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The multiple structure of echo signals in inhomogeneously broadened quadrupole spin systems
with I = 3/2 has been studied experimentally and theoretically. If there is a correlation between
the magnetic inhomogeneous broadening and the quadrupole inhomogeneous broadening, some
additional eche signals can appear. The times at which they appear are determined exclusively by
the time interval between the pulses and by the correlation parameter. They do not depend on the

lengths of the rf pulses.

INTRODUCTION

The multiple structure of two-pulse echo signals in in-
homogeneously broadened spin systems has been the subject
of many studies.'™""!

It was shown in Refs. 1-4 that a multiple echo structure
arises for spin systems with 7 = 1/2 if the height of the long
rf pulses does not exceed the inhomogeneous linewidth of the
nuclear magnetic resonance. The multiple echo structure in
such spin systems consists of a set of additional peaks which
are shifted in time from the main echo signal (which is ob-
served at the time 27, where 7is the time interval between the
pulses) by amounts which are determined by the lengths of
the exciting rf pulses, ¢, (i = 1,2).

An echo signal with multiple structure was observed in
Refs. 5 and 6 in spin systems with a quadrupole interaction
(I>1/2) and an energy spectrum with variable spacing. In
this case, as in the case of spin systems with 7= 1/2, the
additional echo signals are detected near the main echo sig-
nal at 27. Their shifts from the position ¢t = 27 are deter-
mined exclusively by the lengths of the rf pulses, ;.

In contrast with the multiple echo structure which has
been described, in quadrupole spin systems with 7 = 3/2 one
observes some additional echo signals, whose temporal posi-
tions do not depend on the lengths of the rf pulses and are
determined exclusively by the time interval 7 between these
pulses.””'® It was shown theoretically in Refs. 8 and 11 that
additional echo signals of this sort can form only at times
which are integer multiples of 7.

The appearance of additional echo signals for quadru-
polenuclei with /> 3/2, both at times which are integer mul-
tiples of 7 and at times ¢ £ nr, is well known.!%!3

We have recently observed a so-called fractional echoin
spin systems with /= 3/2. This echo forms at a time
=~ (5/2)7 and behaves in a manner completely different
from that of the echoes at 27 and 47 (Ref. 14). Our detailed
study of the formation of this echo has shown that the addi-
tional fractional echo at ~ (5/2)7 is not the only one possi-
ble in quadrupole spin systems with I = 3/2.

In the present paper we are reporting an experimental
and theoretical study of these additional echo signals in
quadrupole spin systems with I = 3/2.

EXPERIMENTAL RESULTS

The experiments were carried out at 4.2 and 77 K on a
pulsed NMR spectrometer with amplitude detection of the
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signal. The test samples were single crystals and polycrystal-
line samples of the ferromagnetic chalcogenide spinels
CdCr,Se,, HgCr,Se,, and CuCr,Se,, with the natural
abundance of the magnetic isotope **>Cr. Figure 1 shows os-
cilloscope traces of the signals of the two-pulse responses of
the *Cr nuclei. On these curves we can clearly see the multi-
plestructure of the echo signals. In addition to the main echo
signals at 27 and 47, we observe echo signals at times of
approximately (4/3)7, (3/2)7, (5/3)7, (5/2)7, (1/2)7,
(9/2)7, 57, and 67. All the additional echo signals are ob-
served under experimental conditions typical of the detec-
tion of the echo signal at 47. With allowance for the gain, the
amplitude of the rf pulses in frequency units was chosen
comparable to the magnitude of the quadrupole splitting of
the 27 NMR spectra (Fig. 2). The length of the first rf pulse,
t,, was greater than that of the second, #, (Ref. 8).

The additional echo signals decayed much more rapidly
than the main echo signals at 27 and 47. They were essential-
ly not observed for 7% 30 us. The number of observed addi-
tional echo signals depended on the carrier frequency of the
rf pulses. Figure 2 shows a schematic diagram of this de-
pendence. In contrast with CdCr, Se, and HgCr, Se,, in the
CuCr, Se, case we observe only three echo signals: at 27, 37,
and 47 (Fig. 3). The experimental results show that the tem-
poral positions of the additional echo signals do not depend
on the lengths of the rf pulses, being determined solely by the
time interval 7 between pulses. All the additional echo sig-
nals are also observed during a one-time application of rf
pulses.

DISCUSSION OF EXPERIMENTAL RESULTS

We begin our discussion of the experimental results
with the two-pulse response of the quadrupole nuclei with
I=3/2toatwo-pulsesequence R, — 7 — R, — t, where the
operators R, and R, describe the effect of the pulses on the
nuclear spin system.

The Hamiltonian (%= 1) of the quadrupole nucleus
with I = 3/2 is!’

