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A new method for measuring the nuclear hexadecapole

interaction (HDI) in solids based on NMR quadrupole echoes

is described. Theoretical values of the shifts of the

quadrupole echo times caused by the HDI are given for two

pulse and three pulse echoes in a nuclear spin 5/2 system.

The method is applied to 1271 in an almost strain free

crystal of KI and a hexadecapole coupling frequency

(e2M16m16/h) of 630 Hz was found. Here e is the electronic

charge, em16 is the fourth gradient of the external electric

potential at the nuclear site, eM16 is the hexadecapole

moment and h is the Planck constant.

This HDI is smaller than previously measured values in

solids (42.6 MHz for 1 81Ta in TaF 5, 66.6 MHz for 175Lu in

Lu(NO3 )3*4H 20), but not as small as an atomic beam result of

151 Hz for 165Ho in atomic Ho. The method described here may

be used to search for the HDI in other cubic crystals.

A double resonance (1151n, 31P) multiple pulse method was

unsuccessfully used to search for the 1151n HDI in a single

crystal of InP.
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CHAPTER I

INTRODUCTION

It is the purpose of this work to discuss the methods

of detection of the nuclear hexadecapole interaction in some

solids and to experimentally search for this interacton.

The nuclear hexadecapole interaction (HDI) is the

interaction between the nuclear electric hexadecapole moment

with the fourth derivative of the external electric

potential at the nuclear site. The external electric

potential is due to the electrons surrounding the nuclei.

In the early 1930s, the anomaly of atomic hyperfine

structure of spectra of the europium isotopes, made

physicists 2 think that some nuclei might deviate from

spherical symmetry. They used the nuclear quadrupole

interaction to explain irregularities of the magnetic

hyperfine structure of spectra of europium atoms. In the

electric interaction between an atomic nucleus and its

neighboring electronic charges, the high-order interaction

terms, such as quadrupole and hexadecapole terms, are

nonzero only if the shape of the nucleus and the field

distribution of its surrounding electrons departs from

spherical symmetry. The nuclear quadrupole interaction

represents the first-order asymmetry while the nuclear

1
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hexadecapole interaction signifies the second order of

asymmetry.

HDI were theoretically predicted by Casimir 2 in 1936

and the first attempt to experimentally observe their

effects in nuclear quadrupole resonance (NQR) spectra was by

Wang3 in 1955, who interpreted the small discrepancies in

the 121Sb quadrupolar energies in SbCl3 and SbBr3 as being due

to the HDI. Since then, many other small discrepancies in

the NQR spectra of solids have been attributed to the HDI.

In a comprehensive review in 1980 Segel4 demonstrated

that the NQR method of searching for the HDI requires

precise control of the sample temperature to better than

0.10C, which previous investigators had not adequately done.

Lack of temperature control was shown to be the most

probable cause of the observed discrepancies, there being no

need to invoke the HDI as an explanation. Moreover Gotou5

in 1982, after carefully analyzing the known NQR

experimental data, came to the conclusion that all of the

estimates obtained for the HDI lie within the limits of

experimental error. Recently, experiments have been

performed with adequate sample temperature control and the

discrepancies in the quadrupole line frequencies have been

attributed to the HDI, which appears to have been observed

in some compounds of "1 'Ta and 175Lu.6 ,7 In these two reports

axial symmetry of the HDI was assumed even though the

electric field gradients in those compounds are not axially
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symmetric. An atomic beam magnetic resonance method has

been used8 to detect the 165Ho HDI.

We describe a new method of measuring for the HDI based

on "quadrupole echoes", 9 ~14 which does not require precise

sample temperature control. This method was developed after

our unsuccessful strategy for observing the 1271 HDI using an

NMR multipulse line narrowing method,15-26 as discussed in

Chapter 4, which gave a limit for the 1271 HDI in KI of no

more than 250 Hz. Using our new searching method, we

observe an HDI of only about 11.6 Hz in KI, as discussed in

Chap 5. Previous 1271 HDI searches had set an upper limit of

500 Hz for the 1271 HDI in TlI, using a molecular beam

electric resonance method 27 . Pound 28 found that the line

splitting by the HDI in KI was less than 200Hz. Segel

unsuccessfully29 used the 127I NQR method in NaIO4 .

In this dissertation I do the following:

1) Report some investigations of 1271 and 1151n nuclear

hexadecapole interactions by searching for the splitting of

the Zeeman resonance due to an electric hexadecapole

interaction in the cubic crystals KI and InP, using high

resolution single and double resonance, respectively.

2) Propose a new search technique, which involves the effect

of the hexadecapole interaction on quadrupole echoes. The

hexadecapole shifts of the quadrupole echoes are

theoretically derived.

3) Determine experimentally the existence of the 1271 HDI in
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KI and estimate its magnitude.

1. Nuclear Magnetic Resonance

A brief survey is given here to introduce some of the

ideas and notation used in nuclear magnetic resonance (NMrR).

For an introduction to NMR, we consider a nucleus that

possesses a magnetic moment g and an angular momentum hI.

With the application of a magnetic field H, we have a simple

Hamiltonian:

H = -4-H. (1.1)

If H=H0 Z, and since A and )I are parallel, then

H = -y1 H0IzI (1.2)

where y is the magnetogyric ratio.

The allowed values of Iz are m1=I,I-l,...-I and the

eigenvalues of H are

EM = -yhHomi (1.3)

In a static magnetic field a nucleus with I=1/2 has two

energy levels corresponding to m= 1/2. The magnetic

resonance transitions between these two levels is produced
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by an alternating magnetic field applied perpendicular to

the static field. If the alternating field with frequency w

is in the X direction with an amplitude Hj, then a

perturbing term in the Hamiltonian is

Hpert = -yfH 1jIxcoswt. (1.4)

The operator I, has matrix elements between states m and m',

i.e. <m'I|IIm>, which vanishes unless m'=m l. The resonance

condition is tw=ytHi or

(a = o = yHo (1.5)

where wo is the resonant frequency in radians/second. Energy

is absorbed from the exciting rf field only when the radio

frequency w = w. The magnetic vector of the rf field, H1,

can be thought of as rotating in the xy plane (the plane

perpendicular to Ho), as indicated in Fig. 1.0. On

absorption of energy from H1 , the magnetic moment tips to a

different angle 0, the precession frequency remains

constant.
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Fig 1.0. Precession of a magnetic moment about a fixed magnetic
field. The radio frequency field rotates in the XY plane.
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2. Relaxation

The magnetization of a system of identical spins with

1=1/2 is related to the population between the two levels.

M,=(N,-N2)9, where N, and N2 are the numbers of nuclei of

magnetic moment A in lower and upper levels, respectively.

The population ratio in thermal equilibrium is given by the

Boltzmann factor for the energy difference 2gH0:

N2/N, = exp(-2gH0/k8 T) (1.6)

The characteristic time for attainment of equilibrium

along the external field is called the spin-lattice or

longitudinal relaxation time and is denoted by T10. T

characterizes the time to return to equilibrium along the

external field after a disturbance which has taken the

system away from equilibrium. The constant Ti reflects the

efficiency of the coupling between the nuclear spin and its

surroundings (lattice). Spin-lattice relaxation times can

range from 10- to 102 s for liquids and the range is even

larger for solids3 .

Another type of relaxation determines how rapidly the

X and Y components of the magnetization attain equilibrium

after a disturbance. The rate of this relaxation is

characterized by a time constant T2 , called the transverse

or spin-spin relaxation time. This time can be defined only
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for liquids where it has a value of the order of T1 but for

solids T2 is used only in an approximate sense. T2
1 s for

solids are generally shorter than Ts. The transverse

decay time of a spin system after a single pulse is

determined by T2 and the observed spectral resolution is

determined by T2 also.

3. The Rotating Frame

Let us refer the motion of the magnetization to a

coordinate system (cs) that rotates about HO in the same

direction in which the nuclear moments precesses. This

coordinate system is often called the rotating frame.

Let x, y and z label the laboratory coordinate system and

x', y' and z' the rotating coordinate system, where z' is

parallel to z. At time t=O, we choose the laboratory cs to

coincide with the rotating cs. The relationship between the

laboratory cs and rotating cs can be written as an equation

acting on some given vector,32

(d/dt)L = (d/dt)r + W X. (1.7)

Here the subscripts L and r indicate the time derivative in

the lab cs and rotating cs, respectively. Identifying the

vector as a magnetic moment, M = yhI, then
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(dM/dt)L = yM x HO, and (1.8)

(dM/dt)r = M X (YHO + W)

= M X yHeff (1.9)

where

Heff = HO + (/y.

Thus in the rotating frame nuclei precess about the

effective field just as they precess about H in the

laboratory frame. If w = o = -yH0 , then (dM/dt)r=0, i.e.

there is no motion.relative to the rotating frame. The

motion of the magnetic moment in the rotating frame is

static. If we consider a perturbing field Hi which is fixed

in the rotating frame along the x' direction, then Heff

becomes Heff2= [HO + /y]k'+ H1i'. See Fig. 1.la. The

precession of the nuclear magnetic moment M about Hi in the

rotating frame through an angle P is given by

18 = yHitP (rad), (1.10)

where tP is the length of the pulse. This relation is

fundamental to our use of pulse methods. Fig. 1.1b shows

the precession of M about H, in the rotating frame by 900

and 1800 pulses, respectively.
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4. Fourier Transform NMR

In the rotating frame, adding the Bloch33 ,34 relaxation

terms, the equation of (1.9) becomes

A
dM'/dt = yM x Heff - (MX'i + MY'j)/T2

- (MZ'- M0 ) k /T, (1.11)

where M' is the magnetization viewed from the rotating

frame. In terms of the components of M and the precession

frequencies w = -yH and using 6w = w- o then the equation

of motion becomes

dMx'/dt = 6MY ' - MX'/T2  (1.12a)

dMY'/dt = -6oM ' -Mz' - MY'/T2  (1.12b)

dMz'/dt = wMy' - (MZ1' -Mo)/Tl. (1.12c)

The steady state solutions of the three components of the

magnetic moment in the rotating frame under the influence of

an exciting field are

M ' = AT2 246)/[C1+ (yHj) 2TlT2+ (T26W )2] (1.13a)

M = AT2 /[1+(yH) 2TlT2+(T 2 6W)
2] (1.13b)

MZ'I= (A/H 1 ) (1+T2 66 2 )/[1+(yH) 2TlT2+(T 260) 2], (1.13c)

where
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A = yHlmeq .

In the small Hi limit, (yH 1 ) 2 TT2 << 1, then Eqs. (1.13a,b)

become

MX'z AT26o/[1+(T2 60) ]2 (1. 14a)

MY' AT2/[1+(T26 ) 2] (1. 14b)

If 6w = 0, the frame of observation is rotating with respect

to X at an angular frequency 6w. The response of the

magnetic moment to a short pulse, freely decaying in the

absence of a driving rf field and returning to equilibrium,

is a signal which eventually decays to zero. This signal is

called a free induction decay (FID).

