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Muon location and muon dynamics in DyNg
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In DyNis, the muon localizes at thei §1/2,0,0.1 interstitial site and below-80 K a second muon site
becomes populated, the metastablg, &ite. We determine the mean residence time of the muon in this ring
site and analyze its temperature dependence with a multiphonon quantum diffusion process. The coincidence
energy is measured to g /kg=400(20) K and the tunneling matrix elemedit=0.21(7) meV. A comparison
with GdNis gives insight in the muon potential well scheme in these compounds. We attribute the large
diversity of muon sites ifRNig series, wherd& is a rare earth element, to the relatively low density of states
at the Fermi level.
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I. INTRODUCTION In this paper we report on the muon site determination in
DyNis. Muon hopping is unambiguously present and ana-
A few years ago, an interesting muon hopping feature wadyzed within the framework of incoherent multiphonon tun-
discovered in GANi 3 At low temperatures the muon oc- nheling. A comparison with the results obtained previously on
cupies two different sites of which one consists of a ring ofGdNis demonstrates certain characteristics of the muon lo-
six equivalent sites that are all occupied by the muon withircalization behavior and we discuss the irregular localization
the time scale of muon spectroscopy, that is 18. As the  behavior of the muon across tiNis series.
temperature is raised this muon ring site becomes unstable DyNis crystallizes in the hexagonal Cagstructure(see
(T>40 K) and the muon hops to the second and preferrefig. 1). Its magnetic properties are well described by crystal
muon site. At elevated temperaturds<80 K) only this lat-  electric field theory. DyNj is a planar ferrimagnet T
ter site is occupied by the muon. The muon sites are identi=12 K) with ferromagnetically aligned Dy moments. A
fied as the 6,4 [(0,0.225,1/2 or (0.13,0.26,1/2] and the 3 small moment of 0.38g is induced in the Ni 8 sublattice
(1/2,0,0 site, respectively. The muon hopping from thg,6 and the exchange coupling between the Dy and Ni moments
to the 3 site has been successfully described by an incoheiis strong and negati\/?EAt_Z K the Dy moments equal 8.8
ent multiphonon tunneling process, where a large number aind are aligned along treeaxis, that is the hexagonhlaxis.
phonons are involved in the deformation of the muon surAt 6 K a moment reorientation has been observed andthe
roundings allowing the muon to tunnel through the energyaxis becomes the easy axfsThe crystal field induced an-
barrier that is separating both sites. Clear indications exisisotropy is large and present up to room temperaitdre.
that this phenomenon also occurs in the isostructural com-
pounds DyNi, ErNis, and TbNi.* Il. EXPERIMENTAL DETAILS
The formation of a muon ring site has also been observed
in the structurally related UMAI, (Ref. 4 and is suspected A single crystal of DyN§ was prepared by the Czochral-
in the superconductor MgB® In addition, this phenomenon ski method in Amsterdam from starting materials of at least
has recently been observed in CgAlhich crystalizes in the 99.99% purity. The sample has been cut into a spherical
C15 Laves phase structute. shape(diameter of 4.5 mmwith spark erosion and has been
The muon sites observed in tiNis series R is a rare  oriented using x-ray Laue diffraction with either theor c
earth elementare diverse as is summarized in Table I. It is axis parallel to the rotation axis of the sample holder.
remarkable that no systematic trend across Rhseries is The susceptibility of the spherical sample has been deter-
observed and that various @nd 3 sites are seen. mined with a SQUID magnetometer at Melbourne for the
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TABLE |. Material parameters and muon sitesRiNi; compounds. Lattice parametexsand c are all
taken from Ref. 7. The # shell electronic configuration is given for each rare e&tiMz and M; are,
respectively, th&k and Ni magnetic moment3 is the Curie temperature. The magnetic properties are taken
from Ref. 8, and references therein. Muon sites indicated with an asterisk are determined in this paper. For
location of the various muon sites see Fig. 1.

Mg My Easy Tc
R ion a cla (ug) (mg) axis (K) Muon sit€s)

La 4f° 5.014 0794 0 0 Bor6i* (L0,0)(Ref. 9 or (£,02) with z=<0.21*
Pr 4f> 4957 0.803 0 0 § (3,0,0.21) (Ref. 10

Gd 4f7 4906 0.808 7.0 0.16 c 32 3fand Bing (%,0,0) + ring site forT<80 K (Ref. 3
Tb 4% 4.894 0810 7.9 0088 a 23 ?and§, two sites below~60 K (Ref. 11

Dy 4f° 4.872 0.815 89 0.078 b 12 6i* and &, (%,0,0.1)+ ring site forT<80 K

Er 4f'' 4.858 0.816 9.0 0076 ¢ 9  3fand? (1,0,0) for T>100 K (Ref. 8

three crystallographic directions. Additionally, magnetizationdue to an external field. In the latter case, the external field
curves have been obtained between 2 and 14 K with theolarizes the electrons of the host and the muon spin expe-
crystallographica and a direction of the crystal parallel to riences the sum of both fields. We consider DyMi its

the external field. The. " SR transverse fieldTF) measure- paramagnetic state and briefly summarize the experimental
ments took place at the GPS beam line at the Paul Scherrbackground. For a detailed description of this method see for
Institute (PS). All TF wSR spectra were taken witB,,, €xample Refs. 15 and 16.

