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Abstract

Zero and transverse field r[SR measurements have been
performed in LaNis.HG and in PdH (x from 0.59 to 0.86)
between 16 K and room temperature. The rf
depolarization is due to the spread-in’nuclear dipole
fields originating predominantly from the protons.
Motional averaging is caused by the combined motion of
protons and the r. .The‘results show a surprising
low correlatlon rate 1/?‘ , which points to a highly
correlated rﬁ —proton d1ffus1on or to rA trapplng
w1th1n reglons of largely 1mmob11e hydrogen
conflguratlons In LaN15H6 muon trapp}ng or a )
loca11zed r& Jump mode‘conld be considered.
In that sample a llnear decrease of the second moment

w1th temperature between 20 K and 120 K is measured

in contrast to the unchanged relaxatlon observed by

proton NMR.
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1. Introduction

Spin reluaxation experiments with positive muons in

metal hydrides offer the possibility to compare 4
directly the VT diffusion with the proton diffusion._ , -
The proton diffusion is usually well known from other

experiments.

In systems like LaNi H, or F-Pdﬁx the ,vf .
depolariéation is predominantlycaused'by the spread in
nuclear dipole fields originating fromvthé protoné. |
The Ff‘relaxation fuhctjon is as usgal éharécterized
by two paraméfersi .(ia MZ’ thé secpha mdment of the
dipolar field Sbread, mainly deterhinéd by the
struCtufallarraﬁgemeht"6f protons aroﬁnd tﬁe Ff,
(ii)tfi", the correlation time originating ffom the
fluctuations in the dipblar field coﬁponehtéqdue to

the motion of both yf and proton.

Assuming an uncorrelated motion of muon and protons,

the correlation rate 1/22 can be written as

. | (1)

- T T, ? '
iz - P »
where b/rk is the rk* jump rate and I/%; the proton ' v
jump rate. Irrespective of the motional behaviour of

the muon, one would then expect to find

l l
=7 % ,
Z. 2;-

<



1477
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i.e. that the rate I/G; would never be slower than
the proton jump rate. For LaNi_H  and F-Pdﬂx !/%; is
known from NMR and neutron diffraction

measurements [1;9].

2. LaNiH,

The sample used for the FSR experimentslwas only
hydrogenated two times in order to avoid Ni
precipitation on’the surface which could lead to an
artificial increase of the rfjrelaxaﬁibn rate [10].
The resulting powderY material was sealed in a
spherical Quar%zhémpouleQ -

Fig. 1 shows. the measured tempeygtupe dependence of{
~the muon depolarization rate A (1/A;~is the time for.
which fhe polerization decreases_to_i/e);

Measurements were performed,ip tqansyerse‘field

(200 G) as well as in zerqvfield; eoth.techniques
yielding idehtical results. (For the zero fieid case,
Kubo-Toyabe finctions are taken to fit the data. The
dipolar field spreads O~ have to be scaled down by a
factor 2/5 fof direct comparison with the  transverse
field dagping.rates, according to theory.) The scaled
linewwidth of a proton NMR experimeht by?ﬁaletead [1]

(The scale of

is displayed for comparison in fig. 1.
the NMR line width has been determined from the square
root of the reported second moment times 2/3 to

account for the difference between the like spin
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case [p-p] and the unlike spin case [r—p].)

For T < 120 K_bne sees that_the NMR damping is
constant (thch is confirmgd by Barnes et
al. [2]), whereas the muon depolarization rate p
decreases gently to a plateau value of 0.13 Péq
around 150 K (dotted level in fig. 1). No
diffusion occurs below 150 K, all zero field

measurements are clearly best fitted by a static

Kubo-Toyabe function.

Above 160 Kvmotional averaging sets in and the data
are analysed either with the usual transverse field.
ﬁotional narrowing function or with the dynamic
Kubo-Toyabe function, using 6= 0.13 réd (or

0. =5/2 x 0.13 réﬂ ). Fig. 2 shows the results for
|/, plotted in logarithmic scale vs. 1/T. The
straight”solid line in fig. 2 represeﬁts correéponding'
data from a proton NMR study by Halstead et al. [3].
Theée data are in good agreemént with other NMR and

neutron diffraction ekperimehtsi[1,4,5]-

In the temperature region of diffusive motion, three
striking differences between yf and proton behaviour .

are apparent: .

(1) The muon data differ from an Arrhenius like
behaviour for T > 250 K. The observed negative
curvature of thé ln 1/7 versus 1/T relation
is péculiar, It cannot be explained by a

classical sum of activated processes, which
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would result in a positive curvature.

(ii) The activation energy for ijdiffusion
(" 150 meV, at least defined for the lower
temperatures where an Arrhenius relation has been
gssumed) is ~ smaller than for proton

diffusion (7 250 meV).

(iii) 7;(Pf) >'?; , Qlthough it seems that at the.
onset of diffusion the rates are of

the same magnitude. In view of Eq. (1) this
points to a considerably decreased mobility of
the protons in the vicinity of the yf and with
respect to the rdﬂ Such a behaviour may |
indicate a highlyﬂgoyrelated motion of protons
and the M'. It éight also hint to the
tggpping of vF+ in areas of largelygimmobilg

protoqs.,

An alternative explanation could be the following:
The ‘contribution from the '*°La nuclei to the observed
second moment cannot be ignored [2]. At low
temperature.we:have measured,the muon sSpin relaxation

in a metallic LaNi_ block. This allowed us to

5
estimate a L contribution of about 0.06 rs.' to
the G for the immobile pf. Let us assume now that
almost‘up to room temperature the yf stays trapped in
the lattice. This Could be so if the muon either

occupies one single location or has entered a rapid

localized jumping mode as considered for the proton in
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LaNi H, by different authors [11,12]. The | f’“+ then
is less mqbilé because it requires a larger local
lattice expénsion due fo its higher zero point energy
compared to_the prdfon. The motion of tﬁe protons
would reduce a ffacfioh of the field spread at.the p+
(averaging starting at 160 K and roughly completed at
250 K), but the fraction due to " La would remain

effective.(at least partially in the case of iocalized:

jumping).

5. e,

Our sample was a polycristalline Pd sphere' (purity

5 N, diameter 15 mm) charged in a H, atmosphere to the
hydrogen content of x =.O.59, 0.70 and 0:75. The
higher concentrations of x = 0.81 and 0.86 were
reached by additional electrolytiéal charging;;.after
preparation these samples were kept at 1iquid nitrogeni

temperature.

For the conéentrations‘x = 0.70 and=0.75-strobgscopic"‘
pSR measurements [13] as well as zero. field or
transverée_field time differential measurements were
performed betﬁeen‘16 K and room temperature. At the
three other cbncehtrations similar measureménts_were'

effectuated for T < 77 K.

i
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Lelow 50 K a static muon behaviour is indicated by the
zero field measurements for all concentrations. For

that temperature regién fig. 3 displays the obtained

‘static dampihg 0° versus hydrogen concentration (the

reduced value 2/5 x 0, is shown for the zero field
daté); For x > 0.7 a éohstant3va1ue 6-= 0.124 Péq is
observed; compétible withkthe older méasureménts by
Fiory et al; “at x = 0.97 [14]. The value of G is
reduced for x = 0.70 and 0.59, but only by about 15%

and 20%, respectively.

Above 50 K the relaxation data_forvx = O:70_and 0.75

- were analysed using motional narrowing relations. The

obtained correlation rates 1/2; are presented in the

conventionai Arrhenius plot of fig. 4. The results

obtaihédlfrom thevtransverse‘field strobbscopic data

and the zero field'méasurements are'identical. They

do not point to a striking hydrogen concentration
dependenéé o o o -

Aé it céhvbé séen (Fig. 4), the corrélatidn rate i/?é

is not described by a single Arrhenius law:over'fhe
investigated temperature range. Above 100 K the rate
follows an Arrhenius law with activatioﬁ energy of ~ 53 meV

7 -
and preexponential factor of about 3 x 10 rs ' ; below

100 K the data level off.

The diffusion of protons in F—Pdﬂ has been studied

by NMR [6-8] and neutron diffraction [9]}; the reported
activation energies E, scatter from 100 meV to 250 meV. One
solid line in Fig. 4 represents the results of Ito et al [6],

with E, = 130 meV, which were obtained from a CW-NMR study
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in PdHOJ;

in the sameAtemperature range‘es in eur stuﬁy.

A second solid 1ine}Showe‘the resulfs ef Seymogr ef al. [7]
for x = 0.70 with E, = 228 meV, and a'fhird'so'li_d line 1links
low temperature measurerents by Kreitzman et al. [8] for

X = 0.82; Obviouslyvthe NMR ana rSR experiments‘yield quite
different results. There is appreciable r: diffusion_for the
low temperatures at which the protons are practically‘immobile.
On the other side, above 180 K, the Pf correlation rate is
significantly reduced compared to the proton NMR results. If
trapping.is to be made respohsible for this high temperature
behaviour, one hésvdiffieultiesito understend the low apparent

actlvatlon energy This mlght agaln be 1nd10at1ve of elther

a slow motlon 1ns1de some reglon in whlch both the r& and the

protons are trapped or a hlghly correlated rA—proton dlsplacement.

The fact that('is constant for T < 50 K and x > 0.7 suggest
that the FJ has an identical proton environment for this

concentration range.

2

By
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Figure Captions

Fig. 1:

Fig. 2:

Fig. 3:

Measured muon depolarization_rate)“ versus
temperature in LaNi .l . (1/A is the time for
which the polarization decreases to 1/e of
its initial value.) The dotted level
indicates the static Gaussian damping rate
reached before onset of motional narrowing.
The dashed curve represents the proton NMR
line width [1] scaled down for comparison

with PC' depolarization.

Correlation rate 1/1% (logarithmic scale)
versus inverse temperature for Vf in
LaNiSHG. The straight so0lid line represents
proton NMR results [3]. A data point from
proton diffusion studied by quasielastic

neutron scattering [5] is also indicated.

Static Gaussian damping rate O versus
hydrogen concentration x measured for nyR
in PdH, below 50 K. The different
measurement techniques are indicated. (The
reduced value 2/5 x Q;F is represented for
the zero field data.) The transverse field
measurement by Fiory et al. [14] is also

shown.
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Correlation rate 1/ [ (logarithmic . scale)
versus inverse temperature for Pf in P—Pde.
For cohparison proton MR results by Ito et
al. [6], Seymour et al. [7] aﬁd kfeitzman et

al. [8] are also indicated.

b s
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ABSTRACT

We haue studied the trapping and diffusion behavior of positive
muons in Nb single crystals by comparing the measured
depolarlzatlon rate w1th model calculatlons Zero field }ASW
measurements reveal the temperature dependence of the dlffuelon
coefficient and also clearly indicate that the dlfferent trap
configurations above and below e 22 K are correlated. The
activation energy needed to escape'from the-low temperature
traps was found to be 200 + 20 K (17 i 1.5 meV). Subsequently,
the angular dependence of the depolarization rate has been .
measured at 14.0 and 36.8 K in a transverse field of . 7.47 kG by
rotating a Nb single crystal around its <110> axis, which was
kept perpendicular to both field and /d+ polarization. This
allows one to determine the site symmetry of the trapped muon as
well as the lattice distortions around it. For %6.8 K the
trapping site could be identified as a tetrahedral site next to
a Ta 1mpur1ty, p0831b1y also ﬂlose to an interstitial (ﬁ or O
impurlty. A 1ocal 1attlce relaxat1on A r/r of 6. 7(f ¢ for nn
and of -6(2)% for nnn has been deduced. The 10w température
curve shows a much more pronounced angular dependence thanithe
high temperature curve, indicating a completely different
}d:environment. A satisfactory explanation for these date has

not yet been found.
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INTRODUCTICN

In general, a close analogy exists between the diffusion
behavior of 1light interstitials in metals, such as hydrogen, and
the positive muon, the main cdifferences stemming from the mass
ratio of about ten. In contrast, the depolarization rate of
positive muons implanted in relatively pure bcc Nb vs.
temperaﬁure shows intriguing aspects, not observed in the
temperature dependence of the relaxation of hydrogen in this
metal [1,2].' Among the fascinating features that puzzle both
theoreticians and eXperimenters is the occurrence of a distinct
dip at o 22 K. Although such a dip in the }JQdépolarization
rate is not seen in other well-studied metals like e.g.

Cu [3,4], this feature is not unique. Similar structures have

been observed in Bi, Ta and V.

At low temperatures the depolarization rate in b shows twe
plateau regions separated by a more or less pronounced dip at

22 K, depending on the céncentration of residual

impurities [1,2,5,6], For temperatures higher then~ 50 K the
depolarization rate decreases to zero, aq_motional narrowing
sets in. In the case of ultrapure Nb, however, it was

found [7,8] thaf the }I;depolarization rate is relatively low,
with hardly any structure from 5-50 K. Hartmann et al. [8] also
demonstrated that small amounts of impurities (10-50 ppm) such
as Ta and N already suffice to create the dip, although it

appears difficult to clearly separate their individual effects.
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EXPERINMENT AND DISCUSSION

1. Zero-field experiments

Two different theories have‘been forwarded to account for the
observed behavior [1,2,9]. Petzinger [10] pointed out that
zero-field experiments could distinguish between diffusion
towards or eséape from traps and therefore might discriminate

between the two proposed descriptions.

