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SOLID STATE PHYSICS
Kenneth M., Crowe
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720
ABSTRACT

. +. . . . : .
A review of p precession experiments is presented. The behavior of

the spin of the mudn as it interacts-in different solids and liquids is

~discussed, as is muonium formation,'"fast"'depolarization, and slower relaxa-

tion solids and solutions with various chemical and magnetic ions. The

interpretation of muonium hyperfine spectra in germanium and silicon, as

o + .
well as the recently observed anomalous p precession in silicon, are

presented. The use of muons to probe internal magnetic fields in ferro-

magnets is also reported.



Kenneth M. Crowe
Lawrence Berkeley Laboratory
University of California
Berkeley, California 94720

Muonsvhaﬁe played many important roles in physics over the years,
as 1llustrated in Fig, 1. By illuminating the weakriﬁtéractions, electro—b
dynamics, and nuclear structure, the 'heavy eiectron" ﬁas served us well.
The positive muon now promises to provide a new proBe iﬁ its role as the
nucleus of the hydrogen-like atom, muonium.l VChemical reactions of this
light isotope‘of hydrogen have been studied'iﬁ gasés by Hughes E£.§£{2
and in liquids by Breﬁér et 2l-3 By observing the beﬁavior of the muon's
magnetic moment yia the asymmetric deéay. In liquids,.muon depolarization
is analyzed in terms of the muoniuﬁ mechanism_developéd by ivanter and
Smilga4 and Brewer? allowing extraction of chemical lifetimes of muonium
on a precise time scale from the hyperfine period (l/4 nsec)'to several
muon lifetimeé (~ 10_S sec) . | |

Local magnetic fields can be measured by extracting the muon
precession frequency from the muon's f-decay time distribution. The simple
model of a u+ replacing a proton in a diémagnetic compound provides a
probe which complements the nuclear magnetic resonance method for studying
liquids and solids-.. This technique has been reported. in several papers; ’
In this paper I will limit myself mainly to recent Qork Withvpositive muons
in solids, since thé other topicé are rather well described in the literature.

The expéfimental technique used in these st;dies can be summarized
as follows:‘ One allows polarized muons to étop in a tafget suspended in

a known magnetic field. For precession measurements one detects the decay

I
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positron, and, with a precise clock, records the time interval from the
stopping signature until the decay. Precession appears as a modulation
in the distribution of these times, as shown in Fig. 2. Several simul-

taneous precession signals can be described by the distribution

N(t) = N e_t/ M (:l + ZL, P.(t) cos(w,t + ¢.ZJ + BG,
v o : i i i i
' e(Hlocal)
where "U,, is the muon lifetime, w, = B 2004 45 a precession
X i 2 mc - :

frequency, Pi(t) is the corresponding effective asymﬁétry (often exhibiting
relékation), ¢i ‘is the relafive phase,and BG is a constant background.

By accumulatihg a large number ( ~ 106—107) of decay éVents and Fourier
analyzing the above time'distributiqh, one can measure the ahplitudes of
muon precéssion in vérious iocal fields in the same ﬁarget.

If the muon is located in a muonium atom, the energy levels follow
the characteristic Breit—Rabi diagram, shown in Fig. 3, as a function of
the external magnetic field. Half of the muonium atoms form in the
(F=1,m= +1)vstate and half in a superposition éf'(F =1, m =0) and
(F=0, m=20). In weak fields,vté a good approximation, for the first
half the muon. spin precesses about the extérnal field at a frequency
'determined by the maghetic moment of the electron (103 times fasﬁer than
the free muén precession), while for the éecond half the'mﬁon spin fiips
back and forth at the hyperfine frequency w, = Zﬂvo. In st;onger fields

(comparable to the effective hyperfine field, 1588G);'the observable
§°
For muons stoppihg in quartz, Gurevich et al,. showed8 that there was

frequencies are the differences shown in Fig. 3, wi;,§32ﬂvi

a beating of wy

5 VS. w23, whose quadratic field depéndence could be

analyzed to extract w_. They found Wy (quartz) approximately the same as

wo(vacuum). On the other hand, in germanium they found wo(Ge)/wo(vac) = 0,58(4).
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We have made similar measurements in silicon. Figure 4 shows a comparison
between Fourier transform data for quartz and silicon in the same field.

