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ABSTRACT

Positive mucns implanted in metal distort the surround-
ing lattice:; therefore, in additicon to electronic interact-
ions, the elastic forces have to be considered in determining
the mueon etate. To explore the elastic and electronic
diffusion and trapping mechanisms, we studied AlCuszoppms
AlMgiopoppm and AlAgipogppm 2alloys. These alloys wgre
selected é%r tha qQifferent effects on tha host lattice of
these impurities; Cu contractas the Al lattice, Mg expands it
and Ag has nearly no effact. On the other hand Cu and Ag are
moncvalent while Mg is divalent. For AlCu between 5K and 14K
the temperature axponant § of the two-state-model trapping
rate {vaTPf) was 0.93+,26 for zero field and 1.16+.14 for a
14.2G longitudinal field. A g of 1 implies a one phonon
induced diffusion process., For AlMg the transverse field
{(1506) second moment of the static random fields was 0.317+
.007 u8~l between 10K and 60K, 0.221%,013 us~l between 60K
and 150K and 0.150%,013 us~l between 150K and 30CK. The
changing value of the second moment indicates a change in the
much trapping site from tetrahedral to octahedral to vacancy
as the temperature is increased, this was confirmed at
appropriate temperatures by zero and lengitudinal field
studies. Comparing the AlMg results with earliar work on AlCu
two types of trapping sites can be ldentified, those depen-
dent on the magnitude but not sign of deformation, and
thought to be a few atomic distances away from the defect,
and those which are possibly close to Myg. For AlAg, since Ag
has almost no elastic effect the weaker depolarization
Btructure suggests a different trapping mechanism, possibly
due to the electronic interaction. To study the muon interac-
tion with a uniform strailn field, uniaxial stress was applied
tao an Fe(3 wt., ¥ S1) seingle crystal. We measured the
teamperature dependence of the frequency shift versus strain
to ke =-0.348+.007 MHZ/100u: {(25.7+.5 G/100uc) at 2JOOK and
-0.279+.010 MH2/100u: (20.6%,7 G/1l00u¢) at 360K, The agree-
ment of the room temperature result with earlier work on
pure Fe shows that these shifts are inherent to Fe and not
impurity dependent. That the shifts are proportional to
(1/T) confirms that these effects are dominated by a etrain-
induced-muon-population shifts between crystallographically
equivalent but magnetically ineguivalent sites.
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EFFECT OF STRAIN ON MUON DIFFUSION AND

TRAPPING IN METAL



INTRODUCTION

Muon Spin Rotation (wSR} has developed 1n the last ten
vears into a technligue for the study of chemistry, semli-
conductor physics, alloys, magnetic and slectronic properties
of metals and diffusjon of light particles in molidslr2.
More recently it has bean applied to metal hydrides and heavy
fermion systems.

The muons' axotlc nature shows up only in thelr creation
and decay? (chapter 2), The interactions with their local
environhment are determined by thelr charge and spin. In the
time Aifferential techniqua positive muons are stopped one at
A tima in the sample, and are therefore considered to ke
charged impurities in extreme dilution. Three gquesticns of
interest related to muons in metals are:

1) How doas & muon interact with and disturb the surrcunding?

2) How does it diffuse and where does it go once stopped in
the sample?

3) What can be learned about the materlal itself?

The ilnteractions of a positive muon in a metal can be
divided into magnetic, electrcnic and elastic parts. The
origine of these forces are interconnected, but this divielan
leads to a simplified description of the physlcal situation.
Tha magnetic Iinteraction determines what can be learned about
the sBystem, whille the electronic and elastic forces determine

el



how the muon disturbs the lattice, how it moves, and where
it goes.

Thle work is a atudy of the effect of gtrain on muons in
matals, The distortion field around a muon can be described
as an elastic dipolel?:35 and the interaction of this dipole
with other point defects (dipole-dipole interaction} or with
a uniform stress fileld (dipcle-unlaxial stress interaction}
vwere investigated in two experiments wa performed at Brook-
haven Naticnal Laboratory (BNL). A positive muon in metal
can be considered as a light isotope of hydrogen (m, = 0.11
mp). Its interaction with point defects, external or
internal (crack) stress fields, provide information on
hydrogen behaviour. Hydrogen implanted in a metal causes
changes in the metal physical properties and may lead in some
cages to serjious technological problems such as hydrogen
embrittlement.

In the first sat of axperiments point defects with
different local effects on the hoat Al lattice were used,
These defects break the symmetry between possible muon sites
splitting their degenerate energy levels. The elastic
interaction of a muon and an impurity atem in a crystal has
not been theoretically calculated. Here we use the results
of continuum theory to describe the long range forcaasd, while
the results of lattice static (sums over metal atoms)
caleculations for hydrogen-substitutional impurity interaction
in body centered cublc (Nb,V,Ta) metals were used for the

short range interaction®. Both results can be expressed in



terms of the double force tansor® which is related to the
loccal deformation around the iapurity in the lattice {mactlon
3.3). Combining thae above with the psaudopotential caleula-~
tions for trapping of muone by impurities in Aluminum?
{section 3.2), we present in chapter 4 a qualitative picture
of diffusion and trapping in Al {(Impurity) systemns,

The stress Iinduced splitting of degenerate muon energy
levels in a crystal can also be seen in another system where
the analyseis 1is simpler and can be given in a quantitative
form. In thias case the salastic interaction betwean theae
muons' double force tensor in Iron and an externally applied
uniaxlal stress field (secticn 3.3), rasults in an observ-
akle muon-precession-frequency shift. We measured the
tenperature dependence of the frequency shift and verified
that it is due to a Btress-lnduced change in the population
of magnetically inegquivalent sites (chapter 5).

In chapter 2 the muon producticn, dacay and detecticon
system used at BNL are described. Chaptar 3 starts with a
short review of magnetism and its relevance for the trans-
verse and longitudinal field uSR technigques and discusses the
electric and elastic interactions. The experimental details
and resulte are given in chapter 4 for the Al{Impurity) and

chapter 5 for the uniaxial-stress experiments.



Chapter I1II
HMUONS

2.1 PRODUCTION?

Various reactions in high energy protons will produce

pions. Among these

p+p-~-->at +p+n {2.1n}

P+n=--=->at+n+n (2.1b)

Plons decay in a mean life time of 2.6 x 10™% s according
to the follewing parity violating weak reacticn.

S T {2.2)

»
Because of parity violation, the mucon is forced te have
its spin opposite to its momentum.

In flight decay: Pions leaving the production target
are guided by dipole and gquadrupole magnets into a strong
focussing guadrupele channel where they decay (Fig. 2.1).
The muone accepted by the beam transport system are emitted
to forward and backward in the pion Center of Hass {CH)
frame. Backward mucns (CM) will have forward polarizatien
and lower mcmentum in the laberatory frame compared to
the backward polarizeqd forward emitted MUONE. The

-5
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characteristics of the puon beam at BHNL (table 2.1} and a
summary o©of the propertiss of positive mucns (table 2.2) are
given at the end of this chapter.

Surface muons: Thesa muons are produced from pions
decaying at rest near the surface of the production target.
The momentum of these surface muons is nearly 29 MeV/c and
they are almost 190 % pelarized. Because of thelr low
enerqy {about 4 Mev) it is important to have vacuum from the
target to the sample. The advantage of low energy  muohs
is that they can be stopped in thin samples, their
disadvantage 1la need for a vaczcuum transport system and very

thin dafining counters.

2,2 DECAY
Muen Spin Rotation 1s made possible by the parlity

viclating decay of the muons,

n+ -———s at 4 veg + vy (2.13)

with a life time of 2.19713 x 10~% s,
The angular distribution of the positrons 1ie anisotropic
with respect to the muon spin direction at the time of
decay. This distribution 1s given by3,

W(é) = 1 + a CO5(7) (2.4}

where ¢ is the angle between the muon spin and the



Figure 2.2

W(f) = 1 + a COS¢#, where W is the probability of a positren being
emitted in a certain direction r, ¢ is the angle bhetween r and
the mucon spin at thes time of decay and a ths daecay asymmetry,
equals 1/3 in the diagram and less than that in practic.



direction of the emitted positron, and a is the decay
asymmatry which has a value of 1/3 when all positron energles
are included (Flg. 2.2}. In practice the beam polarization is
not 100 %, and the positron detectore are of finite size.

Therefore the measured asymmetry is less than 1/3,

2.3 DETECTION and DATA COLLECTION
The uSR detection system wused at the Alternatling

Gradient Synchrotron AGS at Brookhaven HNational Laboratory
is sketched in Fig. 2.3. The detectors consiset of a
scintillator coupled to a photo multipller tube via a long
light guide. Detectors A3,A4,M5,F6,F7 and FE are mounted
on a table that slides sc that they may go in and out of the
Helmholtz coils allowing sasy access to the cryostat {(the
rectangle between M5 and Fé}.

The incoming muon, after passing through a variable
water degrader placed in Q17 (Flg. 2.1}, are detectad by M5.
F6 is used to reject muons that have not stopped in the
sample. Positron telescopes ara placed in the forward
{F7,F8Y and backward (A32,R4}) directlons. The holes in the
backward positron detectors are provided to let through
incoming muecns without being detected, while tha holes 1n the
forward detectors are there for reasons of symmetry. Detec-
tors 1 and 2 are used toc detect all particles coming toward
the xSR apparatus.

A logic diagram of the electreonics used at BNL for

data collection is given in Fig, 2.4. Each detector



provides a loglc pulse 20 »8 wide, detectors 2,A4 and F7
alsos provide fast timing pulses of =« 2 ps width. The
incoming muon is defined by 1 24 M5 and satopped wmuons by the
following combination 1 2¢ M5 F6. Backward and forward
positrons raspectively are defined by 2 A3 A4y F7 F8 and 2
F7¢+ F8 B3 Ad4. fThe p*t-stop provides the start signal to a
Time to Amplitude Converter {(TAC), the stop signal comes
from either a backward or forward peeitron. To ansure that
the detected positron is assoclated with a particular muen
stopped in the sample, plle-up conditions area set to inhibkbit
and reset tha TAC whenever two mucns or two peosltrons are
detacted within a certain time window of each other typically
10,15 or 20 wuB. The TAC cutput goes into a Multi Channel
Analyzer [(MCA), which eorts the muon events into a number of
time bins of typileally 12 uB range. A router is used to sand
the forward and backward time histograms to separate memory
gectione of tha MCA. At tha end of esach run the data are
transferred to a PDPll camputer, stored and analyzed.

