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Abstract

A theoretical and experimental study of the application of two microwave fields to the case of an inhomogeneously
broadened electron spin resonance (ESR) line with neglect of spin diffusion is presented. The two microwave field ESR
(TMFESR) may be implemented as a simple version of the double-modulation ESR method provided the modulation index
is small. When applied to an inhomogeneously broadened ESR line, the technique yields a response whose width is twice the
width of the spin packet. The E’ defect in ~y-irradiated vitreous silica was studied by TMFESR yielding avalue of T, = 23.6
S, in agreement with time-domain ESR measurements. © 1999 Elsevier Science B.V. All rights reserved.

1. Introduction

It is well known that homogeneous broadening of
the electron spin resonance (ESR) spin packet re-
flects the dynamics of the spin system; however, the
homogeneous line is often obscured by inhomoge-
neous broadening [1]. Detailed information on homo-
geneous linewidth can be extracted by pulsed ESR
techniques [2], but pulsed instruments are not widely
available due to their cost and sophistication. For the
majority of the laboratories employing continuous
wave spectrometers, a simple technique to extract the
homogeneous component of an inhomogeneously
broadened line would be useful. It has been known
for some time that a continuous wave technique, the
double modulation of electron spin  resonance
(DMESR), may also be used to extract narrow ho-
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mogeneous spin packet lines from an inhomoge-
neously broadened ESR line [3]. The method is
based on applying two magnetic field modulations
one at a fixed (observing) frequency and the other
with a swept (pumping) frequency. DMESR has
been applied to a variety of problems [4—10]. ESR
triple modulation methods [9] have also been intro-
duced, alowing measurements of extremely short
values of T, [11,12].

The effects of field modulation are naturally dis-
cussed in terms of the modulation index

B=vBn/ @,

where B, is the amplitude of the modulation at
frequency w,,, and v is the gyromagnetic ratio of the
electron. Most of the previous work [4-8,10] in-
volved magnetic-field modulation indices larger than
five that are large enough to introduce complicated,
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sometimes misinterpreted results. Here we present a
new double modulation method, called the two mi-
crowave field ESR (TMFESR), which is based on
the use of low modulation indices, B8 <0.1. TM-
FESR can be used to extract the spin packet linewidth
from an inhomogeneously broadened ESR line. In
this Letter, we show that proper implementation of
the TMFESR techniques yields unambiguous resullts.

2. Experimental

A sample of vitreous silica, irradiated to 24.4
Mrad with ®Co gamma radiation was purchased
from Wilmad Glass (Buena, New Jersey). All mea-
surements were carried out at room temperature,
T = 22°C. ESR and TMFESR spectra were measured
on a Bruker ESP 300E spectrometer additionaly
equipped. The pumping field was provided by a
Wavetek 50-MHz pulse/function generator Model
166, while the observing frequency was generated by
an EGG Parc Model 124 Lock-in amplifier. The two
frequencies were mixed and then amplified by an
Amplifier Research Model 50A220 radio frequency
amplifier, which drove a small flat coil interna to
the cavity (standard Bruker ER 4102 ST cavity).
Signal acquisition was done with an IBM 486 com-
puter equipped with Real Time Devices ADA2000
interface board.

3. Theory

We employ the formalism of the Bloch equations
in complex form [13], in which the real xy plane of
the coordinate system fixed in the laboratory frame
is replaced by a complex plane so that the magneti-
zation has components (U + iV, W), where U and V
are the real (dispersion) and imaginary (absorption)
parts of the transverse magnetization, respectively
and W is the longitudinal magnetization. A single
rotating microwave field B, in the xy plane and
static magnetic field B, aong the z axis
are combined into a total field with components
(B, exp(—iwt), By), where w isthe microwave field
frequency. After adding the phenomenological relax-

ation terms and transforming into a rotating frame
we get:

d
S (U+IV) = —i(U+iV)7B,

+iWyB, exp( —i wt)

_@’ (1a)
d 1 _ _
G W= 5 [(U=1V)yBiexp(—iwt)
—(U+iV)yB, exp(iwt)] — T|' Sy
(1b)

where W, is the thermal equilibrium value of W, T,
is the spin—lattice relaxation time, and T, is the
spin—spin relaxation time. In Egs. (1a) and (1b), the
modulation is included by replacing the static mag-
netic field, By, by the proper term for the modul ated
magnetic field [13].

