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First-principles calculations of hyperfine fields in the CeIn3 intermetallic compound
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The first-principles full potential linear augmented plane-wave calculations of the electronic structure and
hyperfine fields have been performed for CeIn3 compound in the antiferromagnetic phase. Cerium 4f states,
positioned at the Fermi level, have been treated inside the valence panel, interacting with the other valence
states. The calculated values of hyperfine fields both at Ce and In sites are found to be in reasonable agreement
with the lowest-temperature measurements. The 4f orbital contribution dominates the magnetic hyperfine field
~MHF! at the Ce sites. The contact field is negligible due to an almost complete cancellation of valence and
core contributions. A nonzero MHF appears at In sites despite the fact that no net magnetic moment is induced
and the vector sum of the nearest-neighbor Ce magnetic moments is zero. The 5p subshells of In are spin
polarized due to the hybridization with the extended Ce valence states. This polarization is essential for the
appearance of a small MHF at the In nucleus, which has mostly a spin-dipolar character. The 5p shell of In is
also responsible for the presence of an electric-field gradient~EFG! at In nucleus in CeIn3. The 5p subshell
polarization, however, does not influence this EFG as it is developed mainly in the region closer to the nucleus,
where the spin ‘‘up’’ and spin ‘‘down’’ 5p subshells show no difference.

DOI: 10.1103/PhysRevB.65.054405 PACS number~s!: 76.80.1y, 71.20.Eh, 75.20.Hr
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I. INTRODUCTION

During the last decades considerable attention has b
focused on the nature of the ground state of cerium-ba
compounds and alloys. The reason for such interest lie
the fact that many physical phenomena, such as ferro-
antiferromagnetism, Kondo effect, superconductivity, int
mediate valence, and heavy fermion behavior, can take p
in these Ce systems.1–3 Having an open 4f shell, the Ce ion
possesses a permanent magnetic moment, which has a
dency to be preserved in the crystalline environment, du
small spatial extension off states and their efficient screenin
by the outer conduction electrons. Thesef moments are
coupled to each other via intersite Ruderman-Kittel-Kasu
Yosida ~RKKY ! interaction, giving rise to various kinds o
magnetic ordering. On the other hand, since the Ce 4f level
lies close to the Fermi energy,f moments are subjected to th
on-site Kondo interaction, which tends to suppress the m
netic order. In many Ce-based materials competition betw
these two interactions determines the nature and prope
of the ground state.

In CeIn3, RKKY interaction prevails and the compound
ordered antiferromagnetically belowTN510.2 K. The
neutron-scattering study4 showed the Ce magnetic momen
to be aligned in opposite directions in the neighboring~111!
planes although the precise direction of the moments co
not be determined. It has been found5 that the substitution of
a small fraction of In atoms by Sn destroys the magneti
indicating that the ground-state parameters in CeIn3 lie near
the critical values at which instability of Ce 4f moment oc-
curs. Recently, CeIn3 was also shown to exhibit superco
ductivity which appears under a pressure of about 2.5 G6

These observations, together with the fact that CeIn3 shows
heavy fermion behavior at low temperatures, makes
compound an interesting system to investigate.
0163-1829/2001/65~5!/054405~7!/$20.00 65 0544
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In this paper we will focus our attention on the hyperfi
fields ~HF’s! acting in the intermetallic compound CeIn3.
HF’s are important quantities that characterize the crystal
ground state and offer the information about the electro
charge and spin distribution in the immediate vicinity
nuclear positions. In CeIn3, the HF’s have not yet been ca
culated theoretically, most probably due to the fact that r
able experimental data became available only very rece
The HF’s in CeIn3 were measured in the last two years, usi
time differential perturbed angular correlation~TDPAC! and
nuclear quadrupole resonance~NQR! techniques.

In the TDPAC study,7 the MHF at 140Ce as well as the
MHF and electric-field gradient~EFG! at 111Cd nuclei di-
lutely substituting the In sites have been measured as a f
tion of temperature, down to 7 K. Very recently the result
a TDPAC measurement at 4.2 K also became availa8

which gave a value of 32.960.1 T for the MHF at Ce site.
No electric quadrupole interaction is expected at the Ce
sition due to its cubic environment.