Other technigques of data collectlion that axploit the
time structure of the particular proton accelerator are
available, At KEK (Japan]) the pulsed beam mathcd is used:
this implies a large number cof muons entering the sample over
a short periocd of time (beam pulse); events are timed with
respact to the beam pulse, this avoids the individual timing
of events. At SIN (Switzerland) the satroboscoplc technigque is
used; this implies the determination of a frequency ratlc and

does not require measurement of time intervals.

10
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TABLE 2.1

Characteristice of the stopping muon baam at BNL

- A S W e B W e — A W e

Range (u¥)
Maximum stopping rate with
strong collimation
Polarization
Duty factor
Macro=-time structure
apill
accelsration
period

Background

e+ {detected/muon)

A R e — W —— . W -

7.5 % 1 x 1 cm? Pt

180 MeV/c
o0 HMeV/o
33 MaV

5.5 grams/cm<

3 x 107 .t/ (cm? TPY)

860 %

40 %

1.5 8
l.5 =

0.13 %
0.5

O e B B BN W et el T W

*Tp Tera (1012) Protons at targst

12



TABLE 2.2

Muon properties ralevant to uSR

W T S R e e L L W W e B e o e e S W e o e el I M S D W M e

e L W e — B W S M e M N W g SR B W e e N e N SN SN -

Production atemen ot o+ Yy

Decay pte—=> ot + ug + v,

Dacay asymmetry W(f}) = 1 + a COS(#)

Mags 105.66 MeV/c? = 0.1126 n,
Spin 1/2 A

Magnetic moment 8.8904 uy =3.1833 u,
Gyromagnetic ratio 13.55 kHz/G

Life tine 2.197x 10~6 s
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Chapter III

MUON INTERACTIONS IN METALS

Muons thermalize in metals by lonization and inelastic
collisions with conduction electrons, E,= kT, in a time on
the order of 1019 g5 or 1less, so that at the beginning of
the uSR obsarvation the muon ie expected to be in a stable
etate characteristic of the material and the temperature
determined by the mucn'e interaction with its surroundings.

Muonium (p*e} has not been found in metals. This
is attributed to the screening of the muon by the
conduction electrons, The pesitive muon's interaction wlth
the lattice can be divided iIinte three parts: electronic,
elastic and magnetic. This division is artificial in the
sense that the origin of magnetism is moving charges, and
that of the elastic interaction is the electreostatic repul-
eien of atoms around the muon or impurity. The magnetic
interaction determines what can be learned akout the muon-
host lattice system, while the electronic and elastlc
interactions determine where the muon goes in the lattica.

In this chapter the above three interacticns will be
discusged and some results ralevant to uSR and the expseri-

ments of chapters 4 and 5 will be derived.

_-] B
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3.1 MAGNETIC INTERACTION

A. Introduction to Magnetism®:%

Magnetism originates from the magnetlic moment due to the
rotational wmotien of charged particles. The nmagnetic
moment of an electron is due +to two types of motion,

crbital and spin. The orbital moment is

u = -(e/2myc) L &, (3.1)

where the angular momentum I, 18 given in units of the
Planck's constant &, the nagnetic moment is measured in

units of the Bohr magneton:
upg =(e/2mgc) # = 0.917 x 10720 erg/G {3.2)

The magnetic moment due to the spin of an electron

(spin=5 &) is given by,

u = -2 ug 5 {3.3)

The factor of two results from Dirac relativistic quantum
mechanics. The above ecquationse also hold for a collection
of electroens {(as in an atom) with L and S now being replaced
by the total angular momentum and spin respectively.

The total magnetic dipole moment of a nucleus 1s the

sur of the moments assoclated with the spin (1/2) of the



TABLE 1.1

Magnetic dipole moments due to the spin of &,p and nlo,

e S B W gy e sl A B W S e M W e e S B B B e e S e e o e e e A

—— T - — T o —— Ry vem B B g v S NS W W e S S N R R N W -

Expected Experimentally
(Classlical Thecory)
Electron - 1/2 ug -1.00 up {Dirac)
Proton 1/2 uy 2.79 uy QCD
Heutron 0 ~1.91 uy QCD

—— gy S B e e kel S R e e e S R e e S BN W e el S CEE B e e -

protoens and neutrons {table 3.1) and the mpoments of the
orbltal motlon of the protons. The unit of nuclear magnetic

mocment is the Nuclear Bohr magneton, given by
ug = (@/2Mpc) A = 5.05 X 1024  arg/G {3.4)

In an atom or fon both the electrons and nucleus
contribute to magnetism. An incomplete shell may have a net
angular momentum and held a stabel moment {(paramagnetism)

given by
u=-up (L + 258 ) (3.5)
This effact when present dominates other contributions to the

magnetism of an atom, A clesed shell has only diamagnetism,

a magnetlc moment weaker than the paramagnetic moment

17



induced antiparallal to an applied magnetic field.

In diamagnetic metals the valenca electrons are in
gquantum states that aspread over the entire crystal. Thera-
fore the angular momentum and magnetlic moment which exists
for an isclated atom are guenchaed for Bloch waves. A muon
stopped in such a sample is subject to variocus effects from

the surrounding nuclei.

B. Muon-Nuclel Interaction in Dliamagnetic Matal

In diamagnetic metals the following muon-nucleus
interactions have the dominant effect on the wmuon depola-
rization:
1- Dipecle-dipole interaction {I > 1/2)
2- Interaction betwsen the nuclear electric gquadrupole
moement {Q) (I = 1) and Flectric Field gGradlant EFG (q)
due to the positive muon (agQ).

The static depolarization rate can be calculated from
the second moment of the random dipolar field given by Van
Vleck; {sections 3.1E and 3.1F)} it usually corresponde to a

magraetic field of saveral gauss.

€. Muocn as & Microscople Probe of Magnetisnmll

Unlike the case of para- or dla- magnetic substances,
spontaneous magnetic order occurs for some materials in the
absence of an external fileld. This magnetization may not
manifest itself? in an overall macroscopic magnetization of

the substance. A specimen may be divided Into a number

18



of magnetic domailns. The axistence of spontaneous magnetism
implies <that the microscopilic magnetlic moments In a domain
are aligned in one direction by the mutual interactions
between the carriers of the moments, and a long range
order is achieved. At high temperature, thias order ls
destroyed and ferromagnetism changes inte paramagnetiem.

The electrons of the oauter shell of ferromagnetic
metala, such as Fe, N1 and Co are usually 4s and 34 elect-
rona, Of these, the electrons which contribute to magnetism
are mostly tha 34 electrons, and it is assgumaed that they are
in nearly atomic states.

Muons will probe the local magnetic field B, at an
interstitial site. In ordered magnatic materials there is
often a strong epin polarization of the c¢onductioen
electrons, induced by the local magnetic moments. Therefore

the local field may be written as,

By = Bext., * Baip. * Bng, (3.6a)

where

Baip. ™ Bdam. + Bp + Bdié. {3.6Db)

Baxt, 18 the applied external fleld, Bygpm,~ - N M is the
shape dependent demagnetization field { M= bulk magneti-
zation density) Bpr = {(4x/3} Mg is the lorentz field in a
domain ( Mg 18 the saturation magnetization density of a
domain} and Bhf_-{-axjajuapﬁpinfnu} is the hyperfine tield

due to the polarized-conduction-electron density at the

19
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Bext-

Figure 3.1

The origins of Bgey.  and Bp, at a wmuon site in a ferrcmagnet are
indicated. The demagnetizing finld is shape dependent and arises
from dipoles far from the muon. le dus to dipoles within
the lorentz sphere while Bhs, ra-ult; from the peclarized conduc-
tion electren cloud at the muon site.



muon site. Finally Baip, 1is the dipolar field from
dipoles within the lorentz sphers, its value for a static
muchn depands on whara the muon 18 in the lattice, if the muon
is hopping betwean magnetically inegquivalent sites then an
averaga depending on the mean time of stay at sach slte must

ba usaesd.

D. Action of a Uniform Field on the Muon Spin
A uniform fileld H applles torgue toc rotates a dipole
u egual to u x H. If the dipole results from spin angular

momentum (=S a) then 1t can be written as,
us=232us. {3.7)

Using Newton's law we can write the change in the angular

momentum as,
AdS/dt = Torgue = u X H = w X 5 & (3.8)

therefore the action of a uniferm field on such a dipole 1s
to cause the moment to precess around H with the angular

fracuency (2u/s) H (Fig. 3.2).

E. Transverse Fleld uSR
The Helmholtz coils, four crossed rectangles in
Fig. 2.2, produce a magnetic fleld perpendicular to the

beam direction. The spin of tha wuone stopping in the

21
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H,&
|

Figure 3.2
The muon & positive charge with spin & has a magnetic dipole
moment W. An axtarnal fileld H will cause the muon spin to
precess around H with the Larmor angular freguency w.




sample precess in the local magnetic field with the Larmor

fragquency,

w=(2u/k) B=2 x y B {3.9)

wherea + is the gyromagnetic ratio = 131.55 kHz/G.

Since the muon decay is asymmetric, more peositrons
come out in the direction of the Epin at the time of decay
(Fig. 2.2}, tha time histogram {(positrcn detected) has an
oscillating part (Fig. 3.3a,b). The fitting function used to

describe such histograms is,

N(t)=Ng EXP(~t/r, ) (1+Py(t) a COS (wht+¢) ) +Bkygd. {3.19)

This function is a superposition of the muon decay proba-
bility and the oscillating part wmentioned above. The
oBcillations have the Larmor freguncy « and an initial
amplitude that reflects the asyrmmetry a. The Qdamping i=s
due to depolarization Pg(t) which results from the nonhomo-
genecus local magnetic fields in the sample. The parameter 3
is a phase factor which correspeonds to the angle batween the
much spih and the posltron detectors at time zero, in the
setup at BNL (Fig. 2.3), ¢ ls 0 for the forward (Flg. 3.3a,b}
and » for the backward spectra.

The information about the muon environment |is
contained in w and Py(t}. The rate of muon precession wu,

glves the local magnetic field, including any external, local
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internal, bulk internal and terms from hyperfine interactions
with electrons. The decay of polarization Py{t), depands on
two factors. (1) The mean sgquare dipole-dipola interaction
with neighboring magnetic moments, represented by a2, the

static second moment of random fields defined by,
82/4% = <H 2> = <Hy2> - <Hz 2> {3.11)

cn which muon site determination depsends.

(2) A correlation time r_., describing the fluctuation of the

randor flalds, which contains diffusicn information.
Fregquency can be determined by a leazt square fit to

Eg. 3,10 or by a Feuriler transform of the time histograms.