The functional form of Eq.(1.14) has the property

related to the FID as follows

F(6w) = T2/[l+T22(6A)2

= f0 dt[exp(-t/T 2 )cos(60)t] (1.15)

or

F(6o) =f0
0 dt A(t)cos(6w)t (1.16)

and

G(6w) = f. 0 dt[exp(-t/T 2 )sin(6w)t] (1.17)

or

G(6c) = f-- A(t)sin(6e)t (1.*18)
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F(6S) and G(6w) are said to be the cosine and sine Fourier

transforms of A(t) .

In the (6) frequency domain, the individual lines are

Lorentzian in shape. We call the functional form F(6o) and

G(6S) the absorption and dispersion Lorentzian lines.

5. T1, T2 Measurement and the Spin-Echo Method

Pulse methods provide the most versatile means for

measuring T's over a wide range of values. The most

commonly used procedure uses (180 0),,-t 1 -(90 01)' 3 5 sequences.

First, a 1800 pulse along the x' axis inverts the

magnetization to the -z' axis. Longitudinal relaxation now

occurs, causing MZ, to go from the value of -MO through zero

to its equilibrium value of Mo. At a time t, after the 1800

pulse, a 900 pulse is applied, also along the x' axis, which

causes MZ, to be rotated to the y' axis. A free induction

signal results, the initial height of which is proportional

to the magnitude of M, hence to the value of Mz, at the time

ti. The range over which ti is varied depends on Ti and

generally must go as high as about 3-4 times T.

Quantitatively, the decay of MZ, by the Bloch Eq. (1.12)

with MX,=My,=0 is given by

dMz,/dt = -1(Mz1M))/T. (1i. 19 )
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Integration of equation (1.19) with MZ, = -M0 at t=0 gives

MZ, =NM0 (1-2exp(-t/T,)J (1.20)

For different values of t,, the decay rate of Mz, can be

established which then gives Ti.

To account for processes that cause the nuclear spins

to come to equilibrium with each other when H0 is

homogeneous, the spin-spin relaxation time T2 is defined as36

U1/2z 1/T2 , (1.21)

where u1/2 is a line of full width at half maximum intensity.

This is defined as the natural line width.

When the line width includes a contribution from both

the natural line width and the magnetic field inhomogeneity,

we define a time T2* in terms of the observed line width u12

(obsd) as37

u1 2 (obsd) ~1/T 2

and 1/T2* = 1/T2 + (AyH/2) . (1.22)

The method for overcoming the inhomogeneity problem was

first proposed by Hahn,38 who called it the spin-echo

method. The method consists of the application of a 9Q
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pulse, t1 time delay, 1800 pulse sequence and the

observation at a time 2t1 of a free induction "echo". The

rationale of the method is shown in Fig. 1.2. In (a) X is

shown being tipped through 900 by application of H, along

the positive x' axis. The total magnetization M can be

thought of as the vector sum of individual macroscopic

magnetization m, arising from nuclei in different parts of

the sample and hence experiencing slightly different values

of the applied field, which is never perfectly homogeneous.

In (b) then, the m1 begin to fan out, as some nuclei precess

faster and some slower than the frame. At a time ti after

the 900 pulse, a 1800 pulse is applied, also along the

positive x', as shown in (c). The effect of this pulse is

to rotate each m1 by 1800 about the x' axis. Thus, those m,

that are moving faster than the frame (shown in (b) moving

toward the observer or clockwise looking down the z' axis)

naturally continue to move faster, but in (d) their motion

is now away from the observer. At time 2t1 all m, come into

phase along the negative y' axis, as shown in (e). The

continuing movement of the m, causes them again to lose

phase coherence in (f).

Later on we will discuss quadrupole echoes which do not

admit to such a simple description as the Hahn echoes, but

the basic idea that the dephasing magnetization can be

refocused by an rf pulse retains its validity.
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CHAPTER II

INTERNAL HAMILTONIANS AND THEIR SPECTRA3 9-4 3

The static Zeeman interaction and the Zeeman

interaction with an applied oscillating magnetic field were

mentioned in Chapter I. In rigid nonmetallic solids, some

additional interactions are supplied by nature and one or

more interactions may dominate the others, often producing

spectra that contain the information which we need.

1. The Dipole Dipole Interaction Among Spins

The focus of much work in the field of NMR spectroscopy

in the solid state is the suppression of the effects of the

dipole-dipole interaction. The dipole-dipole interaction

results in homogeneously broadened NMR resonances. A

homogeneously broadened NMR spectrum is due to each nucleus

in the solid coupling to many other nuclei. All the nuclei

in that spectral line make identical contributions with

their intrinsic linewidths being the same as the composite.

The classical interaction energy Ed-d between two

magnetic moments A, and t 2 is

Edd = 9 1,- 2/r 3 - 3(A,- r) (A 2 r)/r 5 , (2.1)

18
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where r is the radius vector from g, to y2. The general

dipolar contribution to the Hamiltonian for N spins then

becomes

Hd = (1/ 2 ) Z Jzk [I(Ij; k/rJk3) 3 (g- rlk) (Ok' rik) /r5 Jk] . (2.2)

We exclude terms with j = k. Considering only 2 nuclei, the

quantum mechanical Hamiltonian is obtained from Eq.(2.1) by

letting

= y~I1 , (2.3)

A2= y2jh 2

If we let I = IX +iIy,, I = IX - iIY, where [I,I) = iIk and

i, j, k express the rectangular coordinates x, y, z,

respectively, and in terms of spherical coordinates r, a, #,

the results are as follows: 39

Hd= (yy2%/r3)(A + B + C + D + E + F]

= wd[A + B + C + D+ E + F], (2.4)

where

A = (1 - 3cos 2 a) Iz 1Iz2,

B = -(1/4) (1 - 3cos2 a) [Ii+2 + I1~I2 ],

C = -(3/2)sinacosae-iO[Iz11 2 * + I1Iz21

D = -(3/2)sinacosaei'[Iz 1 y2~ + I1 ~Iz 2 ], (2.5)

E = -(3/4)sin 2ae-i 2PI 1 I 2 +11

F = -(3/4)sin 2aei2 [ 1 2.] , and
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Wd = yly23

is the dipolar frequency. This form is quite useful because

each of the spin operators I+, I, IZ has a well-defined

action on the basis states of the Zeeman Hamiltonian. The

Zeeman Hamiltonian is

HZ ~y1tH I11 ~ y2rhH0I2 . ( 2.6)

Consider a simple.example of two identical moments, both of

spin 1/2. The Zeeman energy is

EZ = -y1HOm1 - yMI 0m2 , (2.7)

where m,, M 2 are the eigenvalues of Ilz and I2z'

The term A, which is proportional to Ilz'2z' is clearly

completely diagonal. On the other hand, B, which is

proportional to I 1I2 + 1+12+ simultaneously flips one spin

up and the other down. These off-diagonal elements couple

between two states which are degenerate. The terms C and D

each flip one spin only, they join states which differ by

Mri in energy. E and F flip both spins up or both spin

down, which differ in energy by 2hbo. The terms C,D,E and F

therefore are off-diagonal. They produce slight admixtures

of our zero-order states into the exact states. The amount

of the admixture can be computed by second-order
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perturbation theory. But the effect of the terms C, D, E,

and F on the absorption spectrum is small and may be

disregarded for our purposes. The remaining dipolar terms

A+B are combined as

Hd = (1/2) (y 2t 2 /r 3 ) (1 - 3cos2e) ( 3 1lzI2z - Il1 12), (2.8)

and the total Hamiltonian becomes

H=Hz + Hd

= Ek(-yhHOIzk)

+ (1/4)y 2tZjk{[(1 - 3cos2ak)/rJk3 ] - ( 3 1 jzIkz

The terms Hz and Hd commute, so that

(Hz + Hd)Ma> = (-yhHoMa + Ed)IMa>.9

~ Ij' ik) })-

(2.9)

(2.10)

For two spin 1/2 particles, the system has four

possible independent two-spin states. They are

|++>, 1+->, |-+> and 1-->,

which have Zeeman energies of -gHO, 0, 0 and gHO,

respectively. The linear combination of these product

functions that are eigenfunctions of 12 and Iz for the

triplet quantum number 1 and singlet quantum number 0 system
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are

t> =++>,

t-1> = I|-->,

Ito> = (1/2)1/2(I+-> +

ISo> = (1/2) 1/2(I+-> -

First order perturbation theory can be used to

calculate the effect of Hd on the eigenstates of Hz. The A

term contributes an energy shift for both It 1> and |t >

states of bd(1-3cos 2e)/4. The A and B terms shift the Ito>

state by -bed(1-3cos 2G)/2. The results are shown in Fig.

2.1. Transitions caused by an oscillating applied field

H,(t) occur only between triplet states because of the

selection rule of AI = 0. The absorption peak may be then

split into a doublet. The stick spectra for the two cases

are shown in Fig. 2.2.
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2. The Quadrupole Interaction

Of about 110 NMR active nuclear isotopes in the

periodic table, 30 have spin 1/2, the rest (with spin > 1)

are quadrupolar nuclei. In principle, the quadrupolar

interaction is very important in solid state NMR. We shall

obtain a quantum mechanical result by replacing the

classical terms with quantum mechanical operators. The

classical electrostatic interaction energy E due to a charge

distribution of density p(r) with a potential V(r) is

E = Jp(r)V(r) d3 r. (2.11)

The potential V(r) may be expanded in a Taylor's series

V(r)=V(0)+ZxaaV/x,|Ir=O

+ (1/2!) ZxxA& 2V/aIXaaxp I ro + ... , (2.12)

where x. (a=1,2,3) stands for x, y, or z, respectively.

With Va =&V/(a3xjr 0 , etc., we have

E=V(0) f pd3r+Zavafxapd3r+(1/2!)ZapVafxXpd3r (2.13)

+ (1/3 ! ) Z aVf xxox, pd3r+ (1/4!) Z f xaxx xpd3r+. . . .

The first term, in Eq. (2.11) is the interaction of the

total nuclear charge (considered as a point charge) with the
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external potential. This term has no relevance for NMR.

The second term is the interaction between the nuclear

electric dipole moment with the external electric field.

The third term is the nuclear quadrupole term, the fourth

term is the nuclear electric octupole interaction and the

last term is the nuclear hexadecapole interaction. It is

easily seen that all the terms for odd (n=1,3, ....) nuclear

multipole (2 ") moments vanish from parity considerations if

p(r)=p(-r)." So the second term, the dipole contribution

and the fourth term, the octupole contribution vanish, only

the quadrupole and hexadecapole terms, remain. In the

quadrupole term, we know that a coordinate system can be

found in which Va is diagonal. It is convenient to define

the quadrupole tensor Q.,as

Q4 = f (3xx,-6r2) p(r)d3r. (2.14)

In terms of the Qga's, the third term in Eq. (2.11) can be

written as

xaxpp (r) d3r = (1/3) [Q + 6Sf r2 p (r) d3 r] . (2.15)

The quadrupolar contribution E to the nuclear electrostatic

energy then becomes

EQ = (1/6)Zp(VQ +V6,f /r 2 pd3 r) . (2.16)
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Since V satisfies Laplace's equation, the second term in

Eq. (2.14) vanishes, leaving

EQ = (1/6)4 VaaQ . (2.17)

The corresponding quadrupole coupling Hamiltonian is

H1= (1/6)ZapV Qa4, , (2.18)

where Q OP is the quadrupole operator.

