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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 Getompound in the antiferromagnetic phase. Ceriuirstates,
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. Therital 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 zerop Tubghells 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 charactep $hell%of In is
also responsible for the presence of an electric-field gradiERG) at In nucleus in Celn The 5 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” B subshells show no difference.
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[. INTRODUCTION In this paper we will focus our attention on the hyperfine

During the last decades considerable attention has bedields (HF's) acting in the intermetallic compound Cgln
focused on the nature of the ground state of cerium-basedF’s are important quantities that characterize the crystalline
compounds and alloys. The reason for such interest lies iground state and offer the information about the electronic
the fact that many physical phenomena, such as ferro- ancharge and spin distribution in the immediate vicinity of
antiferromagnetism, Kondo effect, superconductivity, inter-nuclear positions. In Celnthe HF’s have not yet been cal-
mediate valence, and heavy fermion behavior, can take placaulated theoretically, most probably due to the fact that reli-
in these Ce systents® Having an open # shell, the Ce ion  able experimental data became available only very recently.
possesses a permanent magnetic moment, which has a téhe HF's in Celg were measured in the last two years, using
dency to be preserved in the crystalline environment, due ttime differential perturbed angular correlatiGRDPAC) and
small spatial extension dfstates and their efficient screening nuclear quadrupole resonan@¢QR) techniques.
by the outer conduction electrons. Theeanoments are In the TDPAC study, the MHF at 1*®Ce as well as the
coupled to each other via intersite Ruderman-Kittel-KasuyaMHF and electric-field gradientEFG) at *'Cd nuclei di-
Yosida (RKKY)) interaction, giving rise to various kinds of lutely substituting the In sites have been measured as a func-
magnetic ordering. On the other hand, since the €éedel  tion of temperature, down to 7 K. Very recently the result of
lies close to the Fermi energymoments are subjected to the a TDPAC measurement at 4.2 K also became avaftable
on-site Kondo interaction, which tends to suppress the magwhich gave a value of 3290.1 T for the MHF at Ce site.
netic order. In many Ce-based materials competition betweeNo electric quadrupole interaction is expected at the Ce po-
these two interactions determines the nature and propertiestion due to its cubic environment.
of the ground state. The hyperfine interactions in Celiwere also measured

In Celn;, RKKY interaction prevails and the compound is using **In NQR® The measurements, which were per-
ordered antiferromagnetically belowiy=10.2 K. The formed at 4.2 K, provided complementary information about
neutron-scattering stufishowed the Ce magnetic moments the hyperfine fields acting on the In nucleiot on a*'Cd
to be aligned in opposite directions in the neighboribgl) impurity at In site as in the TDPAC experimenté hyper-
planes although the precise direction of the moments couléine field of the order of 0.4—0.5 T acting on In nuclei was
not be determined. It has been fodrkat the substitution of ~determined. From the reported lowest transition frequency
a small fraction of In atoms by Sn destroys the magnetismyo=9.6 MHz, corresponding to the+3/2)«|+5/2) sub-
indicating that the ground-state parameters in @étnnear level excitations, we calculated the value of EFG giving
the critical values at which instability of Cef4noment oc-  V,,=11.6x10°* V/m?. The value of quadrupole moment
curs. Recently, Celpwas also shown to exhibit supercon- Q=0.8%,'° for 9n, was used for this calculation.
ductivity which appears under a pressure of about 2.5 GPa. Motivation for the present work was to discuss and try to
These observations, together with the fact that ¢shows  provide an interpretation of these experimental data. For this
heavy fermion behavior at low temperatures, makes thipurpose we have calculated the electronic structure of the
compound an interesting system to investigate. Celrg compound and the HF'’s in its antiferromagnetic phase,
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using the full potential linear augmented plane-wd#e- 1500
LAPW) method!! In the analysis of the results, especial at-
tention has been devoted to the questions that could not be
answered by the experiments$) Which contribution, con-
tact, orbital, or spin-dipolar, dominates the MHF'’s at both Ce
and In sites?ii) What is the origin of a nonzero MHF at In
sites?(iii) Which electrons contribute most to the EFG at In
sites?(iv) Which states play an important role in hybridiza- s00k
tion processes that take place in the compound? The main /\
objective of the present work is to clarify these questions
from the electronic structure point of view. "
0

