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Electronic changes induced byµ1 in PrIn 3: Muon-spin-rotation observation
and crystalline-electric-field model calculation
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Muon spin rotation in a single crystal of PrIn3 reveals a significant influence of the implantedm1 on the
local susceptibilityx1 of the neighboring Pr13 ions below;60 K. It is found thatx1 differs from xbulk both
in magnitude and in symmetry. All of the changes are accounted for by a model calculation based on
crystalline-electric-field theory. The extent of them1-inducedmagnetic changesin the present system of PrIn3

is rather modest compared to previously reported induced changes in PrNi5. However, the model-derived
electronic-structure changesaround them1 in PrIn3 appear remarkably similar to those in PrNi5, as is to be
expected if the driving perturbation in both systems is primarily Coulombic in nature.
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I. INTRODUCTION

When studying condensed matter by the muon-sp
rotation ~mSR! technique, them1 probe may cause a loca
perturbation in its electronic environment, resulting in an
accurate picture of the solid studied. In principle, this pos
bility applies to all mSR condensed-matter measuremen
Such muon-induced effects were indeed detected recent
PrNi5.

1 In the presence of the interstitialm1 in that system,
the magnitude of the local susceptibilityx1 along selected
directions was shown to increase by up to an order of m
nitude at temperatures below 20 K and the original b
hexagonal anisotropy ofx was completely destroyed forx1 .
The reported susceptibility changes were assigned to l
modifications in the crystalline electric field~CEF! acting on
the Pr31 ions next to the charged muon.

One should note that them1 functions as a probe in ma
terials only through its magnetic interaction with the su
roundings. Consequently, magnetic changes in these s
surroundings will inevitably lead to wrong conclusions co
cerning the material itself, as is evidenced by the PrNi5 dem-
onstration cited above. Thus, in addition to the basic sc
tific interest in the phenomena of muonic perturbations
solids, it is clearly of importance to assess the relevanc
m1-induced effects when analyzingmSR data. Aiming for
added insight into this problem, we started to look for simi
effects in other magnetic systems. A rather simple reason
dictated the 4f van Vleck paramagnets as candidates for
study. In such systems, the muon-induced effects occur
560163-1829/97/56~15!/9397~9!/$10.00
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in the neighborhood of them1 are expected to be especial
pronounced because the magnetic properties of the singlef
configurations are sensitive even to minute changes in
local CEF. We chose to investigate the cubic PrM3 series
~M5In,Pb,Tl,Sn! for which the CEF level scheme is know
to vary systematically~see Ref. 2!. In this article we describe
a mSR study performed on the first member of the series
single-crystal PrIn3.

The paper is organized as follows. A theoretical survey
the magnetic properties of PrIn3 and the necessarymSR con-
cepts are reviewed in Sec. II, followed by experimental d
tails in Sec. III. ThemSR results and a preliminarym1 site
determination are presented in Sec. IV and the muon-indu
local susceptibility is derived in Sec. V. The CEF mod
calculation and the associated perturbed electronic en
levels are described in Sec. VI. Finally, a semiquantitat
comparison with the earlier PrNi5 findings is included in Sec
VII. Preliminary results of the present study have been p
sented elsewhere.3

The magnetic properties of PrIn3 have been described i
detail in the past.4 PrIn3 belongs to thePm3̄m space group
~Cu3Au type!, with Pr atoms at the cube corners of a fcc u
cell and In atoms occupying the face centers. Because o
cubic symmetry, the CEF Hamiltonian of the Pr ions must
of the form

HCEF5B4
0O4

015B4
0O4

41B6
0O6

0221B6
0O6

4 , ~1!
9397 © 1997 The American Physical Society
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where the value of the coefficientsBl
m is determined by the

particular charge density around the Pr ion. Using the s
dard spherical coordinate system (R,Q,F) with the Pr ion at
the origin, the theoretical value of theBl

m coefficients is de-
termined by5,6

Bl
m;E r~R!Yl

m* ~Q,F!

Rl11 dtR , ~2!

where the integration is carried out over all space. T
crystal-field parameters for PrIn3 are2 B4

0520.002 52 meV,
andB6

050.000 062 meV. The energy eigenvalues derived
diagonalizing Eq.~1! with the above parameters are show
in Fig. 9 ~left-hand side!.

The two electrons in the unfilled 4f shells of the Pr ion
form a J54 multiplet, giving rise to a magnetic moment o
mBgJ, with g50.8. The In ions are nonmagnetic. In th
presence of an external magnetic field, the Zeeman inte
tion splits the CEF energy levels, and for fields under;10 T
the magnetic susceptibility may be calculated by7,5

xCEF5

(
n

F ~En
~1!!2

kT
22En

~2!Gexp
2En

~0!

kT

(
n

exp
2En

~0!

kT

, ~3!

with En
(0) the unperturbed cubic CEF levels,En

(1)

5mBg^fnuJufn&, wherefn are the unperturbed CEF wav
functions, and

En
~2!5 (

n8Þn

mB
2g2

z^fnuJufn8& z2

En
~0!2En8

~0! .