Therefore, we measured the depolarization rate in a Nb single
crystal of cylindricallshape with axis alqng <100> in the region
of the dip in zero field [(11]. Fig. 1 shows the depolarigation
rate vs. ‘temperature extracted from a series of zero-field
measurements by fitting a Gaussian depolarization function. Tﬁe
same spectra have also been fitted with the dynamic Kubo-Toyate

(DKT) function [12] and the Petzinger fundtioﬁ

_t/t Jt -T/z. 2 - v(é )J
R R S I - - T) el
PH)= 1t +3e + L) T v(f )
where Cﬂd repreoents the rate of a muon flndlné a trap, and G

c

the static (Gaussian) relaxation rate.

If e @uon escapes from a trap and moves around, it will finally
depolarize completely as reflected by the DKT function. In
contrast, a finite residual polarization will remain for t->°9,

if the muon becomes trapped.
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From our results: it is apparent that the Petzinger function fits
the high temperature side of the dip (22-28 K) best, whereas the
DKT function proved an excellent fit for temperatures in the

range 14-22 K. 1In F'ig. 2, the resulting correlation rates C;QI

are plotted as a function of inverse temperature. The values
for »ZQ” entered in Fig. 2 are obtained using static. .
depolarization-ratés ¢’ of.O.515 and 0.500 MHz for the DKT and
Petzinger fits, respectively. Open circles represent the
Petzinger fits and closed circles the DKT fits. Also inserted
are three points (closedtsquares) représenting Z;"as derived
from data takén on the same crystal at the low¥feﬁperature éide
of the dip in é fransverselfield ofIZOO‘G.ArThese:spectra have
been fifted with the Abragam fbrmula describiﬁglfhe motional

averaging [13].

ol

Since «Z;"(Petzinger) is in the present dilution proportional
'to the concentration of available traps in the hcst, and ng”
(DKT) can be identified as the escape rate from the trap, i.e.
‘an -intrinsic trap property, the coincidence of these two rates
both in slope and exponential prefactor in the same Arrhenius
plot is quite striking. Although the equality of the
exponential prefactors is probably fortuitious, the equality cf
both exponents at high- and low temperature-side of the dip is
clear evidence for the strong correlation of the muon motion
above and below 21 K. An explanation for this bhenomenoh could
be that one observes hefe a.bottleneck situafionlin which 211
muons that escape for T > 14 K from the ]ow~température trap' are

quickly trapped by deeper, less abundant traps. Thus the rate
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as which muons are finding the high-temperature traps is-
completely determined by the escape process. . This in turn would
imply that the two trap configurations at 14 and 3% K, -
respectively would be situated relatively near to each other,
though not as nearest neighbors. This last conclusion follows
from the observation that the muon depolarization rate displays
a clear dip, i.e. 1s clearly influenced by motional narrowing

in going from one trap to the other.

In view of,théSe observations and preceding the conclﬁsions of
the following section, we arrivé at the following picture. At
temperatures below 14 K the muon diffuses through the Nb host
lattice forming a small polaron and thus fihds_the most abundant
shallow tfap near a Ta impurity, of which the oxact |
configuration has not yet beon resolved. .An altefnétive
interpretation would be that the muon is already trapped in the
temperature range 5-14 K. In that case the muon is assumed to
be in a spatially extended state consisting of a number of.
equivalent sites, between which the muon quickly traps. With
increasing temperature this state contracts onto a single site,
as reflected by the slow increase .in 07 with temperature. The
fact that neither Petzinger nor DKT fits provide a satisfactory

fit compared to static KT fits supports this interpretation.

At a temperature of 14 K the main fraction of muons is trapped
at Ta and as the temperature increases,'muons.start to move out
of these traps, giving rise to motional norfowing and hence the
occurence of the dip in the depolarization rate. At still

higher temperatures (b 21 K) the muons find deeper, less
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abundant traps, which are connnected with both Ta and N (or 0)
as will be discussed in the next section. It is

impurities,
known that interstitial impurities form deeper traps than

substitutional [14].
Since our present samples contain 250 ppm Ta impurities and a

total of about 100 ppm interstitial impurities (O,N,C), the main
Once the

fraction of muons, say 80%, follows the behavior outlined above.

Of course, a remaining fraction traﬁs directly at the Ta + N and

thus does not participate in the formation of the dip.
mﬁons are trapped in the Ta + N trap complex, they only can
The

escape via temperature activated hopping at 2 80 K.
connection of Ta with the plateau at ~ 14 K and N (or 0) with
high-temperature traps has already been discussed by other

as supported by the
of

authors [8], a new element being introduced here is the
hypothesis that most of the interstitials trap near a Ta

impurity both below and above the dip,
observed angular dependence of G’ in the following section.
course, the preceding discussion does not exclude that some

muons might move around in bandlike states, thus not

contributing to @ at all.
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II. High-field angular dependence at 14.0 and 36.8 K.

In order to determine the sites at which the muon is trapped at

|

both sides of the dip, the full angular dependence of the
depolarization rate was measured by rotating a large singlé -
crystal around its <110> cylinder axis in a transverse field of
T7.47 kG. 1In a bcc lattice the muon is expeéted to reéide either
on tetrahedral4sites located in the (001) planes'or on
octahedral sites located-in the <100> direction between two Nb
sites. Theoretically, the depolarization rate can be calculated
on the basis of the dipole-dipole interaction between the
nuclear Nb moments (I = 9/2) and the muons spin (I = 1/2). The
calculation yields the'Gaussian depolarization rate in the
so-called Van Vleck 1limit, viz. for magnetic fields high,enough
(> 2 kG) to quench the quadrupble'interaction between the Nt and

the electrical field'gradiéht induced by the positive muon.

In Fig. 3 the résﬁlis are presented for the low-temperature
plateau at 14.0 K (open circles) and for the high-temperature
plateau at 36.8 K-(closed circles). Also inserted is the result
of a rigid lattice calculation in pure Nb for a tetrahedral |
site, appropriately averaged over all possible equivalent sites.
As can immediately be seen from Fig. 3, the absolute value'of
the experimental depolarization rate is much smaller than the
calculated one for a tetrahedral site. For an octahedral site

the difference would even be larger.
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In order to explainvthe data for the high-temperature plateau,
the solid curve'waaﬂcaloulated under the assumption that' the
muon is trapped at a'regular tetrahedral place, one of its
nearest neighbors (nh) being a Ta substitutional impurity;'
another nn ale atom.shifted away from the Ta, and two unrelaxed
Nb nn. Ohly one oéithe next nearest neighbors‘(nnn) was shifted
from its ldeal position.r After rearranglng nn and nnn in this
way, all nn's and nnn's are relaxed radlally (as seen from the
muon) to obtain a best fit to the measured data. Details on the

exact positions of the nn's and nnn's can be found in Ref. 15.

The fit:reeulted in.a'relatiVe relaxation AR/R of + 6.7(6)% for
nn and - (6 + 2)% for nnn, where the minus s1gn refers to inward
dlsplacement " The nn value is in reasonable agreement with the
value of 5.4% obtained for the lattice relaxation of Nb nn
adjacent'to lnterstitital H in X-Nb [16]. The displacements of
nn's_and nnn's that cause the'resultant relaxation around the
)LF to be‘nohradial could; apart from the presence of the Ta, be
caused by an O or N interstitial located at the octahedral site
betweeh the Ta nn and a Nb nnn. The site assignment for the
.hlgh temperature plateau and 1ts pOSSlble connection with an
1nterst1t1al 1mpur1ty does not comply with the 1nteroretat10n of
Hartmann et al., (8], although thelr observatlons do not

preclude the present site assignment of a combined Ta-N trap.

The anal&sis of the curve at”14 K presents more problems.
Clearly the muon does not reside at an undistorted octahedral or
tetrahedral éite, a prime difficdlty being the‘large difference

in depolarization rate between <110> of <111> on one hand and
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<100> on the other. The difference of about 30% is élearly not
consistent with a tetrahedfal site (= 20%) nor with structures
composed of such sites, e.g. the Tz,qu, and T¢ tunnel states;‘
proposed for H in Nb [17,18]. These will have an increasingly
less pronounced angular dependence. Alternatively, én
ocfahedral site assignment presents difficulties in accounting
er the width of the peak arpund H/y<100> and the fiatness of

the curve around HA/2111> and <110>.

Finally, one can consider the influence of the finite extension
of the muon wave function in the host matrix on the ‘second
moment and thus on the /L+—depolarization rate.v This problem is
treated theoretically by various authors [19,20]. From the work
of Meier [21] one knows that as long as the /Uf wavefunction is
spherically sjmmetric, the dipolar fieldland, by the same
arguments, the second moment due to dipole-dipole inferaction
are not éhanged by the finité spétial extenéion._ Following the
work of McMullen et al. and inserting the vélueé for the width
of the }:-wavefunction, approximated by a nonisotropic Gaﬁssian
function, as given by Sugimoto et al. for Nb, one calculates a
reduction of the second moﬁent of only a few percent comﬁared to

a pointlike muon. For the present discussion we can therefore

safely ignore the finite extension of the muon wavefunction.

In conclusion, we have been able to reproduce the
high-temperature angular dependence of the depolarization

rate @ with a possible trap configuration for the /L+ in the ﬁb
host lattice. Substitutionai Ta impurifies, possibly in

combination with interstitial impurities like O or N , play an
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essential rate in explaining the observed angular dependence of
0° in high magnetic field, together with an additional
substantial radial outward relaxation of the neighbors nearest
to the }if. Moreover, zero-field data show that the low- and
high-temperature plateaus around the dip at ~~22 K are strongly
correlated, thus indicating that the majority of muons escaping
from low-temperature traps find after several jumps deeper, less
abundant traps. This observation is an indication that only one
single fraction .of muons plays a dominant role in the
detrapping—trapping-behavior around the dip, in contrast with

mechanisms as discussed in Ref. 8. Full analysis of the angular

" dependence at 14 K is in progress in order to resolve the trap

configuration at low temperatures and further experiments have
been planned to vary the concentration of interstitial
impurities in the same single crystal and repeat the angular

dependence measurements around the dip.
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FIGURE CAPTIONS

Fig.

=
[ 8
K

|‘o

|\N

Temperature dependence of the Gaussian depolarization
rate O of positive muons implanted in e cylindrical Nb
single crystal with axis along <100> ih a zero field
experiment. The data-points represented by ciosed

circles were taken about one year later than those

represented by open circles.

-

Arrhenius plot of the inverse correlation time ’CZ 'Qs.
inverse temperature. The open circles corresppnd to
Petzinger fits and the closed circles to dynamic
Kubo~Toyabe fits. Also inserted are three poihte (open

squares) representing Czﬂ as derived from data taken

. on the same crystal at the low-temperature side of the

dip in a transverse field of M 200 G and fitted with
the Abragam formula pertaining to motional narrowing.
The solid line is a least-squares fit to

q:4= A exp(-E/kg T), resulting in an ‘attempt rate
A =28 + 4 GHz and an aetivation energy
E/k = 200 + 20 K. The T; 's derived from Petzinger
and Kubo-Toyabe fits represeht of course quite
different quantities. Further discussion is deferred

to the text.

Angular dependence of the /k+-depolarization rate of a
muon in Nb for the two plateau temperatures, 36.8 K

(closed circles) and 14.0 K (open circles),

- )
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respectively, corresponding to high and low temperature

trapping sites at both sides of the dip. All

.measureménts were done in a field of 7.47 kG with the

stroboscopic ‘#SR technique. The solid line is the

.result of a second moment calculation allowing for

nonradial relaxation around the muon of nearest

. neighbors and of next-nearest neighbors, due to the

presence of substitutional (Ta) and interstitial (N)
impurities and the /i+ itself. For reference, the
theoretical angular dependence of a tetrahedral site in

a pure Nb lattice without any relaxation is also shown.
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u+-KNIGHTSHIFT STUDiES AND THE ELECTRONIC STRUCTURE OF

HYDROGEN IN METALS
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Abstract

An up £o data review of positive muon (u+).Knight'shiFt.stu—.
dies inrelemental, non transition and transition metals and
in B-palladium hydride will be presented. Implications on
the local eléctronic structure of a hydrogenlike ihpurity

will be pointed out.

Invited paper at International Meeting on Hydrogen in Metals

(Wroclaw, September 13983)

(to be published in J. Less Common Met.)
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I. Introduction

Interstitial_protons or positive muons (uf] in a metal
crystal aquire nearly the same electron distribution in'thei?
viecinity due tq their identical qharge state_and strong
Coulomb potential. Possible differences stem from their
different zero point vibration amp-litudes_(mu = 1/8 mp)
which brings them differently close to the host lattice con-
stituents. Aside from such effects there is basically no
vdiFFerencé.betweén the electronic properties of the tyo par-
tiéies in a metal environment. Information gained on the
electronic structure around a u+ can therefore be viewed as
representative of the corresponding electronic structure
around a proton. In this respect the u+ serves as a substi-
tute probe‘in the.study oF.thé electronic structure of

hydrogen in metals.

