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De juistheid van de methode waarop Fradin en Williamson de vorm

van de resonantielijn van vanadium bepalen in V„ (Ga Si ) ver-
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verrichten.

H.A. Zweers, Proefschrift, Rijks Universiteit Leiden, 

Hoofdstuk IV.
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een machtreeks, maar die van een ontwikkeling naar orthogonale 

polynomen op te geven.

Bij de analyse van differentiële susceptibiliteitsmetingen ter 

bepaling van het fasediagram van een zich magnetisch ordenend 

systeem, dient men de tijdsconstanten van de optredende relaxa

tieprocessen te kennen.

Y-. Kuramitsu, K. Amaya en T. Haseda, J.Phys.Soc.Japan 

33(1972)83.



6. Het verdient aanbeveling om de magnetische ordening van de 

protonspins in heptasulfurmonoimide te onderzoeken.

7. Voor het verkrijgen van een betrouwbare schatting van de wissel

werking tussen de ketens in een quasi ééndimensionale Heisenberg 

antiferromagneet is het aan te bevelen, naast soortelijke warmte 

en susceptibiliteitsmetingen, ook neutronendiffractie en/of kern- 

resonantiemetingen aan een dergelijk systeem te verrichten.

Y. Imry, P. Pincus en D. Scalapino, Phys.Rev. B 12 (1975) 1978.

L.S.J.H. Henkens et al, te publiceren in Physica.

8 . Gezien de ontwikkelingen in de meettechniek van het electrisch 

geleidingsvermogen, de temperatuur en de druk van het zeewater, 

dient de huidige internationaal geaccepteerde formule voor de om

rekening van het electrisch geleidingsvermogen naar saliniteit te 

worden herzien.

UNESCO, International Oceanographic Tables, 1966.

GATE Report on Salinity Intercomparison, Genève, February

1 976.
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9. Het gebruik van SLAR (Side Looking Airborne Radar) voor he.t ver
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10. De uitspraak van de theoloog W. Aalders dat het "atheïsme de
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CHAPTER I

INTRODUCTION

This thesis concerns a nuclear magnetic resonance study by 

means of the spin echo method oj so called A15 intermetallic com

pounds. In the literature the crystal structure of these compounds 

is sometimes referred to as the ß-tungsten structure.

When the composition of a particular compound is stoichiometric, 

the general formula can be written as A 3B. In figure 1 the struc

ture of such a compound is shown. An important property is the 

existence of three mutually perpendicular chains of A atoms, 

situated on the faces of body centered cubes formed by the B 

element. The interatomic separation along a given chain is about

20% smaller than that between separate chains. In table 1 a sum

mary is given of the elements from which A 3B compounds can be com

posed. The A atoms are always transition elements while the B

sites can be occupied by transition elements as well as non tran

sition elements.

Fig. 1. Unit cell of a stoichiometric A15 compound. 

A element ; ̂  : B element.



TABLE I

IV T V T VI T VII T VIII T I B II EIII E IV B V B

A1 Si

T i * V * Cr* C o * N i * Ga Ge As

Zr Nb*" Mo Tc Ru R h * Pd * In Sn Sb

Ta W Re 0s * Ir * Pt * A u * Kg Tb Pb Bi

S X s '\
transitior transition non- transition

A B B

Table I: Elements from which A15 compounds can be composed.

: Elements which were used in this investigation.

A15 compounds not only exist for the ideally stoichiometric 

composition 3 : 1. In the ^ XPC ]_X system for instance, the amount

of Pt, 1-x, can be varied between 20% and 30% without losing the 

A15 structure. A striking example of a non-stoichiometric compound 

which still possess the A15 structure is also V 50O S 50 

There also exist ternary A15 compounds. The general formula is 

then A^CB^Bj^ ). An example of such a ternary compound is

Nb3 (Al0 .sGeo.2^’

A major cause of the great interest in A ! 5 compounds is that

several of them possess high superconducting transition temperatures

T^ Ï). One of the highest values of ehe superconducting transition

temperature is observed in the above mentioned compound

N b0(Aln QGe„ „) where T = 21 K. Nb^Sn, with a T of 18 K, is
3 0 . 8 0 . 2  c o *  c

actually used for the construction of superconducting magnets which 

can generate magnetic fields in excess of 100 k O e . An other point 

of interest is the observation of the anomaleus behaviour of the 

electronic and elastic properties of these compounds.

For instance a strong temperature dependence of the Knight shift of 

vanadium in V 3Si, V?,Ga and V 3Ge 2 ) and a martensitic phase transition 

in V 3Si 3) were found.



Why in general A ! 5 compounds are so favourable for the occur

rence of superconductivity is at present not completely clarified.

One explanation emphasizes the peculiar band structure which gives 

rise to a high density of states of the d conduction electrons at 

the Fermi level 4 ). According to the Bardeen - Cooper - Schieffer 

theory of superconductivity, T is directly correlated with this 

density of states. Other authors 5) attack great importance to the 

elastic anomalies and the softness of the lattice of A15 compounds.

The strong-coupling theory of superconductivity 6) can then account 

for the variations of T^ along a range of alloys.

The magnetic resonance studies of A15 compounds began in 1967, 

when Dr. E.C. van Reuth was on a one year sabbatical leave at the 

Kamerlingh Onnes Laboratory. Then a Knight shift study of the V 3AU 

system was started. Most of the results of this research were pre

sented in the thesis of Ancher 7 ).

From this Knight shift study, it appeared that measurements of 

nuclear spin-lattice relaxation times were necessary to obtain more 

information about the electronic properties of V 3AU as well as 

other A15 compounds.

In a metal the nuclear spin-lattice relaxation is induced by 

the hyperfine and the orbital coupling between nuclei and conduc

tion electrons. It can be shown that for most metals the nuclear 

relaxation rate R = 1/T^T is independent of temperature and propor

tional to the square of the density of states N 2 (Ep) of the conduc

tion electrons at the Fermi level. Therefore measurements of Tj in 

metals can give useful information about their electronic properties.

In a simple metal like Cu, the relaxation is mainly caused by 

the hyperfine interaction between s conduction electrons and the 

nuclei. In A15 compounds, the A sites are occupied by transition 

elements. For these elements the relaxation behaviour is not only 

determined by s electrons but also by d electrons, which have no 

direct hyperfine interaction with the nucleus. Then also the orbital 

coupling between these d electrons and the nuclei are an important 

factor in the determination of Tj. A detailed description of the 

relaxation mechanisms in such transition metals is given in chapter 3.



This thesis concerns mostly measurements of Tj of vanadium 

in a series of V 3X compounds (X = Pt, Ir, Os, P d , Rh, Ni, Co, Au).

The vanadium c.w. resonance lines were always quadrupolar 

broadened due to the non-cubic environment of these atoms. When in 

a spin echo experiment a two pulse sequence was applied, several 

so called "quadrupolar" echoes 8 ) were observed due to this quadru

polar broadening. In chapter III a theoretical description of this 

type of echoes is given, based on the density matrix formalism as 

used by Solomon 8 ). Special attention is paid to the observation 

of a At "forbidden" echo in V 3AU and V 3C0 . Even a 6t "forbidden" 

echo could be found in the Co echo pattern of V 3C0 .

Observations of such 4t and 6t echoes were not reported previously.

By varying the phase difference between the first and second pulse, 

the "allowed" (Am 1 = 1) or "forbidden" (Am'>l) character of quadru

polar echoes could be determined. Also the intensities of "forbidden" 

echoes were measured as a function of the length of the first and 

second pulse and compared with the theoretical predictions.

The dependence of echo heights on the length of the second pulse 

were in good agreement with the theory.

In chapter IV measurements of the nuclear spin-lattice relaxa

tion time of vanadium in a series of stoichiometric (VjRh, V 3C0 , V 3Pd) 

and non-stoichiometric (V5OOS5 0, V 7 7N 1.2 3 , V^Pt^_^ and ^ I r j  ) ^.15 

compounds are reported and discussed. Also the relaxation times of 

Pt in the V xPt j_x system and in N b 3Pt, Cryc)Pt2 i and T i 3Pt were 

measured. The relaxation rates R = 1/TjT at a temperature of 4 K are 

compared with known values of the electronic specific heat coeffi

cient y. From these values of y the density of states N(E ) can be 

calculated. Within experimental accuracy a linear relation was

found between the calculated values of N 2 (E,_,) and the measured values
F

of R. It could be shown that the s conduction electrons play a minor 

role in the determination of T 1# Only the d-electrons are of impor

tance and determine T^ mainly through the orbital interaction with 

the nucleus. Also some conclusions could be drawn regarding the 

relative occupancies of the five 3-d sub-bands of vanadium in these 

compounds.



Chapter V finally gives the results of the spin echo experi

ments on a series V 3Au samples with superconducting transition 

temperatures T , varying between 0.9 K and 2.7 K. These differen

ces in T^ values were a result of different annealing heattreat- 

ments. The measurements of Tj of vanadium revealed that R = 1/T^T 

was strongly temperature dependent between 300 K and 4 K.

This temperature dependence decreased with decreasing value of T . 

These results are in agreement with the Knight shift measurements 

of Van Reuth et al. and Ancher et al.

Furthermore it could be shown from the properties of the free 

induction decay following a 90° pulse that there existed an in- 

homogeneous distribution of relaxation times over the vanadium 

resonance line. Nuclear spin groups on one side of the resonance 

line had shorter relaxation times than spin groups on the other 

side. The observation of this effect supports the idea of Ancher 11) 

and Labbê and Van Reuth 12) that the broadening of the vanadium 

resonance line is partly due to the existence of a spread in 

Knight shift values caused by the disordering of the vanadium 

chains by Au atoms.

The mean relaxation rates R of vanadium at 4 K were also com

pared with known values of y. As in case of the other V 3X com

pounds a linear relation was found between the measured values of

R and the calculated values of N 2 (E ).
r

From the relaxation behaviour in the superconducting state it 

was concluded that V 3Au is a so called "dirty" type II super

conductor .
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CHAPTER II 

EXPERIMENTAL TECHNIQUES

1. Classical description of the spin echo phenomenon

In this section a brief description will be given of the tran

sient responses of a nuclear spin system under the influence of 

strong r.f. pulses, as discovered and explained by Hahn 1).

These responses permit direct measurements of the spin-spin relaxa

tion time T^ and the spin-lattice relaxation time Tj of the nuclei.

A major advantage of the spin echo method is that the spin system 

is not disturbed by external r.f. fields, except for the brief 

duration of the pulses. On the other hand, these pulses are so short 

that during them spin-spin and spin-lattice interactions can be ne

glected .

A nuclear spin system is considered which is placed in an ex

ternal magnetic field H q along the z-axis in the laboratory frame of 

reference. The nuclear spins will precess around the z-axis with the 

Larmor frequency üjq = -yH0 . We now apply a rotating magnetic field 

Hj , with angular frequency a) and perpendicular to H 0 .

In a frame, rotating with angular frequency w around the z-axis, H| 

will be stationary along the x-axis.

H Fig. 1.

Construction of the effective 

field in a frame rotating 

with angular frequency to 

around H q .



In this new frame of reference, the component of the precession

frequency along the z-axis is reduced to üiq ~ to. This can be

described by an effective field component too _ <i>/y along tne

z-axis. If we take the rotating field Hj also into account, we

get a total effective field H with 
ö e

|H i V ( - ^ ü ^ ) 2 + H2 !i e  y  x

and at an angle 6 from the z-axis such that 

.„A = (See f igure 1 ),

The spins will precess with frequency yH^ around this effective 

field. For to = U)q (resonance condition) the nuclear spins will 

precess around Hj with angular frequency, tô  = y H ^ .

In a spin echo experiment, short but strong r.f. pulses with a 

frequency of to = tOg are applied to the spin system. The Hi of 

these pulses is again perpendicular to the external magnetic 

field H 0 . An important condition is that the Hi field is large 

compared to the c.w. linewidth. In the rotating frame with angu

lar frequency cjq, all spin groups will then approximately feel 

the same effective field H j . The equilibrium magnetization Mg 

along the z-axis (Fig. 2, A) will then rotate around the x-axis 

after the beginning of the pulse. When the duration t of the 

pulse is t = TT/2o>i (90° pulse), M q is rotated from the z-axis 

to the y-axis in the rotating frame (Fig. 2, B ) .

After the pulse M q rotates with a frequency coq around the z-axis 

in the laboratory frame. In the receiver coil a r.f. signal with 

angular frequency tog will be induced by this rotating magneti

zation. Due to homogeneous and inhomogeneous broadening of the 

resonance line, the various spin groups will sense different 

magnetic fields H q ± AH. After a 90° pulse, these spin groups 

will start rotating with a frequency ± yAH in the rotating 

frame and fan out as shown in fig. 2, C by the vectors 1, 2,

- 1 , - 2 .



180°

A B D E

2T

Fig. 2. Sequence of events following a 90° and 180° pulse, showing 

the formation of the free induction decay and the spin 

echo as explained in the text.

They still will give a resultant moment M  along the y-axis in the 

rotating frame but smaller in magnitude than Mo*

The signal induced by M  is thus decaying. After sufficient time, 

the spin groups are randomized (fig. 2, D) and no signal is in

duced in the receiver coil. The tail following the pulse in figure

2 represents the so called free induction decay.

When a second pulse is applied at a time t = T after the 

first pulse, a so called spin echo signal will appear at a time 

t - 2 x . The formation of this echo will be illustrated in case 

that the duration of the second pulse is t = tt/o>i (180° pulse). 

This second pulse rotates the various spin groups, as shown in 

figure 2, D and E, over an angle of 180° around the x-axis of the 

rotating frame. However, th'e sense of precession of the individual 

spin groups is preserved, with the effect that the distribution of 

spin groups will start to "unfan" (fig. 2, E ) . When the "unfanning" 

proceeds, a resultant moment will appear along the y-axis (fig. 2 , 

F). Again a r.f. signal will be induced in the receiver coil.



At a time t = 2 t , all spin groups will be back in step and the spin 

echo signal will reach his maximum intensity (fig. 2, G ) .

After t = 2t , the spin groups will start again to fan out and the 

resulting signal will decay to zero. The intensity of the echo sig

nal decreases as T becomes longer because spin-spin interactions 

destroy the coherent "fanning" of the spins. By measuring the inten

sity of the 2t  echo as a function of T we can determine the spin- 

spin relaxation time T 2 .

As stated before, the nuclear spin-lattice relaxation time T^ 

can also be determined with the spin echo technique. We first apply 

a 90° pulse, so that the magnetization in the z-direction is zero. 

Afterwards Tj processes wiLl return part of the moments to the equi

librium alignment along the z-axis. According to the well known 

Bloch equations 2 ), M  will behave as:

dMz M 0 - M z 

dt T 1

which has the solution

M (t) = M 0 (1 -• e~t//ri) for M (0) = 0.

After a time t the recovered magnetization M  (t) can be measured by 

tipping it again in the x - y plane. By measuring the intensity of 

the free induction decay after this second pulse as a function of 

t, T^ can be determined. This method thus uses a 90° - 90° pulse 

sequence. An other method makes use of a 90° - (90° - 180°) pulse 

sequence. The magnetization M (t) as a function of t is then mea

sured on the intensity of the 2t  echo following the (90° - 180°) 

pulse sequence. In this case, t  must be short compared to T^ and T 2 .

In solids the situation is often encountered that the c.w. line- 

width is comparable or greater than . Not all spin groups are af

fected by a single 90° pulse. A train of r.f. pulses is needed to 

saturate the resonance line and to bring all the spin groups in the 

x - y plane. The recovered magnetization M z (t) can then again be 

measured as a function of t with a 90° pulse or with a (90° - 180°) 

pulse sequence.



2. Description of the spin echo apparatus

The experiments were performed with a phase-coherent pulsed 

n.m.r. spectrometer of the type Bruker B.Kr 322s. A block diagram 

of the equipment is shown in figure 3.

A high stability 1 MHz crystal oscillator (1) serves as time- 

base for the pulsegenerator and as source frequency for the fre

quency synthesizer. The pulsegenerator consists of three seperate 

units that can generate three subsequent pulses in each measuring 

cycle. Pulse I, that can also consists of a train of pulses, is 

used to saturate the resonance line. Afterwards a spin echo is 

generated with the pulses II and III. The length of the pulses, 

as well as the distances in between, are adjustable over a wide 

range. Moreover, the pulsegenerator supplies pulses (C) that 

trigger the oscilloscopes (16, 17) and other systems (18, 19).