=0.6 T at temperatures between 15 and 270 K withahe  The relative shift in muon precession frequenky
andc axes parallel to the external field. In addition angular= (Bjoc— Bex)/Bex @long thea direction is generally written

scans in theaa plane andac plane have been taken. Zero- 35

field spectra were also recorded in the ordered phase. All Ko— K24 K o

spectra show a small background due to muons stopping in 07 Thafs

the copper sample holder. This background signal is includegherek ¢ is due to the Pauli paramagnetism of the itinerant

in all fitting procedures. electrons. It is small and commonly supposed to be tempera-
ture independent. The coupling between tHerdoments in

Il. BACKGROUND the host and the muon at its interstitial site is largely of

dipolar origin. In addition to this the muon experiences its

The muon, which is a spig particle, localizes at an in- nearest neighbor 4moments via the exchange interaction
terstitial site in the host crystal lattice. If locally a magnetic that polarizes the conduction electrons

induction B, is present the muon spin will precess with an

angular frequencw=y,Bj,c, Wherey, is the gyromagnetic K2t = (Adip T Acon) X4 2
ratio of the muon,y,=851.6 Mrad §* T~*. The origin of _

Bioc can be either the magnetic ordering of the host atoms opith

LS
AdY=___ D&Y,

O Dy dip A i i

O Ni where

muon sites

v 3f site N 3riry 8

a 6isite D=ve| —5———3 |- )

o 6k site ri I

o 6m site . o . . .

< Preslite Xai IS the 4f susceptibility which is approximately equal to

the bulk susceptibilityAg? is the sum of the dipolar interac-
FIG. 1. Unit cell of DyNi; (hexagonal crystal structure, space 10N between the muon spin and the soments restricted to
group P6/mmm lattice parametera:4_872 A andc=23.956 A) atoms InSIde a LorentZ S.pher_lE;.IS the vector d|3tance be'
The muon localizes at thei 6site in the whole temperature range fween the muon and atomu. is the volume of the crystal-
and also below~80 K in either the & (0.13,0.26%) or 6k lographic unit cell, and*” the Kronecker symbol. The con-
(0.225,0%) sites. The muon occupies all latter six sites within the tact interactionA.,, is understood to be isotropic and only
time range of the experiment. Similar work on YNi; (Ref. 4  the nearest-neighbor moments of the muon contribute to it.
suggests that the muon forms an extended localized ring-shaped As the experiment has been performed on a spherical
orbit. We refer to this site as the;§ site. crystal, the Lorentz field and the demagnetization field at the

014303-2



MUON LOCATION AND MUON DYNAMICS IN DyNi PHYSICAL REVIEW B 67, 014303 (2003

BmT

muon site cancel each other. The dipolar coupling teAggr
depends strongly on the coordinates of the muon interstitial
site and its experimental determination establishes the muon
location site in the compound under study. The trace of the
dipolar coupling tensor equals zero.

In the magnetically ordered state of a magnet a spontane-
ous muon precession frequency is commonly observed. In
this case, in the absence of an external field, the precession
frequency can be written

0.02

0.01

0.00

Knight shift K¢ (-)

-0.01 )
DyNigs

] (4) | I S SR T NN SR T N N B S B BTSSR |
0.000 0.005 0.010 0.015 0.020
Susceptibility x© (-)

6i site

1
Adipt Acont 3|

3 M4f

o(T<Tc)=7yuko

where 31 accounts for the Lorentz field andis the unit

tensor. _ ) .
FIG. 2. Frequency shifk® observed withB,{|c axis plotted as

function of the sample susceptibility along that direction. Values in
the temperature region between 40 and 80 K have been omitted.
Muon precession frequencies are deduced fromutls&R spectra

with Eq. (5). Two signals are visible, one is observed at high tem-
perature {\) the other @) at low temperature. The solid lines are
fits with Eq.(2). The slopes of the lines correspondAf,+ A, for

each muon signal. A susceptibility independent Knight shift, as the
data of the low temperature site suggest, does not lead to a consis-
tent interpretation of the data.

