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1 Introduction

This chapter is intended to acquaint you with some of the possibilities provided by uSR-
spectroscopy in the study of static magnetic properties in the paramagnetic or diamagnetic
phase as well as in the magnetically ordered phase of metallic systems. Most of the
material discussed concerns the paramagnetic phase where, as you will find out, quite a
number of different properties can be studied. In general this involves transverse field
(TF)-measurements and the determination of the u*-Knight shift. In this respect these
studies have much in common with NMR-measurements. However SR has the advantage
that it is not plagued by the skin effect, that it can be applied to single crystals and
that the p*, as a spin—% probe, is only sensitive to magnetic interactions. A certain
disadvantage arises from the fact that the y* is not an innocent probe and that local
magnetic properties may be modified by its presence. In contrast to NMR. the pt is
generally found at an interstitial position and therefore probes the magnetic properties of
the host crystal from a different perspective.

As regards the study of the magnetically ordered phase by zero-field (ZF)-uSR the
usefulness of this technique rests in its complementary role to neutron scattering. While
a direct unambiguous determination of some long range magnetic structure by puSR is
in general impossible, given that uSR can only probe locally this structure, it is well
suited to check on the structure determination by neutron diffraction, provided the p*-
site is known. As we will see, this works well even in the case of rather complicated
commensurate antiferromagnetic configurations as well as in incommensurate structures.
However, structure determinations by neutron diffraction are also not always unambiguous
and there are indeed a number of examples where the two techniques yield seemingly
inconsistent results.

Most of the discussed examples concern rare earth- or U-based intermetallic com-
pounds, among them a number of so called heavy fermion systems. However, it is not
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our goal to discuss here the physics of heavy fermions or heavy electron compounds in
any detail, rather the examples were chosen for their pedagogical value. Those of you,
who are particularly interested in puSR-studies of heavy fermion systems are referred to
Schenck (1993), Amato (1997), Yaouanc and Dalmas de Reotier (1997) (see also Schenck
and Gygax (1995) for a general review article on uSR-studies in magnetic materials).

2 Spectroscopy in para- and diamagnetic phases

2.1 Response of local moments and conduction electrons.

We begin with a brief summary on the magnetic response in a variety of different cases.

Applying an external magnetic field which may vary in time and space (i.e. H =
H(r,t)) to a single crystal, the crystal responds by becoming magnetised. The induced
magnetisation M may be negative with respect to H (i.e. M- H < 0) and we will speak
of diamagnetism , or Ml may be positive (M-H > 0) and we will speak of paramagnetism.
The all important response function X is called susceptibility and is in general a ten-
sor. In the linear response approximation we write for the time and spatially dependent
magnetisation inside a sample of volume V' (Jonas and March, 1973):

Myet) = X [ ax /joo Xap (1, Tt — &) Ha(r', 1)t (2.1)
For a uniform and time indepenadent external field we have
Mpg(r,t) =) Xap(r,t)Ho (2.2)
and the time independent induced magnetisaation is
Mg(r) = {Mﬁ(r, t)) = ;Xag(r)Ha. (2.3)

This formula is important if we are interested in the distribution of the magnetisation
inside a sample. Randomly implanted p* will respond to this distribution. If we are
merely interested in the average or bulk magnetisation we get

Mg = (Mp(r)) = Y XopHa, (2.4)

The dynamical susceptibility introduced in Equation 2.1 is an important quantity which,
via the response function S(w, ¢), enters into the neutron magnetic scattering differential
cross section [Jones and March (1973): Lovesey et al. (1990)]. It is also linked via the
fluctuation-dissipation theorem with the spin lattice relaxation rate 1/T; [Moriya (1963)].

The calculation of X, and its temperature dependence in thermodynamical equilib-
rium starts from the expression

oM, 0*F
0H;  0H,0Hj
where F is the free energy (E = energy),

F=F=T8 (2.6)

Xag = (2.5)

and S is the entropy.

Below we discuss the magnetic susceptibility in several important cases.




Static magnetic properties of metallic systems

2.1.1 Paramagnetism of N noninteracting local moments

In this section we consider N noninteracting local moments or spins wi(Ri) = grupd at
the atomic positions R;. The energy of each moment in an external field along the z-axis
is By = mgyupH, with —J < m < +.J. The population N(m) of each level m is given by
the Boltzmann factor i.e.

exp(—ngp,BHz/kT)

N(m) = N,
() 0%exp(—nguBH;,/kT)

and hence
E= Z N(m)mg;upH,.

The free energy F is given by Equation 2.6 or

F = —NkTin (Zexp(fmg‘],uBHz/kTQ :

For mg ;upH,/kT < 1 we arrive at

X N-Emeiss  NaJ 1 1) _C
© T kT@RI+1) 3kT T

NJ(J +1)g5up
3k
If the Zeeman energies are not small compared with k7' the induced magnetisation
M(H,T) is most generally given by

where C = is the Curie constant.

igJH
MH,T) = NosyupB, (2525

o (2.11)

where B; is the famous Brillouin function which can be expressed as

2J+1 2J+1 1
By(z) = ix cot( * a") ~3 x

— gt 2.
2.7 27 7 212)

There is now no linear dependence of M on H and we are outside of the linear response
regime. For z <« 1 Equation 2.10 is recovered.

2.1.2 Paramagnetism in the Weiss molecular field approximation.

Consider the Zeeman plus Heisenberg Hamiltonian for the i-th moment;:
Hi=gupS(Ri) - H+2) Jr,_gr,S(R:) - S(R,), (2.13)
J#i

where Jg, g, is a scalar spin-spin coupling constant (if dipole-dipole or spin-orbit coupling
is to be considered Jr,-r; would become a tensor). The sum extends over all other
moments at positions R;. In the molecular field approximation we replace S(R;) by its
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expectation or mean value (S(R;)) = (S) which will be the same at all positions R;.
Hence we write
Y Jr.w,S(R:)-S(Ry) =} Jr,—r,S(R:) - () (2.14)
G J#i
and obtain
M = gupS(Ry) - Her, {2:15)

where

2
Hyg =H+ — > Jr,—r;(S) (2.16)
guB j#i

is now an effective field acting on each moment. The expectation value (S) follows from
the induced magnetisation M (R;):

g gus’
On the other hand (see Equation 2.3) and taking X, to be isotropic (Equation 2.10)

2
M(R;) = XoHer = Xo (H i 92—2 Z JRZ—RJ-M(R-i)) (2.18)
B j#i

XoH
2X
1- (229 ) 5 Jr,_r,
<9 /ha)j# Hi=R

M(R;) = (2.19)

C
Xer = Xo = (2.20)

T-0©’
1- <429X_%_> > JRi‘Rj

9 Kp
where C' is given by Equation 2.10 and © is the “paramagnetic” Curie temperature:

DY Ja
g 255+ )3ka JRi-R; (2.21)

Equations 2.19 or 2.20 are valid in the limit of high temperatures (linear response approx-
imation, Equation 2.3 applies). For arbitrary temperatures we replace in Equation 2.11
H by H.s. For H = 0 a spontaneous magnetisation will appear below the Curie temper-
ature 7, which in the mean field approximation is identical to the “paramagnetic” Curie
temperature O, defined in Equation 2.21.

2.1.3 Orbital Van Vleck paramagnetism

We now consider orbital Van Vleck paramagnetism in systems with 4f- or 5f-electron shells
subject to crystalline electric field (CEF) splitting. The systems in question are rare earth
or actinide metals or intermetallic compounds. The crystalline electric field interaction of
the f-electrons is weaker than their spin-orbit coupling so that the total angular momentum
J remains a good quantum number. To describe the magnetic response of the f-electrons
one starts from the Hamiltonian

H=Hc+H, (2.22)
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where H; is the CEF-Hamiltonian and #Hz represents the Zeeman interactions in the
presence of an applied field. The magnetic susceptibility is then given by

2 91 g (1 — e Flmn)e—fEN 25 .—BEn
Xo = Ny s | 3 mpalmp?E= + Y lnlalm Pae ] (223

m#n

where |n) are eigenfunctions and E, are eigenvalues of He, Ay = Epy — Ep, 8= 1/kT
and Z = ¥, e P~ is the partition function. The second term in Equation 2.23 corre-
sponds to Equation 2.10, but may be absent in the case of an even number of f-electrons
in a nonmagnetic singlet state. At high temperatures it develops also a 1/T" dependence
(exchange coupling among different f-electron atoms is neglected here). The first term is
the result of a field induced mixing of the CEF-Eigenstates. It may be the only contribu-
tion present at low temperatures in case of a singlet ground state system. In this case X,
becomes temperature independent for T — 0 (only the CEF-groundstate is populated).

2.1.4 Paramagnetism of conduction electrons

For not too strong fields and a free electron gas
X3 = pEN(er), (2.24)

where N(ep) is the density of states at the Fermi energy. This is called the Pauli spin
susceptibility(see e.g. Jones and March (1973)).

Going beyond the linear approximation condition (i.e. admitting arbitrarily strong
H, remember that the electrons move on Landau orbitals confined to the Fermi surface)
the induced magnetisation will develop a term which is periodic in B~ (known as the
de Haas van Alphen (dHvA) effect). The magnetic susceptibility can then be written as
[Abrikosov (1972)]

Xs = X% + Xdnva (2.25)

with

T e *p/B ( cS 7T>

Xdmva X B sinh (xT/B) sin { —— + 1 (2.26)
in the case that only one extremal orbit on the Fermi surface perpendicular to B is in-
volved. S is the area enclosed by this extremal orbit and Tp is the so called Dingle
temperature, which takes into account that the Landau levels are broadened due to elec-
tron scattering. Actually Equation 2.26 includes both spin and orbital contributions.
The effect is strongly temperature dependent and can only be observed at sufficiently low
temperatures.

