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It is shown that in pulse EPR experiments, absolute-value spec-  We, however, consider the use of power ESEEM spectra as
tra can be distorted because of the instrumental dead time to an  pad habit, since the amplitudes of the peaks no longer refle
extent that the interpretation of the spectral features becomes the proper line intensities. Apart from the line broadening
impossible. The mathematical background for the description of effect, absolute-value spectra presentations suffer from a mu
the distortions is given, and the far-reaching consequences of the more serious drawback, of which most pulse EPR spectrosc
effect are illustrated by model calculations. A cross-term averaging . ’ e - )

pists seem unaware. In multiline spectra with overlappin

procedure is proposed to get rid of these distortions in two-, three-, f he absol | ften h ilv di
and four-pulse electron spin echo envelope modulation experi- eatures, the absolute-value spectra are often heavily distort

ments. The potential of cross-term averaging is demonstrated in Py deep holes and large frequency shifts, resulting in splitting
two- and three_pu|se experiments ona Sing|e Crysta| and a powder that dO not I’eally exist and In resonance fl’equenCIeS that are f

sample.  © 1999 Academic Press from the correct ones. In the ESEEM literature, many example
Key Words: pulse EPR; dead time—dependent artifacts. of strongly distorted absolute-value spectra can be fount
which may lead to far-reaching misinterpretations of the date
It was demonstrated earlier that in the case of two lines of equ
INTRODUCTION amplitude and width, the absolute-value spectrum is a functio
of the relative phase of the two frequenci&s (n a hyperfine
In Fourier transform (FT) spectroscopy such as FT-NMrlecoupling study published very recently, it was recognize
pulse EPR, and FT-ion cyclotron resonance, the recorded tinffeat resonance lines can manifest in an absolute-value spectr
domain signal has to be subjected to a Fourier transformatia® holes rather than as peak. (
to get the corresponding spectrum in the frequency domain/!n this paper, we give the mathematical background for th
Since the instrumental dead timg causes a delay in datadescription of the dead time-dependent distortions observed
acquisition, straightforward Fourier transformation of the dafgultiline absolute-value spectra and demonstrate by mod
set may lead to distortions of the spectral features. This de&iculations how tremendous the distortions can be. We the
time problem is particularly severe in electron spin echo effitroduce a “cross-term averaging” procedure that allows on
velope modulation (ESEEM) spectroscopy, (where, depend- t0 get rid of the distortions, and illustrate the potential of the
ing on the pulse scheme, the missing portion of the data m@gProach applied in two-, three-, and four-pulse ESEEM ex
correspond to several periods of the resonance frequencR&Iments.
Various procedures such as linear predictighdr FT-based
algorithms 8, 4), have been proposed to reconstruct the data THEORY AND MODEL CALCULATIONS
points in the time interval G= t = 74. After cosine Fourier i . . o L )
transformation of the completed data set, a pure absorption!V€ first consider a time-domain signal consisting of a singl
spectrum is obtained. In many practical situations, howev&XPonentially damped cosine function which in complex nota
the missing time interval is too extended for proper dafin is described by
reconstruction. An alternative approach, which has become

very popular in ESEEM spectroscopy, is to Fourier transform s(t) = Be''e™", t>0 [1]
the experimentally recorded time-domain data and to compute
the absolute-value spectrum. with resonance frequenay, and decay timer. The complex

Since the linewidths in absolute-value spectra are broadgectrum
than the linewidths in absorption spectra, power spectra, which
are distinguished by narrower lines, are sometimes presented. S(w) = B[A(w) — iD(w)] [2]
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consists of the absorption spectrum is anonlinearoperation, and Eq. [10] therefore contaarsss-
termsof the form [A /A, + D.D.].
1/7 The truncated signal starting &t = 74 is given by
AlO) =117+ (0= wo)? 3]
N
. . _ Bm iwonto,
and the dispersion spectrum sy = X 5 €""s(b), t=0 [11]
n=1 n
W — Wo
D(w) = WD)Z + (0 — wg)?’ [4] with B,, = B,e ™. For the complex spectrum, we find
with the magnitude or absolute-value spectrum N _— _
St(w) = E BtnelwDn 0[An - IDn]: [12]
M(w) = BA%(w) + D%(w). 5] i

