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ABSTRACT

We have studied the magnetic fluctuations in the paramagnetic phase of
rare-earth aluminium intermetallics of the type (RE)AIZ, by the method

of transverse field muon spin rotation (u+SR). in cases with strong &4f-
exchange these fluctuations slowed down notably on approaching the Curie
peint T.- We attribute this slowing down to the formation of paramagnetic
spin correlations which are observed to persist far above TC. The crystallo-
graphic site for the u+ is discussed as well as the hyperfine field induced

at this site due to interstitial electron polarization.

To be submitted for publication in the Journal of Physics F



1. INTRODUCTION

a

Recently a number of papers on itinerant magnets have repdfted the existence
of paramagnetic short-range correlations (SRC) at temperatures Substaﬁtialiy
higher than the critical temperature 'I'c {Lynn, 1975, Hayano et él., 1978,
Déportes et al., 1981, Ziebeck et al., 198la, Brown et al., 1982). For
instance in MnSi (Ziebeck et al., 1982a) SRC's exist to at least 20 Tc.
These SRC's appear in all purely itinerant magnetic systems studied up to
now and a theory has been developed to explain the experimental findings
(Korenmann et al., 1977, Capellmann, 1979, Koremmann et al., 1979, Moriya,

1979).

In systems with localized magnetism the existence of SRC seems to depend

on the studied system. For instance in szMnSn no SRC are found (Ziebeck

et al., 1981b) whereas they have been reported for Man, PrAl2 (Silbernagel
et al., 1968) and CeAl2 (MacLaughlin et al., 1981). For Fe and Ni the inter-
pretation is still under discussion (Uemura et al., 1983, Lynn, 1984). The
very recent neutron scattering data on iron (Wicksted et al., 1984, Steinsvol
et al., 1984) may, however, have eliminated the evidence for long range

(15 A) ferromagnetic correlations above '1‘c in these materials.

The methods used so far to study short range correlations in the paramagnetic
phase are either neutron diffraction studies or observations based on spin
relaxation. In the latter case it is important to note that correlations

are best studied by a nuclear (or other) spin probe that does not belong

to the paramagnetic ion itself. In intermetallic compounds such as the

Rare Earth Aluminides (REAIZ) where one of the species (Al) is non-magnetic,
the spin relaxation of the Al-nuclei depends, semsitively, on the in-
stantaneous direction of the neighbouring paramagnetic spins, whereas a
RE-nuclear spin (as seen e.g. in Perturbed Angular Correlatioms,PAC) mainly
relaxes through hyperfine interaction with its own local RE-ion and correla-
tions can then be observed only indirectly. Information on local correla-
tions can, in principle, also be obtained from relaxation of spins of
nuclei or particles placed in interstitial positions between magnetic atoms,
such as the u+—spin. A uSR study of this type in the rare earth metals was
first carried out by Grebinnik et al. (1979). However, no detailed con—

clusions concerning SRC were drawn.

In order to understand the origin of SRC in systems exibiting localized
magnetism, we have studied a series of magnetic REAlés (RE: Ce, Pr, Nd,

Gd, Dy, Ho, Er and Tm) by the uSR-technique. This technique (see e.g.
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Karlsson, 1982) is well suited for a systematic study of the spin relaxa-
tion down to Tcwithall the rare earths. As far as other methods are con-

cerned, several of the RE isotopes (e.g.l57

Gd) show strong neutron absorp-—
tion and are, therefore, not accessible to neutron diffraction unless
enriched material is used. The A127 nuclear magnetic resonance (NMR) signal
can only be detected for a few of these compounds at high temperature;

T > Tc (Silbernagel et al., 1968). It will be also shown in this paper
that the u+SR—spectra are sensitive to another range of magnetic correla-

tion times than NMR.

The rare earth aluminides were chosen as first objects for a u+SR-study also
because they constitute a long series of magnetically similar compounds with
other properties well known from previous works (Barbara et al., 1982). In
particular the electronic level structure of the rare earth ions in the

crystal field is well established.

In addition to the information drawn from spin relaxation, values for the
transferred hyperfine field at the muon site can also be derived, using

the paramagnetic Knight shifts observed in u+SR.

The outline of the present paper is as follows. In section 2, we give the
experimental arrangements. In section 3, the method used to analyse the
data is explained and the main characteristics of these data are given.
Section 4 is devoted to a discussion of magnetic and electric interactions
in the u+—RE system as well as the possible sites occupied by the muons.
Section 5 deals with the static hyperfine fields at the muon sites and in
section 6. we give some elements of a qualitative theory of the positive
muon depolarization function in magnetic metallic compounds and analyse

our damping rate data within this theory. This allows us to obtain in-
formation on the spin-spin correlations and the u+ site. Section 7 contains
some concluding remarks. Finally, some detailed calculations are given in
an appendix Some of the material given here has already been presented

at conferences (Chappert et al., 1981, Asch et al., 1983, Hartmann et al.,

1984).



2. EXPERIMENTAL ARRANGEMENTS

The u+SR facilities at CERN require fairly large samples because of the
relatively low u+ stopping rate. Alloys of about 50 g weight were prepared
at CNRS, Grenoble, by induction levitation melting of stoichiometric
amounts of 5N Al and 3N RE. Basically, our process produces polycrystalline
ingots with a spherical base of diameter ¥ 25 mm and a slightly cone-
shaped top (Lemaire, 1967). Due to the strongly exothermic reactioms,
mechanical strains can break the sample in pieces and repeated meltings
were sometimes necessary to obtain a good sample. No further treatments
were made. The experiment on CeAl2 was made on the single crystal used by
Rossignol (1980). This crystal was not oriented. Some of the samples,

as for instance GdAlz, showed a considerable magnetic hysteresis, so that

special care must be taken in interpretation of the data near Tc'

The u+SR measurements were made using a standard transverse field set-up
with magnetic fields on the samples typically ranging from 10 mT to 500 mT.
The samples were placed either in a He-flow cryostat (200 K-2 K) or a closed
cycle refrigerator (400 K-10 K). The cryostat walls were ﬁept as thin as
possible to reduced the background signal. Temperatures were measured by Pt,
Si or GCe thermometers and the temperature stability during each run was

typically 1 K.
Transverse field p+SR data are usually fitted using the expression

N(t) = N exp(-t/Tu){l + aoP(t)cos(wut + ¢)} + Bg (1)

o
where N(t) is the positron count-rate as a function of the time t elapsed
between the entrance of the u* in the sample and the detection of the
positron emitted in its decay. No is a normalization constant 1‘u is the

u+ lifetime (2.2 10“6 8), ¢ is the phase of the u+ spin rotation, which
depends on the gecmetry of the experimental set-up, and Bg is the accidental
(time-independent)} background. In addition there is always another back-
ground for muons stopping in cryostat walls etc. These muons give a small
signal precessing‘with (almost) the same frequency as those in the sample.

In some of the experiments the stainless steel dummy technique described

by Kehr et al. (1982) was used to determine the background signal from muons

stopped outside the sample, which may represent 10-30 % of the observable



asymmetry ag. For the REAl2 compounds, the difference in frequency
between muons in the sample and in the cryostat walls was often large

enough to make a direct determination of the two signals in the spectrum.

