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INTRODUCTION

This thesis deals with the electron spin echo technique. As the name suggests,

it is the analogue in electron paramagnetic resonance (EPR) of the nuclear

spin echo technique in nuclear magnetic resonance (NMR). In 1949 Hahn observed

the first nuclear spin echo (1). Since that time the observation of the free

precession of nuclear spins has taken an important position in NMR. Important

developments were the introduction of Fourier transform spectroscopy in NMR

(2) and the introduction of several sophisticated pulse programs that made

possible high resolution NMR in the solid state {3). The main advantages of ob-

serving the nuclear magnetic resonance phenomenon in the time domain over con-

tinuous wave (CW) NMR are the higher sensitivity -and the higher resolution.

Since 1957 electron spin echoes are observed (4). It might be expected

that the same advantages could be gained in pulse EPR. This is not yet the

case. Two reasons for this may be mentioned. Firstly/ until now it is not pos-

sible to fulfil all technical requirements for scaling the pulse experiments

from nuclear spin resonance to electron spin resonance. For instance, hitherto

it is not possible to perform the firee induction decay (FID) experiment in EPR

with the same perfection as in NMR. Secondly, many of the physical circum-

stances in EPR differ from those in NMR which makes many of the successful

pulse programs in NMR unsuitable for use in EPR. However, several interesting

applications of the.technique have been reported. The first application was

the measurement of relaxation times in EPR, which are more easily determined

in the time domain (5). Later the method proved very useful in detecting very

small shifts of the resonance line which were induced by externally applied

electric fields (6). Alternatives for the well-known electron nuclear double

resonance (EHDOR) technique (7) arose through the introduction of electron

spin echo ENDOR (8) and the nuclear modulation effect in electron spin echo

(9 ) These topics have been the subject of this experimental study. Aim of

this work is to contribute to the development of these recent techniques. In

the next sections we will introduce the reader to the concept of the electron

spin echo techniques that we have studied.
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1.1 Two- and three-pulse electron spin echoes

We shall give a classical description of electron spin echoes in terms of

precessing gyroscopic magnetic moments. This is an adequate description for

a system with an electron spin S = \ and has the advantage of giving a

physical picture from which the essential features are easy to grasp. The

treatment follows the same lines as that given by Mims (10). For a quantum

mechanical description, which uses the formalism of density matrices the

reader is referred to Mims (10).

It is preferable to introduce first the concept of homogeneous and

inhomogeneous broadening of the resonance line. The broadening of a resonance

line is said to be homogeneous if it is entirely due to processes that shorten

and control the lifetime of the quantum states between which transitions are

taking place. On the other hand, the width of an1 inhomogeneously broadened

line is caused by a random spread in the effective local fields at the sites

of the paramagnetic centres. In practice resonance lines cannot strictly be

characterized by one of these extremes. However an adequate description can

often be given by a division of the spins in spin packets. The spins of a

spin packet form a purely homogeneously broadened line. The inhomogeneously

broadened resonance line is then made up of many closely spaced homogeneously

broadened lines (fig. 1 ) . Each spin packet j can then be represented by a

moment, M n ., with an individual effective gyromagnetic ratio y •. The dynamicsu'«7 3

Fig. 1. A spin packet in an inhomogeneously broadened veaonanae line.
The resonance line is built up by many homogeneously broadened lines that
have closely spaaed frequencies.



(a)

Fig. 2. Diagram showing the se-
quence of events fov the tuo-pulae
eoho in the rotating reference
frame, (&) (b) before and after
the u/2-pulse. (c) (d) before and
after the v-pulae. F and S denote
the direction of motion of the
faster and slcwer apina reapec-
tively. (e) phase convergence of
the apin packete at the time of
the echo, (taken from Mime (10)).

of the moments under the action of the Zeeman field and the microwave pulses

is readily visualized in a reference frame that rotates about the Zeeman field

HQ at an angular frequency a>_, where w- is 2ir times the microwave frequency.

In this rotating frame the linearly polarized microwave magnetic field has a

circularly polarized component H. that is fixed in the xy-plans, suppose

along the y-axis (fig. 2a). The effect of the other circularly polarized field

component which rotates at -2o). in the rotating frame is negligably small (11).

In the rotating frame the moment Mn . precesses with angular frequency
o» 3

~ wo (1)

Each moment experiences apparently a magnetic field Hn . defined by

°»7

(2)

The inhomogeneous broadening of the resonance line will be accounted for here-

after only by the spread in Hn . and we shall drop the subscript of y .. The
\>t3 3

apparent fields Hn . vary with 3 over a range &H,, the EPR linewidth.



Two-pulse echo or Hahn echo

We shall assume the system to be in thermal equilibrium at t = 0 sc that at

that time

1-1 %irxt (3)
3

where x stands for the magnetic susceptibility. So at t = 0 M is directed along

the 3-axis (fig. 2a). This implies that the repetition time of the sequence of

events, 2", is chosen long compared with the longitudinal relaxation time, T..

At t = 0 the microwave field is switched on and each magnetic moment, M. .,,

starts to precess about the resultant of. a and H ..We shall assume that

H is much larger than the linewidth so that at resonance H. > H .. Thus the
->• -y '"

total moment M precesses about H. until the microwave field is switched off at

t = t ,. If we choose yH, t = TT/2 the magnetization is turned ovei into the
pi 1 pi

equatorial plane (fig. 2b). This pulse is called a w/2-pulse. In the time fol-

lowing the ir/2-pulse the moments precess in the rotating frame about their

individual fields at different rates, so that

gives rise to a signal in the laboratory frame, called the free-induction

decay (FID), which is the Fourier transform of the lineshape. After a time T

a second pulse is applied, this time twice as long as the first pulse. This

so-called jr-pulse reflects all moments relative to the yz-plane:

A time T + t after the Tr-pulse a macroscopic signal is observed peaking

at t = 0,

(6)

As t can of course take negative values the "echo" signal may be considered as

two FID signals (eq. 4) back to back.



Three-pulse or stimulated echo.

The three-pulse echo is treated in the same way. We shall confine ourselves to

the special case of three ir/2-pulses (fig. 3). Until t = t + T the situation

is the same as in the two-pulse sequence. The effect of the second 7r/2-pulse

beginning at t = t _ *• T is that the a;-component of the magnetization

T) (eq. 4) is brought along the s-axis:

(7)

The y-component evolves to a normal two-pulse echo occurring at a time x after

the second microwave pulse. In the stimulated echo experiments this echo is igr.o-

•red and therefore a further description of the dynamics of the moments that have

formed this two-pulse echo will be omitted. We note that these moments refocus

partially after the third microwave pulse. We shall come back to this point in

chapter 7. A time 2" after the second microwave pulse the 2-component is turned

over into the equatorial plane by a third Tr/2-pulse:

(8)

This sinusoidal magnetization pattern along the ic-axis gives rise to a macro-

scopic signal, which is maximal at a time x after the third microwave pulse,

This last result is easily obtained when each magnetization vector W. .cosw .T
°»«7 3

is decomposed into two moments \Mr .exp(+iw.T) and JW. .exp(-iu.T). Only the
w/J 3 u'3 3

moments \Mn •exp(-io) .T) will interfere constructively after a time T.

21 T+T 2t+T

Fig. 3. Timing of the microwave pulses in the three-pulse electron spin echo

8equenae. On the time scale the width of the micxowaoe pulses has been ignored.



Some of the restrictions that were made in order to keep the above given de-

scription as simple as possible shall now be relaxed. The condition B. >Aff,

may not always be fulfilled as it is difficult to generate short microwave

pulses with a high #.-amplitude. It has been shown by Mims (10) that if H. is

smaller than the linewidth only a portion with a width of approximately 2H.
1

contributes to the electron spin echo. The main consequence of a smaller H.

field is a decrease in signal amplitude. However there are circumstances that

make a ^-fieid that exceeds the linewidth inconvenient. This occurs if the

phenomenon studied with the electron spin echo method depends on the position

in the EPR line. In that case the #.-field should not be too large as this

would obscure the magnetic field dependence of the phenomenon. An example of

this is the measurement of the electric field effect of a powder EPR line

broadened by 3-factor anisotropy (see chapter 4). An example of an experiment

requiring a large H^-field is the observation of the nuclear modulation effect

(see section 1.5).

As might be expected the IT/2 and ir pulse angles are not essential to ob-

serve electron spin echoes. However, maximum signal is obtained with the

IT/2 - it sequence for the two-pulse and the 7r/2 - TT/2 - ir/2 sequence for the

three-pulse echo (20) . The latter pulse sequence has been used in almost all

experiments described in this thesis. Optimizing the stimulated electron spin

echo amplitude as a function of the duration of the microwave pulses, which

are equal in our spectrometer, offered a good criterion for ir/2 pulse angles.

In the derivation of the electron spin echo equations the effects of relax-

ation have been neglected. Eq. 6 and eq. 9 give an electron spin echo amplitude

that is independent of the times T and T. In fact the decay of the two-pulse

echo amplitude as a function of T is the Fourier transform of the lineshape

of the spin packets. The enhancement of the resolution in electron spin echo

stems from the very fact that the inhomogeneous broadening of the EPR line

does not play a role at the time of maximum echo amplitude, but determines

only the width of the echo. In suitably arranged experiments the resolution

is limited by the the decay of the echo as a function of T (i.e. by the spin

packet linewidth). For a discussion of the processes that cause the electron

spin echo decay the reader is referred to Mims (22). We shall confine ourselves

to mentioning here an important difference between the two- and three-pulse

echo with respect to the echo*decay. The decay of the two-pulse echo amplitude

is determined by the rate at which the phase coherence between the spin packets

that precess in the xy-plane is lost. The decay time is called the phase

memory time., T . (The phase memory time is not the same quantity as the trans-
M

versal relaxation time T^. However both times have in common that in solids



they are usually several orders of magnitude smaller than the longitudinal

relaxation time, T^ {12)). The three-pulse echo is subject to the same destruc-

tion of the phase coherence during the precessional periods between the first

"and second microwave pulses and between the third microwave pulse and the for-

mation of the stimulated echo. In addition, the time that elapses between the

second and the third pulse has a diminishing effect on the echo amplitude.

However the latter effect, which depends on both time parameters T and 2", is

small compared with the effect of the erasure of the phase memory. This is

mainly due to the fact that the magnetization pattern (eq. 7) that exists

between the second and the third pulse and that forms the stimulated echo,

is stored along the s-axis and is therefore less vulnerable to the effects of

spin-spin interactions. This property of the stimulated echo is used in the

ENDOR experiment where a relatively long time is needed for the RF pulse to

induce nuclear transitions. The time between the second and third microwave

pulse is used therefore to apply the RF pulse (chapters 3 and 5). Also, in the

experiments on the nuclear modulation effect (chapters 7 and 8) the relatively

slow decay of the stimulated echo amplitude as a function of T is used to de-

termine accurately the hyperfine frequencies.

1.2 Electron spin echoes and the electric field effect.

In this experiment electric field induced shifts, of the resonance lines are

detected via their effect on the electron spin echo. In this way shifts can be

detected that are comparable with the width of the spin packets, irrespective

of the total inhomogeneous linewidth. Advantage is taken of the fact that at the

time of the echo peak the effect of the inhomogeneous broadening is eliminated

and that the phase memory time, which is determined by the spin packet line-

width, is available for observing electric field induced changes in the reso-

nance frequency. We shall discuss now how an applied pulsed electric field in-

troduces changes in the electron spin echo signal.

In figure 4 the two-pulse sequence is depicted. At t - t _ + T the electric

field is switched on. For simplicity we assume that the electric field is homo-

geneous and changes all precession frequencies by the same amount it . In a time

T + t after the second pulse each spin packet has acquired an extra phase

(0v(T + t) (see fig. 4b) :

pJ + T + *pll + T + *} = ~ I WOJexp(-*y:)expU(U(7. + %) (x + « ] -
0



PULSE 2

(0)

(b) (ct

Fig. 4. (a) Timing of the electric field and the microwcoe pulses;
(b) phase convergence of spin packets at the time of the echo if all Lamor

frequencies are shifted uniformly by m at the end of pulse II (compare fig. 2e)
(c) phase convergence for a system with an equal number of spin packets with
opposite shift (inversion images), (taken from Mims (10)).

(T + t)\ (10)

When we compare eq. 10 with eq. 6, we see that the effect of the pulsed electric

field is a change of the phase of the echo signal by the angle u> (T + t).

This phase angle can be detected in a phase-sensitive system as a function of

T , which yields the angular frequency shift u . However, the situation is

often slightly different. In fact for many single crystals (but also for powder

samples) each spin with a shift w is accompanied by another one with an equal
v 2-

but opposite shift. In figure 5 ZnCl.—complexes in Cs_ZnCl. are shown as an
2-

example. The four ZnCl- -complexes in the unit cell form two inversion-image
2-

pairs (see also chapter 4). When paramagnetic CuCl. -complexes are substituted
2- .

for the ZnCl. -complexes the members of a pair are indistinguishable by EPR

but the sign of the shift caused by the applied electric field is opposite for

the individual members of a pair. In this case the situation is as depicted in fig

fig. 4c; in the time following the second pulse half the spins acquire the

extra phase u (T + t), the other half the extra phase -<u (T + t) s

T + t + T + t) = - I M .exp(--£o),T) X

3

X ${exp[i(<u. + m )(T + t)] . - ui ) (T
t7 "



°
.exp (iu) •*) cos [us (T + t)]
<7 3 v (11)

After comparing eg. 11 with eg. 6 we see that the electric field effect causes

a modulation of the echo amplitude with the factor cos [to (x + t)] . Measurement

of u is accomplished by a determination of the values of T for which

costo T 0.

In an actual experiment the rise time of a voltage step is not infinetely

short such as drawn in fig. 3. Corrections should be made for the time depen-

dent voltage at the front edge of the applied pulses 114). In order to circum-

vent this correction we have found it more convenient to use the three-pulse

scheme. In that case the voltage step is applied between the second'and the

third microwave pulse, so that the flat portion of the step starts just before

the third microwave pulse. The above description (eg. 11) of the effect of the

electric field applies to this situation if we read for the time after the se-

cond microwave.pulse that after the third microwave pulse. The advantage of the

three pulse scheme is that only the flat part of the electric field pulse is

used as the moments Mn . do not accumulate phase during the time T between the
u» 3

Fig. S. ZnCl. aomplexes in CSgZnCl, according to the positions given by

\ MoGinnety (13). The open circles denote the Cl~ ions, the full circles denote

the Zn ions. The distance of the ions to the plane of drawing is denoted

with straight lines. Each ZnCl. complex has an inversion image. The paramag-

netic Cu ion resides at the Zn site.



second and the third microwave pulse.

In the chapters 2 and 3 this method is applied to single crystals of

La0Mg,(NO,),0.24H,0 doped with Mn
2+, in chapter 4 to single crystals and pow-

dered single crystals of Cs ZnCl4 doped with Cu . In the latter case shifts

of 0.1 G were detected on an overall linewidth of 440 G.

1.3 Electron spin echo ENDOR.

Also in this type of experiment a resolution enhancement is accomplished

enabling one to observe hyperfine splittings of the EPR line that are unresolved

in conventional EPR.' The method to get rid of the inhomogeneous broadening and

to observe the effect of the hyperfine interaction between the electron spin

and a neighbouring nucleus is very similar to that used to observe the electric

field effect (section 1.2). In a three-pulse experiment a radio frequency (EF)

pulse is appli9d between the second and the third microwave pulse (see figure 6).

At nuclear resonance this RF pulse flips the nuclear spin- which causes a change

of the local field at the electron site. During the refocussing period after the

third microwave pulse the electron spins that have their precessional frequen-

cies changed come together at a different direction in the a^-plane than the

other -electron spins. This results in a reduction of the spin echo amplitude.

The three-pulse sequence has the advantage that a relatively long time is avail-

able for. inducing nuclear'transitions by the RF field. Another slightly differ-

m.w. •

r.f.-

2X T+T 2T+T

Fig. 6. Timing of the miarowaoe (m.w.) pulses and the radiofrequency (r.f.)
pulses in the electron spin echo ENDOR experiment. Nuclear transitions are
detected via a reduction of the stimulated echo amplitude (at t = Zx + T).
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ent pulse scheme has been suggested by Davies (25).

Although the second part of the name electron spin echo ENDOR is borrowed

from the conventional ENDOR technique, the mechanisms involved are quite differ-

ent. In fact, conventional ENDOR is observed through the desaturation of an EPR

transition by inducing nuclear transitions. Therefore the complicated balance

of relaxation pathways plays an important role in conventional ENDOR. In the

theory of electron spin echo ENDOR, in its simplest form, relaxation processes

are Ignored. Consequently one might expect that the latter technique can be a

useful alternative for conventional ENDOR in a number of cases.

A rigorous quantum mechanical treatment of electron spin echo ENDOR, in

terms of the density matrix, is given by Mims (8) and by Liao and Hartmann (16).

However, a semi-classical description also given by Liao and Hartmann (for an

S = I = J system) will serve our purpose as well. This description is an exten-

sion of that given in section 1.1.

We consider the situation immediately after the second microwave pulse.

The magnetization at that time is given by eq. 7,

in which we have put t and t equal to zero to avoid superfluous parameters.

We shall now decompose this magnetization into a part A? made' up of electron

spins with M^ = +J and a part M~ for which Mg = -\. The reason for this decom-

position is as follows. Due to the hyperfine interaction the transition fre-

quency of the nucleus" depend on the value of Mg. This enables one to influ-

ence the electron spins in the states A^ = +£ and -J selectively, namely by

exciting the nucleus with an angular frequency of either w, or w _.. By decom-

posing 2tf according to
3

one can then effectively take into account which nuclear transition is actually

excited. In order to determine M and M we need another equation and this we

obtain from the normalization condition for the excess population:

3

Combining (12) and (13) we have then

11
\



£ I n , 1) U4)
Z . 0,3

During the time Z1 between the second and the third pulse M and M~ do not change
s z

(apart from relaxation processes). However, the .effect of excit.rng a nuclear

transition of frequency, say uii, is that the precession frequency of electron

spins with Mg = +J is shifted, either by +w. or by -to. , depending on

whether the nucleus is flipped from J to -J or from -| to £, where k^y- is the

hyperfine interaction energy. The precession frequency of the spins with Mj = -J

remains unchanged. We shall assume that the RF pulse is a ir-pulse, implying

that all resonant nuclei are flipped. Moreover we assume that the nuclear

quantum states vt-j. = ±\ are equally populated. With- these assumptions the pre-

cession frequencies of half the number of spins contributing to U are changed
z

by -Ha. and those of the others by -10. . The. effect of these frequency shifts
hyp hyp

shows Up only after the third ir/2-pulse that brings the M and M~ into the

xg/-plane again. Thus after this latter pulse we have

. V.7V
n (15)

The precessional frequencies for the spins that contribute to

unchanged

K*i,M + 21 + *) = -J I wn ,-(COSUI.T + Dexpiiu.t) (16)
d

Evaluation of the sum of M . and M , . gives
x+iy x+m

^ -t) (17)

where we have kept only terms that contribute to the stimulated echo.

