ISSNO0D28-38065

@ CNPq

@ cBPF-CENTRO BRASILEIRO DE PESQUISAS FISICAS

Notas de Fisica

g

CBPF-NF-042/93

~

Transferred Hyperfine Fields in
Rare-Earth Su}l;stz'r;uted Y Fe; and

N 9
by

D. Guenzburger, R.R. Sobral and
A.P. Guimardes

Rio de Janeiro
1993



ISSN 0029-3865

CBPF-NF-042/98

Transferred Hyperfine Fields in
Rare-Earth S’ti/b.]s\w}iﬁzited Y Fey and
19 i

Y

by

D. Guenzburger, R.R. Sobral and

A.P. Guimardes

Centro Brasileiro de Pesquisas Fisicas — CBPF/CNPq
Rua Dr. Xavier Sigaud, 150
22290-180 - Rio de Janeiro, RJ — Brasil

*Classification numbers: 75.20E; 76.60



CBPF~NF-042/93

ABSTRACT

In the intermetallic compounds YFe2 , the magnetic hyperfine fiqld at the
Y nucleus, as measured by 8% MR spectroscopy, is affected by the
substitution of one or more neighbor Y atom by different rare-earth
impurities. In order to understand the wunderlying mechanisms for the
transferred hyperfine Iinteraction, we have performed first-principles
calculations, within the local spin-density theory, for embedded clusters
representing an Y atom and its vicinity in the compounds Yl_xRxFezl (R=Gd, Tb,
Ho, Tm and Lu) and Yi_dexNia. The contact magnetic hyperfine field and the
dipolar field were obtalned; the resulting total field was found to increase
with the spin of the rare-earth impurity. The contact i%ansferred field was
found to arise from dlirect polarization of the s-electrons by the rare-earth

spin.

Key-words: Intermetallic compounds; Hyperfine fields; Electronic strucuture.
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I, INTRODUCTION

The rare-earths form a large number of intermetallic compaunds with
the 3d transition elements [1]; they present very interesting magnetic
properties, arising from the coexistence of localized and itinerant forms of
magnetism. Among these compounds, the cubic Laves phases have attracted a good
deal of attention; they allow the systematic study of magnetic properties of
different rare-earth ions in the same high symmetry metallic environment.
Furthermore, many interesting magnetic effects may be expected from the
interactions of f and d moments on the rare earth and d moments on the
transition metal lons. Due to the fact that 1its valence electrons
configuraticn is similar to the lanthanldes, Y is included in the group of the
rare—earths. .

YFe2 is an intermetallic compound of cubic Laves phase crystal
structure (C15), that orders magnetically at 542 K [1]. Each Y atom is placed
on a site of high symmetry (ESm), and 1is surrounded by four other
second-neighbor Y atoms. Previously, it was thought that the Y atoms in this
compound were non-magnetic; it has now been established unambiguously, by
experimental ([2,3] and theoretical [4,5,6] means, that Y carries a small 4d
moment of its own, anti-parallel to the Fe 3d moment. The magnetic hyperfine
(hf) field at the Y site in YFe2 has been measured with Nuclear Magnetic

Resonance (NMR) of 89

Y , ylelding a value of -220 kOe (the negative sign
meaning a flield anti-parallel to the magnetization) [7,8]. On the other hand,
YNiz, with the same crystallographic structure, is known to be non-magnetic

[1]1. The pseudo-binary compounds of formula (Yl_xRx]Fe2 , where R is a

rare-earth, are formed with the same cubic crystal structure, the R atoms
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occupying substitutionally the Y sites.