Positive muons can be implanted in any metal or metal alloy
and its Knight shift can be measured by the muon spin pre-
cession (uSR) technique with high precision. In contrast
‘the proton Knight shift can only be measured in metallic
systems which absorb sufficient quantities of hydrogen to

allow application of the NMR technique [11.
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II. Knight shift and electronic structure

The implanted u+ is surrounded by electrons whi¢h form the
local electronic structure and screen the positive muon

charge within a radius of typically 2-a_ [2]. The u° and the

B
electrons interact magnetically with each other according
to the Hamiltonian (in the nonrelativistic Pauli approxi-

mation)

> > - >
=g w g u _f'z'i-i-+ -'—S—i—+3r1 (85 s BT 5 (Fe0)d
Ty ®Pe "B Ty | 3 3 5 3 i
i {3 r; r;
i i 1
> > v
= gu Pl—l IU . He-F-F_ . L _ , (1)
where the p" is located at ;u = 0. The index i refers to the

ibh glectron. The first term under the sum is the orbital,

the second term the dipole-dipole and the third term the
Fermi contact hyperfine interaction. The sum over the first
term vanishes since no net angular momentum is formed at the
u+. However, in the presence of an external field the induced

“orbital motion of the electrons will lead to a diamagnetic

screening field at the u+ (see below).
Introducing the charge density distribution

n(F) = 1y, (F)]7 (2)
i
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an effective magnetic field ﬁeFf can be expressed in inte-

gral form as

3, 3 PAEHD
3

->
Vv r r
L
+ 3+ g_ ug nlo) g (3)

The integration extends in principle over the total volume

of the sample, but we will assume the probe to be of spheri-
cal shape sé that the demaghetizatibn'¥ie1d énd'the Lorentz
field cancel and only the integratioh over the Ldréhtz sphere

remains. In the absence of magnetic ordering or an external

.F

external field BO in, e.g. z-direction,each electronic spin-

?iéldﬂﬁe P will of coursé.be zero. In the preéence of an

will on the average acquire a small static component in z-di-

rection which is given by

(4)

where Xg is the spin susceptibility per electron (assumed to
be independent of position ). As a result we find a non-
vanishing HeF? in z-direction. The total field acting on the

+
u is then given by
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Btot(ru=o) = BO + HeFF = BO(1+K) (5)
where K = Heff/Bo is the so called Knight shift constant KS

and He'1C1c the field shift. With Egq. (3) K can be,wfitten as

2

=K, + K | (6)

where 6 is the angle between the z-axis and T. The second
term of Eq. (B6), the axial KS Kax’ vanishes for a charge
| distribution of spherical‘and cubic symmetry. For a charge

distribution of axial symmetry Kax can be written as

dv'| (3 coszer1] Xg (7)

where x', y', z' refer to a new coordinate system with 2z’

the axis of axial symmetry, usually to be identified with a
certain crystal axis. 6 is the angle between the z'-axis and
the external field or the z-axis, respectively. A'nonspheri-
cal or noncubic charge distribution, therefore, leads to an
anisotropic KS. However, also the first term Kiso; stemming
from the isotropic contact interéction may become anisotropic

if the spin susceptibility is anisotropic.
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In simple, nontransition metals only (s,p)-electrons at the
Fermi energy will become spinpolarized 1in the presence of

an external field (Pauli spin paramagnetism),?ife,

n(o) = n(o)g <|¢(o)|2>Fv.

and principally K, = K_ > 0. The‘eFFect 0F core polarization

180 S

may alter K, in both directions.
iso

To include this effect KiSO = KS is often expressed in an

obvious manner as

+ 4
_ 8w n(o) -n (o) NN
Ks = 3 ¥g +_ ¥ (n,=ng)/B,
n_-n
o o
(8t n'to)-nfo) w0 (8)
3 +_n+ Xs 3 ps Xs
o © '

where ps(o) is ‘the so called spin density enhancement factor
‘and Xs is ﬁhe volume spin susceptibility of .the homogeneous

electron gas characterizing the conduction electrons. -

In d-electron and f-electron tranéitiéhumetals;'where the d-
and F—eleétrons'ére'contributing dominahtly to the magnetic
susceptibility, core polarization must be very important
since the direct overlap of d-electrdn and more so of f-
electron wave functions with théku+”is probably very small.

We introduce therefore an additional term
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_ 1 _.Qa

a
hf

paired d-, f-electron per atom. Xat.is the atomic 'spin sus-

where B is the induced hyperfine field at the u#'ber un-
ceptibility of the d-, f-electrons. In many cases X(d,f)
shows a strong temperature debendence which allows to distin-
guish betweeanCp and KS' Core polarization could in prin-

ciple also contribute to the axial KS.

A last contribution to a field shift is.the_alpeady megtiohed
diamagnetic screening analogous to the chemical shift in
atoms and molecules. This negative shift constant is given

by the Lamb expressiaon

e

> <0|ijo> o (10)

3 mec B oo ‘ : .

which yields ¢ = - 20 ppm rather independent of the host
metal and close to the'atomic hydrogen.value of - 18 ppm [3].
It involves the total charge distribution around the impurity
in contrast to the contact term induced shift which de-.
pends only cn the local densities at the impurity.

The total field shift (usualyy also called Knight shift)

is then in principle composed of the following terms

K =K +K, +K _+o0 (11)
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ITI. Knight shift in nontransition metals

Most of the data have already beengdiscuséed elsewhere [4, 5].
An updated compilation_g? all data is presented in Tab. I.

New entries are the values of Ku in Au, Zn and Cd. Revised
values can be found for Be andfMg, stemming ?rdm'new mgasure—
ments on high purity single crystal samples.!Eor complete-
néss Tab. I contains also results obtained in the semi metals
Sb and Bi, bu£ ﬁhese results will not be d;scuséed_here.

it was found earlier f4].that the logérithm ‘of-the induced

'

hyperfine field per unpaired electron per atom,

Qa ’ *)
Bhe = Mg Kg/Xagls)

,.Showéd é universél behavior in the

..+ cubic mono-, di- and tri-QéIent metals when piOtted Versus
fhe molar electronic specific heat, thqh is:propdrtionél to
the density of states at the Fermi energy (Fig; 2). It is now
fdund tHat:a1so.thé>new values‘in Aﬁxana”iﬁ thé‘hcp metals
Be{ Zn and Cd are consistent with this Qnivefsa1 curve. Also
the revised value in Mg"ié how,closer‘to‘this universal
curve. One consequence of this univefsal behavior was the ob-
seryation that the u+ KS shows a distinctive déﬁendencg on
the‘valency of tﬁe metal aﬁd only to.a lesséf-degbee on the

~total conduction electron concentration in contrast to pre-

Qa

*) In calculating Bh?

experimental values for x were used
at
throughout.
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Compilation of u+-Knight shift data in nontransition metals.

X = experimental spin susceptibility (from.  Refs. 4, 15).
' emu S o '
metal PS N Kiso[ppm] Kax[ppm] Refs.
cm™ ‘ v
x10 8
Li 3.25 2.10 8.6+4.0 4, B
Na 3.93 1.09 76.5+5.0 4, 6
K 4.86 0.90 63.2+4.5 4, 6
Rb 5.20 0.B86 66.1+4.3 4, 6
Cs 5.63 0.81 31.04.0 4, 6
Cu 2.67 1.36 60£2.5 4, 6
Ag 3.02 0.88 94+3,5 4
Au 3.01 '0.99 64+10 7
Be 1.88 0.2 -9+1.6 -3£1.9 "8, 9
Mg : .-2.65 ~1.58 0 43.3%£3.5 0. new value
Ca 3.27 ~1.58 21.2+6.2 4, 6
Sr 3.56 >2.69 -18.4%6.8 4, 6
Ba 3.69 | ~0.99 29.6%5.0 4, 6
Zn 2.31 ~0.99 60+5* 321, 3% 8, 9, 10
cd 2.59 ~0.73 55+5% - .-3.3%1.3* 8, 9, 11
Hg 2.75 | ~1.73 117£11%* 4
Al 2.07 | 1.77. 79.6%4.0 4
Ga 2.19 ~0.7 -17+3.5 4
Pb 2.30 ~2.36 105.2+3.5 4
Sb ~0.082 B700*** 2200*** 12, 13
Bi ~0.014 -27B**xx +9+6**** | new value
* 20 K, * ok _500 C, * % %

all other data are at roomtemp.

15 K, **** 4.2 K (preliminary data),
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dictions by various jellium calculations on the basis of. the

spin density functional formalism [2].

In the meantime Considerable progress has beén achieved in
fhe understanding of the gross Féatures of fﬁe"qbservea
systematics by the work of Manningn [14]. it is esséntiélly
also a.jellium caiculation, but the host iaftice potential

is taken into‘account by the so-called spherical solidvmodel,
which repléces the coﬁpensating ppsitive bapkgfound-charge

in the conventicnal jellium approach.

In this model the host potential is constructed from the un-
screened pseudopotentials of the host ions and subsequently
a spherical average is calculated aroundithe”u+-site. This
spherical average together with the u+vp0tential itself is
then used as the relevant potential in a jellium calculation
using again the selfconsistent spin density functional for-
-malism, which includes automatically the effect of core po-
larization. In contrast to the conventional jellium calcu-
lations the actual lattice site of the‘u+ is now important
and leads to different results. For the pseudo potentials
the simple Ashcroft empty-core potentials with commonly used
core radii were taken [14]. Other parameters that enter the
calculations are the electron dénsity'parameter fs"and the
valency Z. As an example, Fig. 2 shows a partial-wave decom-

position of the electron density at the tetrahedral u+ site



1520

in Cs obtained by this model. Also shown are the results

of a nonpolarized jellium calculation. Clearly bouhd states
show up showing a larger density for the spin down configu-
ration which contribute therefore a negative hyperfine

field. The continuum states, on the other side.'éoﬁtfibute a
positive hyperfine fieid. Compared with tﬁe jelliuﬁ model

the continuum states provide a considerably smalle; cﬁﬁtact
density while the bound states provia; a larger éne,.however
both models yiéldialmost the same total electron density at the
u+-site. In the end the model ié used fo calculate the spin den-
sity enhancement Factor'ps(ol introduced invK. (8).vFig. 3
and Fig. 4 show the prédictions of the spherical solid model
for Ku‘in hoﬁé and'divaleht metals. The diamagnetic“contri-
bution was balcuiated in the”same model using a formula de-
rived in [3].:Thé spin susceptibility, needed to calculate
KS,’was takén fofbe'the one of a homogeneous interacting
electron géshsf‘tﬁe éppropriate density rather than the ex-
perimental vélﬁe which;is'justified on grounds OF'interhal
consiSténcy in using quﬁ(B).AItlis evident from Figs. 3‘and 4
that the genér81 trend'oF.the data with the'densiiy para-
meterbrS is fep}oducgd quite well as is the grouping of the
data with the valency of the host metal. However, if experi-
mental vélues For.the spin susceptibility were used, we would
have found less agreement. This is somewhat surprising in

view of the striking systematics in Fig. 1 which was bbtaihed

by using experimental values.
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The situation is more clearly shown in Fig. 5 where we com-
pare théoretical ps(o) from Manninen [14] with empirical

ones Célculated from the data as follows: ps(o) = (Ku—_c]/%1 Xg
where x_ are experimental values [4, 151 énd»the diamagnetic
screening constant is taken to be fZO ppvaor all samples.

We notice thét the deviations from the prédictions are most
pronounced for the high densify metals, althougﬁ the trends

are still in qualitative agreement.

Manninen [14] has also found an approximate linear relation-

Qa
hf

ming a homogeneous electron gas picture).'Hevdismisses this

ship between log B and the atomic density of states (assu-
result as éomewhat’accidentalf However in view of thé em-
biricai'universal behavior in Fig. 1, which indicates thét
the true density of states matters indeed, we feel that it
is-neccessafy to persue this problem further theoretically
and that the present'theory, although succeésful in repro-
ducing thé gross feature of the data, still lacks a predic-
tive‘pOWQr“ih detail. For instance tﬁere is quite a gap bet-

ween the expefimentélvand predicted Ku in Cu, while the ex-

{la

perlmental Bhf

is excellehtly'accomodated by the universal

curve in Fig. 1.
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Careful ﬁeésureﬁents of fhé.angular dependence éf the u+—KS
in single crystals oF'the hep metals Be, Cd.ahd Zn [8, 9]
showed the clear présence of an axial Ks; while no éxial KS
could be obsérved in Mg. The axis of axial symmefry coincided
generallyrwithvfhe cryétaliihe c-axis. Fig..B showslthe re-
sults dbtaiﬁed in Be at room temperature.In Zn an anisdfropic
KS cdﬁldvonly be observed at low temperatures (< Bb Kj. Its
size and Fundtional dependence on angle varied betweeﬁ
diffepgnt samples and seemed to depend on the‘sample'history,
like the speed of temperature changes. At present we cannot
offer any interpretatipn of the Zn-data. In.Cd‘an axial KS
was'observable:at all temperatures practically'up to the
ﬁelting point,iﬁqwever, a chapge of sign oF.Kaxqucurred at
110 K. Fig. 7 shows fhe_angulgr dependence of Ku at 60 K and
at room temperature[18]f The peculiar temperature QF 11Q K
shows also'up in‘the temperature depenaence‘of the isotropic
KS (see next section). If the axial KS in Cd is due to)a non-
spherical Chafge distribution around the u+, i.e. due to the
presence of p-like stafes we would have observed a change of
fhé chargg distfibution from éblateliike (pk, py components
dominant) at low temperatures to prolate like (pz component
dominant) at high temperatures. On the other hand the ob-
served anisotropy may be alsb due to an anisotropic Xg @s a

result of an anisotropic Landé or ge—Factor of some of the
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electrons contributing to the contact density. This is not an
‘unreasonable possibility since it is known that spin-orbit
coupling effects play an important role in the Cd band struc-

ture.-

Since spiﬁAorbit couﬁling is of negligible_impprtance in the
low Z-metal Be we conclude thét_the obéervéd axial u+ KS
ﬁhere presenfs the first eQidence that also non s-like (with
respect.to the_u+) glectrons can be importantvin the local

electronic structure of a hydrogenlike impurity.