We now apply the Wigner-Eckart theorem45 to calculate

the matrix element of QO*P and express the result in its

principal-axis form. Then we have

HQ = [eQ/6I(2I-1)]ZV,[3Ii 2 _ 2 ]- , (2.19)

or HQ = [eQ/61(2I-1)']

- [V (3I2-12)+V ,(31 2-12) +Vzz(3 2Iz2_,2)

where Vi are the principal-axes components of the field

gradient.

In the case of an axially symmetric electric field

gradient, let the applied magnetic field be along the z'

axis and V,, VIV zz, be in the x, y, z coordinate system,

where in general the z and z' axes are different. Then the

Hamiltonian from Eq. (2.17) is
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H = -yhH0 z1, + [e2qQ/4I(2I-1) ] (3I-2 .I2). (2.20)

Here, I2 is a scalar and invariant to rotation.

Defining the x' axis to lie in the plane containing z'

and z (see Fig. 2.3), the rotated value of Iz is given by

Iz = Izlcosa + I,,sina. (2.21)

After substituting in Eq. (2.18)41, for the axially symmet-

ric electric field,. we have

H=-yt H0 Iz1+e2qQ/ [ 4 1(2I-1)] [ 3 Iz' 2cos 2 a+3IX, 2 sin 2 a

+3 (IZOIx,+I , Iz,) sinacosa-I2] .(2.22)

For the case that the quadrupole coupling is weak, HQ is a

perturbation term to HO, H=HQ+HQ. In the first order form,

IZ, is diagonal and I,, has vanishing diagonal elements.

This leads to the result that Izlix, makes no contribution

and that IX,2, iY2 have diagonal elements which are identi-

cal. So we can use

<m|I,,21m> = <m1IY1
2Im> = (1/2)<m|I2 ~1z. 2IM>

= (1/2)([I (I+1) -m 2), (2.23)

and the first order corrections to the energies are
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EM- M0 IH"VPm0> (2.24)

This leads to the following result:

EM=-YhHem+ [e2qQ/4 I (21-1)][ (3cos2a-1) /2][ 3m2-I ( I+1)].

(2.25)

The effect of the quadrupole coupling is shown in Fig. 2.4-

(a) and Fig. 2.4(b), for the case of spin I=1 and I=3/2

respectively.

From Fig. 2.4.(b) we can see that the quadrupole cou-

pling does not shift the center of gravity (1/2 <+ -1/2

transition of a spin 3/2 system) of the resonance in first

order.
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3. The Chemical Shift

In solids there exists the shielding interaction with

electrons in which there is an indirect coupling of the

nuclei to the static magnetic field by an interaction with

electrons. This interaction leads to shifts in resonance

frequencies that are a reflection of the chemical environ-

ment of a nucleus in an atom, and which are the so-called

chemical shifts. The problem is very similar to the calcu-

lation of the electric field in a dielectric, in which we

must add to the applied electric field, the field arising

from induced dipole moments in the other atoms.

The magnetic coupling of electrons to the nucleus

arises from magnetic fields originating either from the

motion of the electric charges or from the magnetic moment

associated with the electron spin. The kinetic energy of an

electron with linear momentum P in a magnetic field B with

vector potential A is

T = (1/2m)[P-(e/c)A]-[P-(e/c)A], (2.26)

where B = VxA and the overall classical Hamiltonian is

He = (1/2m) [ P2-(e/c) (A P+P- A)+ (e/c) 2A'A]+V. (2.27)

There are two sources of fields at the site of an electron:
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the static magnetic field H. and the nuclear field. So the

vector potential A has two components AO and Al correspond-

ing to each of these, respectively. Expanding the Hamilto-

nian, we have

H= (1/2m) [P2- (e/c) (A 0 - P+P- AO)+ (e 2/c 2 ) A0 ,-AO]+V

- (e/ 2mc) (A 1 P+P- A,) + (e2/ 2mc 2 ) (A- A1+A A)

+ (e2/2mc2) A A,. (2.28)

Using first-order time independent perturbation theory,

a one-electron molecule perturbed by the presence of the

static field has a Hamiltonian

H = -(e/2mc) (AO- P+P- Ad). (2.29)

The first order correction of the wave function is

>(e/2mc):Z,| ,><pI (A- P+P- AO) Iq0>/(En-E0), (2.30)

where the set {9n>} is the set of solutions to the unper-

turbed problem and the energy En corresponds to the unper-

turbed state |pn> of the electron moving in the potential V.

The perturbation effect of the magnetic field of the nucleus

on the electronic motion is

H2=- (e/ 2mc) (Al 6 P+P -A)+ (e2/ 2mc2 ) (A0'- Al+Al * A0 )
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+ (e2/2mc 2) A, A1 . (2.31)

After calculation46 the average of this Hamiltonian

over the perturbed electronic state can be shown to be writ-

ten in matrix form as

H = yI-a*H, (2.32)

where a is the "shielding tensor". For a nucleus situated

at a site of cubic .symmetry, a is a constant times the unit

matrix. Such is the case for 12 7i in KI and 1151n in InP.

4. Hexadecapole Interaction

The nuclear hexadecapole interaction has been studied

in a series of experimental as well as theoretical works.2,

9,47-65 Until now, a theory of the HDI has been developed

only for the case of axial symmetry 47 of the fourth deriva-

tive of the potential, and equations of motion have been

obtained from the angular momentum vector I.48 In Eq. (2.-

11), the potential can be expanded in a Taylor series about

the center of mass of the nucleus as follows

P(x = n, i1...in n )Pi1...inxi...in'(2.33)

where $ = (&.i$/&xi.. ... x0,) 0 , or

O(X) = %+i(a$/ax)ox+(1/2!)s.(a 2 c/aX)xx
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+(1/3) !Zi k 0 3 /axia, a)OxlxYx k (2.34)

+(1/4 !) (a4#86 a C k)dAxj xxxt+.0.a.

The matrix element for the hexadecapole interaction Hamilto-

nian Hhex in the matrix representation is given by

<ImIHhexIm> = (l/4!)Zijktijkt<IM|ZaexaixajxakxaLIit >,

(2.35)

where a for sums over all the nuclei.

In general, the electric interaction between an atomic

nucleus and its surrounding electrons may be expressed as

U = SNSEpN(rN)pE(rE)/IrErN| dvudvE, (2.36)

where we use the nucleus and the electron cloud as two clas-

sical charge distributions pN(rN) and PE rE). Since

1/IrE-rN = 47ZL=0om=-L[1/(2l+l)I

- [ (rNt/rE W) Yt (ONPN)Y m(PE IPE) ] , (2.37)

where N, E, a9NadE are the nuclear and the electronic

polar and azimuthal angles respectively. U can be written

as

U = E , LN mE= m*(2.38) (2.38)
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where Nem = [(4.r/9(21+1))12fPN (rN) rNL tON I(N E(.

ELe'* = [47r/(21+1) ]/ 2fy m*(*E I EE) (1/rEE1)PE(rEdvE (2.40)

For simplicity one may define the principal hexadecapole

interaction through the two terms3

em16 a=-a4 /z 4

= SpEgrE) [ (35cos40E-30cos 2oE+3)/rE5] dyE, (2.41)

and

eM16=: f N*,=IN4 (35COS40IN-3Ocos2N+3) $IidVN, (2.42)

where em116 is the fourth derivative of electric potential at

the nuclear position and eM16 is the nuclear hexadecapole

moment.

The Hamiltonian operator for the nuclear hexadecapole

interaction was derived as3

Hhex=[e 2M16m6/128I(I-1) (21-1) (21-3)]

-[35Iz4 -30,Iz212+314+25I2-6I2_,p. (2.43)

This equation applies only when I>2, which is the condition

required for existence of a nuclear hexadecapole moment. In

our sample of KI, the nuclear 1271 spin quantum number I=5/2,

and the eigenvalues of Eq. (2.41) are given by (see Fig.2.5)
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Em=15/2 = Eo+( 3 / 1 9 2 ) (e2Mm),

Em=./=E-(9/192) (e 2Mm), (2.43)

En=1 /2 = EO+ (6/ 1 9 2 ) (e2Mm).

-
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For spin quantum number I=5/2

the elgenvalues are given by

E m-5/ 2 =Eo + 3/192 (e2 m)

Em= 3/2 = E0 - 9/192(e 2Mm)

Er==1/2 = Eo + 6/192 (e 2Mm)

3a

. * , -9a

. . 6a

. . . . -9a

3a

a=1/192 (e2 4M)

H *t0z HO hex

Fig.2.5, Hexadecapole corrections to Zeeman
levels, for spin 5/2 and for axial symmetry.

m=-5/2

m=-3/2

m=-1/2

m= 1/2

m= 3/2

m= 5/2

H 0



CHAPTER III

EXPERIMENTAL APPARATUS AND THE MULTIPLE-PULSE

METHOD

A high resolution NMR spectrometer suitable for

measuring the solid state sample spectrum for KI, etc. was

available in our laboratory. A block diagram of the single

resonance spectrometer is shown in Fig. 3.1. (The additional

parts for double resonance are shown in Fig. 6.1 and Fig.

6.2 of Chapter VI.)

In a typical single resonance high resolution

spectroscopic experiment, rf is supplied from a source or

generator, the gate unit produces the rf pulse, the

transmitter applies the rf pulse to the sample and the

receiver gets the response signal. This whole procedure can

be divided into five areas of instrumentation according to

the function of each. The categories chosen here for

discussion are listed below.

1. Magnet

2. Transmitter and pulse programmer

3. Receiver

4. Probe

5. Computer

40
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The Magnet

The heart of any magnetic resonance spectrometer is its

magnet. This is especially so for high resolution

spectrometers which provide a volume of highly homogeneous

field for the placement of the sample. We use an electro-

magnet, so power has to be continuously supplied from a

stable power source and excess heat removed by water

cooling. 1.6 Tesla (70MHz for protons) is about the field

limit of this electro-magnet for NMR work.

To obtain a spectrum, it is necessary to have both the

field and the exciting frequency stable to at least the same

order as the interaction that is being measured. An NMR

field/frequency66 lock can accomplish this goal. We use a

frequency synthesizer to produce a sinusoidal signal at

frequency w in the megahertz range. The field lock

receiver's phase sensitive detector is set to detect the

dispersion mode signal from a liquid reference sample. When

measuring this signal, zero voltage is detected at the

precise resonance condition of the reference sample and the

signal is displayed on an oscilloscope. For a reference, we

use an aqueous 7Li solution. If there is a departure from

the field lock resonance, either a positive or negative

voltage will be detected depending on the sense of the

change. The error voltage, after suitable amplification, is

used to control the magnet current in a negative feed back
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loop. The reference signal is from a small external sample

situated in the probe and it is as close as possible to the

sample 67 being investigated.