Apparently the ENDOR effect is a modulation of the stimulated echo amplitude

with the factor

E = 1(1 + cosuhypT) (18)

as can be seen by comparing eq. 17 with eq. 9. For cosu. T = 1 the ENDOR
hyp

effect is zero. For cosii>,r = -1 the effect is maximal, although the correspon-

ding value for F, namely F = 0, may not always be reached, when the explicit or

12



implicit assumptions are not satisfied.

A comprehensive comparison between conventional ENDOR and electron spin echo

ENDOR has many aspects and is not made here. However we shall comment here on

some interesting points that were investigated during the course of this work.

Firstly, the above mentioned x-dependence of the ENDOR effect is often an incon-

venient circumstance, unknown in conventional ENDOR, as it affects the relative

intensities of ENDOR peaks and may even introduce "blind spots" in the 'spectrum.

Since the hyperfine couplings are a priori unknown several measurements must be

made with differing T'S in order not to miss any signals. This procedure was

actually followed in chapter 3, where we used the electron spin echo ENDOR tech-

nique for the measurement of the proton ENDOR of LaoMg,(N0,).O.24H,O doped with

Mn . In chapter 5 we draw attention to this complicating aspect of the electron

spin echo ENDOR technique applied to the measurement of the ENDOR lineshape of

a powder of the enzyme methanol dehydrogenase. There the line is so broad that

the lineshape, which contains relevant information, is modulated by the factor

J(l + cost), T) (eq. 18). A more systematic way to handle the x-dependence

would be the measurement of the -ENDOR spectrum for properly spaced values of T

and summing the spectra for instance with the aid of a computer. Moreover, in

priciple a point-to-point Fourier transform in the t-dimension would yield a

second frequency dimension which displays the superhyperfine interaction energy

fico, associated with the individual ENDOR peaks. In this way- the T-dependence

could be an advantage instead of a disadvantage, much in the same way as

in the envelope modulation experiment of chapter 8. It should however

be noted that the resolution in the second dimension is limited by the phase

memory time which seldom exceeds the order of a microsecond in solids.

A second remark concerns the obtainable resolution. It has been stated by

Mims (8) that the electron spin echo ENDOR method has the advantage that, once

an electron spin echo is observed, it should also be possible to detect ENDOR

transitions, provided that the applied RF field is capable of inducing a suffi-

cient number of nuclear transitions. However, besides the detection of ENDOR

as such, it is often equally important that no broadening of the ENDOR lines

takes place. A requirement for this is that the width of the spectrum of the

RF pulse around the carrier is much smaller than the linewidth of the peaks.

Thus the RF pulse must be sufficiently long. On the other hand, the time avail-

able for the RF pulse is only that between the second and third microwave pulse

and.lengthening of this time may result in a poor signal-to-noise ratio

of the electron spin echo and thus of the electron spin echo ENDOR signal.

In chapter 5 this dilemma has been demonstrated with the powder ENDOR spectrum

of the enzyme methanol dehydrogenase.

13



Finally, some important advantages of the electron spin echo ENDOR tech-

nique should be pointed out. Since the excitation of the nuclear spins by the

RF pulse and detection of the resonances via the electron spin echo signal are

separated in time, one avoids a few problems encountered in continuous wave (CW)

ENDOR. One of these is that the RF current flowing through the ENDOR coil may

affect the reflection coefficient of the cavity, thus giving rise to a signal

of purely instrumental origin (RF pickup). Another problem, manifesting itself

especially in the low frequency range, is the EPR sideband effect (17). This

effect occurs when the RF field has an unwanted component along the static

magnetic field thus giving rise to sideband signals from nearby peaks in the

EPR spectrum. Although we have no experience with actual low frequency elec-

tron spin echo ENDOR signals, we have observed an extremely flat baseline in

a very low frequency range (down to 100 kHz), implying the absence of pickup

and sideband effects. Further, electron spin echo ENDOR is less susceptible to

microphonics in general than CW ENDOR. This is a consequence of the shortness

of the time during which the echo is present. The insensitivity to microphonics

is demonstrated by the fact that in some spin echo ENDOR experiments the cavity

was immersed in the boiling helium bath at 4.2 K.

As for the sensitivity of the electron spin echo ENDOR method, the follow-

ing is of interest. Expressed as a percentage of the EPR signal intensity, the

spin echo ENDOR effect is large (up to 100%, see eq. 18 or ref. 16), whereas

that of CW ENDOR is usually not more than a few percent (18). The sensitivity

of spin echo EPR can be made roughly equal to that of CW EPR (10), hence spin

echo ENDOR should be more sensitive than CW ENDOR. In practice, spin echo

ENDOR experiments carried out so far, yielded about 20% for single crystals

(Cr3+ in A12O3 (16) and Mn 2 + in La2Mg3(NO3)12.24H2O (chapter 3)) and as much

as 100% for a powder (methanol dehydrogenase, a free radical (chapter 5)).

Although percentagewise the spin echo ENDOR method is apparently superior, we

can at present make no statement about the absolute sensitivity because the

relevant information about the EPR sensitivity of the various spectrometers is

not available. As for our spectrometer, the maximum microwave field in the

cavity is only about 1 G which is clearly not enough for optimum sensitivity

for most lines in solids•

14



1.4 Relaxation measurements with electron spin echoes.

It is not surprising that relaxation times are more easily determined in the

time domain than in the frequency domain. The electron spin echo technique

offers a unique method to study the decay of transversal magnetization, which

is simply proportional to the echo signal. The longitudinal relaxation time, T.,

can also be determined with the electron spin echo technique (5) although this

experiment is essentially similar to the more familiar pulse recovery method

(23). in the latter method the thermal equilibrium population of the energy

levels is disturbed and the recovery is monitored in the presence of a small

H, field. In the spin echo method the monitoring with a small H. field is re-

placed by the sampling of the magnetization with a ir/2 - TT pulse pair. In both

methods special care should be taken to excite the whole resonance line in

order to eliminate the spreading of excitation over the resonance line by spin

diffusion and cross relaxation processes. In chapter 6 we have applied the

electron spin echo technique to a powder sample of the enzyme methanol dehydro-

genase using a Ka-band spectrometer (35 GHz). One of the experiments was the

measurement of the two-pulse echo as a function of the repetition time. If the

microwave field H exceeds the linewidth and if the longitudinal relaxation

time, T., is isotropic this dependence would.be exponential, frcm which 2^ could

be deduced. However H^ is much smaller than the linewidth in this case and we

found a dependence of the relaxation curve that was multi-exponential and more-

over depended on the position in the resonance line. The latter fact implies

that the relaxation processes are not isotropic. Unfortunately we have not been

able to study this any further. However with our observations we did demonstrate

that a higher microwave frequency enables one to employ the g'-factox anisotropy

more efficiently with the electron spin echo technique as well.

1.5 The nuclear modulation effect on the electron spin echo envelope.

In many cases the amplitude of the two- and three-pulse echo amplitude does not

decay smoothly as a function of x, but oscillations in the envelope are observed,

that are associated with the hyperfine frequencies of nuclear neighbours of the

paramagnetic centre. Thus the nuclear modulation effect on the electron spin

echo envelope offers a means of measuring hyperfine frequencies. A simple clas-

sical vector model may help in forming a physical picture of the mechanism

involved.

Let us assume a purely dipolar hyperfine interaction between an electron
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Fig. 7. Coordinate system for
the electron-nucleus interaction.
Reversal of the electron spin
changes the local field at the
nucleus from h (+) to h(-)
(dashed vector). The precession
of the nuclear spin about h (-)
imposes an oscillating local
field at the site of the electron
spin S.

spin S at the origin and a nuclear spin I situated at a distance r from the

origin (fig. 7). The local field h at the site of the nucleus is the resultant

of the dipolar field of the electron spin h and the Zeetnan field #_. The re-

orientation of the electron spin under the influence of the microwave pulses

in an echo experiment is a sudden event on the time scale of the nuclear spin.

We suppose that the electron spin is reversed at a given time as denoted with

the dashed vector at the origin. The dipolar field of the electron spin at the

site of the nucleus is then changed from h {+) to h^(-). The nuclear spin

that was at first directed along h„(+) starts to precess about the new direction

of the local field h (-). The local field at the site of the electron spin 5

is built up by the Zeeman field HQ and the dipolar field of the nuclear spin.

Due to the precession of the nuclear spin, the local field at the site of the

electron spin is slightly modulated at the nuclear precession frequency. In an

electron spin echo experiment the modulation of the local field at the electron

site destroys the coherence between the spin packets. This results in a reduc-

tion of the echo amplitude that depends on x and T (fig. 3). Although this des-

cription may give some insight* it is not suited to make detailed calculations.

For a quantum mechanical treatment of the envelope modulation phenomenon the

reader is referred to Rowan et at. (9) and "Minis (SO).

We shall discuss now some important practical aspects of the nuclear

modulation effect for the measurement of hyperfine interactions. In the above

given description we assumed that the reorientation of the electron spin
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is fast relative to the precession period of the nucleus. Otherwise the nu-

clear spin can follow the changing direction of the local field h . So we write

the condition t < 2ir/(o where . t is the microwave pulse time and w is the

nuclear angular frequency. Since for ir/2-pulses yH.t = w/2 we may write for

this condition yff. > a) . The nuclear precession frequencies are only observed

if the microwave field has a sufficient amplitude.

The problems in conventional ENDOR associated with the simultaneous exci-

tation of the nuclear spins and the detection of its effect on the EPR signal

that were circumvented in electron spin echo ENDOR, are also absent in the

envelope modulation technique as the RF system is omitted here. Of course the

advantage of the low sensitivity to acoustical noise applies to this method as

well. In addition/' the fact that no RF field is needed may be advantageous

especially for nuclei with low hyperfine frequencies for which, according to

Fermi's golden rule, transitions are less easy to induce. As a drawback of the

method we mention that the modulation amplitude depends critically on the re-

orientation angle of the local field h at the nuclear site. This implies that

with the nuclear modulation effect only those interactions can be studied that

have (pseudo-) dipolar components that are comparable with the Zeeman inter-

action.

Analysis of the modulated envelopes can be done in the time domain by com-

puter simulation of the envelopes, or in the frequency domain by a Fourier

transform of the modulation data. The latter, less common, approach has been

studied in chapters 7 and 8.

1.6 The electron spin echo spectrometer.

The basic feature's of the spectrometer system will be described here. For de-

tails the reader is referred to the experimental sections in the next chapters.

Two superheterodyne spectrometers have been used one working at X-band (9 GHz)

the other at Ka-band (35 GHz). The basic arrangement of the X-band spectrometer

consists of a part that excites the electron spins and a part that detects the

electron spin echo (the receiver). The first part exists of a klystron, a PIN

diode and a cavity (fig. 8). The power delivered to the cavity by the klystron

is switched off by the PIN diode except during the transmitter pulses. The qua-

lity factor Q of the cavity is subject to other considerations than in CW EPR.

A low Q affords the fast build-up of the microwave field but the steady state

amplitude does not become large. On the other hand, a high Q leads to a large

steady state amplitude but the buid-up is slow and therefore it may not be com-
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Fig. 8. Block diagram of the essential part of the X-band electron
spin echo spectrometer.

pleted during the pulse. This problem leads to a compromise value for Q; in

our spectrometer the Q values ranged from 800 to 1500. During the actual mea-

surements final adjustment of the effective Q could be made with the aid of a

Gordon coupler (22).

The spin echo signal reaches the mixer preamplifier via a circulator.

During the transmitter pulses the mixer is protected by a second PIN diode.

The frequency band of the signal is converted to an intermediate frequency (IF)

band by mixing with a local oscillator signal. This latter signal is derived

from the transmitter klystron by means of a side band generator followed

by a microwave filter for suppressing the unwanted side band and carrier.

Finally the IF band is converted to DC by means of a double balanced mixer.

The video signal is diplayed on an oscilloscope and fed into a boxcar circuit.

An essential part of the spectrometer is the homemade pulse program gener-

ator. It controls the FIN diodes, the boxcar gate, the electric field pulse,

the BF pulse and triggers the oscilloscope and a counter which measures several

important time intervals. The pulse program generator consists of integrated

circuits (TTL). Two versions have been built during the course of this inves-

tigation, which are described elsewhere (22,22).

In all experiments the cavity was immersed in the liquid helium bath. In

the electric field experiments the helium was cooled below the A-point in order

to achieve extra insulation. As mentioned earlier an advantage of the electron

spin echo technique is the relative insensitivity to acoustical noise. As a

consequence the bubbles in the boiling helium did not constitute a problem when

working above the X-point.
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Abstract. The effect of an applied linear electric field on the electron paramagnetic resonance
spectrum of Mn2 + (3d9: eS) in La iMgj(NOJ 1 ! .24H 2O has been observed by the electron
spin echo technique combined with a pulsed electric field. The result is expressed as a shift
in the zero-field splitting parameter D which is given by AD, Ip/£0 = 2-8 + 0 3 kHz per
kV cm"', where £„ is the external electric field. A theoretical interpretation of this shift has
been made in the limit of ionic bonding, working in a relativists scheme and taking into
account configuration interaction between the 3d' ground configuration and the excited
configurations 3d V f ( 1 = 1,3; n' = 4 , . . . . 8) and 3p'3d6. The calculated value of this shift
is one fifth of the observed value. Possible reasons for this discrepancy are discussed.

1. Introduction

In the double nitrate salts the manganese ions occupy two different trigonally distorted
octahedral sites. The difference between ihe two sites is in the degree of symmetry: one
site (I) possesses inversion symmetry while the other (II) does not. Van Ormondt et al
(1967) have determined the zero-field splitting of Mn2+ in La2Mg3(NO3)lj.24H2O
(hereafter called LMN) for both sites in the temperature region of 4-2 to 296 K, using
electron paramagnetic resonance (EPR). A theoretical interpretation of these experimental
data was given by Chatterjee and Van Ormondt (1970). They concluded that the relativis-
tic second-order effect of Wybourne (1965) yields the major contribution to the value of
the zero-field splitting parameter D. Their calculated value agrees with the observed
value for site I but not for site II. They suggested that in the latter case the influence of
the odd-order crystal-field terms, which are present due to the absence of inversion
symmetry, might be important.

The present work was undertaken in the hope that it might yield information about
the odd-order potential energy terms of Mn2+ at site II in LMN. One of the methods for
studying the odd crystal-field potential is to observe the shifts in the EPR frequencies
which are produced' by the application of external electric fields. This was first proposed
by Bloembergen (1961) and applied by several investigators, including Ludwig and
Woodbury (1961), Royce and Bloembergen (1963), Dreybrodt and Silber (1969) and
Parrot and Blanchard (1972). A disadvantage of this method is that only resonance
frequency shifts can be detected which are of the order of magnitude of the inhomogen-
eous broadening of the EPR line. In many cases this requires a high electric field, up to
100 kV cm"' or more. To avoid this we have applied a more sensitive technique which
has been developed by Mims (1964,1974). The method is based on the effect of a pulsed
electric field on the envelope of the electron spin echo decay. It has been shown that
shifts are observable which are orders of magnitude smaller than the EPR linewidth. In
§3 of this paper the experimental results of this method for Mn2 + at site II in LMN are
described. In §4 a theoretical analysis of the electric field effect on Mn2+ in LMN is
presented.

t Visitor from the University of Calgary, Calgary, Alberta, Canada.
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2. Experiamrtal details

Single crystals of Mn2+-doped LMN were grown at room temperature from a saturated
aqueous solution of LMN to which some manganese nitrate was added. The Mn2+ to
Mg I + ratio was about 1 -.300 in the solution. Out of the single crystals, samples of
rectangular shape were cut with a thickness of about 0-8 mm. The samples were mounted
with their a,a plane on a side of a rectangular TE101 cavity. This cavity wall acted at the
same time as electrode. The other electrode consisted of copper foil (thickness IS urn)
attached to the sample. Contact with the supply cable was made by means of a phosphor
bronze wire passing through the base of the cavity. The Q of the cavity with sample and
electrode arrangement was 1800L In order to reduce the chance of electrical breakdown,
the cavity was immersed in pumped liquid helium (T * IS K). Mostly, breakdown only
occurred at fields exceeding 80 kV cm"'.

The pulsed electric field was provided by the high-voltage power supply of an old
radar set. The length of the pulse was maximal w 4 us and the repetition frequency could
be varied between 0 and 1 kHz by means of external triggering. The voltage step could
be varied continuously from 0 to -14kV. The high-voltage power supply was con-
nected to the electrodes via a standard SO ohm coaxial line (Amphenol RG-S8 C/U
21-316) of about 2 m length. For the maximal voltage step the time of the front edge
was «400ns.

The measurements were performed with an X-band superheterodyne EPR spectro-
meter (Zwarts and Van Ormondt 1966) to which some modifications were made. Micro-
wave pulses with an on/off attenuation ratio of 80 dB and a rise- and decay-time of about
100 ns were obtained by means of a PIN diode switch (Hewlett and Packard 8735 B),
driven by a switch driver. With the cavity Q of 1800 the output of a Varian V-l S3 klystron
(maximal %400 mW) sufficed to generate 90° microwave pulses in a pulse time as 150 ns.
The high Q value, which would not usually be practicable in electron spin echo experi-
ments, was tolerated in view of the phase memory time of Mn2+ in LMN, which was found
to be * 12 us at pumped liquid helium temperature. The maximal microwave Field
during the transmitter pulses which could be achieved with this arrangement did not
exceed the EPR linewidth. No special attention was given to the spectrometer receiver

i i 2
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timing wquence fnwnted ty the circuit thown in (a).
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system, which consisted of a balanced mixer (Varian V-8302 A) followed by a 30 MHz
IF pre-amplifier (bandwidth a 5 MHz). The only modification was the mounting of a
PIN diode switch (Microwave Associates MA 8319-1X9) before the balanced mixer
which attenuates the microwaves during the transmitter pulses in order to protect the
IF preamplifier from overloading. The overall response time of the spectrometer after
a microwave pulse was a; 1 us. The electron spin echoes were phase-sensitively detected
at the output of the IF preamplifier with a 30 MHz phase-sensitive detector (bandwidth
ml MHz). After that, the detected signals were made visible on an oscilloscope and, if
desired, recorded by means of a linear direct-coupled gate (Ortec Brookdeal 9415).
Boxcar detector applications were possible by using the linear gate in combination with
a scan delay generator (Ortec Brookdeal 9425)- Important times in the electron spin
echo timing sequence such as the time between the first and second transmitter pulse
could be measured by a Philips PM 66S0 counter/timer.

