£

Defect and Diffusion Forum Vol. 311 (2011) pp 39-61
Online available since 2011/Mar/15 at www.scientific.net
© (2011) Trans Tech Publications, Switzerland
doi:10.4028/www.scientific.net/DDF.311.39

Impurities in Magnetic Materials Studied by PAC Spectroscopy

1DBIU0D - JUBWIWOD - } NSU0d

[ )12eqpasy

Artur Wilson Carbonari?®, José Mestnik-Filho® and Rajendra Narain Saxena®
Instituto de Pesquisas Energéticas e Nucleares, IPEN-CNEN/SP,
05508-000 S&o Paulo, SP Brazil

acarbonar@ipen.br, ’jmestnik@ipen.br, ‘rnsaxena@ipen.br

Keywords: Magnetic Hyperfine Field, PAC Spectroscopy, Localized Magnetic Moments, Magnetic
Materials.

Abstract. Perturbed gamma-gamma angular correlation (PA€Jtepscopy is a precise and highly
efficient tool to follow the temperature dependemédocal magnetic fields in any material. Its
resolution and efficiency does not depend on teatpes and therefore can measure local fields at
low as well as high temperatures with the sameracguDue its versatility in using different probe
nuclei it can sense the local magnetic fields fiedint sites in the crystalline structure of metist

In this review, important results obtained with PA@ectroscopy are shown in two classes of
materials: transition metal and transition-metadthcompounds and rare earth elements and rare-
earth-element based compounds using mainly thiéerefit probe nuclei**'cd, **Ta and'*°Ce.
PAC spectroscopy has contributed to the systensdtidy of the magnetic hyperfine field in
impurities in matrices of Fe, Co and Ni as wellimsransition-metal based Heusler alloys. It has
also provided important contribution to the invgation of magnetism in rare-earth elements and
intermetallic compounds. A still open issue conoegnthe local fields in metallic magnetic
compounds and elements is the exchange interalsitweeen the magnetic ions of the host and a
dilute magnetic impurity, which acts as a defedhi® magnetic lattice. PAC spectroscopy has been
contributing to study this problem with successs$hown in this review is the crucial role of ab-
initio first principle calculations in the interpgegtion of PAC results.

| ntroduction

Impurities in magnetic materials play an importesie in condensed matter physics because they
act as defects in the magnetic lattice that camgk® large effects in the magnetic properties ef th
materials. In fact, the behavior of such impuritiesmagnetic materials is essential for a better
understanding of magnetism in intermetallic compmtsurAlso, in order to understand the magnetic
behavior of intermetallic compounds where two défg magnetic atoms are present it is very
important to have a precise description of the arge interaction between impurity magnetic
atoms and magnetic atoms of matrix where theseritigsiare embedded.

Because of the local character of the magnetic\nehaf impurities it is desirable to use a very
accurate and sensitive technique such as thosd baseyperfine interactions, which can precisely
measure the local magnetic field at a probe nudebstituting a given site in the magnetic crystal.
The magnetic hyperfine field (MHF) is sensitivedpin polarization, orbital angular moments of
open electronic shells, and magnetic dipole momaevitsch provide information on the exchange
interactions that give origin to several magnetioperties of materials. Particularly the magnetic
hyperfine field is sensitive t®polarization what cannot be measured by any ottethod.

The interaction between a nucleus and electricagmatic field such as those produced in solids
by electrons and other nuclei in the vicinity okthucleus is called hyperfine interaction. An
externally applied magnetic field may also be pmes®oth electric and magnetic hyperfine
interactions may occur. Imagine an atomic nucleyslanted in a ferromagnetic host material. The
interaction between nuclear moments and spin gadrelectrons in the host lead to an effective
field experienced by the nucleus, which is commardifed “hyperfine field”. The hyperfine field
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investigated extensively especially in thettBansition ferromagnets such as Fe, Co and Nafit]

in Gd [2]. A number of techniques, principal amotigem, perturbed gamma-gamma angulaém
correlation (PAC), perturbed angular distributidngamma rays (PAD), Mossbauer Effect (ME),= Q.
and nuclear magnetic resonance (NMR) have beentoselotain a large quantity of experimental* &
data on local magnetism at impurities in magndements as well as in intermetallic compounds. &
Intermetallic compounds containing rare-earth el@imieshow a large variety of interesting
magnetic properties especially when impuritiespassent. These properties are not well described
so far, and techniques that can investigate sugpepties in an atomic scale are necessary. Amon
these techniques PAC spectroscopy is one that rcasidp valuable information on local magnetic
field at probe atom sites acting as impurities iagmetic compounds. Although data obtained by
PAC measurements are similar to those from cldssmegnetization measurements, they can
provide information on the dynamics of the magmetigear the critical points, on the paramagnetic
behavior and the contribution from conductsealectrons. Because PAC does not need an external
magnetic field that can affect the spontaneous mtagmechanism, it can be used to measure
magnetic fields in compounds with rare-earth elesamhich can have a very large neutron
absorption cross section making it practically isgible to use neutron scattering techniques.

Due to their large orbital contribution, rare-eantictlei are not suited to investigate the exchange
magnetism between magnetic neighbors in rare-ebated compounds or single elements.
Differently from resonance techniques that userdine-earth itself as probe nuclei and therefore are
not able to measure the magnetic contribution dugatence or conduction electrons, PAC permits
the study of such materials using the same proleinto measure local magnetic fields in
compounds with different rare-earths elements ideorto systematically investigate such
contributions. Furthermore, the large orbital motaenin rare-earth nuclei opens an opportunity to
study the effect of their own orbital angulat mortoem on the magnetic hyperfine field in rare-earth
compounds, and PAC spectroscopy has exploredatis f

Magnetic hyperfine I nteraction

The magnetic nuclear dipole momeHitinteracts with the magnetic fief7ar  at the positain
the nucleus. The interaction energy is given as

Emag = —H- ﬁhf_ Q)
The interaction energy lifts the degeneracy ofrthelear states and induces the precession of the
nuclear spin. Quantlzatlon of angular momen 1|,rinowever allows only certain orientations if

with respect tlo, . Choosing quantization axis z Ipgréo HH the interaction energy can be
expressed as

Emag = -f- Hyg = —YhI - Hh_f, (2)

, =98N
where’ h g is the nucleag-factor, anduy the nuclear magneton. The eigenvalues are given
as “vHagmi  wheran --1, -1+1, ...] are the projections of the nuclear total angulam@ntum on

the quantization axis. In this manner the magnatieraction splits the state with spin | into 21+1
equidistant Zeeman levels. The transition energytwéen the adjacent levels s
.9!-‘.\'1'1.‘1.‘

