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The local magnetic moments and hyperfine fields, the intersublattice exchange fields, the electric field
gradients, and the crystal field parameters are calculated for the technologically important hard-magnetic
compound Nd2Fe14B by the full-potential linear-muffin-tin-orbital method in local-spin-density approximation.
The results are analyzed and compared with data from other theories and experiments.

I. INTRODUCTION

In Ref. 1 ~hereafter denoted as paper I! we described a
computational scheme based on the full-potential linear-
muffin-tin-orbital method ~FLMTO! and the local-spin-
density-approximation~LSDA! for the treatment of rare-
earth–transition-metal intermetallics. These materials are
interesting from a fundamental point of view, because their
magnetic properties are determined both by the highly corre-
lated, strongly localized 4f states and by the less correlated,
less localized valence states. They are also appealing from a
technological point of view due to their potential application
as permanent magnets.2

Various parameters of the two-sublattice model2 of these
materials were calculated in Ref. 1 for the technologically
important seriesRCo5 ~R5rare-earth atom!, i.e., local mag-
netic moments, intersublattice exchange fields, crystal field
parametersAn

m as well as local magnetic hyperfine fields and
electric field gradients. The crystal field parameters are very
important quantities, because they determine the rare-earth
contribution to the magnetocrystalline anisotropy, which is
sometimes very large in these materials and which is one of
the major features for the technological application as per-
manent magnets.2 The experimental determination of the
crystal field parameters, however, is rather complicated, be-
cause it requires a multiparameter fit to experimental data
which is far from being unambiguous~Sec. IV of paper I!. To
facilitate the multiparameter fits in complicated intermetal-
lics, it is sometimes assumed~Sec. III C! that the crystal field
parametersA2

0 at crystallographically differentR sites are
proportional to the electric field gradients which are directly
measurable for instance by NMR or Mo¨ssbauer experiments.
Therefore, in the present paper special emphasis is put on the
crystal field parameters and the electric field gradients.

In paper I it was demonstrated that for a reliable theoreti-
cal determination of the crystal field parameters it is indis-
pensable to refrain from any approximation for the effective
crystal potential. This means that the very efficient atomic-
sphere approximation3–17 ~ASA! which is able to obtain re-
liable results for the local magnetic moments, the local mag-
netic hyperfine fields and in many cases also for the
intersublattice exchange interactions~a review is given in
Ref. 12! does not suffice. We therefore apply the FLMTO
method, which we described in paper I. Furthermore, it was

demonstrated in paper I that the application of the LSDA to
the case of rare-earth–transition-metal intermetallics intro-
duces large uncertainties for the lowest-order crystal field
parameterA2

0 which cannot be totally removed but at least
drastically reduced by physically motivated measures. Fi-
nally, it was shown that the crystal field parameterA2

0 and the
electric field gradient at the rare-earth site depend very
strongly on the orientation of the aspherical 4f charge den-
sity in contrast to the basic assumption of the two-sublattice
model. As a consequence, the quantitiesA2

0 obtained from a
multiparameter fit to experimental data~based on the as-
sumption that there is no dependence on orientation! repre-
sent effective parameters which may be different for different
experiments. Our guess is that we may obtain a representa-
tive effective parameter by disregarding the asphericity of
the 4f charge density~when calculating the effective poten-
tial!, and we will proceed on the line in papers II and III.

In the present paper II we apply our computational
method to the case of Nd2Fe14B, which is the technologically
most important representative2 of the seriesR2Fe14B. This
material has an advantageous economical feature when com-
pared to the compound SmCo5 mainly used as hard magnetic
material before 1984 because it is based on Fe which is much
cheaper than Co. Severalab initio calculations of the mag-
netic properties of these materials were performed3–17within
the framework of the ASA calculations, a review is given in
Ref. 12. One of the most valuable features of Nd2Fe14B is the
very high magnetocrystalline anisotropy which is related to
the crystal field parameters. To obtain reliable results also for
the crystal field parameters, we now apply the FLMTO
method. Because of the large number~68! of atoms in the
unit cell, so far nobody has attempted a full-potential calcu-
lation for this compound.

