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The magnetocrystalline anisotropy energy of ¥Qwas been calculated from first principles using the
local-spin-density approximation. The easy magnetization axis is predicted correctly and the anisotropy energy
is only 20% smaller than the experimental value if a recently proposed orbital polarization correction is
included; otherwise it is about a factor of 7 too small. Our analysis indicates that magnetic materials with
substantially larger anisotropy energies than the best available nowadays should be possible. A large orbital
moment is found to contribute to the magnetization bringing the calculated momem, |80 YCag; unit cell,
into good agreement with the experimental value ofu.3 A large anisotropy in the magnetization is calcu-
lated which is nearly completely due to an anisotropic orbital moment associated with the Co atoms. The
magnetocrystalline anisotropy energy is shown to be strongly correlated with the anisotropy in the total orbital
moment. There is a large reduction in the hyperfine fields compared to the value in bulk hcp Co, not only due
to large orbital contributions, but also to different values of the valence contact term. The contribution of the
rare-earth(RE) ions to the anisotropy energy of the related RECampounds may be understood in terms of
the crystal-field and exchange interactions felt by the localized REéfectrons. The RE(§)-Co exchange
interactions and the Hartree contribution to the crystal field have been calculated under the assumption that
these interactions may be treated as small perturbations. The electric-field gkagiand theAg crystal-field
parameter at the RE site are a factor of 2 and 3 larger than the experimental values, respectively. The order of
magnitude of the calculated exchange field agrees with the values derived from expefiB@i63-
182996)01518-4

[. INTRODUCTION some of the Co atoms with Ni, which occupies the gte
preferentially, and Fe, which preferentially occupies the 3
From a physical as well as from a technological point ofsite, a correlation was established between thsit2 and the
view RECg intermetallic compounds are of considerable in-anisotropy energ$.In a study of the magnetization in high
terest. This is mainly due to the large magnetocrystallinenagnetic fields dlarge anisotropy in the magnetization of
anisotropy energyMAE) of SmCg which is about }10° 4% was found. From the analysis of a polarized neutron
ergs/cni at low temperaturel.® The anisotropy energy of study of a NdCgsingle crystal, the greater part of this mag-
YCos, which forms in the same hexagonal CaGiructure  netization anisotropy was attributed to the Ca) 3ite; in a
with nearly identical lattice parametetss only a factor of 4 later analysis, this anisotropy was attributed to the orbital
smaller>~"and an order of magnitude larger than the anisotmoments on the Co sites, in particular to the Ca)(gitel!
ropy energy of bulkhcp) cobalf of 107 ergs/cmi. The origin Studies of the hyperfine field have been used to probe the
of the large magnetic anisotropy of YE€oompounds is not site dependence of the orbital moments by relating the aniso-
very well understood. Thdifferencebetween the MAE of tropic component of the hyperfine field to the anisotropy in
RECa, compounds and YGois found to be quite well de- the orbital moments. Heidemanet al!? have concluded
scribed in terms of the interaction of the localizeledlec-  from a neutron inelastic spin-flip scattering investigation of
trons of a RE" ion with phenomenological crystal and ex- the hyperfine fields in YCgthat there is(i) no significant
change fields at the RE site® The values of these fields as difference in the orbital moments on the and 3 sites and
determined by fitting to experiment are reasonably well(ii) that there is no simple proportionality between the hyper-
known but the origin of crystal fields in metallic systems andfine fields and the Co moments. Nuclear magnetic resonance
the nature of the exchange fields are not well understoodNMR) measurements of the hyperfine field have also been
quantitatively; the importance of taking into account the de<carried out*~*® Under the assumption that the orbital mo-
pendence of the exchange field on the direction of the vament is proportional to the orbital hyperfine field, it was
lence electron magnetization has been pointed out bgoncluded from these studies that the large magnetic anisot-
Ermolenko’ ropy of YCq; is related to a large orbital moment on the
The large anisotropy energy of Ygbas been associated 2c site.
with large orbital moments on the Co sites, the orbital mo- Most of the information about the crystal fields and ex-
ment on the 2 sites being apparently particularly large. The change fields in the REGaompounds has been obtained
existence of these orbital moments was first suggested on thiedirectly by treating these interactions as free parameters in
basis of an analysis of the magnetic form factors measured iorystal-field calculations of the MAE and varying them so as
a polarized neutron study on a Ygsingle crystal® Almost  to obtain reasonable agreement with the temperature depen-
all subsequent investigations of the MAE of Y{lmave been dence of the single-ion contribution to the MAE as deter-
interpreted in the light of this neutron work. By replacing mined experimentally. Values for the crystal-field parameter
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A%r?)/kg of —180! —4202 and —185 K2 and for the ues. Brief summaries of the results of the tCGmisotropy-
exchange-field parametgrgBgy /kg of 2001 2402 and 100  energy and crystal-field calculations GdCwve been given
K (Ref. 3 have been reported for SmgoStudies of the in Refs. 26 and 28, respectively. _
hard-axis magnetization curves have been used to determine The paper is organized as follows. The theoretical meth-
the exchange field acting on the RE ions. For0ds use_d are descrlbeq in Sec. Il. In Sec. lll the results_ of our
Y ,_,Gd,Cos alloys a value of the exchange field of 150 K calculations are descrlbec_l and compared with exp_erlmental
was founcﬁ 155Gd Maossbauer Spectroscopy studies have a|.reSU|tS and Other Calpulatlons. A brief summary with some
lowed a determination of the electric-field gradients on thefonclusions is given in Sec. IV.
Gd site in GdCg;'® 7in a simple crystal-field picture based
on ionic charges, the electric-field gradient at the nucleus is
simply related to the crystal field seen by the éectrons.
Independent information and insight can be obtained from Within the density-functional formalisi?, Kohn and
ab initio calculations based on the Hohenberg-Kohn-Shansham showeld that the many-electron problem for the
density-functional formalism1° Within the framework of ground state of an inhomogeneous interacting electron gas in
the local-spin-density approximatigff! (LSDA) to the an external potential may be reduced to an effective indepen-
density-functional formalism, ground-state properties may belent particle problem, the Kohn-Sham equatfSnshich
calculated without use of any free parameters; the only inmust be solved self-consistently, usually by iteration. In
puts are the crystal structure and lattice parameters. In thisractical calculations explicit expressions for the exchange-
paper we will concentrate on the magnetic properties otorrelation energy and potential are required and the usual
YCos; in particular we will be interested to see whether theapproach is to make the local-spin-density-approxima-
relatively large magnetocrystalline anisotropy energy of thision.2%2!In this work we have used two different methods to
compound can be calculated within the LSDA. In an earliersolve the Kohn-Sham equations. A full potent{&L APW)
study of the MAE of Fe, Co, and N? we found that al- versiorf® of the linear-augmented plane-wavéAPW)
though the correct order of magnitude of the anisotropy enmethod® is used for calculations of the electric-field gradi-
ergy could be calculated, the incorrect sign was obtained foent, crystal-field parameters and contact contributions to the
Co and Ni. For Co the calculation was in error by 0.08 meV.hyperfine field. In a so-called full potential method, there is
Since the MAE per Co atom in YGois ~0.76 meV or no restriction imposed on the form of the potential or spin
almost an order of magnitude larger, an absolute error oflensity; these are not assumed to be spherically symmetrical
0.08 meV per Co atom would be a very acceptable resultinside atom-centered spheres as in the muffin(ki) or
We shall see that this is not the case. The straightforwardtomic spherdAS) approximations. By performing conver-
LSDA calculation results in a MAE of 0.54 meV per unit gence tests on the number of plane waves in the basis, on the
cell which is about a factor of 7 too small and represents ampper angular momentum used in the expansion of the po-
error of 0.65 meV per Co atom. In addition, we find that thetential around the atom sites and the spherical harmonic ex-
magnetization is also significantly underestimated. The orpansion of the plane waves inside a MT sphere, on the num-
bital moment contribution to the magnetization is apparentlyber ofk points’’ used to sample the Brillouin zor{8Z) and
too small, just as we found for Co. If a recently proposedon the number of fixed energies around which the energy
orbital polarization termi*~2° whose main effect is to en- linearization is performed, essentially exact solutions of the
hance the orbital moment, is included, then a magnetizatiokohn-Sham equations within the LSDA can be obtained. To
of 8.0ug per unit cell is obtained compared to the experi-obtain reliable results for the magnetization and the energy
mental valué of 8.3ug. The corresponding anisotropy en- bands of YCg, we found that about 70 plane waves/atom
ergy of 3.0 meV per unit cell is in acceptable agreement withwere required so that matrices of rank 400 had to be diago-
the experimental value of 3.8 meV per unit cell. We find analized.
strong correlation between the anisotropy energy and the av- For calculations of the MAE a fine sampling of the Bril-
erage anisotropy in the orbital moment per Co atSwit the  louin zone must be made and calculations with the FLAPW
actual Fermi energy the orbital anisotropy on tige Ste is  method would be very time consuming. In order to calculate
larger than that on the@site. No significant difference be- the MAE, orbital moments, orbital contributions to the hy-
tween the orbital moments on the 2nd 3y sites is found. perfine field and local exchange interactions between RE 4
In order to try and understand the discrepancy between thisiagnetic moments and the valence electron magnetization
result and the picture derived from neutron scattéfirmd ~ we use the efficient linear muffin-tin orbitdlMTO) method
confirmed by NMR~*we calculated the hyperfine fields. in the atomic-sphere approximati¢ASA).% In LMTO cal-
It appears, however, that the hyperfine fields cannot be caktulations a basis of typically 16( p, d, andf) orbitals per
culated with sufficient accurayto allow the NMR experi-  atom is used making the LMTO method about two orders of
ments to be reinterpreted with confidence. magnitude faster than the FLAPW if the matrix diagonaliza-
If we assume that the crystal-field and exchange interaction is the most computationally demanding step. If the ASA,
tion between the RE fdelectrons and the other valence elec-in which the potential is assumed to have spherical symmetry
trons is sufficiently weak that it may be treated as a smallnside atomic spheres which replace the atomic Wigner-Seitz
perturbation, then these parameters can be evaluated frocell, is used then this is the case.
first principles. The calculated second-order crystal-field In Sec. Il A we describe the approximations used to cal-
paramete? and the electric-field gradient are about a factorculate the magnetocrystalline anisotropy energy of the itin-
of 2—3 larger than the values extracted from experiment. Therant valence electrons. In Sec. Il B expressions for contact
calculated exchange field agrees with the experimental valknd orbital contributions to the hyperfine field are given. The