¥

e e iso

In nontransition metals one does not expect to find a signi-
ficant temperature dependence, since the Pauli spin suscepti-
bility is temperature independent as long as one deals with

a degenerate electron system.

Indeed the’ﬁf KS in Cu and Al does not display a temperature
dependence within the present accuracy. In Zn one finds a
slight linear increase with temperature with a slope of
(3K/3T) = 1.1 £ 0.45 ppm/100 K and a jump of (12 %+ 8)% when
crossing the melting point [9, 10]+ In contrast the u+ KS in
Cd shows a very pronounced temperature dependence up to the
melting point, but practically no change when passing into

the liquid state (see Fig. 8). At 110 K we find a singularity
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in the témperature dependence which has been recenfly iden-
tified aé a'band structure effect related to critical points
in the vicinity of the K symmetfy point of the hexagonal
Brillouin zone[9,11,16].The overall temperature dependence is
interpreted in anélogy,to the analysis of the nuclear Cd KS
data [i7]wés a Consequehcé of phonon;electronAinteractions
'which,wéakeﬁ the 1attice‘potentiél and‘iead to an increa-
singly free électron bhafécfer of the cohdugtibn electrons.
It would be very inferesfing if some fhedrist could be mo-
tivated to calculate the concomitant change in the heat of
solution for hydrogen. Remarkable ié also the absence of

a change of Ku upon melting, quite in cohfrast to nuclear

Cd Knight shift data which show a +33% jump upon melting.

In contrast to the data obtained in polycrystalline Zn, which
only showed a very weak temperature dependence, quite a
different temperature dependence was found in a single
crystal sample (see Fig. 9). At low and at high temperatures
the data are in:agreement with the polycrystalline sample re-
sults but at intermediate temperatures the KS shows a dramatic
drop to large and negative values reaching its extremum at

about room temperature. This behavior could not be influenced
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by annealing the sample but it could be induced also in a
polycrystalline sample by quenching it rapidly from a tem-

{

perature close to the melting point down to 77°K [18].

The data can be understood in terms of trapping of the p+

at a second site involving a Knight shift of -520 ppm * 10%
which sharply contrasts with the value of 68 # 5 ppm associ-
ated with the regular site. The escape activation energy out
of this second site was determined to be 0.5 eV % 5%, i.e. it
presents a rather deep trap to the u+. It was also possible to
obtain a rough estimate of the formation energy of this trap
from the quenched polycrystalline samples: 0.5 * 0.2 eV. The
escape energy as well as the formation energy suggest that the
trap site is a vacancy [11, 18]. But since it was not possible
to anneal this defect by heating, such an identification seems
to be ruled out. Another possibility is the formation of a
multivacancy cluster or void which is thermally much more
stable. Such defects will be formed from single vacancies
during the temperature quench, if the quench rates are not

to high..Indéed our quench rates were only of the order of
80‘— 120°K/sec. Taking evefything together it seems there-
fore quite likely that the trap site is a multivacancy

cluster or small void. Manninen [14] predicts‘on the basis of
the spherical solid model a KS of Ku = + 280 ppm for a u+ at

a vacancy in Zn. It was also found that the KS increases with
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.the vacancy or microvoid size if the u+ is at the center of

this spherical defect [18].

The large negative KS, found experimentally, cbntradicts
thése predictions severely, indicating that the change in
local electronic structure around'the u+ by going from the--
interstitial site to a vacancy cluster is not really under-
stood. Generally,information on the local electronic struc-
ture of hydrogen at a defect site appears very important,
e.g. in'relation to the mechanisms of hydrogen induced

corrosion (weakening of metallic binding).

IV. Knight shift in transition metals

-So Far“Ku wasbdetermined in the grdup VB metais: V,Nb and

Ta [4] and in the group VIII metals: Ni, Pd and

Pt [20]. WB‘will only discuss here results obtained in the
latter three metals as a Function of temperature. As an ex-
ample Fig. 10 shows a plot of Ku in Pt as é Fqnction of the
magnetic bulk susceptibility with temperature as an implicit
parameter. From such a piot one can determine the tempera-

ture independent s-electron induced KS: KS and the d-electron
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induced hyperfine field per unpaired d-electron per atom:

Bﬁ? d which is just the slope of the straight line in

Fig. 10.

Tab. II compiles the results obtained in Ni, Pd and Pt. We

Qa
hf,d

from Ni to Pd and likewise in going from Pd to Pt. For com-

notipe that B increases by roughly a factor of 2 in going
parison Tab. II list also d-electron induced hyperfine fields
at the host nuclei. Katayama et al. [21]vhéve shown on the
baéisvoF KKR-CPA band structure calcuiations that the ne-
gative hyperfine field at the p+ in Ni originates from
hydrogen-metal bonding states (invoiving hybridized hydrogen
1s- and Ni 3d-states), whereby the'spin down state produces

a larger charge density at the u+ than the spin up state.

f2a
hf,d

increasing spectral weight of such bonding states. Possible

The observed tendency of B -may therefore reflect an
consequences of such a behavior for other properties of
hydrogen in these metals, like local lattice relaxation,
heat of solution, etc. must be investigated in the future.
It may be recalled in this respect that hydrogen can be

dissolved gasily in Pd but not in Pt [22].



Table II

Compilation of u+ and nuClear Knight éhFit data in Ni, Pd and Pt.

. +
s-electron Xg Kg Bﬁ?:E ng,SUFl
a(A®) - per atom Lemu/cm3] [ppm] [kG/uB/at] [kG/uB/at]
-6
Cu | 3.561 1 1.36+10 80(3) -~ -~
Ni | 3.52 0.6 0.82'10_6 31(27)° -1.224(23)* -137
- 6 .
Ag | 4.09 1 0.85-10 114(4) -~ -
Pd | 3.89 0.36 0.64-107° 62(13) -2.39(11) -345
Au | 4.08 1 0.99-10"% | 64010 - - --
Pt {3.92 0.2 0.53'10—6 73(15) -5.03(043) -1180

+ revised value

YA
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V. Knight shift in B—Pde

So far all reported investigations concerned a singie u+A(or
proton) ie the pure metal. This correspaonds to an infinite
dilute cencehtration of hydrogen in a metal, that is, we are
within- the d-phase'oF the metal hydrogen system. The bulk
electronic etructure of the  host metal is only locally dis-
turbed and effects of hydrogen-hydrogen interactions are
eltogethereabsent.‘The situation is quitevditferent in the
other regime of high hydrogen.concentrations, i.e. in a me-

"tal hydride.

’The only preQious uSé KS etudy En a metal hydride was per-
ithrmed in tHe»syeteh LaNiSHx [23]. Here we review some more
reeeﬁt ihveetigations in B:Pngifor concentrations of x =
0.53; 0.70, 0.75, U 81 and O. 86"Except for x = 0.59 the KS
is temperature 1ndependent [20] reflecting the fact that also
.the bulk magnetlc SUSCBptlblllty becomes practlcally tempe-
‘rature 1ndependent above x = 0.60 [24]. Fig. 11 displays the
temperature ranges investigated for the various H/Pd ratios
and’ the average KS found for each ratie. For x = 0.58 one
Finde a signiFicant'drop in Kﬁ when going from room tempera-
ture and ebove to 4.2 K. This is probably related to a transi-
tion Fremtthe B-phase to the mixed a+B phase Just slightly
below room temperature.This has to be investigated in more

detail in the future, but if the change in K is really asso-
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ciated with a phase transition an interesting field of

further studies is opened up.

Fig. 12 displays the observed shifts corrected for a dia-
magnetic contribution of -20 ppm, as a function of hydrogen
concentration. Indicated are also two points stemming from
proton KS measurements by NMR [25]. Excellent agreement
between the NMR and uSR data can be stated, indicating that
isotope effects are only of minor importance. It appears that
. the KS in B—Pde rises linearly with the H-concentration.
Also indicated in Fig. 12 is the temperature independent
s-electron induced KS obtained in pure Pd (see Tab._II).
‘Sincé thé d—bana is completely ?illéd in Pde for X 2 0.6
andy?allé beiow the Férmi.energy it is tempting to trace the
obsérved temberatdre independent u+ KS in B—Pde baqk to
s—éleétrons too;‘Obviously then Kslis quite dingrent_in pure
Pd and.in ifs hydride. The Pauli spin susceptibility Xg of
the Hydridg is estimated to 58 1.8 x 10_6 e_mu/cm3 [26] which
is much lapgérAthan the value estimated for pure Pd (see Tab
Tab; IIj.>Hence; one would have expected a much larger_KS

in the B-hydride phase. On the other hand there is no indi-
cation thaf_xS is dependent on x for x » 0.70 [26]. The x-de-

pendence of KS must therefore be of a different origin [25].
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The situation becomes even more puzzling if one compares the
Knight shift data with predicitions obtained from proton

Korringa'relaxation rate (T X T)~1 measurements [27, 28, 29]

1e
by apﬁlying the Kbrringa relation. Tﬁe predi;téd‘values are -
also displayed in Fig.12. There seems to be no x-depeAdence
between x = 0.70 and 0.80, essentially in accordance with a
constant Xg* A femafkébléﬂdiscrepaney betwéen the‘dgrived
‘numbers and the measured shiFtsuin Pde is appafent. These
conflicting results can be reconciled if one postulates two
'x?dépendentﬁconfributions K,I,.“K2 caﬁbeiiiné'paffiéliy in'K?
(and K_) but adding coﬁstructively in the Korringa reléxétion
" rate. HoWever,'no'obvion interpretétion of two contributions
“is at Hand. Another possibiiity is to assume that ah abnﬁrmally
large ‘and x-dependent diamagnetic“shiélding reduces the fotal
Knight 'shift without affecting the Kdrriﬁga relaxation rate.
A requifed diamagnetic écreening dfutﬁe order of ;65 ppm would
point to a very beculiar electron distribution around the
+

4 or proton, which is not indicated so far by other mea-

surements.
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VI. Summary

What has been learned from the present u+ Knight shift
studies about fhe local electronic structure of this hydro—
genlike impurity? The conclusions may be summarized as

follows:

g)_byggggen in_simple, nontransition_metals

A scfeened proton picture, underlying the spherical solid
model calculations; provides an adequate model to explain
‘tﬁe gross feétures of the observed KS systematics. In addi-
tion to scattering states bound states seem to be very im-
_pbrtantvin producing a negative contribution to tﬁe KS which
is essential in feprqducing the data. The influence of the
hoéf neighbor potentials resulted in a further enhancement
of the spectral density of the bound states on the expense
of Continuum scattering states. Implications on other pro-
perties like the heat of solution of hydrogen in these metals
have sfill to be investigated theoretically. Lacking agree-
ment in detail indicates that further refinements are
necessary, perhaps by applying more realistic cluster or
band structure calculations, including also the effect of

lattice relaxation around the impurity.

The observation of anisotropies in the u+ KS, notably in Be,

suggests that also non s-electron like states can contribute
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to the local electronic structure in a naon negligible way.
This needs to be explored further in Futurevexperimental
inQestigatiohs as well.as in theoretical studies.
Unexplained is the drastic change of the u+ KS in Zn when
trapped in a structural defect (probably a multivacancy

cluster).

The u+ KS studies in Ni, Pd and Pt show that d-electrons play
an important role in thé formation of the total spin density
at the u+. This may be interpreted in various ways. The KKR-
bénd structure calcdulations of Katayama.et al. [21] suggest
that this is the result of the formation of bonding states
invoIVing‘hybridized hydrogen-1s and host metal d-wave func-
tions. This would support the covalent hydrogen model sugges-
ted for transition metal hydrides [30]. What is needed now
are more calculations extended to Pd and Pt in order to un-

derstand also the observed trends in Bg? q°

The as yet incomplete measurements in B—Pde promise to
elucidate various properties: (i) change of the local charge
density at the u+ with the hydrogen concentration,

(ii) possible influence of electrons from the fully occupied
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d-band taking both the KS and T, -data into account,

1e
(iii) behavior of the local electronic structure at the
boundary between different phases. We hope to have more

on this by the time of the next conference on hydrogen in

metals.
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Figure captions

Semilogarithmic plot of the induced hyperfine field

Qa _ . . o
Bhf = Mg KS/Xat versus the molar electronic 59901F10 heat.
Figure 2

Partial wave decomposition of the electron density at the u+
at a tetrahedral site in C& from spherical solid model .cal-
culations. The dotted dashed line is the electron density

(spin up or down) from a nonpolarized jellium model [14].

Spherical solid model predictions for Ku in monovalent metals

versus the density parameter rg [143.

Spherical solid model predictions for KU in divalent metals.
The upper values are for u+ at the octahedral interstitial site,

the lower ones at the tetrahedral site [14].
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Comparison of spin density enhancement factors ps(o) from
the spherical solid model calculation [14] and from the experi-

mental KS values using experimental spin susceptibility

data [4].

Angular dependence of Ku in Be at 293 K. 6 is the angle between

the crystalline c-axis and the applied field [9].

Angular dependence of KU in Cd at 60 K and at 293 K. 06 is
the angle between the crystalline c-axis and the applied

field [18].

