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Itinerant-electron magnetocrystalline anisotropy energy of YCo5 and related compounds
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The contribution of the itinerant states to the magnetocrystalline anisotropy~MA ! energy of YCo5 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 approximation~LSDA!, 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 YCo5. The MA energies are found to be strongly affected by changes of the lattice geometry (c/a ratio
and volume! resulting from~i! uniaxial strain in YCo5 and ~ii ! the lanthanide contraction along theRCo5

(R5Y, 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 energy ofRCo5 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 theR constituent. The calculated band-filling dependence of the MA ener-
gies of ordered Y(Co12xFex)5 compounds (x50,0.4,0.6,1.0) qualitatively explains the experimentally ob-
served concentration dependence of the MA energy in Y(Co12xFex)5 pseudobinaries at low Fe concentrations.

DOI: 10.1103/PhysRevB.63.184431 PACS number~s!: 75.30.Gw, 71.20.Lp
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I. INTRODUCTION

The intrinsic properties required from rare-earth~R!
transition-metal~T! intermetallics, if they are to be suitabl
candidates for permanent magnet materials, are a high C
temperature and saturation magnetization and a str
uniaxial magnetocrystalline anisotropy~MA !. The MA en-
ergy, defined as the change of the ground-state energy
magnet upon rotation of the magnetization direction w
respect to the crystal axes, is a purely relativistic effect.
RT intermetallics, it arises from two major sources:~i! the
spin-orbit~SO! interaction of the itinerant states~mainly the
T 3d states! which couples the magnetization directio
~mainly carried by the spin! to the anisotropic crystal envi
ronment and~ii ! the interaction of the localized partiall
filled R 4f shell~with 4 f spin and orbital moment practicall
rigidly coupled to each other by SO interaction! with the
crystal field. Anisotropy contributions from other sourc
like magnetic dipolar interaction or anisotropic exchange
in general small by comparison, although they can be ap
ciable in some cases. Extrinsic~shape! anisotropy is not con-
sidered here.

At low temperatures, the 4f anisotropy usually exceed
the 3d contribution~except for rare earths with empty, hal
filled or completely filled 4f shells which do not interac
with the crystal field in first order!, but because of the stron
temperature dependence of the 4f anisotropy the two contri-
butions can be of comparable size at room temperature.
example, the anisotropy constantK1 of YCo5, where no 4f
anisotropy occurs, amounts to 7.4 MJ/m3 at 4.2 K and
5.8 MJ/m3 at room temperature.1 The corresponding value
for the permanent magnet compound SmCo5 are 30 MJ/m3

and 17 MJ/m3, respectively.2 Moreover, density-functiona
calculations3 show that, in principle, even higher T anisotr
pies are possible in uniaxial T or RT systems.

The evaluation of the MA energy originating from itine
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rie
ng

f a

n

e
e-

or

ant states by means of electronic-structure calculations
long-standing interesting but difficult problem.4 Consider-
able progress has been made in recent years. Beside
elemental 3d ferromagnets,5–8 3d monolayers and
multilayers,9–11 3d-4d and 3d-5d compounds and
alloys,12–15 and ferromagnetic actinide compounds16 have
been studied. For the class of RT intermetallics, results h
been reported on YCo5,3,17–19 YFe3Co2 and YFe5,20 and
YFe11Ti.21 Several techniques have been devised to deal w
the computational problems arising from~i! the smallness of
the anisotropy energies, which amount to between 1
1000 meV/atom depending on the crystal structure and
strength of the spin-orbit coupling, in comparison with typ
cal total energies of solids and~ii ! the slow convergence o
the required Brillouin zone~BZ! integrations. These prob
lems are much more severe for cubic T systems, where
MA energy is of the order of 1meV/atom, than for the RT
intermetallics, whose anisotropy energies are in gen
much larger because of their low crystal symmetry, but s
the calculation of the MA energy remains a challenging ta
since the MA energy may strongly depend on details of
band structure.

In view of the strong dependence of the itinerant-elect
MA energy on band structure and band filling found in t
calculations, it should be possible to modify the MA ener
significantly by manipulating~i! the band filling by substitu-
tions of the T atoms and~ii ! the band structure either directl
or indirectly ~via lattice geometry effects! by substitutions,
interstitial atoms, growth as thin film on suitably chosen su
strates or by external pressure.

In the present work, we investigate the itinerant-electr
MA energy for several RT intermetallics with hexagon
CaCu5 structure. A prototypical compound is YCo5 which
exhibits a large MA and which has been particularly w
studied experimentally1,22–25 and theoretically.3,17–20 First,
we calculate the spin and orbital moments, orbital mom
©2001 The American Physical Society31-1



be
en
th
ti-

gy
id

tro

o
ee
n

i
m
e
c

o

o

ll
ac
ee
n

n

m
s
as
m
th
ca
op
A
ag
a
r-
nc
ur
4
i

lo

lcu
hy

n-

ed

-
s
e

A.

cu-
n-

:

n

e
re-
3

sot-
nd
is

A

ery

the
to
s-

he
he
i-

o-
be
d,
he

ted
r-
,

LUTZ STEINBECK, MANUEL RICHTER, AND HELMUT ESCHRIG PHYSICAL REVIEW B63 184431
anisotropies~OMA! and anisotropy energy of YCo5 in order
to compare them with results of previous studies. Going
yond the previous studies, we then analyze the depend
of these quantities on the lattice geometry, especially on
c/a ratio. The influence of substituting Fe for Co is inves
gated by performing calculations for YFe5 and the ordered
pseudobinaries YCo3Fe2 and YFe3Co2, with particular em-
phasis on the band-filling dependence of the MA ener
which is related to the composition dependence in a rig
band picture. Furthermore, we compare the itinerant-elec
MA energies of severalRCo5 (R5Y, La, Pr, Nd, Sm, Gd!
compounds in order to check whether the MA energies
isostructural compounds with different rare earths are ind
more or less the same, an assumption which is freque
made when deriving the 4f anisotropy from magnetization
measurements on RT intermetallics.26 Finally, we decom-
pose the calculated MA energies into site contributions
two different ways and discuss the suitability of such deco
positions, which have also been made on the basis of exp
mental results, for predicting the MA energies of isostru
tural compounds.

The paper is organized as follows. After a brief outline
the MA of RT intermetallics~Sec. II! we describe our
method ~Sec. III! and present and discuss our results
YCo5 and related compounds~Sec. IV!. A brief summary
with some conclusions is given in Sec. V.