The hyperfine interactions in CeIn3 were also measured
using 115In NQR.9 The measurements, which were pe
formed at 4.2 K, provided complementary information abo
the hyperfine fields acting on the In nuclei~not on a 111Cd
impurity at In site as in the TDPAC experiments!. A hyper-
fine field of the order of 0.4–0.5 T acting on In nuclei w
determined. From the reported lowest transition freque
nQ59.6 MHz, corresponding to theu63/2&↔u65/2& sub-
level excitations, we calculated the value of EFG givi
Vzz511.631021 V/m2. The value of quadrupole momen
Q50.83b,10 for 115In, was used for this calculation.

Motivation for the present work was to discuss and try
provide an interpretation of these experimental data. For
purpose we have calculated the electronic structure of
CeIn3 compound and the HF’s in its antiferromagnetic pha
©2001 The American Physical Society05-1
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LALIĆ , MESTNIK-FILHO, CARBONARI, SAXENA, AND HAAS PHYSICAL REVIEW B65 054405
using the full potential linear augmented plane-wave~FP-
LAPW! method.11 In the analysis of the results, especial a
tention has been devoted to the questions that could no
answered by the experiments:~i! Which contribution, con-
tact, orbital, or spin-dipolar, dominates the MHF’s at both
and In sites?~ii ! What is the origin of a nonzero MHF at I
sites?~iii ! Which electrons contribute most to the EFG at
sites?~iv! Which states play an important role in hybridiz
tion processes that take place in the compound? The m
objective of the present work is to clarify these questio
from the electronic structure point of view.

II. CALCULATIONS

The intermetallic compound CeIn3 has a cubic structure
of the AuCu3 prototype, with a lattice parameter of 4.69
Å.12 The Ce atoms are located at the corners and the In at
at the face-centered positions of a cubic unit cell~space
groupPm3m). Since the Ce magnetic moments are align
antiferromagnetically this unit cell has to be doubled in ord
to account for a difference between the spin ‘‘up’’ and sp
‘‘down’’ Ce atoms. The magnetic unit cell of CeIn3 is also
cubic with twice the value of the lattice parameter, but ha
different symmetry~space groupFm3m). The spin up and
spin down Ce ions are located at 4a and 4b positions, re-
spectively, whereas the In atoms are situated at 24d sites in
Wyckoff’s notation.

In order to include the spin-orbit interaction in the calc
lations we had to impose some direction for the Ce magn
moment. Various choices would generate different symm
tries of the Hamiltonian, leading to different solutions in ge
eral. Since the Ce magnetic moment direction is not kno
from the experiment4 we assumed it to be along~111!, ~110!,
and~100! axes of the magnetic unit cell and performed fu
self-consistent calculations for the three cases under the s
conditions. The total-energy differences were found to
within the fifth decimal place of the Rydberg scale, and h
perfine fields varied by less than 5%. It was thus not poss
to determine the preferential Ce magnetic moment direc
due to the weakness of the magnetic anisotropy in the sys
compared with interatomic exchange interaction.

We present here just one case in which the Ce spins
directed along the~111! axis. Starting from the cubic mag
netic unit cell described above we chose a rhombohe
primitive unit cell with lattice parametera56.633 Å and
g560° ~space groupR3̄m). The spin up and spin down C
atoms are located at 1a and 1b positions, respectively, an
In atoms at 3d and 3e positions, split in two nonequivalen
groups because of the spin-orbit interaction term in
Hamiltonian. All the calculations presented here refer to t
primitive unit cell.