For the depolarization often tha following expression is

used in Egq. 3.10,
Py (t) =EXP (- o2t?) (3.12)

and plots of ¢(T), the damping rate as a function of
temperature are made, For a static muon L avvzfz, due to
moticnal narrowing of the randem dipolar fields ¢ will become
smaller as the mucn moves. Therefore these plote provide
qualitative information about mucn diffusion. A more complete

expression for the transverse relaxatlicn function is:

Py (t)= EXP [-a2/8(0~t/ 7% —14t/r0) ) (3.13a)

= EXP (-2%t2/2) 4o ===> ® (3.13b)
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= EXP (-22rgt) e« 1 {3.13¢)

what is a2712/13 Thy nuclaar dipolar field at the origin
from an i~th peint dipole uy located at ry is given by,

-~ -~ Lot .3

Hi= (uj/rf} {3(ug.rqdri-uy) (3.14)

with r taken to lie in the xz-plane (¢ set to 0], its =z

component can be expressed as (Flg. 3.4 and APPENDIX A):

Hyg=uj/r{ [(3 cosg;-1) COSZ; + I COS#y COSHy

SIN#; SINZ4) (3.15)

In the transverse fleld case, where the following two
conditions are satiasfied:

(1} The nuclear Larmor frequency yyH is larger than the width
dua to randeon fields +Hj.

{2) For the case of nuclear spin =z 1, use of a large enough
fiald 8o that tha contributions of the electric field
gradient creatad by the muon do not conme into play.

The Iarmor pracession of uy around H which ies parallel to
z, averages out tha sescond term in Egq. 3.15 including
COS¢y. Therefore the second moment of the dipolar field

components along H (Van Vlieck Valus ) can be written as,

oyy? = 173 3,2 4§ T{I+1) #? 53 1/r§ (3 cos?ey - 1¢
(3.16)
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Figure 3.4

A representation of the angles in Eq., 3.1%5 which expressas the z
component of the nuclear dipolar fisld at the origin, frem an
i-th point dipole u located at r.



where up=ypJ#, J=I(I+1)4 and <c0S2=> =(1/2 [§ CO52z SINZ A=)
= 1/3 has been used. Its polycrystalline average [ <(3C052s

-1)2> = 4/5 ] is,
a2 = 4/15 I(I+1) +% 12 ? 34 ri® (3.17)

oyy? should be used in Eg. 3.13 a,b,c for a2 1f the two

conditionas stated above are patisfried,

F. Zaro and lLongitudinal Field uSR

A pair of Helmholtz coils inserted with axis along the
beam direction produce a magnetlic field parallel to the beanm
and 4its polarization in the longitudinal case and no fleld

for zero field studies. For elther case Eg. 3.10 reduces to,

HF}A(t‘}-NUF;’R EXP{-tfrp] [11&1:'-;3 Pz(t)] + Bkgdupfa
{3.18)

The time histogram (Fig. 3.5. zero field) does not have as
much structure as in the case of transverse field data,

Data from the forward and backward detectors are
combined in the following way to extract the experlmental

depolarizatiocn,

Pz,axp.(t) = [(Rp(t)-Bkgd.p) = o (Np(t)-Bkgd.p)] /
[a5(Np({t)-Bkgd.p) + a ap(Np(t)-Bkgd,p)] (3.19)
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where P guyp.(t) is the longitudinal relaxtion function and «
is the instrumental asymmetry = Nop/Nga-

The longlitudinal relaxation can alsc ba detarmined
from each histogram indepandently by the following

eguation.

Pz,exp.(t) = [(Np{t}-Bkgd.g) EXP(t/r,} = Nofl /
[ (Np(0)-BXgd.p) - Ngg] (3.20)

The exprassion for the backward spectrum is similar to the
above eguation multiplied by a minus sign.
For longitudinal field uSR and for the case of static

muon and random dipoles, the theoretical function used

toc fit Py gyp.(t}, given by Eq. 3.19 or Eq. 3.20, igld;

Pz, th.(t) = 1 - 2 82742 [1 - EXP(- a%t?/2) cosut] +

2 a4/, J§ EXP(- 22/2/2) SINwr dr  (3.21a)

where o= 1.B

Its zero field limit is
Pz, th.(t) = 1/3 + 2/3 (1- a2t?) EXP(- a2t2/2) (3.21b)
The initial depoclarizaticn is Gausslan,

Pz, th. (t) = EXP(- a%t?) (t-short) {(3.21c)
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What is 4%712,13 a¢ zero field the surrounding nuclei
can precess due to gquadrupcle interactions produced by
the positive muon. If this interaction is strong enough it
can smaar out the second term in Eg. 3.15. In this case
the precession is along ry and for random distribution of ry,

the average second moment ie,
agr2 = 479 I(I+1) 72 1,2 #? 1336 {1.22)

which is 5/3 times as large as the Van Vleck wvalue. This
value shculd be used in Eg. 1.21a,b as long as egQ (section
3.1B) 1s strong.

In the case of no external field and no eqQ, as is
the case for I=1/2 nuclei at zero fiaeld, the second term in

Eg. 3.15 does not drop out; then
4% = 2/3 I(T+1) v1? 4,2 ¥ Byrys (3.23)

This value is 5/2 times as large as oy,2, and should be
used in Eq. 3.21la,b.

Compared to the transverse fleld second moment, the zero
or longitudinal field moment isa larger (Egs.3.22 and 3.23),
thie results in faster depolarization. Also faster initial
depolarization results from two components of the random
fields contributing to the depolarization in zerc or longitu-
dinal fleld (Eg. 3.21c) compared to only one in the cases of

transversa field (Egq. 3.21b). Ancther useful characteristic
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of zeroc and longitudinal field studies is the minima and
racovery to 1/3 of the initial polarization for static
muons (Eq. 3.21a,b}.

The depolarization functlens discussed ac far are for
static muons. Diffusion is sometimas described by a two
state modelld, 1In this model a mucn diffuses and is
captured by a trap in a mean time (l1/v), v is the trapping
rate, then released from traps after a mean time (1/¢), ¢ is
the escape rate. The spin relaxation functien can be
expressed as an integral equatlon which can be solved

numerically (APPENDIX B}.

3.2 ELECTRONIC INTERACTION

Tha poritive muons' elactronic interaction with the
metal lons is important in determining where they go in the
lattice, Pomritive muons are repelled by nuclei located at
lattice sites, tharefore the potential minima are situated
at interatitial points with Qctahedral (0) or Tetrahedral
(T} aymmetry. In Face Ceantared Cubic (FCC) lattices the O
Bites form an FCC lattice with the same lattice constant a
as the host. The interstitial lattice is displaced with
respect tc the host by a/2 along the cube axls, and there is
one O site per host atom (Flg. 3.6a). The T Biltes form a
simple cuble lattice with constant a/2 which is displaced by
J3 a/4 along the cubic diagonal, and there are two T sites
per host atom (Flg 3.6b}. The interstitial sites in an FCC

lattice have cubic symmetry. The slituation is much more

33
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Figure 3.6a-d (K. Schrocder st al.j4

Various types of lattices of interstitial sites (full circles) in
FCC and BCC latticea (open circles). The bold lines in a & b
join the atoms forming one © and one T sites.

{a) O sites in FCC form an FCC

(b) T gites in FCC form a simple cubic lattice

{c} O sites in BPCC form three BCC lattices

(d) T sites in BCC form mix BCC lattices



complicatad in PBody Centered Cubic (BCC) lattices whare
there are three O sites and eix T sites per host atom? as
observed in Figa. 3.6c and A respectively. Tha Iinterstitial
gltes in a BCC lattice have tetragonal symmatry.

Muons in metals are sBurrounded by conduction alectrons
go that, from a short distance the charged impurity appears
neutral, For a free electron gas the mean radius of the
screening cloud (rg) is related to the denslty ngpe of the

canduction electrons at the ferml level by?,

rg = (EffﬁrnErezllfz R 1A (3.24)

Self cocnaistent electron density calculations around a
proton in Al ehows osclllationa of the charge density
within few Angstroms (Fig. 31.7}. Thease oscillations should
affect the interaction betwaen a muon and an impurity in
a crystall3,

Estreicher and Meier’ have done psedopotential calcula-
tions on the problem of muon trapping by substitutional
impurities in metal. They predict strong trapplng at the
nearest and second nearest mites to the substitutional
impurity in AlCu and Alig, and weaker traps in AlMg and
Al12n. The change in energy for sites further away 1s very
small { = maV).

The conclusion te be drawn from the above is that the
range of the electronic interaction is on the order of 4A or

the nearest two sltes to the impurity.

s



36

—at - ]
o m O
-
-
—
-
—
-
—
-

— gk
LY B ]

ELECTRON DENSITY n/n,
3

DISTANCE r [ou }

Figure 3.7 (M. Manninan et al.)13

Self conseistent slactron density arcund a proton in Al. The
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3.3 ELASTIC INTERACTION

A. Elastic Compliance and Stiffness ConstantslS

Etrain isp the measure of deformatien. In satrain
analysis Bix coefficients are needed to define the strain.
Neglecting termes of order ¢?, the fractional change in the
length of the axes are eyy,eyy and ez, the other strain
components Cyzi8zx and eyy are defined in terms of the change
in angle betwean the axes. The force acting on a unit area
in a so0lid is defined as the stress. With the condition that
the anqular accelaration vanish, and hence the total torgue
ba =zero, eilx independent stress components Xy, ¥y,2;,Yz.2y
and Xy describe the stress. The capital letter indicates the
direction of the force and the subscript indicates the
normal to the plane to which the force is applied. Hooke's
law states that for small deformation the strain is directly

proportional to the stress,

exy = 511Xy + S12¥y + S132z + S14Y; + S15Zx + S1gXy  (3.25a)

eyy = 523Xy + Sp¥y + S33Z3 + Spa¥; + Sp5Zy + SzeXy  (3.25D)

or

Xx ™ Ciryexx + Cizeyy + Ciaezz + Cl4®yz + Ci50zx + Clrelxy
{3.26c)

Similar axpresslions exlet for the other components.
The S's are the elastic compliance constants.

The C'e are the elastic stiffness congtanta.
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In a c¢ublc crystal there ara only three independent

gtiffness constants.

