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Full-potential linear-muffin-tin-orbital calculations of the magnetic properties
of rare-earth—transition-metal intermetallics. 1. Nd ,Fe;,B
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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 NgFe ,B 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 demonstrated in paper | that the application of the LSDA to
the case of rare-earth—transition-metal intermetallics intro-
In Ref. 1 (hereafter denoted as papérwe described a duces large uncertainties for the lowest-order crystal field
computational scheme based on the full-potential linearparameterA which cannot be totally removed but at least
muffin-tin-orbital method (FLMTO) and the local-spin- drastically reduced by physically motivated measures. Fi-
density-approximation(LSDA) for the treatment of rare- nally, it was shown that the crystal field parametdrand the
earth—transition-metal intermetallics. These materials ar&lectric field gradient at the rare-earth site depend very

interesting from a fundamental point of view, because theiSrongly on the orientation of the asphericdl énarge den-

magnetic properties are determined both by the highly correSity in contrast to the basic assumption of the two-sublattice

lated, strongly localized 4 states and by the less correlated, moﬁgl. As atconlfte?uence, t.he qr?néiﬂ%sobtzined ILom a
less localized valence states. They are also appealing from'guiparameter mit to experimenta athased on the as-

technological point of view due to their potential application sumption t_hat there is no de_pendence on orlent}amepre-
sent effective parameters which may be different for different
as permanent magnéts.

. . experiments. Our guess is that we may obtain a representa-

Var_|ous parameters of the two-sublattice méctf thes_e tive effective parameter by disregarding the asphericity of
materlals were calculated in Ref. 1 for the technologlcally,[he 4f charge densitywhen calculating the effective poten-
important serieRCo; (R=rare-earth atom i.e., local mag-  a)) ‘and we will proceed on the line in papers Il and II.
netic moments, intersublattice exchange fields, crystal field |, tne present paper Il we apply our computational
parameters\ ;' as well as local magnetic hyperfine fields and method to the case of MEe; 8, which is the technologically
felectrlc field graq.lents. The crystal field parameters are Vermost important representatfef the seriesR,Fe 8. This
important quantities, because they determine the rare-eartiaterial has an advantageous economical feature when com-
contribution to the magnetocrystalline anisotropy, which ispared to the compound Smgmainly used as hard magnetic
sometimes very large in these materials and which is one ahaterial before 1984 because it is based on Fe which is much
the major features for the technological application as pereheaper than Co. Severab initio calculations of the mag-
manent magnets.The experimental determination of the netic properties of these materials were perforfn&dvithin
crystal field parameters, however, is rather complicated, bethe framework of the ASA calculations, a review is given in
cause it requires a multiparameter fit to experimental dat&ef. 12. One of the most valuable features obNg B is the
which is far from being unambiguoySec. IV of paper). To  very high magnetocrystalline anisotropy which is related to
facilitate the multiparameter fits in complicated intermetal-the crystal field parameters. To obtain reliable results also for
lics, it is sometimes assumé8ec. Ill © that the crystal field the crystal field parameters, we now apply the FLMTO
parametersAd at crystallographically differenR sites are method. Because of the large numlig8) of atoms in the
proportional to the electric field gradients which are directlyunit cell, so far nobody has attempted a full-potential calcu-
measurable for instance by NMR or g&bauer experiments. lation for this compound.

Therefore, in the present paper special emphasis is put on the
crystal field parameters and the electric field gradients.

In paper | it was demonstrated that for a reliable theoreti-
cal determination of the crystal field parameters it is indis- The calculations were performed by the full-potential
pensable to refrain from any approximation for the effectivelinear-muffin-tin-orbital methodFLMTO) described in pa-
crystal potential. This means that the very efficient atomicper | within the framework of the local-spin-density approxi-
sphere approximatidn'’ (ASA) which is able to obtain re- mation. For details of the calculations and for the meaning of
liable results for the local magnetic moments, the local magthe various parameters given below we refer to paper |I.
netic hyperfine fields and in many cases also for theThreek points in the irreducible part of the Brillouin zone of
intersublattice exchange interactiofes review is given in the very large elementary unit cell were used. Because of the
Ref. 12 does not suffice. We therefore apply the FLMTO large number of atoms in the supercell it was impossible to
method, which we described in paper I. Furthermore, it wagheck the convergence with respect to the numbé&rpdints

