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Electronic changes induced byu* in Prin;.  Muon-spin-rotation observation
and crystalline-electric-field model calculation
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Muon spin rotation in a single crystal of Pgineveals a significant influence of the implanted on the
local susceptibilityy; of the neighboring Pt ions below~60 K. It is found thaty, differs from . 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 the -inducedmagnetic changeis the present system of Pgn
is rather modest compared to previously reported induced changes in Pidivever, the model-derived
electronic-structure changearound theu™ in Prin; appear remarkably similar to those in PgNas is to be
expected if the driving perturbation in both systems is primarily Coulombic in nature.
[S0163-182697)03740-3

I. INTRODUCTION in the neighborhood of the ™ are expected to be especially
pronounced because the magnetic properties of the sinfjlet 4
When studying condensed matter by the muon-spineonfigurations are sensitive even to minute changes in the
rotation (uSR) technique, theu™ probe may cause a local |ocal CEF. We chose to investigate the cubidvBrseries
perturbation in its electronic environment, resulting in an in-(M = In, Pb, TI,Sn for which the CEF level scheme is known
accurate picture of the solid studied. In principle, this possito vary systematicallysee Ref. 2 In this article we describe
bility applies to all uSR condensed-matter measurementsg ;,SR study performed on the first member of the series, a
Such muon-induced effects were indeed detected recently Qngle-crystal Prig
PrNis." In the presence of the interstitial® in that system, The paper is organized as follows. A theoretical survey of
the m_agnitude of the Ioc_al susceptibiligy along selected the magnetic properties of Pgland the necessagySR con-
d!rectlons was shown 1o increase by up to an orqle_r of magéepts are reviewed in Sec. I, followed by experimental de-
nitude at temperatures below 20 K and the original bUIktaiIs in Sec. Ill. TheuSR results and a preliminapy* site
hexagonal anisotropy of was completely destroyed fof; . eterminatibn ére r%sented in Sec. IV and the muon-induced
The reported susceptibility changes were assigned to Ioc%a P ’

modifications in the crystalline electric fie{CEF) acting on ocal su_sceptlblllty IS derlv_ed in Sec. V. The CEF. model
the PF* ions next to the charged muon. calculation and the associated perturbed electronic energy

One should note that the* functions as a probe in ma- levels are described in Sec. VI. Finally, a semiquantitative
terials only through its magnetic interaction with the sur-comparison with the earlier Priiindings is included in Sec.

roundings. Consequently, magnetic changes in these sanyél' Preliminary results of the present study have been pre-

surroundings will inevitably lead to wrong conclusions Con_sented elsewhere.

cerning the material itself, as is evidenced by the Prim- The magnetic properties of Pginave been described in
onstration cited above. Thus, in addition to the basic sciendetail in the past. Prin; belongs to the®m3m space group

tific interest in the phenomena of muonic perturbations in(CUAU type), with Pr atoms at the cube corners of a fcc unit

solids, it is clearly of importance to assess the relevance dfell and In atoms occupying the face centers. Because of the
u*-induced effects when analyzingSR data. Aiming for cubic symmetry, the CEF Hamiltonian of the Pr ions must be

added insight into this problem, we started to look for similar®f the form

effects in other magnetic systems. A rather simple reasoning

dictated the 4 van Vleck paramagnets as candidates for the 00 Omd - 00 Ot

study. In such systems, the muon-induced effects occurring Heer=B404+5B40,+BgOg—21BgOg, 1)
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where the value of the coefficienB" is determined by the Relevant uSR concepts

particular charge density around the Prion. Using the stan- The terminology adopted here will follow that of Refs. 1
dard spherical coordinate systeR,©,®) with the Prionat  and 8. with transverse fieltTF) uSR, one measures basi-
the origin, the theoretical value of tlmn coefficients is de- Ca"y the Larmor precession of th_eJr Spin under the influ-

termined by ence of the magnetic field existing at the muon site inside the
crystal lattice. The frequency of the precession is given by

. p(R)Y™(0,d) w=7v,B,, wherey, is the gyromagnetic ratio of thg ",

B| ~f — gt 47 @y, =27x13553.879 51 G (+0.2 ppm), andB,, is the

total magnetic field at the muon sit®,, is a sum of both the
where the integration is carried out over all space. Theexternal field and the various internal fields caused by the
crystal-field parameters for Pgare? B3=—0.002 52 meV, polarization of the material. Neglecting the diamagnetic and
andBJ=0.000 062 meV. The energy eigenvalues derived byPauli paramagnetic fields, the total field at the muon site is
diagonalizing Eq(1) with the above parameters are shown3iven by
in Fig. 9 (left-hand side _