Transmitter and Pulse Programmer

From a crystal oscillator source the required radio

frequency field is fed into the transmitter. An rf switch

which is "on " in the presence of a DC pulse signal, permits

the rf to go to a further circuit in the gate unit which

generates rf voltages differing in phase from the rf

oscillator by 00, 90, 1800, and 2700. The rf pulses

generated by this unit are further amplified to the desired

level by the transmitter which is coupled to the sample

probe. The details of one such rf gate and transmitter

system similar to that of our lab are described by Clark68

and Jones69.

Our home-built programmer controls when, for how long,

and for which channel (i.e., the 00, 900, 1800, or 2700

pulse) the gate will be open. The pulse widths can be

controlled to a precision of a few percent and in normal use

are in the several ysec range. The time between pulses is

adjustable from about several gsec to more than 10 min. The

pulse programmer also supplies pulses for triggering or

starting any sampling or recording devices which are used

for the different measurements. For example, in our single
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pulse experiment the triggering pulse goes to a transient

recorder then to an oscilloscope or to a signal-averaging

device. In our multiple-pulse experiments triggering

signals go to the sample and hold unit, the transient

recorder and to a signal-averaging device.

The Receiver

The function of the receiver is to amplify the NMR

signal from the probe in a precisely linear manner from its

initial microvolt level up to several volts.

As the receiver is designed to work on the microvolt

level, it must be protected from the high voltage present

during the exciting rf pulse. This protection is effected

by the use of crossed diodes. (as in Fig. 3.2)

The signal is then fed into an amplifier70,71 ,72 which

consists of a combination of broadband amplifier units and

filters which cut out the noise outside of the frequency

range of interest. The advantage of the broadband scheme is

that it is much easier to use , but it is necessary to

assemble enough broadband amplifier stages for sufficient

overall gain and to provide limiter units to reduce

saturation effects.

The rf oscillator frequency is also used for the

reference phase signal for the phase sensitive detector or

mixer. The signal is detected using two phase sensitive
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detectors in quadrature, i.e. a 900 phase shift is

introduced between their reference frequencies, and the

output represents the real part and imaginary part of the

signal.

Probe

The probe is a key component of the spectrometer. The

requirements of the sample probe assembly are rather

stringent. Its functions are to house the coils and

associated radio frequency electronics, to contain the

sample inside the coils within the external magnet, and to

permit the excitation and detection of an NMR signal.

Probes can be divided into two general classes,

depending on the geometry and number of coils used. The

crossed coil probe has the transmitter and receiver coil as

physically separate orthogonal coils, and in a single coil

probe one coil is used for both functions. We use a home-

built single coil, it is mechanically simpler and

electrically more efficient than the crossed coil pair. In

general, the probe should be able to handle the large rf

voltages present when the pulse is on; it should recover

rapidly from such a powerful pulse and quickly receive the

weak nuclear signals following the pulse. The sample of

interest is situated in the coil which is tuned with a

capacitor to the Larmor frequency. The probe is coupled
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both to the pulsed NMR transmitter and to the receiver-

detection system. Inside the probe, there is another coil

which comprises the tuned circuit for the external NMR

field/frequency lock system. As already mentioned, the

external lock coil, of course, is placed as close as

possible to the sample coil, because of the limited

homogeneity of the static magnetic field.

The power requirement of the rf excitation used in an

NMR experiment depends on the kind of experiment being

performed. In the solid samples used in this work a high

radio frequency field is necessary, because the spectral

lines are fairly wide. The sample coil geometry is

important in producing this high field. It has been

shown that the Hi intensity in the sample coil is given by

H1  3(PQ/u0 V)
11 ', (3.1)

or alternatively

H1  3.7(PTr/V) (3.2)

where P is the transmitter power in Watts; Q is the quality

factor or simply the Q of the sample circuit; u0 is the

resonance frequency in megahertz; V is the volume of the

sample coil in cubic centimeters, Tr is the rise and fall

times of the envelope of the rf pulse in microseconds; and

2H, is the peak-to-peak amplitude of the rf field in gauss.

The magnitude of H1 is not the only quantity which must
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be optimized at the sample. We must consider the

homogeneity of H1, the rise and fall times of the rf pulse

envelope and the sensitivity or signal/noise (S/N) of the

circuit during the time that it is picking up the nuclear

signal. For example, the parallel RLC circuit Q is given by

Q = R/27ruoL = R/%)OL, (3.3)

where R is the resistance, and L is the inductance. For the

sample coil, during the initial and final parts of the

pulse, we would like a small Q, because

Q ~-1.5u0 Tr. (3.4)

But in order to optimize the S/N we desire a large sample

volume, V, and a large Q.

As in the case above, there are conflicting

requirements on the sample probe geometry and electronics

characteristics. The scheme shown in Fig.3.2 is similar to

that described by Farrar and Becker.74  The use of quarter

wavelength pieces of rf cable and crossed pairs of diodes

allows us to change rapidly the value of the Q in the

circuits such that one can almost optimize both the Hi power

and the sensitivity of the sample circuit.
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Computer

The major requirements for a computer system to be used

with our NMR are: 1) data acquisition to improve

signal/noise, 2) Fourier transformation, and 3)

miscellaneous types of data processing.

Our computer system data comes in digital form from a

Model 4202 signal averager. The computer program can

monitor the accumulation of the signal data by displaying it

on the screen, store the data signal on the disk and draw it

using a plotter.

The computer program can perform a fast Fourier

transformation (FFT) of the data signal, display it on the

screen or control the plotter to draw it. Also the computer

program can do some other tasks, such as display the real

and imaginary FFT spectra and make zeroth and first order

corrections to a misphased free induction decay signal

(positive or negative), and zero fill a free induction decay

signal etc.

The Multiple-Pulse Method

The multiple-pulse sequences used in our experiment are

mostly 8 pulse and 24 pulse sequences. The basic multiple-

pulse experiment (WHH-4) which removes the average dipolar

Hamiltonian, but retains shift interactions is the four-
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pulse experiment, proposed by Waugh, Huber and

Haeberlen1 718 ,89 (see Fig.3.3., for the 8 pulse sequences see

chap. 6). The rf pulses Pi are assumed to be 6 function

pulses with rotation angles of 900. If Px represents the

rotation operator about the x direction of the rotating

frame, this sequence may be symbolized in short form by

(PY - 27, - PY" - 7 - P - 2r - P e- r-)n, where the sequence

is repeated n times. We used 8 pulse sequences (MREV) for

InP and 24 pulse sequences (BR-24) for KI and all of the

pulse widths, closest pulse spacing r, and cycle times, were

controlled by our home-built pulse programmer. The 24-pulse

cycles seem to give one of the best resolutions of the

multiple-pulse sequences used today. The detailed analysis

of these sequences is rather complicated and the reader is

referred to the interesting papers by Burum and Rhim.
23,24
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Fig.3.4a is from our previously published paper75,

using the above spectrometer operating at 56.4 MHz for

protons. The BR-24 sequence with a cycle time of 108gs was

used to suppress the proton homonuclear dipole-dipole

interaction in KOH powder, at room temperature. Thus the

full width at half maximum height is only about 1 KHz, and

this is caused mostly by the proton chemical shift

anisotropy (KOH is not cubic). However, if a single pulse

is used to produce a spectrum, the linewidth is about 40KHz

(see Fig.3.4b, it is plotted on a different scale) and there

are also two peaks remaining due to the proton dipole-dipole

interaction.
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Fig 3.4a. Proton multipulse absorption spectrum of KOH
powder at room temperature.
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CHAPTER IV

SEARCH FOR THE HEXADECAPOLE INTERACTION BY THE

MULTIPLE-PULSE LINE-NARROWING METHOD

Most scientists search for the hexadecapole interaction

in solids by using the nuclear quadrupole resonance (NQR)

method, and by measuring the discrepancies from pure

quadrupole transitions. However, a serious problem with

this method is the difficulty in keeping the samples in a

uniform and stable temperature to an accuracy better than

0.1 1C. Typical of the NQR work was that done by Gotou, 5 who

reported a large HDI of e2M16m16/h=109.8 60.6 KHz for 121Sb

(spin 5/2) in SbCI 3 , which was still in the error range.

HDI energies can be expected to be (rnre)2 smaller than the

corresponding quadrupole energies, where rn and re are some

average nuclear and electronic charge radii, respectively.

Given quadrupole energies ranging from 1 - 100 MHz, we can

then expect the HDI energies to approximate 1 - 100 Hz. The

smallness of this energy helps to explain why the HDI is so

difficult to find.

Here, we search for the HDI using a multiple-pulse

line-narrowing method, which does not require precise sample

temperature control. The experiment done was based on the

following idea: if the lower order effects of the dipole-

55
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dipole interaction and quadrupole interaction on the Zeeman

resonance can be suppressed or removed, the high-order

hexadecapole interaction effects on the Zeeman resonance may

be distinguished.

1271 has a fairly large electric quadrupole moment and

an observed 76 magnetic octupole moment, implying significant

nuclear shape deformation, which may lead to a large

hexadecapole moment. Some theoretical guidance relating to

favorable electronic structure is available, 77-83 such that

through the mechanism of antishelding, the nuclear electric

hexadecapole interaction can be enhanced by many orders of

magnitude. From these considerations, it emerges that 1271

is a suitable nuclear candidate.

The quadrupole coupling effects can be suppressed when

the nucleus is at a site where the symmetry is almost

perfectly cubic. Here, we used a face-centered cubic,

carefully annealed, KI single crystal to search for the 1271

HDI. In a relatively strain free and defectless cubic

crystal, the nuclear quadrupole interaction should be

suf f iciently small so that it could be eliminated84 by a

multiple-pulse method. The dipole interaction effects can

be minimized and may be removed by appropriate multiple-

pulse line-narrowing techniques. We used BR-2423 ,24

multipulse sequences. If we can remove the magnetic dipole-

dipole and electric quadrupole interactions, we may see only

the Zeeman resonance together with the HDI. Then, the



57

narrowed 1271 spectrum should reveal the HDI by being

characteristically split with the proper dependence on the

orientation of the sample in the applied magnetic field.

The KI chemical shift is isotropic so that it has no angular

dependence. We know that in solids the total NMR

interaction Hamiltonian may be written as

H = Hz + H+HO Hex+H +cH +... (4.1)

Where Hz, Hd, HQ HHe, HcH are Zeeman, dipole, quadrupole,

hexadecapole interaction Hamiltonians and the chemical

shift, respectively. After using the multiple-pulse line-

narrowing method, the total Hamiltonian may be reduced to

(HcH is isotropic so it is included in Hz)

H = Hz + Hhex (4.2)

and the eigenvalues for the hexadecapole Hamiltonian can be

written as

Ear-t/2 = E0+ (3/192) (e 2 Mm) ,

Em-t3/2 = E0- (9/19 2) (e 2Mm) ,

Emn12 = E0+(6/192) (e 2mm) .

