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A microwave two-pulse sequence with a weak and long 180°
first pulse and a hard 90° second pulse is employed to detect
nuclear coherences in pulsed EPR. The coherences created by the
first pulse are transferred after an evolution period T into an
observable FID by the second pulse. The free induction is mea-
sured at some fixed delay after the second pulse; it is modulated
when T is varied. As the second pulse may be switched on imme-
diately after the first pulse, the nuclear coherences may be detected
immediately as they start to freely oscillate, without loss of infor-
mation within the instrumental dead time. The method is demon-
strated for a sample of the radical cation of 15N-labeled bacterio-
chlorophyll a. © 1998 Academic Press
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INTRODUCTION

Electron spin echo envelope modulation (ESEEM) spectros-
copy has proved to be a very efficient tool for studying elec-
tron–nuclear hyperfine interactions (1, 2). Modulation arises as
a result of branching of different transitions excited simulta-
neously by the microwave pulse. There are basically two types
of ESEEM experiment, the two-pulse (primary echo) and the
three-pulse (stimulated echo). In the primary echo experiment,
echo modulation appears because of interference between tran-
sitions of different frequencies. In the stimulated echo, the first
two pulses create a coherence between nuclear states of the
same electron spin manifold. This coherence is then transferred
by the third pulse to the observable electron coherence. Many
variations have been devised (1, 2), including two- and three-
dimensional experiments (3).

The most serious drawback of the ESEEM modulation ex-
periment is the instrumental dead time that is induced by cavity
ringing after a microwave pulse. A loss of the initial time
interval may be critical for broad lines, which are the rule in
disordered systems, as the line shape is distorted substantially
and therefore difficult to interpret. The distortion is especially

prominent for the cosine and sine Fourier transforms (spectra
of absorption and dispersion, respectively), because of the
dead-time induced phase shifts, so normally only absolute
value spectra are analyzed (2). To overcome this problem,
different detection schemes have been proposed. We mention a
5-pulse sequence for the remote primary echo detection (4), a
7-pulse sequence for the remote HYSCORE echo detection (3),
and a 4-pulse sequence employing a combination of selective
and nonselective microwave pulses (5).

In the present work we propose a simple 2-pulse sequence
which, on the one hand, allows detection of nuclear coherences
of the same type as in the 3-pulse stimulated echo experiment
but, on the other hand, is free from the instrumental dead time.
Conceptually, the developed approach may be considered a
hybrid of the coherent Raman beat detection of nuclear coher-
ences suggested by Bowman (6) and of the FID-detected hole
burning in pulsed EPR developed in Schweiger’s group (7, 8).

The pulse scheme is shown in Fig. 1. Nuclear coherences are
produced by the first weak and long microwave pulse, which is
neither ‘‘hard’’ nor ‘‘soft’’ ( 6). The amplitude of this pulse is
comparable with the parameters of the static spin Hamiltonian,
so many nuclear transitions are excited (the pulse is not soft)
but evolution during excitation depends not only on the pulse
amplitude and duration but also on the Hamiltonian parameters
(the pulse is not hard). The amplitude of the first pulse is also
low enough that the second, a hard 90° pulse, creates an FID
that is observable after the instrumental dead time imposed by
the second pulse (8). (Normally the FID is obscured within the
dead time because of the large inhomogeneous broadening of
the EPR line. The hole burned by the low-amplitude pulse has
a width approximately equal to the pulse (B1) amplitude. Thus,
for a 180° first pulse of durationtD, the FID after the second
pulse lasts approximatelytD also (8).) This FID, taken at some
delayt after the second pulse, is measured as a function of the
delay T between the two pulses. To avoid FID after the first
pulse and unwanted echoes after the second pulse, the exper-
iment is carried out twice, with the phase of the first pulse
cycled between 0° and 180°, and the resulting signals added.

