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The features of Fenzke magic echo in the simplest case of three pulses are investigated — shape of the signal,
the time of the echo maximum formation, dependence of the response amplitude on time, the temperature
dependence of the echo. It is shown good qualitative and quantitative agreement of theoretical and
experimental results for hydrogen-containing systems with dipole-dipole interaction and internal molecular
mobility.
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INTRODUCTION

In theory and practice of nuclear magnetic resonance (NMR) the magic echo is called
a pulse response that forms in times much more than the time of spin-spin relaxation.
Obviously, this phenomenon can’t be explained within the framework of classical
approach (for example, with the help of Bloch equations) and need using of quantum
theory.

There are some pulse series producing formation of magic echo [1-3]. Practically in
all works on the subject the main attention was attended to the time dependence of the
echo amplitude. The reason is that evaluation of response shape is possible but a big
quantity of used pulses makes mathematical calculation too complicated. As a
consequence, final results look non-demonstrative and this devalues such a type of
evaluations.

In given paper Fenzke magic series was investigated and there were two reasons of
that. At first, just Fenzke series gives possibility to use only three pulses. So, result of
theoretical calculations is a quite compact formula, convenient for theoretical analysis. At
second, the authors of the paper have such a NMR equipment that allows to use three
pulses to the limit. At the same time, as is demonstrated below, results of the investigation
keep all the typical features of the magic echo.

1. THEORY

In general case Fenzke series consists of 2n (n = 1,2, ...) pulses 90°, applied along x
axis of the rotating system of axes (time intervals between the pulses are 27) and the final
pulse 90°, that locates for 7 from the last 90°, pulse. The simpliest variant of the series
containing only two 90°, pulses is represented at Fig. 1.

For evaluation the magic echo shape the standard theoretical method based on
formalism of density matrix was used.
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Fig. 1. Formation of Fenzke magic echo in the simpliest version.

In accordance with that the signal of the echo may be written as
Tr(p(6)-1)
V() =——-—>5". (1)
T r(Ix )
where p(#) is the operator of density matrix at the moment ¢, /, is the operator of
x-component of the sample’s spin in rotating system of axes.

The action of 90°, pulse has the result of exchange the components of total spin
accordingly the rule: I, — I, I, — — L., I. — I,. The similar rule for the 90°, pulse has
the form I, — I, I, — 1I,, I. — — I,. The operator of density matrix is evaluated from
Liouville equation:

op .

- =ilp.H], 2)
where 7H is the Hamiltonian of dipole-dipole interaction that depends on time because of
internal molecular mobility.

Solution of the equation (2) may be written with the help of 7T-exponents as

p(0) = exp (=i H(()dl)p(0) exp(if H(()dr'). 3

Writing expressions type (3) for each time interval, free from the pulses, and
calculating the trace in (1) with the help of full set of Hamiltonian eigenfunctions, have:

V(t)= <exp (i j w(t)dt' - ij' a)(t")dt”)>, 4)

where angle brackets mean averaging connected with internal molecular mobility in the
solid, w is a frequency corresponding a transition between two possible energy states.
Use the known formula for evaluating the means

(exp(ia)) = exp(~ (4, )

as well and choose Gaussian distribution for description the random fields on resonating
nuclei and Markov’s model of mobility. In such case
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(o(tYa(t")) = M, + AM,, - exp(— u). (6)

Here M. , is the second moment of a NMR line narrowed by mobility, AM, is the

difference of the second moments of absorption lines in rigid and fast-moving systems, 7.
is the time of correlation (average time of standing in given lattice configuration).
Finally:

V(t)= exp{—%]\?z(t —6r) —AM22'02|:t

_27+FI(t)+F2(T)—2}, (7)
T

c

) exp(%} ,
T T,

c c

where F (o) =e>qo<—ri){exp($>+exp(

c

Fy(7) = exp (—f){exp(— ?) rexp(~5) - 1>} .

c c c

2. EXPERIMENT

Choice of a sample for experiments was predetermined by chosen function of
Gaussian distribution of the random fields on nuclei. Obviously, it is necessary to study
systems with great quantity of hydrogen nuclei and without any separated groups.
Following this principle, the experiments were carried out in a crystal of natrolite
Na2A128i3010'2(H20).

The next characteristics of Fenzke magic echo were analysed: a) general shape of the
signal, b) the moment of echo maximum formation, ¢) dependence of the response
amplitude on time, d) temperature dependence of the echo.

Signals of the echo are shown on the Fig. 2. Theoretical lines are represented by
points. Here two orientations of the external magnetic field are represented: along the axis
[100] of the crystal (a) and along the axis [010] (b). Accuracy of measuring here and on
was in limit of 5% as maximum. There were taken M, = 1.9-10® 7%, T'= 300 K, potential
barrier U = 42 kJ/mol, ante-exponential factor in the expression for 7, was 1.2:10™"" s.

