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ABSTRACT 

The oscillatory de Haas-van Alphen lDHVA) magneti-

zation has been studied in Pt crystals containing more·"than 

100 ppm vacancies. Magnetic fields as high as 75 kG were 

used. The oscillations were observed at temperatures as 

low as 0.45 K, and found to be strongly attenuated by the 

vacancies in this concentration range. The emphasis of 

this worK is on the measurement of this attenuation for the 

purpose of studYlng conduction el~ctron scattering due to 

single vacancies. 

Dingle lscattering) temperatures due to vacancies 

are reported for four cyclotron orbits with the field in a 

(110) plane, along with a new measurement of the cyclotron 
u 

effective mass lm =2.31 + 0.03) for the electron orbit 33° 

away from <laO>. Vacancies were generated by quenching Pt 

single crystals from temperdtures as nigh as 1730 °c in 

a~r. using a technique which minimizes the induced strain. 

The vacancy contrioution to the electron scattering rate 

was separated by measuring the Dingle temperature in both 

quenched and annealed specimens which had been subjected to 

the same quenching process. The results suggest that there 

is only a moderate variation in this scattering rate over 

xii 



x ; ; ; 

the s-p-like electron sheet of the Fermi surface. 

However, the scattering rate for the d-like open hole 

sheet. which contacts the Brillouin zone, is about 49% 

larger than that for the electron sheet. This anisotropy 

is attributed mainly to the lattice distortion around a 

vacdncy and to tne difference between the hole and electron 

wave-function symmetries. 



CHAPTER 1 

INTRODUCTION 

The magnetic susceptibility of a crystalline 

electrical conductor varies periodically with the recipro­

cal of the field H under suitable conditions. This 

variation is known as the de Haas-van Alphen (DHVA) effect 

(1930). It arises from the formation of magnetic quantum 

levels ( Landau levels) whicn pass tnrough the chemical 

potential as the field changes. Theoretical understanding 

of this oscillation (Lifshitz ana Kosevitch 1955) has 

permitted the DHVA effect to become a powerful tool for 

detailed studies of the properties of conduction electrons. 

The frequency F of the oscillatory magnetization is 

directly proportional to a Fermi surface (FS) cross­

sectional area A through the Onsager (1952) relation 

F=ficA/(2ne)D while the amplitude is related to other 

dynamical properties of the charge carriers. 

DHVA Effect in the Presence of Defects 

The DHVA amplitude is appreciable only at low 

temperatures and it is attenuated by defects in the crystal 

specimens. Dingle and Robinson (1950) and Dingle (1952) 

1 
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and Ketterson (1977) investigated conduction electron 

scattering rates in Au single crystals which were plunged 

into a liquid quenching medium from a temperature near the 

meltiny point. This quenching technique, together with the 

high quench rate, is known, however, to increase substan­

tially the number of dislocations and therefore the number 

of vacancy sinks and scattering centers (Lengler 1977). 

Also, the migration and clustering of vacancies at room 

temperature and above are important effects in Au, which 

requires complicated handling procedures at low tempera-

tures after quenching. Furthermore, the contribution to 

the Dingle temperature of the background at elevated quench 

temperatures was not measured by Lengler under the assump­

tion that this background effect is constant, even though 

higher quench temperatures produce more thermal strain. 

Although this work is difficult to interpret in detail, it 

does show that the DHVA effect is sensitive to the strain 

field around a vacancy. and that this effect is therefore a 

potentially useful tool for studying structural defects. 

It is clear that a great deal of information can be gained 

from new quenching experiments (about the electronic 
I 

scattering properties of vacancies) in metals more suitable 

than Au. 

Pt is a particularly interesting metal for studies 

of this type for several reasons. Vacancies in Pt are well 



characterized by the field ion microscopy technique which 

shows that 94% of the vacancy defects quenched in from 

4 

1700 °C are single vacancies (Berger et al. 1973). Thus, 

very little clustering in Pt takes place, and specimen 

handling is greatly simplified. Comparatively, in Au there 

is an a 24% contribution from divacancies at the melting 

temperature (Lengler 1976). Furthermore, Pt crystals can 

be quenched in air relatively slowly to trap a large 

fraction of the vacancies in equilibrium at the quench 

temperatures (Emrick 1982). This introduces relatively 

little quenching and handling strains. Thus, the number of 

dislocations generated during the quench can De minimized. 

Also, the equiliorium concentration of vacancies in Pt is. 

large at the melting point, so that a wide range of concen­

trations is available. To date, however, there is no 

information about conouction electron scattering from 

vacancies in this metal using quantum oscillatory pheno­

mena. 

In the pr~sent work, Dingle temperatures due tQ 

~ingle vacancies are reported for cyclotron orbits in Pt at 

Aifferent field directions in the (110) plane. The results 

yield detailed information about the conduction electron­

vacancy interaction. Scattering rates are presented for 

electron and hole orbits over the FS. Lattice distortion 

around the vacancies is thought to contribute appreciably 



to the large difference between the electron and hole 

scattering rates. 

5 

A brief review of methods for producing vacancy 

defects and determining vacancy concentrations is given in 

the remainder of this chapter. Only those techniques which 

are applicable to Pt are considered. 

Vacancy Defects 

An imperfection in the arrangement of the ions in 

a crystal is considered a defect. Defects on the atomic 

scale are callea point defects. Point defects are con-

trasted to 1 ine defects, such as dislocations. and surface 

defects, such as grain boundaries. The study of point 

defects remains of considerable interest, primarily because 

many important properties of solidS are controlled by 

imperfections. Point defects incluae vacancies, intersti-

tials, and small clusters thereof. Vacancy defects are 

unoccupied atomic sites in the crystal lattice. They can 

be generated either by quenching, irradiation, or mechani-

~al deformation. Crystalline defects alter the ideal 

periodiC potential, and thereby change the shape of the FS 
I 

and the lifetime of the conduction electrons in metals. 

A vacancy is created when an atom moves from its 

lattice site to the surface of the crystal ( Schottky 

defect) or to the interstitial region ( Frenkel pair ). 
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This changes the configurational entropy and the crystal 

internal energy. When monovacancies combine, divacancies, 

clusters, or even sheets are formed. In equilibrium, there 

is a balance between the internal energy chdnge and the 

entropy change in creating a vacancy. When a specimen is 

quenched rapidly from a high temperature, the vacancy 

defects supersaturate and tend to form clusters. 

Equilibrium Properties of Vacancies 

For tne simple case of monovacancies. the concen-

tration is obtained by setting (oF/an)lO. where F is the 

free energy and n is the number of monovacancies. The free 

energy F is given by 

( 1.1 ) 

where E is the internal energy of the perfect lattice and p 

EF is the formation energy of a monovacancy, defined as the 

difference between the energy required to take an atom to 

the surface and the lattice energy per atom. The quanti-

ties Nand n are the number of lattice sites and vacancies, 

~nd ST and Sc are the thermal and configurational entropy. 

respectively. These entropies are given by 

ST=(3N-nx)kln(hv/kT)-nXkTLn(hv ' /kT) , ( 1. 2) 

and 

SC=kln((N+n)!/N!n!). ( 1. 3) 

where x is the number of neighbors per vacancy which 



vibrate with a frequency Vi smaller than the natural 

frequency 

Since the number N is usually large, one uses the 

Stirling approximation to get the following monovacancy 

concentration 

7 

C =n/N=(v/V')x exp(-EF/kT)·. (1.4) v 
If larger clusters are present in the system, the total 

vacancy concentration at equilibrium is generally expressed 

as 

cO 
v 

where n is the number of n-vacancy clusters, a is a 
n 

l1. 5) 

geometrical factor specific to the nth cluster, SF and EF 
n n 

are respectively the entropy and the enthalpy of formation 

of a cluster of n vacancies, and TQ is the temperature of 

the quench. In most metals, however, trivacancies happen 

to be the biggest clusters. In the case of Pt, Berger et 

a 10 ( 1973) f 0 u n d t hat mo nov cl can c i e s are the Cl 0 min ant va can c y 

defect type. 

As mentioned earlier, vacancy defects can be 

~btained by quenching from a high temperature. In Pt, this 

Auenching method generates mainly single vacancies. We 

will discuss now the particularities of this method. 

Quenching 

In this work, the purpose of quenching a specimen 

is to generate a useful concentration of vacancy defects. 



In an ideal quenching process, the distribution of vacan­

cies at high temperatures is frozen in place by rapid 

cooling. The actual number of quenched-in vacancies, 

however, depends greatly on the quenching temperature and 

the quenching rate. The measured vacancy concentration is 

usually lower than the equilibri~m value at the quench 

temperature (Siegel 1978). These vacancy losses are due 

mainly to sinks such as dislocation lines, grain 

boundaries, impurities, or clusters of vacancies. 

Dislocations 

Tne coagulation of point defects on some atomic 

plane may form d dislocation line which occurs when an 

extra hdlf plane of atoms is inserted in the regular 

lattice. Dislocations may also be generated by the 

presence of strains in the metal during the quenCh. For 

instance, Jackson (1967) showed that thin specimens are 

strained during the quench by hydroaynamic forces. It was 

also shown (Jackson 1963) that for strains greater than 

10- 3 in 0.41 mm diameter Pt wires, strain generated dislo­

cations absorb a considerable amount of vacancies. 

~owever. it was concluded that the number of strain 

generated vdcancies is small relative to the total number 

of vacancies (Balluffi 1970). 

In single crystals, Siegel (1978) pOinted out that 

the loss of vacancies can be siynificant for dislocation 

8 



densities ranging from 10 6 to 10 8 cm- 2• Using a model 

where vacdncies miyrate to parallel arrays of dislocation 

lines, Emrick (1982) snowed that vacancy losses are 

insignificant when dislocation densities are less than 

2xl0 6/cm 2 and quench rates are greater than 500 °C/s from 

quench temperatures less than 1100 °C in Pt. 

Clustering 

During the rapid cooling of a specimen, vacancies 

supersaturdte and tend to form clusters because of the 

positive binding energy. Small clusters like divacancies 

and trivacancies can also be created during the self 

diffusion mechanism. However, the vacancy defect becomes 

'* frozen in below a certain temperature T. Koehler et ale 
11 

(1968) gave an estimate of T in the case when only 

monovacancies and divacancies are taken into account and 

when there are no defect losses. Tney get the following 

result 

9 

( 1. 6) 

where 
tr 

0T=[14 kT +148 B tr * C1vexp(E2v IkT )]/l-dT/dt)T=T t (1.7) 

and where E:v is the divacancy binding energy. E~v is the 

monovacancy migration energy. and C1V is the equilibrium 

concentration of monovacancies. 

In Pt, small clusters like divacancies exist in 

very small proportions. Zetts and Bass (1974) showed that 
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the vacancy-vacancy binding in Pt is too small l<0.1 eV) to 

allow significant divacancy formation. 

Effect of Impurities 

Impurities, even in small concentrations, form 

centers of precipitation for vacancies { Vtterhus et ale 

1965), and affect the value of the forma'tion energies of 

monovacancies (Misek 1979). Jackson (1967) snowed that a 

r~duction of 1 ppm in the impurity concentration increased 

the precipitation time by two orders of magnitude in some 

cases. He also pointed out that the role of impurities in 

Pt consists mainly of retarding the diffusion of vacancies, 

and that impurity concentrations of less than 10- 6 are 

therefore desirable for sample purity. Zetts and Bass 

(1974) obtained specimens of very high purity by annealing 

drawn Pt wires at very high temperatures. The thermal 

t rea t me n t co n sis ted of 1 h 0 u rat 1600 0 C, 10 h 0 u r sat 

1400 °c, 10 hours at 800 °C D and afterwards 6 half-hour 

steps down to 500 °C. For thicker Pt rods, the rf 

floatiny zone technique was used in order to increase 

sample purity (Jackson, 1967). 

Annealing 

The formation and mobility of aefects are important 

factors in the study of the diffusive motion of vacancies. 

The annealing process can give some information about the 
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migration, binding, and activation energies of small 

clusters found in metals like Pt. However o the annealing 

process is in general a very complex problem in the sense 

that most methods of macroscopic measurements do not 

distinguish between the type of vacancy clusters after the 

quench. Anneal ing kinetics are usually· complicated by 

phenomena such as defect clustering and vacancy trapping by 

impurities. 

The diffusion process is characterized by a 

coefficient 0, which is proportional to the probability of 

an atom jumping ( and therefore leaving a vacancy behind 

and to the square of the mean free path. The diffusion 

coefficient 0 can be expressed as 

(1. 8) 

where EA is the activation energy, and DO is a factor which 

is proportional to the frequency of vibrations. Here, 

EA=EF+EM, where EF is formation energy and EM is the migra­

tion energy. 

One approach to solving this problem is to assume 

the existence of an effective diffusion coefficient Deff • 

The rate of change of the total vacancy concentration C 
I v 
can then be written as 

2 
dCv/dtc-a 0effCv' (1.9) 

where a is a factor which depends on the sink density. In 

this model, the eff~ctive migration energy, which is 
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measured experimentally, is given by 
m 

Eeff=-d(ln(Deff}}/dl1/kBT}. (l.10) 

Assuming a to De time independent, one can use this model 

to explain quenching results in copper (Siegel et a1.1978). 

More elaborate models using computer simulation of 

migration of mono-.di-, and tri-vacancies were used to 

interpret the experimental data ( Balluffi et ale 1978). 