The dHvA-modulation of the induced magnetisation M gives rise to a curious phe-
nomenon, namely the appearance of coexisting diamagnetic and paramagnetic domains
provided that certain conditions are fulfilled (Condon, 1966). To understand this phe-
nomenon consider the magnetic induction B in a thin long cylinder which, as usual, is
given by

B = H,,, + 4rM(B) (2.27)

H, = B — 4rM(B). (2.28)
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M(B) is periodic in 1/B, M(B) o sin (2rF/B), but within a limited range of only a few
dHvA-cycles near some properly chosen By (By < F, to be in the dHvA regime) we may
write

1_ 11 AB

B_B0+AB_B0< B0>
and hence

AMB)&QnC%?AB) (2.29)
0

is approximately periodic in B. Inserting Equation 2.29 into Equation 2.28we find that
H.,, rises linearly with B on which an oscillating component is superimposed. There will
be even maxima and minima if the condition

e (2.30)

P, 2.
XdHvA 9B ar (2.31)

is fulfilled, i.e. that the dHvA-oscillations are of sufficient amplitude. In this case the
dependence of Hey on B is illustrated in Figure 2.1a From this figure we see immediately

free energy Q*4m (2 / AH)

B
-20 =0
-20

0
B- B, H-H,

Figure 2.1. (a) Correlation between H and the induction B in the range of one dHvA-
cycle, (b) Dependence of free energy on external field H in the same range as in (a).

that for certain values H., B may assume up to three values; By, By, B,. The range
between B; and B, is thermodynamically unstable since it belongs to a higher free energy
(see Figure 2.1b). What happens is that upon increasing Hey across H, B will jump
from B, to By, i.e. from a diamagnetic to a paramagnetic behavior. Now let us consider
a thin extended plate with He,, perpendicular to the plate. In this case always

B = Hey, (2.32)

since the term 47 M is cancelled by the demagnetisation field —NM (N = 4 for a thin
plate). However, we have just learned that the range between B; and By is forbidden.
Hence the condition Equation 2.32 cannot be met in this range. How does the plate behave
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in this case? It reacts in this case like a type I superconductor in the intermediate phase,
namely the volume breaks up into alternating paramagnetic and diamagnetic domains
with total volumes vg4, v, such that

—  vgB1 +v,B

B= N = Hext (233)

Vg + Up

and the free energy will always be at a minimum. Nothing is known about the spatial
arrangement of the domains and their size. We will later see that 1SR has provided the
best available information on this phenomenon.

2.1.5 Magnetic response of conduction electrons in superconducting phases

As is well known in a BCS-superconductor electrons pair up into a singlet spin state,
mediated by phonons, and a condensate of so called Cooper pairs is formed by opening
up an energy gap on the Fermi surface. The energy gained in this way surpasses for not
too large external fields (H < Hy) the energy gain obtained by repopulating the spin up
and spin down states with the result that for 7 — 0K this repopulation is totally inhibited
and the Pauli spin susceptibility will drop to zero. The actual temperature dependence
of X is described by the Yosida function (Yosida, 1958).

In contrast in a spin-triplet odd-parity superconductor the susceptibility is expected
not to change with temperature below T¢.

2.1.6 Rudermann-Kittel-Kasuya-Yosida (RKKY) interaction

So far we have considered the direct effect of an external field on the spin polarisation
or magnetisation of the conduction electrons. In the presence of local moments (e.g.
provided by rare earth atoms) there will be an additional mechanism which will polarise
the conduction electrons. This is the so called RKKY-mechanism.

Local moments with spin angular momentum S (e.g. f-electron moments) will interact
with the conduction electrons with spin s by the exchange mechanism. This interaction
is of the contact type and the Hamiltonian can be written as (Kittel, 1966)

#Hy = J(U) Zé(rj - R,)s; - S, (2.34)

where J(0) is the exchange coupling constant and R, the position of the local moment.
The sum runs over over all conduction electrons. Representing the conduction electrons
by plane waves the conduction electron spin density Ap(r) induced by the local moment
at a distance r is calculated to be (Kittel, 1966)

91n

Bol) = or(x) ~ () = ST J(0)S. 2 F (2hp(x ~ Ry) (2.35)

with .
. TCosST — sinx
where kp is the Fermi momentum, n is the total density of conduction electrons (spin up

and spin down). In order JSo induce a static spin polarisation Ap(r) the local moment has
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to possess a nonzero expectation value of S,. This can be induced by an external field.
Assuming that the total angular momentum is given by J the external field H will induce
a nonzero expectation value of J;, which (see Equation 2.4) is

t
#X?H

= . 2.37
giuB ( )

(J2)
Here X7 is, e.g. , the f-electron susceptibility per f-electron atom. (S,) is obtained from

the projection of S on J and J on H.

S-J (J.)
J(J+1)/J(J+1)

(S:) = =(gs—1)J. (2.38)

and therefore
gs—1X}H
(Sy =L 21—
95 HUB
This has to be inserted into Equation 2.35. The conduction electron polarisation as one
moves away from a local moment assumes an oscillating behaviour, the famous RKKY
oscillations. This position dependent polarisation takes place on top of the homogeneous
polarisation arising from the Pauli paramagnetism. The total spin polarisation at a certain
position is then given by

(2.39)

Ao(r) = — (xs + 2T 7(0) S F(2k(x — Ra) Mx;‘) H. (2.40)

uB 25}7‘ n 9J

K(r)

2.2 Hyperfine interactions and p* Knight shift
2.2.1 Hyperfine fields at the p*

The interaction of the p* (taking here the place of a nucleus) with an electron is most
generally described by the Dirac equation. In the low energy limit we make use of the
nonrelativistic Pauli approximation and obtain the Hamiltonian (Abragam, 1970)

1

2m

H (p— %A)2 + gepS -V x A + ep(r) (2.41)

where S is the electron spin, A = V X (up/r) is the vector potential and p, is the
magnetic moment of the y*, given by p, = guleh/2myc)l,.

After some manipulation we arrive at

2
e
+  ep(r) + Ha —A?
%n 4 4 %mc
kinetic potential magnetic negligibly (2.42)
energy energy hyperfine small
Hamiltonian
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= (p-A+A-p)+gusS-VxA
2me

1 S- 8
Getguiil, {<_3> . (% (s r)) bS] )
1 T T

orbital dipole-dipole Fermi-contact

With respect to applications in solids we apply a mean field approzimation and replace
all electronic operators by their ezpectation values, i.e.

1— (1); S — (S) (2.44)

H, looks then like a Zeeman interaction of the u*-spin I with the following effective fields:

Case 1
K0}

How = 3"
mc T

(2.45)

This is the field that is set up by an electron orbiting around the u* at distance r with
angular momentum (£). Such a situation has not been observed yet.

Case 2 35((S) - 1)

1 r T

H® = —guip((8) - 2

This is the dipole field generated by an electron at the u* at a distance r. The expectation
value (S), induced by an external field, can be written as (see Equations 2.4, 2.37)

). (2.46)

r2

M3 11
Sg) =L = X2 H,, 2.47
(Sg) 2in 2/@% apta (2.47)

where Mj' and X2 refer to the magnetisation or susceptibility per electron or per atom,
to which the electron(s) may be attached. The effective dipole field can be expressed in
the form

HY = g AZ(S)a = X AR (e)s 2 (2.18)

or, in short
H = AP(r) - (x** - H), (2.49)
where! AP and X are now tensors. A" has generally the property that

TrAP = 0. (2.50)

Inside a crystal the u will not only feel the dipole field from one neighbour electron, but
from all electrons inside the volume V so that

- i/AD r,) (X (r;) - H) dV

Ithe superscript D denotes a dipole term throughout the chapter
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HP(r,) = 3 A”(r; = x,) (X" (xi) - H)

in the case of local electron states at positions r;.

Case 3

8w
H, ?.%NB(S)é(ru)

= Tonslter)(S) (2.53)

and, if (S) is induced by an external field,

He = () Pk, B (2549

= AX,(r,) H,

where X, is defined with respect to one electron and (|t(ro)|?)F is the density of con-
duction electrons at the pt, averaged over the Fermi surface. This is the famous Fermi
contact hyperfine field, which arises from the electronic spin density at the pT-position
r,. In order to be effective, electronic wave functions have to overlap with the p* like.
With respect to the ut there must be a s-wave component present in the electronic wave
function.

2.2.2 Total field at the u*

The total field at implanted ™ in the presence of an external field H consists of micro-
scopic (see preceding section) and macroscopic contributions. The macroscopic contribu-
tions are the demagnetisation field By, and the Lorentz field B;,. The demagnetisation
field depends on the bulk magnetisation M, and the shape of the sample

Bim = —N-M,, (2.55)

where N is again a tensor and is called demagnetisation factor. N can be calculated ana-
lytically for an ellipsoid. For cylindrically or brick-shaped samples tabulated approximate
values are available (Akishin, Gaganov, 1992). For a sphere one gets N = 47/3, for an
infinitely long cylinder with H parallel to the axis: N, = 0, or with H perpendicular to
the axis: N, = 2, for an infinitely extended thin plate with H perpendicular to the
plane: N, = 4m.
The Lorenz field
4aT

B, =M, (2.56)

arises when combining continuum theory with microscopic features. To this end one cuts
out a fictitious sphere (the Lorentz sphere) around the p* (this leads to By) and refills it
with all the microscopic sources of fields associated with local moments and spin densities
discussed in the previous section. In total then

4
Bu(r#) = H + <?ﬂ—§ - N) : Mb + Bhf(r;l,)a (257)

where E is the unit tensor and By(r,) may be composed of dipolar contributions (Equa-
tions 2.51 and 2.52 with the integral or the sum extending over the Lorentz sphere) and
the contact hyperfine field (Equation 2.54).
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2.2.3 The muon Knight Shift

The u*™ Larmor frequency is given by Wy = v - Byu(r,) where Yu = 13.553879kHz/G
(£0.5ppm). Neglecting By,,, and B, for the sake of argument, we get from Equation 2.57

wp = v/[H+H(r,) + H(r,)P (2.58)

Because [H| > [HP|, |H,| (x is small)

/ 2
wy, =v,H 1+E(HD+HC)'H

= (#+ G+ 1) 1), (2:59)

i.e. only the projection of HP and H. on H will in first order contribute to w,. This extra
field (H® + H,) - H/H is called the Knight shift and K = (HP + H,) - H/H? is called the
Knight shift constant. With Equations 2.47, 2.51, 2.52 and 2.54 we now write

1 at 1
K=ts {H [AD(P;J ((X*-H) + o X HJ} (2.60)

AD(ru) = ZAD(ri —r,) (2'61)

and 3>, is a lattice sum (or integral). A®(r,) depends on the assumed ©F lattice site and
is further determined by symmetry properties of this site. For an axially symmetric site

one gets
1

KD = zd° [06 = %) + (X, + 2X) P (cos 0)]. (2.62)
The angle 6 is the angle between H and the axis of axial symmetry. Generally, the angular
dependence of KP in Equation 2.60 involves only direction cosines in second order. In
compounds containing localised d- or f-electrons X will essentially arise only from those
electrons. In compounds with an isotropic susceptibility (e.g. in cubic systems) the dipolar
fields will not lead to an isotropic contribution to the Knight shift, i.e. in polycrystalline
samples the Knight shift, or the average field, will not be influenced by dipolar interactions.
However, there will be a distribution in dipolar fields which will cause relaxation (in NMR
this is called powder broadening (Carter, Bennet, Kohan, 1977)).

