of W= -7Bj under the
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on-resonance condition, where wj 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 single frequency. In the extreme limit of Hy>>H,, however, the
nutation frequency Wy is simply expressed as

Wy= Wy [S(S+1) - MgM4'] /2, (18)

where Mg and Mg' denote the electron spin sublevels involved in the ESR
transition: 18,19 The rotating-frame matrix element corresponding to the transition
is given in first order as

<8,Mg|Hy RIS Mg'>= -wy [(S + Mg)(S - Mg)]1/2, (19)

where Mg'=Mg-1 for the allowed ESR transitions . Thus, for Hyp>>H,, the nutation
spectrum depends on S and Ms.18v19 For integral spins, S=1,2,3,-:-,
W=y [S(S+1)11/2 for the |S,Mg=1 > -- |S,Mg'=0> or |S,Mg=0> -- |S, Mg'=-1>
transition. Therefore, even if the EPR transitions involving the |S,Mg=0> level
overlap due to the small Wy values, the spin quantum number S can be discriminated
in the nutation spectrum. Practically, the offset frequency effect on the nutation
must be carefully considered in some cases in order to carry out magnetic-field
swept nutation spectroscopy. For half-integral spins, $=3/2, 5/2, - - -, the fine~
structure term Wp(2Mg-1) in first order is vanishing for the |S,Mg=1/2 > --
|S,Mg'=-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 Wy is large.25 The corresponding nutation frequency Wy is given as
Wnp=w1(S+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 feature in the cw ESR
spectrum because of line-broadening, large Wy values and so on. For intermediate
cases, i.e. Hp~H,, the nutation spectrum appears more or less complicated, but the
spectrum can be interpretable using the rotating-frame total spin Hamiltonian. 12,13

In addition, multiple quantum transitions can be observable in the nutation
spectrum even in the extreme limit of Hp>>H;. The nutation frequency arising from
the multiple quantum transition is considerably reduced due to the scaling effect of
the effective field which spin ensembles experience in the rotating frame, as
described below. In Table I are summarized nutation frequencies Wy on resonance
for various cases of S and Hp at experimentally typical discretions.
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TABLE | On-resonance nutation Frequencies for various cases.

Hp << H; Wy~
Hp ~ H, not single Wy
Hp >>H;  wy=w, [S(S+1)-MgMs'] 1/2. Wn=W;(S+1/2)
(Mg'=Mq-1) for the Mg=1/2 « M'=-1/2 transition
(S = 3/2, 5/2, 7/2, ---).

W=, [S(S+1)] 172
for the Mg=0 « Mg'=-1 or Mg=1 »
M;'=0 transition {S= 1, 2, 3, ---).
Wpdd =W, (W /wp)  for S=1
Wpde =w; (7w, /4wp) for S = 3/2
Wp'd =w,(3w,/8wp)2 for S = 3/2

Wnda and w9 denote the nutation frequency for double and triple quantum
transitions (S = 1), respectively.

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.26 The three-level model also has
been applied to other multi-level systems, simplifying actual systems to give
reasonable theoretical interpretations to a variety of transient phenomena.27‘29
Nevertheless, the nutation of multiple quantum transitions has not been fully
expounded in ESR spectroscopy.

Following Vega-Pines-Wokaun-Ernst approach of the fictitious spin 1/2
operator in terms of the Zeeman basis,30,31 we treat the S=1 spin Hamiltonian in
the rotating frame to obtain a physical picture of transient nutation phenomena for
double quantum transitions. The spin Hamiltonian for an S=1 system is

Hy= -woSz + wp [Sz2-5(S+1)/3] + wg(Sx?-Sy?). (20)
For simplicity, we will neglect the third term hereafter. The single quantum ESR

transitions appear at Wy:Wp and the double gquantum transition appears at W.
Introducing fictitious spin 1/2 operators in terms of the Zeeman basis, the total spin
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operators in Equation (20) are expressed as

Sk= /2 (Sk172 + Sk2-3) (k=x.y)
Sz= 28172 + 8,273) = 28,13, bo@y

where §,;1-2 and S;2-3 (1=x,y,z) are single quantum operators, and S;!-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 Hamiitonian of Equation (20) can be
rewritten in terms of the fictitious spin 1/2 operator as

Hy= -2uw0S,1-3 + (2wp/3)(S,!-2 - §,2-3) (22)
and similarly, the secular part of the microwave field Hamiltonian is given as
Hi= -wiSg = -/2 wy(Sk12 + 8k273),  (k=xy) (23)