Temperature dependence of Ku in polycrystalline Cd [11].
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Temperature dependence of the apparent Ku in 'a single crystal

sample of Zn [10]."

Figure 10

Plot of K wversus magnetic susceptibility in Pt. Tempera-
u .

ture is an implicit parameter [20].

Temperature range of Ku measurements in Pde. Ku is tempera-

ture independent except for x = 0.59.

Plot of KS versus hydrogen concentration x in Pde. Indicated
are also results from proton KS measurements [25] and calcu-

lated values (via the Korringa relation) From'T1e;relaxation

data [27-29]. - : a
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Quantum Diffusion of Positive Muons invIron
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The longltudlnal mion-spin relaxation rate ') of a spherlcal
a—lron 31ngle crystal in an applied magnetic field of 4.5 T
‘parallel to <111> shows a maximum at T = 3.7 K. Near the maximum
 £}(§9 is in agreement with a muon diffusivitY.QP+ proportional
to the temperature T and hence with one-phonon-assisted tunnelling.
Thé results strongly support the view that the stable muon site is
the tetrahedral interstice. Below about 3 K evidence for metastable
occupancy of a second type of site has been found.

. PACS numbers: 66.30.Jt, 76.60.Jx, 76.90.+d

The study of the diffusivity 2u+ of positive muons (u+) in
metals has been one of the main incentives for the development
of the theory of quantum diffusion in crystals and at the

same time, its main testing ground L The longltudlnal spin relax-

ation of u in a-Fe is particularly well suited for quantitative

+ . .
studies of Q%:(I),z'“ Measurements of the longitudinal relaxation

rate £1are insensitive against trapping effects due to impurities or other

imperfections® and hence superior to transverse relaxation
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measurements. In studying q—Fe we take advantage of its ferro-
magnetism and the iower—than;cubic pointusynmetry of.its inter-
stices. This leads to. strong dipolar magnetiofields_édip.acting
on the magnetic moments .of the»u+ located on interstitial sites.
When the u+ diffuse by jumping between neighbouring interstices,
the dipolar fields felt by the u+ magnetic moments change. Pro-
vided the applied magnetic field Eappl is chosen aﬁpropriately,
this affects the muon polarization so strongly that £1 can be
determined over a very wide temperature range.

In the body—centred cubic (bcc) structure .of a-Fe-the inter-
stitial sites most likely to be occupied by p’, the tetrahedral (T)

and octahedral (0) interstices, possess tetragonal point symmetry.
; .

—domain

parallel to <100> The dlpolar fieldsat O or T sites® are then

In the demagnetized state the local magnetization is

parallel to M ; SO that F1 = 0. Consequently, the longltudlnal

—domain

relaxation measurements must be carried out on single crystals

with M rotateo away from <100> by a sultably orlented and

—domain

_.’
suff1c1ently strong external field B

appl
A complete theory of spin relaxation due to the hopping

. + . , .
motion of p between the above-mentioned sites in ferromagnets

has been worked out by Seeger and Monachesi’. If a single corre-

lation time Ic = lc(g) suffices to describe the u+ diffusion,

I, is given by

Aan A L2220 - -l o . 4
_1:1 - 2_]:_1lc/lc(1+_(_k)_ulc) 1 (1)

where‘bg denotes the Zeeman splitting of the ut spin levels. Due

to the compensation of the Lorentz field B B M /3

“LORENTZ ~ *oZsp

(gsp = spontaneous magnetlzatlom and the demagnetlzlng fleld for

magnetically saturated spherical samples
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w, = YB =Y, (Bisp1 * Bperur | (2)
_ 8 e I . .
holds (lu = 8.561+10  rad s T = gyromagnetic ratio of the muon,
.E;ERMI = contact field due to the spin polarization of the conduction
A
electrons). According to Eq. (1), I, shows a maximum T, at that
R :
temperature T at which
A A
@@ =1, =1 . . . (3)
A . _
21 depends on the crystallographic orientation of Eappl and
assumes its maximum value
A<111> 1 | |
21_ - 4(lu§dip) e ' (4)

for Eappl along <111$.If @, is known) we may use Eqs.(3) and
(4) to deduce lggipl’ which is characteristic of the sites

- occupied by ﬁhe muons.

| ‘.chording to Teichler, Seeger and Schmidt®’?, in bcc metals

the low-temperature muon hopping shouid be governed by one-phonon
incéherent tunnelling processes. This mechanism yields Qu+ « T

and hence
= EE ’ ) (5)

where B8 is a constant determined by the muon—phonon interaction.

Insertion of Eg. (5) into Eq. (1) gives us, together with Eq. (4),

: . >
123 DRE N V) SR VLR V.0 & (6a,b)

with A = 2/§(lu§&ip)2 and B = Zg(gu/lu§gip)2.
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At SIN, Villigen, Switzerland,iwe have"meaSured'£1‘on a

10
spherical a-Fe crystal in the ranges 300 K > T > 0.85 K and

4.9 T > Eappl > 1.2 T. For the lowest temperatures, the apparatus5’11

was equipped w1th a large—lmpedance 3He evaporatlon cryostat.
Operated with 4He as cryogenic fluid, the base temperature'

measured with a Ge resistor at B = 0 was 0.85 K. The Ge'

—appl

resistor and a carbon glass sensor were calibrated between 8.3 K
and 0.85 K in applied fields 2.0 T < Eappl < 4.5 T, using a

SrTiO capac1tor for temperature control

3.

From measurements between 300 K and 4 K the follow1ng
conclusions relevant for the present work have been drawns’”'13

(i) The dependence of £1 on the crystallOgraphic direction
of Eap 1 is in excellent agreement with'exclusiVe occupancy of
sites of tetragonal symmetry down to 6 K, the lowest temperature
at whlch the orlentatlon dependence of F _was 1nvest1gated

(11) Helght and pos1tlon of the maximum of F (2) at 32 k
(Fig. 1) are field-independent between 1. 2 T < B ppi.i.éfng} hence

it cannot beAthe max1mum.assoc1ated w1th (3) It is attributed to a
tran51tron from exclu51ve occupancy of T 51tes below about 15 K to
a thermal equlllbrlum dlstrlbutlon of u on T and O 51tes at hlgh
temperatures .

(iii) Below about 20 K the dependence of I, on Eappl becomes
noticeable (Fig.1), indicating that we might be approaching'the
maximum‘assocrated with,(3L, _
Fig.1 shows longitudinal relaxation rates F§111> recently
determined between 8.3 K and 0.85 K by fitting single exponentials

to the.measured relaxation functions at times > 60 ns after u+

implantation (full symbols) together with the earlier results®’?!?
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(open symbols and crosses). The data at ]—B-appl = 4.5 T satisfy (6) quite

. Lo L . A<111> 6 _-1
well (Fig.2), indicating ‘that the maximum I, = 7.5°10" s

A _ '
at T = 3.7 K is indeed the maximum predicted by (1) at w,To = 1.

The dashed lines in Fig.1 represent the fit of Fig.2 for Eapol =

4.5 T and the corresponding curve for Eappl = 2.0 T as calculated

from (1) and (2) with the same parameters and Brprmy = ~1-126 T.
The deduction of EFERMI ;requlred in order to obtain Qu’

A -1 . - 2 L .

Ie © gu and, with Eq. (4), (Bdip) )from the sgln preces$1on

frequehcy in zero applied field,

w® = (

TR = b R

Brorenrtz * BrermI
needs some discussion. The temperature dependence of !Qzl 14 (inset of Fig.1)
shows a kink at about 6 K for which a satisfactory interpretation
has not been given. For the main conclusions of the present paper
it is.irrelevant whether the full-line or the dashed-line extra-
polation (both linear in'T) of gﬁ is used since the uncertainty
in w, is not more than *0.2%. A convincing explanation for the kink
is, nevertheless, desirable. The following voroposal ties
together several observations in the present experiments.

In accordance with (i) and (ii) we take the full line in
the inset of Fig.1 as representing the muon spin precession
frequency 93 at T sites. The extrapolation to low temperatures

8

gives us ]931 = 3.28-10% rad s7! ang, together with BoMg, = 2.222°T

) 15 N N . ) o . R .
and the fact!® that the direction of ELORENTZ + EFERMI is opposite
T

domain’ BrFErmr - ~1-126 T. The deviation of the experimental

=y

to

data from this extrapolation is attributed to the occupancy,
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increasing with decreasing temperéture, of octahedral sites in
addition to tetrahedral‘sites, The implication that_u+ at .0 sites
are metastaﬁle with respect to T-site occupancy is{cqmpatible:with-
(ii). If for an order-of-magnitude estimate we assume that at T = O_

the probability of occupation is the same for boph types of site,

we find EFERMI =~ =1.175 Tf
: T i : _
Insertion of EFERMI into Eq.(2) gives us, at Eappl = 4.5 T, _
L, = 28.7-108 rad s_1, hence from Eq. (3) Ec-=-zc(3'7 K) = 3.5-10_105,
and from Eq.(5) B = 13'J0f1os K. From Eq. (4) we find 'Bgipl = 0.34 T.-

The interpretation of the latter value as Iggip

. . . . 6
with our earlier conclusion® and with footnote .

| is consistent

Two fesults of our experiments have not yet been discussed:

(a) At short times the majority of the measured relaxation -
functions deviate strongly from a single exponential. At first
sight, this effect, which is not due to experimental inadequacies,
is very surprising, since under quite general assumptions?' 7’ the
longitudinal relaxation function of a spin-1/2 system in.contact.
with a heat bath-should be exponential. The observed deviations
point strongly towards metastability effects.

(b) Below about 5 K the longitudinal relaxation rates measured

<111>

at 2 T deviate strongly from £1

(T) as deduced above (Fig.1).

Both phenomena are accounted for by the model proposed for
the interpretation of-gi(z). Immediately after their implantation,
u+ occupy both T sites (stable)..and O sites (metastable), The
long-time longitudinal relaxation is always describable by a
single exponential, i.e. by a relaxation rate constant. This

constant (plotted in Fig.1) is given by F<1TT?

I, or the transition

rate from octahedral to tetrahedral sites (equal to 4EOT in the

notation of ref.7), depending on which one is smaller. At B = 4.5 T

—appl
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(corresponding to Eu = 3.37 T) this is £§111> over the entire

temperature range investigated, whereas at Eappl

a cross-over takes place between 2 K and 3 K. Hence

=2.0T (B, = 0.87 T)

below about 5 K the 2 T rates plotted in Fig.1 are only lower

<111>
1 .

limits to T
As a result of the present work, the following conclusions
may be added to (i)-(iii) and those ofl2: |
(iv) The maximum predicted by (1) at W T © 1 has been found.
From its temperature and height one may conclude that'uﬁder equi-

librium conditions at low temperatures positive muons in a~Fe occupy

tetrahedral and not octahedral interstices. The dipolar field

felt by the u+ in tetrahedral interstices with tetrégohal axis

il

parallel to the magnetization is given by -0.34 T.

T
Edip
(v) Between 0.85 K and 12 K the u+ jump frequency between
tetrahedral interstices is proportional to the absolute temperature

T; the diffusivity in this range is given by

13 T mzsﬂK_1 (8)

¥ (1) = a2/72 1 = 8.7-107

- - =0 —C
(éo = 2._85-10_10 m = edge length of the elementary cube).
The linear temperature variation constitutes strong evidence
for incoherent tunnelling by one-phonon processes.

(vi) Evidence has been found that immediately after
implantation into a-Fe a certain fraction of the u+ occupy

metastable sites.

This work was financially supported by the Bundesminister
flir Forschung und Technologie, Bonn. Discussions with Dr. L.
Schimmele, the technical assistance of M. Krenke, and the support
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Figure captions

Fig.1 Longitudinal u+-spin relaxation rates in a spherical a-Fe

- ->
monocrystal at various applied magneticfieldsgappl parallel
to <111>. Open symbols and crosses: earlier measurementsS’ 12

, + .
Full symbols: present data. Inset: yu precession frequency in

demagnetized Fel". The lines represent fits described in the text.