So the Zeeman resonance frequency splitting due to the

hexadecapole interaction for I=5/2, using the multipulse
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method, may be like Fig. 4.1, when all energy level

transitions occur. However, at room temperature we obtain t

the spectrum like Fig. 4.2. This is a very nice clear

spectrum, but no Zeeman resonance frequency splitting. The

spectrum amplitude was found to depend on the orientation of

the KI crystal in the magnetic field which shows that the

multiple-pulses are not completely removing the quadrupole

interaction in the crystal. Some of the quadrupole

satellite lines are not contributing to the spectrum of Fig.

4.2.
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Fig.4.1. First-order hexadecapole splitting of
the Zeeman levels for I=5/2 in cubic symmetry.



60

I I
-440 U

Fig 4.2. Multiple-pulse spectrum of nuclear 127I in a single
crystal of KI at room temperature.

PTW
i

I- - II I



61

The results and conclusions are:

1. At room temperature a multiple-pulse NMR experiment was

performed on a KI single crystal and a 1271 linewidth of

approximately 250 Hz was observed. An estimate of the HDI

in KI is that any splitting line must be less than the 250

Hz of the Zeeman resonance.

2. The chemical shift for 1271 in a crystal of KI was

measured and was found to be 210 PPM relative to a KI

solution.

3. In an ideal cubic crystal of the KI type, there should be

no electric field gradient at the positions of the nuclei,

however, due to crystal structure defects, the residual 127I

quadrupole interaction in the crystal was still too large to

be removed by the standard multiple-pulse sequences. A

similar conclusion had been reached by Doering and Waugh76

in their unsuccessful search for the HDI in cubic KTaO3 ,



CHAPTER V

SEARCH FOR THE HEXADECAPOLE INTERACTION BY

MULTIPLE-PULSE LINE-NARROWING NETHOD

In an ideal cubic crystal of the KI type, there should

be no electrical field gradients at the positions of the

nuclei. However, there are always small electrical

gradients present and the quadrupole interaction will

broaden the Zeeman resonance spectrum. We know, that if the

hexadecapole interaction exists in KI, the splitting of the

Zeeman resonance by this interaction should be less than 250

Hz range. In this chapter, a quadrupole echo method is

proposed in which the echo times are modified by the

hexadecapole interaction. The theory of the method is given

and then experimental results prove the existence of the

hexadecapole interaction in KI. Finally, an estimate is

given of the magnitude of the hexadecapole interaction.

1. Density Matrix

Consider a system described by a wave function p, at

some instant of time, which is expanded in a complete set of

orthonormal functions un which are independent of time:

S=E nnu. (5.1)

62
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If the system varies in.time, then

p (t) = ZCn(t)un. (5.2)

The expectation value <Ms> may be written, as

= snmCm*Cn<mMxIn>. (5. 3 )

If we change the wave function, <Mx> will be different

because the coefficients Cm*Cn will be different, but the

matrix elements <mIMxjn> will remain the same. If we use a

bar to denote an ensemble average, we then have

<Mx> =Zn,CC*<m IM,|n>. (5.4)

It is convenient to arrange the coefficients C~CM to form a

matrix and it is this matrix we call the "density matrix".85

We define the density matrix operator p by the equation

<nipim> = CnCm*, (5.5)

Eq. (5.4) becomes

<MX> = Tr(pMx}. (5.6)

Starting with the time dependent Schrodinger equation
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t= H, (5.7)

and using Eq. (5.2), we can get the time evolution of the

density operator which is:

dp/dt = i/h[p,H]. (5.8)

If the hamiltonian H is independent of time the solution of

Eq. (5.8) may be written as

p(t) = exp(-iHt/t)p(0)exp(iHt/h) (5.9)

By using the eigenfunctions of H and a power series

expansion of the exponential operator, we can get

<klp(t) jm>=exp (-iEkt/th) <kj p (0) jm>exp (iEmt/t1)

=expr[ i/b (EM-Ek) t]<klp (0) m> (5.10)

for the time-dependent matrix element in terms of the matrix

element of p at t=0. Also, from Eq.(5.10), we can find that

the diagonal elements of p are independent of time and that

the off diagonal elements oscillate in time.

2. Quadrupole Echo

Here, the theory of the quadrupole echoes, first given
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by Solomoni and Weisman & Bennett 13 , will be outlined. In

the rotating frame at the Larmor frequency >=yH0 , when the

DC field H0 is sufficiently large that the quadrupole

interaction can be considered as a first order

perturbation,

H Q= at [I 2-1/3I (I+1)]

= athIz 2+constant, (5.11)

with

a = 1/2 G(3cos2 a-1). (5.12)

For 127I, a=3/(80%)e2qQ(3cos2a-l), where a is the angle

between H0 and the principal axis of quadrupole field having

the largest field gradient, G is a measure of the strength

of the quadrupole interaction for a given nucleus and is

expressed in gauss.

Here, we study the Zeeman resonance when the

quadrupole effects are the only perturbations responsible

for the broadening of the resonance frequency. The

application of a rotating magnetic field H1 for a time At

along the y axis of the rotating frame, if H1 is large

enough, where

H >> a,

and can be represented by an operator R transforming any
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spin operator A into RAR. R can be considered as simply a

rotation and has the explicit form R=exp(-iIY),

where P = yHiAt (this is called a "P"pulse) . (5.13)

When the spin system is being described at time t by the

density matrix p(t), the amplitude of the signal induced in

the sample coil is proportional to

S(t) = Tr[p(t)I+], (5.14)

with I+ = Ix + iiY.

If we apply an rf pulse which puts the system off

equilibrium, and if we call p(O) the density matrix

describing the system immediately after the pulse at t=O,

then the motion of the density matrix, for the quadrupole

perturbation, will be

p(t) = exp(-iaIz2 t) p(O)exp(iaIz2t). (5.15)

When t=r, we apply a second pulse which rotates the spin

system by angle P about an axis making an angle 0 with the y

axis. For t>r, the signal will then be

S (t)=Tr{exp[-iaIZ2 (t-7-) ]Rexp(-iaIz 2 r) p(O)

-exp(iaIz2 r) R1 exp[iaIz2(t-r) I+}, (5.16)
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where R,=eiOIzRe-iIz. Expansion of Eq. (5.16) gives

S (t)=m,m1,m2<mIR,iImz><mzIp(o) 1m><m11R 1'Im+l>

- [I(I+l)-m(m+l) ]1 2

-exp{(ia[(2m+1) (t-r) - (m2
2-m1

2 )T]}. (5.17)

Now, if for particular values of t, S(t) is

independent of a, signals of all the nuclei are "in phase"

and we can get an echo. From Eq.(5.17) we see that this

happens for t>r, when

(t-r)/r = (m2
2-m 2)/(2m+l) = k. (5.18)

For 127i, I=5/2 and there are five possible values for the

ratio in Eq.(5.18): k=1/2, 1, 3/2, 2, 3 [the case m=5/2 has

been excluded because of I(I+1)-m(m+l)=O in Eq.(5.17)]. The

useful part of the density matrix pq before we apply any rf

pulse is proportional to Iz'

Pe IZ.(5.19)

If we apply a 900 pulse to rotate the spin system 900 around

the y axis, then, immediately after the pulse, the only

nonvanishing matrix elements of p(O) in Eq. (5.17) are

obtained from



68

M2 ~i 1 = 1. (5.20)

With the selection rule of Eq.(5.20), in Eq.(5.18) the

"allowed echoes" will be for k=1/2, 1 and 2 (see Fig. 5.1).

Echoes of k=3/2 and 3 are due to m= 2, and called

"forbidden echoes" 10 .

Here,13 the k=1/2 echo at t=(3/2T) is determined by the

outer satellite distribution (i.e, that due to -5/2 - -3/2

and 5/2 * 3/2 transitions). When k=2, the t=3T echo is a

direct measure of the inner satellite distribution (-3/2 -

1/2 and 3/2 * 1/2 transitions). For k=1, the t=2T echo is

due to all transitions (satellite line and center line

transitions). Also, the widths of the quadrupole echoes are

dependent on the size of the quadrupole interaction. If we

change the turning angle #, we can change the amplitudes of

the echoes. The echo amplitudes are greatest when P=900.
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3. Theory of the Search for the Hexadecapole Shift

a. Derivation of the Hexadecapole Shift

Here, we propose a new method for searching for the

hexadecapole interaction. The principal quantity in the

Hamiltonian for the nuclear hexadecapole interaction can be

written approximately as

H Hex~bhIz4 , (5.21)

where 47  b = yG'[1-(5/4) sin2 (2T)], (5.22)

for a crystal of cubic symmetry. For 1271, yG' =

7e2 m16M16/2304h. T is the angle between the crystal [100] axis

and H0. In Eq. (5.21), some terms involving Iz2, as well as a

constant term, have not been included. This is because the

Iz2 terms merely alter HQ very slightly (b<a) and the

constant term is irrelevant to echo formation.

In Eq.(5.16), if we add the hexadecapole interaction to

the quadrupole interaction to give the total Hamiltonian

contribution, we can get

S(t)=Tr{exp[-iaIz2-iabIz4) (t'-r) JR

- x[(az+ibIz )7p()]exp[ (ia z 2+ibI z4)T ] R1

- exp [(ia z 2+ibI z'4) (t 'I- ) }

=Em,m1,m2<m I RIm2><m2 p (0) 1m><m f RjI|m+l>

- [I (I+,) -m (m+l) ] /2exp{i(t'-r)[a(2m+l)
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+b (4m3+6m2+4m+1) -ir [ a (m22-m 2)+b (m24-m 4) 3).

(5.23)

From Eq.(5.23), and comparing this with Eq.(5.18), we see

that the echoes happen at (for t'>r)

(t'-r)/r=[a(m2
2-m 2 )+b(m2 

4-m 4) ]

/[a(2m+1)+b (4m3+6m2+4m+l)]

=K'. (5.24)

With the selection-rule of Eq.(5.20), from Eq.(5.18), for

K=1/2, there should be m,=1/2, m2=3/2 and m=3/2

respectively. After substituting these mIn, IM2 and m values

into Eq.(5.24), we get

(t'-r)/r = [a(m2
2-m1

2 )+5b)/[a(2m+l)+34b]

=K'. (5.25)

Eq.(5.25) shows that K' will be less than or bigger than 1/2

and t' will be less than or bigger than (3/2)r depending on

the orientation of the crystal in the magnetic field.

Here we get the significant result that after

introducing the hexadecapole interaction, the quadrupole

echo due to the outer satellite distribution will shift in

time. We may call it the hexadecapole shift.

