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NUCLEAR MAGNETIC RESONANCE IN GA-DOPED

LIQUID SE0.5TE0.5

I. INTRODUCTION

1. Liquid Semiconductors

A good working definition of a liquid semiconductor is the one

first given by Ioffe and Regel in 1960:1,2 Liquid semiconductors are

electronically conducting liquids with electrical conductivities less

than the usual range for liquid metals.

A large number of the materials defined above are alloys of

elements from groups III, V, VI of the periodic table, in the

temperature range from 400 °C to 1000 °C. Like amorphous

semiconductors, liquid semiconductors lack long-range order but show

a definite short-range order.

An important difference between liquid and amorphous

semiconductors is the fact that in liquids at elevated temperatures

there are fast fluctuations in both molecular motion and structure.

Due to these rapid changes, the liquids maintain a dynamic

equilibrium with respect to concentration, bonds, and bond defects.

This allowed the development of the Bond Equilibrium Model (BEM)2,3

for liquid semiconductors.
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2. Liquid Se-Te Alloys

Liquid Se-Te alloys are an interesting class of liquid

semiconductors for several reasons. The alloys SexTel_x exist for

all possible values of x. Their properties vary continuously with

composition over a wide range, from an extremely poor semiconductor

in the case of pure Se to a liquid metal in the case of pure Te at

high temperatures.

Pure Se melts at 220 °C, and forms linear chain molecules in the

liquid, according to the coordination 2 of its atomic s2p4-state. At

the chain ends, one observes unpaired electrons, so called dangling

bonds. As the average chain length decreases with increasing

temperature, consequently, the number of defects increases.

The larger Te atom has also an s2p4 occupation but experiences

more overlap with electronic states of neighboring atoms. This leads

to a higher coordination and to a higher melting point at 451 °C.

Because the energy difference to the next higher electronic states is

lower than for Se, there is more of a tendency for the electronic

states of Te to mix with higher states.

In the Se-Te alloys, with liquidus/solidus temperatures between

the melting points of the elements, the coordination of both Se and

Te is 2, as in pure Se. The bond energy of the Se-Te bond is between

the bond energies of the pure Se-Se and Te-Te bonds, only slightly

higher than the average for the two single element bonds. This holds

for a wide range of Se-Te compositions. Therefore one can introduce
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the model of random bonding.2 This means that one considers a

structure consisting of average type atoms with average type bonds.

In Se-Te alloys, one observes a branched chain structure with bond

defects at chain ends and at branch points. According to the random

bonding model, Se and Te atoms are evenly distributed over the chain

ends and defect states.

The important defects of the liquid Se-Te system are illustrated

in figure I.1. with their respective coordinations. The dangling bond

DI is an uncharged defect with one paramagnetic electron. If the

lone pair electrons of a DI-atom bonds to an empty orbital of a

neighboring atom, a threefold coordinated branch point D; results,

which is not stable, however. To reduce energy, a branch point can

give off the unpaired electron to a dangling bond, leaving a positive

D; center and a negative Dl-defect. Both charged defects have no

paramagnetic spin. The charged Di-and DI are assumed to be the more

stable ground states, while Di and D; correspond to excited states.

The bond defects are in a dynamic equilibrium that keeps charge

neutrality:

2 Di* < )

This equilibrium shifts to the left at increasing temperatures. A

rise in temperature also causes bond breaks, and thus increases the

number of defect states. Since the Te-Te bond is weaker than the

Se-Se bond, a higher Te-content reduces the average bond strength.

This means a higher probability for bond breaks at a given
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Figure I.1. Bond defects in liquid Se-Te
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temperature, and causes also a larger defect concentration. Dopants

like Ag, Cd, Cu, Tl, which locally introduce slightly different

bonds, are found to be a third way to increase the number of defects.

3. Experiments

Many different experiments are needed to develop a consistent

understanding of the structure and microscopic processes of an alloy

like Se-Te. Each experiment probes a particular feature, which

depends on one or more characteristic quantities of the system like

density of states, bond length, correlation time etc.

The density of paramagnetic dangling bonds is directly

accessible to susceptibility measurements. Conductivity and

thermopower measurements yield information on the density of states.

In order to gain information about a certain type of atomic site

in the molecule or about the correlation times characteristic of

molecular fluctuations, one has to do spectroscopy on electronic or

nuclear probes, i.e. specifically Electron Paramagnetic Resonance

(EPR), Nuclear Magnetic Resonance (NMR), Nuclear Quadrupole Resonance

(NQR), or Perturbed Angular Correlation spectroscopy (PAC).

Data from bulk measurements are available for all Se-Te

compositions and for various dopants. 4,5,6,24 Gaskill7 did PAC

studies on Cd doped Se-Te alloys. Extensive NMR data are available

on pure Se8 and on undoped Se05Te05 and Se04Te06.9 The only NMR

measurements on doped samples are on Cu-doped materials, which have
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been studied by Lin.10

In this work, pulsed NMR-measurements have been done on Ga-doped

Se05Te05. The hyperfine interactions of nuclei in the local

electromagnetic fields are probed at the sites of the Ga dopant, and

of the Se atoms. Therefore, this experiment yields information on

the hyperfine fields and correlation times in Se05Te05 with

trivalent doping, and contributes to the information about the dopant

sites.
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II. NUCLEAR MAGNETIC RESONANCE

When a magnetic field is turned on, the energy level of a

nucleus splits into several nuclear Zeeman levels due to the

interaction of the nuclear magnetic dipole moment with the magnetic

field. Nuclear Magnetic Resonance (NMR) is the spectroscopic method

that probes the nuclear Zeeman levels by inducing resonance

absorption of a radio frequency (RF) between these levels.

The knowledge of the resonant radio frequency at a given

magnetic field for a certain isotope enables one to determine the

magnetic moment of the isotope, and to identify the isotope in a

given sample. The frequency required for resonance at the same field

is slightly different for various molecular environments of a nucleus

due to local magnetic fields in the sample. NMR thus provides a

means to determine local magnetic fields at the site of nuclei.

Since its discovery in 1946 11,12 NMR has become a standard tool for

chemical analysis.

In this work pulsed NMR spectroscopy, which is particularly

important in condensed matter physics, has been used to study a

liquid semiconductor sample. In pulsed NMR, a high power RF pulse

induces transitions among the Zeeman levels, and disturbs the

equilibrium populations of the various levels. After the pulse, the

system of the nuclei, which is coupled to a heat reservoir, e.g. a

crystal lattice, returns to thermal equilibrium. The coherent RF

pulse causes a correlated precession of the nuclear dipoles, which in

turn generates a precessing magnetization that can be observed
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experimentally. When the system of nuclear dipoles returns to

equilibrium, the magnetization returns to the static equilibrium

value, and the correlation of the dipoles disappears. One observes a

decay of the precessing magnetization. The time constant

characterizing this relaxation after the pulse contains valuable

information on the interactions among the nuclear dipoles and between

the nuclei and the heat reservoir.

This chapter describes the concept of NMR and nuclear

relaxation, which is the theoretical basis of this experiment and its

interpretation. The magnetic moment of a nucleus is coupled to the

nuclear spin, and thus it can only be described in terms of quantum

mechanics. On the other hand, the behavior of the resulting

macroscopic magnetization can successfully be explained in analogy to

a classical spinning dipole in a magnetic field. This classical

analogy is not surprising according to the correspondence principle

of quantum mechanics for a large number of systems.

However, since the relaxation processes are also quantum

effects, a quantum mechanical description is given here. Both

concepts are explained and compared in classic introductions into

NMR. 13,14

1. Free Spin in a Magnetic Field

The basic electromagnetic properties of a nucleus are the

magnetic dipole moment p, and the electric quadrupole moment Q, which
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is considered in section 11.5.4. Table II.1. presents the

characteristic properties of the three nuclei which are of interest

for this work.

Table II.1. Isotopes under investigation

69Ca 71Ca 77Se

I 3/2 3/2 1/2

A 2.0108 2.5549 0.5325

Q [e10-24=2] 0.178 0.112 0

As in the case of a rotating charge distribution, the magnetic

moment p is coupled to the angular momentum, i.e. the nuclear spin I,

through the gyromagnetic ratio 7:

=

Usually 1 and p are given in terms of their maximum observable

components, specified by the spin quantum number I:

lAzfindx =

(II.2a)

(II.2b)
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The Hamiltonian for a nucleus in a constant magnetic field go,

in the z-direction is given by:

= r = (II.3)

As the Hamiltonian commutes with Iz, the eigenstates Im) of Iz with

eigenvalues mh are also eigenstates of

where

7t) (doll Fr I vfi>

Cdo t Ho

(II.4a)

(II.4b)

and where the values for m have integer spacing according to:

m = +I

This leaves a set of equidistant energy levels with spacing:

A E = wok

(II.4c)

as depicted in figure II.1, in comparison with the possible

orientations of the spin with respect to the magnetic field.

For a nucleus in an eigenstate 10, this means that the

observable z-component of the magnetic moment is time independent,

while the x- and y-components vanish due to the fact that the

operators Ix and /), do not commute with I. The effect of Ix and 1y
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Figure II.1. (a) Spin and energy eigenstates of spin-3/2 in a
magnetic field and (b) spin precession
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is best described in terms of the rotational operators I+ and I-:15

Iy =

The only non-vanishing matrix elements of I+ and I- are:

<Ifni r+1141-1> = m)(1.-oi+ I)

<m1I 1 + = ("1- vti)(l + I) I

(II.6a)

(II.6b)

(II.7a)

(II.7b)

Therefore a magnetic moment in the x-y-plane can only be

observed in the case of a mixed state with contributions from fm) and

Im±*. The general solution of the time dependent Schroedinger

equation is a mixed state of the form:

rn = -I

where normalization requires:

e (II.8a)

(II.8b)
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In this case, if several cm 0 0, the expectation values (Im and (I0

are non-zero and are time dependent. In fact, one observes a

precession of the magnetic moment, projected on the x-y-plane, at the

Larmor frequency, wL = wo, while the projection on the z-axis remains

constant:

<L> = c,izyn

This is exactly what one would expect of a classical dipole spinning

about its axis in a magnetic field, as shown in Figure II.lb. The

classical behavior of the mixed state, however, can only be observed

during a pulse of a RF-magnetic field and shortly after the pulse.

The coherent RF-pulse correlates the phases of the states of all the

individual nuclei, but the correlation gets lost shortly after the

pulse.