IV. RESULTS
A. Muon sites in DyNis
All muon spectra have initially been analyzed with

n mj

aP;’é(t)zz,l le a jexp(—\{ticos wft+¢),  (5)

wheren equals the number of crystallographic siteEbeled o . )

by i) for the muon andn; the multiplicity of these sitesa is within expenme_ntal error. The deduced coupling ter_lsor ele-
a parameter depending on the experimental conditians (ments_for the high as well as the low temperature signal are
=0.2 for the present experimgrand a; ; the initial asym- ~ 9ven in Table II. o _

metry of componeni,j. =,a; ;/a is therefore the fraction of ~_ Figure 4 shows the initial asymmetry and damping rate of
muons at muon site ¢ accounts for the angle between the the S|gn§1I§ plotted as function of temperature. A transition is
initial muon spin and the detectors; and\{; are, respec- clearly visible: about half of the total asymmetry is lost be-

tively, the average pulsation of precession and the dampin{pV ~ 80 K and the damping rate reaches a maximum at this
rate caused by the depolarization of the muon spin ensembfgmperature. Both can be understood if the damping rate of
due to magnetic interactions with its host. They depend on

the muon site as well as the orientatienof the external BRI AR RAARA RARAN RERRRRARAL
field. In the case of DyNithe total number of observed 0.20 |- oo DyNis 7
precession frequencies is either 1, 2, or 3 depending on the L 02t Oring Site ]
orientation of the crystal axes with respect to the external = 0.15 F o410 ] B“‘T -
field. & E ol 1 ]
In this section we present the results of the analysis using = 0.10 F \—/ .
Eq. (5) over the whole temperature range. We focus here on & e
the determination of the muon sites. We willlshovy that in the .”g 0.05 F 00 02 04 06 08 1.0 3
temperature range 40—80 K the observed signal is influenced € F L ]
by the presence of the muon in two different crystallographic x 0.00 a 6i site B
sites. In this temperature interval, E&) allows only for an I s &, ]
ad hocfit. The proper physical fit will be given in Sec. IV B. 5 | | | | | | 4 | ]

In Figs. 2 and 3 the frequency shifts have been plotted as
function of the sample susceptibilities fBg,J|c andB|a,
respectively. The data points between 40 and 80 K have been

0.00 0.01 0.02 0.03 0.04 0.05 0.06

Susceptibility 2 (-)

omitted from the figures.
First we discuss the results taken with,J|c presented in

FIG. 3. Same caption as Fig. 2 but data taken Wgifhj|a axis.
The insert shows the full scale, the main graph the details of the

Fig. 2. A single signal is observed at all temperatures but &g temperature signals. Three signals are observed, two at high

x¢~0.0137 (corresponding tdl =80 K) its frequency shift

changes from negative to positive. This indicates that th&jopes of the lines correspondsAd

temperature £ and V) the third @) at low temperature. The
2+ Acon for each muon signal.

. o ip
muon site observed below 80 K is different from the muonvalues in the temperature region between 40 and 80 K have been

site observed above 80 K. The solid lines in Fig. 2 are fitsomitted. The fourA at y>0.035 have been excluded from the fit as
with Eq. (2) for the low- and high-temperature sites, respec-their inclusion lead to inconsistency in determination of the cou-
tively. We find thatKy=0 for the high temperature site pling tensor.
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TABLE II. Experimental coupling parameters of the muon sites RERED ERELFEETRS REREN EEEN TES
observed in DyNj compared to the calculated values. For sites with 15 L " T h
a multiplicity larger than one, the coupling parameters for the other = I o @ j
sites can be obtained via rotation of this coupling tensor. The values T [ N— ]
for Agy, of the so-called f,q site correspond to the average of the £ 10 E ]
respectiveAgy, values over the six equivalentéand & sites. The % r + X\ Bey=06T
experimental values are obtained from the slopes in Figs. 2 and 3. ’é) L | \k
Equation (6) is used to determiné\g% of the high-temperature s 5[ ﬁ ~a -
. . . . . £ L ~
muon site. The angular independent signal in Fig. 6 shows that 8 [ ¢ iy S
AGi=Ag;, for the low-temperature site. We identify the low- and .y 4—9 !
. . . | /‘éring,1
high-temperature muon sites as t nd €(3,0,0.1) sites. 0 .
g p hggband 6 (3 ) gp DyNis ge
aa aa aa cc C ]
Experimental L + ]
0.15 _+ _+_ P
T>80 KAGp+Acon  1.22974) —0.723(69) —0.897(20) > - + ? % 4%
Acon —0.130(54) —0.130(54) —0.130(54) 2 0.10 [ Gering. g1 h
g 1359128 —0.593(123) —0.767(74) 3 F ¢ ]
gz
T<80 KAfa+Ac, —0.818(16) —0.818(16)  1.083(47) 0.05 ]
Acon —0.184(29) —0.184(29) —0.184(29) F Gung  MX. 6i
Ago —0.634(49) —0.634(49)  1.26{6) 0.00 F T .
Lo b bov v Lo Lo o byay
CalculatedAgi 0 50 100 150 200 250
Temperature (K
31 (2,00 1.558 ~0.750  —0.807 P *)
6i (%’0,0.]) 1.432 —0.729 —0.702 FIG. 4. Initial asymmetry and damping rates of the muon pre-
. _ _ cession signals displayed in Fig. 2. Above 80 K, only sitei$
1 1.090 0.668 0.411 .
6i (2*0‘?'2]) populated. Below 40 K both sites;§ and G are populated by the
1b (0,0;3) —1.602 —1.602 3.204 muon but the signal arising from sitei @ invisible. The symbol
6j (0.4,0,0 2.035 —1.002 —1.032 convention is that of Fig. 2. In the temperature range 40—80 K the
12n (0.496,0,0.088 1.460 —0.733 —0.725 muon hops from the §, to the @ site during its lifetime: the fit
2d (},2,% 0.007 0.007 —0.012 with Eqg. (5) is an ad hoc fifgray filled circle symbols The dashed
h (; 202 0.214 0.214 —0.427 lines are guides to _the eyes. Note that the asymmetry below 40 K is
= about half of the high-temperature value.
6m (0.13,0.263) —1.049 —0.263 1.313
6k (0.225,05) —0.263 —1.049 1.313 precession frequency at low temperature that originates from
Bring —0.656 —0.656 1.313 a second and different muon site. In Fig. 5 the change in