Magnetic-field modulation is equivaent to fre-
guency modulation of the microwave field [14]. The
frequency modulated field is represented by a super-
position of monochromatic sideband fields separated
from each other by the modulation frequency. The
amplitudes and phases of the sidebands are given by
the Bessel functions of the modulation index p.
Small values of B for both observing and pumping
field modulations will produce a sideband pattern
that consists of the centerband and very weak first
sidebands, the other sidebands being negligible [15].
Thus, the experiment is performed with only two
monochromatic microwave fields acting upon an in-
homogeneous ESR line, which is the simplest case of
double modulation, both theoretically and expe-
rimentally. Replacing B, exp(—iwt) with a sum
of two microwave fields B, exp(—iw,t) +
B, exp(—iw,t) in Egs. (1a) and (1b) we have Bloch
equations that describe the TMFESR, where B, and
B, are the amplitudes of the observing and pumping
fields of frequency w, and w,, respectively. Having
assumed weak microwave fields, the response of the
spin system will be given as a power expansion of
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the field strengths BJ'B.", which we truncate at third
order as follows:

U+iV=(u+io),exp(—iw,t)
+(u+iv)pexp(—iw,t)
+(u+ iu)go_pexp[—i(Zwo - wp)t]

+(u+ iu)zp_oexp[ —i(2wp - wo)t] ,
(2a)

W= wWo + W, exp| —i( @, — w,)t]
+Wp_0exp[—i(wp— wo)t] , (2b)
where w, is the zeroth order of W in the rotating

frame. The resulting set of coupled differential equa-
tions becomes:

d ] . .
G (U 0= —i(g— @) (Ut o)y

+ i(WO'yB0 + Wo_p'pr)

u+io
_(utiv)o (32
TZ
d . :
a(u—l— i0)20p= —I[a)0 — (2w, — wp)]
><(u+iv)20_p+iwo_pyBo
U+iv)ao.
( )ZOp’ (3b)
T2
1 - .
g = z[(u— i0)oYBy + (U—iv)pYB,
—(u+iu)oyBo—(u+iv)ppr]
wy — W,
S (3c)
Tl
1 : .
i en = E[(u —i0)pyB, + (U—10)2p0YB,

—(Uu+iv)2epyB, — (U+ iu)o‘pr]

W,_p
—[l—iTl(a)o—wp)] = (3d)

1

and the equations obtained from Egs. (3a), (3b) and
(3d) by interchanging o and p, where w, = yB,. We
observe the steady-state solution of these equations,
i.e, the time derivatives are set egual to zero. In
TMFESR measurements of an inhomogeneous ESR
line with narrow spin packets the signal must be
parametrized with the local field w, and the integral
performed over the inhomogeneous distribution func-
tion g(w, ).

4. Results and discussion

4.1. Computer simulations

Egs. (3) with the time derivatives equa to zero
were solved numericaly for an inhomogeneous ESR
line. Spin diffusion was neglected, and the difference
in resonance fields of two successive spin packets
was always less than the full linewidth at half height
(FLWHH) of the spin packet, whose lineshape is
Lorentzian. The inhomogeneous distribution function
g(w, ) was assumed to be a Gaussian lineshape and
the system of linear equations was solved by the LU
Decomposition method [16].

If we were to select a pumping frequency and
sweep the observing frequency, as is common in
optics [17], we would observe a hole burned into the
response at the position of the pumping frequency. In
ESR, since a lock-in amplifier is usually employed,
it is more convenient to fix the observing frequency
and sweep the pumping frequency. In this case, one
observes a constant ESR signal until the pumping
frequency comes into the vicinity of the observing
frequency. Such a TMFESR response is shown in
Fig. 1. The response in Fig. 1 was simulated using
0.01 and 0.02 mG for the amplitudes of the observ-
ing and pumping fields, respectively. The observing
freqguency was 210 kHz while the pumping fre-
quency was swept from 20—400 kHz. The relaxation
times were chosen to be T, = 150 psand T, = 25 s
which correspond to literature values for the E
center in irradiated silica [18], while the inhomoge-
neous ESR linewidth was very broad, T, = 10 ns.