2 plots of the long-time

Fig.2 (Tr)"'-1™?  and T/[,- T
.
(E > 60 ns) relaxation rates at Eappl = 4.5 T parallel to

<111>.
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A COMPARISON OF SPIN-GLASS DYNAMICS DETERMINED BY THE

MUON-SPIN RELAXATION AND NEUTRON SPIN-ECHO TECHNIQUES

R. H. Heffner

Los Alamos National Laboratory, Los Alamos, New Mexico 87545

D. E. MacLaughlin

Dept. of Physics, University of California, Riverside, California 92521

ABSTRACT

Impurity-spin correlation functions obtained from muon-spin relaxation
and neutron spin-echo experiments are found to agree quantitatively above
and below the "glass™ temperature Tg‘ The agreement confirms the power-law
decay of correlations in time near and below Tg. Features of the experi-
mental results which depend on (quasi)static impurity-spin correlations
suggest that the spatial distribution of thermally-averaged impurity-spin
magnitudes is quite uniform below Tg. The stochastic behavior of dipolar
fields at muon sites is essentially the same as that of the impurity spins

themselves at all temperatures.
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I. INTRODUCTION

The dynamic behavior oﬁ disordered spin systems possessing random ex-~
change is a subjectvOf considerable current interest. In simple theo-
reticallmodels for crjstalline (nonrandom) spin systems, such as ordered
ferromagnets, it 1s_f§und that the spin autocorrelation fungtion Sa(t) -.
<3(t) +3(0)> for the stochastic time dependence &(t) of the impurity spins
decays exponentially in timg (outside of the critical region).l In disor-
dered systems, however, aynamic theo;'ies2 and simulations% predict an alge-
braic (power-law) decay invtime.. It is therefore of interest to pursue
experiﬁentally the distipctionAbetween dynamiés in ordérediand disordered
systems, |

’Recently two relatively q%w“expetimental techniques, neutron spin-echo
(NSE) scattering énd muop-spin relaxation (uSR), have been Qsed to probe
spin dynamics iﬁ metgilic spin glasses.> These are dilute magnetic allojs
(e.g. AgMn, Egyn;_égfe), which exhibi; a characteris;;crcusp in the ac sus-
ceptibility" at tﬁe glass;freez}ng temperature Tg. The NSE technique, in-
troduced by Mezei and ﬁuran;;s measures the spin correlation fqnétion
SO(;,§) directly,‘whg;efa }s tﬁg neutron momentum transfer. The pSR me-
thod® yields spin-lattice rela?ation rates of local probes .(implanted posi-
tive muons), whiéh are geésitive to fluctuations of the (dipﬁlar) local
fieldii(c) at muon sites, ?his yields a broad average over all ;: as in
nuclear magnetic'reéonanpe (NMR). The time dependence q# the local-field
correlation funcﬁion sh(a’t)! averaged over all {, can be measured indi-
rectly using QSR 19 a lqygitudinal applied field, and the result can then
be compared_tq Sq(?,ts obtﬁined using NS; in ;ero figld. The two tech-

niques are complementary in the time domain, since NSE is most sensitive to
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12

correlation times in SO(EZt) between 10‘-8 s and 10 8, whereas uSR is

most sensitive to times between 10-6 s and 10_11 5.
In this paper'pSR and NSE measurements of impurity-spin correlation
functions in metallic spin glasses are compared. The resulte are also com-

pared to dynamical theories. Preliminary results of this analysis have

been previously presented.’

| II. MUON?SPIN_RELAXATION DATA
Recently the longitudinal field aependence ofr;he muon spin-lattice
relaxation rate xl has been reported® for T < Tg in the spin glass
AglOO-anx’ x= 1.6, 3, and 6 at.%. The technique, which is analogous to a
measurement of Tl in NMR, has been described elswhere.2’l0 The measdre- .
ments were carried outiin applied fields between 0.15 aﬁd'S kbe (ngH <«
kBT) and at temperature; between 0.3'1‘g and O.92Tg. It‘was found that L

v—l’ where mu is the Larmor frequency of the muon and K(T) is a tem—

K(Dw, _
perature-dependent constant. The measured values of v are given in Table
I. Combining.these résultsAin the temperature range 0.3 < 'I‘/Tg < 0.66
yields v = 0.54 iVO.OS. For T/Tg = 0.92 one obtains v = 0.24 + 0.02.

For muons at rest in tﬁe sample one may argue on very general groundsl!
that xl is prbporgiongl to the noise power Jh(wu) in the flﬁctuating field
at the muon Larmor frequency mu, assuming that the épplied field does not
appfeciably affect the impurity-spin dynamics. The assumption of station-
ary muons is known to be true at the temperatures of interest.12 The as-
sumption . of field-independent dynamics 15 reasonable for émall fields and
temperatures well below Tg, and is borne out by NMR measurements in Egyn13

and égﬂn.l“ Near Tg a direct effect of the field on Jh(wu) cannot be ruled

out, as discussed beldw.
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III. NEUTRON S?IN-ECHO DATA
Figures 1 and 2 give NSE results3’!5 for 5 (3,t) in Cugghn , T, = 10.1
K (Fig. 1), and Cug Mn, T, = 27.5 K (Fig. 2). The so(a‘,:) data were found
to be essentially independent of'a over the measured range (0.045 A-l <€q«
0.36 A-l), and we sha}l vrite E(t) = Sc(q,t) henceforth, The form‘of E(t)
was found to be exponéntial for T >> Tg,'but 8 long-time tail developed

near and below Tg. The curves in Figs, 1 and 2 are model fits as discussed

below.

IV. COMPARISON OF NSE AND uSR: T £ Tg
In order to compare the NSE measuremeants of E(t) to uSR spin-lattice
relaxation measurements, we take a simplified form for the total spectral

density
3, (@) = A8(w) + BI (u) , ¢))

of muon local-field fluctuations. Here the first term is related to the
quasistatic response of the system, and the second term gives the dynamic
flqctuation density. In real syétems the first term may posséss a nonzero
(but small) width which cannot be detected using finite probe frequencies.
Taking the Fourier transform of Jh(w) yields the autocorrelation function

Sh(t) of the muon local field

S,(6) = [ dw 3 () ' w a4 (1 - W) , 2)

"where F(0) = 1, F(=) = 0, so that A = Sh(w).
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In a real spin glass an uppet limit to the spectrum of fluctuation fre-
quencies exists. We take this upper limit to be of the order of an ex-
2 s-l

1
change frequency W, = kBTg(n (~10 for x = 0.01 in CuMn and AgMn).

The uSR data® imply a power-law form Jh(w) « wv-l, so that
F(e) = (08)™, wt>» 1. O (3)

Using thé form of the correlation function given by Egs. (1) #n&.(Z), and
the time dependence implied by the uSR results [Eq. (3)], values of Sh(t)
are obtained and compared with the measured E(t) from NSE. This procedure
assumes that the forﬁ of the corrélation function is the same for fluctua-
tions of the imburity spins and the muon local fieldé; evidenceror tﬁe
validity of this assumption”will‘be given below in Sect. V.. NSE measure-
ments in CuMn will be compared to uSR measurements in AgMn and égfe,vas
well as CuMn, and it must also be assumed that measured frequencies, rates,
inverse times, etc., can be scaled by the respective glass temperatures of
each sample.

Least?squAIes'fits of the NSE data have been performed using Eqs. (2)
and (3), with ffée parametets A,‘wé, and v. In general the NSE-data are
not precise enéugh to détermine.all of thése pataméters accurACely,‘and it
must be decided 1nst§ad whether a physically reasonable set of parameters
are consistent with both uSR and NSE experimental results. The curves in
Figs. 1 and 2 give typical fits. It can be seen that the;form of Eqs. (2)
12 s-l

and (3) represent the NSE data well, using the estipmates we = 10 for

13 -1
Cu99Mnl and 5 x 10 ) for c“ss"“s' For T < 0.7'1‘g reasonable fits are

obtained with v = 1/2, which is the value obtained from the pSR data,® al-

though the neutron data do not determine v well, One can see from Figs, 1 & 2
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that at T/Tg = 0.7, for example, A(T) is ~0.6 fo:’Cugsuns and ~0.4 for

CuggMnl. The NSE data therefore do not obey the expected scaling law, as

noted previously.15

Below T_ the short-time behavior of the longitudinal muon relaxation
function Gl(t),provides a direct experimental information-on the distribu-
tion of static muon local fields, and is therefore related to the long-time
behavior of Sh(t) [i.e. the value of A in Eq. (2)]. Measurements of G'(t)
in AgMn,10 AuFe,16 and CuMnl7 for impurity concentrations ~} at;Z have de-
termined the width a(T) of the Lorentzian distribution of static local
fields in each of these systems. Below Tg a(T) increases with decreasing
temperature from a(Tg) ~ 0 to the frozen-spin value a(O)‘for T << Tg’
Figure 3 gives the dependence of [a(T)/a(O)]2 on‘reduced temperature T/Tg
for the above systems. Within about 20% uncertainty the data scale well.
We note that for T/Tg = 0.7 the value of [a(T)/a(O)]2 = 0.4 agrees well
with the NSE value of A(T/Tg-0.7) for CugoMn, (Fig. 1), but is significant-
ly smaller,than-A(T/Tg-0.7)l- 0.6 for Cu95Mn5 (Fig. 2).

Walstedt and Walker!®8 have shown that under some general assumptions
():-3 interaction, low impurity concentration) the linewidth a(T) of a probe
spin (muon, nucleus) in a magnetic.alloy is related to the impurity spin .

magnitude by

a(T) =« <I<ci>.1.|>i . (4)
Here < >,r and < >i signify thermal and spatial averages, respectively.
Equation (4) is valid in the rapid-fluctuation limit, i.,e. for impurity-
spin thermal fluctuation rates much larger than the resultant probe-spin

linewidth a(T),18 which seems to be well established for metallic spin
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glasses.1°’16’17 Moreover A(T), defined in Eq. (2), is given by
- >, 2 2
A(T) <l<ci>.1.l > /5" . (5)

Comparison of a(T) (pSR) and A(T) (NSE) then yields information on the
spatial distribution of spin magnitudes <°1>r , 88 can be established by
considering two extreme cases:16

I. The (b:),r are all the same., Then

> n -> n
NECAMIDAERIE SN (6)
for any n, and
ACT) = [a(T)/a(0)]? . (7

As noted above, this is consistent with SR data for x = ] at.% and the NSE

results for Cu99Mn1 at '1‘/'1.‘g = 0.7,

B. A fraction f of the spins are saturated (l<6:>,r| = S), and the re-

maining fraction is “free™ ( <;::>,r = 0). Then
> n n
<l<°1>'1" >:l = fS (8)
for ariy n, and
A(T) = a(T)/a(0) = £ . (9)

The comparison between uSR and NSE data suggests, therefore, that the im-
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purity spins are distributed in direction but not in magnitude below Tg’
This in turn seems consistent with a “"percolation” picture of the transi-
tion at Tg only if the "infinite cluster”, the formation of which is taken
to define Tg, quickly encompasses essentially all impurity spins as the
temperature is lowered below Tg. NSE results at more temperatures in sam-

ples with x = 0.01 would be useful in extending this conclusion, as well as

USR data at higher concentrations.

IV. COMPARISON OF NSE AND uSR: T > Tg
The form of E(t) as measured by NSE changes for T > Tg, and eventually
tends toward an exponential for T >) Tg. Spin probes in rapidly-fluctu-
ating local fields are not sensitive to the functional form of Sh(t),11 but

yield an effective correlation time 1 defined by

vz | [sh(c)/sh(on de . (10)
0

Values of < have been obtained for AgMn, !0 AuFe,l6 and CuMnl® from zero-
field pSR measurements, Figure 4 is a scaled plot of 1Tg vs. T/Tg, repro-

duced from Ref. 10,

Mezeil5 has obtained good fits of Z(t) data obtained from NSE in

Cugsun5 to the form

E/T

EM

1
E(t) = = exp[-t/(t e "")] dE , (11)
| EMC{ °

which was motivated by considerations of distributions of barrier heights
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for activated hopping. (Its validity is not necessarily a demonstration of
the importance of such barriers, however.,) A good fit was_obta}nedﬂfor EM

- 300 K and t_ = 6 10714

8. Scaled values of these parame;e;s,ftogether
with Eqs. (10) and (11), yield the curve in Fig. 4. There is goog agree-
ment between the uSR and NSE data, with 32_adjustable,parametefs. Tﬁis
confirms the similarity between muon local-field and,impurity-spin‘stochas—

tic behavior assumed above, over a wide range of values of <.

V. CONCLUSIONS

Muon-spin relaxation and neutron spin-echo measurements of local-field
and impurity-spin correlation functions E(t) in metallic spin glasses give
consistent results for temperatures above and below Tg' The time-dependent
component of E(t) decays as t *, v = 1/2, below T,. This behavior is con-
sistent with recent mean-field theories of spin-glass dynamics,? as well as
with earlier Monte-Carlo simulations.3 |

For CuMn, AgMn, and AuFe spin glasses with similar values of Tg (+30%),
scaled static puSR linewldths agree well below Tg' Furthermore, the rela-
tion A(T) = [a(T)/a(O)]z, expected for a uniform distribution of impur-
ity-spin'momen; magnitudes, is obeyed for impurity concentrations x =1
at.Z. This agreement breaks down, however, for comparison with NSE data on
CUQSMnS’ where, as noted by Mezel and Murani, 5’15 the larger value of A(T)
implies an increase in static spectral density with increasing impurity
concentration.

v

Near.the glass temperature the relation E(t) « t Y still seems to hold,

but v deviates from 1/2 for the AgMn pSR and Cugsun5 NSE data. Curiously,

the Cu99Mn1 NSE data still yield v = 1/2 at T/Tg = 1.1. uSR experiments

are not reliable indicators of the value of v near Tg, however, since
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Jh(wp) may depend on field directly.as well as via the muon Larmor frequen-
cy. Above Tg’ where E(t)_tende toward an exponential form, pSR and NSE
data yield consistent correlation times as seen in Fig. 4.

NSE and puSR measurements are therefore in reasonable quantitative
agreement in metallic spin glasses. This implies (1) that the q indepen-
dence of Sc(q,t), obc;ined from NSE measurements for a restricted range of
q, apparently holds over the wider range of q values important for pSR; (2)
A consistent time dependence of So(a:t) is obtained for measuring times

<10”2 & (NSE) and »10™°

8 (puSR); and (3) perhaps most importantly, more
confidence in the reliability of the experimental determinations is war-
ranted than could be given to either technique taken by itself,

Acknowledgements

We are grateful for useful discussions with D. L. Huber and R. E.
Walstedt, and to M. Leon for collaboration in a preliminary version of this
report. This work was performed under the auspices of the U. S. Departﬁent
of Energy, and was also supported by the U. S. National Science Foundation

(Grant No. DMR 81-15543).



