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The February 1983 - Februarxy 1984 period caw geveral iwpoxtant develop-
mentis in this »escarch program. The most important was the development of a
suceessful muon gpin rotation facility at the Alternating Gradient Synchrotixon
of Rrookhaven National Laboratory. During May 1983 this facility, which was
preposed in 1978, finally came on line. During a run which lasted three wecks
extensive beam studies were conducted and a preliminary measurement of muon
depolarization in A% at low temperature with zero magnetic fiold was con-

2 in arca,

ducted. This beam provides about 2,400 ut/sccond on a sample 1 in
with 500 good events per second, Additional development work was done in
July 1983 while the beam was off for the usual summer maintenance period.
Prelim'nary preparations were made for a run which is anticipated to begin
in March 1984. Virginia State University participants in the Brookhaven work
include Carey E. Stronach (P/I of NSG 1342), John Bilodeau (former instuctor
of electrical engineering technology) and Lucian R. Goode (graduate student) .
Cnllaborators from other institutions include William J. Kossler (overall
group leader of the Brookhaven MuSR effort) and three graduate students from
the College of William and Mary, Ant@ony T. Fiory of Bell Laboratories,
William F; tankford of George Mason University, and Mohammed Numan of East
Carolina University. It is expected that the aluminum data wili be published
in conjunction with results of related experiments to be done in the 1984 run.
: ~ ‘ o
A second major accomplishment was a se¥sof MuSR experiments on nickel

alloys, which was conducted at the Swiss Institute for Nuclear Research in



A

4

2 ORIGINAL PAGE 19
OF POOR QUALITY

myuct/feptenbier 1983, Plots of thoue data are ircluded as Appindix A to Lhis
rcpoxt, Those results will be reported at the Virginia Aczdcmy of Science
maeting in May 1984 in Richmond, and at the Fifth Risg Intcrnational Symposium
on Metallurgy and Material Science in Scptember 1984 in Roskilde, Denmark. The
abstract of the latter 1s included as Appendix B and a paper on this wogl will
Be published in the Risg Symposium proceedings. Collaborators on these studies
include Rébert I. Grynszpan of the Center for the study of Metallurgical Chem~
istry, Vitry~sur-Scine, France, Iascal Dassonvalle (a doctoral candidate at the
University of Paris), and Bruce D. Patterson of the University of Zirich. We
anticipate further studies of nickel alloys at Brookhaven during the 1984 run
and, possibly, additional experiments at the Swiss facility and/or the NIKUEF
laboratory in the Netherlands. Wehexpect that Iucian Goode will do his masters

thesis on the results of the Brookhaven experiments on nickel alloye. '

We are also pleased to report that a paper based upon the 1981l/82 experi-
ments upon uniaxially strained iron crystals (done at the Swiss facility) was
accepted for publication by Hyperfine interactions in mid-1983, and should
appear in that journal in the near future. A preprint is included as Appendix
C of this report. Finally, a paper which was accepted for publication in 1982

(in Electronic Structure and Properties of Hydrogen in Metals, Plenum Publish-

ing Corp.) appears in that book, which was publiéhed in early 1983. A reprint

is included as Appendix D of this xeport.

Two students Aave been supported Ly this grant in 1983-84, Lucian Gooda
is expected to complete his Master of Science thesis in MuSR by the end of
the summer of 1984. Michael Davis is a sophomore who is aléo an experienced
electronics technician. He has been doing repairs and routine maintenance

upon a number of electronics units used in the MuSR experiments.

We are most pleased that NASA has supported this basic research, and
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that ihis work is continuing to recedve cupport (at a Atgher fanding level)
undex NASA grant NAG-1-614. This new support, coupled with the success of the
Brookhaven MnSR facility, should generahe many cxclting MuSR gtudies in the

conlng yoars,

Regpectlfully submitted,

Carey E. Stronach
pPrincipal Investigator
February 28, 1984
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Fifth Rirso Tmternationnl Syiposium on Metallurgy ond Haterial Seience
MICROSTLUCINRAL CHARAGIERTZATION OF MATERIALS
‘ BY ROR=MICROSCOPLCAL ‘LECHNIQUES
3~7 Sept. 1984 ~ Rico Natl. Lab., Roskilde, Dennark

