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In pulsed EPR, spectral contributions from several species in  other paramagnetic species. In addition, it is applicable in cas

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-

where short relaxation times restrict the timing variation re
quired for 2D experiments.

2. THEORY

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 Mn** and Cr**
centers as well as on an exchange-coupled Mn(I11)/Mn(1V) system
with Mn** contaminations. e 2000 Academic Press
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multiplicities.

EPR experiments are commonly described ixg4 refer-
ence frame rotating with the frequency of the applied micrc
wave in the laboratory systerB)(

The Zeeman interaction of the sp® in the laboratory
system KYZ (z = Z) with the externally applied static
magnetic fieldB, is described by the Hamiltonian

I:|o = = VBOASZa [1]

1. INTRODUCTION wherevy is the gyromagnetic ratio. In the rotatingy7 frame,
this Hamiltonian is transformed to

In EPR experiments, samples often contain several inequiva-
lent paramagnetic species. This is sometimes due to an inherent
heterogeneity of the sample. Often, undesired EPR signals are
also caused by contamination of the sample with paramagnetic

impurities. This is common in high-field/high-frequency EPR the microwave frequency is resonant with the EPR trans
where Mrf" background signals are virtually unavoidable.  on B; vanishes. Otherwise, it causes the magnetization ve

Pulsed EPR can be used to separate signals of species f the spin ensemble to precess aboutzfaxis with the
different relaxation timed, or T, (see, e.g.,X)). In addition, | ociqual Larmor frequency, = v - B).
it can be used to distinguish species that differ in their EPR 114 interaction with the applied microwave is described b
transition moments by analyzing Rabi nutation frequencies
(2, 3 along the lines of NMR experimentd)( In most exper-
iments, the timing of a pulse sequence is varied to record the
Rabi nutation via a free induction decay (FID) (see, e5.6)) . .
or an echo (see, e.g?)j. While these 2D experiments allow al the laboratory system and is transformed to
detailed analysis of the occuring Rabi frequencies, the neces-
sary timing variation makes them expensive in terms of acqui-
sition time.

Here we present a novel approach to separating EPR spectra
of species with different EPR transition moments in a fast 1id the [xyZ system whereH’, contains rapidly oscillating
two-pulse echo experiment. While more limited in scope thaarms and can in general be neglected.
the established 2D experiments, it is well suited to separateFor vanishingBy, i.e., in the resonant case, the magnetize
spectral contributions due to contamination of a sample witton undergoes transient nutations about thexis. In the

Omw
Y
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Hl = _’yBlASX * COS(DM\Nt [3]

B, .

Hi=—y5 S+ Hi~ —yBiS, [4]
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following, we consider only a two-level subspace for one EPR $=270°
transition with the basis |[fn), |m + 1)}. This is a good 6,=90°)  ¢,=180° ‘
approximation if this subspace is decoupled from the neglecte '

eigenstates, i.e., other transitions are off-resonant due to addi-

tional interactions, e.g., zero field splitting. In the case of an =t}

isolated effective Kramers doublet within a spin state of mul-

tiplicity 2S + 1, the Rabi frequency for the precession about  ,'=gc° ﬂ.é.LBH 6,'=180°
X is

w; = yB;{S(S+ 1) — m(m + 1). [5] W

=

t
If this SUbSpace is treated asSa= % two-level system, the FIG. 1. A time-extended 270° pulse and resulting magnetization (top;
apparent coupling strengths to the static fidg and the The 270° pulse can be split into a 90° and a 180° pulse. An equivalent pul
oscillating transversal fiel®, differ. sequence with short pulses gives rise to an echo (bottom). The maximum F

A common two-pulse echo experiment starts at thermggnal occurs at a delay after the en_d of the long pulse. This is analogous tc
equilibrium where the magnetization is parallel to thaxis. A e echo signal for the sequence with short pulses.
first short microwave pulse flips the magnetization aboutxthe
axis by 90° and generates a FID. The decay of the transverdal= 180° pulse without a delay in between. An “equivalent’
magnetization is due in part to relaxation. Another cause psilse sequence can be constructed by substitutingp thér =
dephasing of the magnetic dipole moments in the ensemble @ed, pulse sequence byd;—r'—d; echo sequence with hard
to a distribution ofw, for individual spins (inhomogeneous®; and ®) pulses positioned at the centers of the and @,
broadening). After a delay, another short microwave pulsepulses, respectively (Fig. 1, bottom). This sequence with tt
flips the magnetization by 180° about tkeaxis. For thexy same effective flip angléd; + &, = 270° results in an echo
magnetization this corresponds to a change of the sigd,of delayed by a timé’ which corresponds to half the duration of
Therefore, the dephasing process of the magnetization dughted, = 90° pulse after the end of thk, = 180° pulse. This
inhomogeneous broadening is reversed, leading to an echaofio contributes to the observed FID after the single tbrg
the initial FID. 270° pulse.