1000} Ce:4f,5d,6s,6p
In: 58,5

DOS (states/Ry/cell/spin)

-05 0.0 05 1.0
Energy (Ry)

'
s

Il. CALCULATIONS

The intermetallic compound Cejrhas a cubic structure
of the AuCy prototype, with a lattice parameter of 4.690
A.*2The Ce atoms are located at the corners and the In ato
at the face-centered positions of a cubic unit dslace
group Pm3m). Since the Ce magnetic moments are aligned ) . )
antiferromagnetically this unit cell has to be doubled in order=3-0 @.u. for both Ce and In atomic sphere radii. Inside the
to account for a difference between the spin “up” and spin&omic spheres, waves are expanded up,{g=6, while the
“down” Ce atoms. The magnetic unit cell of Cejris also number of plane waves in the interstitial is limited by Fhe
cubic with twice the value of the lattice parameter, but has £Utoff at kma,=8.5Ryr. The charge density was Fourier
different symmetry(space groug=m3m). The spin up and expanded upEGmaX= 14. For a Brillouin-zone integration, a
spin down Ce ions are located aa 4nd 4 positions, re- mesh of 200k points in the whole zone was us€IB2 in its
spectively, whereas the In atoms are situated atgtes in  irreducible wedge Exchange and correlation effects were
Wyckoff’s notation. treated within the density functional with generalized-

In order to include the spin-orbit interaction in the calcu- gradient correction§GGA96).'* The following atomic states
lations we had to impose some direction for the Ce magnetiof Ce (5s?5p®4f15d'6s?6p®) and In (4'%s?5pt) were
moment. Various choices would generate different symmeconsidered as valence states. In the process of solving the
tries of the Hamiltonian, leading to different solutions in gen-Dirac’s equation they are treated within the scalar-relativistic
eral. Since the Ce magnetic moment direction is not knowrapproach while the core states are relaxed in a fully relativ-
from the experimeftwe assumed it to be alor{@11), (110), istic manner. Spin-orbit interaction, important for the treat-
and (100 axes of the magnetic unit cell and performed fully ment of the Ce 4 shell, was calculated self-consistently in a
self-consistent calculations for the three cases under the samdde energy window 5 Ry) around the Fermi level. Cal-
conditions. The total-energy differences were found to beculation of MHF’s, implemented into theEN97 code, was
within the fifth decimal place of the Rydberg scale, and hy-performed following formulas from Ref. 15, which include
perfine fields varied by less than 5%. It was thus not possibléhe relativistic corrections. In the scalar-relativistic approach
to determine the preferential Ce magnetic moment directioithe spin projection remains a good quantum number, while
due to the weakness of the magnetic anisotropy in the systethe spin-orbit interaction is treated in a second-variational
compared with interatomic exchange interaction. procedure. Thus, throughout this paper, orbital and spin mo-

We present here just one case in which the Ce spins amenta, rather than total angular momentdinwill be used.
directed along th€111) axis. Starting from the cubic mag-
netic unit cell described above we chose a rhombohedral
primitive unit cell with lattice parametea=6.633 A and