In the pulse distributor (3) pulses I, II and III can be split 

up over channels A and B in any desired combination.

The frequency synthesizer (6) can generate frequencies be

tween 4 MHz and 62 MHz. The high-frequency is fed into three 

branches, Fj, F 2 , F 3 , one of which (F3 ) drives, via the phase 

shifter ( 1 1 ), the phase-sensitive detector ( 1 2 ). Fj leads, via 

phase shifter (4), to electronic switch (5) while F leads direct

ly to switch (7). These switches pass the high-frequency to a 

mixer (8) on command of the pulses in channel A  and B respecti

vely. A tunable power amplifier (9) supplies a voltage over the 

tank-circuit which is high enough to reach the desired Hj fields 

of 60 Oe to 80 Oe. The condenser in this circuit is situated just 

above the sample coil in the cryostat and can be adjusted outside 

the cryostat in order to tune the circuit. During the pulses the 

diodes ( 1 0) form a neglectable small impedance, while in the ab

sence of these pulses the impedance is so high that the tank-circuit 

is decoupled from the power amplifier, so the induced signal is 

not damped by it.

A turnable preamplifier is coupled to the tank-circuit by 

means of a second LC-series circuit. Two antiparallel diodes pre

vent the first stage of the preamplifier from overloading by the 

pulses, whereas the inputcapacity is too small to short-circuit 

the power amplifier.



Fig. 3. Block diagram of the spin echo apparatus.



The signal passes through an attennator (14) and a broadband 

amplifier (13) and enters the phase-sensitive detector ( 1 2 ).

The rectified signal is displayed on a monitor oscilloscope 

(16). Measuring of signals with a high signal-to-noise ratio can 

be done with the aid of a storage oscilloscope (17). For weak 

signals a boxcar integrator (18) and a digital averaging system 

(1000 addresses) (19, 22) are used.

The operation of a boxcar integrator is as follows. At an 

adjustable time after the trigger pulse the signal is measured 

during a short time, say 1 ysec. This little "piece of signal" 

is averaged (integrated) with a suitable RC-time over succes

sive measuring cycles. The averaged signal is registrated con

tinuously on a chart-recorder (21). An enhancement of the 

signal-to-noise ratio by a factor of 10 is easily achieved.

This method is in particular useful in case of short cycletimes.

For longer cycletimes (> 0.5 sec.) or if the complete free 

induction decay and spin echo have to be recorded, a digital

averaging system is useful. A transent recorder (19) reads the

signal (shortest sample time: 500 nsec. per address) and at once 

after that, the signal is transferred to the signal averager (2 2 ) 

at a lower speed (100 ysec. per address). This arrangement had to 

be made because the averager is too slow compared to the time of 

the observed free induction decay and spin echo signals.

After several cycles the signal has reached the desired signal-to- 

noise ratio and can be viewed on an oscilloscope or registrated 

on a chart recorder. Because the enhancement in signal-to-noise 

is proportional to the square root of the number of cycles, theo

retically any signal-to-noise ratio is possible.

Practically a factor of 10 to 30 is obtained.
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CHAPTER III

ANALYSIS OF QUADRUPOLAR SPIN ECHOES IN 

A SERIES OF V 3X COMPOUNDS

1. Introduction

Because of the very interesting electronic and super-conducting

properties of the A15 intermetallic compounds *), a general spin-

lattice relaxation study was made of a great number of-vanadium based

alloys of this type. Measurements were done on stochiometric compounds

like Vjlr, V 3C0 , V 3Rh while also an extensive study was made of the

influence of disordering on the electronic properties in systems like

V Ga. , V Pt. , V Ir. and V^Au. The relaxation measurements were 
x 1-x x 1-x x 1-x 3

carried out with a phase-coherent pulsed NMR spectrometer. Because 

the c.w. resonance line of vanadium (I =  -If) in these alloys was al

ways influenced by quadrupolar and magnetic broadening, rather com

plex quadrupolar echo spectra were observed when a two-pulse sequence 

was used. The aim of this study was to make a comparison between the 

echo pattern and the c.w. lineshape of vanadium in the different 

samples. The results of the relaxation measurements will be published 

in a forthcoming paper. Solomon 2 ) showed already in 1956, that when 

two strong r.f. pulses, separated by a time x, are applied on a qua

drupolar broadened spin system in an external field Hq , several so- 

called "quadrupolar" echoes are observed at times t f 2t.

A distinction was made between "allowed" (Am' = + 1) echoes and "for

bidden" (I A m 1 I> 1) echoes. Forbidden echoes appear when the influence 

of the quadrupolar interaction during the pulses cannot be neglected. 

Butterworth extended Solomons theory to the case in which the spin 

system is influenced by both quadrupolar and static-magnetic broaden

ing. He showed that the allowed echoes at times t f 2x are suppressed 

by the magnetic broadening. Abe et al. “*) considered a spin system 

which was magnetically broadened and further subject to a constant 

quadrupolar coupling. In such a system multiple spin echoes were ob

served at time t f 2 t , 3t, 4t, etc. The existence of these echoes 

could be explained by considering the influence of the quadrupolar 

interaction during the pulse. In our investigation special attention



was paid to the phenomena of "forbidden" echoes in case of magnetic 

and quadrupolar broadening. Several higher-order (Am' = 2, 3, 5) 

echoes were found especially in V 3AU and V 3C0 . A  method was developed 

to establish exactly the Am' value of a certain echo. The intensity 

and width of the higher-order echoes were measured as a function of 

the pulse parameters and if possible, compared with the calculated 

dependences. In order to give a good explanation of the measurements, 

the existing theory was reformulated in such a way that the general 

properties of all possible "allowed" and "forbidden" echoes could 

be derived.

2. Theory

The hamiltonian of a nuclear spin with I > \ in a homogeneous 

magnetic field Hg along the z axis under the influence of a quadru

polar interaction as well as a quasi-static magnetic interaction, is 

in a frame rotating with tug = yHg given by:

H = a h {I2 - 1/3 (1(1 + 1)} + b fi I 
z z

with a = 3eQV /4fil(21 - 1  ) and b = ~~Y^Z (Qî Nuclear quadrupole moment,

V z z > component of the electric field gradient tensor along the z axis).

When a spin ensemble is considered, the time evolution of the

intensity [S (t) | of the free precession signal after a strong r.f.

pulse with frequency ojg and field strength , can be calculated from

S(t) = Tr { p(t)I } where I = 1/2 (I + il ) and p(t) is the density
*r t x y

matrix in the rotating frame.

It is well known that the time dependence of p(t) can be des

cribed by p(t) = U(t)p(0)U *(t) with U = e anc] £s tlle hamil

tonian in the rotating frame. Before a pulse is applied the spin en

semble is in thermal equilibrium in which case p(0 ) - I in the high- 

temperature approximation. When during a pulse the magnetic interaction 

parameter is neglected compared to a and y H j , the operator U (t) will 

be given by U (t) = e ^ aIz + ^lly) ^  = yHj . 2

After the pulse U(t) is written as U(t) = e ^ a ^z +

When a two-pulse sequence is applied, separated by a time T ,  with pulse 

width t^ and t^ and a phase difference <)> between the two pulses, the 

expression for p(t) after the second pulse is given by:



p(t) = U(t-T) e 1<})l2U (t0) e~L<*>IzU(T) U (t ) p(0)U 1 (t )U 1 (t) '
P p p a p a

X e1<,)IzU (tQ) e_ 1 <̂ zU (t-T).
P p

A straightforward calculation results then in the following expression 

for S(t):

S(t) = A . - exp{-icj>(Am' + 1)} exp {ib[t-(Am' + !)xl}
, , , m.m'Anr r r L J

m ,m ,Am

X exp{ia[(2m + 1) (t-ï) - A m ' (2m' + Am')]} (1)

with

A , , t = J , . . + iK . . .  
m,m , Am m,m ,Am m,m , Am

= <m|U (tR)|m' + A m ' x m '  + Am'|p(t )|m'><m'|U (tR )|m + 1> 
p P 0̂ p P

X [l(I + 1) - m(m + 1)] • (2)

With the use of the following symmetry relations as given by Abe et al. ):

<m|U |m'> = (-i)m m  < m'|U |m >, (3a)
P P

<m|U Im' > = < - m ' IU I-m >, (3b)
p 1 P 1

*
it can be shown that A . . . = A .

m,m ,Am - m - 1,-m -Am ,Am'

The same symmetry relation holds for the last exponential function in

( 1 ) that is depending on the quadrupolar interaction.

When there exists certain distributions in the parameters of the

quadrupolar interaction a and the magnetic interaction b, eq. ( 1 ) must

be integrated over the normalized distribution functions f(a) and

g(b). The free precession signal S^(t) detected along the x axis in

the rotating frame is then:

Sx (t) = (1/N) y  Y  f(a)g(b)Re (S(t)} da db
-C O  — oo

= 0 [ c o s { c K A m '  + O )  (t,x) + sin{())(Am' + 1 )}
Am' L m

X G' , (t ,T ) 1 ^  T  [ T  J , A , f (a)
Am' J iL J m , m ' .Am'

m=-I m' -°° ’

X cos{a[(2m + 1 ) (t-x)-Am'(2m' + Am')T]} da



-f-oo

sin

r K I . t f(a)
J m.m ,Am—-fO 3 3

{a[(2m + 1)(t-T)-Am'(2m 1 + Am')t]} da] 

where

G w (t)T) = ƒ  g(b)cos{b[t-(Am' + l)x]} db,
—co

G 'û m '(t ,T)= y  g(b)sin{b[t-(Am' + 1 )t] } db

and N is a normalization factor.

When the quadrupolar interaction aftl2 is taken into account
z

during the pulses, the factors A^ are dependent upon a and

will be expressed in the form of a power series expansion in a. 

The density matrix p(t ) after the first pulse can be written as:

>(to.) = 2V  ( t j

in which

P( .a
J

p°(t ) = R(cüj,t )I R *(uh,t ) = I cos a + I sin a, 
a 1 a z 1 ’ a z x

t . *
PJ (t ) = a i fa [pJ _ 1 (t'),H (t’-t )] dt

a J L a J
0

with

* — 1 
H = R (dilyt)I^ R(0)1 ,t)

and R(oJj,t) is the well-known rotation matrix which elements are 

given by the Wigner coefficients D'(0,(j>,0). With the use of the 

symmetry relations for the different operators involved it can be 

shown that:

<m|pJ (t ) Im'> = real for j=0 or even (5a)

imaginary for j is odd,

<m| p^ (t^) I m 1 > = (-1 )'l<m' | p-' (t^) | m> , (5b)

<mjp^(ta )|m'> = (-l)m m  1<-m|p^(t^)|-m’>, (5c)



<m| p~* ( t ) I m' > = O for |m-m'|>j + 1, (5d)

The rotational operator U (t ) acting on the spin system during the
P ß

second pulse is expanded as:

W  = = R ( ^ i . t ß )  ^ T k ( t ß)
j k

in which

Tk (tß) = -ia J ß H* (t')Tk - î (t')dt'

0
k

and T u is the unity matrix. For the terms ^ (t^) the following sym

metry relations can be derived:

<m|Uk (t ) Im'> = real for k=0 or even (6a)
p b

imaginary for k is odd,

<Tnl U^( t ) |m'> = (-l)^<m' |U^(t ) |m>, (6b)
P p P p

<m|Up(tß)|m'> = ( - 1  )n,_mt <-m|Up(tß) J - m’>. (6c)

From these series expansions for p(tQ ) and U (t^) and their respec

tive symmetry properties the terms can be expressed in

the following way:

A = y  a j a (^
n i j i n ^ A m 1 y *  m , m ! , A T n ! 5

where

aj A (j), A t — y ' y ' <m|uk (tQ) |m’ + Am'Xm' + A m I|p1(t )|m'>
m,m ,Am i {—■ 1 p 3 1 a 1

k=o l=o

X < m ' | U ^ _k_1) (tg) | m +  l>[l(I + 1 )-m(m+l )]  ̂ (7)

and

A ^ \  . . = real for j is 0 or even
m , m ' ,Am' J

imaginary for j is odd, (7a)



. , = (“O'* (7b)
m ,m  ,A m  - m - 1,m  - A m  , A m

. , = 0 for I Am ' I > 3 + 1. (7c)m,m , Am 1 1 j

3. Discussion

When eq. (7) is applied to the expression (4) for the free 

precession signal, S (t) can also be written in the form of a
X  y  .

series expansion:S (t) = iS^(t).
X  J  X

In order to explain the experimentally observed phenomena, it

is sufficient to discuss shortly the terms S°(t), S*(t) and
x x

S2 (t). 
x

a) S°(t) is completely described by the factor A 0 , ..
x m,m ,Am

It follows from eqs. (7a) and (7c) that this term has real 

values and non-zero matrix-elements for Am' = 0 ,  +1.

The coefficients (k, 1, j-k-1) from (7) have the values

(0, 0, 0). The resulting expression for S®(t)-is the one nor

mally used to explain the behaviour of the "allowed" quadru

polar echoes as was done by Solomon, Butterworth, Weissmann 

and Bennett, etc.

b) S*(t) is determined by the factor A 1 , A .. It consists of
x J m,m ,Am

three elements which are imaginary according to eq. (7).

The (k, 1, j-k-1) values are: (0, 1, 0) with Am' = +_\ , +2;

(0, 0, 1) with Am' = 0, +̂1 ; (1, 0, 0) with Am' = 0, +_1 .

c) In the same way it can be concluded that the S^(t) is con

structed with 6 terms which have real values. Their respec

tive (k, 1, j-k-1) values are: ( 1 , 0 ,  1) with Am' = 0 ,  +_I ;

(0, 0, 2) with Am' = 0, +_ 1 ; (2, 0, 0) with Am' = 0, _+ 1;

(0, 1, 1) with Am' = +_! , + 2; (1, 1 , 0 )  with Am' = +_l , ^ 2 ;

(0, 2, 0) with Am' = +1, +2, ̂+3.

When at certain times t the quadrupolar dependent sine or 

cosine function in eq. (4) becomes independent of a, pure quadru

polar echoes can be formed. This happens at times

(25LL±_AtO j^  + , }  T , (8)
2m + 1 J

The function in eq. (4), which is dependent on the magnetic 

broadening parameter b, becomes independent of b at times



t = (Am' + 1 )t. At these times magnetic echoes can be expected.

It is clear from these two relations for the times at which echoes 

can be expected, that it is useful to label them first of all by 

their respective values of A m 1.

3 .1 Echoes with A m 1 =

From eq. (8) it follows that for V with I = jr seven so- 

called "allowed" echoes can be formed at times t = -^r, -fx,

■f11 , 2t , -fT, 3t , 4t . A magnetic echo can be observed at t = 2x 

because for m = -j, m' = + 5, Am' = -H the quadrupolar depen

dent cosine function in e q . (4) becomes independent of the time t 

as well as of the value of a. So the magnetic echo is not sup

pressed by the quadrupolar-dependent terms.The Am' = 1 quadrupolar 

echoes for which t f 2t  are suppressed by the magnetic broadening

function G . ,(t,T) which is centered around t = 2 x . This is the
Am = 1

well-known Butterworth case.

The shape and intensity of the "allowed" echoes are mainly

determined by the S^(t) term. They are bell-shaped because the

A 0 , , is real . Terms with Am' = +1 from S 1 (t) can, however,
m , m 1 — x

influence their shape and intensity.Because the S^(t) terms pro

duce "sine-like" shaped echoes, they will have the effect of 

making the above-mentioned echoes asymmetric. The phase depen

dence of the Am' = i echoes is given by the function cos 2<j>.

3.2 Echoes with Am' = +2

For I = eight so-called "forbidden" echoes at t = -^X,

£x, 2 x , §T, ft, £x, 4 x , 6x exist. Their shape and strength are 

determined by the S^(t) term with k = 0 , 1 = 1 , j-k - 1  = 0 .

Because this S^(t) term is imaginary, the echoes have a sine

like shape, as was already observed by Solomon.

They are, however, again influenced by the Am' = +2 terms in 

S^(t) which will distort their shape because these terms produce 

"bell-shaped" echoes. Also their 3 dependence will be influenced 

by these higher-order terms. It follows from eq. (4) that the 

Am' = 2 "forbidden" echoes are suppressed by the magnetic broaden

ing function G A m i= 2 ^t >T ) around t = 3 x . Because no Am' = 2 echo 

exists at t = 3 x , the strength of all these echoes is reduced by 

this effect.