H=—vI,+v,(1,>-*/,). (1)
Here v is the resonant frequency of the nucleus, which is
determined in a magnetically ordered substance by the mag-
netic field at the nucleus due to the magnetic hyperfine inter-

action. If the gradient of the electric field is an axisymmetric
tensor, v, is'?
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2vg=C(3 cos®* 6—1), 2)

where @ is the angle between the electron magnetization M
and the principal axis of the field-gradient tensor, and C is
the quadrupole coupling constant of the nucleus.'’

The response of a nuclear spin system with an interac-
tion Hamiltonian (1) to a two-pulse sequence (R,
— 7 — R, — 1) was first found by Solomon:'®

V(ntye Y, LI+ —m(mt1)]"

X<{m|Ry|m'> <m/ |RR{m">

X<m” | Ry~ m+1exp{2ni[ (t~1) [ (2m+1)v,—A]
Fr[A+tv,(m' +m”) 1 (m'—m”)]1}.  (3)
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FIG. 2. NMR spectra of **Cr in (a) CdCr,Se, and (b) HgCr,Se, at
T = 4.2 K. The amplitude of the rf pulsesis U= 50 V; t, =5us; t, = 10
ps.a—2v, =0.90MHz, v, = 0.56 MHz;b—2v, = 0.99 MHz, v, = 0.63
MHz. Shown below the spectra are the frequency intervals in which the
additional echo signals are observed.
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FIG. 1. Oscilloscope traces of echo signals in
HgCr, Se, at T = 4.2 K. The amplitude of the rf
pulses is U = 600 V; ¢, = 1.5 us; t, = 1 us. The
horizontal scale is 10 us/div. The echo signals:
1—4/37;2—3/271;3—5/37;4—271;5—5/27;
6—7/21; T1—47; 8—9/2r; 9—57. a)
vy =43.26 MHz; b) v,=43.02 MHz; c)
v =43.26 MHz; d) v, =43.33 MHz. Only
the second 1f pulse is shown in parts a, b, and d.

Here A = v — v,;, and v,; is the carrier frequency of the rf
pulses.

Because of the spread in the values of v (the inhomo-
geneous magnetic broadening) and in the values of v, (the
inhomogeneous quadrupole broadening) in a real substance,
the signal found experimentally is given by

Foty=| dv Jdv¥ (x, )@ (v, v0, )

where the function ®(v,v,) describes the inhomogeneous
quadrupole broadening and the inhomogeneous magnetic
broadening.

If the characteristics of the rf pulses are such that the
conditions v, >0, g, hold, where v, is the amplitude of the
rf field in the pulses, and o, and o, characterize the magnet-
ic and quadrupole broadening of the NMR line, then the
factor

<m|Ry\m'><m/ |R LR, |m"><m" |Ry™ |m+ 1>

can be taken through the integral sign when (3) is substitut-
ed into (4).
We write the quantities v and v, in (3) in the form

I ) 939,

AN _ ®

3T —_— 4T
— 4T . . R —_— T
35 36 37 38 39 v, MHz

FIG. 3. NMR spectra of **Crin CuCr, Se, at T = 4.2 K. The amplitude of
the rf pulsesis U= 30V; ¢, =3 us; t, = 6 us. a—r = 40 us; b—r = 1500
us.
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v=v,F+8v, v,=v,V+8v,,

where the frequency v, corresponds to the center of the spec-
troscopic transition ( + 1/2<> ¢ 1/2); év s the deviation of
the resonant frequency of the nucleus from v, as a result of
the inhomogeneous magnetic broadening; the frequencies
Vo & 2vS? correspond to the centers of the quadrupole satel-
lite lines (the transitions + 3/2«< + 1/2); and v, is the
deviation from v{” due to the inhomogeneous quadrupole
broadening. Using the new notation v and v,, when we sub-
stitute expression (3) into (4) we can also take the exponen-
tial factors containing v, and v{” through the integral sign.
It is not difficult to see that these factors determine either an
oscillatory 7 dependence of the echo amplitude or a modula-
ted shape of the echo signal.”® The expression which re-
mains within the integral in (4) determines the number of
echo signals and the times at which they are formed.

To pursue the evaluation of the integral in (4), we need
to specify the function ®(v,v,). It is customary to assume
that the inhomogeneous magnetic broadening and the inho-
mogeneous quadrupole broadening are independent and to
assume that the averaging over 6v and v, in expression (4)
can be carried out separately. In this case, as was shown in
Refs. 7 and 11, some additional echo signals—signals in ad-
dition to the main echo signal—can appear at the times 37
and 47.