The results show that temperature, sink density. and 

vacancy concentration do have an effect on the annealing 

process. 

Effective migrdtion energies were measured in 

quenched Pt by several authors. For low vacancy concentra­

t ion s , As co 1 1 i eta 1. l 1958) f 0 u n d E ~ f f = 1 .42 e V; B a c c hell a 
m et a1. (1959) found Eeff =1.48 eV, and Jackson {1965} found 

E: ff =1.38 eVe For nigh vacancy concentrations, tne same 

three groups found respectively 1.0, 1.13, and 1.10 eV for 

the effective migration energy. 

In a later publication. Berger et a1. (1973) 

monitored the number of vacancies first in a quenched, and 

then in a partially annealed specimen. The results 

indicate that divacancies are more mobile than single 
I 

vdcancies, and that divacancy binding energies are relati­

vely small. Tnere is not, hO\'Jever, sufficient information 

to determine the binding entropy. 
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Measurement of the Concentration of Vacancy Defects 

Various techniques are used to determine the 

concentration of quenched-in vacancies. There are direct 

techniques which can distinguish between different vacancy 

clusters. These techniques include field ion microscopy 

(FIM), transmission electron microscopy (TEM), differ~ntial 

dilatometry, and positron annihilation spectroscopy (PAS). 

The other kind of techniques rely on the measurement of 

physical quantities that are related directly to the total 

vacancy concentration. These indirect techniques involve 

the measurement of changes in quantities including electri­

cal resistivity, thermoelectric energy, and differential 

susceptibilities in ferromagnetic materials. For rapidly 

quenched strain-free specimens, the change of resistivity 

method for determining single vacancy concentrations is 

convenient, and is consequently widely used for metals. 

Direct Methods 

Field Ion Microscopy and Transmission Electron 

Microscopy. FIM is the only direct method that is used to 

determine the concentration of vacancies in solution after 

'quenching in metals. FIM is also used to determine 

interaction parameters like binding energies. The FIM 

technique relies on the imaging of the specimen layer oy 

layer (Muller 1970). 

A detailed investigation of vacancy defects in 
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quenched Pt using FIM has been carried out by Berger et ala 

(1973). They found 157 monovacancies and 9 divacancies in 

593 800 sites in three Pt specimen which were quenched from 

1700 oC. After partially annealing the quenched specimen, 

they counted 76 monovacancies and 1 divacancy in 321 300 

sites. These observations indicate clearly the dominance 

of the monovacancy concentration which was determined to be 

equal to (2.64 ~ 0.14)10- 4 at.fr.vac. for a 1700 DC quench. 

This value, however, is less than the equil ibrium value at 

1700 DC because of vacancy losses. Simultaneous measure­

ments for the resistivity of a monovacancy yield the value 
-4 -1 (5.75 +0.30)10 Q-cm (at.fr.vac.) • In the case of 

vacancy losses, FIM does not measure the equilibrium 

concentration at the quench temperature since only those 

vacancies in solution after the quench are sampled. Other 

significant problems in tne determination of monovacancy 

concentration occur when artifact defects develop (Balluffi 

1970). 

In contrast to FIM, TEM samples all those vacancies 

~hich precipitated. One must be careful in the statistical 

,sampling when using TEM because this method cannot account 

for vacancy losses to pre existing sinks (Balluffi 1970). 

Cotteril l1961) was the first to apply tnis technique to 

gold with limited success. On the other hand D TEM is used 



to complement FIM to determine the total equilibrium 

vacancy concentration (Simmons et al. 1963). 

While FIM and TEM determine individual vacancy 
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concentrations, the differential dilatometry technique 

proves to be a useful ana reliaole technique for measuring 

the total equilibrium vacancy concentration and lattice 

distortions around the vacancy defects. 

Differential Dilatometry. This technique is based 

on the simultaneous measurement of the change of crystal 

volume and the change of the average lattice parameter 

caused by the presence of vacancy aefect. The introduction 

of vacancies in a crystal causes a fractional volume change 

b.V/ V=C v ll-f), (1.11) 

where f is the fractional atomic volume relaxation f=VF/n 
a ' 

VF being the formation volume of a monovacancy which is 

defined by the increase in crystal volume per vacancy 

defect, and n is the atomic volume. The formation volume a 
of a cluster of size j is given by 

( 1.12) 

where P is the pressure, and C
j 

is the concentration of 

I jth order clusters. 

On the microscopic scale, the fractional lattice 

volume change is expressed as 

6 v/vc-C f v • (1.13) 

The total vacancy concentration is therefore equal to 
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C cD. V I V -0 v I v • v (1.14) 

In the case of an isotropic expansion in a crystal with 

cubic symmetry, C is reduced to v 
Cv=3(olll - oa/aH1 + 0111 - 20a/a), (LIS) 

where 0111 is the macroscopic linear thermal expansion 

along any dimension of the crystal, andoa/a is the thermal 

expansion coefficient of any lattice parameter. Experimen­

tally, one gets 01/1 from the measurement of the specimen 

dimensions, and oala from X-ray measurements of lattice 

parameter c hang e s • The f r act ion a 1 chan g e s 0 111 an d 0 a I a 

were measured with sensitivities of 10-7 (Guerard 1974) 

and SX10- S (Azan 1974) respectively. Tnese results 

indicate that measurements of vacdncy concentrations 

greater than Sx10- 5 can be done accurately using the 

differential dilatometry tecnnique. 

Differential dilatometry techniques can also be 

used to evaluate lattice distortion around a vacancy. 

Hertz and Peisl (197S) used lattice and resistivity 

measurements to get the following specific volume change in 

Pt 

VF/Q::-0.42+0.06. (1.16) 

This result is in fair agreement with the value (-0.30 ! 

0.07) obtalned by Emrick(1972). 

One should also mention another direct technique 

which is called positron annihilation spectroscopy (PAS). 
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In this technique, experimentally detectable positron bound 

states are created after the specimen is bombarded with an 

energetic beam of positrons (E<O.5 MeV). The results are 

used to monitor the temperature dependence. therefore the 

mobility, of the vacancy concentration (Siegel 1978). 

In addition to direct techniques, indirect methods 

like resistom~try have been widely used to determine 

vacancy concentrations. This method is discussed below. 

Indirect Techniques 

Indirect teChniques are used primarily in quenched 

metals. The total vacancy concentration is rel.ated to the 

chdnge of a macroscopic variable p by the equation 

t. P = AC = C ( L P C / L: n C ) v v n nv nv' 
where p is the change in p per unit concentration of the n 

nth vacancy cluster, C is the individual concentration of nv 
the nth order cluster, and n is the number of n-vacancy 

clusters ( Balluffi et al.1970). However. the maJor flaw 

associated \oJith indirect methods is the inabil ity to 

distinguish between single vacancies and vacancy clusters. 

In the absence of clustering, the parameter A is indepen-
I 

dent of C which makes an indirect method like resistometry v 
a simple and effective way for determining monovacancy 

concentrations. 

Among all indi rect techniques. the change of 

reSistivity measurement is perhaps the most convenient 
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method for obtaining vacancy concentrations and the 

formation volume and energy of the monovacancy. This 

technique is based on Matthiessens's rule which states that 

p ( C v ' T ) =P ( T) +P a ( C v) , (1.17) 

Where plCv,T) is the total resistivity of a metal with a 

total vacancy concentration Cvp P(T) is the temperature 

dependent lattice resistivity of the pure metal, and PO(C
v

) 

is the temperature independent lattice resistivity of the 

quenched metal. Deviations from Matthiessens's rule are 

generally expected. Fdrmer and Jackson (1976) showed that 

the deviation in Pt depends on the temperature and 

quenched-in resistivity. Specifically, they showed that 

the deviation peaks at T=40 K, ana that the percent 

devidtion at 77 K is roughly linear with the quenched-in 

resistivity and is dependent on the quenching temperature. 

The Change in resistivity ~p can sometimes be used 

to determine the formation energy of the n-vacancy clusters 

via the relation 

C n v ( T) = '11 ex p ( Sn F / l< ) ex p ( - En F / k T) t 

. r/hich leads to 

E~=-kdln(Cnv)/d(l/T) • 

( 1.18) 

(1.19) 

ThuS, one usually extracts information about the formation 

energies from the Arrhenius plot of Cv• A curvature would 

be displayed in such a plot if clusters are present or if 

the formation energies show a temperature dependence. 
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and this can be determined satisfactorily from the residual 

resistivity of the specimen. 

In Pt, monovacancies constitute the dominant pOint 

defects quenched in, and this supports the contention that 

conduction electron scattering at low temperatures in pure, 

quenched Pt crystals is due mainly to monovacancies. This 

scattering is studied in the present work using the DHVA 

effect. The general theory of this effect including defect 

scattering ;s reviewed in Chapter 2. The present experi­

ment to measure conduction electron scattering rates from 

vacancies using tne DHVA effect is described in Chapter 3. 

The results are presented in Chapter 4 and discussed in 

Chapter 5. 



CHAPTER 2 

THEORY OF THE DHVA EFFECT AND THE FS OF PT 

The quantum oscillatory DHVA magnetization in 

metals can be obtdined from the free energy for a system of 

charged particles in a magnetic field. To determine the 

free energy. the allowed magnetic quantum levels are 

needed. These have been obtained with a great deal of 

success using a quasi-classical treatment (Shoenberg 

1984), instead of approaching the problem through the 

Schrodinger equation for a periodic lattice potential. One 

of the main effects of point defects in the crystal lattice 

is the limiting of the relaxation time of the electron 

states and this attenuates the DHVA amplitude. 

Semi-Classical Approach 

In a magnetic field, a conduction electron follows 

a cyclotron orbit in momentum k-space which is the inter­

~ection of a plane perpendicular to the field and an 

~lectronic constant energy surface. The projection of the 

motion in real space on this plane mimics the periodic 

motion in momentum space with the real space orbit scaled 
o 

by the factor c~/eH and rotatea oy 90 • 

If P and q designate, respectively, the generalized 

momentum and coordinate of an electron with periodic 

21 
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motion, the Bohr-Sommerfield quantization rule states that 

fp. d q = (n +y ) h , ( 2 • 1 ) 

where n is an integer and h is Plank's constant. In the 

presence of a magnetic field H , P and q are defined by 

p=I'ISc-e£ilc and q=R' , where A is the vector potential and R' 

is the component of the vector position R in a plane 

perpendicular to H. Using the Lorentz equation, one finds 

that the area an enclosed by the electron trajectory is 
. . -1 quantlzed, l.e., an=(n+y) (2 TI eH/ctl) • The corresponding 

quantized area in reciprocal space an(E,k)= 2TIeH(n+y)/c~ • 
• 

The phase constant Y for non-parabolic bands departs 

slightly from the parabolic value of 1/2 (Roth 1966). In 

the free electron case, the energy is given by 
2 2 2 2 En=(n+1/2)130H+h kH 12mO=n (kH +an/TI)/2mO. (2.2) 

In the general case, however, the double Bohr magneton 130 

is replaced by 6=e~/mct where m is the cyclotron mass which 

i s de fin e d by m =1'1 2 ( aa I a E ) k I 2 TI. 0 n e may not ice t hat the 

energy levels are degenerate, and that the number of 

electron states lying between kH and kH+dk H is equal to 

. e H V d k H I ( 2 i cll ), i n d e pen den t 0 f E. 

At T=O K, the occupied states lie within a constant 

energy (E=E F) surfdce called the Fermi surface. At high 

magnetic fields and small finite temperatures, the shape 

and sharpness of the Fermi surface can be determined from 

the study of the oscillatory part of the magnetization. 
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When a magnetic field is applied to a metal, the electron 

stdtes in the reciprocal space lie on coaxial tubes called 

the Landau tubes (Fig. 2.1). As the field is increased, 

the out~rmost Landau tube of highest index n ledves the FS. 

When this happens, the number of occupied states on this 

tube drops abruptly, and the extremal area of the FS is 

then equal to the cross-sectional area of tne occupied 

Landau tube of highest index for that particular field 

direction. Thus, the energy oscillates as the magnetic 

field is varied. The energy difference between two 

adjacent tubes E=e~H/mc=6H is related to the difference 

between their cross-sectional dreas ~a=2TIeH/~c. Thus, the 

period of the oscillations ~(1/H)=2TIe/~cA and the fre­

quency 

F= 'hcA/(2TI e), 

where A is the extremal cross-sectional area of the FS 

normal to the field direction. 

Calculation of the Magnetization 

One usually starts this calculation by expressing 

'the thermodynamic potential ~ of N electrons at a tempera­

ture T as 

~=E-TS-N~ (2.4) 

where E is the internal energy and S is the entropy. This 

leads to the expression 





where ~ is the chemical potential, and n is a quantum 

index ( Landau and Lifshitz 1980 ). 

Magnetization at T=O K 

25 

( 2 .5) 

The oscillatory part of the above potential in 

the limit as T approaches 0 K can be written as (Shoenberg 

1984, p.53) 

Q= Jdk H(eH 2V/4n 2CTI) (np)-2coS[(2np(Y(kH)-1/2)]. (2.6) 

where YtkH)=c~A(kH)/2neH, and A(k H) is the FS cross­

sectional area at kH• The integral can be simplified by 

expanding Yt k
H) in a Taylor series around values of kH 

wner~ Y(k H) ;s an extremum. Thus for T=O K, the resulting 

magnetization is given by 
-3/2 M=C L P sin[2pn(F/H-1/2)!n/4J. (2.7) 

w her e C = - lei c 11 ) 31 28 F H 1 1 21 t 2n 5 I A' , I ) 1 1 2, and A" = d 2 Aid k ~ • 

This result reduces to the Landau expression for the free-

electron case (1939). 

