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Magnetic moment formation at dilute Cd impurities in RNi, and RCo,
intermetallic compounds
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In this work, we study the local magnetic-moment formation and the systematics of the magnetic hyperfine
fields at a Cd impurity diluted on the site of the Laves phase intermetallic compouidi, andRCo, (R
=rare earth In the case oRNi, intermetallic hosts, we use a Daniel-Friedel-like model in whichRihN¢,
intermetallics are considered as effective ferromagnetic rare-earth hosts. In the d@€e,adhtermetallic
hosts, we also consider the contribution arising from the neighboring Co magnetic moments. The calculated
total magnetic hyperfine fields are in good agreement with the available experimental data.
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I. INTRODUCTION the R site of the Laves phase intermetallic compouR®0,
andRNi,. In order to calculate the local magnetic moment at
The Laves phase intermetallic compounds of fornRila ~ a Cd impurity diluted inRNi,, we use a Daniel-Friedel-like
(R stands for rare-earth elements afidor transition ele- model™ in which RNi,, compounds are considered as effec-
ments crystallize either in the cubi€15 or hexagonaC14 tive ferromagnetic rare-earth hodfsn the case of th®Co,
structure. They exhibit an interesting variety of behaviorshosts, we include in the model an extra magnetic term, lo-
related to the changes in their magnetic, electronic, and latated at a distanck, from the impurity site, to account for
tice structures. For instance, in the intermetallic compoundghe contribution arising from the Co magnetic moments. We
RNi, the magnetic order is sustained only by the indirecthave in this case a two-center Blandin-Campbell-like
interaction between the localized spins of the rare-earth iong1odel”~>* where a magnetic @-element located at a dis-
and Ni is always nonmagnetté. Moreover, experimental tanceﬁ(J from the Cd impurity gives an extra magnetization
data show that the magnetization of thNi, intermetallic  to a polarized electron gas which is strongly charge per-
compounds is somewhat larger than the contribution froniurbed at the impurity site. We also include in the model, the
the local magnetic moments of the rare-earth ions as estpearest-neighbor perturbation due to the translational invari-
mated by Hund’s rule. Electronic structure calculatfons ance breaking introduced by the impurity’
show that this excess of magnetization comes from the po- [N Sec. Il, we formulate the general problem, in order to
larization of thed ands-p bands at the rare-earth sites. On describe a Cd impurity diluted in bo®Ni, andRCo, hosts.
the other hand, in the heaBCo, (R=Gd, Th, Dy, Ho, Ey In Sec. lll, we exhibit the self-consistent numerical calcula-

intermetallic compounds, a magnetic moment of the order ofions, comparing our results to available experimental data.

1ug at the Co site is induced antiparallel to the spin mag-We also make some predictions arising from our model.

netic moments of the rare-earth ichsyhereas for light
RCo, (R=Pr, Nd, Pm, S compounds one finds almost
always small magnetic moments at the Co Site.

The calculation of the magnetic moments and hyperfine We start the description of a Cd impurity diluted RiT,
fields at the impurity site have been developed using eithefT= Ni, Co) intermetallic hosts, by considering that the local
ab initio calculations® or model approaches!*In the early magnetic moments and the total magnetic hyperfine fields
1990’s, a formulation including the change in the hoppinghave two important contributions, namely) the contribu-
energy applied to the case of Pd based alloys, suggestedtian from Rions; (ii) the contribution from the coupling with
connection between first-principles calculations and thehe induced magnetic moments at the Co sitesorder to
model approaches for the impurity probléM’ We have account for both contributions to the formation of the local
extended that formulation for a ferromagnetid Bost in  magnetic moments, we consider tR, intermetallic com-
order to discuss the problem of transition element impuritiepounds as being effective ferromagnetic rare-earth Ksts,
diluted in Fe host? In the present work, we study the local- with an extra term to account for the polarization arising
moment formation and the systematics of the magnetic hyfrom the magnetic moments of the transition elements sur-
perfine fields at the nonmagnetigp Cd impurity diluted on  rounding the impurity sité2 In the framework of our model,

Il. FORMULATION OF THE PROBLEM
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the Hamiltonian to describe the formation of the losab where(SJ is the magnetic moment at the transitiod 8l-

magnetic moment and hyperfine field at Cd impurity embedement.J*% is an exchange parameter of the model. Notice
ded inRT, intermetallic hosts is that in case of Cd impurity diluted ifRNi, intermetallic

hosts, V,,,= — ¢34 SV)=0, since in these intermetallics,
Ni is nonmagnetic. Therefore, fdRNi, hosts one has an
_ f T T ' 2
H_% 80‘Tcivci0+ijzg i CioCirt VosCosCor extended Daniel-Friedel probleth.
Let us first solve the problem defined by Ed) consid-

t t t ering only the charge perturbation, i.&/,,=0. Using the
+ Ti %a— tOI(COUCiU+CiUCOU)+r;0 Vnocnocno . (1) Dyson equation, one has

