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ABSTRACT

A facility has been built to enzble Mdssbauer-effect spectroscopy at low temper- iR

atures. The temperature of the sample can be varied from as low as 1.5 K to

room temperature. With this fazility studies were performed on superconducting

tin compounds using the HBSn MBssbauer isotope. 3Sn atoms are non-magnetic

and, instead of acting as a poisoner of superconductivity, they provide sites at
which investigations on an atomic scale can be carried out. Presented here are
the results of studies on a sample of commercial superconducting Nb-Sn tape,
used for important technological applications such as windings in superconducting LT
magnets. [n the preparation of the tape, various Nb-Sn pi‘:ases are formed of )
which 5<Nb35n is the desired phase because it has a high superconducting

transition temperature, 7, = 18 K. The other phases have superconducting .
temperatures below 4 K. Mbsssbauer spectra were recorded in the range 300 K i
to 4.2 K. The rocin temperature spectra allowed the identification of the N§-Sn

phases present. The results reveal that the sample contained 40% Nbssn, ‘iS%

NbSr\z and 44% B-Sn. In addition to the phase analysis, the mean-square dis-

;

i
placement of Sn in the various phases as a function of temperature was determined i
from the temperature evofution of the MSssbauer spectra. In the case of the high [
Tc NbBS" phase, the mean-square displacement of Sn as a function of temperature l
shows remarkably different behavior from that of the low Tp phases NbSn2 and ;
B-Sn. This indicates a possible correlation between T and the lattice behavior

of a superconducting compound.
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1. INTRODUCTION

1.1 Significance of fow temperatures,

Currently available technology enablus the cooling of copper nuclei to
5x1078 K and the heating of a plasra in a tokamak to 10% K (£ig. 2.2.0). Itis
not surprising that the properties of materials undergo considerable modifications
in this huge range. Many of these changes are of profound significance not only
for basic phyiics, but also for practical applications.' It is of interest to point
out that the changes in properties of a material often seem to be related more
to the factor by which the absolute *or  ~rature is varied &han to the magnitude
of the variation. Thus a change ' «ctor ten in geing from 15 K to 1.5 K
-- a temperature range of only .. - n -- brings about, on the averags, as large
a change in properties as would result from a temperature change of a factor ten
in going from 1500 K to 150 K -- a temperature range of 1350 K.

In the range from 300 K to 3 K the temperature varies by two orders of
magnitude and substantial changes in the properties of a sulid can be expected.
An example is th: nnset of superconductivity at some low temperature Tp (=23

K), a phenomenon ior which no known analogue exists at room temperature.

1.2 An effective microprobe -~ the Mossbauer Effect.

The foregoing comments stress the significance of research at low temper-
atures and lead to the question, what is an sifestive way of probing the material
of interest 7

Rudolf L. M3ssbauer realized in 1958 %3 ke nucleus of an atom bound in
a solid may not recoil when it emits or absorbz 2 ¥~ray. The probability for the
occurrence of such a process is called the vruiitiess fraction £, In a recollless
process the entire energy of the nuclear transition is transferred to the ¥-ray

which then has the proper energy to excite a nucleus in an absorber. The

of of ¥-rays and their absorption by identical

1. INTRODUCTION - 7
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Fig. 1.1,1 Temperatures at which some selected phenomena occur.

Note the logarithmic scale, i

nuclei the ial e of the effect (ME), a discovery
which was recognized by the award of the Nobel Prize in 1961,

The most important aspect of the M8ssbauer effect resides not in the dis-
covery of the recoil-free processes themselves but in the fact that these processes
make available ¥-rays with an energy which is very sharply defined, Typically,
thg uncertainty Pn In the ¥-ray energy is of the order of 1l)~8 aV  while the

1. INTRODUCTION 8 i
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energy of the recoilless ¥-ray is of the ordgr of 10 keV. This resolution of 1
part in 1012 makes it possible to measure accurately various interactions of the
nuclear moments with their environment. These interactions, called the hyperfine
{hf) interactions, cause changes in the nuclear transition energies which are
usually larger than l‘o thus permitting their precise measurement. This makes
it possible to study the effestive magnetic field or the electric field gradient at
the nucleus which depend both on the slectric configuration of the atom and on
the symmetry of the distribution of the neighboring charges. '

Another important application is based on the isomer shift which measures
the electrostatic interaction of the nucleus with the extranuclear electrons at the
nuclear site; it gives information on the covalence of chemical binding and elec-
tronic structure in general.

Information on the lattice dynamics of a solid can be obtained from the
reccilless fraction. The recoilless fraction as a function of temperature gives

us a picture of how the phonon spectrum changes with temperature,

1.3 Superconductivity.

In the low temperature ragime, some salids show zero resistance below a
well-defined critical temperature Tee This phenomenon is called
superconductivity. 1t Is found in a wide variety of materials : metallic elements,
alloys, intermetallic compounds and, recently, syn(h}atlc organlc sofids, which in
the normal state are poor conductars.

Supercondustors can be divided into two types, depending on their behavior
in an applied magnetic fleld. The distinction is made on the basis of how flux
penetrates into the bulk of a material. In an ideal situation, the flux does not
penetrate into a type | superconductor untif a critical field LA is reached, and
then it does so discontinuously. By contrast, in a type )| superconductor, the
flux does not penetrate until a lower critical field Hpy t partial flux penetration
can then occur over a wide range of applied field values, even though the zero
resistance property may be maintained up to a limiting applied field, called the
upper critical field Hoge of more thun 20 T in some materials. This property is

1. INTRODUCTION - 9
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2
of particular importance in the technol ! exploitation of super 3 s for
high-current and high-field appfications.
The microscopic description of the superconducting state is ined in the

(BCS) theory of Bardeen, Cooper and Schreiffer (1957). The fundamental pos-
tulate of this theory is that superconductivity occurs when an attractive inter-
action between two electrons, by means of phonon exchange, dominates the
repulsive screened Coulomb interaction. In the superconducting state the con-
duction electrons form bound pairs called Cooper pairs. The existence of an at-
tractive inferaction between pairs of electrons arises from the distortion of the
lattice. This distortion propagates through the lattice via phonons and affects
2 second electron some distance away. The interaction between the two electrons
through propagating lattice distortions is attractive and thus in the supercon-
ducting state, the lattice plays an important role.

uper fvity is well

ibed by the phenomenological

Ginzburg-Landau theory and the microscopic BCS theory. However these theories
are ungble to predict # priori superconducting materials or transition temper-
atures. Empirical rules hayve been established {Matthias 1957) which provide this
information. For example, in all cases involving transition metals, the variation
of T, shows sharp maxima for the number of valence electrons per atom equal to
three, five and seven. However, recently discovered ternary compounds in-
volving transition metals violate this rule (Matthias 1976, p. 635).

From considerations of the microscopic picture of superconductivity, there
ought to exist correlations between T, and the lattice dynamical properties and
electronic structure of a solid. information on the lattice dynamics and the
electronic structure can be obtained through Mdssbauer studies. Furthermora,
the ME does not involve the application of magnetic fields during measurements
in contrast to other techniques (bulk susceptibility measurements}, so the
superconducting state is not perturbed,

The 850 isotope ranks second in importance to that of >/Fe in ME

spectroscopy. The tin atom does not carry an intrinsic spin moment in any of

its d: This r ic property makes the tin isotope favorable for

the microprobing of superconductors on wiose properties magnetic fields have a

1. INTRODUCTION - 10
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debilitating effect. ”9511 Mbssbauer spectroscopy has previously been used to
study superconductors. Earlier, experimenters found anomelous behavior of the

£ value in Sn at temperatures close to the superconducting transition temperature.

However, the careful # value measurements of Hohenemser (1865) did not reveal i

any anomalies. Ancther interesting system VgGaxSn1_x has been studied by i

Kimball et al. (1974). This system has a high superconducting transition tem-
& perature (7, ~ 15 K) for low concentrations of Sn. 1S ME studies have also
been performed on the technologically important high Ty superconductor NbaSn
{see §5.1).

