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ABSTRACT

Tﬁrough its asymmetric decay, the positivéfmﬁqn
acts as a sensitive detector of the interactions
of its spin with the medium in which it comes to
rest. Development of the u+SR spectroscopy tech-
nique is described, and recent applications_of

the u+ as a probe are discussed. Results for
hyperfine fields in ferromagnets and'impurity.
states in nonmetals are presented with suggestions

for future studies.:
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u+SR Spectroécopy:.The Positive Muon as a Magnetic Probe in Solids

INTRODUCTION .TG uSR

Muons are created énd destroyed in the makimally parity-
,violating'decay; T ﬁ + v and ub+ et v +_3. The former reactibn_
produces muons of definite helicity, which can be:collected into beams
which are nearly 100% polarized.l. In thé-latter reaction the et is
preferentially emitted along (for u+) or opéosite_té»(for'u—) the muon
spin, iﬁ.a pattefn df.the form D(B)'& 1+ a cos 6, whére 8 is the angle
Vbetween ﬁ% spin'and ei direction, and a is an.asymmetry'parameter--f a
fuction of'ei energy -— whose average over energy is 1/3;2 The weak
interagtion thus provides experimenters with a sourée éf’highly polarized
Dirac particles and a‘cénvenieht way to‘aetect their polarization. S;ch
‘strﬁcfuréless, éingly Chafgedvparticles are”eSpeciaily attractive as

probes’of matte_r.3
A typical experimental technique4 is fo stop a beam of
polarized muons in a tafget; startipg a "clock" as a muoﬁ.enters thréugh'
scintillation_cqunters, and stopping the "clock" when a decay.electron
(positron) is counted in a second scintillator array. When a magnetic'
LT field is appiied transvérse to the muon'pdlérizatidn, the 'spin of the
muon will precess at "its Larmor freqﬁency, causing the‘e:c detection
~ probability to become anHOSCillatory function. of time as the muon spin
sweéps past the_et telescope. Thg histégramrof measured timés, an exampiev

of which-is shown in Fig. 1, is generally fitted to the form
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N(E) =N (e T (1 + 4 e T cos (w .t + $)) + B, (1)

where No is a normalizatioﬁ‘factor, ru is thehfree muqn'lifepime (2.2
Vusec for u+-or free'u—),'A is‘thé apparent‘initial asyﬁmetry, T2 is a
transverse relaxétion time-(accoupting for slow depolafization by random. .
local fields), W, is the muon Larmor frequency, ¢ is the apparent'initialb
phase of the precession,-and B is a conétantVbackéround‘from_random events.,

This.technique, which is clearly analogoué to nuclear'time
differential perturbed angular distribution (TﬁPAD)‘methods, has been
dubbed "uSR" (for Muon Spin Rotation) in an attempt to suggest the many
applications ‘analogous to those of NMR and ESR.3 Each of;thg fitted
parameteré in Eq. 1 is éf speéial interest iﬁ certain studies: fbrvu—,_
l/iu is a measure’df the cqmbiped rates of decay and capture in various.
nuclei, providing information‘on weak processes5 as well as'nuclear.’
structUr¢;6 theiasymﬁétry A_and the.phasg ¢ determine the magnitudé.and
direction df the apparentvinitial muon éolarizatioﬁ,vvariatiéns iﬁ which
can be.interpretéd in termsvof?chemical pféceéées'inVOIQing muons; °
the precéssionvfreqhency wu and fhe reléxation ;ate l/T2 are mosﬁv
interesting for the study of solids, since they give a direct éuantitafive
measure of the local field Bu at the site of the muon, aqd.its'inhomogehéity
ABH:

1

=y, B d. = =%y 8B, - | 2
o =Y, B an T, 8 Y, OB, .._().

where Y, 0.85 x 105 rad/sec-G (period = 74 nsec'at_l kG).
In many solids, distinct fractions of the muon ensemble

may see entirely different values of ?u and ABU; in such cases, or in

any case when Bu is not even approximately known ahead of time; the -
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"uSR spectréscopy" technique is especially usefu1: the constént background
is.subtracted and the exponential ﬁ decay diVided oﬁtiof N(t), which is
then Fourier transforﬁéd to p;oduge a frequency spectfum, in which a
"signal' of width 1/T2 at a ffequency wu-reflectsvthe local field.
~Bu * ABU’ just as in NMBf An example of such a spgétrgm is shown in
Fig. 2. |

Conventional u+SR methods with positive muonsvhavevopened
up a numbér of new fields t§ inVestigation;3 u—SR_StudieS'witﬁ'negative

8,9

muons are also of growing interest. ’ Here we wish to concentrate on
several of the more dramatic results which have recently appeared through

the new technique of u+SR spectroscopy.