2. RF-Absorption by an Isolated Spin-1/2

Considering the energy levels with spacing AE of a spin in a

magnetic field, one expects a resonance absorption at the Larmor

frequency:

AE
=

Typically at a field of 10kG, the level spacing is of the order
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10-7eV, and requires a resonant frequency of the order 10MHz. An

oscillating magnetic field is required to couple to the magnetic

moment. One finds however, that to first order, absorption is

induced only by a magnetic field rotating at the Larmor frequency in

the direction of the spin precession, in the x-y-plane. This does

not cause any experimental problems, because a linearly oscillating

field, which is easier to generate, can be decomposed into two

components, rotating at the same frequency in opposite direction.

Which component is absorbed, depends on the sign of I. The other

component has not much effect.

Consider the RF absorption in the simple case of a spin-1/2 with

only two spin eigenstates I+) and I -). In the general case of

several spin eigenstates, one induces transitions between any two

adjacent levels. Bloch and Rabi16 showed however, that the result

for a spin-1/2 can be extended to the case of arbitrary spin.

When the RF field of frequency w and amplitude H1 is on, the

total magnetic field g(t) can be written:

(Hi

cos wt

Ill(t) = Hs SiN Wi

No

This yields a time dependent Hamiltonian:



where

= F-1(t)..r

-L.-. iW, (Ix cos Iy sinG it) *Aldo L.

=

no longer commutes with Iz, and the Schroedinger equation:

yul> = iqi-Pec-o>

15

(II.12a)

(II.12b)

has no stationary solution. The problem can be solved by inserting

the general solution:

where

= c, (i) +> + c2(+) 1>

c.,(-011-fIC2(t)12 = 1

(II.14a)

(II.14b)

into the Schroedinger equation. For the initial state 1+), i.e.:

ci (o) =

c,(0) = 0
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the probability for "spin down" or I-), which is Ic2(012, is equal

to the probability of a transition from I+) to I-), i.e.

One obtains:

e+R) =
12.1

si421/i (II.16)

The probability that the system is in the I-) state oscillates with

the Rabi frequency:

as shown in figure II.2a. The amplitude of the oscillation depends

on the RF frequency w, and the probability one for state I-) is

reached only for w w0. This is the case of resonance.

In this case, according to equations (II.9) and (II.16), the

projection of the spin on the z-axis oscillates at a frequency wi.

After a time r180, the spin has flipped, and after twice 7180, it is

back in the original state. This relates to the description of a

classical spinning dipole in a magnetic field, rotating at the Larmor

frequency, when observed in a rotating frame of reference at the same

frequency. In this frame of reference, one observes a rotation of

the magnetic moment about the axis of Hi at a frequency wi. This is

shown in figure II.2b. Two positions of this "spin rotation" are

important for NMR, corresponding to two different pulse lengths.

(a) 90°- pulse: After a time tr00, where:
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Figure 11.2. (a) Rabi oscillation and (b) effect of pulses on
spin and magnetic moment
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= Jr
7-

9D 2 WI

Ic112 = Ic212 and the resulting z-component is zero. The entire

Spin (I) is turned into the x-y-plane, where it is precessing at wo,

coherent with the RF field. The magnetic moment, also precessing in

the x-y-plane, induces a voltage in a coil perpendicular to the

z-axis and can thus be detected. For this work, a 900- pulse was

used to observe the free induction decay of the induced signal

following the pulse.

(b) 180°- pulse: After a time t 2r90, the nuclear spin has

flipped from the "up" to the "down" position. Like at t 0, no

projection in the x-y-plane can be observed. This pulse is used in

several NMR-techniques applying two- or multi-pulse sequences, which

are not considered here.14,17

It must be noted, that in the case of arbitrary spin I, one

observes the same "spin rotation", but the corresponding pulse

lengths are shorter:17

"r" I = 290
90 + )

Considering the oscillatory nature of P_+(t), it is striking

that in the average over an integer number of periods of P_+(t),

there is no net energy absorption. This is due to the assumed

perfect correlation of all N spins, which is unrealistic. In

reality, there is always a finite spread of resonance frequencies
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causing the nuclei to get out of phase. After a finite time, there

are as many pointing "up" as "down", and the RF absorption is zero.

3. Many Nuclei in Contact with a Heat Reservoir

The properties of a system of nuclei which do not interact with

each other can be obtained through superposition of the individual

properties, e.g.:

(iktoiat) = (II.20)

A non vanishing x- or y-component of (p), necessary for absorption,

can only be observed as long as there is a correlation between the

precession of the nuclei. An initial correlation of the spins decays

with the time constant T2. To turn the net magnetization properly

into the x-y-plane, one must require:

t10 « 2

which is usually the case.

In contact with a heat reservoir, e.g. the lattice of a crystal,

the nuclei reach a thermal equilibrium with the reservoir, when a

common temperature can be defined. This means that the probabilities

for occupation of the nuclear Zeeman levels obey the Boltzmann

distribution:



P (E2)

P (Ei)

t Ho m,)/kT
e
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(11.22)

Therefore in thermal equilibrium, one finds a slight difference in

the occupation numbers Ni, of the nuclear levels. The relative

difference in occupation between two adjacent Zeeman levels is

according to equation (11.22):

AN NJ+,

N Ni Ni+

e
t Hod/kT

(11.23)
I ÷ e-rHAAT

At room temperature, AN/N is typically of the order 10-6. The

difference in occupation is extremely small due to the small level

shift, and becomes appreciable only at temperatures below 10-3 K.

For this reason at usual temperatures, a linear expansion of the

Boltzmann factor is appropriate.

Nevertheless this small excess population of the lower Zeeman

levels has important implications. It causes a net equilibrium

magnetization along the field Ho:

hitt HoikT

= E emet- Hoikr

HIV Ho (r

kT
(11.24)
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In equation (11.24), n is the volume density of the nuclear spins.

The exponential has been expanded. Equation (11.24) is the Curie law

for nuclear paramagnetism.

The importance of AN for NMR lies in the fact, that net

absorption is only possible if there is an excess population in the

lower levels, since the RF field induces transitions in both

directions. Only a net magnetization can be turned into the

x-y-plane to yield an initially correlated precession of the nuclear

moments.

Obviously, the transitions induced by the RF pulse disturb the

equilibrium population of the nuclear levels. The RF pulse tends to

level out the population differences due to a loss of correlation, as

explained in section 11.2, and therefore reduces both the net

magnetization, and a further RF absorption.

After the pulse, the system has to return to equilibrium. This

means the spins have to give energy to the heat reservoir, i.e.

transitions from the higher to the lower Zeeman levels must occur in

order to restore the equilibrium population. Since the probability

for spontaneous photon emission is negligible, the relaxation cannot

be caused by spontaneous emission, as in the case of optical

transitions of atoms. The reason for this is the fact that the

probability for spontaneous emission is proportional to the cube of

the transition energy. In addition, the matrix element for magnetic

dipole transitions is smaller than for electric transitions. The

resulting spontaneous lifetime would be of the order 1019 years.
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Instead, the transitions causing the relaxation are induced by

the interaction between the spins and the heat reservoir, in most

cases a lattice. The relaxation back to equilibrium is characterized

by the time constant T1, which is called spin-lattice relaxation

time. It sets a lower limit for the interval r between two

subsequent RF pulses, because a time r T1 must be allowed for the

system to restore the original population difference. If the pulse

intervals are too short, one observes a reduced signal. This effect

is called saturation.

4. Free Induction Decay

After the RF pulse, one picks up the signal induced by the

precessing nuclear magnetization. Both relaxation processes

described above tend to establish the status quo and cause the signal

to decay. T2 describes the loss of correlation, which reduces the

magnetization in x- and y-direction, when the spins get out of phase.

T1, on the other hand, characterizes transitions back to equilibrium.

The uncorrelated transitions also diminish the correlated x- and

y-components of the nuclear moments, and build up the net

magnetization in z-direction. From this qualitative discussion, it

is clear that always T2 5 T1.

Quantitatively the macroscopic magnetization of the sample g(t)

is best described by the phenomenological Bloch equations:18
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(II.25a)

(II.25b)

One can clearly see from equation (II.25a), that for H1 0,

i.e. without RF field, the amplitude of M, decays exponentially:

-f/Ti
Mxa) = Mx(0) e (11.26)

This behavior, called the free induction decay (FID) of the signal,

shows in the spectra in figure 111.8.

5. Relaxation

Both relaxation processes, related to T1 and T2, are induced by

interactions of the nuclei with fields at the site of the nuclei. In

general, two types of interactions can be distinguished: the

interaction of the nuclear magnetic dipole moment with a magnetic

field, and the interaction of the nuclear quadrupole moment with an

electric field gradient, which is zero in cubic crystals.

A spin-spin interaction among the nuclei is important in some

molecules or crystals. In many cases however, relaxation through

hyperfine interactions between the nuclei and the surrounding
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electron distribution is by far more efficient. The reasons are that

the magnetic moment of electrons is larger than that of nuclei by

three orders of magnitude, and that s-electrons have a finite

probability at the site of a nucleus.

Generally, quadrupolar relaxation is important wherever a

nucleus with non zero quadrupole moment is observed at a site with an

electric field gradient. Among the numerous magnetic interactions,

paramagnetic electrons cause the strongest relaxation. Since both

cases are relevant for this experiment, they will be considered in

more detail.

The dephasing of the spins, responsible for T2, is most

efficient in field inhomogeneities, that are slowly varying in time.

T1 on the other hand, describes the return to equilibrium, which

requires transitions. The fields inducing these transitions need a

non-zero Fourier component at the resonance frequency wo, or at twice

the resonance frequency 2wo. There are various sources for these

time dependent fields:

-lattice vibrations

-molecular rotations and translations

-bond switches

-spin flips of electrons or nuclei

The relaxation rate 1/T1 can be evaluated explicitly for many cases

using time dependent perturbation theory.15

In the case of gases or liquids, one can often assume that the

interactions causing the transitions are perfectly random

fluctuations in time. Under this assumption, one obtains for the



relaxation rates:

and:

Tt

T2

A is

I + W:Tc2

= A ic

25

(11.27)

(11.28)

The correlation time rc characterizes the time interval over which a

correlated interaction is possible. The dependence of T1 and T2 on

the correlation time is valid on a general time scale, which depends

on the molecular situation and the resonance frequency, and is shown

in figure 11.3.