A Am' = 2 magnetic echo cannot be expected when there exists a 

broad quadrupolar distribution function f(a), which was the 

situation in our experiments. The quadrupolar-dependent sine 

function in eq. (A) can be made independent of the time t for

m  = -'2 , but remains always dependent on a through

cos a ^ - A m ' (2m' + Am')|. The magnetic Am' = 2 echo is then 

totally suppressed by the quadrupolar broadening. The phase 

dependence of the Am' = 2 echoes is described by cos 3c|).

3.3 Echoes with Am' = +_ 3

In the case that Am' = +_ 3 five echoes can be expected at 

t = -§r, 2 x , 3t , At , 7t . The most important of these echoes is 

the At echo. It consists, as in the case of the 2t , Am' = 1

echo, of a pure quadrupolar as well as a magnetic echo.

The magnetic echo is formed when m =  - 5 , m' = j^3, Am' = 3.

In that case the quadrupolar-dependent cosine function 

in eq. (A) is again independent of t and a. The At quadrupolar 

echo is bell-shaped because it is determined by the term 

(0, 2, 0) of S2 (t). The other Am'- = +3 echoes are suppressed 

around t = 4x by the magnetic function (t ,T) . The phase

dependence of Am' = 3 echoes is given by cos 44>.

Following the same procedure as before, it can be shown 

that the next higher-order echo, which is most likely to be 

recorded, is the 6t , Am' = 5 echo. This echo is again bell

shaped. It has a pure quadrupolar and a pure magnetic contri

bution and it is not suppressed by the magnetic broadening.

Also a 8i , Am' = 7 echo is possible. This echo consists only 

of a pure magnetic contribution.

4. Experiments

In the course of a nuclear relaxation study of a series of 

V 3X compounds, the results of which will be published elsewhere, 

the spin-echo patterns of V in a two-pulse sequence were recorded 

and analysed. In these experiments a phase-coherent pulsed NMR 

spectrometer was used, operating at a frequency of 11 MHz.

The spin-echo pattern were recorded in two ways: with a boxcar 

integrator which could continuously be delayed with respect t;> 

the first pulse and with a digital signal averager.



In order to obtain the phase dependence of the different echoes, 

the phase difference between the first and second pulse could 

continuously be varied with a motor-driven phase shifter.

All observations were done at a temperature of 4K.

As is well known, the V 3X compounds have the A15 or 13- 

tungsten structure. The V atoms lie in three orthogonal chains 

on the faces of the cube formed by the X elements.

The V nuclear energy levels are in general influenced by 

a quadrupolar interaction due to an axial symmetric field gra

dient. For a powdered sample the quadrupolar distribution func

tion f(a) can be calculated with standard techniques 5) .

The c.w. resonance spectrum of V with I = ■£■ consists then of 

6 rather weak satellite lines and a strong central line. The 

distance between the two inner satellites is given by 

V q = 3e2 qQ/[2I(I-l)fi], which is a direct measure of the width 

of the quadrupolar distribution function. The intensity of the 

satellite lines is, however, not always as should be expected 

theoretically. This is caused by deformations and inhomogeneities 

in the crystal structure and by the disordering of the V chains 

with X atoms, which lead to a certain spread in the v values 

at different V sites. Because the occurrence of the different 

quadrupolar echoes is dependent on both the magnetic and quadru

polar distribution functions, a relation can be expected between 

the c.w. line shape and the spin-echo pattern.

4.1 Spin-echo patterns in a series of V 3X compounds

In table I a list is given of the different observed quadru

polar echoes in several V 3X compounds. Also listed are the measured 

values of V , the linewidth of the central c.w. resonance line and 
q

the relative intensity of the first quadrupolar satellite line with 

respect to this central line. In order to compare the results of 

the spin-echo experiments on the different samples a standard pro

cedure for the pulse setting and width was used. The field was 

always about 90 Oe, which resulted in a II/2 pulse of about 2.5 ys. 

The width of the two pulses was adjusted in such a way that the 2x 

echo was at its maximum height.



Fig. 1. Recorded spin echoes of vanadium in (a) V gIr (b) V 80P t 2 0(c) V3 Au (d) V3 Co.

The time between the two pulses was 50 Jj s or 60p s while the Ht field was 90 Oe.



The. distance T between the two pulses was 40 or 50 ys. The spin- 

spin relaxation times were approximately the same for all the 

samples. The recorded echo patterns of Vjlr, VggPt 2 0 j V 3Au and 

V 3C0 are shown in fig. 1.

4.1.1 V I r , series 
 x 1 —x--------

V 3Ir has a relatively small linewidth and rather intense 

quadrupolar satellites with a of 67 kHz. Nearly all the 

allowed Am' = 1 echoes were observed (fig. la) because they were 

not suppressed by the magnetic broadening function G^m ,_j(t,T). 

As the maximum width of f(a) is small compared to Hi, in this 

case, no forbidden echoes were detected.

TABLE I

sample
(kHz)

linewidth

(kHz)

satellites

relative
intensity

quadrupolar 

Am' = 1

echoes

Am'=2 Am'=3

V 3Ir 67 9 .0 6. 5 % 1-̂ T l^T 2t 2 -k 3 t

OCOU
1—t 0

 
[--• 
>

- 9.5 - i^r 2t 2-k 3 t 34t  4t

V 6 2 I r 38 - 14.0 - l£r ifc 2t 2-k 3t 3^t  4t

V 3Pt 67 1 1 .0 4 % l-fcr l*r 2t 2-k 3 t

V 8 0 P t 20 73 1 1.0 2.5% l^T \ h 2t l h 3t 32T 4t

V 7 0 P t 30 64 12.5 <1 % lit 1-§T 2t z h 3 t 3it 4t

V 3Rh 137 1 1 .0 2 .5% l^T 2t i h 3 t 3ir 4 t

V 3Au 76 2 5 . 0 <1 % 1-§T 2t 2 h 3ix 4t

V 50O s 50 - 14.0 - i h 2t 2h :
4 t

V 3C0 270 19.0 5. 5 % 2t

V 7 7N i 23 284 19.0 2 . 5% 2t

Table I: Comparison between the observed quadrupolar echoes and the 

properties of the c.w. line-shape of vanadium in a series 

of V 3X compounds.



In V 7 0Ir3 0 and Vg 2 lr3 8 the vanadium chains are disordered by 

Ir atoms. As a result the quadrupolar satellites are wiped out and 

could not be observed. Because of this disordering the spread in 

f(a) will be much larger than for the stochiometric compound V 3Ir 

and consequently leads to the appearance of two forbidden Am' = 2 

echoes at t = 3jX and 4 x . The other Am' = 2 echoes are not observed 

because they are suppressed by the magnetic broadening function 

G Am'_2 ^t’'0 ’ .depending on their distance from t = 3 x , or they coin

cide with allowed echoes.

This influence of disordering on the quadrupolar function f(a) 

can also be determined by measuring the width of the 2x echo as a 

function of the field 2 ). This was controlled for V 3lr and Vg2lr 38-

H, 20 4 0  60 8 0  l O O O e

Fig. 2. Inverse echo width of the vanadium 2x spin-echo as a function 

of the strength of the r.f. field in V 3lr and Vg 2 lr3g.



Fig. 2 shows the inverse echo width of these two samples as 

a function of . For V 3lr the echo width becomes independent of 

Hj for Hj > 50 Oe. This means that when %  = 90 Oe, the spread in

f(a) is much smaller than Hj and therefore all the spins are equal

ly affected by the r.f. pulses. For V &2lr 38 th6 echo width does not 

become independent of H j . Consequently there must exist a broad 

quadrupolar distribution with a spread which is greater than 90 Oe.

4.1.2 V Pt, series and V^Rh
----------------- X  1 - X  -------  ------- --------- — 3 

The value and the linewidth of V 3?t are roughly the same as 

for V 3lr. Again only allowed echoes are observed. When the Pt con

centration is changed from the stochiometric value, the intensities 

of the quadrupolar satellites are reduced and the 3jT and 4x for

bidden echoes appear (fig. lb). The same reasoning as in the case

of V Ir, is applicable here. The two forbidden echoes are also 
x 1-x r

observed in V 3RI1. This is not due to disordering effects but can be 

explained by the large value of in V 3RI1 which is twice as large 

as in Vjlr and V 3Pt.

4.1.3 V 3AU and V Os

V 3AU has a broad central resonance line of 25 kHz. Therefore 

only the 15T and 3t allowed echoes appear in the spin-echo spectrum. 

As for the forbidden echoes, at t = 3jx a Am' = 2 echo appears but 

now at t = 4t also a Am' = 3 (fig. 1c) forbidden echo is observed. 

According to the theory the Am' = 3 ,  t = 4x echo is not suppressed 

by the magnetic broadening. A more detailed analysis of this type 

of higher-order echoes will be given in the next section.

V 3Au has a stochiometric composition.The v value is compara- 

ble to that of V 3Ir and V 3Pt. But from previous studies 5 ) it is

shown that the V chains can be disordered by Au atoms depending

upon the heat treatment which the sample has undergone. This dis

ordering has again a strong effect on the quadrupolar distribution 

function f(a) with the result that forbidden echoes appear.

VOs is highly non-stochiometric. The V chains are strongly 

disordered by Os atoms. Therefore the quadrupolar satellite lines 

are whiped out and a Am' = 3, 4x echo is again observed.



4. 1 .4 V 3Co and V 3Ni

V 3C0 and V 3Ni are ordered stochiometric compounds. Their 

values are the highest observed in this series of V 3X alloys.

Only the 2t echo is observed which has a rather asymmetric shape 

(fig. Id). Because of the large value of with respect to 

the theoretical approach as outlined in the first part of this 

paper is no longer valid. In general one can say that only the 

(5, - 5) transition is affected by the pulses. The other tran

sitions are not affected and will therefore not lead to the 

appearence of extra echoes.

4.2 Analysis of higher-order quadrupolar echoes

4.2.1 Phase dependence of quadrupolar echoes

In the preceding section it was stated that in V 3AU at 

t = 4t a Am' = 3 forbidden echo was observed. Because of its 

bell-shaped form it could also be a Am' = 1, 4t echo.

As was remarked in the theoretical discussion, a 4t, Am' = 1 

echo should be unobservable because it is too much suppressed 

by the magnetic broadening, especially in V 3Au with its broad 

central resonance line. The theory of section 2 enables us to 

establish the exact value of Am' which belongs to a certain echo, 

by measuring the height of this echo as a function of the phase 

difference <f) between the first and second pulse. According to eq.

(3) this phase dependence is given by cos (Am' + l)(j). It must be 

stated here that the observed phase dependence in our V 3Au sample 

is different from that reported by Bonera et al.7) and Weissmann 

et al. ®). In their measurements on KBr and KI a considerable en

hancement of the 2t and other allowed echoes was observed. This 

enhancement is caused by the mixing of the Am' = k and Am' = -k 

terms in the amplitude of the different echoes. In V 3Au as well as 

in all the other V 3X samples this Am' = -k contribution is sup

pressed by the magnetic broadening function centred

around t = (-k+l)x, so that the phase dependence of the echoes is 

only given by cos(k + 1)t . In fig. 3 the amplitude of some quadru

polar echoes in V 3Au is shown as a function of <}> in the case that 

the detection phase, in the rotating frame with o)o, is constant 

with respect to the a pulse, (A fig. 3), and to the ß pulse (B fig.3).



A  B
Am' = 0, D e ca y  ß pulse

*AA
^ ^  1 . 1 1

A m  = 0 J Decay  ß pulse

I s

tp jam  ̂ ^

A m '  = 1, 2 l e c h o

^ “T 1 1 1

Am'=1J 2 i  e cho

A m 1 = 2 ,  3 1/2x c cho

’Vv\M
1 1 1

Am'= 2, 31/2 t  c cho  

 ̂ , .. j_

Am'^3, A I  e cho

' m .

Am' = 3,4 i c c h o
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0  T t 2 T C  3 1 1  0  K  2T C

Fig. 3. Phase dependence of several quadrupolar echoes in V 3AU.

(A) Detection phase constant with respect to the a pulse.

(B) Detection phase constant with respect to the ß pulse.



It can easily be shown that in A the phase dependence is given by

cos(Am' +■ 1 )<j) while in case B it is described by cos Am'$.

As an example for Am' = 0, the free induction decay after the second 

pulse is taken. The 2t echo is shown for Am' = 1, while for Am' = 2 

and Am' = 3 the 3jX respectively 4t echoes were recorded. This figure

clearly shows that the At echo is modulated with a periodicity of

c o s 4(j) in case A and cos 3cj) in case B, which is the proof that the 4t

echo comes from Am' = 3  terms and not from Am' = 1 terms.

The maximum amplitudes of the A m 1 = 2 and A m 1 = 3 echoes in fig. 3

are not constant. This can be explained by the fact that for instance

in the case of the 4t echo, the observed echo contains also small 

fractions of Am' = 1 and Am' = 2, 4t echoes which have different phase 

dependences.

4.2.2 Higher-order echoes in V 3C0

In V 3C 0 both the V resonance and the Co resonance can be studied. 

Co has a spin I = and a quadrupolar moment. The Co c.w. central 

resonance line in V 3C0 had a linewidth of 8 kHz. No c.w. quadrupolar 

satellite lines were observed. The spin-echo pattern, however, showed 

strong quadrupolar echoes. From this fact it is concluded that the 

total c.w. Co resonance spectrum must be quadrupolar broadened, des

pite the fact that the Co nuclei lie on the edges of the cubes in the 

A15 structure. This broadening, however, can be due to stresses and 

inhomogeneities in the crystal structure which leads to a broad and 

undefined quadrupolar distribution function f(a), which is in accor

dance with the observed sharp quadrupolar peak of the 2x echo.

Because of the special character of the observed echoes, a more 

detailed analysis was made of some higher-order echoes, in particular 

the 3^T and 4t echoes. In order to get a better resolution of the dif

ferent echoes a long time T between the two pulses of 100 ys or ! 50 ys 

was used. The echoes reduce then strongly due to the short spin-spin 

relaxation time T 2 , which was about 150 ys, but with the aid of a 

digital signal averager a good signal to noise ratio could be obtained.

Fig. 4 shows an interesting part of the echo pattern of Co recor

ded with a T value of 150 ys. In this figure the , -§T and 

Am' = 2 "forbidden" echoes are visible.



Fig. 4. The f r , -§-T, -̂T and 4t echoes as recorded from the Co spin-echo 

signal in V 3C0 . The time t between the pulses was 150 ys.

TABLE II

echo m m' Am' shape function

* 2
-f-00
ƒ—OO

(a/yH^) sin 4a (t - -̂-t ) da

I t * * 2

8
 

8

(a/yHi) sin 6a (t - -§t) da

h 1
*

2
+ 00 
J— CO (a/yH^) sin 4a (t - ^rr) da

4 t 3
+ 00 

— 00
(a/yHj ) 2 cos 2a (t - 4t) da

*
i -

3
+ 00

I .

(a/yHj ) 2 cos 4a (t - 4t) da

3
T— CO

g(b) cos b (t - 4t) db

6t i- - * 5 T— CO (a/yH^)1* f(a) cos 2a (t - 6t) da

- £■ _ * 5 7— 00
g(b) cos b (t - 6t) db

Table II: Quantum numbers and shape functions which describe the A m '= 2, 

Am'=3 and Am'=5 "forbidden" echoes as discussed in the text.



In table II the values of m, ra' and Am', which determine the ampli

tude of these echoes, and the corresponding shape functions are lis

ted. The observed values of the echo width of fig. A are 7.5 ]is,

6.0 ys and 10.0 ys for respectively the +jT, -§T and -̂ T echo.

From table II it is concluded that the width of the -§T echo must 

be factor smaller than that of the ■f-T and -Jr echoes which ought to 

have equal width. The difference in the observed width between the 

and -J-T echoes is due to the different dependence of both echo

widths on the length t of the first pulse. This is illustrated in
a

fig. 5 w h i c h  s h o w s  the d e p e n d e n c e  of the w i d t h  of the  ̂-x, -§-T and ■Jx

e c h o e s  o n  the r o t a t i o n  a n g l e  a = yHj t .

From this figure it is concluded that the -jfT echo has its maximum 

width for a - 200°, the -§x echo width is independent on a and the
7 O
■£x echo width is maximal at a a - 160 , The maximum widths of both 

the -fx and -̂ T echo are equal and are roughly a factor ■$- greater 

than the width of the -§x echo.