S . S . and the for the absolute-value spectrum we have
Considering a dead time,, data acquisition is started at a time P

to = 74. The truncated time-domain signal is then given by

2
N
B:
s(t) = Bteiwotoeiwoteft/-r, t=0, [6] M(w) = |: 21 (B: Mﬁ(w)
e
with the reduced amplitud®, = Be '“" and the complex N-1 N
factor e'* with magnitude 1 and phasge = wot,. For the + > > 2BuBimCodA¢@n)[AAL + DDyl
absolute-value spectrum we find n=1 m=n+1
B N—1 N 1/2
Mt(w) = Et M((J)), [7] + E E ZBtnBthin(A‘an) [Aan_ AmDn] ’
n=1 m=n+1
. . . . . [13]
which, apart from a reduced amplitude, is identical with the
original absolute-value spectrum(w). _ with the phase differencede,, = @0 — om = (Won —
Next, we consider a superposition &f exponentially , yt; The square root of the first sum represents the absolut
damped cosine functions value spectrum for the case when the peaks are sufficient

well separated from each other. The two double sums represe

N N two types of cross-terms with intensities depending on th
s(t) = D si(t) = D, B,elentetm [8] phase differenced¢,,. In both of them the absorptive and
n=1 n=1 dispersive part are mixed together. Note that because of tl

weighting factors co{¢,,,) the first double sum also contrib-
that are all in phase at= 0, with amplitudesB,, frequencies utes to the spectrum recorded with= 0.

we, and decay timeg,. Fourier transformation is énear To get some deeper insight into Eqg. [13], we consider :
operation, so that the spectrum consists of the sum of ttime-domain signal consisting of two truncated exponentiall

individual lines: damped cosine functions, with the absolute-value spectrum

N By 2 2 Bu\ ? 2
Sw) = 3 BfA,— iD,]. [9] M‘(“’):Ka) Mi(“’”(Bk) Midw)

+ 2B;ByCogApi)[AiA + DiDy]

On the other hand, the computation of the absolute-value _ 12
spectrum + 2B;Bysin(A¢i)[AD, — AD] , [14]
1/2
N , NN representing the square root of the sum of the two individue
M(w) = | 2 Mi(w) + 2 2 2B.BAA,+ DD, power spectra and two cross-terms.
n=1 n=1 m=n+1 Figure 1 shows the contribution of the cross-termsHpr=

[10] Btkl Ti — Tk — 1 [.LS, A‘Pik = O (to = O) (Ieft), A(Pik = 270D
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then computing the absolute-value spectrum. The power spe

¢ ‘ tra are not normalized before addition, since this would in
crease the noise level. Thigoss-term averaging procedure
’JVL eliminates the spectral distortions so that the correct line pc
sitions described by the square root of the first sum in Eq. [13
b b are restored. This is demonstrated in Fig. 2d, where 11 pow
j\/\ spectra with 62 nss t, = 102 ns and time incremenis, =
4 ns are added and the absolute-value spectrum is comput

% Note that with increasing values @f, broad lines tend to

c c disappear. Thus, one has to compromise between the suppr

- - S— -~ @@ @ @O~ ]
L 1

0 25 50 0 25 50
/2w [MHz] ®/2n [MHz]

FIG. 1. Contributions of the two types of cross-terms in Eq. [14] for a
two-line spectrum witlB, = B,, 7, = 7, = 1 us, and frequency differences
Awy/2m = 2 MHz (a), 4 MHz (b), 10 MHz (c), and 30 MHz (d). Left:
cross-term pJA, + D;D,], right: [A;D, — D;A;]. The intensities are
normalized to the full amplitude of the power spectrum, which is 1.62 times the -
height of the spectrum (a) on the right side. b