Of special interest is the range of short rc, where T2 is

proportional to re-1. This is due to the mechanism, that non

isotropic interactions are averaged out by random rotations of

molecules, particularly in liquids and at high temperatures.

An increase in temperature is usually associated with a reduced

correlation time, which was confirmed for liquid Se-Te alloys in

various experiments including this work. For short rc, T1 and T2 are

equal. The measurements of Kirby9 indicate, that for liquid

Se05Te05 above 500 °C, T1 = T2. This is also assumed to be true

for the Oa doped Se0.5Te0.5.



26

log T

T1

1/4
log T, 4

Figure 11.3. Relaxation time as a function of correlation time



27

5.1. Relaxation due to Paramagnetic Electron Spins

Paramagnetic electrons are a major source of relaxation in

liquid Se-Te alloys, since at higher temperatures an increasing

number of dangling bonds is observed.

The interaction is predominantly a contact interaction and,

since the electron distribution is not known, the Hamiltonian can be

written in the general form:

<a>1S (11.29)

where is is the electron spin, (a) stands for the average hyperfine

coupling constant. For short correlation times r5, the relaxation

rate 1/T2 can be expressed according to equation (11.28):

Tz
= cs (r) TS (-r) (11.30)

Here, c8(T) denotes the number density of electronic spins, and (a2)

is the average of the squared coupling constant, characterizing the

interaction energy squared.

5.2. Quadrupolar Relaxation

Since Ga nuclei have a non zero quadrupole moment Q, they

experience an interaction in the fluctuating electric field gradient
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Vzz, due to charged defects and bond switches. Assuming cylindrical

symmetry, the quadrupole Hamiltonian can be written:17

e Q (34 _ 11121
41 (21-0

If one further assumes statistical fluctuations of V.., the

relaxation rate is found in terms of the quadrupolar correlation time

T .
17

Q

3 (21+3)
2

_61 iv. (1- 6)] To (11 (11.32)
L1-1 40 12(21- 0

The shielding factor a accounts for a screening of the nucleus by

core electrons.

6. Resonance Shift and Susceptibility

When NMR is studied at a nucleus in various materials at the

same frequency, one always observes a shift (AH/H) in the resonant

field with respect to the field for a free nucleus. This shift is

due to an average magnetic field over the entire sample generated by

the electrons of the sample. There are several mechanisms causing an

average field. Some of them are:
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- spin-spin contact interaction with conduction electrons

- spin-spin contact interaction with polarized core

electrons

- spin-spin contact with localized paramagnetic electrons

- diamagnetic shift due to orbital motion of conduction

electrons

- chemical shift due to orbital motion of bonding electrons

In liquid Se-Te alloys, besides a small chemical shift, a

dominant paramagnetic shift is found, due to the same unpaired

electron spins causing the relaxation.

The spin-spin interaction between electron and nucleus,

described by the Hamiltonian of equation (11.29), yields a resonance

shift:6

AN cs (T) <a> (re, ) s(s+i)
3kT

(11.33)

Again cs is the number density of electron spins, (a) stands for the

average hyperfine interaction constant, and 7e is the gyromagnetic

ratio of the electron. The sign of the paramagnetic shift is defined

to be positive, although the field shifts to smaller values.

Of course, the unpaired electrons also give rise to a

paramagnetic susceptibility. Since the spin density cs(T) can be

extracted from susceptibility data, further information can be gained

from a measurement of the resonance shift of equation (11.33). For

this reason, an expression for the molar susceptibility in cgs-units



is given here:

Para

(T) =
Cs (T) NA t c (s+
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(11.34)

NA is Avogadro's constant. This is a Curie susceptibility with a

temperature dependent spin density.



31

III. EXPERIMENT

1.Spectrometer

The investigation of free induction decay signals requires a

pulsed NMR-spectrometer. Figure III.1. shows the block diagram of a

typical NMR-apparatus. In general,19 it consists of the following

units:

- the DC magnetic field

- the RF pulse generator

- the sample coil and tuning circuit

- the signal receiver and detection unit

- the data processing unit

In this experiment, the spectrometer was controlled by a

microcomputer, i.e. a TRS-80 Color Computer.

1.1. DC Magnetic Field

In an NMR apparatus, there are two requirements for the constant

magnetic field. It has to be strong in order to split adjacent

Zeeman levels far enough for experimental detection. It also has to

be homogeneous over the sample region, so that the dephasing of the

spins due to the field inhomogeneity does not obscure the free

induction decay.
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The magnet used in this experiment produces fields of up to

17 kG. The pole caps are tapered from 15" to 6.5" in diameter and

separated by 2.5" . The inhomogeneity of the field causes a

dephasing, the decay time of which for normal sample size is

438 ± 40 As at a field of 10.80 kG.

A Walker Magnion magnetic field controller controls the field

using a rotating coil probe and damps the field fluctuations with

separate coils on the pole shoes. The field can be set to ± 1G and

our measurements show that it is constant to at least ± 0.1 G. The

damping coils induce an offset field of + 6.4 G, which must be

accounted for, if an absolute calibration is done.

1.2. RF Pulse Generator

The low-voltage (5V peak-to-peak) radio frequency of 14.0 MHz

was generated with a Hewlett-Packard 3325A Synthesizer/Function

Generator. The continuous wave output drives the transmitter and

serves as reference for the lock-in detection of the signal. The

transmitter, a Matec Gating Modulator Model 5100, produces a RF pulse

of adjustable high voltage (0 to 130 V peak-to-peak). The pulse

length of the rectangular pulses can be adjusted from 7 to 18 As at

an external, homemade pulse former that is triggered by the computer

and gates the transmitter. The high-power RF pulses are sent from

the transmitter through a A/2-coax-line to the tuning circuit.
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1,3. Tuning Circuit

In this spectrometer a single coil is used for both the transmi-

ssion of the RF pulse and the pick up of the NMR signal. A descript-

ion of the mechanical setup of the NMR probe including the furnace

design is given in section 111.2. During the high voltage RF pulse,

the coil has to be matched to the transmitter output in order to

generate a high RF field H1. At the same time, the preamplifier has

to be protected from the pulse power. After the pulse, the coil has

to pick up the weak NMR signal (Ps 10-3 AN.T), and to efficiently

transmit it to the preamplifier.

The decoupling of transmitter and receiver, and the matching of

the coil probe to the respective output and input impedances is

achieved using an LCC-tuning circuit in connection with two sets of

crossed diodes and A/2- and A/4-coax lines. The circuit diagram is

shown in figure 111.2.

A parallel LC1- resonance circuit, tuned approximately to the

radio frequency of 14.0 MHz, is used to transmit and pick up the RF

signals. The resonance circuit is coupled to the transmission lines

via capacitor C2. To obtain maximum power transmission in AC-

circuits, it is necessary for the imaginary parts of the source and

circuit impedances to cancel. Further, the load resistance of the

sample coil should match the real part of the transmitter output

impedance of 50 0 and the preamplifier input impedance of 50 0.19

In order to minimize reflections, the impedances of the lines are
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Figure 111.2. Tuning circuit in NMR-operation
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Figure 111.3. Tuning circuit in tuning mode
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chosen to match the input and output impedances, i.e. 50 0.20

During the high voltage pulse, the preamp input is protected by

a crossed diode short to ground. This limits the voltages at the

preamp input to approximately 1 V. The A/4-line projects an open

circuit condition from the diode short to the tuning circuit, so that

the short circuit does not interfere with the pulse transmission.

After the pulse, the crossed diodes D1 decouple the transmitter

line for all coil signals 0.5 V. For the same signals, the diodes

D2 close so the preamp input is no longer shorted, as required for

NMR detection.

The tuning of the LC1C2-circuit was done under low voltage (5V)-

CW-operation at 14.0 MHz. The RF generator was connected to the

tuning circuit via the A/2-line, omitting the crossed diodes Dl. The

cable to the receiver was disconnected during tuning. At the

generator output, a three-port-one-way coupler, Merrimac FSCM12457,

was inserted at the end of the A/2-line, in order to decouple the

reflected wave in the line. The reflected wave could be monitored on

the third port of the coupler, as indicated in figure 111.3.

Objective of the tuning routine was to minimize this reflected

signal.

The quality Q of the resonance circuit must not be arbitrarily

large for NMR operation. A restriction is necessary, because the

decay time r of electromagnetic oscillations in the circuit sets a

lower limit to the recovery time of the detector system after the

pulse. r is given by:
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T =
2a

For this experiment, a coil with Q = 26 was used. Since Q for

the entire LC circuit is usually less than the Q of the coil only, 20

an upper limit for the overall Q can be estimated to be of the order

10 at room temperature. This causes a delay time r of the order

1 ps, which is much shorter than the recovery time of the entire

amplifier receiver unit, which was found to be = 50 ps. At higher

temperatures, Q is smaller, and so the effect of r even less

significant.

1.4. Receiver and Detection Unit

The high amplification required by an NMR signal of the order

10-3 AV is provided by a Matec 254 broad-band-preamplifier (26 dB) in

connection with a Matec 625 broad-band-receiver. A homemade broad-

band bandpass filter (11-17 MHz) is installed between the two

amplifiers to reduce some of the RF noise. The bandwidth of all

amplifiers and of the filter is large enough so it does not

significantly affect the signal shape with a characteristic time

of the order 100 ps. It turned out the receiver gain had to be

reduced to half its maximum value in order to obtain a better

signal-to-noise ratio. The overall gain was determined to be

approximately 4x105, which provides a signal of the order 10-1 mV at
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the mixer input.

In the mixer (Mini- Circuits Laboratory, ZAY-3), the amplified

NMR signal (10-1 mV) of the nuclear Larmor frequency is multiplied by

a continuous 14.0 MHz radio frequency of amplitude of the order 1 V.

The continuous 14.0 MHz radio frequency is provided by the RF

generator and serves as a coherent reference. The DC-magnetic field

is adjusted so, that the average nuclear Larmor frequency is slightly

off the 14.0 MHz pulse frequency. Resonance absorption is still

possible because of the finite bandwidth of the RF pulse.

The multiplied signal at the mixer output shows the well known

features of a sum- and beat- frequency. The sum frequency and higher

orders, being RF, are filtered out by a subsequent lowpass filter.

The beat frequency, which is typically about 20 kHz, still contains

all the NMR information: the beat frequency determines the resonance

frequency, and the decay time of the beat signal is T.