Superconducting materials merit i igation because our under

of
the fundamental physical laws that govern their behavior is incomplete and be- -

4 cause of their importance in applicati . The foregoing comments =

indicate that the ME is an ideal tool for probing these materials. . |

: 1.4 Outline of resesarch.

In this research project a low temperature facility has been set up to allow )

MBssbauer-effect studies on superconducting compounds. Chapter 2 outlines .

principles of the ME, the hyperfine interactions and lattice dynamics. A de-

L scription of the ME spectromster and low temperature apparatus is presented in

f chapter 3 and chapter 4, respectively. Finally, chapter 5 describes 1.‘SSn ‘
! Mossbauer-effect studies on superconducting Nb-Sn d |
: - §
. ; .
{ H
: !
L2 i
i
v
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2. THE MOSSBAUER EFFECT

2.1 Introduction.

The ¥-ray resulting from a nuclear transition will be absorbed by an identical
nucleus if its energy matches the transition energy E, to within about 'I()'8 eV
(see £1g. 2.1,1 (8)). The law of conservation of momentum requires that, in the
rest frame of the nucleus, the nucleus must recoil with a momentum equal to that
carried away by the ¥-ray. This means that a nucleus of mass ¥ is given a recoil
energy Ep = Ii%k?/2i where k is the ¥ ray wave vector. The energy of the ¥-ray
will then not be 5, but £, - £, . Similarly, if 2 ¥-ray is absorbed by exciting
a nucleus in the ground state, it must have an energy £, * Ep Thus the effect
of recoil means that the ¥-ray will have an energy deficit of 28, for nuclear
excitation. [h a typical ¥-ray emission process £y is of the order of 1073 to
10-2 eV so that the effect of recoil is sufficient to cause a mismatch of the ¥-ray
energy and the excitation energy required for nuclear absorption. However,
Mossbauer discovered that when nuclei are embedded in a solid 2 certain number
of the ¥-rays are emitted and absorbed without exciting lattice vibrations. In
that case the entire fattice shares the recoil £y which is inversely proportional
to the m=ss of the recoiling object, that is, the ¥-ray will experience negligible
recoil en-rgy loss and is then able to excite a nucleus in the absorber. The
recoilless emission and absorption of ¥-rays is known as the Méssbauer effect.

Recoillessly emitted 7-rays have a Lorentzian energy distribution with
full-width at half maximum [, = 2/1, where 1 is the half-life of the excited state.
The absorption cross section for recoilless absorption is given by a similar
function. The energy of an emitted ¥-ray can be varied by imparting to it a
velocity v. Nuclear absorption in an identical nucleus will occur at the velocity
v, corresponding to the transition energy Eye The measurement of the transmitted
intensity of the ¥-rays through an absorber as a function of the velocity v of
the source relative to the absorber constitutes the usual Missbauer experiment

2. THE MOSSBAUER EFFECT 12
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Fig. 2.1.1 (a) The ¥-ray resulting from nuclear decay in a free nucleus and
the corresponding nuclear absorption by an identical nucleus. Eo must match
Eo' to within IO.8 &V for the process to occur. {b) A schematic of the setup

used to measure nuclear absorption of ¥-rays. B
(see fig. 2.1.1 (5)). The number of ¥-rays transmitted ¥(v) as a function of
velocity is given by Kolk (1984, p. 181)

() = ¥,

- ey, (2.2)

where N_ is the number transmitted at high velocities far from resonance (i.e.
the base line value), Hy is the number of ¥-rays emitted by the ME transition
and z(v) is the fraction of ¥y absorbed recoil-free at velocity v. For a thin

absorber £(y) is given by

2. THE MOSSBAUER EFFECT
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. £ f o0l I/2*
) =

(2.3)
- v)? (1,2

where T, = 2lc/E_ is the full width at half maximum of the resonance line in ve-
locity units, £, and £, are the recoilless fractions of the source and the absorber
respectively, z is the number of resonant nuclei per unit area and 9, is the
maximum absorption cross section, N(v) is at minimur when £(v) is at maximum,
that is at v = v,. Various interactions of the nuclear moments with the envi-
ronment can cause the absorption line to be shifted or split into a number of lines.

2.2 The iscmer or chemical shift.

The Coulomb interaction between the electronic charge present at the nucleus
and the charge distribution of the nucleus produces a small shift in the transition
energy £ called the isamer shift, 8. This is measurable only when the
non-relativistic electron density at the nuclear site, p (also known as the contact
density), of the scurce and absorber is not identical, In velocity units, the

isomer shift is given by Greenwood (1871, p. 48)

= (2/9)(ne/E )26 8<c¥>8p10) (2.4)

where A<r?> represents the change in the second moment of the nuclear éharge
distribution between nuclear excited and ground state$, 4p(0} = p(absorber) -
plsource). Equation (2.4) must be multiplied by a relativistic correction factor
$'(2) which is a function of the atomic number z, (Kaolk 1984, p. 22). The
dominant contribution to the contact density arises from the s electrons. The
isomer shift reflects the difference in the outer s electron configuration between
atoms in the source and the absorber. In addition non-s electron distributions
can also indirectly affect Ap(0) through the screening of s electrons. Exper-
imentally, the shift in the centroid of the resonance pattern constitutes the isomer
shift.

2. THE MOSSBAUER EFFECT 14
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2.3 The magnetic dipole interaction.
‘. The interaction of the nuclear maénetic dipole moment with the magnetic field

F at the nucleus is described by thg Hamiltonian
= -3 H. (2.5)
This interaction causes a nuclear state to split into zj + 7 substates with energies
AE(S,m} = ~ukal ] {2.6)

taken with respect to the energy of the unperturbed state, yvhere J is the nuclear
spin and = is the magnetic quantum number; note that o] < j .

The ME spectrum reflects transitions between various excited and ground state
subleveis (fig. 2.3.1) which for dipole radiation must obey the selection rule
"’a - "g[ =1 or 0, where 2, and m, are the magnetic guantum numbers of the
excited and ground states respectively. The magnetic hyperfine field at the
nucleus deduced from the MBssbauer spectrum allows us to study the magnetic

behavior of the material.

2.4 The electric quadrupole interaction.

Nuclei with spins greater than 3 have quadrupole moments e that can
interact with the olectric field gradient (EFG) at the'nucleus. The quadrupole
moment is related to the shape of the nucleus. The EFG is a tensor with nine
components ny = SZV/Bxay etc., where ¥(x,y,2} is the potential at a point (x,y,2).
By choosing & proper set of axes (principal coordinates) the off-diagonal elements
of this tensor can be tade zero, Usually one defines this axis system so that
the EFG is a maximum in the z direction. and the modulus of the quantity eq is
the maximum value of the EFG.

The quadrupole interaction can partially lift the degeneracy of the nuclear
states involved in the Méssbauer transition. The various substates have energies

differing from the unperturbed nuclear state by an amount (Kolk 1884, p. 28)

2. THE MOSSBAUER EEFECT 15
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(Top) The allowed nuclear transitions when the excited state and
{Bottom}

Fig. 2.3.1
the ground state are split due to the magnetic hyperfine field.
Note the decrease in transmission at each of the allowed nuclear transitions
57
Fe,

nuclei, with

as reflected in the ME spectrum using

iron foil a5 the absorber and >/Co in rhodium as the source.

48, m) = &*qQA(j,mm}. 2.2)

The quantity v is related to the symmetry of the EFG and is called the asymmetry

parameter.  For axial symmetry {n = 0)
3n*-j(4*1)
ey = 2T (2.9)

45(23-1)
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Recal! |m| < 7 where each m corresponds to a different orientation of the nucleus.
Equations (2.7) and (2.8) indicate that the interaction energy between a nucleus
and the EFG is different for each possible orientation of the nucleus. This results
in a so-called quadrupole splitting of the ground and/or excited states. For the

important case of j = 3/2,

A3/2,m0) = A3/2,m,0)(1 + Tat)E. (2.9)

Thus for Jg = 3/2 and je = 1/2, where the subscripts refer to the excited and
ground states respectively, the ME spectrum will shew two absorption lines at

|
the velocities N
|
Vies = 6 ¢ delgQ,(e/E) (1 + TE, (2.10)

where @, refers to the quadrupole morment of the excited nucleus. Fig. 2.4.1

shows the corr ding nuclear transiti involved. The | ledge of the EFG

primarily refiects the lattice symmetry at the lattice site of the Mdssbauer atom.