The timing sequence of the microwave pulses as well as the triggering of the high-
voltage power supply and the linear gate was provided by a pulse sequence generator,
the essential part of which is shown in the block schematic in figure l(a). Originally the
apparatus was designed to generate the three-pulse stimulated echo sequence, but with
some small modifications it is also capable of providing the two-pulse echo cycle. The
essential circuit consists of four monostable multivibrators, three OR gates, two differenti-
ators and an inverter. It generates a pulse timing sequence shown in figure l(b). The
electric field pulse is triggered at t3. The Ortec Brookdeal linear gate is opened at t4

and closed at r4 + tmM. In the case of the stimulated echo cycle a monostable multi-
vibrator providing the microwave pulses can be triggered at the times t,, t2 and t3.
Actually, triggering occurs after short preset delays in order to start the electric field
step before the third microwave pulse and to synchronize the linear gate with the echo.
Since the z-component of the magnetization between the second and third microwave
pulse is not subject to phase effects the part of the electric field step before the third
microwave pulse does not affect the stimulated echo. In this way we hoped to eliminate
the timing error introduced by the finite rise-time of the voltage step, which was con-
firmed by our experiments (see §3). Recordings of the echo-decay envelopes could be
made by feeding the output of the linear gate into the y-axis channel of an X- ^recorder
while the delay time rKM of the scan delay generator was swept At the same time the
timing ramp of the scan delay generator was fed into the X-axis channel of the recorder
in order to obtain a calibrated linear timing scale of the envelope recordings. The pulse
width of the monostable multivibrator marked with r (see figure I (a)) as well as some
relevant preset delays were adjusted in such a way that the scans were started at the
end of the spectrometer recovery time. An advantage of performing echo envelope
cpectrometry with the three-pulse stimulated echo cycle is that without the necessity for
special arrangements a jitter-free operation is ensured of the monostable multivibrators
providing twice the time interval T + t,cln.

3. Experimental results

The measurements of the electric field effect on the EPR of Mn2+ in LMN were per-
formed with both the external magnetic and the external electric field directed along
the trigonal symmetry axis of LMN. The EPR frequency shifts due to the applied electric
field we're determined by measuring the null points in the envelopes of the electron spin
echo decays. This method has been developed and extensively described by Mims (1964,
1974). The experiments were performed with the pulse sequence generator working in
the three-pulse stimulated echo mode. It was shown experimentally that shifting the
electric field pulse with respect to the third microwave pulse does not affect the electric
field effect as long as the third pulse and the stimulated echo occur within the flat part
of the voltage step (see also the end of §2). Figure 2 shows the EPR spectrum of Mn2+

in LMN with and without an applied electric field step. It clearly demonstrates that the
pulsed electric field combined with phase sensitive detection of the echoes can separate
the EPR spectrum of the C 3 centre from that of the C3i centre (apart from the —| «-• i
transitions).

23



H

161

Figure Z EPR spectra of Mn2+ in LMN in the cue that both the external magnetic and the
external electric field are directed along the trigonal symmetry axis. The spectra were ob-
tained by generating electron spin echoes: (a) £„ = 0; (H) £ ,r = 50|i»kVcm~'.

The null points tn (n = 1,2,...) in the echo-decay envelopes were measured with the
Philips PM 6650 counter/timer, using an oscilloscope as null indicator. If a check of
the homogeneity of the applied electric field was desired recordings of the envelopes
with and without the electric field step were made. The pulse-interval times T. derived
from the recorded envelopes were found to be in agreement with the values determined
by means of the oscilloscope and the electronic timer, although being slightly less
accurate. In figure 3 the reciprocal of the externally applied electric Geld £ 0 is plotted
against the pulse-interval time rt required to produce the first null in the echo-decay
envelopes. The true zero point of the timing scale was established in a way described
by Mims (1964). Figure 4 shows l /£ 0 as a function of the mean difference AT between
successive null points in the envelopes. Both figures demonstrate that the electric field
effect is linear in the applied field. Moreover, they show that there is a systematic differ-
ence between the slopes of the lines of samples 1 and 2. We assume that this difference
was introduced by systematic errors in the values of the applied potentials and the
distances between the electrodes. The numerical results of figures 3 and 4 are listed in
table 1. They show that the linear electric field effect can be interpreted in terms of a
shift in the zero-field splitting parameter D. The mean value is ADctp/£0 = 2-8 ± 0-3
kHz per kV cm "\ the error being mainly based on the systematic difference between the
results of samples 1 and. 1 Considering the numerical results for the transition
-§«- •—£( -§ ) it canbe noted that with the conventional method of investigating the
influence of a static electric field on the EPR spectrum it would have required a field ijp
to about 700 kV cm"' to obtain a splitting of that line of the size of the linewidth.

TaWe 1. Linear electric field effect (LOT) on the am of M n " in LMN as derived from t, and
AT (see text). The units are kHz per kV cm' 1 of applied electric field. Err ore are ± 10 %. .

EPR transition UFE LEFE . •
W - l « M ( m J derived from Ti derived from AT

-f«-*-l(-S U-0 H-2
-i«-i(-fi *6 frl

4-1(1) 1M 11-5
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Figure 4. Reciprocal of the externally applied electric field as a function of the mean difference
Ac between successive null points in the echo-decay envelopes. Full line, sample 1; broken
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The induced frequency shifts of successive EPR lines in the same hyperfine sextet
showed differences of the order of magnitude of the experimental accuracy. The mean
differences at several applied electric fields were found to have the same sign in most
of the cases, although not clearly being proportional to the applied field. Nevertheless,
if it is assumed that the equal signs of the mean differences indicate an electric field
effect on the hyperfine interaction an upper bound for a linear shift of 004kHz perkV
cm" l can be estimated.

4. Theoretical analysis of the electric field effect oa the zero-fieH splitthg of Mn2+ in
LMN

Linear electrically induced shifts in the spin Hamiltonian parameters can be attributed
to two sources: (i) The induced electronic polarization of the paramagnetic ion; in this
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mechanism the odd potential energy terms are of importance. They mix the ground
configuration with excited configurations of opposite parity. Second-order terms arising
from the combined effect of the internal odd crystal field and the externally applied
electric field cause energy level shifts which are linear in the applied electric field and thus
can explain linear shifts in the spin Hamiltonian parameters, (if) Changes in the even-
symmetry components of the crystal-field potential caused by induced ionic displace-
ments of the paramagnetic ion and the neighbouring ions, as well as by electronic
polarization of the neighbours.

In §3 we have shown that the external electric field effect on the EPR spectrum of
Mn2+ at site II in LMN can be described by a linear shift in the zero-field splitting para-
meter D. In this section we describe the results of a theoretical calculation of this linear
£>-shift The calculation was done in the limit of ionic bonding. Both mechanisms
mentioned at the beginning of this section were included in the theory.

We evaluate first the contribution from mechanism (i). In the calculation of the
electronic polarization of Mn2+ several single-electron excitations were taken into
account: 3d5 -> 3d*wT (f = 1,3; n' = 4 , . . . , 8) and 3d5 -»3p53d« (Armstrong 1971).
Since the earlier calculation of D has shown that the relativistic second-order Wyboume
effect is dominant (Chatterjee and Van Ormondt 1970) we have assumed that relativis-
tic effects are also important in the linear electric field effect on D. Therefore, the calcula-
tion was performed in the relativistic scheme of Sandars and Beck (1966). Since we are
interested in the electric field effect on D we have only to consider the axial symmetry
part of the effective crystal-field operator. In a trigonal reference frame this axial part
can be written, in the absence of an external electric field, as (Van Ormondt 1968)

(1)

where

and

A;% (3)

The WIK'k>* are the double-tensor operators defined by Judd (1963) and t , ,
parameters for d electrons are given by Van Heuvelen (1967). The A\ are the crystal-
field parameters. In the expression for W\" we have neglected terms involving W(13)k

(k = 2,4) since, in agreement with Parrot (1974), we have found that such terms give
contributions to the matrix elements of the spin Hamiltonian which are negligible with
respect to that of W111>2. Application of an external electric field produces an equivalent
field (EEF) (Kiel 1966) which can be written as

WEEP = eE{b%(n)W%»2

(4)

where £ is the electric field at the position of the paramagnetic ion due to the externally
applied potential. The general expression for the parameter b^K^k^ is (Parrot 1974)
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where the sum is ovctjl,j2>"'. ''</ and k. The phase factor <j> = 0 for the single-electron
excitation nl"-»nf""Jn7 and <£ = 1 for the core excitation nl"-*ril'*r*lnf*i: The
symbol R)*yj2 represents the product of the relativists radial integrals (nlj, \r\n'l'jr) x
(irt*/|j*|nfo). Furthermore AB(»/,n'/') is the positive energy separation between the
nf and the nf-^'r or the ril'w+ 'til"*1 manifolds. It should be noted that equation (5)
holds if one considers linear effects and if the electric field is applied along the z-axis of
the reference frame. In the Appendix expressions for some ftjf parameters are given for
the excitations 3d" -»3d"~ 'HT, where /' = 1,3. The expressions apply only to the para-
meters related to C3 symmetry and show the need to know the values of the odd crystal-
field parameters A° and A\ (q = 0, ± 3). A crude estimate of these parameters based on
a point-charge model indicates that we can neglect the A\ compared with A° and this
was done in the calculations to follow.

We consider next the contribution to the linear electrically induced shifts due to
mechanism (ii). Clearly from equation (1) this contribution has the form:

where AAl and AA$X are the induced changes in A% and A%^ respectively. To estimate
these, the point-charge model was again invoked with the additional assumption that
the main contribution arises from displacing the neighbouring water protons. Further-
more, we have assumed that the restoring force on the water protons is the same for
all directions of the applied electric field. In that case the ionic displacement is given
by: •

Sfi, = Z p e £ A in = x,y,z), " (7)

where Zpe is the charge on the protons and /„ the force constant If the external electric
field Eo is applied along the-trigonal symmetry axis (z-axis) the internal electric field £
can be written as (Kiel and Mims 1972)

£ = ft€|| + 2)£0. (8)

Using a simple hydrogen bonding model for crystal waters, first proposed by Pedersen
(1964), and the results of infrared absorption measurements on the complex [Mn(H2O)6]2+

in two hydrated manganese salts (Nakagawa and Shimanouchi 1964) we could estimate
a" force constant fr « 3 x 10* dyn cm"1. This together with eg = 5 (Hellwege and
Johnsen 1954) yielded a displacement in the z-direction of 5zJE0 => 6-1 x 10~6A per
kVcm"'.Using this value in the point-charge calculation we found: Ay<5<r2>/£0 =
-3-7 x 10-3cm"1 perkVcm"1 and AAiK<,r*)>/E0 = 2 0 x lO-'cm"1 perkVcm"1.

The relativistic radial integrals and the energy differences used in the calculation of
the radial parameters in equations (4) and (6) are listed in tables 2 and 3. They were
calculated by J Andriessen (1975, private communication), using Dirac-Fock wave-
functions based on improved potential expressions (Andriessen and Van Ormondt
1975). The energy differences AE(n/,n'i) were obtained by taking £„.,. - £ 3 d in the case
of the excitations 3d5 -• 3dVf and £3 d - £ 3 p in the case of the core excitation
3d5 -»3ps3d6.

Using the radial integrals of table 2 we found the following contributions of the even-
field changes to the effective axial crystal field: A^6j( l l ) /£ 0 = 5-4 x lO^cm-'perkV
cm"1, Ay42b2(02)/£0 = 2-8 x 10"3 cm"1 per kV cm"1 and A>O4(04)/£0 = 11 x
10~3 cm"' per kV cm"*', The contributions to the equivalent even field, calculated from
the radial integrals and energy differences of table 3, are listed in table 4.

T«U« Z ReUtiviitk ndial integrals (3d/|r*|3d/) (fc = 2.4) of Mn2* (J Andriessen I97S.
private communication).

(3d;|r*|3d/)
au

i
i
i

i
i
i

1-5462
1-5361
1-5409

5-1191
5-3517
5-3850
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Tafcte 3. Kelalivittic radial integrals (3dj|r|nTj) and energy differences AE(n!,n'l) of Mn2

(J Andriessen 1975, private communication).

»•;•/ (3dJ|rfnT/)
au

AEfri/.n'f)
au

3.1.1
4
5
6
7
8
3,1.1
4
5
6
7
8
4,3,}
5
6
7
8
4,3,i
5
6
7
8

-09351
07186
02070
01157
O0783
O0582

-09275
07270
O2083
01163
O0787
00584
03556
02684
02053
01629
01329
03678
02774
02121
01678
01369

3.1.1
4
S
6
7
8
3,1,1
4
S
6
7
8
4,3.}
5
6
7
8
4.3.}
5
6
7
8

-09349
07129
O2062
01153
O078I
O0580

-09279
07212
O2075
01160
O078S
O0583
03526
02664
O2038
01617
O1320
03647
02753
O2106
01667
O1360

1-97
057
093
106
1-14
1.18

099
MO
M5
119
121

Table 4. Contribution! from Mveral excited configuration* of odd parity to the equivalent
even crystal held of Mn2* in LMN. The units ate c m ' 1 per kV cm"1 of applied electric
field £ 0 = I (<« + 2) is the Lorentz factor.

i t '

3
4
5
6
7
8

Total

xlO6

-1-34
1-75
003
001
—
—

045

eLo&SUl),.,
xlO6

-2-50
-1-28
- 0 7 0
- 0 4 0
- 0 2 6

-5-14

rf.06t(02).
xlO3

- 0 2 7
1 24
006
002
001
—

106

«t,,l>2(02),.,
x lO 3

008
004
002
001
001

016

In recent years several perturbation mechanisms have, been used in the theory of the
zero-field splitting parameter D of paramagnetic ions in axial crystal fields. In the case
of Mn2+ in LMN it was found (Chatterjee and Van Ormondt 1970) that of all mech-
anisms acting within the d s ground configuration the relativistic second-order Wybourne
mechanism and the third-order Blume-Orbach mechanism are the most important.
We have assumed that the same holds tor the linear electric field jffect on D. The second-
and third-order D-shifts were calculated from the following expressions:

where

AD<2)

AD<3)

U2(02)

10 £(*P)-£(6S)
3 1

28 42

B2(H), (9)

(10)

(ID

28



Equation (10) is similar to equation (1) of Andriessen el al (1968). Using the values
{ = 320cm-1 (Low and Rosengarten 1964), £(4P) - £(6S) = 30000cm-1, S = - 0 0 6
x 10"10 cm2 and 2' = -3-31 x 10~ l 0 cm2 (Van Ormondt 1968) we obtained a theo-

retical D-shift ADtUJE0 = &56 kHz per kVcm"' which is one-fifth of the experimental
value ADnp/E0 = 2-8 + 0-3 kHz per kV cm"'. The various contributions to ADlht(,r/£0

are given in table'S.

Takk 5. Contributions (in kHz per kV cm"1) from various terms to the theoretical D-shift
o f M n l + i n L M N .

Terai AC'VEo AD"'/E0

(4/^4,(1 !)/£„) (?(,"" 094 —
SW'2 -082 —

- O 0 I
048

5. Discussion and conclusions

Electron spin echo combined with a pulsed external electric field has proved to be a
successful technique in detecting the electric field effect on the EPR of Mn2+ in LMN.
It was found that the applied field causes a linear shift in the zero-field splitting para-
meter D. A theoretical calculation of the linear D-shift yielded a value which is one-fifth
of the experimental value.

One of the reasons for the large discrepancy between theory and experiment may be
the uncertainty in the values of the crystal-field parameters Al, &A% and AA%,C. In the
case of A° it should be noted that a poor convergence of the lattice sum has been found
in several crystal lattices (Artman and Murphy 1964, Kiel and Mims 1972). The same
argument applies to a lesser extent to the / = 2 crystal-field parameters. In the calcula-
tion of AAl and A/lJ^ further simplifications were made, such as neglecting the ionic
displacement of Mn2+ and the neighbouring water oxygens and neglecting the elec-
tronic polarization of the nearest neighbours. As far as AAjis concerned, it may be
possible to derive an experimental value if one succeeds in detecting the linear electric
field effect on the quadrupole interaction term P{/* - £/(/ + 1)}, the parameter P being
proportional to the crystal-field gradient. In that case a condition would be that the
induced ionic displacements play the same role in both the linear electric field effect on
P and on D (Dixon and Bloembergen 1964).

Among the various contributions to the linear D-shift three effects are of more or
less the same importance (see table 5). Two of them are relativistic because the para-
meters 62(11) and &S(11) vanish in the non-relativistic limit. Since the two relativistic
terms almost cancel accidentally it is clear that variations in the relevant crystal-field
parameters Al and A4? can have a large influence on the total value for ADtheor. Con-
sidering the contributions bom the excited odd-parity configurations to the electronic
polarization terms eL06jj(l 1) and eL0b°2{02) (see table 4) the following can be concluded:
(i) In the relativistic part of the electronic polarization the total contribution from the f
electrons is more important than that from the p electrons. This is especially due to the
fact that the main contributions from the p electrons, namely those from 3ps3d6 and
3d*4p almost cancel. In the classical part the contribution from 3d*4p is the largest,
(ii) The convergence of the 3dVf contributions is much less than that of 3dVp. This
result suggests that configuration interaction with the 3d*ftf continuum configurations
may be important.

Assuming that our adopted point-charge value of A\ is of the right order of magnitude,
we have calculated the quadratic effect of the potential energy term AirCi on the zero-
field splitting parameter D. We could apply equation (9) again by setting dA% = 0
and replacing eL0E0 by \A\. The result is a contribution of about —6 x 10"* cm"',
which is 29% of the experimental value at room temperature (Van Ormondt et al 1967).
Since the theoretical value of D was too high (Chatterjee and Van Ormondt 1970) the
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quadratic effect gives a correction in the right direction, although being too small to
explain the disagreement between theory and experiment This may indicate that still
other important effects have to be included in the theory, such as overlap and covalency
effects (Sharma et al 1967, Newman and Urban 1972) and effects from lattice vibrations
(Holuj and Kwan 1974). In relation to this we would like to draw attention to the follow-
ing: the EPR measurements on Mn 2 + in LMN have shown that D varies about 15% for
Mn2+ at site I when cooling down from room temperature to 4-2 K. It was found that the
variation is very nearly quadratic in T over the entire temperature range. However, for
Mn2 + at site II the relative variation in D is much larger (the absolute variation is about
twice as large) and linear in T above 70K. D even changes sign at T us 220K for that
site. In our opinion neither the ionic contributions nor the effects of overlap and covalency
change so much as a function of temperature that they can explain the temperature
dependence of the latter site. Therefore, it may be that the greater and linear dependence
of D on the temperature for site II indicates that lattice vibrations play an important
role.

In conclusion it can be said that the order of magnitude of the linear electric field
effect on D of Mn2 + in LMN can be explained by the mechanisms described in this
paper. Among the various contributions to the linear D-shift, relativistic effects are as
Important as classical effects. A quantitative agreement between theory and experiment
would be fortuitous in view of the many assumptions made in the theory, especially in the
calculations of the crystal-field parameters. The quadratic contribution from the crystal-
field term A°rC% to the zero-field splitting parameter D may be of importance but with
the present value of A\ the disagreement between theory and experiment can not be
explained.
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Appendix

The b% parameters of the excitations 3d" -• 3dw"1n'i'(f = 1,3) related to C3 symmetry
are:

- - +25K»__)

o 2 ^ ° ( _ 2 4 R i 3 + + +6Rl\. - 16«L3
++ + 9R1

+
3

+. +25KL3_+)}-
4375 J

16RL3
++ -9Rl\- - 25RL3_+)1-

J
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. - 9Ri3. + - 4 9 R " . .

- 63Rl_3
+ . - 32Ri3+ + + 1%R\\ _ + SORlK A.

