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THE IMPORTANCE OF THE MUON SPIN ROTATION ( p ~ ~ )  TECHNIQUE IN LOW TEMPERATURE PHYSICS 

A. Schenck 

Laboratory for High Energy Physics, S d s s  Federal Ins t i tu te  of TeehnoZogy (ETH), 
Ziirieh, c/o SIN, CH-5234 Villigen, S d t z e r  Zand 

Rdsum6.- En introduction, on prgsente les principes de la technique de rotation du spin muonique 
(pSR), suivis d'une revue des applications de cette mLthode en physique des basses tempgratures. 
L'accent est port6 sur la diffusion des muons dans les mgtaux, dont les aspects constituent une 
variante de la diffusion de l'hydrogsne. La possibilitd d'gtudier certains effets magngtiques ac- 
compagnant des transitions de phases dans des substances ferromagndtiques et antiferromagnetiques, 
des systsmes de verres de spins et de moments magngtiques ggants, est dgalement discut6e. 

Abstract.- An introduction to the principles of the pSR-technique will be given followed by a re- 
view of various applications of this method at "low" temperatures. The main emphasis will be placed 
on low temperature aspects of the diffusion of positive muons in metals as a particular variant of 
hydrogendiffusion, and on the possibilities of studying magnetic effects, accompanying phase tran- 
sitions, in ferromagnets and antiferromagnets, in spin glasses and giant moment systems. 

1. INTRODUCTION.- The Muon Spin Rotation (pSR) te- 

chnique is being applied systematically to problems 

in solid state physics and chemistry since about 

1970 /1 ,2 / ,  although the principle idea of using 

positive muons as a probe is as old as the detec- 

tion of parity violation in the muon decay in 1957, 

when it became apparent immediately that muons loo- 

se their spin polarization by interactions with the 

target environment 131. With the advancement of 

the so called meson factories and the availability 

of intense muon beams the interest in the PSR me- 

thod has grown steadily and there are by now groups 

from more than 25 institutions actively involved in 

pSR research at the accelerator laboratories of CERN, 

DUBNA, GATCHINA, TRIUMF, LAMPF, SREL and SIN. 

As far as solid state physics is concerned 

one has tried to use positive muons on quite diffe- 

rent subjects 141. The bulk of the data were obtai- 

ned from studies of the muon behavior in metals, 

concerning mobility, localization, trapping at im- 

purities, electroriic structure and muon-host latti- 

ce interactions 151, and from the study of hyperfi- 

ne fields and dipole fields in magnetic substances 

161. With regard to the first circle of topics the 

positive muon can be considered a light isotope of 

hydrogen, the mass ratio being m /m = 119. By stu- 
1-I P 

dying the behavior of muons in metals one is in 

fact studying the behavior of hydrogen in metals 

extended to a smaller mass region. This may give 

rise to very pronounced isotope effects which could 

be compared with theoretical predictions, for exam- 

ple with regard to the quantum nature of "hydrogentc 

diffusion 171. 

The latter field of studies in magnetic ma- 

terials has particularly created interest as it al- 

lows in principle the investigation of magnetic 

properties at interstitial sites, not accessible so 

easily, where the muon usually seems to reside 161. 

Compared with other microscopic probes that measure 

in real space the muon does not possess a complica- 

ted electron core or no electron core in the usual 

sense at all. As one was forced to learn, however, 

the disturbing effects of the screened muon charge 

on the host lattice are considerable and only very 

involved many body calculations are able to proper- 

ly describe the actual physics involved. Neverthe- 

less in many cases, as we shall see furtherdown, it 

is not necessary to know about the detailed elec- 

tronic st,ucture of the muon and the perturbing ef- 

fects on the lattice as certain magnetic properties 

are directly reflected in the muons message to the 

experimenter. 

In the following we will first discuss the 

principles of the VSRmethod and then go on to a 

presentation of various experiments first concer- 

ning muon diffusion, etc. in metals and secondly 

concerning the study of magnetic properties of fer- 

romagnetic and antiferromagnetic substances, spin 

glasses and giant moment alloys. The emphasis will 

be in all cases on the "low temperature'' aspects 

or aspects that could be important also in low tem- 

perature studies. 
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2. THE PRINCIPLES OF THE USR-NETHOD.- The muon (y) 

is a weakly and electromagnetically interacting par- 

ticle. Some of its properties are collected in ta- 

ble I. We will only be concerned withpositivemuons. 