AE = hwy = -gunHxg  and the so called Larmor frequency is giver % — R

There are several mechanlsms that are responsibkbd existence of a magnetic field at the
nuclear position. With the exception of an appkedernal field and disregarding the Lorentz and
the demagnetization fields, all these mechanisme ledectronic origin. The magnetic hyperfine
field can, therefore, be written as a sum of switrdbutions:
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Hyf =Horp + Hajp + He (3)

where Horp is the field produced by the orbital motiof the electrons,aw» is the field :
originated from the distribution of the electrorsipins around the nucleus and the Fermi-contactQ

field, ﬁc , is the field produced by the differencetbé spin-up and spin-down populations of s-

electrons at the nuclear position. For the lastdiihese contributions it is usual to make addgio
divisions. For example, for the dipolar contributid?ai» a distinction is made between the field

originated from the electronic spin density of @#tem where the nucleus sits and the one that
emerges from the summation of the contributionmftbe magnetic moments of all the other atoms

within the material. This last term is sometimekechlattice contribution.

For the Fermi-contact field¢ | a first distinctisrnade for the contributions originated from
the core or valence electrons. The core polarigai@ manifestation of the change of the shape of
swave functions caused by the presence of a loanetic moment. The loca-d (or s-f)
exchange interaction pushes thelectrons wave-functions with opposite spin inbe@ thuclear
region and pull-out the ones with the same spianotion. The result is a net s-polarization at th
nuclear region that is opposite to that of the llatéor f) moment. The same effect also happens
with thep electrons but its result is not visible within then-relativistic approximations since the
wave-functions have zero value at the origin. Ga dther hand, with relativistic wave-functions,
the presence of a small contact field dup wave-functions can also be foreseen.

The valence electrons have also distinct contriimstito the Fermi-contact hyperfine field. One
of them is the “transferred field" which comesnfrahe hybridization of the impurity valence s-
electrons with the neighborirdjpolarized (or eventuallf+polarized) atoms. The impurity valence
s-electrons become polarized by this hybridizatiod aontribute to the Fermi-contact field. The
other two contributions have their origin from igect of its own polarized d-shell of the impurity
called “local valence hyperfine field" [3]. Thedi one is due to the same effect of contracting or
expanding the s-wave-function by the local exchanggractions as in the case of core, but in an
opposite fashion. The second one, more importamaised by the same local exchange interaction
but produces a re-population of the valesa®bitals since they are not fully occupied as thee
cores-electrons.

The expressions for the magnetic hyperfine fieldsctv take into account relativistic effects
(scalar relativistic approximation) are derivedhtihe recipe outlined in reference 4. The change of
the energy due to the interaction of the nucleagmaiac moment with the magnetic moments
originated by the electronic spin and orbital aagwmhomentum is given by Bligel et.al. [3] within
the scalar relativistic approximation. In the nefativistic approximation the same can be obtained
from Abragam and Bleaney [5]. Since there are sonwensistencies with signs when one
compares reference 3 with reference 5, some ofigres from Bllgel at.al.[3] were changed. This
was done in a way that the magnetic hyperfine field the non-relativistic limit, reduce to the
expressions given in reference 5, as it is destrlimow. Then, in reference 3 formulation, the
interaction energy for orbital angular momentum alettronic spin are, respectively:

) “

AEy, = ¢>’5— Qi — 3(;17 ﬁ,r-)]|d>) (5)

e
AEoyJ — _!lf<®

B
-~

By

. r = - - . . .
In these expression r i all  are respectivelyntiodear and electronic magnetic
moments,® is the large component of the relativistic wavedtion, m, e andc are, respectively,
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the electron mass, the electron charge and thel siidight, whereas! is the one-electron orbita
angular momentum operato®(r) is the reciprocal of the relativistic mass enhameet [3]:

e-Venx?
SGr) = [1 + - )]
2mc*
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where € andv(r) are, respectively, the total and the potentiargnef the electron. Using that &

eh
HB = Fmc andH = —2us5 | wheres s the electron spin, Eq. 4 and Egd&ce, respectively to:
(r)
AEory = 2fi1up (‘I’l =3 1 >
and (7)
= J Sir) a2 = \
BE g, = 2ius (0| 22 [3(37)F - 3]|o) (8)

The change in energy for the contact interaction is

817—0 —
AE, = — y
¢ = 3 HIHBMay ’ (9)

with, Mar = (®[570)F|®) where

rT
2

4mr3 ’
(1 " ;) N o
2mce? 2 (10)

G are the Pauli matrices, ang = Z&/m¢ the Thomson radius. Eq. 10 is regarded as a bneade
J-function with a width equal to the Thomsom radilise Coulomb potential(r) = —Z€/r has
been assumed here [3]. Comparing Eq. 7, Eq. 8Ean® with the energy of interaction between

an external magnetic field with the nuclear magnetoment AE = —4; - -H  one gets:

Ho»b = —2Ug (d)lsr(')‘] )

6r(r) =

, (11)
Hap = —2us (®| 22 [3GF)F - 3]|®) , and (12)
- 8; —
H.= —TT#B7"ar . (13)

In the non-relativistic cas§r) = 1, Mgy =25 | and the corresponding expressions forfitlds
reduce to the ones given in Ref. 5:

- !
AL
ord KB \P 5[ (14)

Haip = —2up (¢
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He=-2us STH(“’F‘; )le) 16]

where in this casel®} represents a Schrodingerdiate. In all of the expressions, the magneti
fields are opposite to the angular momenta, assheuld be for a negatively charged patrticle.
The orbital and dipolar fields differ by the factdir) when comparing the relativistic with the
non-relativistic cases. On the other hand, for dbetact field one has to average the electronic
magnetizatiomearthe nuclear position within a region defined bg Tthomson radius; instead of (&
taking the magnetizatioat the nucleus position. Relativistic wave-functios have to be used
instead of the Schrédinger wave-functignin all the cases whenever relativistic effectsdnee

important. It is expected that particularly the t@mt contribution can be very sensitive on the
choice of the wave-functions since the relativisti,es have a completely different behavior near
the origin (divergent) as compared with the Schrgdr wave-functions [3].

A very useful expression is obtained for the dipdield if the following equivalence between
operators is taken [5]:

3(3;4)?_ S= @l + 3)?__21 -1) [l(l N I)E_;(Z' 7_,-‘)1*_;1*(1*.3‘)]'
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Inserting into Eq. 12 and evaluating it for the mieation axis¢, the dipolar contribution to the
magnetic hyperfine field can be finally written[d$

dip _ 4up S() " 31(7. = 7.3
B =@+aa-1n (wl 0+ s =3[ 3) e - 1 (1-3)] “’), (18)
dip
and a very clear dependence "¢ on a particllar,§,m) electronic state can be seen. For a

given atomic shell composed of several electrormurmamation of the fields coming from the
individual electronic states of the shell can bdgrened [3,4] which would then give us the total
contribution from that shell.