II. METHOD
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calculation of crystal-field parameters as well as the electric- TABLE I. 6E(n,L4x,S), the difference in energy between the
field gradient is described in Sec. Il C. In Sec. Il E the ap-lowest term in a giver" configuration with maximum spi and
proximations used to calculate local exchange interactionthe L averaged energy of that configuration in units of the Racah
between the RE spin and the valence electron magnetizatidh Parameter. Results from atomic theory are compared with a

are discussed. Some specific technical details of the LMT@imPle interpolation formula-L2/2.
and FLAPW calculations are given in Sec. Il F.

d! d? dd d*
9 9
A. Itinerant electron anisotropy energy RT_‘;";‘; 20 "2 ~2 g
Magnetocrystalline anisotropy refers to the dependence of 2 ?
the ground-state energy on the orientation of the magnetiza-
tion and, microscopically, it occurs when both exchange- occ
splitting and spin-orbit coupling are included in the Hamil- L(T)ZZ AN YD s 2)
tonian. In 3 transition-metal systems the spin-orbit coupling ik ' '

parameter of the valence electrons is much smaller than the no. _ .y
exchange-splitting and the bandwidth. One can thereforhere i is the eigenstate of energy bamdwith wave
make the approximation of first solving the Kohn-ShamveCtork calcullat(_ad for the magr_lenzatlon directiorand the
equations for the scalar-relativistic spin-polarized Ham”_subs_crlpt AS indicates that_the mtegral is performed over the
tonian self-consistently and of including the spin-orbit cou-atomic sphere of the atomin question. _
pling in a subsequent non-self-consistent Stephe Kohn- The orbital moments obtained from LSDA calculations
Sham eigenvalues then obtained by diagonalization of th&r Fe and Cdbut not for Nj are about a factor of 2 smaller
Hamiltonian depend on the directionof the magnetization. than the experimental valu_éé. Recently it was shown that
The change in total energy upon inclusion of the spin-orbifnclusion of a term proportional tolzh-1 in the Kohn-Sham
coupling, as given by the change in the single-particle eigenduations improved the calculated properties of certdin 4
value sum, is correct to first order in the changes in theédnd 5 systems considerabfj,and led to enhanced orbital
electron and spin densities occurring upon a rotation of th&homents in Fe, Co, and Kf.This so-called orbital polariza-
magnetization directiof? The MAE due to the valence elec- tion term(OP) is based upon an approximaté dependence
trons is then approximatel§ of the energy of the lowest term of a given configuration
with respect to the average energy of all terms of the same
configuration with maximum spin for aatom This depen-
AE=AE"(ng,nz) =AE(n,ny) —AE(n,ny) dence is assumed to be transferred to the solid state.
oce oce For an atom obeying Russell-Saunders couplind} ar
~> ei(k,n)— > Si(k,nz)ZJ’ dkAZ"(k). (1) f" electronic configuration with maximum spBwill split
K ik BZ into terms with different values of the total orbital angular
momenturmL. The term with the largest(=L,,,,) is lowest
wheren is the number of valence electrons. The band indesn energy(Hund's rules. The energy difference between this
i must be summed over all occupied states up to the Fernif™M With L =Ly, and the weighted average of the terms
energye"(n,) and thek summation is over the first Bril- WIth maximum spin E
louin zone.A#"(k) is the anisotropy energy density —
space. At this point it will be convenient to choose the direc- SE(N,LmaxS) =E(N,LmayS) —E
tionsn; andn, to be thex (the anisotropy in the basal plane

is known to be small and can be neglegtaddz directions, CE(N LS 2L (2L+1DEML,S)
respectively, and the explicit dependence of the anisotropy =E(MLmaxS) > (2L+1)
energy on the two magnetization directions will be sup- 3

pressed from now on. As in our earlier wdk,>*the eigen-

value sums were evaluated directly with the improved tetraThis energy is given in Tables | and Il fai" or f" configu-

hedron methott without having to use the density-of-states rations, respectively. The contention of Broasal. is that

or number-of-states functioré. theL dependence ofE(n,L,S) can be interpolated approxi-
To investigate how the anisotropy energy depends on theately by—(B/2)L?, respectively— (E%2)L?, if nis varied

location of the Fermi energy, we calculate the difference ofin d" or f" configurations with maximum spin multiplicity.

two single-particle eigenvalue sums as a function of the non-

integer band fillingy using the band structure calculated self-  TABLE Il. 6E(n,Lmax,S), the difference in energy between the

consistently fom electrons. We call this quantitkE"(q). lowest term in a giverf" configuratiqn with quimu_m spi and

By plotting the corresponding generalized anisotropy energ 3eL averaged energy of that conflguratlon in units of the chah

densityA #"(k,q) in the BZ as a function of the band filling E pargmeter. Results from aétomlc theory are compared with a

q we can identify the contribution of particular staféis) to ~ S'MPle interpolation formula- L /2.

the anisotropy energy. The dependence of the Fermi energy

izati ft f2 R f° 6
on the number of valence electrongnd the magnetization
directionn will not be shown explicitly in the following. Racah 0 -9 21 21 -9 0
Atom projected orbital angular momenta oriented along—| 22 ~3 - 18 18 . ~3

n are calculated using
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The simple interpolation formula tends to overbind terms In our calculation of the hyperfine fielB,:, we follow
with nearly empty or nearly filled shell8 andE? are Racah the treatment of Blgel et al. who derived expressions for the

parameters? B is given by orbital, dipolar, and contact contributions to the hyperfine
fields, which should be used in conjunction with scalar rela-
9F2—5F4 tivistic wave functions® Because of the divergence of the
T 441 4) (scalay relativistics wave functions at the nucleus, the rela-
tivistic generalization of the Fermi contact hyperfine fiéh
where the SlateFX integrals are given by Sl units,
2rk 8w
Fk= f J $ar)i(ro)erriridrdr,. (5) Bo=—- f—ﬁm(ox @)
>

in terms of integrals involving the radial wave function Wherem(0) is the magnetization density at the nucleus, is
¢q4. For a crystal we replacey with the d partial wave
evaluated at the center of gravity of the occupied part of the :8_7" &m ®
d band, ¢4(e,r). €3 47 A

We have investigated the influence of orbital polarization . o . .
on the calculated orbital moments and the MAE by including?/"€ré May is an averaged magnetization density given by
a term —BLn-| in the Hamiltonian and iterating to self- Mas=/drér(r)m(r) andm(r) is the magnetization density
consistency with the magnetization direction parallel to thedue t0s electronsﬁg(r) is essentially a smeared oéifunc-
¢ axis. This yields new self-consistent orbital angular mo-Uon &r(r)=(1/4mr)(dS/Jr), wheres(r) is qu reciprocal
menta, orbital splitting8L and a new self-consistent poten- ©f the relativistic mass enhancemer “(r)=1+[e
tial. It can be shown that upon a rotation of the magnetiza-_,v(r)]/zmcz' The most important contribution 8, is ob-
tion direction, the change in total energy is given by thetaln_ed forr vazlues smaller_than or of order of th_e_Thompson
change in the one-particle sum correct to first order in thé@diusrr=Ze?/mc”. Adapting Eq.(7) to the relativistic case
changes in the electron and spin densities and in the orbitdy Simply averaging the relativistic wave functions over the
angular momenturf® Using the self-consistently determined nuclgar volume leads to overestimates of the contact hyper-
orbital splittings the anisotropy energy may be calculated a&ne field. _ o o
previously[Eq. (1)], using the new self-consistent potential Similarly, the orbital contribution to the hyperfine field is

calculated including OP. given b
Classical magnetic dipolar interactions between magnetic
moments are another source of anisotropy energy, not in- = 2'“0'“8'_ 9)
cluded in the theory described above. The interatomic mag- BT
netostatic energyg®? ~ 9P, is given b .
0)7 g y with
o1 1
Edp-dr—— > ————|m,m, -~ S(r)
Roe |IRTT=T| Lav=i§|; <¢in,k|r_3n' ) as - (10)
Q[(R-i— —7)mJ[(R+7—7")-m_]
-9 112 ’
|R+7—7'| C. Crystal-field parameters
(6) Most RE atoms in a solid may be regarded as being in an

e1”“3(sd)3 or trivalent electronic configuration, which is well
separated from other configuratiofsuch asf" ?(sd)? or
f1~4(sd)*] by ~5 eV. Within this trivalent configuration the
term with the lowest energy is obtained by first maximizing
the spinS and then maximizing the orbital angular momen-
tum L; the 4f electrons approximately obey Russell-
Saunders I(S) coupling®® Spin-orbit coupling splits each

The hyperfine fieldBy at a nucleus comprises a Fermi term into multiplets?5*L;, where the total angular mo-
contact interaction terrif, an orbital hyperfine field and di- mentum J of the ground-state multiplet is given by
polar contributions. The latter are of orde T and are gen- J=|L—S| orJ=|L+ S| for less-than or more-than half filled
erally neglected. The Fermi contact interaction is determinedf shells, respectively. When the RE atom is embedded in a
by the magnetization density at the nucleus, while the orbitatrystal, the (3d+ 1)-fold degenerate ground state will split
hyperfine field is related to the orbital moment of the valenceaccording to the irreducible representations of the point-
electrons only; contributions from core electrons have beegroup. Because of the localization, and tfrelated large
shown to be negligible£0.1 T).3" If it is assumed that the intra-atomic electron-electron interactions of tHeelectrons
contact and orbital hyperfine interactions are proportional t®f the RE atoms, the lowering of the point-group symmetry
the spin and orbital moments, respectively, then measurdrom spherical symmetry due to the crystalline environment
ments of the hyperfine fields can be used to obtain informausually represents a weak perturbation to the ground state of
tion about the site dependence of the magnetization. a RE atom in a solid.

wherem . is the total magnetic moment in an atomic spher
centered on siter. After the shape anisotropy has been
excluded?® E9P ~ 9P can be determined for different orienta-
tions of the magnetic moments.