Self-consistent band-structure calculations for CeIn3 were
performed using theWIEN97 computer code13 which is based
on the application of the FP-LAPW method. In this metho
the electronic wave functions, the charge density, and
crystal potential are expanded in spherical harmonics in
the nonoverlapping spheres centered at each nuclear pos
~with radii RMT), and in plane waves in the rest of the spa
~so-called interstitial region!. We have chosenRMT
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53.0 a.u. for both Ce and In atomic sphere radii. Inside
atomic spheres, waves are expanded up tol max56, while the
number of plane waves in the interstitial is limited by th
cutoff at kmax58.5/RMT . The charge density was Fourie
expanded up toGmax514. For a Brillouin-zone integration, a
mesh of 2000kW points in the whole zone was used~182 in its
irreducible wedge!. Exchange and correlation effects we
treated within the density functional with generalize
gradient corrections~GGA96!.14 The following atomic states
of Ce (5s25p64 f 15d16s26p0) and In (4d105s25p1) were
considered as valence states. In the process of solving
Dirac’s equation they are treated within the scalar-relativis
approach while the core states are relaxed in a fully rela
istic manner. Spin-orbit interaction, important for the tre
ment of the Ce 4f shell, was calculated self-consistently in
wide energy window (;5 Ry) around the Fermi level. Cal
culation of MHF’s, implemented into theWIEN97 code, was
performed following formulas from Ref. 15, which includ
the relativistic corrections. In the scalar-relativistic approa
the spin projection remains a good quantum number, w
the spin-orbit interaction is treated in a second-variatio
procedure. Thus, throughout this paper, orbital and spin m
menta, rather than total angular momentumJ, will be used.

III. ELECTRONIC STRUCTURE

The calculated density of states~DOS! for CeIn3 is pre-
sented in Fig. 1 showing states in a broad energy inte
around the Fermi level (EF50.455 Ry). All of the states
included in the valence panel are present except the Ces
states which lie deeper at the energy of approximat
22 Ry. The Ce 5p and In 4d states remain atomiclike
positioned deep belowEF , but split due to the crystal-field
perturbation. All the other states, 4f , 5d, 6s, 6p from Ce
and 5s, 5p from In, are situated around the Fermi leve
interacting and hybridizing among themselves.

The most important states are certainly the ceriumf
states~Fig. 2!. Apart from the fact that they carry the majo
ity of the magnetic moment in the compound, the contrib
tion of these states to the DOS at the Fermi level is by far

FIG. 1. Total density of states~DOS! for CeIn3 compound, ob-
tained by the FP-LAPW method. The dashed line indicates
Fermi level.
5-2
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FIRST-PRINCIPLES CALCULATIONS OF HYPERFINE . . . PHYSICAL REVIEW B65 054405
largest. The Ce 5d and the In 5p states have much smalle
DOS atEF while the Ce 6s, 6p, and the In 5s contributions
are almost negligible.

The calculated spin magnetic moment at the Ce atom
found to be 0.708mB . The largest part of this moment i
carried by the 4f shell (0.639mB). Other Ce valence shell
are also spin polarized due to the interaction with the 4f spin
moment. The 6s, 6p, and 5d valence shells are characte
ized by spin moments of 0.003mB , 0.005mB , and 0.061mB ,
respectively. Unlike the 4f shell, these valence shells hav
spatial extension and are capable of transferring the magn
moment to the neighboring In atoms. In addition to the s
moment the Ce atom developed a significant orbital m
netic moment of20.531mB , originating almost completely
from the 4f shell (20.528mB), with its direction opposite to
the spin magnetic moment. The total magnetic moment
Ce is thus 0.177mB . Lawrenceet al.4 reported a value of
0.6560.1mB from their neutron-diffraction measurement
T55 K, while Benoit et al.12 determined a value of 0.48
60.08mB also from neutron-diffraction study atT53 K. As
can be seen the agreement between the experimental
and the calculated result is rather poor. One of the reason
this discrepancy is the tendency of the local-density appr
mation ~LDA ! to underestimate the orbital moment.16 It is
possible that the GGA also suffers from the same kind
problem. Another source of error in orbital moment calcu
tion can be a non-self-consistent treatment of the orbital
larization. Finally, the errors in both orbital and spin ma
netic moments may come from the present treatment of
4 f states. The use of self-interaction correction~SIC!,17 or
LDA1U ~Ref. 18! corrections for these states, might im
prove the agreement with experiment.

