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The contribution of the itinerant states to the magnetocrystalline anisofidgy energy of YCg and
isostructural compounds has been calculated using a fully relativistic optimized LCAO band-structure scheme
within the framework of density-functional theory in local spin density approximdti@DA), and its depen-
dence on lattice geometry and Fe substitution has been investigated. Additionally taking into account orbital
polarization, a correction to LSDA accounting for Hund’'s second rule, enhances the calculated orbital mo-
ments, orbital moment anisotropies and MA energies, and leads to good agreement with available experimental
data for YC@. The MA energies are found to be strongly affected by changes of the lattice geonietnaiio
and volume resulting from(i) uniaxial strain in YCg and (ii) the lanthanide contraction along tfRCos
(R=Y, La, Pr, Nd, Sm, Gd series, because of the sensitivity of the MA energy to changes of the band
structure. We obtain a large variation of the MA energyR§o; along theR series which is shown to be
predominantly a lattice geometry effect. It is in contrast to the commonly assumed independence of the
transition-metal sublattice MA on thR constituent. The calculated band-filling dependence of the MA ener-
gies of ordered Y(Cp ,Fg)s compounds X=0,0.4,0.6,1.0) qualitatively explains the experimentally ob-
served concentration dependence of the MA energy in Y((Fee,)s pseudobinaries at low Fe concentrations.
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I. INTRODUCTION ant states by means of electronic-structure calculations is a
long-standing interesting but difficult probletnConsider-

The intrinsic properties required from rare-eartR) able progress has been made in recent years. Besides the
transition-metalT) intermetallics, if they are to be suitable elemental 8 ferromagnets;® 3d monolayers and
candidates for permanent magnet materials, are a high Curiaultilayers®*! 3d-4d and 3-5d compounds and
temperature and saturation magnetization and a stronglloys!?~*® and ferromagnetic actinide compouttihave
uniaxial magnetocrystalline anisotrogilA). The MA en-  been studied. For the class of RT intermetallics, results have
ergy, defined as the change of the ground-state energy ofigeen reported on YG@''~*° YFe;Co, and YFe,?° and
magnet upon rotation of the magnetization direction withYFe,,Ti.?! Several techniques have been devised to deal with
respect to the crystal axes, is a purely relativistic effect. Inthe computational problems arising fraim the smallness of
RT intermetallics, it arises from two major sourcés:the  the anisotropy energies, which amount to between 1 and
spin-orbit(SO) interaction of the itinerant statémainly the 1000 weV/atom depending on the crystal structure and the
T 3d state$ which couples the magnetization direction strength of the spin-orbit coupling, in comparison with typi-
(mainly carried by the spinto the anisotropic crystal envi- cal total energies of solids ar(d) the slow convergence of
ronment and(ii) the interaction of the localized partially the required Brillouin zondBZ) integrations. These prob-
filled R 4f shell(with 4f spin and orbital moment practically lems are much more severe for cubic T systems, where the
rigidly coupled to each other by SO interactjowith the  MA energy is of the order of 1ueV/atom, than for the RT
crystal field. Anisotropy contributions from other sourcesintermetallics, whose anisotropy energies are in general
like magnetic dipolar interaction or anisotropic exchange argnuch larger because of their low crystal symmetry, but still
in general small by comparison, although they can be apprehe calculation of the MA energy remains a challenging task,
ciable in some cases. Extringghapg anisotropy is not con-  since the MA energy may strongly depend on details of the
sidered here. band structure.

At low temperatures, the f4anisotropy usually exceeds  In view of the strong dependence of the itinerant-electron
the 3d contributior(except for rare earths with empty, half- MA energy on band structure and band filling found in the
filled or completely filled 4 shells which do not interact calculations, it should be possible to modify the MA energy
with the crystal field in first ord@r but because of the strong significantly by manipulatingi) the band filling by substitu-
temperature dependence of theahisotropy the two contri- tions of the T atoms an(i) the band structure either directly
butions can be of comparable size at room temperature. Far indirectly (via lattice geometry effectsby substitutions,
example, the anisotropy constaft of YCos, where no 4 interstitial atoms, growth as thin film on suitably chosen sub-
anisotropy occurs, amounts to 7.4 M¥rat 4.2 K and strates or by external pressure.

5.8 MJ/n? at room temperatureThe corresponding values In the present work, we investigate the itinerant-electron
for the permanent magnet compound Srg@ce 30 MJ/m MA energy for several RT intermetallics with hexagonal
and 17 MJ/m, respectively’. Moreover, density-functional CaCu structure. A prototypical compound is YCavhich
calculations show that, in principle, even higher T anisotro- exhibits a large MA and which has been particularly well
pies are possible in uniaxial T or RT systems. studied experimentah??=2® and theoretically:*’~?° First,
The evaluation of the MA energy originating from itiner- we calculate the spin and orbital moments, orbital moment
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anisotropiegOMA) and anisotropy energy of YGan order  of interactions governs the behavior of thé électrons in

to compare them with results of previous studies. Going bethe considered @-4f intermetallics:

yond the previous studies, we then analyze the dependence

of these quantities on the lattice geometry, especially on the

c/a ratio. The influence of substituting Fe for Co is investi- Ugi> Ed>EYS S EY, 1)

gated by performing calculations for Yfand the ordered

pseudobinaries YG&e, and YFgCo,, with particular em- whereug‘;f is the effective atomic Coulomb correlation en-

phasis on the band-filling dependence of the MA energyergy E*' the spin-orbit coupling energy of thef &lectrons,

which is related to the composition dependgnce in a I’Igld-Eg)f(—3d the (indirect, via R & state$ exchange interaction

band picture. Furthermore, we c_ompare the |tlgerant-electroBemeen the @ and 4 electrons ancE% the interaction

e e s Wk Sl ety wih the crystl il As @ consequerce, e

isostructural compounds with different rare earths are indee{?OtrOpy is of single-ion charaqter and can be well degcrlbed
P . o within the single-ion crystal-field modéf 34 the starting

more or less the same, an assumption which is frequentl

- . o Boint of which is the atomic limit. In this approach, the in-
made when deriving the f4anisotropy from magnetization teraction of the 4 shell as a whole with the crystal field is

measurements on RT intermetalliCsFinally, we decom- treated within perturbation theory. The degeneracy ofxhe

pose the calculated MA energies into site contributions irbigenstates with respect &g in the free atom is lifted in the

two different ways and discuss the suitability of such decom'c;rystal, leading to crystal-field splittings and inducing a MA.

positions, which have also been made on the basis of experjnce recently, the #crystal-field splittings and MA contri-

mental results, for predicting the MA energies of iSOStUC-y ions can also be obtained from density-functional calcu-

tural compounds. _ _ lations, within the limits of the single-ion model, in reason-
The paper is organized as follows. After a brief outline of 5o agreement with experimefsiee Ref. 29 for a survey

the MA of RT intermetallics(Sec. I) we describe our The energy hierarchy corresponding to Eg). for the T

method (Sec. 1) and present and discuss our results 0Nz gectrons in 8-4f intermetallics looks entirely different:
YCos and related compoundsSec. IV). A brief summary

with some conclusions is given in Sec. V.
3d 3d-3d 3d—4f 3d 3d
WA US> B339 3T~ ENS E3D 2
Il. MAGNETOCRYSTALLINE ANISOTROPY
IN RARE-EARTH TRANSITION Since the effective @8 Coulomb correlation energy
METAL INTERMETALLICS smaller than the bandwidti®? the 3d states have to be