The above equation nas to be mOdified in order to 

taKe into account finite temperatures, finite relaxation 

-times, and electron spin. These effects can be thought of 

las factors wnich cause phase smearing of the DHVA oscil­

lations over a small range about the idealized DHVA 

frequency, and this reduces tne amplitude ( Shoenberg 

1969). 
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Amplitude Reduction Factors and the Lifshitz-Kosevitch (L­

K) Result 

One way to formulate this phase smearing problem is 

to take the approach described by Shoenberg (1969). He 

assoclates the perturbation with a dist~ibution O(~/~), 

where ~ is the unperturbed OHVA signal phase, and A is a 

pardmeter which characterizes the perturbdtion. The end 

result is a reduction of the amplitude by the factor 

IY(A )1/ly(O)11 

where the function y is the Fourier transform of the 

distribution O(X), i.e., 

Y(~)=Jexp(iAx)D(X)dx. 

( 2 .8) 

( 2 .9) 

In the finite temperature case, the phase distribution is 

the derivative of the Fermi distribution function 

(2.10) 

wrt E. In this case, the parameter A=2 TI kBT/(f3H), and the 

amplitude reduction factor RT is thus given by 

RT::: [ 2 TI 2 p k BTl ( 8H) j lsi n h { 2 TI 2 p k BTl ( f3 H) J • (2.11) 

-When the value 2PTI 2 kST » f3H, RT could be approximated by 

RT = [ 4l k s T pIt 8H) J ex p { - 2 TI2 P k BTl ( f3H) } • ( 2 • 12 ) 

In the finite relaxation time case, Dingle (1952) 

showed that the Landdu Levels are broadened and that their 

amplitudes are reduced. This is similar to a rise in 

temperature by an amount X=il/21<a TIT. The parameter X is 



often referred to as the Dingle or the Dingle-Robinson 

temperature. If th~ corresponding phase distribution has 

the Lor e n t z ian for m [1 + ( <PI A) 2] - 1 D the amp 1 i t u d ere d u c t ion 

factor is 
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2 
RO=exp[-2 n Pk SX/(6H)J. (2.13) 

The third amplitude reduction comes from the 

electron spin which causes the degeneracy of each energy 

level to be lifted in the presence of a magnetic field. 

The resulting eneryy difference between the two sublevels 

can be expressed as 

E=g6H/2. (2.14) 

The interference between the resulting spin up and spin 

down electron waves reduces further the magnetization 

amplitude by a factor RS. For the pth harmonic, 

RS=cos[pngm/(2mO)J. (2.15) 

Taking into account all these reduction factors, one 

can express the oscillatory part of the longitudinal 

magnetization for one sheet of the FS as follows 

M= Cz A pSi n [2n p ( F I H - 11 2)!.Ti I 4] • 

.\"Jhere 

(2.16) 

I Ap=eXP(-2n2pksX/6H)COS(pngm/2mo)/(pl/2sinh(2n2pksT/6H)]. 

and 

c=-(e/Ch)3/22FkST/l2TrHIA" I) 1/2. 

Apart from the Dingle factor. this result has been derived 

by Lifshitz and Kosevitch (1955). 
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Magnetic Interaction (Shoenberg Effect) 

Shoenberg (1962) first discovered this phenomenon 

by noticing the presence of an unexpected harmonic content 

in the DHVA signal at high magnetic fields. He later 

explained this anomaly by arguing that the electron is· 

acted upon by the magnetic induction B, not the magnetic 

field H. If SUCh is the case, B should be substituted for 

H in the L-K formula for the oscillatory magnetization. 

The potential would be expressed asQ =QO(B)+2TTMT2, where 

QO(B) is the L-K thermodynamic potential with B substituted 

for Hand MT is the total magnetization. One sees 

immediately that the L-K magnetization will be greatly 

affected when 4TTldM/dHI»1. MI could also lead to the case 

where the transverse component of the magnetization vector 

becomes important (anisotropy effect). The thermodynamic 

potential would then be multiplied by the factor 

(1+(dF/d8)2) • 

Another important experimental consideration that 

arises when MI becomes appreciable is due to sample shape 

and homogeneity. The magnetic induction B will depend on 
I 

the demagnetization factor n and the applied external field 

H •. B can then be expressed as B=H+4TT(1-n)MT, which leads 

to the result QCQolB)+2TT(1-n)MT2. In the case of weak 

mag net i c i n t era c ti 0 n 5 (1. e ., w hen a ::: 4 TT ( 1-n) I d fV d B I < 1) Ion e 
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gets 

4TIk mM= r 2rJr(ra)Sin(2TIrFh/H~)/r, 

where km=2 ~/H02 and h=H-HO' In the limit of weak magnetic 

interaction la~O) the above expression for M reduces to 

the L-K expression modified by the Dingle factor. In the 

present work, the latter expression is thought to be valid 

because MI is very weak. 

Point Defects 

The introduction of paint defects in a crystal 

disrupts the perlodicity of tne lattice limitiny the 

lifetime of the conduction electrons. However, Friedel 

(1952) argued tnat if the perturbation is localized and 

caus~s no volume distortion, the Fermi level is essentially 

unchanged. There woula be a decredse ;n the oscillatory 

magnetization amplitude aue to the scattering of electrons 

from tne defect potentials and there could be a frequency 

shift. Single vacancies in metals are considered to have 

an effect similar to impurities in dilute alloys. 

The effect of impurities in dilute alloys (or 

vacancies in quenched metals) can be expressed formally by 
I 

writing the magnetization M as (Coleridge 1980) 

M=Re(MOexp{i[2TI(FO+aF)+iKXJ/B!), 

where the real part of the frequency shift represents the 

change in FS cross-section, and the imaginary part (=KX/B) 

represents the broadening of the otherwise sharp Landau 





A check on the validity of the results requires 

that the phase shifts CPR, must obey the Friedel sum rule 
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b.l::: 1: 2 ( 21 + 1) cP, 1ft ( 2 • 2 0 ) 

where ~ is the valence difference between the impurity (or 

defect) and the host. When lattice distortions are taken 

into account, ~l in Eq (2.20) must be replaced by a new 
t: 

effective valence difference ~l = ~l- ZYoQ/Q (Hertz et al. 

1 9 7 3 ), w her e y -5 Q/ $t i s the f rae t ion a 1 vol u me c han g ear 0 u n d 

the impurity, and Y is of the order of 1 ( Coleridge 1980, 

p.353). The coefficients sin2cp~ in the Eq (2.18) are 

determined from a least squares analysis (Templeton and 

Coleridge 1975). Lengler (1977) used this phase shift 

analysis in an attempt to determine the cp~ for vacancies in 

quenched Au. He found that tne pnase shifts are pre­

dominantly s-like in this case. 

Because the phdse shifts enter quaOratica1ly in the 

formula for X, however, their determination from this 

quantity is not unique. By trying different combinations, 

Lengler (1977) could not find one set of phase snifts that 

-satisfies the Friedel sum rule for vacancies in Au. This 

I 
discrepancy between theory and experiment may be due to the 

neglect of lattice distortions which affect the phase shift 

analysis in ways other than the valence difference. 

The knowledge of the phase shifts, however, can be 

used to determine local values of the relaxation time from 
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The FS also provides detailed information about the 

electronic band structure. 

The FS and Band Structure of Pt 

33 

Platinum (Pt) is an fcc transition metal for which 

some of the pr-';>erties are listed in table 2.1. The g·round 

state of the isolated atom is 5d 96s 1 • The metal contains 

unfilled d and s energy bands which overlap in energy 

making Pt d compensated metal (n n) e = h • The high density of 

states near the Fermi energy suggests the presence of many­

bOdy interactions whicn can be estimated from energy band 

calculations. The energy oand structure of Pt has been 

derived by several authors. Andersen and Mackintosh (1968) 

used the relativistic augmented plane wave (RAPW) method to 

calculate the energy band structure of Pt. Their results 

are in good agreement with the experimental FS studies. 

Dye et al.l1977) used a relativistic version of the KKR­

phase shift formalism to parametrize the FS data and 

obtained the anisotropy in Fermi velocity, cyclotron mass, 

and Fermi radius of all sheets of the FS of Pt. 

Figure 2.2 shows the Brillouin zone and the 

symmetry points of the fcc lattice. The lines Do, r. and I\. 

in -the Brillouin zone represent the <100>, <110>, and <Ill> 

crystallographic directions, respectively. Figure 2.3 

shows the energy band structure of Pt which has been 

calculated by Andersen and Mackintosh (1968). One can see 
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Fig.2.2 Brillouin Zone of the fcc Structure. 
( Windmiller and Ketterson 1970) 
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Table 2.1. Some Properties of Platinum. 

Atomic Number 

Atomic ~ieight 

Structure 

Space Group 

Interatomic distance. 

Atomic Radius 

Melting Point 

Density 

Resistivity 

78 

195.09 a.m.u. 
o 

fcc la=b=c=3.9239A) 

rand c o 
2.77 A 

o 
1.38 A 

1769.9 

21 9 / c m 3 d t 2 a DC 

1 0 • 58 l-1 r2 - c mat 2 0 DC 

Reference: 
Smithells Metal Ref~rence Handbook, 6tn edition, 1983, 
Brandes.E.A Edltor. 
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from this figure that the FS of Pt has three distinct 

Sheets: (a) an electron sheet (Fig. 2.4) which is closed 

and centered on the point r of the Brillouin zone; (b) a 

small ellipsoidal pocket of holes which is located at the 

point X, and (c) an open hole sheet (Fig. 2.5) which is 

topologically equivalent in the repeated zone scheme ·fo 

cylinders extending in the <100> direction and intersecting 

in pairs at the symmetry point x. 
DHVA experiments , carried out by Stafleu and 

Vroomen (1965). by Ketterson, Priestly and Vuillemin 

l1966), by Ketterson and Windmiller (1970). and by Dye, 

Ketterson and Crabtree( 1978}, confirm the ex; stence of 

these three sheets. The work presented here is concerned 

primarily with the interaction of states on the electron 

sheet and the open hole sheet with vacancy defects. The 

experimental techniques for studying this interaction are 

discussed next. 
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CHAPTER 3 

METHODOLOGY AND APPARATUS 

We saw in the previous chapter that the scatt~ring 

of conduction electrons from defects such as vacancies 

results in the broadening of the Landau energy levels. 

This broadening gives rise to the Dingle lscattering) 

temperature which is related to to the electron lifetime 

for an extr~mal cyclotron orbit on the FS. In the present 

work, the Dingle temperature was determined from the 

measurement of the amplitude of the oscillatory magnetiza-

tion M. Under suitable conditions, 

M= l:C i ( H, T ) sin (( 2 7TF i I H) + 1Ji i ) ( 3 .1) 

where F. is the ith DHVA frequency, wnich is proportional 
1 

to an extremal cross-sectional area of the FS perpendicular 

to the magnetic field H (Lifshitz and Kosevitch 1955). In 

the work reported here, measurements were made for station-

ary frequencies (dF/d8=O) in the (llOj plane so the 

magnetization is parallel to the external magnetic field H. 

'Finally, tne amplitude C.lH,T) is given by 
1 

C.(H,T)=Co·TF.H1/2exP(-K.X./H)/Sinh(K.T/H) , , , 1 1 1 1 (3.2) 

where CO. is a constant which does not depend on H or T, 
1 . 

K;=2n2ckami=(14.69mi/mo) T/K, m; is the cyclotron effective 
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mass, and mO is the free electron mass. In the determina­

tion of the Dingle temperatures Xi reported here, the 

amplitude Ci(H,T) was measured as a function of H. A plot 

of 

In[C i (H,T)H- 112sinh(KTIH)] vs. H- 1 lDinyle plot) 

was usee to obtain Xo 
1 ' 

The field modulation technique ( Stark and Windmil­

l~r 1968) was used to detect the DHVA effect. In this 

technique, a small time varying field h=hOcoswt is super­

imposed onto a steady magnetic field H such that the total 

applied magnetic field is H+hOcos wt. The magnetization can 

be expanded in a series of Bessel functions of the first 

kind J lao) Whereo.o=2TTFohO/H2. Tne ith frequency compo-
n\ , , " 

nent Mi of the magnetization parallel to the field can be 

~-Iritten as 

Mil t ) = C i { J 0 ( o.i ) sin [( 2 TT F i I H 0 ) + lJi i j + 

2rJn{o.i)cosnwt sin[(2TTF i /H O)+lJii +n TT/2]}. (3.3) 

The induced voltage vi in the pick-up coil is proportional 

to the time rate of change of Milt),Le., 

v i ex n wC i J n ( C1i ) sin [ ( 2 TTF i I H ) + lJii + n TTl 2] sin l n w t } (3.4) 

In our experiment, phase sensitive detection of the second 

harmonic of the modulation frequency was used to detect the 

OHVA signal. For second harmonic detection, the total 

VOltage output seen at the lock-in amplifier from all 

components of the DHVA effect obeys the following relation: 
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( 3 • 5 ) 

where the sum extends over all extremal areas wnich are 

perpendicular to the magnetic field direction. This 

voltage was used to obtain the factors Ci from which the 

Dingle temperatures were determined. 

