m KERNFORSCHUNGSANLAGE JULICH
GESELLSCHAFT MIT BESCHRANKTER HAFTUNG
Institut fir Festkorperforschung

Investigation of the scattering of conduction
electrons in copper

from interstitial hydrogen using the de
Haas-van Alphen effect

by

W. Wampler

Jil - 1300
- Mai 1976

Als Manuskript gedruckt




investigation of the scattering of conduction
electrons in copper

from interstitial hydrogen using the de
Haas-van Alphen effect

by

W. Wampler

D 82 (Diss. T. H. Aachen)



§1
§2
2.1
2.2
2.3
2.4
2.5
2.5.1
2.5.2
2.5.3
§3
3.1
3.17.1
3.1.1.1
3.17.1.2
3.17.1.3
3.17.1.4
3.1T.1.5
3.1.2
3.1.3
3.1.4

Contents

Introduction

The dHvA effect

The Lifshitz-~Kosevich formulation of
the dHvA effect

dHvA frequencies and Fermi surface geometry
Cyclotron masses and Fermi velocities

Influence of electron-phonon interaction
on the dHvA effect

Dingle temperatures and local lifetimes
Transition probabilities and lifetimes

Effect of electron-phonon interaction
on lifetimes

Decomposition of Dingle temperatures into
local scattering rates

Details of the experiment

Description of the experiment, dHvA mea-
surements in CuH

Experimental set-up

Field modulation technique

Pick-up and modulation coils
Electronic set-up

Magnet and crvostat

Field calibration by NMR technique
Temperature measurement and control

Orientation of the sample in the magne-
tic field

Dingle temperature measurements: Pitfalls
to avoid

Page

14

17

21
25

25

28

28

32

32
32
32
33
34
38
39

43

47



Samples used in the investigation
Pure samples

Solubility, resistivity, diffusion, and
precipitation of H in Cu

Hydrogen loading and extracting

dHvA lifetime measurements in CuH

Experimental results

Discussion of the results

Local scattering rates in Cu-~H
Discussion of the local scattering rates
in Cu-H and comparison with scattering
from substitutional impurities
Comparison between theory and experiment

Phase shift analysis of the scattering

Calculation of the local scattering rates
in Cu-H by Huisman and Weiss

Conclusions

Appendix: Calculation of local scattering
rates from the measured Dingle temperatures

Symbol index

References

75

75

80

80

86

89

91

99

103



§1 Introduction

Several years ago evidence ffom measurement of transport pro-
perties in dilute alloys indicated the existence of considerable
anisotropy in the conduction electron scattering rate over the
Fermi surface, and that the anisotropy was different for diffe-
rent types of defects /3.3/. In more recent years measurement
of the dHvA effect has emerged as a useful technique for in-
vestigating scattering from lattice defects in metals. It has
been shown /2.25/ that the lifetime measured in dHVA experiments
is to a good approximation temperature independent, and there-
fore is due only to impurity scattering. For metals for which
the Fermi surface is known in some detail the dHvA effect can
be used to determine local values for the electronic lifetime

1 (k) over the Fermi surface. Furthermore, dHvA lifetimes can

be obtained relatively easily from scattering calculations
since they are given by the transition probability between
Bloch states. A comparison between theory and experiment is
therefore relatively easy. In contrast the transport coefficients
involve integrals over the Fermi surface and before theory can
be compared with experimental results the Boltzmann equation
must be solved. This often requires an approximation involving
a transport relaxation time which is not the same as the dHvVA

lifetime.

dHvA investigations of local scattering rates for substitutional
defects in noble metals have recently been reported in the 1li-
terature /5.6, 5.7/ and considerable anisotropy in the scatte-
ring rate has been found. The availability of this information
has stimulated efforts to develop a suitable theory to describe
the scattering of conduction electrons from lattice defects
/5.16, 5.13, 5.14, 2.20/.

In order to provide further experimental information it was de-
cided to investigate the scattering rates for hydrogen in cop-
per by means of dHvVA measurements. Hydrogen in copper is pro-
bably one of the simplest impurities from the theoretical stand-

point since the potential for hydrogen can be more easily cal~-



culated than for other impurities, and the band structure of
copper is relatively well known. Also since hydrogen is an in-
terstitial defect it is expected to have a different scattering

anisotropy than substitutional defects.

This experiment can provide information which should lead to a
better understanding of the electronic properties of defects in
metals, and in particular interstitial defects. The behavior of
hydrogen in metals has recently received much attention because
of its importance in new technological developments such as
reactor materials and the use of hydrogen as a fuel. A better
theoretical understanding of hydrogen in metals therefore has

important practical applications.

Chapter 2 discusses the physics of the dHvA effect and shows
how it can be used to determine the Fermi surface geometry, the
Fermi velocities and the local scattering rates. Chapter 3 des-
cribes how the Dingle temperature measurements were made and
discusses some of the possible pitfalls which could lead to
unreliable measurements. The way in which the samples were pre-
pared is described as well in chapter 3. Also discussed here
are some aspects of the metalurgical behavior of hydrogen in
copper which are relevant to the sample preparation such as
solubility, diffusion, precipitation, and trapping at impuri-
ties. The experimental results are presented in chapter 4. In
chapter 5 the local scattering rates are determined from the
results. These are then compared with lifetimes from previously
reported measurements on substitutional impurities in noble me-
tals. The experimental results are found to be in excellent
agreement with a recent calculation of the scattering rates for
hydrogen in copper by Huisman and Weiss /5.8/. The data is al-
SO analysed in terms of phase shifts using the Greens function

theory of Holtzworth and Lee /5.12/ for scatter

o ing from inter-
stitials, g



§2 The de Haas-van Alphen effect (dHvVA)

In this section the effect of a magnetic field on the motion of
the conduction electrons in a metal is discussed. The oscilla-
tory variation of the magnetization of a metal with field

(de Haas-van Alphen effect) is discussed and the effects

of temperature and finite electronic lifetimes on the dHvA
effect are considered. From the Lifshitz-Kosevich expression

it is shown how the dHVA effect can be used to obtain informa-

tion about the electronic states at the Fermi energy.

2.7 The Lifshitz-~Xosevich formulation of the dHvA effect

The first formulation of an expression for the amplitude of the
oscillatory magnetization of the conduction electrons for metals
having a Fermi surface of arbitrary shape was due to Lifshitz
and Kosevich /2.1/. An excellent review of this derivation is
given by Gold /2.2/. The main physical aspects of this theory
can be illustrated semiclassically in the following way. In the
absence of a magnetic field B the conduction electron eigen-
states in a perfect metallic crystal can be labelled by a wave
vector k and a spin quantum number s. The effect of a magnetic
field is to redistribute the states that can be occupied by the
conduction electrons. The Lorentz force describes how an elec-

tron state k changes with time in a magnetic field.

hK = ev x B = ef x B (2.1)

v(k) is the electron velocity in the state k and B = (H + M)

U
o
(see footnote). The component of motion parallel to the field B

The SI system of units based on the meter, kilogram, second and
ampere 1is used throughout this work. Here Wy = 4ux70m/ newton

(ampere)"2 is the permeability of free space.



is unaffected by the field. Since a field constant in time does
not do work on the electron, the electron moves on a path of
constant energy or cyclotron orbit. By integrating Eq. (2.1)

one gets

|~
i

rxB (2.2)

o0

o

k~-space ky
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C) \\ real space

E~const

From this it can be seen that a cyclotron orbit in k space is
related to the corresponding orbit in real space by a scaling

factor %? and a rotation by n/2. The angular frequency ® for
cyclotron motion is given by

cyclotron fequency: ; w = EB (2.3)

where m, is the cyclotron mass.

For electrons at the Fermi surface v(k) is the Fermi velocity
and the relation between the cyclotron mass and the dispersion

curve E(k) can be seen from the following argument. The cylo-
tron period Tc is given by

- 21 _
TC =0 -—§dt

Q

using (2.1) and (2.3)

_ h dk
mc"ﬁégm (2.4

L

. 1 JE .
lv x B] = B aék) is the length of the
component of v(k) in the orbit plane,nand dk_ is the perpendi-
. n
cular distance between two orbits with energy E and E+dE (fi-
gure 2.1).

where V;(E)

HH

e



From figure 2.7 it can be seen that this can be written as

‘ﬁ2§akn dk
e T T TIE

2
. _ h” 3A
Cyclotron mass: M. = 77 3§ (2.5)

The cyclotron mass is therefore proportional to the energy
derivative of the area A of the cyclotron orbit.

Fig. 2.1 The energy derivative of the area of a cyclotron
orbit is proportional to the cyclotron mass (eg. 2.5).



Not all cyclotron orbits are allowed. Only those orbits through

which the magnetic flux is a multiple of the fundamental flux

_ 27h
quantum ¢ _ = —— are allowed.
b, = o *+ v)
n is an integer and O < y < 1 is a phase factor (y = 1/2 for

free electrons). This can also be expressed as a quantization
of the area of the orbit in real space,

)
- o]
Sn———-—B (n + v)

or as a quantization of the area of the orbit in k-space (from
eq. 2.2).

2
_ 2rmeB _ 47"B
An = =5 (n + vy) = 3

(n + v) (2.6)
O

The allowed states lie on a set of cylinders in k-space (Landau
cylinders) which are separated in enerqgy by hwc (figure 2.2).
The redistribution of the allowed states changes the density

of states as shown in figure 2.3 for free electrons.

The allowed states in a magnetic field (Landau levels) can be

labled by n, k, (for B in the % direction) and s the spin quan-
tum number. The degeneracy d of each state is equal to the mag-

netic flux through the sample in units of the fundamental flux
quantum

q = $({through sample)
¢
o

(2.7)

If the number of Landau cylinders intersecting the Fermi sur-

face is large (Fermi energy E; >» hmc), as is typically the case

for metals in experimentally accessable fields, the Fermi sur-
face is essentially unchanged in a magnetic field.



Fig. 2.2 The momentum states for free electrons in a magnetic
field form a set of concentric Landau cylinders.
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Fig. 2.3 The density of states for free electrons in an applied
magnetic field. (Dashed lines show contributions
from individual Landau cylinders, long dashes show
the density of states in the absence of a field.)



gument. The cross sectional area of the Landau cylinders per-
pendicular to the field increases linearly with the field

(eq. 2.6). Suppose at a certain field the nth Landau cylinder
is tangent to the Fermi surface. The states on this cylinder
where it touches the Fermi surface will be occupied. As the
field is increased this Landau cylinder will move beyond the

* Fermi surface and the electrons which occupied states on this
cylinder must redistribute themselves on the lower lying cylin-
ders. This gives rise to an abrupt change in the free energy
and therefore in the magnetization. As the field increases fur-
ther the (n—-1)th and lower cylinders leave the Fermi surface
one by one, causing an oscillatory variation in the magnetiza-
tion. This is the dHVA effect. The oscillations repeat each
time the tangential condition is fulfilled, that is, each time
the cross sectional area of one of the cylinders is equal to

the extremal cross sectional area Aext of the Fermi surface per-
pendicular to the field.

2
tangential conditi : = - 4B
g ion Aoxe = A, = 3 (n + v)
o)
n = Cpop‘e;scvt:
= =S -y
47°RB

The oscillations are therefore periodic in 1 with a frequency

. B
proportional to the extremal Cross sectional area.

o A
dHVA frequency : F = ~9~%;E (2.8)
4n ‘

T : 5 .
he main contribution to the dHvA Oscillations comes from the

electro
ns near extremal crossg sections. The contributions from

non- i :
extremal cross sections interfere destructively. The width

away from the extremum.

It also depends on . .
' the diff area
between neighboring Lang fference in

au cylinders,

- The cross sectional area
of the Fermi surface pPerpendicular to



the Z direction

2

_ _ . 1|3”A 2
|aA]| = IA(kZ) Aext¥ ) ?ﬁ(-% (Akz)
ext

From eq. 2.6 the area between adjacent Landau cylinders is

The width of the band of contributing electrons Akz is given
approximately by

n n-1
1]32a 2 4nB
-5 (Akz) 3
2 8kz ext O
bk, (2.9)
akZ ext

For a free electron sphere with Fermi wave vector kS

_ _ 2
= 2 and Aext = nks

‘3 A
2
kZ

a2

ext

The angular width of the band of electrons (subtended from k = 0)

is then

For metals the phase of the dHvA oscillations (mg) is usually
4

; G)
F/B ~ 10" and the band of elegﬁrons contributing to the dHvA

oscillations is very narrow (7;5 v O,So). This means that the

large. For typical experimental conditions (B ~ 5 x 10

. . . s . . e
information obtained from dHvVA "experiments is specific to elec-



trons on extremal orbits on the Fermi surface.

A finite temperature spreads out the cut-off between occupied
and unoccupied states at the Fermi energy over a range of the
order kBT. The depletion of the states on the last Landau cy-
linder as it leaves the Fermi surface becomes gradual. This

causes a reduction in the amplitude of the dHvA oscillations.
The reduction depends on the ratio of kBT to the separation

between cylinders ﬁwc. In fact the damping factor depends ex-

ponentially on this ratio.

kT m, T
Thermal damping : ~oexp (=217 g=) = exp(-a ﬁx B
e )
L 27 mOkB
fie

From measurements of the temperature dependence of the dHVA
amplitude the cyclotron mass can be obtained. Because of the
temperature damping, the dHVA effect is usually difficult to

observe for T 2 4°K in metals at fields normally used (B < 105
‘ s

G).
If lattice defects are present the electrons will be scattered.
The finite lifetime of the electrons broadens the Landau levels
because of the uncertainty relation. The effect on the dHVA am-
plitude is similar to the smearing of the Fermi surface by a fi-
nite temperature. The Landau level width can be expressed in
terms of a temperature called the Dingle temperature X. The

Dingle temperature is proportional to an orbital average of the
local scattering rates

1
T (k)"

1

H o= n < >
TR TR (2.10)

The dHVA amplitude depends exponentially on the ratio of the
level width %kBX to the level separation hwm’

kX
m, X

Lifetime damping factor: exp(mszﬁw) = exXp (=02 )
: hwc m

o B
From the field dependence of the dHVA amplitude the product of
the cyclotron mass ang the Dingle temperature m X can be deter-
3 » k) Cj M
mined. This is how the Dingle temperatures for

measured in the present work. Bec

Cu~-H have been

ause of the lifetime damping

the dHVA effect can only be observed in pure materials »nr dilute



alloys. By measuring X for different orbits the anisotropy of

the scattering over the Fermi surface can be investigated.