For magnetic singletfn states,En
(1)50. Hence, in materials

in which the CEF ground state is a singlet~as in PrIn3!, the
low-temperature susceptibility is nearly temperature in
pendent and depends reciprocally on the energy splitting
the excited levels above the ground state. Such materials
known also as van Vleck paramagnets.

In PrIn3 one should take account also of a weak antif
romagnetic exchange couplingl between the Pr ions. Within
the mean-field approximation, we may use the expression
the exchange-enhanced susceptibility

x5
xCEF

12lxCEF
. ~4!

Finally, we mention that in addition to the main contrib
tion from the 4f electrons, there are two other minor sourc
of magnetic susceptibility, which we shall neglect herein
ter. The first is the Pauli paramagnetismxp of the conduction
electrons, of the order of 1023 emu/mole, i.e., an order o
magnitude smaller than the 4f susceptibility. As will be evi-
dent later, we may safely ignorexp in the present contex
because it is temperature independent in our working t
perature range. In addition, we shall ignore the diamagn
susceptibility, which is of the order of 1026 emu/mole and
clearly negligible.
n-
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Relevant mSR concepts

The terminology adopted here will follow that of Refs.
and 8. With transverse field~TF! mSR, one measures bas
cally the Larmor precession of them1 spin under the influ-
ence of the magnetic field existing at the muon site inside
crystal lattice. The frequency of the precession is given
v5gmBm , wheregm is the gyromagnetic ratio of them1,
gm52p313 553.879 s21 G21 (60.2 ppm), andBm is the
total magnetic field at the muon site.Bm is a sum of both the
external field and the various internal fields caused by
polarization of the material. Neglecting the diamagnetic a
Pauli paramagnetic fields, the total field at the muon site
given by

Bm5H1Bhf, f , ~5!

whereH is the external field andBhf, f is the hyperfine field
originating from the polarization of localized 4f electrons in
the Pr13 ions. For simplicity, we include also the Lorentz an
the demagnetization fields inH.

The polarization of the 4f dipole moments affects the
field at the muon site through two channels: directly, by c
ating a dipolar field at the muon site, and indirectly, by i
creasing the polarization of the conduction electrons ther
producing an additional contact field at the interstitial mu
~e.g., the Ruderman-Kittel-Kasuya-Yosida mechanism!. The
field produced in both cases is proportional to the P13

atomic magnetic momentm f ,

Bhf, f5A fmf5A fxfH, ~6!

whereA f5Ai j is the effective hyperfine coupling tensor
the muon site andxf5x i j is the atomic susceptibility tensor
A f decomposes accordingly into two parts:A f5Adip1Acon.
The dipolar part is a purely geometric tensor given by

Adip
i j 5 (

4 f PL
~1/r 3!~3xixj /r 22d i j !, ~7!

where the summation extends over all the Pr31 dipoles in the
Lorentz sphereL and the vectorsr5(x1 ,x2 ,x3) point from
the muon to each of the dipoles included in the summati
Equation~7! will be important in determining the muon sit
in Sec. IV C.Acon does not have a simple expression, but
we reasonably assume that the coupling through the con
tion electrons is isotropic in nature, then we can wr
Acon5Acone, wheree5d i j is the unit tensor. If we further

note thatAdip is traceless, we obtainAcon5
1
3Tr(A f)e.

It is convenient to define the relative frequency shift,
Knight shift,

Km5
uBmu2uHu

uHu
5

Bm

H
215

v

v0
21, ~8!

wherev05gmH. For the case ofBhf, f collinear withH, we
may use Eqs.~5! and~6! to derive the Knight shift originat-
ing from the 4f moments

K f5uA fxfHu/H. ~9!

If Bhf, f!H, as in the present case, we may relax the c
linearity condition and consider forK f just the projection of
Bhf, f on H, so that
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K f5hA fxfh, ~10!

whereh5H/uHu is the unit vector along the external field
Note that if the external magnetic field is directed along o
of the principle axes of the crystal, both Eqs.~9! and ~10!
reduce to the simple form

Ki5Aii x i . ~11!

The subscriptf has been dropped for the sake of conv
nience. From Eq.~11! it is clear that a measurement ofKi
supplemented by a knowledge ofx i ~or alternativelyAii ! will
provide us a value forAii ~or x i!. This fact will be used in
analyzing the temperature scans in Sec. IV B.

In cases where the magnetic field is not directed along
of the principle axes~as in the angular scan presented in S
IV A !, one has to work with the general expre
sion ~10!. Writing h in spherical coordinates
h5(sinu sinw,sinu cosw,cosu), Eq. ~10! turns into1

K f~u,w!5
1

3
~Axxxx1Ayyxy1Azzxz!

1
2

3 S Azzxz2
1

2
~Axxxx1Ayyxy! D P2

0~cosu!