.-. ' { d & S s R i 1 , + - « i» . + - 49RLL . + 28RL1. +)
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Mn2+ inLa2Mg3(NO3)12.24H2O
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Abstract. The effect of an applied electric field on the EPR spectrum of Mn2+ (3d':'S) in
La2Mg,(NO3) l : . 24H2O has been measured by means of electron spin echo combined with a
pulsed electric field. The third rank tensor describing the linear electric field effect on the
ground state splitting has the following non zero elements: \Rie\ = 7-5(2), |R2E| = 6-0(4),
| R , J = 11-4(4), |R l 5 | = 14-6(4) and \R3B\ = 2-8(1) kHz per kVcnT1 (systematic error
+ 1 0 "i).

To increase the accuracy of the measurements the orientation of the static magnetic field
with respect to the crystallography reference frame was done with the aid of spin echo proton

Electron spin echo combined with a pulsed externally applied electric field has proved to
be an extremely sensitive technique for investigating the linear electric field effect (LEFE)
in EPR (Mims 1964,1974). We have used this method to measure the LEFE of Mn2 + doped
in the double nitrate La2Mg3(NO3)12.24H2O (LMN). In a previous paper (De Beer
et al 1976) we have reported on the LEFE for only one orientation of the external electric
and magnetic field with respect to the crystal (£01| Ho \\ c). In this Letter we present the
complete determination of the third-rank tensor describing the LEFE of Mn2 + in LMN.
This tensor could be measured by performing LEFE experiments for a sufficient number of
directions of Ho and Eo with respect to the crystallographic axes. To increase the accuracy
of the measurements the orientation of Ho was done with the aid of the angular depen-
dence of proton ENDOR. For the latter purpose a special microwave cavity has been con-
structed with which LEFE measurements as well as pulsed ENDOR (Mims 1965) can be per-
formed. This cavity and the necessary ENDOR equipment will be described in the next
section. The rest of the pulsed spectrometer has been described in the previous paper
(De Beer et al 1976).

To obtain a high voltage across the sample, the same electrode configuration was
used as described by Mims (1964) (see figure 1). The crystal is mounted on a vertical
plateau that is part of a side of a rectangular X-band TEIO1 cavity. The plateau can be
rotated about the horizontal axis and acts at the same time as one of the electrodes.

The other electrode consists of copper foil attached to the sample. Contact with the
supply cable is made by means of a phosphor bronze wire passing through the base of the
cavity. The electric field in this configuration is fixed along a chosen direction while the
magnetic field can be given any direction with respect to the crystallographic axes. To
perform pulsed ENDOR experiments a broadband RF system is required, which is capable
of providing large pulsed magnetic fields H1KF at the sample. Our RF system consists of a
home-made RF sweep generator (frequency range 0-50 MHz), a Mini-Circuits Laboratory
SRA-1H double balanced mixer that pulses the RF signal, an ENI35OL wideband power
amplifier that raises the RF power to a 90 W level and a delay line terminating in a 50 ft
load. The part of the delay line that is incorporated in the cavity acts as a nuclear magnetic
resonance probe, the rest of the delay line is a 50 ft coaxial supply cable connecting the
probe with the power amplifier and the 50 ft load outside the Dewar vessel.

3

33



Fffire I. The cavity with electrode and ENDOK coil configuntion.

The probe consists of N pairs of windings, led through four quartz capillaries
(0 2 mm), which are mounted perpendicular to the microwave electric field vector
(see figure 1). The direction of J?iRF is perpendicular to the plane in which the static
magnetic field routes, fulfilling the requirement that / / 1 R F 1 Ho 'for any direction of//„.
Matching of the impedance of the probe to the rest of the delay line h accomplished by
inserting capacitance to ground between each pair of windings.

Lowe and Engelsberg (1976) have given a detailed analysis of this method. The effect
of mutual inductance between the windings was treated by Lowe aud Whitson (1977)
(this effect can actually improve the performance of the probe). As a first approximation
we neglected mutual inductance and calculated the required capitance C simply from
Zo = (LfQ112. L being the measured inductance of a pair of windings («O-25uH).
After that the mutual inductance was taken into account by slightly varying C until the
deviation of the impedance of the delay line from 50fl was minimal over the desired
frequency range. The number of pairs of windings N was determined by considering
that the amplitude of H U F increases with N as long as the length of the probe is shorter
than half the wavelength of the KF wave in the prove. With N = 3 we found that HtKF

varied from 2-5 to I -5 Oe A "' in a frequency range of 0-30 MHz.
The Mn2+ ion occupies in LMN two different types of lattice sites, having C3I and C3

symmetry respectively. We are only concerned with the latter site for which a LEFE
can be observed due to the absence of inversion symmetry.

The EPR spectrum of LMN:Mn2+ has been investigated by Van Ormondt (1968).
It can be described by the following spin Hamiltonian

Sf - # - & « - FKSt - fft2 + ff) +

whereS = / « 5 / 2 .
The measured electric field induced shifts can be interpreted as changes in the £>-term

(ground state splitting), which can be described by the following spin Hamiltonian term
(Royce and Bloembergen 1963)

We shall use the slightly different traceless practical notation' suggested by Mims (1976)

+ Ru{Sy,Sj+Rls{Sx,S.} + R^S^S,}, (3)

because this notation is closest to that used for the D-term in expression (1).
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For C, symmetry the LEFE can be described by five independent parameters:

E,
E,

si-si
Rlc

0

0
0

*.»

R»
RIS

0
-Rit

0 0

We have taken the sign in front of R2E in accordance with (3) (Mims (1976), takes a
negative sign).

Since the axial crystal field parameter D is of the same order of magnitude as the
electronic Zceman term it has to be taken into account when calculating the expectation
value of JCr This was done by diagonalising the spin Hamiltonian

Jf = gpH0.S + D{S2
t - $S(S + 1)} (5)

and computing the expectation value of JfE between the resulting eigenstates (the in-
fluence of the other terms in (1) could be neglected). The shifts calculated in this way were
fitted to the experimental shifts by means of the least-squares method.

Figure 2 shows the angular dependence of the LEFE for Ho rotating in three perpendi-
cular planes and £ 01 a. The parameters as defined in the crystallographic a,b,c frame
(Zalkin et al 1963) are listed in table 1.

TaHe I. The non-zero elements of the RIJt tensor. The digit between parentheses is the
standard deviation in the last cipher. The systematic error is estimated to be 10%.

I p l t IP It i R l I f f l Ifflt

kHzperkVcm"1 7-5(2) 6-0(4) 11-4(4) 2-8(1)

t D e Beer rtrfl 976.

Since in LMN the Mnz+ ions are equally divided between two kinds of C3 sites, the
point symmetry at one site being the inversion image of the point symmetry at the other
(space group R% we were not able to determine absolute signs of the LEFE parameters.
Only for two parameters was the relative sign established.

One can distinguish between four possible contributions to the errors in the LEFE
parameters:
(i) the experimental error in the shifts of the EPR lines (2%); (ii) a misalignment of Ho;
(iii) the error in the measurement of the magnitude of £ 0 (10%); and (iv) a misalignment
of£ 0 .

15

' 10

05

in ab plane Ha in ac plane

15
xiO3

10

0-5

0 — 3 0 60 90 120 150 180 0 30 60 90 120 150 180 -90 -60 -30 0 30 60 90

Azimulhal angle Polar angle Polar angle

Flcan 2. Angular dependence ofthelinearelectricfield effect ofEra transition - f « - ? ( - ? )
(full circle) and f «-• f (f) (open circle). The thickness of the sample is 0-725 mm.
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The possible error in a LEFE tensor element due to a misalignment of J?o or Eo

depends on the relative magnitude of the tensor elements and may be maximally 10%
and 3% per degree respectively in our case. Ho could be oriented with respect to the
crystallographic axes by means of EPR with an angular accuracy of 3°, which is poor in
view of the resulting large errors in the tensor elements. With the aid of proton ENDOR
we reduced the angular error to 0-3°. This was done by comparing our ENDOR spectra
with those of Van Ormondt et al (1969), who extensively studied the proton ENDOR
ofMn2+ inLMN.

The deviation of the electric field from the chosen direction (Eo || a) could be inferred
from the LEFE angular dependence itself. In the fitting procedure we allowed for a com-
ponent perpendicular to the a axis. This yielded an angle of 1-6° between Eo and a.

Summarising, it can be said that by applying the pulsed electric field, electron spin
echo method to LMN:Mn2+ for various directions of Ho and Eo with respect to the
crystallographic axes we were able to determine absolute values of the tensor elements
of the third rank tensor describing the.LEFE. The experimental accuracy could be enhanced
considerably by combining the above mentioned method with pulsed proton ENDOR.

The authors wish to thank Professor B S Blaisse for his stimulating interest. One of us
(RM) is indebted to the Delfts Hogeschool Fonds for financial support.
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A M n c t T h e effect of an applied electric field on the EPR spectrum of both single crystals
and powdered single crystals of Cs2ZnCI4 doped with Cu 2 ' has been determined by means
of electron spin echoes. The single-crystal measurements are described by a 92-shift tensor
appropriate to a symmetry close to D2d. This tensor contains the three independent para-
meters « 1 5 = - fiM = 12; B3I = —B31 = 13 and S3 3 = - 3 . (The units are 10"' cm V"1.)
Measurements on the powdered samples have been interpreted by means of a computer
simulation yielding parameters that agreed well with the single-crystal results.

1. Introduction

When a paramagnetic ion occupies a crystal site lacking inversion symmetry, a linear
Stark splitting in the EPR spectrum may be observed (Ludwig and Woodbury 1961,
Royce and Bloembergen 1963). Measurement of this linear electric field effect (LEFE)
can provide a useful completion of the EPR data. For instance, it has been shown that
LEFE measurements can be used to determine the site symmetry of the paramagnetic
centFe in a case where it could not be inferred from EPR measurements alone (Mims 196S,
Bichurin et al 1971). Recently this method has been applied to investigate the dark-blue
copper proteins azurin and stellacyanin (Peisach and Mims 1978). It was found that the
Cu2+ ion in these proteins is surrounded by four ligands in a geometry that is an inter-
mediate between square-planar and tetrahedral. Since the magnitude of the LEFE appeared
to be related to the deviation from square-planar geometry, LEFE measurements on a
Cu2+ ion in a known tetrahedral crystal site should be useful at this time. The measure-
ment of the LEFE of biological materials is often complicated when these substances are
only available in glassy form. As a consequence the small, electric-field-induced line-
shifts have to be detected on an overall linewidth of several hundreds of Gauss. This can
be overcome by using the electron-spin-echo technique combined with a pulsed electric
field (Mims 1964). Another consequence of studying disordered samples is that a com-
puter simulation is "eeded to extract the LEFE parameters from the data.

We have measured the LEFE of single crystals of Cs2ZnCl4:Cu2+. This system was
chosen because it is known from x-ray diffraction and EPR (Sharnoff and Reimann 196S)
that the configuration of the CuClJ" complex in Cs2ZnCl4:Cu2+ approximates to a
planar-distorted tetrahedron. We also have studied powdered single crystals of
Cs2ZnCl4.Cu2+ in order to investigate whether the same parameters can be extracted
from the LEFE of powder samples.
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2. Experimental procedure

The LEFE measurements were done with an X-band electron spin-echo spectrometer
described previously (De Beer et al 1976). Some of the crystals of Cs2ZnCI4:Cu24 used
in our experiments were kindly donated by Professor M Sharnoff of the University of
Delaware. In addition we have grown crystals ourselves from aqueous solutions con-
taining CuCI2, small amounts of ZnCl2 and excess CsCl (Sharnoff 1965). Crystals of
both origins yielded essentially the same EPR and LEFE results. The largest crystals had
dimensions 3 x 3 x I mm3 with (001) as the well-developed face (crystal axes are chosen
so as to yield the space group Pnma). This permitted only the orientation E\\c to be
chosen in the single-crystal LEFE experiments. The powder LEFE measurements were
done with cylindrical pills pressed from selected powdered single crystals (pressure m
50 kg mm'1).

3. Results and discussion

S.I. Single-crystal measurements
First we summarise the results of the x-ray determination of the crystal structure of
Cs2ZnCI4 (McGinnety 1974) that are relevant here. The crystal axes are chosen so as
to yield the space group Pnma. The unit cell contains four ZnClJ" complexes. These four
complexes form two inversion image pairs, which means that complexes forming a
pair are related by the inversion operation. Glide reflections transform complexes of one
pair into those of the other. The local symmetry of the ZnCl* ~ ion is governed by the
mirror plane (010) passing through the central ion and two Cl" ions (Cs symmetry).

. However, the local symmetry is close to that of a tetragonal sphenoid (D2d). It may be
considered as either a square plane deformed by pushing the ions at the ends of one
diagonal up from the plane and those at the ends of the other diagonal down, or a tetra-
hedron flattened along a fourfold inversion axis preserving the fourfold inversion sym-
metry but destroying the four trigonal symmetry axes. The fourfold inversion axis makes
an angle of about 54° with the (001) plane. The description as given above may serve as a
guidance in the interpretation of the EPR of Cs2ZnCl4:Cu2+ since the Cu2+ ion resides
at the Zn2+ site. We found two magnetically inequivalent sites (the two inversion pairs)
giving rise to two spectra coinciding in the glide planes (100) and (001). The y-tensor
is rhombohedral but does not deviate much from axial. One of the principal axes of the
3-tensor (g2) is perpendicular to the (010) mirror plane. The principal g-values are de-
noted according to the convention j / , < g2 < g3. Our results agreed well with the earlier
work of Sharnoff (1964) and Sharnoff and Reimann (196S) (see table 1) except for a slight
discrepancy. These authors found for the angle between the s3-axes of the two different
sites a value of 80 ± 4° from which they concluded that it is the c axis that bisects this
angle. We found this angle to be 86 ± 2° with our X-band spectrometer switched to
the continuous wave (cw) mode and also with a conventional Ka-band (35 GHz)
ESR spectrometer. Since the angle is close to 90° we could not distinguish between a and
c unambiguously from our observations. Without relying on morphology, the crystal
axes of our samples have been determined independently by means of x-ray measure-
ments and electron-spin-echo envelope-modulation measurements. These last measure-
ments (which will be the subject of a separate paper) yielded the superhyperDne frequencies
of l 33Cs nuclei normally observed in an ENIXHI experiment. From these, the positions of
some l33Cs nuclei could be inferred which made it possible to distinguish between
a and c.
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Table 2. Four of the ten % 2 ) parameters occurring in C, symmetry as determined from
measurements on a single crystal of Cs2ZnCI4:Cu2*. The reference frame is chosen x\\h,
y\\a and z\\c (\\E). The units are 10~'cmV"'. The numbers between parentheses are three
times the standard deviation in units.of the last digit.

B, B,,

8(1) 2-7(9) -136(6) ±3-8(3)

i

-t

The observed LEFE on the spectrum of Cs2ZnCI4:Cu2+ can be completely accounted
for by a shift of the g-value. It will be described by a third-rank tensor which relates the
shift in g2 to the vectors £ and H (Mims 196S). For C, symmetry this tensor contains 18
independent parameters. We shall first describe our LEFE measurements in Cs symmetry
which is the true site symmetry. Since all measurements were made with E\\c, four of the
ten non-zero tensor elements appropriate to Cs symmetry are sufficient to describe the
data. Table 2 lists the tensor elements B31", B32, Bi3 and B34 occurring in

Mg2) = £C(B31/
2 + Bi2m

2 + B33n
2 + 2B34mn)

with /, m and n being the direction cosines of H relative to an x-y-z reference frame with
x\b, y\\a and z||c. The parameters were determined by minimising the difference between
calculated and observed shifts on the basis of the least-squares criterion. The overall
sign cannot be determined in this kind of experiment. The signs of the listed parameters
are equal for both sites except for those of B34. If the local symmetry of the Cu2 + ion
in Cs2ZnCl4:Cu2+ is higher than Q, it should be possible to deduce this symmetry
merely by inspection of the Btj tensor transformed to a suitable reference frame. Tor
instance, in the case of D2i symmetry a rotation of the coordinate system around the
x axis so as to make the z axis coincide with the fourfold inversion axis occurring in
D2 d symmetry would yield a B y tensor with all elements being zero except for B l s =
- B 2 4 and B31 = - B 3 2 . This tensor can be expressed in the more common reference
frame with the x' and / axes along the twofold axes by rotating over 45° around the four-
fold inversion axis yielding a tensor with B'l4 = B2J = B15 and B36 = B31. It can be
easily shown that in D2 d symmetry the LEFE vanishes for H parallel to the fourfold inversion
axis which is at the same time a principal direction of the g-tensor. In figure 1 the angular
dependence of the 9-value and the LEFE on the. g-value are shown for H oriented in (010).

- 15.10-'

Figm-l. The angular dependence of the g-factor and the LEFE on the ^-factor (expressed
in W)) of a single crystal of Cs;ZnCI4:CuI+ for H in (010) and E|c. The full curve was
fitted (o the experimental points on the basis of C, symmetry.
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Since the null points of the LEFE do not coincide with an extremum of the g-value it is
concluded that the data cannot be described by a D2 d tensor. It is also interesting to note
that the directions of H for which the null points occur differ considerably from the
direction of the fourfold inversion axis of the ZnCIJ" complex in Cs2ZnCl4.

For the purpose of comparing these results with the powder measurements described
in the next section the tensor is also Pitted in the 0-tensor principal reference frame ob-
tained from the former by rotating over ±43° around the x axis. From the considerations
mentioned above it is clear that the tensor must have more than the two independent
parameters appropriate to D2 d symmetry to allow for the non-zero LEFE for H parallel
to the 93 axis. Therefore we have added a term B33 in the fitting procedure. The tensor
obtained in this way would also have been arrived at by assuming C2v symmetry with the
restrictions B, -Blt and £ „ = - B , , . The results are listed in table 3.

