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ABSTRACT 

Positive muons can probe the magnitude and the time dependence of the magnetic 

field at interstitial 3ites in condensed matter. Thus the relatively new tech

niques of muon spin rotation and muon spin relaxation have become unique tools 

for studying magnetism. After a brief introduction into the experimental method 

we then discuss measurements on the elemental rare earth metals and on inter-

metallic compounds, in particular on the cubic Laves phases REAl^. 

INTRODUCTION 

Valuable information on electronic structure and related properties of condensed 

matter has been gained by the study of the magnitude and the time dependence of 

nuclear hyperfine interactions. In such measurements one determines the inter

action of the spin of the nucleus with the magnetic field produced by the 

surrounding electrons. The size of this hyperfine field as well as its temporal 

development depends crucially on parameters like the bonding structure, the 

crystalline electric field and so on. The well established methods for these 

kind of measurements are the microwave resonance techniques (NMR,£PR,FMR), 

Mossbauer spectroscopy and, to a lesser degree, perturbed angular correlations 



(PAC) and low temperature nuclear orientation (ON). 

For many years the rare earths and their compounds have been a prime target of 
hyperfine studies /l/. More recently, similar measurements have been extended 
to the light actinides. in particular uranium and neptunium (21. mainly in view 
of their unusual magnetic behavior. Hyperfine measurement on compounds determine 
specifically the electronic properties of one kind of the atoms present. For 
example, in magnetic materials one may investigate either the atoms which carry 
the magnetism or the non-magnetic alloying partner. Thi3 type of local informa
tion has made the hyperfine method so powerful, but it i3 always advisable to 
combine such results with information concerning the bulk and long range pro
perties of the material. 

In the last decade it has also become possible to explore the interaction of 
the spin of elementary particles with the hyperfine fields present in solids 
or liquids. For condensed matter research the central role is played by 3 p m 
rotation or 3pin relaxation of positive muons ( M S R ) . Due to its positive charge, 
the u will always sit on an interstitial site and thu3 sample the magnetic 
field at those positions. There are some other pecularities in using positive 
muons. It is by definition am impurity probe and a particularly light one 
(m1*207 electron masses *0.1 proton mass). It has no own electron shell which 
can be polarized but of course its own charge can polarize the interstitial 
electrons (and in turn their 3pin density). As a point like particle it has 
no quadrupole moment and therefore 13 unable to 3ense directly electric field 
gradients. It is always present in extreme dilution, usually one muon at a 
time: correlation effects between the probe particles are excluded. It is 
often a highly mobile probe and renders itself particularly well for diffusion 
studies. This feature may, however, sometimes complicate the interpretation 
of other solid 3tate properties. In this connection there 13 the additional 
problem that it may be trapped at impurities and thus rest at an atypical 
3ite. The results of /uSR measurements are therefore often extremely sensi
tive with regard to sample purity and previous heat treatments of the material. 
Finally we mention that for the measurements of time dependent hyperfine inter
actions (spin fluctuations), the uSR technique opens unique time windows and 
for this is an important addition to MMR and Mossbauer studies. 

In this paper we shall first present briefly the mam features of juSR spectros
copy since they are surely not known to the majority of solid state physicists. 
For mort details we have to refer to some recent general reviews /3-7/. Then we 
will discuss some typical applications to the study of magnetic properties of 
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rare earths, (to our knowledge no such data is at present available for the 

actinides). In this context we will also present some of our own recent results. 

THE METHOD 

The way to obtain information on sample properties by positive muons is to 

implant these particles with their spin always oriented in a given 3patiai 

direction. One then observes the motion of the u* spin in the internal 

field via the decay properties of the muon. This requires a fairly complex 

nuclear counting system. 

The first task is then to produce a well collimated and highly polarized 

beam of positive muons. This is commonly done using a beam of protons around 

600MeV which impinges on a meson production target, typically made of carbon 

or beryllium. Special proton accelerators have been constructed (Meson 

Factories) to have intense beams of protons of the required energy available. 

The reaction of the high energy protons with the target nucléons produces 

(amongst other particles) positive pions (n ). They have a mean life oc 

26ns against decay through weak interaction into positive muon3: 

n* •> u * v tl) 

If the n. are at rest, the u are emitted isotropically. The parity ncn-

conserving properties of weak decay forces the spin of the neutrino to be in 

opposite direction to its momentum. Since the pion has spin zero, conservation 

of angular momentum requires the muon spin to be also directed oppositely to 

its direction of propagation. The u momentum is 29MeV/c. By definition. 

these muons can only come from pions which have been stopped inside the pro

duction target. Since the low momentum of u¥ will allow them to travel only 
2 • 

through a thin layer (some l00mg/cm ) of matter, the u mu3t come from tne 

surface of the production target and are hence called "surface muons". They 

are collected in a beam transport system and guided towards the experimen

tal area. There they are stopped in a target of the material under investigation. 

More commonly one uses the decay of /i* in flight. The pions of high energy 

leave the production target. A specially designed beam transport system accepts 

only A* with low transverse momentum components. Decay of these n* corres

ponds to forward or ba^*ward emission in the center of mass frame of reference. 