As was mentioned before, the contact hyperfine interaction requires a nonzero spin
density at the y*-site which is usually only fulfilled in metals. The corresponding Knight
shift K will be written as (see Equations 2.54, 2.59):

Ko = TR )P, (2.63)

where we have assumed an isotropic spin susceptibility X (measured in emu/cm®) and n
is the conduction electron density). The charge density (|3)(r,)|%)r in the presence of the
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muon is enhanced considerably over the value of n in the absence of the p*. This is due
to the strong Coulomb interaction of the p* and the conduction electrons which leads to
a screening of the p* charge and an actual charge distribution around the p* similar to
the charge distribution in atomic hydrogen. Note, however, that no paramagnetic state
like muonium is formed since the screening of the ut charge involves many conduction
electrons and not just one. In addition the magnetic response of the electrons in the
screening cloud may be different from the bulk behavior. A better way to write the
Knight shift is the following:

K SJMB”T(I'/L) — n(r,) (n

3 nd — nd

As X% (Xs in emu/cm®) , (2.64)
Up n
where n'(r,) — nt(r,) is the actual spin density at the u* and nd — n§ is the undisturbed
spin density. The spin density enhancement factor a(r,) has to be provided by theory.
So far so-called spherical solid model (SSM) jellium calculations have given probably
the most reliable results for u* or protons in simple metals (Maninen+Nieminen, 1979;
Maninen, 1983). The coupling constant A is an effective hyperfine field per unpaired
electron. In any case measurements of the contact Knight shift K address in the first
place properties induced by the presence of the . In this respect such studies contribute
to an understanding of the local electronic structure of hydrogen in metals (Gygax et al.,
1984, Schenck 1981).

In f-clectron compounds the RKKY interaction will induce an additional spin polari-
sation of the conduction electrons, as we have discussed in Section 2.1.6. In the u* Knight
shift this will be reflected by taking into account Equation 2.40:

. 8 8T ; g5 —1_,
K, = Fuga(ru);\p(r“) — ?Of(ru) {XS + K (ru)gJTXft} H

9rn 1 =1
K, {1 + T2 J0) S F(2kp - (v, — Ra)) % x*}‘} . (2.65)
2EF XS n qJ

For a free electron gas

. 5 3N 3
Xs = p3N(er) = MRE [emu/cm?],

and hence

— X
K;=K, {1 +370(0) S F(2Kp - (r, — Rp) 2 i} . (2.66)

2
n 45 Mp

From this equation we recognise that it should become possible to learn something
about the very important exchange coupling constant J(0) from measurements of Kj.
What needs to be known is the Knight shift constant K. Information on K may be ob-
tained from measurements of isostructural compounds in which the rare earth or actinide
atom is replaced by nonmagnetic La or Th. Also the high temperature limit of Ky may
yield directly K, because of X; o< (1/T) — 0.
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So far we have assumed that X,(r) or X% (r) are independent of r and given by the
bulk susceptibility (i.e. X3 = X'fml/Na). However, this may not be true and we have to
start from Equation 2.3 when calculating locally induced moments.

Finally we mention a rather small but nevertheless not always negligible effect which
arises from the diamagnetism of the screening cloud around the p*. This is also known
as the chemical shift and should be observable quite generally in solids and liquids in
which the 4% is bound chemically into a diamagnetic state (all electron spins are paired
up.). The shift constant sccan be calculated from the Lamb expression (Davies, 1967)
and involves the calculation of the expectation value of 1/r of the electron distribution

around the p™:
2

Ocs = — (r=h. (2.67)

3mc?
0cs has been calculated for 4t in simple metals on the basis of a jellium approach (Zaremba
and Zobin, 1980). The results as a function of conduction electron density are shown in
Figure 2.2. The shifts are close to the value for atomic hydrogen (~ —18ppm), underlining
the very similar electron distribution in both cases.

L n 1 L

2 4
rs (atomic units)

Figure 2.2. Chemical shift constant o for u* in metals as a function of the electron
density parameter ry = (3/4mng)"?/ap, (from Zaremba and Zobin, 1980).

2.3 Determination of p*-site

As pointed out in the previous section the dipolar contribution to the Knight shift
1

D _
K_H?

H-A°.x-H (2.68)

depends on the crystal structure of the considered system and the involved ut-site via
the dipolar coupling tensor (see Equation 2.61)

A = AP(r, —1,), (2.69)

where the sum extends over all u* neighbor positrons r;. The sum will vanish for a
i -site with cubic point symmetry. In all other cases AP # 0. Usually A" is calculated
in a coordinate system fixed to: the crystal. In general AP will contain also off diagonal
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elements. By diagonalising AP the local symmetry axes of a particular pu*-site can be
determined. In particular it may turn out that crystallographically equivalent sites are
magnetically inequivalent, i.e. different Az[)) are involved, leading to the appearance of a
split TF-uSR signal. The sum over these sites will reflect the overall symmetry of the
crystal, e.g. in a cubic system

Y A)=0

p

For later use we present below the explicit dependence of K D on the orientation of H with
respect to the crystal axes e,, ¢,, €,, i.e. H= H(sinfsinge, + sin fcospe, +cosbe,),
following from Equation 2.68:

1
KP(O.g) = 5(A™X + AWX, + A7X,)
+§(A“Xz _ %(A”Xz + AWX,))PY(cos 6)
1
+§A“O<z + X,)P; (cos ) cos ¢

1
+§Ayz (Xy + X,) Py (cos ) sin @

1
-&-6(/1”””Xz — AWX,) P (cos 6) cos 2¢

1
+6Azy(xz + X, ) P3 (cos 6) sin 2¢ (2.70)

where the Pi(cosf) are the associated Legendre polynomials. It is hereby assumed that
X is diagonal in the chosen coordinate system.

We will now discuss two examples which show how the measurement of AP will allow
to determine the pt-site. It is obvious that this requires single crystal samples.

The first example concerns UPd,Als, an interesting heavy fermion system which shows
antiferromagnetic (AF) order below 14K and superconductivity in coincidence with AF-
order below 2K. The crystal structure of this hcp-compound is displayed in Figure 2.3.
Various interstitial sites, called b, f,h, m,0 in Wyckhoff notation, are indicated. The b-
and h-sites are magnetically unique while the f-,0- and m-sites separate into up to three

Figure 2.3. Crystal structure of hep UPdy Als.
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magnetically inequivalent subsites, reflecting the 3-fold symmetry around the hexagonal c-
axis. Identifying the z,y and z-axes of a Cartesian coordinate system with the crystalline
a,b* and c-axis, respectively, we calculate, by performing the proper lattice sum, for the
unique b-site (0,0, 1)

-194 0 0
Ap) = 0 -194 0 (kG /)
0 0 3.88

and for the three inequivalent f-sites at (3 0 0), (0 3 0) and (5 3 0)

1654 0 0
0 -0807 0 (kG/up)
0 0 —0.847

~0.192 —1.066 0
~1.066 1.039 0 (kG/pp)
0 0  —0.847

~0.192 1.066 0
1.066 1.039 0 (kG/pup)
0 0 —0.847

The three AP transform into each other by rotations of 60° around the c-axis. Inserting
the AP into Equation 2.70 and taking into account that for UPd,Al; the susceptibility
shows an axial anisotropy (X # X.) we predict for the b-site a unique angular dependence
given by Equation 2.62 and no anisotropy in the basal plane (see Figure 2.4). In contrast
for the f-site we predict the appearance of up to three signals, showing an anisotropy in
the basal plane as well as with respect to the c-axis. E.g., choosing the b*-axis as the axis
of rotation with respect to the external field H (in which case we have two inequivalent
subsites with relative weights of 2 : 1, = 0) we obtain from Equation 2.70

2 1
KD(H) = A X1 + (ACCX_L — AaaXL) cos? 0 + EAGC(X»L- + XH) sin® @ (271)

If we rotate H in the basal plane (6 = 0), we have instead

KP(p) (Ab*b* + (Aga — Aprpr) c0s? p 4 Agpr sin 2(,9) X1

(Aaa - Ab*b*) + Aib* + (1/4)(Aaa - Ab*b*)2 COSQ(QO - ‘100)7

9 A gy

_. 2.72
Ay + Aprp* ( )

tan 2¢g
Because for the f-site Aq. = 0, K (#) will show an extremum for H||c-axis. This is not the
case for the o-site, for example.

In the basal plane the three KP(¢) curves are indeed shifted by 60° with respect to
each other:
2 x 1.066

fndy = d—e = 1 739, = £60°.
AT 0192+ 1.039 ¢
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UPdAly B= 3.8kGl ] UPd,Al;
1 T = 100K @ =90° 8= 5ke
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Figure 2.4. Measured angular depen- Figure 2.5. Knight shift versus suscep-
dence of K in UPdyAls, rotating H,y in tibility for Heyl|c-azis and Hypylc-azis
the (b* — c) plane. (Feyerherm, 1995; see (Feyerherm 1995).

also Amato, 1997).