B. Hyperfine fields
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The potential describing these crystal-field effdétdt by A A (R r'
eachf electron can be expanded around the RE <itee mum(r):m —,—p,a(r yr'2dr’,  (16)
omit the explicit site indexinto radial and angular parts

wherep,,(r) follows from an expansion of the charge den-
0(1) =2 v1,(NK(F), (11)  sity around the RE atom arRlis the radius of the muffin-tin
lo sphere centered on the RE site

wherel a labels the real lattice-harmonids,, which have
been symmetrized according to the local point-group sym- p(N=2> pra(NK (7). (17)
metry. In order to make contact with previously published lo
work we write the lattice harmonics in terms of the functions

) The lattice contribution which depends on the charge density
fim(r) used by Hutching®

outside the muffin-tin sphere, and on the requirement of con-
tinuity of the potentidl® is more complicated and will not be
K, (f)zz a Fim(r) _ (12) givgn explicitly _here. We note that vv_hile_ splitting the poten-
“ i r! tial into an on-site and a lattice contribution does not involve
oo 2 any approximation, for a continuous charge distribution it
For examplef;o(r)=32z"—r". If all 4f one-electron states (qeg require a somewhat arbitrary partitioning of the charge

have the same radial dependenggi(r), the matrix ele-  gensity as determined by the choice of the muffin-tin radius
ments of the Hamiltonian between states of the ground-statg

multiplet [LSJ,M =M ;) can be written

The on-site nonspherical potential generated by tfie 4
charge densnypla, should be excluded froma,, in Eq.
]/f,lFM ,=(LSIM|(— e)z v(r;)|LSIM') (14). It corresponds to a self-energy of thé gharge density

! that by itself does not give rise to a crystal-field splitting. We
have spherically averaged thé dharge density, treating the

=> A eSS am|oMamy, (13)  4f states as core states but allowing the radial distribution to
hm adjust to changes in the valence charge density. The non-
as a consequence of the Wigner-Eckart thectewmith spherical 4 charge density would influence the valence

electron charge density but we have not investigated this
further. v(r) is calculated self-consistently using the
A{"(r')z(—e)z J' (j)ﬁf(r)cm]vm(r)rzdr. (14) FLAPW ;)n(et)hod y 9
¢ The anisotropy energy is the difference between the

The crystal-field parameters are thus determined by the radigkround-state energies corresponding to the two directions of
dependence of the potentia),(r) and the 4 radial wave- magnetizatiork andz. On rotating the magnetization direc-
function ¢,¢(r). GLSJ is the ratio between two reduced ma- tion, the valence electron charge density and potential are
trix elements in the Wigner-Eckart theorem. If tlg" are  assumed not to change and thus the crystal-field parameters,
chosen as Stevens operator equivafifsto f,,, for the  defined with respect to the crystal axes are unchanged. In the
ground statéL SJ) then elLSJ: ay,B;,y;forl =2,4,and 6, large exchange limit,the ground state has a maximal azi-
respectively. These have been tabulated in Refs. 42 and 4muthal quantum numbevl =J directed along the magneti-
As the crystal-field splitting is in general much smaller thanzation direction. The single ion anisotropy is then given by
the splitting between multiplets, one usually neglects the

0 _ 2 2 _
mixing-in of excited multiplets with different values dfin AYr?yay(I,M=1J[33;-33;|I,M=1)
the Hamiltonian, as in Eq13). For f states, the number of 3
crystal-field parameter|" is limited tol <6 andl even. The =AXr?) aJE(ZJZ—J). (18

local point-group symmetry determines the coefficients
Cim» and this further restricts the number of independent pa-

rametersA" for each value ofl. For the RE atom in D. Electric-field gradient
RECa;, the local point-group symmetry B¢y, leading to The electric-field gradientEFG) at the RE nucleus is
independent parameters" with (I,m)=(2,0); (4,0); (6,0 given by
and(6,6).
The simplest approximation to the one-electron potential #? 1 )
v(r) is the electrostati€Coulomb) part of the potential gen- Var= 92 §V v(r)
erated by the self-consistent charge density in the crystal. r=0
Within a muffin-tin sphere around the RE site it can be ex- (92 20(r)
pressed 4 2(r K2o(T)) lim
r—0
+ Uoo(r 5  vy(r
0(r)=2 via(N)Kia(F)= E S LUian)+ TG K (), _ e, tim V220 _ \ﬁ im 720 g
(15) r—0 Tro T

whereuv,,(r) is divided into on-site and lattice contributions. where again the site index has been omitted for simplicity. If
The on-site contribution is the 4f charge-density were located at the nucleus0, or if
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v20(r)/r? were independent af, thenAg would be equal to 2 ) ) Alr)

— (€/4)V,,. This follows from Egs(14) and(19). A differ- lp=— §f PN ¢(er.n) gz yrdr- (29

ent proportionality than-e/4 is therefore entirely due to the

on-site contribution of the potential; any deviation beingA comparison with the phenomenological exchange Hamil-
caused by the overlap between thecbrelike charge density tonian, Eq.(20), shows that

and the nonspherical on-site valence charge density.

1
E. Exchange interaction meBex=— Ezl Anyly 4. (26)

So far the valence electron MAE and single ion anisot- 4 spins int ¢ with th it | lect
ropy have been treated separately. However, the directions Jthe SpIns interact wi € on-site valence electron mag-

the localized RE moment and the valence electron magnet[]et'Zatlon through local exchange interactidng . The on-

zation are correlated. This exchange coupling, together Witﬁite_valence electron magnetizat_ion is caused by thegg/ brid-
the crystal-field parameters and the MAE of the valence ban&at'on_ of the RE 4§ electrons_ V.V'th the Co @ electrqn L
electrons, determines to what extent the REahd Co @ | € high-lying & bands hybridize more strongly with mi-

magnetic moments are aligned. Phenomenologically, it ij‘uority Co 3d bands than with majority @ bands, due to the
taken into account in the RE Hamiltonian by an exchanged'9€ €xchange splitting of the Caldands. Thus the mag-
field Bey coupling to the 4 spint=3° netic moment derived from REdbvalence electrons is di-

rected antiparallel to the overall valence electron magnetiza-
Hex=2ugS Bey. (200  tion. Together with the local ferromagnetic exchange
interactionl, 4 the direction of the total localized RE mag-
If the 4f electrons do not hybridize with the valence elec-netic moment now depends on whether tHestell is more
trons, this Hamiltonian must express the dependence of th@an or less than half filled, and on the magnitudé. afom-
energy of 4 spins in a spin-polarized potential, supplied by pared tos.
the spin polarized valence electrons. This is similar to the |t has been pointed out by Liebs, Hummler, andhiia*’
contribution to the exchange energy of a free atom fromnat the perturbative approach sketched above can be im-
coupling between open sheffsWithin the LSDA the ex-  proved upon by performing two separate self-consistent field
change energy can be expressed in terms of local exchanggculations with the # moments rotated by 180° and evalu-
integrals. The exchange energy which thleedectrons gain  ating the change in the total energy. In this way the conduc-
if placed in a spin-polarized potential generated by the vation electron spins are allowed to adjust to the reversed ex-

lence electrons is change field; this turns out to be an important quantitative
o effect.
e'+te
AEgy=n'e'+nlel—(nT+nh) 5 (21)
F. Details of the calculation
wheren? is the number of 4 electrons with spirr and one The CaCy structure(space group No. 19has hexagonal
ergies is given by occupy the 2 and 3y Wyckoff sites. For YCg the lattice

parameters used a@e=9.313 a.u. ancc=7.544 a.u* For
ST_si:j ¢§f(r)[vT(r)—vl(r)]r2dr (220 GdCg the lattice parameters ar@=9.398 a.u. and
c=7.500 a.uif The von Barth-Hedin parametrization of the
in terms of the spin-dependent potential on the RE site. Théxchange-correlation potential is usédrhe Brillouin-zone
parametrization of the exchange correlation potential used ifitegration is performed using the improved tetrahedron

the rest of this work® may be further approximated: method: .
The LMTO basis states are the nearly orthogdndlnc-
pi(r)—p(r) tions devised by Andersen and Jep&es, p, d, andf par-
UT(f)—vi(r)EgA(FS)T tial waves are included in the basis. Self-consistent charge
densities are obtained using 23B6ooints in the full Bril-
2 An, ¢|2(8F ) louin zone, corresponding to 133 inequivalénpoints. The
EZ §A(rs)ﬂ o) (23)  calculated atom-projected magnetic moments change by

about 0.002 if 3600 k points (196 inequivalenk pointg
whereA(r,) is a known function of the densityandAn, is  are used. Atomic sphere radii of Y and Co are 3.497 and
the difference in the number of spin-up and spin-down va-2.645 a.u., respectively, leading to a maximum overlap of
lence electrons with angular momentum character about 14.2%, which is comparable to the overlap in a bcc
¢(eg,r) is the partial wave with angular momentum char- lattice.
acter| and energysr. Thus the simple result is obtained  In the FLAPW calculations the nonoverlapping Y and Co
that' muffin-tin radii were 3.10 and 2.31 a.u., respectively. A
plane-wave cutoff ofK,,,=3.5 a.u. was used, so that the
1 basis contained about 415 plane waves or 70 plane waves per
AEgx=— 52 Al 4Angs, (24) atom. In the second-variation step where the nonspherical
terms in the potential are treated, an energy cutoff of
wherel, ;>0 is the local exchange-integral matrix: emax— 3.5 Ry was used, corresponding to about 85 basis
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TABLE lll. Calculated magnetic moments of YEithin the ~ magnetic moment is not changed significantly by including
muffin-tin and atomic spheres using the FLAPMblumn 2 and  spin-orbit coupling so that a fairly large discrepancy with the
LMTO methods(columns 3-7, respectively. The spin and orbital experimental magnetic moment remains.
moments in columns 4 and 5 result from including spin-orbit cou- |nclusion of orbital polarization in local-spin-density cal-
pling non-self-consistently. The spin and orbital moments in col-cyjations leads to increased orbital moments and consider-
umns 6 and 7 were calculated self-consistently including spin-orbihbw better agreement with experiment for several
coupling and orbital polarization. Experimental values for the totalsystemg_zt,zs For example, for hcp Co the calculated orbital
magnetic moment are 8.3Ref. 7) and 8.13(Ref. 5 ug at 4.2 K, moment is then 0.13g 26,49 compared to the experimental
and 8.0(Ref. 7) and 7.99(Ref. 10 ug at room temperature. value of 0.1z, and the total magnetic moment is
1.70ug, compared with the experimental value of 1ufb
Including both OP and SO interactions in the YQalcula-