The two electrons in the unfilledf4dshells of the Pr ion Bu=H+B ®)

form aJ=4 multiplet, giving rise to a magnetic moment of whereH is the external field an®;  is the hyperfine field
negJd, with g=0.8. The In ions are nonmagnetic. In the originating from the polarization of localizedf £lectrons in
presence of an external magnetic field, the Zeeman interaghe P2 ions. For simplicity, we include also the Lorentz and
tion splits the CEF energy levels, and for fields undet0 T the demagnetization fields i.
the magnetic susceptibility may be calculated by The polarization of the # dipole moments affects the

field at the muon site through two channels: directly, by cre-

-E© ating a dipolar field at the muon site, and indirectly, by in-

(Ex)?
2 I:—T exp KT creasing the polarization of the conduction electrons thereby
XcEr= " (3) producing an additional contact field at the interstitial muon
—_E© - : . ,
S ex n (e.g., the Ruderman-Kittel-Kasuya-Yosida mechanishime
= Exp kT field produced in both cases is proportional to thePr

atomic magnetic moment;,

—2E®@

with E the unperturbed cubic CEF levelsE(!

= upd{d,|J| #,), Whereg, are the unperturbed CEF wave Bt =Arpr=ArxiH, (6)
functions, and where A=Al is the effective hyperfine coupling tensor at
o the muon site aan=X”. is thg atomic susceptibility tensor.
Eo_ S Mégzl<¢n|J|¢n>| . A decomposes accordingly into two pams=Agip+ Acon-
— E_ﬁf’)— Eﬁff) The dipolar part is a purely geometric tensor given by
For magnetic singlets, states{=0. Hence, in materials Adp= 4fE£ (LIr3)(3xix; %= &), (7)

in which the CEF ground state is a singles in Prin), the
low-temperature susceptibility is nearly temperature indewhere the summation extends over all th&'Rtipoles in the
pendent and depends reciprocally on the energy splittings qforentz sphereC and the vectors=(x;,X,,x3) point from
the excited levels above the ground state. Such materials agge muon to each of the dipoles included in the summation.
known also as van Vleck paramagnets.  Equation(7) will be important in determining the muon site

In Prin; one should take account also of a weak antifer-in sec. IV C.A,, does not have a simple expression, but if
romagnetic exchange couplingoetween the Prions. Within  we reasonably assume that the coupling through the conduc-
the mean-field approximation, we may use the expression fafon electrons is isotropic in nature, then we can write
the exchange-enhanced susceptibility Acor=Acore, Wheree=6,; is the unit tensor. If we further

note thatA;, is traceless, we obtaif = iTr(Ape.
x= XCEF _ (4) It is convenient to define the relative frequency shift, or
1—Nxcer Knight shift,

Finally, we mention that in addition to the main contribu- _IBu=Hl _B, -2 ®
tion from the 4 electrons, there are two other minor sources B H  H 7w
of magnetic susceptibility, which we shall neglect hereinaf-
ter. The first is the Pauli paramagnetiggof the conduction
electrons, of the order of 1§ emu/mole, i.e., an order of
magnitude smaller than thef 4usceptibility. As will be evi-
dent Iater_, we may safely i_gnor)ep in the_ present context Ki=|AcxiH|/H. 9)
because it is temperature independent in our working tem-
perature range. In addition, we shall ignore the diamagnetitf By;¢<H, as in the present case, we may relax the col-
susceptibility, which is of the order of 16 emu/mole and linearity condition and consider fdf; just the projection of
clearly negligible. Bhnis 0N H, so that

wherewo=y,H. For the case oBy; collinear withH, we
may use Eqs(5) and(6) to derive the Knight shift originat-
ing from the 4 moments



56 ELECTRONIC CHANGES INDUCED BYx™ IN Pring: . .. 9399

Ke=hAsxeh, (10 0.034

whereh=H/|H| is the unit vector along the external field.
Note that if the external magnetic field is directed along one
of the principle axes of the crystal, both Eq9) and (10)
reduce to the simple form

0.021 *

Ki:AiiXi . (11)

The subscriptf has been dropped for the sake of conve-
nience. From Eq(11) it is clear that a measurement ki
supplemented by a knowledge pf (or alternativelyA") will
provide us a value foA" (or y;). This fact will be used in 00 50 100 150 200
analyzing the temperature scans in Sec. IV B.

In cases where the magnetic field is not directed along one Temperature (K)
of the principle axegas in the angular scan presented in Sec.
IVA), one has to work with the general expres-
sion (10). Writing h in spherical coordinates,
h=(sin 6 sin ¢,sin @ cos¢,cosé), Eq. (10) turns intd

0.011

o
(=]
Q
(=)

Susceptibility ¥, (emu/mole)

FIG. 1. Bulk susceptibility of Prig

sented here. The susceptibilifywas measured by a com-
mercial squid magnetometéQuantum Desighbetween 5 K
1 and room temperature. The results are shown in Fig. 1 and
Ki(6,¢)= 3 (A% A xy+ A%x,) are in good agreement with previously published daga;
cept for a small rise at temperatures below 4 K, which seems
2 1 . vy o absent from the previous datdote, however, that the ac-
+3 | ATXe 5 (AT Axy) | Py(cos 0) curacy of the older data does not enable one to ascertain the
absence of a similar rise theré\ possible explanation of the
small rise is given elsewhefe.