The main ObJect of the present experiment was to 

measure Dingle temperatures with the field along high 

symmetry airections and other stationary-frequency 

(aF/ae=o) directions as a function of the concentration of 

vacancies. Tnree experimental setups wer~ used to achieve 

this goal. In the first one, temperatures as low as 0.9 K 

were attained by pumping on a He 4 bdth, and magnetic fields 

up 55 kG were generated by a Westinghouse superconducting 

magnet. Using this setup, we found that signal amplitudes 

were appreciable only along the <100> and <111> crystallo­

graphic directions. In the second setup, a He 3 insert 

Dewar was built in order to reach temperatures as low as 

0.45 K, and the same 55-kG magnet was used to generate 

magnetic fields. Signals along the <110> directions were 

.>ti11 too small to detect. The last experiment was done at 

Argonne National Laboratory (ANL) where magnetic fields up , 
to 76 kG and temperatures down to 0.45 K were oDtained. In 

the first two experiments, the sample axis was fixed and 

parallel to the applied magnetic field, while in the third 

case, the sample was rotated about an axis perpendicular to 



the magnetic field permitting the measurement of Dingle 

temperatures at a number of field directions with one 

sample. 

Tne accuracy of Dingle temperature measurements 

depends on the strength of the DHVA signal in relation to 

the background noise. The strength of this signal is 

influenced by many factors including the quality of the 

sample, the characteristics of the pick-up coils, the 

temperature, and the magnetic field. These factors are 

consdidered next as we describ~ th~ sample preparation, 

cryogenics, and the detection system in the present 

experiment. 

Sample prepardtion 

Single crystal specimens were prepared from 

nominally 99.999% pure, 1 mm diam Pt wire supplied by 

Sigmund Cohn Corp. 

Crysta 1 Growth 
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The radio-frequency (rf) float zoning technique was 

·used to grow cylindrical platinum (Pt) crystals along a 

~redetermined direction. The apparatus used for this 

purpose is shown in Fig. 3.1. The seed (b) was a high 

purity platinum cylindrical crystal typically 1 mm in diam 

and 5 mm long. This seed was first spot welded to a longer 

1 mm diam Pt support rod, cleaned in aqua regia. and 
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mounted in an orienting goniometer which has 2 degrees of 

freedom. Tne seed crystal was then X-rayed by the Laue 

back-reflection method, and oriented (Mc Cullity 1976) in 

such a way that the desired crystallographic direction was 

vertical. Laue back-reflection photographs were taken of 

the seed on Polaroid type 57 high speed film which was 

loaded in a model 53-Polaroid Land diffraction cassette 

model 53-7. A 3-cm Greniger chart, manufactured by Nies 

(Laguna Beach CA), was used to analyze the diffraction 

pattern. After the seed was oriented, the goniometer 

holding it was mounted in the top end of the zone refiner 

carriage. Th~ Other electrode (f in Fig. 3.1) was a high 

purity Pt rod 1 mm in diam. It was stretched straight, 

cleaned in nitric acid for three hours, and mounted in the 

bottom holder as shown in Fig. 3.2. Great care was taken 

to make sure that the bottom roo was vertical so that the 

desired crystallographic direction would propagate along 

the lower rod axis. Tne spring (c) in Fig. 3.2. was used 

to avoid crystal strain when the two electrodes were 

"joinea, and to support the lower rod mount. These two 

,electrodes were mounted such that they were coaxial with 

tne water cooled eddy current concentrator (c in Fig. 3.1) 

(Johnson 1963). Radio frequency power, generated by a 

450 kHz-10 kW LEPEL induction heater (e). model T-10-3-DF­

E-S, was used to produce enough heat to join the two 
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electroaes together and establish a molten zone. A 17-A 

cu rrent • generated by ad. c. pO\,/er supp ly (d), \'Jas then 

established in the electrodes to provide additional heating 

and stabilization the molten zone. This floating zone was 

moved at a speed of 1.25 mm/min by a motor driven ball 

bearing screw in a ResearCh Specialties Company model 2471 

Zone Melting Apparatus (a). Many passes are needed to 

obtain a nigh purity single crystal l Sandesera and 

Vuillemin 1977). After growing a crystal to the desjred 

lengtn, the two electrodes were parted at the molten zone 

leaving the crystal hanging from the seed. 

Ouenching Technique 

To get a useful concentration of vacancy defects, 

the crystal was moved to the center of the concentrator, 

heated by induction at a temperature TQ for five minutes, 

and then quenched in a stream of air to room temperature by 

abruptly shutting off the rf power. Tne quench temperature 

TQ ranged from 1450 0 C to 1730 0 C. A Leeds and Northrup 

optical pyrometer, r·10del 8636-C, \-Jas used to measure the 

temperature TO' This pyrometer was calibrated using the 

'melting point of Pt, and this calibration is thought to be 

accurate to within 10 K. 
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Sample Orientation 

After quenching, the crystal was X-rayed in order 

to determine its final orientation. For the fixed sample 

holaer system, or the AZ system, cylindrical samples were 

used to determine the variation of the Dingle temperature 

with vacancy concentration for the <100> direction. Since 

the sample orientation is fixed, it is important that the 

<100> direction be parallel to the sample axis with a great 

degree of accuracy. The stereographic projections of the 

Pt200 series show that the <100> direction is pardllel to 

the sample axis to within about one degree. 

The cyllndrical samples used with the rotating 

sample holder system at ANL belong to the Pt440 series. In 

these samples, the sample axis formed d 2 0 angle with the 

<111> direction. It was possible, however, to make <110> 

pardllel to the rotation axis as explained below. This 

permitted the Pt440 series to be studied with the field 

anywhere in the (110) plane. 

Sample Cutting 

After growing and quenching a crystal, a procedure was 

~et to cut it. The 1-mm diam crystal and support rod, 

hanging vertically by a cotton string, was brought in 

contact with a brass plate by swinging the plate up gently 

to a horizontdl position. A layer of conductive silver 

paint bonded the crystal to the plate. A moving wire 
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slicer (Eubig 1971). mounted on a Metals Research spark 

erosion machine, was used to cut the samples to length. It 

took 45 minutes on tne average to complete one cut. 

Acetone was used afterwards to dissolve the silver paint. 

The samples were removed with a soft brush D cleaned in cold 

aqua regia for one hour, and observed under a microscope 

for cleanliness and size. Two different batches of samples 

were used for DHVA studies. The samples belonging to the 

Pt200, and Pt440 series have their axes oriented along 

<100> and <Ill>, respectively. The samples used with the 

AZ system belony to the Pt200 series; they were cut to a 

lengtn of 5 mm. Samples used at ANL, which belong to the 

Pt440 series, were cut to a length of 1 mm and etched in 

warm aqua regia until they were 0.8 mm in diam. In order 

to measure the effect of the background impurities and 

dislocations, samples Pt204 and Pt441 were annealed in air 

to remove the vacancies. 

Sample Annealing 

Annealing was done in an alumina crucible using an 
o electric furnace. The sample was heated at 1050 C for 

'five hours according to the annealing program which is 

shown in Table 3.1. One may note that the temperature was 

brought up and down slowly in oraer to avoid thermal 

strains. 



Table 3.1. Annealing Program for Samples Pt440 and 
Pt441. 

Temperdtur~ ( 0 C ) TimE: (m; n ) 

300 30 

500 30 

750 60 

900 60 

1050 400 

900 120 

750 120 

500 60 

300 30 

50 
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Sample Mounting 

Any sample that was used at He 4 temperatures (fixed 

sample holder) was closely fit (0.025 mm clearance) inside 

the sample holder. A dot of vacuum grease was applied to 

the interior of the holder to keep the sample from moving. 

The sample was then X-rayed to determine its final crystal­

lographic orientation. The same mounting procedure was 

applied to samples that are used with the He 3 fixed holder 

except that a thin wire was coiled around the samples to 

permit the flow of liquid He 3 around the sample. 

Samples for the rotating holder were grown nearly 

along <111> and mounted with the axis of rotation parallel 

to <110>. To obtain this condition, a <111> sample is 

first loaded in the sample holder which is shown in the 

inset of Fig. 3.3. The teflon bushing (H) is used to hold 

the sample in place, and a dot of GE varnish is applied at 

the tail end of the bushing to keep it from falling. The 

sample is then X-rayed with the beam perpendicular to the 

holder slot. In general, two sample rotations are needed 

to make the <110> axis parallel to the x-axis. These 

I rotations are monitored by the use of flat mirrors. The 

first rotation of an angle B about the sample axis makes 

the (110) zone pass through the center of the film, and t~e 

second rotation of angle a about the X-ray beam axis puts 

that same zone in the y-z plane. 
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When the sample holder is transferred to the pick­

up coil, one can see from Fig. 3.3 that it is not possible 

to rotate the sample around the X-ray beam axis, which is 

in the y-z plane. Crabtree et al. (197S) devised an 

ingenious method to make a zone axis ( which is in our case 

no more than 2° off the axis of rotation x) parallel to the 

x-axis. The solution is to have the coil axis make a ISo 

angle with the y-z plane. A rotation of the coil axis by 

an angle a around the X-ray beam axis corresponds to a 

rotation around the z-axis by an angle ¢ such that sin¢= 

sina/sinlSo (Fig. 3.4). Thus by an appropriate combination 

of rotations of the pick-up coil and the sample holder 

about their respective axes, the <110> can be made parallel 

to the axis of sample rotation in the magnetic field. 

Cryogenics 

The cryogenic system has a two fold purpose: to 

provide a liquid He 4 bath for a superconducting magnet and 

a liquid He 4 or He 3 bath for the sample. The ANL system 

has been described elsewhere (Windmiller and Ketterson 

1968). Figure 3.S shows an illustration of the cryogenic 

system used at the University of Arizona. One can see that 

the Dewar system is made of coaxial and isolated cylindri­

cal Dewars. The outermost Dewar (a) is designed to hold 

liquid nitrogen. The 5S-kG superconducting solenoid, which 

is suspended in the magnet Dewar (b), is kept covered with 
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liquid He 4 during the experiment. The insert Dewar which 

goes in the space (c) differed in design depending on the 

nature of the liquid helium used. 

He 4 Insert Dewar 
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Tne He 4 isolation Dewar which is shown in Fig.- 3.6 

contains a liquid He 4 batn that can be pumped on with a 

Stokes Ring Jet Booster Pump in order to reach temperatures 

as low as 0.95 K. The sample, pick-up, and modulation 

coils at the end of the insert probe are designed to be 

cOdxial and concentric with the 55-kG superconducting 

magnet. Tne 2920-turn, 2-in. long modulation coil produces 

homogeneous magnetic fields of 640 G/A. The I-in. long 

pick-up coil has 5339 turns and produces 2294 G/A. 

He 3 Insert Dewar 

The He 3 insert Dewar, which is shown in Fig. 3.7, 

uses He 3 evaporative cooling in order to produce tempera­

tures in the vicinity of 0.4 K. The temperature lowering 

process is done in two stages. The He 4 batn (a in Fig. 

-3.7) is pumped to a temperature around lK in order to 

,liquefy the He 3 gas in the I-in. diam ss tube (b). Once 

liquefied, the He 3 is collected at the very bottom of the 

Dewar g and is then pumped with a water-cooled diffusion 

pump backed by a mechanical pump to lower the bath tempera­

ture to about 0.45 K. 







59 

The mod u 1 at ion coil ( c) i s p 1 ace dar 0 u n d the D e \'1 a r 

tail in order to minimize the heat input to the He 3 bath. 

The pic~p coil ld in Fig. 3.7) and the sample are fitted 

at the tail end of the sample probe. As it was already 

pointed out, the sample, piCk-up and modulation coils, and 

the superconducting magnet are all made to be coaxial and 

concentric to keep the sample in the center of the field. 

Modulation fields were produced by a 170-turn, 1.4-

in. long Helmholtz coil (640 G/A). The pick-up coil is 

designed lGo1dstein et al.1965) to nullify the voltage 

induced by the modulation coil, and therefore to detect 

only the DHVA si gnal. The pick-up coil employs 2891 

forward turns and 600 compensating turns to produce a net 

field of 387 G/A. 

The signd1 from the pick-up coil is used to 

determine tne DHVA amplitude. In addition to this, the 

measurement of the sample temperature and the magnetic 

field H are necessary to determine the Dingle temperature. 

Temperature Measurement 

The heat capacity at low temperatures is small enough so 

'that a small amount of heat can cause a large increase in 

the temperature. A good thermometer then must be in good 

thermal contact with the sample in order to record accurate 

temperatures. 
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He 4 System 

Temperatures in this case were ~easured by using 

vapor pressure thermometry or a carbon resistor which sits 

just above the sample level. As the temperature falls, the 

vapor pressure of liquid helium decreases. The helium 

vapor pressure may be used then to monitor the temperature 

of the helium bath, provided that the liquid and the vapor 

are nearly in thermal equilibrium. This is especially 

true below the A-point where the temperature is uniform in 

the bath. 

A Stokes model 27SAG-1 McLeod gauge was used in 

this experiment to measure vapor pressure. Temperatures 

were determined from published conversion tables (White 

1965). Corrections to the pressure were assumed to be 

negligible because the vapor pressure was measured Just 

above the surface of the liquid using a 0.375-in. diam ss 

tube. 