In the (Yl_xRX)Fe2 compounds, NMR measurements on %Y have shown a
distribution of hf flelds corresponding to different conflguratibns of R
nelghbors; the hf fields in the neighborhood of the rare-earth 1impurities
increase in magnitude, compared to the field in the pure Y compound [9]. This
additional, or transferred, hf fleld, is negative and amounts to a few kQe.
Whether the increase in the Y hyperfine field induced by the rare-earth is
produced by direct polarization of the conduction electrons, or 1ﬁdirect1y by
d-d interactions involving the Fe atoms, is not established. The microscopic
mechanisms leading to the magnetic behavior of these pseudo-binary compounds
can only Dbe investigated by first-principles qiectronic structure
calculations. t

We present results of electronic structure calculations for embedded
clusters representing rare-earth substituted YFea. The lanthanldes considered
were Gd, Tb, Ho, Tm and Lu, and the number of R atoms in the clusters were
chosen as to simulate configurations of low and high local concentratlions of
neighbors. Furthermore, clusters representing YNi2 with Gd substituting for Y
were also considered; this last compound being non-magnetic when pure, a
comparison with the results for Gd-substituted YFez would throw light on the
role played by the coupling with the Fe magnetic moments.

The method employed was the first-principles Discrete Variational (DVM)
[10,11], in the framework of Density Functional theory and the local
spin-density approximation (LSDA). The clusters of atoms representing the

solid are embedded in the potential of several layers of external atoms; the

Madelung potential is also taken into account. This method has been proven to
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be useful 1n deriving and understanding magnetic and hyperfine properties of
qulte a number of metals and alloys. Among others, magnetic moments and
hyperfine fields of Fe-N1 [12,13] and Fe-Al [14] alloys were investiéated, as
well as local moments of impurities in s-p {15,16] and transition metals
[17,18]. The atomic clusters representation of the solids is adequate,

89Y

inasmuch as local properties are being investigated. As mentioned earlier,
NMR spectra of {Yt_xRx]Fe2 discriminates between different configurations of R
neighbors of Y [9,19,20]; similar studies on the pseudo—binar§ compounds
Y(Fel_xAxJ2 (A=Co, Al, Pt) show well-resolved satellite structures of the Y
resonance [21]. These results indicate that the Y hyperfine field is strongly
affected by the interactions with the nearest magnetic neﬁghbor atoms, being a
further indication of the adequacy of the embedded cluster approach.

This paper is organized as follows: in Section II, the' theoretical method
is briefly described; in Section III, the analysls of the experimental data is
described; in Section 1V, results of the electronic structure calculations are
presented and discussed, as well as calculated values of magnetic moments,

spin denslitles and Y hyperfine flelds. The latter are correlated to the

experimental data. In Section V we summarize our conclusions.

IT. THEORETICAL METHOD

The method employed was the Discrete Variational [10,11] (DVM), based on
Density Functional Theory and the local spin-density approximation (see for

example (22]). The solids are represented by clusters of atoms, embedded in
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the potential of the external atoms in the crystal. The latter is obtained by
generating the atomic electronic density at the sites of several shells of
atoms external to the cluster, wlth numerical atomic LSD calculatlons. The
embedding potential is improved by performing self-consistent field (SCF)
atomic calculations for the external atoms, with atomic populatlons similar to
those cbtained for atoms in the cluster. The Madelung potential of the crystal
is included through the method of Ewald; Ithis is important since, as we shall
see, the charges cbtained on the atoms are Quite large. Localization of
cluster orbitals due to the Pauli exclusion principle 1is simulated by
truncation of the potentlal of the external atoms at the core region [23]. In
Figs. 1 and 2 are deplicted a view of the isolated clustef_ﬂ, and of the cluster
embedded in the immediate environment of the crystal. An Y atom is placed at
the center of the cluster, since the atom at this positlon will be better
described, being surrounded by two shells of neighbors.

