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In pulsed EPR, spectral contributions from several species in
one sample can be separated based on different EPR transition
probabilities. This is usually done by monitoring the Rabi nuta-
tions in a 2D experiment. By using long pulses, the FID and echo
shapes of species with different transition probabilities differ sig-
nificantly, including temporal shifts of the observed echo signals in
a two-pulse ESE experiment. These shifts can be used to disen-
tangle spectral components in a 1D field-swept ESE experiment by
choosing an appropriate detection time. This approach is demon-
strated by experiments on a sample containing Mn21 and Cr31

centers as well as on an exchange-coupled Mn(III)/Mn(IV) system
with Mn21 contaminations. © 2000 Academic Press

Key Words: EPR; spin dynamics; transition moments; spin
multiplicities.

1. INTRODUCTION

In EPR experiments, samples often contain several ineq
lent paramagnetic species. This is sometimes due to an inh
heterogeneity of the sample. Often, undesired EPR signa
also caused by contamination of the sample with paramag
impurities. This is common in high-field/high-frequency E
where Mn21 background signals are virtually unavoidable

Pulsed EPR can be used to separate signals of specie
ifferent relaxation timesT1 or T2 (see, e.g., (1)). In addition

it can be used to distinguish species that differ in their
transition moments by analyzing Rabi nutation frequen
(2, 3) along the lines of NMR experiments (4). In most exper
iments, the timing of a pulse sequence is varied to recor
Rabi nutation via a free induction decay (FID) (see, e.g., (5, 6))

r an echo (see, e.g., (7)). While these 2D experiments allow
etailed analysis of the occuring Rabi frequencies, the n
ary timing variation makes them expensive in terms of ac
ition time.
Here we present a novel approach to separating EPR s

f species with different EPR transition moments in a fas
wo-pulse echo experiment. While more limited in scope
he established 2D experiments, it is well suited to sep
pectral contributions due to contamination of a sample
2261090-7807/00 $35.00
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other paramagnetic species. In addition, it is applicable in c
where short relaxation times restrict the timing variation
quired for 2D experiments.

2. THEORY

EPR experiments are commonly described in a [xyz] refer-
nce frame rotating with the frequency of the applied mi
ave in the laboratory system (8).
The Zeeman interaction of the spinS in the laborator

ystem [XYZ] ( z 5 Z) with the externally applied stat
agnetic fieldB0 is described by the Hamiltonian

Ĥ0 5 2gB0ŜZ, [1]

whereg is the gyromagnetic ratio. In the rotating [xyz] frame,
his Hamiltonian is transformed to

Ĥ90 5 2gSB0 2
vMW

g D Ŝz 5 2gB90Ŝz. [2]

If the microwave frequency is resonant with the EPR tra
tion, B90 vanishes. Otherwise, it causes the magnetization
tor of the spin ensemble to precess about thez axis with the
residual Larmor frequencyv 0 5 g z B90.

The interaction with the applied microwave is described

Ĥ1 5 2gB1ŜX z cosvMWt [3]

in the laboratory system and is transformed to

Ĥ91 5 2g
B1

2
Ŝx 1 Ĥ 01 < 2gB91Ŝx [4]

n the [xyz] system whereĤ 01 contains rapidly oscillatin
terms and can in general be neglected.

For vanishingB90, i.e., in the resonant case, the magne
tion undergoes transient nutations about thex axis. In the
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227A NOVEL APPROACH TO SEPARATING EPR LINES
following, we consider only a two-level subspace for one E
transition with the basis {um&, um 1 1&}. This is a good
approximation if this subspace is decoupled from the negle
eigenstates, i.e., other transitions are off-resonant due to
tional interactions, e.g., zero field splitting. In the case o
isolated effective Kramers doublet within a spin state of m
tiplicity 2S 1 1, the Rabi frequency for the precession ab
x is

v1 5 gB91ÎS~S1 1! 2 m~m 1 1!. [5]

f this subspace is treated as aS 5 1
2 two-level system, th

pparent coupling strengths to the static fieldB0 and the
oscillating transversal fieldB1 differ.

A common two-pulse echo experiment starts at the
equilibrium where the magnetization is parallel to thez axis. A
first short microwave pulse flips the magnetization about tx
axis by 90° and generates a FID. The decay of the transv
magnetization is due in part to relaxation. Another caus
dephasing of the magnetic dipole moments in the ensemb
to a distribution ofv0 for individual spins (inhomogeneo
broadening). After a delayt, another short microwave pul
flips the magnetization by 180° about thex axis. For thexy
magnetization this corresponds to a change of the sign oB90.
Therefore, the dephasing process of the magnetization d
inhomogeneous broadening is reversed, leading to an ec
the initial FID.