Fig. 5 . a dependence of the width A of the -£t , -§t and ^x "forbidden" 

echoes of Co in V3C0.



From fig. 4 it can also be seen that the ^  echo is of 

opposite sign as the and echoes. This fact is in agreement 

with our calculation of the matrix elements from eq. (7) which 

determine the sign and amplitude of these echoes.

From the theory of section 2 it follows that the 4 t , A m 1 = 3 

echo consists of a pure quadrupolar and a pure magnetic contri

bution (see table II). This can be seen clearly from the observed 

shape of the 4t echo in fig. 4. It consists of a broad magnetic 

part, on which wing also the -Jr echo is situated, and a sharp peak 

which is determined by the broad quadrupolar distribution function.

A 3t, Am' = 2 magnetic echo is not observed. This was expected 

from the theory which predicts that this echo will be suppressed 

by the quadrupolar, interaction. The same reasoning holds true for a 

5 t , Am' = 4 echo. Such an echo cannot be observed in the case of 

both magnetic and quadrupolar broadening. A 6x, Am' = 5 echo is, 

however, expected to exist. This 6x echo is, like the 2 t , Am' = i 

and 4t, Am' = 3 echoes, not suppressed by the magnetic broadening. 

Figs. 6a and 6b show two observations of such a 6t echo.

In fig. 6a this echo is mainly determined by a Am' = 2 echo which 

can also show up at t = 6x. It has a sine-like shape as expected 

for a Am' = 2 echo. This figure was recorded with a x value of 40 ys. 

Fig. 6b shows the 6x echo recorded with x = 80 ys. Now the Am' = 2 

character of this echo disappears because it is strongly suppressed 

by the magnetic broadening. It has now a bell-shaped form which is 

expected for a 6x, Am' = 5 echo. The Am' = 5 character of this echo 

was also confirmed by measuring the (j) dependence as discussed in a 

previous section.



Fig. 6 . Recorded echo patterns of the Co 4t and 6t echoes in V 3C 0 

with (a) T = 50 ys, (b) t = 80 ys.



4.2.3 a and g dependence of the higher-order quadrupolar echoes in V 3C 0 

In order to get more information about the higher-order quadrupolar 

echoes, the a  and 3 dependence of the -|t , ■§-!, and 4t echoes were 

measured. The field was always about 65 Oe in these experiments,

a dependence. In fig. 7 the intensity of the 4x, A m 1 = 3 echo is given as

a function of a. The intensity is increasing up to a - 200°, after which 

it varies with a cosa dependence. The a  dependence of this 4t echo was 

measured with Hj fields of 37 Oe and 90 Oe, in order to search for any 

Hj dependence. As a result it was found that the angle a, at which the 

4x echo reaches its first maximum, was independent of . This angle was 

always about 200° and the further a dependence had the same periodicity. 

In fig. 8 the a dependences of the -|-T, -f-T and , Am' = 2 echoes are

shown. The -|-t and -Jx echoes reach their maxima both at a  - 190°, which

is approximately the same as for the 4x echo. The echo, however, 

has its first maximum at a - 140°. This can be explained by the fact 

that the -^x, Am' = 2 echo is mixed with a ^ x , Am' = 1 echo which has 

its maximum at a = 90° and which is zero for a = 180°.

Fig. 7. a dependence of the intensity of the Co 4x echo in V 3C0 

(x = 100 y s ) .



Fig. 8. a  d e p e n d e n c e  of t h e  i n t e n s i t y  of the Co -f-T, -fr a n d  -Jr ech o  

in V3C 0 .

The and -fez echoes, however, are pure Am' = 2  echoes and therefore 

not influenced by Am' = 1 terms. In order to give a full explanation 

of the observed a dependences, it is necessary to calculate the 

matrix elements of P(ta ) up to first and second order.

In a forthcoming paper these calculations will be compared with the 

experimental results.

ß dependence. Mehring and Kanert 9) have calculated the ß dependence 

of the Am' = 1 , 2t echo for I = in the case of both quadrupolar 

and magnetic broadening. Fig. 9 shows this dependence as we measured 

on the Co 2t echo in V 3C0 . These measurements are in good agreement 

with the above-mentioned calculations. The four maxima in fig. 9 

appear for ß = 30°, 86°, 132°, 184° while theoretically they are 

expected for ß = 30°, 82°, )29°, 180°. In the same way as was done 

for the 2x echo, we have calculated and measured the ß dependence of 

the f-T, -§-T, -Jt and 4t echoes.



Fig. 9. ß dependence of the intensity of the Co 2t echo in V 3C0 

(t = 100 y s ) .

In table III the observed and calculated values of $ at which the 

respective echoes have their first maximum are tabulated. From these 

results it is concluded that there is a good agreement between the 

theory and the experiments. For ß > ßm a x > however, the observed ß 

dependences for the different echoes deviate strongly from the expec

ted behaviour.

TABLE III

echo ß (obs.) 
max

ß (calc.) 
max

fr, Am' = 2 37° 40°

C'JIIâ O
OlO

55°

£r, Am' = 2

O
O

42°

4t , Am' = 3 45° 47°

Table III: Calculated and measured values of ß at which the T , f r , 

\x and 4t echoes reach their first maximum.



This effect can be explained by two reasons. In the first place the 

^T, Am' = 2 echo is mixed with the +Ît, Am' = 1 echo which has a bell

shaped form and a different 3 dependence. This effect is confirmed 

by the observation of a bell-shaped echo at that, value of ß where 

the Am' = 2 contribution is calculated to be zero.

In the same way the observed 4t echo is mixed with a 4 t , Am' = 2 echo. 

The and -Jt echoes, however, cannot be distorted by Am' = 1 terms.

It follows from the theory that a Am' = 2 echo, which is mainly des

cribed by S^(t), can also have a contribution which originates from 

the S^(t) term. This contribution has essentially a bell-shaped form, 

which causes the observed -§i: and -Jt echoes to become asymmetric with 

increasing ß. In fig. 10 the -Jr and 4t echoes are shown at a value 

of ß when their shape is distorted by the above mentioned effects.

The 4x echo has now a sine-like shape, which is typical for a Am' =

2 echo, while the bell-shaped form of the -Jr echo can only be ex

plained by the existence of the S^(t) contribution.

50 |is<2c
-nrt ' jr*~

Fig. 10. Distorted echo pattern of the Co and 4t echoes in V 3C0 

(t = 100 y s ) .
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CHAPTER IV

NUCLEAR SPIN-LATTICE RELAXATION IN STOICHIOMETRIC AND NON- 

STOICHIOMETRIC A15 INTERMETALLIC COMPOUNDS

1. Introduction

1.1 General

Since long the group of A1 5 or ß-tungsten intermetallic compounds 

has been the object of extensive experimental and theoretical studies, 

due to their remarkable superconducting and electronic properties.

Some of them show very high superconducting transition temperatures T .

For example V 3Ga with a T^ of 16.5 K, N b 3Âl with T^ = 18.3 K and Nl^Ge 

with the highest value of T^ = 23.2 K, that is known at the moment.

A general survey of all the experimental results and theoretical models 

concerning this group of compounds was given by Weger and Goldberg 1).

Measurements of the nuclear relaxation time Tj yield direct infor

mation about the electronic structure of these compounds, because 

R = 1/T 1 T is in first order proportional to the square of the density of

states N(E„) of the conduction electrons at the Fermi level.
F

Measurements of R^ in several V 3X (X = Ga, Ge, Si ...) compounds by 

Weger 2 ) and Silbernagel et al 3 ) confirmed the idea of Clogston and 

Jaccarino **) that in high temperature superconductors (V3Ga, X^Si) 

the Fermi energy Ep lies close to a sharp peak in the density of 

states. A more quantitative study of the ternary systems VjfGa Sn ) 

and V 3 (Gaj_^Six ) were performed by Fradin and Zamir 5) and Fradin and 

Williamson 6) who tried to relate the results of their relaxation mea

surements of V with the theoretical band structure calculations of 

V 3Ga by Goldberg and Weger *).

The emphasis in our relaxation study of A15 compounds is put on a 

comparison between the measured relaxation rates and the values of the 

electronic specific heat y of the same compounds, as can be found in 

the literature.

The influence of disordering the A1 5 structures upon the relaxa

tion parameters was especially studied in systems like vxp t |_x ar*d 

V^Irj_x . Relaxation measurements were not only restricted to the V 

nuclei, but included also Pt and Co nuclei.



In section 1.2 a general outline is given of the theory of nuclear- 

spin relaxation in transition metals. Experimental details are discussed 

in sections 2.1 and 2.2. The experimental results of the relaxation 

measurements are given in section 3, while in section 4,1 the measured 

relaxation rates of V in the different AI 5 compounds are related to the 

values of the density of states at the Fermi level N(E^) as derived 

from electronic specific heat measurements, taking into account the 

influence of the electron-phonon interaction upon y.

Section 4.2 is devoted to a discussion of the relaxation time mea

surements of the Pt nuclei in the V ?tj_x series, Ti 3Pt, Cr7gPt2 i 

and Nb3Pt.

1.2 Nuclear relaxation in transition metals

The nuclear spin-lattice relaxation in a non-transition metal 

like Cu, is primarely caused by the contact hyperfine interaction 

between the s conduction electrons and the nuclei. The nuclear rela

xation rate R g = ( 1 / T ^ T ) ^  which is essentially temperature indepen

dent in this case, is then given by

in which y is the gyromagnetic ratio of the nucleus, H„ (s) is the
n  n r

contact hyperfine field of a conduction s electron at the nucleus

Knight-shift K and R : 
s s

In transition metals, like vanadium, the situation is much more com

plex. Not only s electrons contribute to the relaxation time and 

Knight-shift, but also the d conduction electrons will have their in

fluence. Because d electrons have no contact interaction with the 

nucleus, the effect on the nuclear relaxation must be of a different 

nature as for the s electrons. A detailed analysis of the different 

mechanisms responsible for the d electron relaxation rate R^ = 

(1/TjT)^ in transition metals was given by Yafet and Jaccarino ®) 

and Obata ^ ) . The nuclei can interact with the d electrons through:

N
s

(!)

and N (E„) is the density of states of the s electrons at the Fermi 
s F

level. A simple relation (Korringa relation 7 ) exists between the



a) a polarization by the d conduction electrons of the inner s elec

trons, which have a contact interaction with the nucleus (core

•  C • D
polarization contribution R^'p ');

b) the interaction of the nuclear magnetic moment with the unquenched

orbital magnetic moment of the d electron orbits (orbital contri-

, . . O orb,
bution R^ );

c) the dipole-dipole interaction between the nucleus and the d elec

trons (dipole-dipole contribution R ^ L^').

As a consequence the general expression for the relaxation rate R in 

transition metals can be written as:

R = R + R^-P- + R°rb + P (3)
s d d d

in which

Rd'P ' ■ 2 h kB ^ [ HHFP 'W > t,d < V ] 2 p i (4)

and

„orb o , , ? r,-,orb
d * h V n f C ” <d) Bd (V ] 2p* (5>

The dipole-dipole term R ^ P  will furthermore be neglected because 

it is generally much smaller than the other contributions. Also the 

Knight-shift K in transition metals can be written as the sum of 

several components 10).

K = K + K ^’P* + K°rb (6)
s d d

in which K ^’P" is the d electron core polarization term and K°rb

• » » .  . » c . p »
is the orbital contribution to the Knight-shift. Between and

R ^’P ’ a Korringa like relation exists 8), which can be written as 

( ^ • P - ) 2 Y 2 n I
— 2------  = ( _ £ ) ------- - (7)
R c.p. Yn 4,kB P]

Such a simple relation does not exist for the K°rb and R°rb because 

orb
for all the occupied electron states of the d band must be taken

into account, while for R°rb only the electrons at the Fermi level
d

will contribute.



The reduction factors P^ en P 2 which appear in the expressions
c u « o rb

for R ^ ' ' (eq. 4) and (eq. 5) are dependent on the degeneracy of

the d electron states at the Fermi level. This degeneracy is strongly

influenced by the symmetry of the crystal structure. In a cubic lattice

the factors Pi and P 2 are functions of one parameter f which gives

the relative weight of the F 5 orbitals at the Fermi level ®).

In V 3X compounds the situation is more complex, because the V atoms

have tetragonal symmetry.

According to recent work of Fradin and Zamir 5) , who studied the rela

xation behaviour of V ina series of V 3 ( G a ^Sn^^) compounds, the factors 

Pi and P2 are now functions of three independent parameters f-j, f 2 and 

f3 , which can only be extracted from detailed bandstructure calculations. 

At the moment only for VgGa such calculations are available 11).

As can be seen from e q . 3, the three relaxation rates involved are

direct functions of N (E„) and N,(ET,), in contrast to the Knight-shift
s }• d F k

which, in the case of V ,  is dominated by . A  direct comparison be

tween Knight-shifts and relaxation rates in V 3X compounds is very dif

ficult. A value of K°rk can only be extracted from precise measurements

of K below the superconducting transition temperature T .

c p •
The values of K and K. are therefore unknown m  most cases, 

s d
The relaxation rates R can be compared more easily with measurements 

of the electronic specific heat y, which is a direct function of the 

total density of states at the Fermi level N(E ). The relation between
r

y and N(E ) is given by
r

y = 2/3 7T2k 2N AN(EF ). (8)

The measured values of y can however be enhanced by electron-phonon 

interaction. In order to find the "bare" density of state, which must 

be used in the formulae for R 12),y must be devided by 1 + X 

(X = electron-phonon coupling parameter).

2. Experimental details

2 . 1  Measuring technique

In this investigation, the nuclear spin-lattice relaxation be

haviour of V and the X elements Pt and Co was studied in a series of 

V 3X (X = R h , Ni, Co, Pd, Os, Ir, Pt) intermetallic compounds and in



N b 3Pt, T i 3Pt and CrygPt2 i. The measurements were carried out with a 

variable frequency phase-coherent pulsed n.m.r. spectrometer 

(Bruker B.Kr 322s). The operating frequency was usually 1! MHz.

In some cases the experiments were also done at a frequency of 5 MHz 

in order to investigate the field-dependence of Ti. Because the V 

c.w. resonance line in these compounds is severely quadrupolar 

broadened, due to the non-cubic symmetry of the V sites, a pulse 

train of 10 or 20 strong R.F. pulses, with an Hj field of about 90 

Oe, was necessary to saturate the resonance line. A saturation of 

more than 90% could be achieved in all cases. A pulse train was 

also used for the measurements of the Pt relaxation times, because 

the Pt resonance lines were found to b e  strongly inhomogenuously 

broadened. The recovery of the magnetization after the pulse train 

was observed on the nuclear spin-echo signal following a  two pulse 

sequence 90° - 30° in the case of V (quadrupolar b r o a d e n e d  system) 

and 90° - 180° for Pt (magnetically b r o a d e n e d  system).

The heighth of the spin-echo was measured on a storage oscilloscope. 

When the signal to noise ratio was small a boxcar integrator or a 

digital signal-averager was used. The resulting relaxation curves 

were always exponential, so that the relaxation times T^ could u n 

ambiguously be determined. In order to study the temperature de

pendence of the relaxation rate R = 1/TjT in the different compounds,

Tĵ  was measured at temperatures of 300 K, 77 K, 20 K - 15 K and

4.2 K - 1.2 K. For the temperatures below 300 K, the samples were 

always immersed in liquid nitrogen, hydrogen or helium, to avoid 

heating effects by the train of strong R.F. pulses.

2.2 Sample preparation

In table I a general survey is given of all the A15 compounds 

that were investigated in this research. It also lists the heat 

treatments and the superconducting transition temperatures T^ of 

the different samples. Most of the alloys were carefully prepared 

by dr. E.C. van Reuth, who instigated and took part in the n.m.r.

research of A1 5 compounds, especially V 3Au -1 3 1 1 4 > 15).

The V 3Co and V 7 7Ni 2 3samples were prepared by R.M. Waterstrat who 

studied the degree of atomic ordering in these compounds.

All specimens were arc melted in an argon-helium atmosphere 

followed by a high temperature (_+ 1300° C) homogenization anneal.