The two highest frequencies correspond to w5 and w23‘of,muonium. Their

separation is proportional to l/woandvis clearly ;arger for - silicon.
Analysis yields.wo(Si)/wo(vac) = 0.444(20) .

These results have been satisfactorily interpreted'by Wang and'Kittél
in a recent paper? Their model has muonium trapped in an interstitial site
which is large enough to contain the orbital electron invthe~ground state.
Roughly speakiﬁg, the binding potential is cut off at large radius:due'
to'screening by the valance band electrons of the surrounding atoms of
silicon. By using other data they can explain the Size'of'the change in
;he hyperfine frequency as well as the difference"béfweeh Ge'ﬁnd Si iﬁ
terms of the increase in the size of the muonium atom caused by.thé neigh-
boring atoms of the crystal. This moael, the deep~donor for muonium in
semiconductors, éeems to be in accord with observations. Wang and Kittel
observe that "it is not possible at present to compare ﬁhese values with
those for atomic hydrogen---since the presenée éf atomic hydrogen haé

never actually been detected---. Further, '"we kriow more about muonium

in Ge and Si than about H or H, in just these crystals on which rests

2
most of modern solid state electronics technology."

In Fig;vé one can see that there are other Fourier ébmponents inb
additién to the two muonium iines; One expects that_thé ffeé muon will
appear in’this figure near zéfo. Howeyef, there are two "stronger'" lines
at intermediate frequencies, which we have labelled’fahomélous precession."
We have varied the field in an attempt to follow thesenlines; Fig; 5 shows

~the data we have accumulated to date. The two sets of points are associated

with different crystal orientations, i.e.[111] and [100], along the field
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axis. The data are taken with the sample at liquid N, temperature, for

2

mildly p-type silicon. Both anomalous precession and muonium precession

have a lifetime on the order of 300 nsec. Neither of.these signals has

: , - . L0 . 1
been detected in n-type Si at 77 K or in any silicon sample at room temperature.

The anomalous frequencies are much higher than the‘free mudn precession
frequenciés_in weakbmagnetic fields. The mﬁqn mus:_therefore be coupled
to a particle or system witﬂ a larger magnetic moment tﬁan ifs own, as in
muonium where it is coupled)to én'electron by the contact interaction.
The field dependence 6f the data can in fact be fittéd tg ffequencies Vi

and Vv of a modified Breit-Rabi formula (see Fig. 3), if the different

34

crystal orientations are treated as separate cases. However, it is necessary

to allow both the hyperfine coupling strength and the g-factor of the
electron to vary in order to obtain a fit, For the case of the [111]

crystal axis parallel to the field, the best value for vO/vo(vac) is

0.0198(2); fdr»[lOOj parallel to the fiéld,lthe best_value is_vo/vo(vac)
-0.0205(3). In both cases, the best value for 8o is 13t3. Clearly, the
spin g-factor of an electron cannot be much different from 2, nor can a
pure gontact»interaction be anisotropic; this modified Breit;Rabi description
is meant'only as a‘phenomenological characterization of the data.
These'results'can be ihterpreted in terms of several physical models.
Pérhaps the simplest is shallow-donor muonium. Here the electfon wavé‘
‘function isvspregd over many lattice sites, whereésfthe'entire deep—doﬁor
muonigm atoqvfits into one interétitial site. An s—staté cannot prpduce

the observed behavior, due to the relatively invariable spin g-~factor of

'
i 1 B
! b

the!electron. However, in the 2p state the orbital g-factor can be large
i .

and anisotropic: the electron wave function for a shallow donor must be a

superposition of conduction band states, which may have small, anisotropic -

\{ 4




effective masses. A possible objection_to this model is ;he'requirement
of a minimum lifetime bf A 300 nsec for the 2p excited state.: Hindrénce
of the normally fast radiative El transition 2p » ls can be explained by

the small overlap between electron wave functions in the shallow-donor

. 2p state and the deep-donor ls state.