This 20 kHz signal can easily be sampled with a sampling time of

1 ps. A typical example of this beat spectrum at different magnetic

fields is shown in figure 111.8. Thus the purpose of the mixer is

twofold: it transforms the nuclear RF signal into a lower frequency,

that is easier to process, and, together with the receiver and

transient recorder it forms a lock-in detector. With an integration

time of 1 his, it averages out HF noise down to the order 1 MHz.
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1.5. Data Processing Unit

1.5.1. Transient Recorder

The transient recorder (Physical Data 522A) links the analog

circuit to the computer. It mainly consists of an 8-bit ADC that

samples the NMR-beat-signal in 1 ps-sampling-intervals. Up to 4096

of these AD-conversions can be done in series, and all the 4096 8-bit

data words can be stored in the transient recorder. So a

4096 ps-spectrum can be sampled with a time resolution of 1 ps.

The microcomputer triggers the sampling process after each NMR

pulse, and then reads the digitized data into the computer memory,

before the next RF pulse is triggered. For the decay times in this

investigation, of the order 100ps, it turned out to be appropriate to

record 512 ps per spectrum. After this time, the signal decayed to

below the noise level. Furthermore, the time for sampling and

reading 512 data words allowed the accumulation of data from 400 000

RF pulses, required for sufficient averaging, in about 3 hours, which

is a reasonable upper limit.

A problem arises considering the fact, that at an input range

from -1 V to +1 V of the 8-bit ADC, one bit corresponds to 7.8 mV,

while the signal level at the end of the detector chain is of the

order 10-1 mV. This is well below the one-bit-threshold. It is

obvious therefore, that the triggering of any ADC-bit, other than the

DC-background level, is only possible due to noise fluctuations of a
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rms-voltage larger than the bit-threshold. This is illustrated in

figure 111.4, which shows the spectrum after one single RF pulse.

The noise rms-voltage has been estimated to about 8 mV.

Thus the only way to extract a spectrum is to average over a

large number of these digitized spectra of ample noise fluctuations

superposed over a very small signal. If the fluctuations are random,

they will eventually average out with a factor 1/JR, N being the

number of pulses. In this experiment, an initial signal-to-noise

ratio of about 1/80 required an averaging over 400 000 single spectra

in order to detect a reasonable signal (s. figure IV.1.).

In general, one finds it possible to extract an undistorted

signal, smaller than the ADC-threshold if the fluctuations are random

and large with respect to the one-bit-threshold.

1.5.2. Microcomputer

The entire spectrometer is controlled by a Radio Shack TRS-80

Colorcomputer, possibly supervised by a researcher. This allows the

accumulation of the large number of spectra required for the

averaging process. A typical run included 400 000 pulses and lasted

about 3 hours.

Characteristic features of the hardware are a 6809 processor

combined with a 64 K-memory in the commercial computer, and two

homemade interface boards linking the computer to the pulse former

and to the transient recorder respectively.
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The software was specifically designed for this spectrometer by

Dr. J. A. Gardner and Ms. Shu-Mei Lin. A Basic program allows the

selection of the run mode of the spectrometer, i.e. whether T1- or

T2-pulse-sequences, or simply a w/2-pulse are applied. It also

allows the convenient setting of the numbers of pulses to be averag-

ed, and of the intervals between the pulses. Options for saving the

data on disk or plotting the data are also included.

The routines that actually address the interface and interact

with the experiment are written in machine language, to obtain the

speed necessary for the large number data to be processed.

So for each spectrum, the computer triggers the homemade pulse

former, which sends a low voltage pulse of length 7-17 As to the

transmitter gating input. After each pulse, the reading of the

signal is delayed for 30 As to allow for the receiver recovery. Then

the computer triggers the transient recorder to digitize the spectr-

um, and once the data are stored in the channels of the transient

recorder, the computer reads them into its own memory.

In the computer memory, the data are stored as binary data in 3

bytes per channel. For each channel,the data coming in after each

pulse are simply added up at the respective addresses. The average

spectrum is therefore obtained by dividing the data per channel by

the overall number of pulses done.
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2. Furnace and NMR-Probe

2.1. Furnace

The furnace has to provide a region of homogeneous high

temperature, ranging from 350 °C up to 900 °C for this work. At the

same time, it has to fit between the pole caps of the magnet. The

design that proved adequate in this experiment is shown in figure

111.5. A wire-wound furnace was used due to an easy construction.

An annealed tantalum wire (0.5 mm diameter) is wound in a double

helix over a length of = 30 cm on an Alumina tube of outside diameter

3.4 cm. The double helix winding ensures that the furnace current

does not produce a net magnetic field. This way a furnace resistance

of =7 0 was achieved.

The winding is imbedded in a layer of Sauereisen cement, which

does not contain a significant amount of paramagnetic ions, and

surrounded by a few layers of Zr-foil providing for heat shielding.

The entire furnace construction on the ceramic tube is mounted in a

double-wall aluminum tube. With an outside diameter of 5.5 cm, the

aluminum tube fits between the pole caps, and the double-wall allows

water cooling of the aluminum jacket.

The ceramic tube is mounted into the aluminum tube with two

0-ring seals at both ends, so the space between ceramic tube and

aluminum jacket, where the windings are located, can be evacuated

separately. When the furnace is heated, this part of the furnace is



44

cooling water
outlet

thermocouple
connection

0-rings

furnace windings

thermocouple

Zr - heat

shielding

igi Aluminum

02 Alumina

11] Manor

Sauereisen cement

cooling
water

vacuum pump
connection

Figure 111.5. Furnace



45

always evacuated in order to improve the thermal insulation and to

protect the heating wire from oxidation.

The actual sample space inside the ceramic tube can either be

kept at atmospheric pressure, or be evacuated, or be filled with some

inert gas. With this furnace construction, a fairly homogeneous

temperature was achieved over the region of the pole caps, so the

variation in temperature over the sample volume does not exceed 5 °C..

2.2 Furnace Control

The temperature at the sample probe is measured and controlled

using a Pt/Pt-10% Rh thermocouple. As various experiments have

shown, the thermocouple in close proximity to the NMR probe shows the

sample temperature to within 5 °C, provided no other heat sources

disturb the temperature distribution. The temperature is controlled

by a Barber-Colman 520 Solid State Controller. The resulting

temperature fluctuations are negligible. The furnace power is

provided by a homemade power supply.

2.3 NMR - Probe

The NMR coil and the sample holder have to be suspended in the hot

zone of the furnace, at the center of the pole caps. For this

purpose the NMR coil is wound on the lower end of a closed alumina
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tube, which serves as sample holder, as shown in figure 111.6. The

ceramic tube is mounted and sealed on the aluminum lid of the

furnace, and thus provides a rigid sample- plus coil-holder.

The Pt-coil-wires, terminating at a BNC connector in the lid,

are insulated and protected by pieces of thin ceramic tubes, and lead

through the inside of the big tube. For the feeding through of the

wires and the removal of the sample, two windows have been cut into

the ceramic tube.

The NMR coil consists of 8 windings of 0.2 mm Pt-wire, wound in

grooves that had been cut into the alumina tube. The whole winding

is covered with a layer of Sauereisen cement. The resulting coil,

cm in diameter and 2 cm long, has the inductance L = 2.8 AH, and the

quality Q 26.

3. Sample

The liquid semiconductor sample is contained in a quartz capsule

of diameter 10 mm. To prevent the build up of gas pressure and

oxidation of the sample, the capsule had been evacuated, before it

was sealed off.

Susceptibility measurements, done by Radscheid4 in the same

laboratory, indicate that Ga could dissolve up to a concentration of

3% in liquid Se05Te05. In order to get as many nuclei as possible

in the sample, we decided to use a 3% sample for the NMR measurement.

At room temperature, the sample materials were weighed and
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prepared in form of powders, and then filled into a quartz tube of

diameter 10 mm. The quartz tube had been sealed off at one end, and

necked in at the other with a hydrogen torch.

The undoped Se05Te05-alloy had been prepared by Dr. Radscheid,

out of 99.999% Te-powder from United Mineral and Chemical Corp. and

High Purity Se from ASARCO. The materials had been mixed to equal

molar parts and heated above the melting point, long enough to

produce a homogeneous alloy. After cooling down to room temperature,

the solid alloy had been ground to chunks of the order millimeters.

For the sample, 2.9 g of the smaller Se0.5Te0.5-chunks, that fit

through the neck of the quartz tube, were sorted out. The Ga was

available in form of a metal chunk of Ga Grade Al from Puratronic.

From this piece of soft metal, 0.06 g of small flakes were scraped

off with a knife. Because of the low melting point of Ga, at

29.7 °C, some diligence was necessary scraping the metal. The knife

handle as well as the chunk of Ga had to be insulated thermally from

the warmth of the hand. Both materials were fed through the neck of

the quartz tube by gently knocking it. The Se-Te was put on top of

the Ga, since the light flakes would get sucked off by the vacuum

pump. The filled quartz tube was evacuated and sealed off, leaving a

sample of 3% Ga in Se05Te05, of total mass 2.96 g, corresponding to

8.6.10-4 moles Ga (s. figure 111.6.).

This amount is arbitrary, but in its powdered form it fills the

quartz capsule, 10 mm in diameter and about 4.4 cm in overall length,

which just fits into the sample holder. Once the material is molten,

it fills the capsule only up to a length of 1.6 cm.
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For an NMR coil of the dimensions described above, this yields a

geometric filling factor * of 13%. The definition of the filling

factor is:

aclive sample volume

coil volume

Since radio frequency penetrates a conducting sample only up to the

skin-depth 6, the active sample volume, and thus are further reduced

with increasing conductivity. The sensitivity of an NMR spectrometer

is over a large range proportional to n17, which therefore should be

maximized.

4. Experimental Problems

4.1. Noise

Noise generally introduces severe problems to experiments,

dealing with small signals, but even more so, when the signals are

radio frequency. In the 10 MHz range, any electric line or metal

plate acts as antenna, and ground shields, of dimensions of the

wavelength cannot provide a good enough ground at all points.

Three different types of noise have to be distinguished in this

experiment. First of all, there is random, thermal noise, generated

in the NMR coil and in the amplifiers. Then, there is noise pick up

from the environment, e.g. over the powerlines, or from the magnet.
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This noise consists of random and non-random parts, but is not

coherent with the spectrometer frequency. And third, there is noise

generated within the spectrometer, e.g. in the furnace controller and

in the computer, and transmitted through various ways. This is

certainly non-random noise, but may or may not be in phase with the

lock-in frequency.