TaMe 3. The dig') shift parameters in the g-tentor principal reference frame as determined
from measurements on a single crystal and a powdered single crystal of Cs2ZnCI4:Cu!*.
The units are 10"* cm V"'. The numbers between parentheses are three limes the standard
deviation in units of the last digit.

singlecrystal 12(1)
powder 14(2)

13(1)
17<3)

-3(1)
±5(3)

3.2. Powder measurements

The powder EPK spectra shown in figure 2 were obtained by recording the two-pulse
echo intensity with increasing magnetic field for different values of the time T between
the two microwave pulses. The dependence of the EPR powder lineshape on x must be
attributed to the effect of envelope modulation of the echo decay (Rowan et al 1965)
which is caused here by the anisotropic magnetic interaction of the Cu2+ ion with the
ligand nuclei. The effect of envelope modulation at a given magnetic field setting is to
reduce the contributions of crystallites having an unfavourable t. This results in a modula-
tion of the EPR powder lineshape. The unmodulated lineshape which could be obtained
with the same spectrometer switched to the cw mode (figure 3a) has the form expected
for a powder sample with a (nearly) axial y-tensor (Bleaney 1950). Figure 3(£>) and (c)
show the LBFB for a powder of Cs2ZnCl4:Cu2+ as a function of H for H\\E and HIE.
The LEFE is expressed in the quantity aH = [6V(£T) 1 / 2 ]~ ' which is close to the average
value of (S(g)/g)/E (Peisach and Mims 1973). In this, v is the microwave frequency and
(Ex)ll2 is the product of £ and t required to halve the echo amplitude, i.e. the ratio of

26 2-8 3 0

HlkGl

32

Figure Z The EPR sectrum of a powdered single crystal of Cs2ZnC!4:Cu2< obtained with
two-pulse spin-echo EPK with different pulse-separation limes i. The axial powder ling-

shape is distorted by nuclear envelope modulation (compare to figure 3a).
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Figure 3. The continuous wave EPR (a) and the LEFE (ft) E\\H and (c) EXH of a powdered
.single crystal of Cs2ZnCI4:CuI+ expressed in the quantity a = [6v{Ez),l2$lstt tut ) as a
function of the magnetic field. The full curve was fitted to the experimental points with
three parameters.

echo intensity with and without an applied electric field RH(Er) is \. The subscript H
will be omitted henceforth, .remembering that a and R depend on H. We can express

- / / / •
, i//, z) exp(iA<u(0,4>, 4>) Ez)

where s(0, <f>, <l>, z) is the distribution function normalised so that R(Ez) = 1 for Ez = 0
and Aco(0, <j>. <iji) is the angular frequency shift caused by the electric field. The integration
is made over the polar and azimuthal angles 0 and ^ of the magnetic field H and over an
angle iji needed to specify the direction of £ in a plane perpendicular to H (in the case of
HIE; for H\\E this last integration is omitted). To find the distribution function in the
presence of line broadening, hyperiine interaction, a rhombohedral gr-tensor and en-
velope modulation is a major problem which we have not attempted to solve here.
The effect of envelope modulation especially complicates the matter and its study requires
a detailed knowledge of the superhyperiine couplings. In order to proceed we shall make
some simplifying approximations. Firstly we drop the dependence on T in 5(0, <j>, \ji, z)
which means that we neglect the effect of envelope modulation. The idea behind this is
that the influence of envelope modulation on the c-curves may be smaller than the EPR
spectra in figure 2 suggest because the value of (£T)1 / 2 used to determine a is independent
of the echo amplitude. The smallness of the dependence on z is also illustrated in figures
3(6) and (c) where the <r-curves are plotted for two different values of z. In principle,
the effect of envelope modulation can be reduced by averaging over many ̂ -curves with
values of z varying in a range comparable to the envelope-modulation periods which
occur. As a second approximation we neglect any broadening of the EPR powder line
other than that caused by g-tensor anisotropy. The validity of this assumption may be



judged by comparing single-crystal linewidth ( = 20G) and total hyperfine splitting
(maximum = ISO G) to the distance between the turning points in the EPR powder spec-
trum (440 G at X-band). Moreover, the g-tensor is taken to be axially symmetric with
gn = g3 and g± = {igl + g2). For a completely random distribution of the angles 0,
<t> and \ji over the unit sphere the distribution function is simply s(0, <j>, <p, T) = [l/(4s2)] x
[8(0 - 0t) + 8(0 - 0j)] with 0, and 81( = n- fl,) being solutions of g2 = g\ cos2 B +
g\ sin2 0 and gflH = hv, where the symbols have their usual meaning. We have com-
puted R(Ex) by numerical integration and determined Ex for which R(Ex) = \ (the func-
tion R(ET) is real because the distribution function of the lineshifts Ao> is symmetric).
This was done for different values of H yielding a tr-curve which is in general a function
of the 18fl(J parameters. These parameters can be determined in principle by minimising
the squared difference between computed and measured cr-curves. However, in view of
the assumptions made above it was not expected that our powder data might yield
the 10 LEFE parameters appropriate to Cs symmetry. We found that the a-curves can
reasonably well be represented by the set of three parameters used in the single-crystal
LEFE fit (see table 3). The full curves in figures 3(6) and (c) have been computed with these
parameters. The relative sign of B33 could not be determined as the computed curves
did not depend on it. Comparison of the powder parameters with the single-crystal
parameters showed that the differences do not exceed three times the standard deviation
if we assume the negative sign for B33. The differences which are just significant must be
attributed to the simplifications that were made in the interpretation of the powder
measurements. For instance, the value of B33 may be in error because of the fact that
this parameter is only sensitive to the low-field side of the <r-curve with H\\E, where
linewidth effects will probably tend to increase the value of o. It should also be noted
that apart from the simplifications already mentioned it has been tacitly assumed that
the dielectric constant is isotropic. A refinement of the interpretation by including
linewidth of hyperfine interaction seems hardly worth the effort in vie w of the uncertainties
associated with the envelope modulation effect.

Finally a comparison of our results with the work of PeisacK and Mims (1978) on
tetrahedral copper complexes is interesting. These authors investigated the LEFE of
copper complexes in which the Cu2+ ion is surrounded by four ligands in a geometry
that is an intermediate between square-planar and tetrahedral. The LEFE appeared to
depend only slightly on the ligation but strongly on the deviation from square-planar
geometry. This was concluded from the comparison of the LEFE of some copper complexes
with known structure. In this comparison the LEFE was expressed in the quantity <rmlll

which is the maximum value of the <r-curve for H\\E. The largest value found was amKl =
0-65 x 10"9 cm V"' for o-phenanthroline dichloride. For Cs2ZnCl4:Cu2+ the value of
this quantity is ama = 1-3 x 10~9cmV"'1.Thisseemsnot unreasonable as the CuCÎ ~
complex in Cs2ZnCl4 is probably a closer approximation toa tetrahedron than the copper
complex in o-phenanthroline dichloride. However, a quantitative comparison is hin-
dered by the lack of knowledge about the dielectric constants involved Another, possibly
even more important, complication in this kind of comparison may arise from the differ-
ent character of the environment of the copper complex in a (powdered) single crystal
and in frozen solutions. The lattice is likely to induce some distortion of the copper
complex which would be absent in solution. However, it was concluded by Sharnoff
and Reimann (1965) that in the case of Cs2ZnCl4:Cu2+ this is probably a small effect.
The low symmetry of the CuClJ" complex found in CsjZnCl4 (Ca) must rather be re-
garded as an intrinsic property of the CuClJ" ion.

. In conclusion, we have measured the LEFE on the EPR of single crystals and powdered
single crystals of Cs2ZnCl4:Cu2+ by means of the electron-spin-echo method. It was
found that the LEFE can be described by a shift of the g-value. The interpretation of the
LEFE measurements on the powdered single crystals was hindered by the presence of the
envelope-modulation effect However, a simple interpretation neglecting envelope
modulation yielded LEFE parameters that were reasonably close to the parameters
determined in the single-crystal measurements. This result is encouraging for future
LEFE experiments on solids that are only available in the disordered state.
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Spin echo F.NOOR and conventional cw ENDOR has been applied to a powder of the paramagnetic enzyme methanol
dehydrogenase. The experiments show some complicating aspects of the line shape of spin echo powder ENDOR.

1. Introduction

In the past years it has been established that
ENDOR on unordered solids can give considerable in-
formation concerning hyperfine interactions of nuclei
near paramagnetic ions or free radicals [1-12]. This is
in particular useful for materials which are not avail-
able in the single-crystalline state such as for example
many biological systems. If the hyperflne interactions
are small the ENDOR response will occur near the free-
nucleus precession frequency (matrix ENDOR). To un-
derstand how the hyperfine interaction parameters can
be extracted from this type of ENDOR spectrum vari-
ous line shape models have been developed [1,3,5,12].
In all of these models it has been assumed that the
powder spectra are measured by means of conventional
continuous wave (cw) ENDOR. However, it has been
shown by Mims [13] that ENDOR signals can also be
observed via electron spin echoes (spin echo ENDOR).
Recently Stillman and Schwartz [14] have developed
a theory for analysing the line shape of spin echo
ENDOR. Although the theory was presented for free
radicals in liquid solution it is expected that results
concerning relaxation and coherence effects apply as
well to solids. >

The present work was undertaken to investigate
whether the same kind of information can be obtained
with spin echo powder ENDOR as with cw powder
ENDOR. We have applied both techniques to powder
samples of the enzyme methanol dehydrogenase. This
enzyme contains a naturally bound organic free radical,
as has been shown by EPR [IS].

2. Experimental

The cw and spin echo ENDOR measurements were
done between 1.5 and 4.2 K with"two different X-
band EPR/ENDOR spectrometers, both working ac-
cording to the superheterodyne principle. Details
about the microwave circuit and rf system of the spin
echo spectrometer have been published previously
[16,17]. The enzyme methanol dehydrogenase was
isolated from the bacterium Hyphomicrobium sp. X.
The powder samples were cylindrical pills made of
freeze-dried enzyme. Details about the isolation and
purification of the enzyme are given in ref. [15].

3. Results and discussion

Fig. 1 shows the powder spectrum of methanol de-
hydrogenase as measured by means of conventional cw
ENDOR. The spectrum is due to interactions with pro-
tons and is centered symmetrically around the free-
proton precession frequency. In the wings of the matrix
line additional structure in the form of a shoulder is
visible which is due to nearby protons [18]. Another
interesting structure is the narrow dip at the free-pro-
ton position. We have not found a satisfactory explana-
tion for the latter phenomenon yet.

In fig. 2a a typical spin echo ENDOR result is shown
for an rf pulse duration of 25 /is. The spectrum was ob-
tained with the three-pulse stimulated echo scheme pro-
posed by Mims [13]. Compared to the spectrum in fig.
1 there is an additional line broadening as appears from
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I I I I I 1 1 I 1 I
Fig. 1. Continuous wave pioton ENDOR of methanol dehy-
drogenase at 4.2 K and 9 GHz.

a b
Fig. 2. Spin echo proton ENDOR of methanol dehydrogenase
at 2 K and 9 GHz. The if pulse time is (a) 25 ia; (b) 500 in.

V.oo to.so lii.oo i i . y
FflEOUENCT MHZ

M.M ta.M

Fig. 3. line shapes obtained after the convolution of tiro
Iorentzian lines (7j = 11.4 ia), simulating an S=/ = ~ ENDOR
spectrum, by the Fourier transform of an if pulse. The rf pulse

. time is (a) > T2; (b) 5 ia; (c) 2 us; (d) 0.5 its; (e) 0.2 us.

the disappearance of the narrow dip at the free-pro-
ton frequency. This line broadening effect in spin
echo ENDOR was also observed in single-crystal ex-
periments by liao and Hartmann [19] and found in
the spin echo ENDOR simulations by Stillman and
Schwartz [14]. It should be attributed to the convolu-
tion of the intrinsic ENDOR line shape by the
Fourier spectrum of the rf pulse. To illustrate this we
have calculated the convolution integral of a simulated
ENDOR spectrum of an 5 = / = j system (see fig. 3).
A deconvolution of the observed spin echo ENDOR
spectrum is not possible because the Fourier transform
of the reciprocal of the RF pulse does not exist [20J -
It can be concluded that the instrumental line broad-
ening can only be avoided by taking an rf pulse which

is much longer than the inverse of the ENDOR line-
width. However, in the stimulated spin echo ENDOR
experiment, where the rf pulse is applied between the
second and third microwave pulse, increasing the rf
pulse time may lead to a poor ENDOR signal to noise
ratio because of the stimulated echo decay. An example
of this is shown in fig. 2b. The spectrum in this figure
was obtained with an rf pulse time of 500 jus, which is
about 5 times longer than the characteristic stimulated
echo decay time.

Another feature of fig. 2a is that the wings of the
matrix line show a sinusoidal modulation pattern that
can be described by
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In this expression r is the separation time between the
first two microwave pulses and Av the frequency dif-
ference of two points centered symmetrically around
the free-proton frequency. This sinusoidal dependence
on T was derived theoretically by Mims [13] for an S
= /=- j system. It was also found by Liao and
Hartmann [19] for more complicated level systems. In
the case of spin echo ENDOR on unordered solids,
where the lirsewidth may be larger than 1/r, it is an in-
convenient phenomenon because it complicates the
analysis of the ENDOR line shape.

Finally it should be mentioned that in the spin
echo ENDOR spectra we did not observe any wing
structure due to nearby protons indicating that in the
cw ENDOR the response of nearby protons is relatively
larger.

4. Conclusions

We have applied cw and spin echo ENDOR to a
powder of the enzyme methanol dehydrogenase. The
experiments show that spin echo ENDOR has some dis-
advantages over cw ENDOR if one wants to extract
hyperfine interactions from the line shape of the pow-
der spectrum. Firstly there was an instrumental line
broadening due to the finite length of the rf pulse.
Secondly the spectrum had a sinusoidal modulation
pattern which depended on the pulse separation time
T and thirdly wing structure due to nearby protons was
absent.
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A simple and inexpensive modification of a Ka-band EPR/ENDOR spectrometer

making it possible to measure electron spin echoes at -35 GHz is described.

The spin echo facility has been succesfully applied to two different paramagnet-

ie samples: a single-crystal sample of CsgZnCl.:Cu and a powder sample of the

enzyme methanol dehydrogenase.

Introduction

Electron spin echo techniques are being used, with increasing frequency since it

has been shown that in many cases additional information concerning magnetic

and electric properties of paramagnetic centres can be obtained that cannot be

provided by conventional stationary EPR methods (ref. 1). Up to now all of these

experiments have been performed in ths» X-band frequency region, probably because

in higher frequency bands PIN modulatdrs, pulsed microwave sources or amplifiers

being suitable for spin echo experiments are not easily available. However, in

several cases it is recommendable to do the spin echo experiments at higher mi-

crowave frequencies (ref. 2,3). Moreover it is interesting to investigate

whether some advantages of higher operating frequencies that apply to conven-

tional EPR and ENDOR experiments (ref. 4) also apply to spin echo experiments.

We have introduced a slight modification in our Ka-band (35 GHz) EPR/ENDOR

spectrometer that makes it possible to work in the continuous wave as well as

in the pulse mode. With the modified spectrometer various spin echo experiments

can be performed such as spin echo envelope spectrometry and pulsed ENDOR. At

this moment also experiments are being prepared for measuring linear-electric-

field-effects with Ka-band spin echoes.
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The spectrometer

The spectrometer is a home-made Ka-band EPR/ENDOR spectrometer that works ac-

cording to the superheterodyne principle. When doing spin echo experiments

stabilization of the klystrons is omitted and the signal klystron (a VARIAN

V-97 reflex klystron) is switched on and off {rise and fall time of 50 and 20

nsec respectively) by applying voltage pulses of about 20 V to the reflector.

The voltage pulses are supplied by a Hewlett & Packard 214 A pulse generator

which is triggered externally by a home-made spin-echo-sequence pulse genera-

tor. A block schematic of the latter apparatus has been published previously

(ref. 5). A consequence of pulsing the microwave source itself is that there

is a small frequency change during the pulse (chirp). By mixing the spectro-

meter receiver signal (IF 30 MHz) with the signal of a Hewlett S Packard 8601 A

sweep generator.it could be established that the chirp is only 0.7 MHz/usec.

After losses in the waveguide system a microwave power of 4 mW is left for gen-

erating the H. pulses in the cavity (cilindrical TE Q..). With a loaded quality-

factor of 6000 at 4.2 K it was found that a pulse duration of = 300 nsec is

needed for producing a ir/2 pulse. No special attention is given to the protec-

tion of the microwave receiver (a LEL KDH-2-30-08-50 mixer-preamplifier) during

a transmitter pulse. Nevertheless the overall response time of the spectrometer

after a microwave pulse is not more than 1 usec.

12 U 16 18 20 22
r(fistc)

Fig. 1. Three-pulse electron spin echo envelope of Cs^lnCl^Cu . T is the time

between the second and third microwave pulse. The pulse duration is = 300 nsec.

The klystron frequency v = 34.7 GHz and the magnetic field UQ = 11.9 KOe.
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Measurements

The spin echo facility of the Ka-band spectrometer was tested on two paramag-
2+

netic samples: a single-crystal sample of Cs_ZnCl.!Cu and a powder sample of
2+

the paramagnetic enzyme methanol dehydrogenase. In the case of Cs-ZnCl-cCu we

have measured the nuclear modulation effect in the electron spin echo decay en-

velope, of the two-pulse and three-pulse (stimulated) echo. In figure 1 an exam-

ple of the three-pulso envelope modulation is shown. A period of a 0.5 ysec is

clearly observable which corresponds to a superhyperfine frequency = 2 MHz. In

an earlier conventional Ka-band ENDOR investigation on the same sample we have

established that all observed ENDOR peaks are due to transitions of Cs nuclei

and that the lowest possible Cs frequency is = 3 MHz. Therefore it is likely

that the period of - 0.5 usec in the stimulated echo envelope is due to a nucle-

ar transition of Cl.
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Fig. 2. The natural logarithm of 1 - E(Tr)/E(<») of a powder sample of methanol

dehydrogenase as a fvnation of the two-pulse repetition period Tp, where E(Tp)

is the two-pulse echo height.

The temperature is 4.2 K. The symbols gf and gi denote the aorresponding posi-

tions in the Ka-band EPR powder spectrum.
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Another application of electron spin echo spectroscopy is shown in figure 2

where we have plotted the natural logarithm of 1-2? (T )/E{<*>) as a function of

the two-pulse repetition period T , where E{T ) is the two-pulse echo height

of a naturally bound free radical in the enzyme methanol dehydrogenase. By per-

forming the echo decay experiments in the two positions g. and g, of the EPR

powder spectrum we were able to demonstrate an angular dependence of the relax-

ation behaviour. It is clear that at Ka-band one can more effectively employ

the effect of ̂ -tensor anisotropy on the EPR powder spectrum than at X-band.

Conclusion

With a simple and inexpensive modification of a Ka-band EPR/ENDOR spectrometer

it has become possible to perform various electron spin echo experiments at

35 GHz. The electron spin echo facility has been succesfully applied to two

different samples, one being a single crystal doped with a paramagnetic ion

and the other being a biological powder sample containing a naturally bound

free radical.
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7
FOURIER TRANSFORM OF THE •'•"CS MODULATION OF THE
ELECTRON SPIN ECHO ENVELOPE OF 2+

R.P.J. Merks and R. de Beer

Department of Physics, Delft University of Technology, The Netherlands

The analysis of the electron spin echo envelope modulation in the frequency

domain has been studied. It is shown that some of the artifacts of this method

can be reduced by preprocessing of the modulation envelope. The method has

been applied to the stimulated electron spin echo envelope modulation of
2+ • 233

CsJinCl.iCu . This yielded a precise measurement of the Cs hyper fine fre-

quencies. The Fourier Spectra have been compared with the results of an ENDOR

investigation revealing a high degree of similarity with the ENDOR spectra.

Introduction

In electron spin-echo measurements a modulation of the echo envelope may be ob-

served which originates from the interaction of the electron spin with nearby

magnetic nuclei. The modulation is due to the simultaneous excitation of allowed

and partially forbidden electronic transitions by the microwave pulses. The

phenomenon was treated by Rowan, Hahn and Hims (1) and Mims (2,3), who gave

expressions for the modulation envelope. The effect offers an. alternative to

the well-known electron nuclear double resonance (ENDOR) technique (4) for

measuring superhyperfine splittings which are unresolved in conventional con-

tinuous wave EPR.