The measurements (Feyerherm, 1995) in UPd,Al; yielded only on signal with no
anisotropy in the basal plane and a cos? §-dependence when H was rotated in the b*—c-
plane (see Figure 2.4). This result rules out the f-, o- and m-sites, but it is not sufficient
to decide whether the b- or h-site is occupied. To settle that question one has to measure
K as a function of temperature along the principle axes of the susceptibility tensor, e.g.
for H||c-axis one expects (we now have to include also the contact hf-contribution)

K)(T) = (A + AD)X)(T) (2.73)

and for H | c-axis

Ku(T) = (Ac+ AR)XL(T) = (Ac — SARDXL(T) (2.74)

because of Tr(A®) = 0 and AP, = AD.,.. The hf-coupling constants are then obtained
from the slopes of K (T') versus X(T). Figure 2.5 shows corresponding results for UPd,Alj.
One observes indeed a linear scaling of K with X. The analysis yields AL = +3.3kG/up
which has to be compared with calculated values of +3.88kG/up for the b-site and
—0.123kG/pp for the h-site. We conclude that the b-site is occupied by the pt. The
difference between the measured and calculated values is ascribed to lattice relaxation,
i.e. an outward displacement of the two nearest U-neighbours by ~ 5%.

The second example is PrNis. It has the same hcp-structure as UPd,Al;. But the
p* is taking a different site in this compound (Feyerherm et al., 1995). This follows
immediately from the observed angular dependencies, displayed in Figure 2.6. Turning
the sample around the b*-axis, i.e. rotating H in the a—c plane, we find two signals
with an amplitude ratio of 1:2. Rotating H in the basal plane we find in general three
signals with equal amplitudes and shifted by 60° with respect to each other. This looks
like the f-site is involved ( Figure2.6b). From the slopes of K; versus X; (i = a,b*c),
restricted to 7' > 80K (why - we will discuss later), follows that AP = 1.51kG/up,
Apeys = —0.92kG/pp and AR = —0.59kG/pp which has to be compared with calculated
values of AD, = 2.11kG/pup, Apye = —1.02kG/pp and AL, = —1.09kG/pup for the f-site.
The agreement is clearly bad. But there is another site, labelled 4, just above or below

+
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(a) PrNi5 H=3.33kOe

T=23K
- 06=90
1
Vo \

Frequency (MHz)

¢ (deg.)

i H=3.33kOe
PrN|5 T=23K
9=0

T TT\T

Frequency (MHz)

90 60 -30 0 30 60 90

Figure 2.6. Measured angular dependence of K in PrNis by rotating Hey in (a) the
a — ¢ plane and (b) in the basal plane. In the first case two signals are seen with an

amplitude ratio of 1:2, in the second case three signals with equal amplitudes can be resolved
(Feyerherm et al. 1995) .

Figure 2.7. Local atomic arrangement around the f- and i-site in PrNis.
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of the f-site as depicted in Figure 2.7. Shifting the u* by ~ 0.9 A away from the f-site
perfect agreement with the calculated AL is reached. The i-site seems to be also occupied
by deuterium in the compound LaNi;D3 (Hayakawa et al., 1988).

Ky
(ppm)
-330

-

150 0 180

Figure 2.8. Angular dependence of K in Bi, rotating Hey in the a — ¢ plane, (a) at 8K
and (b) at 100K. (Gygaz et al. 1986, Baumann et al., 1986).

2.4 A longstanding puzzle: Bi

The derivation of Equations 2.60, 2.68 or 2.70 shows that the general orientational depen-
dence of K (0, ¢) is restricted to second order in the direction cosines of H with respect to
the crystal axes irrespective of the symmetry properties and the anisotropy of X. This is
generally also observed in the experiments (preceding section). There is one notable ex-
ception, concerning the angular dependence of K in the semimetal Bi below 12K (Gygax
et al. 1986, Baumann et al., 1986). The crystal structure of Bi can be viewed as a simple
cubic lattice distorted along the body diagonal to yield a rhombohedral structure. Two
interstitial sites are available in this structure. Figure 2.8 displays the angular depen-
dence of K (6, = 0) at 8K and at 100K. At 100K the by now familiar cos? §-dependence
is clearly present but at 8K the angular dependence is now dominated by a cos? 6 term,
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totally unexpected vis-a-vis Equation 2.70 and not understood so far. Such behavior
cannot result from the superposition of cos?(0 + 6p) terms with different 6.

Symmetry considerations do not forbid in principle the appearance of higher order
terms in the direction cosines. In fact Boon (1964), Rubens et.al, (1973) and Weinert and
Schumacher (1968) have predicted fourth order contributions as a result of an anisotropic
g-factor and spin-orbit coupling which should be even visible in cubic systems. However,
the predicted effects are tiny and attempts to measure them by NMR have lead to no

clear evidence. Hence the pSR-results in Bi are rather singular and remain an unsolved
and challenging problem.

2.5 RKKY-exchange and the contact term of the Knight shift

So far we have dealt mainly with the anisotropic aspects of the pt-Knight shift as in-
troduced by the dipolar contribution. What can be learned from the other important
contribution, the contact hyperfine field or the local spin density at the pt? As already
mentioned in Section 2.2.3 measurements of K, which is isotropic to the extend that the
conduction electron susceptibility is isotropic, in simple metals have mainly served to learn
about the local electron distribution around the pt formed in response to the presence of
the strong Coulomb potential of the u* (Schenck, 1981). In transition metal compounds,
in particular in rare earth and actinide based intermetallics which contain local moments,
the spin density at the pt is not only a local feature but is affected by the local moments
in the vicinity of the p* via the RKKY-mechanism as discussed in Section 2.1.6.. In this
case the total contact term of the Knight shift is given by Equations 2.65, 2.66, treating
the conduction electrons as a free electron gas. Since the induced spin polarisation of
the conduction electrons decays with the inverse third power of the distance from a local
moment, e.g. an f-electron atom (see Equation 2.36), we assume that only the nearest
local moment neighbours affect the spin density at the p*. Recalling that the Pauli spin
susceptibility is temperature independent, while the susceptibility associated with the lo-
cal moments, e.g. of the f-electrons, is strongly temperature dependent we may rewrite
Equation 2.65 in the following condensed form

Kf(T) =Ko+ Afo(T) (2.75)

where Ay o< J (see Equation 2.66).

From measurements of the slope of K(T') versus X #(T) it should be possible to deduce
some information on the exchange parameter (exchange integral). J is a very important
parameter which not only enters into the RKKY-interaction but also determines the
strength of the on-site Kondo screening. The Kondo temperature Ty depends on J as
follows

1 1
Ty o< — exp (—1) ; (2.76)

kp

where N(ep) is the density of states at the Fermi energy. The RKKY-interaction, on the
other hand, is responsible for the inter-site coupling of the local moments which may lead
to magnetic order. The ordering temperature follows

JN(EF)

1
TRKKY X k-JZN(E]u). (277)
B
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The on-site Kondo effect tries to form a nonmagnetic spin singlet state, while the inter-site
RKKY-interaction tries to establish magnetic order, usually of an antiferromagnetic type.
Figure 2.9 shows in a schematic way the dependence of Tk and Trxxy on J. (Doniach’s
phase diagram; Doniach, 1977). In the region where Ty > Trxky nonmagnetic behavior
should prevail, while for Trkky > Tk magnetic order is expected. The so called heavy
fermion systems are characterised by comparable Tk and Trkky, i.€. the two mechanism
are roughly of similar strength. As a consequence the ground state properties of heavy
fermion systems turn out to be rather complex.

CeCug Al

T,, (arbitrary units)

0.5 1.0
x (Al concentration)

Figure 2.9. Schematic view of the depen- Figure 2.10. Contact coupling constant
dence of Tx and Trxky on the exchange Ay in CeCus_g Aly versus (A Amato on
parameter J (Doniach’s phase diagram,). the basis of Wiesinger et al., 1997).

An interesting system in which to study the correlation of magnetic order and the
parameter J is CeCus_,Al,. Pure CeCus displays long range local moment magnetic order
with T ~ 4.1K, CeCusAl, on the other hand is nonmagnetic with a Kondo temperature
of Tx ~ 9.5K. For z < 1.5 ZF-uSR measurements have revealed spin glass like behavior
with the spin-glass freezing temperature decreasing with increasing z (Wiesinger et al.,
1995). Hence we expect that the parameter J should increase with z. This is clearly
confirmed by p* Knight shift measurements on polycrystalline samples (Wiesinger et al.,
1997). Figure 2.10 shows a plot of Ay, deduced from the slope of Ky (T) versus X;(T'),
as a function of z. Since A; oc J we conclude that J oc z. There may be two reasons
why J rises with z: (i) replacing monovalent Cu by trivalent Al enhances the number of
conduction electrons and (i) the substitution leads to an increase of the c/a-ratio. Both
effects may enhance the hybridisation of the local f-electron state and the delocalised
conduction electrons thereby increasing J.

2.6 p-Knight shift in type II superconductors

The measurement of the g Knight shift in the superconducting state of type II-
superconductor above H.; is made difficult by the onset of diamagnetism below T, which
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usually is causing a shift which is much larger (and negative) than the ' Knight shift in
nontransition metals (this is in contrast to the nuclear Knight shift). Chances to observe
something like the Yosida curve (see Section 2.1.5) are therefore much higher in transition
metal compounds where, moreover, pinning of vortices may suppress the development of
diamagnetism below T¢.

The appearance of the vortex lattice below 7T, leads to a further complication which
arises from the inhomogeneity of the distribution of paired and unpaired electrons. In the
center core of a vortex the electrons are unpaired and respond to the applied field as in
the nonsuperconducting phase, while outside of the core the density of Cooper pairs rises
to its maximum within a distance of a few coherence length £ and the magnetic response
will be modified depending on the symmetry of the superconducting state. The ratio of
core volume to the inter vortex volume depends on the density of the flux lines and is
roughly given by

Ve b (2.78)

Vit Ve Bal(T) |
The inhomogeneity in the distribution of paired and unpaired electrons will lead to a
corresponding inhomogeneity in the Knight shift distribution. In a simple model the
distribution may be approximated by two values; in the core region by the Knight shift
observed also above T, and elsewhere by some average modified value. The uSR-signal is

then expressed as

1 5.
P(t) = ac cos(wct) + aicexp (ficthZ) cos (wict) (2.79)

with

a Vo B

e+ aic  Ve+Vie Be(T)
The Gaussian damping factor accounts for the inhomogeneous field distribution in the
intervortex space and depends on the London magnetic penetration depth.