1
1

3
Axz~xx1xz!P2

1~cosu!cosw

1
1

3
Ayz~xy1xz!P2

1~cosu!sin w

1
1

6
~Axxxx2Ayyxy!

3P2
2~cosu!cos 2w1

1

6
Axy~xx1xy!

3P2
2~cosu!sin 2w. ~12!

In the special case of fourfold symmetry around thez axis,
which will be found relevant to our system, we have~i!
Axx5Ayy, ~ii ! xx5xy , and~iii ! Adip

xy 5Adip
xz 5Adip

yz 50, leading
to Axy5Axz5Ayz50 ~as Acon is diagonal!. The third state-
ment is verified by noting that with axial symmetry, for ea
Pr dipole at a point (x,y,z), there is one at (2x,y,z). Sum-
ming expression~7! for Adip

i j by adding each time the join
contribution of such pairs, we find immediately that bothAdip

xy

andAdip
xz vanish. A similar reasoning leads to the vanishing

the third mixed elementAdip
yz . With these three special con

ditions, the general expression~12! reduces to

K f~u!5
1

3
~2Axxxx1Azzxz!1

2

3
~2Azzxz2Axxxx!

3P2
0~cosu!. ~13!

II. EXPERIMENT

The single crystal of PrIn3 was grown and characterize
as described earlier.3 A cylindrical sample was shaped b
spark erosion, with the cylinder axis parallel to the cryst
lographic@110# axis. The same crystal sample was used
the susceptibility measurement and for the TFmSR data pre-
e

-

e
.

f

-
r

sented here. The susceptibilityx was measured by a com
mercial squid magnetometer~Quantum Design! between 5 K
and room temperature. The results are shown in Fig. 1
are in good agreement with previously published data,4 ex-
cept for a small rise at temperatures below 4 K, which see
absent from the previous data.~Note, however, that the ac
curacy of the older data does not enable one to ascertain
absence of a similar rise there.! A possible explanation of the
small rise is given elsewhere.9

The TF mSR measurements were performed using
pM3 and mE1 beam lines in an external magnetic field
H56 kOe. The field direction in the crystal could be rotat
in a plane perpendicular to the@110# cylinder axis. The ex-
ternal field value was measured with a NMR probe and
background signal from the copper sample holder served
convenient continuousin situ field monitor. The temperature
was varied in the range 3.3 K<T<100 K.

III. RESULTS

In this section we present the Knight shift results. W
begin by describing results of an angular scan at cons
temperature, which revealed the type of site occupied by
muon in the PrIn3 unit cell. Next we will show results of
temperature scans, which point to local changes in the b
susceptibility around muons in PrIn3. In addition, by analyz-
ing just the higher-temperature data, a single muon site
determined.

A. Angular scan and an evaluation of the muon site

The TF mSR signal in PrIn3 revealed in general thre
distinct frequencies.3 A typical frequency domain spectrum
is shown in Fig. 2. The intensity ratio of the signals label
F1 andF2 is given byI (F1):I (F2)52:1. The angular de-

FIG. 1. Bulk susceptibility of PrIn3.

FIG. 2. Typical mSR signal spectrum in PrIn3 at 15 K. The
intensity ratio of the signals,F1:F252:1, is clearly depicted.
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pendence of the differentmSR signal frequencies, obtained
15 K by rotating the external field in the$1,1,0% plane, is
shown as points in Fig. 3. The observed shifts from
vacuum frequency of 81.4 MHz are caused mainly by
dipolar field existing at the muon site, as detailed in S
II B. Along the horizontal axis,u denotes the angle betwee
the field direction and the crystallographic@001# axis. ~See
Fig. 4, whereu is drawn on the shaded$1,1,0% plane of ro-
tation.! The constant frequency signal seen at approxima
81.4 MHz is due to the copper sample holder and will be
no interest except as a reference.

The solid curves in Fig. 3 represent best fits of ‘‘theory
functions to the two observed frequency signalsF1 andF2.
Specifically, we find

F1~u! ~MHz!581.5020.50P2
0~cosu!, ~14!

F2~u! ~MHz!581.4710.98P2
0~cosu!.

The fits~14! follow the general form~12! expected of a field
created by a system of dipoles. Notice the2 1

2 ratio between
the coefficients ofP2

0(cosu) in F1 andF2, to which we will
return later.

FIG. 3. Angular dependence of them1 precession frequencies
The external field was rotated in the$1,1,0% plane andu indicates
the angle between the external field and the crystallographic@0,0,1#
axis. The two sets of frequencies, labeledF1 andF2, indicate two
magnetically nonequivalent muon sites.