muon site is visible in the damping rates and asymmetries of
the signals. At high temperaturd 80 K) the asymmetry
the high-temperature site increases so much when the terftio between the two signals equals 1:2. An angular scan in
perature approaches 80 K from above that the correspondirtge aa plane has shown that there are in fact three signals of
precessing signal is no more observed below that tempera&qual asymmetry of which two coincide along thas well
ture. The increase of the damping rate is due to the slowings thea axis. Accordingly this muon site has a multiplicity of
down of the Dy magnetic moments fluctuations. This is con-3 6, or 12. If the position vector of the muon site inclines an

sistent with the increase in zero field damping rate observegngle, with the a axis, a rotation of the dipolar tensor gives
between 300 and 100 ¥.Below 8 K a second site is popu-

lated. However the coupling of the muon spin with the D aa, \_ paa aa g
moment fluctuations is (F:I)iffegrent from that o?the site abov)é Adp(e) =AdeoS ¢ + Afsin . ®
80 K so that the corresponding damping rate remains mo
erate. This difference in coupling is not surprising since Fhe[ify the positive coupling in Fig. 3 witho=0° and the nega-
fluc'guatlons of the Dy moments are _expected to be anisOgye one with ©=60° and 120°. The deduced values for
tropic. Consequently, although the high-temperature site is po , ,
still occupied below 80 K, its frequency is not observed be-dip ™ Acon @Nd Agip+ Acon are given in Table II. The low-
cause the damping rate is too high, 40 MHz) and the temperature site shows a constant single frequency when ro-
signal disappears from the spectrum. tated in theaa plane(see Fig. § and therefore\§f= Ag{ for

This interpretation is confirmed by the measurementshis muon site.
taken with the external field along tleeaxis. Figure 3 shows The increase in damping rate of the low temperature site
two precession signals at high temperat(ire., low suscep- above~30 K indicates that this muon site is unstable. The
tibility ) that can be attributed to one muon site, and a singlenuon resides for a while at the low temperature site before it

dere we have se;ta=;(; as is the case for Dyl We iden-
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s o e e R T
r 1 = 100 [ ization 1
- BmT E I . o m;gne/;lzﬁatlon ] . §
s r 0 €ex a -
N30 L () 3 = L. : 19
L L N—7 > oo ] 4]
o F o =
€ | S . 16 9
g f : Beu=0.6T s O -uR " 3
820 - / ] e 1 s “  J43
2 r ¢ /% &\( s YT lu = 1 2
a L =2 r . T ]l =
g 10 - t */ \Z\ 5 % 20 DleS 12 E
a8 L v e o b H =7 ] ;
0 L Aoting 1 Aoz F——% a ok Jo ™
B . [P EPUTES BT B I B A
= DyNis = 0 2 4 6 8 10 12
0.20 | . Temperature (K)
e ] FIG. 7. Spontaneous muon spin precession frequency in PyNi
o 0I5 [ Géring1 +_+§M___T ______ 7 as a function of temperature compared to the spontaneoussDyNi
3 r +_ A sy A ] moment. The latter has been obtained via linear extrapolation of
E 0.10 F _+ +¢’¢ i ¢ . magnetization curves taken with the external field paralle tnd
z‘ C MATES _V_as_‘vz ______ ] plotted asM? vs H/M (Arrot plots). The anisotropy in thaa plane
005 x g v g is smaller than the lowest field considered and therefore we do not
L 6 il 6i ] observe the moment reorientation at 6 K. The precession signal of
0.00 L Ei—ie E the second muon site is not observed because of its high damping
) rate.
Lo by b by v v b v v 1y

0 50 100 150 200 250

Zero field measurements performed in the ordered state of
Temperature (K)