The model of independent (uncorrelated) magnetic
and quadrupole broadenings presupposes that these two
types of inhomogeneous broadening are caused by distinct
and independent physical mechanisms. Actually, it is not
difficult to see that these two types of broadening may in
general be correlated. This dependence can be demonstrated
most simply in the example of inhomogeneous broadening
stemming from a spread in the directions of the electron
magnetization M with respect to the principal axes of the
tensors of the magnetic hyperfine interaction and of the elec-
tric field gradient. For the axisymmetric tensor of the mag-
netic hyperfine interaction, the expression for v is"

v=v,+v,(3 cos® 6—1), (5)

where v, is the isotropic component of the hyperfine interac-
tion, and v, is the anisotropic constant of the magnetic hy-
perfine interaction. The value of v, is given by (2). It follows
from (2) and (5) that, if there is a spread in the values of the
angle @ in a crystal as a result of a spread in the directions of
the electron magnetization M about the local symmetry axis,
then we have

6v= 3v, sin 260,-60,
(6)
Sv,=~3/,C sin 28,- 60,

where 0, is the most probable value of the angle 8, and
80 = 0 — 6,. It thus follows from (6) that in the case of an
inhomogeneous broadening resulting from a spread in the
direction of the electron magnetization M about the princi-
pal symmetry axis of the immediate surroundings of the re-
sonating nuclei the ratio §v,, /6v will be directly proportional
to the ratio of the quadrupole and hyperfine magnetic inter-
action constants.

Introducing the parameter & = 26v,/5v, and working
from expression (3), we find
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FIG. 4. Calculated times at which the echo signals form versus the param-
eter £ for the case in which the magnetic and quadrupole broadenings are
correlated. ®—Experimental data on CuCr, Se,; O—experimental data
on CdCr, Se, and HgCr, Se,.

V(t,t)<exp{dv[¢ (& (m+'):)—1)
Fr(1+m —m"+ g (m*—m "~ (2m+1))) 1}. (N

The argument of the exponential function in (7) vanishes
when 7, ¢, and the parameter ¢ satisfy a completely definite
relation, regardless of the value of v. In other words, it
vanishes at the same time for all isochromates of an inhomo-
geneously broadened spectral line. Consequently, the time at
which an echo is formed can be found without regard to the
nature of the functions characterizing the inhomogeneous
magnetic broadening and the inhomogeneous quadrupole
broadening. Figure 4 shows calculations of the times at
which the echo signals are formed, as a function of the pa-
rameter £. It follows from Fig. 4 that the number of addi-
tional echo signals which are possible increases significant-
ly—particularly at times greater than 4r—when the
magnetic inhomogeneous broadening is correlated with the
quadrupole inhomogeneous broadening.

These theoretical results explain all the basic features
observed in the formation of the multiple echo structure in
chalcogenide spinels. The additional fractional echo signals
which are observed experimentally for #> 47 in CdCr,Se,
and HgCr,Se, indicate that the inhomogeneous magnetic
broadening and the inhomogeneous quadrupole broadening
are not independent in these substances. For CdCr, Se, and
HgCr, Se,, the ratio of the constantsis C /v, = 1.60 + 0.02.
The times at which the echo signals are observed to form
experimentally agree well with those calculated, within the
error due to the lengths of the echo signals (Fig. 4). The
additional echo signals at the times 1.157 and 2.157 could
not be resolved experimentally. The absence of the fractional
echo signals in CuCr,Se, indicates that the parameter ¢ is
much less than unity in this substance. Indeed, we know
from experimental data obtained by the FMR method and
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by magnetic measurements that the magnetic crystallo-
graphic anisotropy constants K, and K, are negative, that
they are 10* J/cm? in order of magnitude, and that the easy-
magnetization axis of CuCr,Se, runs along a (111) direc-
tion.!” From the NMR spectrum in Fig. 3 we find v, ~1.42
MHz. Using the value'® C~ 140 kHz for the spectral line at
the frequency v = 38.8 MHz, we find £ =0.1. At values £ <1,
according to Fig. 4, we should observe only the echoes at 27,
37, and 47-again, in agreement with experiment.

In summary, the multiple structure observed in the
echo signals in these chalcogenide spinels of chromium oc-
curs because the inhomogeneous magnetic broadening and
the inhomogeneous quadrupole broadening in these sub-
stances are correlated with each other.

CONCLUSION

This analysis of the multiple echo structure for the par-
ticular case of chalcogenide spinels of chromium shows that
the appearance of additional echo signals, including some at
t> 47, in nuclear spin systems with I = 3/2 is a consequence
of the correlation between the quadrupole broadening and
the magnetic broadening of the MNR spectral lines. We
have suggested one possible mechanism for a correlation of
these two types of broadening. According to this suggestion,
the correlation would stem from a spread in the direction of
the electron magnetization about the local symmetry axis.
The relationship which we have found between the number
of additional echo signals and the parameter describing the
correlation between the inhomogeneous magnetic broaden-
ing and the inhomogeneous quadrupole broadening opens
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up some new opportunities for studying the actual structure
of magnetically ordered substances by means of NMR.
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