2. THE MOSSBAUER EFFECT 17
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Me=21/2 ¥

) Mg =12

Fig. 2.4.1 Quadrupole splitting for a spin 3/2 + 1/2 transition.

2.5 The recoilless fraction.

in the semi-classical picture of a solid the atoms, are connected to one an~
other by springs to form a regular lattice structure. The recoll of a nucleus
emitting a ¥-ray may excite the spring system -~ lattice vibrations. However,
the vibrational energies are quantized and are known as phonons. It is ;:ossible
that the recoil energy e transferred to the fattice is not able to create phonons.
In such a zero phonon process the recoll is taken up by the total mass of the
{attice resulting in negligible recoil. There is thus a finite probability for

f ¥-ray emission or P by a nucleus embedded in 2 solid. By’

definition the fraction £ of ¥-rays emitted without transfer of recoil energy to
the vibrational states of the lattice is called the recoilless fraction. The £ value
depends on the free-nucleus reccil energy, which is proportional to Ef, where

Ey is the energy of the ¥-ray, and the propert’les of the lattice which change as

2. THE MOSSBAUER EFFECT 18
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a function of temperature. The following indicates how a study of the temperature
dependence of the recoilless fraction provides a valuable means of studying the |
lattice dynamical properties of a solid.

The probability that the lattice remains in the same state when a ¥-ray is

emitted or absorbed, that is, that no phonons are created or absorbed is {Kolk
1984, pp. 65-66)

)
4
]
|
t
. f £= axp [-k* <x™>y] . (2.11)
|
i
i
|

where <x’>1. is the projection of the mean-sguare displacement of an atom along

the direction of the wave vector k of the ¥-ray. This relation between £ and

i
k the m square di t lishes a ion between the recoilless

g fraction and the lattice dynamics. For a thin absorber the area under a single

line Mdssbauer spectrum is related to the recoilless fraction by (Vertes et al.
1979, pp. 30-33) . !

Adwng £, , (2.12) .

where g is the number of resonant nuclei per unit area in the absorber. The

i area Is given by the product of the measured linewidth and the intensity nor- .

malized to the intensity far off resonance. Dividing by the natural line width

makes the area a dimensionless quantity. ) !
For atoms moving in parabolic potentials (hermonic approximation), the . ;

motions of the individual atoms are described by the superposition of 3N inde- i

pendent modes. |n a real crystal, interactions between atoms mean that the

< interatomic potentials may deviate from being parabolic. This adds anharmonic

[ : terms to the vibrational Hamiltonian. The anharmeonic terms and their associated

anharmonic effects are responsible for the lattice properties of a crystal, for

example, thermal expansion and temperature dependence of the elastic constants, i

To account for the anharmonic effects the temperature dependence of the

recoilless fraction is examined in the psewdo-.drmonic approximation. Here the i

.- thermal expansion of the lattice and the interactions between phonons are taken IS

K 2. THE MOSSBAUER EFFECT 19
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into consideration. This ap, «imation is valid for cases where the interatomic
potentials are ‘nearly parabol. as is the case in most solids. To expose the
anharmonic effects the recoilless fraction data is separated into two groups : data
measured at moderate and high temparatures T 2 9_2/211 and data measured at T
s 5 K, (Kotk 1984, pp. €8-71). by is a so-called harmonic characteristic tem-
perature defined by

© .
0, =%E 1w+ 9, Ju"g(w)du 1/, (2.13)

where g(uw) is the phonon spectrum of the solid and N is the number of atoms.
From equation (2,13} it follows that for a Debye solid Bu = 9D for all », where

8y is the Debye temperature. The anharmonic counterpart of 8, is defined by
85 () = 8,0 2 - e ... ] (2.14)

to first order, where £(n) is the anhsrmonic constant of order n.
For T 2 8 /21 the data can be fitted by the following ;quatian {Kolk 1984,
§2.6)

-ln £(T) = Kixtey =
5{3{7 [1+2027 (%;z DI
B -2

(2.15)

where Ep is the recoil energy of a free atom. Higher order terms in equation
(2.15) are negligible. When £(-2) equals zero we have the harmonic approxi-
mation. The quantities 8_, and €(~2) can be obtained from a least squares fit
of the data. For impurities in a lattice, [ permits the evaluation of the impurity
force constant. The constant £{~2) yields information on the anharmonic terms

in the vibrational Hamiltonian,
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For T 2 5 K, the recoilless fraction is given by
“In £(7) = ki<t = %WT”,(T) (2.26) 1

The characteristic temperature afl(r) enters in the expression for the

electron-phonon coupling constant related to the Ty of a superconductor (Kolk

1984, §2.6). ’
Equations {2.15) and (2.15) indicate that recoilless fraction measurements

serve as a unique way of studying the lattice properties.
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3. THE MOSSBAUER SPECTROMETER

3.1 tntroduction
The general method of utilizing the ME js to measure the transmission of H

¥-rays emitted by a source through an absorber as a function of the source ve-

locity v relative to the absorber. The variaticn of the ¥-ray energy with v is

given by the Doppler equation

- z

Ey =B (1 +3), (s.1)
where B, is the nuclear transition energy transferred to the ¥-ray. In our case
the transmission of 23.875 keV Y-rays through an absorber contsining ' '95n is

measured, The recoil-free ¥-ray energy of a typical Méssbauer transition is

Doppler

d by an electr

system operated in the constant ac-

celeration mode. At a particular velocity the ¥-ray energy from the source
precisely matches the nuclear energy level in the sbsorber and resonant ab-
sorption will occur. As mentioned in chapter 2, @ degenerate energy level in the
absorber splits into more than one level due to electric field gradients or internal
hyperfine magnetic fields. In that case resonant absorption and a decrease in

transmission of ¥-rays occurs at more than one velocity. Therefore a plot of the

7

intensity of the transmitted ¥-rays against the velocity of the source yields direct .
information about the energy levels in the emitting or zbsorbing nuclei. p
in the transmission geometry it is easier to move the source and keep ‘the :
absorber (sample) stationary. This makes it easier to change absorbers and vary M
their temperature. A schematic of the ME spectrometer used in transmission A

geometry for studies at low temperatures is shown in fig. 3.1.1.

The main

components are, the electromechanical drive system that imparts a velocity to the
source, the multi-channel analyser (MCA) used for counting the number of

transmitted ¥-rays as a function of the source velocity, the detection system for
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Fig. 3.1.1 An overview of the low-temperature ME facility for use in the

transmission geometry.

recording the transmitted ¥-rays and the cryostat in which the absorber is kept

and cooled to some low temperature,

3.2 The Multi-channel Analyser. N

An importaiit feature of the ME spectrometer is the (multi-channel analyser) !

{ MCA which performs data isition and synchronization. It can be operated in ;

two basic modes.
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{8) Pulse Height Analysis Node. In the most common application of puise
height analysis (PHA), a detector is placed near a radioactive source. The de-
tector produces a voltage pulse whose amplitude is proportional to the energy of
the incident radiation. Fig. 3.2.1 (a) is a photograph of voltage pulses as they
might appeair at the output of an amplifier.

The stream of pulses is then fed to the Analog-to-Digital Converter (ADC}. *
The ADC divides the total range of the input voltage into a number of discrete
intervals called ADC channels. Referring to £ig 3.2.1 (), the column of numbers
on the right indicates the number of pulses falling into each ADC channe!. For
each pulse which falls within a specific voltage interval (corresponding to a

specific energy interval), one "count" is tallied in the corresponding data memory

i
storage location or channef. There exists a one to one mapping of ADC channels !
i
to data memory channels. Examples of PHA spectra are shown in figures 5.2.2 H
and 5.2.3. A radioactive isotope produces a characteristic and readiiy identifiable

spectrum of this type. Each point in the spectrum represents the counts tallied

in a single data channe! ; each channel represents a voitage (energy) interval.

