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Recent applications of tz+SR in magnetism: Novel  
magnetic features in heavy electron compounds 
A. Schenck 

Institut fiir Mittelenergiephyslk der Eidgen~ssischen Technischen Hochschule Ziirich, CH-5232 Villlgen PSI, Switzerland 

15-August-1991 

This paper is dedicated to Prof. G. zu Putlitz on the occasion of his 60th birthday 

Abs t rac t .  As an example for the power of tz+SR- 
spectroscopy in solid state physics three applications to 
heavy electron systems, i.e. CeAg3, Ul_zThzBe13 and 
UCus will be discussed. Each of these systems reveals 
very specific magnetic features of unusual characteris- 
tics which involve very small to extremely small mag- 
netic moments and random or very short range magnetic 
order. This kind of small moment magnetic order can 
be studied relatively easily by # S R  but will be hardly 
accessible by other methods such as neutron scattering. 

1 I n t r o d u c t i o n  

The fact that the /z + is a spin-l/2 particle and pos- 
sesses a relatively large magnetic moment renders it 
a particularly well adapted probe for the investigation 
of magnetic phenomena in solids, especially weak ones, 
in view of the absence of any electrostatic quadrupo- 
lar interaction. In metals, due to its positive charge, 
the #+ is expected to reside in general at the center 
of an interstitial site (exhibiting, of course, a relatively 
large zero point vibration amplitude), where it inter- 
acts predominantly with conduction electrons and other 
less localized electron states, and therefore probes mag- 
netism from a different perspective as compared with a 
substitutional probe as in nuclear magnetic resonance 
(NMR) and Mgssbauer spectroscopy. Magnetic interac- 
tions of the implanted spin-polarized /z + are commu- 
nicated to the outside world by means of the parity 
violating asymmetric emission of positrons from their 
decay (30% effect!) which allows to monitor the time 
evolution of the muon's spin auto correlation function, 
< S(t) • S(o) >, quite easily, provided the involved time 
scale is compatible with the #+ lifetime of 2.2 /~s [1]. 
Fortunately this latter requirement is in a majority of 
cases fullfilled. 

Experiments can be performed with or without an ex- 
ternal magnetic field H,=t. Application of a transverse 

field (He=t _1_ S(o)) allows to observe the #+ Larmor 
precession and associated relaxation phenomena, a very 
important one being dephasing by a static inhomoge- 
neous magnetic field distribution inside the specimen. 
Application of a longitudinal field (I-I~ II S(o)) allows 
to decouple the /~+ spin from internal static field com- 
ponents and /*+-spin relaxation is then only induced 
by fluctuating internal fields arising from the dynamical 
features of the host lattice magnetism (spin lattice re- 
laxation). Of particular interest in certain cases is the 
possibility to study both static and dynamic aspects of 
internal fields in the absence of an external field which 
otherwise might interfere with and disturb the intrinsic 
magnetism. This proved to be of great importance in 
the study of spin glasses [2]. In ferro- or antiferromag- 
netically ordered systems one often finds a well defined 
internal field (e.g. the contact hyperfine field and or 
dipolar fields originating from the ordered moments) 
at a given type of interstitial site which then assumes 
the role of an external field and a well resolvable #+ 
Larmor-precession may become observable [3]. 

It is therefore no surprise that muon spin rotation 
spectroscopy (#SR) has found its widest application in 
the field of magnetism or in fields in which magnetic 
properties are an important feature, as e.g. in high tem- 
perature superconductivity [4]. In this contribution we 
would like to review applications to a particularly in- 
teresting family of compounds which are called heavy 
e lec t ron or heavy fe rmlon  systems and which, as it 
turned out, possess a wide variety of complex magnetic 
properties. 

Heavy electron compounds are intermetallic com- 
pounds containing rare earth (Ca, Yb) or actinide (U, 
Np) elements and simple or transition metal elements 
[5]. Their most conspicuous feature is the occurance of 
a huge electronic specific heat at low temperatures (the 
Sommerfeld constant 3' may assume values up to the or- 
der of several a/mol K 2) and certain similarities to liquid 
3Ite suggesting that these systems may be described in 
terms of Fermi liquid theory, involving very large effec- 
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Fig. 1. ZF-DSR signal in CeAl~ at three different temperatv, res. 
The solid lines represent three component fits. The low tempera- 
ture frequency corresponds to an internal field of ,,~220 G (from 
ref. 13). 

tive quasi particle masses of the order of 200. m~ (i.e. of 
the order of the muon mass!) [6]. In other words these 
systems are characterized by strongly interacting and 
highly correlated electrons (f-electrons and conduction 
electrons) which - -  at low temperature - -  develop a 
ground state with unusual coherent features. 