Various measures have been taken to reduce noise pick up and

cross-talk between the lines in the first place. Both the

transmitter and receiver lines are shielded coax lines, the shield

being grounded on the transmitter or receiver side. RF filters have

been installed in the power lines to the power supplies of the

computer and of the furnace, to reduce noise pick up in the first

case and noise transmission in the latter. The computer with the

interface was placed under a grounded screen, once the computer

interrupts had been found to introduce noise spikes. Crossings of

cables and groundings of devices have been changed in many ways, in

an effort to reduce the noise by trial and error. Slight

improvements were achieved through this empirical method.

The major measure in recovering the signal superposed by large

noise is however, the lock-in detection together with the signal

averaging. Random noise is diminished with increasing number of

pulses. Even non-random noise, that is not coherent with the

generator frequency, will eventually average out due to the phase

sensitive detection. In fact, most of the noise averaged out

according to the 1/JR-law for random noise, as a comparison of the

noise in figure 111.4. and the spectrum in figure IV.1. shows. After
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400 000 pulses, there is only some coil ringing over the first 150

ps, and some small noise peaks, mostly visible after 300 ps, left.

4.2. Coil RinEing

It turned out that the earliest times at which spectra can be

observed are in many cases not limited by the receiver recovery time

of about 50 As, but by some large, oscillating perturbations. These

perturbations cover up the signal for times ranging from 50 to

200 ps, before they decay.

The phenomenon is a well known problem in pulsed NMR, and

referred to as coil ringing. It has the following properties: Coil

ringing requires a magnetic field but does not depend on the field

strength. However, it depends on pulse height and pulse length and

on the quality Q of the LC-circuit. The latter explains why coil

ringing decreases for an increase in temperature. Figure 111.7.

illustrates an extreme example of coil ringing.

Fortunately, in most cases, coil ringing can easily be

distinguished from a real signal by looking at the same signal at

different magnetic fields. While the ringing is field independent, a

NMR signal changes in a characteristic way, as shown in figure

111.8.

Coil ringing can be explained in terms of direct electromagnetic

generation of acoustic (ultrasonic) waves.22 The easiest mechanism

involves a piece of metal, like the pole caps, close to the NMR coil
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in the magnetic field. The RF fields of the pulse induce eddy

currents in the surface of the metal, which in turn experience a

Lorentz force in the magnetic field. Since the conduction electrons

still have to screen the inside of the metal from the RF fields,

boundary conditions require that a force of the quantity of the

Lorentz force acts upon the ionic lattice of the metal.

This electromagnetic coupling at the surface generates acoustic

waves, travelling to the inner of the metal. When these waves are

reflected at another surface and get back to the original surface,

the reverse effect generates a small RF field that is picked up by

the coil. Therefore the ringing depends on the geometry of

conductors close to the NMR coil.

Of course the RF currents in the coil experience also a Lorentz

force, which can induce acoustic vibrations in the NMR coil.

Possible measures to reduce the problem include a change in the

generator frequency to avoid coupling to an acoustic mode, and

experimenting with different coil geometries and constructions.
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IV. DATA ANALYSIS

1. Raw Data

The raw data of this investigation consist of a series of

spectra like the one shown in figure IV.1. The spectra, showing a

free induction decay (FID) over 512 ps, are both stored on disk as

digital data for further computerized data processing, and plotted

for visual evaluation.

For all three nuclei under investigation, 69Ga, 71Ga and 77Se,

spectra were taken over a wide temperature range. For 71Ga, the

temperatures range from 500 °C to 900 °C, and for "Ga, from 600 °C

to 850 °C. At lower temperatures, data taking is inhibited, because

the coil ringing extends over a longer time, while the signal decays

with a shorter relaxation time 11, due to stronger quadrupolar

interaction. The high temperature limit reflects the fact that the

weak signal eventually disappears in increasing thermal noise. A

smaller skin depth, due to higher conductivity at elevated

temperatures, excludes the RF pulse from a large part of the sample,

and thus reduces the signal at higher temperature.

Since there is no quadrupolar interaction of the 77Se nucleus

with zero quadrupole moment, 77Se-spectra were taken down to 350 °C,

which is close to the liquidus temperature. The stronger spin-spin

relaxation of Se however, causes the signal to disappear at = 580 °C.

The information gained from one spectrum is twofold. The beat
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frequency specifies the actual resonance field Wes, at 14.0 MHz at a

given temperature, and the envelope is characterized by the decay

time T. The whole data field thus shows the behavior of kir" and TZ

over temperature for each nucleus.

The time resolution of the spectra is 1 ps, and the error in the

amplitude is predominantly given by the rms statistical fluctuations.

The temperature is subject to a systematic error due to eddy current

heating of the sample. A systematic contribution to the decay time

II, obtained from the envelope of the signal, is introduced by the

inhomogeneity of the DC magnetic field. This distinguishes Ty from

the characteristic relaxation time of the sample T2. Both systematic

effects are accounted for with a correction, described in sections

IV.4. and IV.5.

In order to extract the information of Hres and 4, most of the

spectra were first analyzed graphically from the plots, as described

in section IV.2. This was done to get a first set of data points and

to get an idea of the quality and accuracy of the data.

Then the spectra were computer-fitted to a decaying harmonic

oscillation plus background, to obtain more accurate data points.

This is described in section IV.3. The computer fits were checked by

plotting them against the original spectrum, and by comparing their

values with the ones received through graphical analysis.

From the resonance field Wes, which is varying with temperature

for each nucleus, the relative resonance shift AH/H is determined:
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(IV.1)

The reference field H"f is the resonance field at an arbitrary

temperature. For both Ga-isotopes, the resonant field in the aqueous

HNO3-solution (s. figure 111.8.) at room temperature was chosen as

reference, while the Se fields are referred to the resonance fields

in the liquid semiconductor at 350 °C, the lowest temperature

investigated.

2. Graphical Analysis

In the graphical analysis, first a smooth curve is drawn by

eyesight through the fluctuating spectrum. Then the beat frequency

is analyzed. All the intervals between a maximum and adjacent

minimum, corresponding to half a period, are measured with a ruler.

The average is taken to evaluate the period T using the time scale

given on the plot. In most cases, the error is determined by the

standard deviation of the half periods. Knowing the generator

frequency fo and the applied field Ho, the field shift off resonance

can be evaluated:

off 0

T fo

(IV.2)

The sign of the shift becomes evident, considering several spectra



59

with different Ho, at the same temperature.

In order to determine the relaxation time II, the amplitudes of

the minima and maxima are measured and plotted logarithmically over

time. Since an exponentially decaying signal of the form:

t

I(f) = Ioe T2. cos (A6t + (f) (IV.3)

is assumed, a logarithmic plot of the amplitudes over time should be

a straight line with slope proportional to 1/11. A straight line is

fitted through the logarithmic data points, and T; is found from the

slope.

The measurement of the amplitudes was delicate because of a

decaying baseline shift. This baseline decay was found to be larger

at high temperatures ( 650 °C), but it could not be reproduced

consistently, and thus its origin was not identified. An effort to

measure the baseline to each spectrum separately off resonance failed

due to the lack of reproducibility. For the graphical analysis, the

baseline was defined as the center between the upper and lower

envelope. It is understood that this procedure introduces a further

uncertainty and neglects baseline fluctuations. These fluctuations

contribute to the error of the slope.

An error for the amplitude readings can be estimated from the

noise fluctuations of each spectrum. In the logarithmic plots, the

maximum error of the slope and thus of 142' can be determined from the

maximum and minimum possible slopes through the error bars.

It turns out that the values of T; are affected by a large error
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of at least 10%, up to 20%, due to the poor quality of some spectra

at very low or high temperatures. The field shifts AH, on the other

hand, could be determined accurately to within 5% or better.

In order to obtain more accurate values for T1, a computer fit

of the spectra was done. The numbers from the graphical analysis are

used as starting parameters for the computer fits, and to check the

values obtained from the fits.

3. Computer Fits of the Spectra

A computer fit of the spectra seems to be an appropriate method

of analysis, since a fitting function based on physical understanding

is available. The nuclear precession projected on the coil axis

generates a harmonic signal, and the relaxation of the nuclei causes

a decay, that is exponential to first order. Unfortunately the

decaying baseline shift must be taken into account, since it could

not be subtracted. The slowly varying baseline, which decays to a

small value for longer times, can be fitted by almost any smooth

monotonic function of three parameters. We decided to approximate it

by another exponential decay, which proved to be successful. So the

total fitting function is given by:

A (t) = A, e-±/A2 cos (A3_t Ak) + A, ei/A6+ A, (IV.4)

It contains seven parameters Ai, that are to be optimized in the
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fitting program. Of interest are A2, representing TZ, and A3, being

equal to the beat frequency. As long as the oscillations are

significantly shorter than II, which is always true here, A2 and A3

are not strongly dependent on choice of interval or starting

conditions of the fitting routines. It is easy to see, and apparent

in the process of fitting the data, that this is not true for the

background parameters. When only a short time interval is

considered, an increased initial amplitude A5, for instance can be

balanced by a larger negative offset A7, and lead to the same quality

of approximation. This ambiguity in A5, A6, and A7, however, does

not cause a problem, because these parameters are not relevant in

terms of physics.

An IBM personal computer is used to fit the function of equation

(IV.4) to the spectra according to the method of least squares. The

Fortran fitting routine, based on the Marquardt algorithm, is adopted

from Bevington23, who also describes the algorithm. The program

determines a set of optimum parameters and the respective errors

under the assumption that the fitting function is correct, and that

the fluctuations of the spectra are statistical. The results of the

graphical analysis served as starting values for the parameters A2

and A3, while the starting values for the other parameters had to be

guessed.

Further inputs included the starting and end channel of the

interval, over which the data should be fitted. This was necessary

to exclude the first channels, where receiver recovery and coil

ringing dominate, and the last channels, where the signal is zero and
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small fluctuations influence the fitting procedure.

The optimized parameters thus obtained were checked by plotting

the fitting function over the spectrum. A small spread in the fitted

data, depending on the start and end channels, was observed and

compared with the graphical results. When the graphical results were

within the spread of the fitted data, which turned out to be true in

most cases, the average of the fitted data plus the uncertainties

determined by the program were accepted for further analysis. If the

spread of the fitted data exceeded the individual errors, the

uncertainty was estimated by the standard deviation of the average.