In the DVM method, the one-particle Kohn-Sham equations [24]} are solved
{in Hartrees):

— - 2 - -
(ho' - ela”io‘ = (V2 + Vc + vzc £:i,r.-*m’iu:r 0 (1)

where the Coulomb potentlal Vc includes inter-electronic repulsion and the
electron-nuclear attraction; Vzc is the exchange-correlatlon potentlal and
depends on the spin ¢. In the present calculation, we have employed V::c as

given by von Barth and Hedin [25], which is, as the Coulomb potential, a

functiocnal of the electronic density associated with each spin ¢:

3 ' :
p¢(r) = ); nio_lq)“(?)la (2}
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where LA is the occupation of spin-corbital ¢1¢, determined by Fermi-Dirac
statisties. In a spin-polarized computation, p, may be different from py. The
spin-orbitals of the clusters are linear expansions (LCAO) on a 'basis of
numerical symmetrized atomlc orbitals {x":}:

3 _ 3 '
$y,(0) -{j: xj(?)c‘: ) t;l

The application of the varlational method in a discrete grid of polnts

+

leads to the secular equations:

([H] - (E][SD)IC] = 0 (4)
where [H] is the energy matrix, [(C] is the matrix of eig;‘iwectors and [S] the
overlap matrix. All the matrix elements are computed npumerically Iin the
tridimensional grid of points. Iterations are made until the set {¢1o‘} is
self-consistent with the potential, within a prescribed accuracy. For the
present calculations, electronic charges and moments were converged up to
#0.02. To define electronic charges and magnetic moments, the concept of
Mulliken populations [26] is adopted, which is based on the coefficients of
the LCAD expansion. The magnetic moments on the atoms are defined as the
difference between the total Mulliken populations [26] for spln up and spin
down.

In the variational expansion of the cluster spin-orbltals ¢1¢, all atomic
orbitals are included for the central Y atom, for which the hyperfine
interactions were calculated. For Fe and Ni, only the 3d, 4s and 4p were kept

in the variational basis, the others belng kept frozen in the core and
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orthogonal to the valence. For the other Y atoms and for the Lanthanides, the
valence orbitals and the “shallow core orbitals (4s and 4p for ¥, 5s and Sp
for R) were included in the variational space. Atomic basis funct-ions were
obtained numerically by LSD calculations, and were optimized in further
iterations by considering orbital populations as obtained for the clusters. In
these calculations, we considered important to include the 4f orbltals of the
lanthanides in the valence; this led to _problems of convergence, which were
circumvented by inducing fractional occupations of the levels near the Fermi
level, by a "thermal distribution" sufficiently broad to allow convergence.
Thls procedure led to a small degree of artificlal occupation of the minority

spin bands placed around the Fermi level.

4
In the DVM method, a model potentlal is employed constructed from

multipolar expansions of the electronic charge density aroudnd each atomic site
[27]. This expansion may be carried to any degree of accuracy; for the present
compact solids, we considered sufficient to include only spherical terms, such
that the electronic density is given by

o(@) = (D) =): d:‘ ot (D), (5)
n,l,I

where
I 9, _ . q 2 ~ |
p_, (F) —); R, (r )1 f:(rq) :

p(?) is the total electronic density py + p, ; a similar expansion is made for
Py = Py- pil are overlapping charge densities centered at each atom ¢q and R:l

are the atomic radial functions of the basis. The prime on the summation
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represents a previously defined set of atoms (usually equivalent by symmetry)
and I labels a pérticular set. The coefficients dil in Eq. (5) are determined
variationally in each cycle by a least-squares error-minimization procedure,
with the condition that p"(?) integrates to the total number of electrons 1in
the cluster. Self-consistency 1is achleved through convergence of the
coefficlients, since they ultimately determine the cluster potential.

The tridimensional grid employed in the DV method is divided in two
regions. In a spherical volume around each nucleus where a m;re precise
numerical integration is needed, a regular grid of points is defined [28]. In
the present calculations, this was done for the central Y atom, where the hf
fleld was calculated, and for the rare earth atoms, whére higher numerical
precision was found to be necessary. In all other regions of space, the grid
points are pseudo-random Diophantine [10,11], induced to be more dense near
the nucleti. |

The hyperfine contact field (or Fermi field) computed at the Y nucleus,
on the site (0,0,0) of the cluster, is given by:

H =22 gp 172 [p (0) - py(0}] (6)
c B 4

where My is the Bohr magneton. The elements of the dipolar hyperfine tensor

are given by:

28
XX -r
[ 1 51”]d-:. (7)

1 >
= (o (B - p,(R))
5 SHBI P Py -

The orbital hyperfine fleld at the Y site was assumed to be small due to

quenching of the orbital angular momentum in the metallic environment, and was
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neglected. Therefore, the total hyperfine field HF is given by:

HF &= Hc + Hn . . {8)

III. ANALYSIS OF THE EXPERIMENTAL DATA

The transferred hf fields at the Y site, in the pseudo-binary
intermetallic compounds of formula [Yi_xRx]Fe2 (with x=0.02), were measured by

89

zero-field spin echo NMR of Y [201. The samples of the pseudo-binary

compounds were prepared by melting the high purity constituents in an arc
furnace, and were studied at 4.2 K. i

The hyperfine fields were obtained from the 1east—squ§res analysis of the
NMR spectra. Each conflguration of rare earth second neighbors gives rise to a
line in the spectrum, and the corresponding hf flelds were obtalned. The
configurations are identifled by thelir probability of occurrence, at the
concentration of the compound examined, assuming a random occupation of the
rare-earth sites by the impurities. In the computer fits, the line intensitles
are taken as proportional to these probabilities. The results reported in the

present work were obtained from a configuratlion characterized by one single R

neighbor near the Y probe atom.
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1V. THEORETICAL RESULTS AND DISCUSSION

IVa. Electronic Charge Distribution

All the clusters chosen, representing an Y atom and its Iimmediate
environment in the crystal, have Y at its center, surrounded by a shell of 12
transition—metal atoms nearest-neighbors (NN} and by 4 Y or R atoms as
next-nearest-neighbors (NNN) (see Figs. 1 and 2). In the clusters, the Y atom
at the center is best described, since all its chemical bonds ar; saturated.
The pure compounds are thus represented by the clusters {YFe1zY4] and
[YNile‘]; the conflgurations with only one lanthanide atom substituting for Y
in the NNN shell is represented by the clusters [YFelatng)] and [YNi:z{Rys)]'
The 1locally R-concenirated configurations are described by the clusters
[YFeléY‘] and [YNile‘]. In the case of the Fe compound, ;everal rare-earths
were included (R=Gd, Tb, Ho, Tm and Lu), since we were looking for trends
among the heavier lanthanides. For the Ni pseudo-binary compounds, only Gd was
considered. All the clusters were embedded In the potential of several shells
of atoms of the pure crystals. In the latter, each Y atom 1ls surrounded by
alternating shells of Fe {or Ni) and Y.

In Table 1 are given the atomic charges on the clusters representing Ysz
and derived pseudo-binary compounds. Table II gives the same 1information for
the Ni compounds studied. The valence Mulliken populations (4d, 5s and 5p) for
the central Y atom (Yc} are also displayed on the tables. The total charge on
the clusters was determined self-conslistently by assuming in each iteration

the Y charge as in the central atom (Yc), taking iInto account the

stoichlometry [29). For example, the charge on [YFe12Y4] representing YFe2 is
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-2.0, since (see Table I) the charge on Yc is +2.0, and there is an excess of
two Fe atoms in the cluster. The "shallow core" orbitals 4s and 4p of Y were
seen to hybridize to a small extent, and thus their populatlons wer; slightly
different from those of the free atom.

From Table I 1t is seen that the charge on Yc in the compounds {is
approximately +2.0, as cbtained from the Mulliken analysis, which is based on
the coefflicients of the expansion on the atomic orbitals of the basis. A
different kind of charge definition, based on integration ‘within the
Wigner-Seitz spheres of each atom, gives smaller values. For example, for YFe
we obtained +0.8 for Y;. In either definition, however, a significant charge
transfer from Y to Fe 1s cbserved. The small differencegfound for the charge
on the peripheral Y atoms in the cluster (Yp) is ascribed to a spurlous
cluster effect, since for these atoms part of the bonds "are truncated. The
charge on Yc is seen to remain remarkably constant as the Y; atoms are
substituted for R, even at higher concentratlons. The positive charge on R is
slightly smaller than that of Yp (the atoms with which they should be
compared) and is quite constant for all the lanthanides considered, except Lu
that displays a somewhat more positive charge. These results are consistent
with the very similar Pauling electronegativities of the heavler lanthanides
(~ 1.20 - 1.25) [30], the exception being Lu with a slightly smaller
electronegativity (~ 1.0). When Fe 1is substituted for Ni, the charge on Yc
becomes somewhat smaller.