The groundstate may display other properties such as 
(perhaps unconventional) superconductivity (CeCu2Si2, 
Ul-=ThzBe13, UPt3, URu2Sb.) and antiferromagnetic 
(AF) order (U2ZnlT, UCus, etc.) [5]. The magnetic prop- 
erties seem to be determined by a competit ion between a 
Kondo type mechanism, screening the local f-moments, 
and the RKKY-interaction, which couples the f-moments 
via the conduction electrons by an indirect exchange 
mechanism. The Kondo type mechanism manifests itself 
by a change of the magnetic susceptibility from a Curie 
behavior at high temperatures to an essentially temper- 
ature independent strongly enhanced Pauli like behavior 
at low temperatures. Also the ordered moments are gen- 
erally much smaller than the high temperature moments 
extracted from the Curie law [5]. 

The research on these, so far little understood sys- 
tems, entered into a new phase when it was discovered 
first by #SR and subsequently also by neutron scattering 
that all those compounds exhibiting superconductivity 
also displayed - -  in coexistence with superconductivity! 

.o 
0 

E _.= 

100% 

50%- 

' 7 ,,,,,,,,,,,,:,,. ,,,,,:,. , , ,',,,,, :,,,,, 
. ~ ~ , p a r a m a g n e t i c ~  

. . . . . . . . . . . .  

~range , :,, , ',, , 
~ o r d e ~ ~ i .  ' ,, 

  l llll{ll',l}b', ll!l,a,, ll{llll{ll nna,  
I 

1 2 

Temperature (K) 
Fig. 2. Magnetic phase diagram of CeAls as deduced from ZF- and 
TF-~SR data. Note the coexistence of different magnetic phases at 
a given temperature.  No genuine phase transition can be identified. 

- -  some sort of magnetic ordering involving moments as 
small as possibly 10 -3 • ~B [7-12]. While the magnetic 
order in UPt3 and URu2Si2 appears to be antiferromag- 
netic and long range in nature [10,11] the small moment 
magnetism in Ul-=ThzBe13 (0.019 < z < 0.043) [8,9] 
and in CeCu~.lSi2 [7] seems to be of a different type 
which may have more in common with spin glasses or 
very short range ordering. The Ul_zTh=Be13-results will 
be discussed in more detail in sect. 3. 

Another interesting I~SR result was obtained in 
CeAg3 [13], which compound for a long time was con- 
sidered to be an archetypical representative of a heavy 
electron system which remains paramagnetic down to 
the lowest temperatures. Tha t  this is not the case will 
be discussed in sect. 2 in which we will be confronted 
with a very strange magnetic phase diagram. Among the 
only remaining heavy electron systems not showing any 
sign of magnetic order are CeCua, CeRu2Si2, UPt4Au 
and YbCu4,.5. Future #SR studies on these compounds 
will show whether these compounds are truly paramag- 
netic at the lowest temperatures or not. We would not 
be surprised, if also these compounds would show some 
sort of small moment magnetism at low temperatures. 

Finally also those heavy electron systems showing 
"conventional" AF order are perhaps more complicated 
than what is believed up to now. A good example in 
case is U~Znlr which has displayed in I~SR studies an ex- 
tremely complex behavior [14]. An even more interesting 
case is UCu5 which seems to develop some small moment 
magnetism in coexistence with conventional AF-order 
[15]. This will be reviewed in sect. 4. 



Finally, some future perspectives will be discussed in 
sect. 5. 