The physical parameters of interest in eq. (1) are the initial asymmetry

of the positron angular distribution ay, the damping P(t} of the u+ spin
polarization, and the Larmor precession frequency @, of the u+ spin in the
resulting field gu-it_ihe muon site. The frequency f is wu/ZH = YUBU where
Yu = 1,3554 x 100s T . The damping term I’(t) is for simplicity taken to be
either of Lorentzian, P(t) = exp(-At), or of Gaussian, P(t) = exp(—02t2),
shape, which represent the two extremes of complete motional narroving and

static inhomogeneous broadening, respectively.

3. EXPERIMENTAL 1i° SR DATA

3.1 General features

The USR parameters were first obtained by fitting Eq. (1) to the experimental
spectra, in general using a two-frequency fit without restrictions. In the
cases where the two frequencies were too close together for an unambiguous
fit with free parameters, the background signal had to be assumed to have
temperature-independent amplitude, damping or frequency. For DyAlz, Pral,
and GdAl2 in fields of 100 mT or higher, unrestricted fits of all para-
meters was normally possible, while in HoAlZ, ErAl, and in most spectra at
lower fields, the above limitations had sometimes to be applied. In these
latter cases, where the two frequencies were not fully resolved, the data

evaluation was complicated and not always unambiguous.

The following main features emerge from the transverse field spectra of the

REAI2 compounds:

a/ The total amplitude a, of the precession signal is very much reduced
below 'I‘c and the remaining asymmetry is consistent with the fraotion

of muons sitting in the cryostat walls.

b/ Above Tc’ the signal is characterized by a temperature and field
dependent damping P(t) which is strong close to Tc, but decreases

towards higher temperatures.
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c/ Above T , @ frequency shift of the sample signal can be observed in most
of the samples. Close to TC the shift is so large that the beating of
the sample frequency and the cryostat frequency can be directly observed

in the spectrum.
Examples of these three effects are given in figs. 1-3.

Figs la and 1b show the case of the polycrystalline DyA12 sample in an
external magnetic field of 0.13 T. One of the two components of the signal
called "background" has a fairly low asymmetry a, and its parameters change
little in the temperature range above Tc' It also agrees well with the weak
precession signal remaining at temperatures below the magnetic transition.
We attribute this component to muons stopped in the cryostat walls, sample
holder, etc. Below Tc the spontaneous magnetization of the ferromagnetic
compounds causes a distortion of the applied magnetic field in its environ-
ment (cryostat, sample holder, etc.) and this is the reason why the "phack-
ground” signal is shifted in frequency and strongly broadened below T _.
These "background™ signals will not be discussed further, but they can not
be neglected since theyconstitute an important correction for obtaining the

true properties of the signal from the sample.

The sample signal in Fig. 1 shows a strongly increased damping rate when T
approaches Tc from above, and this signal is lost in the ferromagnetic
region. For this particular sample, there is also a strong increase in the
frequency when T is approached. Note that in fig. 1b we present the
Gaussian damping rate, which in general gives a better fit than the Lorentzi
close to Tc' It should be noted that the observed damping rates are field-

dependent. Fig. 2 shows a few examples of this behaviour, which also shows

that the extrapolated damping rate at zero field is non-—zero.

The frequency shift of the signal can have either sign. In the example

shown in fig. 3 (PrAlz) it is positive but in GdAl, it is strongly negative.
Positive means that Bu+ > B e where B___ is the value of the applied
external field. From the systematic study of the magnetic field and tempera-
ture dependence of the absolute value of the frequency shift, |ag|, it is
seen that |Af| varies linearly with Tc/(T-TC) and B_ .. We define a para-

meter kf characterizing the frequency shift through

Af = k t:/('1‘—'J:c) (2)

f'Yu Bex _
and such a parameter kf can be fitted for all the samples investigated.
In contrast,the damping rate data can not be described by such a simple
relation, and before proceeding with further fitting of the data, the

origins of the frequency shifts and damping rates have to be discussed.



3.2 The magnetic field data.

As mentioned above, the muon experiences a frequency shift given
by the parameter kf This is related to the local magnetic field sensed

by the muon which can be decomposed as follows:

- - -+ -+
Bu = Bext + Bcont * Bdip (3)
e
where Bext is the externally applied magnetic field, B cont the contact field

at the u* and Bd ip the total magnetic dipolar field. Magnetic corre-
lations between the Iocallzed magnetic moments give 2 negligible

contribution to B . For B we write:
W dip

-+ - -
= |
Byip = BL * Bdem * Baip (32)

—p

-

B, is the Lorentz field and B the demagnetization field. As usual,

L = (4“/3)M and Bd = =NM, where MS is the saturation magnetization
-

and M the bulk magnetization. N is the demagnetization tensor which

depends only on the geometry of the sample. In the paramagnetic state

..p
one replaces MS and M with MP where MP ext

bility. If the samples were of elllpso1da1 shape, the sum of the first

and ¥ is the suscepti-

two terms of eq. (3) could be written

2.2 2
- - - RE'LI UBgJ(J + 1)J >

1 = =
BL * Bdem = {47 3 N)XBext B kMXBext kM 3k (T - TC) Bext (4)

i

NREuouBgJ(J + 1) ;

® kfess TI(T-Ty) ext

where N is given for different axial ratios (see, for instance,
Zijlstra, 1967). Unfortunately, the actual shapes of our samples do
not allow a simple analysis of the demagnetizing factors, but rough
estimates will be given. In eq. (4) the usual high-T approximation for
the susceptibility of free ions is introduced qnd lM@ffI put equal to

U HpgyJ per ion. Nop is the mmber of RE ions per unit volume.
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B! of eq. (3a) is the dipolar magnetic field due to the 4f-

mgggetic moments inside the Lorentz sphere. These moments can be
considered localized from the point of view of the u+ because the
radius of the 4f-shell is ¥ 0.35 & (De Gennes, 1962) whereas the
distance between the shell and the u+ is ¥ 2 & (see section 4.1) In
the paramagnetic state the RE-dipoles still have a preferred orienta-
tion (although for the Bext we use, their magnetization is always
less than 107° of Ms), but due to the symmetry of the RE-sublattice,
these fields add up to zero for each u+~position, and the total
dipolar field will be given by eq. (4).

ey
The contact field B, in eq. (2) is due to the spin polarization of

nt
itinerant electrons at the muon site. This polarization is caused

by the f-s exchange interaction, and should be proportional to the
expectation value <8 >B T at a chosen external field and temperature,
i.e. proportional to thgxmagnetization. If crystal field effects

are neglected and exp(- uBgJB t/k(T - Tc)) is close to unity

ex
(which is the case for all fields applied here) the following

approximate relation should hold between the muon hyperfine
field <Bcont>Be t’T and the saturation hyperfine field BconéT = () expected

for fully poiarized R.E. moments at zero temperature in the ordered state

(Goldring and Sharenberg 1958, Barash et al., 1982)

; - uBgJ(J + l)Bcont(T =0 g
cont 3k (T =- Tc) ext

(5}

This relation has been shown to be well satisfied for Al-hyperfine
fields (Barash et al., 1982) in REAl,, where measurements have
been possible in the ferromagnetic as well as in the paramagnetic

state.