II. DETAILS OF THE CALCULATIONS
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TABLE I. Magnetic contact hyperfine fieldsB¢ in T and mag-
netic moments inug for Nd,Fe;,B as determined by the present
FLMTO calculations and the LMTO-ASA methd&d?1#

- ST FLMTO LMTO-ASA FLMTO LMTO-ASA
- o NW
. 9;__?__ 2N Fe(16k,) 27.6 28.5 2.22 2.18
P athis : g Fe(16k,) 29.2 30.7 2.28 2.38
e Q Fe8jy) 29.9 28.2 2.67 2.59
-  te—— _ c Fe8jy) 29.8 28.8 2.16 2.30
C5 el R Fe(4c) 28.7 28.6 2.43 2.46
Fe(4e) 26.7 26.4 1.96 2.03
B(4f ) 3.9 4.4 -0.13 -0.19

parameters are taken from Ref. 18, and the site notation of
Shoemakeet al!®is used. For comparison with experiments
it is important to note that different site notations existe
interrelations are discussed in Ref.)2@t should also be
noted that in our former papérd!®-12141%he site notation
of Herbstet al?* was used, wherg, andj, sites as well a$
and g sites are interchanged as compared to Shoemaker
et al® In our calculations all magnetic moments are aligned
: a — parallel to the crystallographic axis. In reality, there is a
@FecOFee OFej,PFej,BFeky wFeky ®Bg noncollinear spin structure in NEe,B (see, for instance,
the review of Coe$f) at very low temperatures, so that our
FIG. 1. Tetragonal unit cell of NdFe,B. Thec/a ratio is exag- ~ calculations refer to the situation above the spin-reorientation
gerated to emphasize the puckering of the iron layers. After Herbsigmperature, extrapolated 16=0.
et al. (Ref. 21), but with the site notation of Shoemakefr al. (Ref.
19) used in the present paper.

lll. RESULTS AND COMPARISON WITH OTHER
THEORIES AND WITH EXPERIMENTS
by going to larger numbers. However, converted to the dif-
ferent number of atoms, the corresponding numberk of
points in the reducible Brillouin zone corresponds to a num- Table | represents the results for the local contact hyper-
ber of k points in the reducible Brillouin zone of tiRCo;  fine fields (i.e., hyperfine fields without orbital and dipolar
elementary cell for which satisfactory convergence was obeontribution$ and the local magnetic moments in compari-
tained for the serieRCas in paper I. The angular momentum son with our previous resuft$®!* obtained by the linear-
cutoffs were (g,l1,2l\) =(2,7,8 for the Nd sites and2,6,8 muffin-tin-orbital method in atomic-sphere approximation
for the other sites(Confining tol=4 affected mainly the (LMTO-ASA).
crystal field parameters 5’ which are then modified by typi- For an experimental determination of the magnetic hyper-
cally 10%) A two-« calculation was performed for the va- fine fields, severahd hocassumptions must be made to de-
lence band, with’=—0.9 Ry for the P states at Nd and compose the total Mesbhauer spectrum into the subspectra
«°=0.4 Ry (corresponding to the center of gravity of the originating from crystallographically different sites. For in-
occupied part of the valence banidr the other states. It is stance, it is often assunfédhat the local Fe hyperfine field
expected from Table IV of paper | that a twoealculation B, increases with the number of Fe nearest neighbors, yield-
with the 5p states included in the valence band yields reli-ing for the hyperfine fields a successionj;8 16k,
able values for all quantities except for the crystal field pa->16k,>4e~8j,>4c. Our LMTO-ASA calculation&'2*
rametersA . We used for the augmentation energies the val{see Table )l arrived at another succession for the hyperfine
ues«? for | >1g and the respective centers of gravity of the fields, with the largest value for the igsite and the smallest
occupied part of thé-projected band fof<Ilg, except for  value for the £ site. It has been demonstrated by an analysis
the 4f states(—2 Ry) and the § states(Dg,=1.9). The 4f of the highly-resolved Mssbauer spectra of Lonet al>
core states are evaluated in the spherically averaged effectiteat an assignment of the largds; to the 1&, site would
potential for D,;=— at the surface of the muffin-tin lead to an inconsistency of the relative intensity of the cor-
spheres around the Nd atof8ec. Ill E 1 of paper)l and a responding magnetic sextet with the relative crystallographic
spherically symmetric # core according to Eqg11)—(15) degeneracy of this site, so that this site assignment can be
of paper | was assumed for the calculation of the effectiveexcluded—in contrast to our previous LMTO-ASA calcula-
potential. tions. In Ref. 14 we assumed that the problem might arise
The tetragonal elementary unit cell of M ,B contains  from the neglect of the dipolar and orbital contributions or
68 atoms, 6 crystallographically inequivalent Fe sites, 2 infrom a deficiency of the local-spin-density approximation. In
equivalent Nd sites, and the B sitgee Fig. 1L The structure the present FLMTO calculations the hyperfine field at the