Several envelope modulation experiments have been reported in the past few

years (5-13 and references therein). A few of these were aimed at providing

a rigorous test for the theory. For instance, Liao and Bartmann (7) predicted

succesfully the two-pulse echo envelope in ruby, using parameters that had been

determined by ENDOR. In most of the experiments the envelopes were analysed to

yield information about the magnetic interactions of the electron spin and the
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ligand nuclei. The most common method for analysing the modulated envelopes is

to simulate them by adjusting several parameters of some chosen model. Finding

suitable starting values for the parameters is often hampered by the high non-

linearity of the equations for the envelope modulation. Besides, much care is

needed to extract significant parameters from the computer simulations espe-

cially in cases with many interacting nuclei (14).

Another approach to the analysis of the envelope modulation starts with the

Fourier transform of the data. At least for long and complicated modulated en-

velopes it would appear to be more advantageous to analyse the envelope modula-

tion in the frequency domain instead of in the time domain. For instance, it

was predicted that Fourier transform of the three-pulse (stimulated) echo en-

velope modulation yields, for small modulation amplitudes, a spectrum similar

to an ENDOR spectrum (2). in spite of some apparent advantages this Fourier

transform approach has been used relatively seldom up to now (5, 8, IS),

probably because of the more complicated experimental set-up needed and some

problems mainly associated with the fact that it is impossible, due to instru-

mental limitations, to record the initial part of the envelope.

In the present work we have studied the Fourier transform approach to the

analysis of the three-pulse envelope modulation of Cs ZnCl :Cu where special

attention has been paid to the effects of echo decay and the missing of the

first part of the modulation envelope. Moreover, we have undertaken an ENDOR

study of this system. This enabled us to verify whether ENDOR and the Fourier

analysis of the modulation envelope yield the same kind of information. First

we summarize some envelope modulation formulae and extend them in a semi-

empirical way to include relaxation effects. Then we describe the computa-

tional procedure and the experimental set-up. In the final sections we present

2+
the results of ENDOR and electron spin echo measurements on Cs.ZnCl.:Cu

Envelope modulation formulae

The envelope modulation phenomenon is described by the envelope modulation

function E ,(T) for the two-pulse and E ,(T,?) for the three-pulse sequence,
mod mod

The echo amplitude is multiplied by this function to account for the effects of

the magnetic nuclei surrounding the electron spin. Explicit expressions for

E , have been given for the case S = h and I = *s,l by Mims (2). The expressions
mod -

contain many cosine terms with periods corresponding to the superhyperfine in-

tervals in the level scheme which describes the coupling between the electron

spin and its neighbouring nuclei. It has been shown that if the Zeeman field
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dominates- the local dipolar field of the electron at the nucleus and the qua-

drupole splitting can be neglected, the expression for the stimulated echo en-

velope modulation function is simplified to (eq. 56 of ref. 2):

+ sin Jio

) sin £w+iT 1 - cosw,(x + T)\

I_,T 1 - cosu+ , (T + T) J( (1)

where only the hyperfine intervals nw+i between the nuclear states in the

M~ = ±\ manifold occur for which the nuclear quantum number m differs by one.

The constant k is positive and depends on the degree of state mixing within the

manifold. Periods corresponding to the remaining superhyperfine intervals with-

in the manifold are absent if k « 1, which is equivalent to the restriction

that the dipolar field at the nucleus is small relative to the Zeeman field.

The condition k « 1 can be readily verified in the experiment. Mims et al. (6)

pointed out how these results may be extended to cover an arbitrary nuclear

spin. Under the same restrictions it merely results in another explicit expres-

sion for the factor k. In what follows we shall not'be concerned with the nu-

merical value of k. It is advantageous to rewrite eq. (1) in the form:

Emo&lr'T') = * " ¥• { " C O S U
+ ! T > < 1 ~ cosu I T 1 )

+ (1 - COSW < 1 - COSO) (2)

where we have substituted x' for T + T so that the three -r- pulses are applied

at t = 0, t = T and t = T'. The stimulated echo appears at 4 = i + T' (see

figure 1). Equation (2) emphasizes the symmetry between T and T'. An inter-

esting feature of the stimulated echo is a suppression effect. By choosing T

2t tVt 2t'-2T 2T'-T 2t

Fig. 1. Stimulated eleatron spin echo sequence. Transmitter pulses (-^) are

applied at t = 0, t - x and t = T' (= x + T). Spin echoes are formed at t = 2x

(Hahn eaho) and t = x + T' (stimulated echo). Additional echoes may be observed

at t = 2x'3 t = 2x' - x and t = 2x' - 2x. To avoid interference of these last

echoes with the stimulated echo x' should be chosen larger than 3x.
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so that 1 - cosu+j,T = 0 the frequency oiji is suppressed in the modulation de-

pendence on T'. From the symmetry between x and T' it follows that the same

applies to the modulation dependence on T. AS k is positive and assumed to be

small it can also be seen from eq. (2) that the modulation effect always re-

sults in a diminishing of the echo amplitude. The two-pulse envelope modulation

function is a special case of the three-pulse envelope modulation function as

can be seen by choosing T = T' in eq. (2). The double y-pulse at t = I is

equivalent to a ir-pulse. If n nuclei are responsible for the envelope modula-

tion we may write:

» r i
(3)

Since we assume k « 1 for each nucleus (denoted by k.) we can ignore cross

terms that are formed by substitution of (2) in (3):

+ (1 - COSIAT)(1 - COSU£,T')|. (4)

The absence of cross terms should also be verified in the experiment. From

equation (4) it is apparent that the stimulated echo offers a better alterna-

tive for measuring the superhyperfine frequencies than the two-pulse echo. The

superhyperfine frequencies follow from a Fourier transform of a recording of

E- ,(T,T') as a function of T 1 keeping T at some fixed value, or as a function
mod

of T keeping Tf at some fixed value, while the Fourier transform of the two-

pulse envelope modulation yields, besides the superhyperfine frequencies also

their sums and differences. This can be seen by setting T = T 1 in eq. (4). Out

of the two given alternatives to record ^—-J^'* 1') *^e first is chosen because

in general the echo decays faster with T than with x1 (16), which means that a

longer time is available to measure accurately the superhyperfine frequencies.

The longer decay time of the stimulated echo as a function of T' actually is

a second advantage of the stimulated echo over the two-pulse echo. For constant

x the stimulated echo envelope modulation function becomes:

where the constants a depend on T.
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Equation (5) is a good starting point for introducing relaxation pheno-

mena. We will distinguish between two kinds of phenomena. The first of these

is the decay of the modulation amplitude due to1 the randomization of preces-

sional phase of the nuclear moments. If this randomization is fast and the

modulation is deep it may completely determine the decay of the stimulated

echo. Hurrell and Davies (17) gave an explanation for the decay of two-pulse

echo envelopes of paramagnetic impurities in CaF2 in terms of this mechanism

taking into account the collective influence of many fluorine nuclei. The de-

cay of the modulation is associated with a broadening of the nuclear resonance

lines, which may be homogeneous or inhomogeneous in character. We postulate

that the homogeneous broadening of the nuclear resonance lines can be accoun-

ted for by a multiplication of each cosine term in eq. (5) by a decayfunction

F (T 1) resulting in

\l " V T' ) C O SV' '

In this form eq. (6) does not account for inhomogeneously broadened lines as

these consist of spectral components that have closely spaced but distinct

frequencies. At this moment we shall restrict ourselves to homogeneous broade-

ning of the nuclear resonance lines. Secondly, all remaining mechanisms that

cause the stimulated echo decay will be represented by the decay function

^ 0 ( T ' ) , which may be considered as the normalised echo amplitude that would be

observed in the absence of the envelope modulation effect. Thus, in the pres-

ence of envelope modulation the normalised echo amplitude is

J 1 - I ^ av 1 - Fr(T')cosV' J (7)

This result is essentially equivalent to that suggested by Blumberg et al. (15)

N

However, an advantage of eq. (7) is that it is easier to give a physical inter-

pretation of the functions F' .
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Computational procedure

The Fourier transform of S , (t1) (eq. (6)) would yield a spectrum consist-
moa,T

ing, apart from a S-function at the origin which may be ignored, of 2M super-

hyperfine lines with amplitudes a and shapes given by FT{F (t)}, the Fourier

transforms of the decay functions F (t). It is this spectrum that is pursued.

However, in practice we have not recorded E , (T1) (eq. (6)), but E (T1)
IDOu,T T

(eq. (7)) or, more accurately, only a portion of it. Both circumstances lead

to a degradation of the ideal spectrum. Firstly we concentrate on the effect
of Fn. Due to multiplication of E (T1) with F-(t') the spectrum is con-

u moo,T u

voluted with FT{FQlt)} resulting in a broadening not only of the superhyper-

fine peaks but also of the 6-function at the origin. This means that a resolu-

tion enhancement can be obtained by dividing the data by F_ before transforming

them. Until now there is no theory available that can succesfully predict FQ

except for the uncommon case that it is purely determined by spin-lattice re-

laxation. Consequently we have attempted to infer FQ from the data. This was

done by applying a low-pass digital filter to the data which eliminated the

cosine terms from B T ( T ' ) . This yielded an estimate for:

[• • 1 4
A simple first order recursive filter which is the equivalent of a first order

RC circuit turned out to be adequate in the present case. Probably a sharper

filter would be preferable in cases that the decay rate of FQ is comparable

with the occurring periods. Dividing the recorded envelope modulation, eq. (7),

by the decay, eq. (9), yields:

2n
1 + e (T1) = 1 + I a'F (T')COSW T' (10)

T r=l
 r r r

In
where the amplitudes a' are the a of eq. (7) scaled by the constant 1 - £ « •

r r r=l r

Fourier transforming e (T') (eq. (10) ) gives .? spectrum consisting of lines

with widths that are only determined by F .

It is possible that the above mentioned procedure introduces too much noise in

the spectrum as a result of the division by the decay function which empha-

sizes the noisy tail of the modulation envelope.

In cases where the signal to noise ratio (SNR) is critical it can be improved

by filtering the spectrum. Naturally the line width is increased by the fil-

tering. Optimal SNR is obtained by matched filtering, which is accomplished by

multiplying the signal in the time domain by its (decaying) SNR (18). If we
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assume stationary noise in the recording of the envelope modulation, optimum

SNR for the r-th line in the spectrum results from Fourier transforming

F~F e (T')> For the unknown F we shall have to make a guess. A sort of com-

promise between FQF e (T
1) and the above used e (T1) is the function FQe (T

1)

which can be found by subtracting the decay eq. (9) from the envelope modula-

tion eg. (7). This procedure is actually followed by Blumberg et at. (IS). It

may be noted however that it is not necessary to find a compromise between

resolution and SNR as both procedures can be applied one after another to the

same envelope modulation recording.

A problem that poses more serious difficulties especially in conjunction

with the Fourier transform approach is caused by the circumstance that measure-

' ment of the envelope modulation can neither start at T 1 = 0 nor extend to in-

finity. Measurement of S (T') is confined to the interval T1. < T 1 < TV, . There
T T, J

are several reasons for this.

As for x'~, the total available time or data storage for a recording may be

limited. Truncation of the recording at T' = T.~ causes no serious problems how-

ever, if all functions Fp(t') have decayed into the noise. The nonzero value

of T'. is a consequence of the fact that T 1 > T in the three-pulse echo sequence

and T is limited by the recovery time of the spectrometer. An even more strin-

gent condition than T' > T arises from the presence of additional echoes (19).

These occur at t = 2T' - 2T, t = 2T' - T and t = 2T' (see figure 1). To avoid

interferences of the stimulated echo at t ="T' + T with the echo at t = 2T' -

2x for certain T and T' one should choose x1 somewhat larger than 3T. In actual

experiments a still larger value than 3x is sometimes chosen in order to avoid

the suppression effect. This implies that the loss of the initial part of the

envelope modulation in three-pulse echo experiments is larger than in two-pulse

experiments. This drawback may however often be offset by the longer decay time

of the three-pulse echo. We shall now investigate the influence of the trunca-

tion on the spectrum, instead of e (T1) we shall have to deal with

_ 2n
e (T1) = h(x')e (T 1) = \ a'h(x')F (r')cosu T' (11)

where h(r') is the rectangular window function

&{T') = 0 otherwise

As & consequence of truncation the shape of the z>-th line in the spectrum is

convoluted with FT{h{t)}, the well-known sinx/x function. In general a line-
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timt- freqtMncy •

Fig. 2. Effect on a Lorentzian lineshape of the omission of the initial part of
the modulation envelope and tapering of the incomplete modulation envelope. At
the left the time domain, at the right the cosine Fourier transform together
with the modulus Fourier transform which is positive definite.
a) Exponential diaay function exp(-t/T^)s b) the decay function is set to zero
for t < ffo/^j a) the function in b) has been tapered.

shape will result that has negative side lobes, an undesirable feature of a

multiline spectrum. TO illustrate this we have calculated the influence of

truncation on a Lorentzian lineshape. This lineshape originates from an expo-

nential decay function Fit) = expC-t/21,). In fig. 2 the original and truncated

decay function are shown together with the real part (cosine) and modulus of

their Fourier transform. In this example we have chosen T1. = T./2 and T U large

enough to have negligible influence. The modulus spectrum can be used to circum-

vent the side lobes. As can be shown, the shape of the modulus of a Lorentzian

line is independent of the time T1.. There are however some disadvantages of the

modulus spectrum.' Firstly the lines are broader than in a cosine spectrum, ori-

ginating from the long tails of the imaginary part of the transform. Secondly

the non-linearity of the modulus spectrum will cause some trouble for spectra
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with regions of overlap of different lines. This non-linearity will manifest

itself also when a background is present in the spectrum. A background may be

caused by the fact that the first data sample, which is numerically equal to

the sum of the data points in the cosine spectrum, is not taken at t' = 0 , but

at T' = T'.. Both disadvantages may be reduced to a certain extent by a so-

called apodization of the spectrum. This is accomplished by choosing a more

smooth time window than the function h{t). We have used a window suggested by

Bingham et at. (20):

hl (T 1) = 1 T'. + a(TV-T'.) < T 1 < Ti - a(Ti.~r'.)
*• J v T J *

(13)

xi, - O{T>T'.) < T 1 < Ti.

f f %' f

= 0 otherwise

Instead of a discontinuity at I1 = T'. the window function h' (t) rises smoothly

to unity according to half a cosine bell. The multiplication of the data with

this time window is sometimes referred to as tapering the data. The width of

the cosine bell is chosen by means of the constant a (0 < a < 0.5). For a = 0

we have fc'(t) = hit) and for a = 0.5 the window is identical to the well-known

Banning window (21). Increasing ct reduces the amplitudes of the side lobes of

FT{7z' (£)} relative to the amplitude of the main lobe at the expense of the

amplitude and narrowness of the main lobe. We have also tapered the truncated

exponential function in our example (fig. 2c) with a(xV. - t'.) = 2"_/2. A reduc-

tion of the side lobes of the real part of the lineshape function and a short-

ening of the tails of the modulus lineshape function are the results. For non-

Lorentzian lines similar results are expected.

An analogy exists between the function e^ix') defined by eq.(10) and the

free induction, decay (FID) obtained in a pulse NHR experiment and so all tech-

niques used to process the FID can be applied in principle to process's (T 1)

as well (18).

The Fourier transform is done by a fast Fourier algorithm which uses a

number of data points that is a power of 2. Therefore the data points of the

digitized e (T1) are supplemented with zeroes. In fact it can be convenient to
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supplement more zeroes than are minimally necessary to arrive at a power of 2

as this adds extra points to the frequency domain. These extra points which

lie between the original points in the spectrum can also be calculated by a

trigonometrical interpolation procedure as has been shown by Bartholdi and

Ernst (22).

Experimental

2+
Single crystals of Cs_ZnCl.:Cu have been grown at room temperature from

aqueous solutions containing CuCl», small amounts of ZnCl. and excess CsCl

(23). Electron spin echo measurements were done at helium temperatures with

a spectrometer described elsewhere (24), which is essentially a modified super-

heterodyne X-band spectrometer. An advantage of this system is the linear de-

tection of the envelope modulation. The bandwidth of the intermediate frequen-

cy (60 MHz) amplifier is 10 MHz. Pulse times of 150 ns are sufficient to turn

the magnetization over an angle -r- (y-pulse). From this it can be deduced that

the rotating component of the effective microwave field is H, = 0.6 G. The

static magnetic field HQ, which can be given any direction relative to the

crystal axes, is always perpendicular to the microwave field a..

Recording the envelope modulation is merely a measurement of the electron

spin echo amplitude as a function of the time separations between the microwave

pulses. This is accomplished by replacing the monostable multivibrator that

generates the relevant time interval by a voltage-to-time-interval converter

(Ortec Brookdeal 9425). The calibrated scan ramp of the voltage-to-time-interval

converter is used to drive the x-axis of an x-y recorder. The y-axis is connec-

ted to the output of a boxcar integrator. The boxcar integrator samples the

output of a gated integrator which integrates the echo signal. The latter in-

tegrator holds its output value during the gate time of the boxcar integrator

which is fixed. The order of magnitude of the gate time of the boxcar is inter-

mediate between that of the gate time of the gated integrator and the repeti-

tion time of the spin echo cyclus in order to handle small duty cycles. Another

advantage of this arrangement is that the apparent time constant at the output

of the boxcar integrator is independent of the gate time of the gated integra-

tor. Both gated integrator and boxcar integrator were built in our laboratory

using commercially available operational amplifiers and FET gates.

The modulation envelopes are also recorded on paper tape for subsequent

processing on a central computer {IBM 370/158). A digital voltmeter (Solartron

LM 1480.3) samples the output of the boxcar at equidistant values of the varied
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time interval x'. Sampling is controlled by a unit that detects transitions of

the displayed digits of the interval timer (Philips PM 6650). The latter in-

strument measures the time interval T' at each spin echo cycle (repetition time

6 msec). Sampling twice at a specific transition is avoided by comparing each

displayed value with the previous one. At the same time the control unit sup-

presses sample pulses for transitions outside a preselected interval. The sam-

pling rate is kept low («* 2 Hz) relative to the repetition rate of the spin

echo cyclus to ensure a good equidistant spacing of the sample points. So, the

time to trace out a typical envelope recording of 2048 samples is about 1000

seconds.

Results and discussion

ENDOR results

As mentioned in the introduction we have performed ENDOR as well as spin echo
2+

envelope modulation spectroscopy on Cs^ZnCl.:Cu . The main reason for doing

also ENDOR was that it enabled us to establish that our Fourier transform ana-

lysis of the stimulated echo envelope modulation data yields essentially the

same results concerning superhyperfine frequencies as ENDOR.

The crystal structure of Cs2ZnCl4 has been investigated by McGinnety (25).

