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Magnetic moment formation at dilute Cd impurities in RNi2 and RCo2
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 theR site of the Laves phase intermetallic compoundsRNi2 andRCo2 (R
5rare earth!. In the case ofRNi2 intermetallic hosts, we use a Daniel-Friedel-like model in which theRNi2
intermetallics are considered as effective ferromagnetic rare-earth hosts. In the case ofRCo2 intermetallic
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 Laves phase intermetallic compounds of formulaRT2

(R stands for rare-earth elements andT for transition ele-
ments! crystallize either in the cubicC15 or hexagonalC14
structure. They exhibit an interesting variety of behavio
related to the changes in their magnetic, electronic, and
tice structures. For instance, in the intermetallic compou
RNi2 the magnetic order is sustained only by the indir
interaction between the localized spins of the rare-earth
and Ni is always nonmagnetic.1,2 Moreover, experimenta
data3 show that the magnetization of theRNi2 intermetallic
compounds is somewhat larger than the contribution fr
the local magnetic moments of the rare-earth ions as e
mated by Hund’s rule. Electronic structure calculation3

show that this excess of magnetization comes from the
larization of thed and s-p bands at the rare-earth sites. O
the other hand, in the heavyRCo2 (R5Gd, Tb, Dy, Ho, Er!
intermetallic compounds, a magnetic moment of the orde
1mB at the Co site is induced antiparallel to the spin ma
netic moments of the rare-earth ions,4 whereas for light
RCo2 (R5Pr, Nd, Pm, Sm! compounds one finds almos
always small magnetic moments at the Co site.2

The calculation of the magnetic moments and hyperfi
fields at the impurity site have been developed using ei
ab initio calculations5,6 or model approaches.7–14 In the early
1990’s, a formulation including the change in the hoppi
energy applied to the case of Pd based alloys, suggest
connection between first-principles calculations and
model approaches for the impurity problem.15–17 We have
extended that formulation for a ferromagnetic 3d host in
order to discuss the problem of transition element impuri
diluted in Fe host.18 In the present work, we study the loca
moment formation and the systematics of the magnetic
perfine fields at the nonmagnetics-p Cd impurity diluted on
0163-1829/2003/67~1!/012411~4!/$20.00 67 0124
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theR site of the Laves phase intermetallic compoundsRCo2
andRNi2. In order to calculate the local magnetic moment
a Cd impurity diluted inRNi2, we use a Daniel-Friedel-like
model,19 in which RNi2, compounds are considered as effe
tive ferromagnetic rare-earth hosts.20 In the case of theRCo2
hosts, we include in the model an extra magnetic term,
cated at a distanceRW 0 from the impurity site, to account fo
the contribution arising from the Co magnetic moments.
have in this case a two-center Blandin-Campbell-li
model,21–23 where a magnetic 3d-element located at a dis
tanceRW 0 from the Cd impurity gives an extra magnetizatio
to a polarized electron gas which is strongly charge p
turbed at the impurity site. We also include in the model,
nearest-neighbor perturbation due to the translational inv
ance breaking introduced by the impurity.15–17

In Sec. II, we formulate the general problem, in order
describe a Cd impurity diluted in bothRNi2 andRCo2 hosts.
In Sec. III, we exhibit the self-consistent numerical calcu
tions, comparing our results to available experimental d
We also make some predictions arising from our model.

II. FORMULATION OF THE PROBLEM

We start the description of a Cd impurity diluted inRT2
(T5Ni, Co! intermetallic hosts, by considering that the loc
magnetic moments and the total magnetic hyperfine fie
have two important contributions, namely:~i! the contribu-
tion from R ions; ~ii ! the contribution from the coupling with
the induced magnetic moments at the Co sites.2 In order to
account for both contributions to the formation of the loc
magnetic moments, we consider theRT2 intermetallic com-
pounds as being effective ferromagnetic rare-earth hos20

with an extra term to account for the polarization arisi
from the magnetic moments of the transition elements s
rounding the impurity site.23 In the framework of our model,
©2003 The American Physical Society11-1
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the Hamiltonian to describe the formation of the locals-p
magnetic moment and hyperfine field at Cd impurity emb
ded inRT2 intermetallic hosts is

H5(
is

«0scis
† cis1(

i j s
t i j cis

† cj s1V0sc0s
† c0s

1t (
iÞ0s

t0l~c0s
† cis1cis

† c0s!1 (
nÞ0

Vnscns
† cns . ~1!