No net magnetic moment is found at the In position due
the fact that In 5s and 5p valence states do not exhibit an
spin polarization. While this statement is completely true
5s shell, the situation for the 5p shell is more complex.
Although the complete 5p shell is equally populated by th
spin up and spin down electrons so that the resulting m
netic moment of the shell is zero, spin populations in itspx ,
py , andpz orbitals differ for spin up and spin down direc
tions significantly by 0.006, 0.004, and20.010 electrons,

FIG. 2. Partial spin up and spin down DOS for Ce 4f states in
the CeIn3 compound, calculated by the FP-LAPW method. T
dashed line indicates the Fermi level.
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respectively. These differences can be seen from the co
sponding DOS shown in Fig. 3 and they occur only in t
vicinity of the Fermi level while the DOS having lower en
ergy remain unaffected. The wave functions describing the
5p subshells differ in their energy dependence as well a
the energy dependence for spin up and down states.
same is valid for their spatial dependence. Thus, unlike
5p shell as a whole, the 5p subshells are spin polarized, du
to different energy and spatial distribution of spins. The re
son for this polarization is the existence of a stable 4f mag-
netic moment on the Ce atom. Since the Ce 4f shell has a
small radial extension, direct overlap with the 5p shell of In
is not likely. Instead, the 4f moment polarizes the more ex
tended 6s, 6p, and 5d valence states of Ce and these h
bridize with the 5p shells of neighboring In atoms causin
the polarization of their subshells. This effect is found to
responsible for the appearance of a small MHF at the
nuclei, as will be shown later.

The occupation numbers of specific orbitals will not
presented here since these quantities depend on the cho
atomic sphere radii. However, it should be mentioned t
one of the important results was that the Ce 4f shell occu-
pation remained almost the same as in the starting free-a
configuration even though this state is allowed to hybrid

FIG. 3. Partial spin up and spin down DOS for In 5px,y,z states
in CeIn3 compound, obtained by the FP-LAPW method. Low
pictures show the differences between corresponding spin up
spin down densities.
5-3
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LALIĆ , MESTNIK-FILHO, CARBONARI, SAXENA, AND HAAS PHYSICAL REVIEW B65 054405
with the other states. The resulting excess of 0.039 elect
is very small compared with the much more significa
changes suffered by the other valence states. This is in ag
ment with the experimental observation that in CeIn3 the 4f
shell keeps nearly integral occupation (nf→1) up to the low-
est temperatures.5

IV. MAGNETIC HYPERFINE FIELDS

Magnetic hyperfine fields result from an interaction b
tween the nuclear magnetic dipole moment and extra nuc
magnetic field generated by the electronic surrounding of
nucleus in the crystal. The MHF can arise from the sp
polarized charge density ofs- or relativisticp1/2 electrons at
the nuclear position~contact field!, due to the orbital mag-
netic moment of open electronic shells~orbital field!, and
due to the electronic spins~spin-dipolar field!.

FP-LAPW results for the MHF’s in CeIn3 are presented in
Table I. The Ce and In atoms shown are in positions~0,0,0!
and ~1/2,0,0!, respectively. Other positions exhibit oppos
signs for MHF’s, so that in the complete unit cell the resu
ing MHF is zero. The fact that all In positions exhibit th
same magnitude of MHF comes as a consequence of s
metry, i.e., from our choice of the direction of the magne
zation axis.

A. Cerium position

As can be seen from the Table I, the MHF at the Ce sit
dominated by the orbital contribution originating almost e
tirely from Ce 4f shell (227.66 T). The situation is simila
for the spin-dipolar field, although the field itself is muc
smaller. The contact field, which usually dominates the M
in the case ofd-shell magnetism, is surprisingly small he
despite an evident polarization of Ce 6s valence shell.

A small contact field results from the cancellation of t
valence and the core electron contributions, both of wh
are proportional to the local magnetic moment but have
posite signs. The valence contribution arises from thes
magnetic moment (0.003mB) inside the Ce atomic sphere
resulting in the excess of spin up DOS at the nuclear p
tion, leading to a contact field of124.8 T. The core contri-
bution arises from the polarization of cores- and p1/2 elec-
trons, caused by the exchange interaction with the 4f local
moment.19 We obtained the value of222.6 T for this con-

TABLE I. Comparison of present FP-LAPW results for MHF
in CeIn3 compound with the experimental values. Experimen
value for Ce is taken from the TDPAC measurements at 4.28

while for In from the NQR measurements at 4.2 K.9 Signs of
MHF’s were not measured in these experiments. The decompos
of the theoretical MHF’s is also presented.