The magnetic properties of RT intermetallics are usuallytreated as band stateB3/** is the exchange interaction
described in terms of a two-sublattice model taking into acbetween the 8 electrons and22*" the (indirech exchange
count the effective exchange interactions within and betweeiteraction with the R 4 electrons.ES stands for the
the R and T sublattices in a mean-field approximation andrystal-field splitting of the @ states which determines the
the interaction with the crystal fiefd=2° The interaction be- energy difference between the centers of gravity of the re-
tween T 3 and R 4 electrons is mediated by hybridization |ated bands. Because of the itinerant character of ttie 3
between transition-metald3and rare-earth & states and in- states in the compounds considered in this work, the anisot-
traatomic local 8-4f exchang€? In iron- and cobalt-rich ropy of their hybridization, i.e., the dependence of the band
RT intermetallics the TT exchange interaction is large com-dispersion on the azimuthal quantum number, which is
pared to the RR interaction, whereas the RT interaction is istrong in uniaxial crystals, is more important for the MA
general intermediate between these two, but in most casesan the crystal-field splitting® Although the spin-orbit cou-
large enough to assume the R and T sublattices to be almogling is smallest here, a perturbative treatment would be very
rigidly coupled by isotropic RT exchange proceeding via themuch complicated by the entanglementkoflependent de-

R 5d states. So both sublattice magnetization vectors cageneracies due to band crossings. For a calculation of the
only be rotated simultaneously, and the R and T anisotropyA energy of the @ states their spin-orbit coupling needs to
contributions can simply be added to give the total MA.be explicitly taken into account. This requires fully relativis-
Other sources of anisotropy like dipolar, exchange, or magtic band structure calculations.

netoelastic interactions yield usually only small additional The atomicd shell total orbital angular momentuin is
contributions to the MA. As an exception, the dipolar inter- partially quenched by crystal field and hybridization in the
action is considered to be the main source of the differenceolid but is in general still nonzero. In uniaxial crystals, the
between the magnetocrystalline anisotropies of isostructuralybridization of thed orbitals depends strongly on their azi-
Y-T and Gd-T intermetallics because of the large Gd 4 muthal quantum number and, consequently, the orbital mo-
moments. This difference was found to be non-negligible inment acquires an anisotropy. The SO splitting will then be
comparison with the T sublattice anisotropy inG®;.%! different for different orientations of the magnetization, and,

Due to the different nature of the strongly correlated lo-thus, give rise to a total-energy difference, a MA energy. The
calized 4 electrons and the itinerand3electrons their MA  changes will be particularly large if degeneracies are lifted
energy contributions require different approaches for calcufor bands in the vicinity of the Fermi level. In a strong fer-
lation on a density-functional basis. The following hierarchyromagnet, the spin-dowm band is at the Fermi level,

3d is
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whereas the spin-ug band is almost filled and does, there- The MA energy is the change of the ground-state energy
fore, not contribute significantly td orbital moment, OMA  upon rotation of the magnetization direction with respect to
and MA energy. the crystal axes. So, in principle, it can be obtained from
Because of the close relationship between the MA energindependent self-consistent relativistic total-energy calcula-
and the OMA, an adequate description of the orbital momentions performed with two different orientations of the mag-
is crucial for MA calculations. The orbital moments obtainednetization. However, the spin-orbit splitting of the valence
from relativistic band structure calculations in the local-spin-states in RT intermetallics is much smaller than the exchange
density approximatiofLSDA) are usually too small in com- splitting and the band widtlithe spin-orbit parameters are
parison with experiment, because they are only induced bgpproximately 80, 50, 40, and 100 meV for Cd,3e 3, Y
the spin polarization via spin-orbit coupling in this approxi- 4d, and Gd & states, respectivelyTherefore, it is justified
mation. The orbital polarization effect described by Hund’sto first solve the Kohn-Sham equations for the scalar-
second rule in atoms is still present to a certain degree in theelativistic Hamiltonian self-consistently and to include the
solid. In order to account for this effect, Eriksson, Brooks,spin-orbit coupling in a subsequent one-step calculation. The
and Johanssdhintroduced an orbital polarizatiofOP) en-  Kohn-Sham eigenvalues obtained in this last calculational

ergy proportional td- which is derived from atomic theory. step depend on the magnetization directforAs a conse-

Itis assumed that this dependence transfers to the solid. Thifence of the force theoref® the change in total energy
correction to LSDA yields enhanced orbital moments whichypon inclusion of the spin-orbit coupling is given by the
are in better agreement with experiment for transition metalsghange in the single-particle eigenvalues to first order in the
actinides and intermetallic compounis® Usually, the en-  changes of electron and spin densities. Hence we obtain the
hanced orbital moments lead to Iarger OMAs and MA enerMA energy as the difference of the sum of the valence elec-

gies, again improving agreement with experiment. tron energies between the two magnetization directions:
1. METHOD occ.(ﬁz) occ.(ﬁl)
The calculations reported in this work are based on AE=E(np)—E(ny)= % enk(N2) — % enk(N1),
density-functional theory in the LSDA using the )

Perdew-ZungeP parametrization of the Ceperley-Aldér

exchange-correlation potential. We employ a self-consistentvhich includes a possible change of the Fermi energy by
optimizeld linear combination of atomic orbitals CAO) summing over all occupied states up to the respective Fermi
method" in a scalar-relativistic and a fully relativistitver-  |evels s-(n;) and er(h,). The force theorem has been

sion. The 4 electrons are treated in the so-called open-corghowrf® to yield MA energies in good agreement with those
approximation which logically corresponds to LSBAJ  gptained from total-energy calculations for uniaxial systems
with a large U. OP corrections were included fbstates.  and even for cubic systems, although doubts on the validity
In the fully relativistic version, the single particle spinors of the force theorem for the calculation of the MA energy in
are calculated as eigenstates of the squared Dirac operatgfihic systems have been raigéthased on the argument that
Q=(D*-c")/2c?, projected on the electron sector, Wh&e  the hand energy difference is of the satfeurth) order in
is the effective Kohn-Sham-Dirac operator anthe velocity  the spin-orbit splitting as the Hartree term.
of light. In contrast to the Dirac operatd, the operatof) is In order to account for the intra-atomic Coulomb correla-
bounded from below. This procedure facilitates a Variationahons (Hund’s second rum we include an OP energy gua-
ansatz for the calculation of the atomic basis states. The e§ratic in the orbital angular momentum®® approximating
fective four-component equation is solved without perturbathe energy difference between the Hund's rule ground-state
tion approaches. term and the weighted average of the terms with maxinSum
The minimum valence basis consists of, p, and 4 of an atomicd" configuration. It is assumed that this depen-
(6s, 6p, and &) states at the R site ands44p, and 31 dence is transferred to the solid, where suitably site-projected
states at the transition-metal sites. Core states are recalqgrystm quantities replace the corresponding atomic quanti-
lated in the modified atomic site potential within each step ofties. The OP shifts the atomic single-electron eigenvalues or

the self-consistency cycle. The valence states are orthogonahe diagonal elements of the crystal Hamiltonian, respec-
ized to the core states. The Kohn-Sham potential is built ugively, by

from overlapping extended spherical atomic site potentials,

implying that nonspherical effects in the “interstitial” region

are taken into account self-consistently. This approximation AE | ym=—Bi,L,m. (4)
should be superior to the atomic sphere approximation

(ASA) which has been employed for the calculations oflL, is the orbital moment of spin channe| m; the azimuthal
itinerant-electron MA energies of RT intermetallics pub- quantum number of the orbital in question &g the Racah
lished so faf'*"~214*We checked the accuracy of our calcu- parameter which takes the fofm

lated scalar-relativistic band structures, particularly in the vi-

cinity of the Fermi energy, by comparing them to the scalar- 5 4

relativistic band structures obtained with the more time- B :9Fda_5':do )
consuming full-potential local orbitdFPLO) schemé'? do 441
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TABLE I. Racah paramete®' andB' for Co and Fe 8 and Y
4d spin-up and spin-down states, respectively, as obtained in the

present calculatiofin meV) for YCos and YFe.