y=60° (space grougr3m). The spin up and spin down Ce  The calculated density of stat€BO9) for Celr is pre-
atoms are located ataland 1b positions, respectively, and sented in Fig. 1 showing states in a broad energy interval
In atoms at 8 and 3 positions, split in two nonequivalent around the Fermi levelEr=0.455 Ry). All of the states
groups because of the spin-orbit interaction term in thancluded in the valence panel are present except the e 5
Hamiltonian. All the calculations presented here refer to thistates which lie deeper at the energy of approximately
primitive unit cell. —2 Ry. The Ce p and In 4 states remain atomiclike,
Self-consistent band-structure calculations for Gavere  positioned deep belo, but split due to the crystal-field
performed using theviEN97 computer cod€ which is based  perturbation. All the other statesf45d, 6s, 6p from Ce
on the application of the FP-LAPW method. In this method,and %, 5p from In, are situated around the Fermi level,
the electronic wave functions, the charge density, and thiteracting and hybridizing among themselves.
crystal potential are expanded in spherical harmonics inside The most important states are certainly the cerium 4
the nonoverlapping spheres centered at each nuclear positigtates(Fig. 2). Apart from the fact that they carry the major-
(with radii Ryy1), and in plane waves in the rest of the spaceity of the magnetic moment in the compound, the contribu-
(so-called interstitial region We have chosenRyt  tion of these states to the DOS at the Fermi level is by far the

FIG. 1. Total density of state®0OS) for Celrny compound, ob-
tained by the FP-LAPW method. The dashed line indicates the
rmi level.

IIl. ELECTRONIC STRUCTURE
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FIG. 2. Partial spin up and spin down DOS for CE gtates in :
the Celn compound, calculated by the FP-LAPW method. The 0.5 In: p, i
dashed line indicates the Fermi level. 0.0 W
-0.51
largest. The Ce 5d and the IrpSstates have much smaller °
DOS atEg while the Ce &, 6p, and the In S contributions § 0.5 In:p,
are almost negligible. _ _ ;-_:3 0.0 ”““W”“
The calculated spin magnetic moment at the Ce atom is S 05
found to be 0.708g. The largest part of this moment is § '
carried by the 4 shell (0.63%g). Other Ce valence shells
are also spin polarized due to the interaction with thesgin 0.51 In: p,
moment. The 6, 6p, and & valence shells are character- 0.0
ized by spin moments of 0.003, 0.005«g, and 0.06Lg, -0.51
respectively. Unlike the # shell, these valence shells have

spatial extension and are capable of transferring the magnetic 02 00 02 04 08

moment to the neighboring In atoms. In addition to the spin Energy (Ry)
moment the Ce atom developgd a significant orbital mag- FIG. 3. Partial spin up and spin down DOS for Ip,5, ; states
netic moment of—0.531ug, originating almost completely in Celn; compound, obtained by the FP-LAPW method. Lower

from the 4f shell (—0.528ug), with its direction opposite t0  pictures show the differences between corresponding spin up and
the spin magnetic moment. The total magnetic moment 0Rpin down densities.

Ce is thus 0.17ig. Lawrenceet al? reported a value of
0.65+0.1up from their neutron-diffraction measurement at respectively. These differences can be seen from the corre-
T=5 K, while Benoitet al!? determined a value of 0.48 sponding DOS shown in Fig. 3 and they occur only in the
+0.08up also from neutron-diffraction study at=3 K.As vicinity of the Fermi level while the DOS having lower en-
can be seen the agreement between the experimental valaggy remain unaffected. The wave functions describing the In
and the calculated result is rather poor. One of the reasons f@p subshells differ in their energy dependence as well as in
this discrepancy is the tendency of the local-density approxithe energy dependence for spin up and down states. The
mation (LDA) to underestimate the orbital momé#tlt is same is valid for their spatial dependence. Thus, unlike the
possible that the GGA also suffers from the same kind obp shell as a whole, thegbsubshells are spin polarized, due
problem. Another source of error in orbital moment calcula-to different energy and spatial distribution of spins. The rea-
tion can be a non-self-consistent treatment of the orbital poson for this polarization is the existence of a stablendag-
larization. Finally, the errors in both orbital and spin mag-netic moment on the Ce atom. Since the (feshell has a
netic moments may come from the present treatment of Cemall radial extension, direct overlap with thp Shell of In
Af states. The use of self-interaction correcti®C),!” or s not likely. Instead, the # moment polarizes the more ex-
LDA+U (Ref. 18 corrections for these states, might im- tended &, 6p, and & valence states of Ce and these hy-
prove the agreement with experiment. bridize with the % shells of neighboring In atoms causing
No net magnetic moment is found at the In position due tathe polarization of their subshells. This effect is found to be
the fact that In 5 and 5 valence states do not exhibit any responsible for the appearance of a small MHF at the In
spin polarization. While this statement is completely true fornuclei, as will be shown later.
5s shell, the situation for the (b shell is more complex. The occupation numbers of specific orbitals will not be
Although the complete |3 shell is equally populated by the presented here since these quantities depend on the choice of
spin up and spin down electrons so that the resulting magatomic sphere radii. However, it should be mentioned that
netic moment of the shell is zero, spin populations irpits  one of the important results was that the Cleshell occu-
py, andp, orbitals differ for spin up and spin down direc- pation remained almost the same as in the starting free-atom
tions significantly by 0.006, 0.004, and 0.010 electrons, configuration even though this state is allowed to hybridize
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TABLE |. Comparison of present FP-LAPW results for MHF'’s 40
in Celny compound with the experimental values. Experimental
value for Ce is taken from the TDPAC measurements at 42 K, 351 °
while for In from the NQR measurements at 4.2°Signs of 30}
MHF’s were not measured in these experiments. The decomposition . "
of the theoretical MHF's is also presented. 25t e -
] L < ool n