The relative frequency shift is given by

Af - Bu = Boxt - B * Biem * B ont
f - B B

ext ext

uBgJ(J + 1)

BT W) [Mege * Beone (T = O (6)

Since according to eq. (2), Af/f = kf/(T-Tc), the contact field
can be expressed as

3k
Bcont(T 0) = kf' uBgJ(J + 1) kMMeff (6b)




However, the large uncertainty in the kM-factors for our samples limit

severely this source of information on the local spin densities at the

muon sites (section 5).

3.3 The damping rate data

The magnetic fluctuations, which are the main object of the present in-
vestigation, should give a Lorentzian depolarization function in the
motional narrowing limit. In the previous section, we have noted that the
experimental damping rates increase strongly close to Tc, but that the rates
are field dependent and that the depolarization function is closer to
Gaussian in this region. This suggests that in our samples depolarization
occurs by two mechanisms: (1) the field distribution caused by inhomogeneous
demagnetization fields, (2) relaxation of the muons spins due to the

fluctuating environment.

1f these two depolarization mechanisms are independent, P(t) is given by

P(t) = Q(c) % Q,(t) (7)

where Ql(t) is due to field inhomogeneity (inhomogeneous broadening) and

Qz(t) describes the effect of the magnetic fluctuations.

The inhomogeneous broadening term is expected to be of the type
2 2
~J . . aq s .
Ql(t) =e %% witho proportional to the susceptibility, i.e.

B
. ext
o =k, TT, (8)

whereas Qz(t) = e-At has been assumed to be independent of Bext'

It was found that the damping rate data for each sample could except for
GdA12 and TmAl2 be well fitted with Eq. (8) plus a Qz(t)— term with

300-T _\*
A= Kyt e -7\(300)-(———.1._T) " (9)
2 x
(T-TC) c

where the exponent x varied between 0 and 0.7 (see Table 1). The physical
significance of this exponent is rather limited, and these fits serve mainly

to obtain accurate values for the inhomogeneous broadening constant kl.
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Examples of fits with Eqs 8-9 are given in Figs 4-5, while the k, and x and

1
A(300) parameters are found in Table I.

Extraction of the relaxation parameter A for a more detailed temperature
dependence study, A = £(T), can be made by extrapolating to zero in plots of
damping rate versus applied field (as in fig. 2). In practice this was done
by using the k1 parameters and subtracting this broadening from the observed
damping rates, which due to the different line shapes was made by numerical
methods. It turns out that only the data obtained at low fields (15 mT or
below) are really efficient for determining the relaxation rate, while the
data from higher fields (100-130 mT) help fo define the inhomogeneous

broadening and the frequency shifts.

All the compounds investigated order ferromagnetically except CeAl2 and
LaAl2
(Barbara et al., 1979). In fig. 6, we present the data for this compound.

. CeAl2 has a modulated antiferromagnetic structure below TN = 3.9 K

The frequency of the "background" signal does not, contrary to the case for
all the other compounds (see fig. la), change upon cooling below TN. This
is so because CeAl2 has no spontanecus bulk magnetization and therefore no
distortion of the magnetic field around the sample. This sample shows in
the paramagnetic range a damping rate which decreases with increasing T. It
should however be noted that NMR-work on 27A1 in CeAl2 {(McLaughlin et al.,

1981) indicates a maximum at 10 K.

As a comparison we have also performed a u+SR experiment on LaAlz, which
in all respects (crystal structure,etc.) is gimilar to the previously
mentioned compounds, ekcept that it lacks the magnetic 4f-electrons. The
results are shown in fig. 6. The damping rate should in this case only
originate from the Al-nuclear dipoles. Calculations of the latter damping
rate made for muons located in a typical interstitial site (see Section 5)
predict o = 0.16 - 0.28 us-l. Fig. 6 includes "low field" and "high field"
limits expected from the theory of Hartmann (1977). The experimental data
show a considerable spread, but appear to be intermediate between the
‘static muon' and the fast diffusion case. This result is unexpected since

the damping rates in PrA12 and NdAlz are very close to zero above 100 X,
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and it is likely that the muons are diffusing but that effects of trapping
and detrapping are visible in LaA12. Even if the muon diffusion rate might
be fast with respect to the muon lifetime, it is presumably not fast com-

pared to the paramagnetic fluctuations (see section 6).

In addition to giving information about the mobility which is most probably
a property shared by all sufficiently pure REAl2 compounds, the LaAl2
comparison also confirmed that the dominating damping mechanism in the
magnetic REAIZ'S is due to the localized 4f-electromns; and that the direct
relaxation of the u+ spin by interaction with the conduction electrons can

be neglected.

It should also be noted that independent information on the relaxatiom in a
few of these compounds has been obtained by the longitudinal u+SR technique
(Kalvius et al., 1984). Furthermore measurements in transverse field on

a spherical single crystal of DyAl2 confirm the importance of the inhomo-

geneous terms for the linewidth and frequency shift data.
4. INTERACTIONS IN THE u'-REAl, SYSTEM

4.1 Crystallographic sites for the u+

The rare earth aluminides REAl2 crystallise in the MgCuz—type, Laves phase
structure (C15). In this structure, the RE-atoms form a diamond lattice
while the Al-atoms form regular tetrahedra in the interstices between the
rare earths. The point symmetry of the rare earth site belongs to the cubic
(Td) group (Kirchmayer and Poldy, 1979). The structure is illustrated in
fig. 7.

Measurements on a similar compound, REFez, which was charged with hydrogen
(Fisch et al., 1979) have shown that at low hydrogen concentrations, the

2 Fe - 2 RE tetrahedra (the 2-2 configurations) are first occupied, then

as the concentration is increased there is a successive occupation of the

3 Fe - 1 RE (the 3-1 configuration) and the 4 Fe tetrahedra (the 4-0 configu-
ration), but octahedral interstices are never populated. Although this may
serve as a guide in our interpretation, we shall have to seek independent
confirmation using our own data, since Al and Fe-atoms on the lattice may
not be comparable. Furthermore, the higher zero-point motion of the muon

may lead to differences compared to the case of the proton. As a basis for
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the further discussion, a three-dimensional cut-out section of a muon in

one of the 2-2 positions is presented in fig. 8.

Fig. 7b is a [001]-projection of the unit cell showing the 16 possible 3-1
positions and the 12 possible 2-2 positions for interstitial muons (per unit
cell). The &0 configurations (not shown) form perfect tetrahedra whereas

for the 3-1 and 2~2 configurations the muon surrounding is slightly distorted

The cubic unit cell has a side length of about 8.00 3, decreasing slowly
along the series (see Table 11I). The u+-RE distance for the 2-2 configuration
is about 2.10 A and about 2.16 & for the 3-1 configuration.