Site B! B!
Co(3g) 148 143
Co(2c) 147 143
Fe(3) 137 132
Fe() 137 131
Y(1a) 77 77

for d states, with the Slatef* integrals

FIG. 1. Hexagonal CaGustructure of RT with R(1a) (open
rk symbolg, T(2c) (shaded symbo)s and T(3) (filled symbols
< .
F'c‘,(,:fdrlrff o|r2rgcbg,,(rl)qa?,(,(rz)rk—+l (6)  sites.
>
lent Wyckoff sites Z and 3 for Co. It is a layered structure
consisting of Y-Co layers interchanging with pure Co layers.
The experimental lattice parametet$>’of the RCo; com-
ounds which were used in the present work are given in
able 1.

calculated from the radiad wave functionsdy,,. Here,r -
=min(r,r,) andr-=max(r,r,). The OP shift Eq(4) de-
rives from an OP energy of the formBL?/2 deduced from
atomic theory as described above. We include this OP shi
for the T 3d and Y 4d (R 5d) states. The Racah parameters
obtained in the present calculation for the crystallographi-
cally inequivalent sites in Y5 (T=Fe,Co) are given in
Table I. The OP shifts in the solid have to be determined A. Spin and orbital moments of YCao;
self-consistently since the orbital moments and the OP shifts
are interrelated by Eq(4). Hence, in those calculations
where the OP correction was included, we performed a sel
consistent relativistic calculation with the magnetization par
allel to the(000)) direction. This yields orbital moments,
and OP shifts for then, orbitals with respect t¢000) as

uantization axis. The same shifts are then applieanto X A A L9
9 bitals with a1 o 'pp ¥ OP correctiopwith the magnetization in th@0021) direction
orbitals with respect to (310) as quantization axis in a one- ¢qyqyeq by a one-step relativistic calculation including spin-

step calculation where the magnetization was oriented along,y;t coupling and orbital polarization correcti¢g8O+OP)

the (1210) direction. A similar procedure has been used infor the other magnetization direction, as described in the pre-
other MA energy calculations where the force theorem wasjious section, are given in Table IIl. Experimental data de-
employed in connection with the OP correctibi?.In order  rived from spin-polarized neutron scatterfigsingle-crystal

to check the accuracy of this procedure, we performed any,gnetizatiort, and hyperfine-field measuremefitare also
other self-consistent relativistic calculation with OP correC-included for comparison.

tion where the magnetization was oriented parallel to the Including the OP correction strongly enhances the orbital

(1210) direction; see Sec. IV B below. moments, while the spin moments are only marginally af-
The BZ integrations were done with the linear tetrahedrorfected by relativistic self-consistency and orbital polariza-

method. For the self-consistent band structure calculationgon. The Co spin moment is found to be slightly larger at the
we used 13X points in the irreducible partl/24) of the

hexagonal BZ. No significant changes of the results were TABLE Il. Experimental lattice parameters and ¢ and c/a
found by increasing this number to 407. Changing the magratios of RCos used for the present calculations.

netization direction fron{0001) to (1210) or (10D) in the
basal plane lowers the symmetry of the system to orthorhom- La® Nd® Snf PP G v
bic (with 1/8 of the BZ as irreducible partin order to elimi- 5 A) 51085 5.0055 5.004 5.0055 4.9632 4.928
nate errors arising from nonequivaldngrids, we calculated . (4 39667 3.9775 3.969 3.9940 3.9670 3.992
the band sums with the lower-symmetry irreducible part and,,, 0.7765 0.7946 0.7932 0.7979 0.7993 0.8101
k grid for both magnetization directions. The convergence of, (A% 89.649 86.305 86.069 86.663 84.628 83.958
the resulting MA energies with respect to the numbek of
points was checked carefully for all calculations reported infReference 50.
this work; cf. Sec. IV B. PReference 49.
YCos crystallizes in the hexagonal Cagstructure(Fig.  °Reference 48.
1), space group no. 19D, (P6/mmm), with two inequiva-  “Reference 2.

IV. RESULTS AND DISCUSSION

The total magnetization, spin and orbital moments and
heir anisotropies of YCpobtained from(@) a self-consistent
scalar-relativistic calculation followed by one-step calcula-
‘tions including spin-orbit couplingSO) for magnetization
directions (0001 and (1210), respectively, andb) a self-
consistent relativistic calculatiaiincluding SO coupling and
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TABLE lll. MagnetizationM, spin and orbital momentin wg) 5 . .

and their anisotropies of YGoobtained from calculatiorfa), in- HF‘\’\_’(C) ]
cluding spin-orbit coupling onlySO), and(b), including both spin- HH\.\.(b) ]
orbit coupling and orbital polarizatio(SO+OP), respectively; see 4 _____ e ]

text. The upper values in each line of the table correspond to mag- —

netization direction(0001). The anisotropiegbetween the (210) 3 3l ]
and (000Y) direction] are given by the lower value in each line of = .f.\-\'\._/_.
the table. The corresponding anisotropy enerdi€sare shown at g (@
the bottom of the tabldin meV/f.u). In the last two columns, ~2r 1
experimental values obtained from spin-polarized neutron scattering%

(Ref. 29, magnetizatioriRef. 1), and hyperfine fieldRef. 22 mea-

surements are given for comparison. Tr @) ]
-0 -0----- = o
SO SO+OP Experiment 0 . .
spin  orbital spin  orbital spin orbital 0 0.01 0.02
(N IBZ)—2/3
Y(1a) -0.18 -0.03 -0.18 -0.01 k

0.015 -0.012 0.013 -0.020 FIG. 2. Convergence of the MA energy of YEas a function of
Co(3g) 152 011 152 026 144028 024  the number ok points in the irreducible part of the Brillouin zone