Note that similar pulse sequences, but with different detec-
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tion schemes and/or pulse amplitudes, and therefore with dif-
ferent type of information derived, have been employed in a
number of previous ESEEM studies (7–10). Wacker and
Schweiger (7), for example, studied the FID after the second
pulse as a function oft whenT was fixed and close to zero (see
below). Earlier (9, 10), the echo signal appearing after the first
long and weak pulse and the second short and strong pulse
were studied.

THEORY

Let us consider aS5 1
2
, I 5 1

2
model system described by the

rotating-frame Hamiltonian

H0 5 DvSZ 1 vI I Z 1 ASZIZ 1 BSZIX, [1]

where Dv is the difference between the electron Zeeman
frequencyv0 and the microwave frequencyv, vI is the nuclear
Zeeman frequency,A andB are determined by the elements of
the hyperfine tensor,A 5 TZZ, B 5 (TZY

2 1 TZX
2 )1/2. In the

presence of the microwave field applied along theX axis of the
rotating frame, Hamiltonian [1] is changed to

H1 5 H0 1 v1SX, [2]

wherev1 is the amplitude of the microwave frequency.
The density matrix changes according to

r ~t ! 5 exp(2iHt )r ~0!exp~iHt ! , [3]

where H is given by [1] or [2], depending on whether the
microwave field is applied or not.r(0) is the initial density
matrix; in thermal equilibrium it may be taken to ber(0) 5 1 2
(\v0/kT)SZ.

Hamiltonian [1] is easily diagonalized, resulting in the en-
ergy levels

E1 5 2Dv / 2 2 vb / 2

E2 5 2Dv / 2 1 vb / 2

E3 5 Dv / 2 2 va / 2

E4 5 Dv / 2 1 va / 2 [4]

with the two nuclear transition frequencies

va 5 @~ A / 2 1 vI !
2 1 ~B / 2!2#1/ 2

vb 5 @~ A / 2 2 vI !
2 1 ~B / 2!2#1/ 2. [5]

Hamiltonian [2] in its general form cannot be diagonalized
analytically. The well-known exception is the case of an ideal
hard pulse, whenv1 @ Dv, A, B, v1. In this case the density
matrix after the pulser1(0) can be found easily using Eq. [3].
However, a hard pulse does not produce observable nuclear
coherence (1, 2). In fact nuclear coherence after a single mi-
crowave pulse appears when the pulse amplitudev1 is of the
same order of magnitude as the parameters of Hamiltonian [1].
Analytical solution for the density matrix under this condition
is possible only for some special cases. Fortunately, for our
purposes we do not need the exact values of all the density
matrix elements after the first pulse. Indeed, diagonal elements
of r1(T) do not depend on timeT and will appear in the
described experiment as a constant offset only. (These ele-
ments produce a modulation of the FID if the latter is recorded
as a function oft (7, 8).) The elements of the FID that are
responsible for the first-order electron coherence disappear
after phase cycling (see above).

Thus, the only matrix elements which govern the observed
signal are those responsible for the nuclear coherence,r12

1 (0) 5
(r21

1 (0))* andr34
1 (0) 5 (r43

1 (0))*. After evolution during timeT,
they become

FIG. 1. Pulse sequence and measuring scheme employed. The first pulse
is a weak 180° long pulse (;150 ns or longer). It produces nuclear coherences
between energy sublevels. After the evolution periodT the second, hard 90°
pulse is applied, which transfers these coherences into an observable FID
signal. This signal lasts beyond the spectrometer dead time because it belongs
to the narrow hole burned in the spectrum by the first pulse. The FID is
measured at some fixed delayt after the second pulse as a function ofT. Also
shown are the density matrix notations used in the text. The first pulse is cycled
by 180° to avoid FID after the first pulse and unwanted echoes after the second
pulse.
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r ij
1 ~T! 5 r ij

1 ~0!exp(2iv ij T) , [6]

wherevij 5 Ei 2 Ej.
One can calculate easily the matrix elements after the second

90° hard pulse and after the subsequent evolution periodt. For
the transverseMY magnetization,

MY~T, t ! 5 Tr$SYr1~T, t !%

5 MY
0 1 sin h sin~Dvt !Re$sin~va t / 2!

3 exp~ivb t / 2!r12
1 ~0!exp~ivbT!