FIG. 4. Two equivalent sites of them1 inside the crystal lattice,
marked byF1 andF2 as in Fig. 3. The shaded$1,1,0% plane is the
rotation plane of the external field and the angleu within it com-
poses thex axis of Fig. 3.
e
e
.

ly
f

We can now try to identify the muon site. The coordina
system drawn in Fig. 4 will be adopted hereinafter. We s
by noticing that the two signalsF1 andF2 coincide forH
along the@111# direction. This proves the two signals orig
nate from crystallographicallyequivalentsites, with a site
multiplicity of 2 or higher. In addition, we will now show
that the muon producing theF2 signal is situated at a pos
tion with fourfold z-axis symmetry and the one producin
F1 at a site with fourfoldy- ~or x-! axis symmetry. In the
theoretical survey it was found that the general angular
pendence~10! reduces to the form~13! in the special case o
fourfold z-axis symmetry. However, theF2 fit in Eq. ~14! is
identical in form to Eq.~13!, pointing to a site ofz-axis
symmetry. Next let us look atF1. BecauseF1 is crystallo-
graphically equivalent toF2, it should be obtainable from
F2 by interchangingz with either y or x. Choosingy, we
would expect the symmetry aroundF1 to beidentical to that
aroundF2, buttransferredfrom thez to they axis. Thus the
theoretical angular dependence forF1 is derived in the same
manner as forF2, giving

@K f~u!#F15
1

3
~2AF1

xx xx1AF1
yyxy!2

1

2

3
2

3
~2AF1

yyxy2AF1
xx xx!P2

0~cosu!1
1

6
~AF1

xx xx

2AF1
yyxy!P2

2~cosu!cos 2w. ~15!

Notice that the subscriptF1 was assigned to all elements
A in Eq. ~15!, in order to emphasize that they should
calculated with respect to the muon located at site 1, in c
trast to expression~13!, which is relevantonly to muon at
site 2 ~z-axis symmetry!.

Now, when comparing expressions~13! and ~15!, it be-
comes clear that, taking into account that~i! AF1

yy in Eq. ~15!
is identical toAF2

zz in Eq. ~13!, ~ii ! Axx is identical for both
sites, and~iii ! for the$1,1,0% plane, cos 2w50, it follows that
the pair of theoretical expressions~13! and~15! is similar in
form to the pair of experimental fits~14!, including the 2 1

2

ratio for the coefficients, mentioned earlier. Thus we ha
proved that the muons are located at sites of fourfold a
symmetry. A list of all the possible interstitial sites in th
Pm3̄m structure may be found, e.g., in Ref. 13. Of these, 1a,
1b, 3c, 3d, 6e, 6f , and 8g have the necessary fourfol
axial symmetry. However, 1a and 3c are already occupied
by Pr or In atoms and 1b,8g will inevitably produce just one
signal in the presence of a magnetic field. Hence we are
with just two possible sites: 6e, of the type (0,0,d), and 6f ,
of the type (0.5,0.5,d). Note that~0,0,0.5! is the 3d site.

As will be shown in Sec. III C, the 6f site must be ruled
out and the correct muon site forF2 is ~0,0,0.5! @or, equiva-
lently, ~0,0.5,0! for F1#. The situation is illustrated in Fig. 4
It is clear that under the influence of a magnetic field rotat
in the$1,1,0% plane, the equivalent 6e sites will delineate into
two magnetically inequivalent locations, demonstrated in
figure byF1 andF2. The shifts of the two signals differ as
result of the different dipolar fields. We also see that t
number ofF1 sites is indeed double that ofF2 sites, ac-
counting for the observer 2:1 signal intensity ratio mention
earlier.
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B. Temperature scan

In this section we present the main results of the pap
The Knight shifts ofF1 andF2 were measured as a functio
of temperature, in a constant external field of 6006 Oe
rected parallel to the principal@001# axis. The results are
shown as points in Fig. 5. All data are corrected for bu
demagnetization and Lorentz fields in a manner similar
that detailed in Ref. 1. Note that the@001#, @010#, and@100#
directions remain the principle axes of the system in
presence of a muon either at siteF1 or at siteF2 ~see Fig.
4!. Therefore, we expect the Knight shifts measured with
field along the@001# direction to follow the linear relation
~11! with i 5z. However, if we look at Fig. 6, where th
Knight shift data from Fig. 5 is plotted against the bulk su
ceptibility of PrIn3, with the temperature as an implicit pa
rameter, we see definite deviations from the expected lin
ity. These deviations point to a possible muon-induc
change in the local susceptibility, as will be discussed
detail further on. Only temperatures above 15 K were c
sidered in order to avoid uncertainties arising from the un
pected rise in the bulk susceptibility seen in Fig. 1.

As is clear from Fig. 6, we chose to assume that the hi
temperature region is the linear region. This assumption
shown to be justified in similar, earlier, graphs obtained w
PrNi5.

1 Moreover, it is strongly supported by theoretical co
siderations presented in Sec. VI.

It is possible to infer the same deviation ofK from xbulk in
another way. Suppose wedo assume that the high
temperature linear scaling betweenK and xbulk in Fig. 5 is
kept at all temperatures. Then let us ‘‘force’’ the same sc
ing to hold also at low temperatures and use it to computK
out of the values ofxbulk . These artificially ‘‘correct’’ values
of K are given by the dashed lines in Fig. 5. Again we s
that the predicted and measured values ofK do not agree.

