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by 
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Abstract 

Muon spin relaxation (ySR) experiments have been 

performed in transverse, longitudinal and zero applied 

field on the disordered ferromagnet PdMn (2.3 at.%) . 

Muon relaxation rates in the paramagnetic phase are in 

good agreement with predictions of the Walstedt-Walker 

formula, and appear to have no contribution from muon 

coupling to the giant moment polarization cloud. The 

transverse field relaxation rate (\ ) and the width of 
x 

the zero field quasistatic field distribution (a(T)) in 

the ferromagnetic phase are less than calculated from a 

uniform mean field model. This "shortfall" is found to 

be qualitatively consistent with the Sherrington- 

Kirkpatrick disordered mean field theory. Spin-lattice 

relaxation rates in zero applied field give clear evidence 

for critical slowing down of Mn spin fluctuations over a 

wide temperature range, and are consistent at low temper¬ 

atures with a two magnon Raman scattering mechanism. 
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I. Introduction 

This work presents the results of muon spin relaxa¬ 

tion (HSR) experiments on a dilute ferromagnetic alloy, 

PdMn. Dilute alloys are of interest largely as model sys¬ 

tems that lack lattice translational symmetry. Until 

recently,^- the theoretical study of order-disorder phenomena 

in magnetic systems required the assumption of a trans- 

lationally invariant Hamiltonian. Removing this restric¬ 

tion presents difficult theoretical problems, largely 

unsolved. It is hoped that experimental studies of dilute 

alloy systems such as PdMn will benefit the development of 

such theories. 

A dilute magnetic alloy can be described as a solid 

solution of a few parts magnetic impurity solute (Mn) 

dissolved into a host lattice solvent (Pd). The solute is 

distributed at random without correlations on the sites of 

the solvent lattice, as if the alloy had been quenched from 

a perfectly disordered phase at a high temperature to a 

stable configuration where the atoms are immobile on a 

lattice. Thus the disorder in the spatial site occupation 

is said to be quenched. It is important to clearly dis¬ 

tinguish between two types of disorder: disorder in the 

spatial distribution, and disorder in the impurity spin 

states. In general, unlike the quenched disorder in the 

site occupation, the spin state disorder will vary with 

the temperature of the system and with an applied magnetic 
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field. An understanding of this disorder and its temperature 

dependence in PdMn is the major goal of this thesis. 

The HSR method uses spin polarized positive muons as 

probe spins. The technique of producing a beam of polarized 

muons is well known, and will not be discussed here. For 
2 

details, see the review by Karlsson. In the pSR experi¬ 

ment, polarized muons are implanted in a sample, and the 

distribution of decay positrons is used to measure the 

spin relaxation (or dephasing). The muon relaxation gives 

. 3 
information on the dynamic and quasistatic properties of 

the local magnetic field distribution at the muon site, 

elucidating the nature of the magnetic ordering of the 

impurity spin system in PdMn. 

This thesis is organized in five major sections as 

follows: Section II discusses the magnetic behavior of 

PdMn and presents a brief survey of experimental data from 

the literature. Details of the |jSR experimental procedure 

are given in Section III, and theoretical results needed 

for interpreting relaxation rates are discussed in Section 

IV. The results of measurements of the muon local field 

distribution and spin-lattice relaxation in PdMn are pre¬ 

sented in Section V, with concluding remarks in Section VI. 



II. Magnetic Properties of PdMn 

The magnetic properties of Mn (and other iron group 

transition metals) dissolved in Pd have been the subject 
4 

of much experimental work. A consistent picture of this 

alloy system has emerged, which can be summarized as 

follows : 

(1) An isolated Mn atom possesses a magnetic moment of 

5 However, Mn in Pd possesses a giant moment 

of 7.8 (aB (at low concentrations) described by a 

spin 5/2 and an effective g factor 9e££ ** 3. The 

term giant moment refers to a single, localized mag¬ 

netic impurity in a non-magnetic host metal, which 

acquires a magnetic moment much larger than that due 

to the bare impurity alone. The overall magnetic 

moment consists of a Mn impurity moment plus a 

localized cloud of host conduction electrons. Due 

to the spatial extent of the induced polarization 

cloud, the value of the giant moment decreases with 

increasing concentration, as the polarization clouds 

begin to overlap. 

(2) At low Mn concentrations (~3.0 at. %), the Mn moments 

order ferromagnetically due to a long-range, indirect 

. . 5 
exchange interaction. 

(3) Above about 5 at. % Mn, ordering appears to be random, 

short ranged, and similar to that of canonical spin 

G 7 glasses. ' At these higher concentrations, the 
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average Mn separation decreases, so that direct Mn-Mn 

interactions become important. On the basis of theo- 
g 

retical work of Moriya and the existence of ordered 
9 

antiferromagnetic Mn compounds (e.g. MnF , MnO), the 

direct Mn-Mn interaction in PdMn is expected to be 

antiferromagnetic. The direct antiferromagnetic 

coupling competes with the long-range indirect ferro¬ 

magnetic coupling to create the spin glass phase. 

(4) A complicated mixed region with no well defined order¬ 

ing temperature is found for Mn concentrations between 

3 and 5 at. %.$ 

A phase diagram of the PdMn system has been developed 

by S.C.Ho et al.,^ and is reproduced in Figure 1. The 

various experimental studies leading to the current under¬ 

standing of PdMn will be summarized below, according to 

experimental technique. 

Specific Heat. Boerstoel et al.^ found a peak in the PdMn 

specific heat for concentrations from .5 to 2.5 at. .% Mn. 

The magnetic contribution to the specific heat can be 

reasonably well described by a mean field theory, especia¬ 

lly at low concentrations. Entropy calculations yield a 

spin value close to 5/2. 