The flip angle for a pulse is determined by the Rabi
quencyv1 and the duration of the pulse. Sincev1 is given by
Eq. [5], the flip angle of a given pulse can be different
species with differentS.

To illustrate this, we consider themS 5 2 1
2 7 1 1

2 transi-
tions of aS 5 1

2 and aS 5 5
2 system. If the other transitions

the S 5 5
2 system are off-resonant, the Rabi frequencies

these species differ according to Eq. [5] by a factor o
Therefore a 90°–t–180° pulse sequence for theS 5 1

2 system
orresponds to a 270°–t–540° sequence for theS 5 5

2 system
A 270° pulse generates an FID with opposite sign compar
a 90° pulse. Therefore, the respective echoes differ in
signs.

For short, “hard” microwave pulses, the echoes of
species can be regarded as two mirror images of the FID
to back and occur simultaneously. Separation into indivi
contributions is impossible. However, for long, “soft” pul
this is no longer true. For a review of effects of extended
excitation, see, e.g., (1, 9). In general, the echo shape beco
asymmetric and rather complex for long pulses.

Now we consider an extended timeF 5 270° pulse (Fig. 1
top) for theS 5 5

2 system. The free induction signal followi
the long pulse deviates from a monotonous decay and
maximum occuring at a timet9 after the end of the long puls

An explanation for this effect can be given by conside
the single 270° pulse as a combination of aF1 5 90° and a
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F2 5 180° pulse without a delay in between. An “equivale
pulse sequence can be constructed by substituting theF1–(t 5

)–F2 pulse sequence by aF91–t9–F92 echo sequence with ha
F91 andF92 pulses positioned at the centers of theF1 andF2

pulses, respectively (Fig. 1, bottom). This sequence with
same effective flip angleF91 1 F92 5 270° results in an ech
delayed by a timet9 which corresponds to half the duration
theF1 5 90° pulse after the end of theF2 5 180° pulse. Thi
echo contributes to the observed FID after the single longF 5
270° pulse.

The echo and therefore the delay of the FID maxim
occurs only if the total flip angle is large enough to be p
tioned into a two-pulse echo sequence. For the same “
pulse with a total flip angle of 90°, as in the case of anS 5 1

2

system, no delay of the FID maximum is observed.
Adding another microwave pulse after a delayt generates a

echo of the FID following the first pulse. The delayt9 of the
FID after a 270° pulse causes a corresponding shiftt0 of the
echo to earlier times compared to the echo of the FID af
90° pulse. Another way to describe this effect is to a
decompose the first pulse into a 90°–180° sequence and
pret the final echo as the first refocused echo of a Carr–P
sequence (10).

The illustrative decomposition of a 270° pulse into a 9
180° pseudo sequence is not the only possible partitio
scheme. For a correct analysis of spin dynamics, a C11
program has been written. It calculates the evolution o
magnetization for arbitrary pulse sequences, neglecting r
ation. Apart from a numerical integration to account for in
mogeneous broadening, the Liouville–von Neumann equ
is thereby solved analytically.

Figure 2 shows the calculated magnetization for a two-p
echo experiment at different nominal flip angles. Due to in
mogeneous broadening, there is a distribution of flip an
within the spin ensemble. Therefore, even for small nom
flip angles, the observed echo amplitude generally start

FIG. 1. A time-extended 270° pulse and resulting magnetization (
The 270° pulse can be split into a 90° and a 180° pulse. An equivalent
sequence with short pulses gives rise to an echo (bottom). The maximu
signal occurs at a delayt9 after the end of the long pulse. This is analogou
the echo signal for the sequence with short pulses.
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228 HOFBAUER AND BITTL
negative, changes sign, and ends positive, reflecting s
sembles with flip angles larger or smaller than 180°. The
of the negative and positive parts as well as the time of the
crossing change as a function of the nominal flip angle.
very large nominal flip angles, the echo becomes oscilla
due to a multimodal flip angle distribution. The shift of
echo discussed before is most noticeable in the simulatio
a nominal flip angle of 216°.

The time dependence of the minima, zero crossings
maxima of the echoes as a function of the nominal flip ang
shown in Fig. 3. Flip angles of 72, 144, and 216° have b
marked. These are the same angles used in the simulati
Fig. 2. The 3:2:1 ratio of the flip angles corresponds to
transition moments of themS 5 2 1

2 7 1 1
2 transitions in

systems with a total spin ofS 5 1
2 , S 5 3

2 , or S 5 5
2 . The time

of the zero crossing varies by about twice the pulse le
used. It is therefore possible to choose a detection time w
the signal of one spin state is suppressed while other
maintained. Figure 3 illustrates this situation for two posit
of the detection window. Att/t p ' 9.8, indicated by a dashe
vertical line, the zero crossing of the echo arises for anS 5 3

2

state. At the same time, the echo signals forS 5 5
2 andS 5 1

2

remain. Att/t p ' 10.7 theecho signal for anS 5 3
2 state is a

its maximum while the echo for anS 5 5
2 state has a ze

crossing. Therefore, the overlapping spectra associated
these flip angles can be fully disentangled in a field-sw
electron spin echo (ESE) experiment by the choice of
detection time window. Figure 4 shows the echo shape
these flip angles in detail together with suitable integra
windows (shaded areas).