Magnetism in inter metallic compounds

Intermetallic compounds which present magnetic griogs contain two kinds of metallic elements;
those with unpaired-electrons and those with unpairdeklectrons transition elements. Each of
these groups of elements exhibits different progemue to the localized behavior of the unpaired
electrons. Whereas thel-2lectrons seldom show local moment behavior, tfheletrons in most
cases present a high degree of localized behavior.

Because of the high delocalizationdsélectrons the quenching of the orbital angular retum
(L = 0) occurs and, consequently the total angulamemumJ = S. In Ithi;; case the energy of the

exchange interaction between two unpaired electisng,, =-2J, S5 with Jex being the

exchange constant, and the energy of the interacfi@ localized magnetic momeH; duedto
electrons with an exchange field is given by

-

Eexc = —Hi-Hoxc = guS; - Hoxc | (19

In magnetic compounds containing rare-earth elesnémé magnetism is due to 4f electrons, which
are not in the outermost layer of the atom andsequently are less affected by crystalline field
than compounds whered 2lectrons are responsible for the magnetism.  Tthesenergy of the

spin-orbit coupling '13 L ) is much greater than thestayfield energy (¥ep) and, therefore, the
total angular momentuihof the atom is a good quantum number.

mmmmmmm
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£Q
The rare-earth elements are in trivalent state whese are constituents of a compound, With; (-Dh
exception of Ce, Eu and Yb that can be in otheen@@ state than 3+. In this trivalent state, the ¢
magnetic moment of free rare-earth ions is propodi to g,4,+/J(J+1) in the paramagnetic Q-
state and tog,/;J in the magnetically ordered state. The exchangk caystal field terms are 28-
dominant in the total magnetic Hamiltonian for raeeth ions in a crystal. (@)
Due to the small range of the spatial extensiorfoélectrons, the magnetism in rare-earth ~
compounds occurs through a mechanism of indirechaxge between the spins dfelectrons.

Two mechanisms have then been proposed in which4thgpins can interact in an indirect
coupling. In one of these mechanisms, the cougietgveen 4f-spins is mediated by means of spin
polarization of thes-conduction electrons, which occurs by exchangeraction with the #
electrons. The indirect interaction between lo@iznoments was first introduced by Ruderman
and Kittel [6] to describe the coupling of nucleaagnetic moments in a metal via hyperfine
interaction with conduction electrons. Kasuya[7§l afosida[8] extended this theory to explain the
exchange interaction between localized magnetic emtsncompleting the so-called Ruderman-
Kittel-Kasuya-Yosida (RKKY) theory. In the RKKY mbanism, a spitg located at a positioR;
interacts with the conduction electrons of the inétalucing a spatially non uniform spin
polarization given by

971:rr]sf
P(r)= ———S5,Fkgr)
2, , (20)

whereEr andkg are, respectively the Fermi energy and wave vedids the effectives-f exchange
constant, andF(x) = [-xco + sir]/x* is the oscillating RKKY function andis the distance of the
conduction electron from the scattering centelRaiThe spin polarization of conduction electrons

induced byS then interacts with another s@at positionR; with an energy proportional t5:°5;

18n*mwr , . -
E = 12%S; - S;F(2kg|R; — R;|)
2Ep .

(21)

As the total angular momentudrather than the spifis a good quantum number for rare-earth
ions, the spirSis replaced by its projectiog & 1)J on the total angular momenturd, and the
energy is therefore proportional - 1Y J(J + 1), so that the Curie temperatiieis proportional

to /s7 (@— 1P + 1). In the other indirect coupling mechanism, abhivas proposed by Campbell
[9] the indirect coupling is provided by intra-atmmif —5d exchange and interatomial-s5d
interaction between the spin polarizetiedectrons of neighboring rare-earth atoms. A®&ctrons

are much less localized than theefectrons of the rare-earth atoms, a considexa®@eap occurs
between the 5d wave functions of the rare-eartghteir atoms and, as a consequence a positive
direct d-d interaction is expected. In this mechanism, irsteaJs, an effectives-d exchange
constantly, which is a measure of thé-8d exchange interaction, must be used. In contrhst, t
long range RKKY function also must be replaced Isphart-range function that describes the radial
dependence ofd5d interaction.

Magnetic hyperfine field measured by PAC spectroscopy

In order to be measured by PAC spectroscopy sarnpkesnagnetic material must have radioactive
nuclei incorporated in them. These nuclei must rsorae convenient properties such as relatively
long half-life and must decay to the excited staitbshe daughter nuclei, hereafter called probe
nuclei. The probe nuclei must decay to lower enestgyes by the emission of two consecutive
gamma-rays x, andy,) in a cascade passing through an intermediatd leith lifetime long

enough to “feel” the hyperfine interaction. The eelf of the hyperfine interaction on this
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intermediate state lifts the energy degeneraciyttisglit in sublevels. In Table 1 the properties

three probe nuclei commonly used in PAC spectrostopneasure magnetic hyperfine interaction
are shown. PAC spectroscopy measures the hypdrfteeaction via the time evolution of the
emission pattern of the second gamma-rgy)(in the cascade from a set of nuclei whos

intermediate state have been selected by meagherdjrection of the first gamma-ray().

mwwo: - 3nsuod
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Table 1: Nuclear properties of three important PAC probel&uT; is the half-life of the parent
nucleusE; is the energy of the intermediate level in the- y, cascade]” andt;; are the nuclear
spin and parity and the half-life of the intermedibevel, respectively, arglis the nuclear g-factor.