The TF uSR measurements were performed using the
7M3 and uE1 beam lines in an external magnetic field of
H=6 kOe. The field direction in the crystal could be rotated
in a plane perpendicular to tH&10] cylinder axis. The ex-
ternal field value was measured with a NMR probe and a
background signal from the copper sample holder served as a
convenient continuouis situ field monitor. The temperature
was varied in the range 3.3KT<100 K.

1

+ §AXZ(XX+ X2)P3(cos )cos ¢
1 yz 1 ;

+ §A (xyt x2)P3(cos 6)sin ¢
1 XX yy

+6(A Xx—A Xy)

1
X P3(c0s 0)c0s 2p+ = AV(xx+ xy)
IIl. RESULTS

2 .
X P3(cos f)sin 2p. (12 In this section we present the Knight shift results. We

In the special case of fourfold symmetry around thaxis,  Pegin by describing results of an angular scan at constant
which will be found relevant to our system, we hagig  temperature, which revealed the type of site occupied by the
A= AYY, (i) xx=xy, andiii) AQ%ZAéinIAinZO, leading Muon in the Prlg unit g:ell. Next we will show results of

to AY=AX2=AY2=( (as A, is diagonal. The third state- tempera}tgr_e scans, which pqlnt to local ghanges in the bulk
ment is verified by noting that with axial symmetry, for each SUsceptibility around muons in Pglnin addition, by analyz-
Pr dipole at a pointX,y,2), there is one at€x,y,z). Sum- N9 JUSI. the higher-temperature data, a single muon site is
ming expression(7) for Aljip by adding each time the joint determined.

contribution of such pairs, we find immediately that bagt, ) _

andA}Z vanish. A similar reasoning leads to the vanishing of A Angular scan and an evaluation of the muon site

the third mixed elemenAf;. With these three special con-  The TF uSR signal in Prip revealed in general three

ditions, the general expressigh2) reduces to distinct frequencie$.A typical frequency domain spectrum

1 5 is shown in Fig. 2. The intensity ratio of the signals labeled
K (6)= §(2AXXXX+AZZXZ)+ 5(2Asz2_AxxXX) F1 andF2 is given byl (F1):I(F2)=2:1. The angular de-
X Pg(COS 0) (13) 4 Copper
3
Il. EXPERIMENT 2 2
The single crystal of Pripnwas grown and characterized ! HI (1101
as described earli€rA cylindrical sample was shaped by 0 7o o1 83 (MHZ)

spark erosion, with the cylinder axis parallel to the crystal-
lographic[110] axis. The same crystal sample was used for FIG. 2. Typical uSR signal spectrum in Pdnat 15 K. The
the susceptibility measurement and for the I&R data pre- intensity ratio of the signald;1:F2=2:1, is clearly depicted.
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~ We can now try to identify the muon site. The coordinate
T 82.4 system drawn in Fig. 4 will be adopted hereinafter. We start
= by noticing that the two signalB1 andF2 coincide forH

3 82.01 along the[111] direction. This proves the two signals origi-
§ nate from crystallographicallgquivalentsites, with a site

T 816 multiplicity of 2 or higher. In addition, we will now show
._‘.: that the muon producing the2 signal is situated at a posi-
S 81.2. < ) tion with fourfold z-axis symmetry and the one producing
2 : F1 at a site with fourfoldy- (or x-) axis symmetry. In the

3 theoretical survey it was found that the general angular de-
S 808 - - - pendencél10) reduces to the formiL3) in the special case of

-100 -50 0 50 100 fourfold z-axis symmetry. However, thg2 fit in Eq. (14) is

6 (deg.) identical in form to Eq.(13), pointing to a site ofz-axis
symmetry. Next let us look & 1. Becausd-1 is crystallo-
The external field was rotated in tH&,1,3 plane andé indicates graphically equivalent td=2, it should be obtainable from

the angle between the external field and the crystallogrdprac) T2 PY interchanging with eithery or x. Choosingy, we
axis. The two sets of frequencies, labefetl andF2, indicate two ~ Would expect the symmetry arouid. to belden_tlcal to that
magnetically nonequivalent muon sites. aroundF 2, buttransferredfrom thez to they axis. Thus the

theoretical angular dependence Kt is derived in the same
pendence of the differeptSR signal frequencies, obtained at manner as foF 2, giving
15 K by rotating the external field in thgl,1,0 plane, is
shown as points in Fig. 3. The observed shifts from the 1 1
vacuum frequency of 81.4 MHz are caused mainly by the [K¢(6)]r1=3(2 P AP Xy) — >
dipolar field existing at the muon site, as detailed in Sec.