From the high-temperature region in Fig. 6 we can der
the value ofAf

zz, by using Eq.~11! with i 5z. We find
Af

zz(F1)520.1960.01 mole/emu and Af
zz(F2)50.54

60.02 mole/emu. The error boundaries inA f include the
experimental uncertainties inK and xbulk and also an esti-
mate of the error involved in assuming that the hig
temperature region is linear. Because of the specific geom

FIG. 5. Knight shift as a function of temperature, in an exter
field parallel to the@001# axis. The points are the experimental
measured values. The dashed lines are theoretical values, calcu
assuming a constant linear scaling between the Knight shift and
PrIn3 bulk susceptibility~see the text for details!.
r.

i-

o

e

e

-

r-
d
n
-
-

-
as

-

l-

e

e

-
et-

ric arrangement of the muons labeledF1 and F2 it is
possible now to write the complete experimentalA f tensor

A f~F1!5S 20.19 0 0

0 0.54 0

0 0 20.19
D mole

emu
,

A f~F2!5S 20.19 0 0

0 20.19 0

0 0 0.54
D mole

emu
.

The nondiagonal elements were shown to vanish theo
cally in Sec. II B. Following the definitions presented in Se
III, we may now decomposeA f into its two independent
partsAcon5(0.0560.015)e mole/emu, representing the con
tact coupling, and

Adip~F2!5S 20.24 0 0

0 20.24 0

0 0 0.49
D mole

emu
, ~16!

representing the direct dipolar field coupling. A complete
analogous expression applies of course toAdip(F1).

l

ted
he

FIG. 6. ~a! and ~b! are the Knight shift of signalsF1 andF2,
respectively, against the PrIn3 bulk susceptibility. The temperatur
is an implicit parameter. The straight lines are linear regression
the high-temperature regions.
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C. Verification of the µ1 site

It is now possible to verify the suggested (0,0,d50.5)
stopping site. First we would want to exclude the possibi
of a 6f site of the type (0.5,0.5,d). By performing an inde-
pendent dipolar sum calculation based solely on expres
~7!, taking the muon site within the unit cell to be (0.5,0.5,d)
~an F2 site!, we obtained for different d values
Adip,calc

zz (d50.5)50 mole/emu, Adip,calc
zz (d50.3)520.04

mole/emu, Adip,calc
zz (d50.1)520.126 mole/emu, and

Adip,calc
zz (d50.0)520.14 mole/emu. A comparison o

these results with the experimental value in Eq.~16! elimi-
nates the possibility of a (0.5,0.5,d) site. Note that the value
d50 andd50.5 are brought merely as limiting cases, n
possible in themselves.

We now performed the same calculation for differe
(0,0,d) sites. For the~0,0,0.5! trial we obtained

Adip
calc~F2!5S 20.245 0 0

0 20.245 0

0 0 0.491
D mole

emu
.

Here the results are very close to the experimentally deri
values, indicating that the muon is indeed located
~0,0,0.5!. Considering the error boundaries of the experim
tal Adip in Sec. III B, we conclude thatd50.560.04. We are
now in a position to investigate the observed lo
temperature deviations of the Knight shift from linearity wi
xbulk .

IV. LOCAL SUSCEPTIBILITY

Figure 6 shows that at low temperatures the muon Kni
shift in PrIn3 deviates from the expected linear scaling w
the bulk susceptibility. The conclusion must be that them1

is monitoring a different susceptibility than the original bu
one, caused locally by its own presence in the crystal. He
as a next step, we will use the Knight shift data in Fig. 6
find the new local Pr13 susceptibility affecting the muon. To
keep things simple, we will make the following assumptio
~i! The muon does not change the original PrIn3 lattice con-
stant.~ii ! Only the susceptibility of the two nearest Pr13 ions
is affected by muon.~iii ! Only the two nearest Pr13 ions
contribute to the contact interaction at the muon site. Th
assumptions are similar to those in Ref. 1 and are justified
the same reasoning. The third assumption, concerning
contact interaction, will be discussed in more detail later
The last two assumptions allow us to decompose the hy
fine field at the muon site into a contribution from the near
Pr neighbors and a contribution from all the rest of the
ions in the Lorentz sphere.

Let us designate byx i
local the new altered susceptibility o

the two nearest Pr ions, while the original Pr susceptibi
will be calledxbulk. Based on the assumptions just made,
theoretical expression~11! for the Knight shift ofF2 with
the external field in thez direction @to fit the data in Fig.
6~b!# may be written as

K~F2!5~Adip,NN
zz 1Acon!xz

local1Adip,~12NN!
zz xbulk. ~17!

