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Field dependence of the longitudinal muon polarization for anomalous muonium
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An unusual longitudinal-magnetic-field dependence of the muon polarization for anomalous muonium
(Mu*) in polycrystalline semiconductor targets is predicted, and has been observed for Si. As a function
of field, the experimentally measured muon polarization at 53 K exhibits a cusp, i.e., a discontinuous
jump in the slope from negative to positive, at 340(5) mT, in good agreement with theory. This occurs
because the effective field on the u* vanishes at this external field as the angle between it and the Mu*
symmetry axis approaches 90°. At 200 K no cusp is seen because Mu* has been thermally annihilated.
Fractional populations of the different muonium species are derived from the 53-K data. All Mu* and
other anisotropic centers, including molecular radicals, should exhibit such a cusp, allowing the possibil-
ity of observing such species even in disordered or amorphous solids where spectroscopic detection
might be impossible. Integral counting (and therefore very high data rates) can be used for these obser-

vations.

1. INTRODUCTION

Much information on hydrogenlike impurities in semi-
conductors has been obtained from muon-spin rotation
and/or resonance and/or relaxation (uSR) experiments
on muonium, an unstable pseudoisotope of hydrogen
where the proton is replaced by a positive muon (u*).!
Recently, a variant of the uSR technique, muon level-
crossing resonance spectroscopy (uLCR), has provided
additional data on this subject, especially regarding muon
bonding sites in semiconductors.>? Two very distinct
paramagnetic muonium states have been identified in the
elemental semiconductors diamond, silicon, and germani-
um, as well as in the III-V compounds GaAs and GaP:
Normal muonium (Mu), characterized by an isotropic
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hyperfine interaction (of roughly half the vacuum value),
and anomalous muonium (Mu*), exhibiting axial symme-
try. Considerable theoretical® and experimental® effort
has been devoted to elucidating the structures of these
muonium states, especially in Si. Based on qualitative ar-
guments a bond-centered (BC) model, in which Mu* oc-
cupies a bond-centered position midway between the Si
atoms, was proposed for Mu* in Si.* An experiment
where the 2°Si hyperfine structure was unambiguously
resolved verified that Mu* occupies the BC site.’

In this paper, we investigate the longitudinal-
magnetic-field dependence of muon polarization for
bond-centered Mu* in polycrystalline material, and show
that it exhibits nonmonotonic behavior. General analytic
expressions for this field dependence (valid for all but
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very low fields) are derived in terms of the Mu* hyperfine
parameters.’ The quantitative predictions for Si are ex-
perimentally confirmed in the appropriate temperature
range. Such a distinctive signature should allow observa-
tion of Mu* or similar molecular radical states in other
disordered solids, where conventional transverse-field
uSR spectra would be broadened beyond detection. The
application of this method to amorphous semiconductors
might be especially fruitful.

II. THEORY

The spin Hamiltonian for Mu* in an external field B
directed along the z axis can be written as

H=hvI-S+h8I-nS-n—g,u,BI*+g,uBS*. (1)

The hyperfine interaction between the muon spin I and
the electron spin S from the first term is isotropic. The
second term produces an anisotropic hyperfine interac-
tion with the unit vector n pointing along one of {(1,1,1)
axes. For bond-centered Mu®* in polycrystalline material,
the longitudinal muon polarization exhibits a nonmono-
tonic field dependence with a discontinuity in the slope
occurring at some particular field value B,, as will be
shown below. For most of the substances in which the
formation of Mu* has been observed, B, is in a field re-
gion of order several hundred mT. In this case, the spin
dynamics, which is governed by the Hamiltonian [Eq.
(1)], is extremely well approximated by assuming that
states with the electron spin parallel and antiparallel to
the field are practically decoupled.’ This allows an analyt-
ic calculation of the time dependence of the polarization
function in terms of two effective spin-Hamiltonian
operators

H,=%1hvI*+1h8I-nn*—g,u BI* . @

They describe the Larmor precession of the muon in an
effective field given by

Hy=—g,puIBegy , (3)
with components
wr =T ?hyisine cosf , (4)
"
hv hd
erx=BF 2, + ECOSZO ; (5)

the axes being chosen so that z is the external field direc-
tion and n?=0. Here, Yu=8ut,=135.5 MHz/T denotes
the gyromagnetic ratio of the muon and 6 is the angle be-
tween the symmetry axis of Mu* and the external field.