Temperatures near 1 K were also monitored with a 

33-n Allen Brade1y. l/S-W carbon resistor which is submer­

"ged in the liquid helium sample bath. The calibration of 

,this carbon resistor was done against vapor pressure (White 

1965), and known transition points (Bryant 1973). 

He 3 Systems 

As opposed to He 4 • He 3 does not become a superf1uid 

or produce a film flow in the temperature range of this 
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experiment. Temperatures in the range 0.45 to 1 K were 

measured in the fixed holder system by vapor pressure 

thermometry using an NRC model 801 thermocouple vacuum 

gauge which was calibrated against a McLeod gauge. The 

superconducting transition point of Zn (0.87 K) was used as 

a check on this method. On the basis of this measurement, 

it is concluded that the sample temperature was determined 

from the vapor pressure measurements with an accuracy of 

0.01 K. 

In tne He 3 rotating sample holder system at ANL, 

the vapor pressure is measured using a combination of a 

calibrated Barocel differential pressure gauge and a 

Datametrics pressure gauge. Tne calibration is done by 

equalizing the pressure at botn ports on the Barocel gauge 

and adjusting the meter needle on the zero mark of the 

Datametrics gauge. Moreover, the electrical signal which 

corresponds to the pressure is digitized to a six digit 

precision, and sent to a PDPII computer over an IEEE data 

1 i ne. 

Magnetic Field Measurement 

In the fixed sample holder system, the steady part 

of the magnetic field is produced by a Westinghouse 55-kG, 

42-A superconducting magnet with a 1-in. bore and an 11-in. 

winding. The magnetic field at the center is homogeneous 

to one part in 10 5 over a half-in. diam sphere. This 



62 

magnet can be operated in persistent mode for a long period 

of time by activating a superconducting switch. 

The magnet is driven by a Westinghouse 50-A power 

supply. Since variations of the magnetic field as small as 

1 part in 10 5 cause significant changes in high frequency 

DHVA signals, modifications were made to the power su~ply 

for a finer control. This control was accomplished by 

using the self induced emf across the magnet (Vanderkooy et 

al. 1968). The magnitude of the field was determined by 

measuring the voltage across a 1 m shunt in series with 

the solenoid. The solenoid was calibrdted to an accuracy 

of 0.5% using NMR (Bryant 1973). The field rating is 

1318.1 G/A. 

The small oscillating component of the magnetic 

field is produced by a modulation coil. The field rating 

of this coil for the He 4 system is 596 G/A. A new modula­

tion coil had to be made for the He 3 fixed holder system. 

The field rating of this coil was determined by the Bessel 

function nulling method where the argument of the second 

.order Bessel function is varied till the DHVA signal 

amplitude goes to zero as described below. At that point, 

the argument of the Bessel function is given by 

(2 TI Fh/H 2)=5.15, which leads to the field rating 367.45 G/A. 

In the ANL sample holder system, the steady part of 

the magnetic field is produced by an 80-kG superconducting 
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solenoid. The field homogeneity was determined to be 

better than 1 part in 10 5 over the sample volume. The 

magnet is driven by a 150-A American Magnetics power supply 

with a motor ariven potentiometer for a precise sweep 

control. Tnis system also includes a 20-kG superconducting 

mOdulation solenoid which is coaxial with the SO-kG magnet. 

Signal Detection 

Second harmonic detection in the field modulation 

technique was used in this work to determine the amplitude 

of the DHVA signal for a particular field direction. One 

can see from Eq (3.4) how the modulation technique can be 

used as a DHVA frequency spectrometer. The adjustable 

argument a i' which is proportional to the ratio ho
2/H, can 

be varied to make one term in the summation dominant. 

Alternatively, the argument a. can also be adJusted to 
1 

nullify a signal component whicn corresponds to a certain 

DHVA frequency. This is particularly useful when there are 

only two terms in the summation. 

Low modulation frequencies (about 50 Hz) were used 

for a complete field penetration in the sample. Although 
I 

they use the sam~ principle, the following two detection 

systems use different components, and these systems are 

described separately. 
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Fixed Sample Holder System 

Figure 3.8 shows a schematic of the DHVA signal 

detection and recording system. The modulation signal is 

generated by a Hewlett Packard, Model 206A, low-distortion 

audio signal generator (a). This signal is fed to a power 

amplifier, and then transmitted to the modulation coil. The 

current in the modulation coil is determined from the 

voltage across a 10.lS-Q ceramic resistor. The same signal 

is sent also to the reference channel of a Princeton 

Applied Research, Model 124A, lock-in amplifier (b) which 

is set to detect the second harmonic of the reference. The 

induced emf in the pick-up coil is fed to the input of a 

Princeton Applied Research Type 18SA preamplifier whose 

output is sent to the lock-in amplifier. The signal at the 

output of the lock-in amplifier is recorded in analog form 

on an Hewlett Packard, model 7045A, X-V recorder (c). This 

signal is also fed to a North Star computer used to control 

a 12-bit, Vectorgraphics, AID converter for digital recor­

ding. For each sample orientation, a program was devised 

-to determine the optimum modulation field amplitude hO for 

fa specific component of the DHVA composite signal at a 

given value of the d.c. field H. Another computer program 

instructs the AID converter to sample its input in equal 

intervals of l/H and then stores the digitized DHVA signal 

and the experimental parameters on a floppy disk. A fast 





fourier transform (FFT) of the data is used to determine 

the amplitude of the different DHVA frequency components. 
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Sample Position. The sample probe was designed so 

that the sample can be centered within the magnet by moving 

the sample very slowly in the vertical direction. Tha 

modulation field technique was used for this purpose with 

the superconducting magnet operating in the persistent mode 

so that tne external magnetic field was virtually constant. 

One then looked for a phase change in the induced signal as 

the elevation of the sample changed. 

Pick-up Coil Compensation. The balancing of the 

pick-up coils is an important factor in reducing spurious 

electromagnetic pick-up. A compensated coil design was 

implemented in order to nullify the voltage induced in the 

pick-up coil by the modulation field. The inner coil is 

connected in series with the pick-up coil, and the outer 

coil is connected to the modulation coil. The number of 

turns on the outer coil is then varied until the net 

-induced signal is zero with no sample in the pick-up coil. 

This balancing eliminated spurious signals from the modula­

tion current and a number of other sources. 

Rotating Holder 

A schematic diagram of the experimental setup used 

at ANL is shown in Fig. 3.9. The modulation signal is 
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generated by a Havetek Il-MHz stabilized Sweep Generator, 

Model 22, high precision oscillator. The reference signal 

is amplified by a Kepco Bipolar Operational Power Supply 

Amplifier, and transmitted to the modulation coil through 

an RLC resonant circuit. The modulation frequency f is 

varied until the amplitude of the modulation current 

reaches its maximum value. This objective was reached dt 

f=48.4 Hz. The two pick-up coils are wound in series 

opposition to reduce the signal induced by the modulation 

field in the pick-up coils. More Signal balancing is 

accomplished using the circuit shown in Fig. 3.10, which is 

shielded by a mu-metal box. 

The signals from the outer and inner pick-up coils 

in Fig. 3.10 are first balanced, amplified 100 fold by two 

isolation transformers, and tnen sent to the differential 

inputs of an Ortec-Brookdeal, Ortholoc, model 9505, dual­

phase lock-in amplifier. The output Signal from the lock­

in amplifier is recorded in analog form by an X-V recorder, 

and in digital form by a Digital PDP-ll minicomputer • The 

PDP-ll is equipped with an IEEE bus interface card and a 

Aigh precision internal clock which ticks at a programmed 

frequency. A computer program was written to read in the 

needed parameters. The magnetic field H and the signal 

amplitude (output of the lock-in) are monitored on two 

Keithley 192 programmable digital multimeters (DMM). The 
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temperature (or pressure) and the modulation field are 

monitored on two Keithley auto ranging microvolt DMM. Each 

DMM is equipped with an IEEE port which enables it to 

communicate with the PDPll minicomputer. The program used 

to record the signal amplitude in digital form requires as 

input the starting field, the field sweep rateD and the 

desired number of points per run. Using the internal 

clock, the computer can then sample DHVA data in equal l/H 

intervals. 

The DHVA signdl quality was optimized in three 

steps. First, tne induced signal caused by the modulation 

field was nullified using the method illustrated in Fig. 

3.10. The variable resistors in the upper part of the 

diagram are used to vary the signal phase, and the resistor 

which is connected to the outer coil is used to vdry the 

signal amplitude. Great care was taken in avoiding ground 

loops and signal grounding. 

The second step consisted in locating the sample at 

the center of the superconducting solenoid. To this end, a 

height study was carried out. Tne signal amplitude was 

recorded at different heights 2 mm apart. The desired 

sample position corresponds to the maximum signal ampli­

tude. Finally, a resonant circuit was used in the detec­

tion of the DHVA Signal. Resonance occured when the 

modulation frequency was 48.4 Hz. 
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Measurement of the Cyclotron Effective Mass 

In order to determine the Dingle temperature, the 

mass of the corresponding cyclotron orbit must be known. 

The cyclotron effective mass in Pt is not reported for dll 

field directions, and an additional measurement of this 

quantity had to be maoe for the determination of certain 

Dingle temperatures in the present work. 

The cyclotron effective mass was obtained from the 

temperature variation of the DHVA signal amplitude at a 

constant magnetic field. The temperature was varied for 

this purpose by changing the pressure above the liquid He 

bath in which the sample was immersed. 

Vacancy Concentration Measurement 

Residual sample resistances were measured on 

annealed and quenched samples to determine their purity and 

vacancy concentrdtions. Tne system shown in Fig. 3.11 was 

used to measure the sample resistance at room and liquid 

helium temperatures. The current, which is generated by a 

2V stabil ized electrolytic battery (a), can be varied in 

the circuit by changing the setting on the rheostat (e). 

The voltage across a l;-9 Honeywell stanOard resistor (f). 

mea sur e d by a Flu t< e, mo del . 8600 A • DVM l 9 ), \'i a sus edt 0 

determine the current in the circuit. The voltage across 

the sample was monitored by a Keithly, model 149 0 milli­

microvoltmeter (d). A dual polarity switch (b) was used to 





reverse the current in the measurement of the sample 

resistance. From the knowleage of the monovacancy resis­

tivity, which is determined to be 
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Cm=(5.75+0.30).10· 4 Qcm/lat.fr.vac.) (Berger et al.1973), 

and the the residual resistivity of the specimen. one can 

determine the quenchea-in vacancy concentration. One can 

get the Residudl Resistance Ratio (RRR) from measurements 

of the sample resistance at room and liquid He tempera­

tures. 

Tne sample resistance was obtained directly by 

measuring the voltage across the sample for several current 

settings using tne standard four-probe method. Moreover, 

the current was reversed to determine the voltage more 

accurately. An example of the result of one measurement is 

illustrated in Fig. 3.12. 

An alternate way to determine the quenched-in 

resistivity consists of using the Arrhenius plot of Emrick 

(1982) or Khellaf (1987) and the quench temperature. This 

methOd, however, is not as accurate as measuring the 

"resistivity of the sample directly as pointed out in 

,Chapter 1. 

The impurity resistivity for a particular specimen 

is the residual resistivity of the same specimen after it 

has been annealed to remove vacancies. Thus, the residual 

resistivity due to vacancies was obtained by subtracting 
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the impurity resistivity from the residual resistivity of a 

quenched specimen. The quenched-in vacancy concentrations 

for samples Pt442, Pt200. and Pt201 are summarized in Table 

3 .2. 



Table 3.2. Quenched-in Vacancy Concentrations Cv for Various Samples. 

Pt442 Pt200 Pt20l 

Orient. < 111 > <100> <100> 

a. Calculated from the measured RRR. 
b. Estimated from tne grapn lEmrick 1982) for the quench 

temperature 1730 oC. 
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CHAPTER 4 

EXPERIMENTAL RESULTS 

Dingle temperatures for selected cyclotron orbits 

were obtained from the field variation of the DHVA ampli­

tude. The field modulation technique was used with second 

harmonic detection in these measurements. In the case 

where a single DHVA frequency is being detected,' the signal 

amplitude Vo in volts is given by 
-1/2 Vo=CJz(a)Texp(-KX/H)H Isinh(KT/H), ( 4 • 1 ) 

where K=14.69m/m O T/K. The constant C in Eq (4.1) is given 

by 

C=16.4fvnFCOS[7Tgm/(2mo)]IA" 1- 1/2 , 

where f is the modulation frequency in Hz, v is the sample 

volume in m3 , n is a pick-up coil coupling constant, and F 

is the DHVA frequency in T. In the present work, the 

Dingle temperature X was obtained from the graph of 

In{VoHlIZSinh(KTIH)I[TJ2(a)]} v s • 1 I H • 

The variation of the Dingle temperature \"1 i th 

vacancy concentration in Pt was studied for the <100> field 

direction using the fixed holder system at the University 

of Arizona. The anisotropy of the Dingle temperature due 

to vacancies over the electron sheet and the a-orbit of the 
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open hole sheet was investigated using an ANL rotating 

sample holder system. The DHVA frequency and the magnetic 

g-factor showed no measurable changes with vacancy concen­

trations. 

Fixed Sample Holder Results. 