The use of the PHA mode in the MSssbauer spectrometer will be explained below.
(b) Hulti-chennel scaling mode. In the multi-channel scaling (MCS) mode
the input pulses, each of which represents a specific event (for example, the

detection of a ¥-ray), are measured as a function of time. MCS coperation ef-

fectively employs the data memory as a series of scalars (pulse counters). As
the puises are detected at the MCS input, they are counted it a high-speed
register for a preset interval {dwel! time). At the end of each interval the value

in the scalar is added to the contents of the current memory channel and the

|
i
|
i
i
1
3
!
\
|
i
i
1

scalar is cleared and advanced for the next dwell interval; the value of the scalar

for this next dwell time will be added to the next channel, and so on. When

pulses have been tallied in all of the channels, a "sweep” has occurred; the be-
ginning of the next sweep starts at the first channel, and the above sequence
of events is repeated. This continues until a sufficient number of counts have

bean acquired in each channel.
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Fig. 3.2.1 (a) A photograph of pulses from a Casn0Og source as they appear
at the output of an amplifier. (b) The ADC process.

For use in M6ssbauer studies, the MCS scan is synchronized with the motion “‘w:
|

of an electromechanical drive.. The channels of the MCS spectrum are then di-

rectly related to the velocity of a source attached to the drive system.
The istical behavior of the ¥ emission results in a standard deviation of 3

/N for a total W of registered ¥ counts per channel. Hence the longer the counting
time, the better the definition of the resonance line; but the improved resolution

to be gained must be balanced against the experimental time available and the

SoTEeTE

long-term stability of the apparatus.

3.3 The electromechanical drive system.
The Doppler shift of the source is provided by an electromechanical drive

system (Austin Science Associates K3 linear motor} which is controlled by @

voltage waveform from the MCA which has a frequency of 5 Hz. The actual drive
or transducer embodies twe coils, one of which produces a voltage proportional

)

f

t

i
home~bullt drive amplifier {Corson 1980). The amplifier is fed with a reference }

I

to the actual velocity of a center shaft. The drive amplifier compares this signal |

]
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to the reference waveform via negative feedback and applies corractions to the

drive coil to minimize any differences.  In this way the Mbssbauer source attains

a velotity which precisely tracks the reference wave form.

A square wave signal is taken from the MCA and integrated to yield a tri-
angular waveform (linear velocity, constant acceleration} which is used as the
reference voltage. The sy’mmetrical triangular waveform causes a velocity scan 7
of the spectrum with constant acceleration in opposite directions, alternately.

This produces a double (mirror-image} spectrum. The linearity and stability of
our drive system is improved significantly over that of conventional drive systems
by using a correction signal in addition to the negative feedback (for details see
Corson 1980). The velocity is varied linearly up to a maximum of approximately

10 mm/sec. ;

3.4 Datection Equipment. .

The ¥-ray detection system used in ME experiments is made up of a dstector, !
Apreamplifiar, main amplifier and a discriminator. In our experiment two different .
types of detectors were used : a proportional rounter and a planar germanium
detector.

The proportionz! counter is a gas-filled outer casing with a central eiectrode,

The initial reaction between radiation which enters and the gas in the counter,

is the photoelectric effect. In the detector a large potential difference applied
across the positive central efectrode and the outer casing prevents recombination

of the liberated electrons and lons, and the electrons are attracted to the positive

|
-
:

electrode. The charge sensitive preamplifier generates an output voltage pro-

portional to the charge resulting from ionizing events, and therefore proportional
to the deposited energy. These output voltages (pulses) are directed to the ADC

via the linear amplifier. PHA mode then allows us to examine the energy spectrum

AT

of the ¥-ray source,

tn high purity garmanium detectors, electron-hole pairs are produced by

an ionizing event in a semiconductor (Ge) crystal. When a ¥-ray is absorbed,

the number of carriers produced by ionization is linearly related to the energy

absorbed. Only a small amount of energy (5 1eV) is required to produce an .
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electron-hole pair; so the number of carriers produced for 2 given energy is
large, and the statistical fluctustions in that number are small when expressed i
as a percentage of the total number. The statistical fluctuation of the number
of carriers ¥ produced when a ¥-ray is absorbed is 1/vN. The extent of this \[

statistical fluctuation accounts for the resolution of the detector. This type of i

i
detector gives much better energy resoiution than that of a proportional counter ,: H
as can be seen by comparing figures 5.2.2 and 5.2.3. Fig. 5.2.2 is a pulse :
height spectrum of a 1195n Ca5n03 source. This was cbtained with a
xenon-methane filled proportional counter operated at a stable voltage of ~ 2750
- T volts. Fig. 5.2.3 shows that the lines are better resolved when a pulse height

spectrum of the source was recorded with our germanium detector. This detector -

consists of a circular cylinder of intrinsic Ge with a built-in pre-amplifier and
high voltage supply. Usually Ge-type detectors have to be kept at liquid nitrogen

temperature. However an intrinsic Ge detector can be cycled between room.

temperature and liquid nitrogen as often as is necessary. Before use, the detector
has to be cooled and this is repeated every twelve hours for the duration of the
measurement. The high resolution of this detector is required for accurate

recoi fraction m rements where there is a need for the determination and

subsequent elimination of the background radiation, that is, radiation not re-

sulting from the Mdssbauer transition but having comparable energy due to var-

ious processes (for example, scattering or the "tall" of an adjacent x-ray line).
After viewing the pulse height spectrum in PHA mode a window is set with

the discriminator which aliows only the ¥-rays of interest to be recorded in the

MCS mode. . When the discriminator has been set and with the MCA in MCS mode,

the spectrometer is ready for use.

3.5 Veloclty Callbration.

in order to assign velocities to each channel in a Méssbauer spectrum we

require some means of velocity calibration. A calibration is performed before and

after a Missbauer specttum is acquired. The

recording a 57Fe ME spectrum of a natural iron foill with a single line 57Co source.,
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Tho ME spectrum exhibits six absorption lines, the positions, and therefore ve-
locities, of which are accurately known.
This invoives

A :

We use a more accurate method for calibrating the spectrum.

an optical technique that uses the principles of a Michelson-interferometer.

schematic diagram of the Michel: ferometer as i in a velocity Y
calibration system is shown in fifg 3.5.2.

The principle of operation is as follows : whenever the drive moves a dis-
tance 3/2, where ) is the wavelength of the laser light, a light and a dark fringe
The fl

that in a fixed time interval the number of pulses is proportionzl to the dis- |

ss the 3 light signal is converted into pulses so

placement of the drive. The pulses are fed into the multi-channel analyzer (MCS
mode), and the number of pulses counted in a fixed time gives the velocity cor-
responding to that channel. “this is clear from the fact that if each channel is

open for the dwell time 1 then the velotity corresponding to channel x, v, is

(3.2}

where P is the number of sweeps and N, is the number of counts (number of half
wavelengths traversed). The average velocity associated with each channel is
accurately determined. Fig. 3.5.27 is a velocity calibration spectrum. The number
of fringes passing the detector is a measure of |v| and this accounts for the

inversion of the triangle in the calibration spectrum.
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Fig. 3.5.2 A velocity calibration spectrum.

represent the velocity associated with that channel.
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4. THE LOW TEMPERATURE APPARATUS

4.1 The Cryostat.

Low temperatures are obtained in a Janis stainfess steel cryost.*. A sche-
matic of the cryostat is shown in fig, 4.1.2. A vacuum jacket thermally isolates
a liquid nitrogen reservolr from the surroundings. The liguid nitrogen reserveir

encapsulates a liquid helium reservoir. When filled with liquid nitrogen this ar-

T decreases radiational heating that leads to an increase in the rate of
consumption of liquid helium. The helium reservoir surrounds the sample tube
into which the sample holder is inserted. Attached to the top of the sample holder

is a sample positioner for locational contral of the sample and two electrical

feedthroughs to aliow access of electrical i such as a ther a

P! controller resi: sensar and a resistor for temperature measure-

ments.