MHF ~T! MHF ~T! Contact Orbital Spin-dipolar
experiment FP-LAPW field~T! field ~T! field ~T!

Ce 32.960.1 225.05 2.20 227.74 0.49
In 0.4–0.5 20.91 20.04 20.16 20.71
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tribution which when added to the valence contribution ga
a contact field of 2.2 T as shown in Table I.

A large value obtained for the orbital hyperfine field is n
an unexpected result. Differently from the 3d and 4d com-
pounds where strong crystal field frequently quenches
orbital angular momentum of the weakly shieldedd shell and
results in MHF mainly from the contact contribution, the 4f
shell of Ce is efficiently shielded from the crystal field an
the 4f orbital angular momentumL is not fully quenched
giving rise to a large orbital field. What is less expected is
fact that the calculated 4f orbital field at Ce in CeIn3 is
almost seven times smaller than the value calculated for
trivalent Ce31 ion which is known to be 192 T.20 Because of
the shielding effect mentioned above, it is generally believ
that properties of the 4f electrons in crystal should diffe
very little from those of free ions. MHF measurement
dilute rare earths in insulators by electron spin resona
technique,21 for example, confirm this behavior. The me
sured fields differ from the calculated free-ion values by le
than 15% for the whole 4f series.20 In CeIn3 the discrepancy
between the crystalline and free-ion 4f orbital field at the Ce
nucleus is, however, too large. This leads to the conclus
that Ce 4f shell in CeIn3 changes significantly in compariso
with the 4f shell in the free ion. Two effects are responsib
for this change: crystal-field influence (4f electron not as
efficiently screened as would be expected! and hybridization
of the 4f shell with the other valence shells. Both effec
change the spatial and energy distribution of electrons inf
states and result in partial quenching of the orbital angu
momentum of the shell.

The calculated value of MHF at the Ce site is compa
with the experimental results in Fig. 4 where a temperat
dependence of the measured MHF in the range of 10–4.
is shown. Strictly speaking, our calculations, based
density-functional theory~DFT!, refer to a crystalline ground
state and are valid for zero temperature only. However, D
results can be~and often are! used to interpret the experimen
tal data at finite temperatures. Since the present syste
investigated in the antiferromagnetic regime, the calcula
MHF should be used to discuss the experimental MHF in

l
,

on

FIG. 4. Temperature dependence of MHF at the Ce nucleu
CeIn3 antiferromagnetic phase, as measured by the TDPAC te
nique. Square symbols represent the results taken from Re
Empty circle is the new measurement from Ref. 8. MHF atT50,
denoted by a filled circle, is the FP-LAPW value.
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same regime. Even in real Kondo systems the D
1LDA ~GGA! calculated HF’s are reliable enough to discu
the experimental situation at temperatures higher than Ko
temperature (T.TK). In CeIn3, moreover,TK is expected to
be very close to zero (nf→1 implies TK→0),22 which
means that all experimental MHF’s shown in Fig. 4 cor
spond to long-range magnetic order. In this case, it is saf
compare our theoretical MHF with the MHF measured
temperaturesT<TN/2, TN being the Ne´el temperature. The
experimental MHF atT54.2 K fulfills this criterion, and we
found its value to be in a reasonable agreement with
theoretical prediction~Table I!.

The relatively good agreement between the theoret
and experimental Ce MHF’s may be surprising in view of t
fact that the agreement between the corresponding value
the magnetic moment is quite poor. The difficulty to trace
cause of this discrepancy increases from the fact that
calculated value of only the total magnetic moment can
compared with the experiment. Therefore there is no way
determining whether the spin or the orbital part of the m
netic moment is responsible for its disagreement with
experimental value. The fact that Ce MHF originates mos
from the orbital current suggests that the Ce orbital mom
is probably determined correctly, and that the underesti
tion of the calculated total moment comes largely from
spin moment. However, an alternative explanation could
that Ce 4f wave function is determined more accurately in
region close to the nucleus rather than near the atomic sp
boundary. If this is the case then the Ce orbital MHF
calculated more accurately than the Ce orbital moment
cause the region very close to the nucleus is by far the m
important for formation of the orbital MHF.