The subscript NN is used to signify that the sum inANN
should include only the two nearest Pr neighbors, wher
on

t

t

d
t
-

t

e,
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the subscript 12NN indicates summation on allother Pr
ions in the Lorentz sphere. In order to write a similar expr
sion for F1, note that because the two sites are crysta
graphically equivalent, it is possible to consider the two s
nals as if originating from asingle muon site, while the
external field changes direction. For am1 situated at
~0,0,0.5!, an external field along the thez axis producesF2
and an external field along thex axis will produceF1. With
this transformation, one finds

K~F1!5~Adip,NN
yy 1Acon!xy

local1Adip,~12NN!
yy xbulk. ~18!

We can now isolate and compute the values ofxz
local and

xy
local in Eqs.~17! and ~18! by substituting known or readily

available values for the other variables. Values forK(F2)
andK(F1) are available in Fig. 6,xbulk data are given in Fig.
1, and the valueAcon50.05 mole/emu was already dete
mined in Sec. IV B. Finally, by summing only on neare
neighbors in expression~7!, we obtain the values
Adip,NN

zz 50.463 mole/emu andAdip,NN
yy 520.23 mole/emu,

from which we compute the values ofAdip,~12NN!
zz and

Adip,~12NN!
yy using the totalAdip that was already determined i

Sec. IV B. The resulting values ofxz,y
local vs T are shown as

points with the associated errors in Fig. 7. At 90 and 150
the values plotted are those of the original bulk suscepti
ity, as we assumed the susceptibility does not change at
temperatures. Note that due to thez-axis symmetry for muon
at ~0,0,0.5!, xx

local must be equal toxy
local. The solid curves in

Fig. 7 are theoretical fits based on a CEF calculation to
detailed in Sec. V. The dashed line representingxbulk was
calculated according to expression ~4!, using
l525.4 mole/emu, which is close to a previously report
value of 26.23.4 This dashed line is also plotted as a fit
the data in Fig. 1. The most striking feature of Fig. 7 is t
anisotropy of the new local susceptibility. It is easy to u
derstand that the muons’ location on one of the princi
axes should induce an anisotropy in the original cubic u
cell. This symmetry consideration is the basis for a quant
tive analysis of the new susceptibility, which will be de
scribed in the next section.

FIG. 7. Modified magnetic susceptibility of the two Pr ions ne
to them1, along the principle axes.xx,y is calculated fromKF1(T)
andxz from KF2(T). The solid lines are a theoretical fit based on
proposed modified CEF for these ions~see Sec. VI!. The dashed
curve is the original isotropic PrIn3 bulk susceptibility.
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As a last remark we return to check the assumption
made concerningAcon while calculatingx local @assumption
~iii !#. This assumption must be checked carefully becau
although the contact interaction decays with distance, it d
so in an oscillatory manner. Hence, in reality, there may
an error in our involving just the two nearest neighbors in
contact interaction. In order to make sure that our calcula
x local will not be affected greatly by such a misfortune, w
carried out a second computation ofx local, analogous to the
one described by Eqs.~17! and ~18!, but this time assuming
that the contact field involves all other Pr ionsexceptthe
nearest ones. This means we replaced the elementsAconx

local

in Eqs. ~17! and ~18! by Aconx
bulk, with the same value o

Acon. Note that any more realistic mixed contribution fro
the nearest and the non-nearest ions will fall somewher
between the results of these two calculations. However,
find that the local susceptibility obtained with the seco
calculation always fell well within the error boundaries
the first calculation. This means that any error in our th
assumption above is of minor importance to the conclusio

V. THEORETICAL MODEL
FOR LOCAL SUSCEPTIBILITY

In accord with expression~3!, the observedx local is di-
rectly related to a change in the local CEF energy levels
order to fit a theoretical line tox local ~Fig. 7!, we must
modify HCEF so as to obtain the required level chang
However, the changes inHCEF must also agree with the new
charge distribution around the Pr ion. In Fig. 8 we see t
the symmetry existing now around each of the neighbor
Pr ions is not the original cubic symmetry, but rather t
tetragonalC4v symmetry. Note that the symmetry will re
main C4v even if we take into account possible muo
induced changes in the charge distribution because t
changes must be axially symmetric with respect to thez axis
~as long as we allow no spontaneous symmetry breakin
thexy plane!. The general Hamiltonian describingC4v sym-
metry is

HCEF,tet5B2
0O2

01B4
0O4

01B4
4O4

41B6
0O6

01B6
4O6

4. ~19!