1

Parent| Ty Decay | Probe |2 Y, Ei | 7 tyo g
nucleus| [d] mode | nucleus| [keV] [keV] [keV] [ns]
in | 283 EC | Cd | 171 245 245 5/2 | 85 | 0.306
Hf | 424 | g “Ta | 137 482 482 5/2 | 10.8 | 1.316
“la | 1679 | g ce | 329 487 | 20832 4 | 35 | 1.014

By detectingy,, a direction is selected and all nuclei that esdity, in this direction decay to
the same sublevel of the intermediate state. Asnaemuence, they emi, with the same emission
pattern. If a magnetic field is present the nuckgan rotates around the direction of the field,and
by the angular momentum conservation, the emisgaitern rotates as well. PAC measures then
the coincidence between thg and y, signals from two different gamma detectors eadhiarthe
same plane by detecting the direction of emissfop,cand y, with an angled between them. The
resulting coincidence functio/(6,t) gives therefore the probability of coincidenceween y,
and y, at the angled as a function of time between the arrivalsypfand y,. The expression for
W(6,t), neglecting thé\y4 term, is[10]:

W(8,t) = 1+ Ay, Gy, (t)Py(cosb) (22)
whereA,; is the unperturbed angular correlation coefficiehthe )y — ) cascadeP,(cosf) is the

Legendre polynomial, an@.(t) is the perturbation factor that contains detailddrmation about
the hyperfine interaction. In order to obtain thgpérfine interactionG,, must be determined
through the measurement @f(6,t) by detectingy, in at least two different angles, usually 90°
and 180°. Then, the spin rotation functi(t) can be obtained by:

R(:t:) = Ay, 6;, (t:) = 2 C".lSO’-t."-C"i%:'ff'] ’

2 |= — (23)
c(180°,¢)+2C(90°,¢)
where C(f,t) are the geometric mean of the background suletlacbincidence functiong/(6,t)

recorded at the angl€@. The spin rotation function for an unpolarized metic sample is then
written as:

where w, is the Larmor frequency proportional to the magnleyperfine field:

Bl = GUN
= k

Har (25)

mmmmmmm



http://www.scientific.net/feedback/104748
http://www.scientific.net/feedback/104748

£

46 Defects and Diffusion Studied Using PAC Spectroscopy

where N and N are the number of coincidences with applied exiefield directions up and
down, respectively.

The magnetic field at the nucleus of a probe at®miue to unpaired electrons from its partially
filled electronic shells. Both spin and orbital moot of such electrons contribute to the magnetic
field, as well as exchange interactions betweesetledectrons and electrons from inner filled shells
that give rise to the core polarization. When endieeldin a magnetic metal, an additional
contribution to the magnetic hyperfine field coniiesn the conduction electrons, which are spin
polarized by magnetic ions and induces a contaltt &t the probe nuclei.

In the case of nonmagnetic probe atoms with fidegttron shells, the polarization of conduction
electrons (CEP) can be measured by PAC spectrosaspigh is an important tool in the
investigation of long-range magnetic interactiontwsen localized magnetic moments in
compounds. In this situation, the magnetic hyperfiald is proportional to the net polarizationsof
electrons, given by the difference between spirang spin down densities at the probe nuclei. A
finite s-electron spin density may then arise from the gmifarization of the host conduction
electrons or by an overlap of the valence electrohshe probe with spin polarized valence
electrons of the magnetic atoms.

In intermetallic compounds where the magnetic ismi 3l-transition element the localized
magnetic moment can widely vary due to the itinedlaracter of thedelectrons. In systems such
as Heusler alloys where the magnetic atom is Gon&iance, the localized moment at the Co ion
(4,) can be more than five times greater dependinp@mther constituent elements.

Heusler alloys are important systems in the stuflymagnetism due to the possibility to
investigate different magnetic phenomena in theeséamily of alloys. An interesting feature of
such alloys is the fact that the magnetic ordestrigngly dependent upon the state of the chemical
order. TheX,YZ Heusler alloys have a cubi@; structure consisting of four fcc sublattices, &nd
one of theX sublattices is unoccupied, the resulting alloy vt structure is called half-Heusler
alloy. The potential for technological applicatiah Heusler alloys has enormously increased
recently since it was shown that some Heusler al&ther half or full are half metal, where the
majority band is semiconducting with a gap at thenk level which leads to a full spin
polarization. This characteristic makes such allgged candidates for application in spintronics
and spin injection.

PAC spectroscopy was used to investigate the sgsiewf the hyperfine fieldsit, on '®'Ta at
Y sites in CeYX Heusler alloys[11,12]. The results showed ttregt values for the reduced fields
H../ t., (4, = localized magnetic moment at Co sites) follow tenerally observed trend of

increasing field with increasing conduction elentensity when a group 11IB element Sc at the Y
site is replaced by a group IVB element Ti, Zr drwith higher number of d-electrons. However,
the behavior of V and Nb is anomalous in this eessince the reduced fields decrease when a
group IVB element (Ti, Zr or Hf) is replaced in th#loy by a group VB element (V or Nb) with
still higher number ofl electrons, as it is shown in Fig. 1. The explamafor this behavior was
given by point-charge model calculations based #8#R mechanism where the polarization of
conduction electrons at a particular probe site tdug@ magnetic moment located at a distande
given by

£ 0
The sign of the magnetic hyperfine field is alsdagied from PAC measurements by applyin@; (-Dh
an external magnetic field perpendicular to thenplaf detectors and measuring the r&f) ata = p
fixed angle R(t) is then expressed in terms of the Larmor frequealso neglectindy, term, as: 1 Q.
R(t,6=£) =¥ 34 sin2ew,t 26} 28-

\ 4/ NT+NL 47722 L=, I~
—

.
plry) = (—3 cos(2kgr; + 264 + 1)
5,

: (27)

mmmmmmm
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wherekge = 1/a(48 772 ng)*” is the free-electron Fermi vector given in terrhthe average number of
conduction electrongy and the lattice parametar The termd, = 77/ 4(Z —n,) is the phase shift
that takes into account the perturbation of thedoation electron density due to the effective
charge Z of the probe atom, and the tegnis a pre-asymptotic correction. The hyperfinedfiat

the probe site (impurity) is then expressed asha aiuthe contributions to the polarization from the
neighboring magnetic momentLr,)

1DBIU0D - JUBWIWOD - 1 NSU0d

m )I:)Eq paa:l_ 1041 £

Hap = A ) urp(ry)
i , (28)

whereA is the hyperfine coupling constant, which has same value for a given impurity probe
atom. As the variation of elements inCo,YZ do not appreciably chandgy, the experimental
values of the reduced magnetic hyperfine field a8 as the corresponding calculated polarizations
were averaged for alloys containing the safiredement but differer elements and the results are
presented in Fig. 2 and show a striking similarawabr.

500

| B CoyYA! e coyca
A Co,ysi v Coce
250 -
® Co¥Sn(Ta) X Co,¥Sn{Sn) . .....-ees
I VTt S * .........