The flip angle for a pulse is determined by the Rabi fre- The echo and therefore the delay of the FID maximur
quencyw, and the duration of the pulse. Singg is given by occurs only if the total flip angle is large enough to be part
Eq. [5], the flip angle of a given pulse can be different fotioned into a two-pulse echo sequence. For the same “so
species with differen§. pulse with a total flip angle of 90°, as in the case ofSas 3

To illustrate this, we consider thes = — 3 <> + 3 transi- system, no delay of the FID maximum is observed.
tions of aS = 3 and aS = 3 system. If the other transitions of Adding another microwave pulse after a detayenerates an
the S = 3 system are off-resonant, the Rabi frequencies fecho of the FID following the first pulse. The deltlyof the
these species differ according to Eq. [5] by a factor of ID after a 270° pulse causes a corresponding shiftf the
Therefore a 90°=180° pulse sequence for tife= 3 system echo to earlier times compared to the echo of the FID after
corresponds to a 270#-540° sequence for tHe = 3 system. 90° pulse. Another way to describe this effect is to agai
A 270° pulse generates an FID with opposite sign compareddecompose the first pulse into a 90°-180° sequence and int
a 90° pulse. Therefore, the respective echoes differ in theiret the final echo as the first refocused echo of a Carr—Purc
signs. sequencel(0).

For short, “hard” microwave pulses, the echoes of both The illustrative decomposition of a 270° pulse into a 90°-
species can be regarded as two mirror images of the FID bd@0° pseudo sequence is not the only possible partitionil
to back and occur simultaneously. Separation into individustheme. For a correct analysis of spin dynamics, a+C
contributions is impossible. However, for long, “soft” pulseprogram has been written. It calculates the evolution of tf
this is no longer true. For a review of effects of extended timmaagnetization for arbitrary pulse sequences, neglecting rele
excitation, see, e.g.1(9). In general, the echo shape becomeation. Apart from a numerical integration to account for inho
asymmetric and rather complex for long pulses. mogeneous broadening, the Liouville—von Neumann equati

Now we consider an extended tirde= 270° pulse (Fig. 1, is thereby solved analytically.
top) for theS = 3 system. The free induction signal following Figure 2 shows the calculated magnetization for a two-pul:
the long pulse deviates from a monotonous decay and hascho experiment at different nominal flip angles. Due to inhc
maximum occuring at a timg after the end of the long pulse.mogeneous broadening, there is a distribution of flip angle

An explanation for this effect can be given by consideringithin the spin ensemble. Therefore, even for small nomin:
the single 270° pulse as a combination ofba = 90° and a flip angles, the observed echo amplitude generally starts ¢
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o 180

FIG. 2. Solid-state echo sequence (top) and resuljimgagnetization for 60 _
flip angles of 72, 144, 216, and 288° (top to bottom). The shape and position
of the echo signal changes significantly as a function of the flip angle. The time
axis is relative to the pulse length 20 4

negative, changes sign, and ends positive, reflecting suben- 9 10 11 12
sembles with flip angles larger or smaller than 180°. The ratio Y
of the negative and positive parts as well as the time of the zerg|. 3, pependence of echo signal minim&)( maxima @), and zero
crossing change as a function of the nominal flip angle. Feawssings ¢) on the nominal flip angle for the echo sequence in Fig. 2. Th
very large nominal flip angles, the echo becomes oscillatoife axis is relative to the lengtf of the microwave pulses. Flip angles with
due to a multimodal flip angle distribution. The shift of thet 3:2:1 ratio corresponding $ = 3, S = 5, andS = 3, respectively, are
. . . . . . arked by dashed horizontal lines. The times indicated by dashed vertical lir

echo o!lscus§ed before is most noticeable in the simulation Qrespond to the = £ (@ = 216°) and theS = 2 (® = 144°) zero crossings,
a nominal flip angle of 216°. respectively.

The time dependence of the minima, zero crossings, and
maxima of the echoes as a function of the nominal flip angle is

shown in Fig. 3. Flip angles of 72, 144, and 216° have begRquisition, this method is a 1D experiment in terms of acqu
marked. These are the same angles used in the simulations;iy, time. The only difference to a standard field-swept ES

Fig. 2. The 3:2:1 ratio of the flip alngles Clorrespppds t0 G periment is the recording of the entire echo trace and t
transition moments of thens = — 35 < + 3 transitions in addition of an off-line signal processing step.