(right), and four differenAw, = |wy — wel values,Aw/27
= 2 MHz (a), 4 MHz (b), 10 MHz (c), and 30 MHz (d). As
long as the two lines are well separatddy,/ 27 > 1/7;,, the
influence of the cross-terms is marginal. In the reglan,/ 2
~ 1/7;,, however, the cross-terms can become very intense-
and their contribution to the individual power spectra, and
hence to the absolute-value spectra, is considerable. Dependin
onAw,, Ti, Tv, andAg,, the absolute-value spectrum may be |
distinguished bydeep tapered holethat often reach the base-
line.

Absolute-value spectra can therefore completely be distorteq
by the cross-terms. Peak maxima may be shifted far away from
their proper position and deep holes in the spectrum may{
mimic splittings that do not exist in reality. This is demon-
strated in Fig. 2 on a spectrum consisting of five Lorentzian
lines of different frequencies, amplitudes, and widths. In the
absorption spectrum shown in Fig. 2a, all five peaks can clearly
be recognized. The absolute-value spectrum wjth= 0 is
shown in Fig. 2b. As expected, all the lines are broadened; the
resonance frequencies, however, are still clearly indicated by
peak maxima and shoulders. Figure 2c shows the absolute-
value spectrum recorded with = 62 ns. This spectrum is so
severely distorted, in particular by the two deep holes at about:
37 and 57 MHz, that most of the observed maxima in the
spectrum are no longer related to peak maxima of resonance
frequencies. FIG. 2. Spectrum consisting of five Lorentzian lines of different frequen-

According to Eg. [13], the amplitudes of the cross-terms agés, amplitudes, and widths. Frequencies/ 2w 34, 40, 50, 56, and 76
Welghted either by COQ((an) or Sin(Aanm). SinceAQDnm is a MHz (dashed lines); damping factors: 34, 50, 40, 32, 13.s; amplitudes

. . . . B, 2.6, 1, 3, 2.3, andL.7. (a) Absorption spectrum. (b) Absolute-value
function of timet,, the contribution of the cross-terms may bgpectrum witht, — 0 ns. (c) Absolute-value spectrum with = 62 ns. (d)

averaged to zero by systematically changing tim@rior to  corresponding absolute-value spectrum after cross-term averaging (sumn
Fourier transformation, summing up all the power spectra, amh of 11 spectra with 62 nss t, = 102 ns andAt, = 4 ns).

20 40 60 80 100 120
w/2n [MHz]
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sion of the cross-terms and the loss of broad lines. The bept

way to find the optimal number of power spectra to be addef ¢
is by visual control. When the number of power spectra ig ¢ ¢ ¢
increased, the cross-term averaged spectrum will first change ¢

dramatically (disappearance of the dead time—dependent dis-

tortions). At a certain point, the peak positions will no longer

alter, but broader lines will gradually disappear.

ABSOLUTE-VALUE SPECTRA IN ESEEM EXPERIMENTS

Since time traces in ESEEM experiments can be described
by a sum of damped cosine functions, the procedure introduced
in the previous section may directly be applied to get absolute
value ESEEM spectra free of cross-term contributions. In th
following, we demonstrate the reconstruction procedure for thi
two-, three-, and four-pulse ESEEM experiment, and propose
additional possibilities for spectral reconstruction for the stim
ulated-echo-based ESEEM sequence.