SO SO+OP tion, and iterating to self-consistency, a total orbital moment
of 1.2ug is calculated, yielding a total magnetic moment of

FLAPW LMTO

7 i 7 | 7 ' 8.0ug per unit cell. This value is in good agreement with the
v -0.27 031 -031 002 -032 004 experimentalvalues for single crystals. The discrepancy be-
Co(2c) 1.46 132 132 012 133 023 ween the calculated and experimental magnetic moment per
Co(3g) 151 1.49 149 012 151 o023 Coatomisapproximately equal to the discrepancy found for
Interst. -0.28 hcp Co. . .
We thus find a very large orbital moment of 023 on
Total 6.90 678 678 061 684 120 each Co atom. Magnetic form factor measurements by means

of neutron-scattering experimettfiad already indicated the
existence of large orbital moments. However, it was con-
cluded from an analysis of these measurements that the or-
bital moment at the @ site (0.46.g) is nearly twice that at
Hwe 3g site (0.2&:g). In addition, it was found that the spin
agnetization density around the 8ite extends in the basal
plane, and deviates strongly from spherical symmetry. Our
k points. The total magnetic moment is then converged tocalculatio_ns do not support these two _conclusmns. We find
within 0.02u5 . equal orbital mome_nts for each Co site and we find .for
GdCq, and YCgq using the FLAPW method that the devia-
tion from a relative occupation of 0.2 for each orbital
. RESULTS AND DISCUSSION within the muffin-tin sphere iss 0.01 at the 2 sites. How-

ever at the § sites the deviation may amount to as much as
ergy of YCa, in Sec. Il C, the calculations of the magneti- 0.04(i.e., 20% for some of thed orbitals. The spin density

zation and hyperfine fields are presented in Sec. Il A an ithin the_ m_uffin-tin sphere§ is not found to contain such
Sec. Il B, respectively. The results of the calculations of the 2/9¢ deviations from spherical symmetry as was deduced

crystal-field parameters, the electric-field gradient and thérom the form factor measurements.
exchange field are discussed in Sec. Il D.

states. Checks witK .= 3.0 a.u.(275 basis functionsand
emax= 3.0 Ry were performed, yielding 0.05ug changes in
the total magnetic moment, and 10% changes in crystal-fiel
parameters. Reciprocal space integrations were carried o
with 1100k points in the full Brillouin zong72 inequivalent

Before describing the magnetocrystalline anisotropy en

Comparison with previous work

In an early self-consistent spin-polarized augmented
plane-wave calculatiofl based on Slater&« approxima-

The magnetic moment per unit cell as measured by sewion with =1 (which is known to overestimate the ten-
eral groups of workef8>" on single crystals of YCGpis  dency to ferromagnetic orderinga total spin magnetic mo-
given in Table Ill together with the spin contribution to the ment of 7.3z per unit cell was found for YCo In this
magnetic moment calculated using the LMTO and FLAPWcalculation, the two inequivalent Co sites were considered to
methods. The single-crystal measurements are in fair agrege equivalent.
ment with each other, values ranging between 8.0 and A self-consistent LMTO calculation by Szpunar and
8.4ug per unit cell. Measurements on powder samples tendmitt’  yielded a spin  magnetic moment of
to result in values for the magnetization which are about Imy,=my+ Mcg(oc) X 2+ Mcg(gg) X3 =—0.37+1.29x2+1.44
up lower than the single-crystal data. A considerably lowerx3=6.54ug per unit cell. The negative moment on the Y
spin magnetic moment of 6.8 and @@ per unit cell is cal-  site is larger than the value which we found. This is probably
culated using the LMTO and FLAPW methods, respectively attributable to Szpunar and Smith’s use of an atomic sphere
The discrepancy per Co atom with the experimental value isvhich was 9% larger in volume than the atomic sphere
much larger than the difference found for the transition metalvhich we used and to the interstitial spin density being nega-
elements Fe, Co, and Ni. A possible reason for this discreptive in sign(as found, for example, in our FLAPW calcula-
ancy is the neglect of orbital contributions to the magnetization; see Table II)\.
tion. Including spin-orbit couplingnon-self-consistent)yin In another self-consistent LMTO calculation, Nordstro
the Hamiltonian, a large orbital moment of @.§ per unit et al>? found a total spin magnetic moment per unit cell of
cell is found, whereby each Co atom contributes on average 0.27+ 1.44x 2+ 1.37X3=6.72ug Which is in good agree-
0.12up . This is about 50% more than the orbital moment ofment with the value which we found. Curiously, these au-
0.08up calculated in the same way for hcp Co. The spinthors find that the moment on the Zite is larger than the

A. Magnetization
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TABLE IV. Measured and calculated hyperfine fields in Teslafor Fe, O T for Co, and 3 T for Ni. Including orbital polar-
for Fe, Co, and Ni and at the Co ¢ and (3J) sites in YCg and  ization only increases the discrepancy due to the enlarged
GdCa;. Core, valence, and orbital contributions to the hyperfinegrbital hyperfine field. The calculated hyperfine field of hcp
fields are listed separately. The orbital hyperfine fields, as well agg then differs from the experimental value by about 4 T.
the total hyperfine fields are calculated using spin-orbit coupling The calculated orbital hyperfine fields in YCare twice
only (listed in the columns denoted by $@s well as using spin- 55 |3rge as those in hcp Co. Just as the orbital moments on
orbit coupling and orbital polarizatioflisted in the columns de- the 2c and 3y sites scarcely differ, there is no essential dif-
noted by OR. Various experimental results are shown in the IaStference between the orbital hyp,erfine fields on these two

column. sites. The large difference in the total hyperfine fields of
Core Val Orb Total Expt. —4._2 T at the § site and+4.6_at t_he 2 site is caus_ed py a

positive contact valence contribution to the hyperfine field at

SO OP SO OP the 2c site rather than by different orbital moments, as has

been assumet. This result does not depend on whether or

Fe -25.3 4.3 +35 455 -26.1 241 339 4 the orpital polarization term is used. The total hyperfine
Cf’ 189 7.2 +45 +80 -21.6 -181 -215  fg|q results from a cancellation of contact and orbital con-
Ni 75 -28 +55 +80 -48 -23  -15  yipytions and its interpretation is complicated by the polar-

g7 ization of the core electrons by the valence electron magne-
9 tization. There is a large spread in the values measured
9.5 experimentally bpt irrespective of which vaIl_Jes are qhosen
15 for comparison, it can be' seen that thg orbital polarization
YCoy(3g) -17.3 -52 +8.9 +183 -13.6 -42 -141 term does not lead to an improvement in the calculated val-

ues.
139 The hyperfine field at the@sites is quite sensitive to the

YCog2c) -16.8 +5.0 +83 +164 -35 +4.6

C

'9'; RE atom. When Y is replaced with Gdee Table IV, the

-9 valence contact term at theg3site changes significantly,
GdCg(2c) -17.3 +4.1 +7.3 59 +6. A much more than that at thecite, resulting in nearly iden-
GdCa(3g) -17.8 +1.2 +9.3 73 7.9 tical hyperfine fields at both sites in Gd{d\ large discrep-

ancy between experimental and theoretical results exists

aReference 14. whose origin is not clear. It has been shown that orbital
PReference 13. effects from the core electrons are negligitfie.

‘Reference 12.

YReference 15.
C. Anisotropy energy of YCao;

moment on the § site. Both in our FLAPW and LMTO Many experiments have been carried out to attempt to
calculation we found the opposite ordering. When they in-explain the origin of the large magnetocrystalline anisotropy
cluded spin-orbit coupling, Nordstmo et al. found orbital  of YCos. We have outlined above how large orbital moments
moments on the @ and J sites of 0.14 and 0.}%;, were found on the Co atoms in Ygowith the largest orbital
respectively? and of 0.26 and 0.1z when orbital polariza- moment being found on thec2site, how a correlation was
tion was included? In both cases, the orbital moment on the established between the Zite and the anisotropy energy,
2c site is found to be larger than the moment on tigeste  how a large anisotropy in the magnetization was attributed to
whereas we find them to be equal. the 2 site/ and how hyperfine field measurements were
used to associate a local anisotropy energy with the anisot-
ropy in the orbital moments on thecsite in particular®
However, these conclusions about the origin of the anisot-

Hyperfine field measurements have played an importantopy energy are based on some unproven assumptions such
role in investigations of the magnetic properties of ¥Co as the existence of a local anisotropy energy. In this section
The hyperfine fields at the Co sites are strongly reduced withve describe calculations of the anisotropy energy and orbital
respect to those in hcp Co, and this has been interpreted asoments within the itinerant electron model which allow us
being partly due to large orbital momentst® The anisot- to establish a correlation between the anisotropy energy and
ropy in the hyperfine fields has been related to an anisotropthe anisotropy in the orbital moment and study in some detail
in the orbital moments and local anisotropy energies were the origin of the anisotropy.
then derived from these anisotropiésSince our calculations YCos; hasn=48 valence electrons per unit cell. In Fig. 1
are at variance with the assignment of orbital moments to théhe anisotropy energxE"(n) is plotted as a function of the
2c and 3y sites, it is important to see whether the simplevolume element used to perform the Brillouin-zone integral;
interpretation of the NMR measurements by StreEvés  itis seen to be well converged irrespective of whether orbital
well founded. polarization is or is not includedopen and filled circles,

In Table IV we list calculated hyperfine fields in YGo respectively. In both cases it is positive, thus favoring an
GdCqg, and Fe, Co, and Ni. The calculations for the orientation of the magnetization along theaxis.
transition-metal elements agree with previously published re- In Fig. 2, AE"(q) is shown for the range of band fillings
sults that do not take OP into accodhtThe difference be- 44<q<52 (corresponding to the energy range
tween the theoretical and experimental results is about 8 F2.5<eg(q)<—1.7 eV). The solid and dashed curves were

B. Hyperfine fields
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FIG. 1. Convergence of the anisotropy energy of Y@s a Bandfilling q

function of the volume element used to perform the BZ integral.