II. DETAILS OF THE CALCULATIONS

The calculations were performed by the full-potential
linear-muffin-tin-orbital method~FLMTO! described in pa-
per I within the framework of the local-spin-density approxi-
mation. For details of the calculations and for the meaning of
the various parameters given below we refer to paper I.
Threek points in the irreducible part of the Brillouin zone of
the very large elementary unit cell were used. Because of the
large number of atoms in the supercell it was impossible to
check the convergence with respect to the number ofk points
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by going to larger numbers. However, converted to the dif-
ferent number of atoms, the corresponding number ofk
points in the reducible Brillouin zone corresponds to a num-
ber of k points in the reducible Brillouin zone of theRCo5
elementary cell for which satisfactory convergence was ob-
tained for the seriesRCo5 in paper I. The angular momentum
cutoffs were (l B,l T,2l W)5~2,7,8! for the Nd sites and~2,6,8!
for the other sites.~Confining to l T54 affected mainly the
crystal field parametersA 2

m which are then modified by typi-
cally 10%.! A two-k calculation was performed for the va-
lence band, withk2520.9 Ry for the 5p states at Nd and
k250.4 Ry ~corresponding to the center of gravity of the
occupied part of the valence band! for the other states. It is
expected from Table IV of paper I that a two-k calculation
with the 5p states included in the valence band yields reli-
able values for all quantities except for the crystal field pa-
rametersA 2

m. We used for the augmentation energies the val-
uesk2 for l. l B and the respective centers of gravity of the
occupied part of thel -projected band forl< l B , except for
the 4f states~22 Ry! and the 6p states~D6p51.9!. The 4f
core states are evaluated in the spherically averaged effective
potential for D4 f52` at the surface of the muffin-tin
spheres around the Nd atom~Sec. III E 1 of paper I!, and a
spherically symmetric 4f core according to Eqs.~11!–~15!
of paper I was assumed for the calculation of the effective
potential.

The tetragonal elementary unit cell of Nd2Fe14B contains
68 atoms, 6 crystallographically inequivalent Fe sites, 2 in-
equivalent Nd sites, and the B site~see Fig. 1!. The structure

parameters are taken from Ref. 18, and the site notation of
Shoemakeret al.19 is used. For comparison with experiments
it is important to note that different site notations exist~the
interrelations are discussed in Ref. 20!. It should also be
noted that in our former papers7,8,10–12,14,15the site notation
of Herbstet al.21 was used, wherej 1 and j 2 sites as well asf
and g sites are interchanged as compared to Shoemaker
et al.19 In our calculations all magnetic moments are aligned
parallel to the crystallographicc axis. In reality, there is a
noncollinear spin structure in Nd2Fe14B ~see, for instance,
the review of Coey22! at very low temperatures, so that our
calculations refer to the situation above the spin-reorientation
temperature, extrapolated toT50.

III. RESULTS AND COMPARISON WITH OTHER
THEORIES AND WITH EXPERIMENTS

A. Magnetic hyperfine fields and magnetic moments

Table I represents the results for the local contact hyper-
fine fields ~i.e., hyperfine fields without orbital and dipolar
contributions! and the local magnetic moments in compari-
son with our previous results8,12,14 obtained by the linear-
muffin-tin-orbital method in atomic-sphere approximation
~LMTO-ASA!.

For an experimental determination of the magnetic hyper-
fine fields, severalad hocassumptions must be made to de-
compose the total Mo¨ssbauer spectrum into the subspectra
originating from crystallographically different sites. For in-
stance, it is often assumed23 that the local Fe hyperfine field
Bhf increases with the number of Fe nearest neighbors, yield-
ing for the hyperfine fields a succession 8j 1.16k2
.16k1.4e'8 j 2.4c. Our LMTO-ASA calculations8,12,14

~see Table I! arrived at another succession for the hyperfine
fields, with the largest value for the 16k2 site and the smallest
value for the 4e site. It has been demonstrated by an analysis
of the highly-resolved Mo¨ssbauer spectra of Longet al.23

that an assignment of the largestBhf to the 16k2 site would
lead to an inconsistency of the relative intensity of the cor-
responding magnetic sextet with the relative crystallographic
degeneracy of this site, so that this site assignment can be
excluded—in contrast to our previous LMTO-ASA calcula-
tions. In Ref. 14 we assumed that the problem might arise
from the neglect of the dipolar and orbital contributions or
from a deficiency of the local-spin-density approximation. In
the present FLMTO calculations the hyperfine field at the

FIG. 1. Tetragonal unit cell of Nd2Fe14B. Thec/a ratio is exag-
gerated to emphasize the puckering of the iron layers. After Herbst
et al. ~Ref. 21!, but with the site notation of Shoemakeret al. ~Ref.
19! used in the present paper.

