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ABSTRACT

The hyperfine fiéld on a positive muog'atbinterstitial site
iﬂ a nickel single cryétal‘has been measured by thé muon spin
‘fotétidn_method in the temperature range from 0.12 K to 300 K.
The hypeffi;e field‘inithe low temperaturé limit was found to ﬁe,
>—640.7_t.2.2 Gauss. While the satufation-maghe;ization decreases
 by'7Z as the'temperéturé incrgases from O.l K.to 300 K, the
hyperfine field seen bf'the muon réﬁains nearly constant.

. Possible mechanisms for explaining this result are considered.



1. INTRODUCTION

Ihe hyperfine field experiénced by interstitial positive muons in
ferromagnetic nickel was first measured by Foy.gg_gk ﬁsing the asymmetric
positron decay of the u+[1]. It was found to.be -0.66 kG at 77 K by
Pat;erson_gg.gl[Z]. Somé theoretical’tfeatments of this‘hyperfine field
have been ﬁade either by relating it to the magneti¢_moment density
distribution in the interstitial site as observed by neﬁtron diffraction[3],
or by consideriﬁg the screening of the muon charge by the polarized

conduction electrons using a spin-dependent screening potential[&].

By.extending these measurements to lower tempera;ures, we expect that
the positive muon, which becbmes.less diffusive and tendg to be frozen af
the interstitial sites of a potential minimum, will feel a somewhat
different aspect of the local hyperfine field. Particularly it is
interesting to measure the hyperfine field as a function of temperature in
order to see whethér or not it follows the bulk magnetization of the
sample. By ddihg this, we can ﬁbpefﬁlly observe how the diffusion of the

muon affects the hyperfine field, and how the magnon excitation in the

" host material modifies the local magnetic field at the interstitial site.

The studies atvlow temperature have another adﬁantage: at low temperature
near T = O,Ithe_temperature dependence of the Ni magnetization is known to
be entirely due to theAmagﬁon'excitation. - At higﬁer temperature, higher-
ofder_effects like the magnon-magnon interactibn'méke such an effect of the

interstitial impurity.on the local magnetic structure, if it exists,

unclear.

. . . . . +
To this aim, we carried out a positive muon spin rotation (1 SR)



experiment for a nickel single crystal at temperatures from room temperature
down to 0.12 K using a 3He - 4He dilution'refrigerator. A brief report of

the results has already been given elsewhere[5].

'II. EXPERIMENTAL PROCEDURES

The‘posifiVe muon beam at the Lawrence Berkeley Laboratory 184 inch
chlotron wés used for_the_presenf experiment; An externai pr§ton beam of
30 nA was fully'stopped in a copper target for pioﬂ'prqduction. The emerging
200 MeV/c pions selected by the first.beﬁding magnet (LEANDER) decayed intoc
muons during their flight through a 20 foot straight section. The forward-
decay positive muons were selected by the second bendlng magnet (TITAN) and
guided towards a'target‘which was placed at the cenire of an air-core split
solenoid (SAGANE). A polyethyiene moderator surroundéd‘with a lead
collimater was used to produce stopped muons at a.target of 4 cm X 4 cm size.
Typically, 1.5 x_103 muons/sec, with a polgrization around 80% wére stopped

inside the target.

The counter arrangement around the target is given in fig. 1. The fast
logic was as follows:

"stopped u" = B°M*S1+S2X ,
(1)

"decay e"  $2X-S2-E-S3+ (BHM+S1).

The electronics loglc and data acqulsltion system were similar to-those used
by Crowe et al [6]. The basic idea is és follows: after passing through the
'gates' of'the fast logic, the timing signals from the M and E counters are
 fed'tq the clock of a Hewlett—Packward.Computing Cqunter Model 5360 A to -

measure the time interval between these two signals to a precision of 0.1 nsec.



In order to a?oid unnecessarily frequent starts, additional slow logic was
constructed, and the timing signal from E selected by good events only is
used as a start signal to the clock. The timing signal from M is delayed

by 20 usec using a recifculating delay in a bath of constant temperature.
This clock is cdnnected to a PDP-15 computer, where the time interval of

the 20 usec conStant delay is checked and adjusted frequently., The t =0
address is determined from the straight-through evehts (the anticoincidences

in eq. (1) were removed). The overall time resolution is around 0.6 nsec

(FWHM) .

A large nickel single crystal_of approximétely ellipsoidal shape
(6.0 x 3.0 x 1.2 cm) was served as a targef and cooled by a dilutioﬁ
refrigerator[7]. An externai field of 153‘G was applied‘along the major
axis, which was the same as the eésy axis. The thermal connection between
‘_the mixing chamber and the target was attained by a thin copper rod, the
lowest edge of which was soldered to the top of the target in order to
minimize the baékground contribufions. A schematic view of the diiution

cryostat is presented in fig. 2.