THE INTERACTION OF POSITIVE MUONS WITH IMPURITIES IN NICKEL

R.I. Grynszpan {*), P, Dassonvalle (*), C.E. Stronach (+), B.D. Patterson (°)

(*): Centre d'Etudes de Chimie Metallurgique ~ CNRS,
15 rue G, Urbain, 94400 Vitry, France
(1+): Solid State Physics Rescarch Institute,
Virginia State University, Petersburg, Va. 23803 USA
(°): Physics Institute, Universily of Zurich,
Schoenbergpasse 9, Cl-8001 Zurich, Switzerland

The Muon Spin Rotation (USR) technique may be used to probe the micros-
copic electron density in materials, It is found that a positive muon implanted
in a solid acts like a light proton (m, /my = 9) , migrating among interstitial
sites of the lattice and being attracted or repellad by chemical and/or struc-
tural defects (1).

In pure nickel at room temperature (RT) , the muon feels a local magne-
tic field By = 0.}301(5) Tesla . When passing close to a defect it will sense a
somewhat different field , and this will change the average B,, experienced by
the ensemble of migrating muons in general by an smount proportional to Cy, the
defect concentration (4B /By = KxCx). The constante of proportionality Ky will
have a particular value Kyxo (corresponding to simple dilution) for muon migra-
tion which is unbiased by the impurities { i. e, at sufficiently high tempera-
ture) . The magnetude of Ky will be smaller or larger than that of K, if the
muon is respectively repelled or attracted by the defect (2,3).

We report RT onbservations of average local field shifts in samples of
nickel doped with up to 1.5 at. Z of var ous metallic elements. Our results, in
conjunction with the temperature dependent measurements of reference (2) , sug-
gest that impuritics with full d electron shells (Cu, Au ; K, = -3 7% per at. %)
tend to repel the muet whereas those lacking d electrons with respect to Ni
(Co, Fe, Mn; Kx = 43 vo +5 % per at. %) attract the interstitial muon, Negative
values of Kx as large as -15 % per at., 4 have been found for V and Cr impuri-
ties, indicating a large local change in the electron spin density, High tempe-
rature HUSR and magnetization measurements are in progress to allow an unambi-
guous determination of the muon-impurity interaction and the impurity-induced
change in the local spin density.

Additional examples will be mentioned , including interactions of muons
with vacancies (“) and dislocations (5). ‘

References:

(1)~ Positive Muons and Pions in Material Sciunce, Editors J. Chappert and R.I.
Grynszpan, North-Holland Publ,, Amsterdam, in press (1984).

(2)~- W.J, Kossler , A.T, Fiory , W.F. Lankford , K.L. Lynn , R.P. Minnich, C.E.
Stronach, Hyperfine Inter. 6 (1979) 93.

(3)~- C.E. Stronach, K.R. Quire, A.S. Arrott, B.D, Patterson, B. Heinrich , W.F.
Lankford, A.T. Fiory, W.J. Kossler, J.J, Singh , J. Magnetism Magnetic Mater.,
25 (1981) 187.

(#)~ A, Moeslang, H, Graf, G. Balzer, E. Recknagel, A. Weidinger, Th. Wichert ,
R.I. Grynszpan, Phys. Rev. B, 27(5) (1983) 2674.

(5)- A.S. Arrott , B, Heinrich , C.E. Stronach , W.F. Lankford , J. Appl. Phys.
53(3) (1982) 1985.

e <




ORIQINAL PAGE I¥
OF PCOR QUALITY

Uniaxinl Siress Tnduced Frequency Shifts for Muons in Single Crystal Fe

M. Namkung and W, J, Kossler
The College of William and Mary
. C. B. Stronach
Virginia State University
R, I. Grynszpan
CHRS, Vitry sur Seine{ France
B. D. Patterson

University of Zirich

Abstract: We report the first results on uniaxial stress-induced freguency
shifts in an Fe single crystal. Stress was applied slwng thé <100> axis, which
was also the axis of magnetization induced by an external field.- The observed
frequency shift was -0.34%0,023 MHz per 100 micro-strain, which corresponds to
QBN/BE = +25,1+1.6 G/100ue. The positive sign arises from the negative sign

of Bu itself, This result is interpreted as follows: The stress.induces a
statistical population shift between magnetically inequivelent sites. Bxtrapo-
Iations from the calculations of Sugimoto and Fukai from Nb and V to Fe yield

order of magnitude agreement. The 4T(0) site system seems more likely.