Data Acquisition 

A computer program called A/D.FOR was developed to 

digitize the DHVA signal and store the data on a floppy 

disk. Using the field sweep rate, a timing loop was intro­

duced in the program for the purpose of digitizing the 

signal in equal intervals of I/H. Besides the DHVA signal, 

a data file includes the starting and ending values of the 

external field, the modulation field, the temperature, the 

sensitivity of the lock-in amplifier, the modulation 

frequency, the mass of the orbit being detected, and the 

field direction. These parameters are useful for the 

calculation of the Dingle temperature. 

Samples of digitized data are shown in Fig. 4.1.a 

and Fig. 4.1.b. One can notice the presence of two dis­

tinct frequencies in the <100> signal of Fig. 4.l.a. The 

higher frequency component corresponds to the orbit on the 

e 1 e c t ron she e t. \-# hi 1 e the 1 0\'1 e r f r e que n c y i s due tot h e Ct -

orbit of the open hole sheet. One can also notice that the 

DHVA signals in the quenched specimen Pt200 (Fig. 4.1.b) 
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are smaller in amplitude than the signal of the annealed 

specimen Pt204. The spectroscopic effect of the Bessel 

function can be seen from Fig. 4.1.a. The argument of the 

Bessel function was adjusted to detect just the electron 

oscillation. 

Fourier Transform 

A Fast Fourier Trdnsform (FFT) was performed on the 

DHVA data in order to determine the amplitudes of the 

individual signal components. A sine-squared window 

function was util ized in the FFT algorithm. An example of 

an FFT plot is shown in Fig. 4.2. One can use plots such 

as this to determine both individual DHVA frequencies and 

amplitudes. For instance, Fig. 4.2. shows the presence of 

two main frequencies: the higher one corresponds to an 

electron orbit, while the lower one corresponds to thea­

orbit of the hole sheet. 

The signal amplitude of each DHVA component was 

recorded on a special file, together with parameters which 

are to be used in the calculation of the Dingle tempera­

ture. 

Calculation of the Dingle Temperature 

A computer program called DINGLE.FOR was written 

in order to calculate the Dingle temperature for a speci­

fied field direction on a given sheet of the FS. In this 
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program, the temperature is first converted from units of 

pressure to kelvins (White 1968). The DHVA amplitudes are 

then used to compute the coordinates of the paints for a 

Dingle plot. A least squares linear fit to these points is 

done to get the slope from which one can extract the Dingle 

temperature. The cyclotron masses used for <100> are taken 

from earl ier work on Pt (Dye et ale 1978). 

An example of a Dingle plot is Shown in Fig. 4.3 in 

which the parameter C(H,T)=H1/2sinh (KT/H) ILCTJ 2(a)j. The 

data are shown together with the best fit, and other useful 

information about the orbit that is being considered. A 

summary of the results for the fixed holder system is given 

in Table 4.1. 

Rotating Sample Holder Results 

DHVA Frequency Determination 

A sea r c h for the s y mm e try a xes < 1 a 0 >, < 11 1 >, and 

<110> angular positions was carried out by rotating the 

sample (and pick-up coils) in a constant magnetic field 

tH~78 kG) perpendicular to the axis of rotation. The 

~ample was rotated about <110> at a rate of 0.5 deg./min. 

The result of such a rotation is illustrated in Fig. 4.4 

which shows the presence of 3 stationary DHVA frequencies 

at the angle settings 515.1, 549.6, and 604.1. Moreover. 

the DHVA signal phase is nearly stationary at the angle 

setting 572.2. The DHVA frequency at each of the above 





Table 4.1 Dingle Temperatures X in Annealed 
and Quenched Pt Samples with the Field 
along the <100> Direction. 

Carrier 

Electrons 

Hol es 
(a-orbit) 

Pt203 
C =0 v 

o .01 

0.06 

x (K) 

Pt201 
Cv=101 

o .31 

0.59 

Pt200 
Cv=249 

0.66 

1.12 
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four settings was measured. This was done by recording a 

large number of oscillations N between two field values H1 

and H2• as shown in Fig. 4.5. The frequency F 1S tnen given 

by 

(4.2) 

where H1 , and H2 are the values of the field dt the start 

and the end of the sweep, respectively. The obtained value 

for F was tnen compared with the published ones (Dye et ale 

1978). Thus it was determined that at field setting 604.1, 

549.6, and 515.1, the magnetic field is parallel to the 

directions <100>, <111>, and <110>, respectively. The 

frequency at the setting 572.2 (33 0 from <100» was 

determined to be equal to 2.8lx10 8 G, whicn correspondS to 

the cross sectional area 0.755 atomic units la.u.), in 

agreement with Dye et ale (1977). 

Effective Mass Measurement 

Each point on the Dingle plot requires the know­

ledge of the cyclotron effective mass of the orbit in 

addition to some of the other parameters of Eq (4.1). Tne 

masses of the orbits on the electron sheet with the field 

~long <100>,<110>, and <111> , and the mass of tne a-orbit 

of the open hole sheet were d~termined by Windmiller et ale 

(1970). The mass of the electron orbit wnich corresponds 

to the angle setting 572.2 (330 from <lOa» is not 





previously reported and this mass is presented in the 

present work. 

The cyclotron effective mass was determined from 

the temperature variation in the DHVA amplitude. One can 

also express Eq (4.1) as 
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ASinh(KOm*T/H)exP(-KOm*T/H)/T=exp(-KOma(X+T)/H), (4.3) 

where the modified amplitude A=VoHl/2/[CJ2(a)], KO=146.9 

kG/K, and m* is the effective mass in units of mO. The 

value of rna was determined by measuring the DHVA signal 

amplitude at several temperatures but the same magnetic 

field. Temperatures for this experiment ranged from 1.08 K 

to 0.64 K. Temperature settings were changed by varying 

the pumping speed in the He 3 cryostat. The pumping was 

stopped during data gathering. A computer program, similar 

to the one that was written for the fixed holder case, was 

implemented in order to compute the effective mass. An 

iteration process was devised to calculate the effective 

mass with a great degree of accuracy. In the first 

iteration, the exponential term in the left hand side of 

e~uation 4.3 is assumed to be equal to 1. The first value 

oj the effective mass was obtained from' the plot of In(AIT) 

against T. A least square fit analysis was carried out in 

order to determine the first value m*. This value of m* 

was then used in the plot of the logarithm of the left hand 

side of equation (4.3) against T. The iteration process 
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was repeated until the newly calculated mass varied no more 

than 0.1% from the previous value. This was achieved only 

after 3 iterations. The mass 330 from <100>, as derived 

from Fig. 4.6, was thus determined to be equal to m*=2.31 + 

0.03. This value is consistent with mass measurements in 

Pt at other orientations (Dye et al. 1978). 

Dingle Temperatures 

Once the effective masses were known, the Dingle 

temperatures were calculated the same way as in the fixed 

holder case. The only difference is that the temperature, 

the external and modulation fields, and the DHVA signal 

were all digitized by DMM's and sent to the computer via 

IEEE ports. The signal which corresponds to the <110> 

electron orbit was found to be small in amplitude and noisy 

even in the annealed sample Pt441. This same <110> signal 

was overridden by noise in the quenched sample Pt442, even 

at high fields, and the corresponding Dingle temperature 

was not determined. 

An example of a Dingle plot using the ANL system 

is shown in Fig. 4.7. A summary of the values of the 
I 

Dingle temperatures for annealed and quenched speCimen is 

given in Table 4.2. The Dingle temperatures which arises 

solely from the effect of vacancies are summarized in Table 

4.3. A plot of the results of Tables 4.2 and 4.3 is shown 

in Figs. 4.8 and 4.9. respectively. The broken lines shown 







Table 4.2 Dingle Temperatures for Annealed and Quenched 
Pt samples. \-Jith the Field in a (110) ,Plane. 

Fit!ld 
Orientation 

Electron 
Sneet 

<111> 

<001> 

< 11 0> 

33° from <100> 

Open nole 
sneet 

<100> 

Pt441 a 
X ( K) 

0.29 

0.37 

0.35 

0.38 

0.49 

a. Sample Pt441 was annealed. 
b. Sample Pt442 was quenched in air 

at 1630 0 C (C a131 ppm). 
X is the Dingle temperature in kelvins. 

Pt442 b 
XlI(.) 

0.66 

0.68 

0.74 

1 .17 
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Table 4.3. dingle Temperatures X per at.% vac. in ~t 
w ; t h the Fie 1 din the (1 10 ) P 1 an e.o 

Orbit X (Klat.% vac) 

Electron Sheet 

<111> 28 

<100> 23 

33 0 from <100> 27 

Hole Sheet 

< 100> 51 
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in Fig. 4.8 do not represent a fit to the data, but are 

merely an indicdtion of the uniformity of the vacancy 

contribution to the Dingle temperature. 

Conduction electron g-factor 

The g-factor characterizes the spin splitting .of 

the Landau levels in a magnetic field. This factor has 
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been investigated extensively for d possible depdrture from 

the free-electron value of 2 and for anisotropy over the 

electron sheet and the a-orbit of the FS of Pt (Gustafsson 

et al. 1985). One may notice that the DHVA signal 

amplitude (Eq.4.1) vanishes whenever the argument 

* ngm 12mO=(n+1/2)TI This equation is the basis of the 

spin splitting zero (SSZ) tecnnique. In the r6tation 

didgram of Fig. 4.4, one can see that dn SSZ occurs 14.5° 

away from <100>. No apparent shift «0.1°) of this SSZ was 

detected in the rotation diagrdffi of the quenched sample, 

Pt442, indicating that there is no measurable change in the 

g-fdctor over the vacancy concentration explored. 



CHAPTER 5 

DISCUSSION 

The results in Chapter 4 show that the main effect 

on the DHVA oscillations of quenching the specimen is the 

attenuation of the amplitude. This attenuation provides 

tne information to determine the Dingle temperature X in 

the amplitude reduction factor 

RX=exp(-KX/H) 

where the constant K is defined in the previous chapter. 

The Dingle temperature for the electron sheet of the FS in 

quenched Pt exhibits little variation as the field is 

rotated in the (110) plane, while the Dingle temperatures 

for the hole sneet are appreciably greater than those for 

the electrons, ~s shown in Table 4.2. These results are 

discussed in this chapter in terms of conduction electron 

scattering due to vacancies, after the contribution of 

other factors to the Dingle temperature are considered. 

Sources of Errors 

Phase smearing 

The Dingle temperatures we measured may contain 

parts which are not related to conduction electron 

101 
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scattering by vacancies. It is known that the DHVA phase 

can be affected by many f~ctors including dislocations, 

strains, mosaic structure, magnetic field and sample 

inhomogeneities, and magnetic interdctions lShoenberg 

effect}. These factors can cause phase smeariny which 

leads to a reduction in the magnetization amplitude in 

addition to lifetime broadening. Since field dependent 

reduction factors can affect the determination of the 

Dingle temperature, they should be considered in the 

interpretation of the measurements of this quantity. In 

this section, we estimate the cOI.tributions of these 

factors and other fdctors to the Dinyle temperature, and 

show that the main contribution in the ~resent measuremen~s 

is due to the scattering of conduction electrons from pOint 

defects (impurities and vacancies). 

Effect of Dislocdtions. Tne crystals in this work 

were grown by the floating zone technique in order to 

reduce the dislocation density to an acceptable level. We 

will therefore consider mainly the dislocations which are 

createa by quenching strains. The dislocation density 

~annot be satisfactorily measured directly because there is 

no known etch pit solution for Pt. The dislocation density 

can. however, be estimated from the knowledge of vacancy 

losses dnd the quenching rate. To this end, Emrick (1978) 

proposed a fixed sink model in which vacancies are assumed 
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to migrate and coagulate on regular arrays of dislocation 

lines. Using this model and assuming that there are no 

vacancy losses at th~ quench temperature TQ=900 DC, we are 

able to predict that 49 % of the quenched-in vacancies at 

TQ=1670 DC ar~ lost to dislocation lines. This in turn 
6 2 . 

corresponds to the dislocation density Ndc2xl0 Icm when 

the formation energy and the quenching rate are taken to be 

equal to 1.3 eV and 300 0 CIs, resp~ctively. 

Other sources of dislocations, e.g., crystal 

handliny. were minimized by growiny the crystal using the 

floating zone technique and quenching the specimen in situ 

in the crystal growing furnace without any handling 

(Vuillemin and Emrick 1981). Furthermore, Emrick l1982) 

argued that necessary sample handling after quenching does 

not introduce a big change in the number of quenChed-in 

vacancies, and that probably no more than 1% of the 

vacancies are lost in tnis process. 

Phase smearing of tne DHVA oscillations can be 

caused by the strain field around a dislocation. The 

effective range (d=N -1/2) of the strain s is of the order 
d 

10- 3 cm which is much larger than the orbit size r. In 

this case, the strains are considered to be uniform around 

a dislocation, and the phase smearing arises essentially 

from frequencies of different stresses. The change in 

~ has e Cd n bee x pre sse d a s 111JJ c l 2TT S I H ) d F Ids. W her e F i s the 
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DHVA frequency. A Lorentz distribution D{S/a)=ll+s2 Ia2)-1 

is often used successfully to describe the experimental 

results. In this case the reduction factor has the form 
2 RO=exp(-2 w kBX/SH), 

which leads to the dislocation Dingle temperature 

X=(SaaF/as)/WK, where S=en/mc. Dislocation Dingle tempera­

tures were measured by various groups (Chang and Higgins 

1975, Terwilliger and Higgins 1970, and Coleridge and Watts 

1971). Chang and Higgins (1975) showed that Dingle 

temperatures become measurable for dislocation densities in 

the range 10 6<N O<10 8 cm- 2 . They estimated the dislocation 

scattering rate to be about 10 8 cm- 2/K for edge disloca­

tions for the <111> belly orbit in Cu. This yields a 

contribution of only about 0.02 K to the Dingle tempera-

tures for dislocations in our specimens. 