FIG. 3. Angular dependence of thet precession frequencies.

Il B. Along the horizontal axisg denotes the angle between 2 vy “ 0 1

the field direction and the crystallograpHi@01] axis. (See X3 (2ARLXy ~ AF1X) P2(C0S 0) + = (ArLxx

Fig. 4, whered is drawn on the shaded,1,d plane of ro-

tation) The constant frequency signal seen at approximately —A‘éylxy)Pg(cos #)cos 2p. (15
81.4 MHz is due to the copper sample holder and will be of

no interest except as a reference. Notice that the subscrigil was assigned to all elements of

The solid curves in Fig. 3 represent best fits of “theory” A in Eq. (15), in order to emphasize that they should be
functions to the two observed frequency signalsandF2.  calculated with respect to the muon located at site 1, in con-

Specifically, we find trast to expressioifl3), which is relevantonly to muon at
site 2 (z-axis symmetry.

F1(6) (MHz)=81.50-0.50P9(cos 6), (14 Now, when comparing expressiofs3) and (15), it be-

o comes clear that, taking into account tkiatAY)] in Eq. (15)

F2(6) (MHz)=81.47+0.98P3(cos 0). is identical toAZ in Eq. (13), (i) A is identical for both

The fits(14) follow the general forn(12) expected of a field ~sites, andiii) for the{1,1,G plane, cos 2=0, it follows that
created by a system of dipoles. Notice thé ratio between the pair of theoretical expressiofi3) and(15) is similar in

the coefficients oP3(cos6) in F1 andF2, to which we will ~ form to the pair of experimental fitd4), including the — 3
return later. ratio for the coefficients, mentioned earlier. Thus we have

proved that the muons are located at sites of fourfold axial
symmetry. A list of all the possible interstitial sites in the
P m3m structure may be found, e.g., in Ref. 13. Of thesa, 1
1b, 3c, 3d, 6e, 6f, and & have the necessary fourfold
axial symmetry. However, d and X are already occupied
by Pr or In atoms andt,8g will inevitably produce just one
signal in the presence of a magnetic field. Hence we are left
with just two possible sites:& of the type (0,d), and €,

of the type (0.5,0.%). Note that(0,0,0.5 is the 3 site.

As will be shown in Sec. Il C, the 6site must be ruled
out and the correct muon site f612 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 rotating
in the{1,1,3 plane, the equivalentessites will delineate into
two magnetically inequivalent locations, demonstrated in the
figure byF1 andF2. The shifts of the two signals differ as a

FIG. 4. Two equivalent sites of the™ inside the crystal lattice, result of the different dipolar fields. We also see that the
marked byF]_ andF2 as in Fig_ 3. The shaddd_,lyq plane is the number ofF1 sites is indeed double that &2 sites, ac-
rotation plane of the external field and the anglavithin it com-  counting for the observer 2:1 signal intensity ratio mentioned
poses the axis of Fig. 3. earlier.
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169 0.1 E1 H // [001]
HAN F2 slope=-19.2
. )
1.0 '/ -0.24 150K
~ 05 . -0.3]
S Copper 3t
¥ 0.0 ¥ -0.4-
05{ ;T N -0.5+ *
1 15and 25 K—*
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Temperature (K) @ Susceptibility y, ,, (emu/mole)
FIG. 5. Knight shift as a function of temperature, in an external 1.6 H 1/ [001] F2

field parallel to the[001] axis. The points are the experimentally

measured values. The dashed lines are theoretical values, calculate
assuming a constant linear scaling between the Knight shift and the 1.2
Pring bulk susceptibility(see the text for details

slope=54.3
~
15and 25 K

B. Temperature scan

In this section we present the main results of the paper.
The Knight shifts ofF1 andF2 were measured as a function
of temperature, in a constant external field of 6006 Oe di-
rected parallel to the principdl001] axis. The results are 0.0+, T . -
shown as points in Fig. 5. All data are corrected for bulk 0.0000 0.01 0.02 0.03
demagnetization and Lorentz fields in a manner similar to Susceptibility ¥, (emu/mole)
that detailed in Ref. 1. Note that tf@01], [010], and[100]
directions remain the principle axes of the system in the FG, 6. (g) and(b) are the Knight shift of signal§1 andF2,
presence of a muon either at ské or at siteF2 (see Fig.  respectively, against the Pglbulk susceptibility. The temperature

4). Therefore, we expect the Knight shifts measured with thes an implicit parameter. The straight lines are linear regressions to
field along the[001] direction to follow the linear relation the high-temperature regions.