The number of divisions of the reciprocal-lattice vectors corre- FIG. 2. Anisotropy energyAE"(q) versus band fillingq.
sponding to each volume are indicated at the top of the figure. Th®ashed curve: spin-orbit coupling only. Solid curve: spin-orbit cou-
filled circles refer to calculations where only spin-orbit coupling pling and orbital polarizatioiimesh 3 30X 32 k pointg. Dotted

was usedSO). The data points shown as open circles were calcucurve: spin-orbit coupling and orbital polarizatiorimesh
lated including spin-orbit coupling and orbital polarizati¢@P). 6X6X6 k pointy. The experimental anisotropy energy is denoted
The horizontal lines were obtained by a least-squares fit through thiey a horizontal dashed line. In the top of the figure an energy scale
data points using a weight i for each data point. Positive values is denotedin eV). The Fermi energy correspondingde- n=48 is

of the anisotropy energy correspond to a preference for the magnet —2.06.

tization to be oriented parallel to theaxis.

action &41-s were to split degenerate energy bands by
+ &4, as happens for eigenstates witl= =2 character, and
if 0.03 electrons participated in the splitting, this would yield

both calculated using a mesh of880x 32 k points in the
full Brillouin zone, the densest mesh shown in Fig. 1. This

corresponds to using 4097 and 1547 irreducibleoints peaked structure IAE"(q) with a maximum value of the

when the magnetization is oriented in th@ndz directions, : ; _
respectively. The dashed curve was obtained by includin%n;f/otmpy energy of 2 meV for a typical value gf=72

spin-orbit coupling only in the Hamiltonian, whereas to ob- L . -
tain the solid curve spin-orbit coupling and orbital polariza- We begin with fegture A IME"(q) at a band filling of
tion were included. Both curves exhibit two distinct peaksq=46.6[corr(_espond|ng to an energy about 0.1 eV .below the
which are labeled\ andB in the figure. We will explain the actual Fermi energyse(q=n)], and then examine the
origin of these two peaks beginning with the case where On|§hanges that occur when the bands are filled with more elec-

spin-orbit coupling is included. trons untill 48 valence states are ogcupied. The peaked struc-
ture of this feature on the scale éf indicates that degener-
1. Spin-orbit coupling only ate energy bands may play a role in the anisotropy energy. In

- . order to study the anisotropy energy densgity"(k,q), the

For band fillings 45:q<51 an easy axis parallel to the . - ; .
. . BZ was first divided into 10 slabs of thickness 0#2€),

¢ ais s favored. The amplitudes of the pedksandB are parallel to thel' KM basal plane. By integrating the anisot-

about a factor of 2 smaller than the experimentally deter density i h of th labs i tound th
mined anisotropy energy shown as a dashed horizontal linf?PY €Nerdy density in each of these slabs it was found that
only a part of the Brillouin zone was responsible for most of

in the figure>* The magnetocrystalline anisotropy energy at a : _
band filing corresponding to stoichiometric YEo the total anisotropy energy of 2 meV. About half of this

AE"(n), is about a factor of 7 smaller than the experimentala”iSOtmpy energy originates in the two slaps adja}cent to the
value. The anisotropy energy is zero when alldheands are  basal ' KM) plane of the BZ. The two neighboring slabs
filled (for q>54). When the Fermi energy is lowered into the [between+0.2(w/c) and +0.4(w/c) ] together account for a

d band complex, we find an anisotropy energy densityduarter of the anisotropy energy. Thus 75% of the anisotropy
AZ"(k,q) which varies in magnitude and sign throughout €nergy is generated in 40% of the BZ. In Fig. 3 the anisot-
the BZ. The sign oAE"(q) in general results from summing ropy energy density in the two slabs adjacent to the basal
compensating contributions. In the sense that it depends aplane is shown in a fishnet-contour plot representation in the
the outcome of a complicated cancellation, the sign ofG;,G,) plane. For each value ofk(,k,) the anisotropy
AE"(n) is accidental. When there are degenerate bandenergy density has been averaged by integradng(k,q)
present at a Fermi energy:(q), the local contributions ap- from k,=—0.2(w/c) to k,= +0.2(w/c) and smoothing with
pear and vanish when the Fermi energy is displaced by aa Gaussian to allow the result to be plotted. The positive sign
amount comparable to the spin-orbit coupling constant. Ifof the anisotropy energy is seen to be determined by the band
this band degeneracy occurs over a substantial volume of thgructure at and in the vicinity of the high-symmetry point
Brillouin zone then an important contribution to the anisot-K and along and around the high-symmetry lidéds and
ropy energy can result. For example, if the spin-orbit inter-I'M.
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ing to thed orbital characterds,2 2, dy2_y2, dy, dy,, and
dyy. For an arbitrark point there is no relationship between
the orbital character on crystallographically equivalent at-
oms. The symmetry of thEKM direction shown is such that
the two Co(Z) atoms are equivalent and the first and second
Co(3g) atoms are also equivalent. We anticipate our main
conclusions by noting that the states which make the most
important contribution to the MAE of YGpare the states
with mainly d,>_,2 andd,, character which are doubly de-
generate at th& point at—2.2 eV and at thé" point where
they are almost degenerate with the Fermi energy. The states
at K have mainly Co(8) but also some Co(@ character,
those atl” have mixed Co(8) and Co(Z) character.

AF —density

r When the spin-orbit coupling is included, the energy
M bands in this energy range display pronounced differences if
r r the magnetization is directed along or perpendicular to the
¢ axis. In Fig. 6 the minority-spin band structutm the
M M absence of spin-orbit couplingnd the band structures from

which the anisotropy energy density was generated are
shown along lines of high symmetry for two directions of the

FIG. 3. Anisotropy energy densitjrom a calculation with spin- Magnetization. Correlating plots of the anisotropy energy
orbit coupling in the basal plane of the Brillouin zone obtained by density as shown in Fig. 3 with these band structures shows
averaging over a slab of thickness Gm¢), for a Fermi energy of  that if the magnetization is directed along thaxis, there is
—2.17 eV which corresponds to a band filling @f46.6 and the a net energy gain from the splitting of the encircled energy
peakA in Fig. 2. Solid(dashed contours represent positifeega-  bands because the bands which are shifted to higher energies
tive) contributions to the anisotropy energy, respectively. Mainly by the spin-orbit interaction are unoccupied. Thus the en-
K, I'K, andI'M contribute to the preference for a magnetization circled energy bands at th€ point are the states mainly

r

direction along thee axis. responsible for the preference foceaxis-oriented magneti-
zation for this band filling.
In Fig. 4 the band structure of the majority-spileft In the absence of spin-orbit coupling, these bands are dou-

pane) and the minority-spirfright pane) electrons is shown bly degenerate at an energy —2.20 eV and have mainly
along the high-symmetry lines in the basal plane. The FermCo-d m==*2 character(i.e., dy2_,2 and d,, symmetry.
energy is denoted by the horizontal dashed line- 2106 eV. These states are split by the spin-orbit coupling to
Within 0.5 eV of the Fermi energy a set of Co minority-spin e=—2.27 eV ands=—2.13 eV if n|c, and are left nearly
d bands is separated from the remaining €bands. degenerate ihl c. We expect the contribution to the anisot-
The d orbital character of the minority-spin bands in the ropy energy from these two states in the vicinitykofto be
energy intervat-2.5<e<—1.7 is shown in Fig. 5 in a rep- maximal ate=—2.20 eV, and to vanish at=—2.33 eV
resentation where the thickness of an energy band is propoand -2.11 eV. This positive contribution to the anisotropy
tional to the orbital character. Because the free-electron-likenergy density can be seen in Fig. 3. There is a similar con-
spf character in this energy range is small and fairly uni-tribution to the anisotropy energy from two bands which
form, it is not shown. There are six columns, one for eachwere nearly degenerate in the absence of spin-orbit coupling
atom in the unit cell and five rows, which are labeled accordfrom I' to nearly halfway alond’K andI"'M.

Majority spin Minority spin

FIG. 4. Energy bands without spin-orbit cou-
pling along the high-symmetry lines in the basal
plane of the BZ, for the majority-spin electrons
(left pane) and the minority-spin electrorsight
pane). The Fermi energy is indicated by the
dashed horizontal line.
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of the minority-spin energy bands
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is indicated for the six atoms in
the unit cell(columns. The thick-
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At T', these two states are degenerate in the absence ®he contributions fronK, I'K, andI’M are seen to favor an
spin-orbit coupling; they are also indicated by filled circles inin-plane magnetization for this band filling. The positive an-
Fig. 6. They lie very close to the Fermi energy(q=48) isotropy energy from arount is compensated by a negative
and their splitting provides the only large contribution to theanisotropy energy from the remainder of this slab with the
anisotropy energy from in or around th&kKM plane which  anisotropy energy of the total slab being negative. The rea-
favors ac-axis orientation of the magnetizatigsee Fig. 7. son why the anisotropy energy is still positivecgt 48 (Fig.