B. Indium position

The present FP-LAPW calculations give a small but no
zero value for the MHF at the In site. This is in agreeme
with the experimental findings. On the other hand, In ato
are found to have no local magnetic moment and situate
the symmetrical lattice positions in which the sum of t
neighboring Ce magnetic moments is zero. Therefore
usual mechanism to account for the transferred MHF o
diamagnetic atom in a magnetic crystal may be excluded

The contribution that dominates the MHF at In sites
spin dipolar. A small fraction also comes from the orbi
contribution while the contact field is negligible~Table I!.
The nearly zero value for the contact field is not the con
quence of cancellation of large contributions from valen
and core electrons as is the case for Ce atoms. Both co
butions are extremely small: the valence contribution,
cause there is no polarization of the In 5s shell, and the core
contribution, because of the lack of polarization of the
core states since there is no moment in the valence s
which could cause it. We found that both spin-dipolar a
orbital fields originate completely from In 5p valence shell.
It was mentioned earlier that this shell does not carry a
resultant magnetic moment although its subshells are s
polarized. This polarization of 5p subshells is the reaso
why MHF appears at In nuclei. To further explain this po
05440
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we must invoke the formulas for orbital and spin-dipol
contributions of MHF from Ref. 15.

The energy of interaction between electronic orbital ma
netic moment and nuclear moment is given by the followi
expression:

Eorb5
e

mc
MW K FU S~rW,e!

r 3
LWUFL , ~1!

while the interaction of electronic spin with the nuclear m
ment is characterized by the energy

Edip5MW K FU S~rW,e!

r 3 FmW 2
3~mW •rW !•rW

r 2 GUFL . ~2!

Here,S(rW,e)5$11@e2V(rW)#/2mc2%21 is the reciprocal of
the electronic relativistic mass enhancement,LW andmW are the
operators of electronic angular moment and spin magn
moment respectively,e is the electronic energy,V(rW) is crys-
talline potential, andMW is the nuclear magnetic momen
Averaging is performed using the large componentuF& of
crystalline four-component wave function, which is an eige
spinor of the Dirac Hamiltonian without the hyperfine inte
action term included.

In order to show how the MHF can arise from the no
magnetic In 5p shell, we will use qualitative arguments. I
the FP-LAPW method, the crystalline wave function is e
panded in terms of electronic orbitals inside the atom
spheres. The calculation of the orbital and spin-dipolar fie
coming from the 5p shell of In thus involves summation
over the relevant terms in Eqs.~1! and~2! with px , py , and
pz characters both for spin up and spin down direction.
obtain the contribution from the 5p shell in the case of spin
dipolar field, for example, the following sum should be co
sidered:

(
i ,i 8

(
s,s8

^Fpi

s uT~rW,e!•mW uFpi 8

s8 &$ i ,i 85x,y,z%,$s,s85↑,↓%,

~3!

whereT(rW,e) is a weighting function, which depends on th
electronic position and energy, the form of which can
easily deduced from Eq.~2!. After averaging, which involves
integration over volume and energy, each of the terms in
above sum will produce a different number for the dipo
field. In the absence of the weighting function (T51), these
numbers would cancel each other, since the 5p shell has the
resultant spin equal to zero. As can be seen in Fig. 3,
energy distribution of spins is different for each subshell a
the same is true for their spatial distribution. Due to the
differences, the terms in expression~3! do not cancel each
other and a nonzero spin-dipolar field arises at the
nucleus. The MHF induced in this manner has a transfer
field character since its source, the In 5p subshells polariza-
tion, is created through the interaction with the magnetic
atoms.