-0.002 -0.005 -0.002 -0.020 used for the reciprocal-space integration in the present calculation.
Co(2c) 1.46 0.13 1.47 0.33 1.81 0.46" 0.26 Four results are shown, corresponding to calculatianto (d) (see
-0.001 -0.018 -0.005 -0.053 text). The experimental value is indicated by a horizontal dashed
line.
Total 7.30 0.57 7.32 1.41
0.008 -0.067 -0.003 -0.186 the anisotropy of the magnetization mainly arises from the
M 7.87 8.73 8.3 2c site. This trend is confirmed by our calculation although
-0.06 -0.19 0.3 the calculated OMA’s of 0.02z and 0.0y for YCosg
(0.02ug and 0.0%g for NdCaq;) at the 3 and X site, re-
AE 0.58 4.4 3.8 - A - .
spectively, are smaller than the magnetization anisotropies of
aReference 24. 0.03ug at the 3 site and 0.1@5 at the Z site reported in
bRreference 22. Ref. 1. The QMA’; given. by the difference of .the orbital_
‘Reference 1. moments obtained in two independent self-consistent relativ-

istic calculations with quantization ax{®001) and (1210),
3g site than at the @ site, in agreement with the relative size respectively, including OP, as discussed in Sec. IVB below,
of the spin moments derived from spin-polarized neutronare larger, amounting to 0.95 at the 3y site and 0.08 at
diffraction studies of Schweizer and Tas&kiVe obtain a  the 2 site for YCa,. These OMA’s and the resulting mag-
higher Co orbital moment at theczsite than at the @ site.  netization anisotropy are closer to experiment than those ob-
This is in accordance with the order of site orbital momentsained from the one-step procedure outlined in Sec. Ill. We
reported in Ref. 24 but the size of the orbital moments andttribute this to the fact that the force theorem is not valid for
their difference between the two Co sites are larger in exthe orbital moments. Despite this underestimation of the
periment. In contrast to these neutron scattering data, theMA by the one-step procedure due to the large relative size
orbital  moments  derived  from  hyperfine-field of the OMA of the Co atoms in YGowe include the OMAs
measurements differ only marginally between the two Co obtained in this way in the following since they nevertheless

sites. From density-functional calculations, Da_aldeg0|al.3 provide a reasonable breakdown of the total OMA and thus
and Yamaguchi and Asafit** obtained almost identical or- information on the origin of the total MA energy.

bital moments for the two Co sites whereas Nordstro
et al*® found the orbital moment to be larger at the gite.
Magnetization measurements on single crystedsealed ) )
a large anisotropy of the magnetization between dhexis In Fig. 2 the calczuléated MA energieSE =E116— Eqoor
and the basal plane which reaches 4% of the total magnetfre plotted versusl, ==, with Ny denoting the number d¢
zation at 4.2 K. When including orbital polarization in the points in the irreducible part of the BZ. Thé, ** scaling,
way described in Sec. IIl, we find a magnetization anisotropywhich is evident from the figure, derives from the fact that
of about 2% which almost exclusively originates from thefor bands whose dispersion within a tetrahedron is quadratic
orbital part of the magnetization. In comparison with thein Kk, the linear tetrahedron method gives rise to an error in
experimental data, the total magnetization is slightly overesthe single-particle eigenvalue sum which is proportional to
timated by the calculation including orbital polarization, (8k)?, i.e., to v?® with v being the volume of a single
while the magnetization and its anisotropy are underestitetrahedrohwhich in turn is proportional to Ny . N, ranges
mated if only the spin-orbit coupling is included. A polarized from 294 to 14850 in Fig. 2. As can be seen, the MA ener-
neutron study on NdGo(also included in Ref. lbelow and  gies converge quite well as a function lg§. The deviation
above the spin reorientation temperature range suggested tiieam the fully converged value is below 2% withly

B. Magnetocrystalline anisotropy energy of YCg
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=2002 and shows approximately the expected linear behav-Z 15 \
ior in the chosen representation. In Fig. 2, MA energies from < 10 | — §8+OP -
calculations(a) and (b), as described above, are shown. In > 5 - R -
order to get an idea of how much the difference between the% U e L e
scalar-relativistic and the relativistic potential and the differ- L%' 01 | * * —
ence between the OP shifts calculated self-consistently with<a ' — —
the magnetization parallel and perpendicular to thaxis, -0.1 ¢ N N -
respectively, influence the MA energy, we performed two -03 | _
further calculations. There, the MA energy was determined
from two one-step calculations with the magnetization along =, 0.00 ———== N —= —= ==——>
the (0001) and (1210) direction, respectively, in the self- f ~0.10 | ©°C9 N -
consistent scalar-relativistic potential and including OP shifts & -0.20 ¢ ‘ ‘ -
obtained from a separate self-consistent relativistic calcula- < ‘ ‘ —
tion with the magnetizatioiic) parallel to thec axis and(d) 0.00 =
parallel to the (210) direction. -0.10 i
We arrive at anisotropy energies of 0.58 meV/f.u. wWih —0.20 ‘ L
4.4 meV/f.u. with(b) 4.8 meV/f.u. with(c) and 3.2 meV/f.u. 40 45 50 55
with (d). The easy axis is always along thalirection. This band filling q

has to be compared with the experimental anisotropy of 3.8 :
meV/f.u. derived from magnetization measurements at 4.2 FIG. 3. MA energyAE and OMA AL .Of YCos .CaICU|.ated n-
K.I Hence the MA energy is severely underestimated by calS"dind Spin-orbit coupling onlydashed lingsand including both
cﬁlation (@) taking only spin-orbit coupling into account spin-orbit coupling and orbital polarizatiofsolid lineg, respec-

- - . - tively, as a function of band filling;. The Fermi energy of YCp
This is related to the underestimation of the orbital moment%orresponds tg=48, indicated by a vertical line. The contributions

and their a_nisotropiee in comparison with experiment in thisys the Co(3y) and the Co(2) sites to the total OMA are given in
case, as discussed in the previous subsection. The OP CQf jower two panels.

rection considerably improves the agreement of the calcu-
lated MA energy with experiment by enhancing the orbitalgrhital moment at the @site found in our calculation, cf. the
moments and the OMA'’s, which also brings them closer toyrevious subsection. The dependence of the MA energy and
the experimental orbital moments and their anisotropies. Calopma on band filing has been extensively discussed by
culation (b) only slightly overestimates the MA energy in paalderopet al® In brief, the peak structure in Fig. 3 is
comparison with experiment. The difference between calcure|ated to the band structure in the vicinity of the Fermi
lations (b) and(c) is relatively small. The MA energy calcu- |eyel, to the lifting of band degeneracies at high-symmétry
lated by methodd) deviates more from the result of calcu- points and along symmetry lines by SO splitting. Because of
lation (b) because the self-consistently calculated orbitakhe anisotropy of hybridization in the hexagonal system
moments and hence also the OP_shifts are considerablyco,, the orbital moment and, hence, the SO spliting is
smaller when the magnetization is inq10) direction than different for different orientations of the magnetization, thus
when it is along the axis—a consequence of the large OMA inducing a MA. The OP correction enhances the orbital mo-
of the system. ment and causes an additional OP splitting, amplifying the

In the following we will only refer to calculations of type peaks inAE, but leaves the shape of the band-filling depen-
(@ and (b). The calculated MA energy of 4.3 meV/f.u. be- dence almost unchanged. It is obvious from Fig. 3 thatthe T
tween the (100) and(0007) direction, obtained by method anisotropy of RT intermetallicéand other transition-metal
(b), differs very little from that between_@10) and(0007), systems with uniexial crystal structyreould, at Ie_ast_in
i.e., the MA energy within the basal plane is negligible Principle, be considerably larger than that of YeGehich is
(=~0.1 meVif.u.). about 0.88 meV/Co atom in our calculation.