The temperature was measured by using a calibrated carBon resistor,
Matsushita 68 Q.1/8 watt[8], which wés soldered at the lowest edgevof the
target. Another resistor’at the top of the.mixing chamber was ﬁsed to
check the temperature homogeneity throughoﬁt the target. Typically the

difference was within 0.01 K at 0.12 K.



III. RESULTS

The measurements of precession pattern were done at five different
temperatures (0.12 K, 0.4 K, 4.2 K, 77 K and 300 K) in an external field
of 153 Gauss. The constant background and the contributions from cryostat
~constituents which had a free muon precession frequency were subtracted
from the raw time spectrum. Then, a fitting program was used to determine
the precession frequency for the nickel target. Fig. 3 shows another
repreéentation of the results, in which are presented least-squares fits

to the function,
_ -t/Ty
N(t) = Noe [1 - A cos(2nft + ¢)] (2)

with a variable precession frequency f.

The results of the precession frequency are summarized in table I.
In this table we also give values of the local field, Bu(Gauss) = f(kHz)/13,554
and the relative éhange of the saturation magnetization. The Bu vélues are
the same below 4.2 K and the decrease of Bu is 0.84 (15)% at 77 K-and‘9.87

(27)% at 300 K, both of which are larger than those of magnetization.

The local field, Bu, can be decomposed into the following four terms: .

. external field, demagnetizing field, Lorentz field andvhyPerfine field;

= ¢ A
Bu = Heyxe ¥ Hdemag 3 Mt Hyne v (3)

where we have néglected the dipolar field contribution within the Lorentz
cavity becausé_of the cubic symmetry of the u+ location. For an external
applied field below the saturation, the first two termé should be cancelled
within a few Gauss. The assumption was proved at each temperature by

changing the external field in the rahge of nearly 0, 153 and 340 Gauss,
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where we observed the same frequencies within the present errors. Therefore,

the hyperfine field, H can be obtained by subtracting the third term (the

int?®

- Lorentz field) from Bu.

These results are also given in table I, and relétive values normalized
~ at the lowest temperature are shown in figs. 4 andIS; where we put also‘a
relative change of the satufation magnetization (M) aﬁd the hyperfine field
on Ni nuclei.(Hﬁ)'meaSured by an NMR study[9]. In contrast to the others, the
uf hyperfinevfiéld is almost températufe independent: ' it depreases by less
than 1% in the temperature range from 0.1 K to 300 K. .Such a discrgpancy has
been observea at higher temperatures near.the Cufie point{2], but it has not
been faken seriously presumably because of the possible systematic error
associated with témperature ambiguities apd also a lack of the lowest
temperature datz. In the low temperature'limit,.the:hyperfine field was
found to be -640.7 * 2.2 Gauss. The discrepancy between this value and tﬁe
formervvalue (-0.66 kG)[2] obtained at 77 K was due to the incorrect value of

the Lorentz field used in the latter case.

IV. DISCUSSION

We start our discussion with some speculationé dn the location and
diffusion of theru+ based On:the known experimental data on the diffusion
properties of ﬁydrogen impuritiés in nickel metal. At room temperature,
hydrogen impurities are 1ocated at the ocfahedral site[10]and diffuse from

site to site. _The diffusion constant is written as follows:

D = Doexp(-Ea/kT) ~ - L (4)



The experimental value of E, (activation energy) is 0.23 eV near 100 K[11].
The diffusion properties of hydrogen-like atoms are_summarized in table 2.
Although comparisons are made at higher temperatures than our temperature
range, the values of Ea are almost independent of the mass of hydrogen-like
impurities from hydrogen to tritium, and a simple extrapolation gives the
same activatién energy for the positive muon. A classical theory of
diffusion[lZ]has predicted that the activation energy is likely to be
independent Of the mass, while the preexponential factor, DO’ should be
proportional fo (Mass)_%. A quantum theory of diffusion also supports this
mass dependence in the case of some fcc crystais[13j.vThen according to this

theory the diffﬁéion time becomes longer- than 10_3 sec below 300 K.

In addition_to the diffusion, the vibrational ehergy of hydrogen in-:
nickel has been measured[14]. Using this data, we can expeét;the zero—point
~energy for the positive muon to be 0.18 eV. This value corresponds to the
spatial uncertainty of 0.4 X (root-mean-square). Combining these two effects
we can say that the positive muon in our temperafure range is well localized
at octahedral interstices with the spatial broadening of around 0;4 X;
Pfobably it may still be diffusing by a temperature independent process such
as tunneling. These speculations for the u+ location and diffusion are

schematically shown in fig. 6.