X €11 €12 Ci12 o 0 e

Yy €13 C1n  Ci2 0 0 0

Zz Ci2 ©C12 ©n 0 ° 0

Y, 0 0 0 Caa o )

Ty 0 0 0 0 Ca4 0

Xy o o 0 0 0 Cqs
B. Distortions Arocund a Point Defect

The distortion produced by a positive muon in the
surrounding lattice is important in determining its state in
a pure crystal, in the presence of other point defects as in
the Al{Impurity) experiment of chapter 4, or when a uniaxial
stress fields is applied as in the iron experiment of chapter
5. Therefore a modal to describe the displacement of atoms
from their regular sitas by a point defect 1ls neaded. These
displacements can ba thought of to result from the filctitious
Kanzaki forcea® in a defect free lattice (Fig. 3.9)., In the
framework ©f continuum theory, force densities can be used,
which must have vanishing total force and torque {eguilibrium
conditionas). Therefore the double force tensor defined by

Eg. 3.26 18 the first nonvanishing term in the multipcle
expansion of tha displacement fleld, and ie sufficient to

characterize the macroscopic situation.

ig
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Figure 3.9
The Xanzaki forces. In (a) u 1s the displacement of atoms due

to the impurity atom. 1In (b) the impurity atom is replaced by a
regular atom and u results from the Kanzaki force «. In contin-
uum theory u and « are the displacement and force fields.



41

Pij{i,j- X, Y.z)= §dr xj £4(x) {3.26)

The double force tensor can ba describad with the

following plcture.®

The force density fy(r)= x[s§(z-a}) - &{z+a)]) &§(x) 6(¥}

From equation 3.26 the double force tensor is,

| © o 0 |
| |
Pgq = 2xa % 0 0 0 u
| © 0 1]

For a center of dilation in a cublc crystal the double

force tensor per unit volume per unit defect 1s,

| X, © o |
| |
Py4/V = : 0 ¥y © 1
| © 0 Z, |

where Xy, ¥y Bnd Z, ara the stress components.



Another way to characterlze a defect and its distertion
field in a crystal is by elastic dipoles. A i-tensorl7.1B,

which represents the strain per unit veclume per unit

defect.
[ 8xx © 0 |
Ajq - : 0 Byry Q f
| 0 o gl

The change 1in volume per unit volume assoclated with

a defect is to first order,

aV/V = Tr. irj4 = Tr. Pi4/ [V[Cy1+2Cy12)] {3.27)

The change in volume can be measured as a change in the

lattice parameter,

saa/a = 1/3 AV/V = 1/3 n/N avr/n

AVy/0 = 3/a da/dc {3.28)

Where V i8 the wvolume, n is the number of polnt defects, aVy
the change in volume per defect, N number of lattice atoms, n
the veclume per atom and da/dc is the contraction or expansion
of the lattice constant with increased solute concentration
{Fig. 4.3). TYor an isotrepic elastic continuum (FCC) P can

be expressed as,

P= (C11+2C;32) it/ daysdc {3.29)
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C. Interaction Betwaen Two Polnt Defects

An interstitial muon in a crystal displaces the surroun-
ding atoms and could craeate a desep potential well for self
trapping. The trapping site will be one with 0 or T symmetry,
bacauge of the relatively large available space and hence
least deformation and the slectrostatic repulsicn by atoms on
lattice gites. If self trapping ie delayed, i1mpurities can
induce trapplng.

The interaction energy of two peint defects in general
cannot be given in a closed form due to the complicated
structure of the lattice Green's function. For a qualitative
analysis o©f the xSR data con Al(Impurity) systems discussed
in chapter 4 use is made of the following two results:

{1) The laong range interaction eanergy 1s given by the

results of continuum theory?, it goes as,
E(R) = - {Const./R3)} f(n) (3.30)
Its maln feature are:

a- Falls off with distance ae R™3, gimilar to the interaction

between two magnetic dipoles.

>
|

The interacticn averaged over the Belild angle is zero,
{dnf(a)=0, this implies that there are always attractive
and repulesive directions irrespective of tha local
deformation caused by the point defect.

c- For FCC crystals, to lowest order in the anisotraopy

parameter d = €1;-C13-2C44 and for isotrople defects,
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E(R)= -15d/Bx [5/(3C1+2C;5+4C44) )2 PRPB/RY «
(3/5 - £4 R}/RY) {3.31)

where A and B are the twe point defects. For most metals d
< 0 , and for identical defects (P > 0) the interacticn
is attractive in the <100>- and repulsive in the <110»>~
and <lll1>~ directions.
2) Atomic displacements close to the impurity can be largae,
changing the coupling between atoma. The hydrogen-substit-
utional impurity interaction energies in BCC matals
{NL, V, Ta) have beean calculated using the theory of lattlice
statics by Shirley and Hall®, fTheir results show that the
interaction for eites other than the nearest and second
nearest neighbor to be eensitive to distance and orientation
in agreement with the results of centinuum theory summarized
above. while for the clogest two sitea the interaction
depends on da/dc of the substitutional impurity. If da/dc »
0 (P > 0) thean the interaction will be attractive, but

ifr da/de < 0 (P < 0} 1t will be repulsive.

D. Muon-Unlaxial Stress Interaction

A point defect (mucn) can be described as an elastic
dipole (section 3.3B}. In a similar way to the alipement of
a magnetic dipole in an external magnetic field, the elastic
dipole should aline in an external stress field, In chapter 5
this is shown to be the case for a muon in iron under

uniaxial stress. in this section the aplit the mucn energy
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between structurally equivalent sites due to uniaxial strass
is derived.
In a BCC lattice the interstitial sitas have tetragonal
symmetry. The ij4 for 0y and Op; or T; and T; (chapter 5,

Fig. S.la,b) can be written in the following form {(eg > a),

| e O 0 | | & 0 o)
Aij{olj = : a e O f ,0r Aijtolj - q 0 63 0 *
| o 0 e | | © 0 e |

| & 0 o |

1ij[02} - ﬂ o & 0 i

i O Q ea |

With the uniaxial stress along the z axes, the enargy
difference for muons between sites ©; and Oz (T; and T3) can
be written in analegy to magnetic dipoles 1in a magnetic
field. Therafore,

AE = Eg1=Egz==~ o3z [133(01)- 233(03)]= (eq ~ &} agzp

For a muchn in a site with tetragonal symmetry tha double

force tensor has the folleowing form,

| Pg ] 0 |
[ I eq = 511Pg + 25;3F
Pij = | Q E 0] ¢ Then
] I 8 = SllP + Slzp + SlZPd
| © 0 P |

Therefora: AE = {{511 - Slz]fsllj (Pq - P} 8001 (3.32)



E. Conclusion

In the akcocve sBection a muon was reprasented as an
elastic dipole. Its interaction with other poilnt defects
(elastiec dipoles) or unlaxial stress field was investigated
along the lines of the interaction of two magnetic dipcles or
that of a dipoles and a magnetic field. In ths next two
chapters thase intaractions will be studied by two experi-
ments. Chapter 4 will describe the Al ({Impurity) expariment
where the elastic dipole=-dipeole interaction was used to give
a gualitative explanation of the data. Chapter 5 will
describe the uniaxial stress experiment on iron where the
elastic dipcle-uniaxial stress interaction will be used to

explain the observed strain induced mucn fregquency shift.
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Chapter IV
DIFFUSION AND TRAPPING IN Al ({IMPURITY} ALLOYS

4.1 OVERVIEW

The damping of the uSR signal in a pure host (Eq. 3.12),
is expected to change from a small value corresponding to the
motional narrowing of the random dipolar fields at high
temperature toward a larger value determined by the static
fields at lower temperatures (Fig. 4.1). A nmuon is considered
static if it does not move during the time of obgervation
which is on the order of 1077 a.

Magnetic metals with large dipole flelds from
unpaired electrons (saection 31.1A) can be used to study fast
jump processas. For non-magnatic metals to be sultable for
uSR &studies thelr nuclear moments should be large snough to
give a reasonable depolarization in a 10 us time window. BCC
Nb and V, and FCC Cu and Al are the non-magnetic metals most
studied by uSR3-14_ bDiffusion in relatively pure copper ( <
20 ppr interstitials, < 1 ppm substituticnal impurities )
reveals for o{(T) the general shape in Flg.4.1, with scms
deviations on the low temperature sjide. Since for moderately
pure Al the damping rate is low over all temperatures, Al is
jdeal to study impurity effects.

Al{cu) ,Al (My),Al({Ag) ,Al(Mn) and RAl(Zn} are scme of the
Al {(Impurity) mystems studied by transverse rleld over a wide

-4 T~
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T {us™) T:10 us
1

T =z 1us

F(K}

Flgure 4.1
Expected behavior of the damping parametar of the y5R mignal for
metal as a2 function of temperature. r. is a correlation time

describing the fluctumtion of the random fislds.



TABLE 4.1

Aluminum {Al) data

Al e - S T — - - . e — e N R v L N W M el S N N PR e S N R e e e S .

Crystal structure FCC Valence +3

Lattice constant 4.05 A Cy3 0.73eV/al
spin 5/2 A C13 0,40eV/A%
Magnetic moment 3.64 uy Caa u.lgeV/A3

A — W W W e e o L RN N W e e e S A B R W e ek A NN S B W e e e - A S W S e B B B e e

range of temparaturalgrzu'zl- It was found that the
damping rate is a complicated function of temperature which
results from trapping {Fig. 4.,2a,b,c,d,e). The first part of
this chapter deals with muon diffusion in AlCuyzgppm. LB1ing
the zero and low leongitudinal field technique, analyzing the
data on the basis of the trapping-detrapping model {section
31,1F, APPENDIX B)1%. The second part lovks at transverse,
zero and longitudinal fleld experiments on AlMg and AlAg
alleys. The aim is for a better understanding of the
Aiffusion and trapping mechanisms and how they are related to
the gtrain fielda in these systems.

The zeroc and low longitudinal field experiments are
complementary to the transvarse field method in the study of
diffusion and trapping. Compared to the transverse rield they
have lj}Faster depclarization, as seen in section 3.1F, this

is the result of two components of the random field each
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Figure 4.2a (K.W.Kehr et al.)21
Damping parameter for AlMn alloys.
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represented by the zero fie)d second moment contributting to
dapolarization, compared to only one component represented
by the smaller transverse gecond moment. 2) The minima at ¢
= f3 / Ag and recovery to 1/3 is the sign of a etatic fleld
enviranment ( 1/3 of the random fields are in the directicn
of the muon spin at time zero, Eq. 3.21b, Fig, 4.8). To see
the minima and recovery it should be possible to lock at a
time, depending on the size of the random fields, of 8 to 14
u&., Due to the exponential decay few muons live long enough
to give counte after 10 pa., Therefore it is essential for
the data spectra in this kind c¢f experiment to have many

events and a well determined low background.

4.2 SYMMETRY BREAKING
To understand muon diffusien and trapping 1in Al-impurity

systema the electronic and elastic perturbation in the Al
lattice due to the point defecta {impurities and muon) must
be considered, Lattice dilation in Al due to substitutional
impurities can be obtained from Eg. 3.28B, using the change in
lattice parameter reported by Pearson?? (table 4.2 & Fig.4.3).