A. Magnetic hyperfine fields and magnetic moments
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TABLE Il. Components of the EFG at the Nd sites inJRd, ,B (without 4f contribution) in the Cartesian
coordinate system defined by the axes of the tetragonal unit ¢gllV,,) and in the respective principle
coordinate system\(sz V). All numbers are given in units of 20V m~2. The table gives also the NMR
results(Ref. 26 for Nd,Fe 4,B (note that in Ref. 26 the symbols,, andV. correspond to our symbol,;
andV,,, respectively, and that the site notation of Herbtsal. (Ref. 21 is used. Comparison is also made
with results for GgFe; B from ASW-ASA calculations and Mesbauer experiments.

4f 49

sz ny V33 V22 sz ny V33 V22
FLMTO —-8.57 -1.07 —-8.57 5.35 —7.05 6.00 952 —-7.05
5p valence
FLMTO —10.74 2.48 —10.74 7.85 —9.99 9.17 14.17 —9.99
5p semicore
LMTO-ASA —-8.8 to -9.1 to
(Ref. 25 —-6.4 —-8.4
NMR -6.7 -6.7 —-25 8.29
(Ref. 26
ASW-ASA —8.8 7.7
(Ref. 3
Mossbauer —7.59 —-2.50 —7.59 6.30 -7.70 7.56 1141 -7.70
(Ref. 27

16k, site is slightly decreased as compared to the LMTO-with results from LMTO-ASA calculatiorS and from
ASA calculation and the hyperfine fields at thg; @&nd §,  augmented-spherical-wave ASW-ASA calculatibngor

sites are slightly increasgdable ). As a result, the largest Gd,Fe,B. In the ASA calculations only the contribution of
hyperfine fields now are at thg andj, sites rather than at the electrons in the atomic sphere surrounding the rare-earth
the 16, site. However, the hyperfine fields at the tyveites  sites is taken into account, and the results depend to some
are so close in value that the experimentalsstoauer lin€  extent on the choice of the respective radii of the atomic
at 6 mm/sec should appear with a relative intensity of 16 an@pheres, which for multicomponent alloys is not unique. The
not of 8 as observed experimentally. As outlined in Ref. 14*range of values spanned by the LMTO-ASA data of Table I
one obviously must consider the dipolar and orbital contri-;iyes g feeling for this dependence. Furthermore, the 5
butions and must cure the deficiency of the local spin-densit tates are treated as core states in the ASA calculations,

prégﬁrgﬁ'exﬂ:ﬂ tr?(radﬁ:vlt(T) grp\néi i{a?ceucllastli\éisagﬁgl?/t/li(:rrsst.h:enWhereas in the FLMTO calculation they are considered either
9 as semicore states or as valence states. It has been shown in

frllgen‘l: sztlgr;ztﬁgtr tohf axatré%lﬁsﬁzrzggrgsggaelg: de bl;e;.efl. >d)‘23 paper | that it is indispensable to include tl‘_p States of the .
exhibits by far the smallest hyperfine field. This pos;siblyrare'earth atoms into the valence band in prder to obtain
indicated? that the number of neighboring atoms is more accurate values for.the EFG and the crystal field paramgters.
important for the value oB,, than the number of neighbor- O N&:FewB, the difference between these two calculations
ing Fe atoms. is smaller than for the serid®Cos (paper I_[) but still _con5|d-