Now let us consider some features of the hyperfine field on the u . It
. = d
can be described as an average of the interstitial magnetization, mint(r),
which comes from the conduction electron polarization.

) - ﬂ > ->
Ho o = J 3 mint(r) o_u(r) dr (5)



> ' : S
where pu(r) is the density distribution of the M . Due to the screening of
the muon charge by conduction electron, mint(r) is different from the

unperturbed interstitial magnetization of the host metal, Min (r). When

t

. . v
the perturbation is not so strong, <mint(r)> can be linearly related to

=
<Mint(r)>’
R v .
= < > .
<mint(r)> * Mint(r) ‘ : (6)

In the case of Ni at room temperature, & is found to be nearly unity[2], if

the observed Hin is compared with the interstitial moment distribution,

t

Mint(;)’ obtained from the polarized neutron experiment[15]. This is also

illustrated in fig. 6.

ﬁegative_spin dehsity at interstitial sites caﬁ be attributéd to the
followihg two sources: (a) negative polarization 6{ 4g~electrons at inter—
stitial éites[l6]due to the cancellation between s-d exchange polarization[17]
and s-d hybridization[18], (b) negative polarization of 3d-electrons in the
tail region of 3d.wéve fﬁqcﬁions due to a spin dependent radial form factor
as predicted by:band theqry.calculations[19]qf the overlapping effect of

neighbouring'atoms[ZO]}

Therefore both of polarized 3d- and 4s—electrons can contribute to the
screening of the u+ to produce a contact field. Existing theories[3,4] -
consider only the contribution from thel4s—e1ectronsrénd ignore the perhaps

important effect of the 3d-electronms.

In the following, instead of going into the detail of the origin of the
hyperfine field, we will try to understand the observed temperature
dependence of the_u+ hyperfine field by relating to the interstitial hagnet—

ization of neutron data, following the formula (5) and (6). We assume that



the temperature dependence of the unperturbed interstitial magnetization,

M is the same as that of the host magnetization, in other words, the

int’

spin—waves destroy the whole magnetic structure homogeneously. As for the

adequacy of this assumption, we will discuss later.

. (i) Thermal excitation of muon location

. = +
At higher temperatures, the thermal excitation of the u from the
ground state might occur. We can take the following expression for the
ratio of the population of the first excited state (Pl) to that of the ground

state at a finite temperature.
'_ hv ' : '
CPy/Py = exp (= o) S 2

where hv is the vibrational energy (0.36 eV in ourAcase). Then we get a
negligibly small value for that retio (~ 10-6) at 300 K. Howevef, since the
excited state is located abeve the potential barrier, there will be a proeess
in which the u+ goes directly to the continuum state; Then in effect, the'u+
location is broadened and the u+ will sample a wider interetitial region. If
this takes place at all, and if o in the formula (6) is temperature independent,
then, Qe expect a deerease of the magnitude of thevhyperfine field, es far as
M, t has a negetive minimum at the octahedrel site ae indicated by the neutron

in

experiment[15]. This is opposite to our result.

However, it seems to be difficult to determine. precisely the spin-density
distribution of the low-density interstitial region from the neutron experiment,

and furthermore it is not simple to relate Hin to M This question is

t “int”®

enhanced in view of the discrepancy that in the fcc Pd metal the neutron



éxperiment[Zl]gave a positive spin density at the octahedral interstitial
site, while the observed hypeffine field of the u+ was negative[22], Moreover,
the polarized neutron experiments on Pd[20]and Pd0.98;3e0.013 alloy[23]has
shown that the minima of negatively polarized spin density are located
somewhere befween.the Pd atomic site and the octahedrél site. If such a
situation does occur in Ni, it woula be intriguing andléonfusing. There is

no experimental sfudy of the interstitial spin density at various temperatures
except the one by Caglioti-et al[24], which, howevef, shows that the inter-
stitial spin deﬁsity vanishes in the paramagnetic phaée. The existing
theories for thé:u+ hyperfine field are neither helﬁful nor capable of

predicting the spatial distribution.

If fhe u+ location becomes to overlap with the Ni moment, the
dipolar field term in eqﬁation 3 cculd.no; be completely cancelled. In
vSuch a case,‘we may requife an additional temperature dependent éorrection

\ .
term according to the thermal excitation of the u+ location. It is quite
difficult to estimate this effect bec;use of our ignorance about tﬁe
réalistic_s;atial,distribution,of-the‘ﬁ+. As for the sign of the correction,
the resultant dipolar field is positive. As the-broadening incfeases, it
gives a more negative correction to Hint’ which makeg Hint(T) deviate even

' more strongly from MS(T). Therefore this effect is not adequate to explain

the observed phenomena.