=750

-1000

Sc Ti Zr Hf Vv Nb Ta Cr

3d'as? 3d%4s? 4dss® 5d%s® 3d%s® 4d'Ss’ 5d%s? 3d%4s
Fig. 1. Reduced magnetic hyperfine field at Y sites in,YZb Heusler
alloys measured with PAC spectroscopy usitfa as probe nuclei as a
function of Y element. [taken from reference 12]

As the conduction electron polarization mechanismadry important in rare-earth compounds,
PAC has also given a great contribution to elueiddtie coupling mechanism in series of
compounds based on rare-earth elements. The msgnét rare-earth compounds with sp-
elements, for instance, Al or In, are supposedetalle to an indirect coupling between two rare-
earth ions via s-conduction electron. PAC measungsnia RIn compounds, where R = rare-earth
elements[13], usin§*'Cd as probe nuclei showed, however, that the cogptiechanism between
R ions is more likely to be through a direct5d interaction than via RKKY polarization. If ther® i
a 4-5d exchange in the rare-earth atom, the hyperfirld &ethe probe is due to an overlap of the
spin polarized Belectrons with the valence electrons of the pratoen. Since thebelectrons are
much more localized than s electrohk; is proportional to the numb&t of R nearest neighbors
and their distancB, to the probe [13]:
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N
Har @ CT(g = 1)) ) fR)
=1 , (29)

wheref(R) accounts for the contribution of ealRmearest neighbor tdn;. In RIn compounds, the
probe atom has 11 nearest R neighbor at a sligitigller average distance than that of the 12
nearest neighbor in R metals. Thereforéjyfis proportional to the number of R nearest neiglitoo

is expected that the ratlen(R.In)/Hy(R) = 11/12 = 0.92. On the other hand, if it isumsed that
the RKKY is the coupling mechanism for the R atoths, ratioHn{(R2In)/Hn{(R) is expected to be
around 0.6. The experimental ratio for MHF measunéth **’Cd is Hn(RoIn)/Hn(R) = 0.9 —
1.1[13] which implies that the coupling mechanisgtvieen neighbor R atoms is through-5¢l
exchange followed by directd55d interaction.

The use of magnetic rare-earth probe nuclei in Hiype interaction techniques introduces a
contribution from the probe itself to the measumeagnetic field Hps = Has + Heore, WhereHys is the
magnetic field from the fAmoment andH.qre is the contact field from the-electrons in the core
polarized by the #moment. In the Lanthanide series®Cis the first ion, which has only orfe
electron. As thisf electron is not as localized &<lectrons in other rare-earth ions, Ce is an
important probe to sense local magnetic field eg-emrth sites as well as to study the contribution
of the single fielectron to the magnetic hyperfine field. Beca@seion has only onef £lectron in
the C&" state, and none in the €state, it can sometimes display a mixed valerate st

Although being a rare-earth elemelifCe when embedded in a crystal can be in 4+ staighwh
means that thef4ayer is empty and the probe atom has closed sbefiguration. In this situation
this probe can sense the conduction electron paldwn and give information about the
polarization at a rare-earth atomic site in compuisuwhere one of the constituent elements is a
rare-earth atom. This is the case in a PAC speaxipysstudy of ferromagnetic compounds RNiln,
where R = Gd, Tb, Dy, Ho are heavy rare-earthsig/f§fCe and"*'Cd as probe nuclei [14, 15]. In
these compound&?°Ce substituted R atoms wheré&€d substituted In atoms, and it was possible
to compare the MHF at two different sites in thenpounds.

The results of the temperature dependence of thgnetia hyperfine field K(T) for each
compound show that the temperature T above whietHi(T) is zero is different for*°Ce (Tco
and'*'Cd (Tcg), as shown in Fig. 3. The temperatugg agrees with § obtained by magnetization

ccccccc
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measurements, and it is higher thag for each compound. Interestingly, the differengg I Tcg

increases asclincrease, as shown in Fig. 4.

The difference in the temperatures at whithis zero for*°Ce probe aR sites and*'Cd probe
at In sites in each compound was explained by iffiereince in the local neighborhood of each sit
and crystal field effects. The crystal structurddlfiln compounds is built out of two types of basal
plane layers one with BNi) for z= 0.5 and another without rare-earth atoms (3Ini}&i z= 0.
The exchange interaction that gives rise to magmein these compounds is larger within the
atomic planes than the interaction between theeglamhis explains the relative independence of
the two magnetic systems in the same compound.
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Fig. 3: Temperature dependence af lh RNiln at In sites (open circles)
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Fig. 4: Difference in the magnetic ordering temperatwlbserved with
PAC measurements usiffCe (Tce and**'Cd (Tcq) in RNiln compounds
as a function of the Curie temperature of each @amg. [taken from Ref.
14]

Electronic structure calculations

The magnetic hyperfine fields are extremely sevssito the electronic structure of the atom at
which the fields are determined and consequentipeaoelectronic structure of the whole material
under observation. Due to this fact, to correatigipret the results of an experiment such as PAC
measurements, very precise information on the releict structure of a material is needed.
Conversely, when a good agreement between a measiHé with a calculated one is established
without ambiguities, it can be said that the elmuir structure of the material is known with great
accuracy. Because of the advent of the new poweduaiputational techniques, new theoretical
developments and a continuous decrease of comppiteess, several laboratories which were
engaged only on experimental activities began tdopa theoretical electronic computations as
well within the last decade. Electronic structuedcalations are nowadays widely spread mainly
because of the simplification (and consequentlgdagain in computational speed) of the electronic
interactions problem after the rigorous establishimef the basis of the “Density Functional
Theory" in 1964-65 by Hohenberg, Kohn and Sham 176

In essence, the statement of the electronic streigitoblem is very simple. In its simplest form,
the Hamiltonian of the problem establish nothingrendhan the several possible Coulomb
interactions between particles within a solid, nmeuclei-nuclei, nuclei-electrons and electrons-
electrons with the addition of the kinetic energafs these particles. The Born-Openheimer
approximation is then applied by which the nucldagrees of freedom are detached from the
electronic ones reducing the problem to anothervatgnt one where interactions between nuclei
do not exist anymore but the electrons sense antafé “external” potential from the frozen nuclei
Even with this approximation, the problem still demds unpractically large efforts to be solved.
What makes this problem intractable from the comatomal point of view, i.e., to obtain a solution
with all the eigenvalues and eigenvectors, is ¢éhemtdue to the interaction between the electrons.

Within the density functional theory (DFT) the pledn is totally re-stated. Instead of wave-
functions, the method employs the electronic dgnsft) or, within a more sophisticated approach,
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the spin densitiesg(, o, ). This charge or spin density is constructed bgetmlo” non-interacting

particles. The problem is thus transformed fromyatesn of n interacting particles into an
equivalent problem withn single-particle systems but, they are now underitifluence of an
additional and unknown exchange and correlatioemi@l V., n being the number of electrons of -
the system. All the observables are now functionélthe density, &> = O(0) and the method

allows one to obtain the ground-state density efdisstem (only the ground-state) with the aid of
the Rayleigh-Ritz variational principle once an m@mation for the unknown exchange-
correlation potentiaVy( ©) is provided. Details of this method can be seeflB-20] and the

references therein.
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Magnetic Hyperfinefields at cerium atoms

Cerium compounds and materials containing ceriunmasirities belong to a particular family of
systems that present a large variety of phenomamzh sas magnetism, Kondo effect,
superconductivity, intermediate valence, heavy fen® behavior, among others, leading to a
special interest of the researchers. Several cetiplhenomena have straight relationship with the
role that Ce-flelectrons play and the corresponding electromitestthat they can adopt.