In the laboratory frame the forward muons have the higher momentum (~200MeV/c) 

and their spin is oriented oppositely to the beam direction. The backward muons 
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have louer momentum (~lOOMeV/c) and their spin lies in the direction of pro
pagation. In both cases, polarization is not complete (typically around 80%), 
but sufficient for jiSR experiments. These type of muon beans require a sample 
thickness of some g/cm to stop the w +, but they are usually of higher 
intensity than the surface beams. The rate of u stopped in the target 
ranges from some 10 to 10 s~ . Statistically significant data require 

L 7 
between 10 and 10 events to be recorded. Therefore typical measuring 
times lie between 10 minutes and several hour3. 

The second task is now to gain the information on the fate of the muon spin 
in the sample. Fig.l shows a typical uSR set up. The oncomming n pas3 
through a pair of scintillation detectors (juT.), are 3loued down in an 
appropriately selected piece of carbon (dégrader) and are then stopped in
side the sample. Muons which have not come to rest in the material are 
detected by a counter ( M T 2 ) behind the sample. 

The mean life of positive muons 13 T ~2.2US against 3-decay: 

u* + e + v& * v (2) 

It is very long compared to the time needed to 3top the ju , «hich 13 around 
10 s. Thus the muon lives for a comparatively long time at thermal energies 
inside the sample. The muon polarization remains unaffected by the braking 
down process, at least in conducting materials. 

The n* decay is again governed by parity non-conservation. Thi3 means here, 
that the angular distribution of the decay positrons is 3trongly anisotropic 
with respect to the muon spin (Î ): 

W(0) = 1 + Aco30 (3) 

where 9 is the angle between S* and the direction of emission of the positron 
and A is the so-called asymmetry. Its value depends somewhat on experimental 
conditions. Quite common is A«0.2. 

The sample is surrounded by scintillation counters in a horizontal plane 
containing the beam. They are set to detect the decay positrons which have 
a mean energy of 35HeV. Only one such positron telescope (pT) is 3ho«n m 
fig.3 for clarity. An anticoincidence signal between the muon telescopes 
yTj and yT 2 (which means that a u has been stopped in the sample) starts 
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an electronic clock (time to digital converter) which is stopped by the 
signal from the positron telescope. A microprocessor sorts the muon decay 
events into a number of time channels (each 2ns wide, typically) covering a 
total time interval (about 10*ts) several times the mean life of the a*. 
The output of the microprocessor is finally a histogram of u* decay 
events versus the time the M has existed inside the sample. In the simple 
situation described up to now this would 3ust reproduce an exponential 
decay curve with the inverse of the muon mean life as time constant (see 
broken line in fig.2). 

A homogeneous magnetic field is applied to the sample perpendicular to the 
plane of detectors. The muon spin sensing this field will precess with its 
Larmor frequency 

« = 2nr B (4) 
u u 

where r is the muon gyromagnetic ratio (13.55kHz/G) and B is the 
local magnetic field at the site of the muon. It may differ from the 
applied field according to the electronic properties ot the sample 
material. The spin precession takes along with it the asymmetric angular 
distribution W(0) of the decay positrons. Therefore the countrate in each 
positron telescope will be modulated by the Larmor precession 

N(t) = N e u [l+Acos(ut)J (5) 
o 

The measured time histogram now has the form of the solid curve in fig.2. 
Since T is accurately known, the time histogram is immediately corrected 
for the exponential decay and usual data look like fig.J. The important 
parameter is the precession frequency w. It may be determined quickly by 
a Fourier transform (fig.4). 

A close look at fig.3 reveals that the modulation amplitude is damped. 
The time histogram is now given by: 

M(t) » M 0e " [UPT(t)Acos(wt)J (6) 

where P-(t) is the transversal muon spin relaxation function. Transversal 
stands for the fact that tha external field is applied perpendicular to the 
muon spin direction. The origin of Pj(t) can be twofold. Firstly, B may 
be static but slightly different at tha various muon sites causing a dephasing 
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of spin precession. One finds a gaussian damping: 

P T(t) = exp(-o2t2) (7) 

2 1 2 2 where o = 2 V V * 8 ) 

2 
and <B > is the second moment of the distribution of local 
fields. Because of this feature, the requirements on the homogeneity of 
the external field are high. Secondly. B fluctuates which causes an 
irreversible loss of muon spin polarization. If the field fluctuation rate 
is fast compared to the muon spin precession frequency one observes 
exponential damping 

P T(t) = exp(-X-t) (9) 

with \ = r 2<B 2>t (10) 
u u c 

and 1/T being the fluctuation rate of B . Physically this field 
fluctuations can arise from two different mechanisms: The u* may Be 
diffusing through the probe material and thus sampling different local 
fields during its life, or the muon may be localized but B changes 
randomly m direction and magnitude. The latter is an outcome of electron spin 
relaxation processes if the probe material contains paramagnetic ions. Ot 
course, both processes may be present simultaneously. Usually r is 
orders of magnitudes shorter for the case of electron 3pin relaxation compared 
to case of muon diffusion and the former process will dominate. Diffusion can 
be neglected under those circumstances. This is especially true in rare earth 
materials where the paramagnetic moments are large. Although diffusion studies 
make up a substantial part of jiSR research (see [3-7]), it is the measurement 
of electron spin motion which is of interest in context of the present review. 