TABLE I. Magnetic contact hyperfine fields—Bhf in T and mag-
netic moments inmB for Nd2Fe14B as determined by the present
FLMTO calculations and the LMTO-ASA method.8,12,14

2Bhf mloc

FLMTO LMTO-ASA FLMTO LMTO-ASA

Fe~16k1! 27.6 28.5 2.22 2.18
Fe~16k2! 29.2 30.7 2.28 2.38
Fe~8 j 1! 29.9 28.2 2.67 2.59
Fe~8 j 2! 29.8 28.8 2.16 2.30
Fe(4c) 28.7 28.6 2.43 2.46
Fe(4e) 26.7 26.4 1.96 2.03
B(4 f ) 3.9 4.4 20.13 20.19

53 3291FULL-POTENTIAL LINEAR-MUFFIN-TIN- . . . . II. . . .



16k2 site is slightly decreased as compared to the LMTO-
ASA calculation and the hyperfine fields at the 8j 1 and 8j 2
sites are slightly increased~Table I!. As a result, the largest
hyperfine fields now are at thej 1 and j 2 sites rather than at
the 16k2 site. However, the hyperfine fields at the twoj sites
are so close in value that the experimental Mo¨ssbauer line23

at 6 mm/sec should appear with a relative intensity of 16 and
not of 8 as observed experimentally. As outlined in Ref. 14,
one obviously must consider the dipolar and orbital contri-
butions and must cure the deficiency of the local spin-density
approximation in order to arrive at decisive calculations. In
agreement with the LMTO-ASA calculations and with the
sign assignment of various experimentalists~see Ref. 14!,
the 4e site rather than the 4c site ~as suggested by Ref. 23!
exhibits by far the smallest hyperfine field. This possibly
indicates14 that the number of neighboringB atoms is more
important for the value ofBhf than the number of neighbor-
ing Fe atoms.

Our present data for the local magnetic moments agree
well with the results from our previous LMTO-ASA
calculations8,12,14 which are extensively compared with the
experimental data in Refs. 8, 12, 14. The total magnetic mo-
ment per elementary unit cell of 37.5mB is close to the
LMTO-ASA value8,14 of 37.8mB and the experimental
value24 of 37.6mB . The magnetic moment per unit cell in the
interstitial space between the muffin-tin spheres is20.69mB
only, indicating that the spin density is well localized at the
atoms.

It becomes obvious from Table I that the local magnetic
hyperfine fields are not proportional to the local magnetic
moments, in contrast to the assumption which is made very
often for an analysis of Mo¨ssbauer experiments~for a dis-
cussion, see Refs. 8, 10–12, and 14!.

B. Electric field gradients

Our FLMTO results for the components of the electric-
field-gradient~EFG! tensor are shown in Table II, together