II. MAGNETOCRYSTALLINE ANISOTROPY
IN RARE-EARTH TRANSITION

METAL INTERMETALLICS

The magnetic properties of RT intermetallics are usua
described in terms of a two-sublattice model taking into
count the effective exchange interactions within and betw
the R and T sublattices in a mean-field approximation a
the interaction with the crystal field.27–29The interaction be-
tween T 3d and R 4f electrons is mediated by hybridizatio
between transition-metal 3d and rare-earth 5d states and in-
traatomic local 5d-4 f exchange.30 In iron- and cobalt-rich
RT intermetallics the TT exchange interaction is large co
pared to the RR interaction, whereas the RT interaction i
general intermediate between these two, but in most c
large enough to assume the R and T sublattices to be al
rigidly coupled by isotropic RT exchange proceeding via
R 5d states. So both sublattice magnetization vectors
only be rotated simultaneously, and the R and T anisotr
contributions can simply be added to give the total M
Other sources of anisotropy like dipolar, exchange, or m
netoelastic interactions yield usually only small addition
contributions to the MA. As an exception, the dipolar inte
action is considered to be the main source of the differe
between the magnetocrystalline anisotropies of isostruct
Y-T and Gd-T intermetallics because of the large Gdf
moments. This difference was found to be non-negligible
comparison with the T sublattice anisotropy in R2Co17.31

Due to the different nature of the strongly correlated
calized 4f electrons and the itinerant 3d electrons their MA
energy contributions require different approaches for ca
lation on a density-functional basis. The following hierarc
18443
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of interactions governs the behavior of the 4f electrons in
the considered 3d-4 f intermetallics:

Ueff
4 f @Eso

4 f@Eex
4 f -3d@Ecf

4 f , ~1!

whereUeff
4 f is the effective atomic Coulomb correlation e

ergy,Eso
4 f the spin-orbit coupling energy of the 4f electrons,

Eex
4 f -3d the ~indirect, via R 5d states! exchange interaction

between the 3d and 4f electrons andEcf
4 f the interaction

energy with the crystal field. As a consequence, the 4f an-
isotropy is of single-ion character and can be well describ
within the single-ion crystal-field model,32–34 the starting
point of which is the atomic limit. In this approach, the in
teraction of the 4f shell as a whole with the crystal field i
treated within perturbation theory. The degeneracy of thJ
eigenstates with respect toJz in the free atom is lifted in the
crystal, leading to crystal-field splittings and inducing a M
Since recently, the 4f crystal-field splittings and MA contri-
butions can also be obtained from density-functional cal
lations, within the limits of the single-ion model, in reaso
able agreement with experiment~see Ref. 29 for a survey!.

The energy hierarchy corresponding to Eq.~1! for the T
3d electrons in 3d-4 f intermetallics looks entirely different

W3d.Ueff
3d.Eex

3d23d.Eex
3d24 f'Ecf

3d@Eso
3d . ~2!

Since the effective 3d Coulomb correlation energyUeff
3d is

smaller than the bandwidthW3d the 3d states have to be
treated as band states.Eex

3de-3d is the exchange interactio
between the 3d electrons andEex

3d-4 f the ~indirect! exchange
interaction with the R 4f electrons.Ecf

3d stands for the
crystal-field splitting of the 3d states which determines th
energy difference between the centers of gravity of the
lated bands. Because of the itinerant character of thed
states in the compounds considered in this work, the ani
ropy of their hybridization, i.e., the dependence of the ba
dispersion on the azimuthal quantum number, which
strong in uniaxial crystals, is more important for the M
than the crystal-field splitting.35 Although the spin-orbit cou-
pling is smallest here, a perturbative treatment would be v
much complicated by the entanglement ofk dependent de-
generacies due to band crossings. For a calculation of
MA energy of the 3d states their spin-orbit coupling needs
be explicitly taken into account. This requires fully relativi
tic band structure calculations.

The atomicd shell total orbital angular momentumL is
partially quenched by crystal field and hybridization in t
solid but is in general still nonzero. In uniaxial crystals, t
hybridization of thed orbitals depends strongly on their az
muthal quantum number and, consequently, the orbital m
ment acquires an anisotropy. The SO splitting will then
different for different orientations of the magnetization, an
thus, give rise to a total-energy difference, a MA energy. T
changes will be particularly large if degeneracies are lif
for bands in the vicinity of the Fermi level. In a strong fe
romagnet, the spin-downd band is at the Fermi level
1-2
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whereas the spin-upd band is almost filled and does, ther
fore, not contribute significantly tod orbital moment, OMA
and MA energy.

Because of the close relationship between the MA ene
and the OMA, an adequate description of the orbital mom
is crucial for MA calculations. The orbital moments obtain
from relativistic band structure calculations in the local-sp
density approximation~LSDA! are usually too small in com
parison with experiment, because they are only induced
the spin polarization via spin-orbit coupling in this approx
mation. The orbital polarization effect described by Hund
second rule in atoms is still present to a certain degree in
solid. In order to account for this effect, Eriksson, Brook
and Johansson36 introduced an orbital polarization~OP! en-
ergy proportional toL2 which is derived from atomic theory
It is assumed that this dependence transfers to the solid.
correction to LSDA yields enhanced orbital moments wh
are in better agreement with experiment for transition met
actinides and intermetallic compounds.37,38 Usually, the en-
hanced orbital moments lead to larger OMAs and MA en
gies, again improving agreement with experiment.

III. METHOD

The calculations reported in this work are based
density-functional theory in the LSDA using th
Perdew-Zunger39 parametrization of the Ceperley-Alder40

exchange-correlation potential. We employ a self-consis
optimized linear combination of atomic orbitals~LCAO!
method41 in a scalar-relativistic and a fully relativistic42 ver-
sion. The 4f electrons are treated in the so-called open-c
approximation which logically corresponds to LSDA1U
with a large U. OP corrections were included ford states.

In the fully relativistic version, the single particle spino
are calculated as eigenstates of the squared Dirac ope
V5(D22c4)/2c2, projected on the electron sector, whereD
is the effective Kohn-Sham-Dirac operator andc the velocity
of light. In contrast to the Dirac operatorD, the operatorV is
bounded from below. This procedure facilitates a variatio
ansatz for the calculation of the atomic basis states. The
fective four-component equation is solved without pertur
tion approaches.

The minimum valence basis consists of 5s, 5p, and 4d
(6s, 6p, and 5d) states at the R site and 4s, 4p, and 3d
states at the transition-metal sites. Core states are rec
lated in the modified atomic site potential within each step
the self-consistency cycle. The valence states are orthogo
ized to the core states. The Kohn-Sham potential is built
from overlapping extended spherical atomic site potenti
implying that nonspherical effects in the ‘‘interstitial’’ regio
are taken into account self-consistently. This approximat
should be superior to the atomic sphere approxima
~ASA! which has been employed for the calculations
itinerant-electron MA energies of RT intermetallics pu
lished so far.3,17–21,43We checked the accuracy of our calc
lated scalar-relativistic band structures, particularly in the
cinity of the Fermi energy, by comparing them to the scal
relativistic band structures obtained with the more tim
consuming full-potential local orbital~FPLO! scheme.44
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The MA energy is the change of the ground-state ene
upon rotation of the magnetization direction with respect
the crystal axes. So, in principle, it can be obtained fro
independent self-consistent relativistic total-energy calcu
tions performed with two different orientations of the ma
netization. However, the spin-orbit splitting of the valen
states in RT intermetallics is much smaller than the excha
splitting and the band width~the spin-orbit parameters ar
approximately 80, 50, 40, and 100 meV for Co 3d, Fe 3d, Y
4d, and Gd 5d states, respectively!. Therefore, it is justified
to first solve the Kohn-Sham equations for the scal
relativistic Hamiltonian self-consistently and to include t
spin-orbit coupling in a subsequent one-step calculation.
Kohn-Sham eigenvalues obtained in this last calculatio
step depend on the magnetization directionn̂. As a conse-
quence of the force theorem,45,5 the change in total energ
upon inclusion of the spin-orbit coupling is given by th
change in the single-particle eigenvalues to first order in
changes of electron and spin densities. Hence we obtain
MA energy as the difference of the sum of the valence el
tron energies between the two magnetization directions:

DE5E~ n̂2!2E~ n̂1!5 (
nk

occ.(n̂2)

«nk~ n̂2!2 (
nk

occ.(n̂1)

«nk~ n̂1!,

~3!

which includes a possible change of the Fermi energy
summing over all occupied states up to the respective Fe
levels «F(n̂1) and «F(n̂2). The force theorem has bee
shown46 to yield MA energies in good agreement with tho
obtained from total-energy calculations for uniaxial syste
and even for cubic systems, although doubts on the vali
of the force theorem for the calculation of the MA energy
cubic systems have been raised,47 based on the argument tha
the band energy difference is of the same~fourth! order in
the spin-orbit splitting as the Hartree term.