In a crystal with impurities, the possible sites for a
mucn are ho longer equivalent: there are energy differences
betwean nelghboring sites. Clecse to the impurity (< 4A),
both the electronic (section 3.2) and elastic (section 3.3C)
interactions have to be considered. Farther out, due to
secreening of the c¢harge impurlity by valence elegtronzs, only

the ®lastic part contributes to muon trapping. In this reglan
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Figure 4.3 (Pearscn et al,}22
Lattice spacings of Al sclid sclutions as a function of

composition (l1.00202 kX = 1 &)
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TABLE 4.2

Lattice dilation in Al?* due to substituticnal {Sub.) and
interstitial {Int.} impurities, alsc 1listed are the
impurities spin and magneatic moment.

— - — N N W e S A e e N W R M CEE e e S S e e ke M G e e M B N S uge oA S

. —— - W W S CEE N e kN N N W e N R e L W R N W e A R e S AN W e —

Sub, Spin (&) uluy) sa/a for 1 atomlc & sV (A3Y)
Mg2t 0 0 +0.93 % 1073 +4.6
cult 3/2 2.28 -1.3 x 10~3 -6.5
Aglt 1/2 -0.12 < 10°5 < 0,085
Zne+ 0 0 -0.13 x 10~% -0.6
Mn2+ 5/2 3.44 -1.5 x 10~3 -7.4

Int. (reference 21)

Hi+ 1/2 2.79 +2.9

W e B W N W N B W e e W SN M M Y e B S M M e e e e — Y W

impurities that expand or contract the lattice will have
attractive sites (saction 3.3C). The escape rate is described

by the Arrhenius law (E, 1s the actlvation energy).
1/re = 1/ry EXP(-Ea/KT) (4.1)

Beyond the trapping region there are enarqgy differences
batwean interatitial sites due to the long range strain
fielda. An estimate of the energy differenca AE in the
reglen far from the defect can be obtalned from Eg. 3.31.

For the estimate (3/5~ z; (Ry/R)%)~ 0.5, d= 0.D5 aV/a3,
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[5/(3C;1+2C1+4C4) 1%=1.8 (A3/ev)2, PCY= 3.3 eV and P¥= 1.5
eV (Eg. 1.29, table 4.1 and table 4.2). oOns finde E(R)=
0.13/R? aVv (R in A). For 500 ppm Cu in Al, R taken midway
batween two point defects= 16A. E[(16A) due to one point
defect is = 30 peV, tharafore the energy difference aE
betweaen neighboring interstitial mites (AR =2A} is a few ueV.
When kT (at 10 K = B60 peV) » AE, the absorptien or emiasion
of a single phonon can result in a transition between sites
of the same symmatries (0-~>0 or T=->T). The transition rate

is given by (K.W.Kehr et al.}Z21,

rabs.=rem.s [(Jeey, P 8E aR)2/(12 n » 45 07} kT
(4.2)

where Jgeg. is the effective transfer matrix element, , is
density of host metal and ¢ is the velocity of sound. If the
energy difference betwean a muon in an O-site and T-slte is
tEqr, the one phonon transition rate between sites of

different symmetries (0 --> T or T --> 0} in the high

temperature approximation ig2l,
I = (Jgeg.2 [Tr.(P§)-Tr.{P1)12/2x » #%c®) kT (4.3)

plus a term equivalent to Eg. 4.2. It is important to note
that both terms of the one phonon process are linear in
temperature., All other phonon processes have a more compli-

cated temperature dependence (K.W.Kehr et al.)Z21,
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4.2 S 5y

A. Fitting

A laast sguare fitting fortran routine that uses an
algorithm which combines the best of the gradiant search with
the method of linearizing the fitting function was used

(Harquardt}23.

B. Samples
The aluminum i1mpurity alloys used are described by
Kossler et 2l1.2% Transverse fleld data on thess samples

are shown in Fig. 4.2c,d. Where o= 2 o2 .2.

C. thu42gppm

Experiment: Four 3mm thick sample plates were stacked
inside m He flow cryostat, the temperature Wwas measured
with a carbon resistor and c¢oentrolled to ©0.1K . The field
wap nulled to 0,16. Typlcal asatoppling mucn rates were
2000 =1, with event rates of 300 e~l. Data was taken for
about an hour per polnt corresponding to one wmilllion
avents.

Analysis and results: The experimental depolarizaticn
wags extracted from the forward and backward positron spectra
according to Egq. 3.1%. A transverse field run at 7.1K and
150G was used to find the background ratilocs (Bak.yp/Ngp and
Bak.p/Ngp) and normalization parameter o, which were then

fixed for all zero fleld runs. Also extractad from the
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transverse data and fixed for all runs were the asymmetries
{ap and ap). Ngop and Ng, needed to calculate the back-
grounds wers fcound from fitting the data directly to
Eg-. 3.18. The cryostat wasa movaed just before the 14.2G
runs. In order to determine the above parameters for these
rung, o from fitting directly to Eq. 3.18 was eacaled
according to the diffarence in o between zero field data
and the transverse run. Then the kackyground ratios were
adjusted in a mannar to be consistent with the change in a.
The new set of (u,Bkgd.p/Npp,Bkgd.p /Nga) was then held
censtant for all the 14.2G runs.

The zerc and longitudinal field epin relaxation spectra
Pz ,ext,(t), were fitted to the calculated Pgp, (t) (APPENDIX
Bl4) considering one kind of traps with second moment ag,
trapping rate v and escape rate (. In order to reduce the
uncertainty in », sz was fixed to the values obtained in the
pravious Btep and the data refitted with v and ¢« as free
parameters; the results are shown in table 4.3,

All the runs at 20K and 22K were fitted with sz fixed to
0.38 xs~l which was found toc increase y2 by about 20%. Fig.
4.4 =sahows the data and fit with the parameters given in
table 4.3, In Fig. 4.5 the trapplng v and escape ¢ rates ara
plotted ms a function of temperature.

Interpretation: Even though the maximum in the trapping
rata is at 14K (Fig. 4.5), due to the lower escape rate muons
actually spend more tima in traps at 1l0K. This is in

agreement with the peak in the damping rate Fig. 4.2c.
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Muon polarization as a function of time in AlCuss9ppm-
parametars of the fitting functicn are given in table 4.3.
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TABLE 4.3
Regults of zaroc and 14.2G experiment on AlCugag

Fit to the two-state modal (APPENDIX B) 4, is thae tgrpping
rate and ¢« is the ascape rate

e e S N W e e BN B W Tk EE N M B ey e ek SR R CEE W e v SR R e e B e B W e e e R -

0-field 14.26G longitudinal
T(K) az{us~1)  »(us"1) «(us™1) v(ua™l) « (ue"1)
4.9 0.38 0.58:0.15 0.4230.14 0.49+t0.09% O.4530.24
7.1 0.38 0.72+40.13 0.24x0.08 0.6220.05 0.250.06
140 0.38 1.0140.18 0.25+0.07 1.07:x0.08 0.,39+0.07
ld 0.41 1.5040.31 0.5%5:0.10 1.43+0,13 ©0.63%0.11
20 0.47 0.%2+0.03 0.32:x0.08
22 0.47 0.4240.,08 0.193D.12 D.52+0.04 0.35+0.D9

e e e e e R ek g B S N T e B N T e B W e R N N S W e e B e k- G e -

For a constant concentration of traps in a erystal, the

fagster a muon moves the sconer it will find a trap. There-

fore, the trapping rate up to the peak should be proportional
to the transition rate, which is linearly proportional to
temperature for the one phonon processes (Egq. 4.2 or E4.

4,3). A least sguare fit of v = T¥ to the trapping rates
betwaean 4.9K and 14K for the 0-fiald and 14.2G data listed in
table 1.3, gives a g of 0.93 + 0.26 and 1.16 % D.14
respectively. On the basis of the above result the hopping
of muons between different sites seems to be induced by a

single phonon. Kehr et al.2l Aid not cbserve any dependence

of the muon hopping rate on AE 1n the case of Mn impurity in



TABLE 4.4

87 (QI} {us~1) calculated from Eg. 3.22

O e e S N N W R S e S B B R W e e B S B A W B e e L B g W e S B R e R N e —

lattice sums?4 nearest neighbors relaxation N.N.

N.N. AR/R = 10 %
T O0.484 0.4756 0.36
O 0.387 £0.378 0.28

v 0.203

W ey ——— W W e e S B W - ek S R W W e L CE N W W e e A e Al N N W v

Al and as a result predict a transition between crystallogra-
phically ipeguivalent sitea {Eg., 4.2 and Eq. 4.3) ,[AE «<
AEar << kT). Therefore the one phonon diffusion process
doas not result from the long range strain filelds associated
with impurities but from the difference 1n energy Lbetween 0O
and T aites for muons in a pure crystal.

To compare the possible muon trapping sitea, ap for a
strong quadrupole interaction calculated from Eq. 3.22, for
tetrahedral- octahedral- and vacancy- sites in a rigid Al
lattice are listed in table 4.4.

Comparing the 4z in table 4.3 and those in table 4.4 we
canslder two possibilities for the trapping site. In the
firast case muons trap in a T-site with 10% relaxation of
N.N, ions. The macroscople volume change can be calcula-

ted as (section 3.3B, Eg. 2.28 and Eg. 3.29) aV= /3 K a

6l



/{Cy1+2C13). For a central force, the force constant alcng
the <100> diraction on N.N. in an FCC lattice is aj= €y 4a°5.
For a T-gite with 10% relaxation the z7-Al force im K =6 a
Cqq COS2(35.3) §R =0.53 eV/A. Therefore av= 2.4 A%, in
agreement with the hydrogen result listed in takle 4.2. The
deaper traps at higher temperatures are pessibly closer to
the defact (l4X the start of mixed traps), where lattice
contractions due te Cu offget the relaxation caused by muons,
leading to larger ap. The second possibllity is that the
praferred site changes from O-slte to T-aites as the tempera-
ture ls raised where in both cases thera 18 no lattice
relaxation. This model does nct agree with the results of
hydrogan and predicts a pure electrostatic trapping in

contradiction to tha strong trapping peak seen next 1in AlMg.

The change in the value of ap (table 4.3} implies a
change in the muon trapping site, This change is pcassible 1f
an extended trapping reglion that contains many trapplng sites
exists around a point defect. The ldea of extended trapping

reglons around impurities was introduced in section 4.2.