At the end of the sample holder, in close proximity to the sample mount,
is a 25 ohm bifilar wound non-magnetic heater used in conjunction with a tem-
perature controller to allow temperature stabilization of the sample. There is aiso
& mounting provision for a highly reproducible temperature sensing Carbon Glass
Resistor. Also attached to the end of the sample tube is a 25 ohm bifilar wound
non-magnetic vaporizer heater that is used to vary the temperature in the sample
tube.

The sample tube has a vapor pumping port to which a mechanical pump is

d through a i line. Pumping on liquid helium that has con-

densed at the bottom of the sample tube allows us to obtain temperatures as low
as 1.5 K, A needle valve permits controlled flow of liquid helium into the sample
tube from the helium reservoir thus allowing the sample to attain reduced tem-
peratures.

The cryostat was mounted on a specially constructed table by means of a
mounting flange. A wooden base is coupled to a metal frame by means of shock

absorbers and this combination forms a table {ike support. Shock absorbers are
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Fig. 4.1.1 A schematic diagram of the Janis MYssbauer cryostat.

also attached to the legs of the table. The shock absorbers nullify the effect
of vibrations on the cryostat due to mechanical pumps, air conditioning units and
compressors. Vibrations cause spectral line broadening which can mask the effect

of hyperfine interactions. A Zeolite pump is attached to the table and is used
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for the evacuation of the outer jacket of the cryostat. A plan view of the setup
is shown in fig. 4.1.2 (&) and a side view is shown in fig. 4.1.2 ().

The mylar windows indicsted in £1g. 4.71.1 allow transmission of ¥ rays.
They are vacuum sealed and have a fow absorption coefficient for the ¥ rays of
interest. The windows are situated so that vertical or horizontal transmission
of ¥ rays is allowed. If the source has a high recoilless fraction at room tem-
perature it can be situated outside the cryostat and the horizenta! transmission
geometry is suitable. Vertical transmission geometry is used when the source
has to be maintained at a low temperature to increase the recoilless fraction.
The cryostat is supported sbove a hole in the floor, of dimensions one meter
squared, to allow the vertical transmission geometry. Our source exhibits a high
recoilless fraction at room temperature as judged from the percentage effect ob-
served (~ 20 %) when a room temperature spectrum was recorded. We are thus
able to use the cryostat in horizontal transmission geometry. The drive and
velocity: calibration systems were mounted on jacks, the heights of which could
be varied to maximis transmission through the mylar windows and absorber.
The drive and velocity calibration system were first mounted on foam rubber
supports to dampen vibrations.

Fig. 4.1.3 shows a gas distribution facility and mechanical vacuum pump
used for recovery of “He gas and to allow pumping on liquid *He to obtain tem-
peratures as low as 1.5 K. The facility has inlets from the storage dewar,
cryostat helium reservoir and sample tube, All vecovered helium gas is recorded
on a gas meter and is directed to the central recovary system. In cases where
the mechanical pump is used to pump on liquid helium, the resulting oil-helium
gas mixture is directed through an oil filter to extract the helium gas.

Befora tooling, the absorber is mounted on the sample holder and inserted
in the cryostat, Starting up procedures invelve evacuating the outer jacket of
the cryostat to ~!0'5 Torr. The liquid nitrogen reservoir is then filled and the
cryostat is left to cool overnight. The liquid nitrogen lavel is maintained above

the liquid heljum reservoir by an automatic filling system. The filling system

incorporates a cryogenic level det r and electronics desighed and

built in the Missbauer faboratory. The level detector consists of a length of
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Fig. 4.1.2 The experimental setup as viewed from (a) above, {(b) the side. \
hotlow teflon tubing (low thermal conductivity) into which two Allen Bradley “f

carbon composition resistors are fixed. Their resistance chahges by orders of I

magnitude when the temperature is changed from ambient to 77 K (liquid nitro-

gen). This property serves as a triggering hani bling the resistors to
be used as "high" and "low" level sensors. When the liquid nitrogen level drops i
below thé "low" lavel sensor a compressor Is triggered to pressurize a liquid ni- ‘j
trogen storage dewar. The nitrogen reservoir of the cryostat is filled until the

"high" level sensor triggers,
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Fig. 4.1.3 The gas distribution facility and pumping system used for He

recovery and used to achieve temperatures as low as 1.5 K.

The helium ressrvoir is then manually filled from a storage dewar with the

aid of a flexible transfer tube. The vacuum gatge and gas meter are monitored

closely during the filling. An initial fast tempo of the gas meter indicates a
significant boil off of helium dus to cooling of the helium reservoir. Upon
condensation of helium in the reservoir, the vacuum i$ reduced to below 1078
Torr. The maintenance of this vacuum and a reduction in the boil-off rate as
indicated by the gas meter, signals helium accumulation in the reservoir.
Normally the five litre helium reservoir is filled to approximately 80 % capacity
sufficient to last 24 to 36 hours (fig. 4.1.4)." The level of the liquid helium is
measured with a dipstick. The needle valve connecting the helium reservoir to
the sample tube is then opened to allow liquid helium flow into the sample cube.
In this way the absorber is cooled to liquid helium temperature, 4.2 K. The
cooling rate in the sample tube can be varied. A needle valve attached to the
vapor pumping port allows one to change the speed at which vapor is pumped
off liquid helium that has condensed at the bottom of the sample tube.
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Fig. 4.1.4 He consumption in the cryostat.

in summary, important features of the cryostat are

(1) the temperature of the sample is easily varied betwesn 4 K and
300 K by means of vaporizer heater power,

(2) pumping on *He that has condensed in the sample tube allows
one to obtain temperatures as low as 1.5 K,

(3) the construction of the cryostat allows one to maintain either the

source or the absorber or both at low temperatures. This is

necessary d on the istics of the source, and

{4) the sample can easily be changed.

4.2 Temperature control and stability.

Alien Bradley (AB) carbon composition resistors were used as temperature
sensors. A 479 oivn AB resistor was used as the sensor for a temperature reg-
ulator and a 74 ohm AB resistor was used to measure the temperature. Both

resistors were c: .

#4x+3 w4t 306 K, 77 K and 4.2 K prior to performance of ex-

perimental runs. w jow temperature points were obtained by immersing the
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resistors in cryogen storage dewars and recording the resistor values on a
harid-held digital multimeter. The calibration curves are shown in fig. 4.2.1.

In order o maintain stability at low temperatures, a temperature regulator
was built. The regulator was modelled after that of Newrock, Wagner and

Rosenthal (1977). The regulator was operated with the 479 ohm AB resistive

sensor whose resi emperature behavior is shown in fig. 4.2.1. It can also
be operated with a capacitive sensor which is unaffected by the application of
magnetic fields.

A bleck diagram of the regulator is shown in fig. 4.2.2. The sensor (re-

sistor Rg ) and heater {resistor By ) are required to be in good thermal contact
with the sample mount. The resistive sensor was securely attached with copper
wire on the sample mount adjacent to the sample, The 25 ohm heater close to
the sample holder was used as Rﬂ. The temperature control point is determined
by the resistance of Ry Depending on the sensor temperature refative to the
control point, an error signal at the oscillator frequency is produced &t the output
of the active bridge. The active bridge yields an output that is linearly related
to the input voltage and to the difference between &g and k. An appropriate
component of this signal is phase detected, and the output after filtering is ap-
plied to the heater.
The phase sensitive detector circuit is built as part of the regulator avoiding the
need for a costly commercial phase sensitive detector in the feedback loop. The
phase shifter is only used for controlfer operation with a capacitive sensor. The
giin and time constant of the regulator is adjustable to optimize its operation.