The MA energyAE, the OMA per unit cellAL and the
OMA'’s AL; of the two Co sitegmultiplied with the number

of equivalent sites per unit cglbf YCos as a function of the It is interesting to investigate how the itinerant-electron
band filling g are shown in Fig. 3. The band structures werepa energy depends on the lattice geometry, e.g., orctlae
calculated with the band fillingmumber of valence elec- ratio of a uniaxial CrystaL for several reasons.

trons =48 of YCq; using methoda) and methodb), re- (1) Nowadays, crystals with modified lattice geometries
spectively. Figure 3 is then obtained by varying the numbegan be made by epitaxial growth on suitably chosen sub-
of valence electroné.e., the position of the Fermi levein  strates, for example Fe with tetragonal strucfrRT com-

C. Dependence ort/a ratio

the manner of a rigid-band model.
The shapes oAE, AL, andAL; in Fig. 3 compare well

with those reported in the literatuté> However, we find the

pound films have been grown successfully, 168
(2) It is often assumed that the T sublattice anisotropy of
isostructural RT intermetallics with different rare earths is

2c site to contribute more to the total OMA at the Fermi the samé?® but thec/a ratios of isostructural RT compounds
level (q=48) than the § site, whereas the opposite was with different rare earths can vary considerably, cf. the val-
reported in Refs. 3 and 43. We attribute this to the largeues given folRCos in Table Il. In addition, thes/a ratio may
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FIG. 4. MA energyAE ar_ld QMAAL of_hcp_ Co as a function %, 02 | e—eV=const ]
of the c/a ratio (orbital polarization correction includedThe vol- 2 x--x Co(3g)
ume has been kept constant. The vertical line corresponds to thed 0371 +-+ Co(2¢) i
xperimental val =1.6232 for bulk h . The anisotr -04 : ' : '
experimental value/a=1.6232 for bulk hcp Co e anisotropy 0.7 075 08 0.65 0.9

changes from easy-axis to in-planecadh~1.688. c/a

change as a function of temperature or under pressure. Thege F/C- 5- MA energyAE and OMAAL of YCos as a function of
lattice geometry changes will alter the band structure anol e c/a ratio, calculatedincluding orbital polarizationat (i) con-

th h . t the MA A le f stant lattice parametes (open circley and (ii) constant volume
us, have an impact on the energy. An example for anh‘illed circles. The vertical line corresponds to the experimental

experimentally established relation between the MA energy, 5 e c/a=0.8101 for YCa. The respective OMA's of the two
and thec/a ratio is the anomalous maximum in the tempera-crystallographically inequivalent Co sites are also included in the

ture dependence of the MA energy 0§F€,,B which coin-  |ower two panels.
cides with a maximum in the/a ratio>*

. 55 .
(3) Szpunar and Lindgd™ suggested a phenomenologi- In YCos, the MA energy and OMA grows almost linearly

cal single-ion-like model in which the MA energy of a it increasingc/a ratio if the lattice parametea. is kept
uniaxial system is determined by the deviation of tl@  ongtant, cf. Fig. open circles The OMA contributions of
ratio from its ideal value\/g and changes its sign at this the two Co sites exhibit a similar dependencecéa, but the
value. This simple picture may provide rough estimates oflependence is notably stronger for thestte. The change of
sign and order of magnitude of the anisotropy in simplethe MA energy is, therefore, dominated by the gite. The
cases but it is not likely to hold for more complex systemsenhancement of OMA and MA energy seems to be in line
involving several sublattices and crystallographically non-With the naive picture that increasing the lattice parameter
equivalent sites. In our opinion, the changes of the MA enJeduces the hybridization indirection which—uwith the hy-
ergy in dependence on tiia ratio are better described as bridization in theab plane remaining constant—enhances

being due to changes of the band structure as a function ¢f€ anisotropy of hybridization and thus the OMA. However,
the c/a ratio: see, e.g., Fig. 6 below. details of the band structure seem to be important, too, since,

- if the c/a ratio is varied at constant volume, the dependence
We performed calculations of the MA energy and OMA' : ’
of YCos where thec/a ratio was variedi) keeping the lat- of the MA energy and OMA ow/a is much weaker and less

. . systematic, see Fig. Billed circles. The easy axis remains
tice parametea constant andii) at constant volume. T .
. : parallel to thec direction at all calculated/a ratios. Thec/a
Before addressing the more involved case of ¥,.Gwe

d d f the MA hly mi that of th
briefly look at thec/a ratio dependencgat constant volume epencence of ‘ne energy roughly mirrors tat o7 e

OMA although the two are not strictly proportional. The
of MA energy and OMA of hcp Co. The result, calculated much weaker dependence of the OMA on tHa ratio in
including orbital polarization, is shown in Fig. 4, wheké

this case is due to the different and partially compensating
andAL are plotted versus/a. The calculated MA energy of - opavior of the two nonequivalent Co sites in this case. The

100 weV/atom(favoring c-axis orientation of the magneti- 5 gjte anisotropy exhibits a maximum as a function of the
zation) is in qualitative agreement with the \_/alue of c/a ratio, whereas the @ site anisotropy goes through a
81 ueV/atom recently obtained from full-potential total- inimum (note, that the site anisotropies have been multi-
energy calculauor‘?sar;%j fairly close to the experlmer_nal plied with the number of equivalent sites per unit gell

value of 65 ueViatom.” The MA and OMA of hEp Cois In a film geometry, the change of ticéa ratio due to the
found to change from easy-axis to in-planecd~1.688.  |atice mismatch between film and substrate is usually such

The occurrence of this spin reorientation is in qualitative,a¢ the volume of the bulk material is roughly conserved in
agreement with the phenomenological model of Szpunar an fjjm, Hence, we expect a large uniaxial intrinsic contri-

Lindgard,*® although the change of sign occurs aya value 1, ,tion to the MA, similar to the bulk value, for a thick YEo
which is larger than\/§~l.633. The uniaxial MA energy film.

and OMA are strongly enhanced when théa ratio is In Fig. 6, the MA energy and OMA are plotted as a func-
lowered. tion of band fillingq at variousc/a ratios. The large peak in
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FIG. 6. Same as Fig. 3 for different values of tbé ratio FIG. 7. MA energyAE, OMA AL and OMA contributions of
(volume kept constant, orbital polanzation incluled the two crystallographically inequivalent Co sites BCos (R

=La, Nd, Sm, Pr, Gd, Ycalculatedincluding orbital polarizationh

AE(q) just below Fermi filling, and, consequently, also the at the experimental lattice parameters and plotted as a function of
MA energy given by the value at Fermi filling, is enhancedi'(“ce cf a;at:: (fs‘ee tez;).LEépergeStafl \é?lues ng tgefMA energy for
by increasingc/a, mainly due to an enhancement of the 2 for 2%Enp’ariseO.n]) and LaCg (A, Ref. 57, and/, Ref. 2 are given

site OMA. The 3 site OMA peak below the Fermi energy '

diminishes, but its contribution to the total anisotropy re'R(la)—Co(Zc) plane and ¢ decreases. These lattice-