D.  AlMg;pooppm
Experiment: Three 3mm plates wera placed in a closed-

cycle He reafrigerator {(Displex), the temperature between 10K
and 50K was measured with a thermocoupls to which a
correction ( < 3K } was applied because of the position of
the thermocouple relative to the sample, Higher temperatures

were measured wilth a platinum resistor placed on the cold
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Table 4.5

Transverse fleld results on AlMg;gooppm: and r. are the
average values on the plataeau and E? %ar tha drop off,

M v S B A e el S N W g ol B A e By el e A TP e e e A B e A S

O S  — RS N e o NN B e S N N W S e SN S R W e S N e S B S

Reglon T{K) Ay (u8™1) re(us) En (maV)
I 10 =-- §0 -317+.007 { -—— 10 20 £ 1
I1 60 =--- 150 .2212,013 1 === 2 29 + 5
III 150 === 2300 «150+,013 & === 10 95 + 34

A — g S B R e v S T A A T B T e e e S W e W W e S S e S B

finger. The muon stopping rate was 5000 s~1, which gave a
count rate of 600 evants/s. Transverse fileld runs were taken
for half an hour corresponding to one million events,
longitudinal yune for one hour or two million events and zero
field for two hours or four million events.

Analysis and results: The transvarse fleld runs were
done at 150G. Fig. 4.6 shows the damping parameter (Eg. 3.12)
versus teamperature. The forward and backward apectra wers
fitted pimultaneocusly to Eq. 3.10 with the Abragamian form
for Py(t) (Eg. 3.13a). &As a first step all parametere were
left free, three reglons could be ildentified as shown in
table 4.5. Then the asymmetries were fiwxed to the average
value, ay was held ceonhstant to the average on the plateau
af the region and the data rafitted. In table 4.5 in
addition to the temperature range of the reglon, the average

value cf Ay and rg on the plateau and the activation energy
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TABLE 4.6

AX = J{3/5) Ay (From Table 4.4)

Az (QI) (ue™1) sy (us”

10 ¥ N.H. relaxation for T&D gtrong fleid
sites plus a cerraction term
for the reat of the atoms,

T 0,389 0.286
0,289 0.224
v 0.203 0.157

calculated for the drop off ( Eg. 4.1, Fig. 4.7) are 1isted,

The zero and leongitudinal field experimental depolari-
zation were axtracted from the forward spectrum using
Eg. 3.20. Only the forward data wera used because of the
lawar background. The data are presented Iin Fig. 4.8,
also shown 18 the theoretically calculatad depoclarization
from static fields for zeroc and 7G longltudinal fleld
{Egq. 3.21b and Eq. 3.21a ).

Interpretation: The helght differance kbatween the
danping rates at 150G Fig. 4.6 and 500G Flg. 4.2d is the
rasult of contributions to depolarizaticn from eqQ at 15QG.
Table 4.6 is a list of a43(gy) cbtained from the data in table
4.4 by adding te the nearest neighbors result with 10%
relaxation the difference between the results considering

lattjice sums and that of nearest neighbors with no relaxa-
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A plot of Inrp versus 1/kT for Mg between 42K and 60K.
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Polarizaticn versus time.

The curves ara calculated for a static
fiesld surrounding at zare and 7C, the data are from BNL on AlMg
and AlAg.



tion. Finally a3X for a strong tranaverse field was calcu-
lated from Ay = J(3/5) ag.

As the temperature changes (compare tablas 4.6 and table
4.5), signs of threa different trapping siltes are seen.
Reglion I corresponds to a T-site trapping where the large g
obtained from the experimental data is the rssult of uaing
1506 which was not large ancugh to completaly decoupla the
eqQ. Region II can be an O-site trapping where the eqQ i=s
weaksr since the »*-Al distance is larger than in the T-site
or it can be a T-site trapping close to the impurity where
lattice expansion reduces ay. Region I1I is vacancy trap-
plng. The activation senhargy from vacancies in pure Al is
between 23meV and 39mev28:27, The wvalua for AlMg measured
here is three times as large and is in agreement with the 82
meV reported by Hatanc et al.?7, According to the authors
this large differenca is the result of Mg-induced long ranga
gtrain fields being falt at the vacancies.

The depolarization at 10K of the zerc field data Fig.
4.8 matches well with az= 0.37 us”l, The tail section
with few events 1s sensitive to background and therafore it
should be given less weight. In general the tall falls balowy
the function while the dip is higher and wider, implying
some muon motion ( ro~ Bus, table 4.5}, Zero fileld runs ware
also taken at 24K and 42K, they lock the same as the 10K
run. The data at 53K have no recovery, which is a sign of
mucn dlffusion out of traps. The longitudinal data show a

clear change in height with temperatura, in agreement with
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changing trapping sites. The run at 180K 1s lower than the
theoretical curve with aze 0.2 uxs~l indicating that there

could be a mixture of two eites at that temperatura.

E.-  AlAdippoppm

Repults: The same expsrimental procedure and data
analysis as in the case of AlMg were used here. The values of
sy arcund the two peaks were on the order of 0.22 us™l, -
was on the order of Bus and Ea for the first drop off = 6
maV. Two zerc field rung done at 17K and 48K are shown in
Flg. 4.8.

Interpratation: The zero field data at 17K have some
recovery at t=6us (Fig, 4.8) matching the curve with Apz= 0.29
pwa~1l, this corresponds to an O-site trapping in agreement
with the results of the transverse fiald Abragamian fits
{section 4.3E). BEince no recovery is observed in the zere
fleld data at 43K tha muon 18 expscted to be moving at
this temperature, this is in agreement with the (T} plot

(Flg. 4.6).

4.4 SUMMARY

To understand the nature of the trapping centers it is
important to Xnow the perturbations a defect causes in the
crystal. The macroacoplic strain effect of introducing Cu
in Al is to contract the lattice, Mg will expand it while
Ag and Zn have little effect (table 4.2 and Fig, 4.3). On
the cother hand the alectronic interaction is stronger for Cu

and Ag than Mg and Zn in Al (Fig. 3.8).
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Zn, with wvery little of both interactione, should and
does (Fig. 4.2e) have the least structure in the damping rate
temperature dependence.

Ag, with only the electronic interaction has a trapping
peak at about 17K which is a higher temperatura than the
position of the first peak due to other impurities; aleo the
trapping site is an O-site compared to a T-site for Mg and
Cu. Thersfore the first peak (17K] 1s the result of trapping
due to the shoert range electronic attraction.

Mg has a high and wide trapping peak starting at about
l0K, the peak for Cu rises llke Mg but it i1s narrocver.
Therafore trapping in beoth cases results from the long range
etrain flelds and it depends on the magnitude but net sign of
deformation. The local contraction duae to the Cu impurity
vields repulsive sites close to the impurity resulting in a
narrow peak. while the width of the Mg peak is dus to
possible trapping closa to the impurity caused by lecal
lattice expansion producad by the Mg atom.

The vacancy peaks ( peaks on the high temperature side
of Fig.4.2) for Zn and defcormed Al are almost at the same
temparature, whereas for Mg it is at a hlgher temperature,
and for Cu it 1s even at higher temperatures. This corre-
lates very well with the long range strain fields glven in
(table 4.2).

Therefora in an Al lattice with point defects, two

regions can be ildentified. The first is beyond the range of
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the aextended trapping centers, where muon dAiffusion results
from one phonon procassas and reflects the properties of a
pure crystal. The second 1s the trapping centers around
impurities which in turn can be divided intc two regions.
Far from the defect the dominant effect is due te symmetry
breaking by the long range strain fields. Impurities that
expand or contract the lattice will have diraction dependent
attractive sites in this regien. The i1dea of direction
dependent attractive sitez is in agreement with the results
of contlnuum theory for the interaction of two point defects
as described in section 131.3C . Closer to the impurity ( <
4A) both interactions have to ba considered. Elastically the
gites are attractive 1f the impurity expands tha lattice
locally (Mg in Al), while thay will be repulsive if it
contracte the lattice (Cu in Al). This agrees with lattice
statiec calculations for H-impurity interactions, also
described in eection 23.3C. The ealastic interaction is the
dominant force in the caese of Mg or Cu in Al. The electro-
nic interaction depends on the valence and core radius of the
impurity (sectien 3.2), Ag in Al traps posltive muon at

O=gites by thls interaction.

71



Chapter V
UNIAXIAL STRESS-INDUCED S5YMMETRY BREAKING

OF MUON SITES IN IRON

5.1 QVERVIEW

The local field seen by a muon in a ferromagnetic metal
B, is given by Eg. 3.6a and Egq. 3.6b (section 3.1C). Because
interstitial eites 1n BCC metals have tatragonal asymmetry
(sectlion 3.2) the structurally ecuivalent ©O(T) sltes are
magnetically inequivalent in Iron. There are twice as many O
sites with Bgip, = -9.25 KG as those with Bgyp = 18.5 kG, and
the T sites with Bdiﬁ.' 2.6 kG are twice as many as those
with Hdié.' -5.2 ki3 {Fig. 5.1}. Rapld muon diffusion between
the sites averages the dipelar fileld (last term in Eg. 3.6b)
to zero, leading to the single muon precession frequency
observed in pSR experimsnts.

This chapter is a study of the mucn interaction with an
Fe lattice in which uniaxial stress along the «<100> direc-
tion, alsoc the axis of magnetization, splits the degenerate
enargy states batween 0(T) sites (Eq. 1.32, section 3.3D;.
This results in a statistical population shift between the
magnetically ilneguivalent sites and leads to a change in the
average field sensed by the muons, which is observed as a
shift in muon precession frequency.

The change 1in the average magnetic fleld seen by the
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Figure 5.1
BCC structure of Iron. The arrows represent the magnatic dipole

monents carried by the lons. The dipolar fields at 0;,0,,T; and
Ty are «9.26 kG, 18.52 kG, 2.63 kG and -5.25 kG respectlvely.
There are twice as many 03 (T;)-sites as thers are O, (T;}-slites.



muons due to their population shift can be written as,

aB,'m [ 2 Bdi‘;}.l{T} e~E1/KT Bdiﬁ‘l.E(T:‘ a~E2/kT )
/[ 2 a-ElfkT + a'EZflLT | (5.1)

where the subacripts 1 and 2 refer to the two magnetically
ineguivalent sites and 4 is the temperature. Multiplying
the numerator and denominater by aEl/RT ana using aseries
aexpangion with the assumption that: Bdiﬁ.(T} - Bdié_{OJ
Mg {T)/Mg(0) and |JaE| = |E1-FE2| « XT, Eq. 5.1 to first order

can be written as,
4B,'w ~ 2/3 Baip,1(0} Mg(T)/Mg(0) AE/XT (5.2}

The first uniaxial stress experiment was done at room
temperature on a pure Fe single crystal using surface mucns
at the Swiss Institute for Nuclear research (SIN). The
change 1n the local field was measured and an order of
magnitude agreement with experiment was cbtalined by using the
results of Sugimoto and Fukai?® on muons in Nb and V to
estimate AE for Fe (Namkung et al.)l7. To confirm the above
modal additicnal work has keen done at room temperature and
360K on Fe(3 wt, % 5i) at BNL. 1In this chapter, the experi-
mental detall of the work at BNL will be described and the
results listed and discussed. For comparison mention will be
made of the experiment at SIN, Most of the material in this

chapter has been published in a paper by Kossler et al.2%
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Table 5.1

Properties and uSR results of Iron (Fa)

e W e S B W S R R e e M -y e e S R e S e e G S

—— e —— e v . W el BN S - W e A W e e AL TN M S T W W oy e sl

Structure BCC
Lattlce constant a{room temperature) 2.87 A
¢, at room temperature 2.26 1012 dynes/cm?