The occurrence of muon spin relaxation is felt in the Fourier transform of the 
precession pattern as an increase in width of the frequency line. Thu3 the 
case of a static field distribution is referred to (in analogy to NWR) as 
the "inhomogeneous line broadening" and the dynamic effects as "motional 
narrowing", since for 1/TC-» • one has P(t)sl. 

The study of electron spin dynamics via the damping of the muon spin 
rotation pattern (as described above) is sometimes complicated by the fact. 



that it is difficult to separate the dynamical effects from the depha3ing 
of spin precession due to an imhomogeneous field distribution. Another method 
is available which directly measures the depolarization of muon spins 
(longitudinal geometry). The basic set up is shown in fig.S. The muon 
telescopes nT^ and aTU are arranged as before, but now positron 
telescopes are placed in front and behind the sample (pT- and pT-). The 
magnetic field is applied parallel to the beam, that is to the muon spin 
direction and hence spin rotation will not occur. Again one records the 
histogram of muon decay events versus time as described before. In 
accordance with eq.(3). The forward detector pT„ will give (0=0°) 

Np(t) = M oe " [H-PL(t)A] 

and the backward detector pT_ (0=180°) 

-t /T 
N B ( t ) = NQe tf [ l - P L ( t ) A ] 

(11a) 

( l ib ) 

Forming the ra t io 

N p ( t ) -N R ( t ) 
R ( t ) - » F ( t )+N B ( t ) = *-V t ? a 2 i 

gives directly the muon spin depolarization function which we have indexed 
according to the longitudinal direction of the applied field. A typical 
example of such data is shown in fig.6. As eq3.(ll) and (12) demonstrate, 
the application of a magnetic field is not a necessity in this geometry 
and zero field measurements are possible (in contrast to NMR, for example). 
However. P,(t) may explicitly depend on field strength. The form of P,(t) 
in the static and the slow dynamical regime is more complex than that of 
P-(t). For details we refer to /8/. Here we restrict our3eive3 to the case 
of fast electron 3pin dynamics. Then P, (t) has th* same form a3 P-Ct). 
That is, we have exponential decay of muon spin polarization 33 described by 
eqs.(9) and (10) and demonstrated in fig.6. In this limit, P,(t) is 
independent of applied field, at least for the field strength commonly 
available (some T). 

WON SPIN PEPQLAFIZnTlW 

It seems useful to consider briefly the hierachy of interactions in a 
measurement of spin relaxations. As an example we take Komnga 
relaxation /9/ in a metallic paramagnet. The fluctuation of magnetic moments 



•J 

on the paramagnetic ions requires a coupling to a thermal bath as the source 

of energy. The bath is constituted in this case by the conduction electron 

sea and the coupling is provided by exchange interaction between the 3pin 

of conduction electrons and the angular momentum of the paramagnetic ion. 

Standard relaxation theory (white noise approximation) requires the 

fluctuation of the conduction electrons to be very fast compared to the 

flipping of the paramagnetic moments. In other words, many transfers of 

small amounts of energy must take place before the magnetic moment alters 

its state. In turn the flipping of the ionic momentum produces a fluctuating 

local field, either at the nucleus of the paramagnetic ion via hyperfine 

interaction, or at the muon situated at a neighboring interstitial site. 

In the latter situation one has to take into account the combined influence 

of all paramagnetic neighbors. The fluctuating field depolarizes spatially 

oriented nuclear or muonic spins. Again we usually assume to be in the limit 

that the field fluctuation rate is fast compared to the characteristic time 

constant of nuclear or muonic spin depolarization. The two temporal 

conditions are fulfilled m most cases, but exceptions are possible. 

In a uSR experiment one measures the muon 3pm relaxation rate A. This by 

itself is normally not a physically interesting quantity. One rather ha3 to 

infer from it the characteristic time constant of the driving spin system 1 in 

our example the paramagnetic moment fluctuations), the 30-called correlation 

time r c. If the above mentioned temporal condition holds, then one may 

use eq.(lO) to obtain T The rate 1/r then represents the fluctuation 

frequency of paramagnetic moments, the quantity of interest. In a similar way 

one has to proceed in the case of NMR or PAC where nuclear 3pin depolarization 

is measured. The situation i3 different in case of Mossbauer spectroscopy, where 

the paramagnetic relaxation rate observed is directly the flipping rate of the 

magnetic moment, whereas the appropriate correlation time is given by the 

fluctuation of conduction electron spin. Thu3 m comparing results from 

various hyperfine techniques one has to be careful to consider the different 

meanings of relaxation and correlation times. The problem with uSR 

measurements in obtaining absolute values of the paramagnetic relaxation 

rate d / t c ) is that <B > has to be known. One might estimate this quantity 

from lattice sum calculations since mostly the dipolar field from neighboring 

moments (see also below) enters into <B*>. 