The control point (RD ) was set at a temperature higher than that at which
the measurement was to be performed. By maintaining a constant cooling rate,
a constant current is supplied to the heater to offset the cooling and equalize
Rp and Rg, the control point temperature and the sample temperature, respec-
tively. Operated in this way, a heater current of approximately 20 mA is regu-
flated, thus stabilizing the temperature of the sample. The maximum allowed

" heater current is 120 mA and is low enough to allow minimal power input into the

sample zone. The alternative way of using the regulator is to aliow By and Rg

to equalize sq that the heater current is regulated about a zero value. This
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Fig. 4.2.1 Calfbration curves of the resistors used for temperature control

and measurement.

effectively means regulating the cooling of the sample which is difficult because
of temperature gradients and temperature fluctuations in the sample tube. The
74 ohm AB resistor used to monitor the temperature was securely attached to the
sample mount in close proximity to the sample. Resistance values were read off

a digital multimeter. .

For measurements at 22 K and below the 74 ohm AB resistor showed a drift
of less than 0.5 ohms over a 24 hour period. This corresponds to a temperature
stability of 100 mK at 22 K and better at lower temperatures. Temperatures
between 77 K and 120 K drifted by 2 K about the measuring point in the worst
case. Above 150 K the temperature drifted as much as 5 K about the measuring
point, The decrease in stability at the higher temperatures is due to the lack
of sensitivity of Rg to changes in temperature above 77 K. This can be overcome

by using a resistor with greater sensitivity in the higher temperature range.
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5. MOSSBAUER EFFECT STUDIES ON NB-SN COMPOUNDS

3.1 Introduction
Technologically, super ductors with high transition temperatures and high

upper critical fields have the most practical vaius. The operating temperature
range is more accessible and they can produce and tolerate high magnetic fields.
An exampie is the type |l superconductor Nb35n with T~ 18.05 K and Hpp ~ 22
T ; it has one of the highest known transition temperatures. This material is
of technological use in the construction of high field, low power consumption,
superconducting magnets,

per ducting tape is sy i using tin wire and niobium with the

intention of obtaining a NbgSn layer. Recent work of Glowcki and Chojchan
{1983) indicates a dependence of the layer phase composition on the method of
preparation, that is, on such parameters as the wetting and annealing temper-
atures. |deally one would require that the superconducting layer consist almost
entirely of the B-NbBSn phase but from the Nb-Sn phase diagram, f£ig. 5.1.1,
it is evident that the more undesirable NbgSng and NbSny phases, and Mb-Sn
solid solutions may be obtained.

HQSn ME spectroscopy is a non-destructive method of studying the phase
composition of the Nb-Sn layers in Nb-Sn superconducting tape. Such a phase
analysis has been performed by Groweki and Chojchan (1983), and Sitek et al.
(1978). We followed the evolution of the 1195, Mossbauer spectrum of commercial
Nb-Sn tape from 300 K down to 4.2 K using the low temperature facility described
in the previous chapter. Besides studying the p' ise composition of Nb-Sn

superconducting tape, we have i i d the n-sq displ of Sn
atoms in the various phases. This allows us to look for possible correlations

between the isttice properties and To which is different for sach phase.
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Fig 5.1.1 The phase diagram of the Nb-Sn system. (Figure taken from
Charleswori -, et al. 1870.)

PHASE Mg NbSn, s, p-sn
T ®5 240 - m
TETRAGO
CRYSTAL A ORTHORHOMBIC| ORTHORHOMBIC | RAGONAL
STRUCTURE c.

Table 5.1.1 The crystal structure snd superconducting transition temper-
ature of various Nb-Sn compounds (from the CRC Hapdbook of Chemistry and
Physics, 60t edition).
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5.2 The ¥sn source.
For 95, Mosshauer studies, the 23.875 keV ¥-ray used arises from a decay
of the first excited state, which is populated by a decay of metastable ”9'“Sn

with a half-life of 245 days. The decay scheme of "BmSn is shown in fig. 5.2.1.

The “9"'Sn is formed by neutron irradiation of lu"'SnA The excited state half-life 1

of 17,86 20.10 ns corresponds to a natural line width of Ty ® 0.642(4) mm/s, and
the decay to the ground state is a 3/2 + 1/2 magnetic dipole transition. The
23.875 keV ¥-ray is rather highly internaily converted. The 63.66 keV ¥-ray is
even more strongly converted and is consequently weak in intensity., The internal
conversion process assoclated with th; 65.66 keV decay resufts in 25,04 keV and
25,27 keV x-rays.

In order to study the hyperfine interactions we require a source which ef«
ficiently emits recoilless radiation of narrow spectral (ine width., Desirable fea-
tures like a high recoilless fraction at room temperature together with a narrow ;
line width are attained in the alkaline earth metal stannates (MSnOjz) due to the 1_
high symmetry of the perovskite structure. We use a CaSnO3 source which meets

the above requirements for high resolution Mossbauer spectroscopy.

A pulse height spectrum of the source taken with the proportional counter
shows unresoived lines that include the Mossbauer ¥-ray line, £ig. 5.2.2. It is
necessary to identify all lines that coincide with the Mossbauer ¥-ray transition,
thus contributing to background radiation. This is important in the case of

recoilless fraction measurements where the background component has to be ac-

curately known. To investigate the origin of the background radiation, we took

a pulse height spectrum of the source (£ig. 5.2.3) with the high resolution

germanium datector. This spectrum shows the ¥-ray lines indicated in the decay

scheme above, and reveals additlonal x-ray lines. One of these lines can be

attributed to x-rays from niobium present in the absorber. Other x~ray lines
indicate that strontium and selenjum are present in the source and may be a resuft
of the preparation procedure, The tin x-ray lines are a result of the intarnal
conversion processes in the source, The tin lines are preferentially absorbed ‘

with a palladium filter inserted between the absorber and the detector. Palladium
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Fig. 5.2.1 The nuclear decay scheme of the "9’"Sn Méssbauer isotope.

has a K-edge for photoelectric absorption at 24,35 keV, intermadiate between the
unwanted x-rays and the important 23.875 KeV Méssbauer transition.

5.3 Satting up a Méssbauer measurement.

We have acquired a few grams of superconducting tape which is approxi-
mately 100 microns thick and 0.5 cm wide. An Nb-Sn layer was made by diffusing
niobium powder info tin tape and reacting; this was then sandwiched between two
copper layers. The Nb-Sn layer is likely to consist of a mixture of phases that
includes the high Ty NbSna phase. A number of strips, approximately 2 em x
0.5 cm, were overlapped to form a foil-like absorber of area 2 em x 2 cm. This
was then attached to the sample holder.

After lowering the temperature of the sample to 4.2 K, the temperature is
raised to a desired value by means of vaporizer h.ater power, The vaporizer
heater is energized by a regulated pewer supply. The temperature of the ssmple
is known by monitoring the 74 ohm AB resistor, When the temperature is close
to the value at which the measurement is to be performed the temperature con-
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Fig. 5.2.2 A proportional counter pulse height spectrum of the source.

troller is switched on and the sample temperature zone is allowed to stabilize for
an hour or two.

With the spectrometer and sample in position, a pulse height spectrum is
recorded with a xenon-methane filled proportional counter. The discriminator
window is set to eliminate as much of the background radiation as possible, fig.

5.2.2. The height and alignment of the spectrometer and the sample are adjusted

to maximize the count rate. The discrimi r is readj d if y. The

MCA is changed to MCS mode, the drive system is started and the measurement
is allowed to run. The tempersture is monitored as often as possible and recorded
approximately every six hours for the duration of the measurement. A velocity
calibration spectrum is run before and after every Missbauer measurement. This

is to check for any changes in the linearity of the drive system.
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Fig. 5.2.3 {a) An Aptec Ge detector pulse height spectrum of the source

showing most of the radiative transitions; a palladh{m fllter was used. (b}

A pulse height spectrum showing only the more important transitions, Com-

pare this spectrum with that of f1g. 5.2.2. H

5.4 Data acquisition.

To achieve desirable statistics In a Mssbauer spectrum a s/ ““icient number
y of counts has to be accumulated in each channel. The duration of a measurement i
depends on the source strength and the geometry of the setup. For sufficient z(
statistics in cur case where 2048 channels are used, 25000 counts per channel is
required, With our 5 mCi CaSnO3 source this means approximately 24 hours
measuring time. The temperature controfler was able to maintain the stability of

the sampic temperature during this time, B

i 5. MOSSBAUER EFFECT STUDIES ON NB-SN COMPOUNDS 44 !