Minority spin B//z
% :
::>6 - - - -
i. | 7
-2.4 ] \W
r K M r r K M r r K M r

FIG. 6. Influence of the magnetization direction on the energy band splittings when spin-orbit coupling is included. The minority-spin
energy bands are shown in the left-hand panel for reference. Right-hand panel: magnetization direction atomgsthdliddle panel:
magnetization in th&'M direction. The splittings of the states which are encircled are discussed in the text. The Fermi energy is indicated
by the dashed horizontal line.
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FIG. 8. Anisotropy in the magnetic moment as a function of the
band fillingq. The anisotropy in the orbital moment per Co atom is
shown as a solid line, the anisotropy in the spin moment per Co
atom as a dotted line. The dashed and chain-dashed curves are the
r anisotropy in the orbital moment of a Co ¢R atom and a Co

] ) ) (39g) atom, respectively.
FIG. 7. See the figure caption of Fig. 3. The anisotropy energy

density is plotted for the actual Fermi energy-e2.06 eV, corre- about a factor of 5 larger than the anisotropy in the spin
sponding to a band filling of§=48. OnlyI" and a small region moment. Projecting out the anisotropy in the orbital moment
around it make a positive contribution to the MAEavoring a  onto the Co atoms at thec2and 3j sites as a function of the
c-axis orientatioi band filling, peak®\ andB are seen to be mainly attributable
) _ N o ) to the Co atoms at thec2sites. For example, at pedkthe
2) is that there is a positive contribution from the ne'ghbor'anisotropy in the orbital moment of a Co atom at theahd
hood of the AHL) planes of the BZ. Finally, raising the 3q site is 0.09 and 0.Q3g, respectively. The difference in
Fermi energy even further to 0.18 eV, corresponding 0 gne anisotropy for the two types of Co atoms is even more
band filling of q=49.8 (peakB in Fig. 2), the positive an-  pronounced at peaB, where the anisotropy is almost en-
isotropy energy is generated in the 40% of the zone adjaceRjely due to that of the Co atoms at the &ites. However, at
to the AHL plane. It is related to the lifting of a double ne Fermi energy of YGp(q=48), the situation is reversed
degeneracy at thel point. and the anisotropy in thec2site orbital moment is negli-
gible. Forqg=48 the anisotropy in the total magnetic moment
is calculated to be 0.18; per unit cell. This anisotropy has
The influence of spin-orbit coupling and orbital polariza- been measurédnd found to have a value of 0,33 per unit
tion is maximal in the special situations when degenerateell.
energy bands witlm= +2 character occur, as &t andK, The similarity between theAE"(q) and the AL"(q)
and whenn is parallel toc. Because the dependence of thecurves is striking, and allows us to decompose the anisotropy
minority-spin minority-spin block of the Hamiltonian on the energy into site-dependent contributions. Using perturbation
direction of the magnetization iBL+ 3&4)1-n, the orbital  theory for uniaxial systems, a roughly linear relation between
polarization term in the Hamiltonian essentially represents athe anisotropy energy and the anisotropy in the orbital mo-
enhancement of the spin-orbit coupling parameter. With anent is expectedf?® with a proportionality factor ofi&,,
RacahB parameter of about 0.14 eV, ahd=0.23, the or-  or, in the case of orbital polarizatioB(BL+ 3£4)~ 5 €V. In
bital splitting factorBL is about equal to the spin-orbit split- the case of degenerate energy bands, one expects a propor-
ting 3£4=0.036 eV. When orbital polarization is included in tionality factor which is about a factor of 2 larger. Although
the calculations, the overall shape SE"(q) is unchanged the ratioAE"(q)/AL"(q) certainly is not constant, it is gen-
(Fig. 2. However, the amplitude of the anisotropy energyerally of this order of magnitude.
curve increases by about a factor of 4, consistent wit a The large measured orbital moments have been thought to
estimate for the dependence of the anisotropy energg,on be associated with a strong asphericity in the spin density of
using perturbation theory for uniaxial systemslhe calcu- the Co atoms at thesites!® Experimentally, about 60% of
lated anisotropy energy of YG@f about 3 meV/unit cell is the spin density was found to hawe= =2 character. In Sec.
in quite good agreement with the experimental value of 3.811 A we already discussed that this is not found in the cal-
meV/unit cell. culations. However, there is a large density|iof =2 states
The spin-orbit coupling gives rise to an anisotropy in thejust below the Fermi energy. In Fig. 9 the minority @o
magnetic moment which is also enhanced by the orbital podensity of states is shown as a function of the band filling.
larization. In Fig. 8 the anisotropy in the magnetic momentThe Fermi energy corresponding d¢g=48 states is located
and its decomposition into an orbital moment anisotropy anan the edge of a steep peak in the density of stdx3S),
a spin moment anisotropy is shown as a function of the banahich extends from about 45.8 to 48.5 filled valence states.
filling. Typically, the anisotropy in the orbital moment is The peak consists of 54% Co ¢p character and 46% Co

2. Spin-orbit coupling and orbital polarization
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FIG. 9. Cobalt minority-spird partial density of state€DOS) 44 46 48 50 5é 54

for a calculation without spin-orbit coupling or orbital polarization, Bandfilling q
as a function of the band filling. The solid curves are the total Co
d DOS, the total Co (2) d DOS and the total Co (@ d DOS.
Dashed curves are the CodqRand () m= =2 projected DOS.
The two peaks in the total DOS below the Fermi lefd#gnoted by
the vertical lineg have mainly Co () m= +2 character.

FIG. 10. (a) Total density of states for calculations including
spin-orbit coupling and orbital polarization with the magnetization
direction along the axis (solid curvg and in plangdashed curvje
in units of states per eV per unit cell, versus the band filingf

each calculation(b) Integral of the density of states calculated with
(39) character, rather than the expected values of 40 anghe magnetization in-plane up to the Fermi eneegyq) of the

60 %, respectively which one W0U|q expect from a simplec_axis calculation, minus|, the number of occupied valence states
concentration dependence. The partial DOS shows that abof the c-axis calculation, as a function af. (c) The anisotropy

65% of the Co (2) d DOS hasm=*+2 character, much energy as a function o.
more than the 40% which would occur if all fivke orbitals

were equally populated. The Cogpd DOS has about 45% culation is the cause of the increase and decrease of the an-

bm: *2 ch_aracter. Lhat therelis a strong peql; indrd@os isotropy energy versus band filling, shown in Fig(@0The
etweenq=45.8 and 48.5 valence states with predominantyigerence in the number of states varies on an energy scale
Co (2c) m==2 character does not by itself explain the ¢ o order of 2BL+ L&),

preference for the-axis orientation. In Fig. 1@) the density Finallv. we note that the dipole-dipole anisotropv ener
of states as a function of the band filling is shown for calcu-, Y P P Py gy

; i . ) . ) ) . Tyields a small preference for tleeaxis magnetization of 0.05
lations including spin-orbit coupling and orbital polarization

b PR A - meV/unit cell, about 1% of the magnetocrystalline anisot-
Whe_re the magnetization Q|rectlon is d|reqted alongctheis ropy energy. It may therefore be neglected.
(solid curve and perpendicular to the axis (dashed The
most obvious difference is the vanishing of the peak in the
DOS atq=46.8, when the magnetization is rotated from
in-plane to being parallel to theaxis. The “missing” states It appears from the discussion in the previous two sec-
are distributed to lower and higher energies. Most of thigtions that points of high symmetry play a particularly impor-
partial density of states has= =2 character. If each density tant role in determining the anisotropy energy. In earlier
of states is integrated to a common energy(q) of the  work® we found that it was possible to explain the most
c-axis calculation, the redistribution of the density of statesmportant features iME"(q) in terms of the effect of the
by the spin-orbit interaction and the orbital polarization leadsspin-orbit coupling on the states at the points of high-
to a different number of occupied valence states at that ersymmetry only. If we compard E"(q) calculated with a
ergy for the two field directions. The difference in the num-mesh of 6x6X6 k points (corresponding to a total of 80
ber of occupied states at the energy(q) between the in- irreducible k pointg with the results for the 3030x 32
plane calculation and the-axis calculation is plotted as a mesh calculation, then we see in Fig. 2 that all of the impor-
function of thec-axis band fillingg in Fig. 1Qb). The larger tant features are reproduced very well using the smallest
and smaller number of states, below and abgvet6.6, re- regularly spaced mesh which includes all of the points of
spectively, for thec-axis calculation versus the in-plane cal- high symmetry. We will now show that the most important

3. Symmetry point analysis of the anisotropy energy
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qualitative features of the anisotropy energy curve can bé&', K, M;, andM,, (and similarily forA, H, L;, andL,)
understood in terms of an even smaller numbek @ints, are then chosen as 1/12, 1/6, 1/6, and 1/12.

namely, the high-symmetry poinis, K, M, A, H, andL Broadening the curve in Fig. 18 with a Gaussian of
only. The contributions to the anisotropy energy from thesewidth 0.1 eV yields the dashed curve in Fig.(f)1 which

k points are shown in the top six panels of Fig. 11. Thehas a similar functional dependence on the band filling as the
arrows in Fig. 11 indicate the positions of the energy leveldull calculation, represented by the solid curve, but differs by
at eachk point, and a thick arrow denotes degenerate energg roughly constant amount. The origin of the two peaks,
levels (in the absence of spin-orbit interactionUpward and B, in the lifting of degeneracies & and H, respec-
(downward pointing arrows denote minoritymajority) spin  tively, is made particularly clear in this analysis. The origin
eigenstates. The anisotropy energy at dagioint is broad- of the discrepancy between the two curves in Figbltan
ened using a Gaussian with a width of 0.06 eV, and multibe found by examining Fig. 3. We see that there is a large
plied with a weight factomw, . The total anisotropy energy Positive contribution to the MAE from an annular region
curve, shown in the bottom left panel, is obtained by sum-aboutI’ but that the contribution from th€& point itself is
ming the weighted contributions from eadh point. The negative. The dotted curve in Fig. 2 shows that an only
weight factor of a particulak point is determined by its slightly better sampling is required to correct for this error.
number density in the BZ. If the magnetization direction is I this work and in earlier work we have found that the
chosen parallel to the axis (parallel to the reciprocal-lattice lifting of degeneracies at points of high-symmetry and along
vectorG,), then the twdK points in the BZ3(G,+G,) and ~ Symmetry lines makes an important contribution to the mag-
2(G,+G,), are equivalent. One of thé1 points, M, n'etoclrystalline anisotropy energy. In unia?<ial systems two
=1G,, is not equivalent to the other twd points,G, and  Situations may arise which are |IIu_strated in Flg. 12. There
1(G;+G,), denoted byM,. The same is true of thel and  We sketch the energy band dispersiqy) as a function of the

L points, respectively. The contributions from the inequiva-in-planek vectork;, of two states in the vicinity of a point of
lentM, andL; (M, andL,) points are indicated by the solid high symmetry where the two states are degenerate in the
(dashedl curves. The weight factors for the special pointsabsence of spin-orbit coupling. The states with=+2
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hedron method! we have a very smallnumerical uncer-

m==1 m=+2 tation) for three different finite integration meshes. The value
obtained by extrapolating to infinitesimal volume was, how-
&, €, ever, negative. The best value of the MAE obtained with
spin-orbit coupling and orbital polarization was a factor of 2
B//x smaller than the experimental value and there was a very
large uncertainty in this value. By using the improved tetra-

tainty in our values of the MAE as can be seen in Fig. 1.