Expression~19! has five free parameters, compared to two
the original cubic Hamiltonian~1!. In principle, them1 may
modify the charge distribution existing around the Pr ions

FIG. 8. Muon site relative to neighboring Pr ions. The config
ration is identical for both sites.
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every direction. However, to simplify matters we will no
assume we need considering only changes occurring a
thez axis. Our main justification for such an ‘‘axial assum
tion’’ is that the charged muon is itself the dominant distu
bance to the original charge density and it is located on thz
axis. We may now separate the charge distribution aro
each neighboring Pr ion into two parts: a cubic distributi
similar to the original charge distribution and a second d
tribution containing the effects of the muon. Following o
assumption, this second part must havecompleteaxial sym-
metry, meaning that it will be dependent only onz. The
above charge distribution separation will naturally divi
each of theBl

m coefficients given by expression~2! into two
parts: the original cubic coefficient and an axial addition c
ated by the muon’s presence. This we will designate
Bl ,axial

m .
We now show thatB4,axial

4 5B6,axial
4 50. Looking at expres-

sion~2! for theBl
m parameters, we remember that any sphe

cal harmonic of the typeYl
4 is always dependent onF only

through the factor expi4F. If we now add to this our as-
sumption that the charge densityraxial is independent ofF,
we arrive at the conclusion that

Bl ,axial
4 ;E

R
E

Q

raxial~R,Q!

Rl 11 Yl
4* ~Q!E

F50

2p

exp i4FdF50,

which means thatB4
4 andB6

4 in Eq. ~19! will remain at their
cubic values, reducing the number of free parameters fr
five to three. Notice that for the coefficientsB4

05B6
0 the same

reasoning leads to a different result:

Bl ,axial
0 ;E

R
E

Q

raxial~R,Q!

Rl 11 Yl
0!~Q!E

F50

2p

1dFÞ0.

Thus the values of these coefficients remain free.
In order to fit the new susceptibility we may also consid

changing the values of the Lande´ g factor and the exchang
coupling parameterl @see Eq.~4!#. However, because the 4f
electrons are well screened from their electronic envir
ment, we chose to ignore changes in theg factor.

Our best theoretical fit is shown as solid curves in Fig.
The fitted CEF parameters areB2

050.031 meV,
B4

0520.0018 meV, B4
4520.001 26 meV ~as in a cubic

field!, B6
050.000 04 meV,B6

4520.0013 meV~as in a cubic
field!, andl524.8 mole/emu. Note that the factors of 5 an
221 existing between the cubic parameters in Eq.~1! are not
preserved in the new Hamiltonian.

The fitted curves describe the data remarkably well. T
anisotropy, which is consistent with the new CEF, dim
ishes with increasing temperature and the local and bulk
ceptibility converge at high temperatures. Remember t
one of our basic assumptions in calculating the new susc
tibility from the data of Fig. 6 was that the susceptibili
remain unchanged at high temperatures. Here we see
changing the CEF is prone to cause significant changes
at lower temperatures. This, then, is the theoretical justifi
tion for our treatment of the results in Fig. 6. The fittin
procedure was simplified after noting that varyingB2

0 alone
introduces immediately a significant anisotropy between
z andx directions, lowering one and raising the other, wh

-



y.

ha
m
a
F

no
cu
o

ar

i-
lts

le
c

ve
d
s
y.

rI
h

tiv
in

i
fo
u

s
ef
n
t-

he

on

ing

,
the

on
e-

evi-
ical

ain
-

in

ed

. 9

ore
us
st

it,
of

of
in

e

robe
tion
hift
rgy

in
by

9404 56T. TASHMA et al.
keeping the symmetry between thex andy directions. Thus
first a rough fit was affected by changing the value ofB2

0 and
this was then refined by letting the other parameters var

We checked also the possibility of freeingB4
4 andB6

4, i.e.,
relaxing the axial assumption. We found, however, t
changing these parameters by a few percent causes only
nor modifications to the susceptibility. The conclusion is th
our assumption is not crucial for obtaining the best-fit CE
but it also means that the validity of the assumption may
be tested in a critical manner within the experimental ac
racy of the data in Fig. 7. Finally, we note that a fit could n
be obtained by leaving the cubic CEF unchanged and v
ing only the exchange parameterl. This is because varyingl
always changes they and z susceptibilities in the same d
rection, raising or lowering both, in contrast to our resu
~Fig. 7!.

The change in the CEF parameters is of course equiva
to a rearrangement of the local energy levels. The new lo
level scheme is shown in Fig. 9~right-hand side!. In general,
we note that the muon causes a lowering of the energy le
by 10–20 K. The apparentdownwardtrend may be expecte
from the fact that the muon is positively charged and
reduces the potential energy of the electrons in its vicinit

VI. DISCUSSION

We may now discuss some of the present results for P3
in comparison with the only other system for whic
m1-induced effects are reported, namely, PrNi5.

1 Unlike our
present cubic bulk system, PrNi5 is hexagonal, with a well-
known large axial anisotropy of the susceptibility.10,11 Nev-
ertheless, examining Figs. 9 and 10, we note a qualita
similarity of the m1 influence on the local energy levels
both systems. In general, both exhibit areductionof the local
energy levels. Perhaps even more remarkable is the sim
magnitudeof the energy level changes, around 10–20 K
both systems. A first-principles theory to account for the n
merical value~10–20 K! of the observed level reduction i
not available at present. However, the similarity of the
fects on the electronic levels in both systems is perhaps
surprising, as the main energy term involved in ‘‘implan
ing’’ a positive muon in either system originates from t

FIG. 9. Original bulk energy-level scheme of PrIn3 ~left!, com-
pared to the local level scheme induced by them1 ~right!.
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same Coulomb interaction with the electronic distributi
around neighboring atoms.