In case of paramagnetic rare earth materials one expects, at least in the 

high temperature limit, that electron spin relaxation is driven mainly by 

RKKY exchange coupling /1Û7 between the paramagnetic rare earth ions. The 
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characteristic time constant Tj can be related to the magnetic transition 
temperature if the crystal structure is known. In a muon 3pm relaxation 
experiment on a rare earth materials T , acts as the correlation time /'ll/. 
The range of X measurable by /uSR is limited by the muon life time (<i.2us). 
Depolarization rates in excess of lOus will be difficult to resolve. 
Similarly rates lower than O.Oljus"1 cannot be detected. By estimating 

2 <B*> as mentioned above, one obtains the characteristic time 
windows shown in fig.7. Clearly. MSR bridges a gap between the different 
methods already established for such measurements and therefore is capable of 
making important new contributions. 

THE LOCAL FIELD 

The magnetic field present at the u on an interstitial 3ite may be 
separated into the following contributions: 

B = B .. + B. , + B\. • B*. • D\J a ext hf dip L dem 

The first term is the applied field. &., is the Fermi contact field due to 
the conduction electron density which is spin polaric*d by the surrounding 
magnetic moments. The notion "hyperfine field" is somewhat unfortunate .since-
it may lead to confusion when comparing ^SR with Mossbauer effect data. In 
the latter case, ?>., is the total field acting on the nucleus and contains 
in addition to the Fermi contact term the orbital and spin dipolar 
contribution as well as the transferred field from neighboring magnetic 
ions. Of course, the muon has no own electron shell and orbital as well as 
spin dipolar contributions are not possible. The muon hyperfine field B̂ .. 
is of great physical interest, since it allows an estimate of the interstitial 
electron density. But care has to be exercised since the positive muonic charge 
will polarize the conduction electron charge density /12/ and thus enhances 
its value. * d 1^, $ are all dipolar fields produced at the muon 
site from surrounding moments. In the usual model, B V IS the total 
dipolar field from the magnetic moments inside the Lorentz sphere (e.g. 
the nearest and next nearest neighbors). These can either be nuclear 
magnetic moments or paramagnetic electronic moments. In a diamagnet the 
nuclear moments will be felt. In a paramagnet, the contribution of 
electronic moments will of course dominate. This is certainly the case 
in rare earth sample». tfL>(4x/3)fl is the summary contribution from 
all dipols further away, treated as a magnetic continuum (Ma is the 

9 
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saturation magnetization of the sample). The last term 8, =-Nii xs 
dent 

the demagnetization field. Here N is a factor depending on sample geometry 
and M is the bulk magnetization. 

In diamagnets and weak paramagnets B. and B, can be neglected since 
magnetization is very small. In strong paramagnets like the rare earth3. 
an external field of O.IT will already produce a fair magnetization and the 
estimation of B. is a problem. It can be circumvented by using 
spherical samples because then B,=-Bri and they cancel. In ferromagnets, 
measurements in an external field will generally be difficult because the 
strong magnetization easily distorts the applied field so severely that the 
spin rotation signal is lost because of rapid dephasing. Also, $ may 
become so large that the precession frequency can no longer be resolved by 
standard electronics. Muon spin rotation in magnetically ordered systems can, 
however, be observed also in the absence of an external field, even for 
polycristalline material. One might think that the random distribution of 
domain magnetization will make the spin rotation pattern unobservable. It 
can be shown (see ref3. /5/ and /6/, for example), that for positron detectors 
arranged under 0° or 180° to the beam direction (like in fig.S) a rotation 
pattern is visible although with reduced asymmetry. In para- or diamagnets 
an external field is always a requirement for the observation of a* 3pm 
rotation (but not relaxation). The local field term B V depends 3trongiy 
on how the u is 3ituated with respect to the surrounding dipoles. It is 
zero for octahedral or tetrahedral interstitial sites in an tec lattice. 
In a bec lattice the situation is complicated depending on the direction 
of magnetization. Single crystal measurements witn a field applied into 
various crystalline axes makes it possible to determine the interstitial 
site taken up by the muon /5/. 

MEASUREMENTS ON RAPE EARTH METALS 

Muon spin rotation measurements were carried out on polycrystalline Gd in 
zero field /5,13/ between its Curie temperature T =J92K and 25K. Gd 
retains the hep structure over the whole range. Pig.3 shows che temperature 
variation of B . The peculiar shape arises from the fact, that below 230K 
the easy axis of magnetization makes a temperature dependent angle tf with 
the c-axis. The variation of 0 as extracted from jiSR measurements is de
picted in Fig,9. The result agrees well with data from other measurements. 
The variation of B can be consistently explained only by assuming an 
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octahedral site for the interstitial muon. This then allows to calculate B. . 
dip 

B. can be obtaired from the known magnetization and B. is zero in the 
absence of an external field. One may thus extract the temperature dependence 
of B.r from the data of fig.3. The result 13 shown in fig.10 together with 
the normalized magnetization curve. B., i3 directed oppositely to M and 
falls always below the magnetization curve. 

The problem of the relation between magnetization and hyperfine field 13 a 

long standing one in the physics of dilute impurities in magnetic materials. 