(2.80)

It proved that such a two component approach was absolutely necessary in order to
obtain meaningful results from Knight shift measurements in the superconducting state
of the already discussed UPd,Als (Feyerherm et al., 1994). (see Section 2.6). Remember
that the superconducting state coexists with AF-magnetic order. The reason that in this
state the Knight shift could be measured at all rests in the lucky circumstance that the
pt resides at the b-site (see Section 2.6), where due to the high symmetry of this site
the fields arising from the ordered moments cancel rather precisely (see also Section 3.1).
Figure 2.11 displays the temperature dependence of the relative shift of wi. below 2.5K
for two different orientations of the applied field H; we was kept at the average of the
displayed values above T,. For the following discussion we reproduce here once more the
Equations 2.73 and 2.74

K(T) = (Ac+ Ap)Xsp(T),
. 1 ,
Ki(T) = (A= SARXsp(T).
What can we learn from these results?

(i) AD and A, were determjned already from the slopes of K;(T') versus X;(T) at higher
temperatures. Assuming that these parameters (certainly AD) are temperature
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Figure 2.11. p*-Knight shift in UPdyAly for Hey|c-azis and H,y L c-axis in the super-
conducting range.

independent the observed decrease in absolute value of the frequency shifts reflects
directly a decrease of Xs;,(T). If, on the other hand, A, had changed below T,
it would have affected K(t) and K, (T) differently, e.g. a drop in A, would have
reduced K| and would have increased the absolute value of K| in contrast to what
is observed. Hence we conclude that the Knight shift behavior reflects directly the
susceptibility Xs¢(T).

The change of Xs7)(T) and Xsy,1 (T') below T, turns out to be isotropic in sharp
contrast to the anisotropy of the total susceptibility. This suggest that the total
susceptibility consist of two contributions, an isotropic term and an anisotropic one:

st(T) = Xi(T)E+X.5f,an(t) (281)

This idea leads further to the suggestion that in fact two different electron states are
involved: X;(T) which reflects the onset of superconductivity is associated with the
heavy quasiparticles which condense into Cooper pairs below T; Xs.an 18 associated
with the 5 f-electron subsystem which is responsible for the local moment antifer-
romagnetism (Feyerherm et al., 1994). This conjecture of two rather independent
5 f-substates is supported by other observations and seems to hold also for other
U-based heavy electron compounds.

The drop of X;(T) below T, points to presence of an even-parity singlet-pairing
superconducting state. This is in agreement with NQR measurements of the nuclear
spin lattice relaxation rate 1/7) which shows a T behavior which is explained in
terms of a d-wave even-parity superconducting state (Kyogaku et al., 1993).
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U Au QAUS

Figure 2.12. Crystal structure of hep UpgAus, .

2.7 Compounds with inequivalent magnetic ions

As discussed in the previous section measurements of the pt-Knight shift can be used
to study locally the magnetic response or the magnetic susceptibility. This opens up
interesting possibilities in systems containing different magnetic ions or magnetic ions in
crystallographically inequivalent sites. The hope is that the pt is located close enough to
only one variety to be affected by its magnetic response. Conventional bulk measurements
of the susceptibility only yield an average information:

Xoulk = Y piXi, (2.82)
i

where p; is a measure of the relative abundance of a particular magnetic atom 1.

Recent Knight shift measurements in the moderately heavy fermion compound U,4Aus;
demonstrated indeed that the individual magnetic response of a particular magnetic atom
can be monitored (Schenck et al., 1998). U Aug is a hexagonal compound which un-
dergoes a magnetic transition into a rather complex AF-magnetic state below 22K. (see
Section 3.2) The U-atoms occupy three crystallographically different sites labelled as U1,
U2 and U3 (s. Figure 2.12). Neutron scattering studies revealed that the ordered moments
assume different values, the U3-ion showing even a zero ordered moment (Dommann et
al., 1990; Brown et al., 1997).

TF-pSR measurements produced four components in the signal. One component could
be ascribed to u* sitting near the (00 %) site, ¢.e. half way between two U3-ions, the other
three components are associated with a site at three magnetically equivalent positions in
the (00 %)—plane inside a triangle formed by Ul-ions. The first component revealed that
also in the paramagnetic state the magnetic response of the U3-ions is much reduced, but
not zero. The three other components showed Knight shifts which were well described by
a Curie-Weiss behavior, i.e.

K; = Ko; + A T%f = (2.83)
as displayed in Figure 2.13. The plot reveals Curie-Weiss temperatures which are rather
different from those characterising the bulk magnetic susceptibility, showing even an
anisotropy in the basal plane. These must be associated with the magnetic response
of the Ul-ions, since the U2-ions in the (0 0 0)-plane are too far away to contribute no-

ticeably to the local fields at the put. Figure 2.13 relates to one of the three inequivalent
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Figure 2.13. Curie-Weiss plot of (Ki(T) — Ko)~" versus temperature. Note the shifted
positions of the Curie-Weiss temperatures 0! with respect to the bulk 61 and 6 (Schenck
et al., 1998).

sites. For the other two sites the axis-assignments in the basal plane have to be changed
t0 Heyt||b-axis or Hey||ax-axis in the upper graph and to Hey||ax-axis or Hext||b-axis in
the lower graph. The average local susceptibility over all three sites, corresponding to the
bulk average, is then given by

X (U1 = = (Xa(U1) +2X(U1))

c( 1 ,_2
s\T-0, " T-0,

which, for T > 0 (8} < 0), can be approximated by
C
X (U)o —
LUl = 7 (6. +26,.)/3
with 6, (U1) = (0,+26,.)/3 = —10K.
This new average value is still quite different from the —72K following from X1 pulk, but we

have not yet taken into account that there will be also a contribution from the U2-ions.
So we postulate

X4 (U + L) = 5 (XL (UL) + X, (U2)
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0, (U1+U2)=-722(-10+0,(U2))

1
2

0, (U2) ~ —132K .

Correspondingly we obtain
6,(U2) = —58K .

Neutron scattering has been used to measure the induced moments on the Ul- and U2-sites
at 22K in an applied field of 4.6T parallel to the c-axis with the result: u(U1) = 0.05up
and p(U2) = 0.10p5 (Brown et al., 1997) or u(U1)/pu(U2) = 0.5. Assuming that the Curie
constant C is isotropic we calculate with the above estimated Curie-Weiss temperatures

22
puUl) _ 22458 4
a(U2) ~ 22+ 164

which is in good agreement with the neutron result.

2.8 p*-induced modification of local magnetic susceptibility

By implanting a positive muon into a metal matrix one adds a strong Coulomb potential
to the otherwise periodic crystal potential which, at least locally, should cause a severe
disturbance. It can be expected that this disturbance will also lead to changes in the local
magnetic response as compared to the undisturbed case. So far, however, we have not en-
countered any real evidence for such modifications. This is not because such modifications
do not exist but rather due to my choice of examples so far.

Let me first present an example where the induced modifications by the u* are well
understood. Figure 2.14 displays a plot of the 4™ Knight shift K; and the bulk magnetic
susceptibility X; (normalised to the Knight shift at the highest temperature) in PrNis for
different orientations i. (Feyerherm et al., 1995). We see that above ~ 80K K; scales
well with X; so that the Equations 2.73 and 2.74 will hold. This allowed to determine the
pt-position as discussed in Section 2.3. Below 80K we notice a severe deviation from a
scaling behavior. Even a change in sign is found for one of the two signals for H||a-axis.
How can this be understood? Of course, one suspects that the magnetic response of most
likely only the nearest Pr**-neighbours (for the i-site there are two) are modified, while
all more distant Pr3*-ions remain unaffected by the presence of the ut. Equations 2.73
and 2.74 may then be split into two contributions, arising from the nearest neighbours
(nn) and the rest, which exhibit an unchanged magnetic response

_ D D
- (Aaa,nn + AC) Xﬂ,ﬂn + Aaa,resLXL,bUlk
D D
= (Ab*b*,nn + AC) Xb*,nn + Ab*b*,restXL,blllk

= (AD + A(:> X(:,nn + Ai)c’rest,XH,bulk

cc,nn

It is also assumed that the contact contribution arises dominantly only from the nearest
neighbours. Since the p*-site is known Agm) and Al can be calculated. Also A, is
known from the scaling behavior above 80K. This allows us now to extract the local
susceptibility X ;) (7)) associated with the two nearest neighbours. X,y (T) is displayed
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Figure 2.14. Temperature dependence of K; and bulk susceptibility x; in PrNis. Xi 1S
normalised to K; at the highest temperature (Feyerherm et al., 1995).

in Figure 2.15. We notice that the local susceptibility is also anisotropic in the basal
plane. The principal axes z,y of X(nny 1n the basal plane are along the lines connecting
the two nearest Pr*-neighbours (z) and the two nearest Ni-neighbours (y), respectively
(see Figure 2.7). The presence of the u* will in two ways affect a nn Pr3*-ion: (i) the
local point symmetry of that site will be changed, (ii) the screened p*-charge will produce
some additional electric field at the Pr3*-ion. We must pay attention to the fact that the
magnetic properties of the Pr3*-ion are primarily associated with the crystalline electric
field (CEF) splitting of ® H;-ground state multiplet of the 4 f2-configuration of Pr3+. The
CEF-splitting of Pr** in PrNis is well known from inelastic neutron scattering work (e.g.
Amato et al., 1992). The ground state level is a non magnetic singlet (I'y) state as is the
first excited state (I';) 23K above the I';-state (see Figure 2.16). The effect of the p* will
be that the symmetry of the CEF-Hamiltonian will be changed as well as the strength of
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Figure 2.15. Temperature dependence of the modified local susceptibility associated with
the two nearest Pr-neighbours (Feyerherm et al., 1995).
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Figure 2.16. CEF-splitting with and without the u* of the 3H, groundstate multiplet of
PrNis (Feyerherm et al., 1995).