For the following, it is convenient to introduce the
magnetic fields

__ hv
21/“

v =

(6)

and
_ hé

2,},,1 ’
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and their ratio

=2 (8)
lu'— B5 ’
as well as the reduced field
=23 ©)
p=—3—

For convenience, their values for the elemental semicon-
ductors are given in Table I. The components of the
effective field are then given by

B . = F Bgsind cosf (10)
and
Z¢ + =BtB, F Bycos®6 . (11)

The time-independent contribution to the longitudinal
polarization (u* polarization along direction of external-
ly applied magnetic field) is then

p(O)=p.(6)+p_(6), (12)
where
(Big 4 )?
p.(6)=1 IS (13)

(B P+H(Big P

the time-dependent contribution becomes completely
negligible when the average over directions is taken.
With our sign convention, the contribution

,___ sin’6 cos’d
2 B2+ (1+2B)cos0

exhibits the interesting peculiar field dependence. For a
polycrystalline sample, the average over all angles gives

p_(6)=1— (14)

111 |2 ., i | 14F
=11 1 |2_ —F(1-F)in |[1XE
=515 |3 F FU—Fln %
for —u<p=—; (15
and
1 1 1 12 4 2 1
(p_) 2 21728 3+F F(1+F )arctanF ,

for —1<pB, (16)

with the abbreviation

TABLE 1. Experimental values of the hyperfine parameters
v=A, and 8= 4 — A, for anomalous muonium in the elemen-
tal semiconductors (from Ref. 2), the corresponding fields B,
and B; and their ratio u=B, /B;.

v (MHz) 6 (MHz) B, (T Bs (T) ©
C —392.55 560.57 1.4485 2.0685 0.700
Si —92.59 75.77 0.3417 0.2796 1.220
Ge —131.04 103.77 0.4835 0.3829 1.261




50 FIELD DEPENDENCE OF THE LONGITUDINAL MUON. ..

2
FZE—B— . (17)

At B=—0.5, the value of {p_ ) is 7/30.

The polarization {p_) is a universal function of the
reduced field B and is shown in Fig. 1. The abrupt
change in the slope at B=0 is of particular interest be-
cause it is an easily measurable signature of Mu*. At this
field value, the z component as well as the x component
of the effective field Bz _ vanishes for 6=90°. A Mu*
center with exactly 6=90° gives a constant contribution
of practically 0.5 to the longitudinal polarization around
B=0, since the initially formed states are eigenstates of
H. The centers around 6=90°, which contribute dom-
inantly to the polycrystalline average, exhibit an oscilla-
tion with frequency that changes sign at B=0. A series
expansion around f=0 leads to the expression

(p_ >=%+%B+%|m . (18)

It should be noted that the total polarization contains
also the term {p_ ), in addition to {p_ ). Around f=0
this term is, however, a monotonically increasing func-
tion of B and is given by

1,1 G?
=_+_—_
(pi)=7 2 (B+2u)
2 ai—aag | 1TG
X |5=6=6(1=6N4n | =2 ||, 19
where
2
gr= B’ 0)

