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A method has been developed for determining parameters describing the interaction of a positive 
muon in a semiconductor. Theoretical parameters characterizing the charge exchange and the 
orbitally bound paramagnetic state of (p + e-  ) are determined through a comparison with 
experimental data on muon depolarization in silicon at T = 290 K. Charge-exchange frequencies 
have been determined for the first time. 

The interactions of muons and of muonium (p + e - ) in 
semiconductors, particularly silicon, have been the subject 
of many studies (see the review by Patterson' ). These are 
complex interactions, and many details are not yet clear. In 
this paper we examine experiments on muon spin relaxation 
in silicon in longitudinal and transverse magnetic fields. For 
assistance in analyzing these experiments, we offer a system- 
atic theory of the relaxation process, which terminates in the 
capture of the muon in a diamagnetic compound. We focus 
on an n-type silicon single crystal with a resistivity of 30 
n .cm and a dopant concentration - 1014 cm - 3 .  

The experimental results on spin relaxation in this sam- 
ple were found previously.2 The measurements were carried 
out at a temperature T = 290 K in the JINR accelerator in 
Dubna. 

The time evolution N( t )  of the number of positrons re- 
sulting from the decay p + - e + is written in the form 

in a longitudinal magnetic field Hil or in the form 

N-(1)  =Noe-" '~( l - c l e -A~t  cos ot) +B (2)  

in a transverse magnetic field H, . Here r,, = 2.2.10 is the 
muon lifetime, All and A, are the relaxation rates of the 
muon spin, cll and c, are experimental coefficients in the 
angular distribution of positrons from the decay p + --e + , B 
is a background, w = y,H, is the Larmor precession fre- 
quency of the muon spin in a field H,, and y, is the gyromag- 
netic ratio of the muon. The exponential behavior of the 
muon-spin relaxation function P,,,,, ( t )  is confirmed by ex- 
perimental data. No muon spin precession at the muonium 
frequency was observed in this silicon sample at T = 290 K. 
A muonium precession with an amplitude 
c y  = 0.167 f 0.027 was detected at a low temperature, 
T =  86 K. 

Figures 1 and 2 show the experimental behavior 
All (Hil ) and cll ( H I  ) found from ( 1 ) and (2) .  Table I shows 
values of c, (H, ) and A, (H, ). 

The coefficients c,, and c, measured in silicon must be 
compared with the asymmetry coefficient a in a material 
which does not cause depolarization. The value 
a = 0.303 + 0.004 was found in measurements of the time 
evolution N ,  ( t )  in copper. The following qualitative conclu- 
sions can be drawn from the experimental results presented 
above. 

It can be seen from Fig. 1 that as the longitudinal field 
HII is increased the relaxation rate All decreases, but even at 
Hll ~5 kOe the rate All = 1 , u s 1  is still significant. This 

All (Hll ) behavior can be observed only in the interaction of 
the muon spin with the magnetic moment of an electron in 
an orbitally bound paramagnetic state, i.e., in muonium 
( p + e -  1. 

It follows from Fig. 2 that the coefficient cll is much 
smaller than the value of a in any field H . Table I shows that 
the relation c, <a  is observed in a transverse magnetic field 
H, also; this result suggests a substantial depolarization of 
the muon spin over an unobservably short time At < 10 ns. It 
follows from Fig. 2 that this rapid depolarization is partially 
suppressed by a longitudinal magnetic field Hi, 5 1 kOe. It is 
natural to suggest that the rapid depolarization of the muon 
occurs in a state of short-lived muonium which forms imme- 
diately after the ionizational stopping of the muon in the 
silicon. It can also be seen from Fig. 2 that the coefficient cll 

falls off monotonically with increasing field Hll at HII 2 1 
kOe. Such a decrease in cll  could result only from the forma- 
tion of a diamagnetic (chemical) compound in which a non- 
zero muon spin polarization is preserved. The same pro- 
cess-the formation of this chemical compound-is 
primarily responsible for the weak All (HIi ) dependence in 
longitudinal fields HII 2 3 kOe (Fig. 1 ). 