CEF-potential. In the undisturbed case the hexagonal CEF Hamiltonian reads

Herr = By03 + BJ0% + B20? + BgoS, (2.84)

where the By and 07* (Stevens oberators) are defined as usual. The lowering of the sym-
metry will cause additional terms B7*07* to appear in Equation 2.84. The magnetic suscep-
tibility for a CEF-split groundstate multiplet can be calculated with Equation 2.23 which
requires the determination of the eigenvalues and eigenstates of the CEF-Hamiltonian.
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Admitting an additional term B202 and allowing BY and B2 to vary independently Xcpyp
was calculated and fitted to data shown in Figure 2.15. Best fits are indicated by the solid
lines. The resulting modified CEF-level scheme of the nearest Pr3+ are also displayed in
Figure 2.16. Below we compare the fitted BJ* values with undisturbed ones

0.555(5)
+0.085(5)

All other B, which are quite small, remain unchanged. The modified loca] susceptibility
can thus completely be accounted for by a modified CEF-interaction, modified due to the
presence of the u*. However, it was not possible to reproduce the new B3 by a simple
point charge model.

In the presented case it was possible to rationalise the p*-induced modifications of
the local susceptibility, but there are other examples where we do not yet understand the
pt-induced effects. A striking example is provided by measurements in the heavy fermion
compound URu,Si,. Figure 2.17 shows again a plot of K versus Xs7. Above 60K K scales
with X5, but below 60K K becomes essentially temperature independent while X5y, shows
a maximum near 50K and drops by almost 50% when lowering the temperature to ~ 10K.
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Figure 2.17. W -Knight shift in URuy Sty versus bulk susceptibility (Knetsch et al., 1993).

2.9 Transitions between different valence configurations

Mixed valent, intermediate valent and valent transitions are not uncommon in rare earth
intermetallic compounds. E.g. Ce may appear as a Ce**-ion with one 4 f-electron in the
4f-shell that renders it magnetic, or as a Ce’ -ion where the f-electron has become
delocalised conduction electron and consequently nonmagnetic. Valent transitions may
be accompanied by metal-insulator or metal-semiconductor transitions. WSR-spectroscopy
has not been applied very systematically to the study of such phenomena. In fact I know
of only one good example which, nonetheless, demonstrates that much could be gained
from such studies. The example concerns the cubic pseudo-binary systems SmygLag ;S and

)
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Figure 2.18. Temperature depen- Figure 2.19. Temperature dependence of
dence of the frequency shift (v(T)_w) in  the frequency-shift at Skbar. (Both figures
Smo.ss TmoasS at ambient pressure). are unpublished data, PSI 1996).

Smg g5 Tmg.15S. The motivation for looking at these systems is based on the hypothesis that
if the system is exposed to above a certain critical pressure a condensed exitonic state is
formed. The idea is that the strong Coulomb interaction between 4 f-holes and conduction
electrons produces exitons that condense into a new type of ground state (Wachter et al.,
1995) that is supposed to be nonmagnetic and insulating. At ambient pressure the systems
are metallic, exhibiting an intermediate valence and they become indeed insulators above a
certain critical pressure and at low temperatures. What could not be checked was the loss
of paramagnetism and here it was thought that SR via Knight shift measurements could
help out. Since SmS is a cubic system (NaCl) and the only interstitial site possesses a cubic
point symmetry as well, the only contribution to the y-Knight shift will be the contact
hyperfine field. Figure 2.18 shows the temperature dependence of the frequency shift
v(T) — vy (Vo = YpuHext) in SmggsTmg 155 at ambient pressure (Hex, = 6kOe). It reflects
the behavior of the magnetic susceptibility in SmS (apparently the Tm contribution is
not seen). Figure 2.19 shows the temperature dependence of the frequency shift at a
pressure of 5kbar. A strongly hysteretic behavior shows up. The same is observed as a
function of pressure at 80K ( Figure 2.20). Compared to Figure 2.18 it is seen that the
frequency shift (Knight shift) is much reduced and essentially temperature independent
above a pressure dependent critical temperature. Before discussing this, it needs to be
mentioned that, well separated from the uSR signal from the sample, one could also see
the signal from the u* stopping in the walls of the Ti-pressure cell. The temperature
dependence of the corresponding frequency shift is displayed in Figure 2.21 It reflects the
bulk magnetisation of the sample which produces an additional field in its environment.
We see that the shift is pressure independent. Moreover it displays the same temperature
dependence as the susceptibility of the sample at ambient pressure. The conclusion is
that the paramagnetic response of the sample does not collapse as the pressure is raised
above a certain critical value.

Also the collapse of the p-Knight shift under pressure and at high temperature is
not related to the formation of the exitonic condensed state. It rather reflects the well
known lst-order transition from an intermediate valent to a trivalent state. However,
the collapse of the p-Knight shift and its temperature independence is quite puzzling.
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Figure 2.20. Pressure dependence of the  Figure 2.21. Temperature dependence of
frequency shift at 80K. (Both figures are the frequency shift of u* stopping in the
unpublished data, PSI 1996). walls of the pressure cell.

It implies that either the local susceptibility is suppressed and has become temperature
independent or that the coupling constant A,y has dropped to a very small value and
only a temperature independent term (see Equation 2.66 or 2.77) may be left. Even if
pt-induced effects were involved they are strongly connected to the valence transition.

2.10 Paramagnetic and diamagnetic domains in Be

In Section 2.1.4 we have discussed the expected coexistence of diamagnetic and param-
agnetic (Condon) domains in the de Haas-van Alphen regime of the magnetic response
of conduction electrons if 4r0M /0B > 1. Until recently the only direct evidence for this
phenomenon was provided by an NMR experiment on Silver where the free induction
decay in a single crystal was observed. The presence of different domains was revealed
by a splitting of the NMR line (Condon and Walstedt, 1968). In principle an even better
system to study the Condon domains should be Be but NMR measurements proved to be
inconclusive, in part due to quadrupole splitting of the NMR line. Since the p* is immune
to quadrupolar interaction it may in fact be a better probe to study the development of
the Condon domains. And indeed, this turned out to be the case (Solt et al., 1996 and
to be published).

Figure 2.22 shows the Fourier transform of the uSR signal from a single crystal Be-
plate, obtained at 0.5K and H — 206340¢. The field is applied parallel to the normal
of the plate so that the demagnetisation factor N ~ 47. At this field the magnetisation
M(B) passes through a node. Clearly a splitting is seen which can be associated with the
simultaneous presence of differently magnetised domains. According to Equation 257 the

total field seen by the p* is given by

4
B, =H+ %Md — NMg + B, (2.85)

Note that the Lorentz field is determined by the domain magnetisation, while the demag-
netisation field depends on the effective sample magnetisation. B,y arises from sources
inside the Lorentz sphere. In the present case, these sources are the electrons moving on
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Figure 2.22. Fourier transform of  Figure 2.23. Calculated 47 M as a func-
SR signal obtained at 0.5K and H,, = tion of H near a node in M(B) occurring
20634 Oe in Be (Solt et al. 1996). at Hy. (Solt et al. 1998.)

Landau orbitals with cyclotron radii of several thousand A. One can show that in this
case B.;, = (87/3)My so that

B, =B =H + 47M, — NMj (2.86)

Since in this experiment N ~ 47 there will be regions where the condition B = H,y,
can only be fulfilled if the volume splits into paramagnetic and diamagnetic domains,
extending parallel to H through the plate, as we have seen in Section 2.1.4. Figure 2.23
displays the calculated

4m M as a function of the applied field H in a restricted range around Hy, corresponding
to anode in M(B). For H < Hy the sample shows a diamagnetic behavior (4rM < 0). At
the point P, where H = Hy, the forbidden B-range is entered and paramagnetic domains
with 47 Mg > 0 grow at the expense of the diamagnetic volume fraction with 47 Mp < 0
until the whole volume becomes paramagnetic. Note that |[Mp| = |Mg|. This is nicely
reflected in Figure 2.24 which shows how the splitting of the puSR-signal appears and
disappears with the periodicity of the dHvA-cycle. Figure 2.25 shows the corresponding
behavior of the signal amplitudes. We notice that in the split region the u* sees H-
independent internal inductions B,,. This can be rationalised as follows: the constancy
of Mg and Mp in the forbidden region requires that also the effective internal field H; is
constant. H; follows from

Hi =H- NMS = B]J = 47TM1) = BQ — 47TMQ = H() (287)

H, = Hy + 6H — NM, = H, (2.88)

NMg = 6H, (2.89)

i.e. the deviation of H from.H, is compensated by the change in the average sample
magnetisation. Hence we rewrite Equation 2.86 as follows

13”<P7 Q) = H() + oH + 47TM]J,Q — NMg = H() + 47TM/J7Q = const. (290)
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Solt et al. 1996, 1998)

According to Equation 2.33
Vd

Me = (1—a)Mp+aMqg = .
5= a)Mp +alMe “ Vg + Up

and therefore (in the forbidden range)
0H — NMp . 0H + NiMpl

o= —>5 —

N(MQ —MP) QNIMPl

The linear dependence of o on H is clearly visible in Figure 2.25

3 pSR-spectroscopy in magnetically ordered phases

3.1 Magnetic structure and internal field distributions

The microscopic magnetic field at the pt-site or sites in the magnetically ordered phase
consists, as in the paramagnetic phase, of dipolar and contact hyperfine components. In
the paramagnetic phase the static moments on each magnetic ion site had to be induced
by an external field. The moment arrangement in this case corresponds to a ferromagnetic
structure. In the ordered phase each magnetic ion at site r; possesses naturally a static
moment p(r;) and contributes to the net magnetic field at a given site (r,) which is then
given by a sum over all individual sources at r; (see also Equations 2.48, 2.54)

B, = Z (Al)(ru - ri) + EA(T(I‘LL - rz)) : H(ri) (31)

2

For simplicity we assume here that only one type of magnetic ion is present. Usually a
fair assumption is that the contact hyperfine field at the pt is caused by only its nearest
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neighbours with equal distance. We may then write

Bu = Aczu(rnn,j) + ZAD(ru - ri) ! [1,(1‘1-) (3'2)

As in the paramagnetic phase AD(ru~ri) and the lattice sum are determined by the crystal
structure and the p*-site or sites. A. may be taken from measurements of the contact
contribution to the Knight shift. The additional feature entering into Equation 3.2 is the
moment arrangement as symbolised by u(r;). In a ferromagnetic p is the same for every
r;. In an antiferromagnet it is often convenient to characterise the magnetic structure by
a propagation vector k, so that

p(r;) = p(r; + k(r; —r;)) (3.3)

for certain r; — r;. More complicated structures can be described by using multiple k-
arrangements. In Equation 3.3 the vector k is some rational multiple of the reciprocal
lattice vector G, so that indeed the same moment direction is repeated at some distance
commensurable with the lattice periodicity. In any case if p(r;) and the p*-site are known
it is relatively straightforward to calculate B, to any desired precision throughout the in-
volved crystal. This may be done in the real lattice space or one may use Fourier transform
techniques (see e.g. Dalmas de Reotiér and Yaouanc, 1997). In this way one finds that
magnetically equivalent sites (which are of course also crystallographically equivalent) are
associated with a distinct B,,. If there are several magnetically inequivalent p*-positions
more than one distinct field may be present (e.g. in ferromagnetic bee-iron, where the p*
is supposed to be located at a tetrahedral site with two magnetically inequivalent ver-
sions two distinct fields are expected). If the propagation vector k implies a long period
modulation of the ordered moments the number of distinct fields may rise appreciably.