Although the experiments are performed in the paramagnetic range it is im-
portant at this point to note that the REAl2 generally show considerable
magnetic anisotropies. The easy axis of magnetization is [100] for Pral,,
NdAlz, DyAl2 and i-loAl2 {
20 K) while TmAl, and ErAl, have [111] as the easy axis and GdAl, is iso-
tropic (Rossignol, 1980).

in which case there is a change to [110] below

4.2 The Hamiltonian for the local u+-RE system

The Hamiltonian can be written

= + + H + +
# Hmagn * Hcryst HJ,ext u,J Hu,I Hu,QJ M Hu,ext (10)

where the first two terms represent the exchange field and crystal field
interactions of the RE-ions without the muon present, and the third term is
the interaction of the RE~ions with the externally applied magnetic field.
The last four terms represent the additional jinteractions introduced when
the muon is present: HU.J is the magnetic interaction between the muon and
the RE moments, Hu,I the magnetic dipole interaction between the muon and
the nuclei (Al and RE) at surrounding positions, HU.QJ is an electric inter-
action caused by the electric field gradient set up at nearby RE-positions
by the muon and acting on the ionic quadrupole moment QJ, and Hu,ext’ finally
is the direct interaction of the muon magnetic moment with the external
field. These interactions are illustrated in Fig. 9. We will first discuss
the order of magnitude and the relative importance of these terms for the

local magnetic fields and the muon relaxation.
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H : the main contribution to this term is of the form
magn
2
T Tee S v 8y mm Mg I S; v S5 == ey Ity an
1,] 1>] 1>)

where Iff is an exchange integral over a pair of neighbouring 4f-spins and
the de Gennes factor (gJ—l) is introduced when S is replaced by J. In the
RE-system the value of this integral is determined by the RKKY-interaction.
Further contributions to Hmagn come from the exchange interaction between
each isolated 4f-spin and the conduction electrons which is of the "Korringa"

form 1 S -8 .
"

Hcryst: in the presence of the crystal field there will also appear terms
representing the magnetocrystalline anisotropy. The single ion interaction
can be deduced from the crystal field Hamiltonian (Lea et al., 1972). The
crystal field interactions are relatively large with total splitting of
about 200 K for CeA12, PrAl2 and NdAl2 and around 100 K for DyAlz, H0A12,
ErAl2 and TmAl2 (Barbara et al., 1982). The relaxation rates of the local
moments may be affected by crystalline anisotropies as indicated by Barsov

et al. (1984) for the case of Er-metal.

HJ,ext: the energy of the RE-moments in the external field is given by the
total Zeeman splitting AE = ZJHBgJBext’ which for the maximum field applied
here, 0.3 T, is of the order pf 1 K. Under these conditions the precession
frequency d? is about 1010 rad s_1 which is small compared to the quantity
h/TJ, where Ty is the relaxation time of the 4f-moments. Therefore the
external field and the slow muon diffusion are not expected to have any

influence on the results for the RE spin dynamics.



14,

H‘_1 g° the magnetic interaction between the muon spin IU and the RE-angular
’
moments 5-1 is a sum of dipolar and hyperfine interaction terms

B o= Hy o+ H 223 el Y SR AT RS S
Hs P i o7 r; ot r2
1 1
+ .
LA Lyt dy | (12)

1

where 8, = hYU/uN and g; are the muon and RE-ion gyromagnetic factors, r is
~i

the vector between the muon and the RE-ions and A; the hyperfine interaction

acting on the muon from the i:th RE ion. In general this interaction should
be described by a tensor but we assume an isotropic interaction. Since both
interactions are reasonably short-ranged we will take into account only the

nearest neighbour RE's at the same distance d having,therefore, the same

A, = A,
i

The dipolar strength measured by the parameter

Ny Myaty
(12a}

as=— —
4 d3 J
is of the order of 0.01 K or 10-26J. The corresponding dipolar fields are
about 1 T. The hyperfine fields at the muon sites are in the range 0.1-0.4
T as will be evaluated from eq. (6) and the hyperfine interaction described

by the parameter A is therefore usually smaller than the dipolar strength a.

HU I is the dipolar interaction between the muon and nearby nuclei. It is

?

about thousand times weaker than Hu J
1]

of the fluctuating RE-moments. Its influence on the damping rate when there

and can be neglected in the presence

are no f-electrons was measured in the case of LaAl2 (fig. 6).

HU Q is of the form (Abragam and Bleaney, 1970)
»
J

0 2
H =B, [3¢0,,)" - I+ D} (13)

U’QJ

where z' refers to the axis of the electric field gradient, EFG, {(along

the line I; connecting the u+ and the RE-ion). This adds a term of different

symmetry to the local electric interaction Hcryst for ions close to the

muon. The factor Bg is proportional to the 4f quadrupole moment expressed

-
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through the factors <r§><J][a||J> (Stevens, 1953) and to the EFG produced

at the RE site by the muon ¢ = eeff/2veod vhere e, is the U effective

charge.

Values estimated for Bg are very uncertain because the muon charge in a

metal is strongly screened, which reduces the effective charge (as seen

from a distance of about 2 & it may be reduced to one tenth of its free
value). On the other hand it is expected that Sternheimer corrections
associated ‘with "outer electrons” (5d and 6s) in the RE-ions amplify the

EFG on the 4f-shell by relatively large factors. By Méssbauer spectroscopy

on 161Dy in Dy-metal with a near neighbour vacancy, which has an effect
similar to a positively charged particle, Kikkert and Niesen (to be published.
have estimated Bg = 2.4 K. Keeping q constant over the series one obtains
estimates for Bg and the overall splitting AQ = 3B0 J2 a#s given in table

I1I. Except for GdAl, these fields are thus expected to be relatively

2

strong.

In analogy with the EFG effect on the nuclear quadrupole moment (Hartmann,

1977), the interaction ¥ Q will influence the dynamics of the 4f-moments
!
if the precession frequency mJ around the EFG-axis is comparable to or

larger than their relaxation rates {or equivalently, if the level separa-
tion caused by F is larger than h/T ), as was first discussed by
Schilliaci et al. (1984) As pointed out by Campbell (1984) a mnegative
Stevens factor, as for instance for the Dy-ion, will result in a preference
for the 4f-moment to lie perpendicular to the axis linking the RE-atom and
the muon (cf. fig. 8) If T.2 10.12 s, electric field splittings of the order

of a 100 K could have an appreciable effect on the relaxation rates.

H : in the fields applied the muon precession frequencies lie in the
M, ext
7 8 -1
range wu = 10" - 10 s ".
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5. THE HYPERFINE FIELDS

The hyperfine field sensed by the muon is a contact field. The wvalues
derived from kf and eq. (6b) are plotted in fig. 10 (upper part). The value
of the parameters of this expression for each sample is given in table IV.
The demagnetization field corrections have very large limits of error which
are reflected in the vertical bars. The polycrystalline sample of DyAl2 was
found to be partiallycracked making the magnetic

field inhomogeneous and the determination of the actual magnitude of the
field uncertain. The preliminary results from the spherical crystal of DyAlz,
which need no demagnetization correction, indicate a value close to zero

for the contact field for this compound.

The lower part of fig. 10 illustrates the theoretically expected dependence
on the number of 4f-electrons. The s-—electrons at the muon site are exchange
polarized by the f-s interaction exbressed by the integral L The hyperfine

field can be written

Bcont =C (gJ-l) J Ifs (14)
where the factor (gJ - 1) comes from the projection of'gf {table II) om

J . This trend is plotted in the lower part of fig. 10 for Ifs = constant
1 and

I

(filled circles). We have normalized to the GdAl2 data (Ifs(Gd)

Bcont (Gd) = 1).

However, it is known from previous work an Al-nuclei in REAI2 that the ex~- .
change integral decreases in an approximately linear way along the series.
Taking empirical values from Kaplan et al. (1973) leads to the trend

represented by the open circles in fig. 10. The agreement is satisfactory.