12 
Magnetization. Star et al. have measured the magnetiza¬ 

tion and low field susceptibility of a series of PdMn alloys 

up to 2.45 at. % Mn. They find a moment of 7.5 |_iB/Mn at low 

concentrations, and 6.6 |ig/Mn at higher concentrations. 

The spontaneous magnetization was measured, and the 
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T (°K ) 

Figure 1. PdMn phase diagram. From reference 10. 
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3/2 
coefficient of the T ' term near T = 0 used to deduce a 

2 
value for the spin wave stiffness constant of D » .7 kT A • c 

For 2.45 at. % Mn, the spontaneous magnetization at T = 0 

is about 50% less than the high field saturation magnet¬ 

ization; the difference is attributed to antiferromagneti- 

cally coupled Mn pairs which do not contribute to the 

spontaneous magnetization. The energy of this antiferro¬ 

magnetic coupling is estimated to be E^nt. = 55K, and the 

number of neighbor sites for which the Mn-Mn interaction 

is antiferromagnetic is estimated at n = 35. J. J. 

13 Smit et al. used Monte Carlo simulations of high field 

magnetization data to estimate the radius of the induced 

polarization cloud at 5Â. 

14 
Resistivity. Williams and Loram conclude that both 

ferromagnetic and antiferromagnetic couplings exist, based 

on resistivity measurements with concentrations from one 

to three at. % Mn. These measurements were used to estimate 

. . . »2 15 the acoustic spin wave stiffness constant at D “ .7 kTcA , 

in agreement with the magnetization data. 

16 
Neutron Scattering. Verbeek et al^ have made small angle 

elastic neutron scattering measurements on .5 and 2 at.% Mn 

alloys. Their results show pronounced critical scattering 

in a wide temperature interval around a well defined Curie 

point. The critical scattering is strongly suppressed by 

an applied magnetic field. 

An additional scattering contribution comes from the 

presence of giant moment clusters, or correlated magnetic 
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regions at low temperatures in the ferromagnetic phase. 

The Q dependence of the scattering requires a distribution 

of cluster sizes, to take into account the presence of a 

few very large clusters. This indicates that the low 

temperature ferromagnetic phase is strongly inhomogeneous. 

AC Susceptibility. S. C. Ho et al. have measured the AC 

susceptibility for concentrations between .5 and 2.5 at 

% Mn^ and between 3 and 5 at. .% Mn.^ They suggest that 

PdMn is ferromagnetic only below a concentration of about 

2.5 at.%. Above this concentration, a region of mixed 

ordering occurs, with the susceptibility exhibiting a 

double peak structure. Above 5 at. % Mn there is a 

susceptibility maximum suggesting the onset of a spin 

glass type of ordering. 

In conclusion, ferromagnetism of the giant moment 

type is observed in PdMn, but also competes, as Mn 

concentration is increased with antiferromagnetic inter¬ 

actions between Mn pairs. Above 5 at.' % Mn, PdMn can be 

called a spin glass, although unlike the canonical spin 

glasses such as CuMn, the source of the frustration which 

brings about spin glass behavior is not the RKKY spatial 

oscillation, but the competition between direct antiferro- 

18 magnetism and indirect ferromagnetism. 



III. Experimental Technique 

The experimental technique of jjSR has been discussed 
2 ^9 20 21 

in several recent articles. ' ' ' A brief summary of 

the technique is presented here. This work was performed 

at the stopped muon channel of the Clinton P. Anderson 

Meson Physics Facility (LAMPF) in Los Alamos, N.M. Figure 

2 shows the transverse field configuration of the LAMPF 

iaSR spectrometer. The sample is surrounded on four sides 

by three successive boxes of scintillator sheets, connected 

by light pipes to photomultiplier tubes. The three scin¬ 

tillators in each of four directions from the sample form 

a positron telescope; they are connected by a coincidence 

requirement so that only particles originating in the 

target and passing through all three scintillators are 

accepted as decay positrons. The coincidence requirement 

greatly reduces the background of particles not originating 

within the sample. 

Two small scintillators, labeled BE and M are used 

to monitor the incoming muon beam. Incoming muons de¬ 

tected in these counters, but not in the positron tele¬ 

scopes are assumed to have stopped in the sample. This 

event sends a "start" signal to a TAC (time to amplitude 

converter), which is stopped when the decay positron is 

detected in a positron telescope. Thus the TAC produces 

a signal proportional to the time spent in the sample by 
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1. Sample 
2. BE (Beam) Counter 
3. M (Muon) Counter 
4. 5, 6. The three counters of the forward positron 

telescope 

Figure 2. Schematic of transverse field configuration 
of LAMPF |j.SR spectrometer. 
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the muon. This signal is sent to an ADC (amplitude to 

digital converter), then histogrammed according to time 

channel and telescope number in the memory of a PDP 11/45 

computer. A pileup condition is enforced to insure that 

each detected positron can be identified with a particular 

parent muon. This is done by rejecting any event where a 

muon arrives less than 10 fisec before or after the arrival 

of another muon. 

The coil pair produces a static field of up to 5 kG, 

5 
homogeneous to within 1:10 over the sample volume. Sample 

temperature is controlled from 3-300K by a liquid helium 

cold finger cryostat. Temperature is measured by a carbon 

glass resistor fixed directly on the sample, and kept 

constant to better than 1% during data acquisition. 