Experimentally a small commensurate k may not be distinguishable from a situation
where k is incommensurate with the lattice periodicity. Both cases give rise to characteris-
tic satellites in the magnetic neutron diffraction pattern. An incommensurate propagation
vector k implies in principal that there will be no two sites r;, r; where the ordered mo-
ments will have the same absolute value and direction. Hence, also there will be no two
uh-sites which are magnetically identical. The effect will be a wide and smooth distri-
bution of fields over otherwise crystallographically equivalent pt-positions with drastic
consequences for the uSR-signal. The simplest possibility is a single-k sinusoidally mod-
ulated field-distribution B(r) = Bgsin(k - r). Muons exposed to this modulation with
P, (0) perpendicular to By will produce a SR-signal

P(t) = /cos (w(r)t)dr = /cos("/#Bot sin(k - r)) dr = Jy(t), (3.4)

where Jy(t) is the zeroth order Bessel function. The spectral distribution of B(r) is

fy =B 1
s LB/

The spectral distributions of some multiple-k incommensurate arrangements are displayed
in Figure 3.1 (Apih et al., 1998). They have to be calculated numerically.

(3.5)

Since

Jo(t) o cos <wt - %) for t0, (3.6)




Alex Schenck

1-q

I
N
e

3-q
lanar

3-q
nonplanar

A

T 1 © 1
4 2 0 2 4

(v-vo)!v,

Figure 3.1. Calculated spectral distributions for in-commensurately modulated plane
waves with single or multiple propagation vectors (adapted from Apih et al., 1998).

we detect the presence of the Jy(t) term by finding in the coswi-fit a phase shift of the
order of /4. So far the nicest observation of a Jo(t) in a pSR-signal was achieved in
CeAls, (Figure 3.2). In the calculation of B(r) or f(B) it is the dipolar fields at the

A symmetry

clea b vt e by

2.0 3.0
Time (us)

Figure 3.2. ZF-uSR signal observed in CeAls at 10mK. The wiggling component 1s best
fitted with a zeroth order Bessel-function (from Amato 1997).

ph-sites stemming from the modulated moments which must be primarily considered.
Recently Markus Pinkpank and Daniel Andreica have found a simplified way to cal-

culate the distribution of BP over sites which are magnetically equivalent save for the

modulation of the moment values. The dipole field B produced by the moments m;,
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located at sites R; at the ut at site r, is as usual given by

N m; 3(m;-r;)r;
B *Z<r‘3* rd )’ r,=Ri—r,
where

m; = mgcos (27k - R; + ¢;),
with k the propagation vector. Then

3 TG
BP Zcos(27rk ‘R + ;) (% = (moﬁsr)r> )

i L

3(mg - ry)r;
cos(2rk - 1,) )" cos(2rk - r; + ;) (% - ﬂ;‘l)

% T

m dmen)

—sin(2rk - r,) Y sin(2nk - r; + ;) (r_3 — =

] T3
= Ccos(2rk-r,) + S sin(2rk - r,,). (3.10)

Since we consider only magnetically equivalent sites the sums C and S are the same for
all these sites. The modulation of BP over these sites depends only on r,. Equation 3.10
describes actually an ellipse and BP is the radius vector from the origin to a point on the
ellipse. For an incommensurate k and a sufficiently larger number of equivalent sites every
possible point on the ellipse may be reached. For a commensurate k only a few distinct
BP will occur. This calculation has to be repeated for each magnetically inequivalent
site. Equation 3.70 is also useful to calculate the precession cone for each r,. The Bessel
function Jy(t) seems to describe ZF-uSR signals in UNigAls, CeAl,, (TMTSF),PFs, and
possibly others.

3.2 uSR-spectroscopy as a complement to neutron scattering

I think it is intuitively clear that, once a magnetic structure is known, one can predict
the local field at the u* position, but in turn it is not possible to unambiguously derive
the magnetic structure from measured local fields. This is so because the u* only senses
the magnetic fields created by nearest neighbours and the long range properties of the
magnetic structure are beyond the reach of a local probe technique. In this respect elastic
neutron scattering is by far a superior technique, since it works in reciprocal space and the
diffraction pattern is the better developed the longer the range of the magnetic order or,
in other words, the longer the correlation lengths is. If, on the other hand, the correlation
length is very short the diffraction peaks will broaden and eventually disappear while
the u* continues to sense more or less unchanged local fields. But even if the magnetic
structure is truly long range, it may be rather complex in which case the diffraction pattern
(intensities and peak positions) may no longer be uniquely correlated with a particular
structure, e.g. multiple-k structure. Tt is then worthwhile to apply uSR-spectroscopy.
Locally, different models, explaining the neutron data, may lead to quite different fields.
In addition, when using single crystals uSR will also allow to determine the directions
of the internal fields with respect to the crystal frame (may not work in cubic and multi
domain crystals).
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Figure 3.3. Moment arrangement in the Figure 3.4. Moment arrangement in
AF-ordered phase of Uyq4Aus; according to the UrngAusy according to Dommann et al.,
Brown et al., 1997. 1990. See text for legends.

A good example in question is provided by the system Uj4Aus, which was already
discussed in Section 2.7. As mentioned there, the u™ is found at two crystallographically
different sites both located in the z = 1/2 plane (see Figure2.12).

The results of the latest magnetic structure determination by neutron scattering is
shown in Figure 3.3 (Brown et al., 1997). The moments are arranged in the (a,b) plane
in a kind of hexagonal star both in the z = 0 plane (U2-atoms) and the z = 3 plane (U1-
atoms). The ordered moments of the Ul-atoms and the U2-atoms are different (1(U1)
= 2.1pup, p(Us) = 1.35up), the U3-atoms carry no ordered moment. An earlier neutron
scattering experiment came to a different conclusion (Dommann et al., 1990): again
no moment at the U3-sites, and different moments at the Ul- and U2-sites, (u(U,) =
0.5up, 11(Us) = 1.6pup), but the moment directions are parallel to the c-axes and the
overall AF-structure is more simple as depicted in Figure 3.4. In the figure large and
small circles designate the U2 and Ul atoms. Open and hatched circles refer to moments
parallel and antiparallel to the c-axis.

ZF-pSR measurements (Schenck et al., 1998) below Ty = 22K yielded a signal which
turned out to be composed of two oscillating components with different frequencies (see
Figure 3.5 and Figure 3.6) and a small third non-wiggling but relaxing component. The
two oscillating components accounted for 90% of the total polarisation. this implies that
the initial p"-polarisation P, (0) was essentially oriented perpendicular to the two internal
fields B; and since P, (0) was oriented nearly parallel to the c-axis it follows that the B;
are confined to the (a, b)-plane.

Adapting either of the two suggested structures we calculated the expected field maps
in the z = 1/2 plane and searched for those positions at which the calculated B; agreed
with the measured ones. Figure 3.7 and Figure 3.8 display corresponding contour plots
using either the structure of Dommann et al. or the structure of Brown et al. Indicated
on these plots are also the p*-sites as determined from the p*-Knight shift according to
Section 2.3. We see that the measured fields can only be reproduced with the non-collinear
structure of Brown et al., (1997). Also the measured direction of the internal fields B; is
only compatible with the ordered moments lying in the (a,b)-plane. If the structure of
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Figure 3.5. ZF-uSR signal in UiyAus, at 19K. (Ty = 22 K) (Schenck et al., 1998).
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Figure 3.6. Temperature dependence of the two spontaneous frequencies below Ty in
UisAusy. The solid lines represent fits of Eq. 3.11 to the data (Schenck et al., 1998).

Dommann et al. were present the B, should be parallel to the c-axis. The example shows
that even a qualitative feature of the uSR-signal could be sufficient to rule out a certain
proposed magnetic structure.

In passing we note that the temperature dependence of the spontaneous frequencies
is well fitted by the expression

w=wy (1+(T/Tn))’ (3.11)

with § = 3.2 and # = 0.34(3). The parameter (3 is a critical parameter which describes
the order parameter near the phase transition and depends on the type of the spin-spin
coupling and its dimensionality (e.g. 3D-Heisenberg (8 = 0.38), 3D-Ising (8 = 0.312),
2D-Ising (f = 0.125)). Unfortunately the measured 3 is not accurate enough to decide
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Figure 3.7. Calculated contour lines on the basis of the structure of Brown et al., (1997)
corresponding to the measured B; in the z = % plane. Note the coincidence with the known
ut-sites. (Schenck et al., 1998).
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Figure 3.8. Calculated contour lines on the basis of the structure of Dommann et al.
(1990) corresponding to the measured B;. There is no overlap with the known u*-sites.
(Schenck et al., 1998)

whether the 3D-Heisenberg coupling or the 3D-Ising coupling governs the magnetic be-
havior. The other non critical parameter §(> 1) reflects magnon excitations which tend
to suppress the order parameter already at low temperatures.