In order to account for the intra-atomic Coulomb corre
tions ~Hund’s second rule!, we include an OP energy qua
dratic in the orbital angular momentumL,36 approximating
the energy difference between the Hund’s rule ground-s
term and the weighted average of the terms with maximumS
of an atomicdn configuration. It is assumed that this depe
dence is transferred to the solid, where suitably site-projec
crystal quantities replace the corresponding atomic qua
ties. The OP shifts the atomic single-electron eigenvalue
the diagonal elements of the crystal Hamiltonian, resp
tively, by

DElsml
52BlsLsml . ~4!

Ls is the orbital moment of spin channels, ml the azimuthal
quantum number of the orbital in question andBls the Racah
parameter which takes the form3

Bds5
9Fds

2 25Fds
4

441
~5!
1-3
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for d states, with the SlaterFk integrals

Fds
k 5E dr1 r 1

2E dr2 r 2
2Fds

2 ~r 1!Fds
2 ~r 2!

r ,
k

r .
k11

~6!

calculated from the radiald wave functionsFds . Here,r ,

5min(r 1 ,r 2) andr .5max(r 1 ,r 2). The OP shift Eq.~4! de-
rives from an OP energy of the form2BL2/2 deduced from
atomic theory as described above. We include this OP s
for the T 3d and Y 4d ~R 5d) states. The Racah paramete
obtained in the present calculation for the crystallograp
cally inequivalent sites in YT5 (T5Fe,Co) are given in
Table I. The OP shifts in the solid have to be determin
self-consistently since the orbital moments and the OP sh
are interrelated by Eq.~4!. Hence, in those calculation
where the OP correction was included, we performed a s
consistent relativistic calculation with the magnetization p
allel to the~0001! direction. This yields orbital momentsLs

and OP shifts for theml orbitals with respect to~0001! as
quantization axis. The same shifts are then applied toml

orbitals with respect to (12̄10) as quantization axis in a one
step calculation where the magnetization was oriented a
the (1̄210) direction. A similar procedure has been used
other MA energy calculations where the force theorem w
employed in connection with the OP correction.3,18 In order
to check the accuracy of this procedure, we performed
other self-consistent relativistic calculation with OP corre
tion where the magnetization was oriented parallel to
(1̄210) direction; see Sec. IV B below.

The BZ integrations were done with the linear tetrahed
method. For the self-consistent band structure calculat
we used 133k points in the irreducible part~1/24! of the
hexagonal BZ. No significant changes of the results w
found by increasing this number to 407. Changing the m
netization direction from~0001! to (1̄210) or (101̄0) in the
basal plane lowers the symmetry of the system to orthorh
bic ~with 1/8 of the BZ as irreducible part!. In order to elimi-
nate errors arising from nonequivalentk grids, we calculated
the band sums with the lower-symmetry irreducible part a
k grid for both magnetization directions. The convergence
the resulting MA energies with respect to the number ok
points was checked carefully for all calculations reported
this work; cf. Sec. IV B.

YCo5 crystallizes in the hexagonal CaCu5 structure~Fig.
1!, space group no. 191,D6h

1 (P6/mmm), with two inequiva-

TABLE I. Racah parametersB↑ andB↓ for Co and Fe 3d and Y
4d spin-up and spin-down states, respectively, as obtained in
present calculation~in meV! for YCo5 and YFe5.

Site B↑ B↓

Co(3g) 148 143
Co(2c) 147 143
Fe(3g) 137 132
Fe(2c) 137 131
Y(1a) 77 77
18443
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lent Wyckoff sites 2c and 3g for Co. It is a layered structure
consisting of Y-Co layers interchanging with pure Co laye
The experimental lattice parameters2,48–50of the RCo5 com-
pounds which were used in the present work are given
Table II.

IV. RESULTS AND DISCUSSION

A. Spin and orbital moments of YCo5

The total magnetization, spin and orbital moments a
their anisotropies of YCo5 obtained from~a! a self-consistent
scalar-relativistic calculation followed by one-step calcu
tions including spin-orbit coupling~SO! for magnetization
directions~0001! and (1̄210), respectively, and~b! a self-
consistent relativistic calculation~including SO coupling and
OP correction! with the magnetization in the~0001! direction
followed by a one-step relativistic calculation including spi
orbit coupling and orbital polarization correction~SO1OP!
for the other magnetization direction, as described in the p
vious section, are given in Table III. Experimental data d
rived from spin-polarized neutron scattering,24 single-crystal
magnetization,1 and hyperfine-field measurements22 are also
included for comparison.

Including the OP correction strongly enhances the orb
moments, while the spin moments are only marginally
fected by relativistic self-consistency and orbital polariz
tion. The Co spin moment is found to be slightly larger at t

he

FIG. 1. Hexagonal CaCu5 structure of RT5 with R(1a) ~open
symbols!, T(2c) ~shaded symbols!, and T(3g) ~filled symbols!
sites.

TABLE II. Experimental lattice parametersa and c and c/a
ratios ofRCo5 used for the present calculations.

Laa Ndb Smc Prb Gdb Yd

a ~Å! 5.1085 5.0055 5.004 5.0055 4.9632 4.92
c ~Å! 3.9667 3.9775 3.969 3.9940 3.9670 3.99
c/a 0.7765 0.7946 0.7932 0.7979 0.7993 0.810
V (Å3) 89.649 86.305 86.069 86.663 84.628 83.95

aReference 50.
bReference 49.
cReference 48.
dReference 2.
1-4
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3g site than at the 2c site, in agreement with the relative siz
of the spin moments derived from spin-polarized neut
diffraction studies of Schweizer and Tasset.24 We obtain a
higher Co orbital moment at the 2c site than at the 3g site.
This is in accordance with the order of site orbital mome
reported in Ref. 24 but the size of the orbital moments a
their difference between the two Co sites are larger in
periment. In contrast to these neutron scattering data,
orbital moments derived from hyperfine-fie
measurements22 differ only marginally between the two C
sites. From density-functional calculations, Daalderopet al.3

and Yamaguchi and Asano19,43 obtained almost identical or
bital moments for the two Co sites whereas Nordstr¨m
et al.18 found the orbital moment to be larger at the 2c site.