The space group is Pnam. The copper ion resides at the zinc site. Four chlorine

ions form the first coordination sphere and are situated at the vertices of a .

distorted tetrahedron. The second sphere consists of Cs ions. The EPR has been

investigated by Sharnof f and Reimann (26). We have measured the ENDOR response

with a separate ENDOR spectrometer working at 35 GHz (Ka-band). The measure-

ments have been performed for several directions of the magnetic field. The

temperature was 4.2 K. The resonances belonging to the states M = ±| of the

copper ion occur all nearly symmetrically relative to the free 133Cs fre-

quency and could be assigned to the second shell 133Cs nuclei. An extra indi-

cation for the correct assignment is the splitting of the ENDOR lines into 7

components which are resolved for certain directions of H (T(133cs) = y) • In

fig. 3 the measured ENDOR frequencies \ N D O R minus the free
 133Cs frequency

v (133Cs) have been plotted for iL in the as-mirror plane. The solid curves

were fitted to the data with the spin Hamiltonian:

V> air -7v-C -L Wm B m~T^ st a u »Ti • /1 A \

« - VH'g'b + b'R. •! - g V, tt'l (14J
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All transitions are due to
133Cs. The 133Cs that have

the largest interaction are
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the data.
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where the symbols have their usual meaning and the superscript i denotes the

•t-th *3^Cs nucleus. The hyperfine interaction with the copper nucleus (26) has

been omitted because its influence on the ligand ENDOR frequencies can be ne-

glected. For the four 133Cs nuclei that have the largest interaction the super-

hyperfine tensors A have been determined by exact diagonalization of JC and

least squares adjustment of the tensor elements (see table 1). The reference

frame has been chosen so as to coincide with the principal axes of the g-tensor:

xlg.i y*g3
 a n d ^a2' T h e ^2 a x i s i s P^aHel to the b. axis, the g^ axis makes

an angle of 43" with the c axis (27). The superhyperfine tensors have primarily

been determined to enable a comparison between ENDOR and the Fourier transform

of the envelope modulation. We have not attempted to interprete spin Hamiltonian

parameters. However it may be of interest to note that the four 133cs nuclei

with the largest interaction have in common that the angle, formed by the copper
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Table 1. The superhyperfine interaction tensor A2" of
233the Cs nuclei that have the largest interaction,

as determined by means of ENDOR (the units are MHz).
The numbers between parentheses are three times the
standard deviation in units of the last digit.

sex yy

scy ycc

tij ™ tit*

Axz

Azx

V
A

Azz

133Cs(a)

7.39(3)

-0.03(2)

-1.78(4)

0.4(2)

0

0

0

0

2.9(1)

133Cs(b)

11.21(3)

2.38(3)

1.81(4)

-0.9(1)

0

0

0

0

4.1(2)

133Cs(c,d)

8.7(1)

-1.84(5)

0.3(2)

-1.1(9)

.TO.6(4)

±1.0(4)

±3.1(4)

4.3(4)

ion, the nearest chlorine ion and the Cs ion concerned, is close to 180 . This

was inferred from a comparison of the angular dependence of the ENDOR transi-

tions with the atomic positions in Cs2ZnCl4 determined by McGinnety • (25). The

ENDOR curves in fig. 3 denoted with a, b, C and d are related to the 133Cs

nuclei that are located approximately on the lines connecting the central cop-

per ion with the chlorine ions 1, 2, 3" and 3" respectively, where the last

notation is adopted from McGinnety.

Envelope modulation

In figure 4 we show a typical example of the envelope modulation of Cs2ZnCl4:

Cu . The spectra that are stacked in fig. 5 originate from this modulation

envelope. Figure 5 serves as an illustration of the computational procedure

outlined in a previous section as each spectrum is associated with a step in

the preprocessing. Spectrum a results from a direct Fourier transform of the

modulation envelope (fig. 4) and contains a large peak at low frequencies.

A better result is obtained by Fourier transforming e (T 1) which results from

dividing the modulation envelope by the experimentally obtained function
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Fig. 5. The effect on the discrete Fourier modulus spectrum of preprocessing the stimulated echo modulation envelope
of. fig- 4. Spectra were obtained after Fourier transforming a) the raw data (the low frequency side is off scale);
b}' the raw data divided by the experimentally determined decay funation FQ(1 ~ fa ); o) the ram data after subtrac-
tion of this decay function; d) the data of a weighted with the decay funation; e)a f) and g) the data of d tapered
by the window (eq. (IS)) with a = 0.02 (e), a = 0.05 (f) and a = 0.40 (g). The spectra contain 4096 points and have
been scaled to yield the same amplitude for the peak at the free Cs frequency.



| Fig. 4. A typical stimulated electron spin echo modulation recording of
u . The number of datapoints is 5000.

FQ{1 - ^a^) (spectrum b). This effectively eliminates the low-frequency ampli-

tudes and yields the superhyperfine frequencies with individual linewidths de-

termined by Fp. In this example the quadrupole splitting of a
 133cs nucleus is

clearly resolved. Improvement of the SNR is accomplished by weighting e (T1)

with FQ (spectrum c) and with FZ. (spectrum d). This last spectrum has a SNR

that will be close to the optimal SNR. At last spectrum d is apodized by multi-

plying the weighted data with the time window (eq. (13) ) for several values of

the constant a (spectra e, f and g). As can be seen the effect of increasing a

is a shortening of the tails of the peaks and- a diminishing of the interference

between different lines as well as spectral components of the-same line (see

the peak at 3.77 MHz). A side effect of apodization is the reduction of broad

peaks in the spectrum which is due to the de-emphasis of the initial part of

the modulation envelope. In fig. 6 the peaks in the Fourier spectra of the

modulation envelopes are plotted as a function of the direction of the magnetic

field H- in the aa plane. The solid curves are computed with the aid of the

ENDOR parameters (see table 1). As a consequence of the lower Zeeman field at

X-band the 133Cs spectrum is more compressed for the peaks that lie below the

free nucleus frequency. Therefore we concentrate first on the high frequency

side. Here the agreement seems very good as all observed Fourier peaks lie

close to the predicted curves. On the other hand for some directions of the

magnetic field no peaks were found at frequencies predicted with the ENDOR

parameters. The reason for this must be that for the chosen value of T the

peak has an undetectable amplitude, as a result of the suppression effect men-

tioned earlier. Verification of eq. (2) with respect to the T-dependence was

hindered by the fact that the modulation as a function of T was deep for most

directions of 8 . For those directions of a_ that permitted several measure-

ments with different x it was found that the relative amplitudes of the peaks

differed strongly. Although the positions of the blind spots in the spectrum
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Fig. 6. Angular depen-
dence of the Fourier
8peatvum of the envelope
modulation of the stimu-
lated electron spin echo
of Cs2ZnCl4:Cu . nQ
rotates in the ac plane.

180°

due to the suppression effect can be predicted with the aid of eq. (2) we have

experienced it as an extra complication in the measurements. On the other hand

as Blumberg et al. (IS) have pointed out the x-dependence of the envelope modu-

lation could in principle be used to yield extra information which could be

useful in attributing peaks in complicated spectra. As eq. (2) suggests a two-

dimensional Fourier transform of the envelope modulation function B (T,T'>
mod

would be suitable to transform this information into the frequency domain. This

seems a logical extension of the presented one-dimensional experiments. As far

as low lying frequencies are concerned it is more difficult to attribute a peak

to a particular 133Cs-transition although there are no indications for a less

good agreement between Fourier and ENDOR spectra for these frequencies. Never-

theless some very low lying frequencies in the Fourier spectrum (below 1 MHz)

have not been found by ENDOR. A possible explanation would be that these peaks

are due to the first shell chlorine ions. To test this hypothesis however it

would be necessary to trace out the angular dependence in more detail and to

take into account systematically the T-dependence of the envelope modulation.

Finally it should be noted that eq. (1) was derived in the assumption that the
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microwave field H^ is strong enough to excite the relevant superhyperfine le-

vels. This leads to the condition that yH. should be larger than the observed

superhyperfine frequencies. la our experiments yH. =* 2 MHz. Nevertheless fre-

quencies up to 5 MHz have been observed indicating that in practice the condi-

tion for observing the superhyperfine frequencies is less stringent. Still, a

larger H^ field would be useful for enhancing the somewhat poor echo amplitude

as a larger part of the EPR line would be excited.

Conclusions

2+
Stimulated electron,spin echo modulation patterns of Cs_ZnCl.:Cu have been

analysed by transforming the data into the frequency domain. For the studied

case this method has many advantages over the more common parameter estimation

procedure in the time domain which involves a simulation of the complicated

patterns. For instance the hyperfine frequencies are readily deduced from the

spectrum where this would have required a tedious fitting procedure in the

time domain. Also information en the linewidth is more easily obtained, pro-

vided that it is properly analysed. Moreover, convolutions for line narrowing

or SNR improvement are easily performed. A practical problem in the Fourier

transform approach to the analysis of the envelope modulation is the impossi-

bility to record the initial part of the modulation envelope. It has been

shown that this need not to be a serious drawback for single-crystal spectra

with non-overlapping lines.

It has been verified that the Fourier spectrum of the stimulated echo
2+

envelope modulation of Cs ZnCl.:Cu is more or less equivalent to the ENDOR

spectrum. However.there are slight differences between both. The envelope mod-

ulation method seems to be more sensitive in detecting very low hyperfine fre-

quencies. Moreover, the T-dependence can probably be made to provide extra in-

formation useful in disentangling complicated spectra. On the other hand, the

circumstance that the modulation amplitudes depend critically on the mixing

of hyperfine states and that only those frequencies are observed that are not

much higher than yH. makes the envelope modulation method less generally ap-
2+

plicable. The chosen example Cs_ZnCl.:Cu is in a way an ideal case because

of the ease of interpreting the Fourier spectra. However, it is expected that

also for less ideal cases a Fourier transform of the modulation data might be

very useful even in those cases where it can only provide a starting point for

simulations of the modulation envelope'.
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8
TWO-DIMENSIONAL FOURIER TRANSFORM OF ELECTRON SPIN ECHO
ENVELOPE MODULATION. AN ALTERNATIVE FOR ENDOR,

R.P.J. Merks and R. de Beer
Department of Physios, Delft University of Technology, The Netherlands

The nuclear modulation effect, in eleotron spin echo is experimentally studied
by means of Fourier analysis. The Fourier spectrum shows, besides a good re-
solution, a good response for hyperfine frequencies in an extremely low fre-
quency range (30 KHz - 1 MHz). The Fourier spectrum may suffer from blind
spots however. It is demonstrated that these can be circumvented by extending
the measurement of the modulation data to two time parameters. These data may
be Fourier transformed to a two-dimensional'.spectrum with some interestiri"
properties. One of these facilitates the assignments of peaks in the spectrum.
Experimental results of the N modulation of the electron spin echo envelope

3+of BzgMgjNOs}12'^4HJ):Gd are gvoen.

Introduction

In electron spin echo experiments a modulation of the echo envelope is common- '

ly observed which originates from the presence of nearby magnetic nuclei (!)•

The effect may be used to investigate ligand hyperfine interactions and is

therefore an alternative to the well-known ENDOR technique (2). Recently we

have studied the analysis of the modulation of the stimulated electron spin

echo'decay by means of Fourier analysis and have compared this technique with

ENDOR, applying both to the system Cs2ZnCl.:Cu (3). It turned out that the

Fourier spectrum shows a resemblance with the ENDOR spectrum in many respects.

However, an advantage of the Fourier spectrum appears to be the high sensiti-

vity for hyperfine frequencies in the lower frequency range (< 1 MHz) and vir-

tual absence of microphonics. This is corroborated by the results of the pres-

ent investigation. In principle the Fourier spectrum can be obtained by Fourier
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2T X' T'+T

Fig. 1. The stimulated spin echo scheme. Transmitter pulses are applied at
t = Ot t = x and t = T'. The Hahn echo occurs at t = Zx, the stimulated echo
at t = T •+ T '. Dephasing is stronger for T than for T ' which makes the stimu-
lated echo more suitable for measuring the hyper fine frequencies via the mod-
ulation effect.

• transforming the stimulated echo modulation envelope either as a function of T

keeping T1 fixed, or as a function of T' keeping T fixed, where T and T 1 are

defined as the time between the first and the second transmitter pulse and the

time between the first and the third transmitter pulse respectively (see figure

1). As the stimulated echo decays slower as a function of T' than as a function

of T a better spectral resolution is obtained in the spectrum with fixed T. The

fact that in this spectrum the time parameter T is kept fixed at some chosen

value constitutes a problem as the Fourier peaks depend strongly on the value

actually chosen. In the worst case it is even possible that some peaks in the

spectrum disappear completely. This phenomenon is called the suppression effect

(43 5). In this paper we suggest the measurement of the stimulated echo envel-

ope both as a function of T and T' to circumvent the suppression effect. More-

over it will be shown that a two-dimensional Fourier transform of these modu-

lation data yields a two-dimensional spectrum with some additional advantages

over a one-dimensional spectrum.

Envelope modulation formulae and Fourier transform

The electron spin echo envelope modulation phenomenon was first treated by

Rowan, Hahn and Mims (1). Explicit expressions for the modulation function

E(T,X') have been derived by Mims (4,5) for an electron spin S = \ coupled to

a single nucleus I = |,1. We have been able to write «q..(54) of ref. (4) in a

shorter and more symmetric form:
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a
b

Fig. 2, The energy level scheme for an S = h, 1 = 1

e
f

system. In general nuclear transitions seen in the
envelope modulation are ab, bot aa, de, ef and df.

3
£ ( T , T ' ) = 1 - I a } (1 - cosui T ) ( 1 - cosu T 1 ) +

U,V=1 ' •

(1 - COStl)yT) (1 - COSU^T
1)}' (1)

Herein w = 1, 2, 3 and V = 1, 2, 3 denote the transitions ab, be, ac and de, ef,

df respectively (see figure 2) and furthermore T 1 = T + T. The coefficients a

are

°13 = °31 = C23 = °32 = " 2 C33 = 12*

and k is a constant that depends on the mixing of hyperfine states. Equation (1)

is very useful for emphasizing the symmetry in T and T 1 and the mutual suppres-

sion effect of T and T'. If the electron spin is coupled to more than one nu-

cleus the multi-nucleus modulation function is the product of the single-nucleus

modulation functions:

n
S (T,T') = n E.(t.i'). (2)
. n i=l %

If the modulation amplitudes are small only terms linear in a need to be kept

in the evaluation of eq. (2):

n 3

I I
^=1 u,v=l

n 3 . i

L(TfT') = 1 - 1 I O* (1 " «MU*T) (1 " C O B U V ) +
i=l u.v=l i

(1 - COSU^T) (1 - COS<I)MT')J. (3)

In the following we will use this expression for E (T,T') and thus assume

that the modulation amplitudes are small. This is often the case and may be
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easily veri-ied in the experiment. For larger modulation amplitudes terms with

a x e (etc.) should be taken into account and it is straightforward to ex-

tend the following treatment to this more general situation. Fourier transfor-

ming eq. (3) with respect to T' gives:

E' (T,»«) = 6(0)') - I I a\ (1 - coswM } «(«>•) - «(«• - w

+ (1 - cosiy) I fi(u') - 6(W - u*)> (4)- u*)>

In the same approximation of small modulation amplitudes we have o., = c_o = zrk

and all other coefficients may be taken equal to zero. The amplitude of a peak
i- % i

at ta for it ~ 1, 2 is then k /3{1 - oosu T) . This amplitude may assume any val-
2 "t d-

ue between zero and -rft depending on the value of w x. As a consequence the

peak amplitude may be large for one peak but at the same time (undetectably)

small for others. This is called the suppression effect (4). Only for T = 0 all

peaks have a nonzero amplitude but this setting cannot be chosen as the spectro-

meter has a finite recovery time, which sets a lower limit to i. in the more

general situation where the modulation amplitudes are not necessarily very small

the amplitude of the peak at u ts \p (\ - costo T) . From this it can be seen

that the suppression is not complete in this case. However, as the coefficients

i i

a with u ? V are small relative to a the suppression effect will still be

strong. It is thus necessary to perform several measurements, with different t,

to ensure that all frequencies are detected. It then seems natural to analyse

the sinusoidal dependence of T (see eq. 4) by a second Fourier transform, this

time with respect to T:E (u,ur) = S{u)6W) I I Q \s(a>) - 5(u - tah \ \

(5)

This two-dimensional spectrum consists of peak amplitudes at the frequency co-

ordinates (0,0), (a^O), (0,w ) , (OK,0), (0,u ), (w ,<i) ) and (tOy,w ) for each

nucleus i. From eq. 5 it is seen that the peaks that are situated at the axes

to = 0 or w1 = 0 form two identical one-dimensional spectra which are free of

the suppression effect. For instance the cross section at u = 0 is

S \ i [ i i)
E (0,0)') = S(oi') - I I e J26(u>') - 6(w' - o ) - 6 (to* - u_)> (6)
n i=l M,U=1 uI • u " I
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i i
which contains all relevant frequencies u and w . If the only objective would

be a suppression free spectrum, the spectrum could have been calculated more

easily by integrating E (T,to') .(eq. 4) over T as this is just the zeroth Fou-

rier component. The two-dimensional spectrum contains however additional rele-

vant information. Prom eq. (5) it is seen that the frequencies (to ,w ) and

(u ,u) occur in pairs. The members of a pair are related by reflection symme-

try relative to the line w = u'. This property of the two-dimensional spectrum

facilitates the assignment of peaks in complicated spectra, as will be shown

below.

So far in this paper we have denoted the hyperfine peaks by 6-functions

which implies that we have not taken into account any damping of the electron

spin echo modulation amplitude. This modulation damping originates from two

mechanisms. The first mechanism is associated exclusively with the broadening

of the hyperfine levels. The second mechanism is the normal echo decay which

diminishes the absolute modulation amplitude, but leaves the relative modula-

tion amplitude unaffected. This latter echo decay originates from electron

spin-spin or electron spin-lattice relaxation. The damping of the modulation

amplitude associated with a particular nucleus diminishes the related echo

amplitude and through this also the modulation amplitudes associated with other

nuclei. Although both mechanisms are thus somewhat mixed in their effects it is

worth the effort of trying to eliminate the echo decay due to- sources other

than hyperfine interactions, as they may con-tribute to the linewidth substanti-

ally and give rise to large low frequency amplitudes in the spectrum (336).

We have chosen as an illustration of these concepts the system

Bi,Mg (NO3),2.24H O (BMN). Approximately 1 in 1000 Bi + ions was replaced by a

Gd3+ ion. BMN is isostructural with Ce2Mg3(NO3).2.24H2O, the crystal structure

of which has been determined by Zalkin et at. (?). The modulation is due to

the coupling of the electron spin (S = 7/2) with the six ^ N neighbours (J = 1)

surrounding it and possibly farther 1I+N nuclei. Although eq. (1) was derived for

an S = 1/2, I = 1 system we will use this formula also for this case and take

the two electron levels involved in the EPR transition as the S = 1/2 doublet.