TABLE I

Heat Treatment T (K)
c

*v 75Pt25 1400°C, 24 hours 2 . 6 8

X v 80Pt20 1000°C, 5 days, furnace cooled <0.3

*V 70Pt:30 1000°C, 5 days, furnace cooled 1 .35

*V 75 Ir25 1800°C, 40 min. <0.3

*V 7 0 Ir3 0 1000°C, 5 days, furnace cooled 0.80

v 6 2 Ir38 1000°C, 5 days, furnace cooled 1 .70

Xv7 5Rh2 5 1100°C, 2 weeks <0.3

°v75Co25 1350°C, 3 hours, furnace cooled <0.3

980°C, 2 weeks, water quenched

°v 77N i 23 1275°C, 6 hours, oil quenched <0.3

800°C, 1 month, water quenched

XV 75 P d 2 5 800°C, 30 days, furnace cooled <0.3

X v 50O s 50 620°C, 1 year 4.8

XTi7 5Pt25 As cast <0.3

*Nb7 5Pt 25 1700°C, 5 days, furnace cooled 9.5

X Cr7 9Pt2 i 1 200°C, 7 days, furnace cooled <0.3

Table 1: Heat treatments and superconducting transition temperatures 

T^ of the A15 inter-metallic compounds, 

x : Samples prepared by E.C. van Reuth. 

o : Samples prepared by R.H. Waterstrat and B. Dickens.



Low temperature annealings were carried out in evacuated quartz 

tubes. The homogeneity of the samples was checked by means of X ray 

diffraction and micro-photography. More detailed information of the 

metallurgical treatments can be found in the publications of E.C. van 

Reuth and R.M. Waterstrat 21). In order to do n.m.r. measurements, 

the original buttons were crushed with a titanium hammer and then 

powdered in an agate bal-mill. The so obtained powders had a mean 

particle size of about 30 ym, which was small enough to achieve com

plete penetration of the R.F. field. The fine powders were immersed 

in solid paraffin, to achieve good isolation and seperation of the 

particles, and then sealed off in glass tubes. The superconducting 

transition temperatures T were obtained by measuring the change of 

the a.c. susceptibility when the sample became superconducting.

3. Experimental results

3.1-V Pt, series 
---  x 1-x -------

From previous studies 16) it is known that in the V Pt systemX  1 - X
the percentage Pt can be varied between 19% and 31%, while the A15

structure remains. This disordering by varying the amount of the X

element, results in a drastic change in T^, as can be seen from

Table I. The V 0oPt2 o sample proved to be non-superconducting down to

0.3 K. Our behaviour of T as a function of Pt content is the same
c

as reported by Spitzli and Fliikiger 17). Measurements by Cox et al. 18) 

however, give quite different results. They found that T^ falls of 

rather sharply for x > 75% and is only weakly dependent on x for x

< 75%. Because the measured T^ values of our samples agree so well

with those of Spitzli, we believe that our nuclear relaxation data 

can be compared with other experimental results of Spitzli's studies 

(electronic specific heats).

In fig. 1 the nuclear relaxation rates R = 1/T^T for V as well 

as Pt are shown as a function of temperature. For Vanadium R is tem

perature dependent in the case of the V 7 5P t 2 5 and V 70P t 3Q samples, 

that both have high T^ values, while for V 8oPt2 0 , with a very small 

T^, R is temperature independent. The relaxation rates of Pt in

V 75Pt 2 5and V 7 oPt3 owere temperature independent. In V g 0Pt2 0 the Rpt 

is slightly decreasing when the temperature is lowered.



Fig. 1. Temperature dependence of the nuclear spin-lattice relaxation 

rates R of V and Pt in V 80Pt2 0 , V 7 5P t 2 5 , V 80Pt2 0 .



In fig. 2 the relaxation rates of both V and Pt, at 4 K, are shown as 

a function of Pt concentration. This concentration dependence of R^ and 

Rp show the same behaviour as that of the superconducting transition 

temperatures T . Disordering by varying the Pt content results in a dras

tic decrease of T^ as well as of R ^  and R^. The same relation was found 

between T^ and the electronic specific heat y by Spitzli 1^). The results 

of a more detailed investigation of the influence of different heat- 

treatments on the n.m.r. properties of the ^ ■Ptj alloys will be pu

blished in a forthcoming paper.

Fig. 2. Concentration dependence of R^ and Rp^ at 4 K in the ^ xP t ]_x 

system.



3.2 V_Ir, ^ series and V 3RV1X  1 *"*X ■ ■■ " ■ 1 ■ ~ ' '  ■

In this series of compounds the Ir content can be varied between 

25% and 38% 20 ). The effect of the so obtained disordering of the A15 

structure is contrary to that observed in the ^X -P':]_X alloys.

By increasing the amount of I r , the superconducting transition tempera

ture was raised from smaller than 0.01 K for V y s l ^ s  to 1.7 K for 

Vg,2li:38 21 )• Spitzli 2 2 ) observed a same increase in the electronic 

specific heat y with increasing Ir content. The superconducting and 

electronic properties are only weakly dependent on sample preparation 

and heat-treatment. Measurements on samples of different origin can 

therefore more safely be compared in this series.

In fig. 3 the temperature dependence of R^ is given for V 7 5lr2 5 , 

V 7 oIr3o, V62lr38 an<  ̂ ^ 7 5Rh2 5 , which was not superconducting down to 

0.3 K (see Table I). In all cases the V relaxation rate was tempera

ture independent, even for V g 2 lr38 with a T^ of 1.71 K.

Fig. 3. Temperature dependence of R^ in V 5 2Ir 3g, V 7 oIr3o, V 7 5lr25 and V 3RI1.



From fig. 4, in which the concentration dependence of R^ is shown, it

is clear that an increase in T results in an increase in the value
c

of R., as was also observed in the V Pt, series, 
v x 1 -x

(s Kf'

Fig. 4. Concentration dependence of R^ at 4K in the ^ Irj system.

3.3 V 3C0 and V 7 7N i 23

These two samples were carefully prepared by Waterstrat and 

2 3
Dickens ), who also studied these compounds by means of neutron- 

diffraction, in order to establish their degree of atomic order. It 

could be shown that both compounds possess highly ordered structures. 

Both samples were not superconducting down to 0.015 K, in contrast 

with measurements on other samples in which a T of 0.35 K was found 

for V77Ni23 2tf). This value of T^ was probably due to the existence 

of a second phase. Treyvaud and Waterstrat 25) measured also the 

temperature dependence of the susceptibility X of both V 3C0 and V 7 7N i 23 

(fig. 5).



1 n"® u e mI U  gn

Fig. 5. Temperature dependence of the susceptibility of V 3C0 and V 7 7N i 23 

as measured by Treyvaud and Waterstrat.

In general x is decreasing when the temperature is lowered from 300 K 

to 4 K. In the case of V 3C0 , however, a sharp increase of x was obser

ved below 50 K, which could eventually be attributed to some sort of 

spin-allignment. The nuclear-relaxation measurements on V and Co nuclei 

in these compounds (Fig. 6) were however not in favour of such an expla

nation. For V 7'/Ni23 showed the same negative temperature dependence 

as X) while in V 3C0 R^ and were not influenced by the increase in

X at lower temperatures. Both relaxation rates had a negative temperature 

dependence over the whole temperature range. The observed increase in x 

in V 3C0 is therefore probably due to an impurity effect.



Fig. 6 . Temperature dependence of and RCq in V 3C0 and R^ in V 7yNi2 3 .

3.4 V 3Pd and VOs

The nuclear relaxation rates R^ were also measured in VOs and 

V 3Pd. These two substances are examples of highly disordered A15 struc

tures. The existence of the non-stochiometric superconducting VOs com

pound was first reported by Raub 26). Further studies of this unusual 

structure were performed by Blaugher 27), Bardos 28), Spitzli 22) aiid 

Fliikiger 2<̂ ). The reported superconducting transition temperatures T
c

varied between 5.0 K and 5.2 K. Our sample showed a T^ value of 4.8 K.

This spread in T values can be attributed to differences in the 
c

exact percentage of Os in the different samples.

Although the composition of V 3Pd is stochiometric, it is however 

strongly disordered. Van Reuth 21) showed that the long-range order 

parameter S had a value of S = 0.69. The V chains consist of about 8% 

Pd atoms and 92% V atoms. The value of this compound was reported 

to be 0.08 K by Blaugher et al 27) .



In fig. 7 the temperature dependence of R^ in V 3Pd and VOs 

is shown. In both samples R^ is increasing with decreasing tempera

ture. In the case of VOs this can be related to the rather high T
° c

value observed in this compound. Because of the fact that VoPd has 

such a low value, a temperature dependence of R^ in V 3Pd is not 

expected.

Fig. 7. Temperature dependence of R^ in V 3Pd and V 50O S 5 0.

3.5 N b 3Pt, T i 3Pt and Cr7qPt2 i

In these three samples the relaxation rate R of the Pt nuclei 

were measured as a function of temperature. Because the Rp(_ in the 

V^Ptj_x series are also known, a good comparison can be made between 

the electronic-specific-heat data of Spitzli and our relaxation

measurements in a series of compounds which have now Pt as a common 

element.



Table II gives the Pt relaxation rates of the three different samples.

In Cr 7gPt2i and T ^ P t  the measured Rp were temperature independent.

Cr7 gPt21 is reported to be non-superconducting down to 0.01 K while

for TioPt a T value of 0.49 K is observed 27). NbqPt has a high T 
J c c

value of about 9.5 K 2 9 ). The normal state value of Rp was only mea

sured at liquid hydrogen temperatures (15 K - 20 K) because of the 

weakness of the Pt signal in this sample.

TABLE II

A15 compounds R p t (sec K) '

T:i-75P t 25 4.0

N b7 5 P t 2 5 5.7

Cr79Pt 21 11.9

Table II: Nuclear spin-lattice relaxation rates of Pt in TijPt, NbjPt 

and Cr7gPt2 i .

4. Discussion

4.1 V relaxation

According to the introduction the relaxation time Tj of V is due

to the influence of both the s conduction electrons as well as of the

d electrons. In order to analyse the experimental results in our series

of V 3X compounds, an estimate must be made of the relative weight of

these two contributions. Because of the particular flat shape of the s

conduction electron band, the density of states of the s electrons at

the Fermi level N (E ) can be regarded as independent of the Fermi 
s r

energy E Therefore it is reasonable to assume that N (E„) does not r  S r
vary too much for all the V 3X compounds.

In the discussion of the V Knight-shift in several V 3K compounds ^0)

the upper limit of K was estimated to be K = 0.10%. According to the
s s

Korringa relation, the relaxation rate R due to the s electrons can

S ~ 1
then be calculated to be R - 0.26 (sec K) . Our measurements reveal

s

that the smallest relaxation rate observed in our series of compounds 

is R = 0.24 (sec K) ' for the V 3 IX sample.



Because this R value is so close to the value R g = 0.26 (sec K) ', 

as derived from K g = 0 . 1 0%, one is tempted to believe that the 

nuclear relaxation in V 3Ir is mainly caused by the s electrons. 

Therefore the relaxation rate R is compared with the value of the 

electronic specific heat y as measured by Spitzli et al. 19).

With the use of e q . (1) N(E ) is calculated to be N(E ) = 0.07
6 ,, 

states/eV. A value of 1.12 x 10 Oe was used for H (s) ).n r
However when the density of states N(E ) is derived fromr

Spitzli's value of the electronic specific heat y, a N(E ) of
r

0.32 states/eV is found. The y value used in this case is already 

corrected for the electron-phonon interaction parameter X, which 

is estimated to be 0.30. The two calculated values of N(E ) differ
r

a factor 4.

In order to explain this difference, one could in the first

place suppose that the electron-phonon parameter X has to be much

greater than the assigned value X = 0.3. A value X = 3 would

however be necessary to fit the two values of N(E ). Such a high X
r

is very unlikely in this case.

An other explanation can be given by assuming that the N(E )
r

of V 3 Ir, as derived from the electronic specific heat measurements, 

consists not only of a contribution from the s electrons but also 

from p and d electrons. The influence of p electrons, which have no 

direct interaction with the nucleus, on the Knight-shift and re

laxation rate of V is in general very small and may therefore be 

neglected. The R value of V in V 3Ir depends thus only on N g (Ep),

while the value of y is a function of N ( E ï  + N,(ET,) + N (E„).
s F d t  p h

The results of the R and y measurements in V 3Ir can then be ex

plained in two ways:

A) N (Ep) and N (E^) are practically zero, so that R and y are 

only governed by the influence of the d electrons.

B) N^(Ep) is zero and N g (Ep) is taken as N g (Ep) = 0.07 states/eV, 

which accounts for the observed relaxation rate R = 0.24 (sec K) 

while N p(Ep) is 0.25 states/eV in order to explain the total 

N(Ep) value of 0.32 states/eV as derived from the electronic spe

cific heat measurements.



In sections 4.1.1 and 4.1.2, the measurements of R and y in 

all the other V 3X compounds will be analysed in a way based on the 

above mentioned assumptions A and B, made for explaining the experi

mental results in V 3lr.

4.1.1

In this section we thus assume that the experimental R and y 

values are only functions of N,(E ). The relaxation rate R can thenCl i
be written as the sum of the core polarization term and the orbital 

term;

R, = S^'p ‘ P! + S°rb P 2 = R' P in which (9)
d d 1 d c d

sd'P ' ■ 2l* ^ [ HS rP' V V ] 2 - s7  ■ 2hk\ 2 [Hœ  W ] 2 “ d

K. . s;-p- ♦

Because no exact band structure calculations are available for 

the measured compounds, the reduction factors Pj and P 2 are unknown. 

The values of the hyperfine fields Hf'*3' and are known to be
f\ Vï  Hi '  ILL

H^;P> = 0 . 1 2 x 1 0  Oe and H°“ = 0.19 x 10 Oe 31 ).
Hr Hr

The unreduced d electron relaxation rate R' can now be calculated asd
a function of N ^ ( E p )  and then be compared with the experimental re

sults. From the y values, as determined by Spitzli lg), the density of 

of states N (E ) are calculated for the different compounds. WithoutCi r
correcting for the electron-phonon enhancement of the specific heat,

N (E ) follows from the equationCI r

N (E ) = ------ Ï----- C O )

2/3 7T2 k 2 N A

The y values of V Pt and V I r ,  _ samples are found by interpolation
X  J " " X X  i X

in a graph of Spitzli's y values versus the concentration of the X 

element.

In fig. 8 the measured relaxation rates R of V at 4 K are shown

as a function of the so obtained values of N 2 (E_,) in the different
d r

samples. Also included in the same figure is the calculated curve re

presenting the unreduced relaxation rate R^ as a function of N 2 (E ).



Fig. 8 . The d electron spin-lattice relaxation rates R of vanadium for
d

all the measured Al 5 compounds as a function of N 2 (E„) calculated
d F

from the "uncorrected" values of y (see section 4.1.1).

Taking into account the several experimental uncertainties, as the d elec

tron reduction factors Pj and P 2 and the electron-phqnon enhancement 

factor X, it is surprising that there exists such a clear relation be

tween the measured relaxation rates R and N 2 (,E_) throughout the wholeCL r
series of V 3X compounds. The fact that all the measured R values are smal

ler than the corresponding calculated R^ values can eventually be attri

buted to the influence of the reduction factor Pj and P 2 .

Before however a more definite statement can be made about this in

fluence, the from y derived values of N.(E ) must be corrected for the
d r

electron-phonon enhancement of the electronic specific heat. The way to 

obtain an estimate of the enhancement factor À is to use the well-known 

McMillan equation 32)

m ^o . 1.04 (1 + X) . .

T c = T 4 5  6Xp (-------- 5-------------- } (,1)
A - y (1 + 0.62A)



which relates the superconducting transition temperature T to the
it ^

Debye temperature 0 , the Coulomb pseudo-potential y and X.

This procedure can directly be used for the superconducting

compounds V.Os, V 7 0Ir3o> v 62Ir38> v 70P t 30 and V 3Pt. The X values of

V 3lr and VsoPt2 o> which are not superconducting, are estimated in

the following way. By drawing a straight line through the calculated

X values plotted as a function of the unreduced density of states

N,(E_), in the case of the V Pt, series and V Ir, series, the X 
d F x 1-x x 1-x

value of V 3Ir and VggPt2 o can be found by interpolation.

Fig. 9 gives an example of this procedure for the V^Ptj_^ samples. 

For the calculations of X, the 6 values of Spitzli were used while

* * ° R ny was estimated to be y = 0 . 1 3  b) . The above mentioned procedure 

is justified by the fact that X is in general a linear function of 

N(E ). When the so obtained values of X for V 3Ir and V 8QPt2o are

used in eq. 11, a T value of approximately 0.04 K is found which

is in reasonable agreement with the fact that these two samples 

are found to be non-superconducting.