Magnetization measurements on single crystals1 revealed
a large anisotropy of the magnetization between thec axis
and the basal plane which reaches 4% of the total magn
zation at 4.2 K. When including orbital polarization in th
way described in Sec. III, we find a magnetization anisotro
of about 2% which almost exclusively originates from t
orbital part of the magnetization. In comparison with t
experimental data, the total magnetization is slightly over
timated by the calculation including orbital polarizatio
while the magnetization and its anisotropy are undere
mated if only the spin-orbit coupling is included. A polarize
neutron study on NdCo5 ~also included in Ref. 1! below and
above the spin reorientation temperature range suggested

TABLE III. MagnetizationM, spin and orbital moments~in mB)
and their anisotropies of YCo5 obtained from calculation~a!, in-
cluding spin-orbit coupling only~SO!, and~b!, including both spin-
orbit coupling and orbital polarization~SO1OP!, respectively; see
text. The upper values in each line of the table correspond to m

netization direction~0001!. The anisotropies@between the (1̄210)
and ~0001! direction# are given by the lower value in each line o
the table. The corresponding anisotropy energiesDE are shown at
the bottom of the table~in meV/f.u.!. In the last two columns,
experimental values obtained from spin-polarized neutron scatte
~Ref. 24!, magnetization~Ref. 1!, and hyperfine field~Ref. 22! mea-
surements are given for comparison.

SO SO1OP Experiment
spin orbital spin orbital spin orbital

Y(1a) -0.18 -0.03 -0.18 -0.01
0.015 -0.012 0.013 -0.020

Co(3g) 1.52 0.11 1.52 0.26 1.44a 0.28a, 0.24b

-0.002 -0.005 -0.002 -0.020
Co(2c) 1.46 0.13 1.47 0.33 1.31a 0.46a, 0.26b

-0.001 -0.018 -0.005 -0.053

Total 7.30 0.57 7.32 1.41
0.008 -0.067 -0.003 -0.186

M 7.87 8.73 8.3c

-0.06 -0.19 -0.3c

DE 0.58 4.4 3.8c

aReference 24.
bReference 22.
cReference 1.
18443
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the anisotropy of the magnetization mainly arises from
2c site. This trend is confirmed by our calculation althou
the calculated OMA’s of 0.02mB and 0.05mB for YCo5
(0.02mB and 0.07mB for NdCo5) at the 3g and 2c site, re-
spectively, are smaller than the magnetization anisotropie
0.03mB at the 3g site and 0.10mB at the 2c site reported in
Ref. 1. The OMA’s given by the difference of the orbit
moments obtained in two independent self-consistent rela
istic calculations with quantization axis~0001! and (1̄210),
respectively, including OP, as discussed in Sec. IVB belo
are larger, amounting to 0.05mB at the 3g site and 0.08mB at
the 2c site for YCo5. These OMA’s and the resulting mag
netization anisotropy are closer to experiment than those
tained from the one-step procedure outlined in Sec. III. W
attribute this to the fact that the force theorem is not valid
the orbital moments. Despite this underestimation of
OMA by the one-step procedure due to the large relative s
of the OMA of the Co atoms in YCo5 we include the OMAs
obtained in this way in the following since they neverthele
provide a reasonable breakdown of the total OMA and th
information on the origin of the total MA energy.

B. Magnetocrystalline anisotropy energy of YCo5

In Fig. 2 the calculated MA energiesDE5E1̄2102E0001

are plotted versusNk
22/3, with Nk denoting the number ofk

points in the irreducible part of the BZ. TheNk
22/3 scaling,

which is evident from the figure, derives from the fact th
for bands whose dispersion within a tetrahedron is quadr
in k, the linear tetrahedron method gives rise to an erro
the single-particle eigenvalue sum which is proportional
(dk)2, i.e., to v2/3 with v being the volume of a single
tetrahedron5 which in turn is proportional to 1/Nk . Nk ranges
from 294 to 14850 in Fig. 2. As can be seen, the MA en
gies converge quite well as a function ofNk . The deviation
from the fully converged value is below 2% withNk

g-

ng

FIG. 2. Convergence of the MA energy of YCo5 as a function of
the number ofk points in the irreducible part of the Brillouin zon
used for the reciprocal-space integration in the present calcula
Four results are shown, corresponding to calculations~a! to ~d! ~see
text!. The experimental value is indicated by a horizontal dash
line.
1-5
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52002 and shows approximately the expected linear beh
ior in the chosen representation. In Fig. 2, MA energies fr
calculations~a! and ~b!, as described above, are shown.
order to get an idea of how much the difference between
scalar-relativistic and the relativistic potential and the diff
ence between the OP shifts calculated self-consistently
the magnetization parallel and perpendicular to thec axis,
respectively, influence the MA energy, we performed t
further calculations. There, the MA energy was determin
from two one-step calculations with the magnetization alo
the ~0001! and (1̄210) direction, respectively, in the sel
consistent scalar-relativistic potential and including OP sh
obtained from a separate self-consistent relativistic calc
tion with the magnetization~c! parallel to thec axis and~d!

parallel to the (1̄210) direction.
We arrive at anisotropy energies of 0.58 meV/f.u. with~a!

4.4 meV/f.u. with~b! 4.8 meV/f.u. with~c! and 3.2 meV/f.u.
with ~d!. The easy axis is always along thec direction. This
has to be compared with the experimental anisotropy of
meV/f.u. derived from magnetization measurements at
K.1 Hence the MA energy is severely underestimated by
culation ~a! taking only spin-orbit coupling into accoun
This is related to the underestimation of the orbital mome
and their anisotropies in comparison with experiment in t
case, as discussed in the previous subsection. The OP
rection considerably improves the agreement of the ca
lated MA energy with experiment by enhancing the orbi
moments and the OMA’s, which also brings them closer
the experimental orbital moments and their anisotropies. C
culation ~b! only slightly overestimates the MA energy i
comparison with experiment. The difference between ca
lations~b! and~c! is relatively small. The MA energy calcu
lated by method~d! deviates more from the result of calcu
lation ~b! because the self-consistently calculated orb
moments and hence also the OP shifts are consider
smaller when the magnetization is in (12̄10) direction than
when it is along thec axis—a consequence of the large OM
of the system.

In the following we will only refer to calculations of type
~a! and ~b!. The calculated MA energy of 4.3 meV/f.u. be
tween the (101̄0) and~0001! direction, obtained by method
~b!, differs very little from that between (12̄10) and~0001!,
i.e., the MA energy within the basal plane is negligibl
('0.1 meV/f.u.).

The MA energyDE, the OMA per unit cellDL and the
OMA’s DLi of the two Co sites~multiplied with the number
of equivalent sites per unit cell! of YCo5 as a function of the
band filling q are shown in Fig. 3. The band structures we
calculated with the band filling~number of valence elec
trons! q548 of YCo5 using method~a! and method~b!, re-
spectively. Figure 3 is then obtained by varying the num
of valence electrons~i.e., the position of the Fermi level! in
the manner of a rigid-band model.