with results from LMTO-ASA calculations25 and from
augmented-spherical-wave ASW-ASA calculations3 for
Gd2Fe14B. In the ASA calculations only the contribution of
the electrons in the atomic sphere surrounding the rare-earth
sites is taken into account, and the results depend to some
extent on the choice of the respective radii of the atomic
spheres, which for multicomponent alloys is not unique. The
range of values spanned by the LMTO-ASA data of Table II
gives a feeling for this dependence. Furthermore, the 5p
states are treated as core states in the ASA calculations,
whereas in the FLMTO calculation they are considered either
as semicore states or as valence states. It has been shown in
paper I that it is indispensable to include the 5p states of the
rare-earth atoms into the valence band in order to obtain
accurate values for the EFG and the crystal field parameters.
For Nd2Fe14B, the difference between these two calculations
is smaller than for the seriesRCo5 ~paper II! but still consid-
erable. In Table II we compare also with experimental re-
sults. Kapustaet al.26 determined the EFG of Nd2Fe14B at
4.2 K from spin-echo NMR spectra. Two problems should be
considered for a comparison of our theory with these experi-
ments. First, one should take into account that at 4.2 K there
is a noncollinear spin structure in Nd2Fe14B, whereas we
assume a spin alignment along thec axis for our calcula-
tions. As shown in Sec. III D of paper I, the EFG may de-
pend rather sensitively on the orientation of the magnetiza-
tion if dealing with an aspherical 4f charge density. This
should result in a temperature dependence of the EFG below
the spin-reorientation temperature, which should be easily
detectable in experiments. Second, the electric field gradient
at the Nd site is dominated by the contribution from the
aspherical 4f charge density, and the separation of this con-
tribution in the analysis of the experimental data requires
assumptions which may introduce uncertainties for the value
of the remaining EFG. Because of these two problems, we
also compare with the experimental values from Mo¨ssbauer
experiments27 at 4.2 K for Gd2Fe14B, where there are no

TABLE II. Components of the EFG at the Nd sites in Nd2Fe14B ~without 4f contribution! in the Cartesian
coordinate system defined by the axes of the tetragonal unit cell (Vzz,Vxy) and in the respective principle
coordinate system (V33,V22). All numbers are given in units of 1021 V m22. The table gives also the NMR
results~Ref. 26! for Nd2Fe14B ~note that in Ref. 26 the symbolsVzz andVcc correspond to our symbolsV33
andVzz, respectively, and that the site notation of Herbstet al. ~Ref. 21! is used!. Comparison is also made
with results for Gd2Fe14B from ASW-ASA calculations and Mo¨ssbauer experiments.

4 f 4g
Vzz Vxy V33 V22 Vzz Vxy V33 V22

FLMTO
5p valence

28.57 21.07 28.57 5.35 27.05 6.00 9.52 27.05

FLMTO
5p semicore

210.74 2.48 210.74 7.85 29.99 9.17 14.17 29.99

LMTO-ASA
~Ref. 25!

28.8 to
26.4

29.1 to
28.4

NMR
~Ref. 26!

26.7 26.7 22.5 8.29

ASW-ASA
~Ref. 3!

28.8 27.7

Mössbauer
~Ref. 27!

27.59 22.50 27.59 6.30 27.70 7.56 11.41 27.70
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contributions from the 4f shell to the EFG. It is sometimes
assumed that the EFG varies only slightly across the series of
a rare-earth compound. However, the fact that the asphericity
of the 4f charge density has a big effect on the EFG~Section
III D of paper I! and that the degree of this asphericity varies
strongly across the series throws some doubts on this as-
sumption. This must be taken into account when comparing
Nd2Fe14B with Gd2Fe14B.

In Table II we discuss the componentsVzz5Vcc and
Vxy5Vab of the EFG in the Cartesian coordinate system
spanned by the axesa,b,c of the tetragonal unit cell, as well
as the componentsV22 andV33 in the local principal coordi-
nate systems at the 4f and the 4g sites, respectively~with
V111V221V3350!. The signs and the succession in absolute
values of the EFG agree between theories and experiments.
Whereas all the theoretical results and the Mo¨ssbauer results
for Gd2Fe14B yield a similar value ofVzz for the two rare-
earth sites, there is a drastic difference between the Nd sites
according to the NMR experiments. Calculations and experi-
ments find larger absolute values ofV33 for the 4g site than
for the 4f site.

C. The crystal field parameters

Table III exhibits our theoretical results for the crystal
field parametersAn

m in comparison with experimental data. It
should be noted again that the values of theA 2

m as obtained
from the present two-k calculation are expected to be less
accurate than the data for the other quantities. However, we
think that the order of magnitude, the signs and the differ-
ences between the two Nd sites are correctly reproduced also
for theA 2

m. The sign ofAn
m for mÞ0 depends on the ques-

tion which one of the four respective equivalent Nd sites is
considered and how the translation vectorsT i of the tetrag-
onal unit cell are oriented with respect to the Cartesian axes
for which the 4f multipole moments occurring in the expres-
sion for the magnetic anisotropy@Eq. ~3! of paper I# are
defined. In our calculations theT i are aligned parallel to
these Cartesian axes and theAn

m are evaluated at the Nd
(4 f ) site 0.64278T110.35722T210.5T3 and at the Nd(4g)
site 0.76984T110.76984T210.5T3, using the structural pa-
rameters of Ref. 18.