A quite different situation is encountered when compar
m1-inducedmagneticeffects in both systems. In PrIn3 ~see
Fig. 7!, x i

local deviate fromx i
bulk by 20% at most. In contrast

deviations of up to an order of magnitude are observed in
low-temperature limit for the local susceptibility in PrNi5.

1

This marked difference in the influence of positive muons
local magnetic properties is fully accounted for by the d
tailed, if not always transparent, analysis presented in pr
ous sections here and in Ref. 1. Some insight to the phys
origin of this difference may be obtained by examining ag
the theoretical expression~3!. The ground state of both crys
tals is a magnetic singlet and therefore the dominant term
the low-temperature susceptibility will be the van VleckEn

(2)

term, with n50 indicating ground level. However this term
is reciprocally dependent on the height of the next excit
levels. Thus changes inE0

(2) will depend on therelativeshift
of the energy levels~relative to the original spacing! rather
than on the absolute value of the shift. By comparing Fig
with Fig. 8 it is clear that in PrNi5 the relative shift of the
energy levels is much greater and so we would expect a m
drastic influence on the susceptibility. In particular, let
look at the first excited level of the two crystals. The fir
excited level of PrNi5 is at 23 K. This level shifts down by
17 K, to a new value of 6 K. In the low-temperature lim
this lowering should change the susceptibility by a factor
the order of1

6 : 1
23 >4. In contrast, the PrIn3 susceptibility is

expected to change only by a factor of the order
1

88 : 1
101>1.2. In summary, a similar shift of energy levels

both cases will~and does! produce a very different effect on
the low-temperature susceptibility.

VII. CONCLUDING REMARKS

In this paper we have presented experimentalmSR results
that show that the chargedm1 has a definite influence on th
CEF acting on neighboring Pr ions in PrIn3. In other words,
the muon may not be treated in this case as a perfect p
for measuring the true magnetic properties. The perturba
induced by the muon was quantitatively presented as a s
in the CEF energy level scheme. Comparing the ene
shifts found in this work with those found earlier in PrNi5,

FIG. 10. Original bulk energy level scheme of the Pr ions
PrNi5 ~Ref. 12!, compared to the local level scheme produced
the m1. The figure is taken from Ref. 1.
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we conclude that the magnitude of the electronic pertur
tion is approximately the same. However, the influence
this perturbation on the magnetic properties of the two cr
tals is quite different. Considering these results, it is obvio
that in order to usemSR as a reliable tool for studying mag
netic properties, one should have some general rule ind
ing when the muon is prone to cause a significant pertu
tion and when it may be safely neglected. As a first s
towards that goal, we have planned a complete set of m
surements all dealing with van Vleck paramagnets of
type PrXn . The two crystals discussed, PrIn3 and PrNi5, are
the first two of this set. At presentmSR data are being gath
ered on the single-crystal PrPb3 and preliminary results seem
n

n

A

.

e

-
f
-
s

t-
a-
p
a-
e

consistent with the above. Other candidates are PrSn3 and
PrTl3.

2 Our hope is that as more data are gathered, a con
tent pattern will emerge, which may provide the basis fo
rigorous theoretical calculation able to foresee the exten
the effect in various experimental situations.
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5H. L. Schläfer and G. Glielmann,Basic Principles of Ligand
Field Theory~Wiley-Interscience, New York, 1969!.

6A. Abragam and B. Bleaney,Electron Paramagnetic Resonanc
of Transition Metal Ions~Clarendon, Oxford, 1970!.

7J. van Vleck, Electric and Magnetic Susceptibilities~Oxford,
,

.

New York, 1932!.
8A. Schenck, inFrontiers in Solid State Science, edited by L. C.

Gupta and M. S. Murani~World Scientific, Singapore, 1993!,
Vol. 2.

9A. Grayevsky, T. Tashma, I. Felner, Z. Kalman, N. Kaplan,
Gygax, A. Amato, M. Pinkpank, and A. Schenck, Hyperfin
Interact.104, 67 ~1997!.

10K. Andres, S. Darack, and H. R. Ott, Phys. Rev.19, 5475~1979!.
11V. M. T. S. Barthem, D. Gignoux, A. Nait-Saada, D. Schmitt, a

G. Creuzet, Phys. Rev. B37, 1733~1988!.
12A. Amato, W. Bührer, A. Grayevsky, F. N. Gygax, A. Furrer, N

Kaplan, and A. Schenck, Solid State Commun.82, 767 ~1992!.
13International Tables for Crystallography, edited by T. Hahn

~Reidel, Dordrecht, 1987!, Vol. A, p. 662.