In the clusters with one R atom (Table I), there are three types of Fe

atoms, at distances 3.05, 4.78 and 6.04 A from R (see Fig. 3)}. From Table I it

is seen that these Fe atoms have different charges, ln particular the atoms at
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4.78 A, that have a much larger negative charge due to an increased 4p
population. A part of these differences ls an artifact due to the cluster
size. A similar charge distribution 1is o¢btained for the Ni .atoms in
[YNilszdYa)] (Table II).

For the R-substituted YFez, as well as for the pure compound, the valence
configurations of Yc are very similar. The 4d population is somewhat lncreased
as compared to the free atom (4d15525p°], and the 5s and 5p orbitals are
almost completely depleted, their electrons filling the conduction‘band which,
in the Mulllken analysis, is made up mostly of the 4s and 4p orbitals of Fe.
For pure and substituted YNiz, the results are similar, except that the 4d

populations are slightly higher. %

IVb. Transferred Hyperfine Fields

The calculated spin magnetic moments for YFe2 are —0._19;.1B for Yc and
1.39;1B for Fe. For Yp the moments are slightly smaller, since they are induced
by hybridization and for these atoms the bonds are partly truncated. The total
moment per formula unit is Z'GSMB' Experimental results point to somewhat
higher values: 2.90pB for YFe2 from magnetometry measurements [31] and -0.67uB
on Y estimated from polarized neutron diffraction, of which 20 % is believed
to be the orbital moment contribution [2]. Theoretical values of the spin
moment for Y range from -0.29,uB with a Tight Binding calculation [4] to
-0.38uB {6] and -—0.43;1n {32] with the local density LMTO method, and 0.45 Mo
[32] with the local density ASW (augmented spherical wave) Method [5}. As
described in Sectlon II, the fractional electrons distribution utilized to

facilitate convergence has the effect of somewhat underestimating magnetic
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effects in the clusters, so that our calculated values should be regarded more
as trends among the different compounds. The calculated magnetic moment on Yc
is a sum of the 44 moment (—0.15uB } and a small contribution .from the
conduction electrons, with the same sign (-0.04;.1B ).

The contact hyperfine field Hc at the Y atom in YFea, calculated at Yc
with the use of Eq. 6, is -154kG, alsc somewhat underestimated as compared to
the experimental value =-222kG [21]. Therefore, values for the R-substituted
compounds will be presented relative to this wvalue. Due to the local
tetrahedral symmetry around Y in YFea, the dipolar component of the field HD
vanishes.In the Y contact field, contrary to Fe, the valence contribution (S5s)

is by far the dominant one.

'\

In Fig.4 are plotted the calculated values of Hc {shifted by the values
for YFe)), and H at the Y site of the clusters [YFeIzl'RYa]]. The dipolar
fields are created at the Y site by the spin-density asymmetry produced by the
presence of one rare earth NNN atom. It is seen that the varlation of HD is
almost linear with 2; thls is not the case with Hc. Although Lu has a zero 4f
spin-moment, its effect on the NNN Y atom is not the same as that produced by
an Y atom in the same position, resulting in lower hyperfine fields.

In Fig. 5 the values of HF for the clusters with four NNN substitutlions
are compared to those with one substitution. The clusters [YFe12Y4] also
present local tetrahedral symmetry around Y;. consequently the dipolar fleld
vanishes and the only component considered Is Hc. For the locally
R-concentrated case, the dependence of l-lr with 2 of the Lanthanide is much

more clear-cut than for only one substituent. The trends presented for the two

cases in Fig. 5 show clearly that the increase in Hr is not linear in the
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number of R substituents, rather reaching a saturation value; this is due in
part to the dipolar field, present only in the low symmetry configuration.