28+4u—1 °

We emphasize that this peculiar behavior of the longi-
tudinal polarization is not an artifact of the approxima-
tions introduced by the effective Hamiltonian [Eq. (2)].
Shown in Fig. 2 is the field dependence of the polariza-
tion for Si, calculated using the full Hamiltonian [Eq. (1)]
for a random selection of 1000 different directions n for
every field value considered. (As in the analytic approxi-
mation, the time-dependent contribution is negligible and
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FIG. 1. Polarization {p_) as a function of reduced field 8.
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FIG. 2. Longitudinal polarization vs field for polycrystalline
Si calculated with the full spin Hamiltonian (Eq. 1). The values
were obtained by sampling over 1000 random directions n. The
solid line is the approximate result {p). The inset shows the
deviations occurring at lov. fields.

has been omitted.) This shows that the approximation of
the spin Hamiltonian by Eq. (2) is appropriate for all but
low-field values. These expressions describe a distinctive
variation of polarization over an extended range of mag-
netic field, in addition to the sharp cusp. It is instructive
to relate this broad variation to the narrower feature as-
sociated with Mu* in single-crystal Si and with a variety
of muonium-substituted molecular radicals in organic
solids. Such features occur in the close vicinity of a
crossing of two energy levels of the system. No loss of po-
larization at the “zero crossing” occurs in systems with
purely isotropic hyperfine coupling because the relevant
levels cross exactly with no mixing of the spin states. An-
isotropy removes the degeneracy so that crossing is
avoided, the states are mixed, and polarization is lost
near the (avoided) crossing. For Mu* with its axial an-
isotropy, there are actual crossings for §=0° and 90°,
sometimes referred to as zero crossings since the u* pre-
cession frequency goes to zero at these crossings. These
zero-crossing resonances (ZCR) can be seen in normal
muon level-crossing resonance experiments most clearly
when @ is close to but not equal to 0° or 90°. They are
also termed AM =1 avoided level crossings where M is
the sum of the magnetic quantum numbers for the muon
and nuclear spins (the latter is not involved in this case).
The cusp in the polarization for a crystalline powder re-
sults from the angular average of the §=90° ZCR. Nu-
merical simulations for molecular radicals in powders
also show this cusp.®

In molecular radicals, the anisotropy terms rarely
exceed 10% of the isotropic coupling, leading to corre-
spondingly narrower resonances. It is the extreme anisot-
ropy of the Mu* hyperfine tensor, where the isotropic or
contact term is comparable with the pseudodipolar or
traceless components, which leads to the extended varia-
tion of polarization with field. The variation may in this
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FIG. 3. Total polarization {p ) as a function of field for poly-
crystalline Si calculated for a uniform distribution of hyperfine-
parameter values between the indicated limits: +m% around v
and *m % around 8, where m =10 (@), 20 (+), 30 (M), and
40 (X).

sense be understood as the powder pattern of level-
crossing resonances.

This unusual field dependence of the longitudinal-
muon-polarization function represents a distinct signa-
ture of Mu* in polycrystalline material, and can be used
to study the thermal destruction of such centers. Fur-
thermore, it may also be useful for the study of Mu* in
amorphous samples. Shown in Fig. 3 are the results of
simulations for which a spread of the hyperfine-
parameter values around the crystalline values is as-
sumed. It is seen that the onset of the rise of the polariza-
tion is shifted towards lower field values as the spread of
the distribution of the hyperfine-parameter value v is in-
creased.

III. EXPERIMENT

The validity of the analytical expression, and of the
magnitude of the cusp field B, in silicon, has been tested
in experiments done at LAMPF, using the recently com-
missioned high-flux uLCR spectrometer.” The sample
used was high-purity Si, supplied as a wafer but ground
to a fine powder for the purposes of these experiments. '
Measurements of the longitudinal muon polarization
were made in field scans up to 500 mT and at two tem-
peratures, 53 and 200 K. At the lower temperature, the
anisotropic Mu* state is known to coexist with the isotro-
pic Mu state. At the higher, only Mu survives as a
paramagnetic state, Mu* being ionized to a diamagnetic
state (with field-independent polarization).! The cusp
characteristic of the Mu®* state is, therefore, only expect-
ed to be visible in the lower temperature data.