Now that we know that uSR can be used to confirm even quite complicated struc-
tures lets have a look on two examples where neutron scattering and pSR seem to yield
incompatible structural information. (But, nota bene, these are not the only ones!)

The first example concerns CeBg which enters into an antiferromagnetic state below
Ty = 2.3K. According to neutron scattering results (Effantin et al., 1985) the magnetic
structure is of a double-k commensurate type with a maximum moment of 0.28up (see
Figure 3.9). We also know the p*t-site. There is only one type of site involved, located
between two Ce-atoms (e.g. at the position (0 0 1/2)). Calculation of the local fields on
the basis of the structure seen in Figure3.9 predict seven different local fields, grouped
into two narrowly split triplets and one singlet. The calculated spontaneous frequencies
range from ~ 4.1MHz to 12.2MHz. ZF-uSR measurements, however, reveal a completely
different picture, as can be seen in Figure 3.10, displaying the Fourier transform of the
iSR-signal. There are eight well resolved components extending from 2.7MHz up to
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Figure 3.9. Magnetic structure of CeBg according to Effantin et al., 1985.
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Figure 3.10. Fourier power spectra of the ZF-pSR signal in CeBg below Ty . (Feyerherm
et al., 1994).

76MHz at 60mK. There is not only a problem with the suggested structure but also with
the magnitude of the ordered moment. Whatever moment arrangement is assumed for
the u* nearest Ce-neighbours it is impossible to find a frequency as high as 76MHz.

The other example concerns the high temperature superconductor HoBayCu3zO7. In
this compound the Ho-4f moments enter into a 3D-long range AF-order below 190mK
(Roessli et al., 1993). Above that temperature a 2D-order, confined to the Ho-plane is
observed. According to neutron diffraction work (Roessli et al., 1993) the low temperature
value of the ordered moment amounts to 2.8p and the AF-structure is described by a
single propagation vector k = (0 1 1), i.e. the magnetic unit cell is doubled along the
b- and c-direction and the moments are arranged ferromagnetically along the a-direction.
The pt-position in YBa,CuzO7 is known to be near a chain oxygen at a distance of
~ 1A(Weber et al., 1990). Using the structure of Roessli et al., and performing dipolar
field calculations for the mentioned site (there is no contact contribution in this oxide)
one predicts a field of 6.4G while the measured field is of the order of 200G. (Birrer et
al., 1989; M. Pinkpank, private communication, see Figure 3.11). Obviously we have a

problem here. But who or what is to blame? We don’t know yet.
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Figure 3.11. ZF-pSR signal in HoBay Cus O7 at 50mK. The rapidly wiggling component
corresponds to a field of ~ 240 G. (M. Pinkpank, private communication).

3.3 Ultra small moment magnetism in heavy fermion systems

This lecture should not end without touching on another very important facet of the uSR
technique, namely its potential for detecting rather weak magnetic fields down. to the
order of 0.5G and correspondingly small magnetic moments. We know that the dipolar
field distribution from nuclear moments can readily be monitored. Hence it should be
possible to detect also very small moments of electronic origin. Very small moments of
electronic origin may be expected in Kondo lattice systems where the Kondo effect nearly
but not completely screens the local moments or in systems showing itinerant or band
magnetism. Experimentally it is not really possible to distinguish a small distinct field
from a distribution of very small fields since for wt <1

(3.12)

Also the Gaussian function for very small arguments is hardly distinguishable from an
experimental decay when fitting some data. Another problem is to decide whether a
slowly relaxing signal in ZF reflects static or dynamic features. Usually a distinction can
be made by performing LF measurements. But Dalmas de Reotier et al. (1998) have
recently discussed cases where the dynamics may be suppressed by small magnetic fields
if the magnetic excitations are in the 10neV range. Since the system doesn’t care whether
a LF or TF-geometry is used suppression of the dynamically induced relaxation should
be visible in a TF-experiment, while a static distribution should not be much affected.

The best example for the appearance of some ultra small moment magnetic order
is probably seen in the heavy electron compound CeRu,Sip. Figure 3.12a displays the
temperature dependence of the ZF-relaxation rate X (using an exponential decay function).
The rates are tiny but a clear iherease of X is seen below 2K. In longitudinal fields this
increase is quenched. If the increase of A is interpreted as reflecting the development of a
static field distribution (AB ~ 0.2G) and taking into consideration the known pt-position
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Figure 3.12. (a) Temperature dependence of ZF-relazation rate )\ in CeRu,Sip, (b)
temperature dependence of TF-relaxation rate (Dalmas de Reotiér et al., 1998).

in this compound one estimates for the size of the moments a value of ~ 10~3up (Note
that the proton nuclear moment has a value of ~ 3 x 1073up) Nothing, of course, can
be said, about the magnetic structure, but it may not be unreasonable to imagine it as
an incommensurate modulated structure (Amato et al., 1994). This may also allow to
understand why the relaxation function seems to be an exponential. The definite proof,
that dynamics is not involved is provided by recent TF-measurements (Hexy = 1000¢) by
Dalmas de Reoteér et al. (1998), see Figure 3.12b. Again below 2K Arr increases. These
data are more accurate since they were obtained at the pulsed muon source of ISIS.

Another interesting example is seen in the famous heavy fermion superconductor
Ui, Th,Bep. The superconducting phase diagram is shown in Figure 3.13. In the dop-
ing range 1.9%< z < 4.2% two phase transitions show up as revealed by specific heat
measurements. The upper transition temperature T}, is still associated with the onset
of the superconducting state, while the nature of the lower Teo was unknown. ZF-uSR
measurements (Heffner et al., 1989) revealed a pronounced increase of the ZF-relaxation
rate o (this time best described by a Gaussian relaxation function) as the temperature
was lowered below Ty, as can be seen in Figure 3.14.

Note that o is already quite high above T,y, in contrast to the situation in CeRu,Si,.
This is due to the Be nuclear dipale fields which produce a field distribution at the ut-
sites with a width of the order of 2.8G. The broadening below T, amounts to about
2G. Apparently the phase below 7., besides being superconducting is associated with
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Figure 3.13. Superconducting phase di- Figure 3.14. Temperature dependence of
agram of U,_, Th,Be;s. the u-ZF relazation rate o, specific heat
and ac-susceptibility. (Heffner 1989).

the development of small static moments of the order of 5 x 10~ 5, probably randomly
frozen. The true nature of this state is still not settled, but an interesting conjecture is
that the superconducting state below T, violates time reversal invariance leading to the
spontaneous appearance of spin or orbital moments (Sigrist and Rice, 1989).

Finally one cannot discuss ultra small moment magnetism without referring to another
heavy fermion superconductor: UPts. First evidence for a magnetic state below (5-6)K
came from an early pSR-experiment (Cooke et al., 1986), see Figure 3.15. Since then
both neutron (Aeppli et al., 1989) and synchrotron radiation (Isaacs et al., 1995) work
has confirmed the development of antiferromagnetic order below 6K and the ordered
moment was determined to be ~ 0.02up5. Strangely enough, all further uSR-studies, on
high quality single crystal samples ( Figure 3.15) could not find any evidence for the
presence of magnetic order. Also, using NMR, the small moment magnetic structure was
not seen (Kohori et al., 1990). How can this be understood?

It is well known that by substituting Th for U, or Pd for Pt normal moment AF-order
is observed (e.g. in U(Ptggs Pdogs)s .m = 0.62up/U). The structure is found to be the
same as in pure UPt3. And in these doped systems also ZF-uSR measurements (de Visser
et al., 1997) reveal the presence of magnetic order by a typical oscillatory behavior (see
Figure 3.16). The data in Figure 3.16 are excellently fitted by the 3 component function
(polycrystalline sample).

2 1 .
P(t) = A1 (g(if/\ot coswt + 567“> + AQGLKT()\Qt) (313)

with Grkr is the Lorentzian Kubo-Toyabe function, demonstrating the presence of two
different p*-sites (or magnetic domains?) The first site is associated with a local field
of ~ 590G at T < Ty =~ 6.2K, the second site or sites seems to show a Lorentzian field
distribution with zero average. Believing in the quoted magnetic structure a zero average
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Figure 3.15. 7 F-relazation rate in UPty showing strong sample dependencies (taken
from Amato, 1997) (original data are from Cooke et al. 1986 and Dalmas de Reotier et
al., 1995).
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Figure 3.16. ZF-uSR signal in U(Pto,gg,Pdg_os)g. The solid line is a fit of Equation 3.13
to the data. (de Visser et al., 1977).

field is calculated for the so called a-site (0 0 0) and a finite field at the g-site (5 00).
Rescaling the field of 590G by the moment ratio 0.02/0.62 we should have seen a field
of 19CG also in UPts, provided that the same site is occupied as in U(Pto.gs Pdgs5)3- Do
we have any evidence for a two site occupation in UPt from Knight shift measurements?
There may be some small splitting in the TF-signal, but there are conflicting results
from measurements on different samples. In any case if the g-site should be occupied one
expects a sizable spitting into up to 3 components which is definitely not seen, also not in
measurements of the Knight shift in a single crystal of U(Pto.o5 Pdogs). The appearance
of two signals in the ordered state of U(Ptg.95 Pdo.os)3 remains a mystery and hence cannot
be used to help solving the puzzling absence of any signature for the small moment ordered
state in the pSR-signal. But may be, the explanation has to be searched for elsewhere.
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The fact that also NMR does not reveal the ordered state, although at the Pt-site one
expects a field of 900G, has led to the suggestion that the moments in UPts fluctuate with
a correlation time, long compared to the neutron time window, but short on the time scale
of NMR and pSR-spectroscopy- This example illustrates I believe in an exemplary fashion
the types of problems one may encounter in a pSR-study when trying to reconcile different
aspects of the experimental results not only from SR measurements but also from other
techniques such as NMR and neutron-scattering. In the end if consistency can be achieved
one has truly expanded a bit our understanding of how nature works in some particular
case. Maybe it is only a small step forward, but progress is often only achieved step by
step, like learning how and when to apply pSR-spectroscopy.
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