Lifshitz~Kosevich expression

A general expression for the oscillatory magnetization for a
Fermi surface of arbitrary shape can be derived by semiclassical
arguments first put forward by Lifshitz and Kosevich (L-K) /2.1/.
The oscillatory magnetization M can be expressed as a sum of

harmonic components:

X

- : F _ 3
M o= ;} M, (8,7,X)sin[ 2re§ - 7] ] (2.11)
The amplitude of the rth harmonic is
2 1/2
~ e hAext v»2wa8 rogm, er exp ( wrx)
47°m_r \}a AI 2m sinhk_T
C h — O r
Bkz
ext
rom
where K= =
r Bm
o}
2
27"k _m
- B o _ 5 O
¢ = g = 1.469 x 107 Gauss/ K
hAext
I3 =
2ne

The magnetic moment Jups associated with the spin s of the
electrons causes a splitting of the Landau cylinders into two

sets of Landau cylinders, ogg for each spin direction, separa-
; - e _ he
ted in energy by ngB = h%:Zm . Here Hp T §ﬁg

neton and M, the free electrof mass. The spin splitting causes

is the Bohr mag-

a reduction of the dHvA amplitude given by

am

o
cos (rr §§“>
)

If experimental conditions are chosen so that the damping terms
are large enough so that the higher harmonics v > 1 can be ne-

glected equation (2.11) can be written as

»’\.M . ¥ . =T
M = M, sin [Zw(g - v) + Kl (2.12)
nmC{T+X}

« Loexp (- —S ') soons.
1% VB P m@ B xoeonst

M
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Inspection of equation (2.11) shows that the following informa-

tion can be obtained from dHvA measurements:

a) Measurement of the dHVA frequency F gives directly the ex-
tremal cross-section of the Fermi surface.
b) From (2.12)

m
zn<¥%) = - «(=%)T/B + const (2.13)
O

By measuring the dHvVA amplitude M, as a function of tempe-

1

rature at constant field and plotting Qn(%}) versus T one

obtains a straight line with the slope . ZC. In this way
o

accurate values for the cyclotron masses can be obtained
(see fig. 2.4).

c) Similarly from (2.12)

m
in(MVB) = - o(=5) (T + X)/B + const (2.14)
)

by measuring M1 as a function of field at constant tempe-

rature and plotting in(Mﬂrﬁ) versus 1/B the product mCX

canmbe obtained from the slope.

c
d) If — and X are known then from (2.11) the relative amplitudes

of tﬁeg%armonics can give values for the spin splitting terms

c
cos (wzm ) and hence g.

o

Some numerical values should illustrate the quantities speci-

fied in this section for a free electron metal with the elec-

tron density of copper (8.5‘1022 el/cm3). For a crystal 1 Cm3

in volume the spacing between neighboring

points for B = 0O in
k space is

2n =7 91

On the other hand the Fermi wave vector

_ -1
k. = 1.36 8

so that the Fermi surface radius Spans about 107 states



10

- 13 -

o)

e
A

Copper

& Py & B &

Fig.

2.4

1k ) 2

Determination of the cyclotron masses in copper from
the temperature dependence of the dHvA amplitude.
Each point represents an amplitude measurement.
The cyclotgog mass is determined from the slope

c
(slope = B ﬁg)'
The magnetic field for each mass measurement and the
value for me/mp from a least squares fit to the data

is given below.

Orbit B (kG) mc/m0
N{111) 36.54 0,445 = .001
B{111) 73.08 1.366 + .00Z

D(110) 60.90 1.259 £ .002



The dHvA frequency is

F =6 - 108 Gauss

so that typically B = 5 - 104 Gauss

n=TF/B= 104
about 104 Landau cylinders intersect the Fermi surface. The de-
generacy of the levels (eq. 2.7) is:

a=10""

It is this strong reduction of the number of possible states
and the high degeneracy of them that makes the dHvA effect de-
tectable. Only the states in a band of angular width (for B

= 50 kG, belly orbit: figure 2.5)

at the extremal cross section contribute to the effect. The temw
perature damping of the dHvVA oscillations is determined by
]%F/ﬁwc.This is 0.086 meV/0.58 meV = 0.15 at 1 K and 50 kG. The
effect is therefore hardly observable in a pure metal above

10 K.

2.2 dHvA freguencies and Fermi surface geometry

The high phase of the dHVA oscillations in metals under typical
experimental conditions (n ~ 104) allows very accurate measure-
ments of the Fermi surface cross sections to be made. By measu~
ring the cross sections for different orientations of the cry-
stal in the field, information on the anisotropy of the Fermi
surface can be obtained. For certain orbits the f{requency is an
extremum with respect to orientation, for example at symmetry
directions. For these orbits the crystal can be accurately orien~
ted in the field so as to minimize errors due to misorientation.
The dHvVA frequencies and hence cross sectional arcas for these
orbits have been measured in the noble metals with a precision
of better than 1:105 /2.3/.



If a representation for the FPermi surface is available which
allows the radius vectors k to be calculated from a set of

parameters, then by integrating around an orbit the extremal
areas can be calculated. The parameters can then be adjusted

so that the calculated areas agree with the experimental areas.

One representation which has been particularly useful for the
noble metals is to express the Fermi surface as a Fourier
series which has been symmetrized to include the translational

and the point group symmetry of the fcc lattice /2.4/.

I o &) wé{ e.é}. . ..63,
(k) Q'gzg Cgmn“O&<2“kx)C05(2mky)cog<2mkz} |
(Z2.15)
= 0

with & + m + n even integer and i:includes permutations of
2, m, n., This is the expression for the Fermi surface obtained
from the tight binding approximation. Using this representation
the Fermi surface can be described by a set of coefficients

1 = Tre o - o= r Foamven e oz
szn from which the wave vector k <kx’ ky’ k) from k 0

to the Fermi surface can be calculated (a is the lattice para-

meter) .

Using this representation the Ferml surfaces of the noble metals
2

have been fitted to an accuracy of 1 . 10 ~ using oniy five co-
efficients C;mn (see table 2.1) /2.3, 2.4/. Vigure 2.0 shows

a model of the Fermi surface of copper in the first Briilouin
zone. It consists essentially of a distorted sphere (bally)

with protrusions contacting the Brillouin zone in the 8 direc-
tions <#1, 1, #1» (necks). Figure 2.5 shows some typical extre-

mal orbits: the belly and neck orbits B(111) and N(i11) with
the magnetic field along a direction <111, the belly orbit
B(100) with the field along a direction ~100-» and two bhnic or-
bits, the rosette orblit RIT00) and the dogsbone oruit D0110]

with the field along a direction 100> and 110~ veuwnnotively,



Fig. 2.5 a) Thne rermr surtace and Brillouin zone for copper
with some extremal electron orbits

o]

thoal | /1

~fio0]

Dogsbone 4-Rosette

b) The two main hole orbits for copper. The
dogsbone for the magnetic field in the
<110> direction, and the 4 cornered rosette
for the field in the <100> directicn.
(Field direction is perpendicular to the
page.)



Another parametrization scheme is a band structure calculation
using a muffin~tin for the atomic potential. The radial wave
functions outside the muffin-tin are expressed in terms of
scattering phase shifts PR From these phase shifts the radius
vectors k of the Fermi suéfac& can be calculated and hence the
cross-sectional areas. The phase shifts are chosen to give a
best fit between calculated and experimental areas. This repre-
sentation has the advantage that the fitted parameters have a
physical interpretation, but the disadvantage that calculation
of radius vectors from the phase shifts is considerably more
difficult than for the Fourier method. Phase shift fits for
copper have been made by Lee /2.5/, "APW" Coenen & Vroomen /2.6/
"KKRZ" Shaw et al. /2.7/ "KKR". They were able to fit the mea-
sured areas to within ~ 5 : EOmé using three phase shifts. Agree-
ment between values for the radius vectors k from the various
fits (Fourier and phase shift) is of the order 1 : %03.

Finally several authors have calculated the band structure for
copper using APW and KKR methods and various potentials /2.8,
2.9, 2.10, 2.11/. The Fermi surface for Cu resulting from these
calculations is somewhat dependent on the atomic potential

assumed but is generally in good agreement with experiment.

2.3 Cvyclotron masses and Fermi velocities

The Fourier series representation for the Fermi surface (2.13)
can also be used to determine local values for the Fermi ve-
locities from the cyclotron masses which can be obtained from
dHvA measurements. Just as the Fermi surface can be represen-
ted by a set of coefficients Cimn’ a nelghboring surface of
constant energy Ef + AR can be represented by a second set of
coefficients D,
LI0I .
The cyclotron mass is given by the energy derivative of the

orbit area (eqg. 2.5).

0
[



The derivative can be approximated by a small but finite AE.

h2 AL
m, = 57 (3§
ext
12 A,
For free electrons m_ = =— — where A_ and E_ are the area and
C 27 E s &

Fermi energy for the free eléctron sphere.

When making calculations it is convenient to use the dimen-

sionless form

E

5
B (2.16)

3| B
¥ 5

O s

Therefore if the coefficients for the two surfaces are known,
the cyclotron mass can be found by calculating the difference

in the area of the orbit on the two surfaces (see fig. 2.1).

The coefficients Dzmn are chosen for the best fits between cal-
culated and experimental masses. Table (2.1) gives the measured
and fitted cyclotron masses for 14 extremal orbits in copper

/2.12/. The coefficients for the two surfaces, which differ in

energy by %@ = 0.0006, are also given in the table (2.1). The
values Cgmnsare taken from Halse's paper /2.4/.
From these two surfaces the Fermi velocities v(k) = % Vi E(k)
can be calculated from -

vik) 1 AE ks

*\7;“2'2-@;6*};; (2.17)

where ks' Ve ES are the free electron values for the Fermi ra-
dius, velocity and energy, and Akn is the perpendicular distance
between the two surfaces. Figure (2.6) shows lines of equal ve-
locities in 1/48 of the Fermi surface in stereographic projec-
tion. Velocities are lowest at the neck and everywhere smaller
than the free electron value. It will be seen that local values
of the Fermi velocity are needed to obtain local lifetimes from
dHvA measurements. The success of this inversion scheme for

the velocities depends on the existence of a fairly accurate
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Table 2.1

Cyclotron masses for Copper and Coefficlents for 6 term Fourier

fit for Fermi surface and Fermi velocities

Orbit mc/mO

B in (110) plane measured fitted

B(100) 1.348 = .002 1.348

BTP 1.308 + .003 1.306

B51.74 1.367 + .004 1.374

B(111) 1.366 + .002 1.368

B65 1.431 = .004 1.427

N(111) 0.445 + .001 0.445

N65 0.478 + .002 0.481

N75 0.648 + .004 0.646

D(110) 1.259 + .002 1.262

D85 1.288 = .003 1.287

R 1.307 + .002 1.304

B in (100) plane

B30.5 1.533 + .003 1.525

BTP 1.317 + .003 1.321

D40 1.310 + 003 1.308

Coefficients for 6 term Fourier fit %§ = 0.0006
s

tmn Clmn Dlmn

000 0.22262 0.2246960

110 1 1

200 0.00693 0.0071999

211 ~0.42501 ~0.4240600

220 ~0.01679 ~0.0169474

310 ~0.03772 ~0.0378529
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Fig. 2.6 The FPermi velocity for copper plotted as lines of

B constant velccity over a stereographic projection
of the basic 1/48 th of the Fermi surface. Vg is
the free electron velocity for Cu.

representation for the Fermi surface. For the noble metals cy-
clotron masses have been measured to an accuracy of 3 : 10° /2.12/.
The inversion scheme described above gives a fit to the data

with an accuracy of ~ 3 703 using 5 coefficients.

Once the two neighboring surfaces of constant energy are known,
the density of states p(EF) at the Fermi energy, which is essen-
tially the energy derivative of the Fermi surface volume, can

be found from the volume avk between the two surfaces.

QS(EF) 3 VS AR



Here VS and pg are the Fermi surface volume and density of
states for free electrons. Since the electronic specific heat

is proportional to the density of states at the Fermi energy a
p (Ef)
Pe
rements. For copper

value for can also be obtained from specific heat measu-

o (Eg)
(w« E ) = 1.380 /2.12)
05 Ee) anva

o (Eg)
(m* > = 1,383 = ,002 /2.13/
0sEeY specific heat

The excellent agreement is evidence that the velocity inversion

scheme is fairly good for the case of copper.

2.4 Influence of electron-phonon interaction on the dHvA effect

In section 2.2 it was discussed that the Fermi surface for cop-
per from band structure calculations is in falrly good agree-
ment with experiment. However, these calculations also provide
values for the Fermi velocities, cyclotron masses, and electro-
nic specific heat coefficient /2.14, 2.8/ and it is found that
the calculated velocities are 10 to 20 % larger than the expe-
rimental values and the cyclotron masses and specific heat

10 to 20 % smaller. The explanation of the discrepancy is that
the gquantities which one measures in the dHvA effect or in the
electronic specific heat are affected by the electron-phonon
interaction whereas this effect is not included in the calcu-
lations. The electron-phonon interaction causes a shift in the
energy of states within abwut}%qb of the Permi energy as illu-
strated by figure 2.7 (GD is the Debye temperature). Although
the states just at the Fermi surface are not shifted in ecnergy
the slope of the dispersion curve at the Fermi level 1s de-

creased by the electron~phonon interaction /2.15/ (see figure 2.

E(k)-E. = ——r7v E (k) = E. 7 k., (2.19)

where 3 (k) 1s a renormalization factor which is k-dependent
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and positive. Eo(g) is the dispersion relation without electron-
phonon interaction. Therefore quantities which depend on the
Fermi energy such as the Fermi surface are not affected whereas
gquantities depending on the derivative of the dispersion curve
at the Fermi energy such as the Fermi velocity, cyclotron masses

and the density of states are modified.

Since v(k) = %VkE(g) it can be seen that the renormalized Fermi
velocity is given by

vik) = . (2.20)

where v (k) is the non-renormalized or 'band' velocity. Since
the cyclotron mass is the energy derivative of the orbit area
at the Fermi surface it will also be affected. From (2.4)

mg = 5= ¢ &
T fl
n? dk
= 5= PO+ k) £ (2.21)
L

i

mo (1 + 1)
P+ s

R

=

where the factor (1 + A) =

dk

v
oL

%ol
o Ola

is an orbital mass enhancement factor which is an orbital ave~-

rage of the local renormalization factor (1 + k).

The spacing between Landau cylinders

is reduced by the electron phonon interaction. This is illu-
strated in figure 2.8. As can be seen from the L-K expression
(2.11) the dHvA amplitude depends on the cyclotron mass through
the ratio kBT/th. Since ﬁwc is reduced by the electron~pho-

non interaction but not kBT it is clear that the cyclotron mass
measured in dHVA experiments will be the enhanced value. Cyclotron



Fig., 2.7 Effect of electron-phonon
interaction on dispersion
curve for free electrons.
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Fig. 2.8 The electron-phonon interaction redu-
ces the Landau level separation at

the Fermi energy by a factor 1 + .



resonance and electronic specific heat measurements are simi-
larly affected. Figure (2.9) is a contour nlot showing the
anisotropy of the renormalization factor 1 + i(k) over the Fer-
mi surface obtained by comparison of Fermi velocities from a
band structure calculation to those determined experimentally
from dHvA measurements /2.14/, (1 + A(k)) varies in the case of
copper from 1.04 to 1.21. One point to note regarding the L-K
expression is that the spin splitting factor cos (ﬂng/ZmO) de~
pends on the ratio of the spin energy t%guBB to the cyclotron
energy hwc. Since both energies are renormalized by the same

factor 1/(1 + a(k)) the ratio,on which the dHvA amplitude depends,
is not affected by the electron-phonon interaction.