From Eq. (5.18), for K=1, there should be m=3/2,

m2=5/2, and m=3/2 respectively. After substituting these
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M1, M2 , and m values into (5.24), then

(t'-r)/r = [a(m2 2-m1
2) +34b]/[a(2m+l)+34b]

K (5.26)

Here, K' equals K of Eq. (5.18) which shows another

significant result that the first order hexadecapole

interaction will not shift the second echo.

For K=2, there will be m1 =3/2, m 2=5/2, and m=1/2,

respectively. From Eq.(5.24) then we get

(t'-r)/r = [a(m 2
2-m, 2)+34b]/[a(2m+l)+5b]

= K' (5.27)

and this echo line will shift too.

From the above derivation, the conclusion is that in

the two pulse quadrupole echo sequence, because of

hexadecapole interactions, the first order hexadecapole

interaction for the K=1 echo will not shift this echo, but

the K=1/2 and K=2 echoes will shift. Also, the shifts are

dependent on the orientation of the crystal in the external

field, because both b and a depend on orientation.

b. Estimate of the Magnitude of the Hexadecapole Shift

From Eq. (5.25), for the K=1/2 case, and using 3/2, 1/2,
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and 3/2 to substitute for m, M,, and m2 respectively, we can

get

(5.28)(t'i-f)/r = (2a+5b)/(4a+34b)

t'= (3/2)r - 12br/(4a+34b). (5. 29)

From Eq.(5.18), for K=1/2 with no hexadecapole interaction

contribution, we get

t = 3/27,

t'- t =-12br/(4a+34b).

(5.30)

(5.31)

Because a >> b, we rewrite this as

t'- t " -3(b/a)r. (5.32)

Thus, due to the hexadecapole interaction the k=1/2 echo

line will shift to the right or left depending on the sign

of b/a, and the shift time depends on both a and b.

In the same way, from Eqs.(5.27) and (5.18) we can get

t'- t- 12(b/a)r.

and

then

(5.33)
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Due to the hexadecapole interaction, the K=2 echo line will

shift to the right or left, also depending on the sign of

b/a, but the shift time will be 4 times greater than that

for the K=1/2 echo. Also from Eqs.(5.32) and (5.33) we find

that the hexadecapole shift is proportional to r and that

the K=1/2 and K=2 echo lines shift in the opposite

direction.

c. Derivation of Echo Decay Effect

When the transverse relaxation is included, the echo

amplitudes will decay exponentially with time, which may

produce a shift in the echo peak positions. The echo

profile can be fitted by a Gaussian or a Lorentzian

function. If we assume that the echo decays as et/T, where

T is the transverse relaxation time, then for the Gaussian

form the echo has the time dependence as A- exp[-(t-

ti) 2/bi] - exp (-t/T1 ) , and for the Lorentzian form, it has the

time dependence as A/[(t-tj) 2+b]exp(-t/T1 ). Here i refers

to one of the 3 echoes.

In the Gaussian form, the peak of the echo occurs at

d/dtaAn-exp[(t-t ) 2/b- exp (-t/T,) }=0,(5.34)

and

tmax = t, - b1/(2Ti). (5.35)



75

Here, due to the transverse relaxation effect, the echo peak

will be shifted to the left, by an amount b/(2Tj).

In the Lorentzian form, the peak of the echo occurs at

d/dt{A2/[(t-t) 2+b 1 -exp (-t/T))}=Or, (5.36)

and

(t-ti) 2/T 1 + 2(t-ti) + b1/Ti = 0, (5.37)

(t-ti)=[-2i (4-4bi/Ti2) 1/2]/ (2/Ti),

=(-l (1-bj/Ti2 )1/ 2 }Ti. (5.38)

Since the sample selected should have a long transverse

relaxation time (otherwise the hexadecapole shift can't be

observed), this means that the echo amplitude has a slow

decay, and we can assume that Ti > b, (from our experimental

data later, we will find this assumption is right), then

t-ti = (-1 [1-bj/(2Ti 2 )+. . . ])T . (5.39)

As T-+Co, t -+ t, in Eq. (5.39), we can choose "+" sign for

"" to get

t = t - b/ (2Tj). (5.40)

Here, in the Lorentzian form, the echo peak will be
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shifted to the left too, and both Lorentzian and Gaussian

shapes give the same result. The conclusion is that the

effect of the echo decay will be to shift all peaks to the

left with a magnitude of b/ (2Tj) . bi is the broadening

parameter in the Lorenzian or Gaussian function and T1 is

the time constant in the decay function.

4. Extending Two Pulse Echoes to Three Pulse Echoes

Here we consider three pulses which are a 900 pulse at

t=O, and two identical 900 phase shifted P pulses at t=r,

and t=4r. The density matrix becomes (t>4'):

p (t) =eiw(t-4T)R-eiw3TRlei" Iei'&Re ie

(5.41)

where to = HO + Hhexa The echo "spectrum" in the time domain

is very rich, which is shown in Fig.5.la. Because of the

complexity of the expressions for the echo locations, only

the first order results for the echo positions are given in

Fig.5.la. Not all of the HDI shifts and splittings can be

expected to be seen because of the finite widths of the

echoes. The echoes further out in time, although displaced

most from their quadrupole locations, are weaker than the

earlier echoes because of damping caused by the dipole-

dipole interactions. A favorable circumstance occurs for

the echo at 10r. It is shifted by a relatively large
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amount and it is well separated from its neighbors which

should facilitate the observation of the HDI shift.
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5. Experimental Procedures Used to Search

for the Hexadecapole Shift

1271 is a suitable nuclear candidate for searching for

the HDI as we mentioned in Chapter 4. The annealed

ultrapure KI single crystal used in this work was obtained

from the Crystal Growth Laboratory, University of Utah. To

remove strain the annealing had been done in the following

manner: The crystal was heated to 640 OC in 3 hours (the

melting temperature is 682 C) , held at 640 OC for 10 hours,

and cooled to room temperature during 200 hours.

The pulsed NMR spectrometer was similar to that used

earlier in our multiple-pulse work and it was operated at

the 127I frequency of 11.29 MHz. Typical 900 pulse widths

were 7 gs. To increase the signal-to-noise ratio of the

quadrupole echoes, the sample was cooled to liquid nitrogen

temperature and a signal averager was used to record many

repetitions of the echo signals. The spin-lattice

relaxation time at 77 OK was about 500 ms.

Fig.5.1b gives the experimental 3 pulse echo spectrum,

for two orientations of the crystal in H0, when the third

pulse is at 4r, and when r is 80 gs. The phase of the last

two rf pulses is 900 relative to the first. The 3 echoes

between the second and third pulses are easily seen and 10

echoes following the last pulse can be distinguished.

Between the two spectra shown in Fig. 5.1b, there
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appears to be a relative displacement of the 10r echo and in

the enlarged comparison in Fig.5.1c, this is shown more

clearly. This displacement is to be expected because both a

and b are different for the two orientations. Attempts to

disentangle these broad echo peaks by fitting them with a

sequence of broadened Gaussian or Lorentzian curves were not

successful. Even the relatively isolated echo at lor could

not be sufficiently extricated from its neighbors by curve

fitting methods to make an unambiguous comparison of the

peak positions of these 10r echoes for the two different

crystal orientations. Therefore, the difference between the

two echo spectra is only suggestive of the presence of an

HDI in KI.
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The two pulse echoes offer a better opportunity to

observe the HDI in KI because the echoes occur in a much

more uncluttered environment. Since b is much smaller than

a, then from the theory outlined in chapter 4, r should be

made as long as possible. We did a sequence of two pulse

echoes for different values of r to measure the transverse

decay time. Fig.5.2 (a,b,c,d,e,f) shows the time dependence

of the amplitude of the first, second, and third echoes at

liquid nitrogen temperature, respectively. In Figs.5.2(a),

(b) and (c), the data are for the crystal orientation in

the external field, where the quadrupole interaction is one

of the strongest, and in Figs.5.2(d), (e) and (f), they are

for an angle rotated 400 away from the first orientation,

which is for one of the weaker quadrupole interactions.

Figs.5.2(a), (b), (c), (d), (e), and (f) also show the

exponential decay fit function.
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After these measurements, we selected r=600 gs, ie.

the two pulse sequence is (r/2),-r-(#), which means that at

t=O we apply a r/2 rf pulse along x axis, and at the time

t=r=600 gs, we apply a second rf pulse along the y axis with

a p turning angle. For the two different crystal

orientations previously mentioned, the echo spectra are

shown in Fig. 5.3 and the data for measuring the peaks of

the three echoes are given in Tables 1 (see appendix A) and

2 (see appendix B).
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Table 1 gives the measured data at the crystal

orientation where the quadrupole interaction is one of the

strongest. Table 2 gives the measured data when the KI

crystal is rotated 400 from the previous orientation.

Evidently, an echo peak location can be independently

least-square fitted by a Lorentzian function multiplying the

decay function and a base line function. Fig.5.4(a), (b)

and (c), show the echo patterns being fitted using MathCad

with the data of Table 1 and Fig. 5.4(d), (e) and (f) are

from the data of Table 2, where we consider the 20%

experimental error of the decay constant T1 in exp(-t/T5) of

Fig.5.2(a,b,c,d,e and f). In the tables and in the figures,

one number of time's unit represents 4.97 As.



j 0 . .12

y :=

160
174
170
189
222
250_
275
231
189
174
168
177
166

For the first echo fit
A X1

FI(xI,A,a,b,TI) :=+exp - -- I+
2 L T 1-J

(x1-a) + b

SSEI(A,a,b,T1) Y - F1[x1,A,a,b,Tl

use T1 420 after least square fit, ge

155 + 0.5-xl

2

tting

A 290.757

a 5.675

b 2.409 300

y ,F1[xl ,A,a,b,T1

140

SSEI (A,a,b,T1) = 429.328

Fig. 5.4(al), fit the first echo, when Ti is fixed at 420.
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j =0 .. 12

160
174
170
189
222
250
275
231
189
174
168
177
166

For the first echo fit
A X1

FI(xl,A,a,b,TI) exp44r-fl+
2 L T 1

(xl a) + b

SSE1(A,a,b,Tl) > y - F1[x1 ,A,a,b,T1]

use T1 280 after least square fit, ge

155 + 0 .5- x1

2

tting

A 290.951

a 5.683

b 2.390 300

Fl[xA,a,b,T1
LiJ

140

SSE1(A,a,b,Tl) = 426.995

Fig.5.4(a2), fit the first echo, when Ti is fixed at 280.
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x1