Ky ki
€ €
k k D. Electric-field gradient, crystal-field parameters,
B//z \/ and exchange field
PR The electric-field gradientEFG) and the crystal-field pa-
rameterA at the RE site are determined by the electrostatic
P P potential at or close to the nucleus; the EFG is determined by

g g the anisotropy in the electrostatic potential at the nucleus

FIG. 12. An illustration of two situations which may arise in While the 4f crystal field splitting is determined by the sam-
systems with uniaxial symmetry. The energy band dispersion in th@ling of the electrostatic potential around the maximum in
vicinity of a point of high symmetry where a degeneracy occurs isthe 4f radial wave functions which is about 0.5 a.u. from the
sketched for the case where the two states lmave+ 1 character nucleus. If the charges which give rise to the potential do not
and a small dispersiofieft-hand sidg and the case where the two overlap the 4 charge density as, for example, in a point
states haven=+2 character and a large dispersitmght-hand  charge model, then the second-order crystal-field parameter
side. When spin-orbit coupling is included arf/x, the degen- is proportional to the electric-field gradient with a propor-
eracy is not lifted. WherB//z the degenerate states are split by tionality factor — 3 e. For exampleV,,=10?° V/m? would
+méy/2. correspond taAJ=—812X/a3. In this section the EFG and

crystal-field parameters calculated for Gd;@we compared
character ¢,2_,2 and d,,) have more dispersion than the with experimental results and the contributions to both quan-
states withm= = 1 character§,, andd,,) as a consequence tities analyzed. We also report the value of the exchange-
of their spatial form and the resulting greater or lesser overfield coupling rare-earth and valence electron spins as calcu-
lap between orbitals on neighboring atoms. When spin-orbitated within the LSDA.
coupling is included the degeneracy is lifted when the mag-
netization is oriented along theaxis. The splitting, which is 1.V,
+m(&4/2), is largest for the states with the greatest disper-
sion. It is not obvious which situation will have the largest
anisotropy energy: a smaller splitting over a larger volume o{]

reCIproca! s_pacséas a result of the smaller ghspers)omr a nperimental values to within typically 20% which is of the
'afger splitting over a_smaller volume of reciprocal space._l order of the experimental uncertainty. The lattice contribu-
this work and our earlier work we have found that states with, | "\ < t0nd to be only about 1020 % of the on-site

m= £ 2 character play a more important role. ( L ;
. . . . valence value and had the opposite sign. Making a number
PeakA in AE'(q) (Fig. 2) tells us something very impor- ¢ yqitional approximations, Coehooet al®’ calculated

tant, na}mely, that _magnetic anisotropy energies substantial%e on-site contribution to the EFG and obtained similar re-
larger (in this partlcglar case, two times Igrgqhan those g its for the hcp metals as Blaleaal. thus confirming indi-
found for YCg; can, in principle, be found in itinerant mag- rectly the smallness of the lattice contribution. We have

nets, i.e., without having to make recourse to compoundcf,ested our computer code by calculating the EFG's for a

which contain r?‘re'e‘?‘”h lons. Befc.)r'e. em'bgrkmg on thenumber of the hcp metals treated in Ref. 44 and find agree-
search for materials with larger coercivities, it is very IMpOr- - <nt with the results reported there

tant to know that there is no principle which states that even Fewer calculations have been performed for compounds.

harder magnetic materials, harder than the best obtainablgn et 4158 calculated the EFG's for the three inequivalent
nowadays, are not possible. sites in the ionic compound 4N and found agreement with
experiment to within better than 20%. The lattice contribu-
tion was found to make an important contributionvg, but
Nordstrom et al>® have calculated the MAE of YGo the EFG'’s themselves were quite smafl10?! V/m?2. Using
making essentially the same approximations as we havihe same approximations which he used for the hcp metals,
made and reaching essentially the same qualitative concluvhere the lattice contribution is expected to be small because
sions. However, some of the technical details of theirall atoms are equivalent, Coehoorn calculated the EFG’s on
LMTO-ASA calculations were different, as we saw earlierthe Gd site for a number of metallic compoundsTGH,
when discussing the magnetization, and this results in someith the ThCsSi, structure’’ Again there was agreement
significant quantitative differences. For example, these aubetween theory and experiment to within about 20% unless
thors did not obtain well converged values of the MAE inte-T was a 3l element where the agreement was generally
gral. Including spin-orbit coupling only, they found values of poorer. Similar results were found for a number of interme-
the MAE which were positivéthus favoring ac-axis orien-  tallic compound® where for GdCg in particular, a value of

Blahaet al** have calculated the EFG'’s for a number of
cp elements using the method outlined in Sec. Il D. Without
sing any free parameters, they obtained agreement with ex-

4. Comparison with previous work
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TABLE V. Electric-field gradient in GdC¢separated into the TABLE VI. Crystal-field parameters in GdGaeparated into
on-site and lattice contribution, in units of 2*0//m?2. The on-site  on-site and lattice contributions in units of K, together with the
contribution is analyzed in Bp-5psemicore contribution anGip-6p  expectation values of the radiaf wave function(in Bohr atomic
and5d-5dvalence electron contributions. units). The on-site contribution has been separated intopep
semicore contribution and valence electron contributions.

On-site Lattice Total Expt.
Im r! AN(r!
Semicore5p-5p -3.3 (Im) < i
6p-6p 18.7 On-site Lattice Total Expt.
got'r']sor' 2(‘)46 (20 0.93 Semicor&p-5p 87
ers i 6p-6p —407
18.4 -0.1 183  8.29.7 5d-5d —-775
Others —648
%Reference 17.
PReference 16. Sum —-1743 980 -763 —18C°
—420P
14x 107 V/Im?2 was calculated foV,, compared to experi- —20
mental values of 9X10°7* V/Im? reported by Steenwik (400 2.11 -3 —24 27
et all® and 8.2 10?* V/Im? reported by Tomalat all’ The
larger discrepancies found for these compounds raise tH€0 858 0.5 31 36
guestion as to whether the neglected lattice contribution i§66) 8.58 0.3 99 99

more important in these materials. However, we should note
that the discrepancies are substantially larger than the lattiGReference 1.
contributions found in the ionic compoundlil. PReference 2.
The results of our calculations of the EFG of Gd in °Reference 3.
GdCaq are given in Table V. The calculated EFG is about a
factor of 2 larger than the measured value and the discrep-

ancy is even bigger than that found by Coehoorn. In therad'us' The dominance of the-p contribution to the EFG

table, the EFG is split up into a number of different contri- suggesits that the origin of the discrepancy with experiment
butions. The contribution of the semicore states was calcu§hoUId be sought here.

lated by taking the self-consistent charge dengitytained

using 6 valence states andp5core statesand treating the 2. A"

5p states as bands in one iteration. As these semicore bands .. . iculated crystal-field parameters are given in Table

are split off from the_ valence.band.s, t.hp Sharge <_jen_S|ty VI, separated into on-site and lattice contributions. The on-
states can be obtained easily, yielding a contribution of it tribution to the dominam(r2 t is further b
—18% to the EFG. The contribution of the5states to the site contribution to the dominarty(r®) term is further bro-

EFG hardly changes if, treated as bands, they are iterated ken down into cqntributio.ns from thg diﬁgrent partiallwaves.
self-consistency. Thus the semicore contribution is not senBecause the lattice contribution g, is strictly proportional
sitive to the detailed shape of the potential. tor', the lattice contributions t&3 [Eq. (14)] and toV,, are
The EFG may be further analyzed in terms of lattice andelated by the proportionality factor (e/4). Whereas this
on-site contributions as defined in Ed5). The lattice con-  contribution toV,, was very small, it is very important to
tribution is only 16° V/Im?, or less than 1% of the EFG, include it in a calculation of the crystal-field parameters. The
which reflects the small deviation from charge neutrality oflattice contribution mg is half as large as the on-site con-
the atoms. The physical origin of the EFG lies in the devia+ribution but has the opposite sign. There is a modegst 5
tion from spherical symmetry of the valence charge densitgemicore contribution té\3 which accounts for about 10%
on the Gd site. This nonspherical charge density can be ¢ the total value. The contribution of thep6electrons to
solved intol—1" contributions for each spin directiof@n A9, though sizeablé25% of the on-site valyeis much less