In Fig. 6 the calculated values of I-IF for the configurations with one R
substituent are compared to the experimental values, obtalned from measured
data with the analysis described in Section III. Although the trends are
similar in both cases, the varlation 1s steeper for the calculated values.
This discrepancy suggests that the orbltal contribution to the hyperfine fleld
at the Y atem may be non-negligible. This hypothesis is plauéible since
neutron diffraction measurements on ‘!’Fe2 indicate the presence of an orbital
moment on Y [2]. Orbital hyperfine fields are wusually positive and their
inclusicen in the calculation would probably decrease thﬁ't absolute wvalues of
the flelds; they may also be sensitive to the R substituents. Calculation of
orbital fields, however, are beyond the scope of this work."

The wvariations observed in the Y hyperfine fields along the series of
lanthanides are clearly related to the different spin magnetic moments of R.
The average transferred hf field in concentrated metallic systems has been
observed to be broadly proportional teo the spin of R in the compounds RI-"e-2 and
RzFerr [1,33] and in leHol_x binary alloys [34]). The local hf field near a
rare earth impurity is also expected to be roughly proportional to the spin of
the rare earth [34]. Accordingly, one may expect a decrease of the magnltude
of the hyperfine field at the ¥ site, as the rare-earth NNN is varled from Gd
to Y or Lu. The mechanism through which this takes place is not obvious.
Magnetic polarization in metals is thought to propagate by the mediation of
the conduction electrons (RKKY mechanism) [1] or by direct, localized d-d

hybridization [35]. The situation here is even more complex, since we are
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dealing with the influence of R on second-neighbor atoms.

First-principles band-structure calculations for YFe2 have shown that the
observed pressure dependence of the Y hf field is due to the fact ihat this
field originates from the polarization of the s conduction electrons by the
Fe(3d) magnetlc moments [36]. In the case of the lanthanides, the 4f spin
moments polarize the 5d electrons [34]; these in turn may hybridize with the d
electrons of Fe and Y. One question which poses 1itszelf is 'whéther the
transferred hf flields Hc on Y originate from increased 4d magnetié moments on
Y, or from direct polarization of the s cloud by the R 4f and 5d electrons. To
answer this question, we have plotted in Fig. 7 the 5d spin magnetic moments
of the rare-earths Jlnvestigated, together with the Yé magnetic moments,
calculated for the clusters [YFew(RYS)]. In Fig. 7, the R 5d moments are
divided by u(4d) of Y; in YFe2 and the Y 4d moments are divided by u(4d) of Y;
in YFez. It is seen from the figure that u(5d) varies significantly with Z of
the lanthanide, and thus with the 4f moments of R (calculated u(4f) are
slightly lower than the free atom values, due malnly to some intra-atomic
S5d+4f charge transfer which occurs mainly Into the minority spin 4f levels;
the values are Gd 4f %% Tb 4r >3 Ho af™', Tn ar®%). The Y magnetic
moments, however, remain almost constant along the serles. Therefore, we may
conclude that variations in Hc at Y due to different R substltuents are not
due to changes in u{4d) on the ¥, but to direct polarization of the conduction
electrons by the 4f and 5d electrons of R. The negligible changes in u(4d) of
Y are readily understood when one realizes that d-d Iinteractions are
short-range, while R and ¥ are second-neighbors,

In Fig. 7, it is seen that Yi_xl..uxl'-‘e2 does not follow the trend of the
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other rare-earth substituted compounds, presenting an increased u(5d) with
respect to Y1-mexFez‘ This is seen to result from intra-atomic 5d - 4f charge
transfer: since this cannot take place in Lu, due to the completely ;‘illed_ 4f
shell, the 54 population is increased (for both spins), and consequently, so
1s p(5d).

The spin polarization produced by R is also extended tc the Fe atoms.
This is observed in Flg. 8, where the valence spin density [p¢(?] - p¢(?]] is
plotted in the Fe-Yc direction for YFe2 and Yl-_de,xF‘e2 with one and four NNN
Gd atoms.