DyNig show a single spontaneous precession frequéricy
FIG. 5. Initial asymmetry and damping rates of the muon pre-/)- Its temperature dependence is similar to that of the RQyNi
cession signals displayed in Fig. 3. For the temperatures above 60 foment obtained from magnetization curves. Small varia-
where two components are necessary, an initial fit gave the relativBions can possibly be attributed to a difference in sensitivity
values for the asymmetry in the ratio 2:1. The final fit was per-With respect to the Ni moments. Yet, the magnetic order in
formed with this ratio fixed. Note that half of the total asymmetry is the Ni sublattice is believed to be induced by the Dy mag-
lost below~50 K. The symbol convention is similar to that of Fig. netic moments and expected to show the same temperature
3. In addition we have used gray filled circles andand X sym-  dependence.
bols for the points where the ad hoc fit requires, respectively, one The observation of single muon signal is consistent with
and two components. the low temperature Knight Shift data and contrasts the re-
ho . ﬁults obtained in GdNiwhere in fact both muon sites are
ps to a second preferred muon site. As a consequence the

. . visible ! We note that the moment reorientation that occurs in
population of the low temperature signal decreases before the

muon decays. Since the muon precession signal has be&yNis in theaa plane at 6 K(Ref. 19 does not change the
analyzed with Eq(5) this results in an enhanced damping MUON precession frequency. This is expected for a muon site
rate although it reflects a decrease in population. Below 30 Kvith axial symmetry AgE=AgT). At 2.7 K the precession
the increase in damping rat€ig. 5 corresponds to the slow- frequency equals 893) MHz. The ordered Dy moments are
ing down of the Dy moments. aligned along the axis with a magnitude of 8.8 (Refs. 8
T and 17 and with Eq.(4) we get AjS+ A= —0.851(2)
‘ T=25K where we have assumed,; to be antiparallel tdB,,., as
By =06T ] usual. This is almost equal to the value that follows from the
o/ Knight Shift measurements in the paramagnetic state of the
] magnet taking into account the experimental error. We note
+_ + 3 1 that the experimental uncertainties in the Knight Shift mea-
_*+'__ _{»_—_'!’"—'"_ . surements are much larger than those of the measurements in
] the ordered state. For the latter however the magnitude of the
B/ a B/l a ] rare earth moment is not always determined accurately.
l l The hyperfine and dipolar contribution to the coupling
L between the muon spin and the Dy magnetic moments are
20 40 60 20 separated using the fact that;, is a traceless tensor. The
Field direction angle (degrees) experimental values fohgg andAc,, are given in Table 1.
__ From the values calculated for different sites we identify the
FIG. 6. Frequency shift observed wiBy,; aligned in theaa  high-temperature site as sité 61/2,0,0.1. We note that the
plane of the sample at=25 K. The signal shows no angular de- x andy coordinates of this site are well defined because a
pendency and\§5=Ags. small deviation changes the symmetry of this site. Variation

0275 - DyNi5

-0.280

—_ .
Bext

Knight shift [-]

0285 F

—0290 |-
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of thez coordinate is possible without altering the symmetry.not distinguish if the muon is localized at a singlieste, if
Consequently there is an uncertainty in the determination ot hops between two i6sites or if it forms a dumbbell state.
z coordinate of the Bsite. In LaNis the 12 site is one of the H location sites and
The low-temperature site shows uniaxial symmetry. Therecent first principle calculations identify this site as the most
interstitial sites with such a symmet(9,0x) and(1/3,2/3x) favorable!® Table Il shows that the coupling parameters of
show a strong and a weak dipolar coupling with the Dythe 1 site do correspond to the experimental values of the
moments respectively. The experimental value is in betweehigh-temperature muon site. If the muon resides at the 12n
those values and the low-temperature muon site cannot ksite it can be expected that it simultaneously occupies neigh-
identified as such. boring sites at each side of the 8ite, as they are only 0.04
The dipolar coupling /§1°p for the 6m and & sites corre- A apart. We cannot exclude that the muon occupies the 12
sponds to the experimental value. However, muons located atite instead of the iésite but the observed asymmetry ratio of
one of these two sites, give rise to three frequencies in Fig. 6l:1 suggests an equal multiplicity of both sites. On the other
If the muon on the other hand occupies all six ring siteshand, the possibility exists that the low-temperature ring site
within the time scale of the experiment, an average is obeonsists of both the ® and & site and forms a ring of 12
tained that shows axial symmetry. The experimental valuesites. This contradicts the results on GelWhere a asymme-

for Agi% and a% correspond to this average. As in G@Ni try ratio of 2:1 has been observed between the Site and

(Ref. 1) we identify the low-temperature site as thg,site. the 3f site. We therefore conclude the 6ite is the most
Both 6,y and @ sites are approximately equally popu- likely.

lated below 50 K. This is shown by the loss of a factor2

in the total asymmetry at low temperature compared to its

high-temperature valuésee Figs. 4 and)5The 6, site is B. Muon hopping in DyNis

identical to the low temperature site observed in GdNhe Analysis with a simple exponential muon depolarization
6i site is localized just above or below thé 8ite which is  [Eq. (5)] fails to describe the muon polarization signal
the stable site in Gdi(see Fig. 1 around 80 K as the hopping muon sees two different envi-