Table I : Properties of the muon. 

Charge : + e ,  - e  

Mass : 

Spin : 1112 

105.6595(3) MeV = 206.7684(6) .me 

= 0.1126 . m 
P 

Mag. Moment : Ips = f 2 g Sz = 3.1833448(29) .p 
P 

Gyromag. ratio : llii = 13.55 x 10' Hz/gauss 

Average 
lifetime : 

= 2.1994(6) us 

Angular 
distribution of 
e+, e- : 

Due to parity violation in the muon decay the posi- 

trons will show an asymmetric distribution with 

respect to the muon spin. This together with the 

availability of spin polarized muon beams 181 cons- 

titutes the prerequisites, on which the ~SR-method 

is based. 

dN f 2 (1 + A-cos 8) do e 
3 3 

A - 0.3, 8 = 9 (SP, Pe *) 

Production : 

The most widely used experimental arrangement 

is one in which an external magnetic field is applied 

perpendicular to the initial polarization vector, 

which is along the 1-I+-beam axis (see figure 1). 
+ 

Stopped 1-1 will consequently start to precess with 

a frequency w = 2 7 ~  yp Bext. With the same frequen- 
1-I 

cy the asymmetric positron emission distribution 

will sweep past a positron detection telescope, po- 

sitioned in &he precession plane, giving rise to 

an oscillatory positron rate in this telescope as 

a function of muon life time in the target. The 

actual measurement consists in starting a clock 

with a stopped muon signal, stopping the clock with 

* 
rt f 1-1 + Vp (TP) 

Tn = 2.2 x s. 

Fig. 1 : Principle arrangement of a pSR-set up in a 
transverse magnetic field. The detectors MI and M, 
serve to identify an incoming muon and the detectors 
E l  and E2 an outgoing positron. The box at the cen- 
ter indicates the target. The dashed circular line 
represents the asymmetric decay probability distri- 
bution with respect to the muon spin 3 

?J- 

the decay positron signal and forming a histogram 

of positron rate versus time. An example for such 

a histogram is given in figure 2. 

Time (p) 

Fig. 2 : Typical experimental histogram for muons 
precessing in a transverse field of 100 gauss. 

The positron rate can be expressed as 

Ne+ (t) =%e-tlTu(l+~P(t) COS (w t+$))+B ( I )  
1-I 

with B = time independent background, T = average 
1-I 

lifetime of p ,  w = Larmor precession frequency, 
1-I 

$ = a phase, determined by the position of the e+- 

telescope, A = effective decay asymmetry, and P(t)= 

damping function, which describes some possible de- 
polarization. 
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The measurement of w will determine the 
U 

actual field at the muon site (external + internal 

fields, e.g. hyperfine fields, Knight shifts etc.). 

P(t) will be the result of a static field spread 

in the target and/or of dynamical relaxation-proces- 

ses . 
It is evident that the muon spin rotation 

(pSR) technique is analogous to the free precession 

decay technique in NMR (being the Fourier transform 

of the usual line shape measurements) and to the 

nuclear methods of angular correlation and distri- 

bution measurements. 

In the case of a static field spread the 

damping function can be approximated by P(t) = 

exp (-a2 t2) (inhomogeneous line broadening in NMR) , 
t/ while for dynamical relaxation P(t) = exp (- T1) 

(homogeneous line broadening in NMR). A static 

field spread could e.g. originate from nuclear di- 

pole fields in which instance a2 is related to the 

2nd moment of the dipolar field spread (Van Vleck 

theory, see e.g. reference 191). 