In contrast to the systemRCo5 ~paper I!, whereA2
0 was

determined both by the valence and the lattice contribution

and whereAn
m for n.2 was dominated by the lattice contri-

bution, no such systematics appears for Nd2Fe14B. For the
Nd(4f ) site the valence contribution is dominant, whereas
for the Nd(4g) site both the valence and the lattice contri-
bution are relevant forA2

0. In contrast, the EFG is totally
determined by the valence contribution, which in turn is not
proportional to the valence contribution toA2

0 ~see Sec. I D
of paper I!. Altogether,A2

0 is by no means proportional to the
EFG, in contrast to the assumption which is often made for
an analysis of experimental data~see below!. The importance
of both the valence contribution~which is totally neglected
in the so-called point-charge models; see Sec. I D of paper I!
and the lattice contribution for the case of Nd2Fe14B was first
emphasized by the calculations of Zhong and Ching28

~which, however, were based on a non-self-consistent effec-
tive potential, which of course strongly affects the accuracy
of the quantitative results!. In the following years, calcula-
tions based on the ASA were performed,3–18 which consid-
ered only the valence contributions. Although they used a
self-consistent effective potential, the accuracy was limited
by the application of this potential approximation. Neverthe-
less, the results forA2

0 across the seriesR2Fe14B were in
semiquantitative agreement7,10–12with the experimental data,
possibly because for theR(4 f ) siteA2

0 is indeed dominated
by the valence contribution. In spite of this, we are con-
vinced that for an accurate determination of theAn

m a highly
accurate full-potential calculation of the valence and the lat-
tice contribution is required. For instance, the valence con-
tribution to A2

0 is larger for the 4g site than the 4f site, in
agreement with our former ASA calculations7,10–12~note the
different site notation in these papers!. However, the total
value ofA2

0 including the lattice contribution~which is ne-
glected in the ASA calculations! is larger for the 4f site than
for the 4g site.

The experimental determination of theAn
m proceeds on

the same line as described in paper I~Sec. IV C! and exhibits
the same problems, i.e.,~i! the number of fitting parameters
is very large, and the fits to experimental data therefore are
far from being unambiguous, and~ii ! the fitting parameters
represent effective parameters which are different for differ-
ent experiments. To reduce the number of fitting parameters,
ad hoc assumptions are often made which are not always
justified. For instance, Yamadaet al.29 assign the same val-

TABLE III. Results from the present FLMTO calculations for the crystal field parametersAn
m ~total as

well as valence and lattice contributions! and for An
m^r n&4 f at the Nd sites in Nd2Fe14B. Upper

part: Nd(4f ) site; lower part: Nd (4g) site.

n,m 2,0 2,22 4,0 4,22 4,4 6,0 6,22 6,4 6,26
An
m@Ka0

2n] 476 2640 220 30 46 20.2 0.0 21.5 0.5
Valence 497 426 219 19 33 0.0 0.1 0.2 20.1
Lattice 222 21066 20.8 11 13 20.2 20.1 21.6 0.5
An
m^r n&4 f @K# 540 2727 254 82 125 22.2 0.3 215 5

n,m 2,0 2,22 4,0 4,22 4,4 6,0 6,22 6,4 6,26
An
m@Ka0

2n] 284 709 218 231 243 20.3 0.4 22.3 0.0
Valence 643 1454 220 210 254 0.0 0.1 0.1 0.1
Lattice 2359 2745 2.2 221 11 20.3 0.3 22.3 20.1
An
m^r n&4 f @K# 323 807 250 285 2117 22.7 3.9 224 0.1
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ues ofAn
m to the Nd(4f ) and the Nd(4g) site, and Radwan´-

ski and Franse30 allow a difference only forA2
22. In contrast,

allowing for differences at the two sites for allAn
m Zhao and

Lee31 arrive at rather large differences for other representa-
tives of the seriesR2Fe14B ~they did not investigate
Nd2Fe14B!, especially for theA2