This procedure produces four separate time differen¬ 

tial histograms, which represent the time distribution of 

the probability of observing the decay positron in each 

positron telescope. The muon Larmor precession in the 

external field is observed as a sinusoidal variation of 

the exponential decay of the muon; specifically, the his¬ 

tograms are fitted to a function of the form 

N (t) = N exp(-t/r ) [1 + a G (t) cos (uut+ja) ] + background 
° (J. X 

(1) 

where a is the amplitude of the modulation at t = 0 

(usually ^ .2), Gx(t) is the transverse muon relaxation 

function, T is the muon lifetime of 2.2 ^sec, the 
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background is assumed constant in time, and ÿ is a phase 

that indicates the angle between the initial muon polar¬ 

ization and the axis of the positron telescope. The Larmor 

precession frequency is given by uu = yH • where is the 

transverse field on the muon, and Y is the muon gyromagnetic 

ratio (y = 13.554 kHz/G). The damping of the sinusoidal 

variation in the histogram is represented by a relaxation 

function, and corresponds to a linewidth and lineshape 

exactly as in the measurement of T2 in an NMR experiment. 

In the longitudinal field configuration, positron 

telescopes are set up only in the forward and backward 

directions (0° and 180° to the initial muon polarization) 

and the coil is oriented to apply a magnetic field along 

the beam. In this case the positron time spectrum has the 

form 

-t/r 
N (9, t) = Ne ^[1 + aG (t)cosg] + background (2) 

o z 

where 0 is the polar angle of the decay positron momentum 

relative to the initial muon polarization, and G (t) is 

the longitudinal muon relaxation function. Then the ob¬ 

served time distribution in the front (0 = 0°) and back 

(0 = 180°) positron telescopes is 

_t/T 
N (0°, t) = Ne ^[1 + aG (t) ] (3) o z 

-t/r 
= Noe ^[1 - aGz(t)] N(180°,t) (4) 
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respectively. Thus the longitudinal relaxation function is 

found from the front and back histograms by forming the 

ratio, 

a Gz (t) 
N(0°,t) - a N (180° , t) 
N (0° , t) + a N (180° , t) 

(5) 

where a is introduced as the ratio of the efficiencies of 

the front to back counters. In some cases, a can be 

determined self-consistently by fitting the data. In this 

work, however, a is determined by making a separate trans¬ 

verse field measurement, then assuming a will be constant 

over an ensuing series of longitudinal measurements of 

G (t). Further transverse field measurements show a to 
z 

vary with time only slightly using this procedure. 

The zero field (jSR experiment is identical to the 

longitudinal configuration in electronics and counter 

geometry, but no external field is applied. The zero 

field relaxation function is determined by Eq. (5) as be¬ 

fore. In the language of NMR, a measurement of G (t) in a 
z 

large longitudinal field corresponds exactly to a deter¬ 

mination of the spin lattice relaxation time T^ and associ¬ 

ated lineshape. The particular forms of G (t) and G (t) 

used to fit the data will be discussed below. 

The PdMn sample was prepared at the Kamerlingh Onnes 

Laboratory, University of Leiden, the Netherlands. After 

arc melting ultrapure materials, the sample was rolled and 

spark cut into a polycrystalline disc 3mm thick and 30mm in 

diameter. The sample was heat treated at 800°C for one 



hour and returned to room temperature within 15 minutes. 

The observed T = 5.8K was used to estimate the Mn concen c 
12 

tration at 2.3 at. % from published data. 



IV. Theory 

A. Zero Field Relaxation Functions 

The form of the muon relaxation function is deter¬ 

mined by the distribution of local fields seen by the muon. 

For a system of dilute dipolar impurities, Walstedt and 

Walker have shown that the local field distribution is 

22 
Lorentzian, so that the distribution function for the 

23 
magnitude of the static local field vector is 

P(H) 
4 a y3 H 

" (a2+ y2H2) 
(6) 

where a/y is the half width at half maximum of the local 

field distribution. The relaxation function shows the 

effect of the local field on the muon, and can be easily 

calculated given the distribution P(H). 

If a muon stops at t = 0 with its spin in the z 

direction, the z component evolves with time as 

az(t) 
H H + H 
-f + -S—z ^ COS (yHt) 
H H 

cz(t) = cos2 8 • 
2
Q sm 8 cos(yHt) 

(7) 

(8) 

where 9 is the polar angle of the local field vector. The 

observed relaxation function is found by averaging a (t) 
z 

over the magnitude and polar angle of the local field 

24 
vector 
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Gz(t) = az(t)P(H)dH dQ/4TT (9) 

G (t) = 1/3 + 2/3(l-at)e“at z 
(10) 

A simple model can be used to reprèsent a slow 

reorientation of local fields, at a fluctuation rate 

v (v « a)• The long time form of the relaxation function 

24 
xs then 

Gz(t) ~ y exp(- j vt) , ta » 1 (11) 

The inverse 1/e time of the decay of the 1/3 component de¬ 

fines a spin-lattice relaxation rate = 2/3 v Thus the 

"spin glass" form of the longitudinal zero field relaxation 

function due to slowly fluctuating dilute dipolar impurities 

is 

GzG(t> = 3 e X,|t + 3 a » X|| « (12) 

This function is graphed in Figure 3 for a static and slow 

fluctuation case. 

S G 
The important property of G (t) is the clear sépara- z 

tion of the static field distribution width a/v from the 
d 

dynamic slow fluctuation Xy. This is to be contrasted with 

transverse relaxation, where both dynamic and static effects 

contribute in an inseparable way. 

The spin glass form of the longitudinal relaxation 

function is expected in the slow fluctuation regim.e. If 

the local ‘field. ,is fluctuating rapidly, then we have the 



16 

Figure 3. Spin glass form of the longitudinal relaxa 
tion function for \j| = 0 and = .05a. 
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motional narrowing case, and the "root exponential" form 

is expected, 

Gz(t) = exp (- ,/X... t) (13) 

The square root is replaced by a linear form if k 

25 
itself distributed as a Lorentzian, giving 

is 

Gz(t) = exp (- lj|t) . (14) 

The more appropriate of these two forms must be decided 

on the basis of the best chi-squared fit to data. 