(11) with i=z. However, if we look at Fig. 6, where the
Knight shift data from Fig. 5 is plotted against the bulk sus-
ceptibility of Prirg, with the temperature as an implicit pa-
rameter, we see definite deviations from the expected linea
ity. These deviations point to a possible muon-induced

] N
0.4 150 K

ric arrangement of the muons labelédl and F2 it is
Ipossible now to write the complete experimerialtensor

change in the local susceptibility, as will be discussed in -019 O 0
detail further on. Only temperatures above 15 K were con- — 0 0 0 ﬂle

. . . e Y A¢(F1) o4 ,
sidered in order to avoid uncertainties arising from the unex- emu
pected rise in the bulk susceptibility seen in Fig. 1. 0 0 -019

As is clear from Fig. 6, we chose to assume that the high-

temperature region is the linear region. This assumption was ~0.19 0 0
shown to be justified in similar, earlier, graphs obtained with mole
P.rNi5.1.Moreover, it is strongly supported by theoretical con- A(F2)=| 0 =019 O mu’
siderations presented in Sec. VI. 0 0 0.5

It is possible to infer the same deviationkoffrom y . in
another way. Suppose welo assume that the high-
temperature linear scaling betweknand yp i in Fig. 5 is
kept at all temperatures. Then let us “force” the same scal
ing to hold also at low temperatures and use it to compute
out of the values okp,. These artificially “correct” values
of K are given by the dashed lines in Fig. 5. Again we se
that the predicted and measured valueKalo not agree.

The nondiagonal elements were shown to vanish theoreti-
cally in Sec. Il B. Following the definitions presented in Sec.
Ill, we may now decomposé\; into its two independent
partsA;,,= (0.05+ 0.015e mole/emu, representing the con-
etact coupling, and

From the high-temperature region in Fig. 6 we can derive —-0.24 0 0
the value of Af*, by using Eq.(11) with i=z. We find mole
, . - 0 -024 0 | —
Afq(F1)=-0.19+0.01 mole/emu and Af{F2)=0.54 AdipF2) emu’ (16
+0.02 mole/emu. The error boundaries A3 include the 0 0

experimental uncertainties ik and yp, and also an esti-
mate of the error involved in assuming that the high-representing the direct dipolar field coupling. A completely
temperature region is linear. Because of the specific geome&nalogous expression applies of coursé\tg(F1).
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C. Verification of the u™* site

It is now possible to verify the suggested (@8,0.5)

stopping site. First we would want to exclude the possibility

of a 6f site of the type (0.5,0.8). By performing an inde-

pendent dipolar sum calculation based solely on expression

(7), taking the muon site within the unit cell to be (0.5,d)5,
(an F2 site, we obtained for differentd values
Afipcadd=0.5)=0 mole/emu,  Af, ., (d=0.3)=—0.04
mole/emu,  A§i, .5 {d=0.1)=—0.126 mole/emu,  and
Afipcadd=0.0)=—0.14 mole/emu. A comparison of
these results with the experimental value in Ef) elimi-
nates the possibility of a (0.5,0d), site. Note that the values
d=0 andd=0.5 are brought merely as limiting cases, not
possible in themselves.

We now performed the same calculation for different
(0,0d) sites. For thg0,0,0.5 trial we obtained

~0245 0 0 |
mole
| _ _
AZNF2)=| 0 0245 0 |
0 0 049

Here the results are very close to the experimentally derive
values, indicating that the muon is indeed located a
(0,0,0.5. Considering the error boundaries of the experimen
tal Agij, in Sec. 1l B, we conclude that=0.5=0.04. We are

now in a position to investigate the observed low-
temperature deviations of the Knight shift from linearity with

Xbulk *

IV. LOCAL SUSCEPTIBILITY

T. TASHMA et al.

Susceptibility (emu/mole)

20 40 60 80 100 120 140
Temperature (K)

FIG. 7. Modified magnetic susceptibility of the two Pr ions next
to theu ™, along the principle axegy.y is calculated fronKgy(T)
andy, from K¢,(T). The solid lines are a theoretical fit based on a
proposed modified CEF for these iofsee Sec. V)l The dashed
curve is the original isotropic Prirbulk susceptibility.

the subscript NN indicates summation on abther Pr
ions in the Lorentz sphere. In order to write a similar expres-
g?on for F1, note that because the two sites are crystallo-
raphically equivalent, it is possible to consider the two sig-
nals as if originating from asingle muon site, while the
external field changes direction. For a* situated at
(0,0,0.5, an external field along the theaxis produce$-2
and an external field along theaxis will produceF 1. With
this transformation, one finds