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

HR= -2(wo-w)S; 173 + (2wp/3)(S;12 - $,273) - /2 wy(Sg 12 + 8¢273). (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=wyxWp. First, let us
consider the 2-3 transition. Defining AW=wg+Wp-W with AW<<Wwp makes us rewrite
Equation (22) as

Ho r= -AWS,2-3 + (4wp/3 - Aw)(S,1-2 + S,1-3), (25)

where the triangular relation for the z-component of the fictitious spin 1/2 operator
Sz1-2 +§,2-3+5,1-3=0 and the similar relation under cyclic pemutation with respect
to 1,2 and 3, and S,3-1=S,!-3 are used.  The eigenvalues EqR; (i=1,2,3) in the
rotating frame are given as
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EgRy = 4uwp/3 - Aw
EgR; = -2wp/3 } (26)
EgR3 = -2wp/3 + Aw.

In the extreme limit of Hp>>Hi, i.e. wp>>wj, the term /2w;S,1-2 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

HR= HR2'3 + HR1-2,1-3 ’ (27)
where

Hg2-3 = -AwS,2-3 - /2w 2-3, (28)

Hp1-2.1-3 = (4wp/3 - Aw)(S,1-2 + §,1-3), (29)

and (Hg2?-3, Hg!-2.1-3]=0. Here, we arrive at a physical picture for the 2-3
transition, which is described by Hp2-3. The S=1 spin nutates around an effective
field with a frequency wWe=(AW2+2w;2)1/2 which is tilted by an angle of 8=tan-
1(/2w,/aw) with respect to the z-axis. If microwave excitation is carried out on-
resonance for the 2-3 transition, i.e Aw=0, the spin precesses at the nutation
frequency w,=w,.=/2W;, as given in the preceding section: w,=[S(S+1)]}/2w,; (S=1).
The on-resonance nutation is given as

exp(i,/2w1tSy2‘3)SZZ‘3exp(—i/2w1tSy2‘3) = §;23cos(/2wyt) - Sx2-3sin(y/2wqt),
(30)
where p2-3(0)=S,2-3 is assumed. Corresponding arguments in terms of the density
matrix hold.
Now we treat the nutation of the 1-3 double quantum transition appearing at W,
for the S=1 system. Again we define Aw=-(W-Ww,) with AwW<<wp. The rotating-
frame total spin Hamiltonian is given as

Hr= -28wS,1-3 + (2up/3)(S172 - $,2-3) - J2wq(SKl-2 + S2-3). (31)
HR can be rewritten by unitary transformations as

HRU = -2Awcos(8/2)S,173 + (1/2)(we-wp)S 13
+[20p/3 + (1/2)(we-tp)} (8,172 - 8,2-3) -/20wsin(8/2)(Sk1-2 - 8x2-3)  (32)



Downloaded by [Tomsk State University of Control Systems and Radio] at 11:22 18 February 2013

FT PULSED ESR/SPIN TRANSIENT NUTATION SPECTROSCOPY 201

with sin9=2wj/We, cos9=Wp/We, and We=[Wp+4w;])1/2. In the extreme limit of
Hp>>Hy, i.e. wp>>wy, we obtain

HRU = HRU'1—3 + HRU’1-2’2—3, (33)
where

HRU.1-3 = -2Aws,1-3 + (w1 2/wp)S1-3 (34)
and

HRU,1-2,2—3 = [2wp/3 + (wlzlmD)](Szl_z - §,2-3y, (35)

noting [HgU.1-3, HpU.1-2.2-31=0.  Any action on the 1-3 double quantum transition
is described by HpU-1-3. The S=1 spin system nutates around an effective field with
We=[4Aw2 + (W12/wp)211/2 and a tilting angle S=tan-![-w2/2wpAw)). If
microwave excitation is carried out on-resonance for the 1-3 transition, the nutation
frequency is given as w,=Ww,=W1(W1/Wp), showing that w ~0 is obtained due to the
scaling factor wy/wp<<1.