In this Hamiltonian,e,, is the center of the energy band, Z;ijg(z)=gijg(z)+giog(z)VOU§OjU(z)
which depends on thef4polarization from the effective rare-

earth host and on thed5polarized conduction electrons. The T (At T (2
termt; is the electron hopping energy awf,(c;,) is the ;o Gipo(2)tpo| dojo(2)

creation (annihilation) operator of conduction electrons at
sitei with spino. 7is a parameter which takes into account + 70i0,(2)
the nondiagonal term in the energy hopping due to the trans-

lational invariance breaking associated with the presence qﬁh is the host hopping terng;: ,(2) is the Green function for
the impurity’>~*8V/, is the local potential an¥,,,, is the e

potential due to a magnetic moment of the transition eIemer&1e pure host system with= £ +10, andg;;,(2) is the modi-
surrounding the impurity site, i.e., ied Green function due to the charge perturbation at the

origin. After some algebra, the Green funct@pa(z) can be
Vyp=—0J5¥ST), (2)  written in the form

()

hh?
p;O tOpgpja( Z) .

Vel(z) (@=1)00,(2) di09%; ~ @l Gioo(2) do; + di0Goje(2)]
'U(Z)+( _1)
o~ Goos (2)Vi(z) 0 T = Gon 2V (2)

glj O'(Z) gl] a'(z) + glOo’(Z)
4

Here, the effective potential";ﬁ(z) is given by
azz gOn(r(Z)TnagnOU(Z)
Joos(2) n#0
@®=oo(2VE(2)  [a®—on(2)V5(2)]°
()

with «=7+1 ande, being the center of the energy band. ) _ _
I,Slnce the spin potentiaV/,,, is small as compared to the

Oonce goo,(2) is obtained, one gets the occupation numbe . s
. 990‘7( ) g . Pz strong charge perturbatioy,, we take the Born approxima-
with spin o, and then the local magnetic momeng(0) due tion (T~
no

to theRions[see below, Eq(12)]. Now we solve the general ~Vno). So one has
problem, defined by Eq.l) considering the potential,,; .

Vefi(2) = Vo, + (a?—1)(z— &), ) Gowl(2)=

. . ~ Yoo (2) oa?3*Y(ST)
Using the Dyson equation  Gj;,(2)=gi;(2) Goor(2) = — T T o
+321200in(2)VooGnj(2), the perturbed Green function =000, (2)Vy(2)  [a®=Foor(2)V, (2)]
Gjj,(2) for the total Hamiltoniar(1) is given by 99000(2)
X| Zn————+9oa,(2) . ©)
Gija(Z)Zaij(Z)Jrr;O Gin(2) ToGni(2), (6)  whereZz, is the number of the first next neighbors bions

surrounding the Cd impurity. The local potenti&,, is self-
, consistently determined using the Friedel screening
with conditiont®2° for the total charge difference between impu-
rity and host atoma\Z, i.e.,AZ=AZ,+AZ , where

Ve
—_—. (7 1 2 eff
1- gnn(r(z)vn(r AZO': - ;Im |n[0[ - gOOa( GF)VU— (EF)], (10)

ne—

After some algebra, the local Green functi@g,(z) can be  whereer is the Fermi energy. The local density of states per
written in the form spin direction at the impurity site is given bgg,(g)
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=(—1/m7)Im Gqq,(2). The local electron occupation number -0.035
(ng,) is obtained by integrating the local density of states up _ 1 ~
to the Fermi levelny,= [ F_po,(e)de. The local magnetic ~_§2-0-0307 e, )
~ . . ) - 3 - +
momentm(0)=2X= ong,,, at a Cd impurity is then ‘E 0,025 4 +/+ . —
~ ~ ~ -5 1 e \\\\\
F(0) = Mg(0) + Ming(0), £ oo +/ r e, O
where g 1 s
) -0.015 e
~ 1 °F Joos(2) b 1+ +
Me(0) == 7 2 f Im-— v (12 £ 0010+ T my0)
T oo Jo= a®—=0o(2)V, (2) ] s MR
and > -0.005- T
J v
~ 1 €F Ua2J5d<ST> 0.000 T T T T T T T T T T
Mig(0)=—— > f Im— T Pr Nd Pm Sm Eu Gd Th Dy Ho Er
T oo Jo= [a®=go(2)V, (2)] R
900:(2) FIG. 1. Calculated magnetic moments at Cd impurity diluted in
X Z”T +9o0,(2) |dz. (13 RCo, intermetallic hosts. The dotted line corresponds to the contri-