All pulse EPR experiments were performed on a Bruker ESP
380E spectrometer at a temperature of 15 K. The two-pulse
ESEEM experiments were carried out wii2 () pulses of
length 8 ns (16 ns) for the single crystal sample and 24 ns (4
ns) for the disordered sample with a minimum time interval of
96 ns; 256 data points were sampled with a time increment d
8 ns. For the two-dimensional (2D) three-pulse ESEEM exper¢
iments, /2 pulses and time increments of length 8 ns werd ' ' '

. 10 20 30 40
used and a four-step phase cycle was appligd The time-
domain data were baseline corrected with a suitable polyno- /21 [MHz]
mial, apOdlzed W_Ith a Hammlr!g window, zero filled to 1024 FIG. 3. Two-pulse ESEEM experiments on a single crystal of bis(glyci-
(X1024) data points and Fourier transformed. Further mathggo)copper() in triglycine sulfate (arbitrary crystal orientatiéh, = 324
matical treatments of the data are discussed later. mT). (a) Absolute-value spectrum, = 96 ns (the most pronounced artifact

Single-crystal experiments were performed on bis(glycinieles are marked by_ arrows). (b) Corresponding absolute-value spectrum af
to)copper(ll) in triglycine sulfate§, 9) at arbitrary orientation. ;‘SCZ’Si'telmsggezgg‘ngdﬁq“fr%r?fs’; Ozct)hessggt‘rgfnlggtzﬁ]";? ;Ft’:ftlr:i mt:rs
A,S a dlsordereq system, a powder of Co(l,l)(tetraphenylporphtyénsfosmation of the correosponding 2D three-pulse ESEEM time-domain da
rin), Co(TPP), in Zn(TPP) as host material has been used. set in ther dimension and summation of the corresponding absolute-valu

spectra for variable timé&.

Two-Pulse ESEEM

The echo amplitude of the two-pulse ESEEM experimerfiverlap, the absolute-value ESEEM spectra reported in tf
ml2—7—m—7—echo, of a spin system wits = 1 and| = }is literature are often heavily distorted by the contributions of the

given by (@0) cross-terms.
According to Eqg. [15], the time-domain trace is represente

Kk by a sum of cosine functions that are in phase at 0. The
E(r)=1- 1 [2 — 2 cogw,T) — 2 COSwyT) distortions in the absolute-value spectra caused by cross-ter
may therefore easily be eliminated by the averaging procedur
+ coqw,7) + cojw_7)], [15] Restorations of two-pulse ESEEM spectra are demonstrated
Figs. 3 and 4.
with the two basic frequencie®, and w; in the - and Figures 3a and 3b show single crystal two-pulse ESEEN
B-manifold of the electron spiny, = », + v w_ = o, — absolute-value spectra of bis(glycinato)Cu(ll) in triglycine sul-

wg|, and the depth parameter= 4 1.l ;, wherel , andl; denote fate taken at an arbitrary orientation and observer position. Tt
the transition probabilities of the allowed and forbidden trarabsolute-value spectrum in Fig. 3a is obtained after Fourie
sitions, respectively. If more than one nuclear spir= 3 transformation of the time-domain signal, recorded with=

couples to the electron spin, the time-domain signal is de; = 96 ns. The spectrum is distorted by a number of dee
scribed by the product rulelQ). Since in two-pulse ESEEM tapered holes (the most pronounced are marked by arrow:
the spectral features are usually quite broad and the linBEse corresponding absolute-value spectrum obtained from tl
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the basic proton frequency and its second and third harmonic
respectively. Figure 4c shows the absolute-value spectru
obtained after linear back-prediction of the time-domain signe
to a zero dead time (reconstruction of 12 points) using th
method described by Barkhuijsen al. (2). Twenty singular
values were taken. It is clear that in this case the linec
prediction method fails to reconstruct the exact spectrum.

Both examples clearly demonstrate that in absolute-valu
ESEEM spectra, the distortions due to the cross-terms a
usually by far more serious than the loss of information due t
cross-term averaging.