Our present data for the local magnetic moments agregrable. In Table Il we compare also with experimental re-
well with the results from our previous LMTO-ASA Sults. Kapusteet al®® determined the EFG of Née,B at
calculation§'21* which are extensively compared with the 4.2 K from spin-echo NMR spectra. Two problems should be
experimental data in Refs. 8, 12, 14. The total magnetic moconsidered for a comparison of our theory with these experi-
ment per elementary unit cell of 37%5 is close to the ments. First, one should take into account that at 4.2 K there
LMTO-ASA valué®!* of 37.8u5 and the experimental is a noncollinear spin structure in Be B, whereas we
valueé® of 37.6ug . The magnetic moment per unit cell in the assume a spin alignment along theaxis for our calcula-
interstitial space between the muffin-tin spheres-®69uz  tions. As shown in Sec. Il D of paper I, the EFG may de-
only, indicating that the spin density is well localized at thepend rather sensitively on the orientation of the magnetiza-
atoms. tion if dealing with an aspherical fAcharge density. This

It becomes obvious from Table | that the local magneticshould result in a temperature dependence of the EFG below
hyperfine fields are not proportional to the local magneticthe spin-reorientation temperature, which should be easily
moments, in contrast to the assumption which is made vergletectable in experiments. Second, the electric field gradient
often for an analysis of Mesbauer experimentfor a dis- at the Nd site is dominated by the contribution from the
cussion, see Refs. 8, 10-12, and.14 aspherical 4 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

Our FLMTO results for the components of the electric- also compare with the experimental values fromsdstoauer
field-gradient(EFG) tensor are shown in Table II, together experiment$’ at 4.2 K for GgFe B, where there are no

B. Electric field gradients
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TABLE lll. Results from the present FLMTO calculations for the crystal field paramet&<total as
well as valence and lattice contributiongnd for AJ{r",; at the Nd sites in NgFe,B. Upper
part: Nd(4f ) site; lower part: Nd (¢) site.

n,m 2,0 22 4,0 4,.-2 4.4 6,0 62 6,4 66
AMKag " 476 —-640 —-20 30 46 —0.2 0.0 -15 0.5
Valence 497 426 —19 19 33 0.0 0.1 0.2 -0.1
Lattice —-22 —1066 -0.8 11 13 -0.2 -0.1 -1.6 0.5
AME™ K] 540 -727 -54 82 125 -2.2 03 -15 5
n,m 2,0 22 4,0 4,.-2 4.4 6,0 6,2 6,4 66
AlTKag " 284 709 -18 =31 —43 -0.3 0.4 —-2.3 0.0
Valence 643 1454 -20 -10 —54 0.0 0.1 0.1 0.1
Lattice —359 —745 2.2 -21 11 -0.3 0.3 -2.3 -0.1
AME™ 4 [K] 323 807 —50 -85 -—117 -27 39 -24 0.1

contributions from the # shell to the EFG. It is sometimes and whereA [ for n>2 was dominated by the lattice contri-
assumed that the EFG varies only slightly across the series @lution, no such systematics appears for,/l,B. For the
a rare-earth compound. However, the fact that the asphericityd(4f ) site the valence contribution is dominant, whereas
of the 4f charge density has a big effect on the E@&ction  for the Nd(4g) site both the valence and the lattice contri-
11 D of paper |) and that the degree of this asphericity variespution are relevant foAS. In contrast, the EFG is totally
strongly across the series throws some doubts on this agetermined by the valence contribution, which in turn is not
sumption. This must be taken into account when Compa”n%roportional to the valence contribution &8 (see Sec. | D
Nd,Fe,,B with Gszel_4B. of paper ). Altogether,AS is by no means proportional to the
In Table Il we discuss the component,=V.. and  ErG in contrast to the assumption which is often made for
Viy=Vap Of the EFG in the Cartesian coordlnate systemgp, analysis of experimental ddtsee below. The importance
spanned by the axegb,c of the tetragonal u.n|t.cell, as W?" of both the valence contributiofwhich is totally neglected
as the components,, andV; in the local principal coordi- in the so-called point-charge models; see Sec. | D of pgper |