2 Magnetic phase diagram of CeA£3 

The temperature dependence of the specific heat cp(T) of 
CeAl3 does not show any anomaly which could be asso- 
ciated with a magnetic phase transition [16,17]. Usually, 
if there is a phase transition, one cannot fail to recognize 
it in form of a sharp cusp-like feature in cp(T). How- 
ever, cp(T)/T displays a shallow maximum at around 
0.5 K which was interpreted in terms of the onset of 
the heavy mass Fermi liquid state [17]. Also the sus- 
ceptibility displays a shallow maximum at around 0.7 K 
[17] which in principle could be associated with an AF- 
phase transition. However, neutron diffraction results 
down to 60 mK provided no hint for the formation of 
static long range magnetic correlations [18]. The more it 
was a surprise when zero field (ZF) tzSR measurements 
in polycrystalline CeAg3 revealed the presence of static 
nonzero magnetic fields at the/z + below 2 K [13]. This 
is clearly visible in Fig. 1 which for temperatures below 
,--0.7 K, displays a nice Larmor precession signal asso- 
ciated with a local field of--~220 G. In fact the signal 
shown in Fig. 1, is composed of three components, two 
of which originate from the CeAI3 sample and the third 
one from the Cu-target holder (the cold finger of a He 3- 
He 4 dilution refrigerator). This third component is of the 
well known Kubo-Toyabe type appropriate for Cu [1]. 
The second component arising from the CeAl3 sample 
is also well described by a Kubo-Toyabe function, but 
describing a much faster relaxation than in the Cu-case. 
Hence /z + implanted in CeAl3 experience two different 
magnetic environments: one associated with a nonzero 
magnetic field (220 G) and the other one associated with 
zero average field but a nonzero field spread around this 
value leading to the Kubo-Toyabe signal. 

The signal showing the precession pattern must orig- 
inate from domains inside the sample in which some 
coherent but short range magnetic order is established. 
The order cannot be long range otherwise it should have 
been seen in the neutron scattering study. The Kubo- 
Toyabe signal, on the other hand, must originate from 
domains exhibiting some static, random or extremely 
short range order resembling perhaps a spin glas phase. 

The amplitudes of the two CeAl3 related signals 
display a strong temperature dependence, their sum de- 
creasing monotonously with rising temperature until the 
ZF-~SR signal becomes invisibly small on approaching 
2 K. This behavior implies that there must be a third 
type of magnetic domain in which the #+ polarization is 
not affected suggesting that these domains are in a para- 
magnetic state. This was confirmed by transverse field 
(TF) tzSR measurements which allowed to identify this 
component directly [19]. The amplitudes of the three 
components originating from the CeAI3 sample provide 
a measure of the volume fractions occupied by the var- 
ious types of domains. Their temperature dependence 
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allows, therefore, to construct a phase diagram, which is 
shown somewhat schematically in Fig. 2. 

The most surprising feature of this phase diagram is 
the obvious absence of any clear cut cooperative mag- 
netic phase transition which involves the whole sample 
volume. Rather some random static order develops be- 
low --~2 K first in a vanishingly small fraction of the 
volume which fraction then increases as the tempera- 
ture is decreased. In parallel the paramagnetic volume 
shrinks by the same proportion. Below (0.7-0.9) K, i.e. 
approximately where the susceptibility displays a shal- 
low maximum, some new type of magnetic domain devel- 
ops which is associated with coherent short range order. 
The corresponding volume grows with further decreas- 
ing temperature at the expense of both the paramag- 
netic and the "spinglas" like volume. The paramagnetic 
volume has essentially disappeared below 0.25 K. This 
phase diagram is very unusual and we do not know of 
any other example [20]. It is certainly consistent with the 
absence of any singularity in % (T)/T. A possible expla- 
nation may be given within the framework of magnetic 
frustration. Magnetic frustration is indeed not entirely 
impossible in view of the planar triangular arrangement 
of the Ce-moments in the hexagonal Ni3Sn-type struc- 
ture of CeAI3 and intraplane AF-interactions between 
nearest neighbor Ce-moments [19]. 

More recently the #SR-findings where partially con- 
firmed by NMR measurements which showed a drastic 
increase of the linewidth below ~ 1.2 K and a peak of T 1-1 
at 1.2 K [21]. These results seem to point to the presence 
of a cooperative phase transition at ,,~1.2 K, which was 
suggested to lead to spin density wave-type order. Such 
a conclusion is at variance both with the cp/T- and the 
/~SR-results. More studies are clearly needed. 