Generally the decay in the T-dimension is faster than in the T1-dimension. This

stems from the fact that the phase coherence is more strongly destroyed for

spins that precess perpendicular to a than for spins that are aligned along H,

as is the case during T < t < T 1 for the spins that contribute to the stimula-

ted echo (8). In the case BMN:Gd the decay rate in the T-dimension is approx-

imately a factor 50 higher than in the T1-dimension. The available microwave

power sets a limit to the highest observable modulation frequency (in our case

- 5 MHz). This frequency and the decay rate of the modulation amplitude impose

restrictions on the minimum number of samples needed to represent £(T,T') by a

73



nout ,
puUt

puls*
synchroniser

clock
oscillator

start

gottd clock
counttr

reset

t

initial dilay
register

comparator

\

full oddtr

•

puls* "
dividtr

\
scan dilay
register

• A

B

Fig. 3. Schematic draining of the digital scan delay generator. This unit con-
trols the time T ' between the first (triggered by A) and third (triggered by B)
transmitter pulse. The time T ' is made up of an initial delay and a soon delay
which is increased by the sample step at each multiple of the repetition time.

matrix E ..In most experiments we chose m = 32 and m' = 2048. In our experi-
mtm

mental setup the value of T is set manually while the value of T 1 is controlled

by a homemade digital time delay generator. Therefore it is preferable to col-

lect the data by sweeping T' over the region of interest for a constant value

of x and then repeat this for other settings of T. The functioning of the digi-

tal time delay generator is as follows (fig. 3). A trigger pulse,, synchronised

with an external clock (10 MHz), triggers (via output ft) the first transmitter

pulse and after the time delay T the second transmitter pulse (not shown in the

blockdiagram). After a number of clock cycles the third transmitter pulse is

triggered (via output B). The number of clock cycles is determined by the sum

(full adder) of a manually operated so called initial delay register and a

scan delay register. The content of the scan delay register is incremented by

one each repetition time or each multiple of the repetition time (depending on

the chosen division factor of a pulse divider). This last possibility may be

used for averaging purposes. The pulse that is used to increment the scan reg-

ister is also used (via output C) to trigger an AD-converter which is connected

to the output of a sample-and-hold circuit or a boxcar-circuit which samples
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the echo amplitude. The output of the flD-converter is stored on papertape for

subsequent processing on a central computer (IBM 370/158).

In fig. 4 we have stacked- 32 one-dimensional Fourier spectra for increas-

ing T. The Fourier spectra were obtained by preprocessing the modulation envel-

opes and taking the Fourier transform of E(T,T') with fixed T sequentially.

The preprocessing consists of the elimination of the digitally determined de-

cay (in this case by subtracting it from the data) and tapering of the modula-

tion data in order to reduce the effect of the omission of the first part of

the modulation trace, which is unavoidable in this kind of experiments (3).

This latter point is also the reason why the spectra have been plotted in the

absolute-value mode. The sinusoidal dependence of the peak amplitudes on T is

clearly visible and as the frequencies in the T-direction are all different it

appears to be a coincidence if all peaks are visible for a single value of t.

We verified that the T-dependence is indeed a (damped) 1 - COSMT dependence,

and not for instance a COSWT dependence, with the help of a cos-transform plot

(not shown) as both dependences are difficult to distinguish in an absolute-

value plot. In fig. 5 the two-dimensional spectrum is shown. For the same

reason as mentioned above the data were also tapered in the T-dimension. Here

also the absolute-value mode is chosen to display the spectrum. In accordance

with the above mentioned faster decay in the. T-dimension relative to the T 1-

dimension the linewidth in the oj-dimension is also about 50x-larger than in

the u)1 -dimension. However in most cases the'peaks at (u ,w ) and (0,w ) are

clearly resolved. (The peaks for &)' = 0) have disappeared as a result of the

subtraction of the echo decay.) The spectrum at u = 0 can be used as a spectrum

without the suppression effect. This spectrum is as easily interpreted as an ENDOR

spectrum, since in this case frequencies of the type (03 are absent. Fig. 6 con-

tains a section of a one-dimensional spectrum obtained from the same sample.

The extremely flat baseline and good sensitivity in such a low frequency range

is, to the best of our knowledge, very uncommon in comparable ENDOR experiments

(see for instance ref. 9). This advantage of the Fourier spectrum must be

ascribed to the separation in time of the excitation of the system by the

microwave pulses and the detection of the nuclear frequencies via the electron

spin echo.

As was already mentioned above the reflection symmetry of the two-

dimensional spectrum may be of help in assigning peaks. One way of doing this

is to start with a peak (O,OJ ) in the cross-section for u> = 0. Then one can '

find subsequently the peak (<>>,,<u ) by a translation parallel to 10' = 0, the

peak (<i) ,0) ) by reflection relative to 10 = u' and then finally the peak (0,<Dy)

in the cross-section. This procedure has been visualized in fig. 5 by plotting
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U)'/2TC (MHz)

Fig. 4. Stacked Fourier transforms of the electron spin echo envelope modulation of Ga + in EMS. The Fourier spectra
have been obtained by Fourier transforming the echo modulation with respect to T ' considering T as a parameter. The
absolute-value mode was chosen for the display. The peak amplitudes are modulated by (1 - cosier)-functions (see text).



U)'/2TC(MHz)

Fig. 5. Two-dimensional Fourier transform of the electron spin eaho envelope modulation of Gd3* in BMN. The Fourier

transform was done with respect to x and T ' (see figure 1) yielding the frequency dimensions u and u'. The absolute-

Value mode was chosen for the display. Due to the symmetry in T and Tr (apart from the line width.) the peaks have

mirror syrmetry with respect to the line w = w' (see text).
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1.0

Fig. 6. Part of a one-dimensional speotrum obtained via electron spin echo en-
velope modulation of BMN:Gd?+. The free 14N frequency is 1.09S MHz. Note the
flat baseline and the good superhyperfine frequency response for this low fre-
quency range.

brackets under the peaks that form a reflecto symmetric pair. The chosen example

of BMN:Gd is very suited to demonstrate the use of the reflection-symmetry

property of the two-dimensional spectrum. This is due to the relative small mod-

ulation amplitude for BMN:Gd , so that the cross-terms in eq. (2) are negligible.
2+

In the case with larger modulation amplitudes (as for Cs-ZnCl.:Cu ) (S) this

property may not be of much help because of the occurrence of peaks that arise

from the convolution products of other peaks in the spectrum. However, also in

that case a two-dimensional measurement of the echo envelope modulation may be

worthwhile to avoid the suppression effect.

Summarizing, it was experimentally demonstrated that the one-dimensional

Fourier spectrum of the stimulated echo envelope modulation suffers from blind

spots (suppression effect). It is shown that this may be circumvented by exten-

sion of the measurement to two time parameters. The data may be transformed to

a two-dimensional spectrum, which makes it possible to relate superhyperfine

frequencies with only their electronic quantum state differing. In addition our

experimental results demonstrate that the nuclear modulation effect in electron

spin echoes is less susceptible to microphonics and offers a means for accura-

tely measuring superhyperfine frequencies in an extremely low frequency range.
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SUMMARY "

The electron spin echo technique has been applied in a number of experiments.

With this technique the EPR signal is observed in the time domain as opposed

to the more usual observation in the frequency domain. The main advantage of

the time domain is the fact that in a suitably chosen experiment it is the ho-

mogeneous broadening rather than the inhomogeneous broadening of the EPR line

that determines the obtainable resolution. In many cases the homogeneous broa-

dening is several orders of magnitude smaller than the inhomogeneous broade-

ning. Aim of this work is to investigate how the electron spin echo method

can solve some of the problems encountered in conventional continuous wave

EPR.

Four types of experiments have been performed, namely the measurement of

electric field induced shifts of the EPR line, the detection of electron spin

echo ENDOR, a (simple)' relaxation measurement and the measurement of hyperfine

interactions via the nuclear modulation effect. In chapter 1 the concept of

electron spin echoes and these four types of experiments are discussed.

The power of the electron spin echo technique is perhaps demonstrated most

convincingly by the measurement of the electric field effect in EPR. In con-

ventional EPR this effect is often too small to be detected. In chapter 2 we

discuss the measurement of the electric field effect of single crystals of
2+

La2Mg3(NO3).2.24H2O doped with Mn for one direction of the electric and mag-

netic field relative to the crystal a:-.es (Efiwe) . A theoretical interpretation

of this shift has been made in the limit of ionic bonding, working in a rela-

tivistic scheme and taking into account configuration interaction. The calcu-

lated value of this shift is one fifth of the observed value. Possible reasons

for this discrepancy are discussed.

In chapter 3 we extend the measurements of chapter 2 to more directions

of the electric and magnt;J.c field. Electron spin echo proton ENDOR has been

utilized for an accurate orientation of the magnetic field relative to the

crystal axes. For this type of experiment a cavity has been designed that
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combines the usual microwave field and static magnetic field with an electric

field and a strong radio frequency field.

In chapter 4 the measurement of the linear electric field effect (LEFE)
2+

of single crystals of Cs.ZnCl. doped with Cu -ions is described. In addition

the LEFE parameters have been extracted from measurements on powdered cry-

stals. Shifts of 0.1 G on an overall line width of 440 G have been measured.

The parameters obtained via computer simulation agreed well with the single

crystal results.

In chapter 5 the electron spin echo technique is used to obtain an ENDOR

line shape of a powder of the enzyme methanol dehydrogenase. It is found that

the electron spin echo method introduces some artifacts in the lineschape that

are absent in conventionally obtained ENDOR.

In chapter 6 we describe the modification of a conventional 35 GHz

EPR/ENDOR spectrometer, which makes it possible to perform electron spin echo

measurements as well. The preliminary measurements indicate some advantages

of the electron spin echo technique when applied at a higher microwave fre-

quency.

The last two chapters are dedicated to the measurement of hyperfine inter-

actions by means of the electron spin echo technique via the nuclear modula-

tion effect (modulation of the echo envelope). Chapter 7 is an experimental

study of the Fourier analysis of the modulation of the stimulated electron spin

echo envelope. Special attention has been paid to the effects of echo decay

and the omission of the first part of the envelope recording. The method has
2+

been applied to the system Cs»ZnCl.:Cu . A comparison with the results of a

conventional ENDOR study of the same system revealed some advantages and dis-

advantages of the Fourier spectra. Advantages are the higher sensitivity for

low frequencies and a virtual absence of microphonics. A drawback of the meth-

od is the fact that the relative intensities of the peaks in the Fourier

spectra can be influenced by the setting of an important time parameter in the

spin echo pulse cycle.

In chapter 8 we focus on the latter effect. It is shown that this draw-

back of the stimulated electron spin echo envelope modulation method can be

overcome by an extension of the measurement to two time parameters. In fact

a two-dimensional Fourier transform of these data yields a spectrum that may

1 contain additional spectro'scopic information. This is experimentally demon-
I 3+ •
! strated by means of the system Bi2Mg3(NO3)12.24H2O doped with Gd ions.

91



SAMENVATTING

De electronspin echotechniek is in een aas .al experimenten toegepast. Met deze

techniek wordt het EPR signaal in het tijdsdomein geobserveerd in tegenstelling

tot in het meer gebruikelijke frequentiedomein. Het belangrijkste voordeel van

het tijdsdomein is het feit dat in een geschikt gekozen experiment het de homo-

gene in plaats van de inhomogene verbreding van de EPR lijn is, die het haal-

bare oplossend vermogen bepaalt. In veel gevallen is de homogene verbreding

enkele orden van grootte kleiner-'dan de inhomogene verbreding. Doel van dit

werk is te onderzoeken hoe de electronspin echomethode enkele, in de conventio-

nele, continue-golf EPR voorkomende problemen kan oplossen.

Vier typen experimenten zijn uitgevoerd, namelijk de meting van de, door

een elektrisch veld geïnduceerde verschuiving van de EPR lijn, de detektie

van electronspin echo ENDOR, een (eenvoudige) relaxatiemeting en de meting

van hyperfijn interacties via het kernmodulatie effect. In hoofdstuk 1 worden

het electronspin echo begrip en deze vier typen experimenten besproken.

De Kracht van de electronspin echotechniek wordt misschien het best gede-

monstreerd door de meting van het electrisch veldeffect in de EPR. In conven-

tionele EPR is dit effect vaak te klein om te worden gedetecteerd. In hoofd-

stuk 2 bespreken we de meting van het electrisch-veldeffect aan eenkristallen
2+

van La.Mg,(NO )„.24H„O gedoteerd met Mn voor één richting van het electri-

sehe en het magnetische veld ten opzichte van de kristalassen (BfEt e). Een

theoretische interpretatie van deze verschuiving is gemaakt in de limiet van

ionische 'binding, in een-relativistisch schema en waarbij configuratie inter-

aktie in rekening werd gebracht. De berekende waarde van deze verschuiving is

een factor 5 kleiner dan de waargenomen waarde. Mogelijke redenen voor dit

verschil worden besproken.

In hoofdstuk 3 breiden we de metingen van hoofdstuk 2 uit tot meer rich-

tingen van het electrische en het magnetische veld. Hierbij is gebruik gemaakt

van electronspin echo proton-ENDOR voor een nauwkeurige oriëntering van het

magnetisch veld ten opzichte van de kristalassen. Voor dit type experiment is
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een trilholte ontworpen die het gebruikelijke microgolfveld en het statische

magnetische veld combineert met een electrisch veld en een sterk radiofrekwent

veld.

In hoofdstuk 4 wordt de meting van het lineair electrisch veldeffect
2+

(engelse afkorting: LEFE) van eenkristallen Cs.ZnCl. gedoteerd met Cu -ionen

besproken. Tevens zijn de LEFE parameters bepaald uit metingen aan verpoederde

kristallen. Hierbij zijn verschuivingen gemeten van 0.1 G op een totale lijn-

breedte van 440 G. De parameters die werden verkregen door computer simulatie

stemden goed overeen met de eenkristal resultaten.

In hoofdstuk 5 is de electronspin echotechniek gebruikt om een ENDOR lijh-

vorm te verkrijgen van een poeder van het enzym methanol dehydrogenase. Het

blijkt dat de electronspin echomethode enkele typen vervormingen van de lijn

veroorzaakt die afwezig zijn in conventionele ENDOR.

In hoofdstuk 6 beschrijven we de modificatie van een conventionele 35 GHz

EPR/ENDOR spectrometer, die het mogelijk maakt eveneens electronspin echome-

tingen uit te voeren. De voorlopige metingen wijzen op enkele voordelen van

de electronspin echotechniek bedreven met een hogere microgolffrequentie

De laatste twee hoofdstukken worden besteed aan de meting van hyperfijn

interakties met behulp van de electronspin echotechniek via het kernmodulatie

effect (modulatie van de echo-omhullende). Hoofdstuk 7 is een experimentele

studie van de Fourier analyse van de omhullendemodulatie van de gestimuleerde

electronspin echo. Speciale aandacht is-gegeven aan de effecten van het

uitsterven van de echo-omhullende en aan een remedie tegen het ontbreken van

het eerste gedeelte van de echo-omhullende. De methode is toegepast op het
2+

systeem Cs_ZnCl.:Cu . Een vergelijking met de resultaten van een studie met

behulp van conventionele ENDOR liet enkele voordelen en nadelen van de Fourier

spectra zien. Voordelen zijn de grotere gevoeligheid voor lage frekwenties en

het praktisch afwezig zijn van microfonie. Een nadeel van de methode is het

feit dat de relatieve intensiteiten van de pieken in de Fourier spectra beïn-

vloed kunnen worden door de instelling van een belangrijke tijdparameter in

de spin echocyclus.

In hoofdstuk 8 besteden we speciale aandacht aan dit laatste effect. Aan-

getoond wordt, dat het zojuist genoemde nadeel overwonnen kan worden en zelfs

in een voordeel kan worden omgezet door een uitbreiding van de meting van de

echo-omhullende als funktie van twee tijdparameters. Een twee-dimensie:iale

Fourier transformatie van de meetgegevens levert een spectrum op dat aanvul-

lende spectroscopische informatie kan bevatten. Dit.wordt experimenteel aange-

toond met behulp van het systeem Bi.Mg.(NO,)-2.24H2O gedoteerd met Gd -ionen.
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STELLINGEN

Het oneven kristalveld kan een belangrijke bijdrage leveren tot de

opsplitsing van de grondtoestand van ionen met een halfgevulde schil.

Dit proefschrift, hoofdstuk 2.

Het kernmodulatie-effect op de electronspin echo-omhullende is een geschikt

alternatief voor ENDOR aan kernen met een klein magnetisch moment.

Dit proefschrift, hoofdstukken 7 en 8.

Een nadeel van de een-dimensionale "envelope modulation" spectroscopie is

het onderdruk-effect. Dit nadeel kan in een voordeel worden omgezet door

een twee-dimensionale Fourier transformatie van de gestimuleerde electron-

spin echo-omhullende.

W.E. Blumberg, W.B. Mims and D. Zuckèrman,

Rev. Soi. Instrm. 4£(1973)546.

Dit-proefschrift, hoofdstuk 8.

Hess en Fowan hadden de analyse van de èlectronapin echo-omhullende van

LaF :Nd beter in het frequentiedomein dan in het gebruikelijke tijd-

domein kunnen uitvoeren.

D.W. Hess and L.G. Rowan, Phys. Rev. B 19(1979)1.

Dit proefschrift, hoofdstukken 7 en 8.

Het moet mogelijk zijn met behulp van spin echo ENDOR een twee-dimensionaal

spektrum te verkrijgen, waarbij langs een as de gebruikelijke ENDOR

frequentie en lanys de andere as de interactie-energie uitstaat.

Dit proefschrift, hoofdstuk 5.



6 Nishi et al bepalen de longitudinale relaxatietijd van "signal II of

plant photosynthesis" door na een verstoring van de Boltzmann bezetting

het herstel hiervan te meten. Het verdient aanbeveling in dergelijke

experimenten na te gaan of de resultaten onafhankelijk zijn van de wijze

van verstoren. . • •

N.N. Nishi, A.J. Hoff, J. Schmidt and J.H. van der Waals,

, Chem. Phye. Lett. 58(1978)164.

7 Ten onrechte wekken Grenet en Kibler de indruk dat de door hen gegeven
M

expliciete uitdrukking voor de equivalentoperatoren O met M
L

0 nodig

. zou zijn voor de interpretatie van EPR, ENDOR en optische spectra.

G. Grenet and M. Kibler, Phys. Lett. 68AU978) 147.

8 De bovengrens van de magnetische hyperfijninteractie'-onstante van Gd

in YA1G (9.5 MHz)/ gegeven door Marshall et al is onrealistisch laag.

S.A. Marshall, T. Marshall and R.A. Serway,

Phys. stat. sol. 4£(1978)165.

9 Buitenaardse wezens die in staat zijn om met een boodschap gecodeerde

bacteriofagen vanuit het heelal te versturen, zoals gesuggereerd door

Yokoo en Oshima, moeten geacht worden meer doeltreffende methoden te

zullen gebruiken. ' '

Hiromitsu Yokoo and Tairo Oshima, Icarus 38(1979)148.

10 Het gebruik van chemische onkruidbestrijdingsmiddelen op en rond

school- en kindertuinen dient - niet alleen om gezondheidsredenen -

vermeden te worden.

11 Het tekort aan goedkope woonruimte voor een- en tweepersoonshuishoudens

zou regionale overheden ervan moeten weerhouden een beleid te voeren

gericht op het terugdringen van het aantal woonarken.

R.P.J. Merks Delft, 28 november 1979.


