TWO-FREQUENCY EXCITATION OF QUADRUPOLE SPIN ECHO

V. S. Grechishkin and N. E. Ainbinder

Perm' State University, Problem laboratory for Radiospectroscopy
Submitted 17 September 1966

ZhETF Pis'ma 5, No. 3, 87-90, 1 February 1967

In observations of quadrupole spin echo in the case of spins 5/2, 7/2, and 9/2, the
radio-frequency pulses usually excite one of the possible transitioms [1]. This produces a
spin echo signal at t = 271, where 1 is the time interval between the 90 and 180° pulses.

We describe in this paper a new physical phenomenon, which comes into play when rf
pulses with suitable carrier frequencies excite simultaneously several transitions, for
example [+1/2) > |+3/2) and [#3/2) » |#5/2). For I = 5/2, at an electric field gradient
asymmetry parameter 1 = 0, absorption is possible at the freguencies

wy = _3._ ..f..g}.z_z__ end w, = _E_ .E_Q_.(_l_z_z_
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where quZZ is the quadrupole-interaction constant.

Assume that a sequence of two pulses with carrier frequencies wy; and wy excite two
neighboring transitions coupling the states |il/2), [+3/2), and |+5/2). 1In the case of
single-frequency excitation of the spin system, only two states are coupled.

Under two-frequency excitation, the spin matrix [1] acquires three exponentials, whose
arguments contain all three eigenvalues of the guadrupole Hamiltonian for I = 5/2 [2]. If
the usuval density-matrix formalism is used, this is equivalent to the appearance of addi-
tional echo signals, whose positions depend on the magnitude of the asymmetry parameter.
Additional matrix elements, due to the coupling of the three quantum states, appear in the
spin-echo matrix.

Unlike the single-frequency method, in our case the perturbation operator is

le—yhfvaHI(coswlt +CO8 wyt), (1)

where Hy; is the amplitude of the rf field in the pulses, y is the gyromagnetic ratio of the
nucleus, and ix is the operator of projection of the mechanical momentum of the nucleus on
the X axis.

Such a perturbation induces cascaded spin transfer from the lowest level to the upper-
most energy level via the intermediate state |i3/2). It is precisely this change in the
character of the perturbation operator which leads to the new mechanism of spin-echo signal
production. First, the probability of the [+1/2) + [|+5/2) transition becomes different from
zero even for the case n = 0. In the usual single-frequency method this transition is for-
bidden [2].

The first pair of pulses causes precession of the magnetization vectors at the frequen-
cies wy and wp, with the precessing magnetizations vanishing after a time l/Ay, where Av is

the absorption-line width. However, the second pulse pair restores the magnetization.
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Whereas in the single-frequency method this restoration occurs only at the instant t = 27,
in our case the restored magnetic field can be obtained for I = 5/2 and n = O at the instants
t = 21, 31/2, 31, 41, and 51/2, since we have here two additive vector cones. The spins
whose transfer to the given state is due to the action of the second exciting field have a
different initial precession phase, which determines the instant of onset of phase coherence
for them.

We calculated the instants of time at which the echo signals appear, the signal ampli-
tudes, and their dependence on the pulse durations for I = 5/2, 7/2, and 9/2 in the energy

representation by the density-matrix method.

Quadrupole spin echo signals of BiZ°° nuclei in

polycrystalline BiClz at 300°K. Two-frequency
action was effected for the transitions ?15/2)
+ [27/2) (37.3 MHz) and |+7/2) > |+9/2) (51.7
MHz). Observation frequency 51.7 MHz. Pulse
duration 18 usec (first pulse) and 13 usec 7
second pulse). 27
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Our experiment was carried out for SbCls (Sb'33, I = 7/2) and BiCls (Bi®°®, I = 9/2).
The sample was placed in a system of two coils, each of which was excited by pulse pairs
from separate pulsed hf generators. Since both generators (frequencies w; and wy) were
triggered by a single pulse source, both transitions were excited simultaneously by pulses
of equal duration.

The transitions excited at 300°K had frequencies 37.3 and 67.8 MHz in SbCls and 37.3
and 51.7 MHz in BiCls. 7 = 58% for BiCls and n = 18% for SbCls. The detection was at 67.8
and 51.7 MHz. When only one generator was turned on, spin echo signals were observed only
at t = 21. After the second generator was turned on and properly tuned to cover the |t1/2)
> |t§/2) transition, a decrease in the intensity of the echo at t = 21 was observed. A
suitable choice of the pulse duration gave rise to additional echo signals.

Since the transitions excited in BiCls were |+5/2) » |+7/2) and [+7/2) - |+9/2), cal-
culation with n = 0.58 call for the echo to be observed at t = 21, t = 1.71, and t = 2.77
for the |+7/2) -~ |+9/2) transition. Actually the signals were observed at t = 27 and
t = 2.71 (see the figure). By varying 7 it is easy to verify that the echo at 2.7t is
actually an additional one. The additional echoesdisappeared when the second generator was
turned off. Observation of the echo signal at t = 1.71 is difficult at low spin-spin relaxa-
tion times. An additional echo was observed in 5bCls at t = 31/2.

The observed effect can be used to investigate defects in crystals, since the position
of the additional echo depends on n.

In conclusion, the authors thank V. Pshennikov for taking part in the construction of

the two-frequency generator.
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In this note we consider several effects that occur for all metals whose electronic
spectrum satisfies the following two requirements: (i) Several groups of conduction electrons
belonging to different energy bands correspond to the same energy €. (ii) A line of de-
generacy points Py at which el(po) = eg(po), exists in quasimomentum space (1 and 2 dencte
the numbers of the bands, €1,z(P) are the dispersion laws).

The surfaces €l’2(P) = € corresponding to this type of spectrum are made up of two
cavities belonging to different bands and having a single common point po(e) (el(po) = €2(po)
= €). The equal-energy surface near PO has the form of an elliptic cone. If the vector
E = ﬁ/H lies inside the solid angle made up by the normals to the cone surface, then the
section of the equal-energy surface by the plane p, = const is closed. At small values of
the difference I5P§l = lpé - pog(e)l (pog(g) = po(e)E), the intersection area S(e, Pg) and
the effective mass m* = (2n)'1(as/8€)P , which determines the conduction-electron Larmor

frequency Q = eH/m*c, take the form:
S(6Pg) = R(D(pg=—pogl )% mle, pg) =RUE) (pg ~PoglN) /mvgle),

dpoé:

vl >
de
(the dimensionless constant R(£) = 1, and the concrete form of R is immaterialj vg(e) is of
the order of the characteristic velocity vo). These formulas are due to the specific nature

of the dispersion law near the degeneracy point:

€1,2(p) =¢,(p,) +A8ptV(BSp) 24(C8p) 2, (A, B, C,=v,, 8p=p-p
As seen from (1), M* > O linearly when Py * Do

The vanishing of the effective mass is the basis for the effects considered in what
follows.

Before proceeding to further investigations, we note first that the occurrence of the
line of degeneracy points can be due to certain symmetry properties of the crystal lattice of
the metal., This "forced" intersection of the bands occurs, in particular, for all metals
which have a nontrivial screw axis or a glide plane [1]; examples are metals with close
hexagonal packing (Zn, Mg, Cd, etc.). It can be shown that the degeneracy along the line is
stable, i.e., it is not lifted at small lattice deformations. It follows therefore that the
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