Finally, we wish to mention that a consistent analysis 
of all the TF-#SR data also allowed to determine the 
magnitude of the ordered moment (,-,0.5 /IB in both 
types of ordered domains) and the #+ site [19]. 

3 Superconduc t iv i ty  and  m a g n e t i s m  in 
Ul-~Th~Bel s  

The system UBe13 has attracted particular attention be- 
cause it was the second heavy electron compound which 
displayed superconductivity [22] (after CeCu2Si2 [23]) 
associated with the heavy electron state and the first 
compound in which superconductivity seems to be of 
an unconventional nature [24]. Additional excitement 
arouse when it was discovered that Th doped UBe13 
(Ul_~Th~B13) for a certain range of Th-concentrations 
(1.9%_< × < 4.2%) possesses another second order phase 
transition at To2 below the onset of superconductivity 
at Tel [25]. The additional phase transition manifests 
itself by a typical singularity in the specific heat but 
the nature of this phase transition remained obscure. 
Moreover the x-dependence of Tel shows a highly non- 
monotonic behavior. The x-dependence of Tel and Tc2 
is displayed in Fig. 3. In order to learn more about the 
nature of the phase transition at T~2 ZF-IzSR measure- 
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ments were undertaken first at LAMPF [9,26] and - -  
much improved - -  at PSI [27,28]. A typical result is 
displayed in Fig. 4. It shows the onset of superconduc- 
tivity in ac-susceptibility data  at T~i and the position 
of the second phase transition in specific heat data  at 
Te2. At the latter temperature the ZF-/z + relaxation 
rate crzv starts to increase significantly as the temper- 
ature is lowered below To2. The relaxation of the /~+ 
polarization below and above To2 is well described by a 
Kubo-Toyabe function. Above Te2 the observed temper- 
ature independent relaxation rate can be traced back to 
the spread in dipolar fields arising from the Be nuclear 
magnetic moments at a certain interstitial site. This site 
is shown in Fig. 5. For this site one calculates under 
certain additional assumptions c~zF = 0.246 /~s - i  [24] 
which compares very well with the experimental value 
of cr~=v = 0.245(2) #s -i.  

Below T~2 an additional source for internal fields 
must become available which, since it cannot be of nu- 
clear origin has to be of electronic origin. The preserved 
gaussian form of the internal field distribution below 
To2, as evidenced from the persisting Kubo-Toyabe type 
relaxation function, implies further that  the involved 
electronic moments must be static, randomly oriented 
and fairly regularly positioned, e.g. at each U-site. The 
magnitude of these moments must be of the order of 

0.30 

"T 
ca 0.28 ::L 

0.26 

0.24 

Y 

0 

2.0 

t.u -r 

o_ 1.0 
Iv 
0 
W 

~ 0 

-2 

~ -4 

-6 

-8 

-10 

s) t 
t 

b) 

I 

. c )  

m 

0 

I 

! 
I 

I i 

I I I I 

i t I I I 

U 0.965 Th 0.035 Be 13 - 

H o = O Oe - 

l i t  - 

I t 1 I 

m, 

@ • 

% 
• • • @ • @  • @  • @ • 

@•Q • 

I I 1 I 1 [ 1 f 

I e • q ~ =  

@ 

1 t I • •  I I I I I 
0.2 0.4 0.6 0.8 1.0 

TEMPERATURE (K) 

Fig,  4. Comparison of specific heat  and  ac-susceptibility da ta  with 
ZF-/~SR-relaxatlon rates in U0.96s Th0.035 Bel3. Note the onset of 
superconductivi ty at Tel by the diamagnet ic  response in X=~, the 
appearance of the second phase transi t ion at Te2 from the cusp 
in the specific heat  and  the increase of ~ z F  s tar t ing right at  Te2 
(from ref. 27). 

(10-3-10 -2) #B, i.e. extremely reduced compared to the 
high temperature U-moment of/~sf = 3.15/zs which re- 
suits from the Curie behavior of the susceptibility./~SR 
measurements on samples with other x revealed that  the 
enhanced relaxation rate shows only up in samples with 
1.9% < x <_ 4.2% and the onset of the increase of crzF is 
always correlated with To2. No anomalous features could 
be observed for x < 1.9% and x > 4.2%. 