MHF (T) MHF (T) Contact Orbital Spin-dipolar s

experiment FP-LAPW fieldT) field (T)  field (T) 15l "
Ce 32.9:0.1 —25.05 220 -—-27.74 0.49 10b .
In 0.4-0.5 -0.91 -0.04 -0.16 -0.71 T

6 1 2 3 4 5 6 7 8 9 10

Temperature (K)

with the other states. The resulting excess of 0.039 electrons G, 4. Temperature dependence of MHF at the Ce nucleus in

is very small compared with the much more significantceln, antiferromagnetic phase, as measured by the TDPAC tech-
changes suffered by the other valence states. This is in agrefigue. Square symbols represent the results taken from Ref. 7.
ment with the experimental observation that in Getlme 4f Empty circle is the new measurement from Ref. 8. MHF &0,
shell keeps nearly integral occupatian{-1) up to the low-  denoted by a filled circle, is the FP-LAPW value.

est temperatures. L _ I
tribution which when added to the valence contribution gave

a contact field of 2.2 T as shown in Table I.
IV. MAGNETIC HYPEREINE FIELDS A Iarge value obtained for the orbital hyperfine field is not
an unexpected result. Differently from thel &nd 4 com-

Magnetic hyperfine fields result from an interaction be-pounds where strong crystal field frequently quenches the
tween the nuclear magnetic dipole moment and extra nuclearbital angular momentum of the weakly shieldishell and
magnetic field generated by the electronic surrounding of theesults in MHF mainly from the contact contribution, thé 4
nucleus in the crystal. The MHF can arise from the spin-shell of Ce is efficiently shielded from the crystal field and
polarized charge density sf or relativisticp,/, electrons at  the 4f orbital angular momenturh is not fully quenched
the nuclear positioricontact field, due to the orbital mag- giving rise to a large orbital field. What is less expected is the
netic moment of open electronic shellsrbital field, and  fact that the calculated f4orbital field at Ce in Celg is
due to the electronic spirispin-dipolar field. almost seven times smaller than the value calculated for free

FP-LAPW results for the MHF's in Cebrare presented in  trivalent C€* ion which is known to be 192 % Because of
Table I. The Ce and In atoms shown are in positi®9,0  the shielding effect mentioned above, it is generally believed
and (1/2,0,0, respectively. Other positions exhibit opposite that properties of the # electrons in crystal should differ
signs for MHF's, so that in the complete unit cell the result-yery Jittle from those of free ions. MHF measurement of
ing MHF is zero. The fact that all In positions exhibit the dilute rare earths in insulators by electron spin resonance
same magnitude of MHF comes as a consequence of synfechnique?* for example, confirm this behavior. The mea-
metry, i.e., from our choice of the direction of the magneti-sured fields differ from the calculated free-ion values by less
zation axis. than 15% for the whole #series?’ In Celry the discrepancy
between the crystalline and free-iom drbital field at the Ce
nucleus is, however, too large. This leads to the conclusion
that Ce 4 shell in Celn changes significantly in comparison