The contact field can be expressed (Jena, 1979) through the up~down electron
spin density difference at the muon site and the spin density enhancement

factor n for the muon (or protom)
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2u

o
- - — . 4+ - nt
Bcont 3 uB n(n n+)

(15)

when nt and nt are the interstitial electron densities (in absence of the

muon) for spin up and spin down, respectively. The quantity (nt - nt) is

(in LS-coupling) proportional to (gJ—l)J Ifs'

Interstitial spin densities have been measured for several of the
REAlz's by diffuse neutron scattering. In fig. 11, we have reproduced
the density map for NdA12 (Boucherle et al., 1981). Im the plane
represented in fig. 1] there are 2 muon positions of the 2~2 and 2

of the 3-1 type (compare figs. 7 and 8). Using our result for the
frequency shift in NdAl2 and the result of Boucherle et al. (1981)
(ug(nt = n¥) = (5 ¢ 2) 1073 uBA'3) we get n = 2(1) for the 2-2 posi-
tion. A similar evaluation assuming the 3-1 position leads to a
negative spin-density enhancement. No theoretical predictions exist

go far for n in these materials.

6. THE SPIN RELAXATION

The muon spin relaxes mainly through interactions with the RE-ions.
1f the coupling strengths are known, the u+ SR data can be used to

derive properties of the RE spin dynamics.

&.1 The relaxation mechanisms

From the first terms of eqs. (12) and (122) for the dipole interaction
and the estimates of the hyperfine fields made in the previous section,
we get a dipolar field produced by the RE moments of ~ 1 T (Table 1V).
which completely -dominates the hyperfine field (except for Gdal:).
The fields produced by the nuclear dipoles can always be neglected

when paramagnetic moments are present.



The depolarization of the u+ spin has, in the case of a fast fluctua-
tion of the RE angular momenta J, an exponential time~dependence
characterized by the parameter A. In our transverse field experiments
% is equivalent to the transverse relaxatiem rate Tz-! defined in

standard NMR theory (Moriya, 1956€)

Hog 2 o cos{(w, T)
A= %; = (fE_H -g dT[¢zz(T) + —5 u @, (T # ¢yy(T))] (16)

where w._ is the angular frequency of the muon in the applied magnetic
field and the ¢aa(T) for o = x, y or z are symmetrized correlation

functions for the magnetic field resulting - from eq. (12).

¢>m('r) = -12— |r<Ba(T) Ba(0)> + <Ba(0) Ba(T)>] = <{Ba(‘r),Ba(0)}> an

18.

The applied magnetic field is parallel to.the z direction:and its effect

on the_.expression for A can be neglected. Since the precession angle

w,T in the applied field during the period of the correlation time Ty
of the RE-moments is small, the cosine term in eg. (16) is close to

unity. In this limit the relaxation rate due to the hyperfine interaction

can be written in the case of cubic symmetry (sinmce B, = A_J./ngg ):
1 11 i

2 [- -]
(™ . 2(%) f’jg dre{a; (1,3, (OF (18)
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The dipolar interaction, which has a different symmetry, contains an

I.J temm producing the same type of expression as in eq. (18) (with A
replaced by a) When there are no correlations between different spins
(i.e. with only j = i terms), and if it is sufficient to include only thea= 2z
term in the dipole interaction then the addition of the tensor part of Hdip
has the effect that the product 32 is replaced by 3/5 a’ when integra-
tion over all angles is carried out for the polycrystalline case. Omission
of the non-secular terms (& = x,v) is a valid approximation for nuclear
dipoles since they usually relax very slowly compared to their precession
period in typical external fields (which means that a probe spin sees

only the z-component of the nuclear dipole field). In the case of para-
magnetic moments, however, the effects of non-secular terms have to be
included which means a further multiplication with the factor 10/3, as

discussed for instance by Tanaka and Tomita (1963).

The relaxation rate due to the dipole fields must therefore in our case

(cubic symmetry) be written

(@ _ 3 10 (a2 -
A 23 I (J) d'r<{Jiz(T),sz(0)}> (19)

A more complete proof of the multiplication is sketched in appendix A.
The hypothesis used to derive eqs. (18) and (19) are further discussed
in the same appendix. The values of a and A are presented in table V
for u+ in REAl,. The a-values have been calculated with eq. (12a) using

free ion moments (which are close to the experimental magnetic moments)

The same u+-RE distance for the two sites proposed have been used for the
whole series (based on 8.000 & for the side of the unit cube) although in
reality it is slightly decreasing in size over the series. The hyperfine

interaction constants are those obtained from the frequency shifts in this
work. The latter are important in order to get the total rate A only for
GdAl

2
(a2 + A2/2). For all others we can put A = A{d)

in which case the coupling constant X2 replacing 32 in eq. (19) is

For the 3-1 configuration A depends only on the auto—correlation func-

tion <{Jz(T},Jz(0)}> of one RE-ion
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A (3-1) - 422 Im ar<{s_(1)y,J, () }>
n? 0 2 e

while for the 2-2 configuration we have, since the two RE-ions are

eguivalent,
A 4’ J’w {
(2-2) =— [ ar[«{s . } {
ol kG . @by (1,3, (01>«
- ’ {
+ ({le(r),szz(mb+<‘Jzz(r),le(0)}>]
g8a? ~ . =

[ ar<da tmy,3, (0]

= L] er<do (m,g 0 }>+
0 0

1.{2

{21)

In the (2-2) case the interstitial probe measures, in addition to the
self-correlation function, also the local pair correlation function

for the spins 1 and 2.

The correlation functions are thermal averages over the density matrix of
the magnetic ions. In our systems, the RKKY coupling to other 4f spins
and the coupling of the 4f spin to the conduction electrons may produce
J-relaxation rates of the same order of magnitude. These rates are
simply additive. As indicated in fig. 9 there is also a direct J-J

dipolar interaction but it is negligible in the present context.

1f a short-time approximation is used then the time-dependence can be

separated out (following Moriya, 1956)

2 .2
mff"c

= (22)

<3, (1,3, (0) b o= <{5,,10),3,, (0 }>exp [-

where

Tr{J;,J;, XP (-H'/kT)}
(23)
Tr{exp=~(#'/kT)}

<{Jiz(0)’JjZ(0)}> =
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where H' = H + H + H . For J-relaxation through

+ f
magn J, ext cryst pQJ
the RKKY interaction the frequency w.. is proportional to the strength
of the exchange coupling Teg- In the high temperature approximation we

have for the exchange interaction frequency

(g;-1)*23(3 + 1)

2
" Jelff (24)
£e Y

3h?

where z is the number of nearest RE-ions surrounding each RE (z=4 for REAIZ).

In a mean field approximation, when H = 0, we have (Kittel,

1971, modified for Jinstead of 8)

cryst

3k8
P

I, =6
B 22(a 123 + 1) (23)

In our case ep = T . The factor & depends on the actual lattice and
typical values are 1.5-2, In the present calculation we have chosen
§ = 2. Using the high temperature limit for the self-correlation

we have:

-~}

' 1
{ d‘r<{JZ(T),Jz(O)}> =330+ [55— (26)
0 £f

We expect therefore, if no correlations are présent and only RKKY-

relaxation acts on the RE-moments, that

432 1
- 1 . (27H)
Tes = ‘gﬁg

where n = 1 for the 3-1 and n = 2 for the 2-2 positions.
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The quantities Iff as deduced from the Curie temperatures of the

different REAl2

the (TJ)ff and A-values expected assuming RKKY interaction only and

's (eg. (25)) are presented in table V together with

muons in the 2-2 tetrahedral sites. If the muons were in the 3-1 sites,
the A-values expected would be reduced by a factor of 2. These A~limits
are expected to be temperature independent down to the region where

correlations between the directions of neighbouring spins become important.