Fig. 2.9 Anisotropy of the electron-phonon enhancement para-
meter 1 + (k) over the Fermi surface of copper /5.7/

ﬁhawg as a contour plot over the basic 1/48 th of the
Fermi surface in stereographic projection.



2.5 Dingle temperatures and local lifetimes

In section 2.1 it was shown from the L~K expression (2.11) how
dHVA measurements can provide information about the scattering
of conduction electrons from impurities in the form of a Dingle
temperature. In this section the meaning of this parameter is
discussed and it is shown how more specific information about
the scattering in the form of local lifetimes can be obtained

from it.

2.5.1 Transition probabilities and lifetimes

We consider a metal containing randomly distributed impurities
of low concentration (atomic fraction of impurities c; < 1.
The scattering rate per unit time for scattering of an electron

from a state k into a state k' is given by /2.16/.

2WCi 32
pkk’ = —5= lTkk"i S(E(k)-E(k")) (2.22)

where Tkk' are matrix elements of the T-matrix given by

zx[dBr@;‘{g}V(g)Yg(g} (2.23)

kK k
@k,(g) is the unperturbed final state, ?;{E} is the perturbed
initial state and V(r) the scattering potential. The local elec-
tron lifetime (k) is derived from Pkk' by summing over all

possible final states

1 -
T = Y Prk (2.24)
ki

Since the number of electrons scattered out of the initial
state k must be equal to the number scattered into all final

states k' the T matrix satisfies the optical theorem
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TR o 2 -E (k' (2.25)
I (T,) = 1) Ty |78 (BCR) (K ))
kk Z

Therefore the lifetime can be expressed in terms of the T-matrix

1 ZCi

= - =1

B 2.26)
T (K 7 T T (

The scattering can also be described as a complex energy shift
of the Bloch states or self energy /2.17, 2.18, 2.19, 2.20/.

Y(k) = a(k) + ir (k) (2.27)

r(k) is the half width of the uncertainty in the energy due toO
the finite lifetime

rk) = 5oy (2.28)

and 4(k) is a change in the energy of the state k due to the
scattering. In terms of the T matrix

L(k) = ¢ Ty, (2.29)

The density of states can be expressed in terms of the self
energy as /2.20/

1 -
C(E) = - ) T (E-E (K- T(k)) (2.30)
k

where Eg(g) are the energy eigenvalues for the pure lattice. In
the original derivation of the L~K expression (2.11) the effect
of scattering was taken into account by the phenomenological
assumption that the Landau levels were broadened into a Lo~
rentzian distribution. By using equation (2.30) for the density
of states, the L-K expression can be obtained without this
assumption. In this treatment the T-matrix in the presence of

the magnetic field is approximated by the T-matrix in the ab-
sence of a field.



The result to emerge from this treatment is that the Dingle tem-
perature depends on an orbital average of the imaginary part of

the self energy which is equivalent to the Lorentzian half width
used in the original derivation of eguation 2.11. The Dingle

temperature can be expressed as

h

% I <r(k)>
or in terms of the lifetime
_hR 1
S Ty (2.31)

where t(k) here is the same t(k) defined by (2.24). Another re-
sult is that the real part of the self energy gives rise to a
scattering induced change in the dHvA freguency, an effect which

was omitted from the original derivation /2.17, 2.21, 2.22/

AP = - =2 <p(k)> (2.32)

This frequency change is small in dilute alloys. It was not mea-

sured in the dHvVA experiment described in the next chapter.

The great advantage of using the dHVA effect to investigate

scattering lies in the fact that

a) Only the conduction electrons in a narrow band around the ex-
tremal orbit contribute to the average (2.31) so that local

lifetimes can be determined.

b) A comparison between measured dHvVA lifetimes and theory is
relatively easy because of the uncomplicated relation (2.24)
between dHvA lifetimes and transition probabilities. In con-
trast a comparison based on transport properties reguires
a solution to the Boltzmann equation and is therefore much

more difficult.
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2.5.2 Effect of electron-phonon interaction on lifetimes

Since the effect of scattering can be described in terms of a
shift in the energy of a Bloch state, this shift will be re-
duced by the electron-phonon interaction according to (2.19) by
a factor 1/(1 + A(k)). This means that the reciprocal lifetime
is reduced by a factor 1/(1 + A(k)) and since the Fermi velo-
city 1is also reduced by the same factor the product vi(k)r (k) is
unaffected. Further the Dingle temperature being an orbital
average Of the reciprocal lifetime is reduced by the same fac-
tor by which the cyclotron mass is enhanced (see eq. (2.21)),
thus the product m X is also unaffected by the electron-phonon
interaction at low temperatures., This cancellation can also be
understood by considering figure 2.6. The width ~ kBX of a Landau
level is reduced by the same factor as the level separation

hwc and the ratio which enters into the dHVA effect is not
affected,

It might be expected that the additional scattering of the
electrons from phonons would give rise to a temperature depen-
dent contribution to the scattering rates il which are measured
in dHVA experiments. Such a contribution h;s been observed in
experiments on cyclotron resonance and magnetic surface states
in copper /2.23, 2,24/. It has been shown however /2.25, 2.26/
that to a good approximation this temperature dependence does
not appear in the lifetimes measured by dHvA effect. The dHVA
lifetimes are therefore specifically due to impurity scattering
and temperature scattering can be neglected.

2.2.3 Decomposition of Dingle temperatures into local scattering

It will now be shown how the local scattering rates 1/t(k) can

the Dingle temperatures which are an orbital
average of the lifetime

be obtained from

Q%kg <?T§T> (2.31)



A

The orbital average can be written as an integral of 1/7 (k)
around the orbit weighted by the time spent by the k vector at

each position on the orbit

1 1 1
{T(k)> —*:I';;\(%j{“@ dt (2.32)

Using eq. (2.1) and figure (2.10) the expression (2.31) can be
transformed into an integral over the angle ¥ characterizing
the position of k on the orbit. The product of m and ¥ is then

given by

2

o 55 k
m X = de
c 47{2]‘223 (_\_f_-

where k 1is the component of k in the cyclotron plane. The in-

(2.33)

O o

k) ot(k)

tegrand is split into a term 1/1(k) characterizing the impurity
and a weight factor KEAK'EL)' This factor depends only on the

Fermi surface geometry and the Fermi velocities of the host.

In choosing a representation for ?%%T it is important to take
advantage of the symmetry of the problem since this will reduce
the number of coefficients needed in the fit. The symmetrized
Fourier series is a good choice since it includes the point and
the translational symmetry of the lattice. Thus ?%%T can be re-
presented by a symmetrized Fourier expansion as used for the

Fermi surface description (2.13).

1
- = T.d.(k 2.34
—T57 2. jo4 (k) (2.34)
- J
with ¢, (k) = cos (21k_) cos (Zmk_ ) cos (Snk )
gt 277x% 27y 277z
a is the lattice parameter (a = 3,603 X for Cu)
and 3 = (&, m, n) where ¢ + m + n is even for an fcc lattice.
The Fourier components are ordered according to increasing
£2 + m2 + nz, This representation together with eg. (2.33)

gives an expression for the Dingle temperature in terms of the

coefficients Tj and a set of orbital weight factors Hij
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X, = E: HijTj i th orbit
J J th Fourier term
where (2.35)
2 2
By z( 7 ) 39 oy ) d
4T kBmc (v k. )

The orbital weight factors Hij depend on the Fermi surface and
the Fermi velocities. In this work the Fermi wave vectors k

and Fermi velocities v (k) for copper were calculated from the
symmetrized Fourier series representations as described in
sections 2.2 and 2.3 using the coefficients men and Dzm listed

n
in table 2.1.

The coefficients Tj are found by minimizing
2

- x™
i m_;a) (2.36)

£
X
- 2 (4

i Xi

where X?, GXi are the measured Dingle temperatures and the
corresponding standard error and Xf are the X-values calcula-
ted from 2.33. Details on how the fit to the measured data

was made are given in the appendix.

The propagation of the experimental errors in X into errors in
the local scattering rates is discussed as well as the effect

of increasing the number of coefficients on the significance

of the fit.



- 32 =

§3 Details of the experiment

3.1 Description of the experiment, dHvA measurements in CuH

The experiment with which this dissertation is mainly concerned
consisted of measurements of the dHvA Dingle temperatures for
several orbits in a series of copper samples containing dissolved
hydrogen. The way in which these measurements were made is des-
cribed in this section. Also described is the experimental

apparatus and the way in which the samples were prepared.

3.1.1 Experimental set-up

3.1.1.17 Field modulation technique

As discussed in the previous section Dingle temperatures and
effective masses are determined from measurements of the ampli-
tude of the oscillatory component of the magnetization. To
measure this amplitude we have used the field modulation tech-~
nigque which is the method most used for JdHvVA measurements on
metals /3.1, 3.2, 3.3/. A low frequency low amplitude alterna-
ting magnetic field is superposed on the larger quasistatic
field B, . (For the moment we neglect the effect of M on B so

that B = “oH‘ The effect of a finite M is discussed in sec-
tion 3.1.4.)

B = BO + bcosyt bh << Bo

The alternating magnetic field causes a periodic change in the
magnetization of the sample at the modulation frequency which
induces a voltage in a pick-up coil surrounding the sample.
Considering only the fundamental dHvA component, the oscilla-
tory magnetization can be eXpressed as:

M= M (B,T,%)sin [ 29 G+ F1]

where M, changes slowly with field.

In the presence of a modu-
lation fielg
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ﬁ(t) = M1(BO,T,X)sinh[2ﬂ§i(1-§m COSmt)+y;%] (3.1)
o o

Because of the non-linear magnetization the voltage induced in
the pick-up coil is a superposition of harmonics of the modu-

lation frequency:

oo
V(t) = Z v, sin(net + n:}) (3.2)
n=1

th

where the amplitude of the n harmonic is

_ 2 . F n
Vn = Vo ann(ZﬂFb/BO)M1(BO,T,X)Sln [2?(§;+Y+Z)] (3.3)

Jn is the Bessel function of order n. The amplitude of one of
the harmonics, usually the second, is measured by a lock=-in
technique. This gives an output voltage proportional to the
oscillatory component of the magnetization. This output signal
from the lock-in is recorded on an X-Y recorder as the larger
field is slowly swept. M, is then just proportional to the am-
plitude of the recorded oscillations. If measurements of M1 at
different fields are being compared the modulation current is
usually chosen so that the Bessel function is at the first ma-
Ximum Jn (3.054) so that small deviations from the correct mo-
dulation current setting will not cause errors in the measure-
ment of M, . Experimentally the modulation coil was calibrated
in gauss/ma by measuring the amplitude of V2 as a function of
modulation current for a dHvA signal of known frequency. The
calibration can then be accurately found from the Bessel func-

tion zero crossing points.
3.17.1.2 Pick-up and modulation coils

A split pick-up, modulation coil arrangement was used so that
the sample could be rotated during measurement (see figure 3.1}.
The dimensions of the coil assembly were specified by the size
of the sample (1 mm dia x 5 mm) and the requirement of opti-

mum coupling between the sample and the pick-up coil. The modu-
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lation coil consisted of 800 turns of 140 um Cu wire giving

~ 2 gauss/ma at the sample. The pick-up coil consisted of

3200 turns of 60 um Cu wire. A balancing coil was wound con-
centrically with the pick-up coil and consisted of 1200 turns
of 60 um wire. This coil was connected in oppostion to the pick-
up coil and the number of turns adjusted to compensate the vol-
tage induced in the pick-up coil when it contained no sample.
This compensation is important since a) it greatly reduces the
amplitude at the fundamental frequency induced in the pick-up
coil which would otherwise saturate the amplifiers, b) the sig-
nal at the detection frequency (e.g. 2w) from harmonic distor-
tion in the modulation current is greatly reduced. ¢) The noise
due to the vibration of the pick-up coil is reduced since the
compensation coil is rigidly coupled to it and they move to-
gether. The resistance of the pick-up and modulation coils at
4.2 K were 10 @ and 1 Q, respectively. The coil former and
other parts of the sample holder were machined from a polyimide

plastic called "Vespel” from Dupont which has a low coefficient
of thermal expansion.

3.17.1.3 Electronic set-up

The layout of the electronics for the experiment is shown sche-
matically in figure 3.2. The electronics consists essentially
of three sections. a) The signal processing section from the

pick-up coil to the plotter, b) The modulation circuit, ¢) the
magnet control section.

In the signal processing section the voltage induced in the pick-
up coil is first transformed by a PAR 190 low noise transformer
by a factor of 1:100 and then amplified by a high impedance
preamplifier (PAR 113). The signal then goes through a notch
filter (PAR 210) adjusted to remove the component at the funda-

mental freguency. The signal is then detected by a lock-in am~

plifier (PAR 124) at the an harmonic of the modulation fre-

quency and finally plotted on the vertical axis of the X~Y
plotter.
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Fig. 3.1 The sample holder for dHvA experiments
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In the modulation section a low distortion low frequency ac
voltage is generated by an oscillator. This ac voltage was then
multiplied by a voltage proportional to 82 (Analog Devices

424 K, High accuracy multiplier). This signal was then ampli-
fied by a low distortion audio amplifier with low output impe-
dance. Typically, modulation currents in the region of a few
milliamps to a few hundred milliamps were used. The amplifier
output supplied the current to the modulation coil in series
with a 10 @ resistor. The voltage drop across this resistor was
used to measure the modulation current. This resistor also pro-
tected the modulatioﬁ coil by limiting the maximum current. It
also reduced the changes in modulation current due to the field
dependence of the resistance of the modulation coil. The 2nd
harmonic distortion of the modulation current must be as small
as possible(52-10”4) since it appears as an offset at the out-

put of the lock-in.

The magnet control section consisted mainly of a high stability
low drift current supply for the magnet (Drush, stability 1:105)
and a field sweep control unit.

When recording a dHvA signal, the current from the Drush is
chosen to give the field Eb at which the measurement is to be
made. The current is then slowly swept over a range (B << B
which gives several dHvVA oscillations. The field sweep is con-

trolled by a voltage provided by the sweep unit.

Typical sweep rates give a few oscillation per minute., Since
the dHvVA oscillations are periodic in 1/B, in order to have the
recorded oscillations periodic in time the field must be swept

such that 1/B changes linearly with time., This is satisfied if

ap/at « B2,
But the field consists of a large constant part BO and a small

time dependent part (sweep)

‘ B=BO+BS(t} (3.4)
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The condition for dHvA oscillation periodic in time is then

dep 4B
—_— = —2 « B (3.5)

That is, the control voltage from the sweep unit must be of
the form

Vs mJ\Bzdt + const (3.6)

The sweep unit is then essentially a precision integrator with
sweep rate and range selection. The magnet current is measured
by the voltage drop across a 1O~4 0 standard resistor. This
voltage, of the order of millivolts, is amplified and displayed
on a digital voltmeter. This voltage is also squared (Analog
devices 424 K) and fed back to the sweep control unit and to
the modulation multiplier.