The shapes ofDE, DL, andDLi in Fig. 3 compare well
with those reported in the literature.3,43 However, we find the
2c site to contribute more to the total OMA at the Ferm
level (q548) than the 3g site, whereas the opposite wa
reported in Refs. 3 and 43. We attribute this to the lar
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orbital moment at the 2c site found in our calculation, cf. the
previous subsection. The dependence of the MA energy
OMA on band filling has been extensively discussed
Daalderopet al.3 In brief, the peak structure in Fig. 3 i
related to the band structure in the vicinity of the Fer
level, to the lifting of band degeneracies at high-symmetrk
points and along symmetry lines by SO splitting. Because
the anisotropy of hybridization in the hexagonal syste
YCo5, the orbital moment and, hence, the SO splitting
different for different orientations of the magnetization, th
inducing a MA. The OP correction enhances the orbital m
ment and causes an additional OP splitting, amplifying
peaks inDE, but leaves the shape of the band-filling depe
dence almost unchanged. It is obvious from Fig. 3 that th
anisotropy of RT intermetallics~and other transition-meta
systems with uniaxial crystal structure! could, at least in
principle, be considerably larger than that of YCo5 which is
about 0.88 meV/Co atom in our calculation.

C. Dependence oncÕa ratio

It is interesting to investigate how the itinerant-electr
MA energy depends on the lattice geometry, e.g., on thec/a
ratio of a uniaxial crystal, for several reasons.

~1! Nowadays, crystals with modified lattice geometri
can be made by epitaxial growth on suitably chosen s
strates, for example Fe with tetragonal structure.51 RT com-
pound films have been grown successfully, too.52,53

~2! It is often assumed that the T sublattice anisotropy
isostructural RT intermetallics with different rare earths
the same,26 but thec/a ratios of isostructural RT compound
with different rare earths can vary considerably, cf. the v
ues given forRCo5 in Table II. In addition, thec/a ratio may

FIG. 3. MA energyDE and OMA DL of YCo5 calculated in-
cluding spin-orbit coupling only~dashed lines! and including both
spin-orbit coupling and orbital polarization~solid lines!, respec-
tively, as a function of band fillingq. The Fermi energy of YCo5
corresponds toq548, indicated by a vertical line. The contribution
of the Co(3g) and the Co(2c) sites to the total OMA are given in
the lower two panels.
1-6
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change as a function of temperature or under pressure. T
lattice geometry changes will alter the band structure a
thus, have an impact on the MA energy. An example for
experimentally established relation between the MA ene
and thec/a ratio is the anomalous maximum in the tempe
ture dependence of the MA energy of Y2Fe14B which coin-
cides with a maximum in thec/a ratio.54

~3! Szpunar and Lindga˚rd55 suggested a phenomenolog
cal single-ion-like model in which the MA energy of
uniaxial system is determined by the deviation of thec/a

ratio from its ideal valueA8
3 and changes its sign at th

value. This simple picture may provide rough estimates
sign and order of magnitude of the anisotropy in sim
cases but it is not likely to hold for more complex syste
involving several sublattices and crystallographically no
equivalent sites. In our opinion, the changes of the MA
ergy in dependence on thec/a ratio are better described a
being due to changes of the band structure as a functio
the c/a ratio; see, e.g., Fig. 6 below.

We performed calculations of the MA energy and OM
of YCo5 where thec/a ratio was varied~i! keeping the lat-
tice parametera constant and~ii ! at constant volume.

Before addressing the more involved case of YCo5, we
briefly look at thec/a ratio dependence~at constant volume!
of MA energy and OMA of hcp Co. The result, calculate
including orbital polarization, is shown in Fig. 4, whereDE
andDL are plotted versusc/a. The calculated MA energy o
100 meV/atom~favoring c-axis orientation of the magneti
zation! is in qualitative agreement with the value
81 meV/atom recently obtained from full-potential tota
energy calculations8 and fairly close to the experimenta
value of 65 meV/atom.56 The MA and OMA of hcp Co is
found to change from easy-axis to in-plane atc/a'1.688.
The occurrence of this spin reorientation is in qualitat
agreement with the phenomenological model of Szpunar
Lindgård,55 although the change of sign occurs at ac/a value

which is larger thanA8
3 '1.633. The uniaxial MA energy

and OMA are strongly enhanced when thec/a ratio is
lowered.

FIG. 4. MA energyDE and OMA DL of hcp Co as a function
of the c/a ratio ~orbital polarization correction included!. The vol-
ume has been kept constant. The vertical line corresponds to
experimental valuec/a51.6232 for bulk hcp Co. The anisotrop
changes from easy-axis to in-plane atc/a'1.688.
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In YCo5, the MA energy and OMA grows almost linearl
with increasingc/a ratio if the lattice parametera is kept
constant, cf. Fig. 5~open circles!. The OMA contributions of
the two Co sites exhibit a similar dependence onc/a, but the
dependence is notably stronger for the 2c site. The change of
the MA energy is, therefore, dominated by the 2c site. The
enhancement of OMA and MA energy seems to be in l
with the naive picture that increasing the lattice parametec
reduces the hybridization inc direction which—with the hy-
bridization in theab plane remaining constant—enhanc
the anisotropy of hybridization and thus the OMA. Howev
details of the band structure seem to be important, too, si
if the c/a ratio is varied at constant volume, the dependen
of the MA energy and OMA onc/a is much weaker and les
systematic, see Fig. 5~filled circles!. The easy axis remain
parallel to thec direction at all calculatedc/a ratios. Thec/a
dependence of the MA energy roughly mirrors that of t
OMA although the two are not strictly proportional. Th
much weaker dependence of the OMA on thec/a ratio in
this case is due to the different and partially compensa
behavior of the two nonequivalent Co sites in this case. T
2c site anisotropy exhibits a maximum as a function of t
c/a ratio, whereas the 3g site anisotropy goes through
minimum ~note, that the site anisotropies have been mu
plied with the number of equivalent sites per unit cell!.

In a film geometry, the change of thec/a ratio due to the
lattice mismatch between film and substrate is usually s
that the volume of the bulk material is roughly conserved
the film. Hence, we expect a large uniaxial intrinsic cont
bution to the MA, similar to the bulk value, for a thick YCo5
film.

In Fig. 6, the MA energy and OMA are plotted as a fun
tion of band fillingq at variousc/a ratios. The large peak in

he

FIG. 5. MA energyDE and OMADL of YCo5 as a function of
the c/a ratio, calculated~including orbital polarization! at ~i! con-
stant lattice parametera ~open circles! and ~ii ! constant volume
~filled circles!. The vertical line corresponds to the experimen
value c/a50.8101 for YCo5. The respective OMA’s of the two
crystallographically inequivalent Co sites are also included in
lower two panels.
1-7
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LUTZ STEINBECK, MANUEL RICHTER, AND HELMUT ESCHRIG PHYSICAL REVIEW B63 184431
DE(q) just below Fermi filling, and, consequently, also t
MA energy given by the value at Fermi filling, is enhanc
by increasingc/a, mainly due to an enhancement of the 2c
site OMA. The 3g site OMA peak below the Fermi energ
diminishes, but its contribution to the total anisotropy r
mains almost unchanged. Reducing thec/a ratio gradually
destroys the large peak inDE(q). However, this does no
significantly diminish the MA energy at Fermi filling.