(ii) Volume ekpansion effect

N v
Our measurements of the y hyperfine fields versus temperature

have been carried out at atmospheric pressure. These values must, in
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principle, be'reduéed to those at constant volu@e in ofder to bé compared
with the saturaﬁion magnetization (M) which is ;150 reduced to a constant
volume value.  In fact, the temperature depehdeﬁces of M and the nuclear
hyperfine field (Hn), which are not the same at constant pressure (as shown
in fig. 5) become to agree closely with each otﬁer when corrections are made

for constant volume[9](to the same dashed line shownvin fig. 5).

The expected size of the difference for Hint can be estimated using the

following thermodynamical relation,

o 3 (lnHint)] [a (InV)] |
[a(lnuint)] 3 [S(InHint)] . [ 3P T| oT JP (8)
3T P T v
P 3 (1nV) :
| [ 3P ]T

In table.III, we list the pressurergoefficients of the host ﬁagnetization and
‘the nuclear hype?fine fields of Qarious transifion—metal impurities in Ni and
Fe metai. So far, tﬁere is no.satisfactory explanation of the pressure
deﬁendence of the impurity hyperfine fields. IOur experimental value of
\(a(lnHint)/aT)p would be éble to reproduce the (a(lnHint)/BT)v.that followé‘
thé magnetization'curve at constant volume, if we were to assume
3(1nHint)/3P =.;4.2 XA10—6 (kg/cmz)—l. This yalue of the pressure coefficient
has the Opfosite sign to those for Ni and Co impurity hyperfine fields in Ni
and the same sign as that of the Host magnetization,bbut its_magnitude is oné
‘order greater than that of M.-vTherefore, the voluﬁe,corréction to tﬁé H

hyperfine field is an unlikely explanation for the observed phenomena.
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(i1i) Locali?ed—mbment formatioh'_

The internal field at some impurity nuclei'ih,a.ferromagnetic
‘transition metal departs markedly from the host magnetizatioh. This effect
has been explained by the localized-moment formatioh at the impurity site

whose magnetizétion, mI,.is given by a moleculaf field:

m.

L= B 08 A OF

_where BS is the Brillouin function cbrresponding to theAspin S of the
impurity, M is the magnetization of the host, B.= 1/kT and A is the

phenomenological coupling éonstant[27,28].

In fig..?}-we summarize tﬂe'température'dependeﬁcé of hyperfine fieldé
von'véiious imﬁutiﬁ§‘nuclei in Ni. - All of these.daté were taken at constant
pfessure. After cor;ection for the constant voluﬁe; thé 61Ni d;ta aéreé |
with the magnetiéétion[Q],while 59Co'ar;d 57Fe_data deviate’ more strongly
from the magnetization,’fhat'is,.a much weaker temperature dependence’than
the_hostjmagnétization[Zé,30]f Bbth Co and Fe data.canlbé_fittgd by eq.‘(?)
using a host;impurity interéction which is stronéer thanvthe host-host inter-
action, for’éxample, A= 2,6 TC for Fe. .On the'otﬁér ﬁénd, t?e cu;vebof>99Ru
(and lots of.otﬁef impufity>nuclei)_shows a significantly stronger teﬁperature
depénden;e.thah'fhevhost magnetiéation. This type of deyiation can bé _ |
explainedvgsing the host—iﬁpurity qoupliﬁg, A, which.is weékéf than tﬁe host~

55

host interaction, like > Mn in Fe[27].

A strong'hOSt—impurity coupling seems to contradict the molecular-ficld
‘picture. Howéver'studies on the effects of magnetic:impurities on spin waves

which have given a physicai basis for the above picture predict that the
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molecular-field model is also a good approximation.in the case of strong
host—impurity iptéraction[3i,32]. This theory can Se described Briefly as
follows: an impurity mére strongly coupled than elsewhere distorgs the spin-
waverband upward.in the vicinity of the impurity. It behaves like a repulsive
potential for spin-wave scattering. The spin waves whose wavevlength is
comparable to the'range of the potential arevstrongly scattered and have

small amplitude at the impufity; After 1ehgthy calculation of such an

effect, the local magnetization at the impurity is found to be approximated

by eq. (9). : )

| It is clear from fig.vZ that the u+ has the samé:temperature dependence
as those»impuritiés which hé§e'a strong coupling Qith the host. Thérefore,
“if ﬁe;try td'explain the observed effect only by this localized-moment
fbrmation,'we mustvassume both (i) that a localized ﬁomeﬁt formation of a is
like electron is formed around the\u+, and (ii) that the localized moment
strongly couples with the host moment and perturbs spin wave. It(is quite
difficult to justiff the first assumption because the conduction electrons
in metallic Ni should destroy such a bound state quité easily. The wéak:u+
- hyperfine field (0.64 kG) observed in Ni compared to the muénium hyperfine
field (0.33 MG) indicates the absenée of such a bound state. Probably there
will be a quasi-bound state with substantially reduced/amplitude of the 1s.
state with small effective moment which migﬁt perturb,tﬁebspin wave; Howéver;
such a reduced moment could not coupie with the host ﬁoment so strongly

compared with the host-host interaction. This contradicts the second

assumption.

