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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 **N-labeled bacterio-
chlorophyll a.  © 1998 Academic Press

Key Words: pulsed EPR; nuclear coherence; bacteriochloro-
phyll; dead time.

INTRODUCTION

Electron spin echo envelope modulation (ESEEM) spectrot%—
copy has proved to be a very efficient tool for studying ele
tron—nuclear hyperfine interactionk, €). Modulation arises as
a result of branching of different transitions excited simultd?
neously by the microwave pulse. There are basically two typ%
of ESEEM experiment, the two-pulse (primary echo) and t
three-pulse (stimulated echo). In the primary echo experime
echo modulation appears because of interference between t
sitions of different frequencies. In the stimulated echo, the fi
two pulses create a coherence between nuclear states of|%
same electron spin manifold. This coherence is then transfer
by the third pulse to the observable electron coherence. M
variations have been devised, @), including two- and three-

dimensional experimentsS)

The most serious drawback of the ESEEM modulation e
periment is the instrumental dead time that is induced by cavf@f
ringing after a microwave pulse. A loss of the initial tim

C_

prominent for the cosine and sine Fourier transforms (spect
of absorption and dispersion, respectively), because of tl
dead-time induced phase shifts, so normally only absolu
value spectra are analyzed).( To overcome this problem,
different detection schemes have been proposed. We mentio
5-pulse sequence for the remote primary echo detectipra(
7-pulse sequence for the remote HYSCORE echo dete@jon (
and a 4-pulse sequence employing a combination of selecti
and nonselective microwave pulsés.

In the present work we propose a simple 2-pulse sequen
which, on the one hand, allows detection of nuclear coherenc
of the same type as in the 3-pulse stimulated echo experime
but, on the other hand, is free from the instrumental dead tim
Conceptually, the developed approach may be considered
hybrid of the coherent Raman beat detection of nuclear cohe
ences suggested by Bowmas) &nd of the FID-detected hole
urning in pulsed EPR developed in Schweiger's grou).
The pulse scheme is shown in Fig. 1. Nuclear coherences ¢
produced by the first weak and long microwave pulse, which i
1either “hard” nor “soft” (6). The amplitude of this pulse is
%mparable with the parameters of the static spin Hamiltonia

many nuclear transitions are excited (the pulse is not so
pt evolution during excitation depends not only on the puls

nplitude and duration but also on the Hamiltonian paramete

e pulse is not hard). The amplitude of the first pulse is als
enough that the second, a hard 90° pulse, creates an F
Fgat is observable after the instrumental dead time imposed |

atﬁy second pulsed). (Normally the FID is obscured within the
d

ad time because of the large inhomogeneous broadening
the EPR line. The hole burned by the low-amplitude pulse he
Q_Width approximately equal to the puldg Y amplitude. Thus,
a 180° first pulse of duratioty,, the FID after the second

QPulse lasts approximatety, also @).) This FID, taken at some

interval may be critical for broad lines, which are the rule if€/ayt after the second pulse, is measured as a function of

disordered systems, as the line shape is distorted substantidf
and therefore difficult to interpret. The distortion is especiall"'S

#ﬁyT between the two pulses. To avoid FID after the firsi
e and unwanted echoes after the second pulse, the exy
iment is carried out twice, with the phase of the first pulst

1To whom correspondence should be addressed. Fax: (31) 71 5275¢3¥cled between 0° and 180°, and the resulting signals adde
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Note that similar pulse sequences, but with different detec
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90° presence of the microwave field applied alongXhexis of the
- rotating frame, Hamiltonian [1] is changed to

H,=Hy+ 0,5, [2]

where w, is the amplitude of the microwave frequency.
The density matrix changes according to

p(t) = exp(=iHt)p (0)exp(iHt), (3]

FID where H is given by [1] or [2], depending on whether the
microwave field is applied or nop(0) is the initial density
matrix; in thermal equilibrium it may be taken to p@) = 1 —

180° (hwg/KT)S,.
Hamiltonian [1] is easily diagonalized, resulting in the en-
T i ergy levels
Ei= —Aw/2 — wyl2
PO PO oM Py E:= —A0/2+ w,/2
FIG. 1. Pulse sequence and measuring scheme employed. The first pulse Es=Aw/2 - w,/2
is a weak 180° long pulse<{150 ns or longer). It produces nuclear coherences
between energy sublevels. After the evolution peflothe second, hard 90° Ei=Aw/2+ 0,/2 (4]

pulse is applied, which transfers these coherences into an observable FID

signal. This signal lasts beyond the spectrometer dead time because it bel e :
to the narrow hole burned in the spectrum by the first pulse. The FIDqlxs}ﬁ:?I the two nuclear transition frequencies

measured at some fixed delagfter the second pulse as a functioriTofAlso w,=[(AI2 + »)?+ (B/2)?]Y?