3.1.1.4 Magnet and cryostat

The magnet was a NbTi superconducting solencid from BOC, with a
maximum field of 76 Kilogauss. The bore of the magnet was 5.0 cm
and the homogeneity was specified as 1:105/cm at the center.

The magnetic field was measured by measuring the current. The
field was calibrated in terms of the current by using the NMR
resonance of 27Al nuclei observed with the aid of a marginal
oscillator. The linearity of the field vs current curve was

found to be -1:1O4 and no hysteresis could be observed (hystere-
sis < 1 gauss) (B/I = 1.2180 Kg/Amp). The transverse and axial fiel
homogeneity were also measured. The axial field gradient at the
center of the magnet was of the order of 1:105 per centimeter.
The transverse gradient was found to be ~ 4:105/cm at the magnet
center and was approximately constant over the cross«section;

The sample holder was therefore oriented such that the axis of
the sample was normal to the transverse field gradient. The total

fielg inhomogeneity over the sample was estimated then to be
5:10° mostly due to the transverse gradient.
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The cryostat consisted of an inner helium dewar in which the
sample was located, an outer helium dewar for the superconduc-
ting magnet, and outside of this a liquid nitrogen jacket.

The magnet was operated at 4.2 g (atmospheric pressure). By
pumping on the inner dewar, the temperature of the inner helium
bath could be varied between 4.2 °K and 1.2 k. A backing pump
from Alcatel with a pumping speed of 200 m3/h was used for this

. purpose.

The primary source of noise in the signal processing circuit
was mechanical vibration. For this reason it is important that
the sample holder, the inner dewar, and the magnet be rigidly
connected to one another. Also the noise level was considerably

reduced by mounting the whole cryostat on rubber pads.
3.17.1.5 Field calibration by NMR technique

The circuit diagram for the marginal RF oscillator used for the
NMR measurements is shown in Figure 3.3. This is similar to

the circuit described by Hill and Huang /3.4/. The circuit is
essentially a high frequency oscillator in which the gain can
be adjusted until oscillation is just maintained. The small
change in the Q of the tank circuit, which occurs when the NMR
resonance condition f = YAlB is fulfilled where B is the mag-
netic field, f is the oscillator frequency and Ya1 is the gyro-
magnetic ratio of the resonant nuclei (see footnote), then cau-
ses a relatively larger change in the RF voltage level. The
tank circuit consists of a coil containing the NMR sample lo-
cated in the cryostat, a length of coaxial cable connecting

the coil to the oscillator, and at the oscillator end of the

coax, a varactor diode. The circuit oscillates at the resonant

frequency of the tank circuit.
nated by a pure reactance X then the impedance as seen at the

other end of the line is also a pure reactance X' but trans-

If a transmission line is termi-

formed by the line according to

Z
o
’ = @
LT tan(g&+§ 2en
v 2

Warning: Several of the symbols used in this section (3.1.1.5)
have a different definition in the rest of the text.
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Z
where tan% = 3§, Zo is the characteristic impedance of the
transmission line, ¢ is the length of the line and v is the pro-
pagation velocity of the line.

tion by a coil X =

For the present case of termina-
wL the tank circuit is formed by the trans-

formed impedance in parallel with the varactor diode impedance
ZC = 1/iwC. For resonance

it

1 = (E%T + iwC) = 0
tank
o ! fred .ql.m
i.e X e
(3.8)
wl )
or tan(77~+§) B chc
5 Z
where tans = -2
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When wlL/v = nmie £ = nx/2 the condition for resonance becomes

Z
o

wL o

k-

Equation (3.8) is an implicit equation for the frequency as a
function of L, C, ana ¢. This is a multivalued function since
for given values for L, C, & a family of resonant frequencies,
or modes are possible. In practice the oscillator tends to
operate in the lower modes, that is at the lower frequencies.
Increasing the length of the cable lowers the frequency. If the
oscillator gain is made frequency selective, the lower modes can
be suppressed so that higher frequencies can be obtained. The
desired operating frequency is selected by choosing the required
mode to cable length combination, and then adjusting the varactor
diode capacitance to give the desired frequency. The frequency
can be continuously changed over a range of ~ 10 % by varying
the varactor diode bias. The RF output from the oscillator is
rectified and fed back via an automatic gain contrel circuit to
the gain input. This insures that the operating level of the os-
cillator is kept at the desired level as other parameters, e.g.
frequency,cable length, etc. are changed. The NMR signal was
detected by a lock-in technique. The large magnetic field was
modulated by an ac field provided by a small coil surrounding
the sample. The modulation amplitude was of the same order as
the NMR linewidth which was typically 10 gauss. The detector

AF signal is phase sensitively detected by a lock-in amplifier
in phase with the modulation frequency. The resonance is ob-
served by changing the field or RF frequency until the resonance
condition fﬂyAlB is fulfilled, A typical resonance curve is
shown in Figure 3.4. The signal-to-noise ratio was typically
100. With the frequency adjusted to the center of the resonance,
the output of the lock-in is also zero. Deviations from the
resonance condition give rise to an error signal at the output
of the lock-in which can be fed back to adjust the frequency

back to the center of the resonance. Figure 3.5 shows the cir-



Fig. 3.4 NMR resonance signal using a sample of
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cuit for the frequency lock and the automatic gain control.
Using the frequency lock the oscillator would follow a changing
field. This feature means that the resonant frequency could
simply be read from a counter, as for example, the position of
the NMR coil was changed to map the field profile in the magnet,
The material used for the NMR probe was finaly divided (~ 20 um)
aluminum powder bound by epoxy. At a given field the resonance

27

from the Al nuclei and from the protons in the epoxy could

both easily be observed by changing the oscillator frequency.

27

In this way the Al resonance could be accurately calibrated

against the proton resonance. The result was

Y27,, = 1.11122 * 0.00002 MH,_ /kG
using Yy = 4.2576 MHZ/kG /Varian/. The linewidth of both reso-
nances was found to be 7 or 8 gauss. The shape of the reso-
nance was seen to be slightly asymmetric in pure Al. This asym-
metry disappeared when a dilute alloy of 0.3 at.$% Ga in Al was
used suggesting that the asymmetry was an effect due to skin
depth. Using this system the field could be measured absolutely

with an accuracy of 5 : 106.

3.1.2 Temperature measurement and control

The temperature of the helium bath in the inner dewar was deter-
mined by measuring the helium vapor pressure with a capacitance
manometer from Datametrics using the "1958 He Scale of Tempera-
ture"” NBS monograph 10 (1960). The accuracy of this table is

+ 2 millidegrees. According to specifications the capacitance
manometer gives the pressure with an absolute accuracy of 0.5 %.
The corresponding uncertainty in the temperature is less than

1T mK. The temperature measurement could also be checked against
the known ) transition temperature for liquid helium. The tem-
perature corresponding to this pressure was found to be within

1T mK of the correct value of T, = 2.172 °K. The voltage output
from the pressure cell was also used to control the bath tempe-
rature. The temperature control circuit is shown in Figure 3.6.

The Barocel output is compared to a present voltage correspon-
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Fig. 3.6 Circuit for regulating the helium bath temperature.

ding to the required pressure. The difference signal controls
the current through a heater resistor in the helium bath. The
pumping rate is adjusted so that in the absence of heating the
pressure decreases very slowly. In this way the temperature of
the inner helium bath could be held to within a few mK of the

desired temperatures.

Another point to mention is the homogeneity of the temperature
in the He bath. For T < TA the thermal conductivity of the He
is so high, that the temperature is uniform throughout the
bath. But for T » T, the thermal conductivity is poor so that
strong temperature gradients can exist. At the top of the liguid
the temperature corresponds to the vapor pressure in the He gas
above the liquid, but below the surface the temperature is
higher because of the hydrostatic pressure of the liquid. Since
the dHvA sample was typically 20 cm below the surface of the
bath the hydrostatic pressure of the liguid above the sample

is 2 torr which at T = T, corresponds to a temperature 20 mK
higher than that at the surface. This effect had to be taken



into account when measuring cyclotron masses. Another point to
note regarding the homogeneity of the bath temperature is that
for T » Tx’ the liquid density decreases as the temperature in-
creases. Therefore when warming up the bath from a lower tempe-
rature to a higher temperature the liquid above the heater resi-
stor will mix by convection while that below the heater being
more dense will stay at the lower temperature. Because of this
the heater must be located below the level of the sample when

measuring above Tk.

3.1.3 Orientation of the sample in the magnetic field

The sample holder was constructed so that the sample could be
rotated through 360° about an axis perpendicular to the field
direction. (See figure 3.1) In addition the whole coil assembly
with sample could be tipped through several degrees about an
axis normal to the rotation axis and the field direction. The
samples were prepared so that the axis of the sample was close
(within lo} to the <110> crystallographic direction. By rota-
ting,the sample could be oriented in any direction in a plane
(110) . This plane contains the three symmetry directions <100>,
<110>, and <111>. Because of difficulty in orienting a small
sample within the sample holder, in general the axis of rota-
tion and the axis of the sample <110> differed by a few degrees.
The tilt setting was used to compensate this so that all measure-
ments were made with the field in the plane (110). The samples
were oriented within the cryostat by means of the dHvA effect
itself. As a result of the anisotropy of the Fermi surface, the
cross sectional areas and hence dHvA frequencies depend on the
orientation of the sample in the field. If the dHVA signal is
plotted against the angle as the sample is slowly rotated in

a static magnetic field, a pattern of oscillations is obtained,
(See figure 3.7.) This pattern is symmetric about the direction
<100> and <110>, and at symmetry directions 3F/s¢ = 0. Figure 3.
shows on an expanded scale the angular dependence of the dHvA
signal for (a) the tip and (b) the rotation adjustment. By set-
ting these adjustments to the center of the patterns the sample

can be oriented to within .05 degrees of the symmetry directions.



Fig. 3.7 Recording of dHvA signal versus orientation of a Cu
sample in the magnetic field in a plane (110).
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Fig. 3.8 dHvVA signal from the belly orbit recorded as the tilt
adjustment (a) and then the rotation adjustment (b)
were swept through the setting for the crystal direc-
tion <111> parallel to the magnetic field.

The rotation pattern also proved to be a sensitive test for the
quality of a crystal. Samples which were not good single crystals
as a result of having been strained or containing low angle grain
boundaries etc., gave rotation patterns very different from that
of a good crystal., The lack of symmetry in the pattern near the
(100> or (110> directions, or presence of beats in the pattern

was evidence that the crystal was not good.

3.1.4 Dingle temperature measurements: Pitfalls to avoid

After orienting a sample in the required direction the Dingle
temperature for that orbit is determined by measuring the dHvA
amplitude at several field values with the temperature kept
constant. The Dingle temperature is then given by the slope of



- 48 -

OLTmC chmC
zn[ M1V§'sinh( Br_ )]:-( Bmo)+ const

fitted by least squares. Since several effects can give rise to
a field dependence of the amplitude a few precautions are ne-
cessary to insure that the measured Dingle temperatures give

meaningful information about the scattering.

i To insure that the modulation field is uniform throughout
the sample the skin depth § must be greater than the thick-

ness of the sample. In high purity Cu samples the conductivity
at He temperature is so large that very low modulation fre-
gquencies must be used.

The skin depth & equals (ﬁcfuuo)-1/2

. For pure Cu the conducti-
vity ¢ is about 10° (Qcm)~1, the permeability v # 1, so that
for £ = 30 Hz the skin depth ¢ = 0.3 mm. Typically the sample
diameter d is 1 mm, so even at a freqguency as low as 30 Hz skin
depth can be a problem.

When ¢ < d the modulation field within the sample decreases in
amplitude and changes in phase as the depth from the surface
increases. Therefore the effective volume of the sample and
hence the signal is reduced and the phase of the dHvVA signal

is shifted. In a magnetic field the conductivity decreases

(for pure polycrystalline Cu o is reduced by a factor of 4 at
30 kG) and the skin depth is correspondingly larger. This gives
rise to a spurious field dependence of the dHvVA amplitude which
can cause errors in Dingle temperature measurements. The field
dependent (and orientation dependent) phase shift of the dHVA
signal can be used to determine if skin depth is a problem.

In the present experiment it was seen that skin depth phase

shifts were present with pure samples (p ~ 0.5 nQcm) but not in

samples containing hydrogen (p v 5 to 20 nfcm). Other tests for

skin depth are to check that the dHvA amplitude is proportional

to the modulation frequency f and to check for field dependence
of the amplitude of the fundamental (1w) component of the vol-
tage induced in the pick-up coil. In pure samples where one

expe i
pects small Dingle temperatures, measurements gave linear



- 4G -

Dingle plots and typical values of X = 0.05 OK. Skin depth was
therefore not seriously affecting measurements on the pure

samples, and was therefore not a problem in the samples contai-

ning hydrogen.

ii As can be seen in the L-K equation the dHVA oscillations
are a sum of harmonic components. If the damping term is small
enough the higher harmonics will be significant and the peak
to peak amplitude of the oscillations will not give M, . These

amplitudes can be measured by Fourier analysis. The problem can
also be avoided by measuring at a temperature high enough that
the higher harmonics can be neglected. For the second harmonic

to be smaller than 5 % of the fundamental

amC(T+X)
QXP(“ngh ) < 05
o

or

m
~S(1+x) > 1 °K for B v 50 kG

o)

iii Another problem which can arise if the damping terms are

too small is that of magnetic interaction (MI). As pointed out

by Schoenberg /3.5/, the effective field within the sampl
8= Ho(H + M(B)). Thus the oscillatory magnetization is given

L.

implicitly by

M= M. sin (2v(

1

e is

Ny
+M
uo(H )
congidered for sim-

Where only the 1st harmonic component is

plicity‘ For a given dHvA period the waveform will become more
, waveform for larger amplitudes.

comparable with the period
Iin the extreme

distorted towards a sawtootl
If the oscillatory amplitude becomes

Moy B2/4F the amplitude will be affected. "
n .

Limit 0of MI the waveform becomes a sawtooth wave with a

plitude,ml - Bg/Zp F (Bz/F is the period in B).
O . C ot o+
The €asiest way to detect the presence of magnetic interaction
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is to observe the dHVA waveform with the modulation current re-
duced so that the derivative of the waveform is seen. A strong-
ly non-sinusoidal waveform is characteristic of MI. In practice,
the problem can be avoided by making the measurement at a tem-
perature high enough that MI effects are absent. Since it is
the ratio of amplitude/period which is important it is better
to reduce the amplitude by increasing the temperature than by
reducing the field since the latter also reduces the period
like B2. Also this means that MI is more of a problem with high

frequency orbits such as belly orbits.

iv Phase smearing
Because of the high phase £ #% 27F/B of the dHvA effect under

normal experimental conditions, relatively small changes in F

or B over the sample volume can give rise to phase differences
of the order unity‘over the sample. Since the dHvA signal is
the sum of local contributions, such phase differences will

cause a reduction in the measured amplitude.