The perturbed angular correlation community has alparticular interest in cerium compounds
due to the possibility to measure magnetic hyperfields at the cerium nuclei employing the
190 a~%Ce probe produced by the bombardment'8fa with neutrons in a nuclear reactor.
Magnetic hyperfine fields measured at Ce nucleug lmetimes a large contribution from its
orbital electronic # state but it is also common that this contributites the same order of
magnitude as the Fermi-contact field, preventing tmdetermine the origin of the MHF without
ambiguity. Complementing the measurements withtelec structure computations not only
allows the determination of the several componehtke fields but can also give us an insight as to
which electronic state is responsible for the mesasiield.

Several works at our group have been performed thithobjective and indeed continues to be
an important field of research. One good exampl@aken from MHF results for the CeMbe,
compound obtained from PAC experiment [21], anstHarinciples calculations [22]. PAC results
using**°Ce showed that the hyperfine field at Ce atomseéM@GGe does not follow a Brillouin-
like behavior as a function of temperature as ibkl fat the Mn sites does. Instead it strongly
departs from this behavior, as can be seen in Figncreasing as the temperature decreases.
Besides this, it has a relatively large value off4@t 10 K [21], an intriguing result since it was
known from neutron diffraction measurements tha @e atoms in CeMGe, do not have a
measurable magnetic moment. Carrying on electrsiniccture calculations for this system [22] it
was found that the Ce atoms are indeed magnetithbugpin and orbital magnetic moments nearly
cancel each other but the magnetic hyperfine fielels not.

Another example of good information extracted fré?AC experiment and first-principles
calculations for the magnetic hyperfine field canfbund in an investigation of Cglsompound
[23, 24]. Here it is shown how calculations canvte information about the several contributions
to the MHF acting on Ce atoms. It was found thahia case the MHF is dominated by the orbital
field. The dipolar contribution is negligible due the anti-ferromagnetic ordering of the Ce atoms
and the Fermi-contact field is small due to the aditncancellation of the core and valence
contributions. More importantly, calculations hasteown that the In atoms in Celnompound
have a small MHF, as observed experimentally. Tieid comes from a small polarization of the In
p-electrons [24].
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Fig. 5. Temperature dependence of dipole magnetic frequéing )
measured with PAC usin§°Ce as probe nuclei. [taken from Ref. 21]

Work done on the measurements and calculations agnetic hyperfine fields at impurity
elements in ferromagnetic matrices can also bedoimfact, for impurities in the Fe matrix, alleth
elements of the periodic table were studied andctireesponding hyperfine fields theoretically
interpreted in a way that the observed systemaditds are now well known. An overview of these
studies can be found in Ref. [25, 26]. In the azfs&l and 41 impurities in Ni one can refer to [3].

When studies of electronic structure of rare-eakments are performed, a special treatment of
their 4 shell is needed that go beyond the standard DE®ryhbecause of the large correlation
energy involved with these electronic states. Tilgatment is known as LDA+U approximation and
works for the majority of the rare-earth elements given in [25]. The results however fail
sometimes for the lighter rare-earths, Ce beingréqular case. This happens because lighter rare-
earth elements have more extendédvdve-functions than those in heavier elements rialtes
them interact to a larger extent with the neightgpmelectrons. We call these states as being more
“de-localized”. A very interesting example of tl@8ect can be seen in the Ref. [27]. The Ce atoms
as impurities within Co or Gd matrices present veiryilar MHF in both the situations but the
origin of the MHF is completely different. For Qe Gd the orbital field is large whereas for the Ce
in Co case, Fermi-contact field dominates almostustvely due to the Ce valence electrons. This
happens because the Ce atoms being closer to thatddas in this case, a pronounced de-
localization of the Cefdoccurs that quenches the local magnetimdment. With an absent local
magnetic moment no core polarization occurs. THeneg contribution to the MHF comes from
the hybridization with the neighboring polarized-8welectrons, or, the transferred field.

Another interesting and challenging problem isititerpretation of the temperature dependence
of the MHF from Ce atoms in both the situations rehthey make part of an alloy or when they are
impurities. Several works performed so far indicateehavior that is intrinsic to the Ce MHF. It is
seen as an increase of the MHF as the temperatareates, suggesting that an ordering of the Ce-
4f states takes place at low temperatures. This mhaas interpreted with a molecular field
model in which, as described in details in the rgedtion, it is assumed that the Gestate is
polarized by means of an exchange interaction naighboring magnetic atoms and thus depends
on the magnetization of the sample. A differenthexge interaction constant is assumed between
the impurity-host atoms as compared to the hostdsashange interaction energy. It is possible that
another mechanism can also be responsible foretfest, namely, transitions of the Cé<tates
between crystalline-field states. Work on the de&oc this kind of mechanism is now in progress. ... .
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Dilute magnetic ionsin magnetic hosts

An important defect type in magnetic materials thas straight technological applications is th
problem of very low concentration (diluted) of magn impurities, which posses local moments, irg o
magnetic hosts. This problem is far from being watiderstood so far. Localized magnetic'm
moments are known to exist on paramagnetic ionsamearth atoms in metals, and on 3d atomsm™
in nonmagnetic hosts. The interpretation is stiéigvard for all these cases. Localized moments A~
occurring on 3d ions in nonmagnetic metals is duthé degenerate d electrons on the impurity. In
the model for localized moments proposed by Andef28], the 3d ion is represented by an up-
and a down-spin state available for electrons. Tdnsinteracts with the d-band of the host metal
and able to absorb and emit electrons. Howeverpnfagnetic impurities in magnetic hosts the
situation is much more complex.