K(F1)= (A% ant Acon) lecabf AR a-nx™®. (18)

Figure 6 shows that at low temperatures the muon Knight

shift in Prin; deviates from the expected linear scaling with
the bulk susceptibility. The conclusion must be that the
is monitoring a different susceptibility than the original bulk

We can now isolate and compute the valuey/8f* and
Xy in Egs.(17) and(18) by substituting known or readily
available values for the other variables. Values Kqi=2)

one, caused locally by its own presence in the crystal. Henceyndk (F1) are available in Fig. 6,°“* data are given in Fig.
as a next step, we will use the Knight shift data in Fig. 6 t01, and the valueA.,,=0.05 mole/emu was already deter-

find the new local Pr® susceptibility affecting the muon. To

keep things simple, we will make the following assumptions.

(i) The muon does not change the original Rillttice con-
stant.(ii) Only the susceptibility of the two nearest'Biions
is affected by muon(iii) Only the two nearest PF ions

contribute to the contact interaction at the muon site. Thesg

assumptions are similar to those in Ref. 1 and are justified

b
the same reasoning. The third assumption, concerning t){)

contact interaction, will be discussed in more detail later on
The last two assumptions allow us to decompose the hype
fine field at the muon site into a contribution from the neares

Pr neighbors and a contribution from all the rest of the P

ions in the Lorentz sphere.

Let us designate by the new altered susceptibility of

the two nearest Pr ions, while the original Pr susceptibility

will be called . Based on the assumptions just made, th
theoretical expressiofiLll) for the Knight shift of F2 with
the external field in the direction [to fit the data in Fig.
6(b)] may be written as

K(F2)=(Aghant Acond X5+ AGG aoampx ™™ (17)

The subscript NN is used to signify that the sumARy

e

mined in Sec. IV B. Finally, by summing only on nearest
neighbors in expression(7), we obtain the values
Agipnn=0.463 mole/femu  and A, = —0.23 mole/emu,
from which we compute the values OAg ;_nyy and
din1-nn) UsiNg the total g, that was already determined in
ec. IV B. The resulting values of25*' vs T are shown as
oints with the associated errors in Fig. 7. At 90 and 150 K,
e values plotted are those of the original bulk susceptibil-
ity, as we assumed the susceptibility does not change at high

E

emperatures. Note that due to thaxis symmetry for muon
£(0,0,0.9, x>° must be equal tw\?°*'. The solid curves in
Fig. 7 are theoretical fits based on a CEF calculation to be
detailed in Sec. V. The dashed line representififk was
calculated according to expression(4), using

A= —>5.4 mole/emu, which is close to a previously reported
value of —6.23% This dashed line is also plotted as a fit to
the data in Fig. 1. The most striking feature of Fig. 7 is the
anisotropy of the new local susceptibility. It is easy to un-
derstand that the muons’ location on one of the principle
axes should induce an anisotropy in the original cubic unit
cell. This symmetry consideration is the basis for a quantita-
tive analysis of the new susceptibility, which will be de-

should include only the two nearest Pr neighbors, whereascribed in the next section.
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2 every direction. However, to simplify matters we will now
assume we need considering only changes occurring along
the z axis. Our main justification for such an “axial assump-
tion” is that the charged muon is itself the dominant distur-
bance to the original charge density and it is located orzthe
axis. We may now separate the charge distribution around
each neighboring Pr ion into two parts: a cubic distribution
similar to the original charge distribution and a second dis-
tribution containing the effects of the muon. Following our
assumption, this second part must haeenpleteaxial sym-
metry, meaning that it will be dependent only @n The
above charge distribution separation will naturally divide
each of theB[" coefficients given by expressid8) into two
parts: the original cubic coefficient and an axial addition cre-

FIG. 8. Muon site relative to neighboring Pr ions. The configu- ated by the muon’s presence. This we will designate by
ration is identical for both sites. B
,axial*

We now show thaBj ..~ Bg axia= 0- LOOKiINg at expres-

maﬁi ac;iscte:r?ir:;\rk Wﬁhﬁuégéﬂétr??k the [ZzZtmp?izg Wesion(Z) for the B]" parameters, we remember that any spheri-
con 9Xiocal P cal harmonic of the typ&} is always dependent o only

(iii)]. This assumption must be checked carefully because ) _
although the contact interaction decays with distance, it doe@roug_h the factor expid. If we now gdd to this our as-
umption that the charge densjty,;, is independent ofb,

so in an oscillatory manner. Hence, in reality, there may b& ) h usi h
an error in our involving just the two nearest neighbors in theVe arrive at the conclusion that
contact interaction. In order to make sure that our calculated (R.0) o

| | H H Paxi ’ .
x'°° will not be affected greatly by such a misfortune, we g4 J'R . axial Y|4*(®)L_O expidddd=0,