Easy to see that in position [010] a part of the signal forms below zero level though
theoretical signal is totally over it. It means that in some orientations of the crystal
necessary to use more complicated model in comparison with Gaussian distribution of
random fields.

Fig. 3 demonstrates dependence of the moment that peak of the echo forms on time 7.
Obviously, the echo forms at the time 61, in full accordance with (7).
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Fig. 2. Shape of the magic echo in natrolite.
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Fig. 3. Dependence of the echo peak on time (points mean experiment).
Dependence of the echo amplitude on the time 7 is represented at the Fig. 4. In given
case one can say only about general agreement because question about presence or
absence of singularities on the experimental curve is a special task demanding separate

investigation. In any case the model of Gaussian distribution of the random fields on the
nuclei excludes any singularity.

08 o
0E

04

amplitude, p.u.

0.0 -

Fig. 4. Dependence of the echo amplitude on time.
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Temperature dependences of any pulse responses (solid-echo, in-phase echo, etc.)
usually have singularities that can’t be explained by descriptive classic models. As
analysis of the formula (7) shows, Fenzke magic echo has such a singularity, too. At the
Fig. 5 it is demonstrated dependence of the echo amplitude on parameter a = 7/7.

For simplicity the item with M , is ignored. Parameter M 21'2 was chosen 0.136, 0.5

and 0.9. The first one corresponds natrolite if T = 10 ps, the second and third ones are
illustrative. So, this dependence has a minimum at /7. = 0.725 and this fact allows to find
important parameters of molecular mobility in given system.

If to consider the time of correlation depends on potential barrier U accordingly
Arrhenius law, i.e.

U
T, =1, -exp(ﬁ),

then necessary to find two experimental dependences on temperature for different z. These
dependences will give temperatures in minimums. After that theoretical lines (like
demonstrated at Fig. 5) will define a. Solution of the system of two equations allows to
calculate U:

__ R B
T, 1T, 7,

Fig. 5. Temperature dependence of the magic echo amplitude. Symbol g means
M 22'2. The first curve (¢ = 0.136) describes the natrolite sample, other curves have
illustrative character.
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CONCLUSIONS

The formula (7) for Fenzke magic echo satisfactorily describes responses of many
particle systems with Gaussian distribution of the random fields on nuclei and Markov’s
process of mobility. Good quantitative accordance of theory and experiment is marked for
time dependence of the echo amplitude. Maximum of the response forms at the time 67.
The temperature dependence of the echo contains minimum that allows to find potential
barrier and ante-exponential factor in law of Arrhenius for correlation time.
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JocnimkeHo ocobnmBocTi MarigHoro BimayHHs (DeHIlke B NMpOCTOMY BHUNAAKY TPHOX IMIYJBCIB — (opma
CHTHAIy, 3QJISKHICTh aMIUTITYM BIATYKY BiJ 4acy, MOMEHT ()OpMyBaHHS MaKCHMyMY JIyHH, TeMIlepaTypHa
3aj1exHIcTh IyHH. [Toka3aHo 1o0pe siKicHa i KiIbKiCHa 3ro/ia TEOPETHYHUX | eKCIIEPUMEHTAIBHHUX Pe3yJIbTaTiB
JUIS BOJHEBOMICHUX CHCTEM 3 IUIOJIb-AUIONBHOIO B3aEMO/IEIO 1 BHYTPILIHBOI MOJIEKYIIAPHOI PYXJIHBICTIO.
Knruogi cnosa: snepHnil MarHITHUN pe30HAHC, MariuyHe BiJUTyHHS, HATPOJIIT.

Psaoymkun /1. C. Maruveckoe 3xo0 SIMP B Hatposaute / 1. C. Padymkun, A. B. Canura, E. C. Peaska //
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HccnemoBansl 0COOEHHOCTH Marmueckoro sxa MeHIKe B MpOCTEHIleM claydae TpeX HMITYJILCOB — (opma
CUrHajia, 3aBHCHMOCTbH aMl'[J'lI/ITy)lbI OTKJIMKa OT BpPEMEHH, MOMCHT d)OpMPIpOBaHI/ISI MaKCI/IMyMa 3Xa,
TEMIIepaTypHass 3aBUCHMOCTh 5xa. [loka3aHO Xopollee KauyeCTBEHHOE M KOJIWYECTBEHHOE COTJlacHe
TEOPETUUECKUX M OKCIEPUMEHTAIBHBIX PE3YJNbTaTOB Ui BOJOPOJOCOAEPKAIINX CHUCTEM C JHIIONb-
JIUIIOJIEHBIM B3aUMOJICUCTBHEM M BHYTPEHHEH MOJIEKYIISIPHOM MOIBIKHOCTBIO.

Knroueswvie cnosa: snepHbIii MATHUTHBIA PE30HAHC, MATHYECKOE 9X0, HATPOJIHT.
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