The termmg(0) gives the contribution from thR ions and

ming(0) gives the contribution from the Cod3ions. Note
again that in the case dRNi, intermetallic hosts{SV)

bution from the rare eartmg(0), whereas the dashed line corre-
sponds to the contribution from the Co iomg,4(0). Thesolid line

represents the total magnetic moment§0). The term mg(0)
stands for the total magnetic moment in the casBN¥, hosts(see

=0, so that one has only the contribution to the local magtexy.

netic moment at a Cd impurity arising from the rare-earth
ions. The total magnetic hyperfine field at a Cd impurity site
is given by

B =A(Zimp)[MR(0) + Ming(0)],

where  A(Zim)
parametet?

14

is the Fermi-Segrecontact coupling

IIl. RESULTS AND DISCUSSION

ions[m;4(0)]. First of all, notice that in the case &Nis,
one has only amg(0) contribution, which is a Daniel-
Friedel-like one. In the case oRCo, one hasm(0)

=mg(0)+mi4(0). Weassumed that the contribution arising
from the rare-earth ions, is the sameR&o, and in RNi,,

i.e., Mr(0:RNi,)=mg(0:RC0,). The self-consistent calcu-
lations show that the Blandin-Campbell-like tefr?

Mi,q(0) dominates ovemg(0), both for heavy and light rare

In order to calculate the local moments and the magnetiearths. From Fig. 1 one can see that the contribution to the

hyperfine fields at a Cd impurity diluted in tHeNi, and

magnetic hyperfine field arising from the Co neighboring

RCo, intermetallic hosts, we have to fix some model param-

eters. Here, we adopt a standard paramagsepicensity of
states extracted from first-principles calculati8riEhe ex-
change splitting in the-p energy bands induced by the local
moments of the rare-earth ions, was properly chosen to vyiel
the s-p magnetic moment at thie sites of the host, which is
assumed to be of the order of 0.1 of ttienagnetization at
the R sites. The parameter which renormalizes the hopping

energy involving the impurity site, was chosen by taking the

ratio between the extension of the host and impusity
wave functions. In the case &Ni,, we assumedS% S\
=0. In the case ofRCo, intermetallics, we adopteds®
=0.4x 103 for heavy rare-earth ions anif%=0.5x10"3

for light rare-earth ions in units of the-p bandwidth of
RCo, hosts. The magnetic moments at the Co sitR®o,
intermetallic compoundéS©®) were estimated from Ref. 2.
Keeping fixed these parameters, we self-consistently dete

mined the local magnetic moment and the corresponding

magnetic hyperfine field at the Cd impurity.
In Fig. 1, we plot the rare-earth contribution to the local

magnetic momeritmg(0)] as well as the contribution to the
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FIG. 2. Calculated total magnetic hyperfine fields at Cd impurity
diluted in RNi, (dotted ling and RCo, (solid line) intermetallic
hosts. Circles and squares represent experimental data collected

local magnetic moment, originated from the Co neighboringirom Ref. 2.
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ions [BWF1=A(Zimp)51ind(0)] is larger than the contribution hosf[s, plotted iq full line exhibit an excellent agreement with

. . R ~ available experimental dafdt should be useful to calculate
originated from the rare-earth 'Qr[SBhf:A(ZLmP)mR(O)]' the local magnetic moments and the magnetic hyperfine
Moreover, for heavy rare-earthBiif'= A(Zim,) Mina(0)| de- fields of systems likd:RCo, andT:RNi, (T=nd transition
creases monotonically, being, however, always greater thaglement,n=3, 4, 5), in order to check our model in the
|Bﬁf=A(Zimp)r~nR(0)|, i.e., one has again a dominance aris-more complex cases, where one has contact as well as core
ing from the contribution from the Co ions. polarization contributions to the magnetic hyperfine field.

Figure 2 exhibits the self-consistently calculated magnetic
hyperfine fields at a Cd impurity site, diluted RNi, (dotted
line) andRCo, (solid ling). This figure shows that our theo-
retical modelpredictsthat as we go from Gd to Etheavy We would like to thank Conselho Nacional de Desen-
rare earthg|By,¢| decreaseswhereas when we go from Gd to volvimento Cientiico e Tecnolgico - CNPq for financial
Pr, (light rare earths |Bys increases The total self- support. This work was partially performed under the frame
consistently calculated magnetic hyperfine fields R€o,  of PRONEX — Project No. 66201998-9.
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