9.

10.

11.

12.

1574

REFERENCES

S.-K. Ma, Modern Theory 2£ Critical Phenomena (Benjamin, Reading,
Massachusetts, 1976).

H. Sompolinsky and A. Zippelius, Phys. Rev. B 25, 6860 (1982).

S. Kirkpatrick and D. Sherrington, Phys. Rev. B 17, 4304 (1978).

V. Kannella and J. A. Mydosh, Phys. Rev. B 6, 4220 (1972).

F. Mezei and A. P. Murani, J. Magn. Magn. Mat, 14, 211 (1979); A. P.
Murani, F.'Mezei; and J. L. Tholeﬂce, Physica lg§§’ 1283 (1981).

A. Schenck, in Nuclear and Particle Physics at Intermediate Energies,

edited by J. B. Warren (Plenum Press, New York, 1976), p. 159.

R. H. Heffner, M. Leon, and D. E. MacLaughlin, in Proc. Yamada Conf.’

on Muon Spin Rotation and Related Problems, Shimoda, Japan, 1983

(ﬁyperf; Int., in press).

D. E. MacLaughlin, L. C. Gupta, D. W. Cooke, R. H. Heffﬁer, M. Leoﬁ,
and M. E. Schillaci, Phys. Rev. Lett. 51, 927 (1983).

Y. J. Uemura, K. Nishiyama, T. Yamazaki, and R. Nakai, Solid State
Comﬁun._zg, 461 (1981).

R. H. Heffner, M. Leon, M, E., Schillaci, D. E. MacLaughlin, and S, A.
Dodds, J. Appl. Phys. 53, 2174 (1982).

A. Abragam, Principles of Nuclear Magnetism (Clarendon Press, Oxford,

1961).
R. H. Heffner, Hyperf. Int. 8, 655 (1981); M. E. Schillaci, C. Boe-
kema, R. H. Heffner, R. L. Hutson, M. Leon, C. E. Olsen, S. A. Dodds,

D. E. MacLaughlin, and P. M. Richards, in Proc. Int. Symposium on the

Electronic Structure and Properties of Hydrogen in Metals, edited by

P. Jena and C. B. Satterthwaite (Plenum Press, New York, 1983), p.



13.

14,

15.

16.

17.

18.

19.

1575
139.

H. Alloul, S. Murayama, and M. Chapellier, J. Magn. Magn. Mat. 31-34,

1353 (1983).

H. Alloul, in Proc. Heidelberg Conf. on Spin Glasses, edited by J. L.

van Hemmen and I. Morgenstern (Lecture Notes in Physics, Springer-
Verlag, Berlin, 1983), p. 18; R. Alloul, private communication.

F. Mezei, J. Appl. Phys. 53, 7654 (1982).

Y. J. Uemura and T. Yamazaki, J. Magn. Magn. Mat., 31-34, 1359 (1983).
Y. J. Uemura, T. Yamazaki, D. R. Harshman, M, Semba, J. H. Brewer, E.

Ansaldo, and R. Keitel, in Proc. Yamada Conf. on Muon Spin Rotation

and Related Problems, Shimoda, Japan, 1983 (Hyperf. Int., in press).

R. E. Walstedt and L. R. Walker, Phys. Rev. B 9, 4857 (1974).
Y. J. Uemura, T. Yamazaki, R. S. Hayano, R. Nakai, and C. Y. Huang,

Phys. Rev. Lett. 45, 583 (1980).



1576

TABLE I. Values of the power-law exponent v of the noise spectrum
below Tg in AglOO-anx spin glasses, 1.6 < x < 6 at.%, obtained from

uSR measurements as described in the text, Data from Ref. 8.

T/T

/ g v
0.30 0.59 + 0.15
0.46 0.51 * 0.07
0.66 0.55 + 0.07
0.92 0.24 + 0.02
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FIGURE CAPTIONS

Impurity-spin correlation functions E(t) obtained from neutron

spin-echo measurements (Ref. 15) for 'r/’rg € 1,1 in spin-glass
Cuggunl. The curves are fits to the functional form of Eqs. (2)
and (3), with parameters as indicated. The dotted lines indicate

that Eq. (2) is rigorously correct for (wet)>> 1. The numbers in

parentheses are the reduced temperatures T/Tg.

Correlation functions as in Fig. 1, for Cugsun5 (Ref. 5).

Dependence of the square of the reduced muon local-field distribu-
tion width [a(T)/a(O)]2 on reduced temperature T/T8 in three me-

tallic spin-glass systems.

Dependence of the scaled effective correlation time rTg on reduced
temperature T/Tg » 1 in three metallic spin-glass systems. Data
points: results of uSR measurements, Curve: fit of Eq. (ll) to

NSE data for CugsMns.
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EFFECTS OF SUPERCONDUCTIVITY ON RARE-EARTH ION DYNAMICS IN
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ABSTRACT

Zero-field muon spin-lattice relaxation rates have been measured
in magnetically diluted HoxLul_thAB4 ternary compounds, primar-
ily for x = 0.02. For temperatures below ~1l1 K a characteristic
two-component structure of the muon depolarization fuqftion is
observed, which is consistent with slow (quasistatic) Ho *-moment
fluctuations. We have reported similar behavior for x = 0.7,
which indicates that the glow fluctuations are due to crystal-
field isolation of the Ho % ground state. The observed relaxa-
tion rates in this temperature regime depend little on x, which
is consistent with conduction-electron (Korringa) exchange scat-
tering as the dominant mechanism for the fluctuations. The ob-
served temperature dependence of muon spin-lattice relaxation in
‘the superconducting state is not presently understood.
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I. INTRODUCTION
The study of the interplay of magnetism and superconductivity, a topic
of 1interest for some time in solid-state physics,1 has received renewed

2 of rare~earth

interest following the discovery by Matthias and coworkers
(RE) ternary and pseudoternary compounds which exhibit both magnetic and
superconductiﬁg phase transitions. A particular class of these compounds,
the rare—earth rhodium borides (RERhABa), has been extensively studied,3
and the ferromagnetic, superconducting, and paramagnetic phase boundaries

for these systems are by now well known: 3»4

5,6 we have reported positive muon (u+) spin

In previous publications
relaxation (uSR) measurements in the compounds (HoxLul_x)RhAB4, x =0, 0.7,
and 1.0, and in GdRh4B4. A comparison of the uSR measurements in the Ho-

3+-moment dynamics are

and Gd-based compounds has established that the Ho
strongly 1influenced by the crystal-field 1level splittings.6 The most
striking result, however, 1s a sharp shoulder in the temperature dependence

+

of the u spin-lattice relaxation rate at the superconducting transition

temperature T, = 7.7 K for x = 0.7. 1In order to 1investigate further the

effects of superconductivity on the H03+

-moment dynamics, we have under-
taken new measurements for systems with x = 0.02 and 0.35. Here we report
primarily zero-field measurements in (H°0.02L“0.98)Rh434’ which becomes

superconducting at T, = 11.3 K.

II. EXPERIMENT AND DATA ANALYSIS
The experiments were performed at the Clinton P. Anderson Meson
Physics Facility (LAMPF) using the zero—-field, time-differemtial pSR tech-

nique.7 Sample temperatures were varied between 3 K and room temperature,
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and were regulated to within 0.1 K. Sample preparation is described in
Ref. 5. ‘

Three distinct forms fo; the normalized muon spin relaxation function
Gz(t) were observed in different temperature regimes. These are plotted in
Fig. 1.

A, T=50K
At 50 K Gz(t) was found to be well described by the static zero-field

8

relaxation function derived by Kubo and Toyabe, which 1s appropriate for

a time-independent Gaussian dist;ibution of‘ local m_agnetic fields at u+
sites., The measured width of thg field distribution, about 4 Oe, indicates
that the u+ spin relaxation is caused primarily by u+ precession about the
host nucleaf dipolar fields. The return of the long-time portion of Gz(t)
to 1/3 indicates that the local field is effectively random in direction

and static in na:ure.8 Furthermore, the Ho3*

spins must be’fluctuating so
rapidly at 50 K that they produce no felaxation of the u+ polarization.
B. 15 K< T< 50K |

As the temperature is lowered the form of Gz(t) changeg, until at 15 K

the relaxation function can be approximated by a simple exponential

+

Gz(t) = exp(-xlt) (Fig. 1), where Ay is the u" spin-lattice relaxation

rate. The dominant u+ relaxation mechanism at 15 K is therefore fluctua-

tions of the local field hy(t) produced by the fluctuating Ho3*

moments, as
discussed below. In the temperature region 15 K < T < 50 K Gz(t) was taken
to be the product of an exponential and the Kubo-Toyabe function, because
the nuclear and Ho3+ broadening mechanisms are independent of each other.
In principle the iocal—moment contribu;ion to Gz(t) in a dilute magne-

tic alloy at high temperatures should be approximated by the ''root exponen-

tial" G,(t) = exP[-(kt)llzl.g’lo In practice the presence of the Kubo-
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3+ contribution to Gz(t) uncer-

Toyabe function made determination of the Ho
tain at high temperatures. The nuclear broadening will be quenched in a
modest (~100 Oe) longitudinal field, however,8 and future experiments in

such a field will determine the form of the Ho3+

contribution more pre-
cisely.
C. T< 11K

At T < 11 K the form of the relaxation function again changes, exhi-

biting the two-component form shown in Fig. 1 for T = 6 K. These data were

fit with the function

G,(t) = [1 - al] exp(-ot) + a exp(-kzt), )

with o >> Age Ome finds that
i) o is essentially independent of temperature, with an average value

1 1671 is the muon gyro-

of 11.5 * 0.6 us™!, or o/y, = 130 Oe (y, = 8.51 Oe”
magnetic ratio);

i1) a 1is about 0.6 at T = 11 K, and falls to 1/3 for T < 8 K; and

ii1) A, falls exponentially with decreasing temperature below Tg,
with an activation energy A = 9.8 * 1.3 K (Fig. 2).

From these results we conclude that the stochastic motion of the Ho3*
moments becomes quasistatic below ~11 K. The value of 1/3 for a at low
temperatures 1is itself indicative of a random, quasistatic field distribu-
tion.8 Furthermore, the temperature independence of ¢ 1is evidence that the
local field hL(t) reorients complet:e1y7-9 in a time 1  such that o1y >> 1,
whence Ay = 2/(3rm). A two-component form for Gz(t) can also be due to li-

mited-amplitude fluctuations of hL(t) around a static or quasistatic ave-

rage value,10 but in such a case ¢ increases markedly with decreasing tem-
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perature as the fluctuation amplitude decreases. This is not observed in
H°0.02Lu0.98Rh4B4’ and wé conclude that hL(t) reorients completely below
8-10 K.

We have estimated the value of o using the formalism of Walstedt and
walker!l for dipolar coupling between u+ spins and dilute impurity magnetic

moments. (The u+ hyperfine coupling to the conduction electrons  is small

12

in metals, and the dipolar coupling dominates indirect mechanisms.) This

3+

calculation requires the spatial average <|u|> of the Ho moment. As

discussed below, crystalline-electric-field (CEF) splitting of the Ho3t 518

5,6

multiplet produces a two-level Ising-like ground state with a magnetic

dipole moment of ~10uB.13 For randomly-oriented Ho moments this calcula-

tion yields o = 6.7 us-l, or o/Yu ~ 80 Oe. This indicates that Ho3t di-

polar fields contribute significantly to the coupling'with u+ spins, and is
consistent with identification of the two-component structure of Gz(t) with

quasistatic inhomogeneous broadehing.

III. DISCUSSION

3+

Identification of the mechanisms responsible for Ho” -moment relaxa-

tion is of considerable interest. Two basic processes, Korringa scattering

14

of conduction electrons and indirect exchange (RKKY) coupling between

Ho3+ 15

spins, should be important in dilute magnetic alloys. For the Kor-

+

ringa mechanism the p~ spin-lattice relaxation rate A should be propor-

2

tional to x® at high temperatures, whereas A « x for the RKKY pro-

cess.15 At 100 K our measured values of i; for x > 0.35 are proportional

2

to x“, which indicates that the Korringa mechanism is dominant in this tem-

perature regime. The Korringa mechanism has also been observed by NMR in

SuRh,B, at high temperatures.!® For x > 0.35 and 11 K < T < 50 K the "
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relaxation rate 1is too large to be observed,5 so that the concentration
dependence of X; cannot be determined in this femperaturé range.
Quasistatic motion of hL(t) sets in for temperatures below ~11 K for
x = 0.7, as previously reported,5 as well as in the present case.x = 0.02.
This concentration dependence is additional confirmation that the dramatic
reduction in Ho3t fluctuation rate is due to the CEF ground-state isola-
tion, which is a single-ion effect and should not depend greatly on concen-
tration. We have calculated CEF energles and wave functions for RE3* 1ons
in the RERh,B, structure by diagonalizing the hamiltonian for 42m point
symmetry, using the crystal-field parameters of Dunlap and Niarchos.l” For
Ho3+ the ground and first excited states are each doubly degenerate, with
nearly pure lJz=i8> and |*7> wave functions respectively. The first excif
ted states occur at § = 55 K. Allowed transitions from [*8> to |¥8> can
therefore occur only through small admixtureé of different J, eigenfunc-
tions in the ground and excited states, which are separated by at least 55

3+—momem: fluctuations at low temperatures can then be ac-

K. The slow Ho
counted for by a combination of the large ground-state isolation and the
weakness of AJ, = %l transitions within the ground-state doublet.