B. Transverse Field Relaxation Functions 

22 
Walstedt and Walker (WW) have calculated the trans¬ 

verse field relaxation rate of a probe spin in a dilute 

magnetic alloy, where the probe spin interacts with impurity 

moments via dipolar fields and indirect (EKKY) coupling. 

Dipolar coupling dominates in |JSR, because the muon hyper- 

. . . 2 
fine contact interaction is relatively weak m metals. 

Impurity spins are assumed equivalent, meaning each impur¬ 

ity responds the same way to an applied field and tempera¬ 

ture. WW considered two limits for the fluctuation rate 

of the impurity spins, according to whether transitions 
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between impurity spin Zeeman levels are slow or fast com¬ 

pared to the probe spin relaxation induced by the impuri¬ 

ties. These limits are the "quasistatic” and "rapid" 
_3 

respectively. In both cases, the r spatial dependence 

of the coupling leads to a Lorentzian line shape (exponen¬ 

tial polarization decay) with relaxation rate given by 

\±A 
(|Sz|>th (quasistatic limit) 

(15) 

(Sz>th (rapid limit) 

where S is the impurity spin component in the direction z 

of the field, and ( )t^ indicates a thermal average. In 

the case of pure dipolar coupling, 

X 
l o 

p c y 9 % (16) 

where p is the impurity site number density, c is the im¬ 

purity concentration, and g is the impurity g factor. If 

the impurity spin system is saturated (all spins aligned), 

then <sz)tk = (|sz|)th = S’ In t^1^s Hmlt, the transverse 

relaxation rate for PdMn (2.3 at.%) is 

(X^) sat = 31,3 Msec”1 • (17) 

The WW formula (Eq. (15)) assumes that transverse 

components of the impurity spins do not contribute to the 

field distribution at the muon site. However, if the 

impurity spin system has frozen in disorder, transverse 



19 

components of the impurity moments will contribute to the 

25 
z component of the local field at the muon site. Fiory 

has performed numerical calculations for the case of 

randomly oriented impurity spins (frozen disorder) to 

determine the magnitude of this effect. The Lorentzian 

shape of the local field distribution is unchanged, but 

the width \ is reduced by about 10% relative to Eq. (15). 

Since PdMn (2.3 at.%) is a ferromagnet, not a spin glass, 

using randomly oriented dipoles surely overestimates this 

effect. 

C. Dilute Limit 

Equation (15) for the muon relaxation rate \ is 

derived for the dilute limit, c « 1. A numerical calcu¬ 

lation of the muon dipolar field distribution in the Pd 

lattice at finite Mn concentration is useful in determining 

27 
the range of validity of Eq. (15). For 2 at. % Mn, 

22 "satellite" lines appear, as expected due to specific Mn 

near neighbor configurations. The satellite frequency is 

strongly dependent on the crystal orientation in the field, 

thus averaging to a broad background in a polycrystalline 

sample. The width of the remaining central line is within 

10% of that given by Eq. (15), so that the dilute limit 

results are considered acceptable at this concentration. 

A further test can be made of how well 2 at. % cor¬ 

responds to a dilute limit, by considering the spatial 

distribution of impurities. In a highly dilute alloy, 
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details of the host lattice structure become unimportant as 

the average impurity separation becomes large compared to 

the lattice parameter. In this limit, the impurity struc¬ 

ture is equivalent to a random distribution of points in 

space according to some stochastic process having a Poisson 

28 
distribution. It is a simple matter to calculate the 

distribution function for the near neighbor impurity separ- 

29 
ation, R. The moments of this distribution give 

Mean [R] = .5542 v"1^3 

Var [R] = .0405 v~
2^3 

(18) 

where v is the average impurity number density. 

This result in the absence of a lattice can be com¬ 

pared with an exact calculation for the near neighbor 

distance on an FCC lattice such as PdMn. Considering the 

origin to be occupied by an impurity, the probability of 

finding the near neighbor on the surrounding lattice 

sites is calculated. The result is the probabilities of 

observing the various allowed near neighbor separations. 

For a specific concentration, the moments of this distri¬ 

bution are calculated, and compared with the dilute limit 

prediction of Eq. (18). The results are summarized in 

Table 1. Agreement at 2 at.% is excellent, and for com¬ 

parison is less impressive at the higher concentration. 

Thus the spatial distribution of impurities at 2 at.% on 

an FCC lattice is very similar to the spatial distribution 
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expected with no lattice structure, providing further evi¬ 

dence that 2 at.% is within the dilute limit. 

Table 1 (in units of FCC lattice parameter) 

Dilute Limit FCC Lattice 

c (at.%) Mean[R] Var [R] Mean [ R] Var [R] 

2.0 1.29 .208 1.26 .205 

7.0 .847 .0949 .897 .0640 

D. Mean Field Models 

To calculate muon spin relaxation rates from Eq. (15) 

requires a model for the spin thermal averages at all 

temperatures. The mean field (MF) model provides a simple 

and convenient method for calculating but should 

be used only qualitatively in interpreting data. 

30 
Takahashi and Shimizu have developed a mean field theory 

to describe the interaction of bare impurity moments with 

a polarized d band of conduction electrons. Their result 

is that the d band polarization caused by the local moments 

can be taken into account by simply replacing the unenhanced 

g factor (g = 2) of the bare Mn moments with an enhanced g 

factor geff Thus the MF model for equivalent spins (to be 

referred to as the homogeneous MF model) gives the familiar 

result, ^ 
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3kT 

<Sz^th = SBsLkT (geff ^BH + S (S+l) (Sz^thj] ' ^19) 

where Bg is the spin S Brillouin function, and 9e£f is the 

effective g factor, to be determined from magnetization 

data. 