_ ! s
carried out a second computation g, analogous to the ~ *® R

one described by Eq$17) and(18), but this time assuming ) 4 4. ] ) )

that the contact field involves all other Pr iopgceptthe  Which means thaB; andBg in Eq. (19) will remain at their

nearest ones. This means we replaced the elendgpig°? cubic values, reducing the number of free parameters from

in Egs. (17) and (18) by A.x*"% with the same value of five to three. Notice that for the coefficierB§=Bg the same

Acon. Note that any more realistic mixed contribution from reasoning leads to a different result:

the nearest and the non-nearest ions will fall somewhere in

between the results of these two calculations. However, we B0 J J Paxia( R, ®) Yo" (6 J'Z” 1dd£0

find that the local susceptibility obtained with the second Laxial™ | | 7 RIFI (©) =0 #0.

calculation always fell well within the error boundaries of

the first calculation. This means that any error in our thirdThus the values of these coefficients remain free.

assumption above is of minor importance to the conclusions. In order to fit the new susceptibility we may also consider
changing the values of the Landefactor and the exchange

V. THEORETICAL MODEL coupling parametex [see Eq(4)]. However, because thef 4
EOR LOCAL SUSCEPTIBILITY electrons are well screened from their electronic environ-
) ) o ment, we chose to ignore changes in théactor.
In accord with expressiofi3), the observedyycy is di- Our best theoretical fit is shown as solid curves in Fig. 6.

rectly related to a change in the local CEF energy levels. Ifrne  fitted CEF parameters areB9=0.031 meV,
order to fit a theoretical line tojcq (Fig. 7), we must 822—0.0018 meV, 33:_0'001 26 meV(as in a cubic
modify Hcegr SO as to obtain the required level changes.ﬁeld) B2=0.000 04 meVB%=—0.0013 meMas in a cubic
However, the changes iHcer must also agree with the new Iield): agdA: —-4.8 mole/,e;"nu. Note that the factors of 5 and

charge distribution around the Pr ion. In Fig. 8 we see that ', existing between the cubic parameters in @jare not
the symmetry existing now around each of the neighborin ; -
reserved in the new Hamiltonian.

fertr:nsn;cmtsthrmgglna&gtjeblt%a? mze;r{r’]n?g:r ra\}\zltlarrge The fitted curves describe the data remarkably well. The
9 av SY Y. y y anisotropy, which is consistent with the new CEF, dimin-

main C,, even if we take into account possible muon- ishes with increasing temperature and the local and bulk sus-

|nhduced char}[gk;as n tlre charg(ta.dlst.:;]butmn bticilg? the%Ptt:ptibility converge at high temperatures. Remember that
changes must be axially Symmetric With reSpect loZiaIS -, ¢ gy pasic assumptions in calculating the new suscep-

(as long as we allow no spontaneous symmetry breaking iﬂbility from the data of Fig. 6 was that the susceptibility

thexy _pIane}. The general Hamiltonian describing, sym- remain unchanged at high temperatures. Here we see that
metry Is changing the CEF is prone to cause significant changes only
at lower temperatures. This, then, is the theoretical justifica-
tion for our treatment of the results in Fig. 6. The fitting
Expression(19) has five free parameters, compared to two inprocedure was simplified after noting that varyiB@ alone

the original cubic Hamiltoniarg1). In principle, theu™ may introduces immediately a significant anisotropy between the
modify the charge distribution existing around the Pr ions inz andx directions, lowering one and raising the other, while

Hegr o BJOS+BJ0OJ+B303 + BJO2+BEOs.  (19)
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bulk Prin, levels perturbed bulk PrNig perturbed by i*
+
energy levels by u LW 48K 46K
Ty 175K - 75K soK
r 148 K lg —rua—— L 3K
5 =————=rc... e 147K
136 K
e — 123K
r, 100K oo — 106K rh— 2K 22K
S ————————— 88K ‘
. 6K
r, 0K 0K
Iy 0K 0K igi ions i
— _ FIG. 10. Original bulk energy level scheme of the Pr ions in

PrNis (Ref. 12, compared to the local level scheme produced by

FIG. 9. Original bulk energy-level scheme of Pyleft), com- the *. The figure is taken from Ref, 1.

pared to the local level scheme induced by the (right).

same Coulomb interaction with the electronic distribution

keeping the symmetry between theandy directions. Thus  around neighboring atoms.
first a rough fit was affected by changing the valu@gfand A quite different situation is encountered when comparing
this was then refined by letting the other parameters vary. ;" -inducedmagneticeffects in both systems. In Pgrisee