0
1
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j :=0 .. 12

y:=

~A 0

165
173
190
222
262_
287
247
2108
1,87
163

1 56148

x2

0

2
3
4
5
6
7
8
9
10
11
12

For the second echo fit
A2 x2

F2(x2,A2,a2,b2,T2) exp + 138
2L . T2) +

(x2 - a2) + b2

SSE2 (A2, a2, b2,T2)

use T2 390

A2 630.707

a2 5.841

b2 :=4.207

SSE2(A2,a2,b2,T2) = 154.C

:= ~Z y - F2[x2 ,A2,a2,b2,T2 2

after least square fit, getting

300

y ,F2[x2 ,A2,a2,b2,T2

597 120
0 x2 13

j

Fig.5.4(bl), fit the second echo, when T2 is fixed at 390.
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j :=0 .. 12

y :=

148
165
173
190.
222
262
287
247'
208,
187_
163
156
148

x2

0
1
2
3
4
5
6
7
8
9
10
11
12

For the second echo fit
A2 x2

F2(x2,A2,a2,b2,T2) := ,expI-[-- + 138
22- 2)T2 +b2

(x2 - a2) + b2

SSE2 (A2,a2,b2,T2)

use T2 := 260

A2 636.571

a2 5.846

b2 := 4.216

SSE2(A2,a2,b2,T2) = 153.3

: > y - F2 Ix2 ,A2,a2,b2,T2 2

after least square fit, getting

300

yF2[x2 ,A2,a2,b2,T2

99 120
0 x2 13

j

Fig.5.4(b2), fit the second echo, when T2 is fixed at 260.
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j :=0 ..12

y:=

181
184
187
199
204
211
220
2 12
206
198
189
185
178

x3

0
1
2
3
4
5
6
7
8
9
10
11
12

For the third echo fit
A3 x3

F3(x3,A3,a3,b3,T3) exp - - + 175 - 0.25-x3

2(3a.T3"+b
(x3- a3) + b3

SSE3(A3,a3,b3,T3)

use T3 233

A3 391.109

a3 6.173

b3 := 8.465

S- F3 x3 ,A3,a3,b3,T3 2

after least square fit, getting

240

y F3[x3,A3,a3,b3,T31

SSE3(A3,a3,b3,T3) = 59.435 170
0 x3 13

j

Fig.5.4(cl), fit the third echo, when T3 is fixed at 233.
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j :=0 ..12

y:=

181
184
187
199
204
211_
220
212
206
198
189
185
178

x3

0
2
2
3
_4
5
6
7
8
9
10
11
12

For the third echo fit
A3 x3

F3(x3,A3,a3,b3,T3) expl---I + 175 - 0.25-x3
2 LLT3.J

(x3-a3) + b3

: ~Z [y - F3 x3 ,A3,a3,b3,T3 2

after least square fit, getting

SSE3(A3,a3,b3,T3)

use T3 := 155

A3 := 395.34

a3 := 6.201

b3 := 8.440

SSE3(A3,a3,b3,T3) = 60.044

240

y ,F3Fx3,A3,a3,b3,T3

170

Fig.5.4(c2), fit the third echo, when T3 is fixed at 155.

0 x3 13
i
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j:= 0 .. 17

y-

135
1381
144
149
171
190
211
247
264
274
250
:231
203
178
172
150
151
142

x1

0

2
3
4

5
6
7
8
9
10
11
12
13
14
15
16
17_

For the first echo fit
Al x

F(xlAIalbT)1410- 
+ 126 + 0.3- x1

(xi al) + bl

2

SSE1(A1,al,bl,T1) := y- F1[xlAlal,bl,Tl]2

use T1 543 after least square fit, getting

3

Al 1.341- 10

al 8.751

bi := 8.883 300

y ,F1 [xl ,A1,al,bl,T1I
iL iJ

SSE1(A1,al,b1,Tl) = 615.662

Fig.5.4(dl), fit the first echo , when Ti is fixed at 543.

110
0 xl 18

:
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j :=0 ..17

y :=

144
149M
171
190
2:11
247"
264
2 74
250

203
178_
172
150
2.51
142

x1

0

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

For the first echo fit
Al X1

Fl(xl,Al,al,bl,Tl) exp + 126 + 0.3 -xl
2 L4T1]

(xI-al) + bl

SSE1(A1,a1,bl,T1) y - F1x1 , A1,a1,b1,T1l

uSe T1 360 after least square fit, getting

3
Al := 1.348-10

al 8.759

2

bl :=8.848

SSE1(Al,al,bl,T1) = 621.813

300

y ~ ,F 1 l ,al,bl,T 
l

110
0 xl 18

j
Fig.5.4(d2), fit the first echo, when Ti is fixed at 360.



j 0 ..20 102

y :=

168
181
1-79
3-91
199
23-8.
232
258
288
310
312
278
256
235
215
205
191
2.81
180.
174

~72

x2

0
_1
2
3
4
5
6
7
8
9
10
11
12
133
14
15
16
17
18
19
120

For the second echo fit
A2 x2

F2(x2,A2,a2,b2,T2) :exp + 157 + 0.15-x2
2LT2.

(x2 - a2) + b2

SSE2 (A2,a2,b2,T2)

use T2 := 780

3
A2 :=1.758- 10

a2 9.449

b2 :=11.297

SSE2(A2,a2,b2,T2) = 221.564

7:=y - F2[x2.,A2,a2,b2,T2 2

after least square fit, getting

330

y ,F2Fx2,A2,a2,b2,T2

140

Fig.5.4(el), fit the second echo, T2=780.

IK

0 X2 20
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j : 0 .. 20

y :=

168
181
179
191
199
218.
232
258_
288
310
312
278
256
235
215
205
191
181
180
174
172

x2

0

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

For the second echo fit
A2 x2

F2(x2,A2,a2,b2,T2) exp + 157 + 0.15x2
2 L LT2j

(x2 - a2)' + b2

2
SSE2(A2,a2,b2,T2) j y - F2[x2,A2,a2,b2,T2

use T2 520

3
A2 1.765- 10

after least square fit, getting

a2 9.457

b2 11.270

y ,F2 x2,A2,a2,b2,T21

SSE2(A2,a2,b2,T2) = 222.925

Fig.5.4(e2), fit the second echo, T2=520.

330

140
0 x2 20

j
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j : 0 ..18

y :=

174
182
185
1.90
196
204.
203
211_
207
211
204
205_
197
198_
188
188
178
177
172

For the third echo fit

x3

0

2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18

A3 X3-
F3(x3,A3,a3,b3,T3) exp + 164

2 L T3j
(x3-a3) + b3

2
SSE3(A3,a3,b3,T3) / ~ -F3[x3 A3,a3,b3,T3]

use T3 := 247

3
A3 1.59- 10

a3 := 8.432

b3 32.388

SSE3(A3,a3,b3,T3) = 172.299

after least square fit, getting

220

y ,F3 [x3,A3,a3,b3,T3

170
0 x3 18

Fig.5.4(fl), fit the third echo, when T3 is fixed at 247.



j := 0 .. 18 105

y x3

174 0
182 1
185 2
190 3
196 4
204 5
203 6
211 7
2107 8
211 9
2104 10
205 11
197 12
198 13
1,88 14
188 15
17 8 16
177 17
172 18

For the third echo fit
A3 x3

F3(x3,A3,a3,b3,T3) :exp + 164
2 L T3.j_

(x3-a3) + b3

SSE3(A3,a3,b3,T3) y - F3[x3,A3,a3,b3,T3
2

use T3 165

3
A3 1.617- 10

a3 8.491

b3 32.384

SSE3(A3,a3,b3,T3) = 173.289

after least square fit, getting

220

yF3[x3 ,A3,a3,b3,T3

170
0 x3 18

j
Fig.5.4(f2), fit the third echo, when T3 is fixed at 165.
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The following Tables give the fitted location of each echo

peak:

Table 3 (fitting data from Table 1)

label of echo echo time location of peak

(relative to (theoretical) (number unit for t)

quadrupole)

K=1/2 ta'=3r/2-3r (b/a) 181.679 +0.005(8t)

K = 1 tb' 2T 241.843 0.003

K =2 tc'=3r+12r (b/a) 362.19 0.02

Table 4 (fitting data from Table 2)

K=1/2 Ta '=3r/2-3r (b/a) 181.735 0. 004

K = 1 Tb'= 2 r 241.453 0.006

K =2 TC'=3r+12r(b/a) 360.46 0.03

After considering the 20% error of the decay constant Ti, we

get these St which deviate from their mean values.

Table 5 and Table 6 give the corrected echo peak

location after considering the echo decay effect.
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Table 5 (after using decay effect with the data of Table 3)

label of echo

(relative to

quadrupole)

echo time

(theoretical)

Location of echo

(number unit for t)

K=1/2 ta"=ta'-bi/(2T,) 181.67 0.01

K = tb1tb'-b 2/(2T 2 ) 241.83 0.01

K = 2 tI"=tc'-b3/(2T 3 ) 362.19 0.03

Table 6 (after using decay effect with the data of Table 4)

K=1/2 Ta"=Ta'-bi/ (2T,) 181.73 0.01

K = 1 Tb"=Tb'-b2/ (2T2) 241.45 0.01

K =2 TC"=TC'-b3/ (2T 3 ) 360.30 0.06

Table 5 gives the fitted data for the case of one of

the strongest quadrupole interactions. Let's make the

following comparison:

2*(tb-tota") = 120.31 0.04 (4(5.42)
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which agrees with

tC"-tb" = 120.28 0.08 (5.43)

This result is similar to the zero hexadecapole shift

case. This interesting result means that at this crystal

orientation the quadrupole interaction is so strong that the

b/a term is too small, for us to see the hexadecapole shift.

However, for an orientation 400 away from the orientation

which gives one of the weakest quadrupole interactions then,

at this comparatively weaker quadrupole interaction, we can

see a significant difference.

From Table 6, we find that

2*(Tb"-Ta") = 119.44 0.04

and Ta" - Tb" = 119.85 0.14 (5.44)

with the measurement error given these two time intervals

differ. The other interesting result, is that when the

crystal is located at the weaker quadrupole interaction

angle, we may see the hexadecapole shift, because b/a

becomes bigger.

The differences between the echo times from Table 5 and

Table 6 are:

Ta" - ta" = 0.06 0.02 -- > shift: 0.04
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Tb" - tb" = -0.39 0.02 -- > discrepancy: 0.39

T,"f- ta" = -1.8 0.1 -- > shift: -1.7

The shift of the third peak is observed and the relative

signs of the shifts are consistent with our hexadecapole

shift theory.

Assume that the difference between the corrected second

echo times is just error -- in measurement, in accumulating

data over a long period of time. Then we may take the error

to be 0.4 and

Ta" - t1" is 0 within the error.

Tb" - tb" is now 0 within the error.

TC"- tC" = -1.7 0.4

This result is consistent with a hexadecapole effect as the

third echo shifts 4 times as much as the first echo.

Let's estimate the magnitude of the hexadecapole shift

in the quadrupole echoes. The difference in times from

Table 5 and Table 6, for the K=2 echoes is

At = 1.7 number unit for t (5.45)

From Table 5, using t," =362.108 number unit for t which

compares to 3r = 1800 ps, and Eq.(5.33) for the K=2 case

with the hexadecapole shift result, At=12(b/a)r, we can get
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(b/a) - 1/850. (5.46)

Since the echo profiles are the Fourier transform of

the distribution of the quadrupole interactions in the

crystal, so the inverse width of the echoes is a direct

measure of the magnitude of the defects(". For H < 50 gauss

(in this experiment G is about 40 gauss), we can expect that

the inverse echo width is proportional to H. An average

defect value AH can be expressed in gauss or as Au,

expressed in frequency units.