With the new LAMPF spectrometer, polarization is
obtained from the ratio in positron counting rate between
downstream and side arrays of detectors (see Fig. 4). The
problem of distorted data due to high positron rates is
ameliorated by segmenting each array and by placing Al
degraders in front of each detector. This preserves
signal-to-noise ratio at reduced counting rate by selection
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FIG. 4. uLCR spectrometer. S, sample; H, sample holder; C,
cryostat; D, Al degrader; S1-5, side positron counters; F1-6,
downstream positron counters; M1, scan coils; FC, flux coils;
BP, beam pipe. The 500 mT coils are not shown. Auxiliary
transverse coils (not shown) produce a field that is normal to the
plane of the side view. The single arrow indicates 4+ momen-
tum, which is opposite the u ™ spin (double-line arrow).

of the higher energy positrons. Data are accumulated in
the “integral-counting” mode, i.e., with no time correla-
tion between incoming muons and outgoing positrons.
This allows the full intensity (2X 107 u*/sec average) of
the LAMPF surface muon beam to be used.

In longitudinal-field experiments (magnetic field ap-
plied along direction of u™ spin), an absolute calibration
of polarization is usually obtained from the amplitude of
a muon-spin rotation signal, recorded on a standard sam-
ple by applying an auxiliary transverse field.!" This re-
quires time-resolved data acquisition. A variant of this
procedure, without time resolution, and therefore suit-
able for integral counting, uses the so-called Hanle sig-
nal.”> In this method, the ratio of the integral positron
counting rates of detectors at different angles is moni-
tored as the auxiliary transverse field is swept either side
of zero. In the present geometry, the ratio of the sum of
positron counts in the front (downstream) counters to the
sum of positron counts in the side counters is minimal at
zero field for the surface beam used, while at high trans-
verse field (>>0.5 mT) rapid spin precession leads to
effectively complete depolarization and hence the ratio
approaches a constant larger value. Note that the ut
spin is opposite the momentum, as shown in Fig. 4. The
variation of this ratio is an absolute calibration of the po-
larization. Such a calibration was performed with a pure
aluminum sample at ambient temperature, for which the
muon depolarization is negligible.

The distinctive Mu* cusp at 340(5) mT is clearly visible
in Fig. 5 for the 53-K data of polycrystalline Si, thus
confirming the prediction of Sec. II. At this temperature,
the detailed field dependence of the polarization is the
sum of the “repolarization” curves for the coexistent Mu
and Mu* states. The precise shape of the measured
curves, however, depends on the response function of the
spectrometer, since both the positron orbits and the pho-
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FIG. 5. Experimental polarization for poly-
crystalline silicon (symbols are from measure-
ments and the solid line is from a fit to the 53-
K data). The inset shows expanded data be-
tween 300 and 400 mT.

Zz
=
=
<
N
&~ .
< £
s T
-+
: _r_i-k 1.000 | i
< +
£ 0'8T— ++ 0.975 + g
S iy
g -i-‘- 0.950 - 4
2 4
é 0.7~ +."." 0.925 | E
[
+ 0.900 R L
300 325 350 375 400
0.6 | | | |
100 200 300 400 500
MAGNETIC FIELD (mT)

totube efficiencies are affected by the applied magnetic
field. There will also be some dependence on the sample
shape, size, and thickness. Data, collected as a series of
limited field (40 mT), overlapping sweeps and then pieced
together in the overlap regions, are presented in Fig. 5,
with the polarization scale established by the Hanle cali-
bration using Al. It was not convenient to scan the entire
500-mT field range. Although this procedure is expected
to remove most of the instrumental effect, it is obvious
from the Al data of Fig. 5 that there is a systematic error
in this method. There is no depolarization of Al in this
field range, and therefore, its polarization should be con-
stant and equal to 1.0; however, the data exhibit polariza-
tion that increases with magnetic field and approaches
magnitude 1.1.