D. RCo5 with other rare earths

The anisotropy contributions of the T and R sublattice
RT intermetallics with partially filled R 4f shell cannot be
separated in magnetization measurements. Such a sepa
is only of limited significance anyway because of the int
action between thed and f electrons which results in a mu
tually induced polarization. This is particularly the case
the R 5d states which are polarized by the R 4f states and
which contribute to the MA energy, too. We checked t
influence of the polarization of the 4f shell on the calculated
itinerant-electron MA energy ofRCo5 and found it to be
very small except for Gd where it decreases the MA ene
by about 15%. Direct observation of 4f crystal-field excita-
tions by inelastic neutron scattering provides independen
formation on the 4f anisotropy but such measurements a
difficult and often impossible for ferromagnetic RT interm
tallics. Therefore, it is usually assumed that the T sublat
anisotropy of a given RT compound is the same as that of
isostructural Y~La,Lu! compound. However, in many case
the lattice geometry of RT systems varies considerably a
function of the rare earth. For example, the volume ofRCo5
decreases and thec/a ratio changes significantly along theR
series, as a consequence of the lanthanide contraction~see
Table II!. The smallerc/a ratio of LaCo5 in comparison with
YCo5 can be easily understood in a rigid-sphere picture. T
lattice is widened in the basal plane@containing R(1a) and
Co(2c) atoms# in order to accommodate the larger La atom
This enables the Co(3g) atoms to move closer towards th

FIG. 6. Same as Fig. 3 for different values of thec/a ratio
~volume kept constant, orbital polarization included!.
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R(1a)-Co(2c) plane and c decreases. These lattice
geometry changes can significantly influence band struct
OMA and MA energy.

We calculated the itinerant-electron MA energies ofRCo5
(R5Y, La, Pr, Nd, Sm, Gd! at the experimental lattice ge
ometries and find a surprisingly large variation of the M
energy, cf. upper panel of Fig. 7, along theR series. The
dependence of the MA energy on thec/a ratio along theR
series ~shown in Fig. 7! is not smooth since the volum
change appears to influence the MA energy significan
too. The volumes of NdCo5 , SmCo5, and PrCo5 are very
similar. GdCo5 and YCo5 have notably smaller volumes
while the volume of LaCo5 is larger. In addition, as alread
mentioned, the influence of the 4f polarization is much
stronger for GdCo5 than for the other compounds. The OM
~lower panel of Fig. 7! diminishes by about 30% betwee
LaCo5 and YCo5 while the orbital moment~not shown! is
lowered by about 20%. This results in a strong variation
the MA energy between LaCo5 and YCo5. Experimentally,
the T sublattice anisotropy can be directly measured only
the Y and La compound where the 4f shell is empty. In other
RCo5 compounds, the 4f electrons provide a large part o
the total anisotropy energy, either by their interaction w
the crystal field or, in case of Gd, by dipolar interaction a
anisotropic exchange. Anisotropy energies of 4.4 meV/
and 5.6 meV/f.u. are obtained from the measured anisotr
constantsK1 ~at 4.2 K! of LaCo5 reported in Refs. 57 and 2
respectively. These MA energies are larger than the valu
3.8 meV/f.u. derived from the experimentalK1 andK2 mea-
sured on YCo5,1 but the difference is smaller than that o
tained in the calculation. The difference in the calculat
MA energies for YCo5 and LaCo5 is predominantly due to
the altered lattice geometry, since a calculation for LaCo5 at
the experimental lattice parameters of YCo5 yields only a

FIG. 7. MA energyDE, OMA DL and OMA contributions of
the two crystallographically inequivalent Co sites ofRCo5 (R
5La, Nd, Sm, Pr, Gd, Y! calculated~including orbital polarization!
at the experimental lattice parameters and plotted as a functio
the c/a ratio ~see text!. Experimental values of the MA energy fo
YCo5 (3, Ref. 1! and LaCo5 (n, Ref. 57, and,, Ref. 2! are given
for comparison.
1-8
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slight increase~4.9 versus 4.4 meV/f.u.! of the MA energy in
comparison with YCo5. Including the~unoccupied! 4 f states
into the valence basis in LaCo5 decreases the calculated M
energy only by about 10% and cannot remedy the disc
ancy between theory and experiment. A dipolar MA ene
of 0.05 meV/f.u. was calculated for YCo5.3 For a hcp lattice,
the dipolar MA energy is proportional to the deviation of t

c/a ratio from its ideal value,A8
3 .5 Under the assumption

that thec/a ratio dependence inRCo5 compounds is ap-
proximately of this kind, the dipolar MA energy in LaCo5
would be about six times larger than in YCo5—still much
too small to explain the difference between calculated
experimental MA energy of LaCo5.

In Fig. 8 the calculated MA energies and OMA’s ofRCo5
(R5Y, La! are plotted as a function of band filling. It can b
seen that the large variation of the MA energy at Fermi fi

FIG. 8. Same as Fig. 3 for YCo5 ~solid lines! and LaCo5 calcu-
lated at the experimental lattice geometries of~i! LaCo5 ~dashed
lines! and ~ii ! YCo5 ~dot-dashed lines!, including both spin-orbit
coupling and orbital polarization.
18443
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ing results from relatively small changes of height, wid
and position of the small peak just~about 0.1 eV! below the
Fermi level. Replacing Y by La in the YCo5 lattice enhances
and broadens this peak. When the change of the lattice
ometry between YCo5 and LaCo5 is taken into account, the
peak is shifted to higher energies. This strongly enhances
calculated MA energy.~The OMA of the 2c site which is in
the basalR-Co plane increases slightly when Y is replac
by the larger La. The additional modification of the lattic
geometry leaves the 2c site almost unchanged but causes
strong enhancement of the 3g site OMA which gives rise to
the enhancement of the MA energy.!

E. Fe substitution

In this subsection we investigate how substitution of
by Fe influences the MA energy and OMA. YFe5 does not
form but pseudobinaries Y(Co12xFex)5 have been made an
their magnetic anisotropy has been measured,58–60 although
the experimental information is not as complete as for ot
pseudobinary systems such as Y2(Fe12xCox)17.59–61We cal-
culated the MA energies and OMA’s of YCo5, hypothetical
YFe5 and the ordered pseudobinaries YFe3Co2 and
YCo3Fe2. The experimental lattice parameters of YCo5 were
used for all these compounds in order to exclude lattice
ometry effects. Experimental information on the lattice g
ometry is not available for the ordered pseudobinaries.
cently, the lattice parameters of the pseudobinary all
Y(Co12xFex)5 were determined for 0<x<0.4 and extrapo-
lated to higher Fe concentrations.62 Volume andc/a ratio
were found to increase by about 4% and 1%, respectively
the measured concentration range. Hence, we do not ex
lattice geometry changes to be of major importance in
concentration range 0<x<0.26 where experimental data o
the MA exist.

In Table IV, the calculated spin and orbital moments a
total magnetizations for magnetization directions~0001! and
(1̄210) and the total OMA’sDL and MA energiesDE of
ordered Y(Co12xFex)5 (x50,0.4,0.6,1.0) are given. The
TABLE IV. Same as Table III for ordered Y(Co12xFex)5 (x50,0.4,0.6,1.0) compounds@calculation~b!;
see text#.