For a comparison, ue show the result cf u5R measurements on bcc Fe and fee 

Ni in fig.11. There the deviation factor A(T) defined a3 

B h f(T) M(T) 
-& = ACT) 
B h £(0) M(0) 

is plotted 33 function of temperature together with a theoretical prediction 

/14/ for Ni. It i3 noteworthy that the deviation is of opposite sign tor Fe 

and Ni. Gd behaves like Fe. Such data must in principle be corrected for the 

volume expansion. To make thi3 possible, the volume coefficients dfinB.-/dffnV = 

0.92 (Fe) and 2.7 (Ni) have been determined in a high pressure ySR measurement 

/15/. The corrections to AtT) are indicated as arrow3 in fig.11. While this 

improves the situation for Ni, it worses it for Fe. Clearly more theoretical 

work is needed to understand the situation. High pressure measurements on Gd 

are in progress. 

The result of zero field /iSR measurements /5,16/ on polycrystalline Dy in the 

magnetically ordered regime are shown in fig. 12. At 85K a transition from the 

antiferromagnetic to a ferromagnetic phase takes place. Mo change in B is 

seen at this point which is very unusual and remains unexplained. A definite 

site assignment cannot be made and hence B. - could not be determined. The 

saturation value of B h£ is in any case negative (i.e. îLr stand3 

opposite to 8). 

A systematic muon spin rotation study in an transversal field of O.JkOe is 
available for nearly all rare earth metals /17/ (with the exception of 
Ce, Pm, Gd. Tm, Yb) in their paramagnetic regime up to room temperature. 
Below the magnetic ordering temperature T M, the signal was lost (i.e. the 
asymmetry went to zero) because of the induced field inhomogeneity as 
discussed above. The data were only analyzed in terms of the temperature 
dependence of the muon spin relaxation rate, no attention has been given 
to any changes in rotation frequency. A typical result is 3hown in fig.13 
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and the measured muon spin relaxation rates at room temperatures are 
summarized in tab. 1. The general behavior is quite similar for all 
metals. At temperatures T » T M the relaxation rate varies only weakly 
with temperature. Their absolute values in the high temperature limit are 
quite different as tab.l demonstrates: A increases with the paramagnetic 
moment of the rare earth, indicating that the damping of the ySR 3ignai is 
primarily caused by paramagnetic spin relaxation of the rare earth ions. 
When approaching T M from above the muon spin relaxation rate increases 
substantially (fig.13). The effect of increase in damping is explained by the 
onset of spin correlations when approaching T M. The temperature range over 
which this increase is observed, and hence the region of existence of 
correlations, varies for the different metal3. We shall come back to thi3 when 
discussing the case of REA1- intermetailics where basically the 3ame 
features are seen. A quantitative analysis of the data has not been given for 
the metals, no estimate of the n site discussed and in particular the 
effect of inhomogeneous line broadening due to the distortion of the applied 
field by 8. is not taken into account. The derived values of 
depolarization rates must be regarded as upper limits. 

A more thorough study has been performed for hep Er metal /IS/ in 
longitudinal geometry and zero field. A polycrystalline sample with strong 
texture was used and data were taken above and below the magnetic transition 
temperature (84K) and for two different sample orientations. The easy 
axis of Er metal is the crystallographic c-axis, and in octahedral as well 
as tetrahedral interstitial sites B* should be directed along thi3 
axis. From the variation of asymmetry parameter with orientation the authors 
extract the value of <cos B>, where 9 is the angle formed by the c-axis 
of individual grains to the axis of preferred orientation of the whole sample. 
In the paramagnetic regime a noticeable dependence of muon spin relaxation 
rate from sample orientation was found: Analysis with the extracted value of 
<cosfc0> leads to the temperature dependency of muon spin relaxation parallel 
and perpendicular to the easy axis of magnetization shown in fig.14, The 
authors argue that <B*> = <B^> = <bh and that the orientational de-

x y z 
pendence of muon relaxation is due to differences in paramagnetic spin re
laxation rates with respect to the c-axis (T,«3T, near T u ) . Thi3 result 
is quite surprising since free paramagnetic 3pins should produce a randomly 
fluctuation field at the M site without directional preference in zero 
field. The findings are again quit* suggestive that spin correlations exist 
far into the paramagnetic range. The different temperature sensitivity of 
the two rates remains unexplained. The main reservation towards this mteres-
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ting work is the fact that no true single crystal is used. The analysis of 
<cos 8> is not free of pitfalls since the magnetic structure of Er 13 rather 
complex near T„. In addition sample purity is not very high. 