The Korringa mechanism is determined by the coupling strength Ifki . 8

where s is a conduction electron spin and the following expression for
the relaxation time of the RE-ions due to interactions with conduction
electrons has been used (strictly valid only for spin J = 1/2).
A
2
N (0)17kT

(T )y ™
J’ fk (28)
11'[Ifk

where NF(O) is the density of electrons at the Fermi surface for one
direction of the conduction electron spin. The de Gennes factor is
included in Ifk' The value derived from Loewenhaupt (1983) which gives,
with the present definition of Ifk’IIkaF(O)I = 0.08(4) is used for the

whole series of REAlz's.

In the presence of the Korringa mechanism the effective relaxation

time for the 4f-moments is computed from the relation

1 1
T, = =
J -1 -1 3 ooy 2
(per * (g °1Tc“JL(Jm * & [T Np (O 17kT (29)

since the two rates can be added. The quantity (TJ);; is proportional

to the temperature T, whereas (TJ}E; is T-independent in the absence
of correlations: hence the variation of ) with temperature will have
the shape indicated in figures 12-14 for different values of the

-1 K-l

11
parameters IIkaF(O) . The value of the constant C1 = 1.477-107" s
For temperatures very close to Tc the correlation functions are expected
to increase as (T-Tc)x due to the presence of the many-body correlations
leading to magnetic ordering at Tc. For the critical fluctuations in the

temperature range (T - Tc)/Tc<0'01’ scaling theory predicts x = -1.00
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A PAC-experiment using the hyperfine field of 100ph nuclei (Gottlieb
and Hohenemser, 1973) implanted in Ni-metal gave x = 0.70 (3) in this

temperature range.

If the muons in REAI are sitting in the 2-2 positions, as will be

argued in the next section, the second term in eq. (21) gives a possibility
to observe the T-dependence of the pair correlation function

<{J (T) J (0)}> The pair correlations are expected to exist at
temperatures higher than those for the long range order since they are only
part of the total many-body interaction. They may therefore show a less
pronounced critical behaviour than the bulk properties (compare calcula-
tions by Lindgdrd (1982) for other RE-systems). The pair correlation is
superimposed on a Pbackground" consisting of the T-independent term of

the self-correlation function.

Eq. (21) shows an advantage ‘of u51ng jnterstitial muons as spin probes:
the study of RE nuclear spin would only give the self-correlation part

of the spin dynamics since the hyperfine interaction with its own 4f-shell
is completely dominating.

6.2 Discussion of results from the muon relaxation

The experimental values of A, as deduced by subtracting the inhomogenous
broadening term by the procedures mentioned in section 4 are presented

in figs. 12-14.

As mentioned in section 3.3 the damping rates for three of the samples,
PrAl,, GdAl, and DyAl, have also been measured using the zero-field
u+SR technique (Kalvius et al., 1984). The results for the absolute
values and the temperature dependence of the dampings are in good
agreement with those derived here. The latter experiment measures the

Tl-relaxation, but for the relaxation rates encountered, T, = T,-
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The relaxation rates for the lighter REAlz's (Pr and Nd) are small and,
with the errors arising from the subtraction procedure, hardly distinguish-
able from the background. Low values are expected from eq. (27) remembering
that A is proportional to gj[J(J + 1)]3/2. The Curie temperatures are
comparable to those of HoAlz and DyAlz.

The A (T) curve for GdAl, remains relatively high even when the tempera-
ture is raised above 1.5 T..

The corresponding curves for DyAl2 and ErAl2 show large muon relaxa-
tion rates near L but a general decrease with temperature. On the
contrary H°A12 shows a relatively weak T-dependence. This can also be

seen from the x~values in Table I,

The quantitative comparison with eqs. (27} and (29) can be seen from
table V and the A(T)-figures. The limits expected when only the RKKY-
interaction is considered are indicated by horizontal lines expected
for muons in the 2-2 positions when no correlations are taken into
account. The Korfinga relaxation introduces a T-dependence through
eq. (29) for Ty For GdAlz,_Ehis dependence is weak in the temperature
range studied, since ETJ)ff is dominating, but it is noticable in
DyAl, where the Korringa relaxation changes the expected damping rates
at high temperatures according to the lines drawn for three values of

the quantity |[I (0)|. For HoAl, and ErAl, Korringa relaxation becomes

£xF
dominant and determines the shape of the curves.

The special case of CeAl2 (antiferromagnet in the ordered state) is in
reasonable agreement with expectations as far as A is concerned. The
results indicate a weaker T-dependence than should be expected for the
Korringa relaxation alone. An antiferromagnetic J,-J, correlation above

TN might be present.



25.

Figs 12-14 give support for a 2-2 assigrment for the u+ position.
The fits also agree reasonabely well with the wvalues for lIkaF(O)l
derived from Loewenhaupt. But before one can extract with confidence

the product |I_ N (0)| from the u*SR data, the model has to be refined.

6.3 RE spin correlations

In table V and figs. 12-14 it can be seen that the model described by
eq, (29) does not explain all the features of the experimental data,
particularly DyAl2 and GdA12. This indicates the existence of spin
correlations. In the other cases, correlation effects have not been
observed with certainty, either because of the dominance of the Korringa
relaxation or the difficulties in deducing the relaxation part of the

muon depolarization near Tc'

The correlations seem to persist to high temperatures (in terms of T/Tc)

both in DyAl2
a tentative explanation of this difference can be obtained by writing

and in GdAlz. As far as the pair correlation term is concerned

eq. (21) in the form (compare eq. (26)).
A o(2-2) = .8_3_2 L 3@e) 14 <13, _(0),9, (OO} (1)) ] (30)
22 3 J 1z Y2z J° pair
Evaluation of the correlation function at high temperatures gives:

21
ff 2 .1 2
<{J12(0),J22(0)}> =T (83'1) [E‘J(J+1)] (31

and using eq. (25), with z = 4 and § = 2,

Tc 1 Tc
- §'J(J + 1) 3T 32)

nlos

1
<{le(0),322(0)}> =3 J(J + 1)
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1f (TJ)pair = T3 the temperature dependence of A should have the form
~ T
kwAuncorr 1+ ET) (33)

which is included for DyAl, and GdAl2 in Fig. 14. A similar result has
been derived by Silbernagel et al. (1968) using another approach. The
remaining difference for DyAl2 can be understood in terms of a stronger
T-dependence for (TJ)pair than for g (as calculated for Eu0 by Lindgird
(1983)). For GdAl2 the measured relaxation rates also remain large compared
to the value predicted (A = 0.11 us-l) at T = 2 'I'c without correlations.
The high level of A observed in our experiments is however consistent
with the DyAl, data (which is seen when A is plotted as function of T/'I‘c
for both cases, see fig. 14).It is also evident from the interpretation
given above that the correlation effects are observable only when the RKKY
interaction is strong enough {(high Tc) to dominate in the ('rJ)_1 rate over

the Korringa mechanism.