As can be seen from the Table I, the MHF at the Ce site isyith the 4f shell in the free ion. Two effects are responsible
dominated by the orbital contribution originating almost en-for this change: crystal-field influence f{4electron not as
tirely from Ce 4f shell (—27.66 T). The situation is similar efficiently screened as would be expestadd hybridization
for the spin-dipolar field, although the field itself is much of the 4f shell with the other valence shells. Both effects
smaller. The contact field, which usually dominates the MHFchange the spatial and energy distribution of electronsfin 4
in the case ofi-shell magnetism, is surprisingly small here states and result in partial quenching of the orbital angular
despite an evident polarization of Cs @alence shell. momentum of the shell.

A small contact field results from the cancellation of the  The calculated value of MHF at the Ce site is compared
valence and the core electron contributions, both of whichwith the experimental results in Fig. 4 where a temperature
are proportional to the local magnetic moment but have opdependence of the measured MHF in the range of 10-4.2 K
posite signs. The valence contribution arises from tise 6 s shown. Strictly speaking, our calculations, based on
magnetic moment (0.00;) inside the Ce atomic sphere, density-functional theoryDFT), refer to a crystalline ground
resulting in the excess of spin up DOS at the nuclear posistate and are valid for zero temperature only. However, DFT
tion, leading to a contact field of 24.8 T. The core contri- results can béand often arpused to interpret the experimen-
bution arises from the polarization of coseandp,,, elec- tal data at finite temperatures. Since the present system is
trons, caused by the exchange interaction with thdotal  investigated in the antiferromagnetic regime, the calculated
moment:® We obtained the value of 22.6 T for this con- MHF should be used to discuss the experimental MHF in the

A. Cerium position
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same regime. Even in real Kondo systems the DFTwe must invoke the formulas for orbital and spin-dipolar
+LDA(GGA) calculated HF'’s are reliable enough to discusscontributions of MHF from Ref. 15.

S(r,e)

s L

the experimental situation at temperatures higher than Kondo The energy of interaction between electronic orbital mag-
temperature T>Tg). In Celrg, moreover, Ty is expected to netic moment and nuclear moment is given by the following
be very close to zerong—1 implies Tx—0)2? which  expression:

means that all experimental MHF’s shown in Fig. 4 corre-

spond to long-range magnetic order. In this case, it is safe to e .

compare our theoretical MHF with the MHF measured at Eon=rr M| @ . D), (1)
temperature§ <T/2, Ty being the Nel temperature. The

experimental MHF alT =4.2 K fulfills this criterion, and we  while the interaction of electronic spin with the nuclear mo-
found its value to be in a reasonable agreement with thenent is characterized by the energy
theoretical predictioriTable ).

The relatively good agreement between the theoretical . S(roe)| - 3(m-r)-r
and experimental Ce MHF’s may be surprising in view of the Egip=M{ @ 3|~ 5 D). 2
fact that the agreement between the corresponding values of r r

the magnetlg mqment is qwtle poor. The difficulty to trace theHere,S(F, e):{1+[e—V(F)]/2mcz}‘1 is the reciprocal of
cause of this discrepancy increases from the fact that the ) - - B
calculated value of only the total magnetic moment can bdhe electronic relativistic mass enhancemenandw are the
compared with the experiment. Therefore there is no way oPPerators of electronic angular moment and spin magnetic
determining whether the spin or the orbital part of the mag-moment respectively is the electronic energy/(r) is crys-