3. POSITIVE MUONS IN METALS : DIFFUSION, LOCALIZA- 

TION AND TRAPPING AT IMPURITIES.- Diffusion studies 

are possible in those cases where an internal sta- 

tic field spread is present (either of nuclear or 

electronic origin) and where the motion of the muon 

can then lead to a motional slowing down of the 

depolarization rate, the analogue of motional line 

narrowing in NMR. The damping function in the pre- 

sence of diffusion is very well approximated by /9/  

where T is a correlation time that can be identi- 

fied with the average residence time at some inter- 

stitial position and a2 is related to the second 

moment of the internal field spread (see also re- 

ference /10,11/). 

The diffusion of muons has been observed 

for the first time by Grebinnik et al. 1121 in cop- 

per. The results of some more recent measurements 

/13/ in single crystal of Cu'are shown in figure 3. 
Plotted is the damping rate A, defined by P(I/A) = 

I/e, as a function of temperature. One recognizes 

a plateau- and a motional slowing down region. In 

the plateau region the jump rate of the muon is ve- 

ry small and A can be identified with a2. From the 

slowing down region the temperature dependence of 

the jump rater;' can be obtained, shown in figure 

4 in a semilogarithmic plot. The data are nicely 

Q25 
COPPER < ( 1 0  .200  GAUSS 

I GAUSSFITS k M.N.-FITS ' 

E0=SaOt!3rneV 
VO= 67.1 MHz 
o =0.2145t000W5 ps-' I 

TEMPERATURE I K1 

Fig. 3 : Damping rate A for muons in Cu versus tem- 
perature. The solid line represents a simultaneous 
fit to all histograms. 

COPPER (11 1 ) , 200GAUSS 

Ea = 600 +- 1.6 meV 
V,= 611 + MHz 

13 - 

12 - 

11 - 

Fig. 4 : Plot of the fitted hoppingrate T;' versus 
temperature for muons in Cu. The solid line repre- 
sents a fit of equation 3 to these data 1131. 

described by an Arrhenius relationship 

I Ea -- = vo exp (- 
Tc 

where E is an activation energy. The fitted pre- 

exponential factor is about four orders of magnitu- 

de smaller than the corresponding value for hydro- 

gen, obtained at much higher temperature though. 



This has been interpreted as evidence for a sub bar- where it is frozen in again. This leads to the se- 

rier quantum tunnelling diffusion below room tempe- cond plateau region. Only at still higher temperatu- 

rature /12,14/. res one begins to observe the escape from the trap, 

Analysis of the low temperature value for leading to the second motional slowing down region. 

and its change with crystal orientation allowed a The general features of the Nb-data are not 

determination of the site of localization (octahedral unique. Complicated structures have also been found 

interstitial site) and of the lattice dilatation in Bi 1191, Ta 1201 and V /21,22,23/ at relatively 

(- 5 %) around the muon 1151. The overall picture low temperatures. As an example figure 6 shows some 

which emerges is that of a self trapped muon, the recent data obtained in single crystals of V 1231. 

activation energy of its diffusion being related 

to the lattice relaxation energy 1161 and the dif- VANADIUM 100 GAUSS 
fusion being that of a small polaron which tunnels I 

I I 1 

by phonon assistance randomly from site to site 

171. 

A new phenomenon is encountered in the data 

obtained in a high purity single crystal of Nio- 

bium 1171. The results for X are shown in figure 5. 

TEMPERATURE I K I 

Fig. 5 : Damping rate h for muons in Nb versus tem- 
perature. The crystal axis assignments denote that Fig' : Damping rate for in versus 
the external field was oriented parallel to these perature for two crystal orientations with respect 

axes 1171. to the applied field 1231. 

A surprising feature is the quite deep dip around 

20 K, extending over only about 15 K temperature 

range. The structure of the dip has been investiga- 

ted in the presence of various amounts of intersti- 

tial 0, N, C and H impurities 1181. High impurity 
concentrations lead to a disappearance of the dip. 

The data have been explained in terms of a two sta- 

ge diffusion process / 17,181. At the lowest tempe- 
ratures the muon seems to be selftrapped at tetra- 

hedral interstitial sites, perhaps being in an ex- 

tended (tunnelling) state over several neighboring 

interstitial sites. With increasing temperature the 

intrinsic interstitial diffusion is observed, lea- 

ding to a rapid motional slowing down (left side of 

One recognizes a dip and a peak and even more com- 

plicated structure, when the <Ill>-crystal axis was 

oriented parallel to the external magnetic field. 