22. In our calculations, there
are also large differences between the two sites: theA2

0

values differ by a factor of about 1.7, and the values forA2
22,

A4
24, andA4

4 are even of opposite sign~as found by Zhao and
Lee for other representatives of the series!. Cadoganet al.32

assume that the ratioA 2
m( f )/A 2

m(g) is given by the ratio of
the EFG, in contrast to the general statement of the last para-
graph. Unfortunately, it is not always possible to find out
from the experimental papers which kind of site notation~see
Sec. II! was used and how the translation vectorsT i of the
tetragonal unit cell are oriented with respect to the Cartesian
axes for the 4f multipole moments. We therefore refrain
from a more detailed comparison with experimental data.

D. Intersublattice exchange fields

Based on the method outlined in Refs. 9–13 we have
determined the intersublattice exchange fieldsBex(4 f ) and
Bex(4g) which the transition metal spins exert on the Nd
spins at the 4f and the 4g sites, as well as the exchange field
Bex
Nd describing the exchange interaction among the Nd spins.

The results areBex(4 f )5364 T, Bex(4g)5331 T, corre-
sponding to a mean value ofB̄ex5348 T, and a very small
value of Bex

Nd54 T. By our LMTO-ASA calculations we
obtained9–13 B̄ex5421 T. For GdCo5 and SmCo5 the ex-
change fields obtained from the FLMTO and the LMTO-
ASA calculations agreed almost perfectly~see Sec. IV B of
paper I!. The reason for the discrepancy in the case of
Nd2Fe14B is not known. As outlined in Sec. IV C of paper I,
the problems for the experimental determination of theAn

m

~Sec. III C! have also an influence on the exchange fields,
which are determined simultaneously with theAn

m in the
multiparameter fits. Accordingly, there is a scatter in the ex-
perimental values forB̄ex which ranges from 447 to 554 T
~see Refs. 12 and 13!. However, all experimental data are
larger than the values obtained by the FLMTO and the
LMTO-ASA calculation. Analogously, for the seriesRCo5
the experimental values of the exchange fields were consis-
tently larger than the theoretical ones for the light represen-
tatives of the series~Fig. 5 of paper I!. On the other hand, for
GdCo5 ~paper I! and Gd2Fe14B LMTO-ASA
calculations9,12,13 and results from inelastic neutron scatter-
ing experiments33,34! there was perfect agreement between
theory and experiment. Our guess therefore is that good fits

to the experimental data for the light rare-earth atoms can be
also obtained for lower values of the exchange fields and
larger values of theAn

m. Our result Bex(4 f ).Bex(4g)
agrees with the result from the LMTO-ASA calculations
~Ref. 12; in this reference thef andg sites are exchanged by
mistake!, but is in contrast to the site assignment of Ref. 33.

IV. SUMMARY AND CONCLUSIONS

In this paper we presented results of full-potential elec-
tronic structure calculations for the technologically very im-
portant intermetallic compound Nd2Fe14B. Because the ex-
perimental determination of the various magnetic parameters
requires a multiparameter fit to the experimental data which
is not unambiguous, it is highly desirable to obtain reliable
theoretical results which may be used as fixed input param-
eters for the analysis of experimental data. The results of our
full-potential calculations were compared with those ob-
tained by calculations based on a potential approximation,
the so-called atomic-sphere approximation. The following
results were obtained.

~i! For the local magnetic moments and hyperfine fields
the results of these two types of calculations agree rather
well. As in other systems, it turns out that the local magnetic
hyperfine fields are not proportional to the local magnetic
moments, in contrast to an assumption which is made very
often for an analysis of Mo¨ssbauer experiments.

~ii ! The agreement between the two types of calculations
is also good for the electric field gradients, which turn out to
be very similar at the two crystallographically different Nd
sites. The agreement is less good for the intersublattice ex-
change field.

~iii ! For an accurate determination of the crystal field pa-
rameters the use of a full-potential method is indispensable.
The crystal field parameters are drastically different for the
two crystallographically inequivalent Nd sites, and this must
be taken into account for an analysis of experimental data.
The results~ii ! and~iii ! mean that the crystal field parameters
are not proportional to the electric field gradients, in contrast
to an often used assumption for the data analysis.
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