An alternative way to explain these data is to take into account crystal
anisotropy that may help to stabilize the pair correlation along certain
axes. With an axial model for ', the evalutation of the traces would give
a strong T-dependence for the self-correlation term in eq. (21). However
Gd-ions in GdAlz, in contrast to Dy-ions in DyAlz, are known to have a very
small anisotropy and they should not be influenced by any orientational
dependence of the correlation function. An indication of a possible crystal
field dependence is given by the recent observations (Kalvius et al., to
be published) that DyAg, which shows antiferromagnetic ordering and has
different crystal field parameters but a similar Tc as compared to DyAl,,

shows a A(T) starting from the same high-T level, but increasing more slowly

on approaching Tc than in DyAl,.

6.4 Influence of the muon on the RE spin dynamics

In the comparison of the strengths of magnetic coupling between the different
spins, IU' IAI’ Ji’ J. and s we have noticed that for the RE angular momenta
J, the coupling to‘the muon spin Iu is negligible in comparison to the
coupling to other J's and to the conduction electrons. The presence of the

muon does not, therefore, perturb the REA12 system in this respect.
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As pointed out in section 4.2 the electric coupling may, on the other hand,
be important if the EFG set up by the muon charge at neighbouring RE ions
reaches the same order of magnitude as the crystalline field (CEF) normally
acting on the ions. If the EFG is stronger than the crystal field, this
leads to a precession of the RE angular momentum along the axis linking

the u+ and the RE-ion. The fundamental frequency of such 2 precession,

can be calculated from the values of B0 {which themselves are very

crude estimates) to be of the order of 101 - 1012 s-l, which means that J

=10 _ 4,711

e
OJJ,

would make one complete period in a time interval of 2 10 s,
1f this time is shorter than the corresponding period in the normal
crystalline field and also shorter than T, the relaxation time in the
absence of the muon, then the RE spin system would be perturbed by the
probe particle. An alternative way of comparison is to compare the overall
electric field splittings due to the muon EFG and the CEF. This is done in
table III. It is noticed that the action of the muon EFG should be par-
ticularly large for Pr and Ce ions because of their large <J[|a|[J>o<r§>

factors.

As is known for the case of the nuclear dipole interaction, an axial EFG
caused by muons will always reduce the effective second moment of the di-
polar interaction for polycrystalline samples and thus lower the damping
rate from its "free moment'-value. Since the latter seems to be well re-

produced for instance in the case of Dy at high temperature, we have an

indication that both of the electric precession periods are in factlong cowmp:
pared to TJ in that ease (and also in Gdwhich has no-ionic quadrupole moment).
On the other hand, for situations with a combination of long Tgs small in-
herent splitting, observation at low temperature, and large <J| el |3> <r§>
factor the effectmay become important. The presence of the muon would in
such cases destroy the correlations between the spins near the u+ and the
ones far away from it. Correlations of the spins nearest to the u+ are still

possible because they are all disturbed in the same way by the u+.

.Fig. 15 summarizes the characteristic times involved in this study of the
REAI2 systems. If the RE relaxation rates are small, they might be affected
by the presence of the muon, but they are in general expected to be inde-

pendent of its diffusion (each muon spends a time long compared to T, in
[ - - J
each position between jumps) and of the applied field.
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7. CONCLUSIONS

The present set of experiments have shown that it is possible to employ

the u+SRﬂmethod to study details of spin dynamics in metallic RE-systems,

in a time-range which is hardly accessible to any other method. Effects

of short range correlations have been observed in the DyA12 and GdAl2

cases and their temperature range has been found to be fairly estended above
Tc. For orther RE Alz-systems sﬁudied here the relaxation of the paramagnetic
moments are either dominated by the Korringa relaxation (ErAlz, HoAl, and
probably also TmAlz) or the instantaneous fields at the muon sites are too
weak for such effects to be detected (PrAlz, NdAlz) to be detected (PrAlz,
NdAlz). The pair correlation term is not sufficient to explain the T-depen-—
dence. The formalism for higher order terms in the short range correlations

has not yet been developed.

Possible effects of the crystalline fields and of the perturbation by
the muon on the local magnetic properties have been discussed, but are
found to be of minor importance, at least in the high temperature range
valid for DyA12 and GdA12 {where T3 is small, < 10-125);

Another set of data, obtained from the same experiments is related to

the spin polarization at the interstitial positions occupied by the muons.
These data may be compared to calculations of electron screening of
hydrogen-like particles in these intermetallic systems, and thus support
information on properties of hydrogen in the REAI2 systems. A specific
piece of information in this respect are the positions of the u+. The
present study indicates that they are situated in the centres of tetrahedra

composed of 2 RE- and 2 Al-atoms.

Technically, this first study suffers in several respects from low
accuracy due to difficulties in sample preparation, a problem which
can be overcome in future experiments, so that the possibilities of

the method can be fully utilized.
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APPENDIX A

In this appendix, we express the transverse relaxation rate, X in
terms of spin-correlation functions. For simplicity we assume that

+ ., . . . .
the ¢ is coupled only to its nearest nighbour magnetic 1ions.

The magnetic interaction between the u+ spin I]J and the RE-angular

momenta ‘Ii is given by eq. (12) and can be written:

where

1 1
By =" Ngu(quBz + 3 1u+g_ +3 Iu_B+) _ (A1)
g_Ho
B, =~ —uu—— ): {sz(l - 3coszem+'y)
z a4t m
-id +id .
3 m _ 3 m (A2)
-3 Jos sinemcoseme -3 Jm— sinemcoseme }
H_g . Ho ~id
B°J . m
B_ = - -?;T—E {-3szsz.n8mcoseme (A3)
3 -2i¢_ 3cos?8 - 1 :
2
- '5 Jm+ sin Bme + Jm_ { 2 + )
B, = BY (A4)

where cbm and em are the azimuthal and polar angles of ionm and vy = A/a
(see section 5B). M, is tize magnetic permeability of vacuum (SI units).
We will assume that the y  diffusion is slow (compare Fig. 15). There-
fore, the angles are time independent. For simplicity, we will neglect
also pair correlations. Then, from the definition of the magnetic field

correlation function (eq. (17)), we get:



g._Mo 2 2
d (1) = (—-—-—-'-J—) { {(1—3coszem+Y) A:;(T)
2z a*ar m

+ 2 in?0 cos?8 (A(T) + Y (1)}
2 m m mm mm

L g_Ho 2
B J } { {9sin?08 cos?® AZ2 )
m m mm

ad4m m

6 (T) + B (1) = ¢

3cos?0 -1

2,
+ [—3 sin*Q_+ (—-——25——+7) TR + Aﬁ(‘r)]}
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o . .
where Amm(T) <{Jma(r),Jmu(0)}> is the o component of the spin-correla

tion function for ion m. In these expressions we meglect non-diagonal

, . . ‘ + . q s
spin correlation functionm,as for example A;m(r),because within the short-

line approximation (eq. 22) they vanish.

Az;(T) does not depend on ¢ if for instance the ion m is in a cubic

enviromment. Then, using eq, (19) for a polycrystal we obtain:

2,2 -
y = 8TOC* D) (g pZ2r)
#2 0

Therefore, the total relaxation rate is equal to the sum of the dipo—
lar and hyperfine rate. The interference term is proportional to

(1-3cosze) which is zero for a polycrystal.