6 8B 3 anF da4nF
— T e e o el e
£ B 36 68 aci éci (3.9)

6B is the difference in magnitude of the field over the sample,
66 is the difference in angle between field and crystal orien-
tation due to mosaic structure, or field directional inhomogene-

ity, and éci is the inhomogeneity in impurity concentration of
a dilute alloy.

Since the terms on the right of eq. (3.9) are roughly field in-
dependent, the phase difference 6E is proportional to £ itself.
That is, reductions in amplitude due to phase smearing are field
dependent. This can give rise to errors in the measurements of
Dingle temperature such as curved Dingle plots. The condition
for negligible phase smearing is 8 << 1 over the sample. For
copper this condition means:
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a field homogeneity

- 1.6 + 1072 for bellies H = 60 kG

2.2 + 107¢ for necks H

sB
B

< =

i

30 kG
This condition is met in our magnet.

b orientational inhomogeneity

There are 6 orbits in the (110) plane for which 3F/3%6 = O.
These are the 5 orbits for the field in symmetry directions
and a belly orbit 16° from (100) (turning point belly). For
these orbits phase smearing from orientational inhomogeneity
is not a great problem. For other orbits 3F/ 36 # O and this

term becomes important.

It can be shown /3.3/ that if the distribution of orientations
is Lorentzian then the Dingle temperature will be enhanced by

an amount

27 Em 3F
o)

am 38
c

where B is the Lorentzian half width of the angular distribution.

The following table gives values for the angular gspread 8 which
would give rise to a Dingle temperature enhancement of
AX = 0.1 °K for some 'tipped' orbits (specified by the angle

from <100> axis in the {100} plane).

Orbit 3F g (aXx = 0.1 k)
38
(10° G/degree) (arc sec)
B9 0.38 29
B65 2.05 6
N65 0.27 15

D85 0.97 11
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This shows that the quality of the crystal is very important.

¢ inhomogeneous impurity concentration: Typically aznm/aci v

-

(at.fract) 1 /2.21/ condition (3.9) is satisfied if

by << 2 X 10—5 = 20 ppm.

3.2 Samples used in the investigation

3.2.1 Pure samples

The copper crystals used in the experiment were grown in our
material development group by Dr. W. Uelhoff, Mr. M. Abdel
Fattah and Mr. G. Hanke. The material from which the crystals
were grown was 99.999 % pure ASARCO copper. They were grown by
the Czochralski technigque as cylinders (1.0 + 0.1) mm in dia-
meter and 10 cm long. The crystals were cut into (5 * 1) mm
long samples by an electrolytic layer saw technique /3.6/.
Counting of etch pits gave a dislocation density of < 103 cmnz.
The mosaic spread was very low (< 10-20 sec) as determined from
the width of the Bragg peak using a gamma diffractometer with
the 411 keV gold line. All crystals were oriented with the di-
rection <110> along the cylinder axis. The residual resistivity
of the samples was 0.6 nfcm. One of the best tests for the qua-
lity of the crystals was the dHvVA effect itself. As discussed
earlier, the Dingle temperature for orbits for which 3F/56%# O
are sensitive to small mosaic spreads. Measurements in the pure
crystals gave typically the following values

orbit Xx(°x)

B ¢111) 0.04 + 0.01
B TP 0.04 + 0.01
N (111> 0.02 + 0.01
D <(110) 0.05 + 0.02
B 51.74 0.05 + 0,01
B 65 0.06 + 0.01



This shows that:

a These low Dingle temperatures are due to the impurities
which produce a residual resistivity. The contribution due to

dislocations can be neglected.
b The mosaic spread is small < 5 sec.

¢ Skin depth is not causing large errors.

3.2.2 Solubility, resistivity, diffusion, and precipitation

of H in Cu

From the metallurgical standpoint the most important properties
of hydrogen in copper are that it dissolves endothermically

and diffuses rapidly.

By heating a copper sample in a hydrogen atmosphere, concentra-
tions up to a few hundred atomic ppm can be dissolved. The

equilibrium concentration of dissolved hydrogen Cy is given by

C P 1/2 AHS
—=(5-)  exp(-=)
Cq Po kBT
= - i ntration dissolved
where CH(Tm) = cg exp ( AHS/kBTm) is the concentr

X O
in thermal equilibrium at the melting point T = 1083 "C of
copper at P_ = 1 atmosphere (definition of c¢,) and AH is the

enthalpy of solution.

The equilibrium concentration of H in Cu as a function of tem-
perature is shown in figure 3.9. The circles represent measure-
ments made in the course of the present work. Copper samples

which had been quenched from equilibrium at higher temperatures
(from 500 to 800 OC) were then outgassed in an evacuated cham-~

ber to determine their hydrogen content. Details of the loading

and extracting procedure are given in the next section. The

samples used were Czochralski grown single crystals from

99.999 ¢ pure ARSACO Cu (residual resistivity 1 nocm). The cry-

Stals were ]_arger {2 mm dia. X 10 mm longf 0.27 gram) than those

used in the dHvA measurements. At each temperature samples were
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Equilibrium concentration of hydrogen in copper
(P = 1 atm) as reported by various authors. The
circles are measurements discussed in the text
to which curve 3 has been fitted. For comparison
curve 6 shows the equilibrium vacancy concentration
for copper. For vacancies the value of 200 + 50 ppm
for the concentration at the melting point determined
by Simmons and Balluffi /3.19/ has been used. For the
energy of formation for vacancies the more recently
determined value of 1.29 + .02 eV /3.18/ has been
used. Other references are
Curve 1 /3.14/

2 /3.15/

4 /3.16/

5 /3.17/
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loaded at several different pressures up to 90 atm. It was

found that the concentration at each temperature was proportio=~
nal to VP in accordance with Sieverts law (figure 3.10). This
clearly shows that the hydrogen dissolves as single atoms in

the copper lattice. At each temperature the concentration re-
duced to one atmosphere was obtained from the slope of c(T,P)
plotted versus VP, A least squares fit to the data gives

AHS = 0.44 + 0.02 eV for the enthalpy of solution and 92 + 5 ppm

for the equilibrium concentration at the melting point for one

atmosphere.

Resistivity

While making the solubility measurements the resistivity of hy-
drogen in copper was also measured. The residual resistivity

was measured before and after loading. The resistivity plotted
versus concentration is linear with a slope of pH=1.SOi.OS piem/at . %
(figure 3.11) The loading temperatures were low enough that the
resistivity due to quenched in vacancies was negligible compared

to that of the hydrogen. The linear dependence of the resistivity

. , ‘ . , ' ' v v
Equilibrium concentration for CuH vs Vp
100+ T=600°C -
Cy
PPmM
50+ B
5 1 3 A l . + s .
0 5 Vp atm!2 10

i dence of eguilibrium
Fig. 3.10 Measurement of pressure depenc ,
. concentration of H in Cu showing linear dependence

on VP,
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Resistivity of Cu-H at 4.2°K
= +005 uSlem/at %

AR A A, =090 nQicm
nfcm
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0 50 CH ppm 100 150

Fig. 3.11 Residual resistivity of a copper single crystal as
a function of concentration of dissolved hydrogen.

on the hydrogen concentration shows that the samples were homo-
geneously loaded.

Diffusion
The diffusion coefficient for H in Cu is given by
D = Doexp(-Em/k’I‘)

where E, is the energy of migration. Values for Em and the pre-
factor D, have been determined by measuring the outgassing rate

for hydrogen loaded samples as a function of temperature /3.20/
giving
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0.403 = .003 eV

s}
i

D, = 1.13 + 0.04 x 1072 em?/s
The low value of 0.40 eV for the migration energy of hydrogen
compared to 2.07 eV for the activation energy of self-diffusion
in copper below 700 °c /3.7/ and 0.70 eV for vacancy migration
/3.8, 3.9/ in copper shows that the diffusion of the hydrogen
in Cu is independent of vacancies and must therefore be bet-
ween interstitial sites. Neutron diffraction experiments in the
fcc metals Ni, Pd show that H occupies the octahedral intersti-
tial site in the hydride phase /3.10, 3.11/. Although it has
not been directly shown it is probable that H in Cu also occu-

pies the octahedral interstitial site.

Precipitation

By an appropriate quenching technique, where the sample is
quickly cooled to a low enough temperature, the dissolved hy-
drogen can be frozen into the lattice. To carry out Dingle
temperature measurements the hydrogen must be distributed homo-
geneously in the copper lattice. Because of its endothermal so-
lubility the quenched in hydrogen forms a supersaturated solu-
tion, so that it tends to escape the lattice. An extensive
investigation of the metallurgical behavior of hydrogen in cop-
per has shown that the hydrogen precipitates from a supersatu-
rated solution into bubbles at room temperature. In impure Cop-
per samples it can in addition be trapped by impurities /3,127,
This is illustrated in figure 3.12 where the isochronal annea-
ling curves for two hydrogen loaded copper samples are shown.
held for 15 mi-

At each indicated temperature the samples were
ual resistivity

nutes and then cooled to 4.2 K where the resid

0 (T) due to the hydrogen was measured. The ci

sults obtained on a pure Cu single crystal containing 63 ppm hy-
ture in the recovery of

reles are the re-

drogen. Below O °C there is little struc
temperature 90 % of

the electrical resistivity. Around room
eversibly. This is due

the residual resistivity disappears irr

to the precipitation of the dissolved hydrogen into bubbles.
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Electron and optical micrographs show that bubbles form at that
temperature. The bubbles nucleate preferentially at grain boun-
daries and dislocations. They grow by dislocation production

at a rate which is governed by the diffusion of hydrogen to the
bubbles. Figure 3.13 shows a transmission electron micrograph
of hydrogen bubbles about 0.3 um in diameter. The punched-out
prismatic loops along [011] formed during growth are clearly
visible. Also shown in figure 3.12 is the isochronal annealing
curve of a less pure copper sample measured by Lucasson and co-
workers /3.13/. The sample contained about 20 ppm of hydrogen
and about 100 ppm of unspecified impurities (residual resisti-
vity 200 without hydrogen). In addition to the precipitation
stage around room temperature, they observed a second stage
around -120 °C followed by an increase in the resistivity bet-
ween ~100 and -50 °C. This was identified in /3.12/ as trapping
and detrapping of the hydrogen at the impurities. The low tem-
perature recovery stage clearly demonstrates that the hydrogen
becomes mobile around -130 °C as one expects from the diffusion
coefficient. The reason why the hydrogen precipitates first at
room temperature although it is mobile at much lower temperatu-
res as seen from trapping is that the number of traps 1019cm~3
is much greater than the number of bubbles (» 109 cm-3) which
depends on the dislocation density. The samples used for dHVA
investigations were therefore quenched to -150 ©C to insure a
homogeneous distribution of the disolved hydrogen.

The quench was quick enough to avoid precipitation during the
guench.
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Cu-H

1 i
-100 -50 0 50 100
T °C

Isochronal annealing of resistivity due to hydrogen
in copper. The fraction of the initial quenched in
resistivity remaining after annealing is plotted

versus the annealing temperature.

Copper single crystal guenched from 600 OC and
O Copp g Y g

30 atm.
Cy = 63 ppm, t = 15 min., Cy = 0.5 ppm

[J Copper wire quenched from 735 ©Cc and 1 atm.
= 20 ppm from Budin, Lucasson and Lucasson

c

H/B.?B/. The temperature coordinate for these
points has been adjusted to correspond to an
annealing period of 15 minutes so that they can
be compared with the other measurement.
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o
L

Fig. 3.13 TEM micrograph of hydrogen bubbles (as labled 1 to 5)
in copper. Note punched-out prismatic loops along
[110] (direction marked by arrows). The bubbles are
surrounded by dense tangles of dislocations.
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3.2.3 Hydrogen loading and extracting

Figure 3.14 shows a diagram of the apparatus used for loading
samples with hydrogen. The loading was done inside a quartz
tube 10 mm inside dia., 16 mm outside dia. which was surrounded
by a small oven. With this system loading could be carried out
for hydrogen pressures up to 50 atmospheres and temperatures up
to near the melting point of Cu. The sample itself is held in-
side a copper cylinder during loading. This was supported by
stiff molybdenum wire attached to a piece of iron held in place
by a magnet outside the guartz tube. The purpose of the copper
block is to prevent the sample cooling while falling from the
oven to the quench bath. After the sample had reached equili-
brium it was qguenched by removing the magnet, allowing the cop~-
per block to fall. Just above the quench bath the copper block
was stopped by a ledge, but the sample continued downwards into
the quench bath.

From the diffusion coefficient one can estimate that below
-140 °C the hydrogen is essentially immobile (jump rate v
D/a2 v o5.1073 5”1). Therefore the liquid used for the guench

bath was isopentane (2- methylbutane, melting point -160 OC,
boiling point 30 °c) at =150 ©c. The samples were not allowed
to become warmer than -150 O¢ after quenching until all measure-
After measurements were completed the hy-
samples could be measured by a heat ex-

which the sample was heated in an evacua-

ments were completed.
drogen content of the

traction technique in
ted volume and the hydrogen evolved determined from the pressure.

The layout of the extraction apparatus is shown schematically

in figure 3.15. It was constructed from high vacuum components

using only metal and glass to reduce outgassing from the system.

The procedure for measuring the hydrogen content of a sample

The sample was placed in the quartz tube and

was as follows.
Between the backing pump

the system evacuated by a backing pump.

and the high vacuum part was a zeolite trap to prevent
After rough evacuation the system was

torr by an ion getter pump. The end
le) was then outgassed at

conta-

Mination from the pump.
further evacuated to < 10
of the quartz tube (but not the samp
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Fig. 3.14 Diagram of apparatus used to load Cu samples with
hydrogen as described in the text.
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Fig. 3.15 Schematic diagram of hydrogen extraction apparatus
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1000 °C for several minutes to remove gas adsorbed on the glass.
The oven temperature was then reduced to 800°C. The system
closed off from the pump, and the sample was pushed into the
hot end of the tube by a magnetic shover. The pressure was
measured by a Barocel capacitance manometer (10 torr maximum

range) and recorded versus time on a chart recorder.

10
Plu)

5 o tmink g
L i .

Fig. 3.16 Recordipg of the pressure cell reading during an
extraction run for a 26 mg copper sample containing
110 ppm of hydrogen. The sample was pushed into the
oven at the 5 minute mark.