One of the main motivations of muon diffu- 

sion studies is the detection and study of quantum 

effects, which because of the much lighter mass of 

the muon, may be more successful1 with muons than 

with protons. So far unambiguous clear evidence for 

quantum effects is lacking or only marginal. In 

view of this, very low temperature studies of 2- 
diffusion (i.e. much below 4 K) are certainly a ve- 

ry promising path of future research, which, for 

various reasons, does not seem to be open to the 

conventional methods of hydrogen diffusion investi- 

the dip). With further increasing temperature the gations' 

intrinsic motions become fast enough so that themuon 

can reach an impurity trap during its life time, 
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4. MAGNETIC STUDIES. - ture region the easy axis of magnetization is along 

4.1. Internal Magnetic Fields in Ferromagnetic Co 

and Antiferromagnetic a-Fez03.- ySR-results in the- 

se two substances will be discussed as a represen- 

tative example. There are no particular low tempe- 

rature aspects in these data, but the results are 

suggestive of what could be done in other magnetic 

compounds at low temperature. 

The internal field at a positive muon is ge- 

nerally composed of the following contributions 

+ + 
where Bext = external magnetic field, B = dema- 

+ $em 
gnetization field, B = Lorentz field, 3 = field L dip+ 
from dipoles within the Lorentz sphere and B = h f 
contact hyperfine field due to the conduction elec- 

trons. The latter is of course only present in me- 

tals. 

Figure 7 shows results for B obtained in a 
?J 

single crystal of Co as a function of temperature 

1241. At low temperature the internal field is first 

TEMPERATURE ( K )  

Fig. 7 : Temperature dependence of the local field 
B,, in cobalt in zero applied field. Shown are also 
the calculated dipolar fields (projected on the lo- 
cal magnetization direction for different site as- 
signments of the p+. Solid : octahedral, dashed = 
tetrahedral), the Lorentz field BL and the hyper- 
fine field Bhf. Only the octahedral site assignment 
leads to a smooth temperature dependence of Bhf 
1241. 

negative, decreasing smoothly in magnitude with in- 

creasing temperature up to 450 K. In this tempera- 

the hexagonal c-direction. In the temperature range 

500 - 600 K the internal field changes quite abrup- 
tly its sign. This behavior happens in parallel to 

a rotation of the easy axis of magnetization from 

the c-direction into the basal plane, as is known 

from neutron diffraction experiments. At 690 K the- 

re is a sudden jump of the value of B by almost a u 
factor of two. At this temperature a phase transi- 

tion from hcp- to fcc-crystal structure takes pla- 

ce. It is this sensitivity of the muon probe to 

changes of magnetic properties which could make it 

attractive also for low temperature investigations. 

Another example in this respect is shown in figure 

8. It shows the temperature dependence of B in the 
?J 

antiferromagnetic insulator a-Fez 0 3  1251. At 263 K 

a - Fe, OJ 

Temperature ( K  

Fig. 8 : Temperature dependence of the local field 
By in a-Fez O3 in zero applied field. Above 500 K 
the local field is averaged to zero due to rapid 
p+ diffusion /25/. 

the field is seen to drop abruptly in magnitude. 

This temperature (called Morin temperature) corres- 

ponds to a magnetic phase transition where the 

spontaneous sublattice magnetization changes from 

being parallel to the trigonal c-axis to lying in 

planes perpendicular to this axis. 

4.2 Investigations in Spin Glasses and Giant Moment 

Alloys.- The first spin glasses investigated by 

pSR were the alloys & Mu (0.7 %) and & Fe (1.5 %) 