Important experiments for describing the muon spin 
relaxation in silicon are those in a transverse magnetic field 
in which the muon precesses at the Larmor frequency of the 

FIG. 1 .  Relaxation rate of the muon spin, All ,  versus the longitudinal 
magnetic field H I .  The solid line shows the theoretical A;F (H I I  ) depend- 
ence [see ( 1 3 ) j .  
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FIG. 2. The cIl ( H I  ) dependence, i.e., the asymmetry coefficient of the 
angular distribution of positrons from the decay ,u + - e  + versus the lon- 
gitudinal field HI , .  The solid line is the theoretical $'"(HI, ) dependence 
[see ( 1 2 ) l .  

free muon. It follows that, as we have already concluded, the 
paramagnetic state of (p + e - ) is unstable and rapidly un- 
dergoes a transition to a state of a free muon: 

It is the precession of the free muon which we observe in a 
transverse magnetic field. On the other hand, the depolariza- 
tion of a muon in longitudinal and transverse magnetic fields 
results from the effect of these fields on the short-lived 
muonium which is periodically formed as a result of the fast 
charge-exchange processes represented by ( 3  ) . A longitudi- 
nal field suppresses the depolarization of the muon in muon- 
ium, while a transverse field intensifies it. The weak depend- 
ence of c, and A, on a transverse field H, which follows 
from Table I, combined with the strong dependence of All on 
a longitudinal field HIl of the same strength, HI 5 1 kOe 
(Fig. 1 ), means that transverse fields H, = 40-700 Oe cause 
an essentially complete depolarization of the muon in muon- 
ium (p + e  ). This effect could occur only if the short- 
lived muonium nevertheless lived long enough for the muon 
to undergo depolarization in fields H, > 40 Oe. 

We turn now to a quantitative description of the muon 
spin relaxation in silicon. In accordance with the discussion 
above, we show in Fig. 3 a diagram of the relaxation process 
which precedes the capture of the muon in a diamagnetic 
(chemical) compound. Here Mu is a short-lived paramag- 
netic compound which we will assume to be normal muon- 
ium; Mu* is anomalous muonium; p + is a free muon; and 
DC is a stable diamagnetic (chemical) compound. The ar- 
rows show transitions between states. The short and long 
arrows are meant to represent slow and fast transitions. The 
Greek letters a', /? ', y, S,p, and E are the probabilities for the 
corresponding transitions; and T' is the lifetime of Mu* with 

TABLE I. The parameters c, and A, in a transverse field H, . 

FIG. 3. Schematic diagram of the relaxation of the muon spin in silicon. 
Mu-normal muonium; Mu*-anomalous muonium; p +-free muon; 
DC-diamagnetic (chemical) compound. 

respect to conversion into the chemical compound. 
The transition pf =Mu* depicted in Fig. 3 was not 

mentioned in the qualitative description of the experiment. 
In a quantitative calculation, however, it becomes necessary 
to incorporate the transitions y and 6, which determine one 
more process by which the muon spin relaxes. We will be 
describing this process by means of a magnetic-field-depen- 
dent parameter A*, which is the relaxation rate of the muon 
spin in the fast charge-exchange processes p + =Mu*. The 
parameters a', /? ', p, E,  and r' in Fig. 3 can then be replaced 
by corresponding effective values a and 0, which describe 
the charge exchange of Mu in an interaction with a complex 
(p + *MU*), and by the lifetime (7)  of this complex with 
respect to the incorporation of the muon in a chemical com- 
pound. Here a and /? are the probabilities for a transition of 
the muon from state Mu to the state (p + *MU*) and vice 
versa, respectively. 