Equations (15) and (19) allow the calculation of the 

muon relaxation rate in the rapid fluctuation limit at any 

temperature and field. Qualitative agreement with data 

will be demonstrated in the paramagnetic phase, but the 

homogeneous MF result will be seen to overestimate the 

data in the ferromagnetic phase. The origin of this dis¬ 

crepancy is the disorder in the spin configuration caused 

by inequivalent impurity spins. These spins do not neces¬ 

sarily respond in the same way to an applied field and 

temperature. Here it is important to distinguish between 

two types of disorder and how they are averaged. 

The average over various random spatial configura¬ 

tions was performed by WW in deriving Eq. (15) and the 

Lorentzian line shape, and requires all spins to be equi¬ 

valent. In the case of PdMn, impurity spins can interact 

with each other both ferromagnetically and antiferromagneti 

cally, so that the probe spin experiences a distribution in 

exchange energies beyond that due to the random spatial 

configuration alone. Equation (15) can be generalized to 

include an average over this type of disorder: the result 
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^lSzl^th^dis (quasistatic limit) 
(20) 

( I (^z^ttJ ^dis (rapid limit) 

where ( )ais indicates an average over the additional 

disorder described above due to inequivalent spins. The 

absolute values in Eqs. (20) (and (15)) reflect the in¬ 

variance of the dipole field distribution under inversion 

of the impurity spin system. 

This type of disorder can be introduced to a mean 

field model by having a distribution of exchange energies 

between spins. Despite a good deal of theoretical work, 

the only tractable model of this type remains the infinite 

32 
ranged Ising model of Sherrington and Kirkpatrick (SK). 

The SK model treats an Ising Hamiltonian, where each pair 

of spins i and j interact with an exchange energy 

chosen as a random variable from a distribution of exchange 

energies p(J^j). SK show that only the first two moments 

of the distribution p(J^j) have nontrivial consequences in 

the thermodynamic limit, so that without loss of generality, 

p(j..) can be taken to be a Gaussian distribution with mean r 13 
2 

JQ and variance J . The "replica trick" is used to solve 

for the free energy of the system, leading to the coupled 

equations, 

tanh x 

(21) 
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where 

m ~ ^^i^th^dis ' ^ ((^i^th^dis 

x = [Jom + 5 ,/q z + geff tiBH]AT 

- -2 2 
and JQ = NJq, J = NJ are intensive parameters for the 

mean and variance of the exchange energy distribution. 

Once m and q are known, they are used to calculate 

2 
r “ <1 <Sz>thl >dis = (2

TT)
_32 § dze_Z /2|tanhx| , (22) 

which is proportional to the muon relaxation rate in the 

fast fluctuation limit. 

32 The phase diagram for the SK model is reproduced 

33 in Figure 4. de Almeida and Thouless have shown that 

the "replica trick" used to derive the SK solution fails 

below the dashed curve on the figure. Solutions of Eqs. 

(21) for JQ/J 2.5 reproduce the homogeneous (Ising) MF 

solution, so that the region of interest for describing 

disorder in the ferromagnetic phase is confined to the 

range 1 < JQ/J < 2.5 and for temperatures above the 

de Almeida-Thouless instability curve. Despite its rather 

unphysical assumptions, and the unstable region of the 

phase diagram, the SK model is useful for comparison with 

the homogeneous MF theory, and as a starting point for 

more complete theories. 
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kT 
J 

Jo 
J 

Figure 4. Phase diagram of the SK model (refer 
ence 32). The dashed line is the 
de Almeida-Thouless instability line 
(reference 33). 



V. Results and Discussion 

A. Data 

Transverse field relaxation rates (\) have been de¬ 

termined by fitting data to Eq. (1) for an exponential 

relaxation function. Results are shown in Figure 5 as a 

function of temperature and applied field. No frequency 

shift was observed below T , to within an accuracy of .5%. 

In zero applied field, three different forms of the 

longitudinal relaxation function were used to fit the data. 

Above Tc, both exponential (Eq. (14)) and root exponential 

(Eq. (13)) forms can be fit to the data. However, the 

root exponential fits yield a consistently higher chi- 

squared than the simple exponential. The exponential rates 

are plotted in Figure 6, and a representative example of 

this fit is given in Figure 7. Below Tc, the spin glass 

form (Eq. (12)) of the longitudinal relaxation function 

gives good fits to the data. A representative example of 

this fit is shown in Figure 8. The spin-lattice relaxa¬ 

tion rate (x ) from fits to functions of this form are 

plotted in Figure 6. Fits of the zero field relaxation 

to the spin glass form also give values for the width of 

the quasistatic field distribution, which are plotted in 

Figure 9. 

Exponential spin lattice relaxation was observed in 

a longitudinal applied field of 5 kOe, and is plotted in 
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T(°K) 

Figure 5. Temperature and field dependence of the 
transverse muon relaxation rate. Circles: 
H = 200 Oe. Upright triangles: H = 1 kOe. 
Inverted triangles: H = 5 kOe. The dashed 
curves were obtained from susceptibility 
data. The solid curves were obtained from 
the homogeneous mean field model. The 
inset shows the temperature dependence of 
\ in the SK model with H =_5 kOe, and 
Jx = 5.8K. Dashed curve: J/J = 1.1. 
Solid curve: J = 0, which reproduces the 
homogeneous MF case. 
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Figure 6. Temperature dependence of the muon spin- 
lattice relaxation rate in zero field (circles) 
and 5 kOe (triangles). The curves are pre¬ 
dictions of the two magnon (Raman) scattering 
mechanism. Solid curve: anisotropy energy 

= 0.3 kT . Dashed curve: huuA = 0.2 kT . 
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Figure 7. Representative zero field exponential 
relaxation function above the Curie 
temperature. The curve is a fit of Eq. 
(14) to the data. 
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Representative zero field spin glass form 
of the relaxation function below the Curie 
temperature. The curve is a fit of Eq. (12) 
to the data. 