Interestingly, after fitting the TMFESR signal to a
Lorentzian lineshape one finds that the linewidth of
the TMFESR ‘hol€’ is exactly a factor of 2 larger
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Fig. 1. Simulation of the hole burning phenomenon in an inhomo-
geneously broadened ESR line observed by a weak fixed observ-
ing microwave field B, = 0.01 mG at 210 kHz in the presence of
aweak pumping microwave field B, = 0.02 mG swept from 20 to
400 kHz. The linewidth of the ESR line is 31.8 MHz (T,* =10
ns), the electron relaxation times of the spin packet are T, = 25 s
and T, =150 ps. The density of spin packets is 643 MHz 1. (@
In-phase TMFESR spectrum. (b) Out-of-phase TMFESR spec-
trum.

than the spin packet width. Thus, the relaxation time
T, is found from the relation:

- 2
2 Ay '

(4)

where 4, , is the FLWHH of the TMFESR re-
sponse measured in Hz. A similar result is known in
saturation spectroscopy in optics [19]. Note that the
textbook expression for a Lorentzian spin packet is
of the form of Eq. (4) with a factor of unity in the
numerator when the FLWHH is in Hz. If the inho-
mogeneous line is imagined as a series of homoge-
neous spin packets, Lorentzian lines, of a certain
linewidth, then the TMFESR is a hole burning exper-
iment producing a ‘hole' twice as broad as the spin
packets. This result is the consequence of the fact
that the observed signa is the convolution of two
Lorentzian lines of equal linewidths, which doubles
the linewidth [19]. When the phase of the reference
frequency of the lock-in amplifier is set at 90° with
respect to the observing modulation frequency, it has
been known that a dispersion-like signa may be
observed [3,20]. By considering the signal as a con-
volution of a modulation response function and ESR
signal one may show [21] that the signal is the

dispersion of the spin packet. The out-of-phase TM-
FESR (dispersion) signal is shown in Fig. 1b.

We emphasize that this ssimple result allowing the
direct measurement of T, is only valid a small
values of the modulation indices, < 0.1. At higher
indices, the linewidth of the TMFESR line depends
on the intensity of both microwave fields [21].

4.2. Measurements

Fig. 2 shows the ESR spectrum of the irradiated
silica sample housed in the same ESR cavity with a
single crystal of fluoranthenyl radical cation salt
(FA ,)"PF; with the reference of the lock-in ampli-
fier in phase with the modulation. This organic
conductor gives a single narrow ESR line [22,23]
with a peak-to-peak linewidth of 12.2 mG. The
(FA,)"PFR; sample was used to insure that the
index of modulation for each modulation frequency
is very smal, <0.1, and that the reference phase of
the lock-in amplifier was properly set. The narrow
line of (FA,)" PRy permits direct observation of the
two microwave sidebands. Under these conditions
only the two first microwave sidebands are detected,
i.e., there are only Bessel functions of order +1 in
the modulation response function [21], Fig. 2. Note
that contrary to some textbook accounts, only the
two sidebands are observed; there is no central com-
ponent to the resonance. The frequency of the ob-
serving modulation was chosen to be 210 kHz to