It may be interesting to discuss the above FP-LAPW
sults in view of a recently proposed criterion for the appe
5-5
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ance of an induced magnetic moment on a diamagnetic a
in a magnetic crystal.16,23 The latter is based on the symm
try analysis of the magnetic structures of the mome
inducing sublattice and the moment-induced sublattice.
cording to this criterion, a magnetic moment should alwa
appear at the moment induced sublattice whenever it is
lowed by symmetry. An analysis of this type has been p
formed recently in the UIn3 system in Ref. 24 and it has bee
shown that indeed a small induced magnetic moment is
veloped on In if the compound is assumed to have a non
linear magnetic structure with spin-orbit interaction tak
into account. This effect comes through a small spin po
ization of the valence 5s shell of In. Since UIn3 and CeIn3
are isostructural, one could treat the case of CeIn3 in an
analogous manner. The induced nonzero magnetic mom
should therefore appear at all In sites, having the directi
that are noncollinear with the direction of the Ce magne
moments, through spin polarization of 5s valence shell of In.
As our approach is based on collinear magnetic structure
result of the calculation showed a completely nonmagn
solution for In atoms.

The polarization of the In 5p subshells observed in th
present calculation, however, is an effect that should not
pend much on the mutual orientation of the Ce and In m
netic moments. In order to further check this point we, se
rately, performed a spin-polarized FP-LAPW calculation
CeIn3 without including the spin-orbit coupling term in th
Hamiltonian. In this case no direction for magnetic mome
has to be specified. The results obtained for the In 5p shell
were qualitatively the same as earlier, that is, one obtain
spin polarized 5p subshell, but a zero total spin moment f
the 5p shell. We therefore believe that the polarization of t
In 5p subshells should be expected even when a noncollin
ordering of the Ce and In magnetic moments, allowed
symmetry, is assumed. In other words, both contributio
namely, the 5p subshell polarization, as obtained in th
present calculation, and the spin polarization of the Ins
shell expected from the noncollinear structure as sugge
in Ref. 24, may coexist in CeIn3. Although this latter contri-
bution could not be deduced directly from the present ca
lations, the possibility of the existence of an additional MH
in CeIn3 at the In position, due to the 5s shell polarization,
can not be excluded at this point. However, to account
this effect, symmetry allowed noncollinear magnetic stru
tures of the Ce and In sublattices have to be studied in m
detail.

V. ELECTRIC HYPERFINE FIELDS

In CeIn3 only the In nuclei, having a noncubic environ
ment, exhibit the electric quadrupole interaction. This is
result of the interaction of the nuclear quadrupole momenQ,
with the electric-field gradient~EFG! due to the other
charges in the crystal. The EFG is obtained by applying
gradient operator to the electrostatic potential, at the nuc
position, produced by valence electrons inside the ato
sphere as well as by the rest of the charges in the crystal
measuring the strength of this interaction one can obtain
portant information about the electronic ground-state prop
05440
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ties through the EFG tensor, provided the quadrupole m
mentQ of the nucleus is known.

The EFG tensor being symmetric and traceless can alw
be diagonalized, and completely specified by two indep
dent parameters:Vzz, the largest component of the EFG te
sor and the asymmetry parameterh defined ash5(Vxx
2Vyy)/Vzz, whereVxx ,Vyy andVzz are the elements of EFG
tensor in its principal axis system. These two quantities
usually determined from experiment. Table II shows the
sult of FP-LAPW calculation forVzz at the In site. The asym
metry parameterh is zero due to the presence of a threefo
symmetry axis. The experimental result is also shown in t
table for comparison.

Practically all contribution to the EFG at In site originat
from its valence electron shells. The 5p shell contribution is
predominant, since the 4d shell of In is full and consequently
spherically symmetric. A smalld contribution shown in
Table II results from an extension of the tails of the wa
functions arriving from another atomic spheres into the
atomic sphere.