Corresponding treatment can be applied to an S=3/2 system for the two double
quantum transitions appearing at WytWp and corresponding nutation frequency W,
undergoes a scaled field wy(7wy/4wp)=wy,300.32 giving wp<<w; in the extreme
limit of H;<<Hp, i,e. W <<wp. For a triple quantum transition appearing at w, for
the §=3/2 system, the corresponding nutation is induced by an effective field Be=-
TWe, i.e., W,=W,=w1(3w;2/8wp2),32 showing that the scaling factor for the nutation
frequency is 3w, %/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
Wy values which are undetectable by conventional cw ESR spectroscopy. Since the
multiple quantum nutation is intrinsic to multi-level systems (Sz1), it can be used
for discriminating high spins from S=1/2. The Vega-Pines-Wokaun-Ernst approach
can be extended to transient nutation phenomena of arbitrary spins and more general
cases, and useful experimental aspects can be predicted.33
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EXPERIMENTAL METHOD

The nutation experiment can be made by either observing the FID or electron spin
{or rotary) echo (ESE) signal s(t, tp) as time-domain spectroscopy (time axis tp)
by incrementing the time interval t{ of microwave pulse excitation parametrically.
The two time variables t and t) are independent. s(t], tp) measured as a function
of t] and ty is converted into a 1D or 2D frequency domain spectrum, i.e.,

FID s(t,,t2)

WIS
Laatll

IR Y t2

h N
7

FIGURE 3 Schematic timing diagram for the FID-detected transient nutation
experiment.6 The FID signal s(tt, 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 S(ty,fz)) or S(f1.fz) by a 1D or 2D Fourier

transformation, respectively.

S(f1, t2) (or S(t1, f2)) or S(fy f) by Fourier transformation. Qur 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
published elsewhere. The timing diagram for our nutaion experiment is sche-
matically shown in Figure 3.6 A current Bruker, Inc. ESP300E/380 2D FT ESR
spectrometer equipped with a dielectric cavity of tunable Q,=100~5000 was used for
our nutation experiment34 and cryogenic temperature was controlled with an Oxford
helium gas-flow variable-temperature system. The microwave puise was amplified
by a 1KW pulsed traveling wave tube (TWT) amplifier. Electron spin transient
nutation experiments are sensitive to a B, homogeneity and the B, gradient effect
must be taken into account in the experimental interpretation,6 but the gradient
effect across the sample was not considered in our interpretation since only a small
portion inside the cavity was filled with our samples. The molecular structure of a
quasi 1D organic magnetic polymer A employed in our nutation experiment is
depicted in Figure 1. The polymer as models for quasi 1D organic ferromagnets was
elaborately designed24 based on through-bond approach to high T, organic ferro-
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magnets.20 The sample preparation of the polymer will be published elsewhere.24
Mn2+~ and Cr3+*-doped powder samples were prepared by the usual methods.

RESULTS AND DISCUSSION

Inorganic High-Spin Systems: MnZ*~ and Cr3-Doped MgO Powder

Figures 4 and 5 show a cw ESR spectrum and a typical nutation spectrum of the
55Mn2+(8=5/2, 1=5/2)-doped MgO powder observed at ambient temperature,
respectively. The cw spectrum is comprised of the six hyperfine allowed (AM;=0)

transitions belonging to the |S,Mg=1/2> --- |S§Mg'=-1/2> fine-structure
transition. All the six lines gave the same nutation frequency w,=12.24 MHz at the
microwave amplitude of 20db (the corresponding absolute microwave power at 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 Wwy=wy(S=1/2)
observed for a reference standard (a single crystal of DPPH), demonstrating that the
particular relationship Wp=(S+1/2)Wwy in the extreme limit of Hp>>H; holds, i.e.
Wn=3w; as expected for S=5/2. Thus, the six hyperfine lines are identified to arise
from the |S=5/2, Mg=1/2> --- |S=5/2, Mg'=-1/2> transition. Since the hyperfine
splitting (A=0.008111 cm~') is much greater than the fine structure splitting (a'=
0.001901 cm~1), 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 transition is apparently intensified even in the
powder-pattern fine-structure spectrum of the ground state (SSS /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) (35574 - 30S(S+1)S72 + 255,2 - 6S(S+1) + 352(S+1)2)
+ (a'/48)(S.4 + .4 (36)

with a'=B./6 and B refers to the octahedral constant. For S=5/2, Equation (36)
reduces to
He= (a'/384)(112824 - 760822 +567) + (a'/48)(S.4 + S_4), (37)

which is comprised of the octahedral crystal-field operators connecting spin
sublevels with M values differing by +4.35.36
Cr3+ and its complexes among the 3d3 ions have been extensively studied.



Downloaded by [Tomsk State University of Control Systems and Radio] at 11:22 18 February 2013

204 T. TAKUI ET AL.

| ' { ' | J
0.32 0.34 0.36
MAGNETICFIELD /T

FIGURE 4 Cw ESR spectrum of Mn2*(S=5/2, 1=5/2)-doped MgO powder
observed at ambient temperature. The six absorption lines arise from the
hyperfine allowed transitions (aM;=0) belonging to the IS, Mg=1/2> ---

|S,Mg'=-1/2>.