A second physical model is suggésted by the la;ge vafiety of ESR
centers whicﬂ have been observed in radiation-damaged silicon;o' The muon
may éreate a paramagnet&c lattice defect (e.g., a broken bond) at the end
of its range, combining with it to form a muon—défect bound state. Such
a center can also be described by a modified Breit-Rabi hamiltonian;

The possibility that the anomalous precession is due to formation of
a bound state of a ﬁuon w;th an impurity atom is considered remote.

However, in s;opping, the muon must generate a ﬁigﬁ density of free
electrons and héles, with which it may subsequéntly coﬁbine. If we regard
the ﬁ+ as a positive impurity ion in an interstitial pésition, observations
of impurity-exciton bound states in silicon provide a pfecedent'for two
models involving excitons. The first modei is the neutral muonium-exciton

' + - -k L . :
molecule (U e e h ), in which the two electrons are assumed to have

P
paired spins, in ‘analogy with ground-state HZ. The y 1is thus coupled to

- the hole by a.dipole—dipole interactipﬂ. Orientational effects are pre-

dicted by this model if the molecule is 'pinned" by being wedged into an

'oblong interstitial site in the unit cell. A second model of this type

. + o=+ ‘
is the ionized muonium-exciton molecule (1 e h ), in which all three

pafticles are coupled via contact interactions. These models draw support

‘ 1%
from the fact that measured free exciton lifetimes in silicon at 80 K are.

about 400 nsec}l

None of the above physical models for anomalous muon precession can
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be eliminated on the basis of existing data; however, we feel that shallow-

donor 2p muoniﬁm is the most probable explanafion.f
Let me turn now to the studies by Kossler et al. using muons to probe
i
ferromagnetic'materials].'2 The reference contains an abundance of sta;
I will only discuss the experimental aspects which we ﬁéve pursued.

The experiment is similar to those mentioned previously. One places
avnickel sample in a magneti% field (Bext)’ and lodks_for muon spin pre-
cession. Surpxisingiy, there is a large signal, frdm which the local.
field at the muon (BU) can be extracted.

For extefnal fields too weak to saturete the sample',vBU is'independent
of Bext' Th#éfis due to the high permeebility of’the nickel: domain walls -

can easily move to screen out the external field. Above saturation, no

further wall motion can occur, and Bu rises linearly with Be (see Fig. 6).

xt
BU is strongly temperature dependent, as shown in Fig. 7. The behavior
is similar‘to that of thebsaturation magnetization (MS)EIi.e., a Brillouin
function. As one‘raises the‘tempefetu:e through the_cdrie point, BU
iabruptly becemes equal to the external field; and the muons precees.in a
- paramagnetic eHVironment. |
Another interesting effect is the depolarizationeof the muons,
reflected in the decay of the precession signal. This depolarization.may
be due either to dephasing in an inhomogeneous loeai field or tolrela#atioﬁ
, _ : A :
phenomena. Shqrt depolarization times were qbseryed fer muons in poly-
crystalline samplee, including ours, which‘was‘ellibsoidal in shepe'in_
order to produce a uniform macroscopic internel field. AThe temperature
dependence ofvthe depolarization time is.shown in Fig. 8. These results

can be explained in terms of local field inhomogeneities producea by the

random orientation of individual crystallites: the‘temperature dependence"
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arises from the temberature—dependent anisotropy field, which strives to
orient the local magnetization aloné the easy axis. The sharp drop in the
depolarization time observed as the Curiévtemperatufe.is approached is
probably due to imperfect thermal regulétiqn in a fegion where Buzis
changing very rapidly with temperature (see Fig. 7).
| The depolarization becomes very pronounced at room teﬁpéfature,
whe;e precession is observed in an annealed sample oniy near saﬁu;ati§n,
and is barely detectable in .an unannealed sample. In a single crystal
sample, however, long-lived precession is observed even at liquid N2
temperature.
| There are a nuﬁber of interesting questions whichvpresent themselves:

What is the coupling between BU and MS ﬁhich causes‘them to have basically
the éame tempefature dependence? Are there deviations from this simple
proportionality? Where does the muon sit? Is it hopping from one inter-
étitial site to another? What is the structure of ité electrop cloud?
Since the conduction electrons are pola;ized negativeiy in‘the interstitial
region, why does the muon definitely precess in the positive sense?