The occurance of some sort of static magnetic order 
in coexistence with superconductivity has found so far 
two interpretations. The first one is more conventional 
and assumes the formation of a perhaps rather complex 
antiferromagnetic phase below Te2. This view is not 
inconsistent with ultra sound at tenuation data  [27]. In 
view of the termination of the phase boundary associated 
with Tc2(z) on the phase boundary Tel(Z), separating 
the normal state from the superconducting state (see 
Fig. 3)~ the order parameters of the two phases must be 
strongly coupled. 
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The second more exotic explanation postulates the 
existence of an intrinsically magnetic superconducting 
state below To2 which would have to be described by 
a complex multicomponent order parameter  and would 
violate time reversal invariance [30]. The phase transition 
at To2 would be a phase transition between two different 
superconducting states which differ by their symmetry  
properties. Several other observations [28] add credibility 
to such an explanation, although the first interpretation 
cannot be ruled out on the basis of the present status of 
knowledge. 

It should be emphasized that  only the I~SR technique 
up to now has the sensitivity to detect the kind of weak 
magnetic features associated with the phase-transition 
at To2 in Ul_=Th=Be13. 

4 ' S t r o n g  ~ a n d  ' w e a k '  m a g n e t i s m  in UCu5  

UCu~ shows a transition to an antiferromagnetic state 
close to 15 K [31]. The magnetic structure could be 
determined from neutron scattering measurements [32]. 
Interestingly the heavy electron state develops below 
4 K, i.e. well inside the magnetically ordered state [31]. 
Specific heat measurements revealed a second continuous 
phase transition close to 1 K which displayed hysteretic 
features (see Fig. 6) but no latent heat [31]. In addi- 
tion the electrical resistivity increased by an order of 
magnitude below ,,-1 K. This behavior is exceptional 
among all heavy electron systems which generally show 
a trend towards smaller resistivity values when the co- 
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Fig. {}. Specific heat of UCua and UAgCus showing evidence for 
a phase transition in UCu5 at ,~1 K (from ref. 31). 

herent heavy electron state develops. The nature of this 
additional phase transition could not be determined. In- 
terestingly the 1 K anomaly in the specific heat and 
the rise in resistivity below this temperature are only 
observed in high quality UCu5 samples. 

In order to determine the nature of the 1 K phase 
transition we applied again the/ ISR-technique comple- 
mented this time by a neutron diffraction study at the 
reactor saphir of PSI [15]. The results were the following 
[15]. The neutron study showed no change in intensity 
and position of the nuclear a n d  the magnetic Bragg 
peaks when changing the temperature from 1.3 K to 
10 mK (see Fig. 7). Within the limits given by the ac- 
curacy of these measurements one has to conclude that 
at ~1 K no change in the magnetic structure nor in the 
crystalline structure takes place. The zero field #SR- 
signal below TN proved to be quite complicated in that  
four components were contained in it. Three components 
showed a relaxing precession pattern,  corresponding to 
average internal fields between ~1 kG and 1.46 kG, while 
the fourth component did not display any oscillation 
(corresponding to zero average field) but a significant 
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linewidth data  could imply that  the small moment mag- 
netism is carried by the heavy quasi particles. Secondly, 
the fact that  the normal antiferromagnetic order is un- 
affected by the 1 K anomaly could imply that  the U-5f 
moments are unrelated to the heavy electron state. In 
effect we are proposing that  the ground state of UCu5 
is made up of two rather independent electron substates 
the first one involving those 5f-electrons which settle into 
an antiferromagnetic order below 15 K and a second one 
which forms the heavy electron state. The latter could 
be associated with itinerant electrons while the former 
one arises from localized electrons. Within such a pic- 
ture the formation of a heavy electron state within an 
already established antiferromagnetic phase appears to 
pose no special problem. The concept of rather unrelated 
electron substates, if present in other heavy electron sys- 
tems, may perhaps provide a basis for explaining other 
peculiarities in such systems as well. 