Saturation magnatization®

Mg (OK) 1.750 kG
Mg (300K} 1,688 kG
Mg (360K) 1.658 kG
Local field at mucn By, {0K) -3.67 + 0.10 kG
Hyperfine fleld Bpg (0K} -11.1 + D.2 kG

Calculated dipolar filelds deiﬁ.l(E] OK)

o -9.26 (18.52) XG
T 2.63 (=-5.258) kG
Muon Bite 0O LT gites™

* Fig., 5.2 shows Mg as a function of temperature

** cection %.3 of this work.
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Figure 5.211

The saturation magnetization versus temperature for puras Fe,
Mg {OK) = 1750 G.
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5.2 EXPERIMENT

A. Samples

The pamples were supplied by Monccrystals Ca. of
Cleveland Ohlo, The Fe(3 wt. % Si) eingle crystal was grown
in vacuum by the Bridgman method from a powdar mix, prepared
from jron (99.52 % Fa, 0.04 % H, 0.04 % C and 0.05 & others)
and S1i powdar. The «<100> axls was determined by X-ray and
the sample cut using thin abrasive saws and peint mills.
Chaemical stching was used to clean the surfaces. The
dimensions cof the sample were 2.Bx10x50 mm>, with the long
axis being the <l00>, and the <010> axis is 14° from the wide
surface perpendicular. Grooves 2mm wide and 1lmm desp were
cut in the widsa surface 2mm from the ends using an electro-
discharge milling machine at BNL. The pure iron sample had
the following dimensions 1x4.6x46.13 mm?, with the long axis
being the <100> direction. The difference in the intensities
of the two muon bkeams used in this study made it necessary to

work with a larger sample at BKNL.

B. Baams

Tha 1in-flight decay heam at the AGS of BNL was used to
atudy the Fe(3 wt. ¥ Si) single crystal. For 1 TP eon the
production target per AGS cycle the event rate was 350
resulting frem 1800 muon-stops in the sample. ©One million
events were collected, corresponding to about two and a half

hours per run. A surface muon beam was used at SIN, and three
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million events were collected per run.

c. Pulling Apparatus

In order to pravent misalignment and minimize mechanical
strain a jig and sample support were used to mount the
sample. Filg. 5.3 shows the puller constructed at the machine
shop of the physics department, College of Willlam and Mary.
Epoxy was used tc hold the crystal to the sample holders
which were then held by screws to the rods of the puller (Fig
5.3). One of the rods was fres to slida in and out according
to the applied stress. The epoxy used scftened at 360K which
necessitated the cutting of grooves in the sample to mate

ridges in the holderas.

D. Temperature

All temperature measurements were mada with a Pt resis-
tor held in place betwean a pair of the sample holders by
conductive grease. For the Fe{(3 wt. & 51) at 300K the
temperature was nearly constant without control. The 360K
was maintained by circulating temperature controlled hot
water through the cooling and heating lines. Due to melting
of the conductive grease around the Pt resistor at 360K and
the motion of the holders associated with the maximum stress
on-off point a temperature difference occurred between the Pt
resistor and the sample. This error was estimated to bhe 3K
and the data has bean corrected for it. For the pure Fe

sample 302K was malntained by circulating athanol at a
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! Vacuum jacket -

N Cooling and heating line —

R Stress tube —

Figure 5.3
The pulling apparatus (Puller). The sample shown is the Fe(3
wt. & 51) which was 5 cm long and 1 cm wide,



Table 5.2

Calculation of §;; and 533, Magabars= 1012 dynes/cm?

M W W e W N NN R B v BN B W T wr S N R N S S e B N U e AN SN S e el P A A N e sk O Y NN N A m—

T L e o S ki ol T ke A e e S SN B W Sem b S N N W ey e e BN e e S S -

298K 373K 360K
€319 (Mo 2.26 2.22 2.23
€130 (Mp) 1.40 1.32 1.33
511% (ML) 0.B4 0.80
51" (M7l -0.32 -0.30

e N e e P T G e P S B A — N Sy e — -

Y5116~ 173 (€3342€;2)7) + 273 (-6

** 5,216= 173 (Cy+2015)7Y - 170 (€11-C1p) 72

constant temperature.

E. Strain

Btrain was induced in the samples by unlaxial stress in
the <100> direction applied by dead weights in the case of
Fe(3 wt. &% Si) and by a piston and compressed ailr for the
pure Fe. At 300K and 302K strain was measured directly by
using etrain gauges. At 360K strain was found for a certain
welght (stress) by scaling linearly Cj; and €370 to 360K
then calculating S3;(300K) and S;; (360K) (table 5.2}, and
finally evaluating the strain from the following ralation
@y (360K)=[S17 (360K} /511(300)] ey,{300). Table 5.3 liets the

stress-strain correspondence used in the case of Fe(3wt.351).
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Takle 5.1

Btress-straln in <100> direction

— Y B e e M W BN e e e S N A NP W P A S e M Ry e R N v e S N - e L B W

e e —— B NI S W T — N W v e L N N B W W e — e vl S N R g el S R e -

Weight ayy (Microstrain)
kg 300K 360K
29.5 B2.4 78.6
55.2 169.6 161.9

—— W v — i e S W W S N B S W e el B B M e e S e e A S B e S S - -

Data Analysis

The following function was used to fit the forward and

backward histograms simultanecusly 1in the case of the pure

Fe data.

NF{A{t]' NOF/a et/ {1 +p [(Fy g-thl + Pg a~t/T2
CDS(w#t+¢] 1) + Hkgdp‘f‘p‘_ {65.3)

It includes the effect of longltudinal as well as the

transverse domain polarization with respect tc the muen spin

direction. When T2 was short, replacing e~%/T2 py e-o*t

significantly reduced x<.

In-flight muons have higher energy than surface muons.

Therefora they stop in the bulk of the sample and do not

interact with surface defects. For this reason F¢/F] was

always large in the cape of data taken at BNL and therafore



Eg. 5.3 can be written as,

"F,i’ﬁ(t]‘ HUF;"A ﬂ-tfg. il + & i-alt'CDS(m#t+¢}+Bkgdp}rh
(5.4)

which was used to fit the Fe(3¥ wt. §i} data.

G. Magnetic Domain Alignment

The experimental results are dependent on the orienta-
tion of the domalns with respect to the Btress axls. Fig.
5.4a,b indicatas Wy
tha field penetrates abova 120G for the Fe and 350G for the

as a function of Byye, , 28 can be seen

Fe(3 wt. t Si) samples, implying saturation. The drop in o,
is dua to tha fact that the internal fileld is cpposite to the
externally applied field.

In the casa of the Fe(d wt, & Si}) thea uniform stopping
beam of the AGS was used, therefcore fitting was done with
Eg., 5.4. The experiment was run at 325G. At higher flelds
the non-ellipsoidal shape induced field inhomogeneities and
therefore faster depolarization (Fig 5.6}, which means lesa
accuracy in freguency determination,.

For the pure Fe sampla the experiment was done at 150G
with a surface muon beam. Due to the muons' low energy they
stopped close to the surface where the domains were naturally
not completely aligned along the easy axis glving rise to
field inhomogeneities in this region. The data wera fitted
to Eg. 5.3 which gives a more direct measure of alignment,

F¢/F1 as shown in Fig. 5.5,
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Precession frequancy versus appligg field along the long axis of

the samples. (a} Pure Fe at 302K
The experiment was done at (a) 150 G (b} 325 G,

(b} Fe(3 wt.
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Ft/Fl (measure of domain alignment) versus applied field for pure
Fa,
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Depolarization rate for Fe{3 wt. % 5i) versus applied fleld.
P(t} = EXP (-#2t?).
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Table 5.4

Change in fregquency and fleld with strain and tamperature

— e e N W W e SN R NN N M e S N ek M T W e el BN e e A S N NPT e

Fa Fe(3 wt. % 51i)
302K A00K ALK
df/de (MHz/100ue) -0,34+0.023 =0.34830.007 =0.27910.0£10

dB,/de (G/100u) 25,1+1.6 25.7+0.5 20.6+0.7

W i B D S B e e ke L L BN B TR Tay e SN B BN W S ele B N e B B el W B Wy v S R - T

5.3 sy oM

Fig. 5.7 shows the mucn precesslon frequency in (a) pure
Fe at 302K, (b} and {(c) Fe(3 wt. % Si) at 300K and 360K
respectively, aa & function of strain along the «l00> axis
of the crysetal. To check the reversibility, stress-cft
points ware taken after each stress-on run. These fregquencles
are ccnstant and are shown along a line parallsl to the
horizontal. The results of a straight line fit ta the polnts
are given in table 5.4.

The slgn difference between the freguency and field
shifts is due to the fact that B, and Bgyy, K are antiparallel.
That the stress-off points correspond to a censtant frequency
implies that elastic history effects dco not enter. The
agreement at room temperature of the shifts cbserved for pure
Fe and Fe{3 wt. ¥ Si) indicates that these eaffects are

intrinsic to the pure crystal properties and neot impurity
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Precesslion freguency for (a) Pure Fs at 202K17?, (b} Fe(ld wt. %
Sij at 300K and (c} Fe(3 wt. & Ei) at 360K, as a function of
strain. The points parallel to the horizontal are stress-off
points after aach stress-on peoint (Elastic history doess not
enter) .



depandant. The freguency accuracy for Fe() wt. ¥ 5i) with
one million events per run is bestter than that of pure Fe
with three million events per run. This is a reflection of a
slower depolarization rate, which rasultse from: 1) The more
homogeneous fields deeper in the sample and 2) the less
internal strain resulting from the greatar ease with which
the alloy could ba annealad, since there is ne phase transi-
tion upon cooling from the melting polint.

The derivative of B, with respect tc strain is,

dB,/deygp = dBgyy, /deygp + dBgepn./dejpg + ABp/dejgp +
dBpe /dej1gg + dsdil‘,_fd-mﬂ (5.5)

dBayt./de100 = 0. The damagnetizing field is about 125G for
pura Fe and 325G for the Fa{d wt. & 51), its fractional
change with strain is on the order of the strain, for 100ue
it should be about 0.01G and can be ignorad.