The relations at>/? ' andp>e (or, equivalently, a>/?) 
indicated in Fig. 3 follow from the relatively short lifetime At 
found for the Mu state in a qualitative analysis. The high 
probability for the transitions y and S corresponds to a low 
relaxation rate A* of the muon spin in the state (p + *MU*) 
and to a muon precession frequency for the muon spin in a 
transverse magnetic field H, . We derive below a method for 
determining the frequencies a ,  /?, y, and S experimentally. 
That the transitions (charge exchanges) shown in Fig. 3 
actually occur has been established qualitatively in several 
experiments (see the review by Patterson' ). 

We denote by PM,, PM,*, Pp, , and PC,, the compo- 
nents of the polarization of muons in the states Mu, Mu*, 
p + , and the diamagnetic compound, respectively. By "com- 
ponent of the polarization" we mean here the product of the 
polarization of the muon in the given state and the probabili- 
ty that the muon will be in this state. The total polarization 
of the muon is then written in the form 

P ( t )  =Pnr,+Pnr;+Pp++Pc,, . (4)  

The corresponding relaxation process, i.e., the P ( t )  depend- 
ence, is described by the equations 
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t 

PMu ( t ) =  WP, (t)ebat+B P ,  ( t ' )  P ,  ( t- t ')  e x p [ - a  ( t - t ' ) ]dt l ,  
0 

t (6)  
1 PC,,", ( t ,  = - j PZ ( t / ) d t l .  (7)  
' t o  

Here P, = Pp + + P,,,,, ; PI (v,H, ,H,t) is the polarization of 
the muon in state Mu which has persisted to the time t; Wis 
the probability for the formation of Mu at the initial time 
( t  = 0); vis the frequency of the electron spin flip in Mu; and 
Ho is the hyperfine field at the electron of the muonium. 

The structure of Eqs. (5)-(7) is understandable. A 
similar system of equations was studied in Ref. 3. They were 
solved by the standard Laplace method. The relaxation 
function P(t)  [see (4 ) ]  found in the course of the solution 
for the case a%P, under consideration here and under the 
condition t% l/wo, where w, z 101° s - ' is the hyperfine 
splitting frequency of normal muonium, can be written in 
the form 

P ( t )  =P,+(P,-P,) e-", (8 

YI=a 3 Pi ( t )  e-='dt, 
0 

Expressions for A; and A: in longitudinal and transverse 
magnetic fields are4 

Ao'(l+fh2) 11,. l+fh2 
A,,' = ' A ~ ' = ~ ( I + - )  l+h2 ' 

where, with 6% wr, 

w: = 2r.90 ps - ' and wf = 2a. 14 ,us - ' are the hyperfine 
splitting frequencies of anomalous (anisotropic) muon at 
T = 290 K (Ref. 5); and y, is the gyromagnetic ratio of the 
electron. Expressions for PI (H)  and Y1 (H)  in longitudinal 
(H = Hll ) and transverse ( H  = H, ) magnetic fields are giv- 
en in Ref. 3. 

Substituting (8) into ( I),  we find an expression for the 
theoretical asymmetry coefficient c;?(HII ) in a longitudi- 
nal magnetic field HII : 

here Y l  = 9 (HII ), i.e., 

In a transverse magnetic field H, , the measured quanti- 
ty c, is equal to the precession amplitude of the muon spin at 
t = 0. Substituting expression (8) for P ( t )  into (2) ,  we find 
then 

In determining the functional A l h e O ( ~ ,  ) dependence we 
should allow for the circumstance that the decay of the 
precession amplitude P( t )  in (8) is not exponential. Under 
the condition P, ( H ,  ) g P, (H, ) - P, (H, ) which can be 
satisfied in experiment, however, the corresponding correc- 
tion is small and can be dealt with in the following way: 

The process described above for the relaxation of the 
muon spin in silicon is not the only one possible. In addition 
to the first version of the relaxation process discussed above 
(Fig. 3), there is a second, in which Mu rather than Mu* 
enters in the chemical compound. The integral equations 
describing this second version of the relaxation are 