To circumvent the problem of varying crystal and magnetic spin structures we 
have used the cubic Laves phases REA1 2 for a systematic study of 
paramagnetic rare earth spin relaxation and related properties /11,20/. 
Detailed structural and magnetic information is available for this mter-
metallic series /19/, some pertinent numbers for the systems investigated 

1,. 
are compiled in tab.2. They all contain the RE J ion in the MgCu^ClS) 
structure. The point symmetry of the RE site is cubic T,. With the 
exception of CeAl- they order ferromagnetically. LaAl- is nonmagnetic 
and served for comparison measurements. All samples were polycrystalline 
ingots. Some additional data were obtained for a single crystal sphere of 
DyAl-. An example of raw data is shown in fig. 15. It looks similar to the 
data on the rare earth metals, except that the change in rotation frequency 13 
also evaluated. The signal is also here lost below T u. 

n 
The frequency shift is determined by <B n f> but contains a correction due to 
the macroscopic magnetization of the sample <B,+B d >=[<4*/3)-N>M. It is 
shape dependent through N, a factor which 13 difficult to estimate. For the 
magnetization on has M=const-B ./(T-Tw) and this dependence can be found in the 
frequency shifts. An example is depicted in fig.16. From such data one may 
evaluate B

n£(o>. The results are listed in tab.3. One should, however, 
realize that there is some uncertainty regarding the proper correction for 
sample demagnetization. Assuming constant s-electron densities over the 
REA1- series, one finds Bw£ = const(g,-l)j£ . The f-s exchange integral Jf de
creases approximately linearly along the series /21/. This then predicts 
weakly positive values of B h f for PrAl- and HdAK, a 3trong negative value 
for GdAl- and weakly negative values for DyAl., through TmAl2. On the whole this 
trend is reproduced by the data (tab. 3). It is at present not possible to 
deduce the interstitial spin density from these data to compare with neutron 
diffraction data /22/ since no calculation of electron polarization by the 
u exists for these materials. 

The main effect of the damping of the n* spin rotation is of magnetic 
origin. The signal from non-magnetic LaAl 2 is nearly undamped and, within 
the limits of error, temperature independent. In fact, its damping is 
below the value expected fr^m the distribution of static nuclear dipolar 
fields. This means that motional narrowing has occurred. The muon is diffusing 
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through the sample. As we have stated, the diffusional motion is orders of 
magnitude slower than the rare earth 3pin fluctuations and need not be 
considered in evaluating the magnetic data. 

The quantitative analysis of the muon spin relaxation rate A needs first a 
correction for inhomogeneous line broadening. Responsible are the distri
bution of the dipole fields arising from the random orientation of 
crystallites with respect to B t and the demagnetizing field. Both 
terms are proportional to bulk magnetization. Their influence can be 
estimated from the measured field dependence of X. In addition, zero 
field longitudinal measurements (for an example, see fig.6) are avail
able /23/ for three compounds (PrAl2, GdAl-, DyAl-). These values of À 
agree well with the corrected values from the transversal measurements. 
This is shown in fig. 17 which also includes the results from a single 
crystal sphere where inhomogeneous line broadening is also absent. 
Secondly, one has to have knowledge of the interstitial 3ite taken up 
by the y . Independent information is not available. Hydrogen loading 
exper ier»t3 on ReFe2 indicate that only tetrahedral. but not octahedral 
sites will be occupied and amongst them preferentially 3ites with 2A1 and 
2RE atoms which are called (2-2)sites. then (3-l)sites and finally 
(4-0)sites (see fig.18). 

The room temperature values of A are summarized in tab.J. They agree for 3ome 
compounds well with the calculated values assuming combined RKKY exchange 
and Korringa conduction electron relaxation at the 2-2 3ite (e.g. NdAl n, 
DyAl-). For others the discrepancy is quite noticeable (e.g. GdAi2, ErAl~) and 
occurs in both directions. The reason is not understood at present. 

The data on DyAK (fig.17) are remarkable in the 3ense that the deviation 
of A from the value calculated for exchange and conduction electron re
laxation increases so 3trongly over a very wide temperature range (at 
least up to three times T^). As mentioned before, this is taken as 
evidence that rare earth spin motion is slowed down by the existence of 
correlation between them. Usually one expects such effects to extend 
only over the "critical region", that is a range of not more than 0.1T/T,. 
In DyAl. the change in relaxation rate can be expressed over the whole 
paramagnetic regime measured (i.e. up to JQOK) by a critical law 

X » con»t ( -j^ ) 



with x«»0.6. It should be noted, that this value of :< i3 quite close to 

the true critical exponent found for Mi in a PAC measurement /24/. 

ErAlj exhibits a similar behavior as DyAl, /2fc/ but other REAl^ compounds 

show a slowing down of rare earth spin fluctuation over a much narrower 

temperature range. The low moment case PrAl 2 (as well as NdAl-,) presents a more 

standard critical behavior (fig.19). but one should remember that shortly 

above T u one reaches the lower limiting value of X which can 3till be n 

resolved and a possible further reduction in A cannot be detected. NMR on 

the contrary is sensitive just in thi3 regime. A measurement on *" Al in 

PrAl 2 m the range T>2T still showed a strong variation of rare 

earth spin relaxation /25/ which was explained in part by the existence 

of pair correlations. This very beautifully demonstrates how the different 

methods can be used in con]unction. It might be added that NMR failed in 

PrAK at temperatures closer to T„ and also for the high moment rare 

earths (e.g. DyAl.,) because of too excessive a linewidth. 