We checked also the possibility of freeid andBg, i.e.,  Fig. 7), x\°? deviate fromy?" by 20% at most. In contrast,
relaxing the axial assumption. We found, however, thaideviations of up to an order of magnitude are observed in the
changing these parameters by a few percent causes only mbw-temperature limit for the local susceptibility in PgNi
nor modifications to the susceptibility. The conclusion is thatThis marked difference in the influence of positive muons on
our assumption is not crucial for obtaining the best-fit CEF Jocal magnetic properties is fully accounted for by the de-
but it also means that the validity of the assumption may notajled, if not always transparent, analysis presented in previ-
be tested in a critical manner within the experimental accuous sections here and in Ref. 1. Some insight to the physical
racy of the data in Fig. 7. Finally, we note that a fit could notorigin of this difference may be obtained by examining again
be obtained by leaving the cubic CEF unchanged and varythe theoretical expressiaB). The ground state of both crys-
ing only the exchange parameterThis is because varying  tals is a magnetic singlet and therefore the dominant term in
always changes thg andz susceptibilities in the same di- the low-temperature susceptibility will be the van VIee§)
rection, raising or lowering both, in contrast to our resultSterm  withn=0 indicating ground level. However this term

(Fig. 7). is reciprocally dependent on the height of the next excited

The change in the CEF parameters is of course equivaleit,els Thus changes Egz) will depend on theelative shift
to a rearrangement of the local energy levels. The new locgls o energy leveldrelative to the original spacingather

level sch(;me ri]s shown in Fig.(a'glht-ha_nd sidg In general,  yhan on the absolute value of the shift. By comparing Fig. 9
we note that the muon causes a lowering of the energy leve(giy, rig g it is clear that in Prijithe relative shift of the

Fy 10t_h20 fK' ;r?ﬁ apﬁareldbwn\_/vardtr(_er_ld Imayhbe e>(<jpect§d energy levels is much greater and so we would expect a more
rom the fact that .t € muon Is positively ¢ arged and SOyastic influence on the susceptibility. In particular, let us
reduces the potential energy of the electrons in its vicinity. 56\ ¢ the first excited level of the two crystals. The first

excited level of PrNjis at 23 K. This level shifts down by
17 K, to a new value of 6 K. In the low-temperature limit,

this lowering should change the susceptibility by a factor of

We may now discuss some of the present results forPrinthe order ofg:25=4. In contrast, the Pripsusceptibility is

in comparison with the only other system for which expected to change only by a factor of the order of
w*-induced effects are reported, namely, RrNUnlike our  8s:10:=1.2. In summary, a similar shift of energy levels in
present cubic bulk system, PN hexagonal, with a well-  both cases willand doepproduce a very different effect on
known large axial anisotropy of the susceptibifij* Nev-  the low-temperature susceptibility.

ertheless, examining Figs. 9 and 10, we note a qualitative

similarity of the u™ influence on the_ local energy levels in VIl. CONCLUDING REMARKS

both systems. In general, both exhibitealuctionof the local

energy levels. Perhaps even more remarkable is the similar In this paper we have presented experimep®R results
magnitudeof the energy level changes, around 10-20 K forthat show that the charged” has a definite influence on the
both systems. A first-principles theory to account for the nu-CEF acting on neighboring Pr ions in Pglrin other words,
merical value(10—-20 K of the observed level reduction is the muon may not be treated in this case as a perfect probe
not available at present. However, the similarity of the ef-for measuring the true magnetic properties. The perturbation
fects on the electronic levels in both systems is perhaps nahduced by the muon was quantitatively presented as a shift
surprising, as the main energy term involved in “implant- in the CEF energy level scheme. Comparing the energy
ing” a positive muon in either system originates from the shifts found in this work with those found earlier in PgNi

VI. DISCUSSION
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we conclude that the magnitude of the electronic perturbaconsistent with the above. Other candidates are Pesu

tion is approximately the same. However, the influence ofrTl,.2 Our hope is that as more data are gathered, a consis-
this perturbation on the magnetic properties of the two crystent pattern will emerge, which may provide the basis for a
tals is quite different. Considering these results, it is obviousigorous theoretical calculation able to foresee the extent of

that in order to us@.SR as a reliable tool for studying mag- the effect in various experimental situations.
netic properties, one should have some general rule indicat-

ing when the muon is prone to cause a significant perturba-
tion and when it may be safely neglected. As a first step
towards that goal, we have planned a complete set of mea- We are grateful to A. Furrer for providing the program for
surements all dealing with van Vleck paramagnets of theCEF calculations, to R. Feyerherm for assistance with the
type PiX,,. The two crystals discussed, Pyland PrNi, are  program, and to |. Felner for the susceptibility data. Part of
the first two of this set. At preseptSR data are being gath- this research was supported by the Israel Science Foundation
ered on the single-crystal PrPand preliminary results seem (Israel Academy of Scienge
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