Figure 3.16 shows a typical extraction curve. The amount of hy-
drogen evolved from the sample was then determined from the
pressure. The largest source of error was due to stray out-
gassing. By taking care to avoid contamination and by outgas-
sing the system at higher temperatures prior to an extraction
run, pressures could be determined with an accuracy of ~ 10_3
torr. Sinfg the extraction volume was ~ 50 cm> this corresponds
to v 510 7 grams of Hy or 1 ppm in a 0.3 gm Cu sample. The
time for a sample to reach equilibrium during loading or ex-
tracting can be estimated from the diffusion coefficient. For

a cy%indrical sample of radius r the time to reach equilibrium
is r°/D.
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§4 De Haas van Alphen lifetime measurements in CuH

Experimental results

The samples were loaded with hydrogen by heating in a hydrogen
atmosphere at temperatures between 600 °c and 730 °c and pres-
sures of 4 to 45 atmospheres, and then quenching to =155 + 5 °c
in an isopentane quench bath. The sample preparation is des-
cribed in detail in section 3. After quenching, the excess iso-~
pentane was removed from the sample and the sample was then
placed in liguid nitrogen. This was carried out in a specially
designed cold chamber and was done in such a way as to eliminate
any possibility of the sample becoming warmer than =150 °c. The
time from quenching until the sample was in liguid nitrogen was
typically 20 minutes, during which the sample temperature was
between -150 and -160 °C.

The samples (loaded with hydrogen in the way described in section
3.2.2) were placed in the dHvA sample holder and held in place

by small pieces of soft cotton wool at each end of the sample.
This was done under liguid nitrogen. The sample holder was then
removed from the nitrogen and inserted into the cold (4.2 OK)
helium cryostat. The time for this transfer (~ 5 sec) being short
enough to avoid any increase in the sample temperature. The

time the sample spent in ligquid nitrogen before transferring

to the helium cryostat was typically 20 minutes.

Dingle temperatures were measured for 11
the dHVA

The Dingle

For each sample the
orbits with the field in a plane (110) by measuring

amplitude at several field values (typically eight).

temperatures were then calculated from a least squares fit of

Yy = (n[Mjﬁ?sinh(ach/moBﬁ plotted versus X = 1/B. .
Typical Dingle plots are shown in figure 4.T. The values zr
the Dingle temperatures for the 11 samples measured are tabu

lated in table 4.1 the quoted errors are the standard error of

the slope of the linear fit given by: for y = ax + b
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4.1
Typical Dingle plots for Cu-H.
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Fig. 4.2 Paths over the Fermi surface of the 11 orbits
measured, shown as a stereographic projection of

the basic 1/48 th of the Fermi surface.

2

Standard error in slope is o_ where GZ = 26 3
a a
n)x.=(Qx.)
-l T

i
2

EZ(axi+b*yi)
2 i

g’ = ) (4.7}

The values for the cyclotron mass used in the analysis are al-

S0 listed in table 4.1 /2.12/.
While making the amplitude measurements the sample temperature

was kept constant. For a given orbit the temperature was cho-
sen to be high enough to avoid magnetic interaction (MI) and

higher dHvA harmonics. For the belly orbit where the most care

to avoid MI must be taken the temperature was usually chosen soO
that the sum of the temperature and Dingle temperature was grea-

ter than 2 °k. In practice the test described in section 3.1.4



Table 4.1

Measured Dingle temperatures for Cu-H (°x)
réample Py Sy B(100) B9 BTP B(111) B65 N({(111) N65 N75 D(110) D85 R{I00O
(nf2cm) (at.ppm)
m, 1.348 1.323 1.308 1.366 1.431 0.445 0.478 0.648 1.259 1.288 1.307
+,002 (calec) +.003 +.002 +,004 +.001 +.,002 £.004 £.002 +.003 *.002
158-8 ) O 0,134 0©.072 0.091 0.062 0.123 0.276 0.188 0.474 0.067
+,007 +.004 +.006 .01 +.,001 + .01 +.006 +.01 +.008
158~7 118.12 120.8 0.588 0.644 0.694 0.801 0.968 1.549 1.647 1.715
+.,007 +£.008 +.,011 +.015 +.007 +,017 +,015 +.027
158~5 115,92 106.1 0.465 0.470 0.545 0.686 0.715 1.213 1.234 1.198 0.9715 0.982 1.055
+.007 +,0035 £.,004 + . 005 +.013 +.,.009 +.037 +£.020 +.004 +.009 +.015
158~4 {21.45 143.0 0.634 0©.676 0.778 1.017 1.040 1.720 1.53 1.86 1.181 1.17
+,004 +.006 +,007 .011 +,01 +,03 +,05 +.06 .02 +.,02 -
158-2 |19.15 127.7 0.593 0©.688 0.722 0.867 1.532 1.47 1.56 1.163 1.332 1.236
+,007 +.008 +,007 +.008 +.009 +,014 .05 +.006 x.013 +.015
154~-6 (13.93 92.9 0.417 0.444 0.499 0.58¢6 0.625 1.055 1.031 0.907 0.691 0.707 0.778
+.,005 #.001 +.013 +.004 +.01 +.008 +.018 +.024 +.01 +.005 +.009
154~-4 3.21 21.4 0.156 0.135 0.187 0.167 0.168 0.312 0.342 0.261 0.259 0.224 0.176
+,004 x.004 +.010 £.003 +.003 +,006 +,008 +.007 +.005 +£.005 +.009
154-2 9.42 62.8 0.348 0.357 0.386 0.432 0.430 0.698 0.697 0.576 0.526 0.493 0.465
+,008 +.,006 +.011 +£.008 +.,009 +.004 +.,012 .02 +.004 +.005 +.002
147-5 110.42 69.5 0.278 0.2%8 0.342 0.387 0.414 0.720 0.7095 0.677 0.549 0.546 0.522
+.,009 +.004 +.013 +.003 +.007 +.005 +.005 +.,007 +.004 +.006 +.01
147-6 5.03 33.5 0.173 0.167 0.195 0.200 0.458 0.358 0.399 0.461 0.276 0.286 0.199
+,002 +.002 +.006 +.002 +,007 +.005 +,005 +.007 +.005 +,002 £.008
147-3 8.32 55.5 0.365 0.366 0.454 0.471 0.502 0.567
+,004 +.008 +.003 +.,006 +.009 + ., 007
X/CH (OK/at.%} 37.9 45.6 48.4 65.0 65.7 112.6 102.3 110.0 77.3 71.0 89.8
L +3 +3.3 +3.3 +3.7 +8.6 +5.5 +10.0 +13.2 6.7 +13.3 +8.4

.-89..
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was used to check for MI effects and measurements were only
made under conditions where MI was not affecting the measure-
ments. Similar precautions were taken to avoid harmonic content
when measuring neck oscillations in the purer samples.

In addition to the 6 orbits for which JF/B& = 0 (B(100), R(100),
BTP, B(111), N(111) , D(110)) five additional tipped orbits
(OF/26 # 0O) were measured so as to obtain better coverage of
the Fermi surface. Figure 4.2 shows the orbits in 1/48 of the
Fermi surface in stereographic projection.

After measuring the Dingle temperatures the sample holder was
transferred from the dHvA cryostat to a liquid nitregen bath.
The sample was then transferred from the dHVA sample holder to
a resistivity sample holder, this being done in the liquid ni-
trogen bath. The sample was then quickly transferred from the
nitrogen bath to a liguid helium dewar where the residual
resistance was measured. The sample was thus at 77 °x during
this transfer process. The resistivity sample holder was then
removed from the helium dewar and warmed up to room tempera-
ture where the room temperature resistance was measured. Frgm
the ratio of the resistance at room temperature and at 4.2 K
the resistivity of the sample can be obtained. Subtracting from
this the resistivity of the sample before loading then gives

the resistivity due to the dissolved hydrogen which is propor-

tionel to the hydrogen concentration (DH = (1.50+.05)uQcm/at.%).

Also shown in table 4.1 is the resistivity due to the dissolved
hydrogen for each sample and the corresponding hydrogen concen-

tration.

Finally the hydrogen content of each sample was measured by
the heat extraction method described in section 3. This value
Was subject to rather large error however, due to the small
Size of the samples (typically 0.025 grams). The value
1.50uncm/at.s for the resistivity of hydrogen in copper was
determined in larger samples (0.25 gm) for which the heat ex-
traction results were considerably more accurate due to the
9reater amount of hydrogen. The hydrogen concentration in the
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small dHvA samples was then determined from their resistivity
using this value. This was found to be considerably more accurate
than the results from heat extraction for the small samples.
Therefore in the subsequent analysis the hydrogen concentrations
as determined from the resistivity will be used.

To investigate the effect of the quench alone, one sample was
quenched from an atmosphere of helium gas, but otherwise
handled in the same way as the hydrogen loaded samples.

It should be remarked that the loading temperatures were re-
latively low. The reasons for this were firstly to insure that
the concentration of vacancies quenched in with the hydrogen
was as low as possible, and secondly because the lower mobility
of the hydrogen during the quench gives more homogeneously
loaded samples,

Figures 4.3 show the measured Dingle temperaturesplotted against
hydrogen concentration for the 11 orbits measured.

There are two types of error which contribute to the scatter of
the measured Dingle temperatures from the linear fit against
concentration.

Firstly there is the error involved in the measurement of the
Dingle temperature. This is fairly well known being given by
the standard error of the slope of the Dingle plot. This is the
error given in table 4.1. It can be Seen that this error is ge-
nerally quite small. Deviations in the values obtained for re-
peated measurements of the Dingle temperature
bit in the same sample are of this order.

for the same or-

Clearly this error cannot account for the scatter seen in the

X v.s. Sy plots. The other source of error lies in the pre-

paration of the samples. Although great care was taken to re-

duce error from this source the sensitivity of Dingle tempera-
ture measurements to strain and dislocations in the samples
means that uncontrollable variations in the loading,
and subsequent handling of the sample could result in
in Dingle temperatures of the order of 0.1
For this reason many samples were measured
the accuracy of the determination of X vs.

quenching,
variations
°k between samples.
in order to improve

Cy by statistical
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averaging. The mean scatter due to the different dislocation
densities should then give rise to an offset in the intercept
of the fit and an uncertainty in the slope given by the stan-
dard error of the slope, but no systematic error in the mean
value of the slope. It should be pointed out that previously
reported measurements of Dingle temperatures for substitutional
defects in noble metal hosts usually consist of measurements

at only one concentration. The reliability of such results is
therefore not as good as when several samples over a range of

concentrations are measured.

The Dingle temperatures for each orbit for unit concentration
of hydrogen were obtained from the slope of a least squares fit
of X versus concentration, the values are listed in table 4.1.
For a few of the measured Dingle temperatures the Dingle plots
were curved, these points were unreliable and not included in
the fit of X wvs. Cy-
The experimental errors of the values for X/cH in table 4.1
are in the region of 5 to 10 % and are unavoidably larger than
the errors in dHvVA frequency and cyclotron mass measurements
since the Dingle temperatures are much more sensitive to the
condition of the samples. Also frequency and mass measurements

are made on pure samples which can be prepared in a more well
defined state than dilute alloys.

The results presented in table 4.1 contain the desired infor-
mation about the scattering of the conduction electrons from
the hydrogen. In the next section the theory discussed in sec-

tion 2 is used to obtain more specific information about the
scattering from the dHVA data.
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§5 Discussion of the results

5.1 Local scattering rates in Cu-H

In section 2.5.3 it was shown how the local scattering rates
?%%7 can be obtained from the measured Dingle temperaturesand
that they can be represented by a symmetrized Fourier series.
This representation has been used for the analysis of the mea-
sured data. The details of this analysis are given in the appen-
dix. It was found that the most significant fit to the data was
obtained by using three coefficients in the fit. The 3-coeffi-
cient representation for the local scattering rates together
with the values of the coefficients for Cu-H are:

L a a a a a a
= = =k )+ 2x )cos (5k_)+cos (5k_)cos(zk )
7 = ToootT110 [608 (Fky) cos (Fk ) +oos (Fk ) cos (5K, i 55,0 ]

+ k)
+T200{¢os(akx)+cos(aky) cos (ak, ]

- -1
TOOO = -~ 2,004 x ?013 s }(at‘%)
- -1
T, = ~19.041 x 1017 s T(at.®)
- -1
T2OO = - 3,601 x 1013 s ?(at.%)
i d
Where a = 3.6030 ® is the lattice parameter for Cu én o
k = (k_,k.,k_) is the vector from k = O to the Fermi sur15 .
r cerm Fo ntation of Halse /2.4/ (eq. 2.

The 6 term Fourier represe

given in table 2.1) for the Fermi sur-
n

with coefficients C
face was used.

i i in fi-
The local scattering rates from this fit are plotted in
, o-
gure 5.1 as a contour map of the scattering rate over a stere
th of the Fermi surface.

i ' i i 48
graphic proijection of the basic 1/
. o e is the lowest near the

It can be seen that the scattering rat '
in the <110> direction and

mum anisotropy is a factor of

tropy reflects the

<100> direction, somewhat larger

largest at the neck. The maxi

i iso
v 3.5 between <100> and the neck. This ani ’
ed in the measured Dingle t
h increasing angle

eratures
Systematic trend observ ) =P
that values for the belly orbits increases w;zws that as the
from <100>. Comparison of fig. 5.1 and 4’? ’ mes closer to the
angle from <100> increases, the belly orbit cO

neck where the scattering is larger .
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Fig. 5.1 Contour plot of the local scattering rate ?%%T
for Cu~H, and the corresponding standard error, over '—
a stereographic projection of the basic 1/48th of the
Fermi surface.
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5.2 Discussion of the local scattering rates in Cu-H and com-

ari ' i
P son with scattering from substitutional impurities

The anisotropy of the loca i :
fects in the noble metals iaiczzt:§;izt:izjilfor e
the fact that the electron wave functions chai ZnierS;OOd o
over the Fermi surface. That means that the rzbab:l? araCte?
iwk(£>}2 to find an electron at r in real s . e
k r pace depends on the
wave vector k of the corresponding state. For example the pro-
bability density for the electrons ocupying states at the neck
has a node at the lattice sites and a maximum in the intersti-
tial regions /2.8/. These states are therefore said to be p-
like by analogy with atomic orbitals /5.1/. On the other hand
the electrons at the belly regions of the Fermi surface have a
maximum probability density at the lattice sites and are there-
fore predominantly s-like. As a consequence a substitutional
defect with a well localized scattering potential should scat-
ter the belly electrons more strongly than the neck electrons.
On the other hand a defect localized on an interstitial site
should scatter the neck electrons more strongly. The degree of
localization of the scattering potential depends on the valence
of the defect and on the local volume change (%;)100 produced
by the defect. Defects with a small valence difference £Z and
small (%g)lcc 1 localized and have strong scattering

anisotropy. This is illustrated qualitatively by some alloys
have been determined from dHVA
ring

are wel

for which the scattering rates
5.2 shows contour plots of the scatte

Measurements. Figure
r sub-

c 1/48th of the Fermi surface for fou

n copper and gold. For comparison the
parame-

rates over the basi
stitutional defects 1
following table shows
ter Aa/a which is prop
for the residual resis

Strength of the scatte

values for the change in lattice

ortional to the local volume change.
The relative

and

tivity of these defects.
ring produced py the defect is indicated

The ratio of the neck and belly (110)

by the resistivity ¢.
isobtropy .