netic moment is responsible for its disagreement with thealline potential, andVi is the nuclear magnetic moment.
experimental value. The fact that Ce MHF originates mOSt|yAveraging is performed using the large Componbhb of
from the orbital current suggests that the Ce orbital momengrystalline four-component wave function, which is an eigen-
is probably determined correctly, and that the underestimaspinor of the Dirac Hamiltonian without the hyperfine inter-
tion of the calculated total moment comes largely from theaction term included.
spin moment. However, an alternative explanation could be [n order to show how the MHF can arise from the non-
that Ce 4 wave function is determined more accurately in amagnetic In % shell, we will use qualitative arguments. In
region close to the nucleus rather than near the atomic sphefige FP-LAPW method, the crystalline wave function is ex-
boundary. If this is the case then the Ce orbital MHF ispanded in terms of electronic orbitals inside the atomic
calculated more accurately than the Ce orbital moment bespheres. The calculation of the orbital and spin-dipolar fields
cause the region very close to the nucleus is by far the mogioming from the B shell of In thus involves summation
important for formation of the orbital MHF. over the relevant terms in Eq&l) and(2) with py, p,, and
p, characters both for spin up and spin down direction. To
obtain the contribution from thegbshell in the case of spin-
dipolar field, for example, the following sum should be con-
The present FP-LAPW calculations give a small but non-sidered:
zero value for the MHF at the In site. This is in agreement
with the experimental findings. On the other hand, In atoms ol > S e ,
are found to have no local magnetic moment and situated at% Z‘, (IT(r e)- u| @ NI =xy,2} {o,0" =T, 1},
the symmetrical lattice positions in which the sum of the = (3)
neighboring Ce magnetic moments is zero. Therefore the .
usual mechanism to account for the transferred MHF on avhereT(r,¢€) is a weighting function, which depends on the
diamagnetic atom in a magnetic crystal may be excluded. electronic position and energy, the form of which can be
The contribution that dominates the MHF at In sites iseasily deduced from E@2). After averaging, which involves
spin dipolar. A small fraction also comes from the orbital integration over volume and energy, each of the terms in the
contribution while the contact field is negligibl@able ). above sum will produce a different number for the dipolar
The nearly zero value for the contact field is not the consefield. In the absence of the weighting functioh= 1), these
quence of cancellation of large contributions from valencenumbers would cancel each other, since tpesell has the
and core electrons as is the case for Ce atoms. Both contriesultant spin equal to zero. As can be seen in Fig. 3, the
butions are extremely small: the valence contribution, beenergy distribution of spins is different for each subshell and
cause there is no polarization of the Ia 8hell, and the core the same is true for their spatial distribution. Due to these
contribution, because of the lack of polarization of the Indifferences, the terms in expressi8) do not cancel each
core states since there is no moment in the valence sheltgher and a nonzero spin-dipolar field arises at the In
which could cause it. We found that both spin-dipolar andnucleus. The MHF induced in this manner has a transferred
orbital fields originate completely from Inpbvalence shell.  field character since its source, the Ip Subshells polariza-
It was mentioned earlier that this shell does not carry anytion, is created through the interaction with the magnetic Ce
resultant magnetic moment although its subshells are spiratoms.
polarized. This polarization of (b subshells is the reason It may be interesting to discuss the above FP-LAPW re-
why MHF appears at In nuclei. To further explain this point sults in view of a recently proposed criterion for the appear-

B. Indium position
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ance of an induced magnetic moment on a diamagnetic atom TABLE Il. Main component of EFG tensor at In sites in Cgin
in a magnetic crystad®?> The latter is based on the symme- compound, from experimeriRef. 9 and from present work. De-
try analysis of the magnetic structures of the momentcomposition of the valence contribution is given al$g, is given
inducing sublattice and the moment-induced sublattice. Acin the units of 16" V/m?.