[ —1" contribution to the charge density is constructed fromdominant than in the case bf,,. The 5d-5d charge density

partial waves within the muffin-tin sphere with angular mo- .
mentuml and!’, respectively. 98% of the EFG comes from accounts for about 45% of the on-site value #d}. 5f-5f,

p-p andd-d contributions to the charge density, where theSP-5f and %i-5g terms mainly make up tg‘? contribution la-
latter is about a factor of 8 smaller than the former. ThisPeled “others.” The calculated value df; is a factor 2-3
result is similar to that found by Coehooet al. for the Gd  larger than the values derived from crystal-field calculations
compounds with the ThG8i, structure. of the single-ion anisotropy energy which give the best
These “diagonal” contributions can be broken down fur- agreement with experimeht? Ag changes by only about
ther into terms which describe the asymmetry of fhg  10% if the 4 states are treated as itinerant electramisich is
py, andp, and of thed,2_2, dyy, dyz, dy,, andds,2_,2  possible for the special case of GW¥oreover, we expect our
occupation numbers and terms which only involve radialresults forA obtained for GdCgto be valid for most of the
integrals**®” However, the occupation numbers and the nor-RE atoms. The discrepancy with experiment may be due to
malization of the radial wave functions depend on the somenon-Hartree contributions to the single-particle potential, or
what arbitrary choice of muffin tiror atomic-spheré=>9 to the apparent difficulty in obtaining a reliable experimental
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1.6 T 0.20 the Coulomb potential energy, Vo= (—¢€)[4n/(2I
{2 lo.15 +01)]U|O(r), and the total Coulomb potential energy,

’ ’ Vi (r)=(—¢€)uvo(r), are shown as a function of the distance
~ 08 10.10 from the nucleust. The difference between these two terms
= = is the lattice contribution which scales a for an A"

A 0.4 1005 & crystal-field parameter. Thd #dadial charge density, normal-
= 00 0.00 © ized so thatf fp.s(r)dr=1, is shown together with the ratio
= X F(r)=I1(r)/1(R), where I(r)=f5p4f(x)V|°(x)dx. The
& -04 1-0.05 curveF(r) shows that 80% of thA3 parameter is accounted

—08l Vonr— 1-0.10 for by the integral within 1.5 atomic units of the nucleus. On
_i2 0.15 the other hand, only gO%hof tEe fourth-orlder cr_?_/ﬁtal-field
: B — - parameter is generated within the same volume. The magni-
0005 1.0 11;5(:')0 #53.035 tude of the fourth—order_crystal-field_parameter is Qetermined
° by the overlap of the tail of thef4radial wave function with

_ ther' lattice potential, while the on-site contribution to the
FIG. 13. Radial dependence of the 2, m=0 component of the potential is negligible.

total Coulomb energy/5=(—e)vz and the on-site contribution ™ The |arge influence of the lattice potential on the crystal-
Von to the Coulomb energy in Rydbergs referred to the right-handia|g parameters indicates that a self-consistent calculation of
axis. 1, the distance to the nucleus is in Bohr atomic units. Thehe nonspherical potential is important. By performing first a
normalized 4 charge densityp,;(r)=4mr?¢y(r), and the inte- ooy consictent warped muffin-tin calculatiyielding a po-
gral F(r)=1(1/1(R), where!(r)=Jopar(x)Va(x)dx, are shown o nvior vich is spherically symmetric within the muffin-tin
ref.e rred to th.e Ien‘hfind axigin ‘?‘to’.““’ upits and di.menSionleSS sphere and which is represented by a plane-wave expansion
;JvctlatZrI rtilsepce)ﬁt-lg/ifg( aiésctgﬁlg:r:f Iggtlgnrt?aciluvihizgis?lf{seﬁlc?ase_ in the interstitial regioly and then taking the full nonspheri-
tice potential. The integraF(r) reaches ,80% of it’s final value fﬁé Olglt:%uigh(;:/geid(;?ifgyaféglrﬂ’;:(yv%lrﬁl’itigti%?,t\i/1v: zgﬁ‘ that
" ) 6 :
within  distance of 1.5 a.u. from the nucleus. consistent value However, the crystal-field parameters cal-
. ) , culated in the same way differ from the values calculated

value. The influence of the nonsphericdl éharge density \ith 5 fully self-consistently calculated charge density by a
on the valence electron charge density should be studiefcior of 2. Whereas the on-site potential is described rea-
carefully. _ o o sonably well, the lattice potential which should ensure con-

Where the lattice contribution to the potential is alreadytinuity of the potential, has not yet reached its converged
very important forAS, it becomes even more so for the value.
higher order crystal-field coefficients; over 80% of the value |4 3 recent paper, Richtet al®® have carried out a cal-
for A andA2 comes from the lattice contribution. This may ¢yjation of AT(r') for SmCaq and, in order to compare with
be seen in Figs. 13 and 14, where the on-site contribution tgyr result® also for GdCg. The basic approximations
which they make are the same. They work within the local-
spin-density approximation and adopt a perturbative ap-

1.6 T 0.12 proach to describe the interaction between the atomiclike
1.2 10.09 4f configuration with the self-consistently calculated valence
electron density. Their calculation was based upon a linear
~ 038 10.06 o . . .
= ~ combination of atomic orbitals band structure formalism
= 04 10.03 & which makes it difficult to carry out a detailed comparison of
o e the results. For GdGahey find a value oAY(r?) of —950
& 0.0 0.00 = K compared to our value of 763 K. The agreement for the
< 04} 1-0.037 higherl values ofA(r'), which are dominated by the lattice
Vo | contribution, is even better. Richtet al. suggest that their
-0.8y ~0.06 non-self-consistent treatment of the non-spherical on-site
-1.2 S S —-0.09 charge density may be responsible for the 20% difference
0.0 05 1.0 1.5 2.0 25 3.0 3.5 between their and our values AB(r?).
r (a) Yamaguchi and Asano have performed FLAPW calcula-

FIG. 14. Radial d q fthed m=0 tof th tions very similar to ours for a number of compounds includ-
- 4. Radial dependence o »M=5 component oTthe =,y 54Cq,. 5! Treating the B states as coréband states,
total Coulomb energy/,=(—e€)v,o and the on-site contribution hev obtain values f0A0<r2> in GdCa, of —769 (—707) K
Vo, to the Coulomb energy in Rydbergs referred to the right-hanat 4 d | 2 of % h
axis. r, the distance to the nucleus is in Bohr atomic units. The®0MPare to our values of 850 (~763 K. W ereas we
treat the 4 states as core states, Yamaguchi and Asano treat

normalized 4 charge densityp4f(r)=47rr2¢§f(r), and the inte- . |
gral F(r)=1(r)/1(R), wherel(r)=f5p;(x)Vo(x)dx, are shown them as band states. This may certainly account for the

referred to the left-hand axién atomic units and dimensionless Slightly differing results.

units, respectively R is the muffin-tin radius. The difference be- 3B

tween the on-site and Coulomb potential, which-is', is the lat- COEX

tice potential. The integrdf(r) reaches only 30% of its final value Finally, we come to the exchange field. The energy cost to
at a distance of 1.5 a.u. from the nucleus. flip the 4f spins is phenomenologically described by the ex-
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change Hamiltonian, Eq20). The local exchange integrals moments on the two types of Co sites are found to be nearly
calculated for GdCpby means of Eq(25) arelg 4,1 p 4, equal. The anisotropy in the total orbital moment as a func-
and |44 are 77, 113, and 85 meV, respectively. Togethertion of the band filling is found to follow the same trend as
with the partial magnetic momentsAn,=0.049, the magnetocrystalline anisotropy energy, and is mainly de-
An,=0.078, andAny=0.349 the exchange energy per spintermined by the anisotropy energy in the orbital moment of
[Eq. (24)] is 21 meV, corresponding to an exchange field ofthe Co atoms at the @sites, as had been proposed as an
360 T. The exchange field is seen to be mainly due to thénterpretation of a number of experiments. However, the
interaction of the 4 spins with the 8 electrons. The experi- band-filling dependence is such that for Y;Gbe anisotropy
mental value for GdCpas measured with the high-field free- in the orbital moment on the@site is much larger than that
powder method by Litet al. is 240 T2 The agreement is on the Z site. The calculated second-order crystal-field pa-
only moderate. rameter and electric-field gradient are too large in compari-
Liebs, Hummler, and Hmle*” have improved upon the son with experiment. Lattice contributions to the potential
perturbative approach which we have followed by straight-are shown to be important for a determination of the crystal-
forwardly evaluating the change in the total energy when thdield parameter, but not for the EFG. In an analysis of the
4f moments are rotated. To do this they performed two selforigin of the magnetocrystalline anisotropy energy, we have
consistent field calculations; one for the ground-state confound that degenerate energy bands in the neighborhood of
figuration and another for an excited configuration with thethe Fermi energy play an important role. A large peak in the
rare-earth # spins reversed. In this way the conduction- density of states is found just below the Fermi level, which
electron spins are allowed to adjust to the reversed exchandg@s mainly Co (2) d,2_,2 and d,, character. Angle-
field. For GAdCq they calculate a value for the exchange fieldresolved photoemission should be capable of detecting the
of 239 T (Ref. 63 using the LMTO-ASA method with the large magnetization-direction-dependent energy band split-
4f states treated as open core states. A similar result hdigs which we consider to play an important role in deter-
been obtained by Liwet al. using the augmented spherical mining the observed magnetocrystalline anisotropy. Our cal-
wave method and treating the 4tates as band states. They culations of the anisotropy energy as a function of the band
calculate the exchange field to be 237 T and confirm thafilling indicate that anisotropy energies at least twice as large
there are substantial changes in the conduction-electron mas those found for YGpare, in principle, possible without

ments when the #spins are reverséd. having to resort to including rare-earth iorgsfactor mea-
surements are necessary to obtain more reliable evidence that
IV. SUMMARY AND CONCLUSIONS a large orbital moment contributes to the magnetic moment.

A large scatter in the experimental data for the hyperfine

Using first-principlescalculations it is shown that an im-  fields prevents a conclusive comparison with our calculated
portant contribution to the magnetization of Y{ie due to  resylts.

orbital moments on the Co atoms. Introducing a dependence

of the potential on the orbital moment which increases the

calpulateq orbital magnetic moments and the ma_gnetocrys— ACKNOWLEDGMENT
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