In conclusion, we feel we should exclude the effect of the localized-

"moment formation from the possibilities to explain the observed phenomena.

|
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(iv) Local magnetic ordering among neighbouring atoms

As Wg:ﬁentidned above, a part of the negative conduction electron
.poiarization éan‘be atfributed to the 3d electrons_%hose long-fail hés a
negative spin'deﬁsiéy.. When a ﬁositive muon isjput into the interstitial
sites,kit isfexﬁected'to attract more 3d elecérons iﬁ such a way‘;hat'the
lécal.d—d coﬁﬂliﬁg in the nearest neighbouf-regioniis increased. This =
situatiqn Qé& be called local énhancémeht of the fe?romaghétic orderiné,
thch may beuesséntially a coﬁnterpart of the loéa1 enhancément of therénti—
ferromagﬁetic ofdering in MnO when a negative muon is‘tfapﬁed By ﬁhe oxygen[35]a
In suéh a situaﬁioﬁ the ﬁégnon excitation does not destroy the 1oca1.spins so
much as it doeé the bulk spin, aﬁd therefore the 1déal_magnetization around

the 1 has a weaker temperature dependence than the host magnetization.

.However;‘ﬁhéfe have been ébme eﬁpériments whicﬁ contradict.the above
Uéxpléﬁationﬁl noﬁ-magnétic impurities“at inferstitial sitesflikekc;‘N and‘B
'>§eem to‘givé uﬁ ﬁéstAof their screening eleétrons.td the d-band of the
matrixvénd thus reduce the magneﬁic mément of the neighbouring atoms [34].
Such‘a reduction'of the momehtAhapﬁeﬁs also for tﬁe_neighbouring'host atoms;
surrounding_nohfmagnetié impurities at substifutional sites. In 3
the case of Co'énd-Fe metals with Sn:imﬁufities, thg ﬁuélear hyperfine
fields of the heighbpufing atoms Gith reddcéd momént were found to follow
complete;y-the host'magnetizatiOp[35,361,vsuggesfing Fhé magnetic structpre

~of the neigthUring atoms are unaffected by the impurity.



- 14 -
V. SUMMARY

dThe hyperfihe field on u+ in Ni was.found to be almost temperature
independent ftom 0.1 K to room temperature. Although they are;unlikely,
we cannot'rule.out the following three possible explanations for these
results: (A) the existence of a spatial distribution of the interstitial
spin deneity'that produces a stronger average field.as a result of the
increase of the broadening of_the u+ location; (B) ah anomalous pressure
dependence of the muon hyperfine field; or (C) a 10ca1”enhancement of the
ordering among the nearest heighbours induced byvthe'poSitive charge of the
u+.. ‘ :

As for (A), we require a more sophisticated theory for the u+ hyper-
fine field ﬁhich'can.orcd ot a correct rad1a’ dist ‘b n‘of the spin
density. In thia-connectiod we have raised questions as to the relation
between thevﬁ+ hyperfine field and the interstitial spin‘density.‘ As for
(B), the measurements of the pressure dependencevof the.u+ hyperfine fieid
will give further information. If the observed'effeot was entirely attributed
to this effect;'we should be able to see a strong pteSsure depehdence: at
room temperature, an applied pressure of 104 bat couid compensate the discrep-
"ancy between H.:t_and M. As for (C), we need'more information about 1ocai

magnetic orderlng induced by the 1nterst1t1a1 1mpur1t1es.

So far, ‘we have assumed that the temperature dependence of the
-unperturbed interstitial magnetization of host Ni is the same as that o{ the
hoat magnetization. Concerning this assumption,itwo recent experimehts have
revealed a possibility that the unperturbed conduction electron polarization
might‘have a diffetent_temperature dependence from‘that of the host

- magnetization.



(A) Recent mégnétization'studies of Ni have been -interpreted to show that

the decrease of the magnetization due to a Stoner sinéle particle excitation

is not neéligibie, but almost as large as' the spiﬁ-wave contribution[37]. If
this is true;ias suggested by Benedgk and Armstroﬁg[26,38},'the

-thérmal exbit;tibn of d;electrons to higher states‘in the d-band combined with
a strong énérgy:dependent hypérfine coupling cbnsfént_fesults ina T
dependéqte‘for the ratio of Hint(T) to MS(T). Ouf result can be fitted gy

Lo : T2 §
sucy a correction: Hint(T) o« (1 + 7x10 T )MS(T).