YCo5 YCo3Fe2 YFe3Co2 YFe5

spin orbital spin orbital spin orbital spin orbital

Y(1a) -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(3g) 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 1.41 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

DE 4.4 -0.35 1.6 -0.91
1-9
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have been calculated including orbital polarization, cor
sponding to method~b! in Sec. IV B. Looking at the spin
moments, we observe that the Fe moments are conside
larger in the pseudobinaries than in YFe5. This is due to the
presence of the Co atoms. The Fe spin moment incre
with the number of Co neighbors, similar to the behavior
Fe in Fe-Co alloys.63 The Fe orbital moments behave sim
larly but with larger relative changes. The Co spin and
bital moments diminish somewhat when Fe is substitut
The anisotropy of the spin moments is always very smal

In order to discuss the MA energies and OMA’s, it
instructive to look at their dependence on band filling. This
shown in Fig. 9. The interplay of band structur
magnetization-direction dependent spin-orbit~and orbital po-
larization! splitting and band filling can be nicely seen in th
figure. The shapes ofDE(q) and DL(q) appear to be very
similar for YCo5 and YFe5 . DL(q) is proportional to the
spin-orbit coupling parameterj which is about 50% large

for Co than for Fe.DE(q) scales like (12 j1BL)DL ~the
anisotropy of spin and orbital-polarization splitting!, is there-
fore roughly proportional toj2 and increases much mor
between the Fe and the Co compound. The easy-axis an
ropy of the Co compound and the in-plane anisotropy of
Fe compound follows from the band-filling dependence
DE for both compounds. Hence, the change of anisotr
between YCo5 and YFe5 can be quantitatively explained b
spin-orbit coupling strength and band filling if changes of t
lattice geometry are excluded.DE(q) andDL(q) are much
more altered~besides the effect of the lower spin-orbit p
rameter of Fe! when two different atom species are occup
ing the two T sites, reflecting a qualitative change of t
band structure in the vicinity of the Fermi level, which
related to the change from the CaCu5 to the PrNi2Al3 struc-
ture. The large peak inDE(q) at aboutq546.5, which is
mainly related to the lifting of a band degeneracy about
eV below EF ~of YCo5) at the K point and has mainly
Co(2c) dx22y2 and dxy character,3 is strongly reduced in

FIG. 9. Same as Fig. 3 for YCo5 ~solid line!, YFe5 ~dashed line!,
YFe3Co2 ~dotted line!, and YCo3Fe2 ~dot-dashed line!. The Fermi
energies of the respective compounds are indicated by perpen
lar lines with corresponding line style.
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YFe3Co2 and YCo3Fe2, so the actual MA energies for thes
two compounds are much smaller than what would be
pected from a simple band-filling argument.

The Fe concentration dependence of the MA constantK1
of Y(Co12xFex)5 alloys has been measured58 for 0<x
<0.26 at room temperature and multiplied with the ratio
K1 at 4.2 K and 300 K of YCo5

1 in order to get the zero-
temperatureK1.59 The resulting experimental MA energie
are given by the filled circles in Fig. 10. In a rigid-ban
model, the variation of the MA energyDE of Y(Co12xFex)5
alloys as a function ofx follows immediately from its depen
dence on band filling:DE(x)5DE(q54825x). Figure 10
exhibits the dependence of the calculated MA energy on
concentrationx derived in this way for YCo5 , YFe5 ,
YFe3Co2, and YCo3Fe2. Neutron diffraction studies64 re-
vealed that the slightly larger Fe atoms preferentially occu
the 3g site while the smaller Co atoms prefer the 2c site in
the isostructural Th(Co12xFex)5 series. Hence, it is likely
that at low concentrations the Fe atoms are preferenti
substituted at the 3g site in Y(Co12xFex)5, too. This could
be simulated by taking the weighted averages
2x3g)DEYCo5

(x)1x3gDEYFe3Co2
(x) in 0<x<0.6 and (1

2x2c)DEYFe3Co2
(x)1x2cDEYFe5

(x) for x.0.6. All calcu-
lated band-filling dependences exhibit a maximum at an
concentration of about 20%, in qualitative agreement w
experiment. However, the huge enhancement of the MA
ergy upon increasing the band filling calculated for YCo5,
which is transferred to the weighted average between Y5
and YFe3Co2 because of the large weight given to YCo5 at
low Fe concentrations, is not observed in experiment. Rat
the experimental values are close to the calculated curve

cu-

FIG. 10. Dependence of the MA energy of the pseudobin
compounds Y(Co12xFex)5 on the Fe concentrationx as obtained
from magnetization measurements~Refs. 58 and 60! ~filled circles!
in comparison with the band filling dependence of the calcula
MA energy of YCo5 ~long-dashed line!, YFe5 ~dashed line!,
YFe3Co2 ~dotted line!, and YCo3Fe2 ~dot-dashed line!. The band
fillings q have been transformed into concentrationsx by q548
25x, i.e., by assuming a rigid-band behavior. The solid line is
weighted average, taking into account site preferences and the
ferent SO parameter of Fe and Co~see text!.
1-10
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YFe3Co2. This suggests that at low Fe concentrations
pseudobinary alloy adopts the PrNi2Al3 structure, with Fe
and Co randomly distributed at the 3g sites and Co at the 2c
sites. An alternative explanation would be that the large M
energy is reduced by disorder. Fully relativistic CPA calc
lations are necessary to resolve that matter. Finally, the
periments were carried out on polycrystalline sample58

yielding a 20% smaller MA energy for YCo5 than the single-
crystal measurements.1

The MA energies of YCo5 , YFe5, and YFe3Co2 have
been calculated by Trygget al.20 These authors find a sma
negative~in-plane! anisotropy for YFe5 and a large positive
~easy-axis! anisotropy for YFe3Co2, in agreement with the
results of the present work.

F. Site decomposition of the anisotropy energy

So far, we discussed the MA energy in a reciprocal-sp
picture, based on band structure and band-filling argume
in accordance with the itinerant character of thed states in
the considered compounds. On the other hand, it would
desirable to complement this by a real-space~local! descrip-
tion, for example in order to analyze the origin of the M
energy in terms of contributions from different sites in t
unit cell. The intimate relation between MA energy a
OMA, which is a local, site-projected quantity, suggests t
such a description should be possible. A decomposition
the MA energy into site contributions can be achieved
different ways.

~1! Within perturbation theory, the MA energy of
uniaxial system can be approximated by the sum of the
ferences of the OMAs for spin-up and spin-down states
each atom in the unit cell, weighted with the spin-orbit p
rameter of the atom, provided that the exchange splittin
large in comparison with the bandwidth:65,66

DE'(
i

F j i

4mB
~DLi

12DLi
2!G . ~7!

By including orbital polarization, we generalize this to

DE'(
i

F 1

2mB
S 1

2
j i1BiLi D ~DLi

12DLi
2!G . ~8!

Equation ~8! provides a reasonable estimate of the s
anisotropies. This is illustrated by Table V, which conta
the calculatedd orbital moments, spin-up and spin-dow
OMA’s of the Y(Co,Fe)5 compounds, and the site and tot
MA energies derived from these values by means of Eq.~8!.
However, the anisotropy contributions of equivalent sites
different compounds are, in general, completely differ
@compare, e.g., the Co(3g) site anisotropies in YCo5 and
YCo3Fe2# because of the modification of the band structu
Hence, site decomposition does not provide any informa
which could be used to predict the MA energies of isostr
tural compounds.

~2! The MA energy is approximated by integrating ov
the difference of the site-projected integratedd DOSNi(«,n̂)
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for magnetization directionsn̂1 and n̂2, respectively, to a
common Fermi energy~for a derivation see, e.g., Ref. 14!:

DE'(
i
E«F

(1)

d«@Ni~«,n̂2!2Ni~«,n̂1!#. ~9!