In the cases of disagreement between graphical and fitted values, a

weighted average including both was used. The uncertainties then

were also estimated by the standard deviation.

So the combination of graphical and computer analysis provided a

set of data for Hr®s and Ts; and an estimate for the respective

errors. Typically the uncertainty of T; is of the order 15 As, in

some cases exceeding 20 As, while the resonance fields generally

could be determined to within 0.5 Gauss, corresponding to a

resolution of one part in 2x104.

4. Correction for the Field Inhomogeneity

A non-zero field inhomogeneity over the sample volume causes the

nuclei to see slightly different magnetic fields H, and thus to

precess at slightly different Larmor frequencies w, according to:
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(IV.5)

This means that the nuclei get out of phase faster, and so the decay

time of the NMR signal 11, to which all the nuclei contribute, is

shorter than the nuclear relaxation time T2. Therefore, the

T;-values have to be corrected in order to obtain the corresponding

T2, which contains the information about the sample. For this

purpose a model calculation for an assumed field distribution has

been done.

4.1. Model Calculation

All the nuclei with a single Larmor frequency w produce the

signal:

fd) = A e
i (4) cdo)i -t/T2

e (IV.6)

Here the generator frequency is wo. The corresponding line shape is

obtained through Fourier transformation (FT) of f.(t) into w'-space:

a
L(W- (OP) (4).1 (IV.7)

(2) .÷ R(j-(ja)- .1 () [(6j- 64)- (41.12
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The complex distribution in w'-space gw(w') specifies the

contribution of each frequency w' to generate the complex function

fw(t). The actual line shape, corresponding to the intensity

distribution in w'-space, is Ig.(w')12 . The signal f0(t) yields a

Lorentzian line shape of width 2/T2, as shown in figure IV.2b.

The effect of the field inhomogeneity is taken into account as a

smooth distribution of width 2/r of the sample nuclei over the

magnetic field strength. According to equation (IV.5), this results

in a distribution of the same shape of the N nuclei over the Larmor

frequencies w:

(w) = 111
(IV.8)

The signal, produced by such a distribution of nuclei, is a weighted

average of contributions fw(t) over all possible Larmor frequencies:

f (t) =
J

D (w) 0-) d(LI (IV.9)

And the line shape is again characterized by the Fourier transform:

g,(ca) = Fr tiP(.0) (4-) dwl

The Fourier transform maps only functions depending on time.

Therefore, we can write:
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(IV.11)

The line shape given by the absolute square of g(w') is the line

shape observed experimentally. Its width is defined to be 2/T2,

which is larger than or equal to 2/T2. In principle, equation

(IV.11) allows the calculation of the line shape, and thus of T1 for

any given field distribution.

The exact form of the distribution is not extremely important.

However, the width of the distribution 1/r must be smaller than 1/T2.

If this is not the case, then T2 cannot be determined accurately.

To obtain numerical corrections for T1, a parabolic model

distribution D(w) is assumed, because it is a smooth distribution,

and because the integral in equation (IV.11) can be solved

analytically for this case. Other distributions were investigated

briefly and in the range of interest to this research gave

essentially identical corrections. The parabola is assumed to be

symmetric about a center frequency wc, and has the width 2/r, as

shown in figure IV.2a. It is given by:

Dp) = 2 {(woc)2 (IV.12)

For this distribution, the lineshape has been determined

analytically as a function of w', with parameters T2 and r, according

to equation (IV.11). In order to determine the width, defined by

2/T1, and to actually plot the line shape, the complicated function
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g(w') has been evaluated numerically. Figure IV.2b. shows a plot of

the normalized line for T2/r - 0.5 compared to the Lorentzian. This

procedure allows the correction factor (T2/T1) to be evaluated as a

function of T2/r. In figure IV.3, (Ty/T;) is plotted versus (T;g),

since both 11 and r are experimentally accessible. For comparison,

the plot also shows (T2/TD in the two cases of simple addition of

the line widths,

for linear addition:
1 / + 1

T2* 1-2 r

I

for quadratic addition:
I

(151)
L

(7

(IV.13)

(IV.14)

Obviously, both ways of addition are invalid for this problem. It

may seem strange, that for the parabolic distribution the correction

factor shows an asymptotic behavior at (T;g) 0.76. The reason is

simply that the width of D(w) is defined arbitrarily as half the peak

height, as figure IV.2a. shows. For T2 -* co, 11 has to approach r.

Therefore, the correction is only good for T2 considerably smaller

than r, which is true for our data, where always T2/r < 1/2.

4.2. Measurement of r

To be able to do the actual correction using figure IV.3, the

width of the field distribution 1/r must be known. l/r can easily be



68

Figure IV.3. Correction factor (T2/TD as a function of (I/r)
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determined from the decay time of the spectrum of a sample, in which

T2 >> r, because then T1 = r. This is the case in the dilute

solution of Ga in aqueous HNO3, where the spin-spin interaction is

very weak, and so the relaxation time is of the order ms. This

solution is also used to determine the reference fields for the field

shifts of both Ga-isotopes, and some spectra are shown in figure

111.8.

In the magnetic field at the position, where fhe actual data

were taken, and which is not the same as in figure 111.8, r was

measured to 438 ± 42 As at a field of 10.78 kG. The error is of the

order 10% and slightly increases the uncertainty of T2.

Since the field inhomogeneity 1/r characterizes the drop of the

field to almost zero at the edge of the pole caps, it is easy to see

that the field inhomogeneity increases with the magnetic field. To

first order 1/r is proportional to the field Ho. This was confirmed

by comparing T; for the two Ga-isotopes and the Na-resonance, all at

different fields. These data allow one to estimate r at 13.8 kG to

be 342 ± 33 As and at 17.21 kG to be 274 ± 25 pis. These are the

fields at which respectively the "Ga- and the 77Se-resonance was

observed. The three values for r were used to compute T2 for the

three isotopes under investigation. The large inhomogeneity at the

high Se- field, where T2/r = 0.5, is at the limit where our

correction is useful.
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5. Correction of the Temperature

It is a known fact that in NMR on conducting materials the eddy

currents induced by the RF pulse heat up the sample. Since this

implies a local heat source within the sample, the temperature of the

thermocouple outside the sample holder may differ from that of the

sample.

The significance of this additional heating depends on many

factors like sample size and geometry, but the conductivity and the

pulse power and repetition rate are particularly important. An

increased conductivity allows higher currents, and so an increased

power absorption in the sample region where the currents are

generated. On the other hand, the skin depth, which confines the RF

penetration of the sample and the eddy currents to a layer at the

surface of the sample, is reduced by a higher conductivity. So the

power absorbed by eddy currents is very much dependent on

conductivity. Liquid Se05Te05 is a semiconductor, so its

conductivity rises with increasing temperature.24 Therefore, an

"optimum" temperature range exists, in which eddy current heating has

the largest effect.

Experimentally, one way to handle the problem is to take data at

decreasing pulse repetition rates. One starts, e.g. with 100 pulses

per second, as we did, and lowers that to 50, 10, 5 or less. The

corresponding data, i.e. Ty and the shift AH/H, change slightly,

according to a decrease in temperature due to reduced eddy current

heating. This change in the data can then be extrapolated to a
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negligible pulse rate, corresponding to negligible RF heating and so

to the temperature of the thermocouple. This procedure was followed

by Kirby19 who measured 77Se shifts and relaxation rates in

Se05Te05 at much higher fields.

These calibration runs at various temperatures would have been

nearly impossible for this experiment, since at a rate of 10 pulses

per second one run would have taken over a day. It was problematic

to keep all the experimental conditions constant, and the experiment

running without interference for that period of time.

Instead we tried a calibration, looking for a functional

dependence between increase in sample temperature and conductivity of

the sample. A simplified model was developed for the processes that

related the increase in temperature to a function of conductivity

only. The idea was to find this functional dependence by comparing

the data of Lin2° and Kirby19 on undoped Se05Te05 with conductivity

data.24

Comparing the plots of resonance shift versus temperature of

Kirby's and Lin's data in figure IV.4a, it is striking that Lin's

data are shifted to lower temperatures by 10-40 °C. Since Kirby

eliminated the influence of RF heating experimentally, and Lin did

not, the shift can be attributed to RF heating in Lin's experiment.

Unfortunately no completely well-defined functional dependence of the

shift and the conductivity could be established, due probably to an

oversimplified thermodynamic model for the heating and uncertainties

in Lin's data.

A simpler means was to ignore conductivity changes with composition
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Figure IV.4. (a) 77Se resonance shift in Se05Te05 versus
temperature and (b) temperature shift versus temperature
( the dashed line is merely a guide for the eye)
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and doping, and to assume for this work the shift AT, observed in

Lin's data at the same temperature. This is roughly justified, since

a similar sized sample and similar pulse repetition rates were used

in this experiment as were used by Lin. AE is plotted in figure

IV.4b. for four different experiments: Se and Te resonances in both

Se05Te05 and Se0.4Te06. The temperature shift of the Te-resonance

was scaled to account for the shorter pulse length, i.e. heating,

relative to Se. The average power absorbed is proportional to the

time, in which the RF is "on", i.e. proportional to the pulse length.

The plots show the expected behavior: Rf heating becomes

relevant above a certain temperature, which is about 430 °C here, and

levels off at higher temperatures, above = 600 °C. The maximum

excess temperature is about 30 °C.

We have assumed that the correction can be approximated by

adding 30 °C to temperatures between 430 °C and 650 °C and leaving

all others unchanged. This correction should give temperatures that

are accurate to within approximately 10 °C.

6. Reduced Data

The final result of the data processing and the corrections,

described above, are data showing the corrected temperature

dependence of the relaxation time Ty, and the resonance shift AH/H,

for 71Ga, 69Ga and 77Se in the sample material.



74

6.1. 77Se

The resonance was measured between 356 °C and 597 °C. The shift

of the resonance AH/H was determined according to equation (IV.1.)

with respect to the resonance field at 356 °C:

Href 17.2140 (0.4) kG, and is plotted as a function of temperature

in figure IV.5a. The absolute errors vary between 5.8x10-5 and

0.2x10-5. The temperature dependence of T2, obtained from II by

assuming r - 274 ± 25 ps, is shown in figure IV.5b. Typical errors

are about 10 ps.