In a study of dilute Mn in iron matrix, Koi et 4R9] carried out experimental measurements of
NMR frequency in 1.5% Mn in Fe matrix usingMn as probe atom and the results for the

temperature dependence of the NMR frequengyshowed a sharp deviation from the Brillouin-
like curve. The interpretation of this data wasegiViirst by Jaccarino et. al. [30] who considered a
localized moment on Mn atoms and proposed a simmpbelel based on the molecular field
calculations in which the magnetic coupling betwbtnand Fe atoms is weaker than the magnetic
coupling between two Fe atoms. In this model it assumed, firstly that the NMR frequeney is
proportional to the thermal average of the Mn mor{S}r = SBs(y), whereBg4(y) is the Brillouin
function with

paa:l 1011 £
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gupHeyc
KT (30)

and the magnitude of S is independent of temperailite thermal average 8fis taken over its
levels in the exchange field of iron, which scaleshe iron magnetizatiow; / g, by a constant

factor £ which assumes that the intensity of the host-intpwexchange interaction is different
from that of the host-host interaction [30]:

KTq . (o
Heoye = € < (—T)

To

(31)

The results for the fitting dBg(y) to experimental data; / v, together with the magnetization
o, | g, are shown in Fig. 6, and the best fit was founém®& = 3/2 orS= 1. Low [31] however
pointed out that such a large spin of the Mn atamsdnot agree with results of magnetic moment
distribution in FeMn alloy measured by neutron sgéatg which found that the Mn moment would
be around 0.5;. In order to improve the model Low [31] suggestdtling a term to the

calculation of the hyperfine field that takes aawoof the conduction electron polarization. Shirley
et. al. [32] following Low’s suggestion proposedadel to calculate the magnetic hyperfine field
measured by probe nuclei of magnetic atoms embedded magnetic host. In this model the
magnetic hyperfine fieldHn(T) is the result of the addition of two contritaris: one from
conduction electronsl(T) and another from localized moments in the prabamH, (T). The
conduction electron contributions is expected tim¥o the host magnetization so that,

or
H =H (0)—+ H;(0)B;(v
(D) = HO T + HL08;0) )

whereJ depends on the crystal field strength, for rantheprobe atoms which are weakly affected

by the crystal field,) is the total angular momentum. Definihg H (0)/Hn(0) as the fraction of
Hni(0) that comes from the probe atom contributio,, éRkpression for the magnetic hyperfine field
isgivenby[32]: e ]
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Hy ) = Har@)[£5,00 + E20T (33)
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This model was then used to analyxg(T) data obtained by PAC spectroscopy measurement&™
on ?*Ru nuclei that substitute about 1% atomic of Nie Fasults for the temperature dependence of&

the reducedHn(T) indicate that a localized moment of approxirhai@.5., was determined for Ru =
in Ni [32].
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Fig. 6: Reduced NMR frequency; / v, (open circles) as a function of the

reduced temperature T¢Tor >°Mn at Mn impurities in ferromagnetic iron.
The continuous line is the result of the fitting the Brillouin function
using the model described by Eq. 30 and Eq. 31. Téduced
magnetizationo; / g, is also shown. [30] [Reprinted with permission

from V. Jaccarino, L. R. Walker and G. K. Wertheintys. Rev. Lett. 13,
752 (1964). Copyright 1964 by the American PhysEmzciety]

Although this molecular field model can qualitatiwenake a good interpretation of data it, gives
quite imprecise quantitative results especially Jandf parameters. In an attempt to provide a
more precise calculation of the temperature depw®leof Hy(T) at magnetic impurities in
magnetic hosts, Campbell [33] reported a model dase Friedel's description[34] of transition
metal impurities in ferromagnetic metals in whichs@eening charge appears around the local
potential on the itinerant electrons due to an intpwith effective charge difference with respect
to the host. In this model the temperature behaviéty; is associated with a narrow bound state at
the Fermi energy. For a given ferromagnetic hdwre is a critical impurity charge differengg
for which the total moment per impurity shows arrugb change when the impurity charge
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temperature-sensitive behavior for impurities cltwsg;, where the bound state is quite close to thgr'bh
Fermi level, and a behavior insensitive to tempeeafor very well localized4 < Z) or very badly £
localized g > Z.) impurities. s QL
In the model, for impurities ned, existence a high moment state is assumed in whieh * T
reduced hyperfine field isr = (H,, / 0), and a low moment state characterized®by (H,, / 9),, g
and the relative energies of these states canwidintemperaturel, —E = E; — A T, with Ep and ~
A being parameters to be determined from experintdrd.temperature behavior of the hyperfine

field at the impurity is given by [33]:

- ; ) _ EO
Hyps(0)or L+y 'Ié’.\p( ]Tf)

Op ) ) _@
l+ne:~.p( kT) ’ (34)

wherey = S/ a andn =exp@ / k). This model was then used to fit the temperati#@endence of
>Mn impurity in Fe [29] and®Ru impurity in Ni [32] as well as the PAC data 05 in Fe [35]
which showed instead of an expected decrease, @erage in theH(T) with the increasing
temperature.

The molecular field model was extended to rareheianpurities first by Bernas and Gabriel[36]
to explain the results of Integral perturbed angudarrelation (IPAC) measurements of the
magnetic hyperfine field df°Tm impurities in iron. In this model the interactio(s; between a

Hy(T) =

rare-earth spin and conduction electrons is desdrily introducing an exchange interact exc

s0 thatdtsy = “85“Hexc = 15(9; — 1)/ - Haxe where the projection o8 on J it is used. It was
assumed that the ground state of Tm is only splthle exchange interaction from Fe host which is
weaker than that between two host Fe ions, andadtaized spin is aligned biey, Which is
proportional to the Fe magnetization. Thus, the meéig hyperfine field at the rare-earth probe
nuclei is

_ , L+ HE,
Hap(T) = Har(0)B; [ﬂs(g,-' -7 (35)

Hg.rc = Hoxc (ﬁ) . .
where %0/ andHex must be determined from the experimental data. r€kalt for
the temperature dependenceéHaf(T) normalized tdH,(0) = 5.6 MOe is shown in Fig. 7.