(B) The measurement.of the_tempgrature,dependence of.tﬁe Hyperfine field of

. warious non-magneticsimpurities‘inﬁFe have been carried out by Khoi et al[39]
as showiﬁg that the conduction. electron polari:atibn has a different |
fempergtuxe dependenégnfrom Fhe,host magnetization, while the local core’
polarization field oﬁ Fe followé'the host magﬁeti:atioh{ "They concluded.thaf
'tﬁis phenomenon can be explained by the'efféctiof thérﬁal'vib:ation of the |
lattice on'tﬁe cohduction éleCtroﬁ.polarizationlghrough the fadial deﬁéﬁdence

of theiRKKY'spin density oscillation.

Although the above understanding of these experimental results is still
_dubious, it is'iﬁpqrtant to pursue thedretiqal studies ‘along these lines.

Also polarized neutron studies at different temperatures are highly recommended.

Recentlj NMR expgrimentS,have'been ddne.for the.témperature dgpendénce
of tHe h&perfine fié1dv§n:lszﬂqclei in;Ni;thqh, 1ike_§he_u+; stéy-aisé at
- the octahedral ihterstitiél sité[go],and ity&ég fpund to deviate strongly from
the mégnetizétion in the #émé diréctibn andbtﬁg deviaﬁion Qas almost same as the
u+ resultsl(fig. 7). itiis qﬁi£é in£¢fe§tiné to;exten& fﬁis type of measure-

ments to vérious ferromagneticima;erials by using different interstitial
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prdbeé, and-to'éeeiwhether or not such an effecE is inherent to the
interstitial'charécter of the prObé. Also; since essentially the same
effect has been observed by the two Qifferent probés with quit% different.
masses, we may ﬁave the_possibility of another cfiterioh t? see if this
phenoménon is connected to a thermal excitation of the location. Detailed
experimentaltdr.theoreticél studies on the diffusion properties of light

impurities incldding B and N will lead us to ‘a much clearer conclusion.

Finally we Qould like to emphasizé the uSRvmefhod as a powerful_new
technique for‘sfgdies of solid state physics at low temperature. Stopped
muons with suffi;iently high intensity (106/Sec) deposip dnly a small aﬁoun;
of heat (1 pWatt) to the target, which permits use of any kind of

refrigeration device to produce low temperature down to 10 mK or less.

We would iike_to thank Prbfessors 0. Chamberlain and K. M. Crowe for
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and Prof. K. Nakai for the information of ﬁhe MR data on 12B in Ni prior to
the publication.' We .are grateful to Professors J. Kanémori,'Y. Ishikawa’énd
1. Campbell for discﬁssions of éhe hyperfine field. One of the authors (K.N.)
expreéses-his thanks to the Japanese Ministry of Education for the‘finanéial

support of his stay abroad, and another (S.N.) to the Nishina Memorial

Foundation.



t)

t)

t+1)

1

[2]

[3]

v[[‘]

(4]

[6]

[7]

- 17 -
- REFERENCES
Supported by ‘the National Science Foundation, Japan Society for ...
Proﬁotionvof Science and U.S. E.R.D.A..

Present Address: TRIUMF, University of British Columbia, Vancouver,

Canada.

Present Address: Institute for Nuclear Study; University of Tokyo,

Tokyo; Japan.
Present'Addiess: SIN, Villigen, Switzerland.

M.L.G. Foy, N. Heiman, W.J. Kossler and C.E. Stronach, Phys. Rev. Lett.

130 (1973) 1064.

B.D. Patterson, K.M. Crowe, F.N. Gygéx, R.F.. Johnson, A.M. Portis and

"J.H. Brewer, Phys. Lett. A46 (1974) 453.

B.D. Patterson and L.M. Falicov, Sol. State Comm..l§‘(1§74) 1509.
P. Jena, preprint (1975).

K. Nagaminé,,S.ANagamiya, 0. Hashimoto, T. Yamazaki and B;D. Patterson,
Contribution to the 6th International Conference on High Energy Physics
and Nuclear Structure, Santa-Fé'and’LOS'Alamoé, 1975;“Hyperfine

Interactions, to be puBlishEd.,_

K.M. Crowe, J.F. Hague, J.E. Rothberg, A. Schenck, D.L. Williams,
R.M. Williams ande;Ka'Young;uPhys.'Revg,gg (1972)-2l45;
. K. Nagamine,'N. Nishida and H. Ishimoto, Nuc1~ Instr..Méth. 105 (1972)

265.