Fig. 7. (a) Neutron-diffraction pa t t e r n  at 10 mK in UCu~. (b) 
Difference neu t ron  diagram I (10 inK) - I (1.39 K) showing the 
absence of any influence of the 1 K transi t ion on the crystallo- 
graphic and  magnetic s t ructure  (from ref. 15). (c) A blow up of 
the  magnetic (3 /2 ,1 /2 ,1 /2)  ref lec t ion  next  to a nuclear peak. 

relaxation. The temperature dependence of the preces- 
sion frequencies did not show any conspicuous features at 
around 1 K, confirming therefore the conclusions drawn 
from the neutron results. Very drastic effects, however, 
were seen in the relaxation rates of three of the four 
components including the nonprecessing one (the other 
precessing component possesses an order of magnitude 
larger relaxation rate both above and below 1 K. It 's 
origin is not clear to us). As can be seen from Fig. 8 the 
relaxation rates start to rise steeply as the temperature 
is lowered through ~1.1 K. This behavior implies that  
although the average fields remain unchanged the field 
spread around each average field rises dramatically below 
1.1 K. The relaxation rates above 1.1 K can be explained 
in terms of the dipolar fields arising from the Cu nuclear 
moments. The question now is what causes this increase 
in field width sampled by the /~+. (Another question 
concerns the origin of the four components and their 
different average fields. This question has not been an- 
swered yet.) Since the neutron diffraction results exclude 
more conventional explanations, including the possibility 
of a charge density wave [31], we interpret the increase 
in relaxation rate below 1.1 K along the same line as in 
UI-zThzBel3 ,  URu2Si2 and UPt3, namely as a result 
of the formation of small moments which order below 
1.1 K in some random fashion or in a pattern which is 
incommensurable with the lattice structure. These small 
moments (,~0.01 #B if we place them at the Cu sites) 
exist in parallel to the ordinary U-5f moments which are 
responsible for the antiferromagnetic order below 15 K. 

If this interpretation is right, it has some far reach- 
ing consequences. First, the fact that  the 1 K phase 
transition is seen both in the specific heat, which arises 
from the heavy electron ground state, and in the ~SR 

5 F u t u r e  p e r s p e c t i v e s  

The three presented examples prove without doubt the 
power of/~SR-spectroscopy in the field of magnetism. In 
particular weak effects are now susceptible to thorough 
investigations. The field of magnetism itself, although 
quite venerable in age, seems to be an inexhaustible 
reservoir of new and unexpected phenomena. The last 15 
years have witnessed the emergence of such important  
topics as spin glasses (to which #SR has contributed 
prominently (see e.g. [2])), magnetism in low dimen- 
sional materials, magnetism in mixed valence systems, 
magnetism in the family of the cuprate oxides, famous 
for their ability to develop high temperature supercon- 
ductivity, and last but not least magnetism in heavy 
electron compounds. This development was accompa- 
nied by corresponding efforts in solid state theory. Mag- 
netism, of course, is just  but one side of a more basic 
aspect of solids which concerns their electronic struc- 
ture. And since solids are made up of practically an 
infinite number of constituents one can imagine that  the 
phenomenology of solid state systems (or more generally 
of condensed mat ter  systems), including their magnetic 
properties may be as varied as there are degrees of free- 
dom. This perspective promises lots of work in the future 
and I~SR spectroscopy is bound to remain an indispen- 
sible tool as many other present day techniques such as 
NMR and neutron scattering. 

One import  aspect in this respect is the comple- 
mentary character of neutron scattering (measures in 
k-space) and /~SR (measures in r-space) which should 
be more fully and systematically exploited in the future. 
It is therefore of much advantage that  at several labora- 
tories/~SR and neutron scattering can be practised next 
door to each other (e.g. at RAL, PSI, Dubna, KEK). 

In this contribution we have only discussed applica- 
tions of ~tSR spectroscopy in magnetism. To fully assess 
the future of I~SR spectroscopy one would have to con- 
sider all the other applications in physical chemistry and 
solid state physics as well. New and exciting possibili- 
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Fig. 8. Temperature dependence of the/~+ relaxation rates asso- 
ciated with the four components. (a)-(c) are from the precesslng 
components, (d) is from the non processing one. (a), (b) and (d) 
clearly reflect the phase transition at ,,,1.1. K (from ref. 15). 

ties would also arise with availability of ultra slow muon 
beams. It may then become possible to apply t.tSR to the 

study of magnetism in surfaces and thin layers and other 
artificial structures. In conclusion #SR spectroscopy will 
be a prime force in the demand for muon sources also in 
the future. 
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