Figure 8. 
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0 ! 2 3 4 5 6 7 
T (°K) 

Figure 9. Temperature dependence of the zero field quasi¬ 
static field distribution width (in frequency 
units). Solid_curve: SK model (S = 1/2), 
J = 5.8K, J /J = 1.1; Dashed curve: J = 5.8K, 
j°/j = 1.5; Bash-dot curve: homogeneous MF 
m8del (S = 5/2). 
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Figure 6. Due to the inaccuracy in measuring such small 

rates, is considered consistent with zero over all 

temperatures. 

B. Fluctuation Rate 

In general, transverse relaxation will have contri¬ 

butions from both dynamic processes (spin-lattice relaxa¬ 

tion) and from a distribution of internal fields seen by 

the muon. Muon diffusion in Pd has been shown to be 

34 negligible below about 100K, so the internal field dis¬ 

tribution is not complicated by muon motion at the 

temperatures of interest. Also, longitudinal relaxation 

rates are significantly lower than transverse rates over 

the entire range of temperature and field, so that non¬ 

secular lifetime broadening does not contribute to the 

observed transverse relaxation. 

The local dipolar field at a muon site has in general 

a quasistatic component, and a component fluctuating about 

the quasistatic value. The form of the muon relaxation 

function depends on the rate of these fluctuations. This 

fluctuation rate in PdMn can be estimated from the MSR 

data. The temperature dependence of the zero field quasi¬ 

static distribution width a(T) (Figure 9) suggests that as 

Tc is approached from below, the fluctuating part grows in 

amplitude at the expense of the static part. In transverse 

applied field, the fluctuating part of the local field will 

contribute to the relaxation only if the fluctuation rate 
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is comparable to the muon Larmor precession frequency in 

the applied field. (For rapid fluctuations, the contribu¬ 

tion of the fluctuating part would average to zero by 

motional narrowing.) Since the zero field quasistatic 

width a(T) and the transverse relaxation rate Xx are 

nearly the same over a temperature range .5 < T/Tc < .9, 

the fluctuating part of the local field must be rapid 

compared to the Larmor precession. Otherwise, the addi¬ 

tional relaxation due to the fluctuating part would make 

X^ larger than a(T). In conclusion, fluctuations remain 

rapid in PcLMn (2.3 at.%) at least above .5 Tc, so that the 

rapid fluctuation limit for the relaxation rate is used in 

Eqs. (15) or (20). 

C. Paramagnetic State 

Transverse field muon relaxation rates are calculated 

from Eq. (15). The proportionality constant, X , is cal- 
io 

culated from Eq. (16), using the g factor appropriate for 

the muon-impurity dipolar coupling. As described in 

Section II, the Mn giant moment has an enhanced g factor 

g = 2.65 at a concentration of 2.45 at.%. The increase ^eff 

above the bare Mn value (g = 2) is due to the induced 

polarization cloud, which has a spatial extent of ^ 5Jt 

radius. But for a Mn concentration of 2 at.%, the average 

impurity near neighbor separation is 4.8Â., so that to a 

first approximation the polarization cloud can be taken to 

be uniform throughout the system. Since a magnetization 
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uniform over all muon sites does not contribute to the 

relaxation, the muon is expected to couple only to the bare 

Mn moment, and g = 2 should be used in Eq. (16). 

In the paramagnetic state, impurity fluctuations should 

be rapid, so that the muon relaxation rate will be propor¬ 

tional to (S2)tk. Magnetization data are well described 

by a Curie-Weiss law for the susceptibility, with a para- 

12 
magnetic Curie temperature 0 = 7.1K at 2.45 at. % Mn. 

So in the rapid fluctuation limit, 

Vpara = 6'50 £* (23> 

with H in kOe. Rates calculated from Eq. (23) are plotted 

as dashed curves on Figure 5. 

The good agreement shows that the muon relaxation 

rate is indeed proportional to the bulk magnetization down 

to about 1.5 T . Increasing g to represent muon coupling 

to the giant moment would worsen agreement with the data? 

thus the muon couples only to the bare Mn moment. Also, 

the relaxation rate is well described by the WW formula, 

without introducing any additional disorder due to in¬ 

equivalent spins. Such disorder does not appear to be sig¬ 

nificant above about 1.5 Tc (9K) . 

This result is somewhat surprising since at this 

35 
concentration roughly 20% of the Mn impurities can form 

antiferromagnetic pairs, having a binding energy of 55K. 

Above 55K, the equivalent spin formula should hold, but 

below this temperature, one might have expected departures. 



indicating the onset of inequivalent spin disorder. No 

such effect is seen in the paramagnetic phase. 

35 

D. Ferromagnetic State 

The solid curves in Figure 5 give x in the fast 

fluctuation limit, where (Sz)^ is calculated from the 

homogeneous MF theory (Eq. (19)), using - 2.65, S = 

5/2 and Tc = 5.8K. Qualitative agreement with the data 

is seen for T above T , as noted above, but below T the c c 

homogeneous MF theory overestimates the data by about 30%. 

This observed "shortfall" in the data is also seen 

in a comparison of the zero field quasistatic width a(T) 

to the homogeneous MF theory. The mean field prediction 

is just Eq. (15), with (Sz)t^ calculated from Eq. (19) 

with H = 0, and is given as the dot-dash curve in Figure 9. 

Thus, although the homogeneous MF theory is quali¬ 

tatively consistent with data in the paramagnetic phase, 

it is quite inadequate in the ferromagnetic phase. The 

observed shortfall in the data is similar to the reduced 

spontaneous magnetization due to the formation of anti¬ 

ferromagnetic Mn pairs. Specifically, not all Mn sites 

are equivalent due to the competition between direct and 

indirect interactions, and any model introduced to explain 

the shortfall should incorporate the effects of competing 

interactions, and a tendency toward spin glass behavior. 