Dingle temperatures indicates the scattering an
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site AZ %? p (ucm/at?) %%%%%67
Cu~Au subst. 0 0.15 0.55 0.60
Cu-Ni subst. -1 -0.028 1.14 0.56
Cu-H interst. +1 (pd-H 0.057) 1.50 3.0
Au~Ag subst. 0 -0.005 0.36 0.29
Au~-Zn subst. +1 -0.045 0.95 0.69

%? /5.5/ and for Pd~H /5.17/ (for one atomic fraction)
o /5.4/, CuH this work
X /5.6, 5.7/

Defects with larger valence difference have stronger over all
scattering and defects with small %? (eg Au-Ag) have stronger
scattering anisotropy. In each case the scattering for the sub-
stitutional defects is stronger in the belly region and weaker
at the neck. For hydrogen in copper the scattering is stronger
at the neck. This difference is due to the different location
of the defect in the lattice. |
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Fig. 5.2 Contour plots of scattering rates in four noble metal-

substitutional impurity systems shown as a stereogra-
phic projection of the basic 1/48th of the Fermi sur-

face. The units are (!O?Bswizat.%f1}. The uncertain-
ty in the fit is shown for the copper alloys in the
small pictures in percent, and for the gold alloys

this is represented by the difference in the solid
and dotted lines /5.6, 5.7/.
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5.3 Comparison between theory and experiment

5.3.1 Phase shift analysis of the scattering

For a spherically symmetric scattering potential in free space

the wave function for an electron can be expressed as
b len) = ) oy (GEIR, ()Y, (8)

ng(g) are spherical harmonics and Rp, is the radial wave func-

tion. In the asymptotic limit (V(r) = 0) the radial wave func-

tion can be written as

. o+
REﬁ(r} = jg(mr) + tglhz(Kr) (5.1)
2m_E
where K oo= ho
t = sin n, e "¢ (diagonal elements of the

2
transition matrix).

. + .

3@ and hQ are spherical Bessel and Hankel functions and N, are

the phase shift between the incident plane wave jg and the

scattered spherical wave hz.

In an ideal crystal the potential can be represented in the

muffin-tin approximation by an array of non-overlaping spheri-
cally symmetric potentials at the lattice sites with V(r) = O
outside the muffin-tin sphere. In a crystal all the scattered

waves emerging from the different lattice sites must superpose

to reproduce the incident wave. Using a Green's function pro-

cedure to obtain a solution to the wave equation in a muffin-
tin lattice Korringa /5.18/ ang Kohn and Rostoker /5.19/ (KKR)
have shown that this Superposition requires that

detgAQmQ'm’(K'-}-{-) + x cot s s

g Sogr Ot = 0O (5.2)
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the phase shifts n . The band structure E(k) is therefore de-

termined by a set if energy dependent phase shifts ng(E) and the
energy E through equation 5.2. From the experimentally determined
Fermi surface, values for nQ(Ef) and E. can be found. Using three
phase shifts (& = 0,1,2) the Fermi surface cross sectional areas

for copper have been fitted to an accuracy of 1:104 /2.7/.

Colerdige, Holtzwarth and Lee /5.12, 5.13, 5.14/ have developed
a modle to describe impurity scattering in dilute alloys based
on the KKR theory in which the correct band structure for the
host lattice (host phase shifts ”2 fitted to the Fermi surface)
is included. They have obtained an expression for the scattering
rates in terms of effective phase shifts ¢L of the defect
/5.12, 5.14/ for each angular momentum ¢ and the different re-

presentations ' of the cubic group belonging to the different 1.

1 2¢, 9
= L d ' (5.3)
T (K) R 3 pk)sintop
L = 2,7

The weight factor dL depends only on host lattice properties
and is calculated from the band structure. The ¢, are called
Friedel phase shifts. This phase shift has two contributions.

First the phase shift between the wave incident on the defect

i ‘ -
and the scattéred wave caused by the defect (n, for an inter

stitial defect, An, = niwnz for a substitutional defect). The

second contribution is a phase shift, produced by the defect

in the incident wave due to backscattering from the surrounding

lattice. The scattering wave emerging from a defect contributes

differently through backscattering to the incident wave

. i 2ot
than the scattered wave emerging from a host atom. This éfffc
pProduces a change in amplitude and in phase in the wave 1nci-

dent on the defect. This phase shift is the second contribution
to @L. Since the screening charge around the def?Ct depen?s on
the total phase shift produced by the defect it 1is the Friedel
Phase shift oy which enters the Priedel sum /5.14/
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9, is the degeneracy of the representation I'. An expression
for the dHVA Dingle temperatures in terms of the Friedel phase

shifts can be found from eq. 5.3 and eqg. 2.33

ﬁci

2
- i 5.5
mcx = 5 E <dL(E)> sin ¢L ( )
B L=aT

277k

The orbital weight factors <dL(§)> are an orbital average of
the local weight factor dL(g) in eq. 5.3. These have been cal-
culated for several orbits in the noble metals for substitu-
tional defects /5.13/ and for interstitial defects in copper
/5.12/ from the KKR band structure. From eq. (5.5) the Friedel
phase shifts ¢L can be found from the measured Dingle tempera-
tures. Using the data for Cu-H presented in chapter 4 and the
<dL> from Holtzwarth and Lee /5.12/ the ¢L for hydrogen in cop-
per were found from a least squares fit. The results of the fit
are presented in table 5.2. Since the ¢L enter the fit guadra-
tically, the sign (%) cannot be determined from the fit. The
possible combinations of the ¢L give Friedel sums of +(0.88+0.06)
and +(0.42:0.09). Since the Friedel sum is equal to the charge
of the defect to be screened the value F = 0.88+.06 is closest
to the valence AZ = + 1 of the defect. Therefore the correct
sign of the phase shifts is both positive. The fit therefore
shows that the hydrogen produces strong s wave scattering with
the p scattering an order of magnitude weaker and the d scatte-
ring negligible. This is consistent with the short range of the
potential as calculated by Friedel /5.15/ using the Thomas-Fer-

mi approximation, the Born approximation and for the free elec-
tron modle (screening length = 1 Bohr radius)

Friedel's sum differs from +1 indicating that the local volume

change produced by the hydrogen contributes to the effective

charge to be screened. The charge A2 p¢ to be screened by the

conduction electrons consists of two contributions

_ AV
"‘\Zeff = A7 - (~-\-7-~)loc (5.6)
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Table 5.1 Shown are the results of a phase shift fit to the

Dingle temperatures in Cu-H based on the analysis of Holtzwarth
and Lee. The fit used the 6 orbits (for B in the (110) plane)
for which the orbital host parameters <dL> have been evaluated,
and included s, p, and d phase shifts. The error parameter Q

is discussed in the appendix.

orbit X (meas) X(£it)
N(111) | 112.6 + 5.5 120.7
B(111) 65.0 + 3.7 61.2
B (100) 37.9 + 3.0 40.3
R (100) 89.8 + 8.4 78.5
D(110) 77.3 + 6.7 68.7
BTP 48.4 + 3.3 48.4

L L

s 1.032 + 0.035

o 0.115 + 0.037

a5, 0

dye 0

:zj(x(fit)”x(meas)

)

X

)

2
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17 is for substitutional impurities the chemical valence diffe-
rence between the impurity and an host atom and for an intersti-
tial impurity it is the valence of the impurity (+1 for H in Cu).
The second contribution, first introduced into the Friedel sum
by Blatt /5.3/ takes into account the volume change ©f the
lattice in the vicinity of the defect. For simplicity the cry-
stal is considered as an isotropic continuum. According to
Eshelby /5.2/ a defect in an infinite crystal producing a lo-

&Yy
V' loc
as well, i.e. the crystal is only sheared and

cal volume change ( changes the volume of the whole cry-

stal by (%g)loc
not compressed. This is no longer true in a finite crystal. In
fact, the material surrounding a finite volume in an infinite
crystal acts as an extermal pressure. If the material is removed
the free surface can relax so that a defect producing a volume

change &V&Dcm AV _in an infinite crystal produces instead a
AV

AVloc

volume change 4V » Avloc in a finite crystal. The ratio

can be expressed in terms of Poisson's number v

AV . 3(1=-v)
Ty

A0 1.44 for Cu /5.3/
loc
The volume change AV in the finite crystal can be measured by

the lattice parameter change %? due to the defect.

AV Aa

voT 3
Therefore (&) = 1 1y Lsa
V' loc 3 1=y a’

The latti ta i
ce parameter change = has not yet been measured in

the system CuH. To get the right order of magnitude the value

for PAH can be4taken. La/a was found for this system to be
ta/a = 5.7 10"/at.8 /5.17/. This gives (Y = 0.25 and a

) ) V loc
Friedel sum of 0.75 which somewhat smaller than the experimen-
tal value of 0.88+

' -06 for hydrogen in copper. The discrepancy
18 not too significant since the assumption of an isotropic
medium is not very good for copper. Also a local volume
change is inconsistent with the KKR method of scattering cal-

culations which assumes a periodic latt

. ice outsi
muffin-tin, de the defect
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From equation 5.2 the local lifetimes can be obtained from the
Friedel phase shifts if the structure factors dL(§} are known.
Although these have been calculated by Holtzwarth and Lee /5.12/
when calculating the orbital weight factors <dL>, the local
dL(§) have not been published in a form which allows calculation
of local lifetimes. It would be very desirable to calculate
other quantities from the fitted phase shifts, which have also
been determined experimentally, for instance the residual resi-
stivity oy due to hydrogen in Cu or the low field Hall coeffi-
cient. This would provide a check of the consistency of the
phase shift analysis. For this purpose the mean free path (k)
has to be calculated /5.13/

3
1 :° Sy (5.7)
= f!Tkk'{Z““COSSVV')”’"}}“M
A(k)  16n"hv(k) Fs — hv(k")
Syya is the angle between v(k) and v(k'). The T matrix ng,
and ITkk.I2cosevv, can be expressed in terms of the phase

shiftsmgL and by using the band structure of Cu. Once A (k)
has been calculated the residual resistivity oy and the low

field Hall coefficient RO are evaluated according to

H
2

1o ez \[A(-}E)dsk (5.8)
12n%n

"H FS

o _ 127’ 2 ~2 (5.9)

Ry = —2 ( ds, A (E)Km) A(k)dS, .

FS F5

vature of the Fermi surface at k. The

k is the mean local cur
and Rg are (1.50:0.05) uOem/at.% and

m
exXperimental values of P

-8.0 1072 cm3/ (Coulomb) .
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5.3.2 Calculation of the local scattering rates in Cu-H by

Huisman and Welss

Local scattering rates for hydrogen in copper have been calcu~
lated by Huisman and Weiss /5.8/. The technique used for calcu-
lating the scattering involves an extension to NaCl type latti-
ces of the KKR method employed by Bansil et al. for o Cu-Zn /5.11/.
In the model the hydrogen atoms were located at the octahedral
interstitial sites in the copper lattice forming an fcc sub-
lattice which was treated as a binary alloy of hydrogen and hy-
drogen vacancies (Cu muffin-tin zero potential). In the stochio-
metric limit (l'u?H,I this is an NaCl type lattice. The main diffe-
rence between this model and the phase shift analysis of Holtz-
warth, Coleridge and Lee lies in the representation of the ato-
mic potentials. In the phase shift formulation, the potentials of
the host lattice and defect are represented by scattering phase
shifts which are fitted to the experimentally determined Fermi
surface and defect scattering rates. In the model of Huisman

and Weiss the potential at the occupied octahedral sites was ta-
ken to be that of a neutral hydrogen atom, and the potential

used for the copper was a renormalized atom potential /5.10/

(¢ dependent potential). This approach is similar to that used

by Segall /2.8/ for the band structure of Cu.

The results of the calculation are given in table 5.2 and shown
‘ ?%%T for k
in the (100) plane from (110) to <100 and then in the (110)
plane from (100> through (111D to (110 (i.e. the perimeter of
the basic 1/48th of the Fermi surface). The scattering rates

in figure 5.3 (solid line) as the scattering rate

calculated by Huisman and Weiss do not contain electron-phonon

enhancement effect, Therefore before comparison between expe-

rimental and calculated scattering rates can be made the cal-

culated scattering rates must be divided by the local electron-

phonon enhancement factor (1+x(k)) (figure 2.9). The results of

Huisman and Weiss modified in this way (electron-phonon renor-

malized) can then be compared directly with the values deduced

from the measured Dingle temperatures (figure 5.3). In view of

the fact that the theory contains no fittegd parameters it must

be concluded that the agreement between theory and experiment
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Table 5.2

Band Structure Calculation for Scattering from Interstitial

Hydrogen in Copper

Orbit Calculated™ l|el-ph cor-| Calculated Measured
X OK/at.% rection+ (el-ph cor- X OK/at.%
rected)
X °K/at.s
B (100) 45 * 5 1.107 40.7 37.9 + 3
D(110) 85 * 5 1.146 74.2 77.3 + 6.7
N(111) 140 * 5 1.230 113.8 112.6 + 5.5
- 1 .13 -1 =111 .13 -1 =1
1101357 Taes™! 110" aeg |2 10157 ats
k(100) 2.31 1.211 1.91 2.8 + 0.8
k(110) 5.16 1.038 4.97 4.4 + 0.4
Neck 11.6 1.219 9.49 9.3 + 0.36

tlee /2.14/

* Huisman and Weiss /5.8/

i ! ' ithin

is very good, the discrepancies being for the most part wi
. s
the experimental error limits. The excellent agreement indicate

that the assumption that the hydrogen occupies the octahedral

ial
site is probably correct and that the neutral atom potentla
As a further

i imation.
use rogen is a good approxima |
o isons with

check on the consistency of the model further compat ‘
ransport coeffi-

experiment should be made, for example using t

cients,
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Scattering rate in Cu-H
%:fcl,s* from 3 coefficient fit
1 —— L1  from band structure
0 calculation neck
1 ?3‘“3 o’”}
Q?(‘O 5 (lt/o )
5+ ,
: el-ph.
renormalized
O " " 5 N . 4 i M " N N " N N M !. N o o N
(110} (100] (111 (110

Fig. 5.3 Values on the perimeter of the basic 1/48th zone of
the Fermi surface for the experimentally determined scattering
rate in Cu-H with error band (dotted lines) are plotted together
wi?h the scattering rates for Cu-H calculated by Huisman and
W@lSSA/S.B/ (solid line). Since the scattering rates calculated
by Huisman and Weiss did not include the electron-phonon inter-

this effect /2.14/ so that they can be directly compared with
the experimental values.
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Table 5.2