Since all time-dependent information can be recorded in
shot and detection windows be applied numericallyafter data

FIG. 2. Solid-state echo sequence (top) and resultingy magnetization fo
ip angles of 72, 144, 216, and 288° (top to bottom). The shape and po
f the echo signal changes significantly as a function of the flip angle. The
xis is relative to the pulse lengtht p.
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acquisition, this method is a 1D experiment in terms of ac
sition time. The only difference to a standard field-swept
experiment is the recording of the entire echo trace and
addition of an off-line signal processing step.

on
e

FIG. 3. Dependence of echo signal minima (¹), maxima (D), and zero
rossings (1) on the nominal flip angle for the echo sequence in Fig. 2.
ime axis is relative to the lengtht p of the microwave pulses. Flip angles w
a 3:2:1 ratio corresponding toS 5 5

2 , S 5 3
2 , andS 5 1

2 , respectively, ar
marked by dashed horizontal lines. The times indicated by dashed vertica
correspond to theS 5 5

2 (F 5 216°) and theS 5 3
2 (F 5 144°) zero crossing

respectively.

FIG. 4. Two echo shapes for nominal flip angles ofF 5 144° andF 5
16°. Integration time windows based on the data in Fig. 3 to detect one
hile suppressing the other are indicated as shaded regions.
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229A NOVEL APPROACH TO SEPARATING EPR LINES
3. EXAMPLES

The suggested technique has been experimentally teste
successfully applied to several systems. Here, we show
examples: (i) separation of Mn21 (S 5 5

2) and Cr31 (S 5 3
2)

centers in powdered CaO, and (ii) elimination of Mn21 (S5 5
2)

contamination signals in an exchange-coupledS 5 1
2 Mn(III)–

Mn(IV) complex.

3.1. Experimental Setup

All experiments were performed using an Elexsys
(Bruker) pulsed 94-GHz spectrometer. The mixer design o
spectrometer limits the available microwave power to less
5 mW. Typical pulse lengths are therefore rather long (a
200 ns) and well suited to achieve the desired effect.

For both samples, a field-swept ESE experiment was
formed. A solid-state echo sequence (two identical pulses
used. The specific choice of pulse lengths was rather unc
as long as the nominal flip angle was smaller than 180° fo
species and larger than 180° for the other. The resulting
signal was recorded with a transient recorder. The experi
was controlled by Xepr software (Bruker) and a custom P
SpeL (Bruker) script.

To simulate a boxcar integration of the echo signal, the
data set was convolved with a rectangular window func
along the time axis. From the resulting 2D data set, those
slices with optimal separation of the individual signal con
butions were selected. This approach is particularly u
because it is rather difficult to adjust the nominal flip angle
precisely known values with soft pulses. These proces
steps were performed with standard functions built into X

3.2. Samples

3.2.1. Mn21 and Cr31 in CaO. For this experiment,
Mn21:CaO calibration sample delivered with the spectrom
was used. The diamagnetic CaO powder contains Mn21 centers
(S 5 5

2 , I 5 5
2) giving rise to a six-line EPR spectru

commonly used for calibrating the magnetic field. The sam
also contains Cr31 centers (S 5 3

2 , I 5 0), resulting in a singl
EPR line with weak satellites due to the natural abundan
53Cr (I 5 3

2). A cw spectrum of the sample is shown in Fig
Only the mS 5 2 1

2 7 mS 5 1 1
2 transitions contribute t

FIG. 5. cw EPR spectrum of a CaO sample with Mn21 and Cr31 centers
T 5 40 K). The six major lines belowB0 5 3385 mTarise from Mn21; the
ine at B0 5 3394 mTwith small satellites is a Cr31 contribution.
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the observed narrow lines for both species. Therefore
mS 5 6 1

2 sublevels are sufficiently decoupled to treat them
two-level systems. The Rabi frequency ratio for both spec
thenv1,Mn/v1,Cr 5 3

2 .
The Mn21 and Cr31 contributions have no spectral overl

The clear spectral separation of the species is most instru
to demonstrate the principle of the experiment.

The field-swept ESE spectrum was acquired with a p
length of 350 ns at maximum pulse power and an interp
delay of 2.5ms. The range of the magnetic field was restric
to include only the Mn21 line occuring at the highest field a
the Cr31 line. The shapes of the echoes differ noticeably
Mn21 and Cr31 (Fig. 7) and closely resemble the simula
echo shapes in Fig. 4.