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 wg = [(A/2 — w)?+ (B/2)2]Y2, [5]
pulse.

Hamiltonian [2] in its general form cannot be diagonalizec

. . . alytically. The well-known exception is the case of an idee
ion schem nd/or pul mpli nd therefore with dii- . .
tion schemes and/or pulse amplitudes, and therefore wit ard pulse, whem; > Aw, A, B, ;. In this case the density

ferent type of information derived, have been employed in'a_,". . :
numberypof previous ESEEM studieg—(10). Waclferyand matrix after the puls@'(0) can be found easily using Eq. [3].

Schweiger ), for example, studied the FID after the secongng:'z er\éﬁ::’e?( rgr?npgif ni%?sangﬁg?sxgs gfkt)sreglzki)r:elgurﬁlif

pulse as a function dfwhenT was fixed and close to zero (see%rowave pul,se Iappears when the pulse ampliisglés ofgthe
low). Earlier 9, 10, th ho signal rin r the fir . o

below). Earlier §, 10, the echo signal appearing after the firs me order of magnitude as the parameters of Hamiltonian [

long and weak pulse and the second short and strong puée < ¢ . . . ) .
werge studied P gp nalytical solution for the density matrix under this condition

is possible only for some special cases. Fortunately, for ol
purposes we do not need the exact values of all the dens
matrix elements after the first pulse. Indeed, diagonal elemer
Let us consider 8= 3, | = > model system described by thegf p'(T) do not depend on timd and will appear in the
rotating-frame Hamiltonian escribed experiment as a constant o.ffset only. .(These e
ments produce a modulation of the FID if the latter is recorde
as a function oft (7, 8).) The elements of the FID that are
Ho = AwS; + w1z + AS I, + BS Iy, [1]  responsible for the first-order electron coherence disappe
after phase cycling (see above).
where Aw is the difference between the electron Zeeman Thus, the only matrix elements which govern the observe
frequencyw, and the microwave frequenay, w, is the nuclear signal are those responsible for the nuclear cohergng@®) =
Zeeman frequencyh andB are determined by the elements ofp3,(0))* andp3,(0) = (p35(0))*. After evolution during timeT,
the hyperfine tensold = T,, B = (T2, + T2)"% In the they become
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pﬁ(T) = pﬁ(O)exp(—iwijT), [6] Equation [7] predicts that the phases and amplitudes of tt
oscillations depend on three factors, sigst/2), exp{wg,t/
wherew; = E — E;. 2), and p1,(34(0). The first factor may cause a suppressior

] . . .
One can calculate easily the matrix elements after the sec&itgct: which is common for the usual stimulated ESEEM

90° hard pulse and after the subsequent evolution periear experiment. To diminish its influence, one may make measur
the transvers&/, magnetization, ments at different delaysand then average the result (after

calculating the absolute value spectrum). The averaging m:

_ be performed by summing all the spectra. The second factor
My(T, t) = Tr{S,p*(T, t o : L .

V(T Y {Sp’(T, U} a phase-shifting factor, which may be eliminated by calculatio

= MY + sin 7 sin(Awt)Resin(w,t/2) of the absolute value spectrum of complex Fourier transform:

. 1 . tion. From another point of view, these two factors may help i

X expliogt/ 2)pr,(0)expiwg T) assigning the lines in complicated spectra. Indeed, Eq. [7] m:

— sin(wgt/2)expliw,t/2) be Fourier transformed twice, with respect to the tirfiesnd
. t. The off-diagonal peaks in the resulting two-dimensiona
1
X pau(0)explio T}, [7] spectrum will show correlation between the coupled nucles

o ) ) _ frequenciesn, and wg—the same result as in the HYSCORE
whereMy is the T-independent fraction of FID coming from eyperiment 8). (The obvious obstacle in our approach is the
the diagonal elements of the density map0) andn is the  gead-time problem of FID detection at smizdind fast decay of
angle between two quantization axes for the nuclear spin [Hip whent is increased.)