L 1 L I

3468 3470 3472 3474
Magnetic Field / G

Fig. 2. In-phase ESR spectrum of irradiated vitreous silica, broad
resonances near 3470 and 3472 G, and a single crystal of flouran-
thenyl radical cation salt (FA,)* PRy, narrow resonance near
3469 G. The modulation frequency is 210 kHz. The narrow lines
display the two microwave sidebands and an absence of a central
component.
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provide ample baseline. The in-phase TMFESR (ab-
sorption) signal is observed when the frequency of
the pumping modulation is swept over the observing
modulation frequency, at a fixed magnetic field posi-
tion of 34729 G, Fig. 3. The term in-phase is with
respect to the phase of the observing modulation. To
determine the FLWHH of the signal, least-squares
fitting was employed. The fit to the sum of the
absorption of two Lorentzians was significantly bet-
ter than that for a single absorption Lorentzian line.
The FLWHH of the narrow Lorentzian was 27 kHz,
which according to Eq. (4) correspondsto a spin—spin
relaxation time of 23.6 ws which is very close to the
value T, =25 s measured by the Eatons and co-
workers [18,24]. The fit of the broader line depends
on the noise, giving a FLWHH, which is about four
times that of the narrow line with a relative uncer-
tainty of 15%. This result agrees with the finding of
Ref. [18] where the saturation recovery data at X-
and S-bands were fit to two exponentials. Fig. 4
shows the out-of-phase TMFESR (dispersion) signal
obtained by shifting the reference phase of the lock-in
amplifier by 90°. The out-of-phase TMFESR signal
was fit to two Lorentzian dispersion lines, yielding
linewidths identical to those of the absorption signal.
The wiggles on the top of the signal are caused by
the beat frequency wg = @, — w,.

Using the triple modulation ESR technique Miya-
gawa's group has studied an X-ray irradiated fused
quartz [9] and an activated carbon [12]. In the triple

%w
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Pumping Frequency / kHz

Fig. 3. (@ A typical in-phase TMFESR spectrum of y-irradiated
vitreous silica, with the field set at 3472.9 G. The observing
frequency is 210 kHz and pumping frequency is swept from 61 to
586 kHz. (b) The best fit to the observed signal which is com-
posed of the absorption of two Lorentzian lines. (c) The difference
between the experimental spectrum and the best fit.
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Fig. 4. (@) A typical out-of-phase TMFESR spectrum of ~-irradia-
ted vitreous silica, with the field set at 3472.9 G. The observing
frequency is 210 kHz and pumping frequency is swept from 61 to
586 kHz. (b) The best fit to the observed signal, which is
composed of the dispersion of two Lorentzian lines. (c) The
difference between the experimental spectrum and the best fit.

modulation ESR technique the third modulation was
used as the detecting modulation, which alows one
to detect a broad spin packet using an ordinary
lock-in amplifier with a working range below 100
kHz. The modulation indexes in those studies (see
fig. 1d in Ref. [9]) were very small as in this work,
thus the relaxation time T, in those experiments can
be calculated using Eq. (4), or in other words they
can be regarded as TMFESR experiments. The
linewidth of the triple modulation ESR signal of the
X-ray irradiated sample [9] was the same order of
magnitude as T, measured in our study. The previ-
ously unexplained nature of the observed splitting of
200 kHz in the triple ESR spectra [9] can be ex-
plained by the type of detection used, that is the
second-harmonic signal at the detecting frequency. If
the phase-sensitive detector is driven at twice the
detecting frequency and the index of modulation is
small then the second-harmonic signal has only two
sidebands separated by four times the detecting fre-
quency [21].

The linewidth of the TMFESR signa was mea-
sured as a function of microwave power. It was
found that the narrow line broadens with increasing
microwave power, while its height increases, reaches
a maximum and then disappears. This disappearance
is presumably caused by spin diffusion [18] and
saturation.
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5. Conclusions

We have shown both theoretically and experimen-
taly that the method of two microwave field ESR
(TMFESR) can be used to measure the spin—spin
relaxation time T, in an inhomogeneously broadened
ESR. An expression, Eq. (4), to calculate T, from
the linewidth of the TMFESR signal is given. This
expression is a factor of 2 larger than expected for
the spin packet [25]. Experimentaly, we used the
double modulation ESR technique with extremely
small modulation indexes for both modulations,
< 0.1. The electron spin—spin relaxation time T, of
the E' defect in vy-irradiated vitreous silica, which
was proposed as a standard for time-domain ESR
[24], was measured by TMFESR and was found to
be the same as that measured by time-domain ESR
[18]. To measure a broad spin packet the same
experiment can be performed using the technique of
triple modulation ESR [9].
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