nate systems at thefand the 4 sites, respectivelywith . oo i
. C and the lattice contribution for the case of JRé, ;B was first
—0). T : X
Vart Vopt V33=0). The signs and the succession in absolute mphasized by the calculations of Zhong and CHing

values of the EFG agree between theories and experimen Jhich. h based i ) p
Whereas all the theoretical results and thésktmuer results \Which, however, were based on a non-seli-consistent effec-
tive potential, which of course strongly affects the accuracy

for Gd,Fe 4B yield a similar value otV,, for the two rare-

earth sites, there is a drastic difference between the Nd sit&¥ the quantitative resultsin the foIIowir_198 years, calcula-
according to the NMR experiments. Calculations and experilions based on the ASA were perforni&d? which consid-

ments find larger absolute values\s§; for the 4g site than ~ ered only the valence contributions. Although they used a
for the 4f site. self-consistent effective potential, the accuracy was limited

by the application of this potential approximation. Neverthe-
less, the results foAJ across the serieR,Fe ,B were in
semiquantitative agreeménf~12with the experimental data,
Table Ill exhibits our theoretical results for the crystal possibly because for the(4f) site A is indeed dominated
field parameteré\ ' in comparison with experimental data. It by the valence contribution. In spite of this, we are con-
should be noted again that the values of & as obtained vinced that for an accurate determination of g a highly
from the present twae calculation are expected to be less accurate full-potential calculation of the valence and the lat-
accurate than the data for the other quantities. However, wice contribution is required. For instance, the valence con-
think that the order of magnitude, the signs and the differtribution to AJ is larger for the 4 site than the 4 site, in
ences between the two Nd sites are correctly reproduced alsmreement with our former ASA calculatidii§=*?(note the
for the AJ. The sign ofA [ for m#0 depends on the ques- different site notation in these papgrsiowever, the total
tion which one of the four respective equivalent Nd sites isvalue of A including the lattice contributiotiwhich is ne-
considered and how the translation vectdfof the tetrag- glected in the ASA calculationss larger for the 4 site than
onal unit cell are oriented with respect to the Cartesian axefor the 4g site.
for which the 4 multipole moments occurring in the expres-  The experimental determination of th#e] proceeds on
sion for the magnetic anisotropgyEq. (3) of paper | are  the same line as described in papéBéc. IV Q and exhibits
defined. In our calculations th€, are aligned parallel to the same problems, i.€i) the number of fitting parameters
these Cartesian axes and tAg' are evaluated at the Nd is very large, and the fits to experimental data therefore are
(4f ) site 0.64278,+0.35727,+0.5T5 and at the Nd(4) far from being unambiguous, an(d) the fitting parameters
site 0.76987,+0.76984 ,+0.5T 5, using the structural pa- represent effective parameters which are different for differ-
rameters of Ref. 18. ent experiments. To reduce the number of fitting parameters,
In contrast to the systeRCos (paper ), whereAS was  ad hoc assumptions are often made which are not always
determined both by the valence and the lattice contributiofjustified. For instance, Yamadzt al2® assign the same val-

C. The crystal field parameters
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ues of A" to the Nd(4 ) and the Nd(4) site, and Radwan to the experimental data for the light rare-earth atoms can be
ski and Frans® allow a difference only foA,2. In contrast, also obtained for lower values of the exchange fields and
allowing for differences at the two sites for @I' Zhao and larger values of theA[. Our result B, (4f )>B.(49)
Lee® arrive at rather large differences for other representaagrees with the result from the LMTO-ASA calculations
tives of the seriesR,Fe B (they did not investigate (Ref.12; in this reference theandg sites are exchanged by
Nd,Fe, ;B), especially for theA, 2. In our calculations, there mistake, but is in contrast to the site assignment of Ref. 33.
are also large differences between the two sites: Abe

values differ by a factor of about 1.7, and the valuesAgF,

A;* andAj} are even of opposite sigas found by Zhao and IV. SUMMARY AND CONCLUSIONS