6 2 71Ga

At lower temperatures, 71Ga shows a stronger resonance signal

than 69Ga due to the weaker quadrupole interaction. Therefore data

could be taken from as low as 530 °C up to 900 °C. The resonance

field of 71Ga in an aqueous HNO3 solution at room temperature,

Href = 10.8020 (10) kG, was taken as a reference for the shift in the

sample, which is plotted versus temperature in figure IV.6a. The

absolute errors in the shift are slightly larger than for 77Se and

range from 0.4x10-5 to 10-4, while the shifts are of the order 10-4.

T2 -data are displayed in figure IV.7a. At the 71Ga resonance field,

the field inhomogeneity was characterized by r - 438 ± 42 ps. The

uncertainties are fr.15 ps.
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6.3. "Ga

Due to a weaker signal at low temperatures, there are no

69Ga -data below 630 °C, and the uncertainties are larger. The

resonance shift is referred to the same aqueous solution as the

71Ga-shift, with 1-1281 13.722 (2) kG. The uncertainties of the

shift are again larger than for 71Ga, varying between 1.5x10-5 and

12x10-5, except for the lowest temperature point, whose uncertainty

is extremely large. The shifts are of the order 10-4. The T2-data

were corrected with r - 342 ± 33 ps. The errors related to T2

fluctuate between 6 ps and 23 ps, corresponding to an uncertainty of

=116%. Figure IV.6b. shows the resonance shift and figure IV.7b. the

T2-data of "Ga.
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V. INTERPRETATION

The interpretation of the data is closely related to the

understanding of the structure of the sample material and the

interactions prevailing in this structure. This investigation aims

at providing information on the interactions between the nuclei and

the local fields in Se05Te05 doped with 3% Ga, a trivalent dopant.

As explained in chapter II, in addition to the interaction with the

external field, the Ga nuclei experience time-dependent quadrupole

interaction with the electric field gradient and dipole interaction

with the magnetic field of paramagnetic defects, both at the site of

the nucleus.

The first question to be answered by this study is whether one

of these time-dependent interactions is dominant and in which

temperature range. This question, which is discussed in section V.1,

is related to the problem of the preferred site of the Ga-dopants

within the Se-Te structure.

The other point of interest is to obtain quantitative

information on the correlation times involved. The actual strength

of an interaction depends on the correlation time and the strength of

the interaction. If the strength can be estimated from other

considerations, the correlation times can be evaluated from

relaxation data.

In the case of Se05Te05 with Ga-doping, the susceptibility

data from Radscheid4 are the only additional information available.

With these is data, the average coupling constant for the magnetic
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interaction and the temperature dependence of the spin correlation

time can be determined. The average coupling constant, defined in

equation (11.29), basically means the field averaged over time and

over the various nuclear sites. The magnetic interaction is

discussed in section V.3.

In the case of the quadrupole interaction, the correlation times

can be estimated. The temperature dependence of the correlation

times can be determined with good accuracy, and it shows an

activated temperature-dependence. This may be related to the energy

required for a bond switch, as indicated in figure V.3. This

discussion is in section V.2.

1. Dominant Relaxation Mechanism

In order to find out if the quadrupolar relaxation or the

relaxation due to paramagnetic electron spins is dominant over some

range of temperature, the ratio of the relaxation times of the two

Ga-isotopes is plotted in figure V.1. This method, known as isotopic

separation, is explained in the following.

According to the equations (II.30), (11.32), the relaxation

rates 1/T2 are proportional to the square of the nuclear quadrupole

moment, or of the nuclear dipole moment respectively. It should be

noted that the interaction constant in equation (II.30) is, of

course, proportional to p. The spins of both Ga-isotopes are equal,

and the chemical environment is assumed to be the same. Therefore,
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in the case of only one interaction, the ratio of the relaxation

rates should be equal to the ratio of the respective moments squared.

For pure quadrupole relaxation, one finds:

T (4164) Q = 2.54 (v.1)

na)
and for pure paramagnetic relaxation:

rt,("Ga)

-T;("Ga) iA( Ga)

2

= 0.61 (V.2)

Both limiting cases are plotted as dashed lines (- ----) in figure

V.1. If both processes contribute significantly, the ratio of the

T2's will range somewhere in between.

Considering figure V.1. however, one realizes that the plot

cannot reveal a definite limiting case, or a conclusive behavior over

temperature due to the poor quality of the data. Naturally, the data

points have large error bars, since the errors of both relaxation

times contribute. Unfortunately, the number of data points is small,

because data points are obtained only at temperatures at which

"Ga-spectra could be measured, i.e. between 600 °C and 850 °C.

Therefore the interpretation of this plot is limited.

Nevertheless, the T2-ratios show a definite tendency to decrease

from values close to the quadrupolar limit down to values more on the

paramagnetic side, as the temperature rises. This temperature

dependence agrees with the following observations.

"Ga-spectra could not be measured below 600 °C, as the
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relaxation was too fast, while 71Ga-spectra could be observed down to

500 °C. Considering that "Ga has the larger quadrupole moment, but

the smaller magnetic dipole moment, as shown in table II.1, this

indicates that quadrupolar relaxation is dominant at low

temperatures.

This also agrees with the fact that at low temperatures, atomic

motion is sluggish, so r(2 is large. At higher temperature, atomic

motion is more rapid so rc2 is small, but the density of uncharged,

paramagnetic dangling bonds DI becomes large, so magnetic relaxation

increases.

One might think the enhanced magnetic relaxation should reduce

T2 with increasing temperature, as one observes in the case of the

77Se-resonance in figure IV.5. Shorter correlation times, however,

reduce the effect of both relaxation mechanisms as the temperature

rises. At higher temperature, the effect of a higher paramagnetic

spin density is cancelled by shorter correlation times. This means a

saturation of the paramagnetic relaxation rate, which is observed at

high temperatures, in the case of the Ga resonance (s. figure IV.7.).

In fact, Lin observed in Cu-doped Se-Te that at elevated temperatures

the product rs(T)cs(T) becomes constant. 10 At low temperature, the

reason for the opposite behavior of the Se-resonance is the lack of

quadrupolar relaxation. At higher temperatures however, the fact,

that T2 for Se is shorter than for Ga, indicates that for Se the

interaction with the unpaired spins is stronger, or that the

correlation times are longer. This implication is considered again

in section V.4.
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One can conclude that for Ga at low temperatures, below 1-,;700 °C,

quadrupole relaxation is the dominant process, while above rz750 °C,

the paramagnetic relaxation takes over.

The fact that both relaxation mechanisms are of comparable

relevance is important. In the case of the (trivalent) Ga, it rules

out the possibility that the dopant is preferentially associated with

the dangling bonds. If a substantial number of Ga-nuclei were in the

vicinity of paramagnetic electrons, one can estimate that magnetic

relaxation would be dominant, even at =600 °C, due to the strong

spin-spin coupling.

2. Ouadrupolar Regime

The comparison of the relaxation times of both Ga-isotopes

indicates that below 700 °C, the Ga-relaxation is predominantly

quadrupolar. This suggests using the data of that temperature range

to study the properties of the quadrupole interaction.

In equation (11.32), the quadrupolar relaxation rate is

expressed in terms of the electric field gradient Vzz, characterized

by the correlation time rc2(T). If Vzz, which is assumed temperature

independent, were known, rc)(T) can be determined from T2 data through

equation (11.32). In Se-Te alloys, the electric field gradient can

only be probed by dopants, since both 77Se and 125Te have a zero

quadrupole moment. So far there is no experimental information

available on local fields in Se0.5Te0.5 at trivalent dopants.
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The temperature dependence of rc, however, can be determined, if

one assumes that rQ contributes the only temperature dependence to

T2, since:

(r)

Furthermore, an activated energy behavior is assumed for rQ:

AE/kr

TQ(T) = TQQ e

(V.3)

(V.4)

Under this assumption, a semilog plot of (1/T2) over (l/T) should

yield a straight line with a slope proportional to the activation

energy. For data below 700 °C, the plot in figure V.2. shows the

expected behavior for 71Ga relaxation times. From the slope of the

line, the activation energy has been determined to AE 0.4 ± 0.1 eV.

The correlation times of the field gradient have been measured

by Gaskill7 in Cd-doped Se05Te05 to be of the order 10-10s. For

Ga-doped material, it is reasonable to expect rQ to be of the same

order of magnitude.

In liquid chalcogenides, there are several mechanisms possible

that can produce a fluctuating electric field gradient with that

short a correlation time at the sites of the nuclei. This includes

the diffusion of the Ga probe, possibly attached to some small

chalcogenide molecule, through the sample; the rotation of a smaller

molecular unit on which the Ga is sited; the thermal breaking of

bonds; and the switching of bonds in the vicinity of the Ga probe.
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Figure V.3. Bond switches: (a) D* or D- jumps from atom A to B
(b) D' jumps from atom A to B
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According to Gaski117, the first three possibilities cannot explain

all the properties of his more extensive data. This leaves the

mechanism of random bond switching.

Bond switching could occur fast enough to account for the

observed rQ, and involving charged defects, it would certainly

produce large fluctuating field gradients. Two possible processes

are illustrated in figure V.3. Under the assumption that the

relaxation is caused by these mechanisms, the activation energy of

0.4 eV characterizes the energy barrier for bond switching.

3. Paramagnetic Interaction

All the nuclei in the sample, i.e. Se, Te, Ga, interact with

local magnetic fields, which are predominantly produced by the

unpaired electron spins of the dangling bonds.

The paramagnetic properties of the Se-Te alloys show clearly in

susceptibility measurements. Figure V.4. shows the susceptibility of

Se05Te05 doped with 3% Ga4, the same sample composition used for

this NMR experiment. As explained in chapter II, one observes a

Curie law susceptibility with a strongly temperature dependent spin

density, in addition to a constant diamagnetic susceptibility.

A rise in temperature increases the probability for bond

breaking and thus for bond defects. This means a larger number of

dangling bonds. In addition, at higher temperatures, the equilibrium

of the defect states, mentioned in chapter I, shifts towards the
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dangling bonds. The higher density of dangling bonds resulting from

an increase in temperature can be determined from susceptibility

data, that Radscheid et al. obtained for various alloys and dopants.

3.1. Relaxation Time

The magnetic hyperfine interaction has two effects on NMR. It

induces relaxation and causes a resonance shift, as explained in

chapter II. Paramagnetic relaxation is found to be dominant above

750 °C.

Equation (II.30) relates the paramagnetic relaxation rate 1/T2

to basic properties of the hyperfine interaction. Analyzing the T2

data in the range of prevailing magnetic relaxation, one encounters

the same problem as in the case of the quadrupolar interaction.