I: INTERSTITIAL HYPERFINE FIELD IN FERROMAGNETS
-+ L L
A, u SR in Magnetic Media ..

Once thermalized in condensed matter, the positive muon
behaves as if it were a light-proton '(mp/m‘J = 8.9); thus in most crystals
it can be expected to take up an interstitial position. It then experiences

a local field which has the following contributions:

B =B +B'm+B + B + B

u ext d L dip hf’ (3)

where Bex.t is the applied field; Bdm-is the sample demagnetizing field,

1

.BL is the field due to induced magnefic chargés.on an imaginafy.spherical

‘ + '
"Lorentz cavity" centered about the y site, B

. 1s the field due to the.
dip :

local dipole moments within the Lorentz Sphére, and Bhf is a contribution

due to contact interactions with polarized electrons.

In a ferromagnetic crystal below saturation, Béx is just cancelled

t



by B, . B_ has the value éE-M , where M . is the saturation magnetization
+dm L 3 s _ s , -

in a domain (the imaginary Lorentz éavity must be kept smaller than the

dimensions of one dqmain). Bdip is usually calculable if the favored

interstitial site can be identified. We can then obtain a value for Bhf’

a quantity of basic interest to the’physics of ferromagnetism; The

advantage of the u+ fof such a measurement is the lack of any complications

related to an electronic core.
Fon c i
B. u SR in Nickel

Measurgments §f w ;pd T, for positive muons iﬁ ferfomagnetic
Ni have been made by several groupslo.’ll over a range of fempgraturés;
yielding the déta shown in Fig. 3 fo_rvBu and ABuQ The.femperature dependence
" is essentially a Brillouin function with the same shape as the saturation‘
‘magnetization curve, normglized to a zerdftemperature limig ofBu(O) =
+ 1480 G.

In Ni, tﬁe.u+‘cén be expectedvto 0écu§y an octahedrél intérstitial
site with cubic s&mmetry. .The;local dipole’contributioﬁé theﬁ cancel, giving
Bdip =‘Q. fhe Lorentz cavityvtontributidn.ié jusF'BL(O).= + 2140 G, leaving
a hyperfine contribution of Bhf = - 66Q_G. ihis.field ié ﬁhought to bg_
due to the contact interactioh between the u+ and polarizéd 4S—band conduction
electrons. | | |

Neutron diffractioﬁ studieslz have indicated an unperturbed
;verage interstitial electrdn bolarizatiéﬁ of - 17 %,'ihpiying allécal

interstitial magnetization of Mloc = - 79 G. An uhchétged probe would thus

87

measure a contact field of B _ = =/ M. = - 660 G. The agreement‘between
. hf .3 "loc : B

+
this value and the measured field must be fortuitous, since the u charge
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must be screened. VIf we assume that only 4s-band electrons (treatéd'as a
éermi gas of uniform density) contribute to the screening, the Fermi-Thomas
.séreening length is v 0.6 x;‘using the»Linhard dielectricvfunction approach,
we estimate a concentration of eleétrbn'dénsity at -the u+ by-a factor of |
n 5 over the unperturbed interstitial electron density. If the screening
electrons had the same polarization as the band from which they come, one
would expect a contact field of B¢ = - 3300 G. -To explain the much lowér
measured value we are studying a simﬁle model in which local energy density
miﬁimizatioh favors equalized screening contributibns from spinbgp and

spin down electroris.13
c. u+SR in Iron

Unlike Ni, Fe has two electrostatically identical,but magnetically

different interstitial face-centered sites. One has a Bdip contribution of

+ 18,800 G, while the other has_Bdip.é - 9400 G and occurs twice as often.