- I ? -  

P c h m  ( t )  = - pMu ( t l )  dt'. (18) 
0 

The solution of Eqs. (16)-(18) for the resultant polariza- 
tion P( t) ,  

is of the same form as solution (8)  for P(t) :  

Here 

, -- , 
,he, - a[Po (HI,) -Pm (HII)  I 

I /  - , ( 12) In a comparison of the theoretical relaxation function F ( t )  
I-UP, ( H I , )  with the experimental one we should use Eqs. (12)-(15) 

where Po (HII ) and P, (HI, ) are given by ( 10) and ( 1 1 ) in a and expressions (20)-(22) for P ,  ,&, and x. 
field HII . Expression (9)  is a theoretical expression for A;?; Let us compare theoretical expressions (8)  for P ( t )  and 
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TABLE 11. Parameters of the relaxation functions P( t )  and P ( t )  for 
versions 1 and 2  of the incorporation of a muon in a chemical com- 
pound, specifically from the states Mu* and Mu, respectively. 

Parameter Version 1 Version 2  I P ( t )  I kt) 

8, ps- '  
W 
11% 
I ~ o * ,  us-' 

( 19) for T( t )  with the experimental results ( 1 ) and (2) .  
Figures 1 and 2 show the experimental and corresponding 
theoretical behavior of the relaxation rate and the asymme- 
try coefficient as functions of the longitudinal magnetic field 
HI, for the case in which the muon goes into a chemical com- 
pound from the state Mu* or, equivalently, from the state 
(p  + *Mu*). 

Figures 1 and 2 reveal a good agreement between theory 
and experiment and thus support theoretical model. The re- 
laxation function P ( t )  also agrees well with experimental 
data. Comparison of theoretical values ( 12)-( 15) of 
c i y  (Hll ), A;? (HII ), ciheo (HL ), and AiheO (H, ) for the re- 
laxation functions P ( t )  andF(t)  with the corresponding ex- 
perimental behavior (Figs. 1 and 2 and Table I )  yielded the 
parameters which describe the functions P ( t )  and P ( t ) .  
These parameter values are listed in Table 11. 

The parameter errors in Table I1 are the standard devia- 
tions; mutual correlations in all the parameters shown have 
been considered. 

It can be seen from Table I1 that the conclusion a)P 
which was reached in the qualitative analysis of the experi- 
mental data is supported by a quantitative calculation. It 
also follows from Table I1 that the two versions of the relaxa- 
tion process are described by approximately the same pa- 

rameter values. The relatively high rate at which the muon 
goes into the chemical compound from the state Mu, i.e., the 
rate in the second version of the relaxation process, is a con- 
sequence of the short time spent by the muon in state Mu. 
The absolute rate at which the muon goes into the chemical 
compound in the second version, 

is the same as the rate of the chemical reaction of the muon 
from the state Mu*. 

This result shows that the experimentally determined 
rate [ (  l/r).,,, ] at which the muon undergoes a transition 
into a diamagnetic state does not depend on the particular 
state, Mu* or Mu, from which the transition is assumed to 
occur. The values found for the parameters Ho, v, 0, W, A,*, 
y, and S in this experiment are also independent of the partic- 
ular version of the chemical process. A comparison of the 
parameter values for versions 1 and 2 on the basis of the x2 
test (41 values of experimental quantities with 9 theoretical 
parameters determined) shows that the first version of the 
relaxation function, P ( t ) ,  is statistically more reliable. This 
is the version in which the muon goes into the chemical com- 
pound from the state Mu*. The value Ho = 73 1 + 80 Oe 
found for this version agrees with the value H, = 690 Oe 
found in measurements of the hyperfine-splitting frequency 
of muonium in ultrapure silicon at T = 290 K (Ref. 6).  The 
probability W listed in Table I1 for the formation of Mu in 
silicon at T = 290 K agrees with the value W = 0.61 + 0.08 
found through direct measurements at a low temperature 
(see the review by Patterson' ) . 
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