As the distance between two adjacents@ies(along thec ~ ronments during its lifetime. The average residence time of
axis) is small, in fact smaller than the distance between twahe muons at the f site 7,4 has to be taken into account.
adjacent g4 sites, it is likely that the muon hops between Hence the TFuSR spectra taken around 80 K have been
two 6i sites at high speetbr forms a delocalized dumbbell analyzed with the following depolarisation function corre-
statg just as it does at the,fy site. Experimentally we can sponding to the generalization of the model of Ref. 19:

m

aPy(t)= 21 agi,j €XP(— Ng;j,jt) COS wg; jt) + Aring] EXP(— A fingt) COF @yingt)
=

N expl — Ngi jt)COS wgi jt+ Om) — XP(— Ningt) CO wyingt + Om)
7'ring\/()\rling_)\Gi,j)z"'él'(éw)z

)

with We introducerg,,= 1/\fi,q Which is plotted as function of
1/T in Fig. 8. Recalling the rapid increase of the damping
, Wjing™ Wi | rate of the 6 site below 100 K as well as that of the§ site
fing = Mring Ting' dw=—"->—", and below 30 K (Fig. 5 we infer that\§,, must be small and
close to zero at 80 K. Therefore, in the high temperature
limit of the hopping region we haver’ingz Tiing- IN the low-
200 _ temperature limith fi,.— X,y as the residence time at the
Ning™ Néi.j ring site exceeds the time of theSR experiment.
The solid line in Fig. 8 describes the residence time of the
For convenience the index for the orientation of the exter- muon at the g, site as function of temperature assuming
nal field has been droppedy equals 2 fora=a and 1 for  multiphonon induced muon tunneling to thé Site. Mul-
a=c. Our focus in this section is the determinationmf, tiphonon processes equalize for an extremely short tiohe
because its temperature dependence will give informatiothe order of 10 s) the local energy levels of the potential
about the mechanism governing the muon hopping. well where the muon is localized and where it likes to jump.
As the damping rate of thei Gite increases rapidly below When this occurs the muon can tunnel through the energy
100 K and the 6 signal becomes difficult to observe, the fits barrier between the two sites. Within the framework of the
are not sensitive t@ng but mainly toX ;.= \ying+ 1/71ing.  small polaron theoRp**

N

tané,,=
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Temperature (K) in DyNig consistent with the smaller distance betwegp,6
100 S0 40 30 20 and 6@ site (2.07 A) compared to the distance betweggp, 6
' b ' - and 3 site (2.39 A).

C. Muon sites in RNis

For TbNi; a spontaneous precession frequency of 79.2
MHz has been reported at 4.2%In the latter compound the
DyNi 4 Tb moments show planar ferromagnetism with moments of

5 1 7.9up along thea axis. We deduceAf+ Agy=—0.850.
Comparing this with DyNj and taking into account that the
0 Bey /e ] coupling of the muon spin at thg;&, site with the rare earth

T moments is isotropic in th@a plane, it is reasonable to
0.01 0.02 0.03 0.04 0.05 suggest that the fj; site is also occupied at low temperature
1/T (K1) in TbNis.
In paramagnetic LaNi(Ref. 9 the 3f site has been re-

T ring (}J_S)

® B /2

, 8

FIG. 8. 7ing=1/\1ing as deduced with Eq(7) from the spectra  norted as the location site of the muon. We note that the 6
taken in the transition region. At high temperature (68K  gjta a5 the most preferred site cannot be excluded for the
<80 K) Ning~0 andiing= 751y - Al lower temperature the crifical  fo]|o\ing reason. The experimentally observed value for the
slowing down of the Dy moments dominates,fg=1/7ing). The  gangiarization due to the nuclear moments equals 02100
fJ“ﬂ (I)lnzelg)trr;ee\r/eili)ltr 2;; fit with 'tth(g)’ Eja/kB:foo (ZtOt) K qu MHz whereas we calculate for the 61/2,0,0.2] site a value
T e ' comparison the residence ime & he Site of 0.097 MHz. For the 8 site this is 0.105 MHz. The lattice
in GdNis is shown with a dashed line. . . . .
parameters as listed in Table | have been used in this calcu-
lation.
i JAEgkgT Ea Also in ErNis the 3f site has been reported as the most
T”“Q_? T ex kB_T likely muon location sité€.Crystal field effects are prominent
in this compound and the determination of the muon site has
whereE, is the coincidence energy needed to equalize théeen ambiguous. Therefore, when looking for a systematic
energy levels of both potential wells ardthe tunneling trend in muon location behavior in Sec. V, we focus on
matrix element (Fermi's golden rulp We get E,/kg  PrNis, DyNis, and GdNi.
=400(20) K andJ=0.21(7) meV. If the minimum damp-
ing rate of the ring site equals As ! instead of zero, a V. DISCUSSION
reduction in bothE, andJ of a few percent is obtained. '
A comparison of these values with the results obtained on In PrNis the muon localizes at thel §1/2,0,0.2] site and
GdNis [E,/kg=272(10) K andJ=0.11(2) meV, dotted the 6;,4 Site is not observedT(>4 K).™ It is remarkable
line in Fig. 8 is given in Fig. 9. The potential well of thei6 that going from Gd- to Dy- to PrNithe stable muon site
site is deeper with respect to thg,§ site than the potential moves from 3 to 6i (1/2,0,0.1 to 6i (1/2,0,0.2). We note
well at the J site is. In this figure we have assumed that thethat if the 121 site is the preferred site in Dyli this results
6/ing €NViIronment is similar in both compounds. This is notin a similar trend. This trend does not follow the lattice pa-
necessarily the case. The tunneling matrix elendeéstarger  rameters nor is it correlated to the charge of the nucleus as