Further insight on the origin of the hf flelds is galned by analyzing
pure and R-substituted YNiz. YNi2 is known to be non-ma&%etic [1]; indeed, a
self-consistent calculation initiated with a rather large magnetic moment on
Ni converges fully to the non-magnetic solution. In this cdse, therefore, the
influence of R may be seen without the additional complication of the
transition metal magnetism. In Table II1 are shown results for Gd-substituted
YN12. It is seen that, although the spin magnetic moment on Y is neglligible,
non-negligible values of Hn and Hc are obtained on Y. The values found are
similar to differences in HD and Hc values between YFe2 and Yl_dexFez,
showing that in the latter roughly the same polarization is superposed to that
induced by Fe. Another interesting feature is the 37% reduction of pu(5d) of Gd
in [YNithdYa)], relative to u(5d) of Gd in [YFem(GdYaJ]. showing that the
3d moment of Fe also contributes to pelarize the 5d orbital of Gd.

In Figs. 9 and 10 is displayed the valence spin density in [mj‘iz(GdY:c”’
in the Ni - Yc and Gd - N1 directicns, respectively. The polarization induced

by Gd extends over Y and Ni; 1in the latter, we may also see an induced
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polarization of the 3d orbital, which is larger in the Gd - Ni direction. In
Fi. 11, the spin density for the Gd-concentrated configuration is shown in the
Ni - Y; direction, substantially Increased with respect to the dilhte case,
Finally, in Figs. 12 and 13 we plot the spin density around the Yc site, in
both the Yc—Gd and Yc-Yp directions, for the configurations with one
rare-earth NNN neighbor in the Yl_xIRxNi2 and Yl_xRxFe2 respectively. The
asymmetry in [p¢(?) - p¢(?)] around YQ is clearly related to the dipolar field

+

H .
P

V. CONCLUSIONS d

Through self-consistent local-spin-density calculations for clusters
representing an Y atom and its vicinity in Y:qf&Fez and Y1ﬂ3kNia’ we have
gained understanding on the mechanisms related to transferred hyperfine
fields. The dipolar hf fleld is seen to increase slignificantly in the serles
Y, Lu » Gd; the variation obtained 1is almost linear. The contact fleld at the
Y site is seen to origlnate from direct polarization of the conductlion
electrons by the 4f and 5d electrons on the rare-earth, and not from increased
i£(4d) on Y. The discrepancies found between the calculated and experimental
trends in Hr for the configuration with one rare-earth NNN in Y1ﬁjEFe2 are

suggested to originate from non-negligible orbital hyperfine fields on Y.
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fIGURE CAPTIONS

Figure 1. Cluster representing Laves phase compounds, centered on Y.
Figure 2. View of cluster surrounded by nelghbor atoms in the crysta}.
Figure 3. Fe neighbors of R atom in the clusters [YFew(RYs)]. '

Figure 4. Components of the hyperfine field at the central Y atom in
mono-substituted clusters [YFem(RYa)] representing Yl_xRxFez, relative to

YFez.(m) Dipolar field HD.(.) Ferml or contact field Hc. Lines drawn are to

guide the eye.

Figure 5. Sum of the dipolar and contact fields (HF=HD+I:§C) at central Y atom
in clusters representing Yl_xRxFea, relative to Y'Fe'z. (#) One NNN substitution
([Y'F'elz(RY3)]]. (m) Four NNN substitutions ([YF'emR‘]]. Lines drawn are to

guide the eye.

Figure 6. Experimental (m) and calculated (e) hyperfine fields at the Y s%,}
in compounds Yi_'xRx'Fe2 with one NNN substitution, relative to YFez. Calculated
values (HF=HD+HC) were obtained at Yc for clusters [YF312(RY3]]. Lines drawn

are to guide the eye.