Again both the interaction strength, characterized by (a2), and the

correlation time are unknown. In addition, in the magnetic case, the

spin density is temperature dependent but can be determined from

susceptibility measurements. In principle, the temperature

dependence of rs(T) could be studied, as it was for the quadrupolar

correlation time rQ(T), with an additional error due to uncertainties

in the spin density. This is not done here, because the T2-data in

the high temperature region are not accurate enough (s. figure IV.7).

It is noted however, that the relaxation times measured in

Ga-doped material are clearly shorter by a factor between 2 and 4

than the times determined in undoped samples.8,9
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3.2. Resonance Shift

The resonance shift is used to extract the value of the average

interaction constant (a) for the three isotopes under investigation.

Among the possible sources for a resonance shift, which are

discussed in 11.6, the paramagnetic electron spins are expected to be

the prevailing cause in Se-Te. Of course, one observes a chemical

shift, which should be independent of temperature to first order.

Equation (11.33) gives the shift due to unpaired electron spins.

This expression does not involve the correlation time r., and the

only unknowns are the number density of spins ca(T) and the average

interaction constant (a). A combination of equation (11.33) for the

resonance shift and equation (11.34) for the paramagnetic

susceptibility eliminates the spin density and leads to:

<a> XPar4
NA )4 ri

(V.5)

This means that the paramagnetic resonance shift is proportional

to the paramagnetic susceptibility, and a straight line behavior is

expected for the plot of (tH/H) versus eara. This plot is shown for

77Se in figure V.5, and for both Ga-isotopes in figure V.6. The

error in the susceptibility is entirely due to the uncertainty in

temperature. It is apparent that the low temperature data points of

Ga are subject to large errors and, therefore, scatter over a wide
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range. At higher temperatures, the 71Ca data points are very much

collinear, while the 69Ga data, which generally have larger errors,

scatter more. Overall, the graphs for both nuclei show the expected

behavior.

A straight line is fitted to the data points and the average

interaction constant for Ga and Se is evaluated from the slope of the

lines. The uncertainties are estimated graphically from minimum and

maximum possible slopes through the data points and are fairly large

due to fitting errors in addition to the individual errors of the

data points.

The interaction constant has also been determined for both

Ga-isotopes individually and was found to be larger for 69Ga, which

has the smaller magnetic moment. This cannot be explained on

physical grounds, if one assumes that both isotopes have the same

chemical environment, which is certainly reasonable. The most likely

reason for this discrepancy is the large error of the "Ga data.

The expected ratio of the interaction constants of both isotopes was

just within error bars. The values for the interaction constants for

both isotopes in table V.1, are determined from the slope in figure

V.6, which fits all Ga data points.

Table V.1. shows the values obtained for the interaction

constant and the corresponding hyperfine fields:

Hof = <q) (V.6)

The field Hhf characterizes the strength of the magnetic interaction
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at the site of the nucleus, independent of the properties of the

nucleus, i.e. -y and I.

It must be noted that the Se-data were taken from 350 °C to

580 °C, while the Ga-data range at higher temperatures, from 530 °C

to 900 °C. This means that the interactions are actually probed at

different temperatures, but unless a dramatic change in the molecular

structure occurs around 600 °C, the hyperfine fields can at least be

qualitatively compared. There is no indication for a phase change in

the susceptibility data.

Table V.1. Hyperfine interaction constants and corresponding fields

in various Se-Te alloys

isotope: sample: reference: (a) [10-6eV]: Hfs [kG] :

71Ga Se0.5Te0.5

+3% Ga

69Ga

1.9 ±

1.5 ± 0.3
0.5

351 ±

77Se 1.7 + g:; 502 + 205

. 0=0 WO* MOB.

77Se Se (8) 1.8 ± 0.14 535 ± 42

Se0.5Te0.5 (9) 3.0 ± 0.3 892 ± 89

Se0.4Te0.6 (9) 3.5 ± 0.3 1041 ± 89

The average field observed at the Se-sites is larger than the
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field at the Ga sites. This indicates that the paramagnetic spin is

more likely to be at the site of a chalcogenide atom than at a Ga-

dopant-site. Yet another effect may contribute here. The electron

state of the paramagnetic spin may involve a larger portion of an

s-state, if it is associated with a chalcogenide atom, and may have

more p-character at a Ga atom. The higher probability of the

s-electron to be at the site of the nucleus enhances the interaction.

In addition, the larger field seen at the Se-sites may imply a higher

probability for Se to be at the site or in the vicinity of an

unpaired spin. This agrees with the conclusion from comparing the

electric and magnetic hyperfine interactions, that the Ga-dopants are

not associated with the dangling bonds.

4. Comparison with Other Experimental Data and Discussion

Over the temperature range considered in this study, the

susceptibility of Ga-doped Se05Te0.5 (s. figure V.4.) and of undoped

Se05Te056 are the same to within error bars. This shows definitely

that Ga-doping does not affect the density of paramagnetic dangling

bonds, unlike Te admixture. Te addition to a Se-Te alloy increases

the number of dangling bonds and thus the susceptibility.6 This

behavior can be explained with a decrease in the average bond energy

of the random bonds due to the lower bond energy of the Te-Te bond.

The weakening of the average bonds means a higher probability for

bond breaking and causes an increase in the number of dangling bonds.
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A comparison of the hyperfine fields in Ga-doped Se05Te05 with

the hyperfine fields in other doped and undoped Se-Te alloys shows

two important features. The hyperfine fields at the site of the

trivalent Ga are much stronger than the fields observed by Lin1° at

Cu-sites in Cu doped Se05Te05. The mechanism for the hyperfine

fields at dopant sites in Se-Te alloys is not yet understood. An

explanation certainly requires better knowledge of the bonds and the

electronic environment of a dopant.

The magnetic hyperfine field for Se nuclei obtained in this

experiment is compared with data of other Se-Te alloys in table V.1.

Data on pure Se, undoped Se05Te0.5 and undoped Se04Te06 are

included. It is striking that the field at the Se-sites is lowest in

the case of Ga-doped material. In the undoped alloys, one observes a

definite increase in the hyperfine field for increasing Te contents.9

This behavior is also not understood, but probably involves a change

in the electronic state of the unpaired electron like a different

hybridization due to the admixture of Te. When Ga is added to

Se05Te05, the hyperfine field at the Se-site drops, while the

number of unpaired spins is unchanged.

Like the other two observations on the hyperfine fields, the

effect of the Ga on the hyperfine interaction is not yet explained,

and only speculations are possible. The fact that Ga does not change

the number of paramagnetic spins, seems to suggest that Ga has no

effect on raising or lowering the average bond energy, unlike Te.

Since it affects the hyperfine interaction, it might have an effect

on the bonds in the environment of the dopant site. One possibility
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could be that Ga in some way stabilizes an unpaired electron at a

particular chalcogenide site. This would limit the probability of

this paramagnetic spin at other neighboring sites, and could possibly

reduce the average hyperfine interaction.

This suggestion agrees with the important observation, that in

the Ga-doped material, the relaxation rate 1/T2 for Se is found to be

larger than in the undoped case, studied by Kirby,9 by a factor of 2

to 3. This is surprising, because the interaction constant is

smaller by almost a factor of 2. Kirby finds in the undoped material

that (a2) is of the same order of magnitude as (a)2 or smaller.

Assuming that the ratio (a2) /(a)2 is similar for doped alloys,

according to equation (11.32), the correlation time r, in the case

of Ga-doping, is longer than in the pure alloy by at least a factor

of 4. This means that the paramagnetic spins are associated with the

same Se atom for a longer time. It must be noted, however, that,

although the ratio (a2) /(a)2 cannot be larger than one, it may be

larger than in the undoped material by a factor of 3.

5. Summary

The idea behind this experiment was to provide information about.

the hyperfine interactions at the site of dopants in liquid

Se0.5Te0.5.

Ga was chosen as a dopant, because there are no NMR-data on

trivalent dopants available, and because the two Ga-isotopes allow
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the direct comparison of the electric and magnetic hyperfine

interaction.

A comparison of the relaxation times T2 for the two Ga-isotopes

over a large temperature range shows that for T 750 °C quadrupolar

relaxation dominates, and that for T > 750 °C paramagnetic relaxation

takes over. This is the first time that a transition of the dominant

relaxation mechanism from quadrupolar to paramagnetic was observed

experimentally for a dopant in a liquid semiconductor. In the case

of Cu-doping, it was not possible for Linl° to follow the

Cu-resonance to high enough temperatures, where the paramagnetic

relaxation is expected to take over.

This behavior demonstrates conclusively that the Ga-dopant is

not strongly associated with a dangling bond. Lin comes to the same

conclusion for Cu dopants.10

An activated energy behavior is confirmed for the quadrupolar

correlation time TQ. The activation energy, which can possibly be

interpreted as the energy barrier for bond switching, is determined

to be AE 0.4 ± 0.1 eV.

While the character of the prevailing interaction and the

temperature dependence of the quadrupolar correlation time agree well

with predictions based on the qualitative model, the analysis of the

paramagnetic interaction provided surprising results.

The magnetic hyperfine coupling constant (a) for Se is found to

be lower than in any undoped Se-Te alloy. Susceptibility data

indicate that the paramagnetic spin density is approximately the same,

as in undoped Se0.5Te0.5. In spite of these results, suggesting
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reduced paramagnetic effects at Se-sites in Ga-doped materials, the

paramagnetic relaxation rate 1/T2 is measured to be larger than in

undoped Se05Te05 by a factor of 2 to 3. This implies a spin

correlation time r8, responsible for the magnetic relaxation, four

times as long as in undoped samples, unless doping changes the ratio

(a2) /(a)2 drastically.

As yet the effects of doping and composition on the magnetic

hyperfine fields are not explained. An understanding of these

effects requires detailed knowledge about the electronic states at

the sites of defects and dopants, that can only be gained by further

systematic experiments.

NMR-measurements on mono- and divalent dopants, and also on

other trivalent dopants such as In are necessary to be able to

compare various hyperfine data. Conductivity experiments on Ga- and

In-doped Se-Te alloys should provide additional information on the

electronic states involved in charge transport. This is important

from the point of view of hyperfine interactions, since an effect of

polarized conduction electrons is possible. An EPR-experiment, which

may not be possible due to a large line width, could be most

important, since the correlation times of the unpaired spins could be

directly measured.
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