For the lorentz field (Bp, = 4x/3 Mg} let us consider
the following thermodynamics equation?l (dig/dH), o = (dMg/
da)y,7. Where ig is the saturation magnetcstriction along the
direction of the external field. (dig/dH)y ¢?% = 2.3 x10710/6
along the «<100> axis of pure Fe crystal at room temperature.
Therefore (dMg/do)y,p = 2.3 x 10710 G/(dynes/ cm?), doyy/deyy
= Cy7 = 2.3 x 1012 dynes/cn? for pure Fe at room temperaturs.
For 100 pe, &Mg = 0,05G, hence the contribution of dBp/dejgg
(= D.2 G/100u¢) can be neglected. Jena et al.>? estimated

the change in By, from measured changes in magnetization under

a8



pressure and compressibllity to be 0.3 G/100ue.

The changs in the hyperfina field induced by uniaxial
strain arises from the dependence on the distancea from naarby
Fe atoms. From thea homogenecus pressure results of Butz et
al.¥? A(LnBpLg_ )/d(LnV) = +0.92(1), &Bpp = 0.92 aV/V Bpgp ~~3G
for a positive volume strain of 300 x 10™%, which corresponds
to 100 pe unlaxial strain. Since the atome along the stress
axis move out whille thoss along tha perpendicular move in
dByy, /deyy (=-1G/100u¢) is small and can be left out.

dadié_jdelﬂg arises from two effects: 1) The change in
the coccupation probabilities (Eg. 5.2). 2) The sum of Bdié.
ovar O(T) sites does not egqual zero any more, this is due to

lowering of the siltes aymmetry by uniaxial stress.

8B, = = 2/3 Bajip,1(0) Mg(T)/Mg(0) AE/KT +

1/3 (2Bajp,1+Baip.2) (5.6)

Estimates for Bdiﬁ.l and Bdié.z are dependent on the lattice
aites, lattice distertion and the muon wave function (table

5.5). Eg 5.6 can be written in the fecllowing form,

4B, ‘= 8B, - 1/3 (2Bdié_1+sdié_2)
“ - 2/3 Bajp.1(0) Mg(T)/Mg(0} aE/KT (5.7}

In table 5.7 we list 4B,' G/100uc at room temperature

caiculated from Eg. 5.7 using AE meV/100u:, obtained from:
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Table 5.5

Bdié.lf' -1/2 Ediﬁ.zi under various conditions at T=0K

e e S e il S S B R P B e e A B T Y s B B e e S CEE T e v L NN N - e S W e o B

—— N B WS WS e e S B BN W el SN N R R e e S e e ke BN e e N R W r e S M SN B SN M W e —

O T

1 - Point-like muon, rigid lattice -5.25 2.6 kG
2** - Paint-like muon, nearest neighbors

ralaxation scaled from Nb and V -6.75 1.85 kG
3** . gpherical muon wave function®, (o=

A= 0.15(0.19)) and relaxation -6.5 1.85 kG
4** - oblate wave function to match mucn

in O site Nb or V, (a=0D.19,5=0.15} =-4.65
5** - Prolate wave function to match muon

in T Bite Nb or V, {(a=0,19,p8=0,25) 2.4 kG
6*** - Point-like and relaxation -5.6 2.2 kG
7*** - Wave function and relaxation -3.8 2.2 kG

8*"** - 1/3 (2Bgyp.1+Baip.2)/100u¢
Point like -7.1 -2,1 6

Wave function and relaxation -2 -1 G

W e e — B e el e B B W S S M R B e e e A W e e RN N ke ek M W Pl NN W e el e

* 1e,(r) 12 = [1/a2pn3/2) EXP(~(x2+y2}/a? - 22/p7)

**  Namkung et al.l? or Kossler et al.29

*** Jena et al, 33



Tabla 5.6

{(Pgq~P) eV for Fa extrapolated Ifrom Nb

o — - — W ey o R e e e e B T S - e e M S R we S M e ke S - -

— e ol B N W v e i L B W e - B S e e e B CE W W e e o W W e B el B R g e A B W e el SN W e e

3.3A 2.87A
O J.466 3.73
T - 1.075 - 1.23

. —— W A W R W el L NN B SR e e N B B B W e S e e W g ek R B W ek S N R W e A S W

a} The calculations of Jena et al.3d

b) Extrapolating thes results of Sugimoto and Fukal<® on Nb to
find the difference in the double force tensor dlagonal
alements for Fe. They report a linear change of 5.3% for ©
and 9.7% for T sites upon decreasing the lattice parameter
from 3.3A to 3A. Using the lattice parameter for Fe, (Pyq-P)
can be estimated (table 5.6)., AE can then bae calculated
from Eq. 3.32,

&) Raversing the aE of Jena et 2). 33 while keeping the
signs.

Included in table 5,7 are the average of ﬁﬂp'flﬂﬂpt assuming
egqual occupation of O(T) eites weighting them with 1(2),
(there exist twice as many T sites as there are © sites in a
BCC lattice.) and the experimental result after adding a
correction to account for the new atomic positions asscciated

with strain.
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TABLE 5.7
AB,' G/100u¢, AE meV/100u¢, walghte for average 1(2} for
o{T) Bites
o T Averaga
AB, " AE nBy' AE aB,,"
Jena ot al. 33 18 0.19 29 - 0.53 25.3
aE from Kb field from
table 5.4 (4)&(5) 60 0.52 10.1 - 0.17 26.7
Reverse of AE
of Jena et al,d? 50 0.53 10.4 - 0.19  23.6
Experiment 27+.5

— e e CEE BN B W e e L EE W W W e e N B A Rem e AL A CEE BN W M e el sk B B e e S N N e el B W W

Qur room temperaturea result is in reascnable agreement
with the first-principles self-consistent calculatliona of
Jena et al1.33 and with the extrapclations to Fe from the
results of Sugimoto and Fukai?® for Nb., We have assumed equal
occupation of 0 and T sites which is consistent with the
nearly equal energy reported by Jena st al.3> for the two
sltes.

The left side of Eg. 5.7 {term due to the populaticn
shift) is proportional to Mg(7T}/T, using the data from table
5.1 the following ratilo will be expected: [Mg(300)/30CG]/-
[Mg(360)/360] = 1.22. ©On the right hand side weighting the

correction to 4B, (table 5.5) by 1(2) for ©(T) sites gives

92



=-1.33, therefore the ratic from the data 1is [25.7+1.13]
/ 20.6+41.331 = 1.23 in agreement with expectation.

We attemptad to measure the frequency shlift below room
temperature, but as a result of the vary fast depolarizatlion
{compare Fig. 5.Ba & b or Fig.5.9) the fraguency could not

be determined with reasonakble accuracy.

5.4 SUMMARY
Uniaxial stress was applied to Fe and Fe(lwt. % Si)

aingle crystals and the induced muon-precession-frequency-
shifts were measured as a function of strain., The same ghift
per l00ux¢ was observed for both samples at 300K, this implies
that these effects are intrinsic to the pure lattice. The
maghitude of the shifts at 300K and 360K are in good agres-
ment with theocretical predictions and extrapclaticn from Kb
and V, especiaslly if both O and T sites ars egqually probable.
Theiyr (1/T) temperature dependence implies that the dominant
effect ils that of the strain-induced-population-shift betwean
crystallographically saquivalent, but magnetically inequi-

valent asites.
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kSR data (pointe} from the Fe{) wt., % 51} experiment taken at
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360

K. 128 channels correspond to 0.22 us. Also shown is the £it

using Eg. 5.4 {solid line).
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Except for the temperature ( 215K ) the situation is the same as

in figure 5.Ba.

Notice how fast the signal disappears.
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CORCLUSION

The importance of the elastic interaction in determining
the muon state in metal, in the presence of other point
defects or a more extended straln field like uniaxial stress,
has been demcnstrated.

In the case o©of impurities in Aluminum we provided a
general gualitative plcture in which the elastic interacticn
dominates in AlCu and AlMg but not AlAg, Ca and to a lesser
degree Ga and Ga in Al expand the lattice locally, therefore
it will be very interssting for future experiments to look
in these systema for the wide trapping peak obsarved in
AlMg. If singla crystals of the above systems are available,
then fleld dependent studies should be done to determine the
muon trapping eite.

For Fe, by measuring the strain induced freguency shlft
at 300K and 360K we confirmed its {1/T) dependence, which
implies that wuniaxial stress lnduces a mucon population shift
between magnetically inegquivalent sites. Future experiments
should be performed for straln along other directiona and for

Aifferent materials, for example Fes51 or FeijaAl.
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AFPPENDIX A

Z-Component of Nuclear Dipolar Field

The nuclear dipeclar field at the origin from an i-th
point dipole u locataed at r is given by (Flg 3.4, Page 28),

~ A A A

H= u/r® [3(u.r)r-u]
where

. - o ~,

r= % SIN# COSs + y SIN# SINg + z COS#

~ oy ”~ 3

u= x BIN= COS% + y SINz= S5IN4$ + z COS=

Its z-component can be wrltten as,

-

Hz-Hiz

= u/r? [(3 COS?s -1) COSE + 3 COSs SINE BEIN¢ COS{&-¢)]

¢4 can ba set to zero without any loss of generality, this is
egquivalent to taking r to lie in the xz-plane. then,

Hy= u/r3 [([3 €0S2§ -1) COS= + 3 COS4 SIRE SINs COSe )

-0f=



APPENDIX B

Two State Modalld

If the trapping (escape) rate is v(e¢), the probabillity
of the muon surviving untrapped (trapped) until time t' (t'')
and trapping (escaping) during the interval at' (dt'"') 1=
e~+t', At (a“t"edt"}. The polarization function that
include no-trapping, one-trapping--no-escape, one-trapping--

one-escape, etc. all starting frcm thae free state is:

P(t)= e™¥t Pga(t) + v {§ arr et eme (') pj (-t
Polt?) +eff atr L f§r atre v’ ome(Bii-th)

P(t-t'') Py(t''=t') Pgtth)

where Pp(t) is the polarization function in the free state.
A8 lonyg as the depolarization in the free state 1is slow
compared to the trapped state we can use Pp{t)=1l in the above

aguation,
P(t}= et + o=t , (F at' e™E' py(t-e') +
eff atvr emtt'! pre-tr) L fErr arr o' Byrr-t)

Where v = u-« and Py{t) 1s the pelarization function in the
trapped state. Eg. 3.21a and Eg. 3.21b are used for P;(%)

for longitudinal and zero field respectively.
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