cording to this criterion, a magnetic moment should always

appear at the moment induced sublattice whenever it is al- A\ Vzz Valence sd  pp dd
lowed by symmetry. An analysis of this type has been per- ~ €xperiment FP-LAPW  contr.  contr. contr. ~contr.
formed recently in the Ulnsystem in Ref. 24 and it has been |, 11.6 12.49 1254 —-005 13.26 —0.67

shown that indeed a small induced magnetic moment is de-
veloped on In if the compound is assumed to have a noncol-
linear magnetic structure with spin-orbit interaction takenties through the EFG tensor, provided the quadrupole mo-
into account. This effect comes through a small spin polarmentQ of the nucleus is known.
ization of the valence $shell of In. Since Ulg and Celn The EFG tensor being symmetric and traceless can always
are isostructural, one could treat the case of geéinan  be diagonalized, and completely specified by two indepen-
analogous manner. The induced nonzero magnetic momendient parameters/,,, the largest component of the EFG ten-
should therefore appear at all In sites, having the directiongor and the asymmetry parametsr defined asn=(V,y
that are noncollinear with the direction of the Ce magnetic-v,,)/V,,, whereV,,,V,, andV,, are the elements of EFG
moments, through spin polarization of Salence shell of In.  tensor in its principal axis system. These two quantities are
As our approach is based on collinear magnetic structure thgsually determined from experiment. Table Il shows the re-
result of the calculation showed a completely nonmagnetigult of FP-LAPW calculation fo¥/,, at the In site. The asym-
solution for In atoms. metry parameter; is zero due to the presence of a threefold
The polarization of the In p subshells observed in the symmetry axis. The experimental result is also shown in this
present calculation, however, is an effect that should not derable for comparison.
pend much on the mutual orientation of the Ce and In mag- Practically all contribution to the EFG at In site originates
netic moments. In order to further check this point we, sepafrom its valence electron shells. The Shell contribution is
rately, performed a spin-polarized FP-LAPW calculation forpredominant, since thedshell of In is full and consequently
Celn; without including the spin-orbit coupling term in the spherically symmetric. A smalll contribution shown in
Hamiltonian. In this case no direction for magnetic momentstaple Il results from an extension of the tails of the wave
has to be specified. The results obtained for thepnsBell  functions arriving from another atomic spheres into the In
were qualitatively the same as earlier, that is, one obtains atomic sphere.
spin polarized $ subshell, but a zero total spin moment for  |n the previous section it was shown that In nuclei exhibit
the 5p shell. We therefore believe that the polarization of thenonzero MHF in Celg due to small spin polarization of the
In 5p subshells should be expected even when a noncollinean 5p subshells. In order to further investigate the effect of
ordering of the Ce and In magnetic moments, allowed bythis polarization on EFG we calculated the EFG tensor for
symmetry, is assumed. In other words, both contributionsspin up and spin down charge densities separately. The re-
namely, the § subshell polarization, as obtained in the sults did not show any difference betwe&f-up and
present calculation, and the spin polarization of the &1 5 v, ,-down values. Moreover, further decomposition istd,
shell expected from the noncollinear structure as suggestgslp, andd-d contribution is also the same for spin up and
in Ref. 24, may coexist in CejnAlthough this latter contri-  spin down configurations. It may be concluded therefore that
bution could not be deduced directly from the present calcupolarization of 5 subshells does not influence the In EFG.
lations, the possibility of the existence of an additional MHF The explanation follows from the analysis of DOS of Ip 5
in Celng at the In position, due to thesshell polarization, subshells shown in Fig. 3 from which it is clear that the
can not be excluded at this point. However, to account fogifferences between spin up and spin down states appear
this effect, symmetry allowed noncollinear magnetic struc-only in the vicinity of the Fermi level. The occupied parts of
tures of the Ce and In sublattices have to be studied in morgands with lower energies remain unpolarized. If we con-
detail. sider not only the energy dependence of the wave functions
but also their spatial distribution, it is reasonable to assume
V. ELECTRIC HYPEREINE FIELDS that Fhe Iow-_energy DOS correspond tp the parts of wave
functions which are closer to the nuclegmnce the Coulomb
In Celny only the In nuclei, having a noncubic environ- potential is deeper in this reginnThis is also the most im-
ment, exhibit the electric quadrupole interaction. This is theportant region for the formation of EFG, since the first node
result of the interaction of the nuclear quadrupole mon@nt of the 5p wave function is situated in this regiGRAn inte-
with the electric-field gradien{EFG) due to the other gration over this region produces the major part of the EFG,
charges in the crystal. The EFG is obtained by applying thend since in this region there is no polarizati®f,-up and
gradient operator to the electrostatic potential, at the nucleav,-down values are the same. The small differences be-
position, produced by valence electrons inside the atomiéween up and down wave functions do appear in the region
sphere as well as by the rest of the charges in the crystal. Biar from nucleus(closer to the Fermi leviebut they do not
measuring the strength of this interaction one can obtain imsignificantly change the EFG value. Thg, value obtained
portant information about the electronic ground-state properafter integration up to the radius of just 0.823 a.u. is only less
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than 1% different from theV,, value calculated from the shell moment. Energy distributions of spin up and spin down