(@) muon trapped at 6,,, site (b) coincidence configuration (c) muon trapped at 6i or 3f site

Bng 6i 3f Bring 6i 3f
E, 5=272(10) K Jgr= 0.11(2) meV
E. = 400(20) K Jg = 0.21(7) meV

FIG. 9. Impression of the muon potential wells in GgNind DyNi. The ;4 site has been observed in both compounds at low
temperature whereas thdé and 6 sites are the stable sites in both compounds, respectively. FrompSRespectra the coincidence energy
E, and the tunneling matrix elemedthave been deduced leading to the energy level scheme at low tempéeatarel the coincidence
configuration(b). The distance between;§ and @ equals 2.07 A and the distance betwegp,&nd 3 equals 2.39 A. Note that the muon
deforms the lattice locally thereby creating a self-trapped statéa)Ahe muon is localized at the;§, site. At (b) the tunneling transition
from 6, to 6i or 3f can occur. After this tunneling process the muon becomes self-trapped ait the36 and the energy difference
between the &4 and G or 3f is much larger thare, preventing muon transport in the opposite direction.
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(a) Electron density in ANig (b) Embedding energy AE of u+in a uniform FIG. 1Q- POSSlbIe mechanlgm
electron gas (sketch after [20]) for the variation of muon sites in