2 sin~vb t / 2!exp~iva t / 2!

3 r34
1 ~0!exp~ivaT!} , [7]

whereMY
0 is the T-independent fraction of FID coming from

the diagonal elements of the density matrixr1(0) andh is the
angle between two quantization axes for the nuclear spin [1],

sin h 5 v1B /vavb . [8]

Equation [7] must to be averaged over the distribution of the
frequency offsetDv arising from the inhomogeneous line
broadening (determined by the width of the hole in our case).
On first sight,My averages to zero because sin(Dvt) is an
antisymmetric function ofDv. However,r12

1 (0) andr34
1 (0) may

also be antisymmetric functions ofDv. This was shown ex-
plicitly for the weak coupling case (6) and may be qualitatively
understood for the general case from the following argument.
Nuclear coherence appears because, when the pulse is neither
hard nor soft, magnetization is allowed to refocus during the
nutation induced by this pulse. The same result would be
obtained when two ideal hard pulses are applied separated by
some intervalt for free precession (the first two pulses in a
stimulated echo experiment). The resulting matrix elements
may be readily found:

r12
1 ~0! , 2sin h sin~Dvt !sin~va t /2!exp~ivb t /2!

r34
1 ~0! , sin h sin~Dvt !sin~vb t /2!exp~iva t /2! . [9]

One can see that the two matrix elements are antisymmetric
functions ofDv. Note also that theT-modulated part of the
observable magnetization, according to [7] and [9], is propor-
tional to sin2h, as in the usual ESEEM experiment.

Fourier transformation of Eq. [7] with respect to the timeT
directly provides nuclear transition frequenciesva andvb. As
the second pulse may be switched on immediately after the first
pulse is ended, the nuclear coherences may be detected imme-
diately when, after the first pulse is ended, they start to freely
oscillate. For longT delays, the signal is suppressed by spin–
lattice relaxation.

Equation [7] predicts that the phases and amplitudes of the
oscillations depend on three factors, sin(va(b)t/2), exp(ivb(a)t/
2), and r12(34)

1 (0). The first factor may cause a suppression
effect, which is common for the usual stimulated ESEEM
experiment. To diminish its influence, one may make measure-
ments at different delayst and then average the result (after
calculating the absolute value spectrum). The averaging may
be performed by summing all the spectra. The second factor is
a phase-shifting factor, which may be eliminated by calculation
of the absolute value spectrum of complex Fourier transforma-
tion. From another point of view, these two factors may help in
assigning the lines in complicated spectra. Indeed, Eq. [7] may
be Fourier transformed twice, with respect to the timesT and
t. The off-diagonal peaks in the resulting two-dimensional
spectrum will show correlation between the coupled nuclear
frequenciesva andvb—the same result as in the HYSCORE
experiment (3). (The obvious obstacle in our approach is the
dead-time problem of FID detection at smallt and fast decay of
FID when t is increased.)

Finally, the relative amplitudes and phases of the matrix
elementsr12

1 (0) andr34
1 (0) also must be taken into consider-

ation. In some favorable cases, the relation between them may
be very simple. Two such cases have been pointed out by
Bowman (6). If hyperfine interaction is weak, |vI| . |A|, then
r12

1 (0) 5 2r34
1 (0). The other case is a semiselective excitation,

va @ vI @ vb, when nuclear coherences are excited only
within one electron spin manifold. Then |r12

1 (0)|@ |r34
1 (0)|5 0.

If the relation between the two elements is more complicated,
this may also result in a suppression effect.

A general restriction of the approach we suggest is the
relatively small total frequency range that may be investigated.
This range is determined by the width of the hole burned by the
first pulse. It cannot be made larger than 5–10 MHz, as other-
wise the FID after the second pulse would be buried within the
instrumental dead time. Therefore, our approach can be applied
to low-frequency nuclear coherences only.