1261. The aim was to measure the static local ma- 

gnetic field distribution associated with the spin 

glass ordering (Tc(& Mu) = 7.7 K, Tc (& Fe) = 

11.6 K). Local magnetic fields at the muon position 

can originate from the electronic magnetic moments, 



and from the contact hyperfine interaction with 

the conduction electrons which are spin polarized 

by the RKKY interaction. Figure 9 shows the experi- 
mental results for the static field spread A, obtai 

ned from the observed damping rate T-' by the rela- 

tion A = (y T2)-'. The field spread above the orde- u 

ring temperature is very small and is caused by the 

nuclear magnetic dipoles. Around and below the tran- 

sition temperature the field spread increases abrup- 

tly, being more sharp in small applied external ma- 

gnetic fields. This points to a field induced spin 

freezing already above T . The abrupt appearance of 
large local field inhomogeneities at the ordering 

temperature indicates that a real magnetic phase 

transition takes place in accordance with the mean 

field theory of spin freezing while the absence of 

a gradual onset of local ordering disproves random- 

molecular-field theories 1261. The observed low 

temperature field spread is in agreement with esti- 

mates from the theory of reference 1271, which ru- 

les out the existence of static conduction electron 

spin density waves and the existence of a finite 

probability density of zero molecular field 1261. 

Similar results were found in the giant mo- 

ment alloys &I Fe (0.015 - at %) and Fe (0.28 - 
at %) 1281. The more iron rich alloy orders ferro- 

magnetically at 9.0 K while the very dilute % Fe 
alloy shows an antiferromagnetic or spin glass or- 

dering around 0.4 K, according to susceptibility 

measurements. The difference in magnetic behavior 

is clearly visible in the uSR-data, figure 10. For 

0 4 8 I2 Id 20 

T (K) 
Fig. 9 : Temperature dependence of depolarization 
rate, expressed as a line width, in & M n  and&Fe 
for several values of the applied magnetic field 
1261. Tc is 7.7 K for g Mn and 11.6 K for & Fe. 

Temperature ( K )  

Fig. 10 : Temperature dependence of depolarization 
rate, expressed as a relative line width AH/Bextl 
in two % Fe alloys. Also shown is the temperature 
dependence of the hyperfine field B hf ' 

Pd Fe (0.28 - at %) one observes at Tc an abrupt - 
increase in local field spread while the data in 

Pd Fe (0.015 - at %) show a very gradual increase - 
of the field spread with decreasing temperature 

when passing over the transition temperature. The 

absence of a sharp transition in the latter case 

may be due to the relatively large external magne- 

tic field of 1 kG causing a spin freezing already 
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above 0.4 K or, perhaps, may point to the absence not very instructive due to the limited accuracy 

of a real phase transition. of the data and due to problems arising form the 

A gradual spin freezing has been indeed ob- mobility of the muons at these low temperatures. 

served by pSR in the insulator spin glass 

Mn O*A1203*Si02 1291. Figure 1 1  shows the muon de- 5. CONCLUSION.- Various examples of the application 

polarization rate versus temperature. The high tem- of the pSR technique have been presented. Low tem- 

Fig. 1 1  : Temperature dependence of the depolariza- 
tion rate A in MnO-A1203*Si02. The inset shows 
the low field, AC susceptibility of one small piece 
out from the target sample 1291. 

perature damping rate is again due to nuclear dipo- 

le fields. The low temperature damping rate, on the 

other side, increases quickly with decreasing tem- 

perature and can be fitted nicely with an Arrhenius 

type of expression. This increase is attributed to 

Mn electronic spins and is explained in terms of a 

super paramagnetic domain model 1291. According to 

this model the electronic spins are magnetically 

ordered in small domains with a diameter of typi- 
0 

cally 12 A, possessing a net magnetic moment and 

fluctuating thermally in their orientation. A ma- 

gnetic phase transition is definitely not indica- 

ted by thc 3ata. The electronic correlation times, 

extracted from the present pSR-data, are inconsis- 

tent with corresponding results from low field AC 

susceptibility measurements. 

4.3. Magnetic Effects in Superconducting Metals.- 

For completeness some measurements have to be men- 

tioned here that have been performed in type I and 

type I1 superconductors. In lead one has found 

that muons stop to precess below the transition 

temperature 1301, which is a nice demonstration 

of the Meissner effect. In Nb and a Pb In-alloy 

one has tried to probe the superconducting vortex 

structure in the mixed state 1311. The results are 

peratures were in most cases a necessary experimen- 

tal condition. The results do indicate, without 

doubt, that the pSR-technique could be an important 

tool also in low temperature physics. 
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