The above argument of moving outside the uSR time window does not hold 

for the case of GdAl- also shown in fig.19. Here the 3trong correlation 

effects are obviously lost quickly when compared to DyAl.,. The mam 

difference is. that Gd * has no orbital momentum and thu3 exhibits 

isotropic magnetism. It is suspected that strong amsotropy f ield3 may 

help to maintain correlations between the rare earth 3pins over wider 

temperatures. The above mentioned results on directional dependence of 

\ in hep Er metal (fig. 14) gives some support to this idra. Also 

crystalline field interaction may be important. A IJSR measurement on 

DyAg /26/ gave a much 3teeper change in A(T) than in DyAl 2. The magnetic 

transition temperatures of the two compounds are quite alike, but their 

crystal structure is different (CsCl for DyAg). The values of A at JUÛK 

are quite similar suggesting that free spin relaxation governed by RKKY 

exchange has been reached. 

A first muon spin relaxation experiment has also been performed on an 

amorphous rare earth intermetallic (am DyAg) /26/. At present only room 

temperature data are available. There show that the muon spin relaxation 

rates of amorphous and crystalline DyAg are rather alike. This result 

has been interpreted in the sense that there is no substantial difference 

in <B~> between the two samples, indicating no gross difference in the 

first neighbor shell. 
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Finally we mention a preliminary study /27/ of the magnetic superconducting 
materials SmRh 4B. and ErRh.B.. For comparison the non-magnetic super
conductor YFh.B- was also investigated. It only showed the influence of 

11 static B nuclear dipolar fields above and below its superconducting 
transition (11K). The Sm compound gets superconducting at 2.7K and orders 
antiferromagnetically at 0.87K retaining superconductivity. The behavior 
with regard to the magnetic transition is quite typical. One 3ee3 a sharp 
rise in A (from about O.S^zs-1 at 4K to 10j*s-1) when approaching T M 

from above. At the superconducting transition no effect on A is discernable. 
The Er compounds reaches superconductivity at 8.7K and orders ferromagneti-
cally at 0.9K where superconductivity is lost. Surprisingly the muon 3pin 
relaxation rate remains low (A>»0.2ys" ) over the whole range without 
any changes at either transition point. Similarly in GdRh.B. one founds 
/28/ X to be nearly constant between T-. (=5.6K) and 300K. These results 
can at present not consistently be explained. 

CONCLUSION: 

It is hoped that we could convince the reader, that uSR measurements will 
be able to make important contributions towards understanding magnetic 
properties of rare earth materials in particular and to magnetism quite 
in general. The method has as yet to be extended to the actinides. Uranium 
compounds are clearly an attractive possibility. Such measurements are in 
preparation by our group. 

The most important areas to be teckled with jzSR are probably studies of 
(i) the temperature dependences of spin structures, in particular the 

rotation of magnetic axes, 
(ii) the hyperfine field and its temperature variation, thu3 elucidating 

the interstitial 3pin density, and 
(iii) the dynamics of paramagnetic moments over wide temperature ranges. 

We have shown that especially in the latter case, the /uSR technique opens 
a new and unique time window. One big advantage is, that MSR needs no 
polarizing magnetic field and zero field relaxation measurements can be 
carried out. The method is new and some questions as to the basic behavior 
of the muon probe in magnetic materials remain open. It is al30 limited 
to certain places with the appropriate facilities. The advent of several 
new "big machine techniques" in solid state physics (another example is 

- 17 -



synchrotron radiation) already makes the solid state scientists more 

and more "travelling scientist" with all its consequences and produces 

author lists approaching those of high energy physics. 
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FIGVPE CAPTIONS; 

Fig.l: Basic experimental set up of a muon spin rotation experiment (transversal 
field geometry). Each of the muon telescopes (juT) and the positron 
telescope (pT) consist of two scintillation detectors joined in 
coincidence to reduce background. The positrons are energetic enough 
to penetrate through walls of a cryostat or of an oven in which the 
sample might be mounted. 
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Fig.2: Time histogram recorded in a spin rotation experiment (solid curve). 
The dashed curve represents the exponential decay of the muon. 

Fig.3: Muon spin rotation pattern after correction for the muon decay. The 
upper curve shows the actual data (including counting statistics), 
the lower curve is a least squares fit to this data. 

Fig.4: Fourier transform of the muon spin rotation pattern for antimony. 
The peaks labeled "cyclotron" are artifacts produced by the time 
modulation of the proton beam by the accellerating rf-field. 

Fig.5: Set-up for a muon spin relaxation measurement (longitudinal field 
geometry). The muon and positron telescopes are of the same con
struction as in fig.l. The longitudinal field is usually produced 
by Helmholtz coils. 

Fig.6: Muon spin relaxation spectra of various REA1- compounds at room 
temperature. 

Fig.7: Observable range of fluctuation times r of the local 
magnetic moment on rare earth ions by various methods. The lower 
scale refers to calculated values of r on the basi3 of typical 
values for the RKKY exchange coupling. 

Fig.8: Local field versus temperature for polycrystalline Gd in zero field. 
The drawn curve is a guide to the eye. 

Fig.9: Angle 8 between easy axis and c axis as function of temperature from 
*tSR measurements (solid line). Data from neutron diffraction (points; 
and two different torque measurements (triangles and dashed curve) are 
also shown. 

Fig.10: B n£ versus temperature for n on octahedral sites in hep Gd. The 
normalized magnetization curve is also given. 