mains almost unchanged_. Reducing tia rauo_ gradually geometry changes can significantly influence band structure,
d_est_r(_)ys the I_ar_ge_: peak iAE(q). However, thl§ _does not 5MA and MA energy.
significantly diminish the MA energy at Fermi filling. We calculated the itinerant-electron MA energiesRaio
(R=Y, La, Pr, Nd, Sm, Giat the experimental lattice ge-
ometries and find a surprisingly large variation of the MA
energy, cf. upper panel of Fig. 7, along tReseries. The
The anisotropy contributions of the T and R sublattice independence of the MA energy on thé&a ratio along theR
RT intermetallics with partially filled R # shell cannot be series(shown in Fig. 7 is not smooth since the volume
separated in magnetization measurements. Such a separatigrange appears to influence the MA energy significantly,
is only of limited significance anyway because of the inter-too. The volumes of NdGg SmCag, and PrCq are very
action between thd andf electrons which results in a mu- similar. GdCg and YCg have notably smaller volumes,
tually induced polarization. This is particularly the case forwhile the volume of LaCgis larger. In addition, as already
the R & states which are polarized by the R 4tates and mentioned, the influence of thef4polarization is much
which contribute to the MA energy, too. We checked thestronger for GdCegthan for the other compounds. The OMA
influence of the polarization of thef4hell on the calculated (lower panel of Fig. Y diminishes by about 30% between
itinerant-electron MA energy oRCos; and found it to be LaCag and YCg while the orbital momentnot shown is
very small except for Gd where it decreases the MA energyowered by about 20%. This results in a strong variation of
by about 15%. Direct observation of £rystal-field excita- the MA energy between LaGand YCg. Experimentally,
tions by inelastic neutron scattering provides independent inthe T sublattice anisotropy can be directly measured only for
formation on the 4 anisotropy but such measurements arethe Y and La compound where thé ghell is empty. In other
difficult and often impossible for ferromagnetic RT interme- RCo; compounds, the # electrons provide a large part of
tallics. Therefore, it is usually assumed that the T sublatticeéhe total anisotropy energy, either by their interaction with
anisotropy of a given RT compound is the same as that of théhe crystal field or, in case of Gd, by dipolar interaction and
isostructural Y(La,Lu) compound. However, in many cases, anisotropic exchange. Anisotropy energies of 4.4 meV/f.u.
the lattice geometry of RT systems varies considerably as and 5.6 meV/f.u. are obtained from the measured anisotropy
function of the rare earth. For example, the volumdR@o;  constantK; (at 4.2 K) of LaCq; reported in Refs. 57 and 2,
decreases and tltda ratio changes significantly along tie  respectively. These MA energies are larger than the value of
series, as a consequence of the lanthanide contrate® 3.8 meV/f.u. derived from the experiment&] andK, mea-
Table I)). The smallec/a ratio of LaCag in comparison with  sured on YCg,! but the difference is smaller than that ob-
YCos can be easily understood in a rigid-sphere picture. Théained in the calculation. The difference in the calculated
lattice is widened in the basal plaheontaining R(R) and  MA energies for YCg and LaCg is predominantly due to
Co(2c) atomd in order to accommodate the larger La atoms.the altered lattice geometry, since a calculation for La&o
This enables the Co(f atoms to move closer towards the the experimental lattice parameters of ¥Cyelds only a

D. RCos with other rare earths
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= ?g . —vco ing resullt_s from relatively sma]l changes of height, width,
S 1ol /; AN N —- Lan5(i) ] and position of the ;mall peak J.u(sibout 0.1 g\)’ below the
2 5| [ Q//\\\" LaCo, (i) | Fermi level. Replacing Y by La in the YGdattice enhances
= 0 ===’ = and broadens this peak. When the change of the lattice ge-
,_,_,5 01 [ ‘ ’ B ometry between YCpand LaCg is taken into account, the
< o4 | ==== - e e peak is shifted to higher energies. This strongly enhances the
' ANN = calculated MA energy(The OMA of the Z site which is in
__ o3 =7 , the basaR-Co plane increases slightly when Y is replaced
3 oo F=——==2 _ ' by the larger La. The additional modification of the lattice
> 04 NS o geometry leaves thec2site almost unchanged but causes a
= -02 | Co@g) strong enhancement of the 3ite OMA which gives rise to
g the enhancement of the MA energy.
0.0
-0.1 ¢
0.2 E. Fe substitution
-0.3

In this subsection we investigate how substitution of Co
by Fe influences the MA energy and OMA. YJdoes not
form but pseudobinaries Y(Go,Feg)s have been made and
their magnetic anisotropy has been measdfetf although
the experimental information is not as complete as for other
pseudobinary systems such ag¥e;_,Ca,);7.>°"%*We cal-
culated the MA energies and OMA’s of Ygohypothetical
o ] YFe; and the ordered pseudobinaries ¥Ee, and
slight increasé4.9 versus 4.4 meV/f.uof the MA energy in YCosFe,. The experimental lattice parameters of Y.Qeere
comparison with YCg. Including the(unoccupied4f states  ysed for all these compounds in order to exclude lattice ge-
into the valence basis in La@decreases the calculated MA ometry effects. Experimenta| information on the lattice ge-
energy only by about 10% and cannot remedy the discreppmetry is not available for the ordered pseudobinaries. Re-
ancy between theory and experiment. A dipolar MA energycently, the lattice parameters of the pseudobinary alloys
of 0.05 meV/f.u. was calculated for YE3 For a hcp lattice, Y(Co,_Fe,)s were determined for €x=<0.4 and extrapo-
the dipolar MA energy is proportional to the deviation of the |ated to higher Fe concentratioffsVolume andc/a ratio
c/a ratio from its ideal value,\/g.5 Under the assumption were found to increase by about 4% and 1%, respectively, in
that thec/a ratio dependence ifRCos compounds is ap- the measured concentration range. Hence, we do not expect
proximately of this kind, the dipolar MA energy in Lago lattice geometry changes to be of major importance in the
would be about six times larger than in Yg&estill much ~ concentration range<9x<0.26 where experimental data on
too small to explain the difference between calculated andhe MA exist.
experimental MA energy of LaGo In Table 1V, the calculated spin and orbital moments and

In Fig. 8 the calculated MA energies and OMA'sRE€o;  total magnetizations for magnetization directi¢0801) and
(R=Y, La) are plotted as a function of band filling. It can be (1210) and the total OMA’SAL and MA energiesAE of
seen that the large variation of the MA energy at Fermi fill-ordered Y(Ce¢_,Fe)s (x=0,0.4,0.6,1.0) are given. They

band filling q

FIG. 8. Same as Fig. 3 for YGgsolid lineg and LaCg calcu-
lated at the experimental lattice geometries(iofLaCa; (dashed
lines) and (ii) YCos (dot-dashed lines including both spin-orbit
coupling and orbital polarization.

TABLE IV. Same as Table Il for ordered Y(Go,Feg)s (x=0,0.4,0.6,1.0) compoundsalculation(b);

see text
YCos YCosFe, YFe;Co, YFey
spin orbital spin orbital spin orbital spin orbital
Y(1la) -0.18 -0.01 -0.13 -0.03 -0.12 -0.02 -0.12 -0.04
0.013 -0.020 -0.002 -0.001 -0.018 -0.013 -0.017 0.007
T(39) 1.52 0.26 1.35 0.18 1.94 0.12 1.60 0.07
-0.002 -0.020 -0.001 -0.006 0.002 0.004 0.000 0.006
T(2c) 1.47 0.33 2.33 0.13 1.20 0.23 1.97 0.08
-0.005 -0.053 0.001 -0.013 -0.002 -0.059 -0.002 0.002
Total 7.32 141 8.57 0.77 8.10 0.81 8.62 0.35
-0.003 -0.186 -0.002 -0.041 -0.015 -0.105 -0.020 0.029
M 8.73 9.33 8.91 8.98
-0.189 -0.043 -0.120 0.009
AE 4.4 -0.35 1.6 -0.91
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FIG. 10. Dependence of the MA energy of the pseudobinary

FIG. 9. Same as Fig. 3 for YGdsolid line), YFe; (dashed ling . .
: : > . compounds Y(Cgp_,Fe)s on the Fe concentratior as obtained
YFe;Co, (dotted ling, and YCqFe, (dot-dashed line The Fermi from magnetization measuremeriRefs. 58 and 60(filled circles

energies O.f the respectlv_e Cqmpounds are indicated by perpendlclun- comparison with the band filling dependence of the calculated
lar lines with corresponding line style.