Data obtained at 53 K in the 0-500-mT field region
have been fitted to extract the fractional components of
Mu, Mu*, and pt. A preliminary fit implied that a
fourth signal (additional component) was also present at
this temperature. Because the sample was ground and
stored in air, it is expected to have an oxide coating, and
thus it is possible that some fraction of the rapidly
diffusing Mu reaches the surface of each Si crystallite and
produces a signal characteristic of SiO,. Consequently,
the data were fitted to four signals with hyperfine con-
stants fixed to the appropriate values for Mu, Mu* and
Mu in Si, and Mu in SiO,. With no requirement that the
fractions sum to 1.0, the best fit yielded 0.38 Mu, 0.36
Mu*, 0.19 ,u+ in Si, and 0.12 Mu in SiO,, and is shown as
the solid line in Fig. 5. These fractions can be compared
to low-temperature, zero-time values of 0.56 Mu, 0.39
Mu*, and 0.06 u* in Si from standard time-differential
uSR measurements on similar intrinsic crystals. This
represents reasonable agreement when one adds the sur-
face fraction to the diffusing Mu component and consid-
ers that ionization of either neutral species will contribute
to the u* fraction in a time-integral measurement. It
should be noted that the data were fitted without at-
tempting to make any correction for the distortion of po-

larization exhibited by the Al data (Fig. 5).

Several factors impede fitting the 200-K data. There
are dynamic effects that contribute to the difficulty of
making an accurate determination of initial fractions in
Si at this temperature, e.g., muon state changes on the
time scale of the muon lifetime (2.2 us) and depolariza-
tion processes. Both effects begin to become important
above roughly 100 K.! Specifically, time-differential
longitudinal-field uSR measurements on this sample show
no appreciable depolarization during the muon lifetime at
53 K; however, this is not true at 200 K.!* Here it is im-
portant to make the distinction between time-integral
longitudinal-field measurements (the data of Fig. 5) and
time-differential longitudinal measurements. Integral
techniques measure a quantity that is proportional to the
integral of P(t) averaged over the muon lifetime, whereas
differential methods measure P(¢). With the assumption
that relaxation at 200 K can be described by a single ex-
ponential, one can write P(t)=P(0)exp(—t/T,), so that
integral counting gives P(0)[T;/(7,+T;)] rather than
P(0). Conversely, the lack of significant time-differential
longitudinal depolarization at 53 K implies that
P(t)=~P(0). The relaxation at 200 K is quenched as the
magnetic field is increased above the hyperfine field, the
net effect being to distort the shape of the measured po-
larization curve, especially in the region around the
hyperfine field value. Thus, no reasonable values for the
various muon fractions can be extracted from the 200-K
data. This fact does not, however, impact the main
feature of the present work. The important information
in the 200-K data for the present application is the com-
plete absence of a cusp at 340 mT, clearly indicating a
negligible Mu* fraction at that temperature, as expected.

IV. CONCLUSIONS

The experimental results presented here unambiguous-
ly demonstrate the existence of a cusp in the longitudinal
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field dependence for Mu* in polycrystalline Si, as predict-
ed. The lower temperature data also show that when dy-
namic effects such as state changes or depolarization pro-
cesses are absent, semiquantitative information on the
muon fractions can be extracted from this type of mea-
surement. Given the instrument response function and a
model of dynamic processes, it should be possible to ob-
tain quantitative information. Time-integral measure-
ments of the longitudinal field dependence of muon-spin
polarization can provide an unambiguous identification
of anisotropic muonium states. Under appropriate condi-
tions such ‘“‘repolarization curves” can yield quantitative
results for fractions of the muon species present. This
method, therefore, provides a means to investigate
muonium centers having substantial anisotropy in a large

D. W. COOKE et al. 50

class of materials for which sufficiently large, high-quality
single crystals are not available.
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