-Another liné‘of questions haé to do with the depolarization observa-
tions. Thg_locai field inhomogeneity can be studied,and perhaps other
depolarizaﬁion mechanisms can be identified. ‘ L '

Finally, are thiere other fféqﬁencies which reppeseﬁt alternate sites
or states for'the.muon?‘ |

The st#dyboﬁ these questions will doﬁbtless point‘tﬁe way for in-
vestigétions of other classes of magnetic¢ materials, metals,and alloys.

In summary, the positive muon is alive and well, and living in solids

long enough to perform many impressive feats. Following its spin leads to

. a rapidly expanding vista of applications in solid state physics.
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FIGURE CAPTIONS

FIG. 1. Various experiments in progress which u;ilize the muon as a
probe of mattér.
FIG. 2. A‘tfpical experimental histogram. Carbon tetrachi&ride at 100 G.
| .vThevdata arebinned into 10-nsec bins fér clarity; for.fitting,
5 o.5fn$ec bins yére used. The mean mudn lifefime TU = 2.20
sec 1is indicatﬁd.
FIG. 3. Energy eigenstates‘of & = 0 muonium iﬁ an e#ternéi mégnetic field,
. as fuﬁctions of the dimensionlesé "specific field" X = 2ueB/hvor

The four allowed transitions are indicaﬁed. The relation

Voo + vV = vb holds for all fields, whefe v

12 34 is understood

to be negafive for X > X* ;’(mu - me) /2me; where thg top
two levels cross. |
FIG. 4. Frequency spectra of muons in fused quértz.at room ﬁémperature
énd in p-type silicon at 77°K. 1In bo;h'égses the applied
field is 100 géuss. The veftical axis‘is the.squ5re of the
Fourier amplitude, in arbitrary 5ut‘consistent units. In.
the lower graph the vertical scale is expandedvby a factor
 6£410vto the right of the dashed line. The prominent peaks
(from left to right) are: the free.mﬁon‘brecessiOn signal
ét‘l.36 Miz; a characteristic background signal atvl9.2vMHz,
due to rf structure in the cyclotron beamf the two anomélous
frequencies at 43.6 + 2.9 Miz (silicon,oﬁiy); and the two ls
muonium peaks centered abogt 139 Miz. :Thé.wider splitting
of the two ls muonium lines in silicon is due to the weaker
hyperfine coupling. These spectra were_produéed by Fourier

analyzing the first 750 nsec of the experimental histograhs.
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FIG. 5.

FIG. 6.

FIG. 7.

FIG. 8.
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1For comparison, the muon asymmetries obtained by maximum

likelihood fits to the first 5 usec of data were 3.8l + 0.35 ¥

'forrquargz and 5.05 * 0.63 % for p—tyﬁe:Si at 77°K.

- Dependence of anomalous frequencies in silicon upon field strength

and crystal orientation. Round poiﬁfsrand solid lines are
vaata‘and best fit for (111) crystal akis'along the .field;
triangular points and dashed lines are data and best fit fof
(lOd) axis along thg field. Free muon; ls muonium, and

cyclotron background signals are not shown. A number of

-peaks appear in the spectra in addition to the fitted '"proper"

- anomalous frequencies; these are unexplained. They are in-

‘dicated by équare points (for prominent peaks) and horizontal
bars (for weak or questionable peaks). The higher of the

"proper'" anomalous frequencies is missing at several fields.

. This is because the spectra showed no statistically significant,

The

The_

The

'tp the 2" axis parallel to B,

peaks at those positions.

the

local field Bu at the muon site in hickél'vsl Bext;

external field measured with target out. The pdints denoted

>by asﬁerisks are from data on a single crystal with the (111)

axis parallel to Be Other points are from data on an

xt’

unannealed, polycrystalline ellipsoid (4.5" x 2” x .5").

ﬁVert" refers to the 4.5” axis pa?allel ﬁo’Bext’ énd.“HQriz”
. xt’ . . .

local field at the muon site iﬁ:nickel (BU) VS . temperature,

for external‘fiélds too small to satufate the sémples..

depolarization time cohstant for muons in nickel versus

temperature. (Data from Kossler 35.31').
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THE MUON: AN IDEAL ELECTROMAGNETIC PROBE.
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