RESULTS

We studied, as an example, the radical cation of15N-labeled
bacteriochlorophylla.

Figure 2 shows examples of the acquired time traces, given
for several chosen time delayst. As follows from Eq. [7], the
observed signal has a nonmodulated contribution fromMY

0.
This contribution decays due to relaxation. The slowly decay-
ing contribution to the signal was removed by exponential
fitting of the tail and subsequent subtraction. The remaining
fast decaying component (which is probably due to spectral
diffusion) was removed by additional exponential fitting. The
data was zero filled and complex Fourier transformation was
performed.

The cosine, sine, and absolute value spectra for the delays
chosen in Fig. 2 are shown in Fig. 3. One can see that the
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cosine and sine spectra contain relatively narrow lines, espe-
cially in the range 1–2 MHz. Figure 4 gives the result of
averaging over timet by summing all the magnitude spectra
(total number of spectra involved in the averaging is 25). The
spectrum in Fig. 4 may be compared with data obtained in a
usual stimulated ESEEM experiment (11–14). The most com-
prehensive study was performed in (14), where special care
was taken to diminish the suppression effect. The spectrum in
Fig. 4 has peak positions similar to those presented in (14), but
is characterized by a better resolution at low frequency.

CONCLUSIONS

The results show that the suggested two-pulse measuring
scheme possesses all the merits of the traditional three-pulse
stimulated echo experiment. The only drawback is a limited
range of frequencies (several MHz) that may be excited by the
first pulse and therefore investigated. The obvious advantage is
that the nuclear coherences may be detected without loss of any
part of the time interval during which they evolve. This will
restore the line shape of broad lines in disordered solids (lim-

ited again by the above frequency range) and allow one to
obtain narrow peaks, especially for sine and cosine transforms.
The latter property is important when detailed analysis of the
line shape is needed, e.g., when employing nuclear transitions
to study motional effects (15).

EXPERIMENTAL

Preparation of the15N-bacteriochlorophylla sample is de-
scribed elsewhere (11).

Measurements were carried out on a Bruker ESP 380 FT
EPR spectrometer, with a dielectric cavity (Bruker ER 4118
X-MD-5) inside an Oxford Instruments CF 935 liquid-helium
flow cryostat. The cavityQ value was adjusted to provide a
spectrometer dead time of about 100 ns. Two microwave
pulses were produced in different pulse-forming microwave
units. The pulse widths were 296 ns for the first pulse and 16
ns for the second one. The microwave amplitudes of both
pulses were adjusted to provide maximum FID amplitude after
the second pulse. This choice implies that the first pulse is a
180° pulse and the second is a 90° pulse. (The pulse amplitudes
are 1.7 and 15.6 MHz, respectively.) The phase was adjusted to
provide maximum FID amplitude in one channel of the quadra-

FIG. 3. Sine, cosine, and absolute value Fourier transforms of the time
traces shown in Fig. 2. Prior to transformation, a two-exponential relaxation
was subtracted (see text for details) and the data was zero filled.

FIG. 2. Some selected time traces of the FID as a function ofT (see Fig.
1) acquired for a sample of15N-labeled bacteriochlorophylla radical cation.
Temperature, 60 K; repetition frequency, 250 Hz; number of acquisitions, 200.
Delays after the second pulse are indicated.
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ture detection, whereas in the other channel it was close to
zero. FIDs were acquired using a sampling digitizer2 at a fixed
delay t after the second pulse, whereas the time separationT
between the two pulses was varied between 0 and 4800 ns,
with steps of 24 ns. The time delayt in different measurements

was varied between 112 and 304 ns, with steps of 8 ns. The
lower limit of t is determined by the dead time, and the upper
limit is determined by signal decay. Analysis of the data was
done on a personal computer, using homemade programs for
data fitting and Fourier transformation.
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