7 1 y
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Nutation frequency / MHz

FIGURE 5 Nutation spectrum of 35Mn2+(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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FIGURE 6 Cw ESR spectrum of Cr3+ (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.

’ \/\NV\AA\,./\W
(©)
(d)

R 60

Nutation frequency / MHz

FIGURE 7 Nutation spectra of Cr3+ (S=3/2)-doped MgO powder observed at
ambient temperature. The nutation was measured on the central line of 50,
52, 54Cr3+: (a) - (d) show the dependence of the nutation on microwave
excitation amplitude:(a)25db (b)20db (c)15db (d)10db. The power levels are
given only for relative comparison, but they were linear.



Downloaded by [Tomsk State University of Control Systems and Radio] at 11:22 18 February 2013

206 T. TAKUI ET AL.

Figure 6 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 at ambient temperature and the central line arises from
50,52,54Cr3+ (I=0) and the hyperfine quartet satellite lines are due to 33Cr3+(I=3/2,
natural abundance 9.54%) with A=0.00163 em-1.37 Figures 7(a)-(d) show nutation
spectra obtained from the central line of Cr3* in MgO powder at ambient
temperature at various microwave amplitude levels. In Figure 7(d) two nutation
frequencies are seen near 15 (w;) and 30 MHz (2w;). The nutation frequency
component at ;{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 amplitude, the 2w, peak approached the w; peak, as seen
from Figure 7(d) to 7(a), and coincided with the W, peak at weak levels of the
microwave amplitude. The nutation spectra shown in Figure 7(d)-(b) can be
classified in the intermediate regime Hp~H;, since the 2w, frequency corresponds to
w,(S=3/2)=(3/2+1/2)w; in the extreme limit of Hp>>H;, identifying the nutation
frequency W, (S)=2w, to arise from the |S, Mg=1/2> --- |S, Mg'=-1/2> ESR
transition (S=3/2). As described in the preceding theoretical treatment, the
vanishing Hp does not produce any single-quantum nutation frequency different
from w,. 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 detected such symmetry reduction due to a distortion taking
place at the impurity lattice site in MgO. Isoya et al. is the first who have found
such a subtle distortion responsible for non-vanishing fine-structure terms with the
help of the electron spin transient nutation technique.l8

It is interesting to note a behavior of the nutation frequency near w,~ O in
Figure 7. 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 S=3/2 system with the microwave field By, i.e. Wy (By=-
Twy) scaled by 7w,/4wp, showing that the nutation arising from the double quantum
transition appears near W,~0 in the extreme limit of H;<<Hp and that w, departs
from nearby zero frequency with increasing microwave amplitude, i.e. W,. Thus, the
theoretical prediction can qualitatively interpret the observed behavior of the



Downloaded by [Tomsk State University of Control Systems and Radio] at 11:22 18 February 2013

FT PULSED ESR/SPIN TRANSIENT NUTATION SPECTROSCOPY 207

nutation spectrum of the nearby zero frequency. Also, the possible occurrence of
the contribution from a triple quantum transition appearing at the central ESR line
W, can not be excluded. For the triple quantum transition of S=3/2 systems the
scaling factor is 3w;2/8wp2, as given in Table I and the triple quantum nutation

appears at W, ~ 0 in the extreme limit of H;<<Hp,.

A Quasi 1D Organic High-Spin Polymer A
Figure 8 shows a cw ESR spectrum of the solid-state polymer A observed at 6.7K.