In fig. 10 the experimental relaxation rates of the above men

tioned compounds are now shown as a function of the N^(E ) values 

which are derived from the corrected values of the electronic spe

cific heat. As can be seen from this figure, the different points 

are close to the R' versus N,(E ) line, which leads to the con-d d r
elusion that the reduction factors P^ and P 2 are approximately 

1 for this particular series of V 3X compounds.
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Following the line of thought mentioned under B in section 

4.1, .it is assumed that for all the V 3X compounds, which are con

sidered in this investigation, the value of R is taken as
_l s

R = 0.24 (sec K) while the N (E ) and N (E ) are 0.07 st/eV
s s i ?  p i -

and 0.25 st/eV respectively. This means that the differences 

between the R and y values of V 3'Ir and the other V 3X compounds 

are due to the influence of the d electrons.

Consequently ehe dependence of R^ on can 136 found by sub

tracting a value of 0.32 st/eV from the N(Ep) values, as calcu

lated in section 4.1.1 taking into account the electron-phonon 

enhancement of y, and by correcting the experimental values of R 

for all samples with the R^ = 0.24 (sec K) *.

1 . 6

(s K)

.2

0.8

0 . 4

n

R ,

O '

•  v.os.
^ 6 2  ^n 3 8
•

^ 8 0  P t 2 0
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/

v3 Pt

9

V70 P_t30

Rçj c u r v e  

/

N A I n

Nd (E F) ((2V)
- 2

0 0.2 0 . 4 0.6
Fig. 11. The R^ of vanadium for several A15 compounds as a function 

of N 2 (Ep) calculated from y values corrected for the 

electron-phonon interaction (see section 4 . 1 .2 ).



The results of these calculations are shown in fig. 11

where the so obtained values of are given as a function of

Nj(E ) as was done in fig. 10 of section 4,1.1 for case A, and 
d r

compared again with the graph of R^, defined in section 4.1.1,

against N 2 (E^). One can see from fig. 11 that the experimental 
d F

values of R. are now far above the R', values calculated from 
d d

w -

4.1.3 Conclusions about the d band structure

Comparing sections 4.1.1 and 4.1.2, it is clear that the 

assumptions made in section 4.1.1 give the most realistic results. 

The neglect of any s band contribution to the total relaxation rate 

R and the electronic specific heat y is also justified by accurate 

knight shift measurements of vanadium in V 3X compounds in the nor

mal and superconducting state, which indicate that must be small,

at least K < 0.05% 
s

Also Fradin and Zamir 5) in their analysis of the V 3Gaj_x Snx system 

concluded that the s-part of the relaxation rate R has to be taken 

as approximately zero. They also pointed out that the p electrons 

don't play a significant role in the electronic properties of tran

sition metal alloys.

It remains however rather surprising that the reduction factors 

Pi and P2 for the d-core polarization and d-orbital relaxation rate 

respectively, seemed to be close to one for several V 3X compounds 

studied in this investigation. The reduction factors Pi and P 2 can 

be expressed as functions of the fractional occupancies F of the 

five 3-d sub-bands of vanadium as ^ ) :

Pi = F 2 + l2 F 2 + F 2 + F 20 Tr , <5,  6 _
z 1z 1 z 2z

P 2 = 4 F (F. + F. + 6 F + i  F )
z 3 ï ï ,  Ô ,  <5 „ a 8 t t ,1z 1 z 2z z 1z

F + 2 F + F. + F,, 
a ir <5 , ó „
z 1z 1z 2z



in which F , F , F . , F- are the fractional occupancies of

z ïïlz lz 2 z
the o r , Tr , 6 . , ô„ a sub-bands respectively . Computer calcu-

Z i I Z Z Z

lations show that the maximum value of the total reduction factor 

P, as defined as ^d/R'^ in section 4.1.1, is 0.81. P^ and P 2 

are then 0.33 and 1.00 respectively.

This situation occurs when F = 0.55, F = 0.22, F. = 0
a it, ’ 6 ,

J  C M  Z  1 Z  ] Zand F . = 0 .
o „

Values of P > 0.70 are reached when 0.35 < F < 0.75, 0.12 < F
a il

< 0.32 and 0 < F < 0.05. Z

lz, 2z
In general one can say that the maximum values of P occur when the

density of states of the 6 , and &„ sub-bands at the Fermi level1 z 2z
are practically zero. Although we find a value of = 1 for P, which

is too high theoretically, it is reasonable to assume, on the basis

of the above mentioned calculations, that the F and F . are
o , o ~
] z Z z

very small or zero for the measured V 3X compounds.

Summarizing we conclude that the relaxation rates R of V in 

our series of V 3X compounds, in which the X elements are all tran

sition metals, are mainly determined by the d-electron orbital

relaxation rate R . . The density of states of the s electrons at 
orb

the Fermi level is in general very small. The same holds true for

the density of states of the <5, and <5„ d sub-bands at the Fermi1 z 2 z
energy. Only the it and d sub-bands play an important role in the 

determination of the total density of states of the d electrons at 

the Fermi level.

4.2 Pt relaxation

As stated in the experimental section, the nuclear relaxation

rates of the Pt nuclei were also measured in some A15 compounds.

Because Pt is a transition metal, the R,_, is influenced by s and d5 Pt J

electrons in the same way as was described for the V nuclei.

In general the R_ is expected to be. larger than the R  because the
% I

Pt hyperfine field 3 are a factor JO larger than the

V hyperfine fields

As was observed in the V^Pt ^ series (fig. 2), the nuclear 

relaxation rates R showed the same dependence upon Pt concentration 

as the V relaxation rates and the electronic specific heats y.



The ratio R ^ / R ^  was practically independent of Pt concentration but 

had a value of only about 4.

The Pt relaxation rates were also measured in three other A15 

compounds (NbjPt, T i 3Pt, Cr7 9Pt 2 i) and are compared with the y mea

surements of Spitzli 19). In fig. 12 the measured values of Rp are 

shown as a function of the square of the electronic specific heat

values y 2 - N 2 (E_) for all samples including those of the V Pt.
d F x 1-x

series. Within experimental accuracy also in the case Pt a lineair 

relation exists between R and y2 .

(mj/at gp K2)' 
80

40

20I
, . 2

C P 7 g Pt 21 à

V - P t .75 r  L25 
A ,

/

V 70 ^*30 

Ti3 Pt A/
a  Nb3 Pt

0 Rpt 4.0 8.0 (sK)'112.0

Fig. 12. The nuclear spin-lattice relaxation rates of Pt for

several A15 compounds as a function of the square of the 

electronic specific heat y.



Summarizing the above mentioned measurements we can state that 

in the system changes in the d electron density of states

at the Fermi level equally affects the V relaxation rate and the 

Pt relaxation rate R p t * In the other three compounds, with different 

A elements, changes in N^(E ) as derived from y measurements, affects 

Rp in a way as is expected from the general relaxation theory.

This leads to the conclusion that the Pt-5d electron orbits and the 

d orbits from the A elements (V, N b , Ti, Cr) are strongly admixed 

forming a common d band. The cubic Pt sub-lattice cannot be treated 

as independent from the linear chain system which is formed by the 

A element.
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CHAPTER V

NUCLEAR MAGNETIC SPIN-LATTICE RELAXATION IN V 3AU 

1■ Introduction

V 3Au belongs to the group of intermetallic compounds that have 

the so called A15 or 3-tungsten structure. The general formula of 

these structures can be written as A 3B in which the atoms from the 

B element form a b.c.c. lattice while the atoms of the A element are 

situated along three orthogonal chains on the faces of the cubes 

formed by the B element.

Since long it is known that this particular structure is extre

mely favourable for the occurrence of superconductivity. This fact 

constitutes one of the main reasons why the A) 5 structures have been 

the subject of so many different and extensive experiments during the 

last 15 years. Moreover because also the highest superconducting tran

sition temperatures T^ were found among these compounds, it was the aim 

that by a careful comparison between theory and experiment a better 

insight could be achieved in the phenomenon of high temperature super

conductivity, which could in turn lead to the formation of metallic 

structures with still higher values of T . An excellent review of most 

of the experiments and the theoretical electronic band structure cal

culations, which are so important for the understanding of the occur

rence of superconductivity in A15 compounds, can be found in a publi

cation by Goldberg and Weger 1).

The intermetallic compound V 3Au has attracted not so much atten

tion because of an extremely high T value but more because its T
c c

could be varied almost a factor 300, depending on the specific heat- 

treatment to which a particular sample was subjected. This effect of 

low temperature annealing upon T^ in V 3Au was reported by Van Reuth 

et al. 2) , Blaugher et al. 3) and Hein et a l . 4 ).

By measuring the long-range order parameter S of the vanadium chains,

they could correlate an increase in T with an increase in the atomic
c

ordering. In order to obtain more insight in this effect, Van Reuth 

and Ancher 5’ 5’ 7) studied, by means of c.w. n.m.r. measurements 

of the vanadium resonance line, several V 3Au samples which had different



values due to different low-temperature annealing treatments.

From the results of their Knight-shift measurements they concluded

that the density of states N (E_) of the d conduction electrons at
d r

the Fermi level increased with increasing T . Measurements of the
c

electronic specific heat coefficient y in some V 3Au samples by

Spitzli et al. 8 ) revealed a same relation between T and N,(E_).
c d l '

A theoretical basis for an explanation of the observed in

crease of N^(E ) with atomic ordering was developed by Labbé and 

Van Reuth 5) using the Labbé - Friedel model 10) of the electronic 

band structure of A 3B compounds.

Another conclusion drawn from the n.m.r. experiments by Ancher 

et al. 7 ) was that the Knight-shift K^ of vanadium was distributed 

inhomogeneously, on a microscopic scale, along the V chains.

The theoretical model of Labbé and Van Reuth ^), which assumed a 

statistical distribution of finite microscopic V chain lengths 

separated by Au atoms, could sustain this idea.

Furthermore Junod et al. gave a detailed discussion about

the variation of T^ in the V 3Au system starting from the well known 

MacMillan formula for T . On the basis of electronic spec ific-heat 

measurements they concluded that the change in T is not a pure 

phonon effect but can better be explained in terms of changes in the 

electron-phonon coupling parameter X which is in turn a linear

function of N(E_).
1

The following article consists of a n.m.r. study of the interes

ting features of the V 3Au system by means of the spin echo method.

The nuclear spin-lattice relaxation times Tj of vanadium were mea

sured in a series of samples with different T values. These samples 

were originally prepared by E.C. van Reuth and R.M. Waterstrat.

As was demonstrated by measurements in several other vanadium based 

A15 compounds 12), T* is mainly a function of the density of states 

of the d electrons at the Fermi level. The s conduction electrons 

only play a minor role in the determination of the value of T j .

First it is shown from the properties of the free induction 

signal after a 90° pulse that the relaxation is not homogeneously 

distributed over the central vanadium resonance line. Measured on 

one side of the resonance line the relaxation proves to be faster 

than on the other side.



Furthermore the temperature dependence of R = 1/TjT was measured 

in the temperature range 300 K - 1.2 K for the different samples.

The values of R at 4 K are compared with the electronic specific- 

heat measurements by Spitzli 8) and Junod 1 *) in order to establish 

the exact relation with the "bare" density of states of the d conduc

tion electrons at the Fermi level, as was previously done for a 

series of several vanadium based A15 compounds ^2 ).

Also several measurements of Tj in the superconducting state 

will be discussed. These experiments were performed in magnetic fields 

between 2.1 kOe and 10 kOe.

2.1 Sample preparation

All the different V 3AU samples were carefully prepared by 

Dr. E.C. van Reuth. They were arc-melted four times in an argon-helium 

atmosphere. After the melting procedure the samples were subjected to 

different heat-treatments in order to obtain different values of the 

superconducting transition temperature T .

Table I gives a summary of the different samples, their respec

tive heat-tre^tments and the resulting values of T .

From the heat-treated sample buttons, surface oxides were first re

moved with a wire brush after which they were crushed with a titanium 

hammer. The pieces were then grinded to powders with an agate mortar 

and pestle or with an agate ball-mi.il.

The mean particle size was in general 30 ym which was small enough 

to ensure complete penetration of the r.f. field. The powders were 

immersed in solid parafin and sealed off in glass tubes.



TABLE I

Sample Heat Treatment ^ (K)

V 3Au 172 1000°C - 4 days 2.72

950°C - 5 days 

900°C - 4 days 

800°C - 7 days 

600°C - 16 days 

Furnace cooled

V 3Au 255 1000°C - 7 days 2.58

800°C - 7 days 

600°C - 7 days 

Furnace cooled

VjAu 188 1000°C - 1 hour, oil quenched 1.82

800°C - 1 hour, oil quenched

V 3Au 254 1000°C - 5 days 1.69

900°C - 50 hours 

700°C - 50 hours 

Furnace cooled

V 3Au 189 1000°C - 5 days, oil quenched 1.20

V 3Au 186 1000°C - 5 days, oil quenched 0.97

Table I: Heat treatments and values of the superconducting tran

sition temperatures for the different V 3Au samples.



2.2 Measuring techniques

Vanadium has a spin I = 7/2. Due to the quadrupolar moment 

of the nucleus and the non-cubic environment of the vanadium nuclei 

in V 3AU, the c.w. resonance line is strongly quadrupolar broadened. 

This quadrupolar broadening has also its effects on the free induc

tion signals following a two pulse sequence. A typical example of 

the spin echo pattern following a 90° - 30° pulse sequence is shown 

in figure 1 .

Fig. 1. Spin echo pattern of vanadium in sample V 3Au 186 after a

90° - 30° pulse sequence. The time t between the two pulses 

was 50 psec.



So called "quadrupolar" spin echoes ^3) are clearly observed on both 

sides of the normal and dominant 2t echo. Especially interesting is 

the occurrence of a rather strong "forbidden" 4t quadrupolar spin 

echo. A detailed investigation of the occurrence of quadrupolar 

echoes in vanadium based A15 compounds was given in a previous 

paper 14 ) .

In the present investigation of V 3AU all measurements were per

formed with a Bruker B Kr 322 s variable frequency, phase coherent 

pulsed n.m.r. spectrometer, using phase sensitive detection of r.f. 

free induction signals.

Because of the quadrupolar broadened resonance line, a pulse 

train of 10 or 20 strong r.f. pulses were necessary to achieve more 

than 90% saturation. After the pulse train a two pulse sequence was 

normally used for the determination of the nuclear relaxation times. 

The height of the spin echo signal could be measured with the use 

of a boxcar integrator (gate time - 1 ysec.), on the screen of an 

oscilloscope or with a digital signal averager in the case of sig

nals with a very poor signal to noise ratio.

W h e n  th e n u c l e a r  r e l a x a t i o n  t i m e s  w e r e  m e a s u r e d  o n  the h e i g h t  

of t h e  2 t  s p i n  echo , it a p p e a r e d  t ha t in all the s a m p l e s  the r e 

c o v e r y  of t h e  m a g n e t i z a t i o n  w a s  n o t  c o m p l e t e l y  e x p o n e n t i a l .

An example of this behaviour is shown in figure 2.

Relaxation times were in some cases measured on the height of 

pure "quadrupolar" echoes different from the 2t echo, especially 

on the 4t echo. These measurements gave exactly the same results 

as those obtained from the 2T echo. Again a non exponential beha

viour was observed.



------------«► t (m s)

Fig. 2. Recovery of the magnetization M of vanadium in samples V 3Au 172 

after a saturating pulse train, as measured on the top of the 

2t echo. M q -M is given in arbitrary units. is determined from 

the exponential tail of the curve.

Relaxation times were also determined from the recovery towards 

equilibrium of the free induction signal after a tt/2 pulse. An example 

of the free induction decay of vanadium in V 3Au 189 is shown in figure 3. 

The dead time of the resonant circuit and the receiver system was appro

ximately 11 ysec. at a frequency of 10 MHz. As a result the narrow part 

of the free-i.nduction decay, which is mainly of quadrupolar origin, can 

not be observed. The r.f. signal detected after the pulse consists main 

ly of the Fourier transform of the not quadrupolar broadened central 

c.w. resonance line (-J - +5 transition).



Fig. 3. Free induction decay of vanadium in sample V 3AU 186 after a 

90° pulse. At a time T 2 after the pulse, the height of the 

signal could be measured with a boxcar integrator.

This height of the free induction decay was always measured 

with a boxcar integrator. The gate time was 1 psec., while the 

gate pulse could be delayed with respect to the beginning of the 

r.f. pulse (see figure 3).