Mosaic Spread. Small crystalline misorientations 

in a pure crystal are also known to cause phase smearing. 

Shoenberg (1962) showed that the amplitude damping is 

important mainly along the off-symmetry directions where 

the DHVA frequency changes rapidly with orientation. 

No known experimental technique has been developed 

yet to study the precise orientation of different crystal­

lites. However, it is generally assumed that a Gaussian 

distribution probably describes the mosaic spread with a 
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good degree of accuracy (Shoenberg 1984, p.412). The cor­

respondiny phase departure is written as 

( 5 .1 ) 

\-Jhere a and z; are the coordinates of a grain a'tJay from the 

mea nor i en tat ion at the e>t t rem urn. a = ( nl H ) a 2 F 1 aa 2 tan d 

b=( niH) a2FI ar:,,2. In crystals with cubic symmetry. a and b 

are equal along the main symmetry directions, and the 

reduction factor R can be written as R=(l~ 2)-1/2, where 

y= F"u 2/H. and u is a constant characteristic of the 
o 

mosaic spreao. For spreads of the order of 0.2 

(u ~Xl0-3), the reduction factor varies 1 itt le from unity. 

We believe this is the case in our experiment since there 

was no apparent sign of beating in the DHVA effect. 

Bending. Elongateo spots on tne X-ray film 

indicate that the crystal is bent on a macroscopic scale. 

The corresponding phase change can be e>tpressed as 6~= 

For a Lorentz Oistribution, the 

reduction factor is given by R=eXP(-HO/H). \'Ihere 

~o=2 nr:"aFI ae, and e is a constant \'Jhich characterizes the 

angular spread. The resulting contribution to the Dingle 

'temperature is therefore given by 

(5.2) 

where m is the effective cyclotron mass. Taking the typical 

values r:,,=0.05°, m=2, and aF/ae=107 G, one finds X=O.2 K. 

On the other hand, a Gaussian distribution of the angular 
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spread z: would give an increment ( Springford 1971) 

X • ( n z; a F I ae ) 2 I K H. ( S • 3 ) 

This yields tne value X•0.06K. The contribution of this 

factor to the Dingle temperature in the present work is 

probably much smaller than this because the measureme~ts 

were made for field directions of nearly stationary 

( dF I d 6• 0) • 

Variable Concentration of vacancies. In this case, 

the change in the DHVA signal is given by 

~~ • ( 2 n I H ) @ F I a c ) 6 c , 

where c is tne vacancy .concentration. The change 6 c can be 

estimated from th~ knowledge of the variation of the quench 

temperature along the sample. Thus, assuming a quenched-in 

vacancy concentr~tion c•2xlo· 4 • we find a change 

o c = 4 x 1 0 - 1 o v e r c1 l mm d i s t a n c e • T n i s e s t i m a t e 1 e c1 d s u s t o 

state that phase smearing in tnis case is probably negligi-

ble. 

Field Inhomogeneity. A variation ~H of the applied 

field over the sample will cause the phase change · 

~~·(21rfiH 2 )~H. wnere F is the DHVA frequency under consi­

deration. Thus, for frequencies and fields of the order of 

3xl05 and 50 kG respectively, the homogeneity must be 

better than Jxlo·S in order to avoid the appreciable phase 
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smearing of 1 radian. This requirement is fulfilled in the 

present experiment. 

In summary, the combined effect of the foremen­

tioned perturbations is to introduce a change ~~ in the 

DHVA signal phase from certain portions of the crystal. 

The res-ulting signal amplitude will contain a factor ~f the 

form 

r A i cos l 2 n F 1 1 H + ~..P i ·~ ) • ( s . 4) 

where the summation is t~ken over the whole sample and the 

r ~ q u i r em e n t f or n e g 1 i g i b 1 e ph a s e s me a r i n g e f f e c t s i s ~IP < < 1 

(Springford 1971J. We have seen that quenching strains are 

probably the on1y possible sourc~ of phase sme~ring making 

contributions to the Dingle temperatures which have nothing 

to do witn collision level broadening. The attenuation due 

to this phase smearing was estimated above to be small 

compared to the total attenuation observed in quenched Pt. 

There are still other effects which may alter the 

Din~le temperatures by means other than phase smearin~ or 

conduction electron scattering. The most important ones in 

- our case are eddy currents, magnetic interactions, and many 

I 
body interactions. These effects are considered below. 

Modulation Field and Eddy Currents 

In this case, the argument of the second order 

Bessel function la •2Trfh/HZ) would be the quantity that is 

primarily affected by the variation of the modulation field 
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over the sample volume. If the argument a assumes a value 

ar at a distance r from the origin, then tne effective 

Bessel fdctor that enters in the DHVA amplitude is 

J2~ )~(1/vJfJ2lar)dVp where v is the sample volume. 

However, this difficulty was minimized by operating near 

the maximum of the Bessel function and using uniform 

modulation fields. 

In the modulation technique, the small oscillating 

component of tne magnetic field lhghocosWt) interacts with 

the sample over a distant 0, the classical skin depth. If 

the field penetrdtion is not complete l i.e., O( sample 

radius}. the si~nal seen at the phase sensitive detector is 

the sum of signals cominy from different sample layers 

which are at different depths. At 50 Hz, the classical 

skin depth is estimatea to be at least 10 times the sample 

diameter and the penetration of the moaulation field in the 

sample is therefore complate. 

Magnetic Interaction Effect 

As we saw in Chdpter 2, this effect occurs when the 

DHVA amplitude 4m4 becomes comparable to the spacing H2/F 

'of the oscillation (Shoenberg 1962), or equivalently. when 

4~M/dH~1. Tne expected shape of the oscillations, as 

deduced from the L-K formalism. is changed by magnetic 

interaction (MI). The change is due to the introduction of 

new harmonics in the signal. It was realized (Shoenberg 



1962) that the cause of MI is that the electrons are 

subjectea to the magnetic induction B rather than the 

applied field H (B=H+4nM). 
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The usual methoa of derivation of tne Dingle 

temperature is no longer valid because of the harmonic 

content in the case of MI. However, it was shown (Phillips 

and Gold 1969) that it is still possible to evaluate the 

Dingle temperature, but with a less degree of accuracy. 

In our case, no measurable sdturation of the 

amplitude was seen in'the analog data, and no harmonics 

were detected by tne FFT program suggesting that Ml effects 

are not important. Furthermore, our choice of cylindrical 

samples helps minimize phase smearing by demagnetization 

effects (Crabtree 1977). 

Many-Boay Interactions 

Many-body effects are usually strongest at the 

highest fields and the lowest temperatures. This problem 

was investigated in Hg by Palin (1972). Contrary to 

expectations, the measured masses showed very little 

increase at H=90 kG, and the Dingle plots were usually 

straight. Howev~rt a slight deviation upward of the the 

Dingle plots at high magnetic fields was observed in Hg by 

Elliot et al. 1978). This is in agreement with the many­

body theory predictions. 

The Dingle plots in the present experiment show no 
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systematic curvatures at high fields. In this experiment, 

the measured mass and Dingle temperatures include the many­

body effects and no correction is applied to obtain the 

bare Dingle temperatures. 

We have seen so far that the major source of error 

in the Dingle temperature is probably due to phase smearing 

from dislocations introduced in the quenching process. 

This error, however, is estimated to be small compared to 

lifetime broadening of magnetic quantum levels in quenched 

Pt. 

Dingle Temperatures due to Vacancies 

Dingle temperatures in a quenched Pt sample are 

shown in Table 4.2 for four different cyclotron orbit with 

the field in the (110) plane. In addition to the vacancy 

contribution, there is an appreciable background evident in 

the annealed specimen with no vacancies. The background 

Dingle temperatures are attributed to impurity scattering 

and other factors discussed in the previous section and 

~~ese Dingle temperatures allow us to separate the vacancy 

contributions. Table 4.3 shows the Dingle temperatures per 
I 

at.% vacancies in Pt. 

Comparison with the Resistive Dingle Temperature 

One can get some insight in the nature of conduc­

tion electron scattering by comparing the scattering rate 
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lIT. which determines the Dingle temperature, to the 

scattering rate 1/Tr which determines the resistivity. One 

has to realize, nowever, that tne comparison is not totally 

valid since the Dingle temperature X measures the scat­

tering rate around an extremal cyclotron orbit on a 

particular sheet of the FS. while the "resistive Dingle 

t e m per a t u r e II X r =1i I ( 21T k T r ) rep res en t s the a v era g esc a t t e r i n g 

probabilities over the whole sheet of the FS. One usually 

considers the ratio 

T/'\=f Ple){l-cose)sine de Ij(p{e)sine de. (5.5) 

where the P~ )d8 is the probability of scattering through 

a nan g 1 e bet wee n Ban d (3+ d e (S P r i n g for a 197 1 ) • 0 nee a n see 

then that in the case of catastrophic scattering, where 

there is an equal probabil ity of scattering in all direc­

tions, the ratio TI ~ goes to unity. Anotner limiting case 

corresponds to small angle scattering where the ratio TIT 
r 

goes to zero. When backscattering becomes predominant, 

XI X < 1 r • 

A two group model was used by Dosdale and Livesey 

(1974) for Pt to calculate the relaxation times T1 and T 2 

of the electron and hole carriers, respectively, from the 
I 

resistivity. They found that at 295 K 

-14 -14 
T 1=1.9x10 and T 2=2.6xlO s. 

These results show that the low velocity hole carriers make 

an important contribution to tne conductivity. Using the 
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conversion factor 5.75 ~ -cm/at.Z for monovacancies. one 

gets X/X r =2.0 for the hole carriers, and X/X r =0.8 for the 

electron carriers on the average. The ratio X/X r for 

various other cases is shown in Table 5.1. In quenched 

gold, the ratio is 1.2 (Leng1er 1977) and between 1.5 and 2 

(Chang et a1. 1977). For substitiona1 impurities, the 

ratio X/X r tends to be near unity which suggests that there 

is no appreciable strain effects around impurities in 

dilute alloys. For stacking fault tetrahedra (SFT). the 

ratio X/X r was found to be over 30 ( Chang et al. 1977). 

This suggests the presence of a strong strain field around 

SFT. The same ratio is of the order of 10 3 for edge 

dislocations, which shows that long range strain fields 

around a dislocation cause mainly small-angle conduction 

electron scattering. This type of scattering damps the DHVA 

effect but does not contribute much to the resistivity. In 

Pt, the ratio X/X r suggests that lattice distortion around 

a vacancy has more important effects on the hole carriers. 

and that there may be even a slight excess of backscatter­

i~g on the electron sheet. 

Local Scattering Rates 

Measured Dingle temperatures are often used to map 

the local electron lifetimes over the FS. The deconvolu­

tion techniques used to map the local lifetimes have been 

applied mainly to dilute alloys (Templeton 1985). Shoenberg 
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Table 5.1 Some Values for X/X among Defect Systems. 
r 

Pt(Vac) 

Pt(Vac) 

Au(Vac)a 

AU(Vac)b 

Au(Fe)c 

SFT in AU b 

Impurities in noble metals 

Edge dislocations in Cud 

a) Lengler (1977). 
b) Chang et ale (1977). 
c) LO\,lndes et ale (1973). 
d) Chang and Higgins (1975). 

2.0 

0.8 

1.2 

1. 5- 2 

0.7 

>30 

(holes) 

(electrons) 
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(1969) pointed out that a linear variation of the Dingle 

temperature with impurity concentrations is an indication 

that one is dealing with the dilute limit. It can be 

assumed that the inversion analysis applied to dilute 

alloys also applies to quenched Pt since a linear variation 

in the Dingle temperature with vacancy concentration was 

observed. 

The variation of the vacancy Dingle temperatures 

over the electron sheet in Pt, however, is less than 25% as 

shown in Table 4.2. Since this variation is rather 

moderate, the deconvolution of the Dingle temperature to 

obtain local or point electron lifetimes over the FS were 

not carried out. These lifetimes may be represented semi­

quantitavely by the constant average value of the Dingle 

temperature. 

The anisotropy of Dingle temperdtures due to single 

vacancies in Au is also very weak as observed by Lengler 

(1977) and Chang et al. (1977). A 5-coefficient Fourier 

series representation was used by Lengler (1977) to fit 

--experimental Dingle temperatures in quenched Au. The 

results show that there is very little anisotropy in the 

scattering rate over the FS. Chang et ale (1977) also used 

a Fourier series inversion technique in order to study in 

great detail the variation of electron lif~times over the 

FS. Their results show that the strongest scattering comes 
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from regions that are closer to the Brillouin zone boun­

dary. In addition to this, they found that the vacancy 

scattering anisotropy is larger than in dilute alloys 

carrying the same valence difference (e.g., Au(Zn}). This 

is attributed to the sensitivity of the neck scattering to 

lattice distortions around a vacancy. 