Thus at high temperatures the u+ diffuses between sites fast enéugh for Bdip
‘to average to‘zero, but at low temperatufe this "moéional nafrowing"'effeCt
is aﬁsent and the u+ is‘rapidly-depolarized.14 Preliminafy éttempts to
"freeze" muons into distinct sites in a single crystél of Fe at 77°K have
so far yielded inconclusive results. -

High temperature data for Bp vs., T can be extrapolated to T é 0
- 4

> = Q and BL(O) = —S-MS(O} =

+ 7100 G in Eq. (3) gives Bhf(O) = - 3000 G. Interpretation of this result

‘to give a value of BU(O) = 4+ 4100 G. Using <Bdip
is complicated by the highly structured spatial distribution of the inter-
e .. 15 PU T
stitial magnetization in iron, since the zero-point motion of the u in

the interstitial potential well may be significant. -



D. Vibration and Diffusion of the u+

4

+ .
Interpretation of u SR results is often plagued by two

uncertainties which we have mentioned in the case of iron. First, how

Al

localized is the u+ within its interstitial site? And second, how rapidly
does it "jump" from site to site? The first question relates to the.
zero-point vibrational motion, which can presumably be estimated as follows:

if we assume a simple harmonic oscillator potential for the interstitial

%

'"well,"vthe amplitude of the zero-point motion scales as -m °., Thus

the zero-poiﬁt_motion of a ufbshould have an amplitude about 1,71 timeé
as large asvthét of a proton in the same site, iInformatioh on such motions
of protons can be gatheféd By quasielastic ﬁeutron'scqtfering.

The second Question'is ohe of the diffuéiqn rate. —— or equiﬁalently
of the height and width of the potentiallﬁarrigr between‘sites, whichvthe |
u+ must either tunné1 throughi6r be thermally excited oﬁef:in order to.
diffuse. Again there is a diféct analogy with the study of.diffusion of
hydrogen isofopes.16 StudieSZOf the ﬁmoﬁional narrowing"'of‘u+ rélaxétion

by nuclear moments in.copper17 and ice18 Haveishown that in these sgbstances
the muon is "frqzen".into a single site for_its entire lifetime at temperatures
belowrabout 80°K.‘ Howeﬁer; in othér solids ﬁhe shape and height of the
barrier may.bé quite differeht; perhap§ eveﬁ~ieading to a délbcalized u+

wave function due to tunneling in éome cases.19 This préblem sﬁould often‘

be amenable to study by the "motional narrowing' method, and the question

of the localization of the u+ can and should be answered experimentally.



IT. IMPURITY STATES IN INSULATORS AND SEMICQNDUCTORS

A, The u+ as an Impurity

The u+, with its family resémblaﬁce té a proton, is perhaps
the simpleét impurity nucleusvéne éan implant in aﬁy crystal. There has
been some question in the past aé to whether the implantéd u+ formé
_substitutional or interstitial states, and whetherrit feméins a bare u+,
-captures an electron to form a muonium (MQ) atom, or.pefhaps captures
two electrons to form a Mu~ ion. It has generally been-agréed20 that a
significant fraction must form Mu atoms, but it‘haé»not been clear .
whether these atoms would be "shallow donors," with.their electron wave
- functions spread over many lattice sites, or "deep donérs,“ with the entire
atoms fitting into single sites. The time scale for stabilityvof such atoms
has also been in question;21 Recent expérimental results using u+SR
‘spectroscopy have partiéily resolved these issues,

B. The'Muonium>At§m

in a free Mu atoﬁ in its ground state, the u+ and e  spins

are coupled by a contact interaction of étréngth AEhf/h = vy = 4463 MHz,22

given By the splitting between singlet and triplet total angular momentum

2
states: 3

3

.8 e . .y : ' ‘
BEye = —3 8, Wo 8, Ho» (4)
3rp o

- where ry is the mean radius of the atom, 8, , are electron and muon g-factors,

and uS’“ are electron and muon magnetons. One can think of AEhf as the

energy of interaction of the electron's magnetic moment with the "contact

' ) : ,
field" due to the muon, By = 1593 G.



In weak applied fields‘(B << Bo),_the tripiet.state of Mu
wrll precess at a frequency Wpgy * Si?cé Mﬁ (F =1) has_essentiglly the
m;énetic moment of an electron, but has twice its angular mo_mentum,‘mMu
is about % of we,‘the.eleétron Lérmor.frequgﬁéy - or.about 103 times
w , the free u+ Larmor frequency. This muqhium precession can be observed
directly by the pSR method24 25,26 in fields up to ~n 200 Gr

In stronger fields (B NfBo), and 1n’ail fields to éome éXtenr,
competition bet&een rhe Zeeman couplings ahd the hyperfine corplihg'céuses
W to split into two frequencies, equivaient to the fransitioh frequeﬁciesv
'wlz énd wo3 (where wij = wy - wﬁ) between energy eigenstates déscribed‘by
tﬁe Breit-Rabi formulae:

lo

T _
w3 = T - Ww_, wy + w

where w, = %(wé % mu)’and wg = 27 vg. In low fields, the splitting between .