In the previous section it was shown that In nuclei exhi
nonzero MHF in CeIn3 due to small spin polarization of th
In 5p subshells. In order to further investigate the effect
this polarization on EFG we calculated the EFG tensor
spin up and spin down charge densities separately. The
sults did not show any difference betweenVzz-up and
Vzz-down values. Moreover, further decomposition intos-d,
p-p, andd-d contribution is also the same for spin up an
spin down configurations. It may be concluded therefore t
polarization of 5p subshells does not influence the In EF
The explanation follows from the analysis of DOS of In 5p
subshells shown in Fig. 3 from which it is clear that th
differences between spin up and spin down states ap
only in the vicinity of the Fermi level. The occupied parts
bands with lower energies remain unpolarized. If we co
sider not only the energy dependence of the wave functi
but also their spatial distribution, it is reasonable to assu
that the low-energy DOS correspond to the parts of wa
functions which are closer to the nucleus~since the Coulomb
potential is deeper in this region!. This is also the most im-
portant region for the formation of EFG, since the first no
of the 5p wave function is situated in this region.25 An inte-
gration over this region produces the major part of the EF
and since in this region there is no polarization,Vzz-up and
Vzz-down values are the same. The small differences
tween up and down wave functions do appear in the reg
far from nucleus~closer to the Fermi level! but they do not
significantly change the EFG value. TheVzz value obtained
after integration up to the radius of just 0.823 a.u. is only le

TABLE II. Main component of EFG tensor at In sites in CeIn3

compound, from experiment~Ref. 9! and from present work. De-
composition of the valence contribution is given also.Vzz is given
in the units of 1021 V/m2.

uVzzu Vzz Valence s-d p-p d-d
experiment FP-LAPW contr. contr. contr. contr

In 11.6 12.49 12.54 20.05 13.26 20.67
5-6
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than 1% different from theVzz value calculated from the
integration up to 3.0 a.u.

VI. CONCLUSIONS

The CeIn3 intermetallic compound can be described a
concentrated Kondo system in which Ce magnetic mome
are ordered antiferromagnetically at very low temperatu
In order to study hyperfine interactions and to provide
interpretation of the recent experimental data, the fi
principles FP-LAPW calculations of CeIn3 in its antiferro-
magnetic phase have been performed. Spin-orbit interac
has been included in the calculations and 4f states of Ce
have been treated as band states. A metallic solution for
electronic structure has been obtained with large DOS at
Fermi level originating mostly from Ce 4f states. A final
result was a perfect antiferromagnetic ordering of Ce m
ments, while In atoms remained completely nonmagne
Three independent calculations, differing in the assumed
rection of the Ce magnetization axis only, gave almost id
tical results. It was thus not possible to determine a pre
able direction for the Ce magnetic moment. In a
calculations the magnetization axes of In and Ce were c
sidered to be collinear.

The calculations showed that the important states of
Ce atom, apart from 4f are 6s, 6p, and 5d states. They are
positioned around the Fermi level with DOS overlappi
with the 4f shell DOS. All of them are spin polarized due
interaction with magnetic moment of the 4f shell. The In
atom has 5s and 5p states in the conduction band, while th
4d states remained corelike. Both the 5s and 5p shell of In
have zero magnetic moment. However, each 5p subshell car-
ries a nonzero spin magnetic moment although these
ments cancel each other to give a net zero value for thp
tt
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to
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a

in
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shell moment. Energy distributions of spin up and spin do
5p subshell states show differences only in the vicinity of t
Fermi level, unlike the states at lower energies. The polar
tion of In 5p subshells has been attributed to their hybridiz
tion with extended spin-polarized Ce valence states.

The MHF at the Ce position is dominated by the orbi
contribution mostly coming from the 4f shell. The contact
field is very small due to an almost complete cancellation
the valence and core-electrons contributions. The 4f orbital
field calculated for Ce in the CeIn3 is in complete disagree
ment with the free Ce31 ion value indicating that the 4f shell
of Ce changes significantly in CeIn3 compound.

Both the MHF and EFG at In position originate from th
5p shell. A small value of MHF is the consequence of d
ferent energy and spatial distribution of spins in 5p sub-
shells. On the other hand, EFG is generated in a way typ
for most hexagonal close packed metals, i.e., by the inte
tion over a region close to the nucleus where the 5p wave
function exhibits the first node. The polarization of the 5p
subshells does not influence the EFG since it does not o
in the region, close to the nucleus, which is important for
EFG formation.
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