A similar result is found in Pt where the hole 

sheet, which is located on the zone boundary, exhibits a 

scattering rate appreciaoly higher than the electron sheet, 

which is locatea well witnin the Brillouin zone. This 

result is thought to be due in part to the distortion of 

the lattice around a vacancy. A more detailed interpreta­

tion is hindered by the lack of theoretical models which. 

ta~e into account lattice distortion. In spite of this 

shortcoming, phase-shift analysis is useful for a qualita­

tive discussion of the local scattering rates based on 

Dingle temperature measurements. 

Partial-Wave Phase-Shift Analysis 

A general phase-shift analysis for the scattering 

of Bloch waves at impurity defects has been developed by 

Lee, Holzwarth, and Coleridge (1976). This analysis is 

based on the decomposition of scattered waves into angular 

momentum components, and it has led to a better understan­

ding of the electron-impurity interaction in dilute alloys 

for which lattice distortion is negligible. Phase-shift 



116 

analysis is rooted in the physical problem (muffin-tin 

potential) and converges quickly. The scattering is 

parameterized in terms of the Friedel phase shifts <1>2 \'1hich 

depend on the potential of the defect and on the backscat­

tering due to the host. The Dingle temperatures X are 

expressed as 

X C ~ . 2 
m ::: V '- A~sln <1>~ 

where m is the cyclotron effective mass, and Cv is the 

vacancy concentration. The terms A~ can be calculated from 

the KKR band structure and they include the backscattering 

by the host lattice and the orbital average of the scatte­

r i n g ani sot r 0 p y 0 f the !l-t h h a r mo n i c • The n ear 1 y un i for m 

Dingle temperatures observed for the electron sheet in Pt' 

suggest that there is primarily s-wave scattering from 

vacancies for this sheet of the FS. The wave functions for 

the open hole sheet of the FS contain more p- and d-like 

character than the electrons. and this could account for 

part of the large difference between the scattering rates 

for the holes and electrons. The currently available phase 

·shift models. however. do not apply very well to the 

quenched metals because vacancies are thought to introduce 

important lattice distortions. 

Lattice Distortions 

Vacancy Dingle temperatures for the holes are about 

49% larger than that for the electrons in Pt as shown in 
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Table 4.3 •• and this anisotropy is tnought to be due mainly 

to lattice distortions, which are appreciable in this case 

(b.VI n =-0.4). The open hole sheet of tne FS is located 

near the Brillouin zone Doundary and the states on this 

sheet are affected more than the electrons by disruptions 
--

in the periodicity of the crystal lattice aue to the strain 

field surrounding the vacancies. The hole orbit intersects 

tnis zone boundary nearly satisfying the conditions for 

Bragg scattering over an appreciable part of its trajec­

tory. This type of scattering is suppressed for the 

electrons because this sheet of the FS is located well 

within the Brillouin zone and this could account in part 

for the smaller Dingle temperatures for these carriers. 

It is also shown (Lengler 1977) that in quenched 

Au. the Friedel sum, which is obtained from the phase 

snifts, is not equal to the effective valence difference as 

required by the phase-shift model. The deviation from the 

expected result is attributed to important lattice distor-

tions arouna vacancies in quenched Au. In contrast to Au, 

-·however, phase-shift analysis of the Dingle temperatures in 

I Pt even neglecting lattice distortion cannot be carried out 

at this time because the backscattering parameters for Pt 

are not calculated yet. 

In contrast to quenched metals, a relatively high 

number of dilute alloys have been successfully studied 
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using the DHVA effect and phase-shift analysis. For noble 

metals, band structure calculations can be used to give a 

detailed interpretation of the anistropy of T{tt), FS 

cnanges, and the resistivity of dilute alloys (Colerige et 

ale 1974, Lee et a1. 1976). The Friedel sum was verified 

to Q very good degree in Au(Ag) (Lowndes et ale 1973). 

Ag(Au} (Templeton and Coleridge 1975b), and Au{Ga) (Lee et 

al. 1976). The theory, however, does not describe ade­

qUdtely the scattering anistropy in tne the alkali alloys 

K(Na) and K(Rb) where lattice distortion is relatively 

important (Llewwllyn et al. 1977). Also, Templeton (1985) 

showed that the electron scattering in RblK) has an 

ani s t r 0 p y t hat can bed esc r ; bed by s- a nap- ph a s e s h i f t s 

whicn dre in fair agreement with the measured XIX Dut not 
r 

with the Friedel sum rule. 

Benedek dnd Baratoff (1973) proposed a theory based 

solely on lattice distortions. Their results found limited 

success. Coleridge l1980) suggested that the effect of 

lattice distortion should appear not in the impurity phase 

. shifts but rather in the backscattering factors. Ladder 

(1976) derived the T-matrix for a distorted lattice. The 

calculated Frieael sums are found to deviate from the 

expected value by 11% in Cu(Zn) alloys. If the lattice 

distortion is assumed to be isotropic, the s- phase shifts 

are affected mostly lColeridge 1980). 
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Summary of Discussion 

In quenched Pt, lattice distortion is thought to 

play an important role in the scattering of conduction 

electrons by single vacancies. The nearly uniform scat­

tering rate over the electron sheet sugyests that s-wave 

sCdttering is dominant. Lattice distortion is also thought 

to make a larger contribution to the Dingle temperatures of 

the hole cdrriers because of the proximity of the hole 

sheet of the FS to the Brillouin zone boundary. A detailed 

interpretation of the Dingle temperatures in quenched Pt 

using phase-shlft analysis cannot be carried out at the 

present time because theoretical mOdels of this type do not 

adequately take into account lattice distortion. 



CONCLUSIONS 

The DHVA effect WdS used in this work to investi­

gate conduction electron scattering by vacancies in Pt 

through the measurement of the Dingle (scattering) tempera­

tur~. The suitability of Pt for this kind of experiment is 

based on several factors. Monovacancies in Pt do not 

cluster appreciably, and they can be made the dominant type 

of defects in a Pt crystal. Vacancies in Pt Cdn be genera­

ted in a wide range of measurable concentrations without 

the introduction of hign dislocation densities. 

Vacancy concentrations of about 100 ppm were fou~d 

to cause a strong attenuation of the the amplitude of the 

DHVA effect but no measurdble change in the DHVA frequency 

(to 1 part in 10 J ). the cyclotron effective mass (to 1 part 

in 10 2), or the magn~tic g-factor (to a few %). The Dingle 

temperatures were shown to vdry linearly with vacancy 

concentration,. which leads us to believe that quenched Pt 

can be treated as a dilute alloy. The effects of vacancies 

on the Dingle temperatures were seperated from other 

defects by measuring the Dingle temperatures in quenched 

and annealed samples subjected to the same quenching 

process. The results show that the conduction electrons 

120 
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scattering rates due to vacancies vary only moderately over 

the Sap like electron sheet which is situated well inside 

the Brillouin zone. The average scattering rate for the 

electrons is 26 K/lat% vac). A scattering rate 49% larger 

than this was obtained for the d-1ike open hole sheet. 

This sheet carries a high density of states and contacts 

the Brillouin zone boundary. The difference between the 

electron and hole scattering rates suggest that lattice 

distortion around the vacancy is playing an important role 

because the stat~s near tne zone boundary are more readily 

scattered by the disruption in the periodicity of the 

crystal potential. A similar effect is found for the FS in 

Au where the neck scattering rate is enhanced more than the 

belly by lattice distortions (Chang et a1. 1977). 

The effect of lattice distortion can also be 

understood qualitatively by comparing the resistivity and 

the OHVA scattering rates. The ratio Lr/LOHVA can be used 

as a measure of small-angle scattering due to lattice 

distortion. When this ratio is near 1, small angle seat-

o" tering is negligible. The value of Lr/T OHVA is 2.0 for the 

holes in Pt indicating that lattice distortion is playing 

an important role in the DHVA scattering rate of these 

carriers. For the electrons, however, this ratio is 0.8 

suggesting that lattice distortion has little effect on 

these carriers. Lattice distortions, therefore, play an 



important role in the anisotropy of the DHVA scattering 

rates in Pt due to vacancies. 
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More quantitative information could be obtained 

from these scattering rates if adequate theoretical mOdels 

were available. The phdse-shift analysis using the KKR 

formalism is successful in explaining the interaction of 

conduction electrons with impurity defects. This model, 

however, does not include lattice distortions which are 

important for structural defects such as vacancies as shown 

in the present work on Pt dnd in the work of Lengler on Au 

(1977). Ultimately, a microscopic partial wave phase-shift 

model as complete as that of Lee, Holzwarth, and Coleridge 

(1976) for dilute alloys, but dealing with a distorted 

lattice, is needed before the detailed information from 

DHVA scattering measurements Cdn be fully uti lized. 

Measurements of this type are still useful for 

studying structural defect systems even in the absence of 

adequate theoretical models. Tne DHVA effect is partic­

uldrly sensitive to the defect and its strain fielo, While 

." the resistivity is affected primarily by just the defect 

itself. The anisotropy of conduction electron scattering 

using this effect depends on the symmetry of the defect 

causing the scattering. This could make the DHVA effect a 

useful tool for new studies of the complex behavior in the 



dynamics of defect structures in annealing processes, 

radiation damage. and possibly the vacancy binding to 

impurities. 
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APPENDIX 

T-Matrix and Phase Shifts 

The transition matrix T is a useful tool in 

deriviny the "point" or locdl relaxation time and the FS 

changes from scattering phase shifts. In this formalism. 

the probability of scattering from state k to k' is equal 

to 2 \Tkk,\OlEk-E k ,). One then gets from the optical 

theorem 

1m L: tk)=c1mT 
k k • 

whereL: is the electron self energy. Fenton (1977) and 

earl ier Roman l1965) derived the real part of the self 
, 

~nergy L: by assuming that tne impuritj potentidl is 

localized. They obtained the important result 

l:(k)=cT kk· (A. 1 ) 

However. Coleridge(1980) observeo experimentally that the 

volume enclosed by the alloy FS no longer holds precisely 

the total number of electrons unless the backscattering 

from the surrounoing is included in the T matrix formula-

I tion. 

A number of theoretical models have been developed 

in order to estimate FS changes and conduction electron 

scattering rdtes in dilute alloys. Although the rigid band 
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model (Templeton and Coleridge 1975) and the pseudo 

potential ( F~ny and Gordon 1977) can be used suc£essfully 

in some special cases, the phase-shift model, which is 

rooted in the physical problem, yields a great deal of 

information about tne defect potential in general. 

Some model defect potentials can be constructed 

from the knowledge of the phase shifts. In this formalism, 

the host is represented by the muffin tin potential model 

such that the potential is spherically ~ymmetric in the 

muffin tins and constant in the interstitial region. Even 

in the case of overlapping potentials, Andersen (1971) 

snowed that the phase-shift results do not depend on the 

muffin tin radius. 

If a point defect is introduced in an otnerwise 

perfect lattice, and if backscattering by the host lattice 

is taken into account, the T-matrix is given by lSeagall 

and Ham 1968) 

T k k 1 = (- h 
2

1 2mk) l: a R.m ( k • ) a £ m 1 ( k) A R-m i' m, sin ( ~ni ex p ( ib.n,q_) • 

w he r e t n e d i f f e r en c e ~n i ( =nih - n i ) i s e x p r e s s e d i n t e r m s 

_- the host and impurity phase shifts n~ and ni respecti-

vely. The renormalized backscattering matrix element 

A 
1m 1 1 m 1 expresses the effect of the environment surroun-

ding the point defect. Thus, all the essential information 

about the scattering process can be extracted from the 

matrix element Tkk'• The relaxation timet is obtained 
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from the equation 

{A.3) 

It turns out, however, that for a lattice with 

cubic symmetry, ~he choice of a new basis set is more 

practical. A chosen representation of the symmetry 

elements is referred to as L•l.r, where r is the irredu­

cible representation and 1 the order • . For low 1, Blaker 

and Harris {1971) showed that the backscattering matrix 

ALL' is diagonal. In the d-scattering case, Lee, Holzwarth 

and Coleridge (1976) showed that the T matrix can be 

written as follows 

T 1c 1c =-It L { k) AL rs i n ~ L ex p { i ~ L) , (A. 4) 

where the amplitude tl{k)=(h 21mk)I 1aLrl 2 (Coleridge 

1972). 

By writing the complex term ALas IALI exp(i8L)' 

one can define a new phase shift, the Friedel phase shift, 

by 

~ L = ilrt + e L • 

The transition matrix element may be then expressed as 

Ttt=-I tL(k)sin~Lexp{i~L)/IL, 

,where the Brillouin zone integral 

(A. 5) 

{A. 6) 

niL • ( f t L ( t) d s k 1 h v k ) 1 8 TT
2n ( L) , {A. 7 ) 

where n(L) is the degeneracy of the Lth representation, and 

~is the unit cell volume. A check on the results is that 

the valence difference ill between impurity and host atom 
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is given by 

~ Z • 21: n ( L) ~ L I 7T. (A. 8) 

This relation is called the Friedel sum rule. The phase 

snifts ~L are also used to get the reciprocal lifetime T-l 

or the change in area ~A for a concentration c of impuri­

ties and a certain field direction. Namely, 

T(k)- 1=2c/h( 1: IL-l tl(k)sin 2~L), 
~A= c L: I -1 L tL sin~Lcos~L 

(A.9) 

(A.lO) 
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