Band Structure Calculation for Scattering from Interstitial

Hydrogen in Copper

Orbit Calculated™ |el-ph cor-| Calculated Measured
o
X "K/at.% rection+ (el-ph cor- X OK/&t.%
rected)
x %K/at.%
B(100) 45 £ § 1.107 40.7 37.9 =+ 3
D(110) 85 £ 5 1.146 74.2 77.3 & 6.7
N{111) 140 * 5 1.230 113.8 112.6 + 5.5
% 10133~1at%“1 %'1013§4at%4 %~TO?Bs“§at%w1
k (100) 2.31 1.211 1.91 2.8 + 0.8 |
k(110) 5.16 1.038 4.97 4.4 + 0.4 ;
Neck 11.6 1.219 9,49 9.3 = 0.36 %

tLee /2.14/

* Huisman and Weiss /5.8/

the discrepancies being for the most part within

The excellent agreement indicates
s the octahedral

is very good,
the experimental error limits.
that the assumption that the hydrogen occupie
site is probably correct and that the neutral atom potential

used for the hydrogen is
check on the consistency

a good approximation. As a further
of the model further comparisons with

experiment should be made, for example using transport coeffi~

cients.
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Scattering rate in Cu-H

in’d,‘. from 3 coefficient fit
T

—— L  from band structure
calculation

! 13 -1 o
‘:C“HO s at% )

el-ph.
renormalized

O " i A " 5 i 5 i i a " " N N i ‘. M i
(110] (1001 (111) (110

Fig. 5.3 Values on the perimeter of the basic 1748 zone of
the Fermi surface for the experimentally determined scattering
rate in Cu-H with error band (dotted lines) are plotted together
with the scattering rates for Cu-H calculated by Huisman and
Weiss /5.8/ (solid line). Since the scattering rates calculated
by Huisman and Weiss did not include the electron-phonon inter-
action the calculated values have been corrected to include

this effect /2.14/ so that they can be directly compared with
the experimental values.
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Conclusions

The interaction between the conduction electrons in copper and
lattice defects can be described by a scattering rate which
varies over the Fermi surface. The anisotropy of the scattering
rate depends on the type of defect. The dHVA effect provides

a way to determine experimentally the local scattering rates.
This technique has recently been used to investigate the scatte-
ring rates for substitutional defects in noble metal hosts. In
this work we have extended the knowledge about scattering rates
to include interstitial hydrogen in copper. Dingle temperatures
were measured in 11 samples covering a hydrogen concentration
range from O to 143 ppm. For each sample 11 orbits were measured
to obtain good coverage of the Fermi surface. Special attention
to the metallurgical behavior of hydrogen in copper was necessa-
ry when preparing the samples to insure that the hydrogen was

uniformly distributed within the samples.

Values for the local scattering rates 1/1(k) were obtained from
the measured Dingle temperatures by using a symmetrized Fourier

series to represent the local scattering rates. The scattering

rate was found to be strongly anisotropic with a maximum of :
13 .-

9.3x1013 s~1(at.%)‘1 at the neck and a minimum of 2.7x10 s
(at.%)"1 at <100>. On the other hand it has previously been
found that for a well localized substitutional defect the scatte-

ring rate is smallest at the neck. The anisotropy arises from

the fact that the probability density of the electrons occupying

states at the neck has a node at the lattice site. These electrons

are therefore strongly
d by a defect localized at the substitutional

scattered by an interstitial defect but

only weakly scattere

site.

Analysis of the measured Dingle temperatures in terms of scatte-

ring phase shifts based on muffin-
that the s~component of the

attered, the p scattering is
ligible.

tin potentials and a KKR,

band structure calculation shows

incident wave is most strongly sC
he d scattering is neg

an order of magnitude less and t |
ring potential well localized

This is consistent with a scatte

at the octahedral interstitial site.
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Huisman and Weiss have recently calculated the local scattering
rates for Cu~H based on a KKR band structure calculation. The
hydrogen potential was assumed to be that of a neutral hydrogen
atom located at the octahedral interstitial site. The scattering
rates from this experiment were found to be in excellent agree-
ment with those calculated by Huisman and Weiss. Bearing in mind
that the calculation contains no free parameters this is a re-
markable result. It shows that at least for hydrogen in copper,
the scattering is described fairly well by the model of Huis-
man and Weiss. Using this model one should try to calculate
other quantities such as the transport coefficients and the heat
of solution and by further comparison with experiment provide

a check of the consistency of the model.
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Aggendix

Calculation of local scattering rates from the measured

Dingle temperatures

In section 2.5.3 it was shown how the local scattering rates
can be obtained from the measured Dingle temperatures using a

symmetrized Fourier series to represent the local scattering

rates.
1 5 .
TRy T j Tj@j(g) (2.34)
= a = a
®j(5) = cos(Zﬂkx)cos(zmky)cos(znkz)

where a is the lattice parameter, k is the Fermi wave vector

. . ) 2
and i = (g ,m,n) are ordered according to increasing & +m +n
j ¥ ¥F

and 2+m+n is even for the fcc lattice. In this section the

results of the fit to the measured data given in chapter 4

are presented. The propegation of the experimental errors in
the Dingle temperature data into error limits on the scattering
rates will be discussed and the effect of increasing the number

of coefficients used in the fit is considered.

} .y -
The Dingle temperatures are determined by the coefficlents i

and a set of orbital parameters Hij

| (2.36)
= A
X =) Hy T
’ 2
2 k
where H,. = ( 2h ) - @jfﬁ) de
+J dm kBmC (vek,)
o
The coefficients are found by minimizing
£ . m 2
-y Xih ) (2.37)
Q=¢c Oy
1. 2 i

: - es and the
where X, o, are the measured Dingle temperatur
it Xy £ e the values calculated
correspondin% standard error, and X; are -

from 2.34.



The minimizing condition §¥; = 0 can be expressed in matrix no-

tation as:

HTWX

i

(HTWH)T

with the socolution
T
T = VH WX (A1)

1

9% .
1

for the coefficients Tj where X is the data vector of thf mea~
&

sured X?, W is a diagonal matrix with elements Wij =(

i3
The matrix V = (HT»\IILI}“1 describes how the experimental errors

in Xi pgopagate into the coefficients Tj’ The diagonal element
ij = on are the variance of the coefficients Tj‘ If det V
becomes @ery large there is a strong correlation between the
coefficients Tj implying that a fit with one less coefficient
will give a similar Q value. The calculation of the coefficients

Tj thus consists of

a) Calculating the orbital parameters Hij (eq. 2.35) for which
k and v(k) must be known. (See sections 2.3, 2.4 and 2.5)

Values for Hij for copper for the 11 orbits measured are
listed in table A1.

b) Finding V by inverting (HTWH)
<) Tj are then given by eq. A1l

The experimental errors Ox. in the measured Xi values give rise
. . 1
to an uncertainty in the fitted values for l. That is, there is
“ . /r

a range in the choice of the coefficients Tj and hence in 1

. . T
which will lead to variations in the fitted Xi values within the
uncertainty Oy » The uncertainty o1 1in the fitted % values de-

1
pends on the uncertainty o, in thevﬁeasured X, through the ma-
trix v E :

2
oyk) = 3 e, (WIV, o (k) (A2)
T 2,1
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This quantity describes the unigueness of the fit and depends
on the Oy but not on the values of Xy themselves. The meaning

i
of oy and oq is that if the same experiment and fit were re-

1

peated many fimes the mean of the results ii and ("%%T) has a
.

63 % probability of being within oy and o, of the original da-
1 . i -
ta sets Xi and ?TET respectively. T

If 049 is small this does not however mean that the fit is good
in tﬁé sense that Q is small since this also depends on the sui-
tability of the representation for %. If the fitted Xf values
are within Oxi of the measured XT values, i.e. Q < n (n = number
of X values) then the representation is good one.

The physical significance of the fitted % values therefore de-

pends on two conditions
a) that the representation for % is a good one i.e. Q is small

b) that the uncertainty in the fit o, is small.
T

In fitting the X data for Cu-H it was found that one or two

coefficients were not enough to provide an adequate represen-
tation. A three coefficient fit however gave Q = 4,86, that is
the calculated X agreed fairly well with the measured values

(see table A2). The coefficients for the 3 coefficient fit

and the error propagation matrix V are given in table A3. The

values for 1 from the 3 coefficient fit and the uncertainty
¥ Figure Al is a stereographic

toq are shown in figures A1 and 5.3.
& 48th of the

Préjection of lines of equal scattering rates in 1/
Figure 5.3 shows the scattering rate 1/1 (k)
f the Fermi sur-

for
Fermi surface.
k values on the border of the basic 1/48th unit ©

face. Increasing the number of coefficients from 3 to 5 brought

0 indicating that

. e . o
the representation for 1 was not being significantly improve
) T

ici inc ond 4
However, as the number of coefficients was increased bey
strongly increased and

only a slight decrease in Q from 4.86 to 4.6

the correlation between the coefficients '
For fits with 3 to 5 coeffi-

of each fit lay entirely

ents. These considerations

. 1
the uncertainty in — became larger.
cients it was found that the error band
Wwithin those of fits with more coeffici

o P » e
led to the choice of the three coefficient fit as belng th



the best fit to the data since, of the fits which were adequate
representations of the X data (number of coefficients > 3) it

had the smallest uncertainty in 73;-



Table A1

Orbital parameter matrix Hi' for Cu
OGO 110 200 211 220 310
B(100) 12.156069 -4.885175 7.862645 -5.819140 0.471052 9.031713
BTP 12.15669 ~3.983405 0.820984 ~3.987344 0.176890 11.136142
B{111) 12.15669 -1.950178 -14.828333 1.020337 ~1.841478 6.638539
N{111) 12.15669 ~1.256854 -31.442110 1.255793 26.938166 6.503584
D110} 12.15669 ~3.228591 - 9.145812 ~2.519726 10.293341 8.276575
R{100} 12.15669 ~-1.5812186 ~21.081929 1.581216 6.533092 5.223802
B&65 12.15669 ~2.064950 -15.128524 0.560500 1.358548 7.297480
N&5 12.15669 ~1.267166 ~31.142330 1.257798 26.380408 6.510934
ngs 12.15669 -3.20G3024 - 9.367206 -2.463454 10.330471 8.263112
N75 12.15669 ~1.315699 -29.718018 1.2718%0 23.711076 6.515368
B9 12.15669 ~4.558050 5.425198 ~-5.162745 0.0635091 10.039171
¢! A kz N , 13 o, ~1 -1
aij‘$< ; zkym } j:({v«; )} %j{k}d@ units 10 Ks (at.%)
' B e b
i
The gij were calculated using the symmetrized Fourier series representations for the
Fermi

listed in tabls

surface and Fermi velocity discussed in sections 2.2 and 2.3 and the coefficients

BN

.

1

{(Halse CuS Fermi surface /2.4/).

"'96"
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Table A3

T. are the Fourier coefficients for the scattering rates from
the 3 and 4 coefficient fit to the measured Dingle temperatures.
V is the error propegation matrix for the 3 coefficient fit

(see text).

Coefficients Tj for % V.. for 3 coefficient fit

ij
(10135—1at.%'1)

3 3 coeff 4 coeff

(O00) - 2.004 1.232 3.005 9,191 0.942
{110} - 19.041 - 4,924 9.191 28.25¢6 2.883
(200) - 3,601 - 3,088 0.942 2.883 0.307

(211) - 4,319
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Fig. Al

Contour plots of the local scattering rate 1/1(k)
for Cu~H over the basic 1/48th of the Fermi surface in
stereographic projection. Shown are the scattering rates
from the three and four coefficient fits as discussed in the
text and the standard error in 1/t(k) for the three coeffi-
cient fit.



Index to symbols used in text

Symbol Definition

h Planks constant

e electronic charge

m, electron mass

Yo permeability of free space (SI units)

¢y = Zgh fundamental flux guantum

kB Boltzmans constant

Hg = éﬁz Bohr magneton

I position vector

k wave vector or Fermi wave vector

v velocity or Fermi velocity

T temperature

B = u, (H+M) Magnetic field

H Magnetic field

M Magnetization

W, = %ﬁ cyclotron frequency

a : lattice parameter (for Cu a = 3.603 %)

m., cyclotron mass (2.5)

’I‘C = %1 cyclotron period

¢ ° magnetic flux

v,ek, componentsaof v and k perpendicular to
the magnetic field

E (k) Energy of electron with wave vector k

Ef Fermi energy

area of cyclotron orbit in real space
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A area of cyclotron orbit in k space or
cross sectional area of the Fermi sur-
face perpendicular to the magnetic field

Aext extremal cross-sectional area

n quantum number of a Landau cylinder or
specifically the outermost cylinder in-
tersecting the Fermi surfac

¥ phase factor O < vy < 1

a degeneracy of Landau levels (2.7)

F dHvA frequency (2.8)

£ 5 dHVA phase

277m _k
: o'B

¢ = he

X Dingle temperature (2.10)

X? measured Dingle temperatures

Xf fitted Dingle temperatures

T (k) lifetime of an electron in state k

- scatteri t

TR c ering rate

< > denotes average around an extremal
orbit (2.32)

M oscillatory component of magnetization (2.11)

M, amplitude of 1st harmonic component
of (2.12)

g g factor

s Spin guantum number

o (E) density of states

ks' Vg ES, Subscript’'s' denotes value for free
electron sphere

AS, VS, Py (Fermi wave vector, Fermi velocity,
Ferm; energy, cross-sectional area,
Fermi surface volume, density of states)

GD Debye temperature

o} .
E (k) , v, (k) m Subscript o denotes value in absence

of electron phonon effect or 'band'
value
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1+x (k) electron phonon renormalization factor
1+A orbital average of T+x (k) (2.271)
Tkk' transition matrix elements (2.23)
Pkk‘ transition probability from initial state k
—_— to final state k' (2.22)
®j(§) cosine terms in symmetrized Fourier
series (2.34)
Tj scattering rate coefficients (2.34)
i orbital weight factors, 15t orbit, jth
J Fourier term (2.35) and table A1
ng matrix describing error propegation from
measured X's into fitted scattering rates
% and coefficients Tj
Q error parameter for fit to Dingle tem-
peratures (2.36)
Oy standard error of measured Dingle tempe-
rature (4.1)
94 standard error in fitted scattering rate
- (A2)
T
b amplitude of modulation field
w = 27vf modulation frequency
8 skin depth (§ 3.1.4)
o residual resistivity
g = % conductivity
PH residual resistivity due to dissolved
hydrogen
p residual resistivity of sample containing
© no hydrogen
<, impurity concentration
Cy hydrogen concentration
p pressure

D diffusion coefficient
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Zt\’zeff
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enthalpy of solution

migration energy

local volume change in the vicinity of
a defect

angular momentum quantum number

scattering phase shift between incident
and scattered wave

denotes the representations of the cubic
group belonging to the different 2

degeracy of the representation T
Friedel phase shifts

lifetime weight factor of the host lattice
in the phase shift analysis

chemical valence difference of a defect
effective charge of a defect (5.6)

Poisson's ratio
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