Fig.11: Deviation of the temperature dependence of B., at the muon site in 
Fe and Ni from the magnetization curve. The line is a theoretical 
prediction for Ni. The arrows indicate the correction for the volume 
expansion with temperature. 
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Fig. 12: Temperature dependence of B in polycrystalline Dy in zero field. 
The antiferromagnetic and the ferromagnetic spin structures are 
indicated. 

Fig.13: Temperature dependences of the muon spin relaxation rate (denoted A) 
and the asymmetry factor (denoted a) for polycrystalline Sm metal in 
300G field. T^ is the Neel temperature. 

Fig. 14: Temperature dependence of the muon spin relaxation rates parallel and 
perpendicular (denoted G ( and G, ) to the c-axis of Er metal. The data 
are extracted from measurements on a strongly textured polycrystalline 
sample. The experimental error should be around ±0.15/us~ . 

Fig.15: Result from transversal <uSR measurements on DyAl 2. The weak signal 
(As0.03) comes from muons stopped in the cryostat «alls etc. In 
the data analysis this background has been taken into account 
appropriately. 

Fig.16: Frequency shift for PrAl 2 as function of B and T. The iine3 
are least squares fit3. 

Fig.17: Temperature dependence of the muon spin relaxation rate from various 
experiments. The different circle symbols refer to data yith different 
fields. The longitudinal data are obtained in zero field. The dashed 
line is the value calculated on the basis of pure exchange relaxation 
of rare earth moments for a muon in the 2-2 interstitial position. 
The dash-pointed line includes in addition conduction electron 
relaxation. The arrow 3-1 shows the shift of relaxation rates for 
the 3-1 interstitial position. 

Fig.18: 001 projection of the REA1 2 crystal structure showing two p033ible 
tetrahedral interstitial sites. 

Fig.19: Temperature dependence of the longitudinal ntuon spin relaxation rate 
for P r M 2 , GdAl 2 and DyAl 2 

TABLE CAPTIONS! 

- i\ -



Table 1: Experimental values of muon spin relaxation rates at 300K cor various 
rare earth metals together «ith their magnetic transition temperature 
and the rare earth magnetic moment (from /17/) 

Table 2: Crystallcgraphic and magnetic data of REA1,, mtermetallics. 

Table 3: Effective magnetization, hyperfine fields (from /iSR frequency shift 
measurements), calculated values of rare earth spin relaxation 
times, derived values for muon spin relaxation rate at the 2-2 
interstitial site (see fig. 18), and experimental value •;•£ muon 
spin relaxation rate at 300K. 
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TABLE l: 

Metal Magn. Trans. 
T M[K] 

Magn. Moment 
[MBJ 

A(300) 

Pr 27 0.7 0.09(2) 
Nd 19 2.0 0.10(2) 
Sm 106 0.1 0.04(2) 
Eu 89 5.9 0.34(2) 
Tb 229 9.b 1.3 (1) 
Dy 179 10.7 1.9 (1) 
Ho 132 10.9 1.7 (1) 
Er 84 •î.3 1.2 (2) 

TABLE 2: 

Compound 

LaAl2 

CeAl2 

PrAl2 

HdAl. 
GdAl, 
DyAl! 
Ho AL 
ErAL 
TmAL 

Lattice 
parameter 

[8J 

S L J h «th T 
[KJ 

^exp 
[M B] 

Easy axis 

8.145 * — ^ — — _ — non-magn. 
8.059 1/2 3 5/2 6/7 2.54 3.8 0.8 anti-ferro 
8.025 1 5 4 4/5 3.58 31 2.38 [100J 
8.000 3/2 6 9/2 3/11 3.62 79 2.45 [100] 
7.900 7/2 0 7/2 2 7.90 162 7.10 isotropic 
7.840 5/2 5 15/2 4/3 10.64 64 9.89 [100} 
7.813 2 6 8 5/4 10.60 32 9.18 [HO] 
7.795 3/2 6 15/2 6/5 9.58 14 7.80 [111J 
7.780 6 5 6 7/6 7.56 6 4.6 — 
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TABLE 3: 

Compound M g f f B h f Tj* A(2-2) (JOOK) A •3U0K) 
(T] [T] [10" 1 2s] [MS" 1J [us'1) 

LaAl2 - n o n m a g n e t i c - (-0.2)* 0.03(2) 
CeAl2 0.36 0.074 0.04(2) 
PrAl2 

0.0460 •0.07(3) 0.39 0.089 <0.05 
NdAl2 0.0474 •0.08(4) 0.19 0.045 U.U4(J) 
GdAl^ 0.105 -0.41(8) 0.089 0.14 0.29(3) 
DyAl2 0.154 ~0* 0.34 0.71 0.30(10) 
HoAl 2 0.156 -0.09(11) 0.57 1.17 0.80(15) 
ErAl2 0.141 -0.02(10) 0.81 1.36 0.-2(10) 
TmAl2 0.110 •0.03(9) 0.98 1.02 0.30(15) 

= 3ingle crystal data 
= calculated value for exchange and conduction electron relaxation 
= calculated damping constant expected from static interaction with 
surrounding nuclear dipoles 
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