systems with a total spin =3, S= 2, orS= 3. The time
of the zero crossing varies by about twice the pulse length
used. It is therefore possible to choose a detection time where
the signal of one spin state is suppressed while others .
maintained. Figure 3 illustrates this situation for two positior
of the detection window. At/t, ~ 9.8, indicated by a dashed #=144°
vertical line, the zero crossing of the echo arises foSan 3 ———=cz--- oo S
state. At the same time, the echo signalsSox % andS = 3
remain. Att/t, ~ 10.7 theecho signal for ai$ = 3 state is at
its maximum while the echo for aB = $ state has a zero
crossing. Therefore, the overlapping spectra associated w
these flip angles can be fully disentangled in a field-swe
electron spin echo (ESE) experiment by the choice of tl
detection time window. Figure 4 shows the echo shapes !
these flip angles in detail together with suitable integratic t
WIHQOWS (Shaded areas). . . . FIG. 4. Two echo shapes for nominal flip angles®f= 144° andd® =
Since all time-dependent information can be recorded in 0pse. integration time windows based on the data in Fig. 3 to detect one sigt
shot and detection windows be applied numericaftgr data while suppressing the other are indicated as shaded regions.
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early detection

|

T T T ) late detection
3340 3360 3380 3400 o

By [mT]
T T T T
FIG. 5. cw EPR spectrum of a CaO sample with Mrand CF* centers 3380 3385 3390 3395
(T = 40 K). The six major lines belowd, = 3385 mTarise from Mr*; the 8o [mT]

line at By = 3394 mTwith small satelltes is a Ct contribution. FIG. 6. Field-swept ESE spectra of the sample with the cw spectrur

shown in Fig. 5 in the range 3377-3397 mT. The top trace has been obtair
by using an early echo integration window and shows the inverted highest fie
3. EXAMPLES line of Mn** while the CF* line is suppressed. The bottom trace shows th
Cr** line (including*Cr®*" satellites) with a virtually eliminated Mn line by
The suggested technique has been experimentally tested @i a late echo integration window.

successfully applied to several systems. Here, we show two

examples: (i) separation of Mh (S = 3) and CF* (S = 3) _ _

centers in powdered CaO, and (ii) elimination of MigS = 3)  the observed narrow lines for both species. Therefore, t

contamination signals in an exchange-couged  Mn(lll)= Ms= = 3 sublevels are sufficiently decoupled to treat them &

Mn(IV) complex. two-level systems. The Rabi frequency ratio for both species
then wyy/w. e, = 3.
3.1. Experimental Setup The Mrt" and CF* contributions have no spectral overlap.

he clear spectral separation of the species is most instruct
demonstrate the principle of the experiment.

The field-swept ESE spectrum was acquired with a puls
gth of 350 ns at maximum pulse power and an interpul
ay of 2.5us. The range of the magnetic field was restricte

All experiments were performed using an Elexsys 68}
(Bruker) pulsed 94-GHz spectrometer. The mixer design of the
spectrometer limits the available microwave power to less th":\e
5 mW. Typical pulse lengths are therefore rather long (aboal |

200 ns) and well suited to achieve the desired effect to include only the MA" line occuring at the highest field and

For both samples, a field-swept ESE experiment was pghe, o5+ jina The shapes of the echoes differ noticeably fa
formed. A solid-state echo sequence (two identical pulses) 82 and CF* (Fig. 7) and closely resemble the simulatex

used. The specific choice of pulse lengths was rather uncriti%%lh0 shapes in Fig. 4
as '099 as the nominal flip angle was smaller than 180‘.) for ON€A time window of 480 ns was used for numerical integratiol
species and larger than 180° for the other. The resulting ec er the measurement. Figure 6 shows the resulting spectr

signal was recorded with a transient recorder. The experim? two optimum choices of the window position (see Fig. 4)
was controlled by Xepr software (Bruker) and a custom Puls?he CP* signal is completely suppressed for the early integr:

SpeL (Bruker) script. tion window while maintaining the Mii signal (Fig. 6, top

To simulate a boxcar integration of the echo signal, the r Wace) For the later detection window, the Mnsignal is

data set was convolved with a rectangular window funCt'oéhppressed while the Erline (including the®Cr** satellites)

along the time axis. From the resulting 2D data set, those t”chomes visible (Fig. 6, bottom trace). Therefore, the desir

slices with optimal separation of the individual signal contri- paration could be achieved, despite the rather small ratio
butions were selected. This approach is particularly use Hefe respective Rabi frequenciés

because it is rather difficult to adjust the nominal flip angles to
precisely known values with soft pulses. These processing
steps were performed with standard functions built into Xepr.