[8]

9]

[10]

[11]

[12]
(13]
| [14]
[15]

- [16]

(171

- [18]

[19]

[20]

- 18 -
R: Radebaugh, J.C. Hoesteand J.D. Siegwarﬁh, Contribution to the 5th
, N
Int. Cryo Engineering Conf., Kyoto, 1974.%
R.L. Streever and L.H. Bennett, Phys. Rev. 131 (1963) 2000.

E.O. Wbllan, J.W. Cable and W.C. Koehler, J. Phys. Chem. Solids.gﬁ..

(1963) 1141,

A. Combette, Proc. Int. Meeting on Hydrogen in Metals, Julich, 1972,

p. 821.

G.H. Vineyard, J. Phys. Chem. Solids 3 (1957) 121. ,

C.P. Flynn and A.M. Stoneham, Phys. Rev. Bl (1970) 3966..

Y. Ebisuzéki, W.J. Kass and M. O'Keeffe, J. Chem. Phys._ﬁév(1967) 1373,

H.A. Mook, Phys. Rev. 148 (1966) 495.

M.B. Stearns, Phys. Lett. A47 (1974) 397; Phys. Rev. B9 (1973) 4383;

" B4 (1971) 4081.

K.'Yoshida,.Phys.'Rev. 106 (1957) 893.

P,W. Anderson, Phys. Rev. 124 (1961) 41; T. Moriya, Prog. Theor. Phys.

————

33 (1965) 157.

K.J. Duff and T.P. Das, Phys. Rev. B3 (1971) 192; 2294;

J.W.D. Connolly, Phys. Rev. 159 (1967) 415.

R.M. Moon, A.I.P. Conference Proc., Vol. 24, ed. C.D. Graham, Jr.,
G.H.'Lahdef and,J.J.‘Rhyne (American Institute of Physicé, New York)

p. 425.



[21]

[22]

[23]

[24}v”

[25])

[26]

[27]

[28]"

[29]
[30]
[31]

[32]

[33]

-19 -
J.W. Cable, E.O.‘Wbllah,”G.P. Félcher,FT;O.iﬁrun.and?S.P.”Hornfeldt,
Phys: Rev. Lett. 34 (1975) 278.

K. Négémine, N. N;shida, S. Nagamiya, 0. Hashimoto and-I; Yamazaki,

to-be'published.

W.C. Phillips, Phys. Rev. A138 (1965) 1649.

G. Cagiibti, M.J. Cooper, V.J. Minkiewicz aﬁd'S.J. Pickart, J. Appl.
Phys. 38 (1967) 1245.

E.I. Kondorskii and V.L.‘Sedov, Sov. Phys. JETP 11 (1960) 561.

G.B. Benedek and J. Armstrong, Suppl. J. App. Phys. 32 (1961) 106.

V. Jaccarinb,'L.R_ Walker and G.K. Werthheim, Phys. Rev. Lett. 13
(1964)‘752{
D.A. Shirley, S.S. Rosenblum and E. Matthias, Phys. Rev. 170 (1968)

363.

- J.G. Dash, B.D.'Dunlap.and D.G. Howard, Phys. Rev. 141 (1966) 376.

L.H. Bennett, J. Appl. Phys. 36 (1965) 942.

H.icalleng D. Hone and A. Heeger; Phys. Letf}»ll,(l965) 233.

T. Wolfram and W. Hall, Phys. Rev. 143 (1966) 284.

D. Hone, H. Callen and L.R. Walker, Phys. Rev. 144 (1966) 283.

S. Nagamiya, K. Nagamine, O. Hashimoto and T. Yamazaki, Phys. Rev.

- Lett. 35 (1975) 308.



347
[35]
[36]
[37]

[38)

[39]

_t40]

- 20 -

J. Friedel, Ber. Buns. Gesellschaft 76 (1972) 828.

~ T. Oonoh and J. Itoh, J. Phys. Soc. Japan 27 (1969) 1359.

I. Vincze and L. Cser, Phys. Stat. Sol. (b) 49 (1972) K99.

A. T. Aldred, Phys. Rev. Bll (1975) 2597.

. G.B. Benédek, Magnetic Resonance at High Pressure (Interscience

Publishers Inc., New York, 1963).
L.D. Khoi;rP,_Veillet and I.A. Campbell, J. Phys} F5 (1975) 2184.

H. Hamagaki, K. Nakai, Y. Nojiri, I. Tanihata and K. Sugimoto,

to be published‘in Hyperfine Interactions.



Table I - SUmmaryiof the u+SR Experimen; in Ni at Hex

153 G

 Temp

®

Frgquengy.

Hz)

(G

in;
(G)

H,/

int'Hint(O) .

300

77.