1
ol

wy = %ﬂ + G ’ wy

(5)

lo

J.\

wyp and wy3 is given by

Q =‘%(w23'— wlz)‘=_m_2/w0; k - v : ' (6)

C. Muonium in InsulétorS’

The splitting of Mu‘frecession‘into rwo frequehciés leads to-
"beats" ih,theuu+SR precession pattern -- which, along Qith rhe highvfréQuency
of Mu precession rélative to freg u+ precession, ;istinctively charactérizes
the formation of long-lived deeb donor Mu atoms. This "two—frequeﬂcy
muonium precessién" has been observed in a variety:of insulators, including

24,25,26 25 27

quartz, - ice, and solid COZ' 'In all these media, the measured
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'Peat frequéncy“_Q is‘consiégeﬁt withlfhat predicted‘By Eq. (6), using
tbg.vacﬁum valueufog QO. - | |

| Relaxation of the:Mu preéession.signél in thesé insulators
is apparently due to fandom loéal fields ffég magnetic huciei,/as borne
out in a study of muoqium relaxation_in'HZO and‘DZO.l'8 In ;he élkali
halides, an ektremely f;ét relaxation of muoniumzs_renders Mu precessién'
unobservable; it has been suggested29 that.this relaxation is dﬁe to a
"superh&peffine" cdupling beéween ﬁuoh, electron, and nuélear_spins; Suéh
a‘coupling could lead to new éohereng'precession frequencies; tﬁisvphenomenon
has“not yet beep dbservéd, bﬁt new high—resolutibn u+SR spectroscopy

facilities at "meson factories" such as TRIUMF and SIN may facilitate

its detection.

D. Deep-donor Muonium in Semiconductors

OBéervatiOns of.two—frequency precession of.Mu in pﬁre,
cold (77°K) gingle'crystals o% gefmaniumzs and si'lic:on.26 ﬁave proveﬁ
thét'positive muoﬁs'étoppéd in semiconductors also form long-lived,
deep~donor iﬁtérstitiai Mu étomé under some circumétaﬁces. bFig. 4 shows
' u+SR spectra for SiOé and Si in the éame field. Thg peak near zero in
each spectrum is due to freelbu+ Larmor precession; the fightmost pair
of peaks represent two-frequency p;ecession of deép—donbrVMu; The
splitting is visiblyylarger’in‘Si than in SiOz, where vo(SiOz) = vg(vac).‘
This splitting fréquehcy (2Q) was méasured and used with Eq..(6) to
.extfact tﬁe-hypérfine fréquency for deep—donor MQ in éilicon.26 A similar

analysis was made for.deep—dqnor Mu in germanium.zs The résults are

vp(Ge)/vg(vac) = 0.56.-%+ 0.01; vo(Si)/vo(vac)r= 0.45 *+ 0.02.
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Regalling Eq. (4), we see that the radii of Mu atoms in these crystals

are about 1.2 times larger than in vacuum; thus they arebclearly deep-
donor impurities. The "swelling' of the atom is due to'screening by valence
band electrons from neighboring lattice sites; its magnitude gives new

information about the crystals.30
E. Shallow-donor Muonium in Semiconductors

Also evident iﬁ the Si spectrum are two ?énomalous" peaks
at intermediaté frequencies; At first these sigdalévcaused great confﬁsion,
but s;udies-of their field dependenc_:e26 (shown in Fig..S) revealed that
théy»correépond to-tfansitibns wyo ahd w3y between Breit-Rabl energy levels
- of a modified Mu atom in which both 90 and ge are quite differeﬁt from their
vacuum values; it was also found that vy was anisotropic,.gs indicated in
Fig. 5. The fittéd values -were: for the (111) crystal:axié'along the
field, vgo/vg(vac) =.0{0198 th.OOOZ;'fbr the (160) éXis'along the field,
Qo/vo(vac) = 0.0265vi 0.0003; iﬁ both cases, g; = 13 % 3.