Introduction

We have measured the muonic precession frecuency shift produced by
uniaxiul strain in an iron single crystal. The strain was along a <100>

direction, which was also the axis of magnetization which was induced by a
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ormall epplied field. fThe preeession frequoncy is proportionnl Lo the avert;e
leoeal magnetie field which is often decomposed with the wsual definitions
for the tcrms as:

B, +B
m ~

By " Boxt * Bae +<B

>+ Bpoe (1)

L a

We are interested in the change of gu with applied uniaxial stress:
Agu. Changes in Boxt? gdem oand BL are small for our purposes, and we find |
th&t the changes in the hyperfine field ariﬂing‘from its variation with dis~-
tance from host lattice ions are small, based upon the results of Buhz et al.l
for precession f;equency shifts under hydrostabic pregssure, Differences in
hyperfind field from one magnetically inequivalent site Lo another would need
to be of the game order as the dipole field differences to be taken into con-
slderation and there seems to be no mechanism to produce such ;l.arge dif’ferences.

What remains, & change ih«:Bd>, is primarily from displacements of

the nearest neighbor dipoles and fram a change in the thermel average over

the megnetically inequivalent sites, Thus we have

AB = -2/9(B,-B, )AE/KT + 1/3 (B +2B

) . (2)
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vhere E = ~(~lgrm3?9(p =N )60y 8., are the elastiec ewnplinnces for Fe, p

are the diagenal elencnts of the double foree ﬁensore for a muon in e, (Bszt)

is the difference in mapgnetic fields for the magnetically ineguivalent sites
with tetragonal oxes rarallel or perpendieular, respecbively to the magmebi-
zation axis, and 6100 is the strain along the <100> direection, B'Q’»i'a}}t
with no strain and is caused to be finite by strain induced Aisplacement of

2 0

magnetic dipoles on nenrby Fe host lailtice sites, Bg and Ht depend stronpgly
on site configuration, loeal lattice distortion, and the shape of the muon's '
wave function while underpoing zero point motici. The first term in Eq. 2 is,

as it turns out, the most important.

Experiment

These experiments were carried out at the 7E3 port of the SIN accele~
rator using the Mili uSR apparatus. The surface muons passed through a
2 x 5 mm collimator to stop in the sample held in the “puller" illustrated
in Fig. 1. The temperabure was approximately 300 K held constant by thermal
contact to temperature controlled flowing alcohol. The long axis of the 1 x 4.6

x 46,13 -

sample was the stress axis, the magr;et,izaticn axis, and was within
less than 2° of the <100> erystallogravhic direction. The wide surface devi-
ated from <010 > by about 10°. The smaple was ARMCO iron from Monocerystals, Inc.
Strain was measured directly on the sample with a strain gauge.

Positron detectors were upstream (B) and downstream (F) and the
initial polariza-tion of the muon was upstream and perpendicular to the <100>
long exis of the sample. Date were fit to:

N, =N )Be""“u{u /~P[FLe"*‘/Tl+ F o~t/T2 bos(wut + 41}

T/B oF T
+ Br/s | | : (3)
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FL and FT refer to the fraction of the demaino whioh ure e neticed paredloel
and perpenddenlar, respeetively, to the dnitial muon peisrization, A plot of
Fip/ Ty, versus B, 1o ohown in Fig, 2. The initial value of 2.5 is not too far
from 2 which would be expected for rondom domain oricntations, Above
Bext = 150 G F,I,>>FL indieating necarly complete domain alipnment, FT/FL remained
high so long as the aligning rield was present. .

Figure 3 shows our rooult Loy precession Frequencyvversus stroin.
The shift in frequency is -0.3h % 0.023 Miz pexr 100p strain., This corrcaponds'

tos BBu/aeloo e 425,14 ),7 G per .'1.0011 strain. The opposite sipn since gl and

]

B

Boyy 8re ontiparallel.