Lee for other representatives of the seri€adogaret al** In this paper we presented results of full-potential elec-
assume that the ratia;'(f )/A2Y(g) is given by the ratio of  ronic structure calculations for the technologically very im-
the EFG, in contrast to the general statement of the last pargyortant intermetallic compound Mee,B. Because the ex-

graph. Unfortunately, it is not always possible to find outperimental determination of the various magnetic parameters
from the experimental papers which kind of site notatisee  requires a multiparameter fit to the experimental data which
Sec. 1) was used and how the translation vect®fsof the s not unambiguous, it is highly desirable to obtain reliable
tetragonal unit cell are oriented with respect to the Cartesiaghegretical results which may be used as fixed input param-
axes for the 4 multipole moments. We therefore refrain eters for the analysis of experimental data. The results of our
from a more detailed comparison with experimental data. fy||-potential calculations were compared with those ob-

tained by calculations based on a potential approximation,

D. Intersublattice exchange fields the so-called atomic-sphere approximation. The following
Based on the method outlined in Refs. 9-13 we havd®sults were obtained. _ o
determined the intersublattice exchange fiefdg4f ) and (i) For the local magnetic moments and hyperfine fields

B.(4g) which the transition metal spins exert on the Ng the resullts of these two types of calculations agree rather
spins at the 4 and the 4 sites, as well as the exchange field well. As in pther systems, it turng out that the local magnet_lc
BNd describing the exchange interaction among the Nd spindlYPerfine fields are not proportional to the local magnetic
The results areB,(4f )=364 T, B.(4g)=331 T, corre- moments, in contrast to an assumpt|on_wh|ch is made very
sponding to a mean value &, =348 T, and a very small Often for an analysis of Mesbauer experiments. ,
value of BN;J_:4 T. By our LMTO-ASA calculations we (ii) The agreement bet_vvgen the two types pf calculations
obtaine8‘13e B.,—421 T. For GdCg and SmCg the ex- IS also gopd.for the electric field gradlentg, Whlch turn out to
change fields obtained from the FLMTO and the LMTO- b_e very similar at the two crystallographmglly dlfferen_t Nd
ASA calculations agreed almost perfectsee Sec. IV B of sites. Th_e agreement is less good for the intersublattice ex-
paper ). The reason for the discrepancy in the case ofhange field. o _
Nd,Fe,B is not known. As outlined in Sec. IV C of paper |, (iif) For an accurate determmqnon of the.cr.ystal field pa-
the problems for the experimental determination of A&{& rameters thei use of a full-potential me_thod |s.|nd|spensable.
(Sec. 1l O have also an influence on the exchange fields:rhe crystal field p_aram(_eters are drastlca!ly dlfferent_for the
which are determined simultaneously with tA&" in the two crysta_llographlcally inequivalent _Nd sites, a_nd this must
multiparameter fits. Accordingly, there is a scatter in the exP® taken into account for an analysis of experimental data.
perimental values foB,, which ranges from 447 to 554 T The resultgii) and(m) mean that _thg crystal f!eld pe}rameters
(see Refs. 12 and 13However, all experimental data are are not proportional to the_electrlc field gradlents,_ in contrast
larger than the values obtained by the FLMTO and thel® @n often used assumption for the data analysis.
LMTO-ASA calculation. Analogously, for the serid®Cos

the experimental values of the exchange fields were consis-
tently larger than the theoretical ones for the light represen-
tatives of the serie@=ig. 5 of paper ). On the other hand, for
GdCa;, (paper ) and GgFe,B LMTO-ASA We are indebted to Dr. S. Savrasov for supplying us with
calculationd'#*2 and results from inelastic neutron scatter- his FLMTO program as a starting point for the development
ing experiment&% there was perfect agreement betweenof our FLMTO code. Most of the calculations were per-
theory and experiment. Our guess therefore is that good fitlormed at the HLRZ in Jich.
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