3.2. Samples cr* echo
3.2.1. MrA* and Cr" in CaO. For this experiment, a

Mn?":CaO calibration sample delivered with the spectrometer Mn" echo
was used. The diamagnetic CaO powder contain& Manters

(S =%, 1 = 3 giving rise to a six-line EPR spectrum . ‘ . ; . —
commonly used for calibrating the magnetic field. The sample 0 500 1000 R?s? 2000 25003000
also contains Cf centers § = 3, | = 0), resulting in a single

. . . IG. 7. Echo shapes in a two-pulse echo experiment with long pulses ¢
EPR line with weak satellites due to the natural abundancet sample with the cw spectrum shown in Fig. 5. In the top trace, thie Cr

53 _ 3 H H H
Cr (I = 3). A cw spectrum of the sample is shown in Fig. Sgansition is on resonanc®( = 3394.2 mT)while in the bottom trace the
Only thems = — 3 <> mg = + 3 transitions contribute to highest field line of MA" is resonantB, = 3380.5mT).
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3.2.2. DTNE. The usefulness of the described method for
a typical sample with spectral overlap of different species is
illustrated by EPR experiments on an Mn(ll)Mn(IV) ex-
change-coupled system ([(dtne)Mn(UHOAC(-O),Mn(IV)] **).
The electron spins of both manganese atoms are anti-ferromag-
netically coupled to a total sp®= 1 (11). Contamination with NV AT Tt
Mn?*" is almost inevitable as manganese is a constituent of the 2910 5350 5380
complex. Bo [mT]

The EPR SIQnal of the Complex IS spread out over a,largeFlG. 9. Top: cw spectrum of the DTNE complex &t= 20 K. Only the
spectral range (more than 100 mT) while the Micontami part of the spectrum affected by Rfnimpurities is shown. Bottom: Derivative
nation yields the well-known six intense lines over a range of the ESE spectrum with an integration window optimized to eliminate th
about 50 mT. The Rabi frequency ratio of both componentshi®* lines.

01/ 01 pmNe = 3.

Attempts to separate the species based on different relax-
ation rates failed af = 20 K becausé&,; andT, were too short impurities are identical to each other. This agreement corro
to allow for a significant change of the pulse timing. For therates that the ESE experiment, despite the unusual integrat
same reason in combination with the rather low microwawgindow, yields an undistorted spectrum of the DTNE comple)
power available, observing Rabi nutations in a 2D experiment
as in 6) was not possible. In order to obtain a sufficient signal
intensity, it was necessary to minimize the length of the pulse/

diteCt'?hn i?gui?ﬁe as fa:j aslpossglteh, |.e.,hdoyvn tlo a Va.‘lu%he use of long microwave pulses in spin-echo experimer
where the ofthe second pulse and the echo signal were Jugh 1654 1o significant distortion and temporal shifts of th

sepgrated. . . . . observed echo. It has been shown both theoretically and ¢
Figure 8 shows spectra taken with two different integratio erimentally that this effect can be used to separate sign:

windows. The window positions correspond approximately eriving from species with different transition moments.

the times indicated in Fig. 3. For the later detection time, the.l.his method is very easy to implement as it is a standa
S.: 2signal is completely supprlessed (tOE ‘Face)- At thg ear”ﬁ/{}o-pulse echo experiment with acquisition of the whole ech
t'tr)nft’ a S;Jperpo_f_ltlon of bomt;j:a?ds N 55|gntals ('js Vt'i'ple trace. The timing of the pulse sequence remains fixed duril
(bo ?m ra(;eti{ I?A%upprizss. i zcor?pqpen ?dnbo ain aine experiment. As all time-dependent information is gathere
spectrum ot the contamination only, It WOUld b€ NEGES ;, ne shot, the benefit of separating signals of species w
sary to use an even earlier detection window.

, ifferent Rabi nutation frequencies is free in terms of acquis
Figure 9 compares a cw spectrum of the same sample to{ Q time

Qerivatiye of the pulsg echo spectrum with suppressed”Mn The required data analysis, i.e., the numerical integration
lines. Smce the Mfl lines are very narrow .(‘Tompared to th"athe echo signal after acquisition, can easily be implemented
EPR lines of the complex and their transition moments ag

4. CONCLUSION

o . Btware. The choice of the integration windows for best sej
large, the cw EPR spectrum of the complex is impaired even

h | I trati t ¥fn The derivat fth Yation of the species can be based on simulations like those
extremely smatl concentrations ot Win The derivative o 5 € Fig. 3 and further refined interactively when distinctive spec
echo spectrum exhibits only very minor rests of the “Mn

ianal. Th s of th tra that flected by M tral features of one of the species are known (as in the case
signal. Those parts ot the spectra that are unafiecte "Lontamination signals), without needing to repeat the expe

ment. It should also be possible to describe the observed ec
shape as a superposition of theoretical echo shapes for differ
flip angles and therefore disentangle more than two spectrs
Beside the two examples shown here, the suggested mett
has been successfully applied in our laboratory to several ott
systems and proven its particular usefulness to eliminat& Mn
contamination signals in high-frequency EPR.
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