MA energy of YCg (long-dashed ling YFe; (dashed ling
have been calculated including orbital polarization, corre-YFesCo, (dotted ling, and YCaFe, (dot-dashed line The band
sponding to methodb) in Sec. IV B. Looking at the spin fillings g have been transformed into concentrationby q=48

moments, we observe that the Fe moments are considerably>*: - by assuming a rigid-band behavior. The solid line is a

larger in the pseudobinaries than in E@his is due to the weighted average, taking into account site preferences and the dif-
presence of the Co atoms. The Fe spin moment increasé‘:’s'rent SO parameter of Fe and Cxee text
with the number of Co neighbors, similar to the behavior of ]
Fe in Fe-Co alloy&§® The Fe orbital moments behave simi- YF€C0; and YCaFe,, so the actual MA energies for these
larly but with larger relative changes. The Co spin and or-W0 compounds are much smaller than what would be ex-
bital moments diminish somewhat when Fe is substitutedPected from a simple band-filling argument.
The anisotropy of the spin moments is always very small. _ The Fe concentration dependence of the MA constgnt

In order to discuss the MA energies and OMA's, it is ©f Y(C01,Fe)s alloys has been measurédfor 0<x
instructive to look at their dependence on band filling. This is<0-26 at room temperature and multiplied with the ratio of
shown in Fig. 9. The interplay of band structure, K1 at 4.2 K and 300 K of YCg' in order to get the zero-
magnetization-direction dependent spin-othitd orbital po-  temperaturek,;.>® The resulting experimental MA energies
larization splitting and band filling can be nicely seen in this are given by the filled circles in Fig. 10. In a rigid-band
figure. The shapes afE(q) and AL(q) appear to be very Mmodel, the variation of the MA energyE of Y(Co, _,Fe)s
similar for YCo, and YFe. AL(q) is proportional to the alloys as afunctiqn of follows immediately from i_ts depen-
spin-orbit coupling parametef which is about 50% larger dence on band fillingAE(x) = AE(q=48-5Xx). Figure 10
for Co than for Fe AE(q) scales like g&+BL)AL (the exhibits the dependence of the calculated MA energy on the

anisotropy of spin and orbital-polarization splittings there- concentrationx derived in this way for YCg, YFes,
Py P . 2p ) PItNGs YFe;Co,, and YCaFe,. Neutron diffraction studié$ re-
fore roughly proportional ta¢~ and increases much more

between the Fe and the Co compound. The easy-axis anisc%/?aled that the slightly larger Fe atoms preferentially occupy

: . e 3 site while the smaller Co atoms prefer the &ite in
ropy of the Co compound and the in-plane anisotropy of th(?he isostructural Th(Ca ,Fe)s series. Hence, it is likel
Fe compound follows from the band-filling dependence of 2765 : ' y
; that at low concentrations the Fe atoms are preferentially
AE for both compounds. Hence, the change of anlsotrop)é . o .
o . ubstituted at the @ site in Y(Co _,Fe,)s, too. This could
between YCg and YFg can be quantitatively explained by be simulated by taking the weighted averages (1
spin-orbit coupling strength and band filling if changes of the_X YAEycq (X) +3)/( AE 9 (x) in g<x<0 6 ang (1
lattice geometry are excludedE(q) andAL(q) are much 39/ = =YCog 397 =YFe;Co, AT
more alteredbesides the effect of the lower spin-orbit pa- —X2c) AEvre,co,(X) T X2cAEyre (X) for x>0.6. All calcu-
rameter of Fewhen two different atom species are occupy-lated band-filling dependences exhibit a maximum at an Fe
ing the two T sites, reflecting a qualitative change of theconcentration of about 20%, in qualitative agreement with
band structure in the vicinity of the Fermi level, which is experiment. However, the huge enhancement of the MA en-
related to the change from the CaQo the PrNjAl; struc-  ergy upon increasing the band filling calculated for ¥Co
ture. The large peak iAE(q) at aboutq=46.5, which is  which is transferred to the weighted average betweengYCo
mainly related to the lifting of a band degeneracy about 0.1and YFgCo, because of the large weight given to YCat
eV below Ex (of YCos) at the K point and has mainly low Fe concentrations, is not observed in experiment. Rather,
Co(2c) dy2_y2 and d,y charactef, is strongly reduced in the experimental values are close to the calculated curve for
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YFe;Co,. This suggests that at low Fe concentrations the TABLE V. Orbital moments parallel and perpendicular to the
pseudobinary alloy adopts the PsNl; structure, with Fe he_xagonalc axis and orbital momen_t anisotropies for spin-up and
and Co randomly distributed at they 3ites and Co at thec2 ~ SPin-downd states of Co, Fe, and Y in YGo YCosFe,, YFe&;Co,,
sites. An alternative explanation would be that the large Maand YFe [calculation(b); see tex}. In the last but one column the
energy is reduced by disorder. Fully relativistic CPA calcu-2"SCOlropy energy contributionSE”" of the d states of all equiva-

lations are necessary to resolve that matter. Finally, the e)ét_ant sites of each kind are given which have been derived from the

periments were carried out on polycrystalline samﬁ?es, spin-up and spin-down orbital moment anisotropies by applying the

- . perturbation-theory expression E@) (see text For comparison,
er()alls(jtgllgrr?eig:ﬁesggrlllg MA energy for Y@ahan the single- the anisotropy energies obtained from the full calculation are given

. in the last column.
The MA energies of YCg, YFe;,, and YFgCo, have

been palgulated by Tryget al?® These authors find a small AL, ALY, AEPT AE
negative(in-plang anisotropy for YFe and a large positive (14e) (8) (meV/fu)  (meV/f.u)
(easy-axiy anisotropy for YFeCo,, in agreement with the
results of the present work. YCos 5.1 4.4
Y(1a) -0.011  -0.006 -0.05
F. Site decomposition of the anisotropy energy Co(3g) -0.001  -0.017 2.0
So far, we discussed the MA energy in a reciprocal-spacgo(zc) 0.006 0.047 32
picture, based on band structure and band-filling argument¥,Co;Fe, -0.1 -0.35
in accordance with the itinerant character of thetates in  Y(1a) -0.012 0.010 -0.2
the considered compounds. On the other hand, it would beo(3g) -0.003  -0.002 -0.1
desirable to complement this by a real-spdoeal) descrip-  Fe(2) -0.004 -0.010 0.2
tion, for example in order to analyze the origin of the MA
energy in terms of contributions from different sites in the YF&Co; 2.5 1.6
unit cell. The intimate relation between MA energy and Y(1a) -0.008  -0.010 0.02
OMA, which is a local, site-projected quantity, suggests thafe(33) -0.001 0.004 -0.3
such a description should be possible. A decomposition ofo(2c) -0.007 -0.049 2.8

g?fefelr\gﬁt (\alczlrgy into site contributions can be achieved mYFeS 0.8 0.91
(1) Within perturbation theory, the MA energy of a v(1a) -0.008 0.010 02

uniaxial system can be approximated by the sum of the difF () 0.001 0.005 0.2

ferences of the OMAs for spin-up and spin-down states fof &(Z%) -0.005 0.006 0.4

each atom in the unit cell, weighted with the spin-orbit pa-

rameter of the atom, provided that the exchange splitting is

large in comparison with the bandwidth®® for magnetization directions; and n,, respectively, to a

common Fermi energifor a derivation see, e.g., Ref. 14

& . _
AL — AL
4,LLB( L Li)