Such a model is the SK inhomogeneous mean field 

theory introduced in Section IV. However, the SK model 
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makes the rather unphysical assumption of infinite ranged 

interactions. Moreover, using the SK model as a qualita¬ 

tive guide to interpreting the data involves applying a 

spin h. Ising model to interpret a spin 5/2 Heisenberg 

system. Despite these obvious shortcomings, the SK model 

is attractive in its simplicity as a theory for a random 

magnet. Also, the SK phase diagram (Figure 4) reproduces 

the most important feature of the PdMn phase diagram: the 

existence of both ferromagnetic and spin glass regions. 

In the fast fluctuation limit, the quantity 

r = 0Sz)thl^dis ^Ec^* (22)) is ProPorti°nal to the muon 

relaxation rate. Since r (T = 0) =1, the proportionality 

constant is the relaxation rate at T = 0, or the satura¬ 

tion rate (\^)sat from Eq. (17). Thus the relaxation can 

be calculated for any temperature and field, given values 

of JQ and J for the exchange energy distribution. To 

reproduce the known Tc# we choose JQ = 5.8K. Various values 

of JQ/J are then used to calculate r for comparison with 

the data. 

The inset of Figure 5 compares the homogeneous MF 

relaxation rate (solid curve) with the SK theory for 

JQ/J = 1.1 (dashed curve), for a spin h in a 5 kOe field. 

The curves are normalized to give the saturation rate of 

31.3 (isec-^ at T = 0. Clearly, the behavior of the SK 

model compared to the MF model reproduces the trend in the 

data. In the homogeneous MF model, the normalized magneti¬ 

zation M(T)/M(0) is strongly spin dependent (proportional 
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to S+l) at high temperatures. For this reason, a direct 

comparison of spin 5/2 data with the spin % SK model in the 

paramagnetic phase is impossible. However, the spin de- 

36 
pendence of M(T)/M(0) is weak in the ferromagnetic phase, 

so that direct comparisons are more useful. In Figure 9, 

the SK prediction for a (T) in zero field is compared with 

data for various values of J /J. The lower values of J /J o o 

account qualitatively for the data, in that the predicted 

a(T) rises much more slowly than the homogeneous MF theory 

predicts. Comparison can also be made between the spontane¬ 

ous magnetization and m from the SK model. Figure 10 pre¬ 

sents data from reference 12 along with predictions of the 

MF model and the SK model for two values of JQ/J. The MF 

curve is chosen to reproduce the high field saturation mag¬ 

netization at T = 0, and the SK curves also reproduce this 

value at T = 0 for large JQ/J. Again, qualitative agreement 

is clear for small values of J /J. In conclusion, the o 

inhomogeneous SK model provides a consistent qualitative 

description of the ferromagnetic phase of PdMn. Further 

theoretical work on the SK model is needed to overcome the 

37 
pitfalls of the replica trick and to generalize to arbi- 

3 8 
trary spins. Such advances would make the inhomogeneous 

MF theory as useful to the description of spin glasses and 

random ferromagnets as the homogeneous MF theory has been 

in understanding uniform ferromagnetism. 
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T/Tc 

Figure 10. Temperature dependence of the spontane¬ 
ous magnetization in PdMn (2.45 at. %). 
Data from reference 12._ Solid curve: 
SK model_(S_= 1/2), J /J = 1.1; Dashed 
curve: J /J = 1.5; Dash-dot curve: 
homogeneous MF model (S = 5/2). 
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E. Spin-Lattice Relaxation 

The muon spin-lattice relaxation rate (Figure 6) 

shows a sharp peak in zero field at the Curie temperature. 

This peak is interpreted as being due to critical slowing 

down of impurity spin fluctuations in the neighborhood of 

T , and allows T to be determined from the nSR data to c c ^ 

within .IK. In addition, a relatively weak (g « kT) 

applied field of 5 kOe suppresses the fluctuation induced 

relaxation. 

The experimental temperature resolution and control 

is insufficient to enter the true critical region, so no 

attempt is made to extract dynamic critical exponents. 

However, it is clear that dynamic critical effects are seen 

over a wide temperature range of roughly 30% of T . This 
c 

is in marked contrast with the relatively narrow range 

reported for |jSR in uniform ferro and antiferromagnets. 

39 
De Renzi et al. observe an increase in muon depolariza¬ 

tion near T^ in antiferromagnetic over a temperature 

40 
range of about 1% of T^. Nishiyama et al.. report a 

similarly narrow temperature range of critical effects in 

^SR of ferromagnetic Ni. 

Small angle neutron scattering studies give further 

support for a wide temperature range of critical effects in 

16 
PdMn. In PdMn (2 at.%), critical scattering effects are 

observed over a temperature range on the order of 40% of 

T , and are strongly suppressed by a weak magnetic field. 

As a rule of thumb, homogeneous systems exhibit critical 



40 

scattering only in a temperature range of about 10% of the 

16 transition temperature. 

The range of dynamic critical effects can be compared 

with the predictions of a mean field treatment of Glauber 

41 42 
dynamics near Tc by Suzuki and Kübo. MacLaughlin et al. 

have used this approach to solve for the spin autocorrela¬ 

tion function (S^(O)S^(t)) where a system with long-range 

interactions is simulated by infinite ranged (constant 

magnitude) interactions among N spins. They find the cri¬ 

tical region for the decay time of the autocorrelation 

function (which corresponds to the critical region of the 

observed relaxation time) to be (T-Tc)/Tc < 1/N, which be¬ 

comes very narrow for long ranged (mean field) interactions. 

Thus a long ranged homogeneous Ising MF model of critical 

dynamics cannot be used to describe PdMn. 

A similar calculation has been performed by Sherring¬ 

ton and Kirkpatrick for the "replica-symmetric" spin glass 

32 phase (JQ = 0) of their inhomogeneous MF Ising model. 