Finally, the relative amplitudes and phases of the matri
sinm = w;B/w,w,. [8] elementspi,(0) andp3,(0) also must be taken into consider-
ation. In some favorable cases, the relation between them m
Equation [7] must to be averaged over the distribution of tHee very simple. Two such cases have been pointed out |
frequency offsetAw arising from the inhomogeneous lineBowman 6). If hyperfine interaction is weake]| > |A|, then
broadening (determined by the width of the hole in our casei(0) = —p34(0). The other case is a semiselective excitatior
On first sight,M, averages to zero because ainf) is an ®, > o, > wgz, when nuclear coherences are excited onl
antisymmetric function oAw. However p},(0) andpi,(0) may within one electron spin manifold. Thepi}(0)| > |p34(0)| = O.
also be antisymmetric functions d&fw. This was shown ex- If the relation between the two elements is more complicate
plicitly for the weak coupling casé) and may be qualitatively this may also result in a suppression effect.
understood for the general case from the following argument.A general restriction of the approach we suggest is th
Nuclear coherence appears because, when the pulse is nelglatively small total frequency range that may be investigate
hard nor soft, magnetization is allowed to refocus during thehis range is determined by the width of the hole burned by th
nutation induced by this pulse. The same result would figst pulse. It cannot be made larger than 5-10 MHz, as othe
obtained when two ideal hard pulses are applied separatedwige the FID after the second pulse would be buried within th
some intervalr for free precession (the first two pulses in ahstrumental dead time. Therefore, our approach can be appli
stimulated echo experiment). The resulting matrix elemerigs low-frequency nuclear coherences only.
may be readily found:
RESULTS
1,(0) ~ —sinn si [ i
piz(0) .S n-sm(Am.)sm(wa T/Z)GX-KI “s7/2) We studied, as an example, the radical catiotrElabeled
p34(0) ~ sin n sin(Aw7)sin(ws 7/2)expiw, 7/2). [91  bacteriochlorophylb.
Figure 2 shows examples of the acquired time traces, give
One can see that the two matrix elements are antisymmefiac several chosen time delaysAs follows from Eg. [7], the
functions of Aw. Note also that thd-modulated part of the observed signal has a nonmodulated contribution fitdéh
observable magnetization, according to [7] and [9], is propoFhis contribution decays due to relaxation. The slowly decay
tional to sirfy, as in the usual ESEEM experiment. ing contribution to the signal was removed by exponentis
Fourier transformation of Eq. [7] with respect to the tifie fitting of the tail and subsequent subtraction. The remainin
directly provides nuclear transition frequencigsandwg. As  fast decaying component (which is probably due to spectr:
the second pulse may be switched on immediately after the fidéffusion) was removed by additional exponential fitting. The
pulse is ended, the nuclear coherences may be detected imdata was zero filled and complex Fourier transformation we
diately when, after the first pulse is ended, they start to fregherformed.
oscillate. For longrl delays, the signal is suppressed by spin— The cosine, sine, and absolute value spectra for the dela
lattice relaxation. chosen in Fig. 2 are shown in Fig. 3. One can see that tt
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FIG. 2. Some selected time traces of the FID as a functiof (dee Fig.
1) acquired for a sample dfN-labeled bacteriochlorophyd radical cation.

Temperature, 60 K; repetition frequency, 250 Hz; number of acquisitions, 200.

Delays after the second pulse are indicated.

cosine and sine spectra contain relatively narrow lines, espe-
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ited again by the above frequency range) and allow one 1
obtain narrow peaks, especially for sine and cosine transforr
The latter property is important when detailed analysis of th
line shape is needed, e.g., when employing nuclear transitio
to study motional effectsl).

EXPERIMENTAL

Preparation of thé°N-bacteriochlorophylia sample is de-
scribed elsewherel ().

Measurements were carried out on a Bruker ESP 380 F
EPR spectrometer, with a dielectric cavity (Bruker ER 411!
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 microwav
pulses were produced in different pulse-forming microwav:
units. The pulse widths were 296 ns for the first pulse and 1
ns for the second one. The microwave amplitudes of bot
pulses were adjusted to provide maximum FID amplitude afte
the second pulse. This choice implies that the first pulse is
180° pulse and the second is a 90° pulse. (The pulse amplituc
are 1.7 and 15.6 MHz, respectively.) The phase was adjusted
provide maximum FID amplitude in one channel of the quadra

cosine

AN

absolute value

{\/\/\jZ ns

sine

cially in the range 1-2 MHz. Figure 4 gives the result of
averaging over timeé 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 experimentl-14. The most com-
prehensive study was performed ibd), where special care

was taken to diminish the suppression effect. The spectrum in

Fig. 4 has peak positions similar to those presented4 put
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 0

intensity, a.u

5 MHz

that the nuclear coherences may be detected without loss of arBfG. 3. Sine, cosine, and absolute value Fourier transforms of the tim

part of the t?me interval during \{Vhich the'y evolve. Th'iS Wi!ltraces shown in Fig. 2. Prior to transformation, a two-exponential relaxatio
restore the line shape of broad lines in disordered solids (limvas subtracted (see text for details) and the data was zero filled.
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500 — 71— was varied between 112 and 304 ns, with steps of 8 ns. Tl
lower limit of t is determined by the dead time, and the uppe
limit is determined by signal decay. Analysis of the data wa
done on a personal computer, using homemade programs
data fitting and Fourier transformation.

400 +
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