The ESR line shape was Lorentzian, indicating the exchange-narrowing taking place
in the system. Figures 9(a) and (b) show the microwave amplitude dependence of
the on-resonance nutation spectra of the polymer A where the FID signal s(t;, t,)
was measured at 6.7K. Figure 10 shows a 2D representation of the 1D Fourier-
transformed FID signal s(t;, t,) as a function of the time-domain nutation defined
by the time-axis t; segmentation, noting that the FID signal s{t,, t,) was Fourier-
transformed only along the time-axis t, into the frequency-domain power spectra.
The FID signal s(ty, tp) was obtained at good signal-to-noise ratios by incrementing
the interval ty, as seen in Figure 10. In Figure 9 many nutation-frequency
components depending on the microwave amplitude are seen. They were
reproducible and were not distinguishable at elevated temperatures. In the extreme
limit of Hp>>H1 the lowest distinguishable nutation peak wWwn(S;) besides the strong
one near zero frequency corresponds to an effective spin quantum number §;>2,
which was evaluated by comparison with the nutation frequency w,(S=1/2) of the
reference standard ( a single crystal of DPPH): w,(S;) > 2w,(S=1/2). Table I shows
the peak assignments to effective spin quantum numbers assuming that Mg = 0 —-
Mg' = #1 transitions are dominant in the nutation spectra. The nutation experiment
on the polymer A clearly identified the polymer A in the solid state to be a mixture
of high-spin assemblages with various spin quantum numbers Si's some of which
exceed two. This finding supports the experimental result from the magnetization
curve fitting for the same polymer: the Brillouin function fitting gave an effective
S§=2.24  The magnetization curve fitting is insensitive to an ensemble of various
spin quantum numbers S's. This fitting procedure is problematic and impractical
with the increasing number of S's expected for extended spin structures of magnetic
polymers or spin clusters. The present nutation experiment demonstrates that
electron spin transient nutation techniques are more suitabie for the spectroscopic
discrimination of S's for high-spin assemblages, noticing that one of the drawbacks
of the nutation method is time resolution. For further systematic identification of
S's the sample preparation and nutation experiments of high-spin oligomers A with
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FIGURE 8 Cw ESR spectrum of a quasi 1D organic high-spin polymer A in:
the solid state observed at 6.7K.
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FIGURE 9 Nutation spectra of a solid-state polymer A observed at 6.7K.
The microwave amplitude dependence of the on-resonance nutation is shown:
(a)30db (b)25db: The corresponding absolute microwave power was not
calibrated.
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512 ns

FIGURE 10 2D representation of the 1D Fourier-transformed FID signal
s(t, tp) of a solid-state polymer A as a function of the time-domain nutation

defined by the time axis t1. The FID signal s(t1, t2) was Fourier transformed
only along the time-axis t3 into the frequency-domain power spectra.

TABLE I _The nutation peak assignments to effective spin quantum numbers
appearing in the nutation spectra observed from the quasi-1D polymer A at

6.7 K.
N oo, S [S(S+1)]1/2
a 484 (=w) 1 1/2
b 7.88 1.63 1 [1(1+1)]12 = 1.41
¢ 1147 2.37 2 2@+1)]2 =245
d  16.73 345 3 33+1)}2=3.46
e 2295 4.74 4 [4(4+1)]'? = 4.47
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S=1 or 3/2 are under way. The effective spin multiplicities of molecular high-spin
components in the solid-state polymer A can be hampered by both inter- and intra-
molecular antiferromagnetic couplings and the structural disconnection or termina-
tion of the topologically controlled T spin network. The present spectroscopic
evidence of the occurrence of molecular high-spin components, however, illustrates
that the molecular design controlling the topological spin polarization is workable
for constructing M-conjugated organic super high-spin/magnetic polymers.

CONCLUSIONS

The FID-detected electron spin transient nutation spectroscopy was applied to MgO
powder samples doped with Mn2+(S=5/2) and Cr3+(S=3/2) in their high-spin ground
state, demonstrating the advantages inherent in the nutation spectroscopy. The
nutation experiment in the extreme limit of Hp>>H;, (weak microwave excitation
limit) can identify the ESR transition. A non-vanishing Hp, due to a slight departure
from octahedral symmetry was detected at ambient temperature for Cr3* in MgO
powder. This finding contrasts with the well-documented fact that the electronic
ground state of Cr3+ in MgO is characteristic of the vanishing fine-structure term in
the spin Hamiltonian. The nutation spectrum appearing at ® ~O indicates the
possible occurrence of multiple quantum transitions for an S=3/2 system. A
particular spectroscopic feature associated with the double or triple quantum tran-
sition was qualitatively interpretable by the theoretical consideration in the extreme
limit of Hy>>H,.

The nutation method was for the first time applied to a quasi 1D high-spin
organic polymer as one of the most complex amorphous spin assemblages,
identifying that the polymer with an exchange-narrowing ESR lineshape is comprised
of high-spin assemblages with effective molecular spin quantum numbers S's greater
than two. It can be concluded that electron spin transient nutation spectroscopy is
a simple and useful method for the identification of spin quantum numbers and ESR
transitions even for the cases of apparently vanishing fine-structure splittings and
the method is applicable to spin systems with residual fine-structure terms in the
spin Hamiltonian. Fundamental bases for electron spin transient nutation were also
described, particularly for S=1 and 3/2, in the extreme limit of Hp>>H,,
emphasizing a view point of nutation spectroscopy.
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