Three-Pulse ESEEM

For the stimulated echo sequence2—r—m/2—T—m/2——
echo, the modulation formula for &® = 3, | = 3 system is
given by (@0)

ET,7=1 —; [1— codw,7)][1 — cogwg(T+ T))]

+ [1— cogwpT)][1 — cosw,(7+ T))]|, [16]

with a fixed time r and a variable timeT. In three-pulse
ESEEM only the basic nuclear frequencies and w, occur.
Because of ther-dependent amplitudes, (3 cosw,t)) and
10 20 30 (1 — cos@g)), the spectra may be distorted by blind spots
Note the similarity between these blind spots and the holes
/21 [MHz] the absolute-value spectra caused by a delayed data acqu

FIG. 4. Two-pulse ESEEM experiment on Co(TPP) in Zn(TPP) powdeF,ion' . ) )
observer positioB, = 160 mT. (a) Absolute-value spectrum,= 96 ns. (b) To get rid of ther-dependence of the signal amplitudes, the

Corresponding absolute-value spectrum afteross-term averaging (squarethree-pulse ESEEM spectra should be taken at seveales
root of the sum of 100 power spectra with 96s1sr, = 888 ns and\r, = 8  gnd then summed up. To avoid this time-consuming procedur
ns). (c) Absqlute-value spectrum afterlmea_r back-pred|ct|on to zero dead tigpes experiment is often carried out with a singlevalue for
(reconstruction of 12 points) using Ref) (with 20 singular values. . . . . .

which no blind spots in the frequency region of interest occur

However, this procedure is only justified for the idealized cas
same time-domain signal using cross-term averaging (with @en data acquisition is started at tifhig = — 7. According
ns = 1, = 888 ns, in steps of 8 ns) is shown in Fig. 3b. Alto Eq. [16], a cosine-Fourier transformation will then result in
distortions have disappeared and an absolute-value spectaurpure absorption spectrum, although a sligkdependent
with peak maxima that can be considered with confidence distortion will still be present (see discussion of Fig. 5c).
real resonance frequencies is obtained. Even if T, is extended to negative values by using a pulse

Figure 4 demonstrates that absolute-value artifacts also sesapping techniquel(l), the initial value ofT, is still limited

cur in disordered systems. The two-pulse ESEEM absolutay the instrumental dead timg&, = 7, The dead time will
value spectrum of Co(TPP) in Zn(TPP) powder (observénen again distort the absolute-value spectrum independently
position B, = 160 mT, corresponding to a proton Larmothe blind spot behavior. This is demonstrated in Figs. 5a ar
frequency of 6.8 MHz) shown in Fig. 4a is obtained aftebb, which compare the absolute-value spectra of Co(TPP) |
Fourier transformation of the time-domain signal with= 7,  Zn(TPP) powder of two three-pulse ESEEM experiments cal
= 96 ns. The corresponding spectrum after cross-term aveed out with one and the samevalue ¢ = 96 ns correspond-
aging with 96 ns< 1, = 888 ns, in steps of 8 ns, is shown ining to blind spots a(10.4)n MHz, withn =0, 1, 2, .. ), but
Fig. 4b. The result is again very impressive. The artificial holekfferent T, values (96 and 128 ns). The frequency range
disappear, the troubled base line becomes smooth, and wheere the differences in the spectra are most pronounced &
spectrum is distinguished by well-shaped peaks. Note in panarked by gray areas. The$g-dependent spectral distortions
ticular the peaks at 6.8, 13.6, and 20.4 MHz, which represar@an be removed either by cross-term averagihgificremen-
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in this way (c) with the cross-term averaged two-pulse ESEEN
absolute-value spectrum (b). Although the spectrum in Fig. 3
already contains fewer holes than the one shown in Fig. 3
(two-pulse ESEEM without cross-term averaging), obviously
not all spectral distortions are eliminated (gray marked areas

Cross-term artifacts will also occure in two-dimensional
spectra obtained by a 2D Fourier transformation. However, th
conditions under which holes appear are more complex than
the case of a 1D spectrum and will in general be less sever
Moreover, since in going from a 1D to a 2D spectrum, over
lapping lines become better separated from each other, 2
spectra will be less distorted.