A time window of 480 ns was used for numerical integra
after the measurement. Figure 6 shows the resulting spe
for two optimum choices of the window position (see Fig.
The Cr31 signal is completely suppressed for the early inte-
ion window while maintaining the Mn21 signal (Fig. 6, top
trace). For the later detection window, the Mn21 signal is
suppressed while the Cr31 line (including the53Cr31 satellites
becomes visible (Fig. 6, bottom trace). Therefore, the de
separation could be achieved, despite the rather small ra
the respective Rabi frequencies.

FIG. 6. Field-swept ESE spectra of the sample with the cw spec
shown in Fig. 5 in the range 3377–3397 mT. The top trace has been ob
by using an early echo integration window and shows the inverted highes
line of Mn21 while the Cr31 line is suppressed. The bottom trace shows
Cr31 line (including 53Cr31 satellites) with a virtually eliminated Mn21 line by

sing a late echo integration window.

FIG. 7. Echo shapes in a two-pulse echo experiment with long puls
the sample with the cw spectrum shown in Fig. 5. In the top trace, the31

transition is on resonance (B0 5 3394.2 mT)while in the bottom trace th
highest field line of Mn21 is resonant (B0 5 3380.5mT).
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230 HOFBAUER AND BITTL
3.2.2. DTNE. The usefulness of the described method
a typical sample with spectral overlap of different specie
illustrated by EPR experiments on an Mn(III)Mn(IV) e
change-coupled system ([(dtne)Mn(III)m-OAc(m-O)2Mn(IV)] 21).
The electron spins of both manganese atoms are anti-ferro
netically coupled to a total spinS5 1

2 (11). Contamination with
Mn21 is almost inevitable as manganese is a constituent o
complex.

The EPR signal of the complex is spread out over a l
spectral range (more than 100 mT) while the Mn21 contami-
nation yields the well-known six intense lines over a rang
about 50 mT. The Rabi frequency ratio of both componen
v1,Mn/v1,DTNE 5 3.

Attempts to separate the species based on different
tion rates failed atT 5 20 K becauseT1 andT2 were too shor

to allow for a significant change of the pulse timing. For
same reason in combination with the rather low microw
power available, observing Rabi nutations in a 2D experim
as in (5) was not possible. In order to obtain a sufficient sig
intensity, it was necessary to minimize the length of the p
detection sequence as far as possible, i.e., down to a
where the FID of the second pulse and the echo signal wer
separated.

Figure 8 shows spectra taken with two different integra
windows. The window positions correspond approximate
the times indicated in Fig. 3. For the later detection time
S5 5

2 signal is completely suppressed (top trace). At the ea
time, a superposition of bothS 5 1

2 andS 5 5
2 signals is visible

(bottom trace). To suppress theS 5 1
2 component and obtain

spectrum of the Mn21 contamination only, it would be nece-
sary to use an even earlier detection window.

Figure 9 compares a cw spectrum of the same sample
derivative of the pulse echo spectrum with suppressed21

lines. Since the Mn21 lines are very narrow compared to
EPR lines of the complex and their transition moments
large, the cw EPR spectrum of the complex is impaired eve
extremely small concentrations of Mn21. The derivative of th
echo spectrum exhibits only very minor rests of the M21

signal. Those parts of the spectra that are unaffected by21

FIG. 8. ESE spectra of the DTNE complex atT 5 20 K for two differen
integration windows. The integration window for the top trace was optim
for suppression of the Mn21 contributions.
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impurities are identical to each other. This agreement co
orates that the ESE experiment, despite the unusual integ
window, yields an undistorted spectrum of the DTNE comp

4. CONCLUSION

The use of long microwave pulses in spin-echo experim
can lead to significant distortion and temporal shifts of
observed echo. It has been shown both theoretically an
perimentally that this effect can be used to separate si
deriving from species with different transition moments.

This method is very easy to implement as it is a stan
two-pulse echo experiment with acquisition of the whole e
trace. The timing of the pulse sequence remains fixed d
the experiment. As all time-dependent information is gath
in one shot, the benefit of separating signals of species
different Rabi nutation frequencies is free in terms of acq
tion time.

The required data analysis, i.e., the numerical integratio
the echo signal after acquisition, can easily be implement
software. The choice of the integration windows for best
aration of the species can be based on simulations like tho
Fig. 3 and further refined interactively when distinctive sp
tral features of one of the species are known (as in the ca
contamination signals), without needing to repeat the ex
ment. It should also be possible to describe the observed
shape as a superposition of theoretical echo shapes for dif
flip angles and therefore disentangle more than two spec

Beside the two examples shown here, the suggested m
has been successfully applied in our laboratory to several
systems and proven its particular usefulness to eliminate21

contamination signals in high-frequency EPR.
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n21 lines.
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