In this Hamiltonian,«0s is the center of the energy ban
which depends on the 4f polarization from the effective rare
earth host and on the 5d polarized conduction electrons. Th
term t i j is the electron hopping energy andcis

† (cis) is the
creation ~annihilation! operator of conduction electrons
site i with spins. t is a parameter which takes into accou
the nondiagonal term in the energy hopping due to the tra
lational invariance breaking associated with the presenc
the impurity.15–18 V0s is the local potential andVns , is the
potential due to a magnetic moment of the transition elem
surrounding the impurity site, i.e.,

Vns52sJsd^ST&, ~2!
d.
e

l

n
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where^ST& is the magnetic moment at the transition 3d el-
ement.Jsd is an exchange parameter of the model. Not
that in case of Cd impurity diluted inRNi2 intermetallic
hosts,Vns52sJsd^SNi&50, since in these intermetallics
Ni is nonmagnetic. Therefore, forRNi2 hosts one has an
extended Daniel-Friedel problem.19

Let us first solve the problem defined by Eq.~1! consid-
ering only the charge perturbation, i.e.,Vns50. Using the
Dyson equation, one has

g̃i j s~z!5gi j s~z!1gi0s~z!V0sg̃0 j s~z!

1tF (
pÞ0

gips~z!tp0
hhG g̃0 j s~z!

1tgi0s~z!F (
pÞ0

t0p
hhg̃p js~z!G . ~3!

t0p
hh is the host hopping term,gi j s(z) is the Green function for

the pure host system withz5«1 i0, andg̃i j s(z) is the modi-
fied Green function due to the charge perturbation at
origin. After some algebra, the Green functiong̃i j s(z) can be
written in the form
g̃i j s~z!5gi j s~z!1gi0s~z!
Vs

eff~z!

a22g00s~z!Vs
eff~z!

g0 j s~z!1~a21!
~a21!g00s~z!d i0d0 j2a@gi0s~z!d0 j1d i0g0 j s~z!#

a22g00s~z!Vs
eff~z!

.

~4!
e
-
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er
Here, the effective potentialVs
eff(z) is given by

Vs
eff~z!5V0s1~a221!~z2«c!, ~5!

with a5t11 and«c being the center of the energy ban
Once g̃00s(z) is obtained, one gets the occupation numb
with spins, and then the local magnetic momentm̃R(0) due
to theR ions@see below, Eq.~12!#. Now we solve the genera
problem, defined by Eq.~1! considering the potentialVns .
Using the Dyson equation Gi j s(z)5g̃i j (z)
1(nÞ0g̃in(z)VnsGn j(z), the perturbed Green functio
Gi j s(z) for the total Hamiltonian~1! is given by

Gi j s~z!5g̃i j ~z!1 (
nÞ0

g̃in~z!Tnsg̃n j~z!, ~6!

with

Tns5
Vns

12g̃nns~z!Vns

. ~7!

After some algebra, the local Green functionG00s(z) can be
written in the form
r

G00s~z!5
g00s~z!

a22g00s~z!Vs
eff~z!

1

a2(
nÞ0

g0ns~z!Tnsgn0s~z!

@a22g00s~z!Vs
eff~z!#2

.

~8!

Since the spin potentialVns is small as compared to th
strong charge perturbationV0, we take the Born approxima
tion (Tns'Vns). So one has

G00s~z!5
g00s~z!

a22g00s~z!Vs
eff~z!

2
sa2Jsd^ST&

@a22g00s~z!Vs
eff~z!#2

3FZn

]g00s~z!

]z
1g00s

2 ~z!G , ~9!

whereZn is the number of the first next neighbors ofT ions
surrounding the Cd impurity. The local potentialV0s is self-
consistently determined using the Friedel screen
condition18,20 for the total charge difference between imp
rity and host atomsDZ, i.e., DZ5DZ↑1DZ↓ , where

DZs52
1

p
Im ln@a22g00s~eF!Vs

eff~eF!#, ~10!

whereeF is the Fermi energy. The local density of states p
spin direction at the impurity site is given byr0s(«)
1-2
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5(21/p)Im G00s(z). The local electron occupation numb
(n0s) is obtained by integrating the local density of states
to the Fermi level,n0s5*

2`
eF r0s(«)d«. The local magnetic

momentm̃(0)5(ssn0s , at a Cd impurity is then

m̃~0!5m̃R~0!1m̃ind~0!, ~11!

where

m̃R~0!52
1

p (
s

E
2`

eF
Im

g00s~z!

a22g00s~z!Vs
eff~z!

dz ~12!

and

m̃ind~0!52
1

p (
s

E
2`

eF
Im

sa2Jsd^ST&

@a22g00s~z!Vs
eff~z!#2

3FZn

]g00s~z!

]z
1g00s

2 ~z!Gdz. ~13!