4.2

© 0.40

1 0.12

118.449 (55)
20.101 (25)
_20.277 (27)
£ 20.270 (28)

120.270 (28)

1361.2 (41)

1483.1 (18)

1496.1 (20)

1495.6 (21)

1495.6 (21)

-635.2 (41).

-642.8 (18)

-640.3 (20)

-640.8 (21)

-640.8 (21)

<9916 (64)

1.0034 (28)

©.9992 (31)

1.0000 (33)

1.0000 (33)

f)"For the values of MS(T), we used the relative values of

t.Ms(O) = 510.0.

the data cited in ref.[9] with

-‘LZ_
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Tablé_II'- Diffusion properties of hydrogen—iike‘atoméff

P

)

Tritium 0.395

D Temperature
a. 0 Range
V) (cm®/sec) (K)
. - : 9a=3 b) D
‘Hydrogen 0.41 * 0.03 6 x 10 ! 400 ~ 950
| 0.23 * 0.04 2 x 106710 D) 110 ~ 250
 Deuterium 0.401 5.27 x 1070 720 ~ 1270
432 1073 720 ~ 1270

a) Data have been takeﬁ from ref.[ll] and J. V6lkl and G. Alefeld,

"in Diffusion in solidé;_ed; A.S. Nowick and J.J. Burton (Academic -

Press, New York, L97S) p..232.

b) Convertéd‘uéing the formula of T = L2/6D where 1-1 is a jumping

. frequency and L is interatomic spacing. _



Table III -bThe'pre33ure.dependence'of the host magnetization (M)

and internal field (Hh) of impurity nuclei

Host F'a(lnM)/an107 Nucleus a(lan)/8P~1o7"
'(kg/c:_mz)—1 I» | L (keg/eaD)7!
Ni- -3 ® R 6lys +8.81 + 0.18
_ o | i
_ ‘0.
590 “ +13.8 * 0.5
- Fe © -2.78 £ 0.25 ®) 59, ’ 41,6 ©
or -1.7 ®) 63, - 3.0 9
) \ _ ~Cu '
) . c c)
57¢e _ ©-1.6

.a) Reference [25]
b)  Data cited in Reference [26]

" ¢) Data cited in Reference [29]
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FIGURE CAPTIONS

Fig. 1. Exberimental arrahgement for the counters and the target enclosed

inside the cryostat.

Fig. 2. A schematic view of the dilution cryostat,'in which the Ni sample is
cooled.down'to 0.1 K. The locations of carbon resistors are not

presented.

Fig. 3. The chi—équares versus precéssion fréqﬁencyvfor the u+ in Ni single

crystal measured at 0.12 K (upper) and room:temperature (lower).

Fig. 4. Temperature dependence of the u hyperfine field, the nuclear
hyperfine field (Hn)’and the magnetization of Ni-(M), all of which
arevnorﬁaiized at the lowest temperatﬁre.',Temperature is showmn in

a logarithmic scale.

Fig. 5. Temperéturg dependence of thehﬁ+ hyperfiﬁe fie1d with thé externali
field of 0 G, 153 G and 340 G, as vell as ‘the nuclear hyperfine
: field (Hn) aqd‘the magnétization of Ni (M), all.df which ére
normaliééd at the lowest temﬁerature. .Also the corrected vaiue of
the hégnetizétion aﬁd the hyperfine field to' constant VOlﬁmé is
shown (both agree with each other to withinEO.SZ). The uppér broken

line shows the experimental tendency of the u+ hypeffine field.

Fig. 6 | Schematic iilustration ofvthe u+ 1ocatioh in Ni latfice.
(a) Lattice and octahedral interstiée.' (b) The positive muon bound
'iﬁ a potéptialu Its depth and the energy levels are inferred from
the hydfggen.data. (¢) Distribution of the_mégnetic dipqle moment

: o 4 . L
along the direction of the y motion as observed by neutron

' scatterihg [15].
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Fig. 7. Sﬁmméry of‘the temperature dependence of tﬁe hyperfine fields on
'varioﬁs impuriﬁy nuclei in Nij; 6lNi from ref.[9], S?Fg from ref.[29},
_59C9:from ref.[30], 9y from ref.[28] and 128 from ref.[40].“In
additiqn,.the daté for the u+ is aléo presented; the curve labelled
_u+(1)°Shows the present result, while the cufye'labelled u+(2)
Shogs.alsq the u+‘hyperfine field.which is obtained from ref.[1] -
after correctién-for the Lorentz field. 'Theée are normalized by

our present data at the lowest temperature.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Energy Research and Development Administration, nor any of
their employees, nor any of their contractors, subcontractors, or
their employees, makes any warranty, express or implied, or assumes
any legal liability or responsibility for the accuracy, completeness
or usefulness of any information, apparatus, product or process
disclosed, or represents that its use would not infringe privately
owned rights.
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