They find the spin autocorrelation function to have a decay 
2 

rate proportional to [ (T-Tc)/T] , so that the effects of 

the critical slowing down should be observable over a wider 

range of temperatures in the SK model spin glass phase than 

in the homogeneous MF ferromagnet. A qualitatively similar 

result would be expected in the disordered ferromagnet 

region of the SK phase diagram. Thus the observed spin 

lattice relaxation provides further evidence for qualitative 

agreement between PdMn and the inhomogeneous MF theory. 
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The magnitude of X|| at low temperatures can be esti¬ 

mated by assuming the dominant relaxation mechanism to be 

43 
Raman scattering of magnons by the muon. Turov and 

44 
Petrov have described a continuum theory of this mechanism 

in the case where magnons couple to the probe spins via 

dipolar fields. Their results are for the case where the 

magnon frequency ou(k) is given by 

uu(k) = uuA + Dk
2 , (24) 

where Iuu_ is the anisotropy energy, and D is the spin wave 

stiffness constant. The probe spin relaxation rate is 

. 45 
given by 

X 
2 Yu Ye <kT> 

In 
15 TT D' 

(25) 

where Ye is the electron gyromagnetic ratio. As mentioned 

in Section II, both magnetization and resistivity data give 

2 
a value for D of .7 kT X . Since the value of Iuw_ is un- 

c A 

known, curves of Eq. (25) for various values of kT /hou are 
G ii 

plotted on Figure 6. Although the data do not really extend 

to low enough temperatures to justify the spin wave approxi¬ 

mation, it can be seen that the trend is consistent with 

the curve for Hui = 0.3 kT . It is clear at any rate that 

Raman magnon scattering can explain the order of magnitude 

of the observed relaxation. 
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F. Comparisons with Spin Glass AgMn 

Interesting comparisons can be made between ferromag¬ 

netic PdMn and spin glass AgMn. AgMn (1.6 at.%) has a 

46 transition temperature of T^ = 7.6 K, so that for similar 

concentrations the transition temperatures of the two sys¬ 

tems are comparable. |J.SR zero field relaxation functions 

in both systems can be fit to the spin glass form (Eq. (12)) 

below Tc, indicating the onset of a quasistatic field 

46 distribution width in the ordered phase of both systems. 

The temperature dependence of the quasistatic width indi¬ 

cates that in both systems the local field has rapid fluc¬ 

tuations about an equilibrium position. 

Differences in the two systems are apparent in both 

transverse field relaxation and spin-lattice relaxation. 

In AgMn, the transverse muon relaxation rate is always more 

rapid than the equivalent spin Walstedt-Walker prediction, 

. . 47 where <Sz)tji is calculated from a Curie law. Thus the 

additional disorder due to inequivalent spin sites con¬ 

tributes to muon relaxation in the paramagnetic phase of 

AgMn, which is not the case for PdMn. This is in fact a 

general result in the paramagnetic phase of the canonical 

spin glasses, where short-range magnetic order or correla- 
7 

tions are significant well above T . Thus, although a 

spin glass above T is far from a non-interacting paramag- 
Çf 

net, the dilute ferromagnet PdMn does behave much like a 

uniform, non-interacting paramagnet. 
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Muon spin-lattice relaxation in AgMn is much faster 

46 
than in PdMn. At .5 T^, the AgMn rate is an order of 

magnitude more rapid than in PdMn, and is two orders of 

magnitude more rapid than estimates from simulated low 

48 temperature magnon spectra. This indicates that an addi' 

tional relaxation mechanism is required to explain the 

dynamics of the spin glass phase, which is not the case 

for PdMn. 



VI. Conclusions 

Muon relaxation rates in the dilute random ferromag- 

r.et PdMn (2.3 at. %) have been measured for transverse, 

longitudinal and zero applied fields. Mn spin fluctuations 

remain rapid down to .5 Tc* In the paramagnetic phase, 

the transverse relaxation is determined by dipolar muon 

coupling to the bare impurity moment; the giant moment 

polarization cloud makes no observable contribution. The 

Walstedt-Walker linewidth formula for equivalent impurity 

spins is in good agreement with the observed transverse 

relaxation in the paramagnetic phase. In the ferromagnetic 

phase, the observed relaxation in zero and applied trans¬ 

verse field (and the spontaneous magnetization) is less 

than the prediction of a homogeneous mean field theory. 

The inhomogeneous mean field theory of Sherrington and 

Kirkpatrick is invoked to provide a consistent qualitative 

explanation of all results in the ferromagnetic phase. 

Spin-lattice relaxation in zero field gives clear 

evidence for slowing down of Mn spin fluctuations near Tc- 

Unlike uniform magnetic systems, this slowing down occurs 

over a wide temperature range, which cannot be accounted 

for by a homogeneous mean field theory. An inhomogeneous 

mean field theory is qualitatively consistent with the wide 

temperature range. Spin wave scattering from the muon 

accounts for the magnitude of the low temperature spin- 

lattice relaxation. 
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Comparisons of ferromagnetic PdMn and spin glass 

AgMn show how the internal field distributions in dilute 

alloys are strongly dependent on whether the magnetic 

ordering is ferromagnetic or spin glass. Further |jSR 

studies of the spin glass phase of PdMn would be useful in 

showing that these comparisons represent an effect of the 

type of magnetic ordering and not of the difference in host. 

The many experimental studies of PdMn have led to a 

consistent phenomenological description of the magnetic 

behavior, as discussed in Section II. The conjecture that 

the magnetic behavior can be consistently described by an 

inhomogeneous mean field model is supported by the (j,SR re¬ 

sults and other experimental data. This solution may be 

of some importance in solving the more difficult spin glass 

problem. 
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