The termm̃R(0) gives the contribution from theR ions and
m̃ind(0) gives the contribution from the Co 3d ions. Note
again that in the case ofRNi2 intermetallic hosts,̂ SNi&
50, so that one has only the contribution to the local m
netic moment at a Cd impurity arising from the rare-ea
ions. The total magnetic hyperfine field at a Cd impurity s
is given by

Bh f5A~Zimp!@m̃R~0!1m̃ind~0!#, ~14!

where A(Zimp) is the Fermi-Segre` contact coupling
parameter.12

III. RESULTS AND DISCUSSION

In order to calculate the local moments and the magn
hyperfine fields at a Cd impurity diluted in theRNi2 and
RCo2 intermetallic hosts, we have to fix some model para
eters. Here, we adopt a standard paramagnetics-p density of
states extracted from first-principles calculations.4 The ex-
change splitting in thes-p energy bands induced by the loc
moments of the rare-earth ions, was properly chosen to y
thes-p magnetic moment at theR sites of the host, which is
assumed to be of the order of 0.1 of thed magnetization at
theR sites. The parametera which renormalizes the hoppin
energy involving the impurity site, was chosen by taking t
ratio between the extension of the host and impuritys-p
wave functions. In the case ofRNi2, we assumedJsd^SNi&
50. In the case ofRCo2 intermetallics, we adoptedJsd

50.431023 for heavy rare-earth ions andJsd50.531023

for light rare-earth ions in units of thes-p bandwidth of
RCo2 hosts. The magnetic moments at the Co site inRCo2
intermetallic compoundŝSCo& were estimated from Ref. 2
Keeping fixed these parameters, we self-consistently de
mined the local magnetic moment and the correspond
magnetic hyperfine field at the Cd impurity.

In Fig. 1, we plot the rare-earth contribution to the loc
magnetic moment@m̃R(0)# as well as the contribution to th
local magnetic moment, originated from the Co neighbor
01241
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ions @m̃ind(0)#. First of all, notice that in the case ofRNi2,
one has only am̃R(0) contribution, which is a Daniel-
Friedel-like one. In the case ofRCo2, one has m̃(0)
5m̃R(0)1m̃ind(0). Weassumed that the contribution arisin
from the rare-earth ions, is the same inRCo2 and inRNi2,
i.e., m̃R(0:RNi2)5m̃R(0:RCo2). The self-consistent calcu
lations show that the Blandin-Campbell-like term21,22

m̃ind(0) dominates overm̃R(0), both for heavy and light rare
earths. From Fig. 1 one can see that the contribution to
magnetic hyperfine field arising from the Co neighbori

FIG. 1. Calculated magnetic moments at Cd impurity diluted
RCo2 intermetallic hosts. The dotted line corresponds to the con

bution from the rare earthm̃R(0), whereas the dashed line corre

sponds to the contribution from the Co ionsm̃ind(0). Thesolid line

represents the total magnetic momentsm̃(0). The term m̃R(0)
stands for the total magnetic moment in the case ofRNi2 hosts~see
text!.

FIG. 2. Calculated total magnetic hyperfine fields at Cd impur
diluted in RNi2 ~dotted line! and RCo2 ~solid line! intermetallic
hosts. Circles and squares represent experimental data colle
from Ref. 2.
1-3
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ions @Bh f
ind5A(Zimp)m̃ind(0)# is larger than the contribution

originated from the rare-earth ions@Bh f
R 5A(Zimp)m̃R(0)#.

Moreover, for heavy rare-earthsuBh f
ind5A(Zimp)m̃ind(0)u de-

creases monotonically, being, however, always greater
uBh f

R 5A(Zimp)m̃R(0)u, i.e., one has again a dominance ar
ing from the contribution from the Co ions.

Figure 2 exhibits the self-consistently calculated magn
hyperfine fields at a Cd impurity site, diluted inRNi2 ~dotted
line! andRCo2 ~solid line!. This figure shows that our theo
retical modelpredicts that as we go from Gd to Er,~heavy
rare earths! uBh fu decreases, whereas when we go from Gd t
Pr, ~light rare earths! uBh fu increases. The total self-
consistently calculated magnetic hyperfine fields forRCo2
.

, J

s

n

n-

01241
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hosts, plotted in full line exhibit an excellent agreement w
available experimental data.2 It should be useful to calculate
the local magnetic moments and the magnetic hyper
fields of systems likeT:RCo2 andT:RNi2 (T5nd transition
element,n53, 4, 5), in order to check our model in th
more complex cases, where one has contact as well as
polarization contributions to the magnetic hyperfine field.
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