Discussion of the Results

»

Te compare with experiment we must cvaluate Eq. 2. B& and By have
been caleulated taking lattice site, lattice relaxation, and muon wave functlon

into account. Results for Bz are shown in Table I. Since the second term of

Eq. 2 is much smaller than the first term we meke comparison between a theore-

tically based (p)-p,),, ond a (Pl"PZ)ex which fits the observed frequency

P
shift, (pl”pe)th was obtained by extrapolating from the results of Sugimoto

and.Fuka13 for the bee Nb and V to Fe by the lattice parameter. Sugimoto and
Fukai consider two site configurations for the muon which they call Wr(U) and 1T.
The U7(0) site is an octahedral site with simultancous occupancy of the U
neighboring tetrah;dral sites, while a 1T site is a single tetrahédral site.

This extrapolation yields: (pl~p2) = 3,73 eV 4T7)) and -1.23 eV 17. The

th
experimental results were corrscted for the smaller second term using the same

*

peréentage lattice distortion as Sugimoto and Fukai uvbtained for Nb and muon
_ ey 272
wavefunctions of similar extent (|w |2 = S - o ™2 /8 y o = 0.2a3
H a26n3/2 ' .
B = (1//2)a kr(0), B = V2o 1T). They are (pl“pe)mvp = 1.8 ev 41(0) and

-3 ¢V 17, There is order of magnitude agreement foy either site, slightly better
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for vhe §9(0). Bven bvetior scraeront would be cbboined for e h(0) i€ the

neighvoring ions have their moments reduced by the presence of the muon,
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Figure 1. Experimental Apparatus,

Figure 2 ET/FBkversus Box” FT(FL) is the fraction of domains aligned

sransverse {parallel) to the muon's initial polarization.

Figure 3  JMuon precescion frequency versus strain., The open cireles repre~
sent the observed frequency observed immediately after the stress
was released which produced the indicated strain for the full

circle point.
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Lattice Rigid Relaxed
o=8 o= ,19 o= .19
Muon Point Point .15-.19 ‘ B=.15 =.,25
Bz(k(}) (o) 18,64 13.56 13 9.3 -
s -5,2L -3.73 -3.7 - -4.8
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ABSTRACT

fuon spin rotation measurements were made upon Fe alloyed with
small amounts of N, AL, Si, Ge, Ti, V, Cr, Mn, Co, Ni, Nb, Mo and
W. The measurements are described and the results are discussed in
terms of the effect of impurities and associated strain upon B,
and B

INTRODUCTION

We employed ISR for a study of iron alloys. The time dependent
angular correlation of the muon's positron decay precesses at
13.552 MHz.RB, (XG) where B, is the average field sensed by a U
implanted inEo the sample. See ref. 1 for more detail on the
technique.

The experiments were conducted at the TRIUMP cyclotron facility.
As previously mentioned, one obtains the local field B, directly
from the precession frequency. With no external field applied, and
with the dipolar fields averaged to zero by the motion of the muon,
B has orlly two major contributions, bthe Lorentz cavity field

= 47M/3, and the contact hyperfine figld By, which arises from
a polarized electron density about the ', The hyperfine field 1s
then given by i~

617
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Bup 7 By - B

Tor Pe at room temperature B, 15 atout 7.2 K6 and B, 15 cbout

~3,06 KG, 50 values for Bhf arce of the vrder of -10.8 KG.‘j

We parameterize the effect of the impurity upon the hyperfine
ficld by ealeulating the fractional change in the hyperfine ficld,
normalized to the impurity conmcentration, AByp/c Byp. For most of
the alloys this has been detormined only at roem temperavure, but
for Fe(Mo) and Fe(Al) it has been mensured over o range of tempera-
tures,

HYPERFINE FIELDS

The table below swumarizes our determminations of ABhf/c Byye
at room temperature: ‘

Tmpurity Aryp/e Bhqu

N ~8

Al -0.23
81 ~0.42
Ge 0
Cr -0Q.009
I\‘o "0.72
W -0.79
Ti vl3

v -1.10
cr "0!09
Mn . =L.10
Co 0,2
Ni ~b.h

If an impurity served only to dilute the hyperfine field by
acting as a non-magnetic hole at a substitutional lattice site, with
random site sumpling by the p*, one has ABpe/e Byp = -1. Ve note
that Mo, W, V and Mn approximate such behavior a% room temperature,
vhile Cr, Al and Si decrease the magnitude of Byp considerably less
than predicted by pure dilution. These results for Al and §i may
be at least partially explained by the mechanism described in ref. 2,
in which the temperature dependence of Bye in Fe(Al) was measured.
An increase in ABpp/c Byp with increasing temperature suggests that
pt are repelled from solutes with p-wave bonding electrons, and thus
experience smaller s:l.be effects. Even so, the high-temperature
limit (or random sempling limit) of ABype/c Bye for Fe(Al) is still
only = -0,35.

v re————E
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Co, which inercases bvoth the moment per Pe niom and the Curie
tunperature (Te), is the only solute which nukes Bup more negative.
Co, which rloo inereases Lhe moment per Fe atom and Te, hoas the
next most positive effeet, zero.