AH = 1/(yT)

Au = 1/(27rT) (5.47)

T being the half width of the echo at the half maximum

(HWHM). From the Fig.6 data, the HWHM will be 10.04 number

units. After changing this to time units, this gives a Au

of 9.9 kHZ. Therefore, a is 9.9 kHz and from Eq. (5.48) b is

found to be 11.6 Hz. From Eq. (5.22) , e2m16M 6/h is found to

be z 630 Hz.

6. Conclusions

In this investigation, the 1271 hexadecapole interaction

in a KI crystal is shown to exist. At some crystal

orientation when the quadrupole interaction is the
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biggest, we do not see the hexadecapole shift, however, when

at another orientation the quadrupole interaction is weaker

and we do see the hexadecapole shift.

Using the hexadecapole shift theory, the K=1/2, K=2

echoes will shift in the opposite directions, depending on

the sign of b/a. Experimentally, at K=2 the hexadecapole

shift is towards to left, which means that at K=1/2 the echo

shift should be towards to right. However, at K=1/2 since

the hexadecapole shift is one-fourth of the K=2 shift, it is

too small to be distinguished within the error range of our

measurements.

The ratio of b/a varies with crystal rotational angle,

because both b and a have angular dependence. At one

particular orientation the hexadecapole constant b was found

to be (a/850) and from this the hexadecapole frequency was

determined to be 11.6 Hz and e2m16M16/h ~ 630 Hz.

The theory of the hexadecapole shift of the quadrupole

echoes, may be used in the future to determine hexadecapole

interactions in other crystal samples. The general

requirement for the sample is that it has a strong

quadrupole moment87 which means it may have a big

hexadecapole interaction too. At some crystal orientations,

the ratio of (b/a) should become big enough to observe b.

The transverse relaxation time should be sufficiently long,

so that the echo will decay slowly. In that case, T, in the

exp(-t/T1 ) becomes bigger, i.e. b/(2Tj) becomes smaller.
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Also a long r should be used to make 12(b/a)r bigger. If

the magnitude of [12 (b/a) r-b,/ (2Tj) ] can be bigger than the

experimental error, then we may see the hexadecapole shift.

If in some crystal sample, [3(b/a)-bi/(2Ti)] can be larger

than the experimental error, then we may distinguish both

K=1/2 and K=2 shifts.



CHAPTER VI

-SEARCH FOR THE 115In HEXADECAPOLE INTERACTION IN InP BY

DOUBLE RESONANCE NMR

The situation of NMR interest here is that InP is a

cubic crystal with "'In being a nuclear spin with I=9/2, and

31P being a nuclear spin with S=1/2, and these two nuclear

species are subjected to rf irradiation near their Larmor

frequencies. Since 1151n has a fairly large electric

quadrupole moment, even bigger than 1271, it may lead a

significant nuclear shape distortion and large hexadecapole

moment. The abundance of 1131n in InP is low, so this

nuclear species might be ignored here. The effects of many-

body 115In homonuclear dipole-dipole interactions can be

removed with a multiple-pulse line-narrowing method as we

mentioned in Chapter IV. InP is a cubic crystal, and a

quadrupole echo sequence was applied to the sample, but no

echoes were observed, i.e. the 115 In quadrupole interaction

is small. Because 31P is S=1/2, we also need to overcome

the I-S heteronuclear dipole-dipole interactions. This can

be done by setting the second resonance at the 31P Zeeman

resonance frequency. This double resonance situation is

where two nuclei within the same sample are excited, the

signal from the one being detected, which is 1151n in this

113
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work.

The basic idea for the experiment is: if the lower order

effects of the homonuclear and heteronuclear dipole-dipole

interactions on the Zeeman resonance can be suppressed or

removed, the higher-order hexadecapole interaction causing

Zeeman splitting may be observed.

Apparatus

A critical element of a pulsed nuclear magnetic

resonance spectrometer suitable for work in solids is the

sample probe. The high-resolution solid state double

resonance NMR schemes developed require (a) the generation

of rf field strengths of near 50 G in the rotating frame at

each of two separated frequencies, (b) a low degree of rf

field inhomogeneity at both frequencies, and (c) the

capability of detecting microvolt-level signals in the solid

sample at one of the radio frequencies.

Conventional double resonance probes have consisted of

two orthogonal coils each tuned separately at its respective

frequency. The coils might be a solenoid with an orthogonal

Helmholtz coil, two orthogonal Helmholtz coils, or a

solenoid within a larger solenoid. We describe a new double

resonance probe for our particular sample of InP which is

based on88 90 a simple single-coil double resonance NMR probe.

The simple single-coil double resonance NMR probe is
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generally designed for two radio frequencies sufficiently

separated, by at least a factor of 437,38,88-90,

Since the 1151n and 31P, nuclear resonance frequencies are

separated by only about factor of 2, in our experiment 11.29

MHz and 20.86 MHz respectively, we developed a double

resonance NMR probe with two-coaxial coils which would

satisfy the above requirements for these comparatively,

closely spaced frequencies. The schematic diagram of this

double resonance probe is shown in Fig. 6.1.

This schematic diagram will replace the single resonance

sample coil of the diagram of Fig. 3.2, when our double

resonance NMR is used. Here 11 and 12 are coaxial cables,

one fourth of a wavelength (A/4) at the frequencies of 20.86

MHz and 11.29 MHz, respectively. Both cables prevent

interactions between the two power sources, and prevent the

observed 11.29 MHz signal from being degraded by the

presence of the 20.86 MHz circuit, and to reduce the effect

of the mutual electromagnetic induction between the two

coils. L, and L2 are sample coils. The 11.29 MHz and 20.86

MHz resonance circuits consisted of 1 , L1, R, C,, C2 and 12,

LV, R2, C3, C4 respectively. These two circuits are

independent of each other, but tuning each of them is not an

independent operation, because of the L and L2 mutual

inductance. Before tuning the resonance circuits, we made

sure that all the parts of two circuits were already

connected. It was necessary to repeat the tuning several

-
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times for accuracy. Additional equipment used for the

double resonance experiment is shown in Fig. 6.2.
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Method and Result

A MREV-891',92 cycle multiple-pulse sequence was used to

suppress the I-I homonuclear and the I-S heteronuclear

dipolar interactions with double resonance in InP. Fig.6.3

shows the timing of the I and S spin pulse sequences. The S

spin 7r pulses are adjusted to fit within the "windows" of

the I spin eight-pulse sequence to decouple I-S

heteronuclear dipole-dipole interactions. The 115In

transmitter power for the MREV-8 multipulse sequence was

about 200 W and for effective decoupling of the I-S dipolar

interactions, the 31P transmitter power was about 1000 W.

Since, the S spin pulses are so strong, there was some

leakage to the I spin receiver, thus additional filters were

needed.

Magnetic resonance spectra were taken with the NMR

spectrometer previously described in Chapter III. At room

temperature, and at the 115In resonance frequency of 11.29

MHz, 900 pulse widths were 7 As for the 115In spins and 1800

pulse widths were 15 As for the 3 P spins. The 11 5In spin-

lattice relaxation time was about 1 s.

Fig. 6.4, gives the NMR Fourier transform spectra of

135In nuclei in InP with high resolution single resonance NMR

and with high resolution double resonance NMR. Because the

double resonance NMR decouples I spins from the S spins, the

spectrum at half width at half height of maximum is about
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50% narrowed compared with the single resonance NMR.

However, the hexadecapole splitting of the resonance line

was not found.
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CHAPTER VII

CONCLUSIONS

Multiple-pulse high resolution single resonance, high

resolution double resonance, quadrupole two pulse and three

pulse echo sequences have been applied to search for the

hexadecapole interaction in KI and InP.

It was shown that for a cubic crystal sample, the high

resolution line-narrowing method, in ideal form suppressing

or removing the lower order effects on the Zeeman resonance

spectra to reveal the Zeeman resonance spectrum splitting

due to hexadecapole interaction, is not a successful

experimental method. Since the strength of the hexadecapole

interaction is so tiny (e2M16m1/h ~ 630 Hz for 1271 in KI) any

small residual interactions may broaden the spectrum and

smear the hexadecapole splitting of the Zeeman resonance.

It appears that the quadrupolar echo method may become

one of the most useful tools to search for the HDI. Our

theory gives a quadrupolar echo shift, proportional to T and

(b/a), it is possible that when the crystal sample is

ultrapure and when the pulse interval time r is long enough,

the hexadecapole echo shift may be obtained for some

orientations of a crystal. It looks promising that this

method could be applied to other crystal samples, when they

123
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satisfy the hexadecapole shift conditions.

The three pulse quadrupole echo sequences theoretically

and experimentally have given multiple echoes. However the

accurate position of the hexadecapole shift of one of the

echoes was found to be difficult to measure. It has been

shown that the two pulse sequences are a more practical

method of searching for the HDI, because they give a better

possibility of accurately measuring the position of an echo

shift.
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Table 1

The data for measuring the peak of three echoes at

liquid nitrogen temperature when the quadrupole interaction

in one of the strongest.

first echo

Number of the echo point Amplitude
(arbitrary unit)

176 1760

177 1774

178 1770

179 1789

180 1822

181 1850

182 1875

183 1831

184 1789

185 1774

186 1768

187 1777

188 1766
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second echo

Number of echo point Amplitude-
(Arbitrary unit)

236

237

238

239

240

241

242

243

244

245

246

247

248

1798

1815

1823

1840

1872

1912

1937

1897

1858

1837

1813

1806

1798
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third echo

Number of echo point Amplitude
(Arbitrary unit)

356

357

358

359

360

361

362

363

364

365

366

367

368

1781

1784

1787

1799

1804

1811

1820

1812

1806

1798

1789

1785

1778
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Table 2

The data for measuring the peak of three echoes at liquid

nitrogen temperature when the quadrupole interaction in one of the

weakest.

first echo

Number of echo point Amplitude
(Arbitrary unit)

173 1835

174 1838

175 1844

176 1849

177 1871

178 1890

179 1911

180 1947

181 1964

182 1972

183 1950

184 1931

185 1903

186 1878

187 1872

188 1850
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190

1851

1842

second echo

Number of echo point Amplitude-
(Arbitrary unit)

232

233

234

235

236

237

238

239

240

241

242

243

244

245

246

247

248

249

1868

1881

1879

1891

1899

1918

1932

1958

1988

2010

2012

1978

1956

1935

1915

1905

1891

1881

132
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251

252

253

1880

1874

1872

1867

third echo

Number of echo point Amplitude-
(Arbitrary unit)

352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

1874

1882

1885

1890

1896

1904

1903

1911

1907

1911

1904

1905

1897

1898

1888

1888

133
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1878

1877

1872

368

369

370
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