The phase difference a> in the rotating frame, between the y 

axis and the detection direction could be varied continuously by 

a motor driven phase-shifter. l’i was also measured for different 

values of the phase shift a.

In all samples the nuclear spin-latti.ee relaxation times were 

measured at 295 K (room temperature), 77 K (liquid nitrogen),

20 K - 15 K (liquid hydrogen) and in the temperature range 

A. 2 K - 1.2 K (liquid helium). The samples were always immersed 

in the liquid in order to avoid heating effects by the stronj 

r.f. pulse train.



3. Experiments and discussion

3.1 Inhomogeneous relaxation of the central vanadium resonance line 

As already stated in the experimental section the nuclear re

laxation times Tj of vanadium were measured while using the signal 

of the free induction decay after a 90° pulse as well as from the 

spin echo signal after a two pulse sequence. Because the recovery 

of the magnetization was not completely exponential in all samples 

and at all temperatures, the' relaxation time was always determined 

from the exponential tail of the curve. This non exponential be

haviour was a first indication that different relaxation times were 

present. Most of the other studied vanadium based A15 compounds 

showed exponential recoveries 12).

The relaxation times obtained from the measurements on the 

free induction decay were in general longer than those obtained 

from the 2t echo. Tie recovery of the free induction decay signal 

to its equilibrium value was also more exponential than that of the 

2t echo. These factors led to a more closer examination of the re

laxation mechanism in VjAu.

In the c.w. study of V 3Au by Ancher et al. 7 ) and the theore

tical explanation given by Van Reuth and Labbé 9 ) it was assumed 

that the vanadium resonance line was broadened due to a distri-

C P
bution of the d electron core-polarization contribution K, ’ to

d
the total Knight shift K. The high field side of the resonance 

line is composed of spin groups with a higher absolute value of

than the nuclear spin groups on the low field side. K ̂ 'P ' 
a d

is in general a linear function of the density of states N^(E ) 

of the d electrons at the Fermi level. As explained in previous 

papers about the relaxation mechanism of vanadium in A15 compounds 

IS) 1 6 > 1 /> ) ' [;]ie relaxation times Tj are mainly determined by the 

influence of N^(E ) through the core polarization and orbital inter

action of the d electrons with the nucleus (see also section 3.2).

As a consequence one would expect that the high field side of the 

resonance line would relax faster than the low field side.

If the above mentioned assumption about the distribution of 

relaxation times over the resonance line is true, then, at a time 

T i < T] after a saturating pu Isa train, the shape of the recovered 

o.entral resonance line ( + 5 - - 5  transition) will differ from its



equilibrium shape. Because of the faster relaxation on the high 

field side, the center of gravity of the recovered resonance line 

will be shifted towards a higher field relative to the center of 

gravity of the equilibrium resonance line.

Stated in an other way, M (ti) of the +5 - - 5  transition, 

which is lying along the y axis in the rotating frame directly 

after a tt/ 2  pulse, starts rotating with an angular frequency 

Aw(t 1 ) with respect to the equilibrium magnetization M (ti>>Ti) 

after a it/ 2  pulse, which is stationary in the rotating frame.

In the equilibrium situation, M (Ti>>Ti) after the it/2 pulse 

stays along the y axis while decaying to zero due to homogeneous 

and inhomogeneous line broadening. A time x 2 after the end of the 

r.f. pulse, M (ti) is, however, rotated over an angle 3 = Aw(ti).t9 

away from the y axis. The detection phase, which was initially 

set along the y axis in the rotating frame, must thus be changed 

over the angle 3 in order to find the maximum value of M (t^).

The above mentioned procedure was carried out experimentally 

in the following way.

In sample V 3Au 189 at a temperature of 20 K and using phase- 

sensitive detection, the gate of the boxcar integrator was set 

first on the free induction decay of M (ti>>T]) at a time T 2 =

25 ysec. after the end of a tt/2 pulse. The resulting d.c. signal 

was recorded. Now the motor-driven phase-shifter was started and 

a was slowly varied with respect to the effective R.C. time of 

the boxcar integrator and the repetition rate of the pulse se

quence. As a result a sine curve of the signal M (t i > > T j ) versus 

a appeared on the recorder sheet (see fig. 4 curve I).

The recorder was v.ow rewound and set at the same starting 

point as in the case of curve I while the signal of M (Ti>>Ti) 

was again set at the initial value with the phase-shifter. After 

a short time the pulse train was switched on and the phase-shifter 

was started at the same, point on the recorder as before. X) had a 

value of 10 msec, which was small compared to at this temperature.



A. a  '.U’ iH'ndenc’e o I: t: Il t ■ I r o c  i n d u c  t i  on  de  en y s i g n a l  o f  v a n a d i u m  

in V )Au ) 89 a nd  V-jl’ t  a l l e r  a 9 0 e p u i s e ,  l’ o r  V^Au  189 t h e  Mq 

a n d  M ( 'i i 10 iüso.i-, ) s i. ).',n a ! w i t o  r e i ’o r d i ' d  w i t h  To = 2 5  l i s  o c .

I II ‘ a St.' o f  V . 1’ !. , M;, , ’ü d  M ( r i •- l 3 ni . ) art- shown w i t h  T-> =

Ai! y  s a .



Curve II in fig. 4 represents the now recorded signal of M (t  ̂ =

10 msec.). M (ti = 10 msec.) reached his maximum value at point B 
z 1

of curve II while for M (t i > > T i ) this maximum was reached at point 

A of curve I.

For a pure homogeneous relaxation process one would expect that

point A and B would have exactly the same phase a. For VjAu this

is clearly not the case. The two curves demonstrate that there is

a phase difference of about 10° between M (ti = 10 msec.) and
z x

Mg (t 1 » T ; ) .

The above mentioned experimental procedure was also applied on 

the free induction decay of vanadium in a \'3?t sample which showed 

an exponential recovery of the magnetization towards equilibrium.

The results can be found in curves III and IV of fig. 4.

Now curves III and IV reach their respective maxima at exactly the 

same place. No phase-shift between M (t i < T i ) and M^( t i > > T i ) could 

be observed.

It is also possible to measure the phase-shift ß = Aoj(ti).T2 

as a function of T 2. l-n this way the angular frequency difference 

ùj (ti) between the center of gravity of the equilibrium and the re

covered resonance line can be determined.

T 2 {M-5)

Fig. 5. Measurements of the phase-shift g as a function of t 2 for V?Au

189 and VgPt. For V 3A 11 189 T] = 10 msec, while for V 3PC T| = 15 msec.



In fig. 5 3 is given as a function of x 2 for V 3AU 189 and VgPt 

at 20 K and 10.8 MHz. This figure clearly demonstrates the ex

pected linear relation between 3 and t 2 for the V 3AU sample. 

A(vj(Ti) is calculated to be - 2kHz from this figure. The V^Pt 

sample showed a phase-shift of less than 5° over the whole x 2 

range, which is within experimental accuracy.

Figure 6 gives an example of the dependence of 3 on the 

time Ti between the saturating pulse train and the measuring 

tt/ 2  pulse. These measurements were performed on the sample 

V-Au 188 at a temperature of A. 2 K and at a frequency of 10.8

MHz. The delay times xj were 15 msec., 35 msec, and 60 msec,

respectively. One can deduce from this figure that 3 is gra

dually decreasing with increasing T\.

The different types of measurements of Tj are not equally 

affected by the above mentioned effects. The most correct way 

of determining Tj is by measuring the height of the 2x echo top 

as a function of X]. This is because at a time 2x after the first 

pulse in a two pulse sequence, M z (T}>> T 1) as well as M (tj<Ti) 

are again exactly lying along the y axis due to the rephasing 

of the different spin groups by the second pulse.

From the free induction decay the T^ can also correctly be

determined by varying the detection phase in such a way that at

every delay time Xj the maximum value of the signal is obtained. 

Measurements while using a constant detection phase give er

roneous results as will be shown below.

Normally the detection direction is set: along the y direc

tion in the rotating frame which means that the free induction 

signal of the equilibrium magnetization M (ti>>Ti) has its maxi

mum value. A time x 2 after the tt/2 pulse the remaining M (Xi>>Tj) 

stil] li.es along the y axis. This is however not true for 

M (xi<Tj). In this case the measured signal is proportional to 

M (x'i<Ti) cos 3. The resulting Tj is not correct and is found to 

be longer than the T] measured with the gate of the boxcar inte

grator on tlie top of the 2x echo.



Fig. 6 . a dependence of the free induction decay signal of vanadium 

in V 3Au 188 after a 90° pulse. Besides Mg, the curves for 

M(ll = 60 msec.), M(Tj = 35 msec.) and M(tj = 15 msec.) are 

shown. t 2 had a value of 20 ysec.



Tj can also be measured with an initial phase difference a

between M (t j >>T i ) along the y axis and the detection direction.

The equilibrium signal is then M (t j >>T j ) .cos a while for

M (t i < T j ) the detected signal is proportional to M  (t i < T j ). 
z z

cos (a + ß). The measured values of T; become now strongly depen

dent on this phase difference a.

In figure 7 a summary is given of these measurements of T 1 

as a function of a in the sample V 3Au 185 in the temperature 

•■ange 4.0 K - 1.2 K and at a frequency of 11.2 MHz.

Fig. 7. R = l/T[T of vanadium in sample V 3A 11 189 in the temperature 

range 4.2 K - 1.2 K , as measured on the top of the 2x echo 

signal and on 1 he free induction decay signal using phase 

djlTerenc.es a of 0°, 40° and 60°.



It clearly demonstrates the strong influence of the detection direc

tion upon the observed values of T j . For all values of a, R = l/’I'jT 

remained constant in the temperature range 4.2 K - 1.2 K which makes 

it clear that no experimental measuring error was involved.

As another check Tj was also measured in a sample of V 3Pt using seve

ral phase differences a. In this case no difference between the re

sulting Tj values could be observed.

On the basis of all the above mentioned experimental results we 

believe that the assumption of inhomogeneous relaxation over the vana

dium resonance line is sufficiently justified.

3.2 Normal state relaxation

As was shown in a previous paper 1 *') , the relaxation rate R of 

vanadium in V 3X compounds can in first order be expressed as:

in which RL,'P ' is the contribution from the d electrons at the Fermi 
u

level through core-polarization of the inner s-electrons, while 

R^r b ' is caused by the interaction of the d-eleetron orbits at the 

Fermi level with the nucleus. The influence of the s conduction 

electrons upon the total relaxation rate R will again be neglected. 

The general formula for the d-electron relaxation can then be

written as 17» 18)

(2 )

in which

(3)

(4)

and



and are respectivily the d-electron core-po larizat ion
II. t . H . 1- . 1

and orbital hyperfine fields at the nucleus while N,(E„) is the1 d F

density of states of the d-electrons at the Fermi level.

Pi and ? 2 are reduction factors whose values depend on the relative 

occupancy of the five 3-d vanadium sub-bands. R^ is the total un

reduced relaxation rate which can be calculated from known values 

of the hyperfine fields and the density of states. P is the overall 

reduction factor of the d-electron relaxation rate.

As was mentioned before, the relaxation times of vanadium were 

obtained from the recovery towards the equilibrium value of the 

signal of the 2x echo-top after a saturating r.f. pulse train.

In most cases this recovery was partly non-exponential. The value 

of Tj was extracted from the exponential tail of the recovery curve. 

This part of the curve was always more than 60% of the total inten

sity of the signal which made it reasonable to determine T] in this

way. By repeating the measurements several times at the same tempe

rature it was possible Lo achieve an accuracy in T^ of about 10%.

In figure 8 the measured values of R = 1/T^T of vanadium for

all six samples are shown as a function of temperature.

These measurements were performed at a frequency of 11 MHz.

All samples show a temperature dependence of R.



Fig. 8 . Temperature dependence of R = 1/'L']T of vanadium between 300 K 

and 4 K for six V 3AU samples with different values of T_.



In figure 9 AR = R(4K) - R(300K) is given as a function of the super

conducting transition temperature T . It clearly shows that AR strong

ly increases with increasing T . In sample V 3Au 172, with one of the 

highest T values, R varied more than a factor 3 over this temperature 

range. It was also observed that five samples had the same value of R 

of about 1.3(sec.K) ' at 300 K. Only V 3Au 255 deviated somewhat and 

had a value of R = 1.9 (sec.K) ' at room temperature.

3.0

2.0

( s K f 1

a R

1.0

1.0 2.0 3.0

------ -TC (K)

Fig. 9. AR = R (4K) - R(300K) as a function of T for the six V 3Au samples.

Measurements of the Knight-shift K of vanadium in several V 3Au 

samples J) showed a similar behaviour as a function of temperature as 

the relaxation measurements, 'lhe temperature dependence of K increased 

with increasing value of T . At room temperature the Knight-shift values 

of all samples were also approximately the same. The temperature depen

dence of K is caused by the negative core-polarization term K*7*P *
d

which is a linear function of K,(E„),
d I'



A temperature dependence of R can only be observed when kAT 

becomes comparable with an energy range over which the density of 

states of the d-band varies significantly. A quantitative expres

sion for the temperature dependence of R , in transition metals is
d

given by Yafet and Jaccarino 17) to be

R, ^  n 2 (E_)
d d I*

(6 )

indicating that R^(T) is directly influenced by the shape of the 

d-band at the Fermi-level. However, it is not possible to des

cribe the observed temperature dependences of R in V 3Au with this 

equation. The strongest variations in R occur in the low tempera

ture region in contrast with the T 2 relation in eq. (6 ).

In the Labbé and Van Reuth model of V 3Au ^), the simplified 

one-dimensional Labbé - Friedel band structure was used. It was 

assumed that in an ideally ordered V 3Au sample E was situated 

close to the bottom of one of the 3-d sub-bands which showed a 

square-root singularity at this energy. In reality the shape of 

the d-band in V 3X compounds is much more complex as was shown by 

detailed band structure calculations by Weger and Goldberg *) 

and Mattheiss 19’ 20 ) for V 3Si, V 3Ga and V 3Ge. The N(E) versus E 

curves showed in general many peaks. The APW-LCAO band-structurc 

calculations of Mattheiss 20) predicted such a peak in N(E) near 

Ep for the above mentioned A15 compounds. The accuracy of these 

calculations was, however, not sufficient to resolve peaks which 

showed rapid variations of N(E) over an energy range of a few m e V .

For V 3Au the experimental results can at best be explained 

by assuming such a very narrow peak in N(E), near the Fermi energy 

Ep, superimposed on a more flat part of the d-band. The N(E) at 

this peak must vary considerably over an energy range less than 

300 k = 30 m e V . At room temperature the Fermi level Ep intersects

the d-band just outside the sharp peak in N(E), so that the re-

• c.. p
laxation rate and the core-polarization Knight-shift ’ are

mainly determined bv the density of states of the d-electrons of

the more flat part of the d-band which is not influenced by the

degree of atomic order in the. vanadium chains.



, c p .
This explains that the R, values as well as the K, values are

d d

approximately the same at room temperature for samples with different 

T values. When the temperature is lowered, E^ shifts into the peak 

in N(E). R^ and ^ ' will then become strongly influenced by its 

shape and height . At T = 0 the Fermi level E^ is situated in this 

pe a k .

When we deal with a sample with a high degree of atomic order

and consequently with a high value of T ,  the peak will be very nar-
c . p  *

row and sharp. A very strong temperature dependence of and

will then result which can not quantitatively be explained by the

first, order approximation which was used for the derivation of eq. (6 ).

At T ■- 0 a high value of N^(Ep) will be reached.

Following the line of thought of Labbé and Van Reuth 9 ), the

disordering of the vanadium chains by gold atoms causes the peak to

broaden so that it becomes less higher than in the completely or-

c . p .
dered sample. The temperature dependence of and also of K

will thus become smaller with decreasing degree of atomic order.

Moreover N , (E,„) at T a 0 will be smaller in a disordered sample than 
d I

in the ideally ordered sample.

In figure 10 the relaxation rates R of vanadium at T ^ 4 K for 

the different samples are shown as a function of T . As expected, R 

which is a direct function of N2 (Ii ), increases with increasing value

of T_. A same type of relation was found by Spitzli Pj ) and Junod 1 5 )

between the electronic specific heat coefficient y and T .

Both types of measurements indicate that the variation i.n T can be 

attributed to an increase of the density of states of the d-electrons 

at the Fermi level when a sample becomes more ordered due to low 

temperature annealing treatments.