One interesting probe nucleus i¥Ce because Ce ion can be in 3+ or 4+ valence states
possessing only onef &lectron or no # electron, respectively. Therefore, depending oa th
situation, Ce probe can have a localized momemioar*®Ce is a PAC probe nucleus and it has
been used to measure hyperfine fields in magnetigpounds with rare-earth as a constituent atom.
Thiel et al. measured the magnetic hyperfine figldGd [37] and Tb [38] through PAC
spectroscopy usintf®Ce as probe nuclei. In order to explain the expenital data for Th a model
was proposed in which the exchange field is

3kT
Hoxe(T) = —Ch(ﬂ)
Un + 1)9; Up \% , (36)
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Fig. 7. Reduced magnetic hyperfine field H(T)/H(0) as action of T/Tc

measured at®*Tm in Fe. The continuous line represents the §tiiising
the molecular field model with the exchange inteoecgiven by Eq. 35.
The dotted line is the reduced magnetization faegte. [36] [Reprinted
with permission from H. Bernas and H. Gabriel: Phigev. B7, 468
(1973). Copyright 1973 by the American PhysicaliStyd

h
whereJ, and 9/ are the total angular momentum andgtfiector of the rare-earth host. In this
model it is also assumed that the host-impuritynexge interaction may be different from the host-
host exchange interaction by introducing a conséanthe model further assumes that the ground

state of the magnetic impurity (Eis only split by the exchange interaction frone tfare-earth
host, as a consequence the energy of the magunbtevelM is

. . p 3I(TC - OT
EM,T) = ~HpGj)iHex(T) = -Mgj—5¢ (_) L
Uh ‘gj ’ (37)

whereJ; and 9/ are the total angular momentum andgffiactor of the impurity andA is the
difference in energy of the multiplet relative teetenergy of the impurity when it is nonmagnetic
(Ce). A magnetic hyperfine field is associated to eatiblevel and a contribution from
conduction electrons is associated to the nonmageeergy. The experimental results for the
magnetic hyperfine field dt°Ce in Tb were fitted by the model and the fittiriglgs & = 0.457(9)

for the host-impurity exchange parameter.
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The model proposed by Thiel et al. was criticizgdVWiackelgard et. al [39] who pointed out ¢
first, the fact that crystal-field effects was riaken into account in their model, and second, the
authors did not use the correct projectiorbain J characterized by the factgy — 1, which, in the
case of“*°Ce would give a negative contribution to the maigniegperfine field. Wackelgard et. al * &~
[39] then proposed to substitute the exchangedatiem by

3kT¢ (O’T)
Heoxe(T) = —
T 2¢a + 1)(gF - 1)us \%

paa:l 1011 £

M ok

: (38)

which was used to fit PAC results for the magnétiperfine field at“*Ce in CeAb, GdAL and
DyAl.. In these calculations the effect of crystal-field the sublevels of Gewas also taken into
account.

Although the molecular field models have succebsfdéscribed data on magnetic hyperfine
field at magnetic impurities in magnetic hosts, saestions still need to be answered concerning
the impurity-host exchange interaction. Is the nstg of this interaction the same for a certain
probe atom for different rare-earth elements? ©this interaction dependent on the magnetic host?

In order to answer these questions it is firstlgassary to elaborate a reliable model from which
it is possible to obtain comparable data. Secontdiy,fundamental to carry out new experiments in
order to obtain a systematic set of data in whithgame probe atom is used in magnetic host with
the same structure but different magnetic constitatoms.

In an attempt to answer part of the raised questabove, a series of experiments have been
carried out using*®Ce as probe nuclei in binary compounds RX where-earthR elements are
present and X is a transition element from IB & diroup. These compounds have a simple CsCl-
type cubic structure which allows a closer insighto the 4 magnetism. DyAg and DyCu [40], as
well as NdAg [41] were investigated by PAC speatops/ using*°Ce as probe nuclei. As can be
seen in Fig. 8 and Fig. 9 the temperature deperdehd¢he magnetic hyperfine field for each
compound is far from the expected behavior desdribg the Brillouin function. In order to
describe such behavior the model based on molefialdrtheory described above was used to fit
the experimental data. For the antiferromagnetic dynpounds, the fitting showed that the
exchange interaction between the localized sp@amprobe and Dy atom is greater in DyCu than in
DyAg and the field due to conduction electron paktion H. is 5.4 T for DyAg and 5.8 T for
DyCu atT = 0 K, which yield a ratidd(0)/Tc of 0.0952 for DyAg and 0.0954 for DyCu confirming
the RKKY prediction thal¢ is proportional to the conduction electron polatian.

The compounds in the family RAg (R = rare-earthmadat) where R ranges from Nd to Tm
order anti-ferromagnetically whereas CeAg and PsAgw ferromagnetic ordering. Nd is the next
element to Pr in the lanthanide series and NdAthésfirst compound in the RAg family that
presents anti-ferromagnetic order. The magnetizatesults for the NdAg sample doped with
radioactive*®a, used for PAC measurements, showed a ferromiagoehavior. The results for
the molecular field model fitting to the experimaindata yielded a conduction electron contribution
(H(0) = 23 T) to the magnetic hyperfine field measui@ NdAg much higher than that obtained
for antiferromagnetic DyAgH:(0) = 5.4 T). These results are a strong indicatihat NdAg ordered
ferromagnetically, and, therefore the antiferronegnorder is unstable if there is an impurity at
the Nd sites which acts as a defect in the magtedtice as observed in the sample used for PAC
measurements, which was prepared Witha(**°Ce) substituting about 0.2% of Nd atoms. In order
to investigate whether the magnetic order in NdAgunstable,ab-initio electronic structure
calculations on NdAg were carried out in both teerd and anti-ferromagnetic states of NdAg
using a 2x2x1 supercell and a regular 1x1x1 celtHe anti-ferromagnetic and ferromagnetic cases,
respectively with the purpose to theoretically deiee the difference between the energies of the
ferromagnetic and anti-ferromagnetic phases ofNth&g compound.
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Fig. 8: Temperature dependence of Hhf measured with PAC@e in
DyAg (left) and DyCu (right). The continuous linage the fitting of data

to the model using Eq. 38. [taken from Ref. 40]
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Fig. 9: Temperature dependence of; ltheasured with PAC df®Ce in
NdAg. The continuous lines are the fitting of dadadhe model using Eq.

38. [taken from Ref. 41]
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Fig. 10: Relative total energy as a function of the unil gelume for
ferromagnetic and anti-ferromagnetic NdAg. The iealt dotted line
represents the experimental volume. [taken from &Rgf

The results of calculations for the total energy stniown in Fig. 10 as a function of the unit cell
volume for the ferro-magnetic and anti-ferromagnetuplings, and, as can be seen, the minimum
of the energy in each case occurs at cell volumasnd 8% larger than the experimental volumes,
and the difference in energy between the ferromaga@d anti-ferromagnetic cases of NdAg is
very small, of the order of TORy at the minimum of the curves. It was, then taded that NdAg
compound order anti-ferromagnetically and that ez, 0) magnetic structure is not very stable.

Summary and Conclusions

In this review it was shown as to how useful PA@dmscopy can be to investigate magnetic
materials in an atomic scale. The emphasis wash®mse of-*°Ce probe to investigate rare-earth
based magnetic compounds. It has been shown thHatdaA distinguish between two mechanisms
of exchange in rare-earth compounds by measuriegdiarization ofs-conduction electrons, the
RKKY coupling and the direat-d coupling. It was also shown that PAC spectrosaspgble to
measure the magnetic hyperfine field at differéieissn the same compound.
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