The preferred interpretation of these results is that the
two>"énomalous" freqﬁencies are due to precessién of shallow—dono£ Mu
atoms, in which the electron wave functions must be supérpositions of
conduction bandvstates, whicb may have £ # 0 énd'small_anisotropic

effective masses.

. +
F. Quasi~free y in Semiconductors

Mu precession has only béén observed in mildly p—type si énd

Ge at low temperafqre; however, in all seﬁiconductor crystals there

appears a precessién signal of some strength‘at the free ﬁ+‘Lérmof frequency.
Whecﬁer tﬁis:signal'is due to SUbstitutiona1 u+; Mu~ (where the two

electrons pair up to make a diamagnetic system), or some diamagnetic
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bound state of é u% with 1attice-defec£s (perhaps created i? 1ts-sto§ping)‘
is.not known. However, the P+ precéssion signal‘in p—£ype'Si at 77°K
aﬁ£:4400 G appears'to have two componeﬁtsévone long?liVéd (the séméjas is
usually observed) and one which dies out within ~ 3dvnsec. Thésevtwo

components must be distinct products of the thermalization process, as

eéxplained below.
G. Population of States in Semiconductors

Ail the precession signals mentioned aboye<are present
simulténeously in the Si spectrum shown in;Fig. 4. Since these motions
are 6Qt of phasé with each other within a few nsec after the muons stop
iﬂ the target, they must each represent an indeéendent and isolated
long-lived product of the the;maliz#tion process, as indicated graphically
in Fig. 6. o , |

The amplitudes of tbe variogs preéession signals are proportional

Ato the‘respéctiVevffactioﬂs h, f+"£5d’ andvfda;‘which should sum tp unity
but aré all strong fupctions of.doping ana‘température (see Ref. 21).
Studies Of-theirvrelatiﬁe popﬁiatibns_under differeﬁt.c§ﬂditions may
reveal much about the-formation and behavior of hydrogen-like impurity

states in semiconductors.-
SUMMARY
i » . . p +
We have briefly reviewed several applications of the u SR
spectroscopy technique to the study of interstitial ions and atdmic impurity

states in solids. In each case, recent results have greatly clarified the

behavior of positive muons in the relevant crystals. However, there are B
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still many unanswered questions even in these caéés; furthgr studies are
needed before.the rewafds in terms of improved underStanding of related
solid state ﬁhenomena begin to be realized. 'The immediate future of the
ﬁSR technique as a tool for the study of sucﬁ basic fields as.hydrogen
in metals16 will bevlargély determined by the care ah@ depth with which

the next round of experiments on these systems are performed.
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FIGURE CAPTIONS

-

Fig., 1. Typical experimental time histogram, showing_‘u+ preéession in a

I

CClAItarget at 100 G. |
Fig. 2. Frequency spectrum forvu+SR in a single crystal of Ni ét 20°K with

a 150 G external field along the (1%1) crystal axis. The vgrtical scg1? is ﬁhe
square of the Foﬁrier transform amplitude. The leftmost peaks in the spectrum

vfare due to arbitrary data cutoff at 2.9 upsec; the peakrat abéut-Z MHz is from
muons stopped in the cfyostat walis, etc., which precess in the external
field; the peak at 19.2 MHz is a cﬁaraéteristic "noise" peak due to the rf
structure of tbe 184 in. Cyclotron beam, which "le;ks" into the data through

| the supposedly éime~independent accidental background; The peak at 20.05 MHz
is from u+ precession in the internal field Bu in Ni.

fpig; 3. Lo;al field Bu at the ﬁuonbsite_and linewidth AB observed in Ni byv
various techniques. The\solid'curve is tﬁe saturation ﬁagnetization curve
for Ni, normalized to Bu(O) = 1.5 kG. |
Fig. 4. u+SR fréQuency spectra in fused SiO2 at.room'temperature and in
mildly p-type.single crystal Siv;t 77°K. Applied field is 100 G in boéh‘cases.
Fig. 5;1 Dependence of "anomalous" frequencies in Si updn field strength |
and crystal orieﬁtation. ﬁdund points and solid lines are for (111) crystal
éxis along tﬁe field; triéngles and dashed lines are for (100) along the '
Wfield; Square points (for strong signals) éndvhorizonfél.bars (for.weak
signals) indicate unexplained édditiénél peaks. |

,vFig.'6; ﬁypothétidal model for.initial populétidn_of states ih.pure siliéon

crystals at-low temperature.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any légal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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