In order to give a more quantitative analysis of our relaxation 

measurements, the values of K in the different samples will be com

pared with the electronic specific heat data as can be found i.n. the 

paper of Junod et al. 1 *). The electronic specific heat coefficient 

Yo is related to the "bare." density of states N(E ) at the Fermi, 

level as: Yo = 2/3 irV- N N(E ).

The experimentally determined values of y must be .corrected for the 

e t ec Iron-phonon enhancement in order to find the correct, value of y q .
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Fig. 10. R of vanadium at 4 K as a function of T for the six V 3AU samples.

The relation between y and yo i-s given by y o  = Y/l+A where A is the

electron-phonon interaction parameter. From the so obtained values of 

Yo» N(E ) can then be calculated. As was previously argued in the re

laxation study of a series of other V 3X compounds 12) it will be as

sumed that the so obtained values of N(Ep) are only determined by the 

density of states N^(Ep) of the d electrons. Contributions of s and p 

electrons will again be neglected. The Y and À values of our samples 

are determined by interpolation in graphs of the y and X data of

Junod et al. **) versus T .
c

In figure 11 our relaxation data R at T =: 0 are shown as a func

tion of the calculated values of N2 (E^), As a comparison the relaxa

tion rates R and the values of N 2 (E„), obtained from y values of 
d d r

Spitzli for several other V 3X compounds 12 ) are included in this

figure. For the V 3AU samples a practically linear relation is found

between the R, values and N^(E_). Only V^Au 186, with the lowest T 
d d F J c

value, deviates from this behaviour. Most striking is also that the 

points for the other V 3X compounds lie approximately on the extra

polated straight line for the V 3A 11 samples.



Fig. 1i. The d-electron relaxation rate R. as a function of the cal-
d

culated values of N 2 (Ep) for the six VjAu samples as well as 

for several other V 3X compounds 12).

This line is also going nearly through the origin. Such a behaviour can 

only be explained if the total reduction factor P as defined in e q . (2) 

is almost independent of the value of N^(Ep) over the measured range.

3.3 Relaxation in the superconducting state

All VjX componds which show superconductivity are type II super

conductors with high values of the Ginzburg - Landau parameter k - 

When this type of superconductor is placed in external magnetic fields 

^ c ]<^q<H 2 » t*ie field penetrates the sample in the form of

fluxoids. H , and H „ are the lower and upper critical fields respec- 
cl c 2 r

tivily. Therefore it is possible to study type II superconductors in 

the. superconducting mixed-state by means of n.m.r. techniques.



When nuclear relaxation measurements are performed in the 

superconducting state at a constant external magnetic field H q , 

two temperature regions must be distinguished.

a) In the temperature range for which H „(T) - H <<H „(T) the
cl u cz

relaxation behaviour is determined by the general properties 

of gapless superconductivity. In this gapless region the ratio 

between the mean free path 1 of the electrons and the BCS 

coherence length major importance.

In case of a "dirty" superconductor (1<<Ç q ) a theoretical 

expression for the nuclear relaxation rate was developed by 

Cyrot 22). Measurements of Tj of vanadium in the superconduc

ting state of V 3Sn by Masuda and Okubo 23) are a good example 

of such a behaviour. For these "dirty" superconductors the 

behaviour of the relaxation rate R just below T (H^) is 

strongly dependent on the value of H q . For H q values for which

T (H )> 0.6 T (0) an increase in R = 1/TiT is observed just 
c 0 c 1

below T (H_). When Hp is, however, such that T (H_)< 0.6 T (0), 
c ' 0 c 0 c

R decreases monotonically below T^(H q ).

The case of a "clean" superconductor (1>>Ç0) was treated 

theoretically by the Orsay group 2I+) while Eppel, Pesch and 

Tewordt 2 ^) extended this theory to any value of the mean free 

path 1. Relaxation measurements in case 1 - Çq have been re

ported by Fite and Redfield 26) in pure V while the measurements 

of MacLaughlin and Rossier 2 7 ) in pure Nb are an example of the 

relaxation behaviour when 1 < Çq.

b) When the temperature is lowered to values where the

relaxation times are determined by the original BCS expression 

1/Tj = Ae 2A is the value of the energy gap at

T = 0. Deviations from this BCS behaviour are observed at still 

lower temperatures due to the influence of spin diffusion from 

the relatively fast relaxing nuclei in the fluxoid cores 2 8 ).

In three samples of V 3Au with the highest values of T^

(VjAu 172, VjAu 255, VjAu 188) the nuclear relaxation rates R = 1/T^T

of vanadium were measured in the superconducting state down to 1.2 K.



Fig. 12. Temperature dependence between 4.2 K - 1.2 K of R/R of
n

vanadium in V 3A 11 255 in external magnetic fields of 

9.43 kOe, 4.26 kOe and 2.14 kOe.



In figure 12 the results for sample V,Au 255, with a T = 2.58 K,
J c

are shown. For three values of the external magnetic field H Q the

ratios R/Rn are plottrd as a function of temperature in the range

4.2 K - 1.2 K. R is the mean relaxation rate in the normal state 
n

in the temperature region just above T . All three curves showed

an increase in R/R which started at T (H_) and reached a maximum 
n c U

at about T/T (H„) =: 0.85. 
c u

The values of T (H.) were determined from a H _(T) versus T curve 
c u cz

in fields from 2 kOe up to 12 kOe as measured by Wulffers 2°).

The value of the maximum in R/Rn was approximately the same at the

three fields. It varied between 1.40 at 4.26 kOe and 9.43 kOe and

1.50 in the magnetic field of 2.14 kOe. An increase in R/R below
n

T c (Hq ) was also observed in VgAu 172 and V 3Au 188. The effect was, 

however, somewhat less than in V^Au 255. In both samples the maxi

mum value of R/Rn was 1.15 at a magnetic field of 10 kOe and 1.25 

while Ho was 4.47 kOe.

The relaxation behaviour as observed in these V 3Au samples is 

typical for a "dirty" superconductor. Cyrot 22) predicted that the 

value R/Rn = 1 would again be reached in the superconducting state 

at a temperature T = 0.6 T (0). As can be seen from figure 12, for 

all three fields this point was reached at T = 1.5 K which is very 

close to the expected value of 0.6 T . The measurements in the two 

other V 3Au samples confirmed this behaviour.

It is also expected that the peak in the R/Rn curve should 

disappear when the magnetic field is equal to 0̂ . 6T £ (0 )̂  .

Measurements of H £ versus T for some VjAu compounds as given by 

Fischer 3®) indicate that H ^ (o. 61^(0)^ = 35 kOe. The small varia

tion of the maximum value of R/R between 2.1 kOe and 9.4 kOe can
n

be explained by the fact that these magnetic fields remain small 

compared to 0̂ . 6T^ (0 )J ,

In the temperature region below the maximum in R/Rn > the re

laxation times become more and more determined by the BCS equation. 

In figure 13 log T^ is plotted as a function of 1/T for sample 

V 3AU 255 at a magnetic field of 4.26 kOe. It clearly shows the 

expected exponential behaviour. The value of the energy gap 2A, as

derived from this figure, is 2A - 3.0 kT .
c



Fig. 13. Spin-lattice relaxation time of vanadium in sample V 3AU 255 

as a function of the reciprocal temperature in the super

conducting state.

The same value of the energy gap is calculated from the measurements

in sample V 3AU 172 at magnetic fields of 4.47 kOe and 10 kOe.

The value of 3.0 kT is lower than the generally found value of 3.5

kT . This can be attributed to the fact that the temperatures at

which Ti was measured were in the range between 0.5<T /T ^(0)<0.7.

In this range the energy gap is temperature dependent and has not

reached his final value of 3.5 kT . Measurements below 1.2 K in the
c

He region are needed to give an accurate determination of the energy
q

gap. A He apparatus suitable for relaxation measurements is in ope

ration now. The results of further superconducting state measurements 

in V 3AU as well as in other V 3X compounds will be published in the 

near future.
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SAMENVATTING

Metingen van de kernspin-rooster relaxatietijd T 1 in metalen 

geven in het algemeen directe informatie over de toestandsdichtheid 

van de geleidingselectrcnen ter plaatse van het Fermi niveau.

Voor het meten van in metalen is de spin echo methode zeer 

geschikt daar men meestal met brede resonantielijnen te maken 

heeft, terwijl de relaxatietijden vrij kort zijn (< 1 sec.).

Dit maakt het noodzakelijk om gebruik te maken van korte r.f. pulsen 

die een groot vermogen hebben, teneinde de resonantielijn te kunnen 

verzadigen.

In dit proefschrift worden relaxatiemetingen beschreven aan 

z.g. Al 5 intermetallische verbindingen. De algemene formule van 

een dergelijke verbinding is A 3B, waarbij het A atoom een overgangs

metaal is terwijl het B atoom zowel een overgangsmetaal als een niet- 

overgangsmetaal kan zijn. Het belangwekkende van de Al 5 structuren is 

het feit dat veel van dit soort verbindingen supergeleiders zijn.

De tot nu toe hoogste supergeleidende overgangstemperatuur = 23 K 

werd gevonden in de Al 5 verbinding NbjGe. Een grondige kennis van de 

elektronen structuur van dergelijke intermetallische verbindingen is 

nodig om het optreden van supergeleiding te kunnen verklaren.

Na een inleiding (Hoofdstuk I) en een beschrijving van de spin 

echo methode en de daarbij behorende apparatuur (Hoofdstuk II) wordt 

in Hoofdstuk III een analyse gegeven van het spin echo patroon van 

vanadium in een aantal V 3X (X=Pt, Ir, Rh, Au, Os, Co, Ni) verbindingen. 

Dit spin echo patroon vertoont naast de normale 2 t  echo ook diverse 

"quadrupool" echo's ten gevolge van de wisselwerking tussen het qua- 

drupoolmoment van de vanadium kern en de electrische veldgradient 

ter plaatse van de kern.

In V 3AU kon een 4 t  echo worden waargenomen terwijl in het spin echo 

patroon van Co in V 3C0 zelfs een 6t  echo werd gevonden. Met een 

quantum-mechanische beschrijving van een twee-pulsen systeem, waarbij 

de quadrupoolinteractie tijdens de pulsen in rekening wordt gebracht, 

kunnen de eigenschappen van de diverse quadrupool echo's verklaard 

worden.



Hoofdstuk IV behandelt de metingen van de spin-rooster relaxatie

tijd Tj van in V 3Rh, V 3Co, V 3Pd, V 7 7 Ni23, V 5QOS50 en een serie 

VxPt] en ^x -*-r ]-x Preparaten. Evenals in V 5 gOs5o en V 7 7 Ni2 3 , kan in 

beide laatste series preparaten de samenstelling afwijken van de 

ideale 3 : 1 verhouding zonder dat de A15 structuur verloren gaat.

De metingen van R = 1/TjT bij 4K worden vergeleken met gepubliceerde 

waarden van de coefficient y van de elektronen bijdrage aan de soorte

lijke warmte in dezelfde verbindingen.

Geconcludeerd wordt dat de relaxatie van de vanadium kernen vrijwel 

geheel bepaald wordt door de invloed van de d-geleidingselektronen 

en wel voornamelijk via de wisselwerking tussen het baanmoment van 

de d-elektronen en het magnetisch moment van de kernen. De invloed 

van s-geleidingselektronen is verwaarloosbaar klein.

Naast deze relaxatiemetingen aan vanadium werd nog een serie

metingen gedaan aan de platina kernen in N b 3Pt, TigPt, Cr7 gPt2 i en

de serie V Pt, preparaten, 
x 1-x r r

Hoofdstuk V is geheel gewijd aan spin echo experimenten in V 3Au.

In deze verbinding kan door middel van verschillende warmte behande

lingen de supergeleidende overgangstemperatuur gevarieerd worden 

tussen <0.01K en 3K. In zes V 3Au preparaten met waarden variërend 

tussen 0.9K en 2.7K, werd de relaxatieparameter R = 1/T^T van vana

dium gemeten in het temperatuur gebied van 300K - 4K. Er bleek een 

direct verband tussen de R waarde bij 4K en de waarde van terwijl 

bovendien de temperatuurafhankelijkheid van R aan T__ was gecorre

leerd. Deze resultaten zijn in overeenstemming met eerder uitgevoerde 

Knight shift metingen aan vanadium in V 3Au.

Verder kon experimenteel worden vastgesteld dat er een inhomogene 

verdeling van relaxatietijden aanwezig was over de vanadium resonantie- 

lijn. Dit kon worden aangetoond door middel van een nauwkeurige ana

lyse van het vrije inductie signaal na een 90° puls. Het bestaan van 

een dergelijke inhomogene verdeling van relaxatietijden is in overeen

stemming met de conclusies die getrokken werden uit eerder gepubli

ceerde lijnbreedte en Knight shift metingen aan vanadium in verschei

dene VjAu preparaten.

Uit metingen van ï^ in de supergeleidende toestand kon verder ge

concludeerd worden dat V 3Au een z.g. "vuile" type II supergeleider is.



NAWOORD

Op verzoek van de Faculteit der Wiskunde en Natuurwetenschappen, 

volgt hier een kort overzicht van mijn studie.

Na het behalen van het einddiploma HBS-B aan het Chr. Lyceum 

"Zandvliet" te 's Gravenhage in 1957, begon ik mijn studie aan de 

Technische Hogeschool te Delft (Technische Natuurkunde).

In 1959 werd deze studie afgebroken en na raijn militaire dienstplicht 

vervuld te hebben liet ik mij in 1962 inschrijven aan de Rijksuniver

siteit te Leiden in de Faculteit dar Wiskunde en Natuurwetenschappen.

In 1965 legde ik het candidaatsexamen Natuurkunde af. Direct daarop 

werd ik opgenomen in de Werkgroep Magnetische Resonantie onder lei

ding van Prof.Dr. N.J. Poulis. Vanaf 1966 assisteerde ik Dr. E.C. 

van Reuth, die gedurende een jaar als gast werkzaam was op het 

Kamerlingh Onnes Laboratorium, en Dr. L.J. Ancher bij het resonantie- 

onderzoek aan V 3AU. In 1969 behaalde ik het doctoraalexamen in de 

experimentele natuurkunde. Na de aanschaf van de spin echo spectro

meter werd eerst, in samenwerking met Dr. R.R. Arons, een onderzoek 

gedaan naar de spin-spin en spin-rooster relaxatie van waterstof 

atomen in het Pd~H systeem. Na afloop hiervan werd met het in dit 

proefschrift beschreven onderzoek begonnen.

Tijdens mijn verblijf op het Kamerlingh Onnes Laboratorium, 

heb ik meegewerkt aan het onderricht van studenten in de vorm van 

het geven van werkcolleges.

Vanaf 1966 ben ik in dienst geweest van de Stichting voor Funda

menteel Onderzoek der Materie (F.O.M.). Voor het doctoraalexamen als 

candidaats-assistent, er na als wetenschappelijk medewerker.

In 1974 trad ik in dienst van de Koninklijke Nederlandse Acade

mie van Wetenschappen, met als opdracht gestalte te geven aan het 

nieuw op te richten "Nederlands Centrum voor Oceanografische Gegevens".

Velen ben ik dank verschuldigd die de tot stand koming van dit 

proefschrift hebben mogelijk gemaakt. In het bijzonder gaat mijn dank 

uit naar mijn promotor Prof.Dr. N.J. Poulis, wiens voortdurende per

soonlijke belangstelling en inzet de basis voor dit proefschrift vor

men.
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Dr. A Treyvaud was so kind to give me permission to use his suscep

tibility measurements on these last two samples.

Tijdens het onderzoek heb ik veel medewerking en steun gehad 

van Drs. H.J.L. van der Valk, de heer G.A.M. Frijters en Drs. H.B.

Kok. Ook de discussies met Drs. L.A.G.M. Wulffers en Drs. A. bevers 

zijn zeer waardevol geweest. Dr. W.Th. Wenkebach wil ik bedanken 

voor zijn medewerking tijdens de laatste fase van de tot stand koming 

van dit proefschrift.
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de heren D. de Jong, W.F. Eibers en J. Bij bedanken voor de tech

nische assistentie. Voor wat betreft het cryogene glaswerk, kon 

steeds een beroep gedaan worden op de heren C.J. van Klink en 

L. van As. De verzorging van de electronische apparatuur was in 

handen van de heren H.P.J.M. van Amersfoort en H. van der Mark.

De heren W.F. Tegelaar en L. Gijsman zijn zo vriendelijk ge
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