~ ”~ =3 co s de B ea% s ey



At the end of a measurement the data accumulated in the MCA was trans-
ferred to a DEC Rainbow microcomputer and stored on floppy disk. Data transfer
between the MCA and the microcomputer complies with EIA standard R5232 com-
munijcation protocols. The microcomputer is linked to an |BM/360 mainframe vis
a modem. The data on tfloppy disk is transferred to the mainframe by means of
a POLY-XFR/TRM termi, o emulation package. The full transfer operation takes
of the order of a few minuies. On the mainframe the data is analyzed with the
aid of a sophisticated computer program, MOSSFUN (Mbller 1980). Data analysis
is described below. The v [ty calibration spectra run before and after the
Mdssbauer spectrum are {ransierred to the mainframe in the same way and ana-
lyzed separately with the aid of the program LASERCAL. The output of this
program issues important data for use in the analyzing routines of MOSSFUN.

5.5 Data Analysis

The first step involves analyzing the laser calibration spertra. This is done
with the aid of the program LASERCAL specially designed for this purpose. The
calibration spectrum can be divided nto four regions as indicated in f1g. 5.5.‘1;
the correspanding motion of the drive for each region is shown. LASERCAL fits
a straight line to each of thé four regions enauling us to find the velocity per
channel! for each reglon. This is important because any small non-linearity that
occurs in one of the regions is immediately exposed and is not carried over to
the other reglons. The first half of the spectrum (regions 1 and 2) and the
second half (regions 3 and 4) have 512 accurately determined calibration points.
This should be compared with the conventivnal Fe foil calibration method in which
only six calibration points are associated with eﬂc’h half. For this reason
LASERCAL provides accurate values for the velocity per channe) of four regions
of a Mossbaver spectrum, the channel of zero velocity for each half and the
folding point about which the spectrum is symmetrical.

A Mussbauer spectrum wmay be a superposition of sub-spectra each of which
corresponds to the Méssbauer isotope in a different environment, fig. 5.6.1.
The sub-spectra may thus represent different phases that are present in the

absorber, lor a thin absorber each sub-spactrum can be approximated by a
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Lorentzian function (Kolk 1884, pp.181-182, 187). The theoretical fit to the
overall spectrum is a sum of Lorentzians. Therefore the theoretical intensity F
at the velocity v for a spectrum composed of m Lorentzians of intensity Ty position

&, and half line-width ¥, is given by (Miller 1980, p. 3.23)

.
ORI, A
i=1

where X3 5.2)

¥, is the base fine of 'the spectrum. The quantity g is the geometry factor.
When the moving source is in its center position where the velocity is at a max~
imum, the count rate is LA When the scurce is moving towards the dstector

the count rate is hiviier than A, and smaller in the opposite direction, sse

5.5.1. This is the gecmctric effect and is taken into account by the geometry
factor g. This fsdor is a function of the velocity of the source and contains
ona adjustable piosmeter which is determined in the fit routine.

Equation 5.7} is used in the program MOSSFUN to fit the data points.
MESSEUN requires 1024 duta points or less for analysis. Data from a raw spec-
trum (2048 channels} was chan:ged to meet this requirgment by adding adjacent
channels. The parameters of each line, the geometric effect parameter, and the
hase line are varied so thst a "least squares fit" of the data is obtained. The
"goodness of fit" is.judgec fremn the x? value calculated at the end of a fit pro-
cedure. The final output «f MOSSFUN is a list of values for the parameters of
each sub-spectrum. The virst half and its mirror image (the second half) are
fitted simulf
to be fitted in a ME spectrum. This results in a more reliable fit to the data.

y and this ef ively doubles the number of lines that have
Furthermore, if only one half 5f the spectrum is fitted, the base line which is
important for calculations of the absorption areas, is distorted to obtain a "good
fit". This freedom is denied to the fitting routine if both halves are fitted si-

multaneously.
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Fig. 5.5.1 (a) A calibration spectrum indicating the velocity as a function
of channel (solid line). The dash-dot-dash line represents the base line B
relative to the base line value No obtained when the source is stationary.

(b) A spectrum and its mirror image resulting from the drive motion in (a).

5.6 The Mbssbauer spectra : interpretation and phase analysis.

Approximately fifteen ME spectra were measured in the temperature range
300 K to 4.6 K. The measurements above 77 K were done once each, except the
reom temjerature measurements which were recorded both inside and outside the
cryostat, fieasurements below 77 K were repeated and no changes were szen to
occur due o temperature cyciing of the sample. Pig. 5.6.1 is a ruom temperature
measurement recorded with the sample in the cryostat. Three sub-specirs were

used to fit the spectrum. These components correspond to NbSSn, B-Sn and
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NbSnz. The superc: lucting transition temperatures of these phases are listed
in table 5.1.1. NbSny has a non-cubic crystal structure resulting in a
quadrupole splitting. The parameters of the sub-spectra compare well with those
cited in the literature (table 5.6.1).

In the preparation of the tape, the material is raised to a high temperaturs
followed by a rapid cooling procedure so that the high temperature phases are
retained (fig. 5.1.1); this accounts for the fact that no NbGSn5 component is
present in our ME spectra. We are confident that the choice of components is
unique as judged frrom the evolution of the Mdssbauer spectrum zs the temperature
is lowered. By lowering the temperature to 77 K we do not expect any phase
transformations to occur; that is, we do not expect the positions of the compo-
nents to shift significantly. The shape of the spectra show drastic changes as
the temperature is lowerad (fig. 5.6.2), yet our choice of components allows us
to obtain a good fit at each temperature without the need for changing the po-
sitions of the various components. The x* value at room temperature was x2 =
1.04, where x* = 1.00 represents an ideal fit, and in the worst case x* = 1.42
at 175 K. This represents excellent fits to the data bearing in mind that both
halves of the spectrum were fitted simultaneously (see §5.5).

The change in the shape of spectrum is due to the change in areas of the
various componants, which is due to the change in the racoilless fraction of Sn
in the various phases as a function of temperature. The ratio of the abscrption
areas of sub-spectra in a Mdssbauer spectrum allows the determination of the
relative proportions of the various phases present. This follows from equation
(2.12) i the £ values for Sn in the various phases is known. That is, the

proportion of phase 1 material ("1) to phase 2 material ("2) can be obtained from
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Fig. 5.6.1 MBssbauer spectrum of Nb-Sn superconducting tape at room tem-

perature.
- AJ my £ 5.2
— , 5.2
{ . 4, w5,

The areas 4; can be calculated from the parameters of the sub-spectra. For the
case of Lorentzian line-shapes the area of a sub-spectrum is the product of the

intensity and the line width normalized to the base line and the natural line-width.

In order to find the £ values the following analysis was performed. From

equations (2.11) and (5.2) it follows that
104,78, = Inay/ny) - KQsiloy - e (5.3)
tt is instructive to plot In(4,/4,) as a function of temperature, where the sub-

script 1 refers to the phases NbSSn or NbSnz and the subscript 2 refers to the i
pure Sn phase. This is shown in fig. 5.6.3 (a),(b). Observe in fig. 5.6.3¢
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sub-spectra {Herature
MBSy Hbysn B NpSay | NbgSn p-sn’
$ 224006 | 1542002) 2562090 218 185 256
I | osssoz | a932005 | 12030 08¢ ogs
A 2062 056 - - 197 —_ —

S isomer shift
A quadrupole splitting
£ linewidth

Table 5.6.1 Parameters (in mm/s) for a room temperature spectrum as ob-
tained with MBSSFUN in a least squares fit of the data (X2 = 1.04) compared
with values obtained in other measurements (Sitek et al, 1978, Missbauer

Effect Data Index -~ Covering the 1970 Litersture, p. 23),

(a) that at high temperatures, T 2 77 K, In(4,/4,) is iinear in temperature T.
Therefore equation (5.3), with the aid of the first term in equation (2,25} can

be written as
6Ey 1 1
In(4,/4,) = In(ny/ny) - _kB [ 822(1) "_9?2(2) 1r. (5.4)

8_5(x) is a characteristic temperature of a Sn atom in phase x. The quantity
1n(ny/n,), the logarithm of the relative proportion of two phases, is a constant
which shifts the plots in £ig. 5.6.3 up or down. Equation (5.4) indicates that
the slope of the curve in fig. 5.6.3 (a) is

Sl Lo (5.5)
slope = 7 2 -9 . 5.5,
P T kg L 87,(2) T 82,(2)
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Fig. 5.6.2 Temperature evolution of the Mdssbauer spectrum.  Additional

spectra measured at 87 K, 13 K and 9 K, are not shown.