AE~D)

: @)

e R .
AE=3 [T delNe i) Mo i) @
By including orbital polarization, we generalize this to :

This procedure converges well with respect to the BZ inte-
gration and can be expected to provide a reasonable break-
down of the total MA energy into site contributions. It has
been applied to derive thd-state site contributions to the
Equation (8) provides a reasonable estimate of the siteMA energy of YCg which are shown in Fig. 11 in depen-
anisotropies. This is illustrated by Table V, which containsdence on band filling. The site decomposition, given by the
the calculatedd orbital moments, spin-up and spin-down sjte-projected integrated DOS values at the Fermi level, is
OMA’s of the Y(Co,Fe}y compounds, and the site and total similar to that obtained from Eq8).
MA energies derived from these values by means of(Bp. Attempts to decompose the MA energy of RT intermetal-
However, the anisotropy contributions of equivalent sites inlics into contributions of the different crystallographic sites
different compounds are, in general, completely differenthave also been made from the experimental id&-6%67:68
[compare, e.g., the Co@3 site anisotropies in YGpand  Based on the assumption that the single-ion model is valid to
YCosFe,] because of the modification of the band structuresome extent for the T sublattice anisotropy, site anisotropies
Hence, site decomposition does not provide any informatiomave been derived from the concentration dependence of the
which could be used to predict the MA energies of isostrucMA constantK;(x) in R,(Co,_«F&), compounds® The
tural compounds. differenceAK' =K/, - K/ o, of the Fe and Co site anisotro-

(2) The MA energy is approximated by integrating over pies has been determined by fitting the measutgtk) to
the difference of the site-projected integrattBOSN;(&,n) the following expression:

2us

1
5 &+ Bl

AE~D

(ALT-ALD) (®
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15 . . - in turn may be strongly influenced by lattice geometry
— full calc. changes, we conclude that the assumed independence of the

10 T :‘(’(tf';’ site anisotropy on the concentration is questionable since, in
e Y(1a

general, all these quantities will change in dependence on the
concentration. Therefore, the site anisotropies derived for a
particular compound do not allow to predict the MA energies
of isostructural compounds.

AE (meV/f.u.)
(9,

o

V. CONCLUSIONS

40 45 50 55 We determined the spin and orbital moments, magnetiza-
q tions, and itinerant-state MA energies RCo; (R=Y, La,
Pr, Nd, Sm, Gd and ordered Y(Cp,Fg)s (x
=0.4,0.6,1.0) compounds by means of fully relativistic
density-functional calculations. Taking into account orbital
polarization corrections enhances the calculated magnetiza-
tion, magnetization anisotropy, orbital moments, OMA’s and
- i MA energy of YCa, leading to good agreement with avail-
Ka() K1(0)+Z Mifi rdx)AK1, (19 able exgzrimentgl data.g In gaccoré:’ance with neutron-
diffraction results, we obtain a larger orbital moment and
wherei is the crystallographic sitey; the number of equiva- OMA at the Z site. Our MA energy calculations for uniaxi-
lent sites in the unit cell ané {X) the relative occupancy ally strained YCg and for RCos compounds show that
of sitei by Fe atoms which is obtained from neutron diffrac- variation of the lattice geometryc(a ratio and volumgin-
tion. KI:L,Fecan be deduced KIl,Co is known from other ex- duces slight changes of the band structure, which can
periments or vice vers&| -, and K| -, can indirectly be Strongly affect the MA energy because of the pronounced
determined from the anisotropy of the hyperfine field ob-band-structure dependence of the latter. This gives rise to a
tained in nuclear magnetic resonarfb®R) and Mdsshauer ~large variation of the calculated MA energy BCos along
measurements, respectivélyThe results of this procedure theR series, in contrast to the commonly assumed indepen-
are based on the assumption that the local anisotropies of [tence of the Co sublattice MA on th constituent and to
and Co on each site are independent,dfe., that the charge the reported experimental MA energy of LaC®he uniaxial
distributions of Fe and Co are the same for a given siteMA energy of YCg is found to enhance strongly with in-
Often, contributions of different signs for different sites arecreasingc/a ratio if the latter is varied at constant lattice
obtained from Eq(10), in many cases leading to implausibly Parametera, whereas the changes are much smaller if the
large site anisotropies compensating each other. The sifa ratio is varied at constant volume. The band-filling de-
anisotropies are sometimes also contradicting the results ¢fendence of the calculated MA energies of all considered
other experiments. Fitting the measurel;(x) of Y(Coi-xFe)s (x=0,0.4,0.6,1.0 compounds exhibits a
Y(Co,_,Fe)s (Ref. 58 by means of Eq(10),%° using site  maximum at fillings corresponding to about 0.2, in accor-
occupancies reported in Ref. 64, yields different signs fodance with the experimentally observed trend in
AK! for the 3y and the 2 site. Then, Co site anisotropies Y(C01-xF€)s pseudobinaries. A site decomposition of

deduced from NMR experimeritsare used to derive transition-metal MA energies is doubtful since the changes
f the band structure upon substitution do not allow to trans-
er the site MA energies obtained for one particular com-
pound to another isostructural system. Future investigations
should include both technical refinemefidA energy from
over, the sum of the Co site OMA'’s derived from NMRef. full-potential total .energy'calpulatiqns inste;ad of employing
the force theorem; realistic simulation of disorder in case of

23) is much smaller than the measutadagnetization an- . .
isotropy of YC@.%° No correspondence between the sitef[he pseuqlobmary_ alloysand Improvements of the un_derly-
anisotropies obtained from the fit, E6L0),%° and the site ing density-functional scheme, particularly regarding the

anisotropies derived theoretically by means of EB).or (9) treatment of orbital polarization effects.

can be established. Piroget al®’- derived site anisotropies
corresponding to 2 meV/f.u. and 1.6 meV/f.u. for theahd
39 site of YCa;, respectively, using Eq10) and assuming
K’ ni=0, which provide a better fit of the measurég(x) in This work was supported by the German Bundesministe-
Y(Co,Ni;_,)5 pseudobinaries than those of Ref. 23 and argium fur Bildung und Forschung, project 13N7443. We
consistent with the theoretical values obtained in the preserihank K. Koepernik for performing FPLO calculations and
work. Nevertheless, bearing in mind the marked dependendé.-H. Mller and M. Wolf for stimulating and helpful dis-
of the MA energy on band filling and band structure, whichcussions.

FIG. 11. Site decomposition af-state contribution to the MA
energy of YCg@ [method(b)] as obtained from Eq9) plotted as a
function of band filling.

I

1,Co

1re- However, these Co site anisotropies are negative fo
the 3 site and positive for the @site, whereas the magne-
tization anisotropy deduced from polarized neutron diffrac-
tion on NdCg (Ref. 1) is positive for both Co sites. More-
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