integration up to 3.0 a.u. 5p subshell states show differences only in the vicinity of the
Fermi level, unlike the states at lower energies. The polariza-
VI. CONCLUSIONS tion of In 5p subshells has been attributed to their hybridiza-

_ ) ) tion with extended spin-polarized Ce valence states.

The Celn intermetallic compound can be described as @ The MHF at the Ce position is dominated by the orbital
concentrated Kondo system in which Ce magnetic momentgontribution mostly coming from the fashell. The contact
are ordered antiferromagnetically at very low temperaturesgig|q is very small due to an almost complete cancellation of
In order to study hyperfine interactions and to provide anphe valence and core-electrons contributions. Theowbital
int.erpretation of the recent_ experimentgl .data, .the firstfield calculated for Ce in the CeJris in complete disagree-
principles FP-LAPW calculations of Cejrin its antiferro-  ment with the free C& ion value indicating that thef4shell
magnetic phase have been performed. Spin-orbit interactiogs ce changes significantly in Calrrompound.
has been included in the calculations arr[j_ﬁates _of Ce Both the MHF and EFG at In position originate from the
have been treated as band states. A metallic solution for tr@p shell. A small value of MHF is the consequence of dif-
electronic structure has been obtained with large DOS at thg, ont energy and spatial distribution of spins ip Sub-
Fermi level originating mostly from Ce f4states. A final  gphelis. On the other hand, EFG is generated in a way typical
result was a perfect antiferromagnetic ordering of Ceé MOgo; most hexagonal close packed metals, i.e., by the integra-
ments, while In atoms remained completely nonmagneticion over a region close to the nucleus where tipevBave
Three independent calculations, differing in the assumed dig;nction exhibits the first node. The polarization of the 5
rection of the Ce magnetization axis only, gave almost ideng hshelis does not influence the EFG since it does not occur

tical results. It was thus not possible to determine a prefery, yhe region, close to the nucleus, which is important for the
able direction for the Ce magnetic moment. In all EEG formation.

calculations the magnetization axes of In and Ce were con-
sidered to be collinear.

The calculations showed that the important states of the
Ce atom, apart from #Aare 6, 6p, and & states. They are
positioned around the Fermi level with DOS overlapping Partial support for this research was provided by the Fun-
with the 4f shell DOS. All of them are spin polarized due to da@o de Amparo aPesquisa do Estado de d&#aulo
interaction with magnetic moment of thef &hell. The In  (FAPESB. M.V.L. thankfully acknowledges financial sup-
atom has 5 and 5 states in the conduction band, while the port from FAPESP. Computer resources provided by Labo-
4d states remained corelike. Both the &nd 5 shell of In  rataio de Computgao Cientfica Avan@da da Universidade
have zero magnetic moment. However, eaptstibshell car- de Sa Paulo are thankfully acknowledged. We also wish to
ries a nonzero spin magnetic moment although these maxpress our sincere thanks to Professor Sonia Frota-#esso
ments cancel each other to give a net zero value fompthe for helpful discussion.
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