The constant ¢ = 65)?/"3 equals 179 K. The char:steristic temperature is known
accurately in the case of Sn (Hehenemser 1965) and in the range 77 K £ T < 200
K is constant at 8_,(Sn) = 140 K. This enables the determination Bgz(NbBSn) : !
from equation (5.5) and fig. 5.6.3 (&). A similar analysis results in the de- 1 i

termination of Bgz(NbSnz) from fig. 5.6.3 (#). The results reveal that ;
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Fig. 5.6.3 A plot of In(4,/4;) versus temperature, where 4, is the ab-
sorption area of the B-Sn component and 4 is the absorption area of the
Nbssn component (a) ; (b) refess to the NbSn2 component.

e-Z(NbZ!s") =176 K and B_Z(NbSnz) = 140 K. From equation (5.2) and the fact
that .

£, = exp [ -er/0 0 1, . 5.6

we are able to calculate the relative proportion of the phases present by using
the measurements obtained at temperatures 7 2 77 K. The results show that the
sample contains 16% NbSnz, 40 % Nbasn and 44 % B-Sn. These resuits indicate
that our sample of superconducting tape hat a significant proportion of the high
Tp Nbasn phase; this is enough to create a continuons Nbasn fayer rendering it
useful for technologica! applications.

: ' i
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Working with the ratios of absorption areas has the added advantage of
cancelling the background component.‘ if the background is not effectively

eliminated this will result in inaccurate values for the absorption areas.

5.7 Lattice Dynamics

it is appropriate to introduce some theoretical background (Kolk 1984, pp. 1
107-110). Fig. 5.7.1 (&) shows a a Lennard-Jones-type pair potential 4 resulting
from the interaction of two isolated atoms. Now consider an atom in a solid,
For an atom B moving in the potential of two other atoms A and C at distances
of about For where r_ is the distance for which ¢ is minimal (fig. 5.7.1 (a)),
the atomic potential [N is as shown in fig. 5.7.21 (»). The mean-square dis-
placement (msd) as a function of temperature is shown in fig 5.7.2 (b). When
the atomic potential is approximated by a parabolic potential (the harmonic ap-
proximation), the motions of the atoms are considered to be a superposition of
3N independent norma! modes. In this case the msd of an an atom at moderate

and high temperatures is given by the first order term in equation (2.13). The

msd vs a function of temperature is shown in fig 5.7.2 (a). Note the difference
between fig. 5.7.2 (&) and fig. 5.7.2 (b) at high temperatures. The devistion
from a parabolic potential results in the anharmonic (higher order) terms in
equation {2.13) and the corrasponding high temporature anharmonic effacts. For
solids in which the distances between B and its neighbors exceed To the atomic
potential is "wine-bottle like", fig, 5.7.1 (c). This‘slgnificant deviation from a
parabohit potential results in both low temperature and high temperature devi-
ations from harmonic behavior, and the msd as a function of temperature is shown
in fig 5.2.2 {cJ. The above irdicates that the shape of ¢, as determined by the 3
fattice, accounts for the temperature behavior of the msd.

We are able to plot the msd of St in the various phases as a function of

temperature. The quantity on the left hand side of equation (£.3) can be eval- i
uated from the Mdssbauer spectra, the relative proporiions of the phases present
have been calculated in the previous section, and so the difference in the msd's
of two phases can be calculated as a function of temperature. Since the msd of

B-Sn as a function of temperature is known accuratuly from Hohenemser's meas-
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urements (19653) we can find the msd's of the other two phases in the sample
relative to that of B-Sn. Fig 5.7.3 is a plot of the msd's of the other phases

relative to the literature stated msd of B-Sn as a function of temperature using
the areas obtained in the spectra of £ig, 5.6.2.

The low Ty phases, B-Sn and NbSnz, show similar behavior, in contrast to
that of the high Te NbSSn phase, Observe that in the low temperature regime,
4 T s 77 K, the msd of Nbssn is weakly temperature dependent as compared with
the other two phases. The behavior of the msd of Nb3Sn at low temperatures
is consistent with the x-ray measurements of Vieland (1971) and contradicts the
results of Shier and Taylor (1968) who find msd values twice as large as the x-ray
measurements, implying low temperature anharmonicity, fig. 5.7.2 (c¢). At high
temperatures, T 2 200 K, the msd of B-Sn and Nb,Sn show deviations from har-
[N monic behavior, more so in the case of the high Ty NbSSn phase. The low Te
NI;:Sn2 phase closely follows harmonic behavior. Table 5.1.1 and fig, 5.7.3 in-

i ir)
(al ,
\ . 4
tb) 4 '
. )
b
EL)

#ig. 5.7.1 (a) Pair potential 4. (b) The atomic potential [N when the
interatomic spacing a is about L it is in reasonable approximation parébolic.
{e) [N deviates from parabolic behavior when the Interatomic spacing js larger

than r.
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Fig. 5.7.2 The msd of an atom in the harmonic approximation {a); {b) in a
potential as shown in fig. 5.7.1 (b) ; {e¢) In a highly anharmonic potential
i as shown in fig. 5.7.1 (c), according to Dash et al. (1968),

dicates that the Te of a tin compound is related to the deviation of the tin msd

from harmonic behavior -- the higher the Ty the more the degree of
anharmonicity, The degree of anharmonicity is not governed by the crystal H
structure because fig. 5.7.3 shows that the low T, phases, one with a high
symmetry lattice and the other with a low symmetry lattice, have similar behavior.
The high T, phase has a high symmetry lattice and shows radically different
behavior,

5.8 Concluding remarks.

We have used the Missb effect to determine the phase ition of a

sample of Nb-Sn superconducting tape. This is important when considering the

greparation procedures of super | v ts, especially when high Ty

compounds are the required end product. Tha results reveal that the sample

contains 40 % of the high Ty NbBSn phase, 16% Nb5n2 and 44% p-Sn.
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Fig. 5.7.3 The msd as a function of temperature for the various Nb-Sn
phases present relative to the B-Sn measurements of Hohenemser (1965).
The dotted lines represent harmonic behavior. The solid lines ar. Jrawn to

guide the eye.

To aid in our under d of what mines the super ing tran-
sition temperature in a solid, we have examined the lattice behavior of super-
conducting compeunds. The results indicate that there is a relation between the
Ty and the lattice dynamics. It appears that the degree of anharmonicity influ~
ences the superconducting transition temperature. The high Tq phase shows a
significant departure from harmnonic behavior while the low Ty phases (Sn and

NbSnz),follow harmonic behavior closely. When one considers that anharmonic
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effects are responsible for many crystal properties, indeed the ferroelectric state
in certain crystals is associated with a highly anharmonic potential, it is fikely
that the anharmonic effects are responsible far ancther exotic property ~-
superconductivity.

The next step in the experimental programme is to obtain pure Nb-5n phases
wnd to perform more accurate measurements by accounting for thickness effects
(Greenwood 1971, pp. 71-72}, and eliminating the background componen” with
the aid of our high resolution germanium detector.” In ac'dition to this, apparatus
is being built to allow high pressure studies; the application of high pressure
4o a solid means changing the lattice and thus varying the degree of
anharmonicity. This will provide further information about whether, and to what

extent, the lattice determines the suy ducting fransition temperature.
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