Cr is out of line in both the vertical Cr, Mo, W and horizontal
W, Cr, Mn sequences in the poriodic table, To the best of our
knowledpge thoere 18 no othier characteyvistic of these nlloys for
which this is scen. We can only speeulate that Cr impurities
produce less internel strain in the erystals than the other impuri-
ties do.

T4, Ni and N impurities produce vory lurpe reductions in the
magnitude of Byp, each being several times the prediction of pure
dilution, Again, this moy be due in purt to non-random site
sampling Ly the #*, The temperature dependence of By was mensured
for Fe(Mo) and it showed an cffeed opposite to that found for
Fe(Al): the p* is apparently attracted to Mo impurity sites in
Fe.3 fThe effect of T is uloub double what one would obtain if
Bpe were reduced to zero at all sites adjacent to Ti dmparities.
Studies of Fe(Ti) at higher tenperatures show Lhat while
{Anhf/c Bhfl »> ), it s decrecasing with inerecasing temperasture.
This supggests that the Fe(Ti) result may arise, in part, from
preferential, sampling by the u* of sites adjscent to Ti atoms.

A study of the temperature dependence of By in Fe(Ge) showed
an hysberesis cffect upon annealing (Fig. 1). The torm of the
B,(T) curve changed upon anncaling, apparcntly because of the
release of inbernal strains in {the annealing process,

A larpge decrease in B, was found in the two-phase alloy
Fe + Fe?Hb, compared with Lhe pure Fe from the stock material from
which a’1l the alloys were formed. This semple consists of Feplb
inclugipns in a pure Fe matrix. Two samples with different Nb
concentirations showed that the reduction in is more pronounced
with greater Nb concentration. This is contrary to the naive expec~
tation that, since all n* spin rotation tekes place in the pure Fe,
the frequency of the signal would be unchanged by the FepNb inclu-
sions with only the amplitude changing. This reduction in magnitude
of B, 1s of the order of magnitude of Fe anisotropy fields around
inclﬁsions and may result from weak trapping of the ut around these
ineclusions,

STRAIN EFFECTS

The observation that in some cases the presence of impurities
in Fe decreases the magnitude of By, more than pure dilution, the
shift of By, in Fe(Ge) upon annealing, and the decrease in the mag-
nitude of 1 with addition of FepNb inclusions all lead us to the

e s ) R
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Figure 1

belief that erain plays a mgjor role in determining the ficld
scen by the u .

Shear strains break the symmetry of the dipole 1attice in Fe.
With complete bee lattice symmetry the diffusion of the p overapes
the dipolar fields to zero. lHowever, shear strainsg could give a
net dipelar field perpendicular to the magnetization. Compgber
simulations of these fields show thal the net effect upon WU is
to decrease the precession frcquency’

The recent observation that uniaxial tension decreages By
single crystals of Fe supports the motion of strain sensitivity to
B

u!

HIGH TEMPERATURE MEASUREMENTS

The problem of non-prandom sampling of sites by the p* can pre-
sumably be overcome by providing the muons with sufficlent thermal
energy that kT is much greater than the attractive/repulsive poten-
tials at interstitial sites adjacent to impurity atoms., Measurenments
at such high temperatures (approaching Te) are fraught with diffi-
culties. Assuming that the practical problem of constructing ovens
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which capn rointadn stabie pradient-0ree bich Lorgeralares 1o overs
rene, one rashk algo dobernine 10 paguetds tion of the wlloy no o
function of temperatures  This vardes ropd 7y mear Pe, sud the
arprowization heretofore uccd of sealing tle: papnetization curve of
rure Fe to the M(T = 0K) and Te values of ithe alley probably is not
sufficiently acowrate, Therefore both preeision PoR experinents ond
mogenctization measurcments will be neecessary to fully exploit this
arca of ctudy,
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