Four-Pulse ESEEM

The modulation formula for the four-pulse ESEEM se-
quencer/ 2—r—ml 2—t,—7m—t ,—7/ 2—r—echo, is given by1(2)

k
E(T' T) =1- Z (EI + B+ Ep + Eja + Elllb) [17]

with

E = 3 — coqwyT) — coqw,T)

observer positiorB, = 160 mT. (a) Absolute value spectrum of the three-

however, ther-dependent blind spot behavior remains. By
varying T and summing up the spectra obtained with different

tions are eliminated (Fig. 5d). A comparison of Figs. 5¢ and 5d
shows that even for values chosen to shift the blind spots

d
— sin?n codw.T) — cos?n codw_7)
] Eia = Cu(1)codw,(t, + 7/2)] + Cy(1)COd wiy(t, + 7/2)]
5 10 Ewp = Cu(1)cod w,(t; + 7/2)] + Cy(1)cOf wp(ty + 7/2)]

w27 [MHz] Ena = Ce(1)cos®mlcodw,t; + wgt, + w,.7/2)

FIG. 5. Three-pulse ESEEM experiment on Co(TPP) in Zn(TPP) powder, + cos{wﬁtl + b, + w+7/2)]

pulse ESEEM e_xperiment with = 96 ns andl, = 96 ns, (b)T, = 128 ns. Eu = —C.(7) sin zn[COS(watl — wpt, + w_712)
(c) Corresponding absolute-value spectrum affgrcross-term averaging
(square root of the sum of 100 power spectra with 96=n¥, < 888 ns and + cofawpt; — w,t; — w_7/2)] [18]
AT, = 8 ns). (d) Absolute-value spectrum obtained aft@ross-term aver-
aging (96 ns= 7 = 600 ns, in steps oAt = 8 ns).
ging ( p ) and
i i i i . C,(1) = cos’ncofwsr — w,7/2)
tation, Fig. 5¢) or by using a reconstruction meth@d-4); a m B a

+ sin *n co w,T + 0,7/2) — cojw,/2)
7 values, both ther-dependent and th&,-dependent distor-  Cg(7) = c0s’n cow,7 — w7/ 2)
+ sin*n codw,T + wpT/2) — coOwyT/2)

away from the frequency region of interest, thdependence  Cc(1) = —2 sinw,7/2)cod wgT/2). [19]

of the modulation amplitudes still leads to spectral distortions.

Note that summation in a second dimension does not n&everal experiments such as DEFENGE &nd = are kept

essarily eliminate the dead time—dependent spectral distoonstantt, is varied) ((2), HYSCORE f is kept constantt;
tions. For example, when the two-dimensional three-pulsedt, are varied) 12, 13, and the sum peak experiment &

ESEEM data set is Fourier transformed in thelimension t, is varied, 7 is either kept constant (1D) or varied (2D))

(two-pulse-like spectra) and summed over &ivalues, the (14, 19 are based on this pulse sequence.

T-dependent distortion is not fully averaged out (see terms (1 For the 1D DEFENCE experiment, it has already beel
COS(.s 7)) in EQ. [16]). Figure 3 compares the single-crystalecognized 12) that there will be suppression effects due to the
absolute-value spectrum of bis(glycinato)copper(ll) obtaingd and r dependence of the echo modulation amplitudes, Eq
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[18] and [19]. These effects can virtually (but not fully) benance frequencies that are far from the correct ones are ©
eliminated by an appropriate choicetefandr. Equation [18] served. In order to get rid of the artifacts, a cross-term ave
shows that also the dead tinhg of the second free evolution aging method is proposed. Additional possibilities for spectra
period has to be considered. All the suppression effects occrgeonstruction are given for the three- and four-pulse ESEEI
ring in a DEFENCE experiment can be removed by cross-tesaquences.
averaging with respect to the time intervasee Egs. [18] and
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