This procedure converges well with respect to the BZ in
gration and can be expected to provide a reasonable br
down of the total MA energy into site contributions. It ha
been applied to derive thed-state site contributions to th
MA energy of YCo5 which are shown in Fig. 11 in depen
dence on band filling. The site decomposition, given by
site-projected integratedd DOS values at the Fermi level, i
similar to that obtained from Eq.~8!.

Attempts to decompose the MA energy of RT intermet
lics into contributions of the different crystallographic sit
have also been made from the experimental side.23,59–61,67,68

Based on the assumption that the single-ion model is vali
some extent for the T sublattice anisotropy, site anisotrop
have been derived from the concentration dependence o
MA constantK1(x) in Rn(Co12xFex)m compounds.59 The
differenceDK1

i 5K1,Fe
i 2K1,Co

i of the Fe and Co site anisotro
pies has been determined by fitting the measuredK1(x) to
the following expression:

TABLE V. Orbital moments parallel and perpendicular to th
hexagonalc axis and orbital moment anisotropies for spin-up a
spin-downd states of Co, Fe, and Y in YCo5 , YCo3Fe2 , YFe3Co2,
and YFe5 @calculation~b!; see text#. In the last but one column the
anisotropy energy contributionsDEPT of the d states of all equiva-
lent sites of each kind are given which have been derived from
spin-up and spin-down orbital moment anisotropies by applying
perturbation-theory expression Eq.~8! ~see text!. For comparison,
the anisotropy energies obtained from the full calculation are gi
in the last column.

DLd,i
↑ DLd,i

↓ DEPT DE
(mB) (mB) ~meV/f.u.! ~meV/f.u.!

YCo5 5.1 4.4
Y(1a) -0.011 -0.006 -0.05
Co(3g) -0.001 -0.017 2.0
Co(2c) -0.006 -0.047 3.2

YCo3Fe2 -0.1 -0.35
Y(1a) -0.012 0.010 -0.2
Co(3g) -0.003 -0.002 -0.1
Fe(2c) -0.004 -0.010 0.2

YFe3Co2 2.5 1.6
Y(1a) -0.008 -0.010 0.02
Fe(3g) -0.001 0.004 -0.3
Co(2c) -0.007 -0.049 2.8

YFe5 -0.8 -0.91
Y(1a) -0.008 0.010 -0.2
Fe(3g) 0.001 0.005 -0.2
Fe(2c) -0.005 0.006 -0.4
1-11
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K1~x!5K1~0!1(
i

ni f i ,Fe~x!DK1
i , ~10!

wherei is the crystallographic site,ni the number of equiva-
lent sites in the unit cell andf i ,Fe(x) the relative occupancy
of site i by Fe atoms which is obtained from neutron diffra
tion. K1,Fe

i can be deduced ifK1,Co
i is known from other ex-

periments or vice versa.K1,Co
i and K1,Fe

i can indirectly be
determined from the anisotropy of the hyperfine field o
tained in nuclear magnetic resonance~NMR! and Mössbauer
measurements, respectively.59 The results of this procedur
are based on the assumption that the local anisotropies o
and Co on each site are independent ofx, i.e., that the charge
distributions of Fe and Co are the same for a given s
Often, contributions of different signs for different sites a
obtained from Eq.~10!, in many cases leading to implausib
large site anisotropies compensating each other. The
anisotropies are sometimes also contradicting the result
other experiments. Fitting the measuredK1(x) of
Y(Co12xFex)5 ~Ref. 58! by means of Eq.~10!,60 using site
occupancies reported in Ref. 64, yields different signs
DK1

i for the 3g and the 2c site. Then, Co site anisotropie
K1,Co

i deduced from NMR experiments23 are used to derive
K1,Fe

i . However, these Co site anisotropies are negative
the 3g site and positive for the 2c site, whereas the magne
tization anisotropy deduced from polarized neutron diffra
tion on NdCo5 ~Ref. 1! is positive for both Co sites. More
over, the sum of the Co site OMA’s derived from NMR~Ref.
23! is much smaller than the measured1 magnetization an-
isotropy of YCo5.69 No correspondence between the s
anisotropies obtained from the fit, Eq.~10!,59 and the site
anisotropies derived theoretically by means of Eq.~8! or ~9!

can be established. Pirogovet al.67,2 derived site anisotropie
corresponding to 2 meV/f.u. and 1.6 meV/f.u. for the 2c and
3g site of YCo5, respectively, using Eq.~10! and assuming
K1,Ni

i 50, which provide a better fit of the measuredK1(x) in
Y(CoxNi12x)5 pseudobinaries than those of Ref. 23 and
consistent with the theoretical values obtained in the pre
work. Nevertheless, bearing in mind the marked depende
of the MA energy on band filling and band structure, whi

FIG. 11. Site decomposition ofd-state contribution to the MA
energy of YCo5 @method~b!# as obtained from Eq.~9! plotted as a
function of band filling.
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in turn may be strongly influenced by lattice geome
changes, we conclude that the assumed independence o
site anisotropy on the concentration is questionable since
general, all these quantities will change in dependence on
concentration. Therefore, the site anisotropies derived fo
particular compound do not allow to predict the MA energ
of isostructural compounds.

V. CONCLUSIONS

We determined the spin and orbital moments, magnet
tions, and itinerant-state MA energies ofRCo5 (R5Y, La,
Pr, Nd, Sm, Gd! and ordered Y(Co12xFex)5 (x
50.4,0.6,1.0) compounds by means of fully relativis
density-functional calculations. Taking into account orbi
polarization corrections enhances the calculated magne
tion, magnetization anisotropy, orbital moments, OMA’s a
MA energy of YCo5, leading to good agreement with avai
able experimental data. In accordance with neutr
diffraction results, we obtain a larger orbital moment a
OMA at the 2c site. Our MA energy calculations for uniaxi
ally strained YCo5 and for RCo5 compounds show tha
variation of the lattice geometry (c/a ratio and volume! in-
duces slight changes of the band structure, which
strongly affect the MA energy because of the pronounc
band-structure dependence of the latter. This gives rise
large variation of the calculated MA energy ofRCo5 along
the R series, in contrast to the commonly assumed indep
dence of the Co sublattice MA on theR constituent and to
the reported experimental MA energy of LaCo5. The uniaxial
MA energy of YCo5 is found to enhance strongly with in
creasingc/a ratio if the latter is varied at constant lattic
parametera, whereas the changes are much smaller if
c/a ratio is varied at constant volume. The band-filling d
pendence of the calculated MA energies of all conside
Y(Co12xFex)5 (x50,0.4,0.6,1.0! compounds exhibits a
maximum at fillings corresponding to aboutx50.2, in accor-
dance with the experimentally observed trend
Y(Co12xFex)5 pseudobinaries. A site decomposition
transition-metal MA energies is doubtful since the chang
of the band structure upon substitution do not allow to tra
fer the site MA energies obtained for one particular co
pound to another isostructural system. Future investigati
should include both technical refinements~MA energy from
full-potential total energy calculations instead of employi
the force theorem; realistic simulation of disorder in case
the pseudobinary alloys! and improvements of the underly
ing density-functional scheme, particularly regarding t
treatment of orbital polarization effects.
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