If the pair-correlations are considered, one obtains eq. (21}
for A(h). The dipolar rate depends on (em-en) and (¢m-§n). But
qualitatively eq. (19) should be valid.
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Figure captions

Fig. 1 Results of the initial fits of the uSR spectra from DyAl2 in 135 mT
external magnetic field. The fits were made to Eq. (1) with two frequency com-
ponents and all parameters free. The damping factors were taken to be Gaussians,
exp (-cztz), which is a good approximation below 200 K. The apparent change of
amplitudes a_ at higher temperatures is not a true effect, but a consequence of
the fact that the signal shape changes and that the two frequencies lie very

close together.

Fig. 2. Examples of the field dependence of the observed damping rates. Far
above Tc the dependence isweak as in a) DyA12'295 K or b) TmAl2 295 K, while

closer to T, it is quite pronounced as in c) TmAl, 25 K.

The broken lines are only guides to the eye.

Fig. 3. Frequency shifts in PrAl, as function of temperature and magnetic field

The shift is closely proportional to Bext/(T-Tc).

Fig. 4. Examples of experimental damping rates as function of temperature and

magnetic field. The solid lines are fits to eqs (8-9).

Fig. 5. Temperature and field dependence of the damping rates in TmAl, and

GdAl.. Although the general behavour is similar to that of the other compounds,
2 3

the fits to eqs (8-9) are less convincing.

Fig. 6. Measured damping rates in CeA]_.2 and LaAlz. In LaA12 the theoretical
damping rates for immobile muons in interstitial sites 2-2 and 3-1 are shown.
The:: are calculated from the nuclear dipole moments of surrounding Al and

La atoms. The lower limit for each position is valid if the magnetic field
dominates, the upper limit if the electric field gradient from the muon
dominates.

Fig. 7. Crystallographic structure of the REAl2 compounds, a) position of the
rare earth and aluminium ions in a unit cell, b)[001] projection of the

. + . . 1
unit cell. Two possible types of U sites are indicated.

Fig. 8. Local surrounding of a u+ in one of the 2-2 positions (centre of a

tetrahedron formed by two RE-ions and two Al).



Fig. 9. Schematic drawing of the different spins involved in the problem

and their mutual interactions.

Fig. 10. u+ contact field data for the REA12 series; a) Bcont values
extracted from the frequency shifts for u+ in the REA12 compounds

(for DyAlz, see comments in Table IV), b) variation of Bcont over the
series expected from eq. (14)., The constant C is chosen to agree with the
experimental value for GdAlz. The open circles are for constant Ifk’

the filled ones if Ly

by Kaplan et al (1973).

is allowed to decrease along the series as suggested

Fig. 11. Magnetization density in the [110]- plane of Nd Al, as determined
by diffuse neutron scattering (Boucherle et al. 1981). The possible 1-3

and 2-2 positions of the u+ in this plane are indicated.

Fig. 12 a) Muon relaxation times in HoAl2 after correction for the in-
homogeneous broadening. More data points exist at 130 T (below 65 K) and
at higher fields, but they do not help in the determination of X since
the errors in A get excessively large. The theoretical lines have been
calculated for 3 values of the Korringa interaction given by the integral
/Ifk N(0)/ assuming 2-2 sites for the muons.

Fig. 12 b) Same quantities as in Fig. 12 a) plotted for PrAl2 and NdAlz.
Values on the theoretical lines indicate /Ifk N(0)/ with the same assumptions

as above.

Fig. 13. Muon relaxation times, corrected for inhomogeneous broadening for
DyAl2 {(upper) and ErAl2 {lower). Notations and assumptions are the same as

in Fig. 12.

Fig. 14. Comparison of muon relaxation rates in DyAlz and GdAlz. For DyAlz,
results from several runs with a spherical single crystal have been added to
those of Fig. 13; for GdA12 the results obtained by the zero-field method
(Kalvius et al. 1984) have also been introduced. The full lines are theoreti-
cal expectations for 2-2 positions of the muons. The levels expected at

/Ifk N(0)/ = 0 for 3-1 positions are also indicated. The dashed lines are
values expected for pair correlations only (in the approximation of eq. (32),
assuming /Ifk N(0)/ = 0.08). For comparison, the temperature scale has been
chosen in units of Tc' For GdAl2 the A—values obtained at 13 mT are probably
too high since the assumption of linear field dependence might not be

correct (cf. Fig. 5).



Fig. 15. Characteristic times in REAl2 compounds and comparison between

different experimental techniques.

(TJ)RE
(Taifs

2m s
J

Zﬁ/we
J

fluctuation time of the RE ion.
+
diffusion correlation time of the u in the REAI2 compounds.

Precession period in an applied magnetic field on the RE

, m
ion of B_ . ﬁmB/uBgJ

Precession period in an energy difference between crystal
field levels of 1.



Table captions

Table I. Results of the fits of eqs (8)-(9) to the experimental damping
rates and of eq. (2) to the frequency shifts.

]
The parameters kf and kl measure the relative field shift and
the relative field distribution (rms-value), respectively. They

are of the same order of magnitude.

The damping parameters are given in the unit conventionally used
in usk (108571 1

Errors given are purely statistical. The quality of the damping

= us- Y. The Tc values are those used in the fits.,

rate fits is not very good for GdAl2 and TmAlz.

Table 1I. Llattice parameters for the REAl2 compounds and properties of
. . . + . .
the RE-ions in their 3 state. The experimental magnetic moments

are taken from Boucherle (1977).

Table III. Parameters for estimates on the electric field gradients (EFG))
on the RE-ions. The first two columns give the ground terms
and the total splitting (from Barbara, Murani and Rossignol,
1982), the third the Steven's (1953) factors. The last two columns
are theoretical estimates for the B;-coefficient of eq. (13) and
the total splitting, AQ, based on Dy-metal-vacancy studies
(Kikkert and Niesen). No error limits can be given on these values.

For GdAl, the values are taken from Schilliaci et al (1984).

2

Table. IV. Measured frequency shift parameters kf and derived hyperfine
(contact) fields from eq. (6b). The quantity Heff is put equal
to uogJJuB (free ion value) except for the cases of ErAl2 and
TmAl2
values marked by *). cfa is ellipsoidal axis ratio used for the

where experimental Méff valurs have also been used (derived

demagnetization correction.



Table V. Quantities used for calculation of the theoretical relaxation
rates. The value of a2 in eq. (19) has been replaced by X =
(a2 + A2/2) only for the case of GdAlz. The values (TJ)ff and
Aff(2-2) are those expected for the REKKY-interaction only,
whereas in"rJ and A(2-2) the expected contribution from the
Korringa relaxation has also been introduced through eq. (29)
using the value llkaF(o)I = 0,08. This makes A(2-2) temperature
dependent and the last columns present the comparison between the
theoretical and measured A-values at 300 K. Values marked by

**) are based on uexp of Table II.
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Magnetic interactions in REAL;
l,=Muon spin

J;.Jo=RE (4f) angular momenta
k= Conduction electron spins
|5 = Aluminum nuclear spin

dip =Electron dipolar interaction
dip'=Nuclear dipolar interaction

Ip—k= Direct muon conduction el.
interaction (weak)
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