Figure 7. Ratlos of calculated magnetic moments for [YFem(RYa)] clusters,
representing Y1ﬁfafea compounds with one NNN substitution. Lines drawn are to

guide the eye.
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Figure 8. Valence spin density along the Fe--Yc direction for [YFe15Y4],
[YFelztGdYa)l and [YFeiiGd‘]. In the case of [YF°12(GdY3)]' the -Fe atom is NN

to Gd. For Y, 4s and 4p orbitals are alsc Included.

Figure 9. Valence spin density along the Ni-Yc direction for [YNi12UR“g]].

The Ni atom is NN to Gd.
Figure 10. Valence spin density along the Gd-Ni direction for [YN112[GdY3)]°
Filgure 11. Valence spin density along the Ni—Yc direction for [YN;lzGd4}.

Figure 12. Valence spin density around Y in [YN112(GdY5)l'

i
Figure 13. Valence spin density around Y_in [YFe12(GdY3)]\
TABLE CAPTIONS

Table I.

Charges and Mulliken populations in clusters representing YFe2 and YP«RxFeZ.

Table II.

Charges and Mulliken populations in clusters representing YNi2 and Yp«deNiz'

Table III.
Magnetié moments and hyperfine fields in clusters representing Gd-substituted

YNi_.
2
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Fig. 2
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FIG. 3
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_ TABLE 1
Compound Cluster Charge Charge Charge Charge Populations
onY on Y on R on Fe on Y
c P : c

YFe2 [YFe12Y41 +2.0 . +2.2 - | -1.1 - ad 1.13

S5s 0.04

Sp- 0.07

Y Gd Fe [YFe (GAY )] +2.0 +2.2 +1.,9 1}-0.8 ad 1.16
1-x x 2 12 3

2)}-1.6 5sg 0.05

3)-0.9 Sp 0.10

[YFe Gd ] +1.9 -- +2.0 -1.0 44 1.15

Ss .04

Sp 0.07

Y TbFe_ [YFe (TbY.)1 +2.0 +2.2 +1.9 1)-0.8 4d 1.16
1-x % 2 12 3

2)-1.6 58 0.05

3)-0.9 Sp 0.10

[YFe Tb 1] +1.9 - +2.0 -1.0 ad 1.15

12774 H

Ss 0.05

5p 0.07

Y Ho Fe_. ({YFe (HoY )} +2.0 +2.2 +2.0 1)-0.8 4d 1.16
1-x x 2 12 3

2)-1.6 5s 0.05

3)-0.9 Sp 0.10

[YFeleo‘] +1.9 -- +2.0 -1.0 ad 1.14

Ss 0.05

5p 0.07

Y Tm Fe [YFe (TmY )] +2.0 +2.2 +1.9 1)-0.8 4d 1.15
1-x x 2 12 3

2)-1.6 Ss 0.05

3)-0.9 Sp 0.10

[YFelérmG] +2.0 —— +2.0 -1.0 ad 1.14

Ss 0.04

Sp 0.07

Y Lu Fe [YFe (LuY_ )] +2.0 +2.2 +2.2 1)~0.8 44 1.15
1-x x 2 12 3

2)-1.7 5s 0.05

3)-0.9 Sp 0.10

[YFeiéLu‘] +2.0 — +2.2 -1.1 44 1.13

Sz  0.04
5 0.07
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" TABLE II
Compound Cluster Charge Charge Charge Charge = Populations
on Y on Y on R on Fe on Y
] p ]
YNi [YNi_ Y ] +1.8 +2.0 - -1.0 44 1.30
2 12°4 _
Ss 0.05
Sp 0.08
Y Gd Ni [YNI__(GdY )] +1.9 42,2 +1.9 1)-0.8 ad 1.24
1-x x 2 12 3 :
2)-1.5 s 0.05
"3)=-1.0 S5p 0.13
[YNiizGd‘] +1.8 -— +2.0 -1.0 4@ 1.24
' 58 0.05
-; Sp 0.09
LS
F
TABLE 111
Compound Cluster piad) H_ (kG) Hc(kG} H =H +H_(kG)
Y1—dexN12 [YNiu(GdYa)] . 0.00 -6.2 -12.7 -19

[YNimGd‘} -0.01 - ~48.0 -48
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