03 RNis. Here we assume the elec-
tron density at the § site is con-
stant. Due to a minimum in em-
bedding energy(b) there is an
optimum electron density for
- muon localizatiom,, (Ref. 23. A
op SN . o lowering of the electron density
g8 6 4 2 0 =2 around the 3 site (a) below ngy
AE (V) shifts the preferred muon site to
(c) Potential wells in ANig (d) Path between Biing and high temperature the & site (C) The reduced dIS.-
muon sites tance and reduced energy barrier
between @,y and @ (1/2,0,0.2}
QO &d,pyorpr in PrNi; prevent the muon from
B1ng localizing at the first site. The dif-
ference in electron density
v 3t(1/2,0,0) through theRNig series has been
A 6 (1/2,0,0.1) exaggerated ina) for clarity of
L e - o 6i(1/2,0,0.21) the figure.(d) shgws the pgth set
6i(Dy) 6i(Dy) . out along the horizontal axis ¢&)
path between 6,,,; and high temperature muon sites ac plane in RNig and (b).
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can be seen in Table I. The fact that either theo6 3f site  various other Gd and Y-Ni compounds suggest indeed that
are observed in similar compounds seems to suggest that tiiee density of state€©OS) at the Fermi level is a minimum
undisturbed surroundings of thef 3ite are similar to a po- for RNig.?*
tential lake, it is nearly flat and without deep minima. Small  The change irz coordinate of the stable muon site from
differences can make the muon localize at either ther3i 0.21 to 0.1 to O in the Pr-Dy-GdNiseries suggests some
site. We note that thei6(1/2,0,0.] site has maximum dis- form of a structural development or mechanism that influ-
tance to its nearest Ni neighbors. For thiesdte the in plane ences the muon location site beyond hole size and simple
Ni neighbors are closer whereas for the (8/2,0,0.2) site  electronic configuration considerations. The prediction of
the (1/2,0,1/2 Ni atom is closest. muon sites has been a difficult task in the past and this study
The 6,4 site is not observed in Priland this could have certainly confirms this. At the moment we can only speculate
two origins. Either the environment of the;§ is such that and notice that there seems to be a correlation between the
the muon does not become trapped or alternatively the tramnhagnetic moment of the Ni atoms and the reductiorzin
sition from the 6,4 to the @ (1/2,0,0.2}) site is too fast to be  coordinate of the muon location sisee Table ). The con-
observed and a small coincidence energy and/or large tunnetkibution of the Ni 3 electrons to the DOS at the Fermi level
ing matrix element is expected. To give an idea of the quanis substantial in PrNi (Ref. 25 and 2B and therefore it is
tities involved, we estimate from Eq(8) with 7,,,  expected that these electrons play an important role in the
<0.01us andT=4 K that E;/kg<75 K for J=100 meV  muon localization. In contrast to this the rare earthedec-
andE,/kg<26 K for J=0.2 meV. trons are typically localized within the electron cloud sur-
An optimum electron density has been calculated for aounding the rare earth nucleus. A recent magnetic circular
proton embedded in an electron gas with an homogeneouwdichroism study on GdNiand TbNi shows a strong influ-
electron density? This theory depends on the charge of theence of the rare earth magnetic moment on th&Nidge in
proton only and a muon is expected to behave similarlythe dichroic spectfd confirming the Ni moment is induced
Generally, for muons in metallic hosts, the electron densitypy the rare earth moments. This moment induction is ex-
exceeds this optimum and the muon prefers the interstitigbected to follow the de Gennes scaling and is largest for
site with the lowest electron densfty.The shift in muon  GdNis. Clearly, this phenomenon takes place below the mag-
location site from 3 to 6i can be understood if the electron netic ordering temperature whereas the muon location exists
density at the 8 site in DyNi is lower than the optimum at room temperature and there is no static moment on the Ni
electron density. In this case the optimum could be found jusatoms in this temperature regime. However it is a measure
beside the 8 site, i.e., at the Bsite. The higher coincidence for the interaction between thef &aand 3 electrons and this
energy also hints to an increase in stability for thes@ie.  study seems to suggest that interaction between these elec-
The variety in muon sites in isostructural compounds istrons is of significance for the muon localization, even at
large® and if the electron density in these lattices variesroom temperature. Recent calculations on a cluster resem-
around an optimum value, a change in host atoms or latticbling RNis also shows a strong interaction between the Ni
parameters could readily alter the most favorable interstitiaBd orbit and theR 4f orbit.?® A comparison of electronic
site for the muon. A comparison of GdNand YNi; with band structure calculations for the varidrhli; compounds
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would be interesting but to our knowledge such calculationsnanifests itself in a deviation of the linear relation between
have not been performed. the Knight Shift and the bulk susceptibility since the local
In Fig. 10 we summarize a possible explanation for thesusceptibility at the muon site is altered. In DyNie do not
muon location behavior in Pr-, Dy-, and GANA diminish- ~ observe these effects. The crystal field levels of the Dy ion
ing interaction between th&-4f and Ni-3d electrons re- are all doublet%a_nd remain doublets under the distortion of
duces the local electron density around thiesBe and causes the muon. Possibly the distance between the crystal field
the optimum electron density for muon localization and thud€Vels and their eigenfunctions change but the effect on the
the preferred muon site, to move from the center to the 6SUSCeptibility is small. The crystal field levels in PgNire
sites. The smaller distance and reduced energy barrier b&ndlets and doublets, of which some of the latter loose their
tween the G,y and the 6 site in PrNi prevents the muon d]?grcleneracy due.to the m“°d’? presenge._:cp this case trr:e egect
becoming trapped at the former site. From FiglGand the of the muon on its surroundings is significant enough to be
difference inE, (Fig. 9 we estimate that a change in elec- observed.
tron density of about 20% is needed to explain the change in
muon site. In the case the electron density is not near the
optimum electron density but at higher values, a change of In this paper we have determined the muon sites in
about 0.5 to 1% explains the differenceby . DyNis. At low temperature the muon occupies both thg,6
The DOS of the 8 electrons in PrNj (Ref. 25 has been site and the 6(1/2,0,0. site. The first site is metastable. At
measured, but there are no detailed studies of the 8Ney:. low temperature the muon remains at thgGsite during its
Recent calculations show a sharp high DOS of tdeefec- lifetime and at higher temperature it only occupies thie 6
trons at the Fermi level iRNis2® but this is in contrast with ~ site. In the temperature region in between (66 80 K) we
the previous mentioned experimental results. Band structurelearly observe that the muon hops from thggao the G
calculations for YN§, LaNis, and CeNj (Ref. 29 show that  site during its lifetime. We have determined the mean life-
there is an increase in the DOS at the Fermi level when théme at the §,4 site and analyzed its temperature dependence
lattice constant decreases along this series. with multiphonon assisted tunnelinpg,/kg=400(20) K
Recent first principles calculations of hydrogen absorptiorandJ=0.21(7) meV].
in LaNis (Ref. 18 show progress in predicting the preferred A comparison of the muon hopping in GdNand DyNi
site for the hydrogen. In a double unit cell the atoms aregives insight in localization behavior and a assessment of
allowed to relax and it is shown that this is a significantcoincidence energies suggests that thesiée in DyNi is
criteria for H localization. The authors emphasize the impor-more favorable than thef3site in GdNi. The large variety
tance of the Ni-H bond and the significance of the distancén reported muon sites can be understood if the electron den-
between the Ni and H. It confirms the Nd3lectrons play a  sity at the Fermi level is relatively low in these materials and
major role in the electronic structure of 4Mdi;gH. It would  close to the optimum value for muon localization. In this
be interesting to include the 4f electrons in this calculation tocase small changes in electronic structure can have large ef-
see if it predicts a change of the stable site towards the 3fects on the muon location behavior. An additional factor in
site with rare earth substitution. the muon location behavior is possibly the interaction be-
In PrNis an influence of the muon on the crystal field tween the rare earthf4and the Ni 3 electrons which might
surrounding the neighboring Pr atoms has been obséfted. increase the @ electron density at the Fermi level.

VI. CONCLUSION
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