Below ~9 K the values of X, for x = 0.02 and x = 0.7, shown in Fig. 2,
are remarkably similar considering the large difference in Ho éoncentra—

3+-mome nt re-

tions. This observation can be understood if the dominant Ho
laxation mechanism 1s again Korringa scattering, as at 100 K, because this
mechanism would result in a concentration-independent correlation time Tm
for the u+ local fields. Since Az ~ 1/‘1'm for quasistatic fluc;uations
(Sect. 11.C), Ao would also be independent of x, as the data of Fig. 2 in-

dicate. At least one source of difference in the temperature dependence of

A, between x = 0.02 and x = 0.7 is the onset of ferromagnetism below the
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Curie temperature T, = 4.1 K at the latter conpgntragion. This is presuma-
bly responsible for the "knge" in A(T,x=0.7) néar T..

It should be noted that most of these data are for temperatureé below
the superconducting transition temperature Tge The aﬁomalous behavior of

5

A, in the superconducting state,” although not well understood, can there-

fore be attributed to Ho3+

-spin relaxation by scattering of excitations in
the superconducting conduction-electron system. o

Kumagai and Fradinl!® have reported NMR studies of_§ery dilute -alloys
of Gd and Er in YRh4B4, which indicate that the RKKY process dominates RE

fluctuations in these alloys for T = T The low-lying CEF states of these

S.
systems are very different from those of Ho3+ in (Lu,Ho)Rh4Ba, however.
Below T, the temperature dependence of i, for x = 0.02 indicates an

activation energy A = 10 K, which is much smaller than the CEF ground-state

isolation 8. Since A = 1.8T

59 interpretation of A as a superconducting gap

parameter yields a value consideraby smaller than the BCS gap parameter
bpcs = 3.5TS. Such aﬁ interpretation is, however, speculative Vat this
time, because it is not clear how the superconducting state c0u1d'reduce
the activation energy for Ho3+ fluctuations to a value much less than §.
Further uSR experiments in dilute} (RE)Rh4B4 alloys are unde; way to

investigate this phenomenon.
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FIGURE CAPTIONS

FIG. 1. Zero—-field muon spin relaxation function Gz(t) at representative
temperatures in H°O.02L“0.98Rh434‘ The curves are fits to the ap-
propriate functions as discussed in the text.

FIG. 2. Temperature dependence of the zero-fileld u+

spin-lattice relaxation
rate in Ho Lu,_,Rh;B,, x = 0.02 (circles and solid curves) and 0.7
(triangles and dashed curves). Open symbols: relaxation rate of
the full u+ asymmetry (relaxation rate A,). Filled symbols: relax-

ation rate of the reduced-asymmetry component of the u+

polariza-
tion below ~11 K (relaxation rate Xz). Superconducting (Tg) and
ferromagnetic (Tc) transition temperatures are indicated. The

curves are guides to the eye.
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MUON SPIN RELAXATION IN SPIN GLASS PdMn
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ABSTPACT

Muon spin relaxation (puSR) rates have been measured in trans-
verse, longitudinal, and zero applied field for the spin glass
PéMn (7 at. %), and are compared with a previous study of the
disordered ferromagnet PdMn (2 at. %). The calculated para-
magnetic state transverse field relaxation rate for non;interacting
spins is much larger than the observed rate in spin glass PdMn,
but is in good agreement with ferromagnetic PdMn. The zero field
relaxation rate shows a sharp cusp at Tg=5K. An applied lopgi—
tudinal field of 5 kG is insufficient to suppress this cusp in
spin glass PdMn, but will suppress a similar cusp in ferromagnetic
PdMn. Below T _ , a distribution of gquasistatic local fields is
observed in zero field, which has the same temperature dependence

for both samples. Comparisons with model calculations are

discussed.
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I. 1Introduction
Spin glass PdMn has been widely studied as an example of a

1,2 L . .
! A competition between direct anti-ferromag-

non-RKKY spin glass.
retic couplings and long range ferromagnetic couplings leads to

a complicated phase diagram with a ferromagnetic phase for

c N~ 3 at. %, and a spin glass phase for c 25 at. % .°

In this work, muon spin relaxation ( LuSR) is used as a
microscopic probebof the ordering iﬁ spin glass PdMn (7 at. %).
The main goal of this work 1s to measure the temperature and fiéld
cdependence of bofh the quasistatic local field distribution at
the muon site and the muon's dynamic spin lattice relaxatioh.
Theories of linewidths and relaxation mechanisms in dilute alloys
are used to infer features of the impurity spin configuratioh.
Comparisons with a previous study of ferfomagnetic PdMn (2 at. %)4
are.used to show how the difference in magnetic ordering broucht
about by a change in concentration influences microscopic properties.
The experiments were carried out at the Stopped Muon Channel
of the Clinton P. Anderson Meson Physics Facility (LAMPF) at the
Lés Alamos National Laboratory, using a standard uSR spectrometer.5
The sample was in the form of a polycrystalline disk 3 mm thick
and 30 mm in diameter; preparation techniques have been described

in an earlier,paper.4 Ac susceptibility measurements showed a

cusp at Tg = 5K, consistent with the system phase diagram.6

II. Quasistatic Field Distributions
Figure 1 shows measured transverse field exponential relaxa-
tion rates for applied fields of 200 G, 1 kG, and 5 kG. Measured

spin lattice relaxation rates (discussed below) indicate that
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the non-secular contribution to X is small. In addition, measure-
4 ’ .

ments of muon diffusion in Pd with G4 impurities‘indicate a

negligible diffusion rate below about lOOK.7

Thus‘thg rates
shown in figure 1 represent only the quasistatic field distribution
in PdMn. | ) |

Walstedt and Walker® (WW) have shown that if the local
environment_arpund the muon consists of non-interacting and
equivalent,_rapidly fluctuating spius uistributed at réndom at

concentration ¢, then in the dilute limit the relaxation is

exponential with rate

Loo= A <Sz>- . o _ (1)

where <S_»> is the thermal averééé of the z cbmponent of the impurity
spin. If the impurity spins are quasistatic (slow fluctuations)
then this expression becomes

o=, <|s, > . | _ | (?)

For pure dipolar coupling,

2 : v . L _
A= 2 N _cvy qu - (3)
L
© 9y3 ©° ¥B .
where‘NO is'the density of impurity sites, YU is ‘the muon gyromag- - ‘

netic ratio, and g is the impurity spin g factor. These expressions

are for the case of a large applied field, so that only components
of impurity spins parallel to the applied field contribute to the
2z component of the local field distribution at the muon.

The observed paramagnetic susceptibility in a PdMn (5Vat. %)

sample is well described by a g = 2, S = 5/2 Curie law for T R 3Tg
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and low field,} sd that using this Curie law for <Sz> in equation (1)
gives the lines shown in Figure 1. At low témperatures, we simulate
the spin glass state by assuming spins to be guasistatic and equally
distributed among the 2S5 + 1 MS states in calculating the order
parameter <|Szl>. Equation (2) then cives the high field frozen

spin linewidth

1

) = 57.1 us © (high field). o (8)

frozen

(RL
A concentration of 7 at. % 1is not ordinarily considered
to be in the dilute limit, so we have calculated a polycrystalline
averaged lineshape numerically:; the result differs in width
from the WW result by no more than 7%.
The discrepancy in figure 1 between' the Xl data and the
WW prediction using a Curie law well above Tg is not understcod.

Similar data on the disordered ferromagnet PdMn (2 at .%)4_show

very good agreement with the WW result. e conclude that the observed

discrepancy is due to the spin glass ordering, and is present for T well

above Tg. Transverse field uSR results in spin glass AgMn show
an increase above the WW result to at least 10 Tg.9

In zero applied field, the WW result is nd longer valigd,
since all three components of the’local field distribution contri-
bute to the muon relaxation._ Mikaelyan and Smilgalo have generalized
the WwW expressioh to the case of zero field relaxation in a spin

glass. The low temperature spin glass state is simulated by

assuming quasistatic classical impurity spins, each of length s
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and oriented along a randomly chosen local field direction. The

resulting muon local field distribution is Lorentzian, with width

a =0.827 »_ S (5)

which is in good agreement with the Monte Carlo simulation of
. 11 . . e _
Fiory. For PdMn (7 at. %), equation (S) gives a zero field -

frozen spin linewidth

a, = 78.8 us~! (zero field). ~(6)

The zero field muon relaxation function allows a separation
between aiquasistatic field distribution of width a, and relaxa-
tion dde-tb“dynamic spin lattice relaxation processes. If we
assumevtheffiuctuation rate to be fast compared with a, then
- the. long' time decay will be a 'root'expohential;lz'"Thus for

fast dynamic fluctuations, the zero field relaxation function: is

1/2

winN

G_(t) =

r4 )+

exp-(*(A”t)

w|

(1- at)exp(-at). - (7)
The measured zero field relaxation data were fit to equa-

tion (7) for the width of the qdasistatic local fieid distribution

(a) below Tg; The temperature dependence of e is ehownﬁin_figure‘2,
normalized £¢ a - fhe scaled quasistaticvwidth in ﬁer:emagnetic

PdMn (2 at. %)4 is‘aleo sﬁoyn{lp.figure 2. The similar temperature
dependence iﬁ the two cases .indicates that the development of a static
field distribution is independent of the character of the magnetic

ordering.
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III. Spin Lattice Relaxation

Figure 3 presents measured muon spin latticé relaxation
rates in zero and applied longitudinal field above and below T
Above Tg, the relaxation was fit to the 'root exponential' form
appropriate for rapidly fluctuating (paramagnetic) spins in a

dilute alloy,-12

c'z(t) = exp(-(Ait)l/Z) (8)

I

with rates plotted in figufe 3. Fits of the data to a simple
exponential form for Gz(t) yield a similar chi-squared value,
so that we have not explicity demonstrated the root exponential
form. Below Tg’ we expect that fluctuations will remain rapid,
since this has been observed by BSPE in spin glass 53Mn.l3 Thus
a root exponential decay of the 1/3 component (equation (7)) was
used to fit the zero field data for A”.

The peak in the zero field spin lattice relaxation rate
at T is interpreted as being due to a change in the power spectrum
of Mn spin fluctuations near the glass transition. Other uSR

13,14 show a similar

measurements in-spin glass systems (AgMn, CulMn)
dramaﬁic change in the Mn spin fluctuations around Tg. Note
that a relaxation mechanism 1is still effective near Tg in an
applied field of 5 kG, whereas in ferromagnetic PdMn (2 at. %)
an applied field of 5 kG completely suppresses the fluctuation
induced }elaxation.4

At temperatures well below Tg, spin lattice relaxation is

presumably due to low energy excitations of the ground state.15
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16 v
A calculation of the spectrum of excitation frequencies for spin

glass PdMn (10 at. %) has shown a . complicated three peak

structure, with the mean spectral weight at a frequency ~5x10125'1.
Since these fluctuations are much too fast to cause depolarization
via the dipolar interaction in the lifetime of the muon, . the A-"
observed relaxation must be due to some other, lower frequency
component of the excitation spectrum. Recent analytic theories

of spin wave excitations in spin glasses predict that small k

magnons can propagate through the system with a dispersion relation

17 5 T
linear in k. These excitations are at frequencies lower than the

localized modes, and may be responsible for the relaxation observed
at low temperatures. Future zero field SR studies in spin glasses
at lower temperatures may provide useful data on relaxation for

compafison with these theories.

IV. Conclusions |

o The tranSQerse field relaxation rate AL is not proportional
to the observed Curie law magnetization in PdMn (7 at. %) for
temperatures as high as iOOK.(ZO Tg), where the onset of muon.
diffusion makes int:erpréat:at:icmofk‘L difficult. This result is
especially surprising since'-)\‘L in ferromagnetic PdMn (2 at. %)
is proportional to a Curie-Weiss magnetization over a wide tempera--

ture range, indicating that the observed reduction in Al below
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the Curie law prediction may be a high temperature precursor

of the spin glass phase. We know of no satisfactory explanation
for this effect nor for the increase in xl above the measured
magnetization in spin glass AgMn (1.6 at. %).

In zero field, we observe the onset of a quasistatic field
distribution below 'I‘g with a similar temperature depenaence to
that observed in PdMn (2 at, %). Spin lattice relaxation near
, Tg shows a strong cusp, indicating a change in the spectrum of
Mn spin fluctuations. These fluctuations continue to induce

relaxation in a large applied field, in contrast to PdMn (2 at, $)
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FIGURE CAPTIONS

Temperature and field dependence of the transverse

muon relaxation rate A\ in PdMn(7 at. %). Circles:
J. —— B

200 G. Triangles: .1 kG.. Squares: 5 kG. The solid -

lines are from equation (1) using a Curie law for

<8,>. (A )¢ is the frozen spin rate- (equation (4)). |

‘Reduced temperature dependence of the zero field

guasistatic field distribution width a(T), normalized

to the ﬁheoretiéal zerxro field frozen rate a,- Open

circles: PdMn (2 at- %), a_ = 28. ps 1, T_ = 5.8 K.

Filled circles: PdMn (7 at. %), a_ = 78.8 us ,
T = 5K

Temperature and field dependence of the muon spin
lattice relaxation rate. Circles